
Fall X2 (Delta Smelt) 
 

During the February 10-11 workshop, the Panel considered whether there is sufficient scientific basis for 
fall X2 regulatory action by the SWRCB, and requested documentation of scientific uncertainty regarding 
its justification.  The Panel also requested written documentation of existing study plans, and suggestions 
for further investigations.  The information below addresses these requests for information and provides 
links to key references.       
 
 Life cycle and multiple regression analyses evaluating potential importance of fall X2 are 

inconclusive. 
 
o Maunder and Deriso 2011:  Created a state-space multistage life cycle model.  Best fit model did 

not find power in fall X2 as explaining Delta Smelt abundance (Maunder and Deriso 2011; see 
also, Maunder and Deriso, unpub). 
 

o MacNally et al. 2010: A multivariate autoregression model (MAR) was used to identify biotic 
and abiotic factors most powerful in explaining Delta Smelt abundance trends.  The model did not 
identify X2 in the fall as having significant explanatory power.
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  (MacNally et al. 2010). 

 
o Thomson et al. 2010: Analysis used Bayesian change point analysis to identify biotic and abiotic 

covariates with strongest associations with Delta Smelt abundance.  The model did not identify 
X2 in the fall as having significant explanatory power.  (Thomson et al. 2010).  
 

o Miller et al. 2012: Completed a multiple regression analysis.   Study did not identify any 
significant relationships between average X2 location in the fall and Delta Smelt abundance 
(Miller et al. 2012). 
 

o Rose et al. 2013b:  A mechanistic individual-based model was used.  Assumptions related to 
salinity gradients and flows were included in the model.  The analysis identified species growth 
and water temperatures as the most significant mechanisms affecting population dynamics with 
hydrodynamics playing a more minor role related modestly to entrainment risk (Rose et al. 
2013b).
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o Feyrer et al. 2007, 2008 unpublished:  Used linear regression analysis to relate X2 in the fall to 

Delta Smelt abundance in the subsequent Townet Survey and found a statistically significant 
relationship.  This analysis has been critically reviewed.  
 
 TNC et al. 2013, p. 64, “Equation 6.1 is somewhat illogical in modeling TNS as an additive 

function of MWT and X2, and it is also strongly influenced by the data point from 1998, the 
wettest fall among those included in the analysis.” 
 

 Deriso observed at pp. 27- 33: “This [Feyrer et al. 2007] model runs counter to well-
accepted, basic modeling principles for this type of calculation…The linear additive model 
produces the result that zero adults in one year could still yield some young in the following 
year, a result that is biologically implausible.”   
 

 Data analysis illustrates how using different base years changes the significance of Feyrer’s 
FMWT:X2 relationship, thereby raising questions regarding whether relationship is 
meaningful (1988-2006 [Feyrer et al. data range, weakly statistically significant], 1988-2013 
[not statistically significant], 1970-2013 [not statistically significant]). 
 

                                                           
1
 The Thomson et al. and MacNally et al. papers do not explicitly reference X2 in the fall, although fall X2 was apparently 

evaluated as it is part of the NCEAS dataset that was used in these modeling efforts. 
2
 The Rose et al. model is different than the other modeling approaches as the authors explain their model, “… is not designed for 

forecasting future Delta Smelt population abundances” (Rose et al. 2013a, p. 1256).    



o TNC et al. (Kimmerer), 2013.  Analysis uses robust regression method to relate fall X2 to the 
Summer TNS.  This analysis has been critically reviewed.  (Burnham, unpub. [“I do not claim to 
know what the effect of X2 might be, I only assert that these data do not scientifically support an 
inference of any affect….;”Manly and Kauffman, unpub.) 
 

o Mueller-Solger presentation (2014).  The presentation materials invoke several concerns, 
particularly with the application of an unexplained step change between 2002-2003, and two 
outlier data points which appear to drive the entire relationship (Fullerton Figures 7-10).       
       

o Feyrer et al. 2011.  Correlative analysis relates newly constructed habitat index (conductivity 
(EC), turbidity (Secchi depth) and presence-absence (FMWT) data) to FMWT abundance and 
average X2 location, September through December.   
 
This analysis has been critically reviewed (NAS at pp. 52-54.)  Review of Feyrer et al. 2011 
suggests that Delta Smelt habitat as defined (presence-absence using FMWT) is determined 
predominantly by turbidity (Secchi depth) rather than by salinity. (Fullerton Figures 11-13).         
 

 Inefficiencies in fish survey methods for Delta Smelt need to be factored into data analyses.  
  
o Ongoing investigations by DFW and FWS suggest that the catch of Delta Smelt by different 

sampling gears varies widely (FWS IEP presentation, April 2013 (unavail)). 
 

o Catchability influenced by changes in environmental factors (e.g., tidal cycles and turbidity).  
Catchability issues have only recently been identified and are not sufficiently understood. For 
example, Latour analysis suggests Delta Smelt are invisible to nets when TSS is low, even when 
Delta Smelt are present.  (Latour presentation, 2014; Latour presentation 2012; Latour Report, 
2012.)  Catch significantly higher on flood tide, species apparently moving to shoals during ebb 
tide (Feyrer et al. 2013; Fullerton IEP presentation, April 2013).      
 

o Emerging understanding of Delta Smelt distributions including recent discoveries of significant 
year-round populations of Delta Smelt in Cache Slough, the DeepWater Ship Channel, Liberty 
Island, and periodically in the Napa River (Sommer and Mejia (2013) at p. 14; Sommer et al. 
2011 at p. 9; Baxter et al. 2010 at p. 16; Merz et al. 2011), as well as species movements between 
open channels and shoals (Murphy et al., in review; Sommer and Mejia (2013) at p. 14; Miller et 
al. 2012, Feyrer et al. 2013).  
 

o Analysis of the 20mm and Townet surveys suggest that how late in the year each survey is 
performed influences the magnitude of the reported abundance.  In years when the surveys were 
performed late in the season, when catchability is higher because the fish are larger, greater 
abundance is reported (Fullerton Figures 1-6).  Any analyses using these indices need to take bias 
into consideration.       
 

 Study plans are being developed.  USFWS assessment of Delta Smelt monitoring has been initiated 
(USFWS, Working Draft, 2013.) USFWS and NMFS have initiated a Collaborative Science and 
Adaptive Management Program that includes review of fall X2 RPA (CSAMP Report and study plan, 
2014.)  Bay Delta Conservation Plan includes decision tree process to assess efficacy of fall X2, as 
well as an adaptive management program (http://baydeltaconservationplan.com).    
 

 Further analysis is necessary before management actions adopted.  Need improved understanding 
of species distributions and lifecycle.  Recommended future studies include, but are not limited to: 
further analysis of existing datasets, day-night sampling, sampling of shoals  (e.g., Grizzly Bay),
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sampling varying depths.       

                                                           
3 This year the USFWS has undertaken surveys near shoals around Jersey Point and reportedly found more smelt in shoals than in 

the channels.     
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255 Executive Summary 
256 
257 Abundance indices for four pelagic fishes in the upper San Francisco Estuary (the Delta and 
258 Suisun Bay) rapidly declined to record low levels starting in 2002. These fishes include native 
259 delta smelt (listed under federal and California Endangered Species acts) and longfin smelt 
260 (listed under the State Endangered Species Act) as well as introduced threadfin shad and juvenile 
261 (age-0) striped bass. Three of these species have also experienced more gradual long-term 
262 declines, but the recent rapid collapse of all four species to persistently low levels was 
263 unexpected given the relatively moderate hydrological conditions in the first half of this decade. 
264 In 2005, the IEP formed a Pelagic Organism Decline Management Team (POD-MT) to evaluate 
265 the potential causes of the declines. 
266 
267 The POD-MT has developed several conceptual models to guide work plan development and 
268 synthesize results. In this report we update previously developed conceptual models with new 
269 results and introduce a new conceptual model: 
270 1. The "basic POD conceptual model" was introduced in 2006 and groups the effects of 
271 potential drivers of the POD into four categories (previous abundance, habitat, top-down effects, 
272 and bottom-up effects); 
273 2. "Species-specific conceptual models" were introduced in 2008 and show how key 
274 population drivers presently affect each of the four POD fish species in each season; 
275 3. A new conceptual model posits that the POD represents a rapid ecological "regime shift" 
276 that followed a longer-term erosion of ecological resilience. We present this conceptual model as 
277 a working hypothesis for future investigations. 
278 
279 Much has been learned about individual drivers and their effects on the POD species over the 
280 course of the POD investigation. An initial "triage" approach seeking to rule out individual 
281 drivers was unsuccessful - we now have evidence that all investigated drivers may have played a 
282 role in the POD. As in previous reports, we summarize new evidence for the effects of individual 
283 drivers and some of their interactions in the context of the basic POD conceptual model. 
284 
285 Results of the POD investigation discussed in the report, organized by the four components of 
286 the basic POD conceptual model, include: 
287 
288 1. Previous abundance. IEP fish monitoring provides population indices, not actual 
289 population size estimates. This complicates evaluation of the effects of previous 
290 abundance, i.e. stock-recruitment relationships. The delta smelt stock-recruitment 
291 relationship appears to be density-independent, particularly since the late 1970s. The fall 
292 abundance index for pre-spawning adults explains about half of the variation in the 
293 juvenile abundance index for the next summer over the period from 1978 to present. The 
294 juvenile to adult transition is influenced by density-dependent mechanisms and declining 
295 carrying capacity, especially during the POD years. For longfin smelt, preliminary 
296 analyses support a stock-recruitment relationship between adults approaching their 
297 second birthday and age-0 fall recruits. A significant stage-recruitment relationship (fall 
298 age-0 to fall age-1 abundance) also exists. There is little evidence for strong stock-
299 recruitment or stage-recruitment relationships for threadfin shad. The adult striped bass 
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300 stock is currently not particularly low and total stock size is not likely a mechanism 
301 contributing to recent very low age-0 striped bass abundance. However, the effective 
302 spawning stock may have decreased due to a decline in number of females relative to 
303 males in the spawning runs. 
304 
305 2. Habitat. Changes in habitat drivers affect the amount and suitability of habitat available 
306 to the POD fishes. Habitat changes not only affect pelagic fishes, but also their predators 
307 and prey, which, in tum, can also have effects on the habitat they occupy. Changes in 
308 habitat suitability appear to be important in the long term declines of all of the POD 
309 species, but particularly delta smelt and age-0 striped bass. Key drivers are decreasing 
310 turbidity and changes in the salinity field. While these changes negatively affect the POD 
311 fishes, they appear to benefit other organisms such as the invasive aquatic weed Egeria 
312 densa and harmful bloom-forming algae such as Microcystis aeruginosa. Toxic 
313 chemicals are more likely to cause chronic effects than acute effects in the POD fishes, 
314 except in long-lived striped bass. Large female adult striped bass can transfer 
315 bioaccumulated compounds to eggs with negative effects on survival of embryos and 
316 larvae. Increasing total ammonia concentrations and Microcystis blooms are more likely 
317 to have effects through the food web than via direct toxicity to fish (see Bottom-up). 
318 Pyrethroid toxicity to invertebrates and endocrine disrupting compounds are of increasing 
319 concern in the estuary. 
320 
321 3. Top-down. In the basic POD conceptual model, top-down effects refer to mortality from 
322 predation and entrainment into water diversions. Piscivorous predators in the Delta 
323 include native pikeminnows as well as introduced largemouth bass, striped bass, and 
324 Mississippi silversides. Striped bass prey on all four POD species. While increasing in 
325 abundance, largemouth bass primarily consume littoral, not pelagic prey. New genetic 
326 evidence suggests that Mississippi silversides prey on larval delta smelt. Decreasing 
327 turbidity may be increasing the vulnerability of pelagic prey to predators. Mortality 
328 associated with the State Water Project (SWP) and Central Valley Project (CVP) water 
329 diversions is well-documented in the San Francisco estuary. However, mortality 
330 estimates based on fish caught in fish screens at these diversions (salvage) are 
331 underestimates because small larval fish are not collected at all, other small fish are 
332 caught inefficiently, and entrainment-associated mortality that occurs before fish are 
333 collected in the screens (pre-screen loss) is not regularly assessed. Shifting of more 
334 exports to winter has been accompanied by increased salvage for POD species and other 
335 Delta fishes. However, the population-level effects of increased entrainment remain 
336 unclear and may vary greatly within and among years and between species. Greater net 
337 flow through Old and Middle Rivers toward the SWP and CVP diversions rather than 
338 seaward is associated with greater salvage of adult delta smelt, longfin smelt, and striped 
339 bass. Overall, entrainment can affect multiple life stages of the POD fishes and often 
340 interacts with other drivers affecting the behavior and spawning success of the POD 
341 fishes. 
342 
343 4. Bottom-up. Compared to other estuaries, phytoplankton primary productivity in the San 
344 Francisco estuary is low and has experienced a long-term decline. The long-term decline 
345 has been linked to grazing by invasive clams and to shifts in nutrient ratios and 
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346 concentrations, especially increasing ammonium concentrations. It has led to a decline in 
347 overall food availability for pelagic fishes. In addition, there have been substantial 
348 changes in phytoplankton and zooplankton community composition which led to changes 
349 in food quality. The now common cyanobacteria Microcystis aeruginosa are of 
350 particularly low nutritional quality for Delta zooplankton species, while nutritionally 
351 valuable diatoms have declined. Similarly, a nutritionally inferior, small copepod species 
352 is now the dominant zooplankton species in Suisun Bay and the western Delta. Overall, 
353 bottom-up food limitation is likely an important driver influencing long-term fish trends 
354 in the upper estuary. However, it is likely not the sole driver behind the recent POD 
355 decline for several reasons. First, phytoplankton and zooplankton declines preceded the 
356 POD. Second, while high, current clam abundance and biomass is not unprecedented. 
357 Finally, while phytoplankton production fuels the Delta food web, new research shows 
358 that many zooplankton species currently present in the estuary are omnivorous and can 
359 consume microbes utilizing dissolved and particulate organic carbon. Shifts in 
360 community composition at the base of the food web may be as important as declines in 
361 overall productivity, or perhaps even more important. The current composition may favor 
362 non-native over native consumers. 
363 
364 The emerging conclusion is that the POD was caused by multiple and often interacting drivers. 
365 The multi-driver origin of the POD is an important insight. However, it is not particularly helpful 
366 to policy makers and managers seeking guidance for management strategies aimed at reversing 
367 the POD declines. The POD-MT has thus used two other approaches to evaluating drivers. 
368 
369 The first approach focuses on how the major drivers differ for each of the four POD fish species, 
370 and how they differ in relative importance during different life history stages or seasons. The 
371 results are summarized in the species-specific conceptual models and may help policy makers 
372 and managers identify targeted management actions and guide further research studies for 
373 individual POD species. 
374 
375 The second approach seeks to understand the POD in the context of an ecological "regime shift" 
376 affecting the entire estuarine ecosystem and explores the effects of changing drivers through 
377 several historical periods leading up to the POD. In this conceptual model, drivers are 
378 distinguished based on their approximate rate of change and their importance to ecological 
379 resilience. We hypothesize that drivers that changed slowly over decades ("slow drivers") 
380 contributed to the slow erosion of ecological resilience of the system. This made the system more 
381 vulnerable to the effects of drivers that changed more rapidly around the time of the POD (see 
382 basic POD conceptual model) and/or have greater species specificity (see species-specific 
383 conceptual models). In order of their hypothesized importance to the resilience of the system and 
384 approximate rate of change, the slow drivers we propose for the POD regime shift are 1) outflow, 
385 2) salinity, 3) landscape, 4) temperature, 5) turbidity, 6) nutrients, 7) contaminants, 8) harvest. In 
386 this report, we summarize changes in these environmental drivers and provide hypotheses about 
387 their individual and combined effects on the biota and importance to ecological resilience and the 
388 POD regime. We also briefly mention other potential slow drivers. Finally, we describe the 
389 resulting new ecosystem regime for the pelagic, benthic, and littoral zones of the Delta and 
390 Suisun Bay regions. As it becomes more fully developed, the POD regime shift story may inform 
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391 adaptive management strategies aimed at shifting the ecosystem into a more desirable state and 
392 improving long-term ecosystem resilience and adaptive capacity in the face of future threats. 

393 

394 The number of peer-reviewed POD publications has increased rapidly since 2005. However, 
395 many studies that will provide important POD information are still in progress. The 2010 POD 
396 work plan includes 39 continuing study elements and 32 new elements. The 2010 POD program 
397 is funded by DWR, USBR, and SWRCB (approximately $7,547,000). POD-related Delta 
398 (previously CALFED) Science Program grants are estimated at $3,019,000. We provide some 
399 preliminary results from these studies, but peer-reviewed products may not be available for some 
400 time. This report considers available information through about August 2010. We intend to 
401 publish a fully peer reviewed, final POD synthesis report in 2012-2013. 
402 

403 Introduction 
404 
405 The San Francisco Estuary (Figure 1) has been an area of importance to humans starting with 
406 Native Americans and continuing to the present day. Beginning with the California Gold Rush in 
407 the mid-1800s and subsequent rapid population growth, exploitation of resources broadened and 
408 accelerated. The resulting changes in land use from natural landscapes to agriculture and 
409 urbanization combined with development of an extensive water management infrastructure have 
410 been accompanied by declines in nearly all species of native fish (Moyle 2002; Brown and 
411 Moyle 2005). The construction and operation of two large water projects, the federal Central 
412 Valley Project (CVP), and the State Water Project (SWP) have been especially important. 
413 Mitigation for the potential effects of these projects on important fisheries has included salmon 
414 hatcheries below some dams and extensive fish screening facilities at the pumping plants in the 
415 Delta (Brown et al. 1996). Despite these efforts, populations of important fish species have 
416 declined in the San Francisco Estuary and its watershed, culminating in listings, under the 
417 Federal and California Endangered Species Acts (PESA and CESA), of a growing number of 
418 species since the 1990s, including winter-run and spring-run Chinook salmon Oncorhynchus 
419 tshawytscha, Central Valley steelhead 0. mykiss, delta smelt Hypomesus transpacificus, 
420 Sacramento splittail Pogonichthys macrolepidotus (subsequently removed from listed status, but 
421 currently undergoing another status review), longfin smelt Spirinchus thaleichthys (only under 
422 CESA) and green sturgeon Acipenser medirostris. The petition to list the San Francisco Estuary 
423 longfin smelt population as a distinct population segment under PESA was denied, but a range-
424 wide status review was initiated. 
425 
426 The four primary pelagic fishes of the upper estuary (delta smelt, longfin smelt, age-0 striped 
427 bass Marone saxatilis, threadfin shad Dorosoma petenense), have shown substantial variability 
428 in their populations, with evidence of long-term declines for the first three of these species 
429 (Kimmerer et al. 2000, Bennett 2005, Rosenfeld and Baxter 2007, Thomson et al. 2010). 
430 Against this backdrop of long-term decline, Fall Midwater Trawl (FMWT) abundance indices for 
431 these four pelagic fishes (Figure 2) appeared to decline sharply around 2000, despite hydrology 
432 expected to support at least modest fish production based on previous relationships (Sommer et 
433 al. 2007). Subsequent statistical analyses have supported the existence of "changepoints" in the 
434 early 2000s (Thomson et al. 2010). These species have remained at low levels through 2009 
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435 with record low values for delta smelt in 2009, age-0 striped bass in 2004, longfin smelt in 2007, 
436 and threadfin shad in 2009. These declines are collectively known as the Pelagic Organism 
437 Decline (POD). The POD is now a major policy and management issue in the context of 
438 California water resources (Sommer et al. 2007). 
439 
440 The POD Management Team (POD-MT) was established in 2005 by the Interagency Ecology 
441 Program (IEP) to evaluate the potential causes of the species declines (Sommer et al. 2007). The 
442 POD-MT organized an interdisciplinary, multi-agency research effort including staff and 
443 researchers from California Department of Fish and Game (CDFG), California Department of 
444 Water Resources (DWR), California State Water Resources Control Board (SWRCB) and 
445 Central Valley Regional Water Quality Control Board (CVRWQCB), U.S. Bureau of 
446 Reclamation (USBR), U.S. Fish and Wildlife Service (USFWS), U.S. Environmental Protection 
447 Agency (USEPA), U.S. Geological Survey (USGS), and the Delta Science Program (DSP) 
448 (formerly CALFED Science Program). Many POD research activities were also carried out by 
449 academic, non-profit, and private scientists. 
450 
451 At the core of the POD investigation has been a series of evolving, non-quantitative conceptual 
452 models about the declines. These conceptual models were developed to help organize, 
453 synthesize, and communicate existing and emerging information about the declines and to 
454 identify data gaps for the initiation of new studies. Particularly useful has been what has come to 
455 be known as the "basic POD conceptual model" (Figure 3, updated from Sommer et al. 2007). 
456 In addition to the basic model, the POD-MT has developed and refined species-specific 
457 conceptual models focusing on seasonal drivers of population dynamics of the four POD fish 
45 8 species (Figures 4-7, first introduced in Baxter et al. 2008) and a conceptual model placing the 
459 POD in the context of an ecological regime shift (Figure 8, the model is explained in later 
460 sections). 
461 
462 The POD investigation has taken place in a rapidly evolving water resource management, policy, 
463 and science landscape. This rapid change has been caused by growing concerns about the ability 
464 to meet the dual goals of water supply reliability for Californians and a functioning Delta 
465 ecosystem. These concerns grew even more pressing during the 2007-2009 drought. 
466 Additionally, California is currently facing a major economic crisis. Some of the major 
467 developments since the last comprehensive POD report (Baxter et al. 2008) include: (1) new 
468 Biological Opinions for the operation of the State and Federal Water Projects; (2) a new Federal 
469 California Bay-Delta Memorandum of Understanding and formation of a Federal Bay-Delta 
470 Leadership Committee; (3) a comprehensive water bill package by the California legislature 
471 establishing a Delta Water Master, Delta Stewardship Council, and a Delta Conservancy; (4) a 
472 new National Research Council committee on "Sustainable Water and Environmental 
473 Management in the California Bay-Delta;" and (5) intense work on a new Bay-Delta 
474 Conservation Plan (BDCP). Sound scientific information is regarded as a key ingredient to the 
4 75 success of these efforts. The IEP is one of the main providers of such information for the estuary 
476 and has been responding to the new demands by creating a new IEP Lead Scientist position, 
477 forming new technical work teams, and focusing new POD studies on emerging information 
478 needs. Future changes to the IEP may include new formal partnerships and initiatives that are 
479 currently under development by the IEP Coordinators. 
480 
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481 Purpose 
482 
483 This report has three objectives: 
484 
485 1. Synthesize the information collected by the POD investigation through approximately 
486 August 2010, 
487 2. Provide a basis for future syntheses and work plans, and 
488 3. Present the 2010 POD work plan. 
489 
490 In previous reports, our approach was to synthesize this information in the context of our basic 
491 conceptual model (Figure 3; Sommer et al. 2007). In this report, we continue to use the basic 
492 conceptual model as an organizing principle, but we also present two additional types of 
493 conceptual models. The first type is the "species-specific" conceptual models (Figures 4-7) first 
494 introduced in Baxter et al. (2008). This type of conceptual model narrows the basic POD 
495 conceptual model to the level of individual POD fish species and shows how key population 
496 drivers presently affect the POD fish species in each season. We believe this approach increases 
497 the clarity of the presentation because not all new information necessarily applies to all POD 
498 species. The second type of conceptual model is new. It broadens the basic POD conceptual 
499 model to the ecosystem level and places it in a historical ecological regime shift context. In the 
500 regime shift conceptual model, the POD is part of a larger, fundamental change in structure and 
501 functions of the San Francisco Estuary ecosystem brought about by changes in multiple and 
502 often interacting environmental drivers. Some of these changes occurred slowly or decades ago, 
503 while others were more rapid or recent. In this report we describe our current understanding of 
504 the present state of the system, the changes that led to this state, and what this may mean for the 
505 resilience of the system in the face of future challenges such as global climate change and 
506 additional species invasions. 
507 
508 From the beginning, the POD investigation has been designed to assess the role of multiple 
509 drivers individually and in combination. Similar to Baxter et al. (2008) we rely on a weight of 
510 evidence approach (Burkhardt-Holm and Scheurer 2007, Linkov et al. 2009) to synthesize and 
511 interpret the many individual and in some cases conflicting lines of evidence emerging from the 
512 POD studies. In particular, we examined the multiple types of evidence to develop plausible 
513 linkages within our conceptual models. As a result, this report focuses on the linkages within the 
514 conceptual models and their contributions to the individual "fish species stories," the overall 
515 "POD story," and the emerging "regime shift story" provided in the final synthesis, rather than 
516 providing in-depth examinations of relationships between individual drivers and fish abundance. 
517 
518 As for previous reports, many of the POD study elements have not been completed or fully 
519 evaluated and we wish to emphasize that our conceptual models represent works in progress. 
520 We envision delivering a final comprehensive POD report in 2012-2013. The final POD report 
521 will synthesize all prior POD results, including the final analyses and insights resulting from an 
522 ongoing collaboration of the IEP with the University of California-Santa Barbara, initially with 
523 the National Center for Ecological Analysis and Synthesis (NCEAS). The present progress report 
524 was written by members of the IEP POD-MT. It has been reviewed by the IEP Agency 
525 Coordinators, but has not undergone any external, independent peer review. 
526 
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527 This report is divided into several major sections. We first provide some basic background on 
528 the POD fishes. Second, we present the progression of scientific knowledge on specific topics 
529 within the context of the basic conceptual model for the POD that was developed in previous 
530 reports and publications (Sommer et al. 2007). Third, we refine the more detailed conceptual 
531 models for each of the POD fishes that were first presented in Baxter et al. (2008). Fourth, we 
532 present a new conceptual model about ecological regime shift that places the information 
533 presented in the general and individual species models in a broader ecosystem context. Finally, 
534 we describe how the 2010 work plan addresses information gaps associated with the three 
535 conceptual model types and what the next phase of this work might hold. Some material is 
536 repeated in several sections of the report to minimize the need for readers to search the entire 
537 report for pertinent supporting information. 
538 
539 This report has the same limitations as earlier reports from the POD-MT. Specifically, many 
540 studies initiated by the POD or initiated by others that will provide important POD information 
541 are still in progress. As explained in the 2009 Addendum to the 2008 POD Work Plan (Baxter et 
542 al. 2009), many POD study elements have also been delayed due to a December 2008 "Stop 
543 Work Order" for State bond funded projects that lasted eight months. In addition, there have 
544 been two to three mandatory furlough days for State employees which started in February 2009 
545 and continue to the present, as of the writing of this report. Preliminary results from studies that 
546 are still in progress are provided whenever possible, but peer-reviewed products from these 
54 7 studies may not be available for some time to come. We rely as much as possible on peer-
548 reviewed published literature. When such literature is not available we utilized agency reports 
549 and reports to the POD management team regarding POD funded research that are available to 
550 the public (POD study reports are available at http://www.science.calwater.ca.gov/pod). In some 
551 cases, we also include information from articles that have been submitted to scientific journals 
552 but that have not yet been accepted for publication; we cite them as "submitted." All other 
553 information (e.g., posters, abstracts) is cited as unpublished data or personal communication with 
554 the exception of the IEP Newsletter. The IEP Newsletter is cited as a peer-reviewed publication, 
555 even though it is not rigorously peer-reviewed. Articles generally receive informal review before 
556 submission and are reviewed by an editor with local experience with San Francisco Estuary 
557 issues. Also, the IEP Newsletter publishes articles of intense local interest that may not be of 
558 interest to journal publishers. We encourage readers to be cautious when evaluating the relative 
559 importance of the hypotheses presented in this report. Hypotheses not based on peer-reviewed 
560 literature should be viewed with more skepticism. We present them because they represent the 
561 newest thinking on POD issues and may stimulate productive discussions and new research. 
562 

563 Species Background 
564 
565 The apparently simultaneous declines of four pelagic Delta fish species in the early 2000s 
566 (Sommer et al. 2007) were surprising because of the differences in their life histories and 
567 differences in how each species utilizes Delta habitats. These differences suggested one or more 
568 Delta-wide factors to be important in the declines. Thorough descriptions of the POD 
569 phenomenon and the early stages of the POD investigation are available in Sommer et al. (2007). 
570 Here, we briefly review the general life history of each of the four POD fish species based on 
571 descriptions in Moyle (2002) as ecological background for understanding the remainder of the 
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572 report. Readers are referred to the papers cited in the remainder of this report and the species-
573 specific conceptual models for additional details. 
574 
575 Delta smelt is a slender-bodied fish typically reaching 60-70 mm standard length (SL) with a 
576 maximum size of about 120 mm SL. Delta smelt is endemic to the upper San Francisco Estuary, 
577 primarily the Delta and Suisun Bay. Delta smelt is generally associated with the low salinity 
578 zone locally indexed by X2, which is the distance (in km) along the axis of the estuary from the 
579 Golden Gate to the 2 psu isohaline measured near the bottom of the water column (Jassby et al. 
580 1995). Delta smelt feed primarily on planktonic copepods, cladocerans, and amphipods. Delta 
581 smelt is basically an annual species and spawns in freshwater in the Delta. Upstream migration 
582 of maturing adults generally occms in the late fall or early winter with most spawning taking 
583 place from early April through mid-May (Bennett 2005). Larval delta smelt move downstream 
584 with the tides until they reach favorable rearing habitat in the low salinity zone. Some 
585 apparently remain in upstream reaches including the Cache Slough-Sacramento deepwater ship 
586 channel region and the central Delta region year-round (Julio Adib-Samii, CDFG, and J. Hobbs, 
587 UCD, unpublished data). A very small percentage of delta smelt is believed to live 2 years and 
588 spawn in one or both years (Bennett 2005). Delta smelt was listed as a threatened species by 
589 both the federal and state governments in 1993. Its status was changed to state endangered in 
590 2009. A similar change to federal endangered status was recently determined to be "warranted 
591 but precluded" (USFWS 2010). 
592 
593 Longtin smelt typically reach 90-110 mm SL with a maximum size of 120-150 mm SL. In the 
594 San Francisco Estuary, longfin smelt generally occur in Suisun, San Pablo, and San Francisco 
595 bays as well as in the Gulf of the Farallones, just outside San Francisco Bay. Longfin smelt is 
596 anadromous and spawns at 2-years of age in freshwater portions of the Delta. A few fish over 
597 110 mm SL are captured annually during spawning migrations, but it's uncertain whether these 
598 are third-year fish or fast growing fish in their second year. Most spawning takes place from 
599 December through March. Incubation takes about a month and larvae are buoyant at hatching. 
600 Larval longfin smelt are transported downstream with outflow-generated surface currents. As 
601 they develop and can control their depth distribution, larvae move lower in the water column and 
602 probably remain in favorable rearing habitat in the low salinity zone and farther downstream. As 
603 juveniles grow and become more mobile they disperse downstream into Suisun, San Pablo and 
604 San Francisco bays. Longfin smelt feed primarily on mysid shrimp including the non-native 
605 Hyperacanthomysis longirostris and the native Neomysis mercedis. Copepods and other 
606 crustaceans can also be important food items, especially for smaller fish. Although other 
607 populations of longfin smelt occur on the Pacific Coast, the San Francisco Estuary population is 
608 the southern-most reproducing population and was recently proposed for listing under CESA, 
609 and as a distinct population segment of the species under PESA (The Bay Institute et al. 2007a, 
610 b). In April 2010, the California Fish and Game Commission listed longfin smelt as threatened. 
611 The USFWS determined that the longfin smelt in the San Francisco estuary did not meet the 
612 definition of a distinct population segment and the species was not listed (USFWS 2009). 
613 
614 Striped bass is native to the Atlantic Coast ofNorth America. It was introduced to California in 
615 1879. Striped bass is a large(> 1 m), long-lived(> 10 years) species. Striped bass juveniles and 
616 adults are widespread in the San Francisco Estuary watershed. The species can be found in the 
617 larger river systems downstream of impassable dams and in the coastal ocean. Striped bass is a 
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618 generalist predator. Larval and small post-larval bass feed mainly on copepods. As the fish 
619 grow they consume larger invertebrates and fishes. Striped bass is an anadromous mass 
620 spawner. Females begin spawning at 4-6 years of age and can spawn every year depending on 
621 environmental conditions. In the Sacramento River, spawning occurs in the upper parts of the 
622 tidal portion of the river and lower portions of the riverine portion of the river. A small 
623 proportion of spawning occurs in the San Joaquin River within the Delta. Embryos and larvae 
624 drift into the Delta and larval striped bass are associated with the low salinity zone. As the 
625 juveniles grow, they disperse throughout the Delta and San Francisco Bay. Although an invasive 
626 species, striped bass supports a popular and economically important recreational fishery. 
627 
628 Threadfin shad was introduced to California in 1954 to provide forage for predatory fish in 
629 reservoirs. It was planted in the San Francisco Estuary watershed in 1959 and rapidly colonized 
630 all available habitat. Adult threadfin shad are typically less than 100 mm total length and 
631 primarily inhabit freshwater, where they are omnivorous filter feeders on phytoplankton, 
632 zooplankton, and detritus. They can also selectively sight-feed on individual organisms, 
633 primarily zooplankton. Most threadfin shad spawn as 2-year olds, although some may spawn at 
634 the end of their first year. Spawning occurs from April to August, but most occurs in June and 
635 July. Larval and juvenile threadfin shad are mainly found in the freshwater portions of the Delta. 
636 Threadfin shad is the most abundant pelagic fish in the upper estuary and is exceptionally 
637 important as prey for piscivorous species. 
638 
639 The apparently simultaneous declines of these four species of fish were surprising because of the 
640 differences in their life histories and differences in how each species utilizes Delta habitats. 
641 These differences suggested one or more Delta-wide factors to be important in the declines. 
642 

643 Conceptual Models 
644 
645 All conceptual models developed during the POD investigation revolve around natural and 
646 anthropogenic drivers that affect ecological change such as the observed pelagic fish declines. 
647 Drivers and stressors are events or processes involving environmental (natural or human) 
648 variables and the terms are often used interchangeably or with fluid boundaries. Some authors 
649 define drivers as larger-scale and/or external influences on ecosystems, while stressors are 
650 defined as smaller-scale, internal changes brought about by the larger-scale drivers (e.g. Ogden 
651 et al 2005). Others define stressors as drivers that "exceed the range of variation beyond which 
652 the current biological communities can survive (commonly taken as exceeding the long-term or 
653 reference range of variation" (Miller et al. 2010). Here, we make the somewhat arbitrary decision 
654 to refer only to drivers because the term "stressor" implies an adverse or "undesirable" changes 
655 in ecosystem structure and functions that may be directly responsible for the POD phenomenon. 
656 Given that two species might respond in opposite ways to the same stressor, the meaning of the 
657 term becomes confusing. The distinction between drivers and stressors has become more 
658 important in the most recent POD work on regime shifts and ecological thresholds, as will be 
659 described in later sections of this report. 
660 
661 Based on the observation that fish abundance indices declined abruptly after 2000, the POD-MT 
662 developed an initial conceptual model about drivers potentially responsible for the declines (IEP 
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663 2005). After the completion of the first set of studies in late 2005, alternative models were 
664 developed based on the results available at that time and the consensus of professional judgment 
665 of the POD-MT regarding the extent to which individual drivers were likely to have affected 
666 each species-life stage during recent years. The nine drivers evaluated were: (1) mismatch of 
667 larvae and food; (2) reduced habitat space; (3) adverse water movement/transport; (4) 
668 entrainment; (5) toxic effects on fish; (6) toxic effects on fish food items; (7) harmful 
669 Microcystis aeruginosa blooms; (8) Corbula amurensis effects on food availability; and (9) 
670 disease and parasites. 
671 
672 These earlier conceptual models provided a useful way to: (1) summarize understanding of 
673 factors that may have contributed to the POD and (2) design the initial suite of research studies; 
67 4 however, they had several shortcomings. They did not adequately reflect spatial and temporal 
675 variation in the nine drivers evaluated, new data showed several assumptions to be incorrect, and 
676 the initial models were relatively cumbersome. 
677 
678 The basic conceptual model developed in 2006 (Sommer et al. 2007) and species-specific models 
679 developed in 2007 (Baxter et al. 2008) represented an improvement over the earlier efforts, but 
680 still had numerous limitations. Many of the results and inferences were preliminary at the time 
681 they were developed and had not been peer-reviewed, so the models were considered 
682 preliminary. Moreover, the models may have been influenced by potential biases in the 
683 sampling programs. Changes in the size and distribution of the target species have the potential 
684 to change our perception of trends in abundances and distributions. This, in tum, would affect 
685 our conceptual models. Throughout this discussion we use indices of fish abundance such as the 
686 Fall Midwater Trawl and Summer Townet survey (TNS) indices or catch per unit effort (CPUE) 
687 as estimates of abundance. The relationship between these indices of abundance and the actual 
688 population size of any species are generally not known, but they are presumed to increase 
689 monotonically with each other. Modeling efforts along with sampling gear evaluation studies are 
690 underway to better understand these relationships (e.g., Newman 2008). The same caveats 
691 continue to apply to the refined and new conceptual models presented in this report. 
692 
693 We also recognize that the recent decline in pelagic fish species is superimposed over long-term 
694 declines for several of these species and their long-term relationships with other environmental 
695 variables. Initial change-point analyses (Manly and Chotkowski 2006) suggested that distinctly 
696 different statistical models might be appropriate for different time periods. A clear line divides 
697 the POD era from the years preceding it for some species. Bayesian change-point modeling 
698 indicated that there were long-term declines in all 4 POD species abundances related to long 
699 term changes in some environmental variables, such as water clarity. However, the step decline 
700 in abundance of the species in the early 2000s (Thomson et al. 2010) could not be explained by 
701 changes in those same environmental variables or any of the other variables considered in the 
702 analysis. There also appear to be multiple periods of decline within the historical record 
703 preceding the POD and the periods are not always the same across species. The basic and 
704 species-specific conceptual models explicitly focus on mechanisms that might have contributed 
705 to the decline of pelagic fishes during the POD era; however, the historical antecedents to the 
706 POD are a crucial part of the story. These historical changes are more explicitly acknowledged 
707 and explored in the new regime shift model; however, this model is still in the early stages of 
708 development and contains many uncertainties. 
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709 
710 Note that none of the conceptual models are intended to exclude other explanations for the 
711 observed changes in fish abundance, nor are they designed to set priorities for resource 
712 management. Instead, they are intended as examples of how different drivers may be linked and 
713 produce ecological responses. Moreover, no single model component can explain the declines of 
714 all four species (Thomson et al. 2010, Mac Nally et al. 2010). We will continue to further 
715 develop and refine the models as additional data become available. In this report, as in previous 
716 reports, we use the basic conceptual model as an organizing principle for an examination of the 
717 historical development of thought on various topics we believe important to POD species. We 
718 use the individual species models to present the suite of drivers we think is important for that 
719 particular species. We use the regime shift model to put the POD into a more historical 
720 ecosystem context and set the stage for a new phase of the POD investigation. 
721 

722 Basic Conceptual Model 

723 
724 The basic conceptual model (Figure 3) is rooted in classical food web and fisheries ecology and 
725 contains four major components: (1) prior fish abundance, which posits that continued low 
726 abundance of adults leads to low juvenile production (i.e., stock-recruitment effects); (2) habitat, 
727 which posits that the amount of water (volume or surface area) with suitable conditions for a 
728 species has changed because changes in estuarine water quality variables, disease, and toxic algal 
729 blooms in the estuary affect survival and reproduction; (3) top-down effects, which posits that 
730 predation and water project entrainment affect mortality rates; and (4) bottom-up effects, which 
731 posits that consumable resources and food web interactions affect survival and reproduction. 
732 Each model component contains one or more potential drivers affecting the POD fishes. The 
733 overlap of the four model components indicates that they can affect the fish species 
734 simultaneously and can interact to produce synergistic or antagonistic effects. For each model 
735 component, our working hypotheses during development of the model were: (1) one or more 
736 drivers associated with the component were responsible for an adverse change at the time of the 
737 POD; and (2) this change resulted in a population-level effect. However, the emphasis of the 
738 POD effort has evolved from concern with changes that took place at the time of the POD to 
739 understanding drivers and drivers affecting the abundance of POD species, regardless of time 
740 frame. 
741 
742 In the following sections, we present a synopsis of how thinking has evolved on each driver 
743 within the four major components and the current thinking of the POD-MT about how that topic 
744 relates to POD species. The intent of this approach is to provide readers with a perspective on 
745 the evolution of scientific knowledge on specific topics and how the POD-MT has utilized 
746 historical and emerging knowledge to guide the POD investigations. 
747 

748 Previous Abundance 

749 
750 The relationship between numbers of spawning fish and the numbers of young subsequently 
751 recruiting to the adult population is known as a stock-recruitment relationship. Stock-
752 recruitment relationships have been described for many species and are a central part of the 
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753 management of commercially and recreationally fished species (Myers et al. 1995). Different 
754 forms of stock-recruitment relationships are possible, including density-independent, density-
755 dependent, and density-vague types. The latter refers to situations where there is not a 
756 statistically demonstrable stock-recruitment relationship observable in available data. 
757 
758 Unfortunately, none of the POD species were of sufficient interest as commercial or recreational 
759 species to warrant development of stock-recruitment models until the 1970s. There was a 
760 commercial fishery for striped bass from 1888 until 1935, when it was closed and only 
761 recreational fishing was allowed (Dill and Cordone 1997). The sport fishery was subsequently 
762 managed through regulations alone with no sampling or population modeling. Regulations 
763 became more restrictive as catch per angler indicated that the population was declining (Skinner 
764 1962). Stuaies initiated in 1959 in connection with the CVP and SWP led to the first estimates 
765 of population size. The population was estimated at 2-3 million legal-sized adult fish in the 
7 66 early 1960s (Herbold et al. 1992) with a plateau of an estimated 1.5-1.9 million legal-sized adult 
767 fish from 1969-1976 (Herbold et al. 1992, Kohlhorst 1999). The other species were never 
768 extensively harvested, though longfin smelt was once part of the "whitebait" catch from San 
769 Francisco Bay (Skinner 1963), or records were not kept if they were harvested. 
770 
771 The initiation of fisheries studies in 1959 in association with the planning and operation of the 
772 CVP and SWP provided the first opportunity to develop stock-recruitment type models for 
773 striped bass, longfin smelt, and delta smelt. We deliberately say "stock-recruitment type 
774 models" because classical stock-recruitment models in fisheries management are based on and 
775 produce estimates of the actual population size of a species as either numbers or biomass. The 
776 IEP monitoring was not designed to produce an actual population estimate (with the exception of 
777 Petersen tag estimates for striped bass and sturgeon), but to provide information on trends based 
778 on a population index or CPUE (e.g., number per trawl). Efforts are currently under way to 
779 develop methods to calculate population sizes of delta smelt and longfin smelt from currently 
780 collected data (e.g. Newman 2008). 
781 
782 Early models related the success of spawning and juvenile recruitment of striped bass with Delta 
783 outflow using simple regression models (Stevens and Miller 1983, Stevens et al. 1985). These 
784 models were not true stock-recruitment models (nor intended as such) because they assumed that 
785 the environmental variable flow was the primary control on recruit abundance. In other words, 
786 stock is always sufficient to produce high recruitment given good environmental conditions and 
787 good environmental conditions are provided by high flow. These early models began to break 
788 down in the late 1970s (Stevens et al. 1985) leading to new work on striped bass and eventually 
789 on the other POD species. 
790 
791 Kimmerer et al. (2000) found evidence for a density-dependent stock-recruitment relationship in 
792 San Francisco Estuary striped bass. However, the adult striped bass stock is currently not 
793 particularly low (Figure 9), so stock size is not likely a mechanism contributing to recent very 
794 low age-0 striped bass abundance. In other words, there appear to be enough adults in the 
795 system to produce sufficient young for the population to recover. Recent analyses have revealed 
796 a change in sex ratio for adults on their spawning migration. The proportion of female striped 
797 bass in the spawning population appears to have been declining in recent years (Figure 10, T. 
798 Sommer, DWR, unpublished data). The causes for this change are unknown (discussed below) 
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799 as are the consequences of the change for the population biology of the species, but at the very 
800 least the effective spawning stock has been limited by the low female numbers in the spawning 
801 runs. The decline does not seem to be an artifact of sampling bias because it has been noted in 
802 two types of sampling gear (gill nets and fyke traps) in two widely separated locations (the Delta 
803 and the Sacramento River near Knights Landing, respectively) (T. Sommer, DWR, unpublished 
804 data unpublished data). 
805 
806 There is little evidence for strong stock-recruitment or stage-recruitment relationships for 
807 threadfin shad (Feyrer et al. 2009). For longfin smelt, preliminary analyses support a stock-
808 recruitment relationship between adults approaching their second birthday and age-0 fall recruits 
809 (The Bay Institute et al. 2007a). A significant stage-recruitment relationship (fall age-0 to fall 
810 age-1 abundance) also exists, but survival declined after 1994 (Rosenfield and Baxter 2007) 
811 presumably due to continued food limitation, which in tum may have led to a habitat shift 
812 (discussed below). However, current populations of longfin smelt and threadfin shad are similar 
813 to low populations observed in previous years (Figure 2). Threadfin shad rebounded fully from 
814 previous abundance lows in the 1970s and 1980s. Longtin smelt populations rebounded 
815 somewhat in the 1990s following previous lows during the 1987-1992 drought. Recovery of 
816 these species is only expected ifthe factors affecting recruitment have not changed substantially. 
817 If the factors affecting survival from egg to adult have changed substantially since the beginning 
818 of the POD, then recovery might not occur even though recovery from low abundance occurred 
819 in the past. The changes in the statistical relationships between outflow and population 
820 abundance indices for longfin smelt and age-0 striped bass (Figure 11) indicate that changes in 
821 the drivers of recruitment have occurred. These changes are discussed in more detail in 
822 subsequent sections. 
823 
824 Population size can potentially affect survival at multiple points over the life cycle of a species. 
825 Typical examples include stock relationships, where the number of adults influences the number 
826 of offspring, and cohort relationships, where the abundance of one life stage affects survival to 
827 the following stage. In any form of a stock-recruitment model, there is a point at which low 
828 adult stock will result in low juvenile abundance and subsequent low recruitment to future adult 
829 stocks. This can occur even under favorable environmental conditions while the stock "rebuilds" 
830 itself. From a stock-recruitment perspective, the present low abundance of delta smelt is of 
831 particular concern. The current population is smaller than at any time previously in the record 
832 (Figure 2). The delta smelt stock-recruitment relationship appears to be density-independent, 
833 particularly since the latter 1970s (Figure 12). The Fall Midwater Trawl (FMWT) index (pre-
834 spawning adults) explains about half of the variation in the TNS index (juveniles) over the period 
835 of 1978 to present. Feyrer et al. (2007) found that incorporating fall salinity increased the 
836 explanatory power of this stock-recruitment relationship during this period. As noted above, 
837 transitions between life stages (i.e. cohort relationships) can also influence survival. The life 
838 history transition between the TNS index (juveniles) and the following FMWT index (pre-
839 spawning adults) (Figure 12) has been influenced by density-dependent mechanisms and 
840 declining carrying capacity (Bennett 2005). In a plot of this relationship, the most recent POD 
841 years (2005-2009) plot well below the relationships based on the entire record (Figure 13). A 
842 plot of adult production from the adults in the previous year, represents an interaction of the 
843 above relationships and any other factors affecting survival. This plot suggests declining 
844 survival of delta smelt throughout the POD period (Figure 14). 
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845 
846 The combined effects of stock-recruitment and cohort relationships are somewhat complicated to 
84 7 assess without a proper life cycle model. However, the change in the relationship in summer to 
848 fall survival (Figure 13) suggests that the primary factors affecting juvenile survival recently 
849 changed and shifted to earlier in the life cycle; however, this would not necessarily affect the 
850 stock-recruitment relationship. It would only affect available stock. In other words, an 
851 individual adult delta smelt might still produce the same number of young; however, fewer 
852 young survive to reproduce as adults. In addition, the fecundity of adult smelt has likely 
853 changed. The mean size of adult delta smelt has declined since the early 1990s (Sweetnam 
854 1999), possibly due to changes in the food web (see Bottom up section). There may also be 
855 selection for late-spawned larvae as a result of water export schedules related to the Vemalis 
856 Adaptive Management Plan (VAMP), which began in 2000 (Bennett et al. 2008). These smaller 
857 larvae have less opportunity to grow to large adult size. Smaller adults due to reduced food 
858 supplies and younger adults due to selection for late-spawns are not mutually exclusive 
859 mechanisms and the combination could easily have a nonlinear impact on overall fecundity. 
860 
861 These observations strongly suggest that recent population trends for delta smelt are outside the 
862 historical realm of variability and may be associated with a new state of the system (see Regime 
863 Shift Model section). This inference is supported by a recent changepoint analysis, which 
864 indicated a decline in abundance in the early 2000s independent from environmental variables 
865 that previously explained abundance. Thus, recovery is likely to require changes in the drivers 
866 that have produced the current low levels of abundance and perhaps new drivers or previous 
867 drivers that have since become more important. 
868 
869 Given the unprecedented low abundance of delta smelt since 2000 (Figure 2), serious 
870 consideration should be given to evaluation of Allee effects. Allee effects occur when 
871 reproductive output per fish declines at low population levels (Berec et al. 2006). In other 
872 words, below a certain threshold the individuals in a population can no longer reproduce rapidly 
873 enough to replace themselves and the population, exhibiting inverse density dependence, spirals 
874 to extinction. For delta smelt, possible mechanisms for Allee effects include processes directly 
875 related to reproduction and genetic fitness such as difficulty finding mates, genetic drift, and 
876 inbreeding (Gascoigne et al. 2009). Other mechanisms related to survival such as increased 
877 vulnerability to predation (Gascoigne and Lipcius 2004) are also possible and will be briefly 
878 discussed in the Top-Down model component section. While theoretical work suggests that 
879 Allee effects might be common in nature, empirical evidence for Allee effects in natural 
880 populations remains sparse, possibly because they are often masked by measurement errors 
881 (Gregory et al. 2010). In addition, the interactive effects of multiple Allee effects may have 
882 important implications for species conservation, but have not yet been well explored in ecology 
883 (Berec et al. 2006). 
884 

885 Habitat 

886 
887 According to Hudson et al. (1992), "habitat is simply the place where an organism lives .... 
888 Physical, chemical and biological variables (the environment) define the place where an 
889 organism lives." Hayes et al. (1996) explain further that "space is the primary component of fish 
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890 habitat, and other resources and environmental conditions modify the utility of space." The 
891 maintenance of usable space (i.e. suitable habitat quality) is essential to the long-term health of 
892 aquatic resources (Rose 2000, Peterson 2003). For the habitat component of the model, a key 
893 point is that habitat suitability affects all other components of the model. This is indicated by the 
894 overlap of habitat with all other components in Figure 3. Hence, changes in habitat not only 
895 affect pelagic fishes, but also their predators and prey, which, in tum, can also have effects on 
896 the habitat they occupy. Although not a focus of this report, we expect that the habitats of the 
897 POD species are especially vulnerable to future climate change. Thus, policy and management 
898 alternatives regarding habitat should consider expected changes in climate as well as other 
899 changes in major system drivers such as altered water management. 
900 
901 Habitat for pelagic fishes: Habitat for pelagic fishes in the estuary is open water, largely away 
902 from shorelines and vegetated inshore areas except perhaps during spawning. This includes 
903 large embayments such as Suisun Bay and the deeper areas of many of the larger channels in the 
904 Delta. More specifically, estuarine pelagic fish habitat is water with suitable values for a variety 
905 of physical-chemical properties (e.g., salinity, turbidity, and temperature), suitably low levels of 
906 contaminants, and suitably high levels of prey production to support growth. A key to 
907 understanding pelagic fish habitat in the estuary is recognizing that it is not fixed to a specific 
908 geographic location. Freshwater and seawater will always meet somewhere in an estuary and 
909 this zone will move within the estuary at time scales ranging from annually and seasonally in 
910 response to freshwater outflow to hourly in response to tides. However, the geographic locality 
911 where the interface between freshwater and saltwater occurs at any particular time may have 
912 implications for the effects of other factors (e.g., exposure to a point source of contaminants). 
913 Thus, pelagic fish habitat suitability at any specific geographic point in the estuary can be 
914 strongly influenced by variation in freshwater flow (Jassby et al. 1995, Bennett and Moyle 1996, 
915 Kimmerer 2004). 
916 
917 We know that aquatic habitats in the Delta have changed substantially since the mid-l 850s. The 
918 Delta has been converted from a complex mix of seasonal wetlands, perennial wetlands and 
919 riparian habitats with many dead-end waterways to a geographically simplified system ofleveed 
920 agricultural islands separated by a network of interconnected channels, which are often deeper 
921 and more steep-sided than natural channels and have hardened, rip-rapped levee shorelines. It 
922 has been estimated that 95% of wetlands in the Delta have been lost (The Bay Institute 1998). 
923 Large pulses of sediment associated with hydraulic mining have now largely moved through the 
924 estuary and dam construction has prevented recruitment of new sediments from upstream areas. 
925 This has contributed to increasing water clarity in recent years (Wright and Schoellhamer 2004). 
926 The effects of many of the early habitat changes are largely unknown. There is speculation that 
927 the success of the striped bass introduction in 1879 was partially due to their semibouyant 
928 embryos and pelagic larvae that were better adapted than those of native species to the high 
929 sediment loads carried in the rivers at that time due to hydraulic mining (Moyle 2002). The 
930 changes in channel configuration, water storage behind dams, and operations of the CVP, SWP, 
931 and other water management projects have resulted in complex hydrodynamic and water quality 
932 patterns (Kimmerer 2004, Monsen et al. 2007, Healey et al. 2008, Kimmerer and Nobriga 2008) 
933 that are very different from what existed in the past (e.g., Brown and Bauer 2009). However, 
934 only recently have these changes become of major management concern (ROD 2000). This 
935 concern has resulted in tightened restrictions on water diversions, passage of California water 
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936 legislation in the 2009, the development of new flow criteria for the Sacramento-San Joaquin 
937 Delta ecosystem by the SWRCB, and the Bay-Delta Conservation Plan (BDCP) planning 
938 process. Kimmerer (2004) has summarized much of the existing knowledge on factors affecting 
939 open water habitats. 
940 
941 Development of habitat-based ideas related to Delta fish populations basically began with the 
942 simple regression models, described in the previous section, which related Delta outflow to 
943 recruitment of young pelagic fishes of several species (Stevens and Miller 1982, Stevens et al. 
944 1985). The next step was the development of X2 as an index of the response of the estuarine 
945 community to net freshwater flow (Jassby et al. 1995). X2 denotes the distance (in km) along 
946 the axis of the estuary from the Golden Gate to the 2 psu isohaline measured near the bottom of 
947 the water column. X2 has been linked to the success of various species including POD species. 
948 X2 is related to flow but provides a more direct link to fish habitat (Kimmerer 2002a, b) and has 
949 thus been used as a habitat indicator and adopted for regulatory purposes. Unfortunately, the X2 
950 relationships for longfin smelt and age-0 striped bass have changed in association with other 
951 drivers (e.g., invasive species). Delta smelt has never shown a strong relationship to X2, and the 
952 freshwater threadfin shad has no relationship to X2. As a result of the POD, several 
953 investigations were started to define appropriate habitat for various POD species so changes in 
954 habitat suitability could be better assessed. 
955 
956 Several of the POD fishes use tidally-assisted swimming behaviors to maintain themselves 
957 within open-water areas where water quality and food resources are favorable (Bennett et al. 
958 2002). The four POD fishes also distribute themselves at different values of salinity within the 
959 estuarine salinity gradient (e.g., Dege and Brown 2004, Feyrer et al. 2007), so at any point in 
960 time, salinity is a major factor affecting their geographic distributions. As mentioned earlier, 
961 pelagic habitat suitability in the San Francisco Estuary can be characterized by changes in X2. 
962 The abundance of numerous taxa increases in years when flows into the estuary are high and the 
963 2 psu isohaline is pushed seaward (Jassby et al. 1995, Kimmerer 2002a, b), implying that the 
964 quantity or suitability of estuarine habitat increases when outflows are high. Recent analyses 
965 indicated that neither changes in area or volume of low salinity water (habitat) account for this 
966 relationship for species showing relationships with X2, except for striped bass and American 
967 shad (Kimmerer et al. 2009). This suggests that X2 is indexing other environmental variables or 
968 processes rather than simple extent of habitat. 
969 
970 It is also worth noting that the change from net outflow models to more complex habitat models 
971 occurred in concert with a change in thinking about Delta hydrodynamics. Through the 1980s 
972 the perception was that river-like net flow through Delta channels was the major feature of flow 
973 important to the ecosystem even though it was recognized that the Delta was a tidal system. 
974 From the 1990s onward there has been increasing recognition that tidal flows combined with the 
975 highly altered nature of the Delta channel network combine to create complex hydrodynamic 
976 patterns. These patterns can result in sometimes surprising results regarding transport of weakly 
977 swimming fishes, other organisms, and water quality constituents (e.g., salt) through the Delta. 
978 For example, Lucas et al. (2002) and Lopez et al. (2006) showed that the production and 
979 distribution of phytoplankton biomass can be highly variable within and between nearby habitats 
980 of the same type in the Delta due to variations in phytoplankton sources, sinks, and transport. 
981 Therefore, superficially similar, geographically proximate habitats can function very differently 
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982 and assessment of the role and functioning of different habitat types needs to include a regional 
983 landscape perspective (Lopez et al. 2006, Cloern 2007). This perspective could be essential in 
984 predicting the success of habitat restoration efforts (Lopez et al. 2006). Kimmerer and Nobriga 
985 (2008) used a particle tracking model to explore the relationships between hydrodynamics and , · 
986 entrainment risk and found release location and hydrology to be important factors. This latter 
987 application is especially relevant to entrainment issues discussed in a later section. 
988 
989 Based on a 36-year record of concurrent midwater trawl and water quality sampling, there has 
990 been a long-term decline in fall habitat suitability for delta smelt and striped bass, but not for 
991 threadfin shad (Feyrer et al. 2007). The long-term habitat suitability declines for delta smelt and 
992 striped bass are defined by a lowered probability of occurrence in samples based on changes in 
993 specific conductance (a surrogate for salinity) and Secchi depth (a measure of water clarity or, 
994 conversely, turbidity). Notably, delta smelt and striped bass habitat suitability declined recently 
995 coinciding with the POD. The greatest changes in habitat suitability occurred in Suisun Bay and 
996 the San Joaquin River upstream of Three Mile Slough and in the southern Delta (Feyrer et al. 
997 2007). There is evidence that these habitat changes have had population-level consequences for 
998 delta smelt. The inclusion of specific conductance and Secchi depth in the delta smelt stock-
999 recruitment relationship described above improved the fit of the model, suggesting adult 

1000 numbers and their habitat conditions exert important influences on recruitment. Subsequently, 
1001 Feyrer et al. (2010) developed a model for estimating habitat suitability based on X2. 
1002 
1003 The importance of salinity in this study was not surprising, given the relationships of population 
1004 abundance indices with X2 for many species. Fall X2 has been high during the POD years 
1005 despite moderate to high outflow conditions during the previous winter and spring of most years. 
1006 Contra Costa Water District (2010) recently reviewed and summarized a wide range of historical 
1007 reports and analyses regarding salinity in the western Delta and Suisun Bay. The basic 
1008 conclusion was that a variety of human activities including channelization of the Delta, 
1009 elimination of tidal marsh, construction of deepwater ship channels and diversions of water have 
1010 contributed to increased salinity in the region. Consistent with fall X2 observations, the report 
1011 also noted that fall salinity in 21 of the last 25 years has resembled that expected during a 
1012 drought, even though half the years have been relatively wet. Although the operations of 
1013 reservoirs and water diversions have been able to ameliorate the effects of salinity on water 
1014 supply, salinities still exceed pre-1900 levels. 
1015 
1016 There appeared to be a curious anomaly in the salinity distribution of delta smelt collected during 
1017 the September 2007 survey of the FMWT. All seven delta smelt collected during this survey 
1018 were captured at statistically significant higher salinities than what would be expected based 
1019 upon the relationship generated by Feyrer et al. (2007) (p=0.0012, K. Newman, USFWS, 
1020 personal communication 2007). There could be any number of reasons why this occurred, 
1021 including a substantial Microcystis bloom in the western Delta in 2007, which extended further 
1022 downstream than previous blooms and may have affected the distribution of biological 
1023 organisms. 
1024 
1025 The importance of Secchi depth in the long-term changes in pelagic fish habitat suitability 
1026 (F eyrer et al. 2007) was more surprising. Unlike salinity, interannual variation in water clarity in 
1027 the Delta is not primarily a function of flow variation (Jassby et al. 2002). Water clarity in the 
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1028 Delta has been increasing since routine monitoring began in 1975 (Jassby et al. 2002, Wright and 
1029 Schoellhamer 2004, Jassby et al. 2005, Jassby 2008). The primary mechanisms suggested to 
1030 explain the increasing water clarity are: (1) reduced sediment supply due to dams in the 
1031 watershed (Wright and Schoellhamer 2004 ); (2) sediment washout from very high inflows during 
1032 the 1982-1983 El Nino (Jassby et al. 2005); and (3) biological filtering by submerged aquatic 
1033 vegetation (SAV) (Brown and Michniuk 2007, Bestir 2010). 
1034 
1035 Results from a recently completed POD-funded study (Bestir 2010) indicate that the three 
1036 mechanisms likely played sequential roles in the increasing water clarity in the Delta. The initial 
103 7 increase in clarity was likely brought about by reductions in sediment supplies due to the first 
1038 two mechanisms. The resulting clearer water facilitated the rapid spread of invasive submerged 
1039 aquatic vegetation which in tum led to further clearing of the water. In lakes, high densities of 
1040 the Brazilian waterweed Egeria densa and similar plants can mechanically filter suspended 
1041 sediments from the water column (Scheffer 1999). Vegetation has also been shown to facilitate 
1042 sedimentation in marshes and estuaries (Yang 1998, Braskerud 2001, Pasternack and Brush 
1043 2001, Leonard et al. 2002). The most abundant invasive SAV species in the Delta is E. densa. 
1044 E. densa invaded the estuary in the 1980s and rapidly expanded its distribution in the 1990s 
1045 (Service 2007). E. densa continued to spread by expansion of existing patches and invasion of 
1046 new areas during the POD years (Bestir 2010). Areal coverage of E. densa increased more than 
1047 10% per year from 2004 to 2006; however, Egeria may now occupy most of the Delta habitat 
1048 suited to its establishment and growth and the rate of expansion may have declined substantially 
1049 over the past few years (E. Bestir, UCD, personal communication). The current growth and 
1050 spread of SA V in the Delta is likely controlled by water velocities, rather than light availability 
1051 (Bestir 2010). In clear water, E. dens a can grow to depths of 6 m (Anderson and Hoshovsky 
1052 2000). Salinity likely limits its spread into the seaward areas of the estuary (Hauenstein and 
1053 Ramirez 1986). According to Bestir (2010), Delta SA V grows best at annual water velocities 
1054 below 0.49 mis and suppresses turbidity levels in its vicinity by reducing sediment resuspension. 
1055 The expansion of invasive SAV in the Delta can explain 21-71 % of the total increasing trend in 
1056 water clarity in the Delta from 1975-2008. Although E. densa may have reached the current 
1057 limits of its distribution in the Delta, it is possible that additional clearing due to further 
1058 reductions in sediment supplies and water velocities will allow E. densa to spread into 
1059 progressively deeper water and contribute to even more clearing. 
1060 
1061 The mechanisms causing the negative associations between water clarity and delta smelt and 
1062 striped bass occurrence are currently under investigation. Based on research in other systems 
1063 (e.g. Gregory and Levings 1998), Nobriga et al. (2005) hypothesized that higher water clarity 
1064 increased predation risk for delta smelt, young striped bass, and other fishes typically associated 
1065 with turbid water. A certain concentration of suspended particles also seems to be necessary for 
1066 proper feeding by young delta smelt (Baskerville-Bridges et al. 2002, Mager et al. 2004). 
1067 Turbidity, and to a lesser degree salinity, were also found to be extremely important parameters 
1068 influencing larval delta smelt survival in laboratory flow-through assays exposing larval delta 
1069 smelt to water collected at Delta and Suisun Marsh sites (Werner et al. 2010). Increased turbidity 
1070 associated with the "first flush" after winter storm events may also play a role in the upstream 
1071 spawning migration of delta smelt in the winter (Grimaldo et al. 2010, Sommer et al. in review). 
1072 However, it is currently unknown if it acts as a migration cue, an important habitat attribute 
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1073 preventing predation during the upstream migration, or is simply correlated to other relevant 
1074 variables. 
1075 
1076 Trends in habitat suitability for delta smelt differ during the summer period compared to the fall. 
1077 Specific conductance, Secchi depth, and water temperature all significantly predict delta smelt 
1078 occurrence in summer, suggesting they all interact to affect delta smelt distribution (Nobriga et 
1079 al. 2008). However, none of the water quality variables were correlated with delta smelt 
1080 abundance (as indexed by the TNS) at the scale of the entire estuary (Nobriga et al. 2008). 
1081 Based on these habitat variables, Nobriga et al. (2008) identified three distinct geographic 
1082 regions that had similar long-term trends in the probability of delta smelt occurrence. The 
1083 primary habitat region was centered on the confluence of the Sacramento and San Joaquin rivers 
1084 near Sherman Island; delta smelt relative abundance was typically highest in the confluence 
1085 region throughout the study period. There were two marginal habitat regions, one centered on 
1086 Suisun Bay where specific conductance was highest and delta smelt relative abundance varied 
1087 with specific conductance, with lower abundance at higher conductance. The third region was 
1088 centered on the San Joaquin River and the southern Delta. The San Joaquin River region had the 
1089 warmest water temperatures and the highest water clarity. Water clarity increased strongly in 
1090 this region during 1970-2004. This is also the region most heavily invaded by E. densa (Hestir 
1091 2010). In the San Joaquin River region, delta smelt relative abundance was correlated with water 
1092 clarity; catches declined rapidly to zero from 1970-1978 and remained consistently near zero 
1093 thereafter. Note that in a year of low outflow, the low salinity zone would be at the confluence 
1094 and summer delta smelt habitat might collapse to a restricted area around the confluence because 
1095 salinity of the Suisun Bay region might increase to levels unsuitable for delta smelt. These results 
1096 support the hypothesis that basic water quality parameters are predictors of summer delta smelt 
1097 relative abundance, but only at regional spatial scales. These regional differences are likely due 
1098 to variability in habitat rather than differences in delta smelt responses. Water management 
1099 operations are targeted on keeping the lower Sacramento and San Joaquin rivers fresh for water 
1100 exports so the range in salinity is probably relatively smaller than the range in turbidity. In the 
1101 Suisun Bay region, there is a wider range of salinities relative to the other regions, so a response 
1102 to that variable is possible. 
1103 
1104 Although Nobriga et al. (2008) recognized water temperature as an important aspect of delta 
1105 smelt summer habitat, specific conductance and water clarity appeared to have more explanatory 
1106 value. However, that does not mean that temperature is never important. Bennett et al. (2008) 
1107 observed patterns in liver glycogen depletion and single cell necrosis in liver tissue of delta smelt 
1108 collected in 2005 that were consistent with fish being stressed by warm water temperatures (22-
1109 23°C). As of yet, there is no strong evidence that delta water temperatures are increasing in 
1110 response to climate change. Jassby (2008) detected a slight upward trend (0.2°C) in March-June 
1111 water temperature (1996-2005) in the Delta but not in Suisun Bay. There was not a statistically 
1112 significant increase in annual water temperatures if a longer time interval was considered (197 5-
1113 2005), although there were some significant monthly trends at some locations (e.g., near 
1114 Stockton in the summer months). Flow did not have a strong effect on water temperature. Water 
1115 temperature in the Delta is mainly driven by air temperature and statistical models have been 
1116 constructed for monitoring stations with a sufficient period of record. When these models are 
1117 used to estimate water temperatures under various scenarios of climate change, temperatures 
1118 stressful or potentially lethal to delta smelt become more common (Wagner et al. submitted). 
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1119 
1120 Contaminants and Disease: In addition to habitat changes associated with changes in the 
1121 estuarine habitat characteristics discussed above, contaminants can also change habitat suitability 
1122 and overall ecosystem functions and productivity through numerous pathways. While there has 
1123 been recent progress on assembling and analyzing data on trends in contaminant concentrations 
1124 in and loadings to the Delta (Kuivila and Hladik 2008, Johnson 2010), the effects of 
1125 contaminants on Delta fishes and other organisms are still not well understood. Evaluation of 
1126 direct and indirect toxic effects on the POD fishes of both man-made contaminants and natural 
1127 toxins associated with blooms of M aeruginosa (a cyanobacterium or blue-green alga) remains 
1128 an important and active component of the POD investigation. The main indirect contaminant 
1129 effect under investigation is inhibition of prey production. The current state of knowledge about 
1130 effects of contaminants on the POD fishes has recently been summarized by Brooks et al. (in 
1131 review). This work suggests that while acute contaminant toxicity is not a likely cause for the 
1132 population declines, sublethal stress from metals, nutrient-rich effluents, M aeruginosa blooms, 
1133 and pesticides are all potential contributors to, but not the sole cause of, past and ongoing 
1134 declines. 
1135 
1136 Concern over contaminants in the Delta is not new. There are, for example, long standing 
1137 concerns related to metals such as mercury and selenium in the watershed, Delta, and Bay (Davis 
1138 et al. 2003, Linville et al. 2002). 
1139 
1140 Mercury contamination is mainly a result of historic gold mining. Contamination occurred as a 
1141 result of mining mercury, primarily in the Coast Ranges, and loss of mercury during gold mining 
1142 operations in the Sierra Nevada. As a result, mercury is a nearly ubiquitous contaminant 
1143 throughout the Bay, Delta, and watershed. A TMDL (total maximum daily load) was recently 
1144 promulgated for the Delta by the CVRWQCB. However, despite the concerns for mercury in 
1145 general, mercury has not been associated with POD declines. 
1146 
1147 Selenium (Linville et al. 2002) has had two major sources in the system. Selenium in 
1148 agricultural drainage water in the San Joaquin River drainage is the most well known source 
1149 because of the bird deformities documented at Kesterson Reservoir at the terminus of the never 
1150 completed San Luis Drain (e.g., Ohlendorf 2002). There is no strong evidence that selenium 
1151 from agricultural sources in the San Joaquin Valley and transported by the San Joaquin River 
1152 have been a major problem for POD species in the estuary; however, future changes in water 
1153 management and hydrodynamics could conceivably increase exposure of Delta biota to this 
1154 source (R. Stewart, USGS, personal communication, 2009). Other sources of selenium were oil 
115 5 refineries along the shoreline of San Francisco Bay, primarily San Pablo Bay and Carquinez 
1156 Strait. These sources were controlled as part of the Clean Water Act. There is no evidence that 
1157 these sources of selenium affected POD species; however there were effects on some benthic-
1158 foraging species, including white sturgeon, Dungeness crab Cancer magister and Sacramento 
1159 splittail (Stewart et al. 2004). 
1160 
1161 In the 1960s, municipal and industrial waste disposal was a major issue in the San Francisco 
1162 Estuary, as it was elsewhere in the nation. Passage of the Clean Water Act in 1972 eventually 
1163 led to upgraded water treatment and improved water quality conditions in the estuary and 
1164 recovery ofresident biota (e.g., Nichols et al. 1986, Hornberger et al. 2000). However, passage 
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1165 of the Clean Water Act did not lead to removal of all municipal and industrial contaminants, and 
1166 in some cases, unexpected sources and consequences of contamination and interactions of urban 
1167 and agricultural contaminants are only now beginning to emerge. 
1168 
1169 One example of an unexpected consequence of ongoing contamination that is currently receiving 
1170 much attention is the newly emerging idea that municipal ammonium pollution can lead to 
1171 suppression of phytoplankton production in the estuary. Ammonium is the ionized form of 
1172 ammonia gas, which forms when ammonia is dissolved in water according to the following 
1173 equilibrium: NH4+ ~ NH3 + W. The equilibrium between ammonium and un-ionized ammonia 
1174 depends primarily on pH (more H+ available at lower pH), and also on temperature and salinity. 
1175 Ammonia can cause toxicity to organisms, including fishes. Ammonium is considered a plant 
117 6 nutrient. 
1177 
1178 In many ecosystems around the world, increasing nutrient loading from agricultural run-off and 
1179 urban waste disposal has led to eutrophication with often catastrophic consequences for many of 
1180 the resident biota. In contrast to many other estuaries, the San Francisco Estuary has been 
1181 considered relatively resilient to nutrient pollution and has not shown many of the common 
1182 symptoms of eutrophication such as enhanced algal growth (Nichols et al. 1986, Cloern 2001, 
1183 Kimmerer 2004). From 1975 to 1995, the Delta has actually experienced a long-term decline in 
1184 phytoplankton production (Jassby et al. 2002). However, this trend has started to reverse since 
1185 the mid-1990s (Jassby 2008) and potentially harmful algal blooms consisting mostly of floating 
1186 colonies of the cyanobacteria (blue green algae) M aeruginosa have become a common and 
1187 widespread occurrence in the Delta in the late summer and fall (Lehman et al. 2008, see also 
1188 sections below for more details). The long-standing and widely accepted explanation for the 
1189 overall low levels of water column phytoplankton production and biomass in the estuary has 
1190 been the suppression of phytoplankton growth by low water clarity, losses due to intense benthic 
1191 grazing pressure, and transport through the Delta to San Francisco Bay (Cloern 2001, Jassby et 
1192 al. 2002, Lucas et al. 2009a). The consequences of low phytoplankton production on the Delta 
1193 food web are presented in more detail in the Bottom-Up section below. New studies suggest that 
1194 phytoplankton growth may at times also be inhibited by high ammonium concentrations in and 
1195 upstream of Suisun Bay and that changes in nutrient loadings may have also affected 
1196 phytoplankton species composition, with repercussions throughout the food web (Wilkerson et 
1197 al. 2006, Dugdale et al. 2007, Jassby 2008, Glibert 2010, Parker et al. in review, R. Dugdale, 
1198 CSUSF-RTC, unpublished data). The largest source of ammonium to the system is the 
1199 Sacramento Regional Wastewater Treatment Plant (SRWTP) (Jassby 2008). The inhibitory 
1200 effect of ammonium on phytoplankton was unexpected by the agencies regulating wastewater 
1201 treatment plants and thus was not considered during the development of past permits. 
1202 
1203 In addition to the unexpected inhibitory effect on phytoplankton, ammonia, the unionized, toxic 
1204 gas form of the nutrient ammonium, can also have direct toxic effects on fish and their food 
1205 organisms (EPA 2009). Evaluation of possible direct toxicity effects of dissolved ammonia and 
1206 ammonium on delta smelt indicated that ambient concentrations in the Sacramento River and 
1207 Delta were not high enough to be acutely toxic to 55-day old delta smelt (Werner et al. 2009a, 
1208 2010b). However, delta smelt appear to be more sensitive to ammonia than many other fishes 
1209 (Werner et al. 2009b). A new molecular tool called a DNA microarray has recently been 
1210 developed to evaluate sublethal contaminant effects on delta smelt (Connon et al. 2009), which 
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1211 might help elucidate chronic effects and causal mechanism of ammonia toxicity for delta smelt. 
1212 Mortality and growth of the amphipod Hyalella azteca in Delta water samples collected 
1213 biweekly over a 4-year period (2006-2010) was significantly and negatively correlated with 
1214 ammonia and ammonium concentrations at several sites throughout the Delta and Suisun Marsh 
1215 (Werner et al. 2010a). Some important food organisms of delta smelt such as the copepod 
1216 Pseudodiaptomusforbesi may also be particularly sensitive to ammonia according to preliminary 
1217 results from ongoing studies (Werner et al. 2010b). Further results and discussions of ammonium 
1218 and ammonia dynamics and effects in the estuary can be found in Ballard et al. (2009), Foe 
1219 (2009), Werner et al. (2009a, 2010b) and CVRWQCB (2010). 
1220 
1221 There is increasing concern regarding endocrine disrupting compounds (EDCs), which are often 
1222 but not exclusively associated with wastewater discharges. Like ammonium, advanced 
1223 wastewater treatment can lead to substantial removal of at least some classes ofEDCs (Huang 
1224 and Sedlak 2001). Some pesticides (e.g. synthetic pyrethroids) also have endocrine disrupting 
1225 properties (Jin et al. 2010). EDC contamination of the environment can lead to disruption of 
1226 sexual functions and changes in population sex ratios. Ongoing research shows a higher 
1227 proportion of male Mississippi silversides Menidia beryllina at an urban sampling site near the 
1228 discharge of a waste water treatment plant compared to an agricultural site in Suisun Marsh (S. 
1229 Brander, UCD, personal com.). This study found estrogenic activity (i.e., feminization) at both 
1230 sites, but significantly higher androgenic activity (i.e., masculinization) at the urban site. Lavado 
1231 et al. (2009) conducted a survey of estrogenic activity in 15 agriculturally impacted waterways of 
1232 the California Central Valley including the Delta and found that overall estrogenic activity was 
1233 highest in water from their Delta sampling site and in water from a Napa River site. Teh (2007) 
1234 found evidence of intersex ( ovatestis, ovarian tissue within testes) in 9 of 65 male delta smelt 
1235 (14%) collected from Delta and Suisun Marsh sites, but did not measure endocrine disrupting 
1236 compounds or their activity in the water. While no firm conclusions about the effects of EDCs on 
1237 the POD fishes can be drawn from these few lines of evidence, it seems clear that the role of 
1238 EDCs in the Delta deserves further study. 
1239 
1240 The effects of pesticides, including herbicides and insecticides, are perhaps the largest unknowns 
1241 relative to POD. Pesticides can cause acute toxicity (mortality) or chronic, sublethal effects. 
1242 Agricultural applications of pesticides are well regulated and tracked in detail by the California 
1243 Department of Pesticide Regulation (http://www.cdpr.ca.gov/docs/pur/purmain.htm). Urban 
1244 applications are less well documented but county-wide sales information is available. However, 
1245 there are many different chemicals applied and the relationship between the amount of a 
1246 pesticide applied and the transport of that pesticide into waterways is not simple. Furthermore, 
1247 there is no established long-term monitoring program for dissolved or sediment-bound pesticides 
1248 currently in place in the Bay, Delta, or watershed. The existing evidence is weak, but a recent 
1249 review of available information collected before and during the POD investigation (Brooks et al. 
1250 in review) suggests that pesticides and other toxicants may affect POD fishes or other parts of the 
1251 ecosystem. 
1252 
1253 Studies conducted before the POD investigations included studies of acute and chronic pesticide 
1254 toxicity effects on phytoplankton, invertebrates, and fishes in the Delta and watershed. 
1255 Phytoplankton growth rate may have occasionally been inhibited by high concentrations of 
1256 herbicides (Edmunds et al. 1999). Toxicity to invertebrates was noted in water and sediments 
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1257 from the Delta and associated watersheds (e.g., Kuivila and Foe 1995, Giddings 2000, Werner et 
1258 al. 2000, Weston et al. 2004). Undiluted drainwater from agricultural drains in the San Joaquin 
1259 River watershed can be acutely toxic (quickly lethal) to fish and have chronic (long-term) effects 
1260 on growth (Saiki et al. 1992). Evidence for mortality of young striped bass due to discharge of 
1261 agricultural drainage water containing rice herbicides into the Sacramento River (Bailey et al. 
1262 1994) led to new regulations for discharge of these waters. Sublethal effects of contaminants 
1263 were detected in striped bass larvae even after these regulations were in place (Bennett et al. 
1264 1995). Bioassays using caged fish (non-POD species) have revealed DNA strand breakage 
1265 associated with runoff events in the watershed and Delta (Whitehead et al. 2004). Kuivila and 
1266 Moon (2004) found that peak densities of larval and juvenile delta smelt sometimes coincided in 
1267 time and space with elevated concentrations of dissolved pesticides in the spring. These periods 
1268 of co-occurrence lasted for up to 2-3 weeks, but concentrations of individual pesticides were low 
1269 and much less than would be expected to cause acute mortality. 
1270 
1271 We initiated several studies to address the possible role of contaminants and disease in the POD. 
1272 The largest study centered on biweekly monitoring of ambient water toxicity over 4 years in two 
1273 phases (2006--2007 and 2008-2009) with standard bioassays using the amphipod Hyalella azteca 
1274 at 15 to 16 sites in the Delta, Suisun Bay, and the Napa River as well as additional monitoring of 
1275 water toxicity to larval delta smelt during the spring months (Werner et al. 2008, Werner et al. 
1276 2010a, Werner et al. 2010b). The study also included laboratory investigations on the 
1277 comparative sensitivity of important fish and aquatic invertebrate species to chemical 
1278 contaminants of concern in the Delta, development and application of in situ exposure systems, 
1279 and studies to develop biomarker tools for fish species of special interest. 
1280 
1281 Significant amphipod mortality was observed in 5.6% of 693 ambient water samples collected in 
1282 2006--2007 and in 0.5% of 752 samples collected in 2008-2009. The tests also included addition 
1283 of the enzyme inhibitor piperonyl butoxide (PBO) which synergizes (increases) pyrethroid 
1284 pesticide toxicity, but antagonizes (reduces) organophosphate (OP) insecticide toxicity. PBO 
1285 additions significantly affected survival in 1.1 % and 0.9% of all samples collected in 2006--2007 
1286 and 2008-2009, respectively. Growth was affected by PBO addition in 10.1% and 13.3 % of 
1287 ambient samples collected in 2006--2007 and 2008-2009, respectively. Some of the toxic water 
1288 samples contained measurable amounts of pyrethroids, such as bifenthrin and esfenvalerate, OPs 
1289 such as chlorpyrifos and diazinon, relatively high levels of ammonium and/or ammonia, and, in 
1290 two cases, relatively high concentrations of dissolved copper. Numerous samples contained more 
1291 than one contaminant. Water from sites in the lower Sacramento River had the highest total 
1292 ammonia and ammonium concentrations. Water from the lower Sacramento River region had the 
1293 largest number of acutely toxic samples and, a relatively high occurrence of PBO effects on 
1294 amphipod growth. Werner et al. (2010a) concluded that ammonia and ammonium and/or other 
1295 contaminants occurring in mixture with these, likely contributed to the observed toxicity to the 
1296 test invertebrates and that toxicity to invertebrates is most common in the northern Delta. 
1297 
1298 Laboratory flow-through assays exposing larval delta smelt to ambient water samples were 
1299 conducted in 2007-2009. Results from these assays indicated that water quality in the 
1300 Sacramento River at Hood, in the northern Delta near Cache and Lindsey Sloughs, and in the 
1301 southern Delta in the San Joaquin River near Stockton was at times unfavorable for larval delta 
1302 smelt. Delta smelt survival was highest in water from Suisun Slough. 
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1303 
1304 It is important to note that delta smelt and H azteca mortality were not necessarily observed in 
1305 the same water samples. While the H azteca tests are very useful for detecting biologically 
1306 relevant levels of water column toxicity (especially pyrethroids), interpretation of the H azteca 
1307 test results with respect to fish should proceed with great caution. In addition, results from 
1308 controlled bioassays conducted with grab samples under laboratory conditions may not be 
1309 readily transferrable to variable field conditions. 
1310 
1311 To address the limitations of laboratory bioassays, Werner et al. (201 Ob) used a novel in situ 
1312 exposure system for simultaneous tests of multiple fish and-invertebrate species at Hood on the 
1313 Sacramento River and in Stockton on the San Joaquin River. The in situ devices renewed the test 
1314 water continuously, exposing test organisms to the same water quality fluctuations that would be 
1315 experienced by stationary organisms in the river. Six in situ exposure experiments with larval 
1316 delta smelt, larval fathead minnow (Pimephales promelas), and the amphipod H azteca were 
1317 conducted in spring 2009. No toxicity to H azteca or P. promelas was detected. Larval delta 
1318 smelt survival was low in the treatment and in the control water. Werner et al. (2010b) 
1319 concluded that larval delta smelt may be too sensitive to stresses of transport, salinity, and 
1320 temperature to be suitable test organisms for in situ tank systems and recommended using 
1321 surrogate species, such as rainbow trout, in future tests. 
1322 
1323 To assess the comparability and relevance to Delta species of test results from bioassays 
1324 conducted with different organisms, Werner et al. (2010b) compared the contaminant sensitivity 
1325 of standard test organisms, such as larval fathead minnow, the waterflea Ceriodaphia dubia and 
1326 the amphipod H azteca, with important Delta species, such as larval delta smelt and the copepod 
1327 Eurytemora affinis. They exposed these organisms to a series of chemical contaminants 
1328 previously detected in Delta water samples, including copper, total ammonia, the OP insecticides 
1329 chlorpyrifos and diazinon, and the pyrethroid insecticides bifenthrin, cyfluthrin, esfenvalerate, 
1330 and permethrin. Larval delta smelt were 1.8to>11 times more sensitive than fathead minnow to 
1331 ammonia, copper, and all insecticides tested with the exception of permethrin. Invertebrates 
1332 were more sensitive than the two fish species. The zooplankton species E. affinis and C. dubia 
1333 were most sensitive to total ammonia, and C. dubia was most sensitive to copper. C. dubia was 
1334 the most sensitive, and E. affinis the least sensitive to the tested organophosphates insecticides. 
1335 H azteca was the most sensitive to all tested pyrethroid insecticides. 
1336 
1337 Pyrethroid insecticides are of particular interest in the POD investigation because use of these 
1338 insecticides has increased during the most recent decade (Amweg et al. 2005, Oros and Werner 
1339 2005) as use of some OP insecticides has declined. Toxicity of sediment-bound pyrethroids to 
1340 macroinvertebrates has been observed in watersheds upstream of the Delta (Weston et al. 2004, 
1341 2005). In recent toxicity tests, urban source waters to the Delta were almost always toxic to H 
1342 azteca due to pyrethroid pesticides (Weston and Lydy 2010). Agricultural runoff samples were 
1343 toxic less often. Similar to the findings for ammonium (Jassby 2008), the effluent from the 
1344 SRWTP was the largest source of pyrethroids to the Delta in this study and Hyalella azteca 
1345 always experienced high mortality rates and swimming impairment when exposed to effluent 
1346 from this treatment plant (Weston and Lydy 2010). This was not the case with effluent from the 
134 7 Stockton Wastewater Treatment Plant, which utilizes tertiary treatment, suggesting that different 
1348 treatment methods may remove or retain pyrethroids differently. Prior to this study, urban inputs 
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1349 in general and wastewater treatment plants in particular had not been considered a primary 
1350 source of insecticides in the Delta. Urban insecticide applications thus represent an unexpected 
13 51 contaminant source. This is of concern because the estuary as a whole as well the southern and 
1352 western subregions can be classified as stressed by urbanization on the basis of impervious cover 
1353 due to the rapid growth of the Bay Area, Sacramento, and Stockton metropolitan areas (Stoms 
1354 2010). 
1355 
1356 Brander et al. (2009) showed that mixtures of the two pyrethroid pesticides, permethrin and 
1357 cyfluthrin, are lethal to H azteca at concentrations found in Delta water samples. Beggel et al. 
1358 (2010) found that commercial formulations of two commonly used insecticides, bifenthrin and 
1359 fipronil, were more toxic to fathead minnows than the pure active ingredients. Significant 
1360 sublethal effects on fish swimming performance or growth were observed at 10-20% of the 
1361 concentrations required to kill 10% of exposed fish (LClO). These results suggest that increased 
1362 toxicity due to inert ingredients should be considered in risk assessments and regulation of 
1363 insecticides (Beggel et al. 2010). 
1364 
1365 The sublethal effects measurements conducted by Beggel et al. (2010) represent another major 
1366 aspect of the POD contaminants studies, examining sublethal effects. Werner et al. (2008, 
1367 2010b) focused primarily on the development and application of biochemical and molecular 
1368 biomarkers of sub lethal stress responses to contaminants. Geist et al. (2007) investigated the 
1369 effects of copper and the pyrethroid insecticide esfenvalerate on survival, growth, swimming 
1370 behavior, and expression of stress response genes in juvenile (81-90 d old) striped bass (M 
1371 saxatilis). They found that the expression of stress response genes was the most sensitive 
1372 indicator for copper and esfenvalerate exposures at low concentrations. Expression of stress 
1373 response genes was also seen in striped bass exposed to Delta water samples (Werner et al. 
1374 2008). 
1375 
1376 Connon et al. (2009, in press, in review) developed a cDNA microarray for delta smelt to study 
1377 the sublethal effects of chemical exposure. Connon et al. (2009) used the microarray to assess the 
13 78 effects of exposure of larval delta smelt to the pyrethroid esfenvalerate and identified specific 
1379 patterns of gene expression related to affected physiological functions. Connon et al. (in press) 
1380 then exposed larval delta smelt to sublethal concentrations of esfenvalerate. The microarray 
13 81 results showed patterns of gene expression indicating neurological impairment, supported by 
1382 anomalous behavior, and suggesting effects on gonad and brain development. Connon et al. (in 
1383 review) evaluated the effects of copper on survival, swimming velocity and gene expression in 
1384 larval and juvenile delta smelt. Swimming velocity declined with increasing copper 
13 85 concentration. The microarray results indicated significant sub lethal effects of copper on nerve 
1386 and muscle function, digestion and immune function at approximately 20% of the LC50 
1387 concentration. In ammonia exposure experiments, genes predominantly encoding for membrane 
1388 bound proteins responded significantly; however, neurological activity and muscular activity 
1389 were also impaired (Werner et al. 2010). 
1390 
1391 Biomarkers were also developed and applied in studies with striped bass and fathead minnows 
1392 (Werner et al. 2010). Juvenile striped bass were exposed to extracts from SPMDs (semi-
1393 permeable membrane devices, which collect dissolved lipophilic compounds from water), which 
1394 were deployed at several sites in the Delta, Tissue samples from the striped bass were analyzed 
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1395 for expression of four stress-responsive genes. Results indicated general stress and immune 
1396 system responses at Boynton Slough (Suisun Marsh) and Sherman Lake (confluence) sites 
1397 (Werner et al. 2010). In fathead minnows, observed gene responses suggested stress-related 
1398 cellular effects in fathead minnow larvae exposed to bifenthrin and fipronil (0.07 and 53 µg/L, 
1399 respectively) (Beggel et al. 2010, Werner et al. 2010). The concentrations associated with the 
1400 gene responses corresponded to the concentrations causing abnormal swimming. Patterns of gene 
1401 response in delta smelt exposed to water from different delta sites show great promise for 
1402 toxicity monitoring in field surveys (R. Connon, UC Davis, personal communication). Results 
1403 from these initial studies support the use of microarrays to assess the effects of contaminants on 
1404 aquatic species in field studies. Further method development and application for delta smelt are 
1405 in progress. 
1406 
1407 In addition to the novel methods described above, the POD investigations have included the use 
1408 of biomarkers and histological techniques used previously to evaluate toxic effects on POD 
1409 fishes (Bennett et al. 1995, Bennett 2005). The results to date have been mixed for the four POD 
1410 fish species. Histopathological and viral evaluation of young longfin smelt collected in 2006 and 
1411 2007 indicated no histological abnormalities associated with toxic exposure or disease (F oott et 
1412 al. 2006, Foott and Stone 2008). There was also no evidence of viral infections or high parasite 
1413 loads. Similarly, young threadfin shad showed no histological evidence of contaminant effects 
1414 or of viral infections (Foott et al. 2006, Foott and Stone 2008). Parasites were noted in threadfin 
1415 shad gills at a high frequency but the infections were not considered severe. Thus, both longfin 
1416 smelt and threadfin shad were considered healthy in 2006 and 2007. Adult delta smelt collected 
1417 from the Delta during winter 2005 also were considered healthy, showing little histopathological 
1418 evidence for starvation or disease (Bennett et al. 2008). However, there was some evidence of 
1419 low frequency endocrine disruption. In 2005, 3 of 4 7 ( 6%) of adult delta smelt were intersex, 
1420 having immature oocytes in their testes (Bennett et al. 2008). This is a lower percentage than 
1421 reported by Teh et al. (2007) (9 of 65 male delta smelt, 14%). Juvenile delta smelt exhibited a 
1422 high incidence of glycogen depletion (80% of fish) and liver abnormalities (85% of fish), 
1423 presumably in response to stressful summer rearing conditions (Bennett et al. 2008). 
1424 
1425 In contrast, histopathological analyses have found evidence of significant disease in other species 
1426 and for POD species collected from other areas of the estuary. Massive intestinal infections with 
1427 an unidentified myxosporean were found in yellowfin goby Acanthogobiusjlavimanus collected 
1428 from Suisun Marsh (D. Baxa, UCD, unpublished data). Severe viral infection was found in 
1429 Mississippi silverside and juvenile delta smelt collected from Suisun Bay during summer 2005 
1430 (Baxa et al. in prep.). 
1431 
1432 Contaminants and disease may severely impair striped bass of all life stages in the estuary 
1433 (Ostrach et al. 2008a). Contaminants were identified as having significant effects on larval 
1434 striped bass and juvenile striped bass up to 6--8 months old. Juvenile striped bass were found to 
1435 be suffering from sublethal contaminant exposure and abnormal disease and parasitism. Adult 
1436 striped bass are likely adversely affected by the bioaccumulation of contaminants such as 
1437 polybrominated diphenyl ethers (PBDEs). In addition to these contaminant and disease effects, 
1438 striped bass may be especially vulnerable to contaminant effects because the long-lived females 
1439 can bioaccumulate contaminants over several years and then transfer the contaminants to egg 
1440 yolk. This results in maternal transfer of xenobiotics to eggs resulting in severe adverse effects 

34 



1441 on larval development and subsequent larval survival that may be contributing to population 
1442 level effects (Ostrach et al. 2008b ). Contaminants are thus likely a significant driver contributing 
1443 to the decline of young striped bass in the San Francisco Estuary (Ostrach et al. 2008a). 
1444 
1445 Finally, the POD investigation has also included studies of the potentially toxic cyanobacterium 
1446 M aeruginosa. Large blooms of M aeruginosa were first noted in the Delta in 1999 and have 
144 7 since become an annually recurring feature of the Delta plankton community (Lehman et al. 
1448 2005, 2008). During the low flow conditions of summer 2007, blooms of this cyanobacterium 
1449 spread downstream to the western Delta and beyond (P. Lehman, DWR, unpublished data). 
1450 Microcystis is more abumdant in dry years (2007 and 2008) compared to wet years (2004 and 
1451 2005) (P. Lehman, DWR, unpublished data). Genetic analysis determined that the A1. 
1452 aeruginosa strain in the Delta is unique (Moisander et al. 2009). The M aeruginosa blooms peak 
1453 in the fresh waters of the central Delta during the summer at warm temperatures (20-25°C; 
1454 Lehman et al. 2008). Large striped bass and all life stages of threadfin shad occur widely in the 
1455 central and southern Delta during summer, and thus may be at the highest risk of exposure to 
1456 toxic blooms. Longfin smelt and delta smelt are generally not present in this region of the Delta 
1457 during summer (Nobriga et al. 2008, Rosenfield and Baxter 2007) so it is less likely that M 
1458 aeruginosa toxicity is a factor in their recent decline. However, a recent study by Miller et al. 
1459 (2010) documented a complex transfer of toxic microcystins from freshwater, through mollusks 
1460 (which bioaccumulated the microcystins), to sea otters, resulting in mortality of sea otters in 
1461 coastal Monterey Bay. This study suggests there is some potential that fish residing in brackish 
1462 and marine parts of the estuary could be affected by toxic Microcystis blooms through trophic 
1463 pathways. 
1464 
1465 Baxa et al. (2010) developed a genetic technique for quickly identifying Microcystis abundance 
1466 and toxicity and determined that Microcystis toxicity is spatially and temporally variable in the 
1467 Delta. Elevated toxicity was common in the brackish western Delta near Antioch. This was 
1468 unexpected and may indicate the presence of a salinity tolerant strain in this region. This is the 
1469 same area where elevated microcystin levels and biomarker scores for juvenile striped bass were 
1470 found. A recent laboratory study (Deng et al. 2010) showed that dietary Microcystis is toxic to 
14 71 Medaka fish ( Oryzias latipes) and has a more adverse impact on male fish. Results suggest that 
1472 long-term exposure to microcystins in the Delta may be a health problem for fish. 
1473 
14 7 4 Microcystins probably do not reach concentrations acutely toxic to Delta fishes (Lehman et al. 
1475 2008), but during blooms, the microcystin copcentrations may be high enough to impair 
1476 invertebrates, which could influence prey avaiiability for fishes. Lehman et al. (2010) found that 
1477 Microcystis may indeed contribute to changes in phytoplankton, zooplankton and fish 
1478 populations in the Delta. Ger et al. (2009) determined toxicity of one form of microcystin (LR) 
14 79 to two species of calanoid copepods, E. affinis and P. forbesi, which are important as food to 
1480 POD species. They found that, although the copepods tested were relatively sensitive to 
1481 microcystin-LR compared to other types of zooplankton, ambient concentrations in the Delta 
1482 were unlikely to be acutely toxic. However, chronic effects were not determined. Feeding trials 
1483 indicated that both species of copepods were very sensitive to Microcytis (Ger et al. 2010a). 
1484 Both species experienced significant mortality when Microcystis was 10% or more of the diet, 
1485 whether the Microcystis strain produced toxic microcystins or not. This suggests that 
1486 consumption of Microcystis by wild populations of copepods has the potential to affect food 
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1487 resources of POD fishes. P.forbesi ingested an order of magnitude less than E. affinis, 
1488 suggesting it is better able to tolerate the presence of Microcystis in its diet than E. affinis via 
1489 more efficient selective feeding on alternative food (Ger et al. 2010b). It also appears that 
1490 selective feeding by P. forbesi becomes more pronounced during long-term exposure to different 
1491 Microcystis strains during blooms. 
1492 
1493 In summary, many different man-made and natural toxins are present in the estuary. The absence 
1494 of consistent long-term monitoring of contaminant concentrations does not allow for a 
1495 correlative assessment of contaminant effects on Delta biota over time (Johnson 2010) and 
1496 prevents contaminants from being included in statistical analyses of the POD declines such as 
1497 those conducted by MacNally et al. (2010) and Thomson et al. (2010). While four years of 
1498 biweekly water toxicity tests have provided evidence for sporadic direct, acute toxicity, the 
1499 majority of contaminant effects are likely sublethal and/or mediated by the food web (Scholz et 
1500 al. in review, Brooks et al. in review). Unfortunately, conventional methods of testing pesticides 
1501 on a chemical by chemical basis or conducting bioassays with standard test organisms are 
1502 unlikely to be useful in assessing the effects of complex mixtures of many chemicals on the 
1503 ecosystem, especially when many of the effects are nonlethal and chronic (Scholz et al. in 
1504 review). From a scientific perspective, novel biomarkers such as those developed by Connon et 
1505 al. (2009) hold great promise for arriving at a more reliable and nuanced understanding of 
1506 contaminant effects. From a management perspective, these problems might best be addressed 
1507 by reducing transport of all pesticides to the aquatic environment rather than managing 
1508 chemicals suspected to be important on a case by case basis (Scholz et al. in review). 
1509 
1510 Habitat for Planktonic and Benthic Aquatic Organisms: Much of the previous discussion about 
1511 how physical conditions and water quality affect pelagic fishes is also relevant to other aquatic 
1512 organisms including plankton and the benthos. The abundance and distribution of pelagic 
1513 organisms in an estuary, particularly plankton, results from the interaction of production, 
1514 consumption of the organism, and transport (Lucas et al. 2009b). Factors limiting phytoplankton 
1515 growth in the estuary have already been discussed above. The distribution and abundance of 
1516 benthos represents an interaction between conditions during the period when species are 
1517 recruiting to the bottom and subsequent conditions for survival, growth, and reproduction. 
1518 
1519 It is important to keep in mind that river flows and exports influence estuarine salinity gradients 
1520 and water transport times (i.e., how fast water or transported constituents move through the 
1521 system). These factors affect both habitat suitability for benthos and the transport of pelagic 
1522 plankton. High delta outflow leads to more rapid transport through the Delta (days), which 
1523 generally results in lower plankton biomass (Kirnrnerer 2004), but also lower cumulative 
1524 entrainment effects in the Delta (Kimmerer and Nobriga 2007). In contrast, longer transport 
1525 times (a month or more), which result from low delta outflows, may result in higher plankton 
1526 biomass, depending on consumption rates by grazers (see Lucas et al. 2009a). This can increase 
1527 food availability for planktivorous fishes; however, much of this production may be lost to filter 
1528 feeding benthos (e.g., Lucas et al. 2002) or water diversions (Arthur et al. 1996) under low delta 
1529 outflow conditions. In the San Joaquin River under extreme low flow conditions, long water 
1530 residence times may also promote high biological oxygen demand when abundant phytoplankton 
1531 die and decompose (Lehman et al. 2004, Jassby and Van Nieuwenhuyse 2005). Recent particle 
1532 tracking modeling results for the Delta show that transport times in the central Delta are highly 
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1533 variable depending on Delta inflow, exports, and particle release location (Kimmerer and 
1534 Nobriga 2007). Very high inflow leads to rapid transport times. The longest transport times 
1535 occur in the San Joaquin River near Stockton under conditions of low inflow and low export 
1536 flow. 
1537 
1538 Salinity variation can have a major effect on the benthos, which occupy relatively "fixed" 
1539 geographical positions along the gradient of the estuary. While the distributions of the benthos 
1540 can undergo seasonal and annual shifts, benthic organisms cannot adjust their locations as 
1541 quickly as more mobile pelagic organisms. Analyses of long-term benthic data for four regions 
1542 of the upper San Francisco Estuary indicate that two major factors control community 
1543 composition: species invasions and salinity (Peterson and Vayssieres 2010). Specifically, the 
1544 invasion of the clam C. amurensis in the late 1980s resulted in a fundamental change in the 
1545 benthic community; however, the center of distribution of C. amurensis and other benthic 
1546 species shifts geographically with the estuarine salinity gradient, as the salinity gradient responds 
1547 to outflows. So at any particular location in the estuary, the benthic community can change 
1548 substantially from year to year as a result of environmental variation and species invasions. 
1549 There was nothing unusual about the composition of benthic assemblages during the POD 
1550 period. As will be discussed below, changes in the benthos can have major effects on food 
1551 availability to pelagic organisms. 
1552 
1553 Climate Change Effects on Habitat: While climate change did not cause the POD, there are 
1554 several reasons we expect climate change will have negative influences on future pelagic habitat 
1555 suitability for the POD fishes. First, there has been a trend toward more Sierra Nevada 
1556 precipitation falling as rain earlier in the year (Roos 1987, 1991, Knowles and Cayan 2002, 
1557 2004). This increases the likelihood of winter floods and may have other effects on the 
1558 hydrographs of Central Valley rivers and Delta salinity. Altered hydrographs interfere with 
1559 pelagic fish reproduction, which is usually tied to historical runoff patterns (Moyle 2002). 
1560 
1561 Second, sea level is rising (IPPC 2001 ). Sea level rise will increase salinity intrusion, moving 
1562 X2 landward, unless sufficient freshwater resources are available to repel the seawater. This will 
1563 shift fish distributions upstream and possibly further reduce habitat suitability for some species. 
1564 Based on the results of Feyrer et al. (2007), Feyrer et al. (2010) developed a model to predict 
1565 delta smelt habitat quality in response to X2. Data from several scenarios of climate change 
1566 predict declining habitat suitability as climate change proceeds (Feyrer et al. 2010). Sea level 
1567 rise will also increase the likelihood of levee failures (Mount and Twiss 2005) and perhaps 
1568 reduce the likelihood of repairing such failures, given economic considerations (e.g., Suddeth et 
1569 al. 2010). Levee failures and flooding of islands would lead to changes in available aquatic 
1570 habitat (Lund et al. 2007, 2008). In addition, currently unleveed wetlands and other habitats will 
1571 be susceptible to inundation (Knowles 2010). 
1572 
1573 Third, climate change models project warmer air temperatures in central California (Dettinger 
157 4 2005). As stated above, water temperatures do not currently have a strong influence on POD fish 
1575 distributions. However, summer water temperatures throughout the upper estuary are fairly high 
1576 for delta smelt. Mean July water temperatures in the upper estuary are typically 21-24°C 
1577 (Nobriga et al. 2008) and high mortality of delta smelt is expected above about 25°C based on 
1578 several lines of evidence. First, the critical thermal maximum of delta smelt acclimated to l 7°C 
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1579 is 25°C (Swanson et al. 2000). Second, delta smelt are rarely captured in field surveys when 
1580 water temperatures reach 25°C (Bennett 2005, Nobriga et al. 2008). Third, following 
1581 acclimation by gradually increasing temperature to match ambient temperatures and with daily 
15 82 feeding, juvenile delta smelt can survive short term exposure to ambient temperatures up to 
1583 about 27°C for several days (G. Castillo, USFWS, unpublished data). However, continued 
1584 exposure to daily peaks in ambient temperatures over 27.0 °C lead to sudden high mortality, 
1585 even if subsequent water temperature decline (G. Castillo, USFWS, unpublished data). Models 
1586 developed for water temperature in the delta (Wagner et al. submitted) suggest that warmer air 
1587 temperatures predicted by climate change will result in summer temperatures in the upper 
1588 estuary exceeding 25°C on more days. This will likely affect viability of the delta smelt 
1589 population. Temperatures between 20 and 25°C may lead to sublethal stress of delta smelt and 
1590 other native species that could reduce growth rates or otherwise affect fish populations (Bennett 
1591 et al. 2008). On the other hand, some non-native and nuisance species adapted to warmer 
1592 temperatures such as largemouth bass and M aeruginosa will likely increase in abundance with 
1593 rising water temperatures (Feyrer and Healey 2003, Paerl and Huisman 2008). 
1594 
1595 There may be some opportunities to ameliorate or mitigate the effects of increasing water 
1596 temperatures. Thermal refugia may persist in deeper channels near the bottom. The role of 
1597 shade from riparian vegetation may also be important. Many levees do or can support riparian 
1598 trees; however, such vegetation may be removed by the US Army Corp of Engineers to maintain 
1599 the structural integrity of the levees. Greenberg (UCD, unpublished data) modeled the relative 
1600 difference in incident solar radiation on channels in the Delta under the current conditions and in 
1601 a treeless Delta. The model used Lidar data acquired in 2007 to assess the structural conditions 
1602 and a solar irradiation model to calculate daily irradiation for summer months. The results 
1603 indicated that as much as a 10% increase in solar radiation could occur in a treeless Delta, which 
1604 may result in significant increases in water temperature - clearly an undesirable side effect of 
1605 removing trees. Increasing shade over current levels might help mitigate the temperature 
1606 increases calculated by Wagner et al. (submitted). Tidally driven daily water exchanges between 
1607 shallow and deeper water areas can also affect overall water temperatures (C. Enright, DWR, 
1608 personal communication), and tidal marsh restoration may provide an opportunity for 
1609 counteracting expected increases in water temperature if tidal marshes can cool water 
1610 sufficiently. 
1611 

1612 Top-Down 

1613 
1614 Predation is a common mechanism by which weakened fish are ultimately killed. Thus, 
1615 increased predation can be a manifestation of other changes in the ecosystem like decreased 
1616 habitat suitability, starvation, and disease. However, in the top-down section of our conceptual 
1617 model, we are referring to elevated mortality of healthy individuals due to predation or removal 
1618 by water diversions and associated factors. Thus, the top-down effects are predicated on two 
1619 hypotheses, which are not mutually exclusive. The first is that consumption or removal of 
1620 healthy fish biomass by piscivores (principally striped bass and largemouth bass Micropterus 
1621 salmoides) increased around 2000. The second is that mortality due to water diversions 
1622 (SWP/CVP exports; power plant diversions) increased around 2000. This could have occurred if 
1623 one or more of the following happened: (1) water diversions and exports increased during 
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1624 periods the POD fishes were vulnerable to them; (2) piscivorous fishes became more abundant 
1625 relative to the POD fishes; (3) pelagic fish distribution shifted to locations with higher predation 
1626 risk (e.g. habitat changes); or (4) the POD fishes became more vulnerable to predation as a 
1627 consequence of their extremely low population size (i.e., predation could contribute to the Allee 
1628 effect hypothesized in the Previous Abundance section) or increases in water clarity. 
1629 
1630 Predation-driven Allee effects can arise from diminished anti-predator behavior or increased 
1631 predator swamping of individuals in smaller prey groups (Berec et al. 2006). They are most 
1632 likely to occur with generalist predators in situations where predation is a major source of 
1633 mortality, and predation refuges are limited (Gascoigne et al. 2004). In this situation, individuals 
1634 of depleted populations continue to be consumed even though they are at low density. 
1635 Specialized predators that tend to focus on only a few species at any one time often switch 
1636 between abundant prey species and consequently reduce consumption ofrare prey species. As 
1637 will be described below, the combination of a widely distributed pelagic piscivore (striped bass), 
163 8 an efficient littoral piscivore (largemouth bass), cumulative entrainment losses of multiple life 
1639 stages, and decreased habitat suitability suggest the conditions listed by Gascoigne et al. (2004) 
1640 could apply in the Delta. 
1641 
1642 Predation Effects: Predation is a natural process that occurs in almost all ecosystems. However, 
1643 problems can occur when established predator-prey relationships are disrupted by environmental 
1644 changes or species introductions. Many examples of ecosystem change due to introduced 
1645 predators (e.g., Brown and Moyle 1991, Goldschmidt et al. 1993) or changes in established 
1646 predator-prey relationships (e.g., Carpenter et al. 2001, Frank et al. 2005) have been documented 
164 7 in aquatic systems. This hypothesis suggests that predation effects have increased in all water 
1648 year types as a result of increased populations of pelagic and inshore piscivores. 
1649 
1650 Predation processes were almost certainly changed with the introduction of striped bass to the 
1651 Delta in 1879. As mentioned earlier, the striped bass was very successful and supported a 
1652 commercial fishery within a decade after the introduction. Moyle (2002) observed that the fast 
1653 growing, pelagic, schooling striped bass was likely a much more effective predator on pelagic 
1654 prey than the native predators including the relatively sluggish thicktail chub (Gila craussicauda, 
1655 now extinct) and Sacramento perch (Archoplites interruptus, extirpated from Delta; Crain and 
1656 Moyle, in press), slow growing Sacramento pikeminnow Ptychocheilus grandis, and cold water 
1657 requiring steelhead rainbow trout Oncorhynchus mykiss. In fact, at least the juvenile stages of all 
1658 these species are or were likely consumed by large striped bass. Unfortunately, historical data 
1659 are not available to determine if changes in predation rates have occurred. 
1660 
1661 Continued predation pressure from striped bass on Delta pelagic fishes in recent years is likely 
1662 because of the number of predatory juvenile (Figure 15) and adult striped bass (Figure 9) as well 
1663 as their spatial and seasonal distribution, food habits (Stevens 1966), and bioenergetics 
1664 (Loboschefsky et al. submitted). Although age-0 striped bass themselves are a POD species, the 
1665 resiliency of the species is comparatively high and demonstrated in part by the fact that juvenile 
1666 age-1 and age-2 striped bass have declined more slowly than age-0 striped bass (compare Figure 
1667 9 with Figure 15, CDFG, unpublished data). However, a paucity of properly designed striped 
1668 bass food habit studies has precluded the direct estimation of the number of delta smelt, longfin 
1669 smelt, threadfin shad, and juvenile striped bass consumed by striped bass during the POD years. 
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1670 
1671 Largemouth bass abundance has increased in the Delta over the past few decades (Brown and 
1672 Michniuk 2007). Largemouth bass were introduced to the Central Valley in the mid-1890s (Dill 
1673 and Cordone 1997) and were present in the Delta soon after that. Although none of the IEP 
1674 surveys adequately tracks largemouth bass population trends, a comparison of abundance 
167 5 estimates between intermittent surveys conducted in the early 1980s, late 1990s, early 2000s 
1676 (CDFG, unpublised data) and from 2009 to 2010 (L. Conrad, DWR, unpublished data) shows 
1677 that largemouth bass and sunfish populations more than doubled during the years of the POD 
1678 (Figure 16). 
1679 
1680 Analyses of fish salvage data show an abrupt increase in salvage of young largemouth bass in the 
1681 early 1990s, before the POD, with salvage remaining at high levels since then (Figure 17). This 
1682 suggests an increase in largemouth bass abundance in the early 1990s. The increase in salvage 
1683 of largemouth bass occurred during the time period when E. densa, an introduced aquatic 
1684 macrophyte was expanding its range in the Delta (Brown and Michniuk 2007). Although the 
1685 historic distributions of native species of SA V are not known, it is possible that their coverage 
1686 may not have been as extensive or persistent as E. densa is today. For example, unlike most 
1687 native aquatic macrophytes, E. densa has a bimodal growth pattern, with peaks in late spring and 
1688 the early fall. The second growth period in late fall may help existing patches persist through the 
1689 winter and provide a head start on growth the following spring. These characteristics likely 
1690 contributed to the expansion of the distribution of E. densa in the Delta and perhaps help E. 
1691 dens a compete with other aquatic macrophytes (Santos et al. 2010). The invasion of E. densa 
1692 has occurred during highly altered environmental conditions compared to historical conditions. 
1693 Historical conditions, including dynamic flow and salinity regimes, higher turbidity, and 
1694 seasonal (rather than perennial) inundation of large portions of shallow-water habitat would 
1695 likely have been less favorable for establishment of E. densa. The areal coverage of E. densa in 
1696 the Delta has fluctuated from 2004 to 2008, suggesting that this habitat may no longer be 
1697 expanding (Bestir 2010). 
1698 
1699 Largemouth bass have a much more limited distribution in the estuary than striped bass, but a 
1700 higher per capita impact on small fishes (Nobriga and Feyrer 2007). Conceivably, increases in 
1701 largemouth bass may have had a particularly important effect on threadfin shad and striped bass, 
1702 whose earlier life stages occur in littoral habitat (Grimaldo et al. 2004, Nobriga and Feyrer 
1703 2007). However, ongoing analyses of largemouth bass diet suggest that the largemout bass are 
1704 chiefly consuming common littoral invertebrate and fish species, such as crayfish and juvenile 
1705 sunfish (L. Conrad, DWR, unpublished data). To date, over 1400 samples collected from sites 
1706 located throughout the Delta have been examined and these have contained only 12 threadfin 
1707 shad and 1 juvenile striped bass (L. Conrad, DWR, unpublished data). Furthermore, no salmonid 
1708 or osmerid species have been found in largemouth bass stomachs. The zero or low frequencies of 
1709 the POD species in bass stomachs may be due largely to limited spatial overlap with largemouth 
1710 bass; however, increased abundance of largemouth bass may still impose an important predation 
1 711 threat in limited instances where they do co-occur. 
1712 
1713 Predation pressures on the early life stages of POD species are poorly understood but likely have 
1714 highly significant impacts on recruitment. Historically, questions involving predation of larval 
1715 fish have been difficult to address due to the quick degradation of fragile larvae in predator guts. 
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1716 However, such studies have become feasible with the development of a genetic assay to look for 
1717 the DNA of delta smelt in the guts of predators (M. Baerwald et al., DWR, unpublished data). 
1718 Initial application of this assay has focused mainly on Mississippi silvers ides; largely due to their 
1719 increasing abundance in the Delta and their ability to eat delta smelt larvae in captivity (Bennett, 
1720 2005). To date, sampling conducted in portions of the Sacramento deepwater ship channel 
1721 where larval smelt are relatively abundant, found that of 3 7 captured silversides, 15 tested 
1722 positive for delta smelt DNA in their gut contents (B. Schreier, DWR, unpublished data). 
1723 
1724 A change in predation pressure may, in part, be an effect of interactions between biotic and 
1725 abiotic conditions. Natural, co-evolved piscivore-prey systems typically have an abiotic 
1726 production phase and a biotic reduction phase each year (e.g., Rodriguez and Lewis 1994). 
1727 Changing the magnitudes and durations of these cycles greatly alters their outcomes (Meffe 
1728 1984). Generally, the relative stability of the physical environment affects the length of time 
1729 each phase dominates and thus, the importance of each. Biotic interactions like predation will 
1730 have a stronger influence on the biotic community in physically stable systems (e.g., lakes). 
1731 Historically in the estuary, the period of winter-spring high flow was the abiotic production 
1732 phase, when most species reproduced. The biotic reduction phase probably encompassed the 
1733 low-flow periods in summer and fall. Multi-year wet cycles probably increased (and still do) the 
1734 overall "abiotic-ness" of the estuary, allowing populations of all species to increase. Drought 
1735 cycles likely increased the estuary's "biotic-ness" (Livingston et al. 1997), with low reproductive 
1736 output and increased effect of predation on population abundances. Flow management in the 
1737 San Francisco Estuary and its watershed has reduced flow variation much of the time and in 
173 8 some locations more than others (Moyle et al. 2010). This has probably affected the magnitudes 
1739 and durations of abiotic and biotic phases (Nobriga et al. 2005). In other words, reduced 
1740 variability in environmental conditions of the estuary may have exacerbated predation effects. 
1741 However, there is no clear evidence that such changes have been abrupt enough to account for 
1742 the POD. 
1743 
17 44 Entrainment: The water diversions that are of most concern for fishes in the estuary are the 
1745 SWP and CVP export facilities, Antioch and Pittsburg power plants, and within-Delta 
1746 agricultural diversions. Of these, the operations of agricultural diversions are the least likely to 
1747 have had an effect on the POD species because of the small volumes they divert and because it 
1748 does not appear they have changed operations from the 1990s to 2000s. A detailed study of one 
1749 of these diversions found evidence that their effects on delta smelt are small (Nobriga et al. 
1750 2004). Because agricultural diversions seem an unlikely contributor to the POD declines, we do 
1751 not address them further. We do not mean to assert that such diversions have no effect on Delta 
1752 fishes. Addressing that issue would require additional analysis and study. 
1753 
1754 The Antioch and Pittsburgh power plants divert approximately 3200 cubic feet per second for 
1755 non-consumptive water use when they are being operated. The power plants can directly entrain 
1756 pelagic fishes or affect them indirectly through discharge of heated water (Matica and Sommer, 
1757 DWR, unpublished data). Studies at the power plants in the late 1970s indicated that losses of 
17 5 8 delta smelt and longfin smelt were on the order of hundreds of thousands of individuals; 
1759 however, the plants were operated less frequently during the 2000s, suggesting that the power 
1760 plants played a minor, if any, role in the POD (Cavallo et al. 2009). 
1761 
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1762 Entrainment losses at the SWP and CVP represent the largest sources of observable mortality for 
1763 many pelagic fishes in the estuary (Brown et al. 1996, Sommer et al. 2007, Kimmerer 2008, 
1764 Grimaldo et al. 2009). SWP and CVP entrainment losses are indexed by fish captured (salvaged) 
1765 at the state Skinner Fish Protective Facility (SFF) and the federal Tracy Fish Collection Facility 
1766 (TFCF). These facilities are located at the intakes to the State and Federal export pumps on Old 
1767 River in the south-western Delta. While the TFCF is located directly on Old River, the SFF is 
1768 preceded by the large Clifton Court Forebay (CCF), a reservoir that is connected to Old River via 
1769 operable radial gates. Subamples of the fish captured at the fish facilities are identified and 
1770 counted and all fish are trucked to several locations in the Delta where they are released back 
1771 into the wild. 
1772 
1773 It is important to note that fish salvage represents only the fraction of the total number of 
1774 entrained fish. As many studies have shown, many more fish are entrained, but not salvaged due 
1775 to pre-screen losses and capture inefficiencies at the fish facilities (Brown et al. 1996, Gingras 
1776 1997, Kimmerer 2008, Clark et al. 2009). While capture inefficiencies occur at both facilities, 
1777 pre-screen losses at the SWP are exacerbated by the CCF. CCF is a shallow reservoir with high 
1778 numbers of predatory fish, piscivorous birds, and in recent years large beds of SA V requiring 
1779 removal (Kano 1990, Brown et al. 1996, Clark et al. 2009). Predation rates likely increase with 
1780 increasing residence time in CCF. Recent hydrodynamic and 3-D particle tracking modeling 
1781 studies in CCF showed that wind and exports affect residence time in CCF (M. Mac Williams, 
1782 River Modeling Environmental Consulting, unpublished data). During periods of high winds and 
1783 low exports, a strong counterclockwise circulation gyre in CCF results in significant mixing and 
1784 increases the average travel time from the radial gates to the SFF, with a large range of estimated 
1785 particle residence times. During low wind and high export conditions, residence times are much 
1786 shorter and most particles are transported roughly in a straight line trajectory from the radial 
1787 gates to the Banks Pumping Plant. 
1788 
1789 Results of 11 mark-recapture and telemetry studies conducted in CCF with juvenile hatchery-
1790 raised striped bass and salmonids between 197 6 and 2007 showed consistently high pre-screen 
1791 losses ranging from 63% to 99% (Gingras 1997, Clark et al. 2009), likely due to high levels of 
1792 predation in CCF. In a recent study, thousands of marked juvenile and adult hatchery-raised delta 
1793 smelt were released into CCF and recaptured in the SFF (G. Castillo, USFWS, unpublished 
1794 data). The mean percent recovery of adult fish released in CCF varied from 3.01%and0.41 % in 
1795 February and March, respectively, to 0.03% for juveniles in June. This means that most delta 
1796 smelt entrained into CCF may never be captured and accounted for at the SFF, with entrainment 
1797 varying 10 to 100-fold between February and June. As this and previous studies have shown, 
1798 pre-screen losses are both variable and consistently high. Salvage is thus not a sensitive index of 
1799 entrainment. There has not been any monitoring of actual entrainment and no correction factors 
1800 for prescreen losses and capture inefficiencies have been developed or applied to estimate 
1801 entrainment. Therefore, salvage numbers have been and continue to be used as a substitute for 
1802 entrainment in spite of their well-documented limitations. 
1803 
1804 During the POD years, summer, fall, and winter exports sharply increased from the 1990s, which 
1805 led to increased salvage and thus likely increased entrainment of several pelagic fishes in the 
1806 estuary (Sommer et al. 2007, Kimmerer 2008, Grimaldo et al. 2009). Winter exports increased 
1807 the most during the POD years, which led to increases in salvage of adult delta smelt, adult 
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1808 longfin smelt, and threadfin shad (Figure 18). Similar increases in the salvage of littoral species, 
1809 including centrarchids and inland silverside, were observed during the same period (Figure 19). 
1810 The littoral species are· less influenced by flow changes than the POD fishes. The increases in 
1811 salvage for centrarchids, including largemouth bass, may be at least partially a result of the range 
1812 expansion of E. densa, which provides favored habitat. This hypothesis is supported by the 
1813 observation that the greatest increases in centrarchid salvage occurred at the CVP. The intake of 
1814 the CVP is located in an area with significant areas of E. densa nearby. Nonetheless, the 
1815 increase in entrainment of both pelagic and littoral fishes suggests a large change in the 
1816 hydrodynamic influence of the export diversions during recent winters. Note that winter salvage 
1817 of all the POD species declined during the winters of 2005-2006, 2006-2007 and 2008-2009, 
1818 possibly due to the drop in their population abundance. 
1819 
1820 In trying to evaluate the mechanism(s) for increased wintertime salvage, early POD studies 
1821 produced three key observations (IEP 2005). First, there was an increase in exports during 
1822 winter as compared to previous years. Second, the proportion of tributary inflows shifted. 
1823 Specifically, San Joaquin River inflow decreased as a fraction of total inflow around 2000, while 
1824 Sacramento River increased. Finally, there was an increase in the duration of the operation of 
1825 barriers placed into southern Delta channels during some months. These changes may have 
1826 contributed to a shift in Delta hydrodynamics that increased fish entrainment. These 
1827 observations led to a hypothesis that the hydrodynamic change could be indexed using net flows 
1828 through Old and Middle rivers (OMR) (Figure lB), which integrate changes in inflow, exports, 
1829 and barrier operations (Arthur et al. 1996, Monsen et al. 2007). Net flow refers to the magnitude 
1830 and direction (seaward or landward) of the water in OMR with the effects of the semidiurnal tide 
1831 removed. Grimaldo et al. (2009) found significant relationships between OMR flows and fish 
1832 salvage for delta smelt, longfin smelt, and striped bass (Figure 20). Not only has net OMR flow 
1833 been useful to understand entrainment of fishes in the estuary (Kimmerer 2008, Grimaldo et al. 
1834 2009), it was adopted as a regulatory tool to manage entrainment risk of delta smelt from the 
1835 SWP and CVP exports (USFWS 2008). 
1836 
1837 Although entrainment into water diversions is well recognized as a source of mortality for 
1838 individual fish, there has been debate about whether entrainment has important population-level 
183 9 effects for the pelagic fishes in the estuary. Kimmerer (2008) estimated that entrainment of delta 
1840 smelt at the SWP and CVP accounted for high population losses (up to 50%) during POD years, 
1841 suggesting that exports played a major role in the POD decline. However, the population-level 
1842 effects of entrainment can also be obscured by interactions between year classes or life stages of 
1843 a species. For example, Kimmerer (2008) found that exports explained little variability in fall 
1844 abundance of delta smelt because of a 50-fold variation in their summer to fall survival. 
1845 Kimmerer concluded, "This is not to dismiss the rather large proportional losses of delta smelt 
1846 that occur in some years; rather, it suggests that these losses have effects that are episodic and 
184 7 that therefore their effects should be calculated rather than inferred from correlative analyses." 
1848 Similarly, Manly and Chotkowki (2006) used log-linear modeling to evaluate environmental 
1849 factors that may have affected long-term trends in the FMWT abundance index of delta smelt. 
1850 They found that monthly or semi-monthly measures of exports or OMR flow had a statistically 
1851 significant effect on delta smelt abundance; however, individually exports and flow explained 
1852 only a small portion (no more than a few percent) of the variability in the fall abundance index of 
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1853 delta smelt across the entire survey area and time period. Hence, there are other factors that 
1854 dominate the long-term trends of delta smelt fall abundance. 
1855 
1856 Thomson et al. (2010) found that turbidity (discussed as water clarity in that paper) and winter 
1857 exports were important factors associated with the long-term trend in annual fall abundance of 
1858 delta smelt (as measured by FMWT) but could not explain the step decline in fish abundance in 
1859 the early 2000s. For longfin smelt, they found that a long-term population trend was associated 
1860 with turbidity and spring X2. As for delta smelt, these factors could not account for the POD 
1861 decline. A long-term trend in age-0 striped bass was associated with turbidity and an 
1862 autocorrelation with abundance in previous years. Again, the POD decline was unexplained by 
1863 the variables that accounted for the long-term trend. There was weak evidence for winter and 
1864 spring exports and calanoid copepod abundance being important for long-term trends in threadfin 
1865 shad abundance but again the POD decline could not be explained. So, in all cases, exports (a 
1866 surrogate for entrainment) were not useful in explaining the POD declines (Thomson et al. 
1867 2010). In a multiple autoregressive analysis of the same data sets, Mac Nally et al. (2010) found 
1868 some evidence for export effects on delta smelt and threadfin shad, however, other factors had 
1869 stronger effects on POD species including X2 and water clarity. These results suggest that 
1870 exports (i.e., entrainment) did not play a major role in the post-2000 POD, although they may 
1871 have played an important role in setting up the POD through their longer-term effects and 
1872 through interactions with other drivers. 
1873 
1874 However, these results do not mean that direct export effects can be dismissed as contributing 
1875 causes of the POD. There are two aspects of entrainment that were not addressed by the earlier 
1876 analyses (Manly and Chotkowski 2006, Thomson et al. 2010, Mac Nally et al. 2010) and are not 
1877 well understood: (1) larval entrainment, and (2) the cumulative effects of entrainment of multiple 
1878 life stages. Larval entrainment is unknown because larvae are not sampled effectively at the fish 
1879 screening facilities. To address this shortcoming, Kimmerer and Nobriga (2008) coupled a 
1880 particle tracking modeling with survey results to estimate larval entrainment. Kimmerer (2008) 
1881 used data from several IEP monitoring programs to estimate entrainment of delta smelt. These 
1882 approaches suggest that larval delta smelt entrainment losses could exceed 50% of the population 
1883 under low inflow and high export conditions. Because there are few reliable larval entrainment 
1884 data, it is not possible to directly address the question of how important these losses were 
1885 historically. A recent attempt to manage diversions to protect fish, the Environmental Water 
1886 Account, proved effective at increasing water supply reliability, but benefits to fish were not 
1887 clear (Brown et al. 2009). 
1888 
1889 Moreover, export effects may be subtle and operate only at specific times or in specific years to 
1890 disproportionately affect only one life stage of delta smelt. For example, it has been proposed 
1891 that losses of larger females and their larvae may have a disproportionate effect on the delta 
1892 smelt population (B. Bennett, UCD, unpublished data). Bennett (unpublished data) proposes that 
1893 larger females spawn earlier in the season and produce more eggs, which are of better quality 
1894 and have higher probabilities of survival, as has been noted for Atlantic cod and other 
1895 commercially harvested species (Marteinsdottir and Steinarsson 1998, Swain et al. 2007). As a 
1896 consequence, winter exports, which have increased since exports began (Figure 21 ), could have 
1897 an important effect on reproductive success of early spawning female delta smelt. Bennett 
1898 hypothesizes that the observed reduction in the mean size of adult delta smelt in the early 1990s 
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1899 (Sweetnam 1999) is a result of selective losses of earlier spawning adults and their larvae, 
1900 thereby selecting for later spawned offspring (that have less time to reach maturity). Under this 
1901 hypothesis, the most important result of the loss of early spawning females would manifest itself 
1902 in the year following the loss, and would therefore not necessarily be detected by analyses 
1903 relating fall abundance indices to same-year predictors. 
1904 
1905 Some recent studies suggest possible strategies for minimizing the effects of entrainment. There 
1906 may be alternative ways to operate CCF to reduce prescreen losses (G. Castillo, USFWS, 
1907 unpublished data). Grimaldo et al. (2009) suggested that salvage of pelagic fishes could be 
1908 reduced if exports were reduced during periods when specific species were vulnerable to exports. 
1909 For example, Grimaldo et al. (2009) found that adult delta smelt entrainment increased in the 
1910 period following the first winter rains (first flush) when turbidity increased. This is the time 
1911 period when adult delta smelt migrate upstream towards the interior delta to prepare for 
1912 spawning. Grimaldo et al. (2009) suggested that entrainment risk for adult delta smelt during this 
1913 time period could be reduced if exports were reduced during and after the first flush. On an 
1914 intra-annual scale, adult delta smelt entrainment was related to OMR flow but there was also an 
1915 interaction of OMR flow with X2. This suggests that the position of the population in relation to 
1916 the salinity field prior to migration is important, but only if OMR flows are negative following 
1917 first flush events. For age-0 fish, the only model explaining inter-annual differences in delta 
1918 smelt salvage included zooplankton abundance suggesting a food effect. In contrast, age-0 
1919 striped bass salvage was best predicted by year class strength, indicating that salvage is based 
1920 simply on the number of fish in the system. Within years (intra-annual scale), age-0 delta smelt 
1921 salvage was best explained by OMR flows, turbidity, and abundance. High turbidity and 
1922 abundance resulted in increased salvage. Relationships between OMR flows and salvage were 
1923 not found for any non-POD fishes (Grimaldo et al. 2009). 
1924 

1925 Bottom-Up 

1926 
1927 In this portion of the conceptual model, we propose that changes in the quality and availability of 
1928 food have had important consequences for pelagic fishes. Here, we describe the evidence that 
1929 there have been long-term and recent changes in food web structure and function. In the first 
1930 section we discuss the availability of overall phytoplankton biomass and changes in the 
1931 composition of the phytoplankton community. In the second section we discuss the implications 
1932 of phytoplankton availability and species composition for primary and secondary consumers. 
1933 Finally we briefly discuss the issue of food co-occurrence with fish consumers. 
1934 
1935 Food Availability: Estuaries are commonly characterized as highly productive nursery areas for 
1936 a suite of organisms. Nixon (1988) noted that there actually is a broad continuum of primary 
193 7 productivity levels in different estuaries, which in tum affects fish yield. Compared to other 
1938 estuaries, pelagic phytoplankton biomass and primary productivity in the upper San Francisco 
1939 Estuary is poor (Cloem and Jassby 2008) and a low fish yield is expected (Figure 22). 
1940 Understanding food webs is difficult. Conceptual models for estuarine food webs have 
1941 progressed from simple nutrient-driven models to much more complex models incorporating 
1942 nutrient cycling, light conditions, hydrodynamics, and grazing to adequately model primary 
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1943 production (Cloern 2001, Jassby 2008). Understanding of the Bay-Delta food web and drivers of 
1944 the food web have advanced rapidly in the last several years. 
1945 
1946 Productivity of estuarine ecosystems is broadly believed to be fueled by a detritus-based food 
194 7 web. In the San Francisco Estuary, much of the community metabolism in pelagic waters does 
1948 result from microbial consumption of organic detritus. However, evidence suggests that 
1949 metazoan production in pelagic waters is primarily driven by phytoplankton production (Sobczak 
1950 et al. 2002, 2005, Mueller-Solger et al. 2002, 2006, Kimmerer et al. 2005). Protists (flagellates 
1951 and ciliates) consume both microbial and phytoplankton prey (Murrell and Hollibaugh 1998, 
1952 York et al 2010) and are an additional important food source for many copepod species in the 
1953 estuary (Rollwagen-Bollens and Penry 2003, Bouley and Kimmerer 2006, Gifford et al. 2007, 
1954 MacManus et al. 2008). However, the conversion of dissolved and particulate organic matter to 
1955 microbial biomass available to zooplankton is a relatively slow and inefficient process. Thus, 
1956 shifts in phytoplankton and microbial food resources for zooplankton might favor different 
1957 zooplankton species. The recognition that phytoplankton production might impose limits on 
1958 POD species through food availability has led to intense interest in factors affecting 
1959 phytoplankton production and species composition. 
1960 
1961 In the 1970s, highest phytoplankton standing stock and primary production generally occurred in 
1962 the Suisun Bay-Honker Bay region in association with the entrapment zone (Ball and Arthur 
1963 1979), which is now generally referred to as the low salinity zone. Since those early studies, 
1964 there has been a significant long-term decline in phytoplankton biomass (chlorophyll a) and 
1965 primary productivity (estimated from measurements of chlorophyll a and of water column light 
1966 utilization efficiency) to very low levels in the Suisun Bay region and the lower Delta (Jassby et 
1967 al. 2002). Jassby et al. (2002) detected a 47% decline in June-November chlorophyll a and a 
1968 36% decline in June-November primary production between the periods 1975-1985 and 1986-
1969 1995. This decline was associated with changes in relationships between X2 and various 
1970 metazoan populations (see below for details), including some pelagic fishes; however, the 
1971 decline occurred well before the recent POD declines. Jassby (2008) updated the phytoplankton 
1972 analysis to include the more recent data (1996-2005) from the Delta and Suisun Bay. Jassby 
1973 (2008) confirmed a long-term decline in chlorophyll a from 1975 to 2005 but also found that 
1974 March-September chlorophyll a had an increasing trend in the Delta from 1996 to 2005. Suisun 
1975 Bay did not exhibit any trend during 1996-2005. A similar pattern was noted for primary 
1976 production in the Delta. These chlorophyll a patterns continued to hold through 2008 according 
1977 to a more recent study by Winder and Jassby (2010). In summary, phytoplankton biomass and 
1978 production in the Delta and Suisun Bay seem to have reached a low point by the end of the 
1979 1987-1994 drought. While they recovered somewhat in the Delta, chlorophyll a stayed 
1980 consistently low in Suisun Bay through the POD years. Jassby (2008) did not analyze primary 
1981 production for Suisun Bay because of evidence of inhibition of primary production in Suisun 
1982 Bay associated with ammonium (see below for details; Dugdale et al. 2007). Hence, low and 
1983 declining primary productivity in the estuary is likely a principal cause for the long-term pattern 
1984 of relatively low and declining biomass of pelagic fishes in the estuary but not for the recent 
1985 POD declines. 
1986 
1987 A major reason for the long-term phytoplankton reduction in the upper estuary after 1985 is 
1988 benthic grazing by the invasive overbite clam (C. amurensis) (Alpine and Cloern 1992), which 
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1989 became abundant by the late 1980s (Kimmerer 2002). The overbite clam was first reported from 
1990 San Francisco Estuary in 1986 and it was well established by 1987 (Carlton et al. 1990). Prior to 
1991 the overbite clam invasion, there were periods of relatively low clam biomass in the upper 
1992 estuary because the invasive Asiatic freshwater clam (Corbiculajluminea) (introduced in the 
1993 1940s) colonized Suisun Bay during high flow periods and the native marine clam Mya arenaria 
1994 (also known as Macoma balthica) colonized Suisun Bay during prolonged(> 14 month) low 
1995 flow periods (Nichols et al. 1990). Thus, there were periods ofrelatively low clam grazing rates 
1996 while one species was dying back and the other was colonizing. The C. amurensis invasion 
1997 changed this formerly dynamic clam assemblage because C. amurensis, which is tolerant of a 
1998 wide range of salinity, can maintain large, permanent populations in the brackish water regions 
1999 of the estuary. Petersen and Vayssieres (2010) analyzed 27 years ofbenthic data from Grizzly 
2000 Bay and three other long-term monitoring stations and documented the establishment and 
2001 expansion of C. amurensis during the 1987-1994 drought. The drought provided low-flow/high-
2002 salinity conditions that favored establishment. The population has persisted through subsequent 
2003 high-flow/low-salinity years. In addition, the grazing influence of C. amurensis extends into the 
2004 Delta (Kimmerer and Orsi 1996, Jassby et al. 2002) beyond the clam's typical range, presumably 
2005 due to tidal dispersion of phytoplankton-depleted water. 
2006 
2007 Shifts in nutrient concentrations and ratios may also contribute to the phytoplankton reduction 
2008 and changes in algal species composition in the San Francisco Estuary. Phytoplankton 
2009 production in the San Francisco Estuary is generally light limited with nutrient concentrations 
2010 exceeding concentrations limiting primary production. Dugdale et al. (2007) and Wilkerson et al. 
2011 (2006) found that high ammonium concentrations prevented the formation of diatom blooms but 
2012 stimulated flagellate blooms in the lower estuary. This occurs because diatoms preferentially 
2013 utilize ammonium in their physiological processes even though it is used less efficiently. Thus, 
2014 diatom populations must consume available ammonium before nitrate, which supports higher 
2015 growth rates, can be utilized. Glibert (2010) analyzed long-term data (from 1975 or 1979 to 
2016 2006 depending on the variable considered) from the Delta and Suisun Bay and related changing 
2017 forms and ratios of nutrients, particularly changes in ammonium, to declines in diatoms and 
2018 increases in flagellates and cyanobacteria. Similar shifts in species composition were noted by 
2019 Brown (2009). More recently, Parker et al. (in review) found that the suppression of algal 
2020 blooms extends upstream into the Sacramento River to the SRWTP, the source of the majority of 
2021 the ammonium in the river (Jassby 2008). Parker et al. (submitted) found that at high ambient 
2022 ammonium concentrations, river phytoplankton cannot efficiently take up any form of nitrogen 
2023 including ammonium, leading to often extremely low biomass in the river. A study using 
2024 multiple stable isotope tracers (C. Kendall, USGS, personal communication) found that the 
2025 cyanobacteria M aeruginosa utilized ammonium, not nitrate, as the primary source of nitrogen 
2026 in the central and western Delta. The SRWTP reduced its discharge by 12% starting in May 2009 
2027 (S. Dean, Sacramento Regional County Sanitation District, personal communication). This 
2028 reduction likely contributed to the relatively low ambient Sacramento River ammonium 
2029 concentrations observed in spring 2010 and may have led to subsequent unusually strong spring 
2030 diatom blooms in Suisun Bay (R. Dugdale, CSUSF-RTC, personal communication). Only a very 
2031 muted summer Microcystis bloom occurred in 2010 (C. Mioni, UCSC, personal communication) 
2032 which might have been due to lower summer water temperatures than in previous years, but the 
2033 causes for this have not yet been fully investigated. 
2034 
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2035 Ammonium concentrations in the Delta and Suisun Bay have significantly increased over the last 
2036 few decades, due largely to increased loading from the SRWTP (Jassby 2008). Van 
2037 Nieuwenhuyse (2007) found that a rapid reduction in wastewater total phosphorus loads in the 
2038 mid-1990s coincided with a similarly rapid drop in phytoplankton biomass at three stations in the 
2039 upper estuary. Van Nieuwenhuyse (2007) explored the effects of delta inflow and light but did 
2040 not address the possible effects of Delta hydrodynamics or grazing on the observed relationships. 
2041 It is also unclear how the three stations analyzed relate to the Delta as a whole. 
2042 
2043 Jassby (2008) conducted a more comprehensive assessment of factors affecting primary 
2044 production and suggested the following comprehensive explanation for his observations. 
2045 Phytoplankton production in the lower Delta is associated with flow and residence time; 
2046 however, other factors introduce a substantial degree of interannual variability. Benthic grazing 
2047 by C.fluminea is likely a major factor (Lucas et al. 2002, Lopez et al. 2006) but data are 
2048 inadequate for a quantitative evaluation of the hypothesis. In Suisun Bay, benthic grazing by C. 
2049 amurensis is a controlling factor that keeps phytoplankton at low levels. Thus, metazoan 
2050 populations in Suisun Bay are dependent on importation of phytoplankton production from the 
2051 upstream portions of the Delta. Ammonium concentrations and water clarity have increased; 
2052 however, these two factors should have opposing effects on phytoplankton production. These 
2053 factors likely also contribute to variability in the interannual pattern but the relative importance 
2054 of each is unknown. The interactions among primary production, grazing, and transport time can 
2055 be complex (Lucas et al. 2002, 2009a,b) 
2056 
2057 The invasion and establishment of the overbite clam C. amurensis during the 1987-1994 drought 
2058 was also accompanied by a series of major changes in consumers. Many of these changes likely 
2059 negatively influenced pelagic fish production. Some of these changes may have been directly 
2060 caused or at least exacerbated by the clam. For example, a major step-decline was observed in 
2061 the abundance of the copepod E. affinis possibly due to predation by the overbite clam 
2062 (Kimmerer et al. 1994) or indirect effects on copepod food supply. Predation by C. amurensis 
2063 may also have been important for other zooplankton species (Kimmerer 2008). Northern 
2064 anchovy abandoned the low salinity zone coincident with the C. amurensis invasion, presumably 
2065 because the clam reduced planktonic food abundance to the point that occupation of the low-
2066 salinity waters was no longer energetically efficient for this marine fish (Kimmerer 2006). 
2067 Similarly, longfin smelt shifted its distribution toward higher salinity in the early 1990s, also 
2068 presumably because of reduced pelagic food in the upper estuary (Fish et al. 2009). There was 
2069 also a major step-decline in mysid shrimp in 1987-1988, likely due to competition with the 
2070 overbite clam for phytoplankton (Orsi and Mecum 1996). Mysid shrimp had been an extremely 
2071 important food item for larger fishes like longfin smelt and juvenile striped bass; its decline 
2072 resulted in substantial changes in the diet composition of these and other fishes (Feyrer et al. 
2073 2003, Bryant and Arnold 2007). As described above, the population responses of longfin smelt 
207 4 and juvenile striped bass to winter-spring outflows changed after the C. amurensis invasion. 
2075 Longfin smelt relative abundance was lower per unit outflow after the overbite clam became 
207 6 established (Kimmerer 2002b ). Young striped bass relative abundance stopped responding to 
2077 outflow altogether (Sommer et al. 2007). One hypothesis to explain these changes in fish 
2078 population dynamics is that lower prey abundance reduced the system carrying capacity 
2079 (Kimmerer et al. 2000, Sommer et al. 2007). 
2080 
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2081 Zooplankton species composition, abundance, and size in the Delta and Suisun Bay have 
2082 changed tremendously over the last four decades. Mysid and copepod species present four 
2083 decades ago have largely been replaced by newly introduced species. While some of these new 
2084 species have reached high abundance levels, overall zooplankton abundance, biomass, and size 
2085 have declined markedly and have remained at low levels for the last two decades (Winder and 
2086 Jassby 2010). Food limitation and predation pressure by the overbite clam and possibly other 
2087 invasive species are likely explanations for these trends (Winder and Jassby 2010). 
2088 
2089 P.forbesi, a calanoid copepod that was first observed in the estuary in the late 1980s, has 
2090 replaced E. affinis as the most common delta smelt prey during the summer. It may have a 
2091 competitive advantage over E. affinis due to its more selective feeding ability. Selective feeding 
2092 may allow P. forbesi to utilize the remaining high-quality algae in the system while avoiding 
2093 increasingly more prevalent low-quality and potentially toxic food items such as M aeruginosa 
2094 (Mueller-Solger et al. 2006, Ger et al. 2010b). After an initial rapid increase in abundance, P. 
2095 forbesi declined somewhat in abundance from the early 1990s in the Suisun Bay and Suisun 
2096 Marsh region but maintained its abundance, with some variability, in the central and southern 
2097 Delta (Winder and Jassby 2010). Although substantial uncertainties about mechanisms remain, 
2098 the decline in the Suisun region may be related to increasing recruitment failure and mortality in 
2099 in this region due to competition and predation by C amurensis, contaminant exposures, and 
2100 entrainment of source populations in the Delta (Mueller-Solger et al. 2006, Winder and Jassby 
2101 2010, J. Durand, UCD, unpublished data). 
2102 
2103 The abundance of a more recent invader, the cyclopoid copepod Limnoithona tetraspina, 
2104 significantly increased in the Suisun Bay region beginning in the mid-1990s. It is now the most 
2105 abundant copepod species in the Suisun Bay and confluence region of the estuary (Bouley and 
2106 Kimmerer 2006, Winder and Jassby 2010). Gould and Kimmerer (2010) found that it grows 
2107 slowly and has low fecundity. Based on these findings they concluded that the population 
2108 success of L. tetraspina must be due to low mortality and that this small copepod may be able to 
2109 avoid visual predation to which larger copepods are more susceptible. It has been hypothesized 
2110 that L. tetraspina is an inferior food for pelagic fishes including delta smelt because of its small 
2111 size, generally sedentary behavior, and ability to detect and avoid predators (Bouley and 
2112 Kimmerer 2006, Gould and Kimmerer 2010). Nevertheless, this copepod has been found in the 
2113 guts of delta smelt (S. Slater, CDFG, unpublished data). Recent experimental studies addressing 
2114 this issue suggest that larval delta smelt will consume and grow on L. tetraspina, but growth is 
2115 less than with P. forbesi (L. Sullivan, SFSU-RTC, unpublished data). It remains unclear if 
2116 consuming this small prey is energetically beneficial for delta smelt at all sizes or if there is a 
2117 breakpoint above which larger delta smelt receive little benefit from such prey. Acartiella 
2118 sinensis, a calanoid copepod species that invaded at the same time as L. tetraspina, also reached 
2119 considerable densities in Suisun Bay and the western Delta over the last decade (Hennessy 
2120 2010). Its suitability as food for pelagic fish species remains unclear, but is also being 
2121 investigated (L. Sullivan, SFSU-RTC, unpublished data). 
2122 
2123 Preliminary information from studies on pelagic fish growth, condition, and histology provide 
2124 additional evidence for food limitation in pelagic fishes in the estuary (IEP 2005). In 1999 and 
2125 2004, residual delta smelt growth was low from the Sacramento-San Joaquin confluence through 
2126 Suisun Bay relative to other parts of the system. Delta smelt collected in 2005 from the 
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2127 Sacramento-San Joaquin confluence and Suisun Bay also had high incidence of liver glycogen 
2128 depletion, a possible indicator of food limitation (Bennett et al. 2008). As previously noted, 
2129 warm water temperatures during the summer period may have exacerbated lack of food by 
2130 raising metabolic rate of delta smelt. Based on their entire suite of delta smelt data from 2005 
2131 (histopathology, date of birth from otoliths, and growth rates from otoliths ). Bennett et al. 
2132 proposed a novel strategy for delta smelt survival in 2005. Natural selection appeared to favor 
2133 individuals with a specific set of characters, including relatively slow larval development, but 
2134 faster than average juvenile growth in July: a period with extremely high water temperatures and 
2135 salinity encroachment. Many of these fish surviving into the pre-adult stage had also hatched 
2136 earlier in the spawning season (i.e. before May). During 2003 and 2004 striped bass condition 
2137 factor decreased in a seaward direction from the Delta through Suisun Bay (Gartz and Vu 2006). 
2138 
2139 Thus far, there is little evidence that the unusually poor growth rates, health, and condition of 
2140 fishes from Suisun Bay and western Delta are due directly to the effects of toxic contaminants or 
2141 other adverse chemical or physical habitat conditions. Our working hypothesis is that the poor 
2142 fish growth and condition in the upper estuary are due to food limitation. However, data from 
214 3 Bennett et al. (2008), suggest that stressful environmental conditions may be an important 
2144 contributing factor. Pollutants may be contributing to poor phytoplankton growth (Dugdale et al. 
2145 2007) and invertebrate mortality (Werner et al 2010a, b), which could exacerbate food limitation. 
2146 If fishes are food limited in Suisun Bay and western Delta during larval and/or juvenile 
2147 development, then we would expect greater cumulative predation mortality, higher disease 
2148 incidence, and consequently low abundance indices at later times. 
2149 
2150 Food Quality: Studies on food quality have been relatively few in the San Francisco Estuary, 
2151 with even less information on long-term trends. However, food quality may be another limiting 
2152 factor for pelagic zooplankton and their fish predators. 
2153 
2154 At the base of the pelagic food web, food quality for consumers is determined by the relative 
215 5 contributions of different phytoplankton and microbial species and detritus to the overall organic 
2156 particle pool available to primary consumers. For example, diatoms and cryptophytes are thought 
2157 to be good quality food sources for zooplankton, while the nutritional value of cyanobacteria 
215 8 such as M aeruginosa can be very low (Brett and Mtiller-N avarra 1997), particularly for toxic 
2159 varieties (Rohrlack et al. 2005). Several studies have documented shifts in phytoplankton species 
2160 composition in the upper San Francisco Estuary from dominance by larger cells and diatoms to 
2161 dominance by smaller cells and flagellates (Lehman 1996, 2000, Brown 2009, Glibert 2010) .. 
2162 Mueller-Solger et al. (2006) found that in recent years, diatoms were most abundant in the 
2163 southern San Joaquin River region of the Delta, and Lehman (2007) found greater diatom and 
2164 green algal contributions upstream and greater flagellate biomass downstream along the San 
2165 Joaquin River. To date, the M aeruginosa blooms have occurred most intensively in the central 
2166 Delta, thus POD species that utilize the central Delta such as threadfin shad, striped bass, and the 
2167 poorly monitored centrarchid populations (largemouth bass and sunfish) would be most likely to 
2168 suffer any direct adverse effects of these blooms. 
2169 
2170 Microcystis is more generally more abundant in dry years compared to wet years with high 
2171 adundances in 2007 and 2008 (P. Lehman, D WR, unpublished data). During the low flow 
2172 conditions of summer 2007, blooms of this cyanobacterium spread downstream to the west Delta 

50 



2173 and beyond (P. Lehman, DWR, unpublished data).The highest cell densities were observed near 
217 4 Antioch, considerably west of the previous center of distribution, and may thus have affected fish 
2175 in the confluence and Suisun Bay regions of the upper estuary. Although ambient concentrations 
217 6 of microcystins are unlikely to cause acute toxicity to copepods, chronic or episodic effects on 
2177 populations are possible; however, copepods recover rapidly once the microcystins dissipate 
2178 (Ger et al. 2009). Consumption of M aeruginosa by copepods can cause mortality, even when a 
2179 low percentage of the diet (2::10%) and whether or not the strain consumed produced toxic 
2180 microcystins (Ger 2010a); however P.forbesi appeared better able to selectively avoid M 
2181 aeruginosa when feeding. Therefore, the M aeruginosa bloom may have indirectly affected the 
2182 food supply for POD species, primarily threadfin shad and delta smelt, and other biota. 
2183 
2184 Other factors besides M aeruginosa can also affect food quality for zooplankton and potentially 
2185 affect food quantity and quality for higher trophic levels. In general, phytoplankton carbon 
2186 rather than the much more abundant detrital carbon are thought to fuel the food web in the San 
2187 Francisco Estuary (Mueller-Solger et al. 2002; Sobczak et al. 2002, 2005); however, that does 
2188 not mean the detrital pathways are not significant because many zooplankton are omnivorous 
2189 and capable of utilizing both pathways. For example, Rollwagen-Bollens and Penry (2003) 
2190 observed that while heterotrophic ciliates and flagellates were the dominant prey of Acartia spp. 
2191 in the bays of the San Francisco Estuary, diatoms and autotrophic ciliates and flagellates also 
2192 formed an important part of their diet during phytoplankton blooms. Calanoid copepod and 
2193 cladoceran growth and egg production may often be limited by low levels of phytoplankton 
2194 biomass. This appears to be true even for omnivorous calanoids such as Acartia spp. Kimmerer 
2195 et al. (2005) found a significant relationship between Acartia spp. egg production and 
2196 chlorophyll a concentration in the San Francisco Estuary, suggesting that Acartia spp. likely also 
2197 derived a large part of carbon and energy from phytoplankton. Bouley and Kimmerer (2006), on 
2198 the other hand, reported that egg production rates of the cyclopoid copepod L. tetraspina were 
2199 unrelated to chlorophyll a concentrations in the low salinity region of the San Francisco Estuary. 
2200 Gifford et al. (2007) reported that larger zooplankton in the estuary are often omnivorous, 
2201 and that smaller zooplankton, especially ciliates, are an important diet component for 
2202 mesozooplankton in the estuary. In both studies, L. tetraspina clearance rates were highest for 
2203 ciliates and flagellates, suggesting a greater importance of the detrital carbon pathway for this 
2204 species. The dichotomy between phytoplankton and detrital/microbial energy pathways 
2205 supporting zooplankton has probably been applied more stringently than is appropriate. Both are 
2206 likely important, with the balance between them in specific areas of the estuary likely having 
2207 effects on the success of particular zooplankton species. Additional research into the detrital 
2208 pathway, especially the link to zooplankton through ciliates and other microbes, might be useful 
2209 in understanding the factors controlling zooplankton populations, which are critical food 
2210 resources for pelagic fishes in the estuary. Furthermore, the nutritional effects of an increasingly 
2211 detrital-based food web also need to be explored in more depth. 
2212 
2213 In a study focusing on the nutrition and food quality of the calanoid copepods E. affinis and P. 
2214 forbesi, Mueller-Solger et al. (2006) found evidence for "trophic upgrading" of essential fatty 
2215 acids by E. affinis and P. forbesi, confirming their importance as high-quality food for fish. They 
2216 also found that E. ajfinis gained the greatest nutritional benefits from varied food sources present 
2217 in small tidal sloughs in Suisun Marsh. P. forbesi, on the other hand, thrived on riverine 
2218 phytoplankton in the southern Delta, especially diatoms. Diatoms are likely also an important 
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2219 food source for other calanoid copepod species. The relative decrease in diatom contributions to 
2220 the phytoplankton community in the central/western Delta and Suisun Bay (Lehman 1996, 2000, 
2221 Brown 2010, Glibert 2010) is thus a concern and may help explain the declines in P. forbesi and 
2222 other calanoid copepods in these areas.Mueller-Solger et al. (2006) concluded that areas rich in 
2223 high-quality phytoplankton and other nutritious food sources such as the southern Delta and 
2224 small tidal marsh sloughs may be critical "source areas" for important fish prey organisms such 
2225 as P.forbesi and E. affinis. This is consistent with results of Durand (UC Davis, unpublished 
2226 data) who showed that transport from upstream was essential for maintaining the P. forbesi 
2227 population in Suisun Bay. Finally, as already mentioned above, zooplankton size has 
2228 significantly decreased in the estuary over the past four decades. This has likely reduced the 
2229 catchability of zooplankton by visually oriented planktivorous fish with negative energetic 
2230 consequences for the fish (Winder and Jass by 2010). 
2231 
2232 Food Co-occurrence: Recently, interest has focused on determining patterns of co-occurrence of 
2233 fish predators and their zooplankton prey. The assumption is that for successful predation, 
2234 predators should co-occur with their prey. This idea was first explored by Nobriga (2002) who 
2235 showed that delta smelt larvae with food in their guts typically co-occurred with higher calanoid 
2236 copepod densities than larvae with empty guts. Kimmerer (2008) showed a positive relationship 
223 7 between delta smelt survival from summer to fall and zooplankton biomass in the low salinity 
2238 zone (Figure 23). Miller and Mongan (unpublished data) concluded that April and July co-
2239 occurrence of delta smelt and copepod prey is a strong predictor of juvenile delta smelt survival. 
2240 Mueller-Solger (DSP, unpublished data) defined delta smelt habitat based on the habitat 
2241 suitability results of Nobriga et al. (2008) and defined the prey spectrum more broadly (as all 
2242 copepods) compared to Miller and Mongan (unpublished data). Using these assumptions, 
2243 Mueller-Solger found no long-term decline in the total biomass of copepods potentially available 
2244 for consumption by delta smelt in midsummer, although species composition has changed 
2245 considerably. 
2246 
2247 There are two major problems for co-occurrence analyses using available monitoring data. First, 
2248 it is difficult to characterize fish prey suitability. For instance, E. affinis and P. forbesi are 
2249 generally believed to be preferred prey items for delta smelt (Nobriga 2002, Miller and Mongan 
2250 unpublished data). However, diet data show that delta smelt will actually feed on a wide variety 
2251 of prey (Lott 1998, S. Slater, CDFG, unpublished data; Figure 24 ). Thus, the question of prey 
2252 co-occurrence involves questions of prey catchability (e.g., Meng and Orsi 1991) and 
2253 profitability (energy per item consumed and nutritional quality of individual prey items). For 
2254 example, L. tetraspina has a large biomass in the system but individual L. tetraspina are smaller 
2255 and possibly more evasive than the larger calanoid copepods. The energy used by an individual 
2256 delta smelt to harvest a similar biomass of L. tetraspina compared to the energy used to harvest a 
2257 larger species could be very different, as suggested by optimal foraging theory (e.g., Stephens 
2258 and Krebs 1986). 
2259 
2260 The second major problem is that IEP sampling programs sample fish and zooplankton at larger 
2261 spatial and temporal scales than those at which predator-prey interactions occur. Both fish and 
2262 copepods are likely to be patchy and the long tows required to collect sufficient numbers of 
2263 organisms for counting would homogenize such patch structure. Moreover, it is unlikely that the 
2264 (monthly or even biweekly) "snapshot" of fish and prey co-occurrence in specific locations or 
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2265 even small regions provided by the IEP surveys is representative of feeding conditions actually 
2266 experienced by fish on an hourly or daily basis. 
2267 
2268 Summary: The weight of evidence strongly supports bottom-up food limitation as a driver 
2269 influencing long-term fish trends in the upper estuary. However, the bottom-up hypothesis is 
2270 unlikely as a single mechanism for the recent POD decline for several reasons. First, 
2271 phytoplankton and zooplankton declines preceded the POD, with lowest abundance and biomass 
2272 levels in the 1980s and 1990s (Winder and Jass by 2010). Second, C. amurensis levels during the 
2273 POD are not unprecedented; they are similar to those found during the 1987-1994 drought years, 
2274 so it is unclear if and why benthic grazing would have a greater effect on the Suisun Bay food 
2275 web during the POD years than during the earlier drought years. Finally, the hypothesis that the 
2276 San Francisco Estuary is driven by phytoplankton production rather than through detrital 
2277 pathways (Sobczak et al. 2002, 2005, Mueller-Solger et al. 2002) may have been accepted too 
2278 strictly. Many zooplankton are omnivorous and can consume microbes utilizing dissolved and 
2279 particulate organic carbon. This has recently been demonstrated for several zooplankton species 
2280 in the San Francisco Estuary (Gifford et al. 2007 and references therein). Thus, shifts in 
2281 availability of phytoplankton and microbial food resources for zooplankton might favor different 
2282 species. It is possible that a better understanding of shifts in phytoplankton and zooplankton 
2283 community composition and perhaps related changes in the microbial food web in the Suisun 
2284 Bay region could explain these apparent inconsistencies. 
2285 

2286 Species-specific Models 
2287 
2288 The basic conceptual model provides a useful context for the major drivers likely affecting the 
2289 POD species. However, it has limited value for helping policy makers and managers identify 
2290 actions or guide research studies for individual POD species because it does not show how the 
2291 major drivers differ for each species, and how they differ in relative importance during different 
2292 life history stages or seasons. In response to these shortcomings, we developed initial species-
2293 specific models for each of the four POD fishes in 2007 (Baxter et al. 2008) and we update them 
2294 here. The degree of detail for each model varies substantially based on the available data, so the 
2295 degree of confidence in each is not consistent. Nonetheless, we believe that these models are an 
2296 effective way to conceptualize the effects of different drivers and how they interact in time and 
2297 space, which helps identify research and management priorities. Like the basic conceptual 
2298 model, the species-specific models will continue to evolve as more information becomes 
2299 available. We have also attempted to be consistent with the draft DRERIP (Delta Regional 
2300 Ecosystem Restoration Implementation Plan; http://www.dfg.ca.gov/ERP/DRERIP.asp) 
2301 conceptual models for delta smelt and longfin smelt, which are still in revision. 
2302 
2303 As with the basic conceptual model, we relied on a qualitative weight of evidence approach 
2304 (Burkhardt-Holm and Scheurer 2007) in constructing the species-specific models. We identified 
2305 the most plausible linkages between drivers and fish life stages based on our evaluation of all 
2306 available POD laboratory results, long-term monitoring data, correlations, models, and our 
2307 understanding of how the estuary functions. Here, we present the outcome of this approach. We 
2308 do not describe all steps of the process itself or reiterate the description of all factors and results 
2309 already covered in the basic conceptual model sections in each of the four species-specific 
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2310 model. In these models, we also generally deemphasize individual study results, including simple 
2311 correlations between fish abundance and individual drivers. As with the basic conceptual model, 
2312 we expect additional changes to these models as new information is collected. Some drivers 
2313 that are deemphasized in the current species-specific models may play a more prominent role in 
2314 future versions of these models. 
2315 
2316 The graphic representation of each species-specific model consists of four panels, each 
2317 representing a portion of the species' life history (Figure 4-7) in relation to season and 
2318 approximate center of distribution in the estuary. The arrows show progression through the life 
2319 cycle in a clockwise direction. The seasons for each species generally correspond to the 
2320 traditional definitions of summer (June -August), fall (September - November), winter 
2321 (December- February), and spring (March - May); however, the exact timing of life history 
2322 events varies somewhat from year to year, depending on environmental conditions. Within each 
2323 panel, major drivers are shown in red boxes and proposed mechanisms by which they may affect 
2324 the fish population are shown in yellow boxes. Below, we provide narrative descriptions of 
2325 each species-specific model. Each narrative description consists of a general section followed by 
2326 narratives for each season. The general section briefly summarizes important aspects of the four 
2327 main basic conceptual model components for each species and explores drivers of particular 
2328 concern. The narratives for each season highlight drivers particularly relevant to each species in 
2329 that season and also include spatial considerations. 
2330 

2331 Delta Smelt 

2332 
2333 We hypothesize that degradation of habitat is the fundamental cause of delta smelt decline and 
2334 that it affects the species mainly through effects on growth and subsequent reproductive potential 
2335 rather than immediate mortality. Both abiotic and biotic aspects of habitat suitability have 
2336 declined over time. This has led to smaller, less healthy adults, which have lower per capita 
2337 fecundity. These ecosystem challenges have probably been exacerbated by periodic high 
2338 entrainment loss. We hypothesize that habitat degradation has reduced carrying capacity. Thus, 
2339 entrainment losses at historical levels could have increased in importance because the population 
2340 is smaller. Large-scale water diversion may also influence delta smelt carrying capacity through 
2341 seasonal effects on Delta outflow. The following conceptual model approaches factors 
2342 influencing delta smelt season by season (Figure 4). 
2343 
2344 Delta smelt population dynamics have apparently changed over time with declining estuarine 
2345 feeding and habitat conditions. In the early years of IEP sampling, no d<;lta smelt stock-
2346 recruitment relationship was apparent (Moyle et al. 1992). However as sampling continued and 
234 7 abundance declined, a stock-recruitment relationship has emerged. Over the entire period of IEP 
2348 sampling, delta smelt now show a fairly strong and linear (i.e., density-independent) stock-
2349 recruitment relationship (Figure 12). In contrast, the summer survival of delta smelt appears to 
2350 have been a density-dependent life stage transition starting early in the record (Bennett 2005). 
2351 Food availability is a likely limiting factor for this planktivorous fish as Kimmerer (2008) noted 
2352 a statistically significant relationship between juvenile smelt survival and zooplankton biomass 
2353 over the long term (Figure 23). Also consistent with the food limitation hypothesis is the decline 
2354 in the mean size of adult delta smelt following the introduction of the clam C. amurensis 
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2355 (Sweetnam 1999, Bennett 2005), which caused declines in key zooplankton prey. Bennett et al. 
2356 (2008) noted complex interactions between life history traits and environmental conditions with 
2357 the summer period being a particularly stressful time for juvenile delta smelt. These 
2358 observations are consistent with Nobriga et al. (2008), who noted a strong reduction in 
2359 probability of capture at water temperatures that approached the laboratory-derived acute lethal 
2360 limit of 25°C (for fish acclimated to 17°C; Swanson et al. 2000). 
2361 
2362 Statistical analyses of the long-term delta smelt trends confirm that in the early 2000s there was a 
2363 step decline in the abundance of delta smelt (Manly and Chotkowski 2006, Thompson et al. 
2364 2010). We propose that changes in water project operations and low egg supply resulting 
2365 directly from low adult abundance and small size of surviving adults are contributing causes of 
2366 this recent decline and a current impediment to rapid recovery. The population is now at such 
2367 low levels that recovery is unlikely in a single year but will require several consecutive years 
2368 with positive population growth rates. Thomson et al. (2010) concluded that the POD decline 
2369 could not be explained by the variables that best explained abundance trends prior to the POD. 
2370 Increased water project exports during winter resulted in higher losses of adult smelt, particularly 
2371 early spawning fish (and their offspring) that may be proportionally more important to the 
2372 population (Bennett et al. 2008). By contrast, reduced exports during spring may have increased 
2373 survival of later-spawned larvae. Although these larvae may be saved from exports, their small 
2374 size at the beginning of the stressful summer period likely leads to slow growth, reduced 
2375 survival, and small size at maturity (i.e., lower fecundity) (Bennett et al. 2008). Reduced spring 
2376 exports from the Delta since 2000 have been the result of VAMP, a program designed to benefit 
2377 outmigratingjuvenile Chinook salmon from the San Joaquin River system. 
2378 
2379 It is unclear whether the population has dropped below critical levels where Allee effects inhibit 
2380 recovery. However, the observation that delta smelt have exhibited a declining trend in 
2381 production of adults from the population of adults in the previous year (Figure 14) suggests that 
2382 record low abundance levels may now be below the threshold for Allee effects. These concerns 
2383 were reinforced again by the 2008 and 2009 FMWT delta smelt abundance indices of 23 and 17, 
2384 respectively, which represent the lowest indices on record 
2385 (http://www.delta.dfg.ca.gov/data/mwt). 
2386 
2387 The delta smelt has been considered semi-anadromous, but in recent years investigations 
2388 centered on its northern Delta spawning and early rearing areas have detected delta smelt year-
2389 round, leading to the idea that these putative "resident" individuals might represent alternate life 
2390 history contingents (Sommer et al. 2009, Sommer et al. in review). The southern end of the Yolo 
2391 Bypass, including Liberty Island, Cache Slough, and the Sacramento deepwater ship channel are 
2392 known to support delta smelt spawning and rearing (see Bennett 2005). During 2003 - 2005 the 
2393 USFWS collected delta smelt during monthly sampling activities throughout the year, not just 
2394 during spring time, suggesting that delta smelt were using this relatively shallow, flooded island 
2395 habitat throughout their entire life cycle (USFWS, unpublished data). Similarly, extensions of 
2396 the 20-mm Survey, TNS and FMWT surveys into the Sacramento deepwater ship channel caught 
2397 delta smelt consistently from June through October, the warmest months of the year (CDFG 
2398 unpublished data). Like the "core" rearing habitat of delta smelt near the Sacramento-San 
2399 Joaquin River confluence, Liberty Island and adjacent deeper habitats in the Ship Channel and 
2400 Cache Slough are very turbid and have very little SAV (Nobriga et al. 2005, Lehman et al. 2010, 
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2401 CDFG, unpublished data). However, Liberty Island is somewhat warmer during the summer 
2402 than the river confluence (Nobriga et al. 2005) and may prove to be a challenging habitat for 
2403 rearing. The following conceptual model applies only to the traditional view of delta smelt as a 
2404 semi-anadromous species. We are currently evaluating how to integrate these observations into 
2405 our conceptual model (T. Sommer, DWR, unpublished data). 
2406 
2407 Summer: Summer is the season that usually has the highest primary and secondary productivity 
2408 in a temperate zone estuary. Given its annual life cycle, summer is also the primary growing 
2409 season for delta smelt. We propose that delta smelt growth rates are potentially limited during 
2410 summer by high water temperature, low food quality and low food quantity. 
2411 
2412 Nobriga et al. (2008) found that the catch of delta smelt began decreasing at temperatures above 
2413 20° C and became almost zero at 25°C suggesting avoidance of stressful conditions or high 
2414 mortality. Temperatures near 25°C are likely to be near the lethal end of delta smelt tolerance 
2415 (Swanson et al. 2000) and would certainly affect growth rates and metabolic activities after 
2416 prolonged exposure. Jassby (2008) noted a significant temperature increase in the Delta in 
2417 recent years, but cautioned that it was not the result of a long-term trend. Using data from 2005 
2418 field observations and the culture facility, Bennett et al. (2008) created a specific growth curve 
2419 with respect to water temperature (Figure 25), which reinforces the observations of Nobriga et al. 
2420 (2008). Bennett et al. (2008) also noted that high July temperatures may have led to poor 
2421 growth, cell damage and poor liver function of the juveniles examined. 
2422 
2423 Fishes require substantial food resources to maintain positive growth when they experience 
2424 temperatures near their upper tolerances. However, the trend in the estuary has been toward 
2425 lower summertime food quantity and potentially quality. Overbite clam grazing has reduced 
2426 zooplankton availability (Kimmerer et al. 1994), but nutrient loading and water export may also 
2427 impact zooplankton production. Copepod population dynamics are strongly affected by grazing 
2428 pressure from C. amurensis (Kimmerer et al. 1994, Winder and Jassby 2010), resulting in fewer 
2429 high quality calanoid copepods, the most common prey of juvenile delta smelt (Figure 24; Lott 
2430 1998). Moreover, in the decade including the early POD years, there has been a further decline 
2431 in the abundance of calanoid copepods in Suisun Bay and the western Delta (Kimmerer et al. 
2432 2008). At the same time, these calanoid copepods are being replaced by the much smaller 
2433 cyclopoid copepod L. tetraspina, which is presumed to be a less suitable prey species (L. 
2434 Sullivan, CSUSF-RTC, unpublished data). A laboratory feeding study showed that larval delta 
2435 smelt will consume L. tetraspina, and when given the choice between L. tetraspina, P. forbesi, 
2436 and E. affinis, they will consume each in proportion to its abundance (L. Sullivan, CSUSF-RTC, 
2437 unpublished data). L. tetraspina is also being consumed in the wild (Figure 24). However, 
2438 Sullivan's research indicates that delta smelt grow more slowly when fed L. tetraspina compared 
2439 to other prey. Thus, the decline in calanoid copepod abundance (and biomass) may not be 
2440 compensated for by high abundance of L. tetraspina, even if biomass remains roughly the same 
2441 (see Baxter et al. 2008; Figure 21) if growth is slowed by a diet of L. tetraspina. 
2442 
2443 Little has been published about the jellyfish in the upper estuary. They may compete with smelt 
2444 for food resources (A. Wintzer and P. Moyle, UCD, unpublished data), but it is unlikely they are 
2445 a direct source of mortality due to their small size and their absence during the delta smelt larval 
2446 period in spring when smelt vulnerability would be highest. Jellyfish abundance in the upper 

56 



2447 estuary appears to peak in late summer or early fall and persist for 2-3 months thereafter (CDFG 
2448 unpublished data). 
2449 
2450 The long-term reduction in calanoid copepod availability in the upper estuary has likely resulted 
2451 in slower growth rates of delta smelt, as observed in otolith studies by Bennett et al. (2008) and 
2452 in part, as a reduction in the mean size of delta smelt in fall (Sweetnam 1999; Bennett 2005). 
2453 Baxter et al. (2008) previously hypothesized that over the long term, reduced summer growth 
2454 rates due to reduced food availability during the thermally stressful summer period reduced the 
2455 summer to fall survival of juvenile delta smelt; however, analysis of available IEP index data do 
2456 not support this hypothesis for the initial POD period (2001-2004), but do suggest reduced 
2457 summer to fall survival in 2005 and possibly subsequent years (Figure 13). Thus, increased 
2458 mortality seems like a periodic or more recent occurrence, and the more substantial effect of 
2459 reduced growth is smaller adults, which affects fecundity and reproductive potential, and 
2460 possibly aspects of adult survival. These results suggest that summer food limitation remains a 
2461 major stressor on delta smelt. 
2462 
2463 Habitat availability and suitability also may be indirectly influencing food quantity and quality. 
2464 Specifically, the summer habitat of juvenile smelt has become restricted due to high water 
2465 temperatures and decreased turbidity in the southern and eastern Delta, and saltwater intrusion 
2466 in Suisun Bay (Nobriga et al. 2008). This has limited the area available for feeding. By late 
2467 summer toxic algae blooms and possibly, competition with jellyfish could be affecting delta 
2468 smelt. 
2469 
24 70 When the toxic blue-green alga M aeruginosa blooms during late summer (generally August and 
2471 September), it occurs primarily on the San Joaquin River side of the Delta (Lehman et al. 2005) 
2472 and most delta smelt occur to the north and west of the bloom's epicenter (Nobriga et al. 2008). 
2473 Typically, the bloom only partially overlaps with delta smelt distribution. At concentrations 
2474 found in the wild, microcystins have been shown to have only sublethal effects on delta smelt 
2475 prey species in laboratory experiments (Ger et al. 2009). However, chronic and episodic effects 
2476 on zooplankton remain possible. For example, Ger et al (2010 a) found negative dietary effects 
2477 of M aeruginosa cells on copepods. Thus, there may be indirect effects on food resources (see 
2478 Food Quality section). In addition, it appears that potentially toxic effects of M aeruginosa may 
2479 propogate well beyond the observed bloom region, and particularly downstream. Lehman et al. 
2480 (2010) found, for example, that striped bass and Mississippi silversides co-occurring with M 
2481 aeruginosa exhibited signs of toxic and carcinogenic effects, but so did many from areas 
2482 apparently outside the bloom range. Similar results were obtained for some food organisms. 
2483 The mechanism for this phenomenon is unknown. The work of Lehman et al. (2010) indicates a 
2484 strong likelihood that delta smelt are also exposed to microcystins and the direct effects of M 
2485 aeruginosa. 
2486 
2487 Other water quality variables such as contaminants could be important, particularly to early life 
2488 stages and when fish are already stressed by other factors (see Anderson et al. 2007). For 
2489 example, larval delta smelt were found to be 3-10 times more sensitive than other fish species to 
2490 ammonia, copper, and insecticides found in the Delta (Werner 2008). Isolated cases of short-
2491 term exposures may not be lethal, but exposure to such contaminants when fish are already 
2492 stressed by high temperatures, osmotic stress, or other factors could result in mortality or 
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2493 degraded physiological condition (Brooks et al., submitted). Bennett et al. (2008) observed a 
2494 small number of fish with ovatestis (intersex fish) during the stressful year of2005. 
2495 
2496 In summary, there is evidence of bottom-up and habitat suitability effects on delta smelt during 
2497 the summer over the long term, and these interactions may ultimately affect delta smelt 
2498 production. The lack of observed salvage during the summer suggests SWP/CVP entrainment 
2499 effects are minimal during this period. Improved habitat (including water quality) and food 
2500 conditions during the summer would likely improve growth and survival as well as individual 
2501 fitness of maturing delta smelt and ultimately their fecundity. 
2502 
2503 Fall: Fall represents the time period when the delta smelt year class completes its somatic 
2504 growth and begins gonad development. Some summertime drivers continue to affect delta smelt 
2505 into early fall before declining (e.g., high water temperature and Microcystis toxicity). Other 
2506 drivers such as current water management practices, which lead to chronic low fall Delta outflow 
2507 and landward X2 (Figure 26), likely play a key role in reducing delta smelt habitat suitability. 
2508 Evidence to date indicates that fall habitat is a significant current (and future) issue affecting the 
2509 abundance of delta smelt (Feyrer et al. 2007, 2010). Delta smelt are strongly associate.d with low 
2510 salinity and high turbidity, which have been used to model the availability and suitability of its 
2511 habitat (Feyrer et al. 2007, 2010). Fall habitat suitability has shown a long-term decline (Feyrer 
2512 et al. 2007, 2010). Because these habitat suitability indices are derived from delta smelt catch 
2513 data, they directly reflect population-level effects. In addition, the fall abundance index is the 
2514 best single predictor of juvenile production the following year (Figure 12). Thus, the 
2515 accumulation of factors that affect fall abundance (FMWT index) influence the abundance of the 
2516 next year class. 
2517 
2518 Reduction of habitat area likely interacts with bottom-up and top-down mortality mechanisms to 
2519 affect delta smelt survival. There are several potential mechanisms by which habitat area can 
2520 affect delta smelt as described by Feyrer et al. (2010). In general, increased habitat area provides 
2521 more space for individuals to safely live and reproduce. More specifically, increased habitat area 
2522 presumably reduces the probability of density-dependent effects on the delta smelt population 
2523 (e.g., food limitation, disease, and predation). Moreover, increased habitat area also presumably 
2524 reduces the probability that stochastic, localized, catastrophic events will affect a sizable portion 
2525 of the population. The geographic placement of the remaining habitat area likely also plays an 
2526 important role. A key concern for delta smelt is that as habitat suitability declines to low levels, 
2527 remaining habitat is centered on the western Delta in closer proximity to anthropogenic sources 
2528 of mortality such as water diversions and certain contaminant sources such as agricultural runoff. 
2529 Although, direct entrainment is not a major stressor during the fall, shrinking fall habitat that 
2530 places delta smelt in closer proximity to the hydrodynamic effects of the export pumps is linked, 
2531 along with negative OMR flow, to increased winter salvage (Grimaldo et al. 2009). 
2532 
2533 In summary, there is good evidence for reduction in habitat availability and suitability during the 
2534 fall and a linkage of these reductions with abundance. Slow growth due to food limitation and 
2535 physiological stress during summer may affect survival in fall, but the evidence points to poor 
2536 growth in summer and fall, which likely contributes to the species decline via reduced size and 
2537 fecundity of maturing fish. 
2538 
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2539 Winter: Winter represents the main period of adult delta smelt upstream migration, sexual 
2540 maturation, and the beginning of spawning. Delta smelt upstream migrations are associated with 
2541 winter flow pulses and coincident increases in turbidity (Grimaldo et al. 2009). Conditions 
2542 triggering migrations generally follow winter storms starting as early as late December and 
2543 extending into February. By March, delta smelt appear to migrate even in absence of such flow-
2544 turbidity events (CDFG unpublished data). This movement is considered an active group 
2545 behavior that is likely triggered by olfactory cues associated with changes in water quality or 
2546 turbidity (Sommer et al. submitted). Once cues initiate migration, groups of smelt presumably 
254 7 move quickly and efficiently upstream by swimming with incoming tides until they reach their 
2548 holding grounds (Sommer et al. submitted). 
2549 
2550 We hypothesize that winter entrainment of adults (top-down effects) can affect the delta smelt 
2551 population in some years. Salvage and corresponding population loss estimates of delta smelt 
2552 increased during the POD years (2000-2005) in comparison to most of the previous decade 
2553 (Kimmerer 2008, Grimaldo et al. 2009). Specifically, Kimmerer (2008) estimated that 
2554 cumulative proportional population losses were between 3 and 50% for adult delta smelt during 
2555 the winter export periods between 2002 and 2006, and concluded that the rather large , 
2556 proportional losses and their effects occurred episodically and therefore should be calculated 
2557 rather than inferred from correlative analysis (e.g., Manly and Chotkowski 2006; Thomson et al. 
2558 2010). The recent relatively high adult proportional entrainment in 2002-2004 identified by 
2559 Kimmerer (2008) likely negatively affected subsequent recruitment. Moreover, young delta 
2560 smelt in the same years also suffered relatively high proportional losses. These repeated, paired, 
2561 cross-generational losses, though small individually, could have had a more substantial 
2562 cumulative effect on the delta smelt population; they coincide with a sharp decline in delta smelt 
2563 abundance (Figure 2). Note that high winter exports may not have demonstrable effect on delta 
2564 smelt salvage during periods of high delta outflow because OMR flows are rarely negative and 
2565 fewer delta smelt are located within the hydrologic influence of the export facilities during high 
2566 outflow periods (Sweetnam et al. 1999, Grimaldo et al. 2009). Similarly, during critical dry 
2567 years when the southern Delta has high water transparency, entrainment risks for delta smelt 
2568 appear low. There are several possible reasons for this. Under these conditions, most delta smelt 
2569 likely migrate up to the northern Delta where turbidity is higher (Sommer et al. submitted). 
2570 Also, delta outflow standards (i.e. Water Rights Decision 1641) and limited water in upstream 
2571 reservoirs available for release, severely constrain exports so that OMR flows are rarely or only 
2572 briefly strongly negative. 
2573 
2574 There is presently no evidence of habitat constriction or food limitation during this period; 
2575 however, no studies have addressed these questions. Contaminant effects are possible during 
2576 flow pulses because many agricultural and urban-related contaminants enter waterways with the 
2577 first rain events (Kuivila and Foe 1995, Kuivila and Hladik 2008). 
2578 
2579 Spring: Bennett et al. (2008) propose that reduced spring exports resulting from VAMP (mid-
2580 April to mid-May) has selectively enhanced the survival of spring-hatched delta smelt larvae as 
2581 compared to those hatching earlier. Initial otolith studies suggest that these spring-hatched fish 
2582 dominate subsequent recruitment to adult life stages; by contrast, those delta smelt hatched prior 
2583 to the VAMP have been poorly-represented in the adult stock in recent years. Bennett et al. 
2584 (2008) further propose that the differential fate of early- and late-hatched cohorts may affect the 
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2585 sizes of delta smelt in fall because the later cohorts have a shorter period in which to grow. In 
2586 addition, Bennett et al. (2008) found that fish in the early-spawned cohorts of 2005 were 
2587 generally smaller at age than late-spawned cohorts. The early-spawned fish appeared to partition 
2588 their growth during the first few weeks after hatchig. These early-spawned fish developed more 
2589 slowly during the larval stage, but were able to maintain much higher growth rates during the 
2590 juvenile phase, and in particular, the first two weeks of July. Because the early-spawned cohort 
2591 grew slower during spring, they were potentially more vulnerable to predation. Also, because 
2592 they reared in the Delta longer, they were vulnerable to exports for a longer period of time and 
2593 were also vulnerable before the VAMP-related flow pulses and export decreases took place. 
2594 Despite longer exposure times, these slower growing fish actually had higher survival 
2595 probabilities once they reached summer and fall. Later-spawned fish hatching immediately 
2596 before or during VAMP were usually comparatively protected from entrainment via reduced 
2597 exports and more positive flows in southern Delta channels, but because of their high growth 
2598 rates and correspondingly higher energy needs, they were less well equipped to handle extreme 
2599 summer conditions in 2005, including low food and high temperatures (Bennett et al. 2008). 
2600 Thus, current water management favors delta smelt larvae that hatch immediately before or 
2601 during the mid-April to mid-May period of reduced exports; however, this advantage can be 
2602 severely curtailed if spring conditions abruptly change to raise water temperatures and food 
2603 resources simultaneously decline, as they did in 2005. 
2604 
2605 From the perspective of an individual female, choice of a spawning date is critical to larvae 
2606 hatching into favorable biotic and abiotic conditions. Until recently, female delta smelt were 
2607 believed to spawn once or repeatedly over a short period of time (Moyle 2002). Thus, the choice 
2608 of when to spawn was believed to determine fitness to a large degree. Recently, both the 
2609 laboratory and field based observations confirm that delta smelt have the potential to produce 
2610 multiple clutches. Lindberg et al. (UCD, unpublished data) documented cases where 1-year-old 
2611 wild-origin females produced 3 viable clutches of eggs under ideal (i.e., cold water, unlimited 
2612 food) conditions over a period of several months. This information was further corroborated by 
2613 S. Teh (UCD, unpublished data) who found histological evidence ofrepeat spawning by females 
2614 collected in the wild. Thus, at least some females can potentially hedge their bets by spawning 
2615 repeatedly throughout the spawning season. Repeat spawning likely has several prerequisites: (1) 
2616 healthy adults with energy reserves to develop gonads early in the season and survive spawning; 
2617 (2) ripe and spent fish are able to locate sufficient food resources to develop additional gametes; 
2618 and (3) a protracted period of suitable spawning conditions to allow for the development and 
2619 release of multiple sets of gametes. Egg survival is linked to temperature and temperatures 
2620 associated with 50% or better survival to hatching range from just below 10°C to about l 8°C 
2621 (Bennett 2005). Bennett (2005) found that the presence of successive cohorts of post-larvae in 
2622 the 20-mm Survey was linked to the duration of a 15-20°C temperature window and suggested 
2623 that a similar temperature window for spawning might be the duration of 14-l 8°C. Thus, 
2624 protracted spawning and recruitment windows relate to broader success of both individual 
2625 spawning events and provide time necessary for some individuals to undergo several successful 
2626 spawnings. Such a spawning strategy would greatly increase the probability of individual 
2627 females producing at least one clutch of eggs that hatched under conditions favoring survival of 
2628 young delta smelt and is more consistent with life-history theory for annual fishes (Winemiller 
2629 and Rose 1992) than the semelparous spawning previously assumed (Moyle 2002). 
2630 
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2631 Until recently, the numbers of larvae entrained in the south Delta export pumps were unknown 
2632 because fish less than 20 mm long are not identified in salvage (see Brown et al. 1996). 
2633 Kimmerer (2008) estimated that entrainment of larval smelt was greatest during April based on 
2634 estimates of abundance from the 20-mm Survey, OMR flows, and risk calculations based on 
2635 particle tracking models (PTM). During April, larval entrainment is not observable at the 
2636 salvage facilities because fish less than 20 mm SL are not counted at the facilities. Juvenile delta 
2637 smelt salvage peaks between May and June of most years (Grimaldo et al. 2009); however, the 
2638 magnitude of entrainment is dependent on flow (Kimmerer 2008). Kimmerer (2008) estimated 
2639 that larval and juvenile population losses ranged from 0 to about 25% from 1995 to 2006, with 
2640 the highest losses occurring in dry years 2001-2004. This period of increased loss overlaps a 
2641 similar period ofrelatively high loss for adults (see winter section above); thus, there was a 
2642 period of sequential, intergenerational loss that may have had a cumulative effect on the delta 
2643 smelt population. A complicating factor in estimating entrainment are prescreen losses of delta 
2644 smelt. The magnitude of these losses is currently unknown, but according to a recent study (G. 
2645 Castillo, USFWS, unpublished data) it is likely high. This is consistent with the results of 
2646 previous studies of prescreen losses conducted with other species (Clark et al. 2009, Gingras et 
2647 al. 1997). 
2648 
2649 Because of natural variability and delta outflow standards (i.e. Water Rights Decision 1641), 
2650 there have been few significant long-term trends in upper estuary spring salinity (Figure 26, 
2651 Enright and Culberson 2009). This suggests that it is unlikely that there have been any recent 
2652 changes in spring abiotic habitat availability or suitability. Habitat effects based on calanoid 
2653 copepod densities, contaminants or disease may have worsened during spring. The dietary 
2654 importance of E. affinis and calanoid copepods in general suggests that declines in either might 
2655 affect delta smelt survival and recruitment. Spring densities of E. affinis did not decline 
2656 substantially during the POD years and even spiked upward in 2006 and 2008, and neither 
2657 Sinocalanus doerrii nor P. forbesi exhibited consistent low abundance during the POD years 
265 8 (Hennessy 2008, 2010), so there was little evidence of spring food being limited. There has been 
2659 little evidence of direct toxicity to delta smelt larvae, based on limited numbers of bioassays 
2660 using water collected during spring from the upper estuary, though a few acute results were 
2661 detected using samples from the lower Sacramento River at Hood and near Rio Vista (Werner et 
2662 al. 2008, 2010). Lethal and sublethal effects on the invertebrate Hyallela azteca were observed 
2663 more often and at even more sites (Werner et al. 2008, 2010) suggesting possible sub lethal 
2664 effects on fishes, including delta smelt, through the food web, but this was not supported by 
2665 calanoid copepod abundances (see Hennessy 2010). Upper estuary habitat does not appear to 
2666 have declined based on the factors we were able to assess. 
2667 

2668 Long/in smelt 

2669 
2670 We hypothesize that winter-spring outflow, adult abundance and food availability most strongly 
2671 influenced the long-term pattern of longfin smelt recruitment (Figure 5). X2 (or freshwater 
2672 outflow) during the winter-spring spawning and rearing periods continues to exert a significant 
2673 positive effect on abundance (year-class strength) (Figure 27; Stevens and Miller 1983, Jassby et 
2674 al. 1995; Kimmerer 2002b; Sommer et al. 2007, Kimmerer et al. 2009). The historical 
2675 relationship changed subsequent to the establishment of the overbite clam in 1987. The slope of 
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2676 the relation between X2 and the population remained the same after the introduction, but the 
2677 intercept changed indicating that the abundance of fish expected at a specific X2 value declined 
2678 significantly (Kimmerer 2002b ). Reduced prey availability due to clam grazing is believed to be 
2679 the mechanism for the change (Kimmerer 2002b ). An additional change in the relationship 
2680 occurred after 2002, particularly from 2003 through 2005, when abundance did not increase 
2681 when outflow increased (Figure 27 a--c; Sommer et al. 2007, Baxter et al. 2008). After a large, 
2682 abundance increase in 2006 in response to substantially higher outflow, the 2007 FMWT annual 
2683 index declined to a record low of 13 and has remained low in 2008 and 2009 
2684 (http://www.delta.dfg.ca.gov/data/mwt). Some decline in 2007 was expected due to low winter-
2685 spring outflows, but the 2007 index fell well below the post-clam FMWT outflow abundance 
2686 relationship (Figure 27a) and represented a statistical outlier (Studentized residual= -2.802; R. 
2687 Baxter, CDFG, unpublished data). The 2008 and 2009 abundance indices more closely fit the 
2688 post-clam outflow abundance relationships (Figure 27 a-c). The mechanism(s) underlying the 
2689 2003-2005 lack of longfin smelt abundance response to increased outflow remain(s) unknown as 
2690 does the mechanism for the 2007 abundance response, though shifts in distribution away from 
2691 habitat sampled by the midwater trawl may have an effect. A similar lack of response was not 
2692 apparent in the Bay Study otter trawl relationship (Figure 27c) suggesting that a portion of the 
2693 population continued to respond as it had in the recent past. 
2694 
2695 Preliminary analyses support a stock-recruitment relationship between adults approaching their 
2696 second birthday and age-0 fall recruits (The Bay Institute et al. 2007a). Moreover, longfin smelt 
2697 abundance in the FMWT exhibits a significant autocorrelation based on a 2-year time lag (r1ag 2 = 
2698 0.486, 36 df, p = 0.002). Since longfin smelt typically spawn at the end of their second year of 
2699 life (Baxter 1999, Moyle 2002, CDFG 2009a), this 2-year lag can be interpreted as additional 
2700 evidence of a stock-recruitment relationship. Development of a revised, direct stock-recruitment 
2701 relationship is in progress. A significant stage-recruitment relationship (fall age-0 to fall age-1 
2702 abundance) also exists, but survival declined after 1994 (Rosenfield and Baxter 2007) 
2703 presumably due to continued food limitation. The distributions of the two age classes differ 
2704 (Baxter 1999, Rosenfield and Baxter 2007) so discussions of seasonal drivers will include both 
2705 young of the year (age 0) and age-1 fish when relevant. Age-2 fish are generally only captured 
2706 in the estuary during the winter spawning season, so they will not be discussed in detail. 
2707 Declining juvenile recruitment and reduced stage-recruitment survival are important factors in 
2708 the declining population trends of longfin smelt, and likely limit its positive response to 
2709 favorable environmental conditions. 
2710 
2711 Winter: Upstream migration of mature adults and most spawning occurs in winter with 
2712 spawning probably confined to freshwater portions of the estuary (Moyle 2002; Rosenfield and 
2713 Baxter 2007). The distribution of longfin smelt has the greatest overlap with the distributions of 
2714 the other POD fishes during this season. The geographic and water column distributions of 
2715 adults and larvae in winter lead us to hypothesize that entrainment is having an important effect 
2716 on the population during this season, particularly during low outflow years when a higher 
2717 proportion of the population may spawn farther upstream in the Delta. A CDFG conceptual 
2718 model of longfin smelt migration features adults moving up to and congregating in the low 
2719 salinity zone (0.5-6 psu) as temperatures decline, starting in late fall (see CDFG 2009a, b). 
2720 From here, ripe individuals are believed to make generally short-distance, brief spawning runs 
2721 into freshwater where spawning takes place over a sand substrate. The fish are then believed to 
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2722 return to the low salinity zone if partially spent and farther down estuary when completely spent 
2723 (CDFG 2009b ). Individual fish are believed to be capable of spawning several times during the 
2724 spawning period. When the low salinity zone (indexed by X2) is upstream in the Delta, 
2725 increasing numbers of adult longfin smelt probably move into and upstream of the influence of 
2726 the export pumps on their spawning migration. This hypothesis is supported by: (1) generally 
2727 higher salvage during low outflow years (Sommer et al. 1997, CDFG 2009b); (2) winter catch 
2728 density plots showing the population shifting upstream and downstream in concert with shifting 
2729 X2 (CDFG 2009b ); (3) and increasing winter salvage in relation to fall abundance with 
2730 increasing X2 in winter (CDFG 2009b ). Increased winter salvage of mostly adult longfin smelt 
2731 after 2000 suggests that entrainment levels may have been higher during POD years (Figure 18; 
2732 IEP 2005). This entrainment occurred when the adult population was at a fairly low level 
2733 (Figure 2). Recent calculations of longfin smelt adult entrainment and loss showing relatively 
2734 high adult entrainment and loss during winters of water years 2002-2004 (CDFG 2009b). 
2735 However, these losses have yet to be placed into a population context, so we cannot provide 
2736 conclusions regarding their recent effect on abundance. Combined winter exports were generally 
2737 high from 2000 through 2005 creating a high upstream net flow toward the export pumps in 
2738 OMR, known as negative OMR flow (CDFG 2009b). Grimaldo et al. (2009) evaluated the 
2739 effects on salvage of a suite of environmental, hydrologic and biological variables, and winter 
2740 adult salvage was most parsimoniously attributable to strong negative OMR flows. Thus, X2 
2741 and negative OMR flows can be interpreted as distal and proximal factors, respectively, 
2742 influencing longfin smelt winter salvage. 
2743 
2744 Entrainment effects on longfin smelt larvae could be higher than those for adults due to their 
2745 predominant surface orientation (Hieb and Baxter 1993, Bennett et al. 2002) and protracted 
2746 larval (i.e., weak swimming) period: almost 90 days are required to reach 20 mm FL (fork 
2747 length) (J. Hobbs, UCD, personal communication 2008). However, larval entrainment remains 
2748 undocumented because larvae are not identified in salvage until they are 2:20 mm in length 
2749 (Kimmerer 2008). Similar to adults, entrainment oflarvae is presumed highest during periods of 
2750 low winter-spring outflows when X2 is near or within the Delta because more spawning occurs 
2751 above and within the influence of the export pumps, larval downstream transport is reduced and 
2752 exports comprise a substantial fraction of inflow and can draw pelagic larvae into the pumps. 
2753 CDFG (2009b) assessed loss oflarvae to entrainment in south Delta export pumps by temporally 
2754 and geographically scaling particle tracking model results for surface oriented particles to 
2755 emulate the timing, distribution and behavior of longfin smelt larvae in the Delta. Annual 
2756 percent entrainment was then estimated for 3 relatively low outflow years (1992, 2002, 2008), 
2757 when spawning was assumed to be predominantly within the Delta. They found that with 
2758 strongly negative OMR flows as occurred in 2002, annual combined SWP/CVP particle 
2759 entrainment reached almost 15% of the modeled population; under higher outflow conditions and 
2760 much reduced exports in 2008, combined particle entrainment dropped to 3.7%. These particle 
27 61 tracking results suggest that during some years a substantial fraction of longfin smelt larvae may 
2762 be entrained, but entrainment of larvae is not likely to exert much of a negative effect on longfin 
2763 smelt recruitment during years with modest to high outflows. 
2764 
2765 Otolith studies by Bennett et al. (2008) suggest that winter-spawned delta smelt have recently 
2766 contributed poorly to the adult population as compared to spring-spawned fish, which benefited 
2767 from spring export reductions associated with the VAMP. Similarly, early spawning longfin 
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2768 smelt may be losing higher numbers of larvae to higher winter exports in the early to mid-2000s 
2769 and in general because of less restrictive December and January flow criteria that allow export to 
2770 inflow (E/I) ratios as high as 65%, whereas Ell ratios for February through June cannot exceed 
2771 35% except in critically dry years, and then must remain< 45%. Existing data provide some 
2772 support for this hypothesis. Accounting for recent high winter and spring longfin smelt salvage 
2773 (i.e., 2001-2004) and estimated loss of larvae (CDFG 2009b) did in some cases greatly reduce 
2774 expected recruitment based on post-clam outflow-abundance relationships (Figure 27). 
2775 However, in 2002, the high winter adult loss, the almost 15% larval loss from estimated particle 
2776 entrainment, and estimated recent peak in spring-summer juvenile loss (CDFG 2009b) were not 
2777 sufficient to obviously reduce 2002 juvenile abundance from that expected based on the post-
2778 clam outflow abundance relationship (Figure 27 a-c). This suggests that flow-abundance 
2779 relationships already incorporate entrainment effects among the negative factors limiting 
2780 recruitment during low outflow years, and that these effects were not substantially higher in 2001 
2781 and 2002, but may have been higher in 2003-2005. 
2782 
2783 Winter habitat for adult and juvenile longfin smelt is broad and non-restrictive, and probably did 
2784 not change during the POD years except at the upstream boundary with shifting X2. For larvae, 
2785 habitat varies with winter-spring outflow and X2 (Kimmerer et al. 2009), and was probably 
2786 reduced compared to the late 1990s because of a general shift in winter X2 location upstream 
2787 during the POD years (CDFG 2009b ). Adult and juvenile longfin smelt occupy the entire range 
2788 of salinities and temperatures available during winter, though ripe adults are believed to seek 
2789 freshwater for spawning (Baxter 1999, Moyle 2002, Rosenfield and Baxter 2007). Larvae are 
2790 rare at salinities > 18 ppt and salinities between 0.1 and 18 ppt have been hypothesized to 
2791 represent nursery habitat (Hieb and Baxter 1993, Kimmerer et al. 2009). Estimated nursery 
2792 habitat based on salinity varied significantly positively with outflow (negatively with X2), 
2793 though the slope of the outflow-habitat relationship was much less than that of the outflow-
2794 abundance relationship (Hieb and Baxter 1993). Similarly, the comparison of slopes of the X2-
2795 habitat and X2-abundance relationships showed a similarly steeper slope for the latter (Kimmerer 
2796 et al. 2009). These results suggest that other factors besides salinity that are associated with 
2797 longfin smelt larval survival were positively influenced by outflow. The downstream transport 
2798 and distribution of larvae within the estuary varies positively with outflow (Baxter 1999, Dege 
2799 and Brown 2004). Specifically, larvae disperse farther downstream when X2 is farther 
2800 downstream and young juveniles historically remained in the same regions even as X2 recedes 
2801 upstream. Thus, in relatively high outflow years, the longfin smelt distribution immediately 
2802 begins to diverge from those of other POD species; this is not the case in relatively low outflow 
2803 years when most longfin smelt are initially distributed upstream of Carquinez Strait. Turbidity 
2804 has recently been linked as a significant component of a longfin smelt larva habitat (Kimmerer et 
2805 al. 2009). Increased turbidity, associated with outflow events, may provide a competitive 
2806 feeding advantage to longfin smelt larvae or may reduce predation (Stevens and Miller 1983, 
2807 Chigbu 2000). Recent histology revealed that longfin smelt larvae and juveniles possess a large, 
2808 well developed olfactory system (Scott Foott, USFWS, personal communication 2006, Foot and 
2809 Stone 2008), which can be used for food acquisition in a turbid or dark environment; longfin 
2810 smelt are known to feed effectively after dark (Dryfoos 1965, Hobbs et al. 2006). We have no 
2811 evidence of a change in winter turbidity levels during the POD years. 
2812 
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2813 Contaminant effects have not been evaluated for longfin smelt eggs or winter larvae, but such 
2814 effects seem possible given the general contaminant sensitivity of fish eggs and larvae and the 
2815 presence of both life stages during winter when both waterborne and sediment borne toxicants 
2816 can be high (see Anderson et al. 2007). In particular, life stages present during first-flush events 
2817 may be at greater risk. First flush events carried increased pesticide concentrations in the form 
2818 of suspended-sediment associated pesticides (Bergamaschi et al. 2001). These authors reported 
2819 that such sediments settled out and re-suspend, likely increasing residence time in the Delta. The 
2820 proclivity of longfin smelt for spawning on sand and a 20+ day egg incubation period in winter 
2821 Delta temperatures (see CDFG 2009a, Tigan and Lindberg, UCD, unpublished data, CDFG 
2822 unpublished data) could place them in protracted proximity to a suite of pesticides (see 
2823 Bergamaschi et al. 2001 and reference therein). Only limited evidence has been found of recent 
2824 winter-time water toxicity to a H azteca (Werner et al. 2008a, b ). Nonetheless, longfin smelt 
2825 eggs and surface oriented early-stage larvae would be particularly vulnerable to pulse-flow 
2826 transported contaminants. Increasing ammonia/ammonium levels from riverine discharges (see 
2827 Jassby 2008) represent an emerging issue both in terms of direct toxicity - delta smelt 
2828 larvae/juveniles have proven sensitive to ammonia but ambient concentrations are below those 
2829 causing acute mortality (Werner et al. 2008a, b )- and indirectly through changes in 
2830 phytoplankton community composition (Kimmerer 2005, Lehman et al. 2005). We have no 
2831 information on ammonia toxicity for any life stage of longfin smelt and toxicity testing requires 
2832 the ability to culture the species. Laboratory spawning and rearing of longfin smelt commenced 
2833 during winter 2009 and continued in 2010 (Rettinghouse 2009, 2010). 
2834 
2835 Food availability for larvae has not been fully evaluated for winter. Limited diet analysis 
2836 revealed that longfin smelt larvae feed predominantly on calanoid copepods in general and E. 
2837 affinis in particular (S. Slater, CDFG, unpublished data). Trends in winter abundance indices of 
2838 calanoid copepods do not show declines during the POD years (A. Hennessy, CDFG, personal 
2839 communication). Recent otolith analysis shows that longfin smelt larvae grow relatively slowly 
2840 during winter and early spring, attaining 20 mm in length only after almost 90 days of growth 
2841 post hatch (J. Hobbs, UCD, personal communication). Such slow growth could be adaptive for 
2842 modest food resources in winter, similar to that observed for delta smelt (cf., Bennett et al. 
2843 2008). Age-1 and age-2 longfin smelt most likely feed on mysids when and where available, and 
2844 rely on copepods and amphipods otherwise (Feyrer et al. 2003, S. Slater, CDFG, unpublished 
2845 data). 
2846 
2847 Spring: Like delta smelt, longfin smelt hatched in spring probably benefited from reductions in 
2848 spring exports associated with VAMP (i.e., reduced top-down effects) since 2000. Based on 
2849 particle tracking modeling, longfin smelt also likely benefited from additional export restrictions 
2850 in place in 2008 to protect delta smelt (CDFG 2009b ); similar benefits were achieved in 2009 
2851 and 2010. Low winter and spring outflows in 2001-2002, and modest outflow combined with 
2852 strongly negative winter and spring OMR flows in 2003 and 2004 likely kept many young 
2853 longfin smelt in the Delta resulting in increased juvenile entrainment (CDFG 2009b). Higher 
2854 winter and spring flow coupled with less negative OMR flows in 2005 and 2006 (CDFG 2009b) 
285 5 likely resulted in the transport of many larvae and juveniles to Suisun Bay and farther 
2856 downstream (http://www.delta.dfg.ca.gov/data/20mm/CPUE _Map.asp). 
2857 

65 



285 8 In spring, age- I longfin smelt are broadly dispersed within the estuary (Baxter 1999, Rosenfield 
2859 and Baxter 2007) and similar to the winter, not restricted by habitat. Immediately after hatching 
2860 buoyant larvae are dispersed downstream such that their mean location is approximately that of 
2861 X2 or just upstream (Dege and Brown 2004). Small juveniles then disperse downstream into 
2862 more saline habitats (Dege and Brown 2004, Kimmerer et al. 2009). Kimmerer et al. (2009) 
2863 found longfin smelt spring habitat based on 20-mm Survey data (larva and small juveniles) 
2864 peaked at about 2 ppt and declined rapidly to about 15 ppt, similar to that observed for larvae in 
2865 winter (see previous section). The importance of low salinity habitat to the apparent survival of 
2866 larvae was examined by Hobbs et al. (2010) who found that larvae surviving to recruit to older 
2867 ages (i.e., summer and fall juveniles and fall adults) had primarily reared in low salinity waters 
2868 (0.4-3 ppt) as compared to fresh (:S 0.3 ppt) or more saline water (2: 4.0 ppt). However, some 
2869 fish recruited from all habitats. As observed for winter habitat, turbidity may also be an 
2870 important constituent of spring habitat. Kimmerer et al. (2009) found the combination of salinity 
2871 and Secchi depth substantially improved the model fits as compared to salinity alone or salinity 
2872 and water depth, suggesting that both salinity and reduced water clarity were important 
2873 constituents of habitat for young longfin smelt. Kimmerer et al. (2009) also found that longfin 
2874 smelt habitat size varied inversely with X2 location. However, X2 location was not consistently 
2875 high during spring in POD years (see CDFG 2009b ), so a decrease in habitat did not appear well 
2876 related to the POD longfin smelt decline. 
2877 
2878 Age-0 longfin smelt take advantage of seasonally increasing copepod numbers in spring, feeding 
2879 particularly strongly on E. affinis and switching to mysids as soon as they are capable (CDFG 
2880 2009b, S. Slater, CDFG, unpublished data). The dietary importance of E. affinis and mysids 
2881 suggests that declines in either might affect longfin smelt survival and recruitment. Spring 
2882 densities of E. affinis have not declined substantially during the POD years, and even spiked 
2883 upward in 2006 and 2008 (Hennessy 2008, 2010). Conversely, spring mysid densities did 
2884 decline after 2000 and were substantially lower in odd than even years, culminating in extremely 
2885 low numbers in 2007 (Hennessy 2008). Although there was a recovery in 2008, spring 2009 
2886 mysid numbers were lower than those of 2007 (Hennessy 2010). These mysid declines probably 
2887 reduced feeding opportunities for age-1 longfin smelt in the upper estuary, but we have not 
2888 evaluated recent survival. Although no histological evidence of food limitation (or contaminant 
2889 effects) was found in young longfin smelt collected in spring 2006 (Foott et al. 2006) or 2007 
2890 (Foott and Stone 2008), such young affected fish may not survive long enough to be represented 
2891 in collections. No viruses were detected in either year. There was also a low incidence of 
2892 parasites, inflammation, or other evidence of cell damage (Foott et al. 2006, Foott and Stone 
2893 2008). These data suggest that reduced food in spring may have affected older longfin smelt but 
2894 not age-0 longfin smelt, and that disease and parasites were not important factors in spring. 
2895 
2896 Summer: By mid-summer entrainment in south Delta export pumps is no longer an issue for 
2897 longfin smelt, because like delta smelt, most of the population moves downstream of the zone 
2898 affected by water exports. Increasing Delta water temperatures (>22°C) are believed to limit 
2899 longfin smelt distribution and cue emigration (CDFG 2009a). More highly mobile age-0 longfin 
2900 smelt disperse farther downstream and their distribution further diverges from other POD fishes, 
2901 now ranging primarily from eastern Suisun Bay to marine waters of central San Francisco Bay 
2902 (Baxter 1999). By summer, age-1 longfin smelt have left the Delta and begin a slow migration 
2903 toward central San Francisco Bay (Baxter 1999). 
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2904 
2905 As age-0 longfin smelt grow through summer their diet rapidly broadens to include amphipods 
2906 and even more mysids (S. Slater, CDFG, unpublished data). In 2005 and 2006, the transition 
2907 away from copepods to mysids (and later amphipods) occurred in summer (S. Slater, CDFG, 
2908 unpublished data, CDFG 2009b) as E. affinis seasonally declined and P. forbesi increased 
2909 (Hennessy 2008). Summer mysid abundance declined through the POD years, but remained at 
2910 > 10 m-3 until 2007 (Hennessy 2008). Like spring mysid abundance, summer abundance 
2911 rebounded in 2008 and declined again in 2009 (Hennessy 2010). Since the early 1990s the upper 
2912 estuary mysid community has been dominated by H longirostris, which is smaller and slimmer 
2913 than Neomysis mercedis, and thus may not provide similar nutrition. This trend is reflected in 
2914 the long term decline in the mean size of mysid in the estuary (Wi..11der and Jass by 2010). In 
2915 summers since 1987, C. amurensis grazing has reduced calanoid copepod and mysid availability, 
2916 and has probably affected age-0 longfin smelt survival to fall in a manner similar to that 
2917 observed for young striped bass (Kimmerer 2002 and reference therein). During the period from 
2918 1995 through 2004 (including early POD years) there has been a further decline of calanoid 
2919 copepods, particularly P. forbesi, in Suisun Bay and the western Delta (Baxter et al. 2008), 
2920 which represents a sizable portion of the longfin smelt summer distribution. Regionally 
2921 diminishing food resources may also be responsible for reduced fall recruitment in 2003-2005 
2922 (Sommer et al. 2007) and for reduced post drought survival of longfin smelt from their first 
2923 through second falls (Rosenfield and Baxter 2007). Feeding conditions may improve during 
2924 high outflow years. E. affinis numbers increased sharply and mysid numbers remained stable in 
2925 2006 (Hennessy 2008), the only recent high outflow year. Age-0 longfin smelt collected from 
2926 San Pablo and Suisun bays in summer 2006 exhibited 13% (n=107) incidence ofhepatocyte 
2927 vacuoles that contained either fat or glycogen reserves, which is uncommon for rapidly growing 
2928 fishes (Foott et al. 2006). Longfin smelt abundance increased substantially during fall 2006, 
2929 though only to the low range of their recent outflow abundance relationship (Figure 27, Sommer 
2930 et al. 2007). Unfortunately, no data on abundance of longfin smelt food resources are collected 
2931 in San Pablo or central San Francisco Bay where most longfin smelt appear to rear in recent 
2932 years. 
2933 
2934 Changes in food availability may also be responsible for historical and recent changes in longfin 
2935 smelt distribution as well as abundance. Longfin smelt exhibited a historical shift to higher 
2936 salinity soon after the introduction of C. amurensis (Fish et al. 2009). This shift, similar to that 
2937 of northern anchovy (Kimmerer 2006), was also likely a response to reduced pelagic feeding 
2938 opportunities. More recently, while investigating the Bay Study midwater and otter trawl catch 
2939 relationships, we observed a general shift in where longfin smelt are captured in the water 
2940 column. The ratio of catch in the water column to catch at the bottom declined sharply during 
2941 the POD years and has remained low, suggesting a shift in habitat use toward the bottom (Figure 
2942 28). Through the entire period ofrecord, summer-fall longfin smelt (mostly age 0) catches in 
2943 the midwater trawl generally exceeded those in the otter trawl in Suisun Bay and the west Delta, 
2944 whereas from San Pablo Bay downstream the reverse was true (Figure 29a). During the POD 
2945 years, coincident with the sharp drop in the midwater to otter trawl catch ratio (Figure 28), 
2946 relative otter trawl catches by embayment shifted downstream and the greatest proportion 
294 7 occurred in central San Francisco Bay (Figure 29b ). Thus both historical and recent downstream 
2948 shifts in habitat use have occurred, in addition to the recent shift toward the bottom indicated by 
2949 the trawl ratio decline. These shifts downstream and toward the bottom further suggest that the 
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2950 pelagic feeding environment of the upper estuary has declined and that the longfin smelt 
2951 response occurred in stages. Also, such shifts undoubtedly affected longfin smelt abundance as 
2952 indexed by midwater trawls, and probably contributed in part to the declines observed in 
2953 midwater trawl abundance indices. 
2954 
2955 No direct link has been made between contaminants and longfin smelt. In 2006, invertebrate 
2956 toxicity (H azteca) was detected from water samples taken within the range of longfin smelt, in 
2957 particular in eastern San Pablo Bay (Werner et al. 2008a), however, histopathological 
2958 examination of longfin smelt collected from the same region before and after the water collection 
2959 did not reveal evidence of contact with a toxic substance (Foott et al. 2006). Few longfin smelt 
2960 were collected in summer 2007 to assess possible contaminant or parasite effects (Foott and 
2961 Stone 2008). 
2962 
2963 Fall : Age-0 longfin smelt seek deep water and may be geographically limited by high water 
2964 temperatures (>22°C) and possibly food resources in fall. Presumably, seasonally high water 
2965 temperatures limit use of habitat in south San Francisco Bay and the shallows of San Pablo Bay 
2966 (Rosenfield and Baxter 2007). Upper estuary drivers (e.g., entrainment effects) probably have 
2967 little effect on age-1 fish during fall, because they appear to emigrate to central San Francisco 
2968 Bay and some leave the estuary and enter the near coastal ocean (Rosenfield and Baxter 2007). 
2969 Observational data suggests high Delta water temperatures may also limit their distribution in 
2970 early fall, but both age-0 and age-1 longfin smelt reoccupy the Delta as water temperatures drop 
2971 in late fall (Baxter 1999, Rosenfield and Baxter 2007). By late fall, age-1 longfin smelt begin to 
2972 mature and their movement into the Delta represents the start of their spawning migration 
2973 (Baxter 1999; Rosenfield and Baxter 2007). 
2974 
2975 The fall distribution of longfin smelt has changed in the long and short terms (see discussion in 
2976 the Summer section above). Fall copepod and mysid numbers did not exhibit a distinct, 
2977 consistent decline after 2000, but since 2005 mysid numbers, primarily H longirostris (formerly 
2978 Acanthomysis bowmani), declined sharply and remained low through 2009 (Hennessy 2010). 
2979 Low fall mysid abundance in the upper estuary undoubtedly had an effect on longfin smelt 
2980 distribution, if not abundance. 
2981 
2982 Contaminant effects on fall fish remain unresolved. Hepatocyte vacuoles were observed in 76% 
2983 (16of21) ofliver sections from fish collected between September and November 2007, as 
2984 compared to 25% of 77 longfin smelt collected between July and October of 2006 (Foott and 
2985 Stone 2008). In 2006, these vacuoles were attributed to storage of lipoproteins in maturing fish; 
2986 however, the fish collected in 2007 were immature age-0 fish, suggesting that other factors may 
2987 be at least partially responsible for the vacuoles. Alternately, the vacuoles may have represented 
2988 a biomarker of contaminant exposure, but additional biomarkers often present after contaminant 
2989 exposure were not present (Foott and Stone 2008). Hinton and Lauren (1990) discuss factors 
2990 associated with changes in fat storage in fish hepatocytes, including exposure to toxicants, 
2991 nutritional state, and vitellogenesis in maturing females. Foott and Stone (2008) conclude that 
2992 before hepatocyte vacuolation can be used as a biomarker for contaminant exposure it will be 
2993 necessary to distinguish it from normal developmental processes by examining the seasonal 
2994 changes in healthy longfin smelt. 
2995 
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Summary: The conclusion of Thomson et al. (2010), that no single or combination of factors 
stands out as responsible for the POD decline of longfin smelt, seems to be an appropriate 
summation for this current review. Though these authors detected a step decline in the FMWT 
abundance of longfin smelt and the other POD fishes, they were not able to attribute it to any of 
the suit of variables assessed, including winter and spring exports, spring X2 location, spring and 
summer calanoid copepod biomass, and summer mysid biomass. This was not unexpected given 
the complex interactions among environmental and biological drivers. In addition to identifying 
both group and individual species step declines during the POD years, their results further 
supported water clarity and spring X2 (Mar-May, winter not tested) as important correlates to 
longfin smelt abundance. The longfin smelt individual species step decline identified by 
Thomson et al. (2010) occurred in 2004 after the multi-species step decline in 2002 and 
coincident with the 2004-2005 downward deviation in abundance indices from the outflow 
abundance regression line (Figure 27a). Currently, longfin smelt abundance trends are best 
explained by changes in winter-spring outflow (X2 location) and possibly stock-recruitment 
effects (to be further examined). The abundance declines reflected in the deviations observed in 
the outflow abundance relationships likely resulted, at least in part, from recent downstream and 
vertical shifts in distribution. These distribution shifts may be related to changes in food 
resources; however, these linkages are not yet firmly established and need to be investigated 
further. 

Striped bass 

The San Francisco Estuary striped bass population has been monitored and researched for many 
decades, so some of the drivers influencing its long-term abundance index trend are fairly well
understood (Figure 6). The age-0 striped bass abundance index has declined steadily since the 
latter 1960s (Figure 2), but adult abundance, as indexed by a long-term Petersen mark-recapture 
survey (Figure 9) has not. The lack of change in adult abundance is supported by San Francisco 
Bay and Delta Commercial Passenger Fishing Vessel data (Figure 30). This is partly attributed 
to active management actions (Kohlhorst 1999). The long-term decline in juvenile abundance 
was originally attributed largely to entrainment in the SWP and CVP water diversions (Stevens 
et al. 1985). River flows and south delta exports historically explained much of the variation in 
striped bass year class strength, although the strongest relationships occurred during the summer 
(Stevens et al. 1985). Survival from egg to 38 mm larvae in early summer appeared unchanged 
through the mid-1990s (Kimmerer et al. 2000). However, recent research suggests that there was 
a step-decline around 1977 due to adult mortality and subsequently reduced egg supply 
(Kimmerer et al. 2000, 2001). There was another step-change around 1987 coinciding with the 
Corbula invasion that decoupled age-0 production from spring X2 (Sommer et al. 2007). The 
most recent step decline in the early 2000s remains unexplained (Sommer et al. 2007, Thomson 
et al. 2010) 

Young striped bass have a strong predator-prey association with mysid shrimp (Stevens 1966, 
Feyrer et al. 2003). The carrying capacity for age-0 through age-3 striped bass has shown a 
long-term decline that is correlated with declining mysid densities (Kimmerer et al. 2000, 
Winder and Jassby 2010). Thus, it is likely that the much lower abundance of mysids in the 
post-Corbula period has strongly and negatively affected juvenile striped bass production. The 
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3041 adult striped bass population increased in the 1990s and was at about a 30-year peak in the year 
3042 2000. This was likely due to a combination of improved survival resulting from successive wet 
3043 years in the mid to late 1990s and planting of millions of juvenile striped bass into the estuary 
3044 through 2000 (Kohlhorst 1999). Restored populations of striped bass on the east coast have 
3045 caused large reductions in populations of their prey and in high incidence of disease in striped 
3046 bass (Hartman 2003, Uphoff2003) 
3047 
3048 The reasons for the continued decline of the age-0 striped bass abundance index to record lows 
3049 during the POD years, despite an increase in the adult abundance index and by extension, egg 
3050 supply, is unknown (Thomson et al. 2010). Striped bass appear to show more signs of 
3051 contaminant-related health problems than the other POD species (details below), but we do not 
3052 know whether this reflects a long-term chronic problem or a recent change. Abiotic habitat 
3053 suitability, calculated as a function of Secchi depth (clarity) and specific conductance, for young 
3054 striped bass has declined during fall like it has for delta smelt (Feyrer et al. 2007) and the 
3055 entrainment of striped bass increased during the early POD years (Figure 18). Thus, it is 
3056 possible that direct (entrainment) and indirect (habitat suitability, particularly salinity) effects of 
3057 water diversions have exacerbated the longer-term stresses ofreduced prey availability and 
3058 contaminant effects. Data from two different long-term monitoring studies indicate that age-0 
3059 striped bass may be shifting in distribution from channel stations to shoal stations, possibly 
3060 contributing to the discrepancy seen in the age-0 and adult abundance indices. The percent of 
3061 shoal-caught striped bass is increasing through time relative to channel-caught fish in the San 
3062 Francisco Bay Study (Figure 31, T. Sommer, DWR, unpublished data). Likewise, catches of 
3063 age-0 and age-1 + striped bass in Suisun Marsh have increased concurrent with decreased catches 
3064 in Suisun Bay, which may reflect improved prey availability in the marsh or reduced habitat 
3065 quality in Suisun Bay (Schroeter 2008). However, the modest shift in striped bass towards shoal 
3066 habitat does not appear to be sufficient to fully explain the extreme decline in age-0 striped bass 
3067 abundance (Sommer et al. submitted). 
3068 
3069 Spring: In spring, adult striped bass migrate into the Sacramento and San Joaquin rivers where 
3070 they broadcast spawn in currents that will suspend eggs and larvae in the water column. Larvae 
3071 require roughly 2 weeks of development before they can maintain their position in the water 
3072 column (Moyle 2002). In both rivers, migrating adults and suspended eggs and larvae are 
3073 subject to discharges carrying potentially toxic contaminants. Agricultural return water can 
3074 transport pesticides and other contaminants (Saiki et al. 1992, Bennett et al. 1995, Weston and 
3075 Lydy 2010). Municipal discharges may carry a variety of contaminants including potentially 
3076 estrogenic compounds (Huang and Sedlak 2001, Weston and Lydy 2010). Springtime 
3077 contaminant effects influence egg and larval survival via two pathways: (1) maternally 
3078 accumulated contaminant(s) passed on to eggs and larvae that negatively affect viability and 
3079 development; and (2) direct mortality effects of contaminants in the environment on larvae 
3080 (Ostrach et al. 2008). Maternal transfer of contaminants was assessed by comparing larvae 
3081 produced by domestic (controls) and wild striped bass spawned in the laboratory in 2006 and 
3082 2007. Developmental studies showed that wild larvae grew slower than control larvae. Wild 
3083 larvae also developed abnormally with some processes accelerated (e.g., development of caudal 
3084 fin, and notochord) and other processes retarded (e.g., development of brain and liver from 3 to 5 
3085 days posthatch) (Ostrach et al. 2008). Chemical analyses of unfertilized eggs from 21 striped 
3086 bass collected from the Sacramento River found biologically significant lipophilic compounds 
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3087 and known endocrine disruptors such as polychlorinated biphenyls (PCBs), PBDEs, and current-
3088 use and legacy pesticides. These analyses, coupled with the morphometric and histopathological 
3089 results from the brain and liver indicate that contaminants are maternally transferred and likely 
3090 disrupt early development of river larvae (Ostrach et al. 2008). Striped bass eggs and larvae are 
3091 likely exposed to the same suite of contaminants as delta smelt (Kuivila and Moon 2004), 
3092 possibly in higher concentrations because striped bass spawn closer to locations of upper river 
3093 discharges (e.g., Colusa Basin Drain). During the late 1980s and early 1990s, striped bass larvae 
3094 captured in the Sacramento River exhibited liver lesions sufficient to cause mortality (Bennett et 
3095 al. 1995). 
3096 
3097 Rapid loss of large fecund females from the spawning stock could reduce total fecundity, and in 
3098 tum cause a decline in juvenile recruitment (Stevens et al. 1985, Kimmerer et al. 2000). Such a 
3099 decline occurred between 1976 and 1977 (Stevens et al. 1985, Kimmerer et al. 2000). Bennett 
3100 and Howard (1997, 1999) hypothesized that a decline in striped bass fecundity since the 1970s 
3101 resulted from warming ocean conditions leading to an improved coastal feeding environment, 
3102 which in tum resulted in increased fishing mortality along the coast and increased straying to 
3103 other river systems. This scenario fits data from the late 1970s through late 1990s, but ocean 
3104 conditions shifted to a cool regime in 1999 and although the adult population size decreased after 
3105 2000 it remained at or above early 1990s levels (Figure 9). 
3106 
3107 A dramatic decrease in the female:male sex ratio of adult striped bass ( 2: 3 years old) is apparent 
3108 in long-term Petersen mark-recapture data from the estuary (Figure 10; CDFG, unpublished 
3109 data). Skewed sex ratios during spawning can result from a difference in the maturity schedule 
3110 for male and female striped bass. On average, males mature two years younger than females 
3111 and, thus appear on spawning grounds in a much higher abundance. This pattern holds true for 
3112 the delta population (Figure 32) and is characteristic of stocks outside the estuary as well (Trent 
3113 and Hassler 1968, Hoff et al. 1988). However, the recent change in the ratio indicates that 
3114 something has changed. There has been a steady decline in the number of older females (Figure 
3115 33) which is troubling given that a wide distribution of age classes and a relatively high 
3116 proportion of older females are generally good indications of a healthy stock. Since the early 
3117 1980s, the number of females 2: 7 collected in adult tagging efforts is often zero or one. The 
3118 same data indicates that there has been a reduction in apparent growth of males and females, 
3119 most noticeable in the upper age classes (Figure 34), an increase in natural and total annual 
3120 mortality, and a decrease in harvest rate (Figure 35). The loss of these older age classes coupled 
3121 with the reduction in apparent growth can lead to smaller, less fecund females, and consequently 
3122 lower juvenile production. 
3123 
3124 Many factors could be responsible for the change in sex ratios. Hypotheses include change in 
3125 sampling methodology, increased mortality of females, changes in distribution, or physiological 
3126 effects. Some evidence for each is described below. 
3127 
3128 A change in location of Sacramento River fyke trap sampling of spawning adults in 1990 may 
3129 have introduced a gear bias that could account for some, but not all, of the sex ratio change. Bias 
3130 also seems unlikely because a similar shift was also noted in gill net captures from the Delta. 
3131 Apparent growth rates of females have declined (T. Sommer, DWR, unpublished data) so 
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3132 females may be increasing the number of years between spawning migrations, reducing their 
3133 capture rates in the fyke traps or gill netting surveys in the Delta. 
3134 
3135 Changes in natural or fishing mortality could also affect sex ratios. Anglers may exert selective 
3136 fishing pressure on females but since the sex ratio ofrecaptured fish closely approximates the 
3137 sex ratio of tagged fish, it is unlikely this is a major factor. The female:male ratio of recaptured 
3138 fish is higher than the female:male ratio of tagged fish in all but four of the 34-year period of 
3139 record, so an angler effect should not be ruled out entirely. An alternative is that there have been 
3140 changes in natural mortality. For example, increased predation of female striped bass by 
3141 pinnipeds could be important. No time series for the delta exists, making this difficult to 
3142 examine, but it is generally recognized that there has been an increase in pinniped numbers since 
314 3 the passage of the Marine Mammal Protection Act in 1972. It is estimated that the California sea 
3144 lion and Pacific harbor seal populations have been increasing at an annual rate of 5% (NMFS 
3145 1997). For example, NMFS (1997) report summer counts of 4900 harbor seals in San Francisco 
3146 Bay utilizing 118 different haul out locations. 
3147 
3148 Another potential mechanism for changes in the sex ratio during the spawning season is that 
3149 adult striped bass distribution may have shifted. One possibility is that females may leave the 
3150 estuary for the nearshore ocean and not return to the estuary for annual spawning events. Such 
3151 departure from the estuary has been observed in the Chesapeake Bay striped bass population, 
3152 where as much as half the adult population has been observed in the ocean, far from spawning 
3153 habitats (Secor et al. 2001, Secor 2008). It is unclear if this mechanism would result in skewed 
3154 sex ratios unless females are more likely to skip spawning. Secor (2008) reports that skipping 
3155 rates for Chesapeake Bay striped bass were less than 20%, which may not be able to account for 
3156 the currently extreme low percentages of females detected during migration in the San Francisco 
3157 Estuary. A related factor is that it is possible that maturation schedules have changed for female 
315 8 striped bass, which in tum could alter their seasonal distribution. If females are maturing more 
3159 slowly, they may remain in downstream areas for longer periods. Males are already known to 
3160 migrate upstream at a younger age, so a delay in female maturation would have a strong effect on 
3161 sex ratios in young adults (e.g. age-3 and age-4). 
3162 
3163 A fourth explanation for the shift in sex ratios is that there may be environmental effects that 
3164 reduce the number of females in the population. Temperature has been strongly implicated as a 
3165 co-factor in sex determination in various members of the family Moronidae (Ospina-Alvarez and 
3166 Piferrer 2008; Vandeputte et al. 2007), although temperature effects on sex ratios have not been 
3167 documented for striped bass. Chemical inputs can also be a factor. Female adult fish 
3168 concentrate lipophilic contaminants in their tissues, many of which can be estrogenic. These 
3169 chemicals can adversely affect larval development, causing organ deformities, retarded growth, 
3170 reproductive system abnormalities, and hatching difficulties (Ostrach et al. 2008). Based on 
3171 research on other species, abnormalities include the increased presence of intersex fish, 
3172 feminized males, and an increase in female fish. As evidence that this could apply to Pacific 
3173 striped bass, intersex fish have also been observed in high numbers in striped bass populations in 
3174 Oregon. However, the high incidence of hermaphroditism may also be a result of insufficient 
317 5 genetic diversity (Waldman et al. 1998). 
3176 
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3177 Striped bass consume primarily copepods and cladocerans at first feeding (Heubach et al. 1963, 
3178 Foss and Miller 2004 ), and prey density has been positively correlated with larval growth rate 
3179 (Heubach et al. 1963, Foss and Miller 2004 ), which is believed to be inversely related to 
3180 mortality. Although a long-term reduction in calanoid copepods has occurred (Orsi and Mecum 
3181 1986, Kimmerer et al. 1994, Orsi and Mecum 1996, Winder and Jassby 2010), we have not 
3182 found evidence of a recent decline in spring coincident with the striped bass decline. Also, 
3183 cladoceran abundance increased steadily during spring of the POD years (Hennessy and Hieb 
3184 2007). However, broad annual and seasonal indices of abundance may mask important short 
3185 term patterns. For example, in the low salinity zone, early first feeding larvae probably rely on 
3186 E. affinis, whereas those hatching later will encounter primarily P. forbesi. During the spring-
3187 time transition period from E. affinis to P. forbesi dominance, it is possible that finding sufficient 
3188 numbers of either species might be problematic. 
3189 
3190 Summer: Summer is a generally a period of rapid growth for striped bass, but food resources 
3191 may not be uniformly adequate throughout their range to support this growth. In particular, 
3192 calanoid copepod numbers have been reduced recently in the western Delta and Suisun Bay 
3193 (Winder and Jassby 2010). However, striped bass grow rapidly, even with the relatively low 
3194 copepod densities found in the upper San Francisco Estuary (Foss and Miller 2004). Success 
3195 from first feeding to 25 mm may have influenced recruitment since 2000, but there was no 
3196 suggestion of a bottle neck during this period in the past (Kimmerer et al. 2000). By 25 mm in 
3197 length, age-0 bass exploit larger mysid and amp hi pod prey, appearing to seek out mys ids (F eyrer 
3198 et al. 2003; Bryant and Arnold 2007). The dominant upper estuary mysid, the introduced H 
3199 longirostris, has slowly declined in summer since 2000, (Hennessy and Hieb 2007) but densities 
3200 remain higher than those of the late 1990s, thus are unlikely to have influenced the striped bass 
3201 decline since 2000. Long-term diet and growth have not changed substantially since 2000. Diet 
3202 data from a long-term study (1973-2002) of striped bass collected from the pelagic environment 
3203 during their first summer of life , revealed that the percentage of age-0 striped bass stomachs 
3204 with food did not decline in the last two years, nor did the mean ration size, except perhaps in 
3205 2002 for fish <25 mm (Bryant and Arnold 2007). In a short-term shore-based study, a 
3206 bioenergetic modeling (BEM) approach was used to evaluate food limitation in age-0 striped 
3207 bass. The comparison of field collections with the BEM simulations did not provide evidence of 
3208 food limitation and in fact, field-collected striped bass grew larger relative to their BEM growth 
3209 predictions (Nobriga 2009). Most recently, feeding incidence calculated from age-0 fish 
3210 collected from May-September of2005 and 2006 gave no indication of food limitation. On 
3211 average, 84% of the stomachs examined had at least one prey item. Amphipods (Gammarus spp. 
3212 and Corophium spp.) were detected in large amounts during fall, which could be evidence of a 
3213 switch to larger demersal prey items, possibly due to low mysid availability (DFG, unpublished 
3214 data). Examination of apparent growth patterns (growth determined from length-frequency 
3215 data) for striped bass did not reveal a decline subsequent to 2000 (IEP 2006). However, when 
3216 fish condition was compared regionally, striped bass collected from western Suisun Bay weighed 
3217 significantly less at the same length compared to those collected in regions farther east (IEP 
3218 2006). 
3219 
3220 No long-term studies exist of disease or parasites in young striped bass of the San Francisco 
3221 Estuary. The incidence and intensity of tapeworm larvae (plerocercoid) was examined in fish 
3222 collected from 1986-1993 (Arnold and Yue 1997). In this study, up to 79% of the larval and 
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3223 juvenile striped bass examined annually contained encapsulated plerocercoids (cestodes) in 
3224 mesenteries and stomachs, but little immune response was detected. Recent sampling revealed 
3225 no viral effects in summer 2006. There was a high incidence and intensity of trematode and 
3226 flagellated/ciliated gill and mouth parasites in 2005-2007, with importance of the various 
3227 parasites varying from year to year (Ostrach et al. 2009). The direct importance of such 
3228 infections is unknown but, at a minimum, such infections represent a chronic stress on the 
3229 immune systems of individual fish. 
3230 
3231 There is no direct evidence for the importance of contaminants in recent summers. High 
3232 vitellogenin levels in male fish collected from Suisun Slough and elevated levels in fish from 
3233 Honker Bay indicated contact with estrogenic compounds (Ostrach et al. 2005, Ostrach et al. 
3234 2009). The use of pyrethroid pesticides doubled in the early 2000s as compared to the early 
3235 1990s and the main period of application, July through October (Oros and Werner 2005), 
3236 corresponds to the striped bass growing period. 
3237 
3238 Striped bass summer distribution appeared to shift after the invasion of the overbite clam in 
3239 1987. The San Francisco Bay Study deploys two nets at each sampling location: an otter trawl, 
3240 towed on the bottom, and a midwater trawl towed obliquely through the water column. The 
3241 proportion of total age-0 striped bass caught in the midwater trawl has been highly variable, but 
3242 with a downward trend and lower peaks over time (Figure 31). Similarly, the proportion of age-
3243 0 striped bass caught by the otter trawl at shoal stations compared to deeper stations increased 
3244 and remained consistently high after 1987, and became less variable after the late 1990s (Figure 
3245 31 ). This suggests that age-0 striped bass spent less time in the water column and moved to 
3246 relatively shallow water sooner in the years after the clam arrived. Current analyses cannot 
324 7 discriminate whether these trends became more extreme in the 2000s. If a similar shift also 
3248 occurred in the Delta, age-0 striped bass might become more vulnerable to shoreline predators, 
3249 such as largemouth bass. 
3250 
3251 Fall: Fall has historically posed a feeding challenge for striped bass, but it is not clear if 
3252 available food resources changed substantially after 2000. Seasonal and decadal declines in 
3253 mysids (a highly selected diet item) density led to a broadened feeding niche and an early 
3254 initiation of piscivory among age-0 striped bass in fall (Stevens 1966, Feyrer et al. 2003). Fall 
3255 mysid numbers in the upper estuary declined steadily after 2000 with the exception of 2005. 
3256 However, current mysid abundances are greater than densities in the early 1990s when N. 
3257 mercedis declined to very low densities. The most abundant mysid currently is H longirostris 
3258 which invaded the estuary in about 1994 (Hennessy and Hieb 2007). Reduced food availability 
3259 has been linked to observed declines in carrying capacity (Kimmerer et al. 2000) but recent 
3260 studies (described above) do not indicate that age-0 striped bass are experiencing food limitation 
3261 during the fall (Nobriga 2009, DFG unpublished data). 
3262 
3263 Age-0 striped bass environmental quality during the fall can be effectively described by Secchi 
3264 depth and specific conductance (Feyrer et al. 2007). Physical habitat is important during this 
3265 time since conditions during their first fall play a role in the density-dependent survival exhibited 
3266 by striped bass from age-0 to age-3 (Kimmerer et al. 2000). Long-term trends indicate a decline 
3267 in environmental quality from the late 1960s to present. Fall environmental quality in the 2000s 
3268 declined from levels in the 1990s, and most of the remaining high quality habitat exists in the 
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3269 lower Sacramento River upstream of the confluence (Feyrer et al. 2007). If the age-0 striped bass 
3270 population is also shifting toward the Delta and to a smaller habitat area there could be increased 
3271 intra-specific competition, and predation might increase locally with increased densities and the 
3272 overlap with additional piscivores, particularly largemouth bass (Nobriga and Feyrer 2007). In 
3273 addition, the upstream shift may increase vulnerability to entrainment at the south delta water 
3274 export pumps. 
3275 
3276 Winter: We hypothesize a potential winter bottleneck where only the largest and healthiest 
3277 individuals survive. This derives in part from analyses by Kimmerer et al. (2000) who found 
3278 little relationship between two indices of age-0 abundance and the number of bass entering the 
3279 fishery at age 3. This contrasts with the results for age-1 fish, which are correlated with the 
3280 number of age-3 fish. Hence, it appears likely that the problem occurs between age-0 and age-1. 
3281 We hypothesize that the bottleneck occurs soon after fall, when age-0 abundance is measured. In 
3282 winter, young striped bass revert back to feeding on invertebrate prey (Stevens 1966). In 
3283 addition to mysids and amphipods they likely prey upon the recently introduced decapod shrimp, 
3284 Exopalaemon modestus, as they do later in spring (Nobriga and Feyrer 2007). The increased 
3285 numbers of E. modestus (Hieb 2007) likely improved food resources for winter striped bass. 
3286 
3287 Similar to other species, young striped bass showed increased winter entrainment as evidenced 
3288 by salvage shortly after 2000 (Figure 18; IEP 2005, Grimaldo et al. 2009). This effect occurs 
3289 after age-0 trends are assessed by FMWT. Losses indexed by winter salvage from the early 
3290 2000s would only begin to be reflected in adult numbers in 2003 and beyond. However, adult 
3291 striped bass estimates do not show a substantial drop in age-3 or age-4 abundance in 2003 or 
3292 2004 (Figure 33). 
3293 

3294 Threadfin shad 

3295 
3296 Prior to the POD investigation there was very little information available on the ecology of 
3297 threadfin shad in the Delta. Thus, one element of the POD investigation was to compile and 
3298 synthesize the available data from IEP monitoring programs and special studies on threadfin 
3299 shad. This effort has recently been completed (Feyrer et al. 2009) and forms the basis for the 
3300 threadfin shad species conceptual model presented below (Figure 7). 
3301 
3302 Threadfin shad successfully invaded and has persisted in the Delta because of suitable 
3303 environmental conditions. It is widely distributed but is most commonly encountered and most 
3304 abundant in the southeastern Delta, especially the San Joaquin River near and just downstream of 
3305 Stockton, where suitable abiotic habitat coincides with high prey abundance (Feyrer et al. 2009). 
3306 These regions also have a relatively high density of SA V, which provides important spawning 
3307 and larval rearing habitat (Grimaldo et al. 2004). Historic studies conducted in 1963-1964 
3308 (Turner 1966) and those more recently (Feyrer 2004, Grimaldo et al. 2004) identified a similar 
3309 distribution for threadfin shad. Turner (1966) also found that threadfin shad was relatively 
3310 abundant in dead-end sloughs of the northeastern Delta, areas which are not sampled by the 
3311 current monitoring programs but provide functionally similar habitat. 
3312 
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3313 Threadfin shad appear to grow relatively fast in the Delta and reach 70-90 mm by the onset of 
3314 their first winter. This is generally consistent with fish lengths reported for Lake Powell, Utah 
3315 and Arizona, U.S.A. (Blommer and Gustaveson 2002), but substantially larger than that observed 
3316 in central Arizona reservoirs (Johnson 1970). Apparent growth rates in the Delta during fall 
3317 declined with increasing abundance (Feyrer et al. 2009). This suggests density-dependent effects 
3318 may be important and is consistent with previous research indicating that intraspecific 
3319 competition for food can be a major factor limiting growth of threadfin shad in reservoirs 
3320 (Johnson 1970). 
3321 
3322 It is important to note that threadfin shad has a limited distribution in the Delta. Of the 100 sites 
3323 in the FMWT survey, catches at just seven adjacent southern Delta sites in the San Joaquin River 
3324 drive the long-term patterns in the FMWT abundance indices (Feyrer et al. 2009). The overall 
3325 pattern in interannual abundance has been variable with periods of high and low abundance and 
3326 no apparent long-term trend. The recent period of near-record low indices is not unprecedented 
3327 but is especially noteworthy because it has persisted. The decline is also apparent in the 20-mm 
3328 Survey, salvage density in all seasons, and commercially harvested biomass (Feyrer et al. 2009). 
3329 Finally, the decline is coincident with similar declines for other pelagic fishes (Sommer et al. 
3330 2007, Thomson et al. 2010). The persistent low abundance of threadfin shad is also noteworthy 
3331 because of the documented ability ofthreadfin shad to rapidly recover from low abundance 
3332 levels, so called population explosions, in part because of their synchronous spawning behavior 
3333 (Kimsey et al. 1957, McLean et al. 1982). In addition to lower abundance, threadfin shad have 
3334 been captured in fewer trawls suggesting that the recent decline in abundance may be driven by 
3335 the FMWT encountering fewer and smaller-sized schools ofthreadfin shad. There have been 
3336 similar periods of smaller-sized catches in the past, especially around the mid-1980s. However, 
3337 the persistently low fraction of samples with fish present is unprecedented in the time series 
3338 (Feyrer et al. 2009). 
3339 
3340 Threadfin shad are influenced by many of the same drivers affecting the other POD fish species; 
3341 however, several drivers do not seem to be important for threadfin shad. Recent studies suggest 
3342 that there are no measurable effects of disease on the population (Baxter et al. 2008). There is 
3343 also no evidence that abiotic habitat ofthreadfin shad- measured as the combination of water 
3344 temperature, clarity, and salinity- has declined in recent years (Feyrer et al. 2007). There is 
3345 little evidence from the data examined for consistent stock-recruitment or stage-recruitment 
3346 effects on the population (Feyrer et al. 2009). However, there does appear to be a complete 
3347 disconnect between abundance in summer and fall. There are two drivers that are of particular 
3348 concern for threadfin shad during this time period, episodes of low dissolved oxygen (DO) and 
3349 blooms of the toxic algae M aeruginosa, both of which occur in the center ofthreadfin shad 
3350 distribution. Other drivers such as predation and low water temperatures are also known to affect 
3351 threadfin shad populations in other systems (Parsons and Kimsy 1954, Griffith 1978, Blommer 
3352 and Gustaveson 2002, McLean et al. 2006) and may be important at times in the Delta. 
3353 
3354 A final important note is that focused studies and sampling of threadfin shad are lacking and 
3355 limit what can currently be concluded about its ecology in the system. Improved field 
3356 observations and controlled laboratory studies designed specifically for threadfin shad, which 
3357 can then inform modeling studies, are desperately needed to better understand the drivers that 
3358 affect threadfin shad population dynamics in the Delta. 
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3359 
3360 Summer: Based on preliminary analyses, Baxter et al. (2008) reported that prior fish abundance 
3361 appeared to be important because there was a significant stock-recruitment relationship for 
3362 threadfin shad. New analyses suggest that, although there is generally some positive response to 
3363 prior abundance, there is little evidence for large scale stock- or stage-recruitment effects on the 
3364 population (Feyrer et al. 2009). This is not a surprising result as stock-recruitment relationships 
3365 are generally poor for opportunistic-type fishes such as threadfin shad (Winemiller 2005). 
3366 However, there does appear to be a complete disconnect between abundance in summer and fall, 
3367 suggesting that there are important drivers acting on threadfin shad during the summer-to-fall 
3368 transition. We hypothesize that two drivers might be particularly important during this period, 
3369 episodes of low DO and blooms of the toxic algae M aeruginosa. These conditions occur in the 
3370 center of the threadfin shad distribution in the central and southeastern Delta. 
3371 
3372 Episodes oflow DO concentration commonly occur in the San Joaquin River and have been 
3373 known to cause die-offs ofthreadfin shad. Persistent DO sags in the Stockton Deepwater Ship 
3 3 7 4 Channel portion of the San Joaquin River are well documented (Jass by and Van Nieuwenhuyse 
3375 2005). It is likely that smaller and shorter-term events occur in smaller Delta channels, but such 
3 3 7 6 events have not been documented. 
3377 
3378 In recent years, there have been dense blooms of M aeruginosa geographically centered where 
3379 threadfin shad are most abundant in the southern Delta (Lehman et al. 2008a). The blooms also 
3380 occur during the critical late summer/early fall when newly spawned fish are recruiting to the 
3381 population (Lehman et al. 2008a). The effects of M aeruginosa on threadfin shad could be 
3382 indirect by affecting food availability or direct by inhibiting feeding and by physiologically 
3383 impairing threadfin shad. 
3384 
3385 For a variety of herbivorous crustacean zooplankton, M aeruginosa can be toxic, non-nutritious, 
3386 or inhibited feeding on co-occurring nutritious food (Fulton and Paerl 1987). Ger et al. (2009) 
3387 found that ambient concentrations of a Microcystis toxin (microcystin LR) in the Delta were 
3388 unlikely to be acutely toxic to two Delta copepod species, E. affinis and P. forbesi, but both 
3389 species were very sensitive to M aeruginosa in their diet (Ger et al. 2010a) and experienced 
3390 significant mortality when M aeruginosa was 10% or more of the diet, whether the Microcystis 
3391 strain produced toxic microcystins or not. 
3392 
3393 A recently concluded POD study (Teh et al. 2010) on Microcystis effects on threadfin shad found 
3394 that in laboratory feeding experiments, diets spiked with M aeruginosa collected from the Delta 
3395 had detrimental effects on the health of threadfin shad, including decreased growth, malnutrition, 
3396 severe liver lesions, and increased ovarian degeneration (atresia) which may impair reproduction. 
3397 This study also included health evaluations of 296 sub-adult threadfin shad collected from four 
3398 Delta sites (Sherman Island, Brannan Island, Mildred Island, and Stockton) in 2007. Threadfin 
3399 shad from the two San Joaquin River sites (Brannan Island and Stockton) were of poorer health 
3400 than fish caught at the other two sites, but histopathologic analysis revealed that lesions in fish 
3401 from the Stockton site were more likely related to effects of anthropogenic contaminants than to 
3402 Microcystis toxicity. In contrast, the severe intestinal epithelial cell necrosis and the localization 
3403 of microcystins in the liver and Microcystis in stomachs and intestines of threadfin shad collected 
3404 at Brannan Island strongly indicated Microcystis toxicity. 
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3405 
3406 In addition to the above drivers, declines in zooplankton abundance in the Delta (Winder and 
3407 Jassby 2010) may have also affected threadfin shad. Feyrer et al. (2009) found evidence for 
3408 density-dependent effects in threadfin shad that were consistent with previous research in 
3409 reservoirs which showed that intraspecific competition for food could limit growth of threadfin 
3410 shad (Johnson 1970). Other studies found that the condition of young threadfin shad was 
3411 sensitive to prey abundance (Kashuba and Matthews 1984) and that interactions between food 
3412 availability and water temperature affected growth rates and cohort survival of young threadfin 
3413 shad (Betsill and Van Den Avyle 1997). It is possible that other biotic and abiotic habitat 
3414 attributes are also important for threadfin shad in the Delta, but long-term trends in threadfin 
3415 shad summer habitat have not yet been systematically and comprehensively examined. 
3416 
3417 Long-term trends in abiotic habitat during summer have not been examined. However, there is 
3418 no evidence that abiotic habitat - measured as the combination of water temperature, clarity, and 
3419 salinity - has declined in recent years in fall (F eyrer et al. 2007). Indirectly, habitat conditions 
3420 may affect the abundance or survival of young threadfin shad by controlling the density of 
3421 suitable prey organisms, particularly cladocerans. 
3422 
3423 Threadfin shad is a major component of piscivorous fish diets (Stevens 1966, Nobriga and 
3424 Feyrer 2007). However, there is insufficient data to determine if predation mortality 
3425 significantly affects the population during summer. Threadfin shad is also the most common fish 
3426 collected at the export facilities (Brown et al. 1996). However, there are no significant results to 
3427 date for an effect of summer exports on the population. 
3428 
3429 Fall: As mentioned above, Feyrer et al. (2009) noted a disconnect between threadfin shad 
3430 abundance in summer and fall which may be related to episodes of low DO, toxic M aeruginosa 
3431 blooms, and limited food supply in late summer. An analysis of fall abiotic habitat condition for 
3432 threadfin shad- measured as the combination of water temperature, clarity, and salinity - found 
3433 no trend in the southeastern part of the Delta where threadfin shad are most commonly found 
3434 (Feyrer et al. 2007). 
3435 
3436 Threadfin shad is a major component of piscivorous fish diets (Stevens 1966; Nobriga and 
3437 Feyrer 2007). Striped bass, one of the primary predators on threadfin shad, move into the Delta 
3438 from downstream bays and the ocean during the fall. This large influx of predators undoubtedly 
3439 increases predation pressure on threadfin shad. The other primary predator, largemouth bass, 
3440 resides in the Delta all year. However, as mentioned, the effects of predation on the population 
3441 have not been studied. Two additional sources of top-down mortality include water exports and 
3442 commercial harvest. Seasonal salvage of threadfin shad has been highest and most variable 
3443 during fall. Two recent modeling efforts provide limited support for some effect of exports 
3444 (Thomson et al. 2010, Mac Nally et al. 2010). Commercial fishing harvest has also been highest 
3445 during the fall months (Feyrer et al. 2009). The effects of the loss of these fish from the 
3446 population have not been studied. 
3447 
3448 There is no direct correlational evidence that food densities affect threadfin shad abundance. 
3449 However, apparent growth rates during fall have been negatively related to abundance. As 
3450 mentioned above, this relationship suggests density-dependent effects may be important. 
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3451 
3452 Winter: The abundance of threadfin shad is not measured during winter, thus it is not possible to 
3453 determine the potential importance of individual drivers. Long-term trends in habitat conditions 
3454 (salinity and temperature) during winter are presumed to be generally similar to the fall, which 
3455 would suggest no major impacts on the population. However, low water temperatures are known 
3456 to cause massive die offs of threadfin shad and may be important at times in the Delta because 
3457 winter temperatures occasionally decline below the minimum tolerances of threadfin shad (6-
3458 8°C; Turner 1966). 
3459 
3460 The top-down effects of predation are presumed to be similar to the fall; however, there is 
3461 insufficient data to determine if predation mortality significantly affects the abundance of 
3462 threadfin shad during winter. There was an increase in the salvage of threadfin shad during 
3463 winter prior to the onset of the POD, but it has steadily declined since that time. 
3464 
3465 Spring: As mentioned above, there is little evidence for large-scale stock-recruitment effects 
3466 (Feyrer et al. 2009). There are years in which spring abundance appears to respond to fall 
3467 abundance, but the data are highly variable. 
3468 
3469 Long-term trends in abiotic habitat conditions during spring have not been studied. 
3470 As already mentioned above, indirect evidence suggests that the availability of food resources 
3471 may have an effect on the survival and abundance of young threadfin shad during spring and 
34 72 summer. 
3473 
3474 Seasonal salvage of threadfin shad is lowest during spring and exports are not likely to affect the 
3475 population during this season. As water temperatures increase during spring so does predation 
3476 pressure from other species. The extent to which this affects the population has not been studied. 
3477 

3478 The Pelagic Organism Decline: A Historical Perspective 
3479 

3480 Why a historical perspective? 
3481 
3482 Since its inception in 2005, the POD investigation has largely focused on drivers that currently 
3483 affect resources in the San Francisco Estuary. It is, however, important to understand that current 
3484 conditions represent the outcome of a continuum of major changes to the system. Some of these 
3485 historical changes are likely as important in understanding the POD as some of the more recent 
3486 changes. Carpenter and Turner (2000) state this concept as follows: "ecosystem dynamics are 
3487 history dependent because of the coupling of events across a range of cycling times" (or time 
3488 scales). Note that we do not present this historical perspective to represent historical conditions 
3489 as a baseline or target for management; however, it is instructive to compare the functioning of 
3490 the current ecosystem with earlier periods. Such comparisons provide useful insights into some 
3491 of the structural and functional ecosystem attributes that have been lost, and insight into the 
3492 magnitude of changes that might be necessary to recover them. 
3493 
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3494 Ecological resilience is a key concept for understanding how ecosystems respond to natural and 
3495 human disturbances. Ecological resilience is the capacity of an ecosystem "to absorb disturbance 
3496 and reorganize while undergoing change so as to retain essentially the same function, structure, 
3497 identity, and feedbacks" (Folke et al. 2004). In other words a resilient ecosystem will look and 
3498 function the same, before and after a disturbance, given adequate time to recover. A resilient 
3499 ecosystem has options to adapt to change - it has "adaptive capacity" (Folke et al 2002). 
3500 Understanding changes in ecological resilience of the San Francisco Estuary due to long-term 
3501 historical changes or relatively recent changes is central to the emerging understanding of the 
3502 POD as an ecological regime shift. An ecological regime shift is an abrupt transition from the 
3503 previous state (regime) to a fundamentally different state with altered functions, structure, 
3504 identity, and feedbacks. These concepts are explored in more detail in the following sections. 
3505 

3506 Change in Ecosystems 

3507 
3508 Estuaries are highly dynamic ecosystems that constantly undergo change (Healy et al. 2008). 
3509 Before summarizing the historical changes in the San Francisco Estuary, we will briefly discuss 
3510 drivers of change in ecosystems, and define some terms used in the remainder of the report. 
3511 
3512 Ecological change is brought about by interlinked drivers operating across a large range of 
3513 temporal and spatial scales and often occurs in cycles (Chapin et al. 2009). Adaptive cycles 
3 514 consist of a slow growth and conservation phase which, after a significant disturbance, is 
3515 followed by rapid collapse and release and eventually by reorganization and renewal. The growth 
3 516 and conservation phases are characterized by increasingly efficient, but also increasingly rigid 
3517 use of available resources which erodes the resilience of the system to disturbance. Persistent 
3 518 small-scale disturbances (e.g. seasonally variable hydro graphs, localized floods, small-scale 
3519 fires) prevent optimization of resource use, but can help maintain resilience to larger scale 
3520 disturbances. 
3521 
3522 Exogenous drivers, such as climate and geology, generally affect large regions and remain 
3523 relatively constant over long periods of time (centuries). They set the context for drivers 
3524 operating at the ecosystem scale. At the other extreme are small-scale, rapidly (less than a day to 
3525 a few years) acting drivers with more localized, but sometimes large and/or lasting effects. They 
3526 include individual events such as fires, floods, droughts, disease outbreaks, or toxic spills as well 
3527 as variables exhibiting daily (e.g. tides), seasonal (e.g. seasonal upwelling or oxygen sags), or 
3528 multi-year (e.g. strong upwelling) variations and cycles. The operational time scale of these fast 
3529 variables is similar to biological response times (e.g., spawning migration and mating, 
3530 reproductive cycle, and life span; see Figure 2 in Kimmerer 2004) and human planning horizons. 
3531 These coinciding temporal scales may be the reason that fast variables have received a 
3532 disproportionate amount of attention and many of them have come to be regarded as undesirable 
3533 stressors. From an ecosystem resilience perspective, however, slower ecosystem drivers -
3534 usually just a few per ecosystem - that operate at intermediate scales are most important 
3535 (Carpenter and Turner 2000). These "critical slow variables" (Chapin et al. 2006) include 
3536 presence and redundancies of particular functional types of organisms, disturbance regimes, 
3537 hydrological and nutrient regimes, biogeochemical processes, and biotic and abiotic landscape 
3538 features. These variables change relatively slowly (years to decades). They provide important 
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3539 stabilizing feedbacks that may counteract the effects of more rapid drivers, thus influencing 
3540 resilience and the likelihood of regime shifts. More than any other drivers, slow variables 
3541 establish the identity of an ecosystem, including its structure (the biological and physical 
3542 components) and functions (processes), and longevity as an entity. In spite of their importance, 
3543 they have received relatively less attention, as have the linkages between drivers interacting 
3544 across temporal and spatial scales (Groffman et al. 2006). 
3545 
3546 An ecological regime shift is a large change in the identity of an ecosystem such that there is a 
3547 transition from one ecological state (regime A) to another (regime B) (Figure 36). When the 
3548 ecosystem responds more or less linearly to changes in drivers, the regime change happens 
3549 gradually. When there is a non-linear response to a relatively small change in drivers, change 
3550 happens more abruptly and is often referred to as a "regime shift" (Scheffer and Carpenter 2003). 
3551 If the trend in drivers reverses direction, the system may respond with a transition back to regime 
3552 A that closely mirrors its previous transition to regime B; however, a return to regime A may not 
3553 occur (Davis et al. 2010). Some change is simply irreversible because key attributes of the 
3554 original regime have been irretrievably lost. In other cases, the back-transition may require a 
3555 larger change in drivers than expected based on the original transition. This is particularly 
3556 common for non-linear changes, where driver thresholds for the back-transition may be different 
3557 than the thresholds for the original transition. This pattern is called "hysteresis," or system 
3558 memory. Hysteresis is the result ofregime-specific internal feedbacks most often associated 
3559 with slow variables. These features ofregime shift have many important implications for 
3560 ecosystem management and restoration such as surprising collapses, slower than expected 
3561 recovery, or overall unexpected outcomes ofrecovery efforts. Consequently, adaptive 
3562 management approaches require flexibility with a strong learning (science) component. 
3563 
3564 Drivers of ecosystem change include both natural drivers and human activities. In the remainder 
3565 of this report, we define natural and anthropogenic drivers that produce adverse or undesirable 
3566 changes in ecosystem structure and functions as stressors. Like many other estuaries around the 
3567 world, the San Francisco Estuary has been severely altered by humans over the last 150 years 
3568 (Lotze et al. 2006). Some of the changes were gradual, while others were more rapid (see 
3569 Atwater et al. 1979, Nichols et al. 1986, Lund et al. 2007, Healey et al. 2008, Moyle et al. 2010). 
3570 

3571 Environmental History: Four Eras 

3572 
3573 Here, we provide a brief summary of four major periods in the environmental history of the San 
3574 Francisco estuary: (1) Pre-European; (2) Gold Rush; (3) Post-Reservoir; and (4) POD. We 
3575 selected these periods based on our understanding that each transition between these periods 
3576 involved an extreme change to the ecosystem with major structural and functional alterations. In 
3577 many cases, the transitions were associated with important slow variables. 
3578 
3579 Our summary of the Post-Reservoir and POD periods relied mostly on actual data from sampling 
3580 in the region. By contrast, data are largely lacking for the first two periods. There are some data 
3581 on salinity regimes and landscape changes (e.g. Byrne et al. 2001, Atwater et al. 1979), but 
3582 almost no quantitative information about the biota. In the absence of these data, much of the 
3583 analysis of earlier periods is based on professional judgment and reasonable assumptions about 
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3584 how the ecosystem likely functioned. As a consequence, the description of the Pre-European and 
3585 Gold Rush periods should be interpreted with caution. 
3586 
3587 1. Pre-European Period 
3588 
3589 Before the arrival of Europeans, the San Francisco estuary was characterized by high landscape 
3590 heterogeneity and hydrological variability with strong oscillations at tidal, seasonal, and decadal 
3591 scales (Emight and Culberson 2010). Sediment cores indicate that the three millennia prior to 
3592 European colonization had two extended dry perFiods lasting centuries during which salinities in 
3593 the Delta were relatively high (Byrne et al. 2001). Except for these dry periods, however, 
3594 salinity in the Delta was generally very low. At the time of European arrival, the estuary was in 
3595 an extended wet period that started around 1250 AD and was characterized by high freshwater 
3596 inflows (Byrne et al 2001). Seasonally, inflows and outflows were highest in the winter and 
3597 spring and lower in the summer and fall. High San Joaquin River inflows extended longer into 
3598 the summer than inflows from the Sacramento River due to later snow melt from higher 
3599 mountain ranges in the southern Sierra Nevada (Moyle et al 2010). Mean Delta salinities during 
3600 this period were overall very low (Byrne et al 2001) and probably similar to those documented in 
3601 early technical reports, which placed the boundary between freshwater and saltwater near 
3602 Carquinez Straits (Means 1928 cited in Contra Costa Water District 2010). This has since been 
3603 confirmed by paleoecological studies (summarized in Contra Costa Water District 2010). 
3604 Seasonally, the Delta my have occasionally become somewhat salty in the summer and fall, but 
3605 would always return to freshwater in the winter and spring. 
3606 
3607 The pre-European Delta landscape was not untouched by humans- many native American tribes 
3608 lived in and around the Delta. The Delta they knew was characterized by extensive inland tule 
3609 marsh, seasonal floodplain, and complex channel geometry including many small distributary 
3610 channels and dead-end sloughs as well as larger channels with natural levees of varying sizes 
3611 (Moyle et al. 2010, R. Grossinger and A. Whipple, SFEI, unpublished data). This complexity 
3612 likely resulted in substantial spatial heterogeneity of various habitat attributes such as water 
3613 temperature. On the other hand, small-scale (fast) temporal variability may have been lower than 
3614 later on. For example, the extensive tidal marshes (a slow variable) likely muted tidal effects by 
3615 dissipating tidal energy, thus reducing short-term variability in salinity and possibly other water 
3616 quality variables (Moyle et al. 2010, Emight and Culberson 2010). Other pre-European 
3617 ecosystem attributes are less certain, but may have included higher levels of biological-based 
3618 turbidity and lower dissolved nutrient concentrations. This represents the baseline period for our 
3619 review, when productivity of native phytoplankton, zooplankton, fishes, and waterfowl 
3620 (migratory and resident) were likely at peak levels and invasions by non-native species were 
3621 rare. In addition to the native resident and migratory pelagic fishes, the pelagic zone was 
3622 inhabited by relatively large invertebrates including native mysid shrimp and calanoid copepods. 
3623 Primary producers included the phytoplankton community that likely underwent regular spring 
3624 bloom cycles and likely featured abundant nutritious species, as well as benthic algae and 
3625 various types of macrophytes. In addition to autochthonous phytoplankton production, young 
3626 detritus from adjacent tidal marsh production, easily broken down by microbes, likely subsidized 
3627 pelagic production in the summer and fall. Allochthonous riverine and floodplain phytoplankton 
3628 and detritus might have been a particularly important subsidy in the spring. 
3629 
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3630 2. Gold Rush Period 
3631 
3632 The Gold Rush Period, starting in the mid-l 800s, was characterized by perhaps the most extreme 
3633 and rapid changes to the estuary (Atwater et al. 1979). Many of these changes resulted from 
3634 human engineering activities such as mining, levee construction, draining of wetlands and 
3635 dredging of channels. Mercury was mined in the Coast Ranges for use in gold mining in the 
3636 western Sierras. Both the mercury mining and subsequent loss of portions of the mercury used 
3637 during gold mining operations contributed to later concerns about bioaccumulation of mercury in 
3638 biota. Abandoned hardrock mines for copper, gold and other metals began contributing acid 
3639 mine waste containing a variety of metals to streams in the watershed. Upstream hydraulic gold 
3640 mining activities resulted in the mobilization of massive quantities of sediment which increased 
3641 sediment loading to peak levels in the late 1800s (Shvidchenko et al. 2004, Meade 1982). This 
3642 likely resulted in greatly increased non-biogenic turbidity and mineral sediment deposition in the 
3643 estuary. It also resulted in filling of river channels with sediments which decreased the capacity 
3644 of channels to transport high flows. The resulting increased :flooding of surrounding areas and 
3645 filling of navigation channels led to a court decision that abruptly curtailed hydraulic mining 
3646 activities in 1884. In addition, levees were constructed along channels to support shipping traffic, 
3647 reduce flood risks, and :flush excess sediments. These actions had the intended effects of 
3648 increasing channel capacity and reduce :flooding, but also caused substantial losses of marginal 
3649 habitat (e.g. tules and riparian areas) and marshes as well as major alterations to channel 
3650 geometry. In addition, the levees were used to isolate areas for drainage and conversion into 
3651 farmland. Overall, the formerly complex estuarine landscape was simplified into large, diked 
3652 polders locally called "islands" intersected by a roughly linear grid of relatively deep, steep-sided 
3653 channels. Development activities also likely increased inputs of nutrients and some 
3654 contaminants, but loss of wetlands may have reduced inputs of dissolved and particulate organic 
3655 carbon. Loss of shading by tules and riparian vegetation in the Delta and upstream in the 
3656 watershed may have increased average water temperatures to some degree but more likely 
3657 decreased temperature heterogeneity. The simplified habitat geometry from loss of dead-end 
3658 sloughs likely resulted in changes in mixing that may also have further decreased temperature 
3659 heterogeneity. 
3660 
3661 Salinity in the Delta appears to have remained low until upstream diversions started significantly 
3662 reducing Delta outflows in the 1920s (Contra Costa Water District 2010). Low salinity until the 
3663 1920s was associated with high levels of :freshwater diatoms in sediment cores (Byrne et al. 
3664 2001 ). However, phytoplankton productivity probably decreased substantially as a result of light 
3665 limitation from increased turbidity levels caused by increased suspended sediment. There is little 
3666 doubt that the huge input of hydraulic mining sediments radically altered the benthic community. 
3667 Benthic microalgae, once likely a major component of the estuarine primary producer 
3668 community, were likely subjected to higher rates of deposition of fine materials from upstream 
3669 mining activities. Similarly benthic invertebrates would have been subject to higher 
3670 sedimentation rates. This may have favored benthic plants and animals with high tolerances for 
3671 silt and the ability to avoid smothering, which may have caused changes in species composition, 
3672 but there is no historical information to evaluate this hypothesis. A drop in primary productivity 
3673 likely cascaded upward to zooplankton. Zooplankton composition may have been altered by the 
3674 start of invasions from ballast water, the intentional introduction of sport fishes (and water from 
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3675 their native habitats), and more frequent salinity intrusions after 1920 with especially high 
3676 salinity levels during the 1928-1934 drought. 
3677 
3678 Following the Gold Rush, Europeans introduced many fishes intended to provide food or sport. 
3679 The early introductions included American shad, striped bass, centrarchids (bass and sunfish) 
3680 catfish and carp (Dill and Cordone 1997). American shad and striped bass did particularly well, 
3681 thriving in the high turbidity estuary. Native species are thought to have declined substantially 
3682 during this period because of habitat alteration and competition from introduced species. The 
3683 once common native thicktail chub started declining in the late 19th century and finally became 
3684 extinct in the late 1950s. Salmonids, particularly Chinook salmon were heavily fished during 
3685 this period. Mining activities resulted in sedimention and loss or reduced quality of spawning 
3686 gravels for salmon and all other riffle spawning species. At the same time access to upstream 
3687 spawning areas was reduced due to relatively small and sometimes temporary dams and 
3688 diversions constructed for mining or agricultural purposes. The construction of larger, 
3689 permanent dams accelerated through this period for municipal and agricultural water supply and 
3690 flood protection. The area of dam construction reached its peak with the construction of the 
3691 SWP and CVP. 
3692 
3693 3. Post-Reservoir Period 
3694 
3695 The construction of reservoirs and the CVP and SWP started in the first half of the 20th century 
3696 and led to additional extreme changes to the estuary. The hydrology of the estuary was altered 
3697 by reservoirs that held spring run-off and then released stored water during summer and fall for 
3698 municipal and agricultural use (Mount 1995, Moyle et al. 2010). These changes reduced flood 
3699 flows, which reduced seasonal inundation of floodplains. The absence of flooding, also 
3700 facilitated by levee construction, allowed development of former floodplains for agricultural and 
3701 urban uses. The reservoirs also disrupted the sediment transport processes by intercepting and 
3702 storing sediments transported down from the Sierra Nevada. Sediments immediately below the 
3703 dams that could be transported by the altered flow regime were eventually depleted and could 
3 704 not be renewed from above the reservoir. The construction oflevees, loss of floodplain, and 
3705 reduction in flooding, decreased sediment recruitment from the floodplains and banks of the low 
3706 elevation portions of the larger rivers. 
3707 
3708 Water diversions from the Delta increased with increased urban and agricultural demands due to 
3 709 steady population growth. Year-round water exports from the Delta started in 1968 after the 
3710 completion of San Luis Reservoir and eventually led to mostly negative (upstream) river flows in 
3711 the OMR channels of the central and southern Delta. Upstream and in-Delta diversions reduced 
3712 inflows from the San Joaquin River to a minor proportion of freshwater inflows into the Delta. 
3713 After removing seasonal and decadal-scale oscillations, the long-term trend in outflow was 
3714 positive from 1929 until 1960 and followed the long-term positive trend in precipitation. 
3715 Precipitation continued to increase after 1960, but the long-term trend in outflow turned negative 
3 716 after 1960. There was overall lower outflow for the period from 1968 to 2006 compared to the 
3717 previous four decades. The greatest outflow reductions occurred during the last two decades 
3718 (Enright and Culberson 2010). Reservoir and water project operations also had a dampening 
3719 effect on outflow variability; however, both seasonal and annual outflow variability became 
3720 overall more, not less, variable in the post-reservoir period due to overall wetter hydrology 

84 



3721 during this period. To date, the Mediterranean climate of California remains the most powerful 
3722 driver oflong-term variability in outflow at the seasonal and interannual scale (Enright and 
3 723 Culberson 2010). The spatial extent of salinity intrusions peaked early in the 201

h century before 
3724 fresh water was drawn from the Sacramento River across the Delta to the CVP and SWP export 
3725 facilities. However, while saltwater was kept out of the central Delta by drawing fresh water 
3726 across the OMR corridor, the western Delta and Suisun Bay became increasingly salty in the 
3727 summer months (Contra Costa Water District 2010) and, similar to outflow, exhibited more 
3728 variability in salinity after 1968 than in the previous decades (Enright and Culberson 2010). 
3729 Several multi-year droughts tested the capacity of the system to satisfy the competing human and 
3730 environmental needs for water and other ecosystem services. This is in spite of the relatively 
3731 stable and moderate climate enjoyed by California over the last 150 years (Malamud-Roam et al. 
3732 2007) and higher precipitation than in the previous period (Enright and Culberson 2009). 
3733 
3 734 Nutrient inputs increased as a result of inputs of fertilizer in agricultural and urban runoff. The 
3735 expansion of agricultural and urban land uses in the San Francisco Estuary and watershed also 
3736 increased the diversity and amounts of contaminants in the system. Organochlorine insecticides, 
3737 including dichlorodiphenyltrichloroethane (DDT), were already being phased out during this 
3738 period but were replaced by organophoshate pesticides. Residues of organochlorine compounds 
3739 can still be found throught the system. A wide array of herbicides was used during this time 
3740 period. Waste products from industrial processes led to inputs of a wide variety of contaminants. 
3 7 41 Urban uses of pesticides, fertilizers and other industrial products resulted in contaminant inputs 
3742 through urban runoff and in treated wastewater. Many such inputs were reduced after their 
3743 detrimental effects were recognized through implementation of legislation, such as the Clean 
3744 Water Act, or other regulations. These reductions resulted in real benefits to the environment 
3745 and organisms; however, low-level, sub-lethal inputs continued. New pesticides and other 
3746 chemicals continued to be developed, used, and transported into aquatic ecosystems. 
3747 
3748 Biologically, the post-reservoir period is characterized by an accelerating rate of invasion by 
3 7 49 alien species, especially at lower trophic levels (Nichols et al. 1986, Cohen and Carlton 1998). 
3750 There were multiple invasions of mysids, copepods, andjellyfish,with an overall drop in body 
3751 size of crustacean zooplankton (Winder and Jassby 2010). Some of the most extreme changes 
3752 occurred in the benthic community, where successive invasions by the bivalves C. jluminea and 
3753 C. amurensis led to their dominance of this habitat (Peterson and Vayssieres 2010). These 
3754 bivalves greatly increased benthic grazing pressure on planktonic phytoplankton and 
3755 zooplankton (Jassby et al. 2002). The zooplankton community was also almost entirely replaced 
3 756 by non-native species (Winder and Jass by 2010). The dramatic displacement of indigenous 
3757 pelagic and benthic primary consumers by introduced species during this period was 
3758 accompanied by changes in primary producers notably: (1) the decline of diatoms; (2) increases 
3759 in flagellates; and (3) an overall decline in phytoplankton cell size, biomass and productivity 
3760 (Lehman 2000, Jassby et al. 2002). Finally, two exotic aquatic macrophytes also appeared in the 
3761 Delta during this period. The floating aquatic macrophyte Eichhornia crassipes (water hyacinth) 
3762 started proliferating in the early 1980s; however a successful control program has reduced the 
3763 ecological effects of this invasion. E. densa was introduced in the 1960s, but did not reach 
3764 nuisance levels until after the 1987-1992 drought (Jassby and Cloern 2000). In addition to their 
3765 direct effects on native species via competition and predation, some of the invasive species, 
3766 especially E. densa, also act as powerful "ecosystem engineers" (Jones et al. 1994, Breitburg et 

85 



3767 al. 2010), adding to the human reengineering of the system during the Gold Rush and Post-
3768 Reservoir periods. 
3769 
3770 Downward trends in several fish species became apparent in the second half of the 20th century, 
3771 resulting in the eventual listing of seven fish species under the CESA or FESA, including two of 
3772 the POD species. Declining turbidity was implicated in the long-term declines of delta smelt, 
3773 longfin smelt, and age-0 striped bass. Increases in water exports, X2, and changes in the food 
3774 web also contributed to varying degrees to the long-term decline in the POD fish species 
3775 (Thomson et al 2010, Mac Nally et al. 2010). There were relatively fewer introductions of fishes 
3776 during the Post-Reservoir Period. Increasing populations of previously introduced littoral fishes, 
3777 particularly largemouth bass and other centrarchids which benefitted from expanding SAV in 
3778 shallow water habitat may have affected native species, especially through predation (Dill and 
3779 Cordone 1997, Brown and Michniuk 2007, Moyle and Bennett 2008). Similarly, Mississippi 
3 780 silverside, a habitat generalist, may affect native species through both competition and predation 
3781 on egg and larval life stages (Bennett 2005, B. Schreier, CDWR, personal communication). 
3782 
3783 4. POD Period 
3784 
3785 The POD Period represents a period of continued decline in turbidity as the last of the mining 
3786 sediments were transported out of the river and estuarine channels. Careful control ofreservoir 
3787 operations and exports resulted in a stabilized hydrology (Moyle et al. 2010) and a relatively 
3788 upstream location ofX2 especially in the fall irrespective of water year type (Figure 26; Feyrer et 
3789 al. 2007). Another major change to physical habitat during this period was the rapid expansion 
3790 of E. densa, which likely benefited from the more hydrologically stable conditions and reached 
3791 peak levels (Brown and Michniuk 2007, Baxter et al. 2008, Bestir 2010). The proportion of San 
3 792 Joaquin River water in the Delta was low relative to Sacramento River contributions. Water 
3793 temperatures were relatively warm as compared to the previous decade. Ammonium levels 
3794 reached their highest levels as a result of urban inputs (Jassby 2008), while phosphorus inputs 
3795 (total phosphorus and soluble reactive phosphorus) declined due to an abrupt 2-fold decrease in 
3796 urban phosphorus loading in the mid-1990s (Van Nieuwenhuyse 2007). Similarly, pyrethroid 
3 797 pesticides, herbicides and "emerging contaminants" showed increases because of agricultural 
3798 and urban inputs, but other pesticides, including Ops, declined (Oros and Werner 2005). 
3799 
3800 Phytoplankton biomass and primary production in the Delta and Suisun Bay declined to the 
3801 lowest levels ever observed in the mid- l 990s and recovered somewhat in the Delta during the 
3802 POD period; however, there continued to be major changes in phytoplankton species 
3803 composition (Baxter et al. 2008). Perhaps the most substantial change in phytoplankton was the 
3804 increase in the frequency, duration, and geographical extent of M aeruginosa blooms (Lehman 
3805 et al. 2008a). Similarly, there were continued changes in the zooplankton community, notably 
3806 the virtual disappearance of native mysids and the increase of the cyclopoid copepod L. 
3807 tetraspina (Orsi and Kimmerer 1986, Bouley and Kimmerer 2006, Winder and Jassby 2010). 
3808 Jellyfish adapted for brackish water increased in the western Delta, Suisun Bay and Suisun 
3809 Marsh (Schroeter 2008). Pelagic fishes reached historic lows, while invasive species such as 
3 810 largemouth bass, other centrarchids, and inland silversides reached their highest levels (Moyle 
3811 and Bennett 2008). 
3812 
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3 813 Human History - Then and Now 

3814 
3815 The four ecological eras of the San Francisco Estuary summarized above were closely linked 
3816 with social and scientific developments in California and the nation. Here we briefly touch on a 
3817 few of these changes because they pertain to our understanding of the POD in a historical 
3 818 context. 
3819 
3820 Many of the human-caused environmental changes over the past 150 years were intentional and 
3821 the outcomes were initially considered highly desirable based on the prevailing social values. 
3822 Some are still regarded as desirable by some segment of society. Examples include the 
3823 - "reclamation" of seasonal and tidal wetlands to support agricultural production and urban 
3824 development, intentional introduction of exotic species, prevention of seasonal flooding, 
3825 diversion of water from rivers to support a growing human population, and the dilution, 
3826 transformation and export of wastes in waterways. Other changes that have occurred were 
3827 largely unnoticed because they did not appear to directly affect ecosystem services valued by 
3828 humans. Examples of these types of changes include changes in water quality that ultimately 
3829 affect ecosystem productivity but do not exceed legal thresholds, and changes in sedimentation 
3830 processes that slowly affect clarity of downstream waters. The effects of both types of changes 
3831 on important slow variables, such as hydrological and landscape heterogeneity, that previously 
3832 had defined and maintained the unique identity of the system during the pre-European period 
3833 were largely ignored in favor of more immediate gains through control of adverse (to humans) 
3834 impacts of fast variables, such as individual flood or drought events and seasonally unreliable 
3835 freshwater supplies. It has now been recognized that some of these changes have affected other 
3836 segments of society. For example, decreasing fish populations have affected the economic well 
3 83 7 being of some recreational and commercial fishing industries. Perceptions of value have also 
3838 changed with society placing new emphasis on the recreational, aesthetic and ecological 
3839 functions of natural systems, including the San Francisco Estuary and watershed. 
3840 
3841 New scientific findings about ecosystems, increasing environmental consciousness, and finally 
3842 the new environmental laws of the 1960s and 1970s represented an important scientific and 
3843 social change. In the Delta and Suisun Bay, this resulted, among other things, in the initiation of 
3844 long-term ecological monitoring and studies by the IEP and others in the 1970s. The latest 
3 845 development in this context was the enactment new water-related legislation by the California 
3 846 legislature in 2009. This comprehensive legislative package included the creation of a new Delta 
3847 Stewardship Council charged with promoting the: "coequal goals of providing a more reliable 
3848 water supply for California and protecting, restoring, and enhancing the Delta ecosystem. The 
3 849 coequal goals shall be achieved in a manner that protects and enhances the unique cultural, 
3850 recreational, natural resource, and agricultural values of the Delta as an evolving place" 
3851 (California Water Code §85054). 
3852 
3853 The co-equal goals as well as the creation of the Delta Stewardship Council are in general 
3854 agreement with a recent change in natural resource management toward "ecosystem-based 
3855 management" (McLeod et al. 2005) and "resilience-based ecosystem stewardship" of "social-
3856 ecological systems" (Chapin et al. 2009), which increases adaptive capacity (Folke et al 2002). 
3857 The codification of the need to protect the Delta ecosystem as a whole, not just specific 
3858 ecosystem services or beneficial uses, is particularly consistent with these changes in the 
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3859 approach to resource management. Ideas associated with this new management model are 
3860 rapidly gaining momentum (e.g., The Johnson Foundation 2010). This represents a fundamental 
3861 shift from the traditional and still common "steady-state management", which focuses on 
3862 preventing change and reducing variability of natural systems, to adaptive management, which 
3863 incorporates and addresses change (Falke et al. 2002). 
3864 
3865 In the traditional management model, natural systems are considered largely separate from 
3866 human systems and are assumed to be relatively stable (unchanging) and infinitely resilient 
3867 (Falke et al 2004). The traditional management model ignores changes in slow variables (which 
3868 are simply considered stable) and focuses mostly on rigidly controlling fast variables perceived 
3869 as undesirable disturbances. The model maximizes a few select ecosystem services (e.g., 
3870 provisioning of water or food) while discounting others (e.g., nutrient cycling). New 
3 871 management models include change as a fundamental property of social-ecological systems. 
3872 Instead of suppressing change, management can include variability at various temporal and 
3873 spatial scales in ways that sustain all ecosystem services (Chapin et al 2009). 
3874 
3875 Fundamental to the thinking of these new theorists is that ecological resilience cannot be taken 
3876 for granted (Falke et al. 2004). Reduced resilience is related to changes in slow variables and 
3877 thereby to recent undesired and unexpected changes in many ecological structures and functions. 
3878 These unexpected outcomes are opposite to the intent and assumptions of traditional steady-state 
3879 management, which emphasizes stability and reliable provision of certain ecosystem services 
3880 (e.g., water supply reliability). Many ecosystems are currently experiencing rates ofchange 
3881 much greater than during the past 10,000 years (the Holocene). These high rates of unexpected 
3882 change lead to catastrophic shifts to less desirable, degraded states (Crutzen 2004, Rockstrom et 
3883 al. 2009). On a regional scale, reports of major and often rapid changes in ecosystems are 
3884 increasingly common and include collapses of important natural resources, from fisheries to 
3885 coral reefs to forest systems (Falke et al. 2004). Many of these changes are so dramatic they have 
3886 been called regime shifts. We hypothesize that the POD was one such rapid, unexpected 
3887 collapse. 
3888 

3889 A Tale of Two Estuaries 
3890 

3891 Why a new conceptual model? 

3892 
3893 Here, we introduce the idea of an ecological regime shift in the Delta and Suisun regions of the 
3894 estuary as a new conceptual model and working hypothesis for the POD. The regime shift 
3895 conceptual model expands the POD beyond the original focus on pelagic fishes to the ecosystem 
3896 level and places it in a historical context. This allows integration of the POD with other changes 
3897 in the system that may not be a clear part of the narrower POD story, but may be essential to 
3898 understanding and managing the system in its current state. For example, the new conceptual 
3899 model includes changes in population dynamics and abundance of migratory fish species, such as 
3900 salmonids and sturgeons, and in littoral and benthic communities. It also includes changes that 
3901 happened or began long before the POD. In addition to providing a more inclusive narrative 
3902 outline, the regime shift concept focuses attention on the ideas of system resilience and 
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3903 ecological thresholds, which have implications for choice of management approach. The regime 
3904 shift approach provides for comparison of the San Francisco Estuary with other systems 
3905 undergoing regime shifts. Thus, lessons learned in other systems about how to avoid or reverse 
3906 regime shift can be more directly translated to the Delta (Biggs et al. 2009). Further exploration 
3907 of the POD in the regime shift context should provide insights into possible future alternative 
3908 states that may arise as a result of management interventions or other changes in environmental 
3909 drivers and may usher in a new era of "resilience science" (McLeod and Leslie 2009) in the 
3910 estuary and watershed. Ultimately, this new conceptual model, the associated extended POD 
3911 narrative, and the new scientific endeavors that might arise from it are aimed at informing new 
3912 resilience-based, adaptive ecosystem management and conservation strategies to build or rebuild 
3913 adaptive capacity of the estuary and watershed. For the purpose of this report, however, the 
3914 regime shift concept serves to integrate history, drivers, and affected ecosystem attributes in a 
3915 cohesive narrative with gradual changes in ecosystem resilience, short-term disturbance, and 
3916 random effects on populations and communities. 
3917 

3918 Ecological regime shift 

3919 
3920 As described earlier, ecological regime shifts are rapid, large-scale, lasting changes in 
3921 ecosystems from one more-or-less stable regime (or state) to another (Scheffer and Carpenter 
3922 2003) caused by a non-linear system response to drivers of change. The term regime shift was 
3923 first introduced in the ecological literature to describe the fluctuating stocks of sardines and 
3924 anchovies (Lluch-Belda et al. 1989). Regime shifts have since been described worldwide for a 
3925 wide variety of ecosystems including oceans, lakes, estuaries, and terrestrial systems (reviewed 
3926 in Folke et al. 2004). A number of studies support the idea of a recent regime shift in the upper 
3927 San Francisco Estuary associated with the POD (Manly and Chotkowski 2006, Moyle and 
3928 Bennett 2008, Mac Nally et al. 2010, Thomson et al. 2010, Moyle et al. 2010). 
3929 
3930 Regime shifts can occur naturally or in response to human actions, and often come as a surprise. 
3931 A popular analogy (Figure 37) uses an image of a ball to represent a community or ecosystem in 
3932 a system of valleys, which represent alternative stable states. A regime shift is represented by 
3933 the ball rolling from one valley across a ridge (an unstable state or threshold) into an adjacent 
3934 valley (or alternative stable state) (Beisner et al. 2003). 
3935 
3936 If the initial state is considered desirable by society, the regime shift is regarded as undesirable 
3937 due to costly consequences to humans and natural resources, and because of difficulties in 
3938 reverting back to more desirable stable states. The severity of a regime shift and the potential for 
3939 reversal depends on the resilience of the ecosystem. It is important to note that resilience does 
3940 not mean that changes do not occur. Rather, the system may absorb disturbance by reorganizing 
3941 and adapting such that essential "functions, structure, identity, and feedbacks" of the system are 
3942 maintained (Folke et al. 2004). 
3943 
3944 In theory, regime shifts happen either because drivers push communities beyond the limits of 
3945 their resilience and into an alternate stable state within a constant environment (the ball moves 
3946 from one valley to another), or because environmental drivers change the environment so the 
3947 stability of one state is reduced while an alternate state becomes more stable (the valley and ridge 
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3948 topography changes) (Beisner et al. 2003). An example of the former mechanism might be a 
3949 combination of overfishing and species invasions and associated trophic cascades (Daskalov et 
3950 al. 2007). The latter mechanism can include a slow and often imperceptible reduction of 
3951 resilience (valley topography) by changes in important slow variables that sustain important 
3952 internal feedbacks. At some point a threshold is exceeded and there is a rapid and unexpected 
3953 regime shift. In the context of the ball analogy, changes in slow variables can erode resilience by 
3954 moving valleys closer together and lowering the height of the ridge around the ball, making a 
3955 regime shift more likely given current drivers. As mentioned above, such shifts may not be 
3956 easily reversible. This phenomenon is known as hysteresis. In other words, pushing the ball 
3957 back uphill is hard and the ball may not actually return to the original valley, which may have 
3958 irretrievably disappeared. 
3959 
3960 Finally, random events (i.e., stochasticity) also play an important role in regime shifts. The final 
3961 push into a different state may come from random variability in populations and communities or 
3962 the environment. In the ball analogy, the ball does not sit perfectly still but changes position in 
3963 response to random variability in environmental drivers, internal feedbacks of the ecosystem or 
3964 both. If a random event is strong enough, an unexpected regime shift can occur and can even 
3965 lead to rapid extinction (Melbourne and Hastings 2008, Hastings and Wysham 2010). Such a 
3966 regime shift would be unexpected because it could occur even though known drivers remained 
3967 within the previously observed range of variability. Random effects may also come into play 
3968 with respect to Allee effects (Allee 1931, Dennis 1989, Courchamp et al. 1999, Berec et al. 
3969 2006). This makes forecasting ofregime shifts particularly difficult. 
3970 

3971 POD- a regime shift 

3972 
3973 As depicted in figure 8, we propose that changes in a suite of mostly abiotic, environmental 
3974 variables (drivers) led to changes in biological populations and communities in the system that 
3975 recently became so profound that a regime shift might have taken place that affected not just the 
3976 four POD fish species, but the entire system. We have started exploring the POD in the context 
3977 ofregime shift and do not yet know if this new regime represents an alternative stable state with 
3978 stabilizing feedbacks. More work is also needed to establish the slow and fast drivers that led to 
3979 this regime shift. Most of the environmental drivers in figure 8 have been under investigation by 
3980 the POD study and have been represented in the habitat and top-down boxes of the basic POD 
3981 conceptual model. However, the regime shift model explicitly considers operation of these and 
3982 other drivers over larger geographic scales and longer time scales than previously considered. In 
3983 addition, the regime shift model includes the effects of the drivers on all species and processes. 
3984 Importantly, recent analyses have not identified environmental drivers that can explain the POD, 
3985 but have identified drivers associated with long-term trends in POD fishes (Thomson et al. 
3986 2010). Most of these drivers changed gradually before the POD. As a group, the environmental 
3987 drivers we discuss in this report may represent at least some of the critical slow variables 
3988 determining the resilience and adaptive capacity of the Delta ecosystem. Additional critical slow 
3989 variables may emerge as we continue to explore this regime shift. 
3990 
3991 The environmental, slow drivers we propose for the POD regime shift are (1) outflow, (2) 
3992 salinity, (3) landscape, (4) temperature, (5) turbidity, (6) nutrients, (7) contaminants, and (8) 
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3993 harvest. These drivers are listed in our hypothesized order of their importance to the resilience of 
3994 the system and approximate rate of change. This order will likely change as we learn more about 
3995 the regime shift and associated drivers. The original, pre-regime shift state of the pelagic 
3996 community has been presented in the description of the Pre-European period provided above. As 
3997 described in the environmental history section above, the POD shift was preceded by changes in 
3998 drivers associated with the Gold Rush, changes in land use, and reservoir construction and 
3999 operation. A better understanding of prior changes will likely lead to a better understanding of 
4000 the POD shift and the current state of the system. Improved understanding of these changes will 
4001 also give insights into which drivers might be managed in a way that would improve ecosystem 
4002 resilience to future threats and perhaps lead to a more desirable state. We hope to explore the 
4003 POD regime shift and prior changes in drivers and thresholds in more detail in the future. 
4004 
4005 In the following sections, we will briefly summarize changes in the eight drivers identified above 
4006 and provide hypotheses abouttheir individual and combined effects on the biota and importance 
4007 to resilience. We will also briefly mention additional slow abiotic drivers we have not yet 
4008 explored as part of the POD investigation. Finally, we will describe the resulting new ecosystem 
4009 regime for the pelagic, benthic, and littoral zones of the Delta and Suisun Bay regions. 
4010 
4011 1) Outflow-Native species are adapted to the natural flow regime of the estuary which includes 
4012 natural variability in the frequency, timing, duration, and rate of change of flow events, and the 
4013 time intervals between major floods and droughts (Moyle et al 2010). Due to its Mediterranean 
4014 climate and the complex interplay of geomorphology and hydrology, outflow of freshwater from 
4015 the Delta to San Francisco Bay and the ocean varies greatly on ~idal, seasonal, and interannual 
4016 scales (Enright and Culberson 2010, Moyle et al. 2010, SWRCB 2010). Seasonally, winters are 
4017 wet and summers are dry. On a decadal scale, multi-year dry and wet periods are common. 
4018 Major shifts from overall dry to overall wet phases occur at the scale of centuries. Currently, the 
4019 estuary is in an extended wet period that started around 1250 AD. The decades since the middle 
4020 of the 201

h century have been particularly wet. In spite of some dampening of variability by 
4021 water project operations, natural climate (precipitation) variability is still the dominant driver of 
4022 seasonal and interannual outflow variability. Outflow may actually be more variable now than in 
4023 pre-European times when flows were dampened by large wetland and floodplain areas (Enright 
4024 and Culberson 2010). Outflow volume, however, is now about 15% lower than before year-
4025 round water project operations began in 1968 and the long-term trend in outflow is now 
4026 decoupled from the long-term trend in precipitation due to flow regulation and water diversions 
4027 (Enright and Culberson 2010). Recent fall outflows have been uniformly low irrespective of 
4028 water year type (Feyrer et al. 2007). 
4029 
4030 We hypothesize that in spite ofrecent human-caused flow alterations, the remaining strong, 
4031 climate-driven variability in outflows may presently act as the most important critical slow 
4032 variable that helps maintain the remaining original resilience of the system. We further 
4033 hypothesize that outflow volume is another important slow driver of ecological change via its 
4034 effects on residence time, the estuarine salinity gradient, and other physical processes. Future 
4035 changes in outflow variability and volume due to climate change will affect the adaptive capacity 
4036 of the system to respond to other changes. 
4037 
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4038 2) Salinity- The pre-European Delta, Suisun Bay, and Suisun Marsh were predominantly fresh 
4039 water environments, while much of San Francisco Bay was brackish (Contra Costa Water 
4040 District 2010). Overall, long-term trends in salinity were closely coupled to long-term trends in 
4041 climate and hydrology (Emight and Culberson 2010). Starting in 1968, the long-term trend in 
4042 salinity in Suisun Bay changed from a previously negative association with precipitation to a 
4043 positive one. In other words, similar to the long-term trends in outflow volume, trends in salinity 
4044 became decoupled from the previously dominant climate driver (precipitation) (Emight and 
4045 Culberson 2010). Early water diversions and wetland losses led to increased salinity intrusions 
4046 deep into the Delta. Reservoir operations and year-round water diversions that necessitated 
404 7 freshwater in the Delta shifted the salinity gradient back toward the west, but Suisun Bay 
4048 remained brackish. These changes constricted and stabilized the estuarine salinity gradient and 
4049 shifted the distribution of species adapted to marine, brackish, and freshwater conditions in the 
4050 estuary from pre-European times. Jassby et al (1995) showed that the location of the 2 psu 
4051 bottom isohaline along the axis of the estuary (distance from the Golden Gate in km) had simple 
4052 and significant statistical relationships with annual measures of many estuarine resources 
4053 including phytoplankton, clams, zooplankton, and fishes. While several of these X2 relationships 
4054 changed over time (Kimmerer 2002), many have remained intact. The invasion by the clam 
4055 Corbula amurensis and a host of other species as well as the change in some of the X2 
4056 relationships coincided with the low flow/high salinity conditions during the extended 1987-
4057 1992 drought (Winder and Jassby 2010). The recent decline in fall outflow has led to increased 
4058 and interannually less variable fall salinity in the western Delta and Suisun Bay since the 1987-
4059 1992 drought and especially during the POD years (Figure 26 and Figure 38; Winder and Jassby 
4060 2010). The constriction in habitat of suitable salinity (and turbidity) may have contributed to the 
4061 decline of delta smelt and other pelagic organisms (Feyrer et al. 2010). The more saline 
4062 conditions in Suisun Bay likely favored invasive species such as Corbula and invasive jellyfish, 
4063 while the uniformly freshwater conditions in the Delta contributed to the widespread 
4064 colonization by E. densa. 
4065 
4066 We hypothesize that the position, extent, and variability of the estuarine salinity gradient 
4067 represents another critical slow variable. A westward position of the salinity gradient coupled 
4068 with sufficient variability, including occasional salinity intrusions into the Delta and freshwater 
4069 flows reaching San Pablo Bay, favors native species. A more eastward and more constricted and 
4070 stable salinity gradient favors more non-native and nuisance species. In spite of remaining 
4071 substantial variability in salinity, the long-term increase in salinity in Suisun Bay, and 
4072 constriction of the salinity gradient likely contributed significantly to the erosion of the resilience 
4073 of the original ecological regime. The current situation contributes to the stabilization of the new 
407 4 regime. 
4075 
4076 3) Landscape -As described above, the pre-European estuarine landscape looked and functioned 
4077 very differently from today's landscape. By geological standards, the San Francisco Estuary is 
4078 young- only about 6,000 to 10,000 years old- and its newly evolving landscape likely underwent many 
4079 substantial transformations. Some of these transformations occurred slowly over centuries, while others 
4080 occurred much more rapidly, providing for a heterogeneous, variable mix of habitats. The most rapid and 
4081 dramatic transformation occurred, however, over the last 150 years. Many original landscape features 
4082 such as the vast wetlands, riparian forests, and floodplain areas were lost, and replaced with new features 
4083 including a grid of deep, steep-sided channels, dry polders (islands), and large shallow lakes (flooded 
4084 islands). With the exception of the addition of flooded islands and some small wetland restoration areas, 
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4085 the current landscape has remained relatively unchanged for nearly half a century. The current landscape 
4086 is not the landscape in which the native species of this estuary evolved. It likely favors other species 
4087 better adapted to the altered conditions. The loss of habitat in combination with predation and 
4088 competition from introduced species is thought to be important in the declines of many native 
4089 species (Brown and Moyle 2005), including the extinct thicktail chub and Sacramento perch, 
4090 which has completely disappeared from the Delta. 
4091 
4092 We hypothesize that the current rigid, simplified landscape configuration is a critical slow driver 
4093 that stabilizes the POD regime. The dramatic landscape transformation that started 150 years ago 
4094 was likely the single greatest driver of ecological change in the system and responsible for much 
4095 of the erosion in its original ecological resilience. Due to the focus on recent changes, the POD 
4096 investigations have not yet included studies of past landscape transformations and their 
4097 interactions with other drivers. In addition to better understanding what led to the POD, such 
4098 studies would be helpful for guiding restoration planning. 
4099 
4100 4) Temperature- Water temperature in the Delta was once likely as variable as its hydrology due 
4101 to the Mediterranean climate, variable hydrology, and landscape heterogeneity. Winter and 
4102 spring flows into the estuary were likely quite cold. Water temperatures during the warmer 
4103 months were likely heterogeneous because of the variable, complex landscape with dead-end 
4104 sloughs having little exchange with larger downstream channels. The high degree of 
4105 connectedness with tidal and non-tidal wetlands likely also played a role. Loss of shading by 
4106 tules and riparian vegetation in the Delta and upstream in the watershed after the Gold Rush may 
4107 have increased average water temperatures to some degree but more likely decreased 
4108 temperature heterogeneity. The simplified habitat geometry from loss of dead-end sloughs likely 
4109 resulted in changes in mixing that may also have decreased temperature heterogeneity. The role 
4110 of cool groundwater contributions to tributary rivers is also unknown but may have kept rivers 
4111 cooler before flowing into the Delta than currently. 
4112 
4113 We hypothesize that the warmer temperatures and more uniform temperature distributions in the 
4114 contemporary Delta act as a slow driver that stabilizes the current regime by favoring species 
4115 adapted to higher temperatures and more stable conditions such as largemouth bass and M 
4116 aeruginosa, but negatively affects species adapted to cooler and more heterogeneous 
4117 temperatures such as delta smelt and salmon. Predicted climate change effects on water 
4118 temperatures pose additional threats to native species. 
4119 
4120 5) Turbidity- The turbidity regime in the pre-European wetland-dominated Delta was likely 
4121 very different from what it is now. Wetland-derived organic matter likely played a larger role 
4122 year-round role. Sediment derived turbidity may have often been higher compared to the present 
4123 because sediment transport processes would have been fully functional, recruiting fine sediments 
4124 from the Sierra Nevada, lowland valleys, and wetlands. Seasonal variability in the rivers was 
4125 likely high; however, wind resuspension of sediments in Suisun Bay and the Delta may have 
4126 kept turbidity high when river inputs were low. Overall, sediment loading to the Delta increased 
4127 strongly during the Gold Rush era and has since decreased (Shvidchenko et al. 2004, Wright and 
4128 Schoellhamer 2004), leading to declining total suspended solid concentrations and associated 
4129 declining turbidity at most IEP monitoring stations over the last 40 years (Jass by 2008). In 
4130 addition to being trapped behind dams on tributaries, sediments are also eroded and flushed from 
4131 areas below the reservoirs during winter storm events, but that source is not renewed from 
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4132 upstream so it has been diminishing. Wright and Schoellhamer (2004) showed that peak 
4133 sediment concentrations in Sacramento River water associated with the particularly strong flood 
4134 events of 1964, 1986 and 1997 have been declining from one strong flood event to the next due 
4135 to reduced sediment yield from the watershed. In an analysis of total suspended solid data 
4136 monitoring data from 1975 to 1995, Jassby et al. (2005) showed that concentrations in the north 
4137 Delta dropped sharply toward the end of the 1982-1983 El Nino-Southern Oscillation (ENSO) 
413 8 event and did not recover afterward, likely due to erosion and flushing of previously stored 
4139 sediments from the Delta. Suspended solids further decreased from 1996 to 2005, although not as 
4140 strongly as over the previous decades (Jassby 2008). Jassby (2008) did not report the effect of 
4141 the 1997-1998 El Nifio event on suspended solids, but a more recent analysis (Bestir et al., 
4142 UCD, unpublished data) showed that it contributed to another decline in suspended solids, 
4143 flushing sediments from Suisun and San Pablo bays. The narrow, steep-sided, and deep channels 
4144 and associated levees of the northern Delta and upstream tributaries were originally designed to 
4145 quickly flush the massive influx of sediments from the hydraulic mining activities of the Gold 
4146 Rush era, so these effects are not surprising. In addition, the spread of invasive macrophytes, 
414 7 especially E. dens a, in the Delta was both facilitated by and contributed substantially to losses in 
4148 suspended sediments over the last two decades (Bestir 2010). Sediment loads to the Delta are 
4149 now likely at or below pre-European levels. Overall, the increase in sediment loads and 
4150 associated turbidity levels in the Delta during the Gold Rush era may have benefitted small fish 
4151 like delta smelt and juvenile salmon by providing refuge from visual predators. It also benefitted 
4152 alien species adapted to high turbidity such as striped bass. It seems, however, unlikely that such 
4153 benefits would outweigh the negative effects of the destruction ofriverine and wetland habitats 
4154 during this period. In addition, the influx of sediments during this period likely also had strong 
4155 negative effects on benthic organisms and primary producers, thus impairing ecosystem 
4156 production. The gradual and occasionally steep declines in suspended sediments and associated 
4157 turbidity levels in the post-reservoir and POD eras helped explain long-term declines in three out 
4158 of four POD fish species (Thomson et al 2010). Turbidity declines were likely detrimental to 
4159 smaller fish and possibly also larger and more slowly swimming pelagic invertebrates such as the 
4160 native mysids and calanoid copepods because of increased predation risk. In addition, light 
4161 availability was clearly the most important limiting factor for phytoplankton production under 
4162 more turbid conditions, but as the Delta clears other factors are becoming equally or more 
4163 important. Nutrient effects as well as grazing by littoral and pelagic species will likely become 
4164 more important, with additional effects on phytoplankton species composition and repercussions 
4165 throughout the food web. 
4166 
4167 We hypothesize that the initial rapid increase followed by the slow decline in sediment loads and 
4168 turbidity represents an important driver that both benefitted and disturbed native species. The 
4169 most recent sediment-flushing El Nifio event of 1997-1998 occurred just before the onset of the 
4170 POD and may thus have contributed to the POD regime shift. The current much clearer regime 
4171 benefits non-native fish species and amplifies nutrient and grazing effects on phytoplankton. 
4172 
4173 6) Nutrients - To our knowledge, the pre-European nutrient regime of the estuary has not been 
4174 investigated. Early reviews of nitrate and phosphate concentrations in the Delta found that they 
417 5 were "near the highest concentrations reported from other estuaries" (Kohlhorst 197 6), perhaps 
4176 especially during dry years (Siegfried et al. 1978). San Joaquin River water generally had much 
4177 higher nutrient concentrations than Sacramento River water and nitrate and phosphate 
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4178 concentrations were lowest during spring phytoplankton blooms. Total nitrogen increased at 
4179 most IEP monitoring stations over the last 40 years, while total phosphorus decreased (Jassby 
4180 2008). The decline in phosphorus was associated with a rapid decrease in loading from the 
4181 SRWTP in the mid-1990s (Van Nieuwenhuyse 2007). The SRWTP became operational in 1982 
4182 and uses secondary treatment. It also contributed to the increase in nitrogen, especially the strong 
4183 increase in ammonium concentrations in the northern Delta (Jassby 2008). Changes in nutrient 
4184 loading did not just affect individual nutrient concentrations, but also nutrient ratios. While 
4185 phytoplankton growth is generally much more limited by light availability than nutrients in this 
4186 turbid, nutrient rich system, changing nutrient ratios likely affected phytoplankton species 
4187 composition, possibly with repercussions throughout the food web (Glibert 2010). In -addition, 
4188 ammonium in the northern Delta rose to levels that now appear to be suppressing nitrate uptake 
4189 (Wilkerson et al. 2006, Dugdale et al. 2007) and perhaps even the uptake of ammonium itself by 
4190 sensitive algal groups such as diatoms. This suppresses diatom production (Parker et al. in 
4191 review) and likely also affects microbial processes and community composition. New stable 
4192 isotope evidence (C. Kendall, USGS, unpublished data) indicates that the toxic M aeruginosa 
4193 blooms that have been occurring in the Delta over the last decade may largely be fueled by 
4194 ammonium, not nitrate. The increase in ammonium may thus have contributed to the overall 
4195 decline in phytoplankton over the last 40 years (Jassby et al. 2002) and long-term shifts in 
4196 species composition (Lehman 2000). As has been shown elsewhere, elevated levels of 
4197 ammonium and other nutrients may also benefit invasive rooted and floating aquatic plants in the 
4198 Delta, such as the water hyacinth (Eichhornia crassipes) and the Brazilian waterweed (Egeria 
4199 densa) (Reddy and Tucker 1983, Feijoo et al. 2002). Furthermore, increasing light availability 
4200 due to declining turbidity levels (see above) may amplify the effects of the recent changes in 
4201 nutrient concentration in the Delta. In summary, total phosphorus levels declined from the 
4202 previous to the current regime, while total nitrogen and especially ammonium levels increased. 
4203 
4204 We hypothesize that in the pre-European period, a high nutrient supply with a low N to P ratio 
4205 supported high ecological productivity and contributed substantially to the resilience of the 
4206 original regime. After the Gold Rush, high turbidity levels overwhelmed nutrient effects and 
4207 suppressed productivity. A long-term (at least since 1970) shift from previously higher to lower 
4208 phosphorus levels and previously lower to higher total nitrogen and especially ammonium levels 
4209 contributed to the long-term decline in phytoplankton and estuarine food supplies, substantial 
4210 species shifts, and the recent establishment of Microcystis blooms in the Delta. The previous 
4211 nutrient regime likely favored diatoms and other nutritious estuarine species, while the current 
4212 regime favors small flagellates and nuisance species such as Microcystis, as well as aquatic 
4213 weeds such as Egeria densa and Eichhornia crassipes. 
4214 
4 215 7) Contaminants - While some contaminants decreased after the passage of the Clean Water Act, 
4216 there has overall been an increase in amount and diversity of chemical contaminants in the 
4217 system (Johnson et al. 2010, Brooks et al. in review) over the four historical eras. The effects on 
4218 the biota in the system are difficult to assess due to the paucity of adequate monitoring data, but 
4219 are likely as diverse as the contaminants themselves, with more severe effects on more sensitive 
4220 species. Diverse sublethal effects are likely more important than acute toxicity, and interactions 
4 221 among different contaminants and with other variables such as temperature, turbidity, pH, and 
4222 salinity are likely also important. Sublethal stress effects can also make organism more 
4223 susceptible to predation and food stress. 
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4224 
4225 We hypothesize that contaminants represent a slow variable that has slowly increased in 
4226 importance as contaminants have become more abundant and diverse in the environment. They 
4227 have likely played an increasing role in eroding the resilience of the original regime. The present 
4228 regime increasingly favors species that are less sensitive to contaminants while presenting an 
4229 increasingly greater challenge to sensitive organisms such as salmonids, osmerids, and many 
4230 invertebrate species. 
4231 
4232 8) Harvest - Harvest represents losses of aquatic organisms. It includes the top-down box in the 
4233 basic POD conceptual model, which includes effects on fishes from physical (abiotic) 
4234 entrainment into water diversions as well as biotic variables such as predation and fishing. 
4235 Fishing has occurred in the Delta even in pre-European times. Unlimited fishing during and after 
4236 the Gold Rush along with destruction of spawning and migration habitat led to strong declines in 
4237 salmonids. Recreational fishing has replaced once thriving commercial fishing and is regulated. 
4238 There is overall less fishing by humans now than before, and most of the fishing is for non-native 
4239 species, especially largemouth bass and striped bass. Recreational fishing for largemouth bass 
4240 has dramatically increased in recent years with bass derbies now occurring year-round; however, 
4241 most of these fish are released. Entrainment, especially by the CVP and SWP, has been high in 
4242 some recent years with maximum salvage numbers for adult delta and longfin smelt during the 
4243 POD period in 2003 and 2002, respectively (Grimaldo et al. 2009a). Salvage does not account 
4244 for entrainment-associated losses that occur before fishes are collected by the fish screens, such 
4245 as predation in CCF. Predation by introduced predatory fish, specifically largemouth bass, on 
4246 native species has likely gone up with the more recent proliferation of these predators and 
4247 increased visibility due to declining turbidity levels. Overall, harvest of native fish species has 
4248 likely increased over the last 50 years or more, leading to increased top-down control of native 
4249 fish species. 
4250 
4251 It is important to note that predation is fundamental to the structure and functioning of 
4252 ecosystems. The presence or absence of predators influences energy flow in an ecosystem, 
4253 carbon exchange with the atmosphere and nutrient cycling (Sabo et al. 2010). Predators often 
4254 help maintain resilience to change, for example by removing weaker prey from the prey 
4255 population gene pool. Individual predators can change their behavior quickly. In contrast, the 
4256 number of predators and especially the presence or absence of predators in an ecosystem changes 
4257 much more slowly (Sabo et al 2010). While predators were likely always an important part of the 
4258 San Francisco Estuary, the recent more stable hydrology along with the decline in turbidity likely 
4259 improved conditions for predators in general, but in combination with other habitat changes 
4260 especially favored invasive predators. 
4261 
4262 We hypothesize that harvest in the form of human fishing played an important role in decreasing 
4263 the resilience of the original system early on, while entrainment and predators favored by 
4264 changing conditions became an important slow variable more recently. 
4265 
4266 Other drivers - As our focus shifts to understanding regime change, we will likely develop a 
4267 better understanding and appreciation for the effects of slow variables. There are likely other 
4268 important slow variables that have not been as thoroughly explored in the POD investigation due 
4269 to its limited scope. Such variables might include slower or more distant (in time and space) 
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4270 system attributes. Examples may include biogeochemical and geomorphological features, such as 
4271 carbon cycling or spatial distribution and connections between shallow tidal wetland areas, 
4272 deeper waterways, and river floodplains. In the Delta and its upstream tributaries, these features 
4273 underwent massive changes during the Gold Rush and Post-Reservoir periods, including 
4274 destruction of 95% of the Delta wetlands and associated changes in biogeochemical cycling, and 
4275 the many changes to the upstream tributaries including levee and dam construction. In the 
4276 marine-dominated bays of the San Francisco Estuary, biota shift in response to climatic variation 
4277 associated with the Pacific Decadal Oscillation and North Pacific Gyre Oscillation (Cloem et al. 
4278 2010). These biological responses are likely related to fairly rapid climate-driven changes in 
4279 oceanic winds and coastal currents, upwelling, and surface water temperature which affect the 
4280 recruitment of marine species into the estuary. Similarly, recent steep declines in Sacramento 
4281 River fall-run Chinook salmon populations have been linked to rapid changes in ocean 
4282 conditions superimposed on the slower, more gradual degradation of riverine and estuarine 
4283 habitat conditions (Lindley et al. 2009).Finally, as already mentioned in the preceding discussion 
4284 of some of the individual drivers, there are likely many interactions among these environmental 
4285 drivers that produce additive, synergistic, or compensatory effects and complex feedbacks that 
4286 cross temporal and spatial scales. 
4287 
4288 In addition to the mostly abiotic drivers discussed above, the biological communities themselves 
4289 can also act as slow drivers affecting ecological resilience. The importance of the presence or 
4290 absence of (top) predators has already been mentioned above (see Harvest). The presence or 
4291 absence of other functional groups is similarly important. For example, invasive benthic 
4292 consumers such as the clam C. amurensis have been associated with strong declines in 
4293 phytoplankton biomass and productivity, with substantial bottom-up repercussions throughout 
4294 the food web and probably stabilizing the current POD regime in Suisun Bay and the Delta 
4295 (Jass by et al. 2002, Winder and Jass by 2010). In general, functional diversity acts to stabilize a 
4296 given regime, especially if each functional group consists of several species with different 
4297 responses to environmental drivers (Folke et al. 2002). Ecological diversity is the biological 
4298 counterpart to landscape heterogeneity. Both are key components of the adaptive capacity and 
4299 resilience of ecosystems 
4300 

4301 The new pelagic regime in the Sacramento-San Joaquin Delta 
4302 
4303 The new pelagic regime has already been described in detail in previous chapters - it is the POD 
4304 regime that is the topic of the basic POD conceptual model and the species-specific models. 
4305 Briefly, it is characterized by lower outflows, a shifted and constricted salinity gradient, a 
4306 simplified, rigid landscape, warmer temperatures, lower than previous turbidity, higher 
4307 ammonium concentrations especially in the northern part of the system, lower phosphorus levels, 
4308 higher contaminant loads and concentrations, and higher harvest including entrainment and 
4309 predation. 
4310 
4311 Pelagic biota include an altered phytoplankton community with a smaller proportion of large 
4312 diatoms and a larger proportion of small and motile species as well as recurring M aeruginosa 
4313 blooms in the summer and fall. Overall, phytoplankton biomass and production declined through 
4314 the early 1990s and then remained fairly stable. It may now rebound to some degree, albeit with 
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4315 different species than before. The native zooplankton community has been largely replaced by 
4316 non-native species. Copepod biomass remained relatively unchanged over the last 40 years, but 
4317 now includes much greater numbers of small, evasive cyclopoids than before, especially in the 
4318 western part of the Delta. Rotifers, cladocerans, and especially mysids have all strongly declined 
4319 and are now at much lower biomass levels than before. Non-native jellyfish started strongly 
4320 increasing in numbers in the recent decade in the western Delta and Suisun Bay and Suisun 
4321 Marsh. Some invasive fish species that can use pelagic habitat but are more closely associated 
4322 with nearshore habitat (e.g., Mississippi silverside) are doing well, while the POD fish species as 
4323 well as salmon which use estuarine pelagic and littoral habitat during their migrations are doing 
4324 very poorly. 
4325 
4326 Reduced turbidity gives visual predators such as adult striped bass and largemouth bass an 
4327 advantage over small prey species, including introduced species such as threadfish shad or young 
4328 striped bass, or native species such as delta smelt or longfin smelt or juvenile salmon. Reduced 
4329 turbidity also benefits primary producers, including native, non-native, and nuisance species. 
4330 Proliferating beds of the invasive aquatic weed E. densa are encroaching on pelagic habitat and 
4331 are ideal habitat for largemouth bass and many other non-native species. Finally, the area and 
4332 volume of pelagic habitat has probably been more stable in the Delta since pre-European times 
4333 than benthic, littoral, and especially tidal and seasonal wetland habitat. However, the suitability 
4334 (quality) of this habitat for native species has been severely degraded due to the changes in 
4335 abiotic and biotic drivers described above. In some ways the open water areas of the Delta now 
4336 resemble those of a eutrophic, shallow lake that is full of aquatic weeds and cyanobacteria such 
4337 as Clear Lake, California. 
4338 

4339 The new benthic regime in the Sacramento-San Joaquin Delta 
4340 
4341 Relatively little is known about the pre-European benthic community of the San Francisco 
4342 Estuary. Native freshwater mussles were likely an important component of the Delta community, 
4343 but few persist in the Delta or elsewhere in California (Howard 2010). In contrast, more recent 
4344 events leading to the regime shift in the benthic community of the upper estuary are well 
4345 documented. These events began several decades ago with a series of invasive species 
4346 introductions that would indelibly alter upper estuary benthic community structure (see Peterson 
4347 and Vayssieres 2010) and produce trophic consequences exhibited at all levels of the food web 
4348 (e.g., bacteria - Werner and Hollibaugh 1993, Hollibaugh and Wong 1996; phytoplankton -
4349 Alpine and Cloern 1992, Jassby et al. 2002; zooplankton-Kimmerer et al. 1994, Kimmerer and 
4350 Orsi 1996, Orsi and Mecum 1996; fishes- Feyrer et al. 2003, Stewart et al. 2004). Although 
4351 hundreds of species have invaded the San Francisco Estuary (Cohen and Carlton 1998), perhaps 
4352 the most consequential among those belonging to the benthic community are the clams 
4353 Corbiculajluminea in freshwater and C. amurensis (previously Potamocorbula amurensis), 
4354 which ranges throughout the estuary, but reaches its highest densities in intermediate salinities 
4355 often found in Suisun or San Pablo bays (Peterson and Vayssieres 2010). C.jluminea invaded 
4356 the system in the mid-1940s so it has inhabited fresh and low salinity regions in the upper 
4357 estuary since benthic surveys began (see Hazel and Kelly 1966, Painter 1966 and references 
4358 therein). So, it is not possible to contrast the benthic community before and after its introduction 
4359 or detect changes in the food web. C. jluminea may sequester more pelagic productivity into the 
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4360 benthic portion of the food web than the native freshwater mussels and other freshwater benthic 
4361 inhabitants, but this is unknown. C. jluminea is among the dominant benthic organisms within 
4362 the Delta and in Suisun Bay after consecutive high outflow years (Peterson and Vayssieres 2010) 
4363 and is capable of exerting a strong negative effect on pelagic production (Lucas et al. 2002). 
4364 However, the introduction of C. amurensis in 1986 and its rapid establishment (Nichols et al. 
4365 1990, Carlton et al, 1990) led to a shift in community structure (Nichols and others 1990) that 
4366 remains stable to recent years, including the POD years (Peterson and Vayssieres 2010). Since 
4367 then, high rates of filter feeding by C. amurensis have been linked to greatly reduced 
4368 phytoplankton biomass and the absence of seasonal phytoplankton blooms in the upper estuary 
4369 (Alpine and Cloern 1992, Jassby et al. 2002, Jass by 2006). Decreases in zooplankton have been 
4370 linked to these reductions in phytoplankton and also to direct feeding by C. amurensis on early 
4371 life stages of zooplankton (Kimmerer et al. 1994, Kimmerer and Orsi 1996, Orsi and Mecum 
4372 1996) and through zooplankton to a reduction in the abundances of fishes (Kimmerer 2002a) or a 
4373 shift in distribution of others (Kimmerer 2006). By the early 2000s, both introduced clam 
4374 species were well established and their effects on the upper estuary benthic community and food 
4375 web had been promulgated for decades. Since Peterson and Vayssieres (2010) did not detect a 
4376 change in the upper estuary benthic community in the 2000s, the contributions of these 
4377 introduced clams to the regime shift are those of a major biological driver, acting at intermediate 
4378 scales by diminishing the upper estuary pelagic food web. The clams themselves are affected by 
4379 slower acting drivers, especially changes in salinity. 
4380 
4381 Overall, benthic community structure remains most strongly influenced by salinity, substrate 
4382 (sediment texture) and current energy (e.g., Nichols 1979, Peterson and Vayssieres 2010). 
4383 Species diversity peaks in stable marine and freshwater regions of the estuary and declines in the 
4384 more variable, intermediate salinities. These intermediate salinity regions are often dominated 
4385 by a few benthic organisms that support the highest benthic biomass (Peterson and Vayssieres 
4386 2010). This highlights the productive nature of the estuarine mixing zone and large benefits 
4387 derived by species tolerant of variable salinity conditions. C. amurensis appeared exceptional in 
4388 regard to tolerance and adaptability. Neither salinity and nor substrate appeared to limit its 
4389 colonization, but reduced competition with established species as a result of extreme 
4390 environmental conditions before, during, and after 1986 may have been key to its establishment 
4391 (Nichols et al. 1990). Within two years of its appearance in 1986, Corbula had spread 
4392 throughout the estuary, inhabiting sub-tidal mud, sand, peat and clay substrates, salinities from 
4393 <1to33 ppt, and reaching densities that exceeded 10,000 m-2 at a few locations (Carlton et al. 
4394 1990). In the Suisun Bay region, Corbula was able to immediately change the benthic 
4395 community (Nichols et al. 1990, Peterson and Vayssieres 2010). In 1988, when low outflow 
4396 conditions were expected to favor the clam Mya arenaria (indicator species of the intermediate 
4397 salinity benthic community), Corbula remained dominant in Suisun Bay. Nichols et al. (1990) 
4398 attributed this to alteration of benthic community dynamics by Corbula. 
4399 
4400 The benthic community shifts of most direct relevance to the POD took place in Suisun Bay and 
4401 the western Delta, so this smaller region will be the focus of a more detailed examination of 
4402 community changes. As mentioned previously, the only large and significant community 
4403 changes occurred after the introduction of Corbula in 1986 and no additional changes were 
4404 detected in the early 2000s (Peterson and Vayssieres 2010). Here we describe dominant benthic 
4405 community members in Suisun Bay and the western Delta, contrasting those present in low and 
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4406 high outflow ("dry" and "wet" years for Peterson and Vayssieres 2010) as well as before and 
4407 after the introduction of Corbula. We summarized the species abundance descriptions of 
4408 Peterson and Vayssieres (2010). During low outflow years prior to Corbula the Suisun Bay 
4409 community structure, based on Grizzly Bay sampling, strongly resembled that of San Pablo Bay 
4410 and included the clams Mya arenaria, Maco ma petal um, Musculista senhousia, and amphipods 
4411 Ampelisca abdita, Monocorophium acherusicum, Grandidierella japonica, polychaete 
4412 Streblospio benedicti and several other species. In high outflow years prior to Corbula the 
4413 benthic assemblage was dominated by organisms normally found in the lower Sacramento River, 
4414 including the amphipods Americorophium stimpsoni and A. spinicorne, the clam Corbicula 
4415 fluminea and mermithid nematodes. During the years since its invasion C. amurensis has been 
4416 numerically dominant under all outflow types. It is joined in low outflow years by Nippoleucon 
4417 hinumensis, A. abdita, G. japonica, and a group of polychaete and oligochaete worms. In high 
4418 outflow years Corbula is joined by Corophium alienense, A. stimpsoni, Gammarus daiberi, C. 
4419 heteroceratum and a few polychaete and oligochaete worms. Shifting upstream into the western 
4420 Delta, the benthic community in the lower Sacramento River was variable over time and suffered 
4421 a distinct overall decline in organism numbers after Corbula. Corbula was present in all outflow 
4422 types, but only ranked among the dominant species during low outflow years (Peterson and 
4423 Vayssieres 2010). The community was dominated in most pre-Corbula years by the amphipods 
4424 A. stimpsoni and A. spinicorne, the clam C. fluminea and oligochaete worms Varichaetadrilus 
4425 angustipenis and Limnodrilus hojfmeisteri. In low outflow years, additional species joined the 
4426 community: polychaete worms Boccardiella ligerica and Laomome sp. were abundant with the 
4427 former numerically dominant and the amphipods G. japonica, Monocorophium acherusicum and 
4428 Melita nitida and isopod Synidotea laevidorsalis were also abundant. In high outflow years after 
4429 the Corbula invasion the amphipods A. stimpsoni, A. spinicorne and Gammarus daiberi, 
4430 polychaetes Laomome sp. and Marenzelleria viridis, as well as oligochaete and mermithid 
4431 nematode worms were present. During dry year post-invasion, C. amurensis and the polychaete 
4432 Boccardiella ligerica were regularly abundant. The presence of C. amurensis after 1986 resulted 
4433 in 2 snail species and a clam dropping out of Suisun Bay collections and sharp declines in other 
4434 competing bivalves in both Suisun Bay and the western Deha (Peterson and Vayssieres 2010). 
4435 Similarly, after 1986 abundance declined for most amphipod species except for Gammarus 
4436 daiberi, which increased in both locations. Five additional recent invaders were consistently 
4437 associated with C. amurensis in the upper estuary and formed a relatively stable assemblage: 
4438 amphipods Corophium alienense, Gammarus daiberi, polychaetes Marenzelleria viridis, and 
4439 Laomome sp. and the cumacean Nippoleucon hinumensis. The post-Corbula benthic community 
4440 bears little resemblance to the previous community. 
4441 
4442 Although the presence of Corbula strongly affected the pelagic food web as described above and 
4443 the change in community structure undoubtedly changed feeding opportunities, these changes 
4444 also created new feeding opportunities for organisms capable of feeding at or near the bottom. 
4445 C. amurensis was rapidly incorporated as a major portion of the diets of several species of diving 
4446 birds and bottom-feeding fishes (Nichols et al. 1990). White sturgeon and adult splittail utilized 
444 7 C. amurensis as a food source, but there were consequences. The inability of C. amurensis to 
4448 efficiently process and excrete selenium led to bioaccumulation in white sturgeon, Dungeness 
4449 crab, and splittail (Stewart et al. 2004). Stewart et al. (2004) also noted that accumulation levels 
4450 observed were sufficient to cause reproductive problems and developmental deformities in 
4451 fishes. Other introduced organisms, particularly amphipods, provided additional links in the 
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4452 food web. With the severe decline of the mysids as a food source, young striped bass rapidly 
4453 shifted to feeding on amphipods, particularly gammarid amphipods (probably G. daiberi) 
4454 (Bryant and Arnold 2007). Similarly, gammarid and Corophium spp. amphipods now provide 
4455 substantial summer and fall food for longfin smelt (S. Slater, CDFG, unpublished data). Since 
4456 these organisms are closely associated with bottom during the day (Chapman 1988, Kimmerer et 
4457 al. 1998), benthic-oriented feeding may partially explain the apparent shift oflongfin smelt to the 
4458 lower portion of the water column (see Longtin smelt section, Figure 28). Thus, to some degree 
4459 even pelagic fishes have adapted somewhat to the changes in the benthic community. 
4460 

4461 The new littoral regime in the Sacramento-San Joaquin Delta 

4462 
4463 The regime shift of the Sacramento-San Joaquin ecosystem manifests in the littoral (shallow, 
4464 nearshore) zone as a replacement of seasonally inundated tule marshes with perennial beds of 
4465 SA V. While several species of aquatic macrophytes are native and still present today ( coontail 
4466 Ceratophyllum demersum, sago pondweed Stuckenia pectinata and S.filiforms, American 
4467 pondweed Potamogeton nodosus, and common waterweed Elodea canadensis), the SA V 
4468 community today is dominated by Brazilian waterweed E. densa. Other invasive aquatic 
4469 macrophytes are also present (Eurasion watermilfoil Myriophyllum spicatum, Carolina fanwort 
4470 Cabomba caroliniana, and curlyleafpondweed Potamogeton crispus), but do not comprise 
4471 nearly the proportion of the biomass as E. densa (roughly 85%, L. Conrad, DWR, unpublished 
4472 data). Indeed, E. densa commonly exists in monospecific patches and is often the dominant 
4473 species when it co-occurs with other macrophytes (Santos et al. 2010). The invasive floating 
4474 macrophyte water hyacinth E. crassipes is also present and has become quite abundant; however, 
4475 there is currently a very successful control program in place so water hyacinth is not currently 
44 7 6 having substantial effects in the Delta. 
4477 
44 78 The exact date of the introduction of E. densa is unknown but it was established in the Delta by 
4479 the early 1980s (Brown and Michniuk 2007). The plant was a nuisance to navigation throughout 
4480 the Delta by the mid-1980s (CDBW 2001) and was well established in all but the northern 
4481 portion of the Delta by the early 2000s. In June of each year from 2004 to 2008, the Center for 
4482 Spatial Technology and Remote Sensing at UC Davis (CSTARS) used hyperspectral imagery of 
4483 the entire Delta to create maps of the SAV distribution for each year. Total SAV coverage was 
4484 highest in 2005 and 2006, covering approximately 2300 ha, or 7% of the water surface. More 
4485 recently, this figure has declined, with SA V covering 927 ha (3% of the water surface) in 2008 
4486 (E. Hestir, UCD, personal communication). This decrease in coverage is likely a result of an 
4487 herbicide application program targeting E. densa initiated in 2001 by the California Department 
4488 of Boating and Waterways. 
4489 
4490 The expansion of E. dens a is directly important because it alters the characteristics of littoral 
4491 habitat, but it also acts as an "ecosystem engineer" (Jones et al. 1994, Jones et al. 1997). The 
4492 species is known for its ability to alter conditions of the physical habitat in other systems 
4493 (Champion and Tanner 2000). SA V cover is negatively associated with turbidity in the Delta 
4494 (Hestir 2010), as is E. densa specifically (Santos et al. 2010). In fact, the decreasing turbidity 
4495 trend in the Delta between 1975 and 2008 is highly correlated with the increase in SAV cover. 
4496 As discussed above, much of the increased water clarity in the Delta may be attributable to a 
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4497 decrease in sediment supply due to dam construction and erosion of sediment deposits from the 
4498 Gold Rush era (Wright and Schoellhamer 2004). However, even after statistically controlling for 
4499 reduced sediment inputs, the negative relationship between turbidity and SAY cover is still 
4500 present and significant, with SAY accounting for an estimated 21-70% of the total trend (Hestir 
4501 2010). These results are consistent with work from other systems showing that aquatic 
4502 macrophytes attenuate water currents, thus increasing sedimentation (Yang 1998, Braskerud 
4503 2001). These processes can form into a positive feedback loop in which SAY slows water 
4504 velocities and increases sedimentation, which provides favorable habitat for more SAY. This 
4505 positive feedback may be an important factor contributing to the current state of the Delta. The 
4506 effect of E. densa on hydrodynamics is unkown but could be important. Hestir (2010) 
4507 determined that water velocities in excess of 0.49 m/s limited SAY establishment (Hestir 2010). 
4508 In some situations E. densa can likely completely block channels and in others an equilibrium 
4509 might be reached with a deep channel with high water velocities between beds of SAY. 
4510 
4511 Beyond effects on water velocity, turbidity, and sedimentation, SAY can alter DO concentrations 
4512 and temperature gradients. During summertime, when at its densest and tallest, E. densa can 
4513 cause great swings in DO due to high rates of photosynthesis in beds during the day and high 
4514 rates of respiration during the night (Wilcox et al. 1999). However, it is not clear to what extent 
4515 E. densa may alter average levels of DO, and at what spatial scale. Water temperatures may be 
4516 higher in dense beds of SAY because the plants can absorb heat during the day and block heat 
4517 loss at night, causing vertical stratification of temperature in the water column (Grimaldo and 
4518 Hymanson 1999, Wilcox et al. 1999). If water exchange between SAY beds and nearby open 
4519 water areas is limited, increased densities of SAY may also cause horizontal temperature 
4520 gradients (Stacey 2003). 
4521 
4522 In addition to altering the physical aspect of the environment, the expansion of E. densa also has 
4523 a profound effect on the littoral zone biological community, at multiple trophic levels. It 
4524 influences the general aquatic macrophyte community by preventing some species from 
4525 becoming established and facilitating the persistence of other species (Santos et al. 2010). Its 
4526 widespread dominance in the Delta is a result of its bimodal growth pattern, with peaks in the 
4527 late spring and fall. Growth in the fall allows a greater proportion of its biomass to persist 
4528 through the winter, giving it a competitive advantage over most other macrophytes at the start of 
4529 the growth season the following year. An exception is the native coontail (C. demersum), which 
4530 does not root in the substrate and instead relies on external structures (such as other plants) for 
4531 anchoring. Thus, coontail benefits from ample anchoring structure provided by E. densa and the 
4532 two species commonly co-occur. Co-existence of E. densa with other aquatic macrophytes 
4533 species is relatively uncommon (Santos et al. 2010). 
4534 
4535 The widespread establishment of E. densa led to a dramatic shift in the resident fish community. 
4536 In particular, largemouth bass and other centrarchid fishes are now prevalent. Historically, the 
4537 littoral fish community in the Delta was probably a blend of fresh and brackish water fishes 
4538 whose distributions varied with a dynamic salinity gradient. Freshwater fishes included a suite of 
4539 cyprinids such as hitch Lavinia exilicauda, thicktail chub, Sacramento blackfish Orthodon 
4540 microlepidotus, along with Sacramento sucker Catostomus occidentalis and Sacramento 
4541 pikeminnow. Species with broad salinity tolerances were also present, including splittail, tule 
4542 perch Hysterocarpus traski, prickly sculpin Cottus asper, threespine stickleback Gasterosteus 
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4543 aculeatus, and Sacramento perch, the only native centrarchid (Moyle 2002). Predators included 
4544 Sacramento pikeminnow, thicktail chub, and Sacramento perch. These species were all strongly 
4545 associated with littoral vegetated habitats and were likely also found in more open waters away 
4546 from the littoral zone. By the early 1980s, centrarchids comprised 33% and catfish 17% of the 
4547 total catch in Delta-wide electrofishing surveys conducted by CDFG, compared to approximately 
4548 12% native species (Brown and Michniuk 2007). In 2001-2003, centrarchids dominated CDFG 
4549 electrofishing catches and contributed 61 % of the catch with only 3% native fish (Brown and 
4550 Michniuk 2007). Recent data from a two-year electrofishing effort conducted at UC Davis 
4551 between 2008 and 2010 confirmed the centrarchids as unquestionably dominant, comprising 
4552 approximately 65% of all fish sampled, with native residents accounting for only 2% of the 
4553 catch. Interestingly, catfish populations have apparently declined, also only comprising 2% of 
4554 sampled fishes (L. Conrad, DWR, unpublished data). 
4555 
4556 In 2008-2010, largemouth bass make up approximately 35% of the centrarchids residing in the 
4557 littoral zone (L. Conrad, DWR, unpublished data). From the perspective of the POD, the rise of 
4558 largemouth bass is of concern because the species is a voracious predator that has been known to 
4559 cause dramatic shifts in community composition in other systems (Schindler et al. 1997). Along 
4560 with other centrarchids, they are positively associated with SA V and likely benefit from clearer 
4561 waters and warmer temperatures that characterize the present-day littoral ecosystem. However0 

4562 largemouth bass and other centrarchids may also profit from SA V in an energetic sense. 
4563 Decreased water velocities, warmer temperatures, and enhanced nutrient cycling allow 
4564 periphyton to grow on plant stems and leaves, in tum supporting an enriched community of 
4565 epibenthic prey (e.g., aquatic insects, amphipods, snails) that are consumed by juvenile fishes. 
4566 Adult largemouth bass can then prey on juvenile fishes residing in the nearshore, though SA V 
4567 probably offers juveniles a predator refuge. 
4568 
4569 A recent comparison of stable isotope signatures between pelagic and nearshore fishes support 
4570 this picture of a self-contained food-web in the littoral zone. While pelagic fish were dependent 
4571 on a zooplankton-phytoplankton trophic pathway, littoral fishes had carbon isotope ratios 
4572 consistent with those of SA V and epiphytic macroalgae (Grimaldo et al. 2009b ). Analysis of diet 
4573 samples collected from largemouth bass throughout the Delta are consistent with this result: the 
4574 most common fish species identified in largemouth bass stomach contents are other centrarchids, 
4575 including juvenile largemouth bass, followed by prickly sculpin, and shimofuri and yellowfin 
4576 gobies. In contrast, pelagic fishes are rare in the diet oflargemouth bass, with only 12 threadfin 
4577 shad and 1 striped bass found over 1500 samples analyzed (L. Conrad, DWR, unpublished data). 
4578 After fish prey, adult largemouth bass appear to rely heavily on the red swamp crayfish, 
4579 Procambrus clarkii (Nobriga and Feyrer 2007). These crayfish are also non-native and appear to 
4580 be prevalent in beds of E. densa, but to date their relative abundance across nearshore habitat 
4581 types has not been quantified. The nature of feedbacks between E. densa, largemouth bass, 
45 82 crayfish, and other residents of the nearshore are not yet fully described for the current littoral 
4583 ecosystem. Studies of the role of P. clarkii in the littoral food web and nutrient cycling are 
4584 warranted, given that this species has previously been identified as an ecosystem engineer and is 
4585 associated with catastrophic regime shifts, like E. densa (Matsuzaki et al. 2009). 
4586 
4587 The segregation of littoral and pelagic food webs suggests the separation of whole ecosystem 
4588 processes between the two habitats. Formation of dense beds of E. densa may result in a 
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4589 "biological barrier" for fish and other biota between nearshore open waters and tidal wetlands 
4590 (Brown 2003) or along migration routes. These barriers may greatly diminish the benefits of 
4591 natural and restored tidal wetlands (Brown 2003) and upstream spawning areas for native fishes. 
4592 

4593 2010 POD Program 
4594 
4595 The POD work for 2010 includes 39 continuing study elements and 32 new elements. Brief 
4596 descriptions of each element are included in Appendix 1. The coordinated POD study elements 
4597 address a number of the questions and issues described in the body of this report. The linkages 
4598 of each study element with the POD conceptual models are listed in Table 1, including 
4599 information on targeted seasons for each element. 
4600 
4601 The funding support for the 2010 POD program from DWR, USBR, and SWRCB is 
4602 approximately $7,547,000 (Table 2). In spite of an increase in allocated funding from these 
4603 sources of only 1 % relative to 2009, the 2010 POD program has 24 more study elements than 
4604 conducted in 2009, bringing the total number of POD studies to 76 during 2010. The increased 
4605 number of studies is largely a result of a proposal solicitation (see 
4606 http://www.water.ca.gov/iep/activities/research.cfm) which resulted in 14 new solicited elements 
4607 and 15 new directed elements that are broadly distributed across the POD conceptual model topic 
4608 areas. Several projects funded by research grants from the Delta (previously CALFED) Science 
4609 Program that are thematically related to the POD efforts are also part of the coordinated POD 
4610 program and listed and identified in Appendix 1 and Table 2. 2010 funding for these projects is 
4611 estimated at $3,019,000. In some instances, funding for 2010 work was obligated with 2009 
4612 funds, therefore not reflected in the table below. 
4613 
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5636 Table 1. Linkages of POD study elements (PEN POD element number) to the drivers of the 
5637 basic conceptual model (A=previous abundance, H=habitat, B=bottom up, T=top down), 
5638 species-specific conceptual models (DS=delta smelt, LFS=longfin smelt, SB=striped bass, 
5639 TFS=threadfm shad), season when results of the element apply, and contribution to 
5640 understanding the regime shift conceptual model (B=benthic, P=pelagic, L=littoral). 
5641 

Regime 
Basic shift 

concep- Species concep-
tu al -specific tu al 

POD study element PEN model models Seasons model 

2. Ongoing Work 
Development and implementation of IBM of striped SB, 
bass and lonafin smelt 38 All LFS All p 

Modelinq delta smelt in the S.F. Estuary 41 All DS All p 

Estimation of pelaqic fish population sizes 43 All All All p 

DS, 
LFS, 

Zooplankton fecundity and population structure 44 B SB All B, p 

Phytoplankton primary production and biomass 45 H, B All All B, p 

NCEAS - synthetic analyses of fish and zooplankton 46 All All All All 

Evaluate delta smelt otolith microstructure 60 All DS All p 

Delta smelt histopatholoqy investiaations 61 H, B DS All p 

Fish diet and condition 62 B All Su p 

Trends in benthic macrofauna abundance and 
biomass 65 B All All B 

Corbula salinity tolerance 76 H, B All All B 

Field survey of Microcystis bloom biomass and toxicity 79 H, B All Su, F p 

Food web support for delta smelt and other estuarine 
fishes 82 B DS All P, B 

DS, Sp, Su, 
Investigation of power plant impacts 87 A, T LFS F p 

Sp, Su, 
SAV abundance and distribution 102 H All F L 

Fish facility history 107 T,A All All p 

Delta smelt culture facility 108a/b A, H DS All 

Striped bass bioenerqetics 115 T,A SB All P, L 
Long-term sources and early warning signals in 
turbidity 126 H DS w p 

Contaminants and biomarkers work 127 H, B All Sp, Su All 

Feasibility of usina towed imaging systems 130 A All Sp, F, W p 

Use of acoustics to measure trawl openinqs 131 A All F p 

Effects of the Cache Slough complex on north Delta 
habitat 132 H, B All All p 

Impacts of larQemouth bass on the Delta 133 T All All L, p 

Delta smelt genetics 135 A DS All p 

Bioeneraetics of zooplankton species 136 B DS Sprina p 

Population genetics and otolith geochemistry of 
lonafin smelt 137 A LFS All p 

Effects of waste water management on primary 
productivity 138 B All All p 
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Effects of Microcvstis on threadfin shad 139 B, H TFS Su p 

Mark-recapture to estimate delta smelt pre-screen 
loss and salvage efficiency 140 T DS Sp p 

3-D modeling of the Delta 141 H DS All 
Contaminant synthesis 2 - impacts of contaminants 
and discharges 146 H All All All 

BREACH Ill: Evaluating and predicting restoration 
DS, 
SB, thresholds 

147 H, B TFS All L, p 
Spatial and temporal variability of Delta water 
temoeratures 148 H All All p 
Plankton dynamics in the Delta: trends and 
interactions 150 B All All p 
Environmental controls on the distribution of harmful 
algae and their toxins in the San Francisco Bay 152 H, B All All p 

Comparison of nutrient sources and phytoplankton 
growth and species composition 153 H,B All All p 

Spatial and temporal quantification of pesticide 
loadinqs 154 H All All All 

3. New IEP, new CALFED/Delta Science Program or expanded IEP work 
Acute and chronic toxicity of contaminant mixtures 
and multiple stressors 157 H, B All p 

Advancing procedures for extracting and recovering 
chemicals of concern from sediment interstitial water 158 H All B 
Investigation of pyrethroid pesticides in the American 
River 159 H, B w P, B 
Full life-cycle bioassay approach to assess chronic 
exposure of Pseudodiaptomus forbesi to ammonia 160 H, B DS Su, F p 

SRWTP effluent toxicity testing with delta smelt and 
rainbow trout 161 H OS All p 

Potential loss of life history variation and the decline of 
delta smelt 162 A DS All p 

Comparison of 1- and 2-D hydrodynamic and water 
quality models of the Delta 163 H All All p 

Spatial and temporal variability in nutrients in Suisun 
OS, 
LFS, 

Bay in relation to spring phytoplankton blooms 
164 B SB Sp p 

Ammonia sampling for the Sacramento-San Joaquin 
Delta and Estuarv 165 H DS Sp p 
Using PCR to detect sliverside predation on larval 
delta smelt 166 T DS Sp P, L 
Investigation of presence, migration patterns and site 
fidelity of sub-adult striped bass 167 T All All P, L 
Monitoring inter-annual variability of delta smelt 
population contingents and qrowth 168 A, T OS All p 

Delta smelt feeding and foodweb interactions 169 B DS Fall p 

Experimentally determining early life-stage sensitivity 
to salinity for longfin smelt 170 H LFS All p 

Remote sensing mapping and monitoring of 
Microcystis and turbidity in the upper SFE 171 H All Su p 

The role of pyrethroid insecticides in limiting prey 
availability for delta smelt in the north Delta 172 B, H OS W,SP p 

Distribution, concentrations and fate of ammonium in Sp, Su, 
the Sacramento River and the low salinity zone 173 B, H DS,SB F p 

Influence of elevated ammonium (NH4) on 
phytoplankton physiology in the SFE during fall 174 B, H OS F p 

Effect of seasonal variations in flow on the spatial and 
temporal variations of nutrients, organic matter and 175 B, H OS F p 
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phytoplankton 

Influence of water quality and SAV on largemouth 
bassdistribution, diet composition and predation on 
delta smelt 

Metabolic responses to variable salinity environments 
in field acclimatized Corbula amurensis 

Bivalve effects on the food web supporting delta smelt 
Causes of seasonal and spatial variations in NH4 
sources, sinks, and contributions to algal productivity 
usinq a multi-isotopic approach 
Hydrodynamic and particle tracking modeling of delta 
smelt habitat and prey 

Longtin smelt bioenergetics 

Development of an acoustic transmitter suitable for 
use in delta smelt 
Novel molecular and biochemical biomarker work-
Disease and physiology monitoring in wild delta smelt 
adults 
Physical processes influencing spawning migrations of 
delta smelt 
OP and pyrethroid use in the Sacramento River and 
Delta 

Ammonia literature review 

5642 
5643 
5644 
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176 T, H 

177 B, H 

178 B 

179 B, H 

180 H, B 

181 A, H 

182 

183 H 

184 H 

187 H 

188 H 

189 H, B 

OS, 
SB, 
TFS All L 
OS, 
SB, 
LFS All B, p 

All All B,P 

All All p 

All All 

LFS All p 

OS F, W, Sp p 

OS All All 

OS Winter p 

OS Winter p 

Spring, 
All summer All 

All All All 



5645 Table 2. Costs and funding sources for individual POD study elements. 
5646 

Element name, program element number (PEN) and estimated budget amounts by funding source 
for 2010 POD work plan elements (amounts are in $1,000). 

1. Exoanded Monitoring 
CALFED 
ERP or 

POD DWR USBR Delta SWRCB 
PEN Total POD POD Science POD Other 

Fall midwater trawl 3 $22 $22 

Summer townet survey 7 $24 $24 

20-mm survev 33 

Sprinq Kodiak trawl 88 

Directed field collections 89 $68 $68 

Smelt larvae survev 96 $269 $269 

TOTAL for EXPANDED MONITORING $383 $383 

2. Onaoing Work 
CALFED 
ERP or 

POD DWR USBR Delta SWRCB 
PEN Total POD POD Science POD Other 

Development and implementation of IBM of striped 
bass and lonafin smelt 38 $125 $125 

Madelina delta smelt in the S.F. Estuarv 41 

Estimation of pelaqic fish population sizes 43 $188 $94 $94 

Zooolankton fecunditv and pooulation structure 44 $41 $41 

Phvtoplankton Primarv production and biomass 45 $35 $35 

NCEAS - synthetic analyses of fish and zooplankton 46 $751 $302 $449 

Evaluate delta smelt otolith microstructure 60 $292 $292 

Delta smelt histopatholoav investiaations 61 $292 $292 

Fish diet and condition 62 $40 $40 
Trends in benthic macrofauna abundance and 
biomass 65 $40 $40 

Corbula salinitv tolerance 76 

Field survev of Microcvstis bloom biomass and toxicitv 79 $144 $144 
Food web support for delta smelt and other estuarine 
fishes 82 $162 $162 

lnvestiaation of power plant impacts 87 $25 $25 

SAV abundance and distribution 102 

Fish facilitv historv 107 $50 $50 

Delta smelt culture facilitv 108a/b $2,284 $48 $592 $1,644 

Striped bass bioenerqetics 115 $30 $30 
Long-term sources and early warning signals in 
turbiditv 126 

Contaminants and biomarkers work 127 $453 $453 

Feasibilitv of usinq towed imaqinq systems 130 $201 $41 $160 

Use of acoustics to measure trawl openinas 131 $13 $13 
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Effects of the Cache Slough complex on north Delta 
I I I I I I I habitat 132 $334 $116 $218 

2. Ongoing Work (continued) 
CALF ED 
ERP or 

POD DWR USBR Delta SWRCB 
PEN Total POD POD Science POD Other 

Impacts of laraemouth bass on the Delta 133 $239 $61 $178 

Delta smelt Qenetics 135 

Feedina and Growth of Delta Smelt 136 $17 $17 
Population genetics and otolith geochemistry of 
lonafin smelt 137 $113 $113 
Effects of waste water management on primary 
productivity 138 $119 $119 

Effects of Microcystis on threadfin shad 139 $178 $178 
Mark-recapture to estimate delta smelt pre-screen 
loss and salvage efficiency 140 $15 $15 
3-D modeling of the Delta 141 
Contaminant synthesis 2 - impacts of contaminants $141 
and discharaes 146 $141 
BREACH Ill: Evaluating and predicting restoration 
thresholds 147 $1, 100 $1, 100 
Spatial and temporal variability of Delta water 
temperatures 148 
Plankton dynamics in the Delta: trends and 
interactions 150 $83 $83 
Environmental controls on the distribution of harmful 
alaae and their toxins in the San Francisco Bay 152 $82 $82 
Comparison of nutrient sources and phytoplankton 
arowth and species composition 153 $338 $338 
Spatial and temporal quantification of pesticide 
loadinas 154 $395 $395 

Contaminants suooort 186 $50 $50 

TOT AL for ONGOING WORK $8,370 $1,616 $1,857 $2,943 $260 $1,694 

3. New IEP, new CALFED/Delta Science Program or expanded IEP work 
CALFED 
ERP or 

POD DWR USBR Delta SWRCB 
PEN Total POD POD Science POD Other 

Acute and chronic toxicity of contaminant mixtures 
and multiple stressors 157 $40 $40 
Advancing procedures for extracting and recovering 

$40 
chemicals of concern from sediment interstitial water 158 $40 
Investigation of pyrethroid pesticides in the American 

$100 
River 159 $100 
Full life-cycle bioassay approach to assess chronic $77 
exposure of Pseudodiaptomus forbesi to ammonia 160 $77 
SRWTP effluent toxicity testing with delta smelt and 

$65 
rainbow trout 161 $65 
Potential loss of life history variation and the decline of 

$32 
delta smelt 162 $32 
Comparison of 1- and 2-D hydrodynamic and water 

$59 
quality models of the Delta 163 $59 
Spatial and temporal variability in nutrients in Suisun $25 
Bay in relation to sprina phytoplankton blooms 164 $25 
Ammonia sampling for the Sacramento-San Joaquin 

$68 
Delta and Estuary 165 $68 
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3. New IEP, new CALFED/Delta Science Program or expanded IEP work (continued) 

Using PCR to detect sliverside predation on larval 
delta smelt 
Investigation of presence, migration patterns and site 
fidelitv of sub-adult striped bass 
Monitoring inter-annual variability of delta smelt 
population continaents and arowth 

Delta smelt feeding and foodweb interactions 
Experimentally determining early life-stage sensitivity 
to salinitv for lonafin smelt 
Remote sensing mapping and monitoring of 
Microcvstis and turbidity in the upper SFE 
The role of pyrethroid insecticides in limiting prey 
availabilitv for delta smelt in the north Delta 
Distribution, concentrations and fate of ammonium in 
the Sacramento River and the low salinity zone 
Influence of elevated ammonium (NH4) on 
phytoplankton Phvsioloav in the SFE durina fall 
Effect of seasonal variations in flow on the spatial and 
temporal variations of nutrients, organic matter and 
phvtoplankton 
Influence of water quality and SAV on LMB 
distribution, diet composition and predation on delta 
smelt 
Metabolic responses to variable salinity environments 
in filed acclimatized Corbula amurensis 
Bivalve effects on the food web supporting delta smelt 
Causes of seasonal and spatial variations in NH4 
sources, sinks, and contributions to algal productivity 
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Figure 1. Map of the (A) the entire San Francisco Estuary 
and (B) the Sacramento-San Joaquin Delta. 
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stock recruitment relationship has changed and the present stock-recruitment 
relationship is unclear. 
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the importance of a stock recruitment relationship is unclear. 
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Francisco Bay based on the California Department of Fish and Game Bay study (Bay 
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Figure 18. Winter salvage data for striped bass, delta smelt, longfin smelt, and threadfin 
shad for the federal Central Valley Project (Federal) and State Water Project (State) from 
1981 to 2009. Salvage for delta smelt and longfin smelt before 1993 should be interpreted 
with caution because of variable degrees of training among personnel identifying fishes. 
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19. Winter salvage for largemouth bass, inland silversides, bluegill, and redear sunfish 
for the federal Central Valley Project (Federal) and State Water Project (State) from 
1981 to 2009. 
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Figure 20. Relationship of mean combined salvage of delta smelt, 
longfin smelt, and striped bass at the State Water Project (SWP) and 
Central Valley Project (CVP) to combined Old and Middle rivers 
flow (cubic feet per second). Open symbols denote pre-POD years 
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2005) (Grimaldo et al. 2009). 
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Figure 21. Delta outflow (m3/s) averaged over water years (top) and export 
flow (m3/s) averaged over seasons (bottom). Water years begin on 1 October 
of the previous calendar year. Seasons are in 3-month increments starting in 
October. Export flows are the sum of diversions to the federal Central 
Valley Project and State Water Project pumping plants. The outflow and 
export data are from California Department of Water Resources 
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Figure 22. Range in primary production in Suisun Bay and the 
Delta since 197 5 plotted on the relationship of fishery yield to 
primary production from other estuaries around the world 
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Jassby et al 2002 and data provided by James Cloem, U.S. 
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Figure 23. Summer to fall survival index of delta smelt in relation to 
zooplankton biomass in the low salinity zone (0.15 - 2.09 psu) of the 
estuary. The survival index is the log ratio of the Fall Midwater Trawl index 
to the Summer Townet Survey index. The line is the geometric mean 
regression for log(lO)-transformed data, y = 2.48x- 0.36. The correlation 
coefficient for the log-transformed data is 0.58 with a 95% confidence 
interval of (0.26, 0. 78) (Kimmerer, 2008). 
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Figure 25. Water temperature influences on growth in the 
juvenile stage (i.e. specific growth) from studies by 
Baskerville et al. (2004) during aquaculture. A cubic spline 
model was fitted to approximate the functional form of 
specific growth with respect to water temperature (from 
Bennett et al. 2008). 



-E 
~ -N x 

-E 
~ 

N 
>< 

+1uV llAN OBN OD /\ c 
100 100 

f,, 
f,, 

90 .. 90 .. IT;~ f,, 
f,, f,, Don ~o 

f,, 0 
f,, nn 0 0 Ill!.· Om+ 

80 80 

oD f,, 1111 lill .. 
0 D o"' • D 0 

70 o_. 70 

····11!1· 
• • 0 .. 11!1 • • • • Ill! Ill! Qm • 

60 •• • Ill! ~ 60 
Ill 

•• • • so • •• .. so 

40 
Jun-Aug 

40 
Sep-Nov 

196S 1970 197S 1980 198S 1990 199S 2000 200S 196S 1970 197S 1980 198S 1990 199S 2000 200S 

100 

90 

80 -

70 

60 

so 

0 
1111 D 

0 0. 1111 

• • • • 1111 

100 

D 90 

Q 80 

70 

60 

• 
so 

Dec-Feb 

f,, 

/::,_ 

0 
o., 

0 

•• 
Mar-May 

f,, 

6 
66 

[J oD 
D 

• 

• • 
• 

f,, 

• 
• 
•• • 

196S 1970 197S 1980 198S 1990 199S 2000 200S 196S 1970 197S 1980 198S 1990 199S 2000 200S 

Year 

38' 

Pittsburg • 
Antioch San 

r---~-,--.,_.~-..-,--__,.,,-, lotUJ.Uill 
River 

122' 

Year 

Figure 26. Seasonal means ofX2, the location of the 2%o bottom isohaline along the axis of the 
estuary (distance from the Golden Gate in km) from 1967-2009. Symbols indicate water year 
types for the Sacramento Valley (W: Wet, AN: Above Normal, BN: Below Normal, D: Dry, C: 
Critically Dry). Map (modified from Jassby et al 1995): Suisun Bay and the western Delta. Insert 
shows lines positioned along nominal distances (in km) from the Golden Gate along the axis of 
the estuary. 



CL> 
(.) 
c: 
co 

't:I 
c: 
:J 

..0 
<( 
C) 
0 

..J 

CL> 

6.0 
a 

4.0 

2.0 

0.0 ----.-----,----~-----1 
3.5 4.5 5.5 

Log Dec-May Outflow 

6.0 
0 8 b 

g 4.0 
0 ~2006 co 

't:I 
c: 
:J 

~ 2.0 
C) 
0 

..J 

CL> 
(.) 
c: 
co 

't:I 
c: 
:J 
..0 
<( 
C) 
0 

..J 

0.0 
3.5 4.5 5.5 

Log Dec-May Outflow 

6.0 ~----------~ 

4.0 

2.0 

0.0 ----.-----,----~-----1 
3.5 4.5 5.5 

Log Dec-May Outflow 

Figure 27. Longtin smelt outflow abundance relationships based on December through May 
mean outflow (cfs) and (a) Fall Midwater Trawl annual abundance, 1967-2009, all ages, (b) 
Bay Study Age-0 midwater trawl abundance, 1980-2009, and (c) Bay Study age-0 otter trawl 
abundance, 1980-2009. Abundance data are compared for pre-Corbula invasion years ( survey 
start 1987, open circles), post-Corbula invasion (1988-2000, filled circles) and POD years. 
Fitted lines indicate linear regression relationships that are significant at the p < 0.05 level. 
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Figure 28. Ratio of annual longfin smelt catch (all ages) in the Bay 
Study midwater (MWT) and otter (OT) trawls (log 10 transformed), 
1980-2009. Catch data are from all months of the year sampled, which 
varied by year, and all 3 5 core stations where valid tows were 
completed for both nets. 
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Figure 29. Total June through November longfin smelt catch (all 
ages) in the Bay Study midwater (MWT) and otter (OT) trawls, 
1980-2000 for 35 core stations where valid tows were completed 
for (a) both the nets, and (b) the same data for POD years 2001-
2009. 
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Figure 30. Harvest and CPUE for Striped Bass by Commercial Passenger Fishing 
Vessels in the San Francisco Bay and Delta, 1980-2009. 
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Figure 31. San Francisco Bay Study age-0 striped bass catch May
October. The blue line and circles represent the proportion of the total 
catch of the combined midwater trawl (MWT) and otter trawl catch 
(OT) that was taken in the midwater trawl; data for 1994 are incomplete 
and were not plotted. The pink line and solid squares represent the 
proportion of the total otter trawl catch taken at shoal stations ( <7m 
deep). 
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Figure 32. Male and female age distribution by decade for striped 
bass ages 3 - 8+ in fyke net collections. Note that age distribution 
is the same for gill-net collected fish (graphic not displayed). 
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Figure 33. Abundance estimate (in thousands) of male and female 
striped bass>= 3 - 8+ collected in the Adult Striped Bass Tagging 
Program, 1969 - 2005. 
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35. Estimates of harvest rate (1960 - 2007), and natural and total annual mortality rate (1969 -
2007) of legal-sized striped bass> 3 - 8+, Adult Striped Bass Tagging Program. 
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36. Four models of ecological change. The gradual change model 
shows a gradual linear change from regime A to regime Bin response 
to a gradually changing environmental driver. The transition can be 
reversed by reversing the driver. The threshold model shows a 
nonlinear abrupt change from regime A to regime B occurring in 
response to a relatively small change in the environmental driver. 
Reducing the environmental driver to a value below the threshold 
results in a change back to the original regime. The hysteresis model 
describes a nonlinear response to the environmental driver but the 
threshold for recovery differs from the original threshold causing the 
collapse. The fourth model describes an irreversible change (adapted 
from Davis et al. 2010). 
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Figure 37. Two-dimensional ball-in-cup diagrams showing 
(left) the way in which a shift in state variables causes the 
ball to move, and (right) the way a shift in parameters 
causes the landscape itself to change, resulting in movement 
of the ball (from Beisner et al. 2003). 
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38. Annual average salinity by season (spring, summer, fall) and subregion (see Fig. 1) in the upper San 
Francisco Estuary between 1972 and 2008. Top panels represent data from stations in the "suisun" 
subregion, which include Suisun Bay and the western Delta. Bottom panels represent data from stations in 
the "delta" region, which includes the remaining areas of the Delta. Blue line displays a loess fit standard 
error (shaded area) (from Winder and Jassby 2010). 
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APPENDIXl 

2010 Element Descriptions of Ongoing and New lnteragency 
Ecological Program (IEP) Studies for the Pelagic Organism Decline 

(POD) 

I. Expanded Monitoring 

Fall Midwater Trawl (FMWT) 
IEP 2010-03 
Point person: Randy Baxter (DFG) 
Lead Agency: DFG 

6 December, 2010 

Questions: What is the relative abundance (via abundance index) of striped bass, delta smelt and 
other pelagic fishes of the upper estuary? How are juvenile delta smelt, longfin smelt and striped 
bass distributed in relation to potential food items? 
Description: This survey targets age-0 striped bass and other pelagic species 30-150 mm in 
length using a midwater trawl towed through the water column for 12 minutes in a stepped 
oblique manner (Stevens and Miller, 1983). Sampling takes place at 116 stations located from 
the upstream of San Pablo Bay through the Suisun Marsh and Bay and into the Delta. This 
survey historically produced annual abundance indices of upper estuary pelagic fishes, which 
were used to identify the decline in pelagic organisms (Sommer et al., 2007); more recently the 
survey has provided fish samples for otolith, diet, condition and histopathology studies, and 
collected zooplankton and mysid samples to investigate food organism presence and diet, and 
ranked Microcystis apparent densities (see below). 

During September 2005 and September and October 2006 and 2007, zooplankton tows 
were made at a subset of stations and mysid samples were collected starting in 2007 (32 sites in 
2005, 18 sites in 2007). Beginning in 2005, the heads and bodies of delta smelt and striped bass 
were preserved separately for otolith and histopathological analyses (Bennett, 2005, section 3a; 
Teh, 2005, section 3b) or were preserved intact for diet and condition analyses (Gartz and Slater, 
2005, section 3c). In 2006-2007, sampling continued as described above and longfin smelt, 
threadfin shad, and some inland silversides were collected for diet and condition. In 2008, fish 
preservation remained the same as 2006 and 2007, except longfin smelt heads and bodies were 
preserved separately for otolith, genetics, diet and sex ratio analyses. 

In 2009, only striped bass heads and bodies were preserved separately; longfin smelt and 
wakasagi were preserved in ethanol, threadfin shad and some American shad were preserved in 
formalin and all delta smelt and most American shad were immediately frozen in liquid nitrogen. 
Due to furloughs and sample backlogs, mysid and zooplankton samples were only taken when 
delta smelt were caught and these samples were supplied to Wim Kimmerer along with the 
frozen delta smelt. Furthermore, turbidity measurements (Hach Model # 21 OOP Turbidimeter) 
were initiated at all stations and 6 supplemental locations in the Sacramento Deepwater Ship 
Channel (SDWSC) were added to the survey to target delta smelt. 

In 2010, sampling will continue to separate heads and bodies of a subset of delta and 
longfin smelt. Up to 20 striped bass, Mississippi silverside and threadfin shad per station will be 
preserved in formalin for diet and condition analyses. In addition, the combined mysid and 
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Clarke-Bumpus (CB) tows will again be conducted at a subset of 10 stations positioned along a 
transect from the lower Sacramento River through Suisun Bay. These stations overlap the fall 
distributions of delta smelt and age-0 striped bass. Additionally, we will continue the visual 
survey technique started in 2007, ranking the density of Microcystis observed at each station. 
The same technique is also used by the Environmental Monitoring Program (EMP). 
Time period: Sampling is conducted monthly from September through December and takes 2 
weeks to complete. 
Resources required: 

Cost: The 2010 FMWT budget is $22,000 from POD sources. 
Principal Investigator (PI)(s): Randy Baxter, Steven Slater and Dave Contreras 
(DFG) 

Contract needed I in place: Reimbursable contracts with DWR and USBR in 
place. 
Contract manager(s): Rich Breuer (DWR), Erwin Van Nieuwenhuyse (USBR) 
and Kelly Souza (DFG) 
Term of contract: July 1, 2007-December 31, 2010 (DWR) and through 
December 31, 2011 (USBR). 

Personnel: The field component of this project requires 1 boat operator, 1 biologist, and 
1 scientific aide. The laboratory component requires numerous personnel for preseason 
preparation, fish identification, data validation, diet and condition procedures, stomach 
content analysis and zooplankton processing. 
Equipment: A boat with davits and hydraulics appropriate to pull a midwater trawl net 
(such as the RIV Scrutiny), laboratory facilities, warehouse space, formalin, ethanol, and 
suitable containers for sample collection and preservation. 

Deliverables and dates: 
Monthly survey indices will be calculated and checked by the end of each month. 

• Annual indices (January 2011). 
Database and flat file of species catch per tow (February 2011). 
Status and trends article for the IEP Newsletter (spring 2011). 
Trends in distribution and abundance of jellyfish will be examined for data collected 
since 2001. 
Zooplankton and mysid identification has been delayed by lab staff shortages. Once 
identification is complete, catch per unit effort (CPUE) calculations will be completed 
and the data will contribute to the fish and food item match-mismatch analysis, which 
has been temporarily removed from the work plan. 

Comments: The FMWT Survey collected delta smelt and striped bass for otolith and 
histopathology investigations, but did not collect sufficient numbers of either to support all the 
projects in 2005 - 2007, so additional field collections were necessary. Targeted supplemental 
sampling for fishes is not planned in 2010 due to smelt collection restrictions. This survey 
currently reports annual abundance indices for 6 fishes and has collected count data on jellyfish 
since 2001. The ratio of same-year FMWT to the Summer Townet Survey (TNS) indices for 
age-0 striped bass is used as an index of summer survival (Stevens et al., 1985). 

Summer Townet Survey 
IEP 2010-007 
Point person: Randy Baxter (DFG) 
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Lead Agency: DFG 
Questions: What is the relative abundance of striped bass and delta smelt? Can these data be 
used to estimate apparent mortality? How are juvenile striped bass and delta smelt distributed in 
relation to potential food items? Is the density of food items related to fish condition, growth 
rate or health indices? 
Description: The TNS has collected juvenile fishes in the range of 20 to 50 mm since 1959 
(Turner and Chadwick, 1972) and currently provides indices of abundance for age-0 striped bass 
(38 mm index) and delta smelt. Samples are collected using a conical net with a 1.5 m2 mouth 
and 12.7 mm (Yz in.) stretched mesh nylon lashed to a hoop frame and mounted on skis. Three, 
10-minute oblique tows are made against the current at each of the 32 stations located from 
eastern San Pablo Bay to Rio Vista on the Sacramento River and Stockton on the San Joaquin 
River. 

This survey was expanded in 2005 to include simultaneous zooplankton sampling at each 
station, water collections for invertebrate toxicity tests (Werner, 2005, section 3e) at a subset of 
10 stations, and a water quality profile at every station. Since 2006, water sample collections for 
invertebrate toxicity were made by directed sampling, which are not part of this survey. In 2006, 
we began using a YSI 6600 Sonde that collects temperature, depth, dissolved oxygen, turbidity, 
chlorophyll a, conductivity, salinity, pH, date, and time. The Sonde was very slow to respond 
and time consuming to keep calibrated, so in 2008 it was replaced with a YSI 30 meter that 
measured temperature and conductivity. Also in 2006, the heads and bodies of delta smelt and 
striped bass were preserved separately for otolith and histopathological analyses (Bennett, 2005, 
section 3a ;Teh, 2005, section 3b) or were preserved for diet and condition analyses (Gartz and 
Slater, 2005, section 3c). 

Beginning in 2007 and continuing through 2008, longfin smelt, inland silverside and 
threadfin shad were collected for diet and condition; the heads and bodies of delta smelt and 
striped bass were preserved separately for otolith and histopathology analyses; a visual survey 
technique ranked the density of Microcystis observed at all sampling stations and numeric 
estimation of jellyfish abundance began. 

Starting in 2009, turbidity measurements (Hach Model# 2100P Turbidimeter) were taken 
at each station. In 2010, only a subset of delta smelt and longfin smelt (5/station) will have 
heads and bodies preserved separately, and up to 5 additional fish of each species along with up 
to 20 striped bass, threadfin shad, and Mississippi silversides will be preserved whole in formalin 
for diet and condition. 
Time period: Every other week from June through August. 
Resources required: 

Cost: The 2010 TNS budget is $24,000 from POD sources. 
PI(s): Randy Baxter, Steven Slater and Virginia Afentoulis (DFG) 

Contract needed I in place: Reimbursable contracts with DWR and USBR in 
place or in progress. 
Contract manager(s): Rich Breuer (DWR), Erwin Van Nieuwenhuyse (USBR) 
and Kelly Souza (DFG) 
Term of contract: July 2010- June 2011 (DWR) and through December 31, 
2011 (USBR). 

Personnel: The field component of this project requires 1 boat operator, 1 biologist, and 
1 scientific aide. The laboratory component requires numerous personnel for preseason 
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preparation, larval fish identification, zooplankton identification, data validation, length 
weight procedures, and stomach content analysis. 
Equipment: A boat with an A-frame and hydraulics appropriate to pull a sled-mounted 
townet (such as the RIV Scrutiny or Munson), laboratory facilities, warehouse space, 
formalin, ethanol, and suitable containers for sample collection and preservation. A Hach 
Model # 21 OOP Turbidimeter is used to measure the turbidity of the water at each station. 

Deliverables and dates: 
Survey indices for striped bass (38 mm index) and delta smelt (September 2010). 
Status and trends article for the IEP Newsletter (spring 2011 ). 
Trends in distribution and abundance of jellyfish will be examined for data collected 
since 2001. 
2006 and 2007 zooplank:ton identification and CPUE calculations (December 2010). 
Fish samples collected in 2010 will be provided to researchers along with associated 
environmental data (November 2010). 

Comments: The TNS collected delta smelt and striped bass for otolith and histopathology 
investigations, but did not collect sufficient numbers of either to completely support those 
projects in 2005, so additional field collections were necessary and were added in 2006 and 
2007. A similar circumstance is expected for out years. TNS catch data are used to calculate the 
striped bass 38.1 mm index (Turner and Chadwick, 1972) and an annual abundance index for 
juvenile delta smelt (Moyle et al., 1992). 

20 mm Survey 
IEP 2010-033 
Point person: Randy Baxter (DFG) 
Lead Agency: DFG 
Questions: What is the abundance and distribution of POD fish larvae and early juveniles, 
particularly delta smelt and striped bass? Can catches of larval fishes and zooplankton be used to 
estimate overlap and possibly recruitment success? What do POD fish larvae eat, and are diet 
related to availability in the environment? Does turbidity effect larval and juvenile delta smelt 
feeding success? 
Description: This survey targets late-stage larval and early juvenile fishes, particularly delta 
smelt and has historically focused on providing near real-time information on the distribution of 
young delta smelt to inform water management decisions. More recently, fish and associated 
zooplankton data collected have become very important in the investigation of food limitation 
hypotheses. Starting in March or April and continuing every other week through July, 3 oblique 
tows are made at each of 4 7 locations in the upper estuary using a conical, 5 .1 m long plankton 
net composed of 1600 micron mesh with a 1.5 m2 mouth, mounted on a weighted tow-frame with 
skids (Dege and Brown, 2004). In addition, zooplankton is collected during the first tow at each 
location with.a CB net composed of 150 micron mesh attached to the top of the 20 mm net 
frame. General Oceanics flowmeters mounted in the mouth of each net provide estimates of 
volumes (m3

) filtered. Fish and zooplankton samples are preserved in 10% formalin and 
identified in the lab. 

This survey has sampled annually since 1995 and provides near real-time larval/juvenile 
delta smelt distribution information via the web (http://www.delta.dfg.ca.gov/data/20mmL) and 
Data Assessment Team (DAT). Samples from 2005 and 2006 provided young delta smelt and 
longfin smelt for diet analyses and zooplankton data for comparison to diet data (Slater in prep.). 
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Length data from 1995-2006 contributed to longfin and delta smelt apparent growth analyses. In 
March 2008, sampling commenced at 6 new north Delta locations to improve spatial coverage. 
These new locations are permanent additions to this survey. 
Time period: Every other week from early March through early July. 
Resources required: 

Cost: The budget for the 2010 20 mm Survey is $488,000 from non-POD sources. 
PI(s): Bob Fujimura, Julio Adib-Samii (DFG) 

Contract needed I in place: In place. 
Contract manager(s): Rich Breuer (DWR), Erwin Van Nieuwenhuyse (USBR), 
Kelly Souza (DFG) 

Term of contract: July 2010-June 2011 (DWR) and through December 31, 2011 
(USBR). 
Personnel: When the survey starts in late March, it will run 2 boats for the first 3 days 
and a single boat for the remaining day of survey. Each boat requires 1 boat operator, 1 
lead person (biologist, lab assistant or well trained scientific aide) and 1 scientific aide. 
Numerous lab personnel are needed for preseason preparation, lab processing of 
samples, and zooplankton and larval fish identification. In 2010, the 20 mm Survey 
employed 8 fulltime scientific aides to cover laboratory and field personnel needs. 
Equipment: This project requires the use of the RIV Munson and RIV Scrutiny or RV 
Beowulf. Wet lab space is required to process approximately 1,300 larval fish samples 
and 432 zooplankton samples that are collected throughout the field season. A Hach 
Model# 2100P Turbidimeter is used to measure the turbidity of water at each station. 

Deliverables and dates: 
Larval and juvenile fish distribution data will be posted to the web within 72 hours of 
field sampling. 

• Weekly tabular summaries of smelt catch per 10,000 m3 will be distributed to the Smelt 
Working Group (SWG) and DAT. 

• Weekly data summaries will be posted in graphic and tabular form to the 20 mm Survey 
webpage (http://www.delta.dfg.ca.gov/data/20mmD. 
Highlights article for the IEP Newsletter describing the survey outcome, abundance and 
relevance of the sampling (spring 2011). 
Relational ACCESS database (December 2010). 

Comments: Beginning in 2008, the 20 mm Survey went from a 6 day to a 7 day sampling 
schedule because of the addition of 6 new north Delta stations. This addition, along with the 
implementation of the state furlough program, and the need to reduce weekend and overtime 
work, forced several sampling regime changes. Prior to 2008, each bi-weekly survey was 
conducted by 1 boat over 5 - 6 days. In 2008, each bi-weekly survey was conducted by 2 boats 
for the first 2 days and 1 boat for the remaining 3 days of survey. In 2009 and 2010, sampling 
was conducted by 2 boats for the first 3 days and 1 boat for the remaining day of survey. The 
2010 sampling schedule will remain in place for the 2011 field season. In 2010, turbidity 
readings (in Nephelometric Turbidity Units (NTU)) were taken at each sampling station. 
Turbidity measurements will be permanently added to the 20- mm protocol. 

Spring Kodiak Trawl 
IEP 2010-088 
Point person: Randy Baxter (DFG) 
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Lead Agency: DFG 
Questions: This survey was developed to identify and monitor the distribution and relative 
abundance of adult delta smelt throughout the upper estuary during winter and spring. Two other 
main goals of the survey are (1) to determine gender ratios and (2) to determine stages of sexual 
maturation of the adult delta smelt population and (3) how male and female maturation varies in 
time and space. In 2010, we began addressing the question, "Does turbidity effect adult delta 
smelt migration?" 

Description: The Spring Kodiak Trawl Survey (SKT) samples monthly beginning in January 
and continuing into May. Each monthly Delta-wide survey takes 4-5 days and samples 40 
stations from the Napa River to Stockton on the San Joaquin River and Walnut Grove on the 
Sacramento River. Delta-wide surveys are conducted to locate the areas of adult delta smelt 
concentration. Historically, Delta-wide surveys were followed by a supplemental survey 2 weeks 
later that sampled areas intensively for high delta smelt concentration to estimate the proportion 
of male and female delta smelt and their maturity stages. To minimize take of spawning adults, 
supplemental surveys are now only conducted under the recommendation of the SWG and the 
approval of managers. A standard Kodiak trawl, with a mouth opening of 25 ft. by 6 ft., overall 
length of 65 ft., and 1/4 in. cod-end mesh is used to make 10-minute surface tows at each station. 
The catch is speciated, enumerated, and measured. Each adult delta smelt is examined onboard 
for sexual maturity, given a unique alpha-numeric identifier, and dissected for preservation. 
Quality assurance and control (QA/QC) measures are performed on preserved delta smelt in the 
laboratory for maturity stage. 
Resources required: 

Cost: The 2010 SKT budget is $282,000 from non-POD sources. 
PI(s): Bob Fujimura and Julio Adib-Samii (DFG) 

Contract needed I in place: In place. 
Contract manager (s): Kelly Souza (DFG), Erwin Van Nieuwenhuyse (USBR) 
and Rich Breuer (DWR) 

Term of contract: July 2010 to June 2011 (DWR) and through December 31, 2011 
(USBR). 
Personnel: Each 4 or 5 day survey requires 2 boats, 2 boat operators, 1 biologist and 1 
scientific aide. The biologist, assisted by permanent and seasonal staff, is responsible for 
preseason preparation, lab processing of samples, and fish identification and archiving. In 
2010, the Smelt Larva Survey shared 5 fulltime scientific aides with the SKT to cover 
laboratory and field personnel needs. 
Equipment: This project requires the use of the RIV Munson, RIV Scrutiny or RIV 
Beowulf, as well as a suitable "chase boat" similar to 1 of the K vichaks. Wet lab space is 
required to process no fewer than 200 fish samples that are collected throughout the field 
season. A Hach model# 2100P Turbidimeter is used to collect turbidity measurements 
from each station. 

Deliverables and dates: 
Project staff provides partial tabular summaries of delta smelt catch by station for weekly 
use by the SWG and the DAT. 

• Monthly data summaries will be posted in graphic and tabular form to the SKT web page 
(http://www.delta.dfg.ca.gov I data/ sktD. 
A Highlights article for the IEP Newsletter will describe the survey outcome and 
relevance of the sampling (spring 2011). 
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Relational ACCESS database, complete with fish and environmental measurements 
(December 2010). 

Comments: There are no planned departures from 2010 protocol scheduled for the 2011 field 
season. 

Directed Field Collections 
IEP 2010-089 
Point person: Randy Baxter (DFG) 
Lead Agency: DFG and DWR 
Questions: There are no questions related to the Directed Fish Collections effort. Questions are 
listed under the project description that the fish are being collected for elements 2010-040, 2010-
060, 2010-061, 2010-062, and 2010-131. 
Description: In 2005 and 2006, directed, short-term field collections were used to increase the 
number of delta smelt and striped bass available for otolith analyses and histopathological 
studies, collect threadfin shad and longfin smelt for disease and histopathological studies (Foott 
et al., 2006), provide samples of POD fishes for diet and condition, and collect water samples 
from 15 locations within the upper estuary for invertebrate and fish toxicity tests. Sampling 
efforts were made once or twice a month to increase the numbers of target fish collected and to 
allow time for field examination of larval and young juvenile fishes. 
In 2007, delta smelt were removed as a target organism to reduce IEP's overall take of these fish. 
However, longfin smelt, striped bass, threadfin shad and water for both invertebrate and fish 
toxicity tests were still collected. In 2009, directed field collection effort was used to provide 
supplemental sampling of the SDWSC for delta smelt from spring through early winter and 
support field work for the "Use of Acoustics to Estimate Trawl Openings" (see 2010-131). In 
2010, directed collections effort will be used for field work associated with the "Use of 
Acoustics to Estimate Trawl Openings." 
Time period: As needed and when staff and boats are available. For water collections, sampling 
will take place 4 days per month, targeted fish sampling can be up to 2 days per month and gear 
evaluation (2010-131) can be 4 - 10 days per year. 
Resources required: 

Cost: The 2010 IEP budget for Directed Field Collections is $68,000 from POD sources. 
PI(s): Dave Contreras, Jennifer Messineo, Steven Slater and Randy Baxter (DFG) 

Contract needed I in place: Near execution as of August 16, 2010. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) and Kelly Souza (DFG) 
Term of contract: April 1, 2010 - December 31, 2013 (when executed). 

Personnel: The water sampling requires 1 boat operator and 1 crew member from the 
participating research group, while fish sampling requires 1 boat operator, 1 scientific 
aide or biologist and 1-3 researchers from the participating research group. In addition, 
the point person contributes substantial time coordinating logistics for Pis and field 
crews. 
Equipment: a 25-42 ft. vessel (or 2 vessels for Kodiak Trawling) capable of deploying 
trawl gear for net mouth dimension measurement ("Use of Acoustics to Estimate Trawl 
Openings"). 

Deliverables and dates: See specific project descriptions listed above for this information. 
Comments: None. 
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Smelt Larva Survey 
IEP 2010-096 
Point person: Randy Baxter (DFG) 
Lead Agency: DFG 
Questions: In 2005 and 2006, we addressed the question, "Can the distribution of larval delta 
smelt be effectively determined using surface-oriented plankton nets when compared to catches 
from traditional ichthyoplankton gear and methods?" In 2007, we addressed the question, "What 
is the vertical distribution of newly hatched larval delta smelt over a 24 hour time period?" The 
data collected to answer this question has not yet been analyzed. In 2009 and 2010, we 
addressed the question, "What is the distribution and relative abundance of larval longfin smelt 
in the upper San Francisco Bay and Delta?" An upper estuary-wide survey that provides near 
real-time distribution data for longfin smelt larvae in the Delta, Suisun Bay and Suisun Marsh 
was initiated. These data are used by agency managers to assess vulnerability of longfin smelt 
larvae to entrainment in south Delta export pumps. We also began collecting turbidity 
measurements to better understand the role that turbidity or water clarity might have on larval 
smelt feeding success. 
Description: In 2005 and 2006, this survey, under the name Delta Smelt Larva Survey (DSLS), 
investigated whether surface-oriented, fine-mesh nets could be towed along with traditional 20 
mm Survey gear (IEP,1987; Rockriver, 2004; Dege and Brown, 2004) and improve detection of 
small larval delta smelt since they can pass through the mesh of the 20 mm Survey net. Two field 
seasons of data collection (2005-2006) were conducted as the basis for evaluating the surface 
oriented nets with those towed obliquely. However, the January through mid-March sampling 
period did not overlap with the delta smelt hatching period (only 4 were collected in both years). 

A third season in 2007 focused briefly (2 days) on 2 locations where delta smelt were 
believed to have spawned and when larvae were believed to be present. Based on 2007 sampling, 
surface-oriented larva tows seemed reasonably efficient, but the relatively small volume sampled 
only improved detection of larvae for 1 of 7 surveys when compared to standard 20 mm Survey 
methods. The alternatives, conducting two oblique tows in succession or 2 separate surveys for 
larva and 20 mm fish, were not feasible with current staff and boats. In 2005 and 2006, sampling 
began in January and early February to facilitate the capture of larval longfin smelt, and included 
concurrent collection of zooplankton samples at the 41 20 mm Survey stations plus 3 additional 
locations in the main channel of central and eastern San Pablo Bay. In 2007, sampling was 
limited to 2 days (April 16-17) when 10 tows during daylight and 10 tows after dark were made 
at each of the 2 locations. Sampling was not conducted in 2008. 

In 2009, sampling was reinitiated under the name Smelt Larva Survey (SLS) and began 
in the first 2 weeks in January and repeated every other week through the second week in March 
targeting longfin smelt larvae. Each 4-day survey consists of a single 10-minute oblique tow 
conducted at each of the 35 locations using an egg and larva net. The 505 micron mesh net is 
hung on a rigid, U-shaped frame attached to skis to prevent it from digging into the bottom when 
deployed. The net mouth area measures 0.37 m2

• Immediately after each tow, juvenile fishes are 
removed, identified, measured and returned to the water and the remaining larvae are preserved 
in 10% formalin for identification. No changes in the 2009 protocol occurred in 2010 except 
sampling was extended into April. This survey will be ongoing in its current form. 
Time period: Every other week from early January through early July (2005-2006), 2 days in 
April (2007), every other week from early January through mid-March (2009), and every other 
week from early January through April (2010). 
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Resources required: 
Cost: The 2010 SLS budget is $269,000 from POD sources and $201,000 from non-POD 
sources. 
PI(s): Bob Fujimura and Julio Adib-Samii (DFG) 

Contract needed I in place: In place. 
Contract manager(s): Kelly Souza (DFG), Erwin Van Nieuwenhuyse (USBR) and 
Rich Breuer (DWR) 
Term of contract: July 2010-June 201 l(DWR) and through December 31, 2011 
(USBR). 

Personnel: Each 2-day survey requires 2 boats, 2 boat operators, 1 lead biologist and 1 
scientific aide per day. Numerous lab personnel are needed for preseason preparation, 
lab processing of samples, and larval fish identification. In 2010, the SLS employed 5 
ful1time scientific aides to cover laboratory and field personnel needs. 
Equipment: This project requires the use of the RIV Munson and RIV Scrutiny or RIV 
Beowulf. Wet lab space is required to process approximately 250 larval fish samples that 
are collected throughout the field season. A Hach model # 21 OOP Turbidimeter is used to 
collect turbidity measurements from each station. 

Deliverables and dates: 
Distribution data, particularly larval longfin smelt, will be posted to the web within 72 
hours of field sampling. 
Weekly tabular summaries of smelt catch and catch per 1,000 m3 will be distributed to 
the SWG and the DAT .. 
Weekly data summaries will be posted in graphic and tabular form to the SLS webpage 
(http://www.delta.dfg.ca.gov/data/slsL). 
A Highlights article for the IEP Newsletter describing the survey outcome and relevance 
of the sampling (spring 2011). 

• A relational ACCESS database complete with fish and environmental measurements 
(December 2010). 

Comments: The 2005 and 2006 Delta Smelt Larva Survey replaced the North Bay Aqueduct 
monitoring on a pilot basis as required by the USFWS 2005 Operations Criteria and Plan 
(OCAP) Biological Opinion for delta smelt. The SWG designed this survey as a 2-year trial. 
Protocol and methods developed in 2005 were used in 2006. Surface tows proved ineffective for 
larval delta smelt (unpublished DFG data), so the USFWS asked the SWG to modify the 
sampling design for 2007, wherein oblique tows using standard larval sampling gear (plankton 
net composed of a 500 micron mesh possessing a mouth 0.37 m2 attached to a skid mounted 
frame) were compared with traditional 20 mm sampling. The sampling for delta smelt larva in 
2007 was guided by catches ofripe and spent adult delta smelt that were caught in the SKT. SLS 
sampling was not conducted in 2008. Sampling was reinitiated in 2009 specifically to provide 
information on the distribution of larval longfin smelt and their potential vulnerability to 
entrainment in south Delta exports as part of the minimization measures during the state· 
candidacy period as a threatened species. The 2010 SLS was mandated by the CA DFG State 
Water Project (SWP) longfin smelt incidental take permit (ITP) (2081 ). There is no planned 
departure from 2010 protocol for the 2011 season. 

II. On-going Studies 
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Development and Implementation of Life-cycle Models of Striped Bass and Long/in Smelt in 
the Bay-Delta Watershed 
IEP 2010-038 
Point person: Ted Sommer (DWR) 
Lead Agency: UCD 
Description: Recent declines in the abundances of several pelagic fish species in the Bay-Delta 
have increased the need for data-supported quantification of the relationships between dynamics 
of the striped bass and longfin smelt populations and the ecosystem components that affect 
striped bass and longfin smelt. To better explore these dynamics, a striped bass individual-based 
life-cycle model (IBM) was developed. More recently, the striped bass population life-cycle 
model has been extended and modified to be applicable to longfin smelt in the Bay-Delta. Both 
models are at points where different scenarios could be run through them. An example of 
potential scenarios include effects of temperature, food web shifts, diversions/operations, 
modified habitat preferences, contaminant accumulation, mortality rates, peripheral canal, and 
changes in slot limits of the adult fishery. The original IBM contract ended in February 2009 and 
a 2 year amendment began in March 2009. The remaining duration of the amendment includes 
the following tasks: 

Task 1: Longtin smelt abundance measures and rate expressions for specific life-stage 
processes (e.g., growth, mortality, and fecundity) have been obtained from all permissible 
and existing data sources. Bioenergetics rate parameters are currently based upon Lantry 
and Stewart's (1993) work with rainbow smelt in the Great lakes, however a separately 
funded study will be providing bioenergetics rate parameters specific to longfin smelt in 
the Bay-Delta. This longfin smelt IBM will be applied to explore the relative 
significance of specific factors influencing population numbers of longfin smelt and in 
the prioritization of future data collection. 
Task 2: In February 2010, a series of scenarios was developed to be run in the striped 
bass IBM. The cumulative goal of these scenarios is to explore the cause of the apparent 
disconnect between the FMWT index and the adult striped bass abundance index. To 
fully explore this disconnect, the IBM is being applied under a variety of scenarios, 
which include evaluating the effect of changes in sex ratios, changes in various life-stage 
specific mortality rates and changes in spawning patterns. 

Time period: The completion date of this project is June 2011. 
Resources required: 

Cost: $125,000 (DWR -7 UCD) 
PI(s): Frank Loge (UCD) 

Contract needed I in place: In process. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) and Rich Breuer 
(DWR) 
Term ofcontract: TBD 

Personnel: Tim Ginn, Kenneth Rose, Arash Massoudieh, and Kai Eder 
Equipment: This is a data mining exercise. 

Deliverables and dates: 
Progress report, Delta Science conference presentation (September 2010). 

• Progress report, IEP newsletter article and presentation (March 2011 ). 
Submission of 3 manuscripts, computer codes for each model, supporting documentation 
explaining use, inputs and outputs (June 2011). 
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Modeling the Delta Smelt Population in the San Francisco Estuary 
IBP-related 2010-041 
Point person: Anke Mueller-Solger (DSC} 
Lead Agency: SFSU-RTC, LSU, Stanford and UCD 
Questions: What are the best management strategies for conserving this species? 
Description: This element was designed to develop and test 3 different modeling approaches for 
looking at delta smelt population dynamics. The modeling approaches can be generally 
characterized as particle tracking, matrix projection and individual-based. The purpose of these 
models is to evaluate how environmental conditions influence population vital rates, which then 
determine how the modeled population responds. 
Time period: 2006-2010 
Resources required: 

Cost: This contract was not reinstatned from the 2008 bond freeze. No funding is 
allocated to it in 2010. 
PI(s): Karen Edwards and Wim Kimmerer (SFSU), Bill Bennett (UCD), Kenny Rose 
(LSU), Stephen Monismith (Stanford) 

Contract needed I in place: Cancelled (see comment below). 
Contract manager(s): Shem Ayalew (DSP) 
Term of contract: 3 years, beginning in 2006 and expiring on March 31, 2009. 

Personnel: Karen Edwards (SFSU) 
Equipment: None, this is a modeling exercise. 

Deliverables and dates: Originally listed: papers on the individual-based model, matrix modeling 
and particle tracking. Due dates no longer relevant (see below). 
Comments: The bond freeze in late 2008 ran through the end of the contract and DWR elected 
not to reinstate the contract. We are currently closing out the project even though it is 
incomplete. We still intend to produce the papers originally promised, but there is no funding to 
do so. Hence, we must do so on our own time and it will have lower priority than funded 
projects. 

Estimation of Pelagic Fish Population Sizes 
IEP 2010-043 
Point person: Pete Brodey (USFWS) 
Lead Agency: DFG, DWR, USBR, consultants and contractors 
Questions: What are the most efficient regions (strata) for each target species sampled by the 
TNS, FMWT and Kodiak surveys? Do fixed sampling stations in a highly tidal system 
approximate random distributions? What are the population sizes for each of the target pelagic 
species? Should strata variance be calculated based upon a normal distribution? How can long
term monitoring data be used to provide better information to managers regarding trends in 
biological resources? Additional questions will be developed over time. 
Description: Except for adult striped bass, the status of pelagic fish populations has primarily 
been assessed using relative abundance indices. IEP has been reluctant to translate these data 
into population estimates since gear efficiencies are unknown for each of the sampling programs, 
fish distribution tends to be patchy, and surveys do not have random site selection, likely adding 
substantial variability. Other approaches for pelagic fish population estimation are unreasonable 
(e.g., direct counts, mark-recapture, and change in ratio). However, the POD effort would benefit 
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greatly from at least crude population estimates, allowing calculation of mortality rates and 
population modeling. The development of mean-density expansion estimators based upon 
stratified random trawl sampling represents the most practicable alternative. As initial steps to 
estimate population size, Bennett (2005) has used the TNS and FMWT data and Miller (2005) 
has analyzed the Kodiak trawl data. This element will: 

Build upon earlier efforts to develop population estimates for as many of the target 
pelagic species as possible, beginning with delta smelt. Refinements of these efforts may 
include the use of known salinity and temperature effects on target species distributions, 
updated bathymetry and the particle tracking models to: (a) post-stratify survey data (i.e., 
set more efficient region boundaries); (b) improve habitat volume estimates represented 
by fixed stations and regions for each of the surveys; and (c) test the assumption of 
randomness in the data. 
Study designs for gear evaluation including development of mesh retention probabilities, 
gear avoidance measures and information on vertical and lateral distributions. 
IEP/POD statistical and analytical support- time to assist agency researchers with study 
design and analysis questions. 
NCEAS participation and modeling that incorporate delta smelt life history information, 
information from past and future special studies examining horizontal and vertical 
distribution behavior and multiple long-term monitoring data sets into a single population 
model. 

Time period: 2008-2010 
Resources required: 

Cost: $188,000 in 2010 from POD sources. 
PI(s): Ken Newman (USFWS) 

Contract needed I in place: Reimbursable contracts are in place for 2010. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) and Rich Breuer (DWR) 
and John Netto (USFWS) 
Term of contract: 5-year reimbursable with annual modifications. 

Personnel: Wim Kimmerer (SFSU), Bill Bennett (UCD), Fred Feyrer (USBR), Jim 
Thompson and Ralph MacNally (Monash University), Wendy Meiring (UCSB) 
Equipment: None 

Deliverables and dates: Life history model for some of the fish populations, beginning with delta 
smelt. 
Comments: Although there are substantial obstacles to measurement of population sizes, the 
recent efforts of Bennett (2005) and Miller (2005) provide a reasonable foundation for future 
work. Newman's involvement with IEP/POD is anticipated to be long-term, during which time 
tasks will evolve. For 2010, substantial new tasks will be reviewed by the POD management 
team (MT) and when approved forwarded to Newman through Kim Webb with an indication of 
relative priority. 

Zooplankton Fecundity and Population Structure 
IEP 2010-044 
Point person: Anke Mueller-Solger (DSC) 
Lead Agency: SFSU-RTC 
Questions: Has there been a downward shift in egg production and/or nauplius survival that 
resulted in lowered ratios of copepodites to adults? Has there been a change in copepodite 
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survival? What is the biomass of individual zooplank:ton species, and how has the zooplankton 
community biomass changed over time? 
Description: This work plan element consists of 2 parts: 

• The continuation of an analysis of Pseudodiaptomus forbesi and Eurytemora affinis life 
stage structure and fecundity from archived zooplankton samples (1996-2005) and 
associated water temperature data. The goals are to determine whether the recent 
increase in Corbula abundance was associated with an increase in mortality of sub-adult 
(i.e., copepodite stage) P. forbesi and E. affinis, and/or a reduction in adult P. forbesi and 
E. affinis fecundity. 
The determination of the biomass of zooplankton species and their life stages using 
laboratory analysis of dry weight and carbon content of freshly collected specimens from 
the San Francisco Estuary. The goal is to provide species-specific biomass conversion 
factors that will then allow for more appropriate and realistic analysis of biomass, 
production, and consumption trends and comparisons with other estuaries. 

Time period: 2006-2010 
Resources required: 

Cost: $41,000 in 2010 from POD sources. 
PI(s): Wim Kimmerer (SFSU) 

Contract needed I in place: In place. 
Contract manager(s): Ted Sommer 
Term of contract: Through December 30, 2010. 

Personnel: SFSU 
Equipment: None 

Deliverables and dates: 
Year 1 progress report will be provided as lor more IEP Newsletter articles or 
manuscripts, depending on the results to date (October 2010). 
Present preliminary results at Delta Science Conference (October 2010). 
Final reports, which will comprise draft manuscripts for submission to journals or the IEP 
Newsletter (October 2010). 

Comments: We have completed analysis of a selected set of zooplankton samples; once QC 
measures on the data are complete, we will begin analysis of mortality patterns. Biomass 
analyses are about half complete, but have been delayed several times by instrument problems 
and staffing issues. 

Phytoplankton Primary Production and Biomass in the Delta 
IEP 2010-045 
Point person: Ank:e Mueller-Solger (DSC) 
Lead Agency: UCD, DWR-DES 
Questions: Is there a signal of ammonium discharge from the Sacramento Regional Wastewater 
Treatment Plant (SR WTP) that can be discerned in the annualized fish indices? Is there a signal 
of ammonium concentration in estuary waters that can be discerned in these same indices? 
Description: It has been suggested that total ammonium and/or free ammonia affect biota 
in the Delta through inhibition of physiological processes of plankton and higher 
organisms. This hypothesis has been forwarded on the basis of experimental evidence 
and general knowledge of ammonia and ammonium toxicity. As there are so many 
processes at work in the Delta, it is also necessary to show that this specific process 
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manifests in the long-term variability of Delta population abundances. Otherwise, the 
hypothesis may be true, but the ecological implications will be insignificant. This study 
will (1) review existing studies underlying the ammonium hypothesis, particularly those 
based on long-term data from the Delta; (2) search for an ammonium wastewater 
discharge and river concentration signal in the annualized fish indices and related data 
such as fish length; and (3) add an algorithm to Jassby's wq software package to 
calculate the free ammonia (toxic) fraction based on pH (and pH scale), salinity, depth, 
and temperature, which will be more appropriate for estuarine analyses than ones in 
common use. 
Time period: Ongoing through 2011. 
Resources required: 

Cost: $35,000 in 2010. 
PI(s): Alan Jassby (UCD) 

Contract needed I in place: In place. 
Contract manager(s): Ted Sommer (DWR) 
Term of contract: Through June 30, 2011. 

Personnel: Alan Jassby (UCD) 
Equipment: None 

Deliverables and dates: 
Technical report describing results of the above research (July 2011). 
IEP newsletter article describing results of the above research (July 2011). 
Additional journal publication (letter, comment, note or article) is optional, 
depending on results. 

• A journal article (Winder and Jassby, 2010, in revision) for Estuaries and Coasts 
and a conference presentation (American Society ofLimnology and 
Oceanography 2010, Santa Fe) have already been completed based on research 
conducted during July 1, 2009 - June 30, 2010. 

Comments: This work is a natural accompaniment to Jassby's current participation in a 
summary analysis of the long-term water quality data set collected by the USGS for over 30 
years in the San Francisco Bay. 

Synthetic Analysis of POD data (Workgroups convened by UC Santa Barbara, formerly 
NCEAS) 
IEP 2010-046 
Point person: Larry Brown (USGS) 
Lead Agency: USFWS, USGS, DFG, DWR 
Questions: Erica Fleishman at the Bren School of Environmental Science & Management at UC 
Santa Barbara (formerly with NCEAS, which also is part of UCSB) assembled working groups 
to address 3 general questions. What is the role of contaminants in the POD? What are the 
direct and indirect drivers of system dynamics in the Delta ecosystem? Does the nearshore 
ocean and San Francisco Bay affect abundance of POD species, and do atmospheric factors 
affect abundance of invertebrates and fishes in the Bay? More specific questions are being 
developed by subgroups within each working group. A new group will consider ifthe changes 
in the Bay-Delta constitute a regime shift, what alternative future system states might be 
possible, and what inputs might be required to achieve those states. The existing groups will 
finish ongoing work after which they will disband or address new questions. 
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Description: The overall goal for the UCSB-convened working groups is to conduct or guide the 
integration, analysis, and synthesis of POD and other relevant data and information in a more 
efficient, sophisticated, unbiased, and synergistic manner than would be possible with local 
resources alone. The UCSB-convened working groups on system dynamics, contaminants, and 
ocean-estuary interactions were formed after consultation with the POD MT and the steering 
committee for the project indicated that these were areas where the working group process could 
be most helpful to the IEP because of the lack ofIEP expertise. Similarly, the topic ofregime 
shift was identified as a new area deserving attention and will likely provide a useful framework 
for synthesizing the entire POD effort. The effort will tie together and analyze field data, 
environmental data, operations information and contaminants/bioassay from POD research 
components and other sources. These efforts will feed directly into POD synthesis/summary 
reports through Larry Brown and other POD MT members participating in the UCSB-convened 
workgroups and steering committee. 
Time period: Continuation agreement will extend work into 2012. 
Resources required: 

Cost: $751,000 for 2010 from POD sources. 
PI(s): Larry Brown (USGS), Ken Newman and Gonzalo Castillo (USFWS), Fred Feyrer 
(USBR) and other agency personnel. 

Contract needed I in place: Continuation agreement required. 
Contract manager(s): Paul Cadrett (USFWS) will manage the UCSB-CESU 
contract. Other investigators are funded through annual reimbursable contracts 
with USBR and DWR. 
Term of contract: Scientifically sophisticated approaches and defensible 
conclusions require substantial time. It is possible the IEP/POD-UCSB interaction 
could continue beyond the term of this contract (2012) if additional issues are 
identified. 

Personnel: Other key staff members include Bruce Herbold (EPA), Anke Mueller
Solger (DSC) and Ted Sommer (DWR) 
Equipment: None, these are data-mining efforts. 

Deliverables and dates: 
• Peer-reviewed journal articles and presentations geared at scientific and lay audiences 

that are authored by individual POD members of working groups convened by UCSB. 
Final Synthesis Report, lead by Larry Brown, will include material from POD sponsored 
studies and working groups convened by UCSB. 

Comments: Existing staff members from the IEP agencies are redirected, as needed, to work 
closely with UCSB and the working groups to participate in the synthesis of IEP data as it relates 
to the POD. All such assignments are cleared through supervisory channels. 

Evaluation of Delta Smelt Otolith Microstructure and Microchemistry 
IEP 2010-060 and 2010-061 
Point person: Randy Baxter (DFG) 
Lead Agency: UCD 
Questions: Do growth rates of delta smelt vary seasonally or geographically? When and where 
in the estuary is delta smelt produced? 
Description: Analysis of delta smelt otoliths can determine daily growth rate and area of origin. 
In addition, analysis of otoliths that includes microchemical work can provide detailed 
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information on fish origin and growth that can be related to histopathology analyses and 
potentially to ambient water toxicity for 2005 and 2006. This work has been done successfully 
on delta smelt (Bennett submitted). 

Otolith age and incremental growth measures for young fish will be derived through the 
use of imaging software. Furthermore, otolith weighing and morphometric methodologies will be 
developed and evaluated for reliability in determining age of adult fish (>300 days post hatch). 
Chemical composition of otoliths at their core will be measured to provide a micro-chemical 
"signature" of natal habitat and compared via trace elements and isotopic rations to water 
samples collected at various locations in the lower rivers and Delta to determine likely region of 
natal origin. Fish samples for this element will be collected by the SKT, TNS, and FMWT, with 
supplemental sampling based on availability of boats and crews. In 2010, delta smelt will again 
be preserved, so otolith microstructure can be examined, but these samples are expected to 
contribute to a subsequent study. 
Time period: Extended through June 30, 2011. 
Resources required: 

Cost: Estimate is $292,000 from the Ecological Restoration Program (ERP) to process 
approximately 500-600 samples per year for aging. 
PI(s): Bill Bennett, Swee Teh and James Hobbs (UCD) 

Contract needed I in place: In place. 
Contract manager(s): Mitsuko Grube (DFG) 
Term of contract: Through June 30, 2011. 

Personnel: Above named investigators and other UCD staff. 
Equipment: Equipment for this project has already been purchased. 

Deliverables and dates: 
Semi-annual reports for 2009 are overdue. The last semi-annual report covered the time period 
from July 1, 2008 - December 31, 2008. 
Comments: This work will be an extension of the delta smelt work (Bennett submitted) and 
striped bass work carried out by Bennett et al. (1995). This work is part of a larger contract 
including a histopathological element (2010-061) and a food availability and feeding element 
(not listed), but similar to the diet and condition work (2010-062), which together provide a 
comprehensive view and time line of the relative condition of the fish that we could compare to 
timing of potential stressors. 

Quantitative Analysis of Stomach Contents and Body Weight for Pelagic Fishes 
IEP 2010-062 
Point person: Randy Baxter (DFG) 
Lead Agency: DFG 
Questions: What is the feeding ecology of pelagic fishes in the estuary? Is there evidence of 
reduced feeding success during specific times of the year or in certain parts of the estuary? If so, 
are these changes associated with changes in growth rate, relative weight or condition? 
Description: This study was initiated in 2005 to investigate temporal and spatial differences in 
the diet composition and feeding success of age-0 delta smelt, striped bass, and threadfin shad 
that might help explain the pelagic species decline. This list of target fishes has since been 
expanded to include longfin smelt, Mississippi silversides and American shad. Food habit studies 
have been done on many of the fish and zooplankton found in the estuary (IEP, 1987; Orsi, 1995; 
Lott, 1998; Nobriga, 2002; Feyrer et al., 2003). However, many of these studies were done more 

191 



than 10 years ago and the feeding habits of the local Mississippi silverside and threadfin shad 
populations have only been studied in a limited geographical range (Grimaldo, 2004). 

As evidence that feeding success may be an important issue for survival, initial studies by 
BJ Miller suggest that delta smelt survival in different parts of the estuary was linked to whether 
there was co-occurrence of prey. In 2003, IEP started a study offish length-weight relationships 
needed to estimate species biomass and to develop a program to monitor trends in relative 
weight. Collection of length and weight data was expanded beginning in 2005 to include 
calculation and analysis of fish condition for those fish processed for gut contents. When 
observations indicated that fish lengths and weight changed over time in preservative, a study 
was conducted in 2006 and 2007 to evaluate changes and their effect on several measures of fish 
condition. Work on diet and condition continued in 2006 and 2007, and was expanded to include 
larval fish collected by the 20 mm Survey and longfin smelt from salvage. In 2010, specimens 
will be collected through December and will be archived for future investigations or increased 
sample size when staff time permits. However, work in 2010 will focus on completing lab work, 
analysis and initial publication. Fish collected from 2010 will be archived for future processing 
and analysis. 
Time period: 2006 - 2010 
Resources required: 

Cost: $40,000 from POD sources. 
PI(s): Randy Baxter and Steve Slater (DFG) 

Contract needed I in place: Close to execution as of August 16, 2010. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) and Kelly Souza (DFG) 
Term of contract: April 1, 2010-December 31, 2012 

Personnel: Field collection is conducted by all long-term fish monitoring surveys. Fish 
are retained after reaching quotas for otolith and histopathology samples; all POD fishes 
are retained by the San Francisco Bay Study (SFBS) for condition and diet analyses. 
Laboratory personnel (3 scientific aides and a part time senior lab assistant) are directed 
in sample processing by a biologist. 
Equipment: Current long-term monitoring vessels and gear will be employed; some gear 
modification may occur for directed sampling. Laboratory equipment is currently 
available at DFG Stockton. 

Deliverables and dates: 
Annual IEP Workshop poster presentation (March 2010). 

• Manuscript describing the effects of formalin preservation on the determination of fish 
condition. Target journal is the North American Journal of Fisheries and Management 
(NAJFM) (August 2010). 

• Draft delta smelt diet and condition manuscript. Target journal is the San Francisco 
Estuary and Watershed Science (SPEWS) (September 2010). 
IEP Newsletter article about longfin smelt, striped bass and threadfin shad diet 
composition (December 2010). 

Comments: In 2006, examination of parasite load was transferred to researchers conducting 
histopathological investigations (2006-061, 2006-042). DFG staff will collect samples and 
process diet information. The IEP has extensive experience with these techniques, but lost 
leading staff for this work. Lab work was delayed substantially by the loss of a biologist and 
long delays in hiring scientific aides and senior lab assistants. 
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Trends in Benthic Macrofauna Biomass 
IEP 2010-065 
Point person: Karen Gehrts (DWR) 
Lead Agency: DWR 
Questions: What are the long-term trends in biomass, production and grazing rates of benthic 
species? How are these changes related to physical-chemical gradients? How do changes in 
benthic functions, such as production and grazing, affect the pelagic food web? 
Description: Over the past 3 decades, the IEP EMP has collected benthos community 
composition and abundance information at 22 sites, including 4 long-term monitoring stations. 
Unfortunately, the EMP monitoring did not include measurements of benthic macrofauna 
biomass. Biomass data are crucial in determining the role of benthic organisms in the 
ecosystem, especially the feeding potential of various functional groups, potential availability 
and transmission of contaminants bioaccumulated in benthos, and trends in production as well as 
the ecological significance of changes in benthic community composition and abundance. The 
EMP has developed a comprehensive plan to analyze archived benthos samples dating back to 
1975, which can be used for biomass estimation using a simple wet-weight method. 

The objective of this project is to measure and examine the biomass ofbenthic organisms 
collected from the EMP benthic monitoring stations. Currently, staff collects an additional 
benthic sample and obtains ash-free dry mass for Corbula amurensis and Corbiculajluminea. 
This will allow the project team to create site specific biomass conversion factors for historic 
length data. To accomplish the goal of obtaining and examining complete biomass time series at 
2 long-term stations, the Benthic Biomass project has received a grant from DSP to obtain length 
measurements for stations D4 and D28A from 1976 to the present. Data analysis is conducted in 
part as part of work plan element IEP 2010-078 and other ongoing EMP data analyses. The 
USGS will help to characterize long-term trends in biomass at the 2 EMP sites. 
Time period: Data for site-specific biomass conversions will be collected on an ongoing basis. 
Data for the long-term analysis of stations D4 and D28 will continue through 2010. 
Resources required: 

Cost: Redirected staff from the EMP will be used to accomplish this work. Funding for the 
analysis ofD4 and D28A is from a DSP grant, $40,000. 
PI(s): Karen Gehrts (DWR), Wayne Fields (Hydrobiology) and Janet Thompson (USGS) 

Contract needed I in place: In place early 2010 (DSP ->DWR). 
Contract manager(s): Karen Gehrts (DWR) 
Term of contract: Calendar year (CY) 2010 

Personnel: Dan Riordan and Tiffany Brown (DWR) 
Equipment: Staff will use existing oven, furnace, scale, microscope and computer to 
determine ash-free dry mass, length to weight conversions and historical shell length data. 

Deliverables and dates: 
• Final report to DSP (December 2010). 

Delta Science Conference presentation (October 2010). 
Comments: Analysis ofD4 and D28A invasive bivalve biomass does not depend on the 
availability of new field data. However, for the determination of site-specific biomass estimates, 
an additional grab sample needs to be taken during the monthly EMP benthic survey. 

Corbula salinity tolerance, distribution and grazing rates 
IEP 2010-076 
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Point person: Ted Sommer (DWR) 
Lead Agency: DWR, USGS and SFSU 
Questions: What is the salinity tolerance of Corbula amurensis? How well do salinity 
tolerances explain the distribution of Corbula? What are regional trends in benthos and grazing 
rates? 
Description: Initial analyses of benthic abundance trends suggest that Corbula distribution 
shifted upstream around 2001, perhaps in response to recent salinity increases during autumn. 
To better evaluate this hypothesis, we need to develop salinity tolerance information for the 
clam. This will be performed in a controlled laboratory setting, likely at SFSU Romberg Tiburon 
Center. 
Time period: Mid-2006 - 2010 
Resources required: 

Cost: No funds required for 2010. 
PI(s): Jonathan Stillman and Wim Kimmerer (SFSU) 

Contract needed I in place: Expired 
Contract manager(s): Ted Sommer (DWR) 
Term of contract: October 1, 2006- September 30, 2008 

Personnel: Jonathon Stillman, Adam Paganini, Nathan Miller, and additional student 
researchers (SFSU). 
Equipment: Several items of equipment used for physiological assays, including a 
microplate spectrophotometer used in enzyme assays and feeding rate determination, 
have been purchased. 

Deliverables and dates: 
Manuscript representing final report of this work was submitted to Marine Ecology 
Progress Series (April 2010). 
Revised manuscript will be sent to Aquatic Biology (September 2010). This manuscript, 
once published, can be summarized as an IEP Newsletter article, if desired. 
Research presented at numerous conferences, including the annual IEP Workshop, 
Estuarine Ecology Team (EET) meetings, California Estuarine Research Society 
Conference (CAERS), American Physiological Society Conference (APS), and Bay
Delta Science Conference, from spring 2009 to fall 2010. 

Comments: This work explores a range of physiological responses of Corbula to environmental 
salinity and temperature, including thermal tolerance, salinity tolerance, cardio-respiratory and 
metabolic responses to salinity and temperature, energetics and feeding rates at different 
salinities, enzyme activities at different salinities, and osmoregulatory physiology. Our research 
led to a number of interesting findings, including the fact that Corbula always hyporegulate their 
osmotic content, but do so to a greater extent at high salinity, suggesting greater metabolic 
demands and food intake at high salinity may be related to osmoregulatory costs. 

Field Survey of Microcystis Aeruginosa Bloom Biomass and Toxicity 
IBP-related 2010-079 
Point person: Rich Breuer (DWR) 
Lead Agency: DWR-DES, DFG 
Questions: Is Microcystis biomass or toxicity increasing over time in the Delta? Does 
Microcystis bloom biomass or microcystins toxicity occur in areas important to pelagic fish 
species in the Delta? What are the long term trends in Microcystis and potential controlling 
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factors? What are the origins of the Microcystis blooms? What environmental factors affect 
bloom development? 
Description: In 2010, phytoplankton sample analysis and data analyses will be conducted to 
evaluate density, biomass and toxicity data collected during Microcystis aeruginosa blooms in 
the Delta between 2007 and 2008. 
Time period: Summer and fall 2007-2011. 
Resources required: 

Cost: $144,000 in 2010 from Delta Science grant. 
PI(s): Peggy Lehman (DWR) 

Contract needed I in place: In place. 
Contract manager(s): Ted Sommer (DWR) 
Term of contract: Through December 31, 2011. 

Personnel: This work would be conducted by DWR personnel. 
Equipment: None 

Deliverables and dates: 
Semi-annual reports submitted by June and December 2009 and 2010. 

• Oral progress reports to IEP project work teams by September 2009 and September 2010. 
Oral or poster presentations at the 2009 and 2010 IEP Workshop. 
Post study report to peer reviewed journal and/or published in the summer 2010 IEP 
Newsletter. 
Protocol for laboratory culture of threadfin shad (August 2010). 

Comments: Toxicity analysis will be done by G. Boyer of the State University of New York, an 
expert on cyanobacterial toxicity. His group has extensive experience in the determination of 
cyanobacterial toxins and routinely analyzes samples for NOAA, Center for Disease Control 
(CDC, and other departments of health and conservation for several states. They also 
participated in the previous surveys. Future analyses may be possible at DFG' s Water Pollution 
Control Laboratory. 

Food-web Support for Delta Smelt and Estuarine Fishes in Suisun Bay and Upper Estuary 
IEP 2010-082 
Point person: Anke Mueller-Solger (DSC) 
Lead Agency: SFSU-RTC 
Questions: Within the low salinity zone (LSZ) of the northern estuary: 
How do benthic grazing, available solar irradiance, and the concentrations and composition of 
nitrogenous nutrients interact to influence the species composition and production of 
phytoplankton? How does bacterial production respond to changes in particulate and dissolved 
organic carbon (POC & DOC) delivered primarily through river flow? What is the role of the 
microbial food-web in supporting higher trophic levels? 
To what extent is copepod production dependent on these alternative energetic pathways 
(phytoplankton and bacterial production)? 
Description: This is a DSP-funded study focused on 2 related topics: 

Topic 1: The threatened delta smelt (Hypomesus transpacificus) is now the principal 
species of concern for management of freshwater flow and diversions in the Delta, and 
the principal target for restoration in the upper San Francisco Estuary. The abundance of 
this federally-listed threatened species has been low since the early 1980s and it has not 
recovered to the point where it can be considered for delisting; indeed, the 2004 
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abundance index was the lowest on record. Potential reasons for its low abundance are 
many, but evidence points to the direct and indirect effects of export pumping of 
freshwater in the south Delta, toxic substances, and low food supply as likely 
contributing factors. We believe that the feeding environment of delta smelt may be 
implicated in the continued low abundance of this species. Delta smelt feed for their 
entire lives on zooplankton, principally copepods, mainly in the brackish waters of the 
western Delta and Suisun Bay. As outlined in the submitted proposal, copepod abundance 
is depressed in this region. 
Topic 2: Previous work on the responses of the estuarine ecosystem to inter-annual 
variation in freshwater flow has demonstrated a decoupling between the abundance of 
lower trophic levels and that of fish and shrimp (Kimmerer 2002; Kimmerer 2004). This 
decoupling may imply that variability in food-web support is unimportant to variability of 
higher trophic levels, but there are some important pieces missing from the puzzle. Chief 
among these is the fact that the supply of labile organic matter from freshwater to the 
LSZ varies with freshwater flow and this flux has not been accounted for in analyses of 
the estuarine food-web. 

The funded proposal includes efforts aimed at understanding and possibly improving the 
food-web supporting delta smelt and other estuarine species. 
Time period: 2006-2010 
Resources required: 

Cost: $162,000 per year from a DSP PSP-funded grant. 
Pl(s): Wim Kimmerer (SFSU) 

Contract needed I in place: In place. 
Contract manager(s): Shem Ayalew (DSP) 
Term of contract: 3 years 

Personnel: Richard Dugdale, Frances Wilkerson, Edward Carpenter, Alex Parker (SFSU); 
Risa Cohen (Georgia Southern University); Janet Thompson, Francis Parchaso (USGS); 
George McManus (University of Connecticut) 
Equipment: The bulk of the laboratory work will be conducted at Romberg Tiburon Lab. 

Deliverables and dates: There are 5 tasks within this element: phytoplankton (task 1), benthic 
grazing (task 2), bacteria (task 3), microbial foodweb (task 4), and copepods (task 5). 

Tasks 1, 2, 3, and 5 will all produce at least 1 peer-reviewed journal article, at least 1 
presentation at the Delta Science Conference, and presentations at the Estuarine Ecology 
Team and other venues. 
Tasks 3 and 4 will produce a joint paper together. 
All tasks will produce a synthesis article. The target milestone for paper submission is 
December 2010. 

Comments: This project was delayed by the bond freeze. The delay did more than push the 
project back and caused a serious disruption that has made it difficult to advance to the synthesis 
stage. Many presentations have been made as a result of this project. At least 5 manuscripts are 
now in preparation and data are ready for 2 more. 

Power Plant Operations 
IEP 2010-087 
Point person: Ted Sommer (DWR) 
Lead Agency: DWR 
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Questions: What are the characteristics of the cooling water diversions associated with the 
Contra Costa and Pittsburg power plants, and what effects might they have on pelagic fishes? 
Have there been recent increases in pelagic fish entrainment? 
Description: This study was previously a component of the 2005 work element, 
"Analysis/summary ofrecent changes in Delta water operations". Based on the initial data 
review, we believed that the issue warranted a focused study. The purpose of this element is to 
closely examine power plant operations to identify whether there were effects strong enough to 
contribute to the long-term and recent apparent step-change in pelagic fish abundances. 
Time period: Ongoing through April 2011. 
Resources required: 

Cost: $25,000 from DWR POD sources. 
PI(s): Carol Raifsnider (Tenera Environmental) 

Contract needed I in place: In place. 
Contract manager(s): Steve Bauman (Mirant) manages the contract with Tenera. 
Funding for Brian Schreier (DWR) is from DWR POD sources. 
Term of contract: Current through 2011. 

Personnel: Brian Schreier (DWR) 
Equipment: None 

Deliverables and dates: 
Monthly progress reports detailing entrainment and impingement results, submitted to 
IEP agency biologists. 
Annual summary report submitted 4 months after laboratory sampling has been 
completed. 

Comments: Entrainment and/or impingement surveys were coordinated to occur during the same 
time as the FMWT, SKT, TNS and the 20-mm Survey, when the surveys were conducted in the 
vicinity of the power plants. Monitoring was conducted at a minimum of once a month from 
November 2007 through October 2009. Two annual reports summarizing results of entrainment 
and impingement monitoring were submitted. The study plan was amended (Amendment 2) and 
approved in March 2010. Amendment 2 Entrainment and Impingement Monitoring Program is 
conducted only during times when the power plants generate electricity and is no longer 
conducted parallel to IEP sampling. 

SA V Abundance and Distribution 
IEP 2010-102 
Point person: Ted Sommer (DWR) 
Lead Agency: USGS and UCD 
Questions: Has submerged aquatic vegetation (SA V) increased in the Delta? Has SA V altered 
the habitat to effect fish populations? Has SA V increased retention of suspended solids to create 
a less turbid environment, which is less hospitable to delta smelt? 
Description: Using hyperspectral imagery, this project will provide annual acreage calculations 
of SA V and quantify regional distribution trends in the Delta for 2003-2006. Three tasks have 
been identified: (1) classify SAV in the Delta using Hy Map hyperspectral imagery, (2) create 
SA V distribution maps in concert with SA V acreage calculations to quantify distribution trends 
in the Delta, and (3) investigate methodology that will detect and monitor turbidity trends in the 
Delta using surface and aircraft hyperspectral remote sensing instruments and satellite remote 
sensing data. 
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Time period: 2006-2010 
Resources required: 

Cost: This program has billed remaining funds. 
PI(s): Susan Ustin (UCD) 

Contract needed I in place: In place. 
Contract manager(s): Ted Sommer (DWR) 
Term of contract: Through June 30, 2010. 

Personnel: Erin Hestir (UCD) 
Equipment: Equipment provided by UCD. 

Deliverables and dates: 
Oral presentation at CALFED Science Conference, October 22, 2008 (tasks 1 and 2). 
Oral presentation at IEP Workshop, February 28, 2009 (tasks 1, 2 and 3). 
Progress report to DWR, February 28, 2009 (tasks 1, 2 and 3). 

• IEP Newsletter article and at least 1 written manuscript for peer-reviewed journal, June 
30, 2009 (tasks 1, 2 and 3). 

• Poster presentation at State of the Estuary, October 2009 (task 3). 
• Oral presentation at IEP Workshop, February 28, 2009 (task 3). 

IEP Newsletter article summarizing results of each task, June 30, 2008. 
Manuscript detailing the method used to create the spatially explicit geographic 
information system (GIS) layer of SAY, June 30, 2010. 

Comments: None 

Fish Facility History 
IEP 2010-107 
Point person: Marty Gingras (DFG) 
Lead Agencies: DFG, USBR 
Questions: What changes have occurred at the state and federal fish facilities that would change 
the reported number of salvaged fish? 
Description: 
This project will identify changes that have occurred at the state and federal fish facilities from 
1956 to 2010 that may have impacted the reported number of salvaged fish. However, this 
investigation will not report on the survival of fish once counted (debris loads in holding tanks 
and impacts on released fish). 
Time period: Through December 31, 2010. 
Resources required: 

Cost: $50,000 from USBR Operations (non-POD). 
PI(s): Jerry Morinaka (DFG) and Brent Bridges (USBR) 

Contract needed I in place: N/ A 
Contract manager(s): Erwin Van Nieuwenhuyse and Ron Silva (USBR) 
Term of contract: NIA 

Personnel: Above named investigators. 
Equipment: No equipment is required for this analysis. 

Deliverables and dates: 
• IEP technical report describing changes that have occurred at the state facilities 

(December 2010). 
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The federal portion of this element will begin in August 2010 and the target deadline is 
winter 2011. 

Comments: None 

Delta Smelt Culture Facility 
IEP 2010-108(a) 
Point person: Rich Breuer (DWR) 
Lead Agency: UCD 
Questions: Reliable supplies of all life stages of delta smelt are valuable to management and 
scientific communities for a number of reasons. Cultured delta smelt provide specimens with 
known rearing history (required for toxicological experiments), aids research and design of fish 
screen efficiency and pre-screen losses, allows investigations into basic biology with application 
to wild populations, and enables the development of a delta smelt refugial population. 
Description: This program will collect sub-adult broodfish via purse seine from the wild and 
spawn, and rear all life stages of delta smelt in the following year in accordance to the Delta 
Smelt Culture Manual (Baskerville-Bridges et al., 2005). Delta smelt will be housed and reared 
at the newly expanded Fish Conservation and Culture Laboratory (FCCL). 
Time period: Ongoing 
Resources required: 

Cost: $48,000 available from DWR contract and $881,000 from USBR contract. 
PI(s): Drs. Raul Piedrahita, Joan Lindberg and Brad Baskerville-Bridges (UCD) 

Contract needed I in place: In place. 
Contract manager(s): Rich Breuer (DWR), Erwin Van Nieuwenhuyse (USBR), 
Joan Lindberg (UCD) 
Term ofcontract: July 1, 2007 to June 30, 2010 (DWR); January 1, 2010 to 
December 31, 2014 (USBR). 

Personnel: UCD personnel. 
Equipment: Equipment to rewire the collection, handling, transport and release (CHTR) 
building, and the purchase of additional chillers will be needed. 

Deliverables and dates: 
5,000 adult delta smelt (>50 mm). 

• 10,000 juvenile delta smelt (20-50 mm). 
• Annual Production Report (December 2010). 

Comments: In 2010, SKT personnel will experiment with artificial gamete stripping ofwild
caught delta smelt and cold storage of gametes. If cold-stored gametes prove viable, this will 
provide a means to introduce additional genetic diversity into cultured delta smelt. These same 
fish will be sampled for delta smelt genetic testing (2010-135) and be preserved for otolith 
(2010-060) and histopathology (2010-061). 

Quantifying Effects of Naturally Occurring Physical Stimuli on Delta Smelt Behavior 
IEP 2010-108(b) 
Point Person: Pete Hrodey (USFWS) 
Lead Agency: UCD 
Questions: Do juvenile and adult delta smelt discriminate levels (and types) of turbid and saline 
environments, make behavioral choices based on this information? Does delta smelt show 
differences in feeding, survival and swimming behavior at several levels and/or types of 
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turbidity? Does salinity or temperature affect feeding, survival and swimming behavior under 
optimal turbidity conditions? 
Descriptions: The study includes the following tasks: 

Task I: Effect of salinity and turbidity on juvenile and adult delta smelt behaviors: 
In the first task, we aim to test whether juvenile and adult delta smelt discriminate levels 
(and types) of turbid and saline environments and make behavioral choices based on this 
information. We will develop test equipment (similar to our successful raceway design 
used in testing larval delta smelt) to try to document residence time (or volitional 
movements) under conditions where the animals can choose between turbid and clear 
water, and between saline and fresh water. Identifying volitional responses of the late 
juvenile and sub-adult life stages to salinity and turbidity and to various types of turbidity 
will yield practical information regarding the smelt's responses to changes in 
environmental elements and inform management decisions. We will test delta smelt 
juveniles and adults in "Y-maze" raceways, with physical variables randomized between 
arms of the mazes. An additional test apparatus may be explored where fish are tested in 
a large oval or circular tank in which water velocity could be manipulated to simulate 
tidal movements (flood, slack, ebb). 
Task 2: Effects of turbidity, salinity, and temperature on feeding, survival, and 
behavior of delta smelt: Building on experiments performed at the FCCL (Baskerville
Bridges et al., 2004), delta smelt at juvenile and early adult stages will be exposed to 
different levels (NTU) and types of turbidity (phytoplankton, humic acids, suspended 
sediments/silt) for 1-7 days in a flow-through system. Swimming behavior, feeding and 
survival will be monitored to assess optimal conditions. Experiments will be performed at 
different water temperatures or salinities to determine potential interactive effects. 
Current test protocols will follow those developed at UCD-Aquatic Toxicology 
Laboratory (ATL) and described in detail by Werner et al. (Final Report to IEP-POD, 
2009) for testing with delta smelt larvae at different stages of development. A flow
through system will be used for testing. Upon arrival at UCD-ATL, the transport 
containers with fish will be placed into a temperature-regulated water bath maintained at 
16° C. Glass beakers are used to gently transfer fish from transport containers to replicate 
exposure tanks. Six fish will be placed into each of the test tanks containing 7 L of 
filtered hatchery water adjusted to (1) a range of turbidity (0-25 NTU) using 
phytoplankton, humic acids or silt, and (2) optimal turbidity determined in experiment lat 
different salinities/conductivities (150-200 uS/cm, 1.5-2 ppt, 5-8 ppt). Fish will be 
acclimated to different salinities/conductivities for 2 weeks before the test, and hatchery 
water and electric conductivity (EC) adjusted hatchery water will be used as control 
water. During acclimation and testing, fish will be fed 3 times a day withArtemia. Water 
quality parameters (EC, pH, temperature, dissolve oxygen (DO), turbidity and ammonia 
concentration) will be measured, and dead fish will be recorded and removed daily. At 
test termination, mortality will be recorded. Half of the fish will be then be fed and gut 
contents examined subsequently. The other half will be subject to swimming trials. 

Time Period: June 2010- June 2011 
Resources required: 
For Task 1: 

1. Facilities at the FCCL of UCD, located near Byron, CA. 
2. Cultured delta smelt: 2,000-3,000 fish of each life stage, juveniles and adults as follows: 
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20 delta smelt per behavior test x 2 tests x 30 replicate experimental runs = 1,200 
juveniles and 1,200 adults. Estimate double the number of fish for developing 
techniques, mortalities, and unforeseen complications. 

For Task 2: 
1. Facilities at the UCD - ATL. 
2. Cultured delta smelt: 1,000 juveniles-subadults (140-150 dph); 2 tests, 12 treatments with 

4 replicates per test, 6 fish/replicate; 400 fish for developing techniques and unforeseen 
complications which necessitate repeat testing. 
Cost: $100,000 
Pl(s): Joan Lindberg and Inge Werner (UCD) 

Contract needed I in place: In place. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) and Joan Lindberg 
(UCD) 
Term of contract: January 2010-December 2014 

Personnel: Above named investigators and other UCD staff. 
Equipment: No new equipment at this time. 

Deliverables and dates: 
Task 1 

Results will be presented at the Delta Science Conference or annual IEP Workshop. 
• Report at termination of project. 

Task2 
• Results will be presented at the Delta Science Conference or annual IEP Workshop. 
• Report at termination of project. 

Comments: This study will complement earlier studies conducted at the FCCL on larval 
movement and feeding behavior in response to turbidity and incident light. In addition, it follows 
up on observations made during larval testing at UCD-ATL, indicating that different types of 
turbidity may influence feeding and swimming activity of delta smelt. If the juvenile and adult 
smelt show increased residence times and better feeding behavior in turbid and slightly-saline 
environments, then this would have management implications for habitat protection and 
hydraulic manipulations of the low-salinity and higher turbidity zone in the Delta. 

Striped Bass Bioenergetics Evaluation 
IEP 2010-115 
Point person: Ted Sommer (DWR) 
Lead Agencies: DWR and DFG 
Questions: What are the trends in estimated population consumption demand of age-1 and older 
striped bass? Has age-1 and older striped bass consumption demand decreased more slowly than 
prey relative abundance/relative biomass? 
Description: This element will couple bioenergetics analyses to data provided by element 2010-
116 (adult striped bass population dynamics) to estimate the long and short-term (i.e., POD 
years) trends in consumption demand of striped bass. 
Time period: 2010; assuming the population demographic data are available in early 2010. 
Resources required: 

Cost: $30,000 in 2010 from POD sources. 
PI(s): Marty Gingras (DFG), Gina Bengino (DWR) 

Contract needed I in place: Not needed, work will be covered by agency staff. 
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Contract manager(s): NIA 
Term of contract: NIA 

Personnel: Jason DuBois (DFG) 
Equipment: None required - this is a data mining/data analyses effort. 

Deliverables and dates: Draft manuscript for publication (December 2010). 
Comments: None 

Long-term Sources and Early Warning Signals in Turbidity Monitoring Data 
IEP 2010-126 
Point person: Ted Sommer (DWR) 
Lead Agency: USGS 
Questions: (1) Do smelt move towards the water diversions because they are following specific 
turbidity pulses, or because their habitat has shifted towards the pumps? (2) Where are the 
sources of turbidity for water exported by the SWP and Central Valley Project (CVP)? 
Description: This study will determine the origin, movement, and extent of turbidity pulses that 
affect delta smelt behavior and salvage at the pumps. Recent analyses by DWR and 
Metropolitan Water District show that delta smelt salvage counts increase at the CVP and SWP 
during periods (i.e., days) immediately following the first significant storm event in the basin. 
Though the mechanism is unclear, water turbidity is a good measure of the storm event and the 
data indicate that salvage typically begins when turbidities increase over 12 NTU. As a result of 
a recent court ruling, this finding was incorporated into water project operations as a tool to help 
reduce fish losses. However, the sources of turbidity are not well understood. A more 
comprehensive source of long-term turbidity data could help elucidate the question as to whether 
fish are following a turbidity gradient to the salvage facilities or whether they are migrating in 
response to a flow pulse. Data sources will focus on USGS continuous suspended-sediment 
concentration time series at Rio Vista, Jersey Point, Threemile Slough, and Stockton from 1998-
2005. 
Time period: 12 months. 
Resources required: 

Cost: Funding for this element was obligated with previous year funds. 
PI(s): David Schoelhamer and Scott Wright (USGS) 

Contract needed I in place: In place. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) and Darcy Austin 
(USGS). 
Term of contract: 12 months, expiring 9/30/2011. 

Personnel: Tara Morgan (USGS) in collaboration with Lenny Grimaldo (USBR). 
Equipment: None 

Deliverables and dates: 
Process 2003-2005 suspended sediment (SSC) data. 

• Develop relations between turbidity and SSC from the Bay Delta and Tributaries (BDAT) 
database for specific sites and seasons relevant for delta smelt. 
Develop statistical models of turbidity at USGS sites for 1993-1997. 
Define origin, movement, and extent of key turbidity pulses identified by Lenny 
Grimaldo (USBR) from 1993-2005. 

• Collaborate with Lenny Grimaldo (USBR) on peer reviewed manuscript. 
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Comments: Processing of 2003-2005 SSC data and development of turbidity and SSC relations 
is proceeding. 

Contaminants and Biomarkers Work 
IEP 2010-127 
Point person: Rich Breuer (DWR) 
Lead Agency: UCD 
Questions: Is water in ecologically sensitive areas of the Delta toxic to delta smelt and other 
pelagic fish and their prey? What are the causes and sources of water column toxicity in areas of 
the Delta and how do they affect fish species of concern? How sensitive are Delta species to 
contaminants in comparison to surrogate species commonly used in toxicity testing? Is it 
meaningful to use surrogate species for toxicity monitoring in the Delta? Are contaminants 
associated with wastewater treatment effluents affecting fish species of concern? Is there a 
relationship between toxicity results and other POD study components, such as histopathological 
examination of fish and Microcystis blooms? 
Description: The overall goal of this study is to assess the potential for contaminated water to 
contribute to the observed declines of pelagic species in the Delta. The study is designed to build 
from the results of the 2006 and 2007 Delta-wide monitoring project, which investigated toxicity 
of Delta water samples to invertebrates and early life stages of fish species of concern. 

The 2009 - 2010 study will intensify toxicity testing in the Cache Slough, lower 
Sacramento, Suisun Marsh and Suisun Bay areas. Like the 2006 and 2007 study years, if 
toxicity is detected, toxicity identification evaluations (TIEs) and chemical analysis will be used 
to identify toxicant(s). In situ tests with delta smelt, fathead minnow or inland silversides, and 
Hyalella azteca will be conducted at Hood on the Sacramento River, and Rough and Ready 
Island on the San Joaquin River. This study will generate sensitivity data (in the form of 96-h 
LC50, EC50, no observed effect level (NOEC), and lowest observed effect level (LOEC)) and 
compare sensitivity of Delta species with that of standard toxicity test species for 
Pseudodiaptomus forbesi, Eurytemora affinis, Ceriodaphnia dubia, Hyalella azteca, delta smelt, 
and fathead minnow or inland silverside for select chemicals. Lastly, molecular biomarkers 
developed for striped bass in 2006-2007 will be used to detect and quantify stress responses in 
field-collected specimens from 2005-2009 to detect sublethal toxic effects and help identify the 
causative chemical(s) or other stressors. Biomarker development for delta smelt will continue 
with the immediate aim of selecting appropriate biomarkers for use in field and in situ studies, as 
well as in laboratory studies to determine cause and effect. 
Time period: This study will be completed in 2010. 
Resources required: 

Cost: $453,000 from POD sources in 2010. 
PI(s): Drs. Inge Werner and Swee Teh (UCD) 

Contract needed I in place: In place. 
Contract manager(s): Ted Sommer (DWR) 
Term of contract: Through June 30, 2010. 

Personnel: UD Davis staff, Kevin Reece (DWR) 
Equipment: Equipment will be provided by UCD. 

Deliverables and dates: 
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Semi-annual progress reports will be submitted to the DWR contract manager and will 
include the number of samples processed, number of samples analyzed, results and a 
time line for the completion of the analyses. 
Oral progress reports will be given to the IEP project work teams (September 2009 and 
2010). 

• Annual IEP workshop presentation (February 2009 and May 2010). 
A post-field progress report that describes the study and outcome to a peer-reviewed 
journal and/or published in the IEP Newsletter (summer 2009). 

Comments: This project is dependent on the ability to obtain 5,000- 6,000 delta smelt larvae 
aged 30 - 90 days each year for the toxicity testing and sensitivity studies, and 1,000 40 - 45 day 
old larvae for tests with ammonia and wastewater treatment effluent from Sacramento River 
water. 

Feasibility of Using Towed Imaging Systems 
IEP 2010-130 
Point person: Ted Sommer (DWR) 
Lead Agency: USBR 
Questions: Are towed video imaging systems a feasible technique for measuring the abundance 
and distribution of pelagic fishes in the Delta and San Francisco Estuary? If so, what species, 
life stages, and regions would be most suitable for this technique? 
Description: Trawls presently form the foundation of IEP fish monitoring. Although these gear 
types have proved exceptionally useful, they are much less effective with patchy or rare species 
such as delta smelt. Moreover, the recent decline in delta smelt population has led to concern 
over lethal "take" by trawling methods. Recent progress in towed video imaging systems may 
provide a supplemental method that could be used to examine pelagic fish distribution and 
abundance. The potential use of underwater video cameras retrofitted to trawl surveys as a new 
non-lethal tool to measure the abundance and distribution of pelagic fishes has gained recent 
interest. An underwater housing has been designed, fabricated, and tested to attach to the cod
end of a towed-net and perform under strict buoyancy, pitch, yaw, and roll specifications. The 
device has been tested in flows up to 0.9 m/sec (3 ft/sec) in turbid water. The aluminum hull 
contains a video imaging system, using a black and white, right-angled Gig-E high-speed camera 
to capture image data and send to boat-side computer system over Ethernet. The electrical 
system includes lighting, light driving, sensor sampling, cameras, camera power, lightning 
protection, and smaller subsystems. Sensors have been included that interface with the computer 
and provide information pertaining to the global positioning system (GPS) location, pressure for 
depth (inner and outer), humidity, temperature (air inside hull), water flow rate (from pressure 
differential), and tilt angle (and rate) from accelerometers. 

The computer system processes images in real-time using a combination of NVIDIA 
compute unified device architecture (CUDA) parallel computing platform, Lab VIEW, and the 
image processing toolkit from National Instruments. Vision system improvements include the 
programming of algorithms software to determine fish profile outline and estimate approximate 
pose, develop and train software to recognize objects as fish from a library database and 
statistical models, and classify objects automatically, as fish or non-fish and give probability of 
each object of being a delta smelt. An adaptive software reduction of turbidity through known 
fish position and gamma correction is an ongoing process and will be further designed. 
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The software system is composed of 2 parts: (1) a user interface that includes data 
visualization, sensor acquisition, alarming conditions, camera inputs, and data recording, and (2) 
a vision algorithm that is actively detecting fish-sized objects using CUDA (CUDA is the 
computing engine in NVIDIA graphics processing units). Other feature trackers and algorithms 
have been implemented to detect and describe local features that will help in tracking objects and 
deciding whether or not it is a fish, debris, or bubbles. A more rigorous testing phase will occur 
in the fall, winter, and spring 2010-2011, including more laboratory and field analysis of the 
underwater camera fish recognition system. 
Time period: Through 2011 and possibly beyond, depending on how long it takes to build an 
object image library. 
Resources required: 

Cost: $201,000 from POD sources. 
PI(s): Don Portz (USBR) and Darren Odom (Sure Works, LLc.) 

Contract needed I in place: In place. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) and Ted Sommer 
(DWR) 
Term of contract: Annual 

Personnel: USBR, DFG and DWR staff 
Equipment: Aluminum underwater submersible, Dalsa high-speed camera, laptop 
computer, LED lighting, camera cabling, flumes, and use of trawls. 

Deliverables and dates: 
Progress report (September 2010). 

• IEP Newsletter article draft (December 2010). 
Comments: The software system that the Bureau of Reclamation and Sure Works, LLc. is 
designing requires more work on the vision algorithm, some flume testing, and field trials for the 
fall, winter, and spring 2010-2011. 

Use of Acoustics to Estimate Trawl Openings 
IEP 2010-131 
Point person: Randy Baxter (DFG) 
Lead Agency: DFG 
Questions: What are the mouth dimensions of a standard midwater trawl? Do these dimensions 
vary based on differences in trawling depth or current direction? Are trawl mouth dimensions 
affected by variation in rigging among the vessel being used (i.e., does the block height and 
width among vessels affect mouth dimensions)? The information should improve the accuracy 
of abundance indices and will be directly applicable for the development of mean-density 
expansion estimators (see 2010-043 above) used to estimate the population size of delta smelt 
and other fishes susceptible to the trawling. Results may suggest appropriate alternative rigging 
configurations to improve consistent deployment of trawls. 
Description: This study will employ a commercially-available transmitter/transponder/computer 
system to calculate dimensions of a midwater trawl mouth while the net is being towed during 
special deployments to emulate a variety of different depth, current, vessel speed, and vessel 
configuration circumstances. The midwater trawl will be towed by all currently operational DFG 
vessels used for the FMWT and SFBS . If time permits, the gear will be used to measure mouth 
dimensions of the SKT, SFBS otter trawl, and the USFWS Chipps Island midwater and Kodiak 
trawls. 
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Time period: January- December 2010 
Resources required: 

Cost: $13,000 from POD sources. 
PI(s): Randy Baxter, Steve Slater, Dave Contreras and Jennifer Messineo (DFG) 

Contract needed I in place: Not needed. 
Contract manager(s): NIA 
Term of contract: NI A 

Personnel: 2 -3 biologists, 1 mate, and 1 scientific aide would be temporarily directed. 
Equipment: Software and hardware have been purchased and successfully used to 
complete part of the list of net measurements. The equipment malfunctioned and has 
been returned to the vendor for repair, which must be successful to complete this study. 

Deliverables and dates: 
Not less than 5 memo-reports and companion Excel summary files, each submitted 
within a month following any deployment of the equipment. 
IEP newsletter article describing initial field work (fall 2010). 
Draft a manuscript describing inter-vessel effects on trawl mouth dimensions including a 
discussion on how rigging affected trawl dimensions (December 2011). 

Comments: Equipment malfunctions may limit work possible in 2010. 

The Effects of the Cache Slough Complex on North Delta Pelagic Habitat: Regional 
Transport of Turbidity, Phytoplankton, and Zooplankton 
IEP 2010-132 
Point person: Ted Sommer (DWR) 
Lead Agencies: DWR and USGS 
Questions: This study will examine the hydrodynamic "footprint" of Liberty Island in the north 
Delta, one of the key habitats of delta smelt. Two of the alternative hypotheses to be tested 
include: 
Alternative 1: Liberty Island has a dominant effect on the hydrodynamics of Cache Slough 
Complex channels and perhaps other parts of the north Delta. Hence, we expect to see pulses of 
turbidity, chlorophyll a, and zooplankton coincident with tidal export from Liberty Island. 
Specifically, we should see these pulses on an ebb tide in lower Cache Slough (and perhaps Rio 
Vista) and on a flood tide in the Deep Water Ship Channel. 
Alternative 2: Transport of particulates in the Cache Slough complex is determined largely by 
localized production (phytoplankton, zooplankton) or resuspension (sediment). For turbidity, the 
hypothesis is that sediments are deposited in Cache Slough Complex channels during flood 
events. Hence, high turbidity during other times of the year would occur in the Deep Water Ship 
Channel and lower Cache Slough during (1) peak ebb and flood tides; (2) high wind periods; or 
(3) both conditions. Chlorophyll a in lower Cache Slough and the Deep Water Ship Channel 
would show diel and seasonal variation, but no tidal effects. Zooplankton would show seasonal 
effects and perhaps diel effects. 
Description: The POD has created substantial interest in characterizing the habitat of pelagic 
fishes. This includes analyses of short term (e.g., tidal) and long-term (e.g., seasons, years) 
changes. Recent studies have revealed several important observations: (1) the Cache Slough 
Complex represents key habitat for delta smelt; (2) turbidity is an especially important 
component of habitat for the Delta pelagic fishes; (3) much of the sediment and organic carbon 
flux in the estuary passes through the Cache Slough Complex; and ( 4) the Cache Slough 
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Complex appears to be a important "food bank" for the Delta. Hence, understanding the patterns 
of hydrodynamics, turbidity, chlorophyll a, and zooplankton is important to describe the habitat 
of pelagic fishes including delta smelt. The proposed study will examine the hydrodynamic 
"footprint" of Liberty Island, the major body of water in the Cache Slough Complex. Flux of 
phytoplankton out of Liberty Island will be studied by Peggy Lehman as part of the Breach III 
study, providing a good opportunity to examine the fate of the exported material. We suspect 
that transport of biological and physical constituents from Liberty Island has a dominant effect 
on the channels of the Cache Slough Complex and perhaps a large area of the north Delta. The 
study approach includes both continuous monitoring and 24-hour flux studies. Ongoing work in 
2010 will include 2 additional 24-hour sampling events to capture "wet" winter conditions, and 
more focused continuous monitoring in the upper Cache Slough and Liberty Island areas. 

Continuous Monitoring: 
Wind: Rio Vista, Hastings (existing stations) 
Flow: Cache Slough at Ryer Island, Upper Cache Slough, Deep Water Ship Channel, 
Miner Slough, and Lindsay Slough. 
Turbidity: Cache Slough at Ryer Island, Upper Cache Slough, Ulatis, Deep Water Ship 
Channel, Miner Slough, and Lindsay Slough. 

24-Hour Intensive Studies (once every 3 months): 
Phytoplankton and zooplankton: Liberty Island, Cache Slough, Deep Water 
Ship Channel. 
Chlorophyll a: Liberty Island, Cache Slough at Ryer Island, Upper Cache Slough, Deep 
Water Ship Channel, Shag Slough, Lindsay Slough. 

Time period: 2008 to 2010 
Resources required: 

Cost: $334,170 
DWR biological sampling $89,270 
DWR hydrodynamic sampling $27,000 
USGS turbidity sampling $217 ,900 

PI(s): Gina Benigno, Shawn Mayr and Ted Sommer (DWR); Tara Morgan and Dave 
Schoellhamer (USGS). 

Contract needed I in place: In process. 
Contract manager(s): Rich Breuer (DWR), Erwin Van Nieuwenhuyse (USBR) 
and Roger Fujii (USGS) 
Term of contract: To be determined. 

Personnel: Identified Pis plus additional IEP staff during the 24 hour flux studies. 
Equipment: An Acoustic Doppler Current Profiler (ADCP) for some of the locations, 
turbidity sensors for all the sites, and the use of 3 small boats during the four 24-hour flux 
studies. 

Deliverables and dates: 
Delta Science Conference presentations (October 2010). 
Peer reviewed manuscript for publication (December 2010). 

Comments: None 

Impacts of Largemouth Bass on the Delta Ecosystem 
IEP 2010-133 
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Point person: Ted Sommer (DWR) 
Lead Agency: UCD 
Questions: How much time do centrarchids spend foraging in pelagic habitat? What is the 
relationship between increasing biomass of Egeria and centrarchids density, as well as other 
species in the littoral zone? What are "ballpark" estimates of centrarchid population sizes and 
prey requirements? 
Description: Although "top-down" effects are a key part of the POD conceptual model, 
predation from inshore piscivores represents a relatively poorly understood source of mortality. 
There is good evidence that centrarchid populations have thrived as a result of the expal)sion of 
Egeria beds; however, it is unclear whether this may have contributed to the POD. Specifically, 
we need estimates of inshore predator abundance and information about their effects on pelagic 
habitat. Four tasks comprise this element: (1) field surveys oflargemouth bass and other fish, (2) 
feasibility study of acoustic tracking methods for largemouth bass in the Delta, (3) mesocosm 
studies on largemouth bass diets, and ( 4) statistical models of largemouth bass abundance and 
impacts. 
Time period: 2009-2010 
Resources required: 

Cost: $239,000 in 2010 from POD sources. 
PI(s): Drs. Andy Sih, Peter Moyle and Peter Klimley (UCD) 

Contract needed I in place: This work is included in the DWR-UCD umbrella 
contract that expired June 30, 2010 and will be continued through a USBR-UCD 
contract. 
Contract manager(s): Ted Sommer (DWR) 
Term of contract: Through June 30, 2010 (DWR). 

Personnel: Louise Comad (DWR) and Anna Stephensen (UCD) 
Equipment: This work requires the use of an electrofishing boat, likely borrowed from 
DFG. 

Deliverables and dates: 
Progress report for task 1 to IEP MT (fall 2010). 
IEP Newsletter submissions for task 1 (fall 2010). 
Oral presentation at Delta Science Conference for tasks 1, 2 and 4 (October 2010). 

• Poster presentation for task 1 at State of the Estuary Conference (October 2009). 
Oral presentation for task 3 at the IEP Annual Workshop (May 2010). 

• 1 or more peer-reviewed journal articles for task 1, 2, 3 and 4 (fall 2010). 
Comments: None 

Delta Smelt Genetics 
IEP 2010-135 
Point person: Randy Baxter (DFG) 
Lead Agency: USFWS 
Questions: What is the current and historic population structure of the delta smelt population? 
What is the mating strategy of delta smelt? What is the extent of hybridization between delta 
smelt and wakasagi smelt or longfin smelt? What type of genetic breeding plan would be 
effective to maintain genetic variability in a captive refugial population? Is genetic variability 
being maintained in the captive refugial population? 
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Description: The delta smelt abundance has declined recently to record low levels (Sommer et 
al., 2007), prompting petitions to "uplist" it from the current threatened status to endangered 
under both the California and Federal Endangered Species Acts (The Bay Institute et al., 2006 
and 2007). Low abundance levels also lead to unprecedented restrictions in biological sampling 
in 2007, promulgated under IEP delta smelt "take" and DFG collection permit authority. Other 
efforts to manage delta smelt include investigations into reproductive biology and culture 
conducted at the UCD FCCL, located near the Skinner Fish Facility in Byron. The facility has 
been acquiring wild brood stock annually to produce young for experimental purposes, but these 
collections were restricted in 2007. As a result of the declining abundance and reduced access to 
wild brood stock, a refugial population has been developed. However, to effectively establish 
and maintain a refugial population, the genetic structure and dynamics of the population must 
first be determined. This study proposes to increase understanding of wild delta smelt 
population structure, hybridization, population dynamics, and spawning strategies through 
several years of study. Based on these findings, a breeding plan will be developed that will 
maintain "natural" genetic variation and population structure in the captive population. In 
addition, wild population genetic studies will help guide conservation management of delta smelt 
and permit genetic monitoring of the wild population. 

Four tasks comprise this element: 
• Task 1: Microsatellite marker development (begun in July 2007 and completed in April 

2008). 
~ Develop and optimize delta smelt specific primers to characterize microsatellite loci. 
~ Test cross-species microsatellites (Saint-Laurent et al., 2003; McLean and Taylor, 

2001; Kaukinen et al., 2004). 
Task 2: Determine the population structure of delta smelt throughout the Delta using 
microsatellite markers. Genotype all individuals by polymerase chain reaction (PCR) 
amplification using highly polymorphic loci lacking null alleles from already collected 
samples in collections held by R. Baxter and W. Bennett in addition to any wild 
individuals caught during project. Estimate allele frequencies, observed (H0 ) and 
expected (He) heterozygosities, and inbreeding coefficients (Frs) for all populations. 
~ Determine the existence of genetically distinct populations of delta smelt in the Delta. 
Task 3: Assess the extent of hybridization between delta smelt and longfin (Spirinchus 
thaleichthys) or wakasagi smelt (H nipponensis) to evaluate the role of hybridization in 
population abundance of delta smelt. Genotype longfin and wakasagi smelt by PCR 
amplification using polymorphic loci used for delta smelt. 
~ Compare delta smelt genotypes to detect levels of hybridization and any 

introgression. 
~ Evaluate level and percentage of hybridization with delta smelt. 
~ Examine mitochondrial DNA of hybrids to determine if hybridization is species

directional. 
~ Assess degree of downstream movement of wakasagi smelt from their original 

introduction in reservoirs. 
Task 4: Determine spawning strategies using breeding experiments and microsatellite 
markers to understand delta smelt population dynamics. 
~ Conduct breeding experiments of delta smelt in a controlled environment. 
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~ Examine progeny from tanks containing multiple individuals with different ratios of 
males to females. 

~ Use highly polymorphic microsatellite markers and computer algorithms to assign 
parentage to progeny. 

~ Assess timing and frequency of female egg release and male contribution to progeny 
to determine mating system (polygamous, polyandrous, or both) and spawning 
strategies. 

~ Determine effective population size from clarification of spawning strategies. 
• Task 5: Develop a breeding plan to maintain natural genetic variation and population 

structure in captive populations using information obtained on population structure, 
dynamics, and spawning strategies of delta smelt. 
~ Characterize the wild founding fish population structure and implications for 

management of potential breeding population. 
~ Design breeding plan using information obtained from Tasks 2 and 4 to maintain 

natural variation in refugial population. 
~ Determine number of refugial populations according to wild delta smelt population 

structure. 
~ Assess natural breeding sex ratios and timing to facilitate desired crosses. 
~ Develop a monitoring program to assess maintenance of genetic variation in wild and 

captive populations. 
Time period: 2007 - 2012, with possible extensions and additional work funded through 
additional sources (see comments for contract extension). 
Resources required: 

Cost: $53,000 from non-POD sources for 2010. This element is underfunded and 
projects needing an additional $250,000 to complete all tasks by 2012. 
PI(s): Bernie May and Katie Fisch (UCD) 

Contract needed I in place: In place. 
Contract manager(s): Paul Cadrett (USFWS) and Bernie May (UCD) 
Term of contract: September 2007- September 2012 

Personnel: 
Equipment: Work for this element will take place at the Genomic Variation Laboratory 
(GVL) at UCD. Additional genetic work may be considered between the GVL, W. 
Bennett and S. Cohen, or between GVL and the FCCL. 

Deliverables and dates: 
General: 

Progress reports to agency funders as required in contracts. 
Year end final contract reports. 

• Refereed publications. 
• IEP Annual Workshop presentation (May 2010). 

Delta Science Conference presentation (October 2010). 
• Scientific meeting presentations (e.g., Evolution and/or American Fisheries Society 

(AFS) annual and regional meetings). 
Task 1 

• Microsatellite markers for use in subsequent genetic analyses. 
• Peer reviewed journal article (Published in Molecular Ecology Resources Issue 9, 2009). 

Task2 
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Population structure. 
• Peer reviewed journal article (2010). 

Task3 
Hybridization 

• IEP Newsletter or peer reviewed journal article (2010). 
Task4 

Spawning strategy of delta smelt. 
• Peer reviewed journal article (2011). 

Task5 
Genetic management plan and monitoring. 
Peer reviewed journal article (2012). 

Work on this element will be completed by September 2012 if fully funded. 
Comments: A new contract is being developed with USBR to fund genetic component of yearly 
maintenance of captive delta smelt refugial population through 2015. 

Feeding and Growth of Delta Smelt 
IEP 2010-136 
Point person: Ted Sommer (DWR) 
Lead Agency: SFSU 
Questions: Year 1 questions: Do larval and juvenile striped bass and delta smelt exhibit 
selection for different zooplankton species? How does prey selection differ among larvae and 
juveniles? How do light and turbidity influence prey selection? What are the underlying 
mechanisms that determine prey selection? 

Year 2 questions: What are the growth rates of larval delta smelt that are fed different 
prey species? What are the assimilation efficiencies of larval delta smelt feeding on different 
prey species? How do growth rates and assimilation efficiencies of larval delta smelt differ 
among diets comprised of different prey species? 
Description: Video-graphic techniques will be used to record observations of predator-prey 
interactions and specific patterns of prey selection will be used to develop quantitative models of 
prey selection. Growth rates of larval delta smelt fed field-collected zooplankton will be 
measured in laboratory experiments. Length and weight measurements of larval fish, combined 
with biomass estimates of copepods will allow for calculations of assimilation and growth 
efficiency of larval fish feeding on different copepods. Data on respiration, ingestion, growth 
and excretion will be used to create an energy budget for larval delta smelt, allowing for the 
possibility of more accurate models of population dynamic. 
Time period: 2009 - 2010 
Resources required: 

Cost: $17,000 in 2010 from DWR POD. 
PI(s): Lindsay Sullivan (SFSU) 

Contract needed I in place: Requires modification of existing SFSU contract. 
Contract manager(s): Ted Sommer (DWR) and Wim Kimmerer (SFSU). 
Term of contract: Requires modification of existing contract with SFSU. 

Personnel: Wim Kimmerer (SFSU) 
Equipment: No new equipment is needed at this time. 

Deliverables and dates: 
• Presentation ofresults to date at Delta Science Conference (October 2010). 

211 



Progress report to IEP MT (winter 2010). 
Scientific paper prepared for peer-reviewed journal (winter 2009 and 2010). 
Presentation of results at the State of the Estuary Conference (fall 2009). 

Comments: This study is dependent on obtaining 5,000 newly hatched larvae for use in 
laboratory experiments. Prey selection and growth experiments have been completed. The data 
are currently being analyzed and publications are in preparation on both. Preliminary results 
were reported at the 2009 IEP Food Webs and Invasive Species Workshop, 2009 State of the 
Estuary Conference and 2009 Coastal and Estuarine Research Federation Conference. An 
abstract has been submitted to the 2010 Delta Science Conference. 

Population Genetics and Otolith Geochemistry of Long/in smelt 
IEP 2010-137 
Point person: Ted Sommer (DWR) 
Lead Agency: UCD 
Questions: What is the genetic population structure of longfin smelt? Is there evidence of a 
recent change in life-history variability based on otolith chemistry and growth? Have there been 
changes in the demographics of longfin smelt? 
Description: Longfin smelt recently has been proposed for listing as an endangered species. 
Although there is substantial concern about the status of this pelagic fish, there has been 
relatively little research on this species compared to delta smelt or striped bass. Hence, the basic 
population structure, demographics, and life history variability are unknown. The present study 
seeks to address some of these data gaps using 3 major tasks: 

Task I-Compare life-history variability from pre-POD to POD era (Pl: Hobbs): 
Using fish collected in the 1999-2001 FMWT Survey and the 2003 Bay Study, as well as 
the more recent collections from these sampling programs, the life-history of these 
longfin smelt samples will be reconstructed through examination of the strontium isotope 
87Sr:86Sr ratios to reflect salinity history. In addition, we plan to expand on this tool by 
including the carbon isotope history 12C:13C since this tool has recently discovered high 
resolution relationships with salinity. Strontium isotopes samples are collected with the 
ablation multi-collector, inductively coupled plasma mass spectroscopy (ICP-MS) and 
the carbon isotopes are collected by micro-milling samples from the otolith and are 
analyzed with gas chromatography combustion isotope ratio mass spectrometry (GC
CIRMS). 
Task 2-Genetic population structure of longfin smelt (PI: Israel, May): This task will 
identify population structuring among tissue collections from the Bay-Delta, Klamath 
River, and west coast. Additional collection sites are currently being considered from 
museum collections at the California Academy of Science and Burke Museum at the 
University of Washington. In 2009, 17 microsatellite markers were optimized from the 
Bay-Delta and Washington State longfin smelt collections, and subsequently published 
for studying genetic variation in longfin smelt (Israel and May, 2010). These 
microsatellite markers appear to characterize 2 distinct populations of longfin smelt 
between the Bay-Delta and Washington State collections. They are now being used to 
evaluate genetic structuring based on clustering of genotypes among annual groups of 
collections at local, state, and regional scales. Traditional population differentiation 
analyses will be utilized for evaluating genetic structuring among tissue sample 
collections. 
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• Task 3-Contemporary demographics of longfin smelt (PI: Israel, May): This task will 
evaluate multiple annual collections of longfin smelt collected pre-POD and post-POD 
decline to compare genetic variation in the population during these periods. This 
information can be insightful into demographics, effective population size, and assessing 
bottlenecks within a population. 

Time period: 2009 - 2010 
Resources required: 

Cost: $113,000 
PI(s): Bernie May and James Hobbs (UCD), Josh Israel (USBR). 

Contract needed I in place: This work is being included in the DWR-UCD 
umbrella contract, currently in process. 
Contract manager(s): Ted Sommer (DWR) and Bernie May (UCD). 
Term of contract: Through June 30, 2010. 

Personnel: Emily Ringelman (UCD) 
Equipment: 

Deliverables and dates: 
• Manuscript accepted to Conservation Genetics (spring 2010). 

Oral presentation at the annual IEP Workshop (May 2010). 
Oral presentation at the Delta Science Conference (October 2010). 

• Final report, which will comprise draft manuscripts for submission to journals or the IEP 
Newsletter (spring 2011). 

• Databases, as appropriate (July 2011). 
Comments: The project is intended to complement "data-mining" studies (e.g., Feyrer, Baxter) 
that will examine changes in longfin smelt habitat, abundance, and distribution. 

Effects of Wastewater Management on Primary Productivity in the Delta 
IEP 2010-138 
Point person: Anke Mueller-Solger (DSC) 
Lead Agency: SFSU, RTC & Water Boards 
Questions: Do ambient ammonia levels in the Sacramento River affect phytoplankton primary 
production and community composition in the Delta? 
Description: Primary production rates and standing chlorophyll levels in the Delta are among the 
lowest of all major estuaries in the world and may be declining further. The reason(s) for this are 
unclear, but decreasing primary production rates are cited as a possible cause of the pelagic 
organism decline (IEP, 2007). Recent work by Dugdale et al. (2007) and Wilkerson et al. (2006) 
has shown that elevated ammonia concentrations reduce phytoplankton production rates in San 
Francisco and Suisun bays by inhibiting nitrate uptake. Should phytoplankton production in the 
freshwater Delta be suppressed in the same way, this may contribute to the long-term declines in 
pelagic productivity and thus constitute an important "bottom-up" factor in the POD conceptual 
model. The primary sources of ammonia to the Delta are sewage treatment plants, principally 
the SRWTP. 
Description: This work plan element focuses on the SRWTP discharge to the lower Sacramento 
River. SRWTP employs secondary treatment and the main form of nitrogen in its effluent is 
ammonium. Field studies will include transect surveys of nutrients and phytoplankton as well as 
phytoplankton "grow-out" enclosures experiments (Dugdale et al, 2007) upstream and 
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downstream of the SRWTP discharge location. Controlled laboratory experiments with added 
effluent, ammonium, and nitrate will complement the field study. 
Time period: 2008 - 2010 
Resources required: 

Cost: $119,000 
Pl(s): Richard Dugdale, Alex Parker and Francis Wilkerson (SFSU) 

Contract needed I in place: SWRCB contract in place. 
Contract manager(s): Mark Gowdy (SWRCB) and Chris Foe (CVRWQCB) 
Term of contract: January 2008 - March 2010 

Personnel: Above named investigators and 2 technicians. 
Equipment: None 

Deliverables and dates: 
Annual reports to the SWRCB, Delta Science Program and POD MT. 
IEP Newsletter articles, presentations as appropriate and a manuscript. 

Comments: This element was completed as of March 31, 2010. 

Effects of Microcystis aeruginosa on Thread.fin Shad (Dorosoma petenense) 
IEP 2010-139 
Point person: Ted Sommer (DWR) 
Lead Agency: UCD 
Questions: What are the lethal and sublethal effects of microsystins (MCs) on growth and 
survival of threadfin shad (TFS)? How does the accumulation and fate of MCs affect TFS? The 
hypotheses to be tested are: 

HI: Microcystis can cause lethal and sublethal toxicity to embryo, larval, and juvenile 
TFS. 

H2: Single-celled form of MC is more lethal than colonial form of MC in filter feeder 
such as TFS. 

H3: Microcystis affect the quality and quantity of E. affinis, and P. forbesi and thus 
lead to poor survival and growth of TFS. 

H4: Microcystis affects the growth and reproduction of TFS. 
Description: TFS are small fresh water plankton feeders which inhabit open waters of reservoirs, 
lakes, and shallow water habitat in the upper San Francisco Estuary (SFE). The purpose of this 
study is to examine the potential effects of the toxic alga Microcystis, which creates blooms that 
overlap substantially with the range of TFS. The working hypothesis is that TFS can be exposed 
to these toxins either during feeding (especially for filter feeder such as TFS) or passively when 
the toxins pass through gills during breathing. Work to date has successfully established culture 
of: (1) copepods (Eurytemora affinis and Pseudodiaptomusforbesi), (2) positive (microcystin
LR+) and negative (microcystin-LR-) strains of single-celled forms of Microcystis aeruginosa, 
and (3) a re-circulating temperature of controlled fish culture system in our laboratory. 

The study is divided into 4 tasks. Task 1 will establish laboratory culture of TFS. Task 2 
will perform lethal Microcystis studies on TFS. The work will provide information on the 
sensitivity of TFS to Microcystis. Data will be compared to microcystis studies in other fish 
species and copepods. The elements of this task will evaluate: (1) acute toxicity (lethal 
concentration that kills 50% of the TFS) ofMCs on larval and juvenile TFS; (2) water exposure 
of larval and juvenile TFS to environmentally-relevant concentrations ofMCs; and (3) dietary 
exposure of larval and juvenile TFS to single-celled and colonial form of Microcystis. Task 3 
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will focus on sublethal Microcystis studies on TFS including growth, histopathological, and 
reproductive effects of MCs. Finally, task 4 will determine bioaccumulation and fate of MCs in 
TFS. 
Time period: Ongoing through 2010. 
Resources required: 

Cost: $178,000 for 2010 from POD sources. 
PI(s): Swee Teh (UCD) and Peggy Lehman (DWR) 

Contract needed I in place: Requires modification of existing contract. 
Contract manager(s): Rich Breuer (DWR) and Swee Teh (UCD) 
Term of contract: Through June 30, 2010. 

Personnel: UCD staff; Kevin Reece and Ted Sommer (DWR) 
Equipment: UCD laboratory facilities, as well as some IEP boat time to help collect 
threadfin shad for laboratory cultures. 

Deliverables and dates: 
• Progress report, presentation and protocol for laboratory culture of threadfin shad 

(February 2010). 
Progress reports, presentations and publications for tasks 1, 2, 3 and 4 (December 2010). 

Comments: None 

Mark-Recapture Study to Estimate Delta Smelt Pre-screen Loss and Salvage Efficiency 
IBP-related 2010-140 (2006 CALFED PSP) 
Point person: Anke Mueller-Solger (DSC) 
Lead Agency: USFWS 
Questions: What is the relation between salvage and total entrainment losses for juvenile and 
adult delta smelt at the SWP? 
Description: The purpose of this project is to evaluate the efficacy of mark-recapture tests to 
ensure a feasible approach to quantifying the extent of entrainment losses of juvenile and adult 
delta smelt in the south Delta. Delta smelt was historically one of the most common open-water 
species of fish in the Delta. Delta smelt declined significantly between the late 1970s and early 
1980s and is now listed as a threatened species by the California and Federal Endangered 
Species Acts. Record low abundance indices for delta smelt and other pelagic fishes in the Delta 
have been observed since the early-mid 2000's. Leading factors potentially implicated in this 
pelagic organism decline are water project operations, introduced species and contaminants. 
Despite the lack of information to quantify absolute entrainment losses of delta smelt to water 
exports and diversions, such losses have long been assumed to be a factor contributing to the 
decline of delta smelt and other species, particularly in the south Delta where the SWP and CVP 
water export facilities are located. The tasks for the project are listed as follows: 

• Task 1 - Project management. 
Task 2 - Culture delta smelt for mark-recapture experiments. 
Task 3 - Mark delta smelt for mark-recapture experiments. 
Task 4 - Mark-recapture experiments for juvenile delta smelt. 
Task 5 - Mark-recapture experiments for adult delta smelt. 

• Task 6 - Analyze and interpret results of mark-recapture experiments. 
Time period: August 2007 -July 2010 
Resources required: 

Cost: $15,000 in 2010. This work is co-funded with USBR bridge funds and DSP. 
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PI(s): Gonzalo Castillo (USFWS), Robert Fujimura (DFG), Joan Lindberg (UCD), Jerry 
Morinaka (DFG), Victoria Poage (USFWS) 

Contract needed I in place: CESU agreement with UCD is completed. The 
cooperative agreement with DFG is in place until December 11, 2010 (delayed 
due to unforeseen logistical issues). 
Contract manager(s): Kim Webb (USFWS) and Gina Ford (DSP) 
Term of contract: August 2007 - July 2010 

Personnel: Above named investigators and Jason Dubois (DFG), Luke Ellison and Galen 
Tigan (UCD), and scientific aides. 
Equipment: 

Deliverables and dates: 
• Progress report 1 and IEP Workshop presentation (March 2009). 

Progress report 2 (September 2009). 
Progress report 3 and IEP Workshop presentation (March 2010). 
Final report (September 2010). 
Submission of 1 manuscript to a scientific journal (October 2010). 
Delta Science Conference presentation (October 2010). 

Comments: Field work was completed in 2009. Data analyses and manuscript preparation are in 
progress. A second methods manuscript about marking is anticipated in 2011. 

3-D Modeling of the Delta 
IEP 2010-141 (Expansion of existing element) 
Point person: Fred Feyrer (USBR) 
Lead Agency: DWR 
Questions: What are the predicted pathways of particle movement through the Delta and what is 
the likelihood of entrainment in the pumps for different release locations and Delta conditions? 
How do wind-driven velocities influence the vertical migration behavior of fish in Clifton Court 
Forebay (CCF) and other regions? 
Description: The focus of the present scope is to further refine the particle tracking simulation 
approach and simulate additional periods and scenarios. The scope is divided into 5 major tasks. 
Under the first task, the particle tracking approach will be refined to take into account additional 
biological variability (e.g., hatching rates and periods). Under the second task, the refined 
approach will be applied to periods of low abundance of delta smelt, such as 2007, 2008 or 2009. 
These particle tracking applications will focus largely on comparisons of model predictions with 
observed salvage to evaluate the ability of the modeling approach to predict entrainment during 
recent years, which are characterized by low delta smelt abundance. Under the third task, the 
model will be applied to stimulate adult delta smelt distribution and entrainment for a 
hypothesized "tidal surfing" behavior. Under the fourth task, the model will be applied to 
simulate a period of field observations in CCF. The fifth task includes meetings, presentations, 
and documentation of the work completed under this scope of work. 
Time period: June 2009- June 2010 
Resources required: 

Cost: Obligated with previous year funding. 
PI(s): Edward Gross (Bay Modeling) 

Contract needed I in place: In place. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) 
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Term of contract: June 2009 - September 2010 
Personnel: Edward Gross (Bay Modeling) and Michael Mac Williams (River Modeling) 
Equipment: None 

Deliverables and dates: 
IEP Presentation (February 2010). 
Final Technical Report (May 2010). 

• Manuscript submitted to journal (September 2010). 

Review and Synthesis of Existing Discharger and Ambient Surface Water Toxicity and 
Chemical Contaminant Monitoring in the Delta 
IEP 2009-146 (Expansion of existing element) 
Point person: Stephanie Fong (CVRWQCB) 
Lead Agency: CVRWQCB 
Questions: Is there evidence that the magnitude, duration and frequency of toxicity, and/or 
chemical concentrations presently being measured in the Delta might impair its aquatic 
beneficial uses? Is there evidence that water column toxicity is contributing, at least in part, to 
the POD? How might ongoing surface water monitoring be improved to more definitively 
answer the above 2 questions? 
Description: The purpose of this work plan element is to develop and synthesize contaminant 
and toxicity information needed to support development of a comprehensive regional monitoring 
program for the Delta and review chemical, toxicity, and histological data from monitoring 
programs to investigate impacts of contaminants while assessing the impact of discharges from 
irrigated lands on beneficial uses in the Delta, specifically on emerging concerns related to the 
POD. Specific tasks are as follows: 

Prepare a synthesis report of the monitoring programs conducting ambient monitoring in 
the Delta and 30 miles upstream on the Sacramento and San Joaquin rivers, and include 
monitoring conducted under all Regional and State Water programs (e.g., storm water 
and wastewater NPDES permits, Irrigated Lands Regulatory Program, Surface Water 
Ambient Monitoring Program (SW AMP), etc.), the IEP and USGS. 

o The report will summarize the programmatic objectives for the monitoring, 
parameters and locations being monitored, the frequency of monitoring, and the 
anticipated term of future monitoring. 

o The report will include an estimate of the cost of the ambient monitoring 
summarized in the synthesis report. The cost estimate shall be broken down by 
funding entity, sampling costs, and analysis costs. 

• Prepare recommendations for a framework to coordinate monitoring summarized in the 
synthesis report under above named task. The framework should build upon the ongoing 
efforts to coordinate monitoring in the San Joaquin and Sacramento River basins as well 
as the Delta Science Program's proposal to develop a monitoring strategy for the Delta. 

Time period: 2008 - 2010 
Resources required: 

Cost: $141,000 in 2010. 
Pl(s): Michael Johnson (UCD) 

Contract needed I in place: In place. 
Contract manager(s): Mark Gowdy (SWRCB) 
Term of contract: 2008 - 2010 
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Personnel: Above named investigator and additional technicians. 
Equipment: None 

Deliverables and dates: 
Synthesis Report written jointly by the contractor and expert panel (spring 2010). 
Final oral report to the Contaminants Project Work Team. 

Comments: None 

BREACH III: Evaluating and Predicting 'Restoration Thresholds' in Evolving Freshwater
Tidal Marshes 
IBP-related, 2010-147 (Ecosystem Restoration Program) 
Point person: Pete Brodey (USFWS) 
Lead Agency: USFWS 
Description: The purpose of this project is to provide a predictive level of understanding about 
(1) how abiotic and biotic factors influence a restoring (levee breach) wetland, Liberty Island and 
Little Holland Tract, control vegetation colonization and expansion and subsequent responses by 
native fish and wildlife, and (2) how restoration processes influence local flooding ahd levee 
erosion over the course of the restoration. A quantitative approach to predicting the ecological 
responses to change in habitat structure will be developed as a restoring system passes through 
the vegetation recolonization threshold and continues to expand into a predominantly vegetated 
wetland landscape. The models used will also be valuable for interpreting or, with modification, 
even predicting alternative flood conveyance scenarios as the Island evolves. Specific tasks are 
as follows: 

Informing Flood and Erosion Hazard Management Decisions 
This task will address the knowledge gap concerning the risks of flooding and levee 
erosion associated with the projected geomorphic evolution of Liberty Island from 
flooded island to tule marsh and mudflat. The modeling results will inform resource 
management and planning processes related to the Lower Yolo Bypass. 
Channel/Tidal Flat Morphology and Wave Climate 
This task will measure channel and mudflat dimensions to provide time series data on 
landscape features and processes, and investigate the geomorphic and ecological 
processes that define channel evolution across Liberty Island. 

• Landscape Structure and Change 
This task will describe vegetation and geomorphology changes of Liberty Island from 
1997 to 2008. Geomorphology, topography and data from other tasks in this agreement 
will be used to develop rules that govern the expansion and development of emergent 
vegetation after initial vegetation colonization. Qualitative and quantitative predictions of 
restoration landscapes and tidal channel development, both at Liberty Island and other 
Bay-Delta tidal freshwater restoration sites, will be produced. 
Elevation Change 
This task will quantify above-ground vegetative processes, below-ground biomass 
accumulation, and sediment deposition responses to plant colonization on open mudflats 
as factors in elevation change of marsh substrate. Field studies will be structured to 
identify differences in soil building processes (i.e., rates, and the relative role of mineral 
sediment vs. organic accumulation) in newly colonizing vegetated areas. 
Plant Colonization Dynamics 
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This task will study physiological tolerances and biotic interactions of key emergent 
wetland plant species under 2 sets of dispersal conditions in order to discover the 
opportunities and constraints for the establishment of key plant species. The experimental 
results will be used to produce an assessment of the range of suitable habitats for 
desirable species. 
Macroinvertebrate Response 
This task will identify macroinvertebrate assemblages associated with spatial and 
temporal development of the restoring tidal freshwater wetland. These assemblages will 
be monitored, in the vicinity of restoring wetlands, for changes during the course of 
vegetation colonization. Emphasis will be placed on monitoring the assemblages known 
to be the prominent prey of key fish species. 
Nekton Response 
This task will evaluate fish use of incipient vegetation colonization habitat structure and 
early expanding habitats by studying the use of restoring wetlands by specific life stages 
of delta smelt, longfin smelt, Chinook salmon, striped bass, threadfin shad and 
Sacramento splittail. 
Food Web Sources and Pathways 
This task will conduct monitoring for food web sources and pathways at Liberty Island to 
determine whether Liberty Island is a source or sink of organic carbon, phytoplankton 
and zooplankton biomass, nutrients and suspended solids. Local, exported and imported 
productivity will be characterized at various scales. 
Hydrodynamic and Morphological Modeling 
This task will develop and apply a detailed numerical model to improve understanding of 
the physical processes (e.g., sediment supply, delivery, resuspension and redistribution) 
that control morphologic evolution of Liberty Island and to assess the validity of using 
models as predictive tools. Recommendations on how management and restoration 
activities can be applied to leveed sites within Liberty Island for a variety of desired 
endpoints will be prepared. 

• Development of Ecological Modeling Tools 
This task will develop the Liberty Island Basin Model from process-based algorithms 
using existing models, modules, and other rules and inputs. Model parameters will be 
collected and developed sufficiently to enable resource managers and restoration planners 
to assess restoration and management activity for long-term trajectories associated with 
levee breach restoration and other landscape alterations. 
Development and Use of Predictive Modeling Tools Using a Synthesis Process 
The models, modules, data, and other rules and inputs developed in previous tasks will be 
integrated to produce a system of linked hydrodynamic-ecological numerical models 
(model system). The model system will convert resource management and ecosystem 
restoration parameter inputs into ecosystem outcomes for a specified location and range 
of variables. 

Time period: March 2008 - March 2011 
Resources required: 

Cost: $2,440,000 over 3 years (CALFED ERP -7 DFG -7 USFWS -7 subcontractors) 
with approximately $1,100,000 allocated for 2010. 
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PI(s): Pete Brodey (USFWS), Charles Simenstad (UW), Philip Williams (PW A), Nadav 
Nur (PRBO), Denise Reed (UNO), Mark Hester (ULL), Enrique Reyes (ECU), 
Stephen Bollens (WSUV), and Peggy Lehman (DWR) 
Contract needed I in place: Sub-contracts not in place and affected by the 
December 2008 'stop-work' order. 
Contract manager(s): Pete Brodey (USFWS), Steven Rodriguez (DFG) and 
Leann Androvich (GCAP Services) 
Term of contract: March 2008-March 2011 

Personnel: Above named investigators and additional technicians. 
Equipment: A variety of equipment will be purchased by the various subcontractors and 
agencies associated with this work. 

Deliverables and dates: 
Year 1: 

Year 2: 

Year 3: 

Quarterly progress reports. 
Breach III internet website. 
Flood and Erosion Hazard Analysis Report. 
Restoration Practitioners and Resource Managers Modeling workshop. 

Quarterly progress reports. 
Restoration Practitioners and Resource Managers Modeling workshop. 

Quarterly progress reports. 
Restoration Practitioners and Resource Managers Modeling workshop. 
Final task reports. 
Final Hydrodynamic and Morphological Model Development. 

• Liberty Island Basin Model Development. 
• Final report. 

Several peer-reviewed journal articles to follow. 
Comments: None 

Spatial and Temporal Variability of Delta Water Temperatures: Long-term Trends and the 
Dynamics of Refugia 
IEP 2010-148 
Point person: Larry Brown (USGS) 
Lead Agency: UCB 
Questions: How do Delta water temperatures vary temporally and spatially? What are the 
historical trends in water temperature? Are there trends at the decadal and longer timescales that 
may be explanatory of the observed population declines? Spatially, how representative are point 
measurements of temperature in determining the thermal habitat of fish and other pelagic 
organisms? As an extension to this question, what is the spatial extent and persistence of thermal 
refugia? How do water temperature dynamics differ between Delta sloughs and the primary 
river channels? What is the spatial scale of interaction between these habitats? 
Description: As global climate trends increase, Delta water temperatures are expected to 
increase, making delta smelt and other temperature-sensitive species more vulnerable. Previous 
work through the Computational Assessments of Scenarios of Change for the Delta Ecosystem 
(CASCaDE) project has developed statistical models of water temperature that can effectively 
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forecast over a 100-year time horizon for a number of different climate change scenarios. The 
statistical model employed uses air temperature, solar radiation and water temperature from the 
previous day. The resulting model is more than just a correlation of water temperature with 
atmospheric drivers, but also has an auto-regressive component. This approach successfully 
projects what water temperature would be measured at the instrumentation site but it is unclear 
how representative those temperature measurements are of local or regional water temperatures. 
Because all of the long-term stations are located along the channels of the Sacramento or San 
Joaquin rivers, the question of how representative the observed water temperatures are of 
conditions in other sloughs and channels in the Delta still needs to be investigated. Specific tasks 
are as follows: 

• Task 1- Historical analysis of Delta water temperatures: The statistical model will be 
applied to the last century to examine how water temperatures have evolved in the last 50 
- 100 years. The first step will be to collect and analyze historical atmospheric data (air 
temperature) which provides the dominate forcing of the statistical model. Once the 
forcing data is identified and processed, the model will be explored in back-casting mode, 
where calculations are run backwards in time. Analyses of backcast temperatures will be 
pursued as motivated by discussion with the POD managers during presentations of 
results and other meetings. 
Task 2- Evaluating spatial variability of Delta water temperatures: This task will be 
accomplished by performing shorter timescale observations of spatial variability focused 
on the local variation of temperature in the Cache Slough complex, which serves as both 
a representative Delta habitat and has its own distinct ecological interest. Within Cache 
Slough, using direct observations of flows, temperature and conductivity, we will analyze 
the spatial and temporal variability of transport and refugia at a range of scales. 
Spatially, we will examine dispersion from the scale of the Cache Slough-Liberty Island 
complex to the mixing of differentially heated waters within a channel to the detailed 
exchange between shallow habitats and the deeper sloughs. Temporally, we will examine 
tidal and seasonal variations. Information from this task will help in understanding the 
dynamics of water temperature and thermal refugia in dendritic channel systems that 
include shallow water habitats. 
Task 3-Analysis and modeling: The primary modeling goal will be to develop 
descriptions of the spatial and temporal structure of water temperature locally and 
regionally surrounding historical measurements sites. Additionally, the investigators aim 
to develop a fundamental understanding of how temperature refugia may be developed 
and maintained. 

Time period: June 2009 - June 2011 
Resources required: 

Cost: Funding was obligated with previous year funds. 
Pl(s): Mark Stacey (UCB), Erwin Van Nieuwenhuyse (USBR) 

Contract needed I in place: In place via CESU. 
Contract manager(s): Mark Stacey (UCB) and Erwin Van Nieuwenhuyse 
(USBR). 
Term of contract: June 2009 - May 2011, considering an extension. 

Personnel: Graduate student at UCB. 
Equipment: None. 

Deliverables and dates: 
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Annual report including a summary of data collected and analysis pursued (December 
2010). 

• Two peer-reviewed publications and a PhD thesis will result from this research. 

Plankton Dynamics in the Sacramento-San Joaquin Delta: Long-term Trends and Trophic 
Interactions 
IEP-related 2010-150 (2009 CALFED Science Fellow) 
Point person: Anke Mueller-Solger (DSC) 
Lead Agency: UCD 
Questions: What are the long-term trends of the Delta's zooplankton community and can distinct 
sub-regions be identified that show similar patterns? What are the long-term patterns in 
zooplankton species and functional groups? How does phytoplankton and environmental 
variability affect zooplankton production on a Delta-wide scale and appropriate sub-regions? Are 
seasonal patterns between primary producers and zooplankton consistent throughout the 
sampling record? How do changes in plankton community composition relate to biotic and 
environmental variation? 
Description: This project seeks to identify: (1) long-term spatial and temporal patterns in 
zooplankton; (2) long-term interactions between primary producers and zooplankton; and (3) 
biotic interactions in the plankton community. Analyses of historical data, trends, seasonal 
variability, and foodwebs will be conducted using a variety of techniques appropriate to each 
analysis area. 
Time period: September 2008-September 2010 
Resources required: 

Cost: $83,000 in 2010. 
PI(s): Monika Winder and Geoffrey Schladow (UCD) 

Contract needed I in place: In place. 
Contract manager(s): Rebecca Fris (DSP) 
Term of contract: September 2008 - September 2010 

Personnel: Above named investigators. 
Equipment: None 

Deliverables and dates: 
Year 1: 

Annual progress report. 
Presentations at local (Delta Science Conference) and national or international 
professional meetings. 

• Draft of first manuscript. 
Year 2: 

Annual progress report and final research report summarizing results and 
accomplishments. 
Presentations at local (Delta Science Conference) and national or international 
professional meetings. 

• Peer-reviewed scientific publications (at least 2 are anticipated). 
Comments: None 

Environmental Controls on the Distribution of Harmful Algae and Their Toxins in San 
Francisco Bay 
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IBP-related 2010-152 (2009 CALFED Science Fellow) 
Point person: Anke Mueller-Solger (DSC) 
Lead Agency: DSP 
Questions: What predicted environmental changes favor dinoflagellates and cynobacterial 
growth in the South Bay and Delta, respectively? What predicted environmental changes will 
result in increased frequency in blooms of these species? Does alleviating light limitations 
increase the influence of nutrient availability and relative concentrations, and does that result in 
enhanced toxicity of the harmful algae? Can spatial and temporal mapping of harmful algae and 
their toxins help explain the triggers for the algal blooms, and provide a baseline for measuring 
future trends and forecasting? 
Description: This project will determine the distribution of harmful algae and their toxins in San 
Francisco Bay and characterize the environmental parameters that control toxin production by 
harmful algae in the Bay. It will combine monitoring and mapping of biological, chemical, and 
physical components throughout the Bay and Delta along with controlled manipulations to 
examine specific parameters likely to control growth and toxicity in the natural population of 
these species. 
Time period: September 2008-August 2010 
Resources required: 

Cost: $82,000 in 2010. 
PI(s): Cecile Mioni and Adina Paytan (UCSC) 

Contract needed I in place: In place. 
Contract manager(s): Rebecca Fris (DSP) 
Term of contract: September 2008- September 2010 

Personnel: Above named investigators. 
Equipment: 

Deliverables and dates: 
Monthly monitoring and data collection of harmful algae and toxins in the San Francisco 
Bay and Delta. 
In-situ incubation experiments conducted seasonally. 
Publications describing the results of the research. 
Presentations describing the results of the research. 
Monthly report cards describing the health of the Bay, published on the website. 
Monthly reports of elevated levels of toxins or toxic algal in the "Harmful Algal Blooms" 
section of the website. 

Comments: None 

Comparison of Nutrient Sources and Phytoplankton Growth and Species Composition in the 
Sacramento and San Joaquin Rivers: Their Roles in Determining Productivity and Food Web 
Conditions in Suisun Bay and the Delta 
IEP-related 2009-153 (2008 CALFED Science supplemental grant) 
Point person: Anke Mueller-Solger (DSC) 
Lead Agency: SFSU-RTC & DSP 
Questions: How do differences in nutrient and phytoplankton community composition between 
the San Joaquin (SJ) and Sacramento (Sac) rivers influence conditions downstream in the Delta 
and Suisun Bay? How do phytoplankton growth rates and community structure respond to the 
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differences in nutrient concentrations in the SJ River vs. the Sac River, resulting from differences 
in wastewater treatment? 
Description: Low primary production rates and changes in phytoplankton community 
composition may play an important role in the pelagic organism decline. Recent work by 
Dugdale et al. (2007) and Wilkerson et al. (2006) has shown that elevated ammonium 
concentrations reduce phytoplankton production rates in San Francisco and Suisun bays by 
inhibiting nitrate uptake. The primary sources of ammonium to the Delta are wastewater 
treatment plants (WWTPs ). It is not yet known whether ammonium at concentrations measured 
in the Delta, inhibits freshwater diatom production rates (similar to the inhibition observed in 
San Francisco and Suisun bays) and thus could be a contributing cause to the low primary 
production rates in the Delta. 

This work plan element is closely linked to an ongoing DSP project (Pls: Dugdale and 
Wilkerson; April 2007- February 2010, Agreement #1039) focusing on phytoplankton 
production in Suisun Bay and extends these investigations into the Delta. It focuses on the 
effects of the 2 main WWTPs in the Delta: the SRWTP and the Stockton WWTP ("Stockton"). 
The SR WTP is the largest sewage treatment plant in the Delta. Its effluent is discharged into the 
Sacramento River at Freeport. It employs secondary treatment and the main form of nitrogen in 
its effluent is ammonium. The Stockton WWTP is the largest WWTP in the southern part of the 
Delta. It completed an upgrade to tertiary treatment in 2008 and now discharges primarily nitrate 
into the lower San Joaquin River in Stockton. These treatment differences, along with 
differences in river nutrient loadings, offer a great opportunity for a comparative investigation of 
the effects of regional differences in river and WWTP nutrient loadings on Delta phytoplankton. 
Field studies will include transect surveys of nutrients and phytoplankton along the Sacramento 
and San Joaquin rivers and as well as phytoplankton "grow-out" enclosures experiments(. 
Dugdale et al., 2007). 
Field sampling will consist of under-way measurements of temperature, salinity, turbidity, 
fluorescence, as well as continuous sampling using flow cytometry and the FluoroProbe. 
Discrete sampling at river and Delta stations will include vertical profiles of temperature and 
salinity, and light penetration using a conductivity, temperature and depth (CTD) instrument 
fitted with a photosynthetically active radiation (PAR) sensor as well as a Secchi disk. Water will 
be sampled at the surface and near the bottom for determination of inorganic nutrients (N03-
' N02-, NH/, P04, Si(OH)4), dissolved inorganic carbon (DIC), and size fractionated 
chlorophyll. Primary production and phytoplankton 
N03- and NH4 +uptake will be assessed under saturating light (50% of PAR) and light limited 
(10% of PAR) conditions using 15N/13C tracer methods in light attenuated, flow-through 
incubators. Comparison of NH4 +gradients along the river with 15 NH4 +uptake rates will provide 
an indication of nitrification. Samples will be collected for phytoplankton identification by 
microscopy, flow cytometry high-performance liquid chromatography (HPLC) technique, and 
the FluoroProbe at each of the 24 discrete stations. Grow-out experiments will be conducted at 
locations downstream of the Sacramento and Stockton WWTPs. If~+ depletion rates in grow
outs are greater than the measured 15 NH4 +uptake rates, then this will suggest the presence of 
nitrification. 
Time period: 2008 - 2010 
Resources required: 

Cost: $338,377 through a DSP (previously CALFED) supplemental grant. 
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Pl(s): Richard Dugdale, Alex Parker and Frances Wilkerson (SFSU) and Anke Mueller
Solger (DSC) 

Contract needed I in place: In place. 
Contract manager(s): Shem Ayalew (DSP) 
Term of contract: January 2008 - April 15, 2010 

Personnel: Above named investigators and 2 technicians. 
Equipment: None 

Deliverables and dates: 
Data and technical reports, presentations at IEP meetings, EET workshops and the Delta 
Science Conference. 
Publications in peer-reviewed journals. 

Spatial and Temporal Quantification of Pesticide Loadings to the 
Sacramento River, San Joaquin River, and Bay-Delta to Guide Risk Assessment for Sensitive 
Species 
IBP-related 2009-154 (DSP-funded) 
Point person: Rich Breuer (DWR) 
Lead Agency: DWR 
Questions: What is the fate and transport of agricultural chemicals in the Sacramento and San 
Joaquin rivers? When and where should we be looking for potential toxicity based on modeling 
results? 
Description: A weight-of-evidence analysis is being conducted to identify major sources of 
pesticide loadings to the Sacramento River, San Joaquin River, and Bay-Delta estuary. The 
objective of this study is to improve decision making and optimize resource spending across a 
number of federal, state, and regional water quality programs. Objectives are being addressed 
through a combination of tools, including GIS analysis, simulation modeling, and an evaluation 
of existing in-stream monitoring. Results are being used to: (1) provide further knowledge of the 
fate and transport of agricultural chemicals (e.g., copper, organophosphates) and emerging 
pesticides (e.g., pyrethroids ), (2) match results to the location of sensitive species critical 
habitats, (3) identify and rank pesticide source areas, ( 4) evaluate implications of future pesticide 
use trends and changes in climatic conditions, (5) aid in developing plans to improve ecosystem 
quality and water quality by strategic placement of best management practices and hydro logic 
operations, (6) support future monitoring programs (strategic locations, sampling frequency), (7) 
link results to life cycle models currently under development for striped bass and delta smelt, as 
well as existing models for salmonids, and (8) provide a data-link to support other water quality 
models and population models. 
Time period: 2008 - 2010 
Resources required: 

Cost: $395,000 
PI(s): Minghua Zhang(UCD) and W. Martin Williams (Waterborne Environmental, Inc.) 

Contract needed I in place: DSP receivable and subcontracts to UCD and 
Waterborne Inc. in place. 
Contract manager(s): Brianne Noble (DWR) 
Term of contract: July 2008 - June 2010 

Personnel: Above named investigators and Technical Advisory Group (TAG) that 
provides technical direction on the project to ensure that cross-agency goals are met. The 
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TAG consists of 15 members representing federal and state agencies, universities and 
private industries. Their involvement will begin at the initiation of the project to 
coordinate data collection and avoid duplication of efforts with other activities that either 
have occurred or are in progress. Interaction with the TAG will be continuous and 
iterative. 
Equipment: None 

Deliverables and dates: The TAG will receive progress reports and other interim communication 
and redirect efforts as necessary to maximize the success of this study. 

2010 New IEP POD Elements 

Acute and Chronic Toxicity of Contaminant Mixtures and Multiple Stressors 
IEP 2010-157 
Point person: Stephanie Fong (CVRWQCB) 
Lead Agency:. CVRWQCB 
Questions: How do various contaminant mixtures affect their toxicity to Hyalella azteca? 
Description: This study will address the. mixture toxicity of several contaminants of concern in 
the Delta in the presence and absence of other environmental stressors (temperature, food 
deprivation). A sensitive resident invertebrate species, the amphipod Hyalella azteca, will be 
used as test organism, and toxicity will be quantified by means of acute ( 10 day survival) and 
chronic (growth, swimming ability) endpoints. 
Time period: March 2010-June 2011 
Resources required: 

Cost: $40,000 contract and CVRWQCB staff time. 
PI(s): Inge Werner 

Contract needed I in place: In place May 2010. 
Contract manager(s): Stephanie Fong (CVRWQCB) and Inge Werner (UCD 
ATL) 
Term of contract: NIA 

Personnel: Inge Werner and graduate student (UCD) 
Equipment: No new equipment is needed; these are typical laboratory tests. 

Deliverables and dates: 
Peer-reviewed study plan (July 2010). 
Progress reports and/or participation in the POD Contaminants Work Team (CWT), 
quarterly throughout the study. 
Final report (June 2011). 

Comments: None 

Advancing Procedures for Extracting and Recovering Chemicals of Concern from Sediment 
Interstitial Water 
IBP 2010-158 
Point person: Stephanie Fong (CVRWQCB) 
Lead Agency: CVRWQCB 
Questions: How do sediment-bound toxicants react to TIE manipulations when extracted from 
the interstitial water? 

226 



Description: This study will address a critical need to develop better techniques to extract and 
recover organic chemicals in sediment interstitial water, as part of the TIE Phase II toxicant 
identification process. The study will implement a set of tests to evaluate better extraction and 
elution techniques, and is designed to complement other ongoing efforts. 
Time period: February 2010- June 2011 
Resources required: 

Cost: $40,000 contract and CVRWQCB staff time. 
PI(s): Ron Tjeerdema and John Hunt (UCD) 

Contract needed I in place: In place February 2, 2010. 
Contract manager(s): Stephanie Fong (CVRWQCB) 
Term ofcontract: NIA 

Personnel: John Hunt, Bryn Phillips, and laboratory staff (UCD) and Stephanie Fong 
(CVRWQCB) 
Equipment: No new equipment is needed; these are typical laboratory tests. 

Deliverables and dates: 
Peer-reviewed study plan (July 2010). 

• Progress reports and/or participation in the POD CWT, quarterly throughout the study. 
Final report (June 2011 ). 

Comments: This will augment ongoing efforts by San Francisco Estuary Institute (SFEI). 

Investigation of Pyrethroid Pesticides in the American River 
IEP 2010-159 
Point person: Stephanie Fong (CVRWQCB) 
Lead Agency: CVRWQCB 
Questions: Is storm water runoff to the American River toxic to H azteca? 
Description: Samples will be collected during 3 separate rain events at a minimum of 4 sites on 
the American River below Folsom Dam. Each river site will be sampled between 2 and 4 times 
during each rain event. Samples will be collected at up to 5 of the largest discharges of runoff to 
the American River below Folsom Dam. Each discharge site shall be sampled 2 times during 3 
separate rain events, yielding up to 30 samples. All samples will undergo chemical analysis for 
pyrethroids. River samples (not discharge samples) will be tested with H azteca, and toxic 
samples will undergo toxicity identification evaluations and follow-up sampling. 
Time period: December 1, 2009- May 30, 2011 
Resources required: 

Cost: $100,000 
PI(s): Don Weston (UCB) 

Contract needed I in place: In place May 26, 2010. 
Contract manager(s): Stephanie Fong (CVRWQCB) and Don Weston (UCB) 
Term of contract: 

Personnel: Don Weston and laboratory staff (UCD) 
Equipment: No new equipment is needed; these are typical laboratory tests. 

Deliverables and dates: 
Quality Assurance Project Plan (QAPP) and monitoring plan (July 2010). 
Sample collection (March 2010). 

• Submission of electronic data (May 2010). 
Progress reports and/or participation in the POD CWT, quarterly throughout the study. 
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Final report (May 2011). 
Journal article, if accepted (June 2011 ). 

Comments: This study is following up on toxic results from monitoring performed in early 2009. 

Full Life-Cycle Bioassay Approach to Assess Chronic Exposure of Pseudodiaptomus forbesi 
to Ammonia 
IEP 2010-160 
Point person: Mark Gowdy (SWRCB) 
Lead Agency: SWRCB 
Questions: What are effects of chronic exposure to ammonia for the copepod Pseudodiaptomus 
forbesi? 
Description: The study will use full life-cycle tests to assess the effects of chronic exposure to 
ammonia for the estuarine copepod Pseudodiaptomus forbesi. This copepod is the dominant 
zooplankton during summer and fall months and is important food for pelagic fishes in the upper 
San Francisco Estuary. P. forbesi has 3 distinguishable life stages (i.e., naupliat, copepodite 
Guvenile), and sexually mature adult stages). By performing a 30 day bioassay at 25°C, eggs 
will hatch and grow up to all life stages, therefore facilitating counting at test termination. 
Copepods have an easily distinguishable sexual morphology and their egg sacs are external, 
making clutch sizes easy to count. Such characteristics will allow for the assessment of life table 
parameters and sub lethal ammonia effects on the reproduction of this copepod in a period of 30 
days. 
Time period: January 2010 - April 2010 
Resources required: 

Cost: $77,000 
PI(s): Swee the (UCD) 

Contract needed I in place: In place December 2009 
Contract manager(s): Mark Gowdy (SWRCB) 
Term of contract: January 2010-April 2010 

Personnel: Swee Teh and ATL staff 
Equipment: No new equipment is needed; these are typical laboratory tests. 

Deliverables and dates: 
Draft final report (March 2010). 
Presentation ofresults at the POD-CWT Conference (date TBD). 
Final summary report (April 2010). 

Comments: None 

Acute Toxicity of Ammonia/SRWTP Effluent on Delta Smelt and Surrogate Species 
IEP 2010-161 
Point person: Mark Gowdy (SWRCB) 
Lead Agency: SWRCB 
Questions: What is the range ofNOEC and low LOEC effect ranges of SRWTP effluent mixed 
into Sacramento River water from Garcia Bend for delta smelt? Can larval rainbow trout be used 
as a surrogate species for toxicity testing and toxicity identification evaluations? 
Description: The goal of toxicity testing (including reference toxicants) with delta smelt is to 
determine the range of SRWTP effluent toxicity. In previous toxicity tests with delta smelt, 
ammonia/um in effluent was shown to be more toxic (7-day LC50: 5.4 mg/L) than ammonia/um 
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alone (7-day LC50: 7.5 mg/L). In addition, larval rainbow trout will be used in concurrent 
toxicity tests (including reference toxicants) to evaluate if they could be used as a surrogate 
species for delta smelt in toxicity testing and enable the application of toxicity identification 
evaluations when needed. 
Time period: January 2010-December 2010 
Resources required: 

Cost: $65,000 
PI(s): Inge Werner (UCD) 

Contract needed I in place: In place. 
Contract manager(s): Mark Gowdy (SWRCB) and Inge Werner (UCD ATL) 
Term of contract: January 2010-December 2010 

Personnel: Inge Werner and ATL staff 
Equipment: No new equipment is needed; these are typical laboratory tests. 

Deliverables and dates: 
Final draft report (October 2010). 
Peer review of draft report and submission of final report (December 2010). 

Comments: None. 

Potential Loss of Life History Variation and the Decline of Delta Smelt 
IEP 2010-162 
Point person: Mark Gowdy (SWRCB) 
Lead Agency: SWRCB 
Questions: Has selective entrainment of early-spawned larvae been of sufficient magnitude and 
duration to cause undesirable evolutionary change in delta smelt? If such changes have 
occurred, how can management reverse the process and contribute to restoration of the species? 
Description: This project will investigate the so-called, Big Mama hypothesis (term coined by 
Kenny Rose, LSU), for the decline of delta smelt. Larger, more robust, delta smelt (i.e., big 
mamas) tend to reproduce earlier in spring, spawning larger numbers of better provisioned larvae 
that are more likely to survive and reproduce than those hatching from smaller parents later in 
the spawning season. Early-spawned larvae, however, comprise the majority of annual 
entrainment losses in the SWP and CVP export facilities. This imposes a form of artificial 
selection on the population that may oppose natural selection. Moreover, the very short 
generation time (only 1 year) of delta smelt implies that any potentially undesirable evolutionary 
changes would manifest rather quickly (e.g.,< 10 years). Given the seriousness of the delta smelt 
problem, verifying the accuracy and scope of the Big Mama hypothesis is critical for 
understanding restoration options for this imperiled species. The primary product of this work 
will be a completed manuscript for submission to a peer-reviewed scientific journal. -
Time period: October 2009-July 2010 
Resources required: 

Cost: $32,000 
PI(s): Bill Bennett (UCD) 

Contract needed I in place: In place 
Contract manager(s): Mark Gowdy (SWRCB) 
Term of contract: October 2009 - July 2010 

Personnel: Bill Bennett (UCD) 
Equipment: Software upgrade. 
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Deliverables and dates: 
Manuscript evaluating the Big Marna hypothesis (July 2010). 

Comments: None 

Comparison of Flow and Transport Models for the Sacramento-San Joaquin Delta 
IEP 2010-163 
Point person: Mark Gowdy (SWRCB) 
Lead Agency: SWRCB 
Questions: How do the 1- and 2-D model simulations of flow and contaminant transport in the 
delta compare relative to one another and against measured conditions? 
Description: The purpose of this study is to compare the performance of diverse modeling 
approaches in 1- and 2-D to simulate the flow and transport in the Sacramento-San Joaquin 
Delta, to identify model improvement needs, and Delta locations with poorer flow 
representation. The project will define 7 flow scenarios (4 corresponding to low and high flows 
for which field data are available) to compare model performance, for a common set of boundary 
conditions. Two more scenarios will correspond to events of low and high pumping, to be 
defined. All models will be run with the same boundary conditions, the same domain and with 
the same flow forcing mechanisms. An additional scenario of sea level rise will be included in 
the analysis. Models to be compared will include: RMA 1- and 2-D models, RMA-TAM (tidally 
averaged model), and DSM2. 
Time period: March 2009-June 2010 
Resources required: 

Cost: $59,000 
PI(s): Fabian Bornbardelli (UCD) 

Contract needed I in place: January 2009 
Contract rnanager(s): Mark Gowdy (SWRCB) 
Term of contract: March 2009 - June 2010 

Personnel: Fabian Bornbardelli (UCD) and PhD student 
Equipment: Required computer equipment and software is already available. 

Deliverables and dates: 
Final report ofresults (June 2010). 
Presentation ofresults to the California Water Environmental Modeling Forum 
(CWEMF) and DSM2 users' group meetings (dates to be determined). 

Comments: None 

Spatial and Temporal Variability in Nutrients in Suisun Bay in Relation to Spring 
Phytoplankton Blooms 
IEP 2010-164 
Point person: Karen Taberski (SFBRWQCB) 
Lead Agency: SFBRWQCB 
Questions: How do nutrients vary in Suisun Bay temporally and spatially and how does this 
relate to spring phytoplankton blooms? What are the major sources of ammonium in Suisun 
Bay? 
Description: This study would be an extension of earlier work on the effect of ammonia on 
phytoplankton blooms in the estuary. The purpose of this project is to better understand the 
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variability of nutrients in Suisun Bay, their relation to spring phytoplankton blooms, and sources 
of ammonium. 
Time period: Sampling will be conducted weekly from March to June 2010. Analysis should be 
completed by August 31, 2010. 
Resources required: 

Cost: $25,000 contract from SW AMP to Dick Dugdale SFSU-RTC for nutrient analysis. 
PI(s): Dick Dugdale (SFSU) 

Contract needed I in place: In place February 1, 2010. 
Contract manager(s): Russell Fairey/ Karen Taberski (SFBRWQCB) 
Term of contract: February 1, 2010-December 30, 2010 

Personnel: Water Board SW AMP staff and SFSU Romberg Tiburon staff 
Equipment: No new equipment is needed; these are typical laboratory tests. 

Deliverables and dates: 
Data delivered to SW AMP Data MT at Moss Landing Marine Labs in SW AMP format 
on August 31, 2010. 
We intend to contract for a report next fall. 

How is this activity related to HSG? The results of this analysis will contribute to the 
understanding of toxicant effects in the Delta. 
Comments: None 

Ammonia Sampling Program for the Sacramento-San Joaquin Delta Estuary 
IEP 2010-165 
Point person: Chris Foe (CVRWQCB) 
Lead Agency: CVRWQCB 
Questions: What are the concentrations and distribution of chlorophyll, ammonia, and various 
nutrients, primarily in the lower Sacramento River and northern Delta? Are total and unionized 
ammonia concentrations in these areas potentially toxic to sensitive resident aquatic organisms? 
Provide data to support development of an ammonia fate and transport model. 
Description: The purpose of this study is to collect water quality data, including total and 
unionized ammonia, primarily in the lower Sacramento River and northern Delta to determine 
whether ambient concentrations are potentially toxic to sensitive resident aquatic organisms and 
to support development of an ammonia fate and transport model. A spatial emphasis is placed 
on the lower Sacramento River and northern Delta as the biological risk from elevated ammonia 
is likely to be greatest here. However, other areas of the estuary are also proposed for 
monitoring as it is likely that the SRWTP is not the only source of ammonia. Temporally, the 
sampling emphasizes the months of March through June as delta smelt spawn in the northern 
Delta around Lindsey and Cache Sloughs and juvenile salmon are migrating down the 
Sacramento River and out into the estuary during these months. Samples are being collected by 
CVRWQCB staff and analyzed by Randy Dahlgren's lab at UCD. 
Time period: March 2009- July 2010 
Resources required: 

Cost: $68,000 (analytical services only) 
PI(s): Chris Foe (CVRWQCB) and Randy Dahlgren (UCD) 

Contract needed I in place: (analysis contract) March 2009 
Contract manager(s): Mark Gowdy (SWRCB) 
Term of contract: March 2009-March 2010 (analytical contract) 
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Personnel: Chris Foe and CVRWQCB staff and Randy Dahlgren's lab staff 
Equipment: Nothing new; typical sampling and laboratory equipment. 

Deliverables and dates: 
Regional Board staff draft interpretive report (May 2010). 
Final report 30-days after receiving comments from POD-CWT. 

Comments: None 

Using Genetic Techniques to Detect Mississippi Silverside (Menidia audens) Predation on 
Larval Delta Smelt (Hypomesus transpacijicus) 
IEP 2010-166 
Point person: Ted Sommer (DWR) 
Lead Agency: DWR 
Questions: Can PCR be used to detect delta smelt DNA in silverside guts? How sensitive is the 
PCR method to detecting delta smelt DNA in gut contents? Do wild silverside predate larval 
delta smelt and at what frequency? Are there any patterns between larval delta smelt predation 
and environmental variables (flow, turbidity, salinity, temperature) or other constituents in the 
gut? 
Description: This project addresses top-down trophic effects on delta smelt populations by 
developing a new set of genetic tools for detecting predation of delta smelt larvae (though the 
technique will be equally applicable to juvenile and adult delta smelt). These genetic tools (PCR 
assays) are being developed for use on Mississippi silvers ides, which are theorized to predate 
larval delta smelt. Testing and characterization of the assays will use captive silversides and 
delta smelt, and will include experiments to model the degradation of smelt DNA in the guts of 
silversides and determine the sensitivity of the assay using dilution experiments. Cross
reactivity will also be tested using genetic samples from multiple fish species from around the 
Delta. The refined assay will then be used on wild silversides sampled from areas where larval 
delta smelt are known to occur for the purposes of detecting predation events. 
Time period: June 2010- June 2011 
Resources required: 

Cost: $68,389 
PI(s): Brian Schreier (DWR), Bernie May and Melinda Baerwald (UCD) 

Contract needed I in place: In process. 
Contract manager(s): Rich Breuer (DWR) and Bernie May (UCD) 
Term of contract: TBD 

Personnel: Brian Schreier and Nick Van Ark (DWR) 
Equipment: Molecular reagents, lab supplies, fish aquaculture supplies, dissection and 
preservation supplies. 

Deliverables and dates: 
Poster presentation at IEP Annual Workshop (2011 ). 
Results and assay details presented at Delta Science Conference and published in an 
appropriate peer-reviewed journal (October 2010). 
Results and assay details published in an appropriate peer-reviewed journal. 
Development and characterization of a successful assay will be reported in the IEP 
Newsletter. 

Comments: This pilot study aims to develop tools that will be applicable for detecting predation 
on delta smelt by multiple different predators. These predators will be expanded in future studies 
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to include multiple species of non-native centrarchids and striped bass. Additionally, utilization 
of the assay to detect predation on longfin smelt will be relatively straight forward and may also 
be a future direction this research could take. 

Investigating the Presence, Migration Patterns and Site Fidelity of Sub-Adult Striped Bass 
2010-167 
Point person: Ted Sommer (DWR) 
Lead IEP Agency: DWR 
Questions: What geographical areas are sub-adult bass using and when? How do the patterns of 
presence and movements vary seasonally, annually and between age classes? 
Description: Striped bass (Marone saxatilis) are the major pelagic predator in the San Francisco 
Estuary. "Top down" effects from striped bass and other species are being evaluated as part of 
ongoing POD studies (Sommer et al., 2007). Of particular interest is whether striped bass have 
substantial effects on the threatened delta smelt Since striped bass are a relatively well
monitored species, there has been good progress in understanding some of the major factors that 
affect striped bass populations (Kimmerer et al., 2001). However, there are important data gaps 
in our knowledge of this species. For example, current monitoring programs do not effectively 
measure the population and distribution of sub-adult (1-3 year old) striped bass, however this 
group is likely to be the most abundant group of pelagic predators in the estuary. Hence, there is 
a need to understand basic information about the distribution and movements of sub-adult fish in 
the estuary. 
Using the existing 456 km telemetry array located between Colusa on the Sacramento River out 
to the Golden Gate on the San Francisco Bay, 100 sub-adult striped bass (290-350 mm) total 
will be tagged with V9-2L coded ultrasonic tag with an inter pulse burst interval of about 90 
seconds and a life of 417 days. Equal numbers of fish will be caught and tagged between 3 
general geographic areas: Sacramento River, Delta and San Francisco Bay. 
Time period: June 2010 - July 201 
Resources required: 

Cost: $75,000 
PI(s): Cynthia LeDoux-Bloom and Ted Sommer (DWR), Bernie May and 
Melinda Baerwald (UCD) 
Contract needed I in place: Not needed. 
Contract manager(s): NI A 
Term of contract: NIA 

Personnel: Brian Schreier and Cynthia LeDoux-Bloom (DWR) 
Equipment: 100 Vemco tags, existing receiver array, small boat during tagging. 

Deliverables and dates: 
Poster or oral presentation at the IEP Annual Workshop (2011 ). 
Presentation at 2011 Delta Council. 
IEP Newsletter article. 
Journal articles, if appropriate. 

Comments: Top-down effects from striped bass and other species are being evaluated as part of 
ongoing POD studies (Sommer et al., 2007). The impact of striped bass on the POD is thought 
to be significant, although little data exists showing their migration and movement patterns due 
to lack of data. Knowledge of striped movement patterns will provide valuable information 
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regarding timing of habitat usage and suitability, and may have the potential ability for future 
integrated analyses of multiple data sets. 

Monitoring inter-annual variability of delta smelt population contingents and growth 
IEP 2010-168 
Point person: Randy Baxter (DFG) 
Lead Agency: UCD 
Questions: Can life-history and growth of fish salvaged at CVP and SWP be compared to fish 
that survive the TNS to determine the effects of entrainment and salvage? What are the habitat 
effects on delta smelt population dynamics? Do life-history contingents vary inter-annually, in 
association with growth, freshwater outflow, water temperature, abundance? Does growth rate 
increase with increased fall outflow? 
Description: The primary goal of this research is to gain a better understanding of the 
mechanisms (e.g. climate variability, hydrology) responsible for different life history contingents 
and how salvage at CVP and SWP could alter life history diversity. Archived samples from 
1999- 2008, already prepared for otolith microstructure and microchemistry studies, will be 
assayed with a laser line from the ore to the edge to reconstruct the entire life history. Sub-adult 
and adult sampled collected by the IEP in 2010 will be examined for microchemistry and growth 
rates will be quantified by otolith microstructure analysis. 
Time period: June 2010- June 2011 
Resources required: 

Cost: $98,000 
PI(s): Jim Hobbs (UCD) 

Contract needed I in place: In place. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) 
Term of contract: 1 year. 

Personnel: Above named investigator 
Equipment: Needed equipment is already housed at the Interdisciplinary Center for 
Inductively Coupled Plasma Mass Spectrometry at UCD. 

Deliverables and dates: 
Oral presentations will be provided to the IEP Management Team as requested. 
IEP Annual Workshop presentation, as requested. 
A manuscript will be submitted to a high-impact journal. 

Delta Smelt Feeding and Food Web Interactions 
IEP 2010-169 
Point person: Larry Brown (USGS) 
Lead Agency: SFSU 
Questions: To what extent is individual delta smelt limited by the food supply in the LSZ, and 
how is food limitation affected by flow variability? What are the food availability and quality 
for delta smelt in the LSZ, and how are they affected by flow variability? What are the effects of 
gelatinous plankton in the LSZ on delta smelt and the food web, and how are they affected by 
flow variability? 
Description: The proposed project investigates the food supply for delta smelt, how it is affected 
by predators and competitors, and how these interactions are affected by interannual variability 
in freshwater flow. This work comprises 3 tasks: (1) food limitation and functional response of 
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larval to early juvenile delta smelt; (2) population dynamics and production of the zooplankton 
prey of delta smelt; and (3) the role of jellyfish in the delta smelt food web. 

In Task I, we will examine how the feeding of the early life history stages of delta smelt 
depends on concentration of copepod prey (=functional response). We will also measure the 
metabolism of early stage delta smelt, which will be used to estimate the energetic impact of the 
functional response, and investigate behavioral changes in feeding related to predator avoidance 
and turbidity. In Task II, we will employ a combination of field, laboratory, and modeling 
approaches to examine the population dynamics of the copepod Pseudodiaptomusforbesi, the 
principal prey of delta smelt in the LSZ and the freshwater Delta during fall. In Task III, we will 
measure the abundance and distribution of gelatinous predators throughout the LSZ during fall 
and quantify feeding rates of the gelatinous competitors of delta smelt using gut content analysis. 
Time period: June 2010- June 2011 
Resources required: 

Cost: $399,840 
PI(s): Wim Kimmerer and Lindsay Sullivan (RTC-SFSU); Jan Thompson (USGS) 

Contract needed I in place: In process. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) and Wim Kimmerer 
(SFSU) 
Term of contract: TBD 

Personnel: Toni Ignoffo and Anne Slaughter (RTC-SFSU) 
Equipment: Stereomicroscope with image analysis capabilities. 

Deliverables and dates: 
Poster or oral presentation at the IEP Annual Workshop or EET (February 2011). 
IEP Newsletter article (early 2011 ). 
Final 2010-11 report (July 2011). 

How is this activity related to HSG? This proposed project addresses the "bottom-up" or food 
supply topic of the Pelagic POD conceptual model (Sommer et al., 2007; Baxter et al., 2008). As 
applied to delta smelt, this topic has 2 components or subsidiary questions: (1) To what extent is 
growth or survival of delta smelt food limited; and (2) What limits the availability of food for 
delta smelt? In particular, this project focuses on the food supply of delta smelt in the LSZ during 
late summer to fall. The principal reason for this focus is that salinity during this period has been 
persistently high since around 1999, roughly coincident with the POD, and several possible 
causal links between fall flow/salinity and smelt abundance have been identified (USFWS, 
2008). This project addresses numerous potential mechanisms by which flow variability may 
affect the abundance of food for delta smelt. Broadly these include hydrodynamic effects, food 
effects, and predatory losses: (1) Changes in the physical shape or size of the low-salinity habitat 
cause a reduction in abundance of delta smelt or their food when X2 is high (landward); (2) Low 
flow results in reduced transport of phytoplankton and zooplankton from the freshwater Delta 
into the LSZ, reducing biomass in the LSZ; (3) Landward X2 exposes foodweb organisms to 
pumping losses, reducing abundance in freshwater and therefore transport to the LSZ; (4) Low 
flow results in a higher concentration of ammonium entering the LSZ, suppressing 
phytoplankton growth; (5) A landward X2 value (LSZ position) results in landward settlement of 
the clam Corbula amurensis and, in tum, reduction in biomass of phytoplankton, bacteria, 
microzooplankton, and mesozooplankton in the LSZ due to clam grazing; (6) A stable X2 value 
(particularly during clam recruitment periods) allows for a high abundance of clams to overlap 
with the LSZ over a period of months, maximizing consumption of copepods by clams, whereas 
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movement of the LSZ in either direction reduces this overlap; (7) Overlap between the copepods 
Pseudodiaptomus forbesi and Limnoithona tetraspina increases with a landward X2, intensifying 
competition for food between these copepods; (8) Overlap between P. forbesi and the predatory 
copepod Acartiella sinensis increases with a landward X2, intensifying predation on early stages 
of P. forbesi; and (9) Recruitment of gelatinous plankton to the LSZ is higher when X2 is 
landward, increasing predation on zooplankton and possibly also delta smelt. 
Comments: This project will build on our experience and knowledge gained in the CALFED
funded Food web Study (CALFED Project SCI-05-C107, 2006-2010) and delta smelt feeding 
studies (CA Bay-Delta Authority, Sea Grant Authorization, U-04-SC-005, 2007-2009). 
Additionally, we will use IEP zooplankton and water-quality monitoring data to provide a long
term context for the proposed study. It will further be linked to the following funded and 
proposed projects: (1) Copepod feeding study (funded, National Science Foundation), (2) 
Hydrodynamic modeling (Kimmerer, Gross, Mac Williams, IEP), (3) Clam grazing study 
(Thompson, Gehrts, IEP), (4) Clam physiology study (Stillman, IEP) and (5) Ammonium 
investigation (Dugdale, Wilkerson, Parker, IEP). 

How Will Long/in Smelt Respond to Fall X2 Manipulations? Experimentally Determining 
Early Life Stage Sensitivity to Salinity 
IEP 2010-170 
Point Person(s): Randy Baxter (DFG) 
Lead IEP Agency: UCD 
Questions: What is the optimal salinity range for longfin smelt embryo hatching, and larval 
rearing success? Does otolith core chemistry reflect maternal or environmental influence? How 
does the fall X2 position affect spawning and larval rearing habitat for longfin smelt recruitment? 
Description: 

• Develop culture techniques and examine salinity tolerance for longfin smelt eggs 
and larvae: We will develop fish culture techniques to provide specimens for research 
and information on egg-incubation-time necessary for assessing the duration of embryo 
vulnerability to disturbance (e.g., dredging or changing salinity). The fish-culture 
protocols developed for delta smelt (Baskerville-Bridges et al., 2005) will be modified to 
accommodate the more euryhaline longfin smelt. We will capture longfin smelt directly 
or receive live adults from on-going field monitoring studies. Adults will be held close to 
the salinity and temperature of field-capture locations. Fish are monitored for ripe ova 
and sperm at transfer to culture tanks and either spawned immediately (through manual 
expression of gametes) or monitored closely at field-caught salinities until ready to 
spawn. Fertilization of ova is conducted in fresh water or 2 ppt salt water. Fertilized 
eggs are totaled (volumetrically estimated) and transferred to egg-incubators (ca. 2-
3000/incubator, 10-12 °C). Incubation duration will be documented. At hatch, larvae 
will be transferred to a larval tank system (701 L black tanks with a re-circulating system 
at 12 °C) for rearing at 2 or 4 ppt saltwater. Water will be greened (Nanochloropsis spp; 
10 NTU) daily. Two cultures of live prey (rotifers and Artemia nauplii) will be reared and 
fed to longfin smelt larvae at 2-hour intervals daily. Subsets of larvae will be monitored 
for growth and development, and preserved to create a developmental series and for 
subsequent otolith analysis. Salinity tolerance of eggs and larvae will be examined in 
order to shed light on, whether fall X2 location influences longfin smelt spawning 
locations, egg incubation and larval rearing locations, and potential vulnerability of adults 
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and larvae to south delta entrainment. The total number of treatments and replications 
depends on the number of broodfish collected, subject to our permit limits. Test salinities 
for 2011 may deviate slightly from what is described below based on recent findings 
(January - February 2010). 
Maternal and environmental influence on otoliths core chemistry: Previous POD 
funded research examining salinity histories of longfin smelt revealed that many 
individuals exhibit otolith strontium isotope ratios indicative of (1) high salinities at the 
core, followed by (2) low salinities shortly outside the core (post-larval to juvenile stages 
(3) and then a return to high salinity into maturity. This pattern may reflect a maternal 
transfer of marine-derived strontium to developing offspring (i.e., otolith core) or, could 
reflect salinities at which eggs were incubated and hatched. We will test the 
environmental influence mechanism by exposing embryos to different salinity levels and 
rearing larvae at fresh, 2 ppt and 5 ppt for about 30 days. Experiments will be conducted 
in conjunction with culture experiment from task 1 (above). Maternal influence will be 
examined by reconstructing maternal life history of brood fish with otolith strontium 
isotope ratios prior to first clutch release, and holding adults for a period of time in 
freshwater prior to a release of a second clutch. Results from these experiments will 
provide us a powerful tool (validated otolith chemistry) for examining how freshwater 
management may influence the life-history and recruitment of longfin smelt. 

Time Period: October 2010- November 2011 
Resources required: 

Cost: $70,000 
PI(s): Joan Lindberg and James Hobbs (UCD) 

Contract needed I in place: In place. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) and Joan Lindberg 
(UCD) 
Term of contract: Through December 2014. 

Personnel: Above named investigators and other UCD personnel. 
Equipment: None at this time. 

Deliverables and dates: 
Task 1 

Development of cultured animals for research, preserved developmental series of larvae 
reared in 2 and 4 ppt salt water, and report on development of longfin smelt culture 
methodologies. 
Culture of larvae and juveniles reared in saline conditions to evaluate reliability of otolith 
core tracing developmental salinity exposure of developing longfin. 

• Results presented at the at the Delta Science Conference or IEP workshop following 
termination of this 12-month study. 

• Report at termination of project. 
Task2 

I 00 otoliths (50 from embryo exposures and 50 for larval salinity tests (April 2011). 
• 4 broodstock fish ( 4) from the salinity trials in Task I (b) (April 2011 ). 
• 100 TNS samples from 2010 (November 2010). 

100 TNS samples from 2011(November2011). 
100 samples from the FMWT and Bay Study (April 2011). 

• Delta Science conference presentation (October 2011). 
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Report (November 2011). 

How is this activity related to the POD investigations and what is its relevance to understanding 
the effects of fall flow variations on delta smelt? The study will evaluate the salinity tolerance 
of longfin smelt embryos, larvae, and refine culture techniques for the longfin smelt, a key POD 
species. The experiments will provide otolith age and microchemistry validation for interpreting 
data for the current IEP funded POD project (May et al., 2008). The effect of salinity on longfin 
smelt spawning/rearing habitat has direct implications for the manipulation of fall flow variation 
and will provide evidence for a mechanistic relationship between fall X2 and longfin smelt 
recruitment. 
Comments: With this study, we hope to develop many of the specific methods for successful 
longfin culture, thereby elucidating physical parameters that enable or improve holding and 
rearing success. Comparisons can be drawn between the several life stages of delta smelt and 
longfin smelt and relative survival and/or growth for fish reared under 1 or more salinity 
conditions, as follows: holding of adult wild fish, fecundity (or egg-clutch) estimates, spawning 
and fertilization of eggs, and the rearing of larvae and juveniles. Species segregation, of the 2 
smelts in question, and location in the natural habitat appears to depend on salinity, at least for 
several life stages, and manipulation of the position of X2 in the fall could affect these life stages 
significantly. This study will provide validation for otolith strontium isotope-salinity relationship 
developed in May, Israel and Hobbs (2008), as well as provide information for studies regarding 
the influence of fall X2 and variable delta salinity management strategies. 

Remote Sensing Mapping and Monitoring of Microcystis and Turbidity in the Upper San 
Francisco Estuary 
IEP 2010-171 
Point Person: Anke Mueller-Solger (DSC) 
Lead Agency: UCD 
Questions: What are the reflectance properties of the water in the San Francisco Estuary across 
gradients of suspended solids and toxic algae (Microcystis) abundance? How do chlorophyll a 
concentration, total and volatile suspended solids, total and dissolved organic carbon and 
Microcystis abundance vary across the Delta over seasons? What are the distributions of total 
suspended matter and Microcystis blooms and how do these change with time? 
Description: We will investigate and develop a procedure to map the spatial distribution of 
suspended sediments, colored dissolved organic matter and Microcystis blooms using NASA 
Landsat satellite imagery. The Landsat Thematic Mapper (TM) satellite images, which have a 30 
x 30 meter pixel resolution, are free and have a weekly return interval over the San Francisco 
Estuary. Our procedure will have the potential to be used to create spatially contiguous weekly 
maps that will characterize both the spatial and temporal variation in suspended solids and 
Microcystis. 

Our research approach begins with 6 field sampling excursions over July, August and 
September 2010 concurrent with Landsat TM overpasses to obtain training data for the mapping 
procedure. We will collect GPS locations and discrete water samples to derive relevant optical 
properties, along with surface and subsurface water reflectance data. These data will be 
complemented by monthly discrete monitoring data which will be used to implement and 
validate the mapping procedure. Using the field data we will investigate 2 approaches to 
mapping total suspended solids and Microcystis (Task 3). The first approach correlates field 
measurements with reflectance measurements to create a statistical model that can be used to 
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predict water quality at each pixel of the Landsat image from the reflectance information 
contained in that pixel. The second approach uses a radiative transfer model (Hydrolight), which 
models the physical interaction between light and water, also retrieving a map of water quality at 
each pixel of the Landsat imagery. This model can also estimate in-water light fields which are 
useful inputs into primary productivity models for the estuary. We will provide a procedural 
manual for remote sensing mapping of total suspended solids and Microcystis and other water 
quality constituents to the IEP. 
Time Period: June 2010 - June 2011 
Resources Required: 

Cost: $134,000 
PI(s): Susan Ustin and Erin Hestir (UCD), Peggy Lehman (DWR) and Bryan Downing 
(USGS) 

Contract needed/in place: In process. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) and Susan Ustin (UCD). 
Term of contract: TBD 

Personnel: Above named investigators and Jonathan Greenberg, George Scheer, Richard 
Mcllvaine (UCD). 
Equipment: None 

Deliverables and Dates: 
Excel file containing water quality and Microcystis abundance data with GPS location 
information for model parameterization and calibration (Task 2A). 

• Excel file containing water quality and Microcystis abundance data with GPS locations 
for model implementation and calibration (Task 2B). 

• Digital maps (raster image or shapefiles) of all water quality variables successfully 
modeled and mapped with accuracy estimates for each one. Maps will be uploaded to 
CaSIL hosted on Cal Atlas (http://www.atlas.ca.gov). 
Quarterly progress reports (September 2010, January 2011, April 2011 ). 

• 1 draft manuscript for submission to a peer review journal describing the spatial and 
temporal variation of Microcystis in relation to turbidity (July 2011). 
1 procedural manual written in the form of a how-to training guide for mapping 
procedures developed during the investigation (July 2011). 

How is this activity related to the HSG? Remote sensing maps of turbidity and Microcystis can 
improve existing habitat quality monitoring by providing synoptic (wall-to-wall) measurements 
of habitat quantity and quality. This information can be used to understand the spatial 
distribution of delta smelt habitat, and identify discontinuities or changes in habitat availability, 
as well as identify the spatial distribution of Microcystis blooms. We anticipate developing maps 
of total suspended solids, Microcystis, and the in-water light field for Landsat dates in July, 
August, and September, allowing investigation into the relationship between fall habitat 
conditions and those occurring earlier in the year as well as the overall trophic conditions of the 
estuary. Furthermore, our mapping procedures manual will provide the information needed to 
continue monitoring throughout the entire year. Measuring habitat quality in space and in time is 
critical to understanding not only how much potential habitat is available to delta smelt in the 
fall, but how their fall habitat varies spatially and temporally in relation to spring and summer 
habitat conditions and hydrologic variability. 
Comments: None 
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The Role of Pyrethroid Insecticides in Limiting Prey Availability for Delta Smelt in the North 
Delta 
IEP 2010-172 
Point person: Stephanie Fong (CVRWQCB) 
Lead IEP Agency: CVRWQCB 
Questions: Data emerging over the past few years have shown that pyrethroid insecticides are 
entering the northwest Delta waters of Cache Slough and nearby areas. These waters are critical 
habitat for delta smelt, as it is an important spawning area, and particularly so during dry years. 
This study is designed to determine if pyrethroid pesticides in the Cache Slough region could be 
reducing populations of copepod prey upon which spawning adult smelt and larval fish depend. 
Description: Sampling will be conducted in Cache Slough and surrounding areas during 
February through June, as the adults gather to spawn and as the larvae/post-larvae remain in the 
area. Sampling will include water samples for pyrethroid analysis and toxicity testing. Plankton 
samples will be collected both to quantify availability of copepod prey, and determine if copepod 
toxicity, as seen in the pyrethroid analytical data and laboratory toxicity tests, is reflected in a 
concurrent decline in resident populations. 

Toxicity testing will be done with the amphipod Hyalella azteca for all samples, and with 
the copepods, Eurytemora qffinis and Pseudodiaptomus forbesi, for selected samples. Should 
toxicity be found, the pyrethroid chemical analysis will help establish if they are the causative 
agents, and this linkage further established by TIE tools. Piperonyl butoxide can be used to 
increase toxicity, if initially caused by pyrethroids, and enzymes engineered to hydrolyze 
pyrethroids can be used to decrease toxicity due to these compounds. 
Time period: December 1, 2010-November 30, 2011 
Resources required: 

Cost: $158,000 
Pl(s): Donald Weston (UCB), Swee Teh (UCD), Michael Lydy (Southern Illinois 
University) and Fred Feyrer (USBR) 

Contract needed/in place: In process. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) 
Term of contract: 12 months, once executed. 

Personnel: The Pls listed above, assisted by students and staff in their labs. 
Equipment: None 

Deliverables and dates: 
Quarterly progress reports. 
Draft final report (October 2011). 
Final report (November 2011). 
IEP newsletter article (November 2011). 
Two oral presentations during term of contract. 

Comments: IEP-NCEAS has convened a working group, chaired by Dan Schlenk, on pyrethroids 
in urban runoff and their potential impact on POD species. The Cache Slough area is of specific 
interest to this group, and a modeling exercise is now in progress to estimate pyrethroid inputs to 
those waters, and compare this estimate to thresholds of toxicity for aquatic life. The planned 
study will provide a great deal of data from the Cache Slough area that will be extremely 
valuable in confirming model predictions and validating the modeling approach as a tool for risk 
assessment. 
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Distribution, Concentrations and Fate of Ammonium in the Sacramento River and the Low 
Salinity Zone: Determination of Phytoplankton Uptake and Bacterial Nitrification Rates 
IEP 2010-173 
Point person: Larry Brown (USGS) 
Lead Agency: SFSU 
Questions: Can pelagic nitrification rates be measured (and validated to a degree) in the San 
Francisco Bay using 15N labeling, the NH4 +micro-diffusion technique and mass spectrometry? 
What are the rates of (a) bacterial/archaeal nitrification and (b) phytoplankton NH4+ uptake 
downstream from Sacramento to Suisun Bay in spring, summer and fall? Does the fate ofNH4 + 
(i.e., uptake and nitrification) change with season, salinity and flow? 
Description: This research will emphasize quantifying 2 key biological processes influencing 
river NH4 +distribution, bacterial nitrification ( = NH4 + oxidation) and phytoplankton uptake, and 
in future years will investigate the degree of river flow-dependence on these processes. This 
funding will focus on working collaboratively with C. Kendall (USGS, Menlo Park), to develop 
a protocol for measuring water column nitrification using 15N-labeled NH4 +as a tracer. In 
addition, we will work with estuarine scientists to investigate other tracer -based nitrification 
methods and determine the most efficient means for determining rates. Towards the end of year 
1 it is expected that the protocol will start to be applied to archived river samples that will be 
incubated and collected in spring and summer 2010 (as part of the CALFED-funded "Two 
Rivers" project, Dugdale and Mueller-Solger, Lead-Pis) and the Fall 2010 IEP Foodweb (Parker, 
et al., 2010). C. Kendall will also be involved by collecting samples for natural abundance stable 
isotope work, for independent estimates of nitrification and phytoplankton N uptake. 
Time period: June 2010- May 2011 
Resources required: 

Cost: $77,000 
PI(s): Dick Dugdale, Alex Parker and Francis Wilkerson (SFSU) 

Contract needed I in place: In process. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) 
Term of contract: NIA 

Personnel: Above named investigators, Al Marchi (Research Technician) and a graduate 
student yet to be determined. 

Equipment: Temperature controlled large shaker table I freeze dryer. 
Deliverables and dates: 

• Presentation at an IEP forum such as EET or the CWT (May 2011 ). 
If methodology is successful and applied to samples, then preliminary results will be 
written up as an IEP newsletter article (May 2011). 
With continued support to analyze more samples, it is expected that a peer reviewed 
journal article will be prepared and the data presented at a national meeting such as 
Coastal Environmental Rights Foundation (CERF). 

How is this activity related to the POD investigations and what is its relevance to understanding 
the effects of fall flow variations on delta smelt? The primary productivity of the river 
ecosystem is reduced by the change from a N03- based phytoplankton system to an NH/ based 
phytoplankton and bacterial system, forced by the input ofNH4 +from the SRWTP. Recovery of 
the system to N03-based phytoplankton productivity and recovered primary production requires 
the reduction of ambient NH4 + concentrations to ~4 µM to initiate blooms, and to 1 µM to 
substantially relieve NH4 + inhibition of 
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N03- uptake. Consequently, the conversion of NH/ to N03- (not available to the phytoplankton) 
represents a potential loss of primary productivity to the section of the river with elevated NH4 + 
concentrations. The most desirable form of inorganic nitrogen, N03-, is exported downstream 
and out of the area of concern for the POD. The rate of nitrification determines the point in the 
river at which ~+concentration is reduced to the critical point for bloom formation ( 4 µM) and 
then to 1 µM for access to the now elevated pool ofN03-
Comments: Synergies with past and present research programs: 

• Parker/ Dugdale: State Water Contractors (SWC) Project - ISN uptake by phytoplankton 
and~+ distributions available. 
Dugdale/ A. Mueller-Solger CALFED "Two Rivers" CALFED Project. 
Kendall: SWC Project and IEP Project, parallel measurements of stable isotopic 81sN 
(natural abundance). 

• Patin: Masters thesis research, SFSU, "Abundance of Ammonia oxidizing Archaea in SF 
Bay" (Ashby, Advisor). 
Melloy: Masters thesis research, SFSU, "Use of bacterial inhibitors to evaluate the role of 
nitrifying Archaea" (de la Torre, Advisor). 

The influence of elevated ammonium (NH4) on phytoplankton physiology in the San 
Francisco Estuary Delta during fall: exploring differences in nutrients and phytoplankton in 
the Sacramento and San Joaquin Rivers and how variation in irradiance via changing river 
flow, modulates NH4 effects. 
IEP 2010-174 
Point person: Anke Mueller-Solger (DSC) 
Lead Agency: SFSU 
Questions: What are the rates of primary production and phytoplankton N03 and NH4 uptake in 
the Sacramento and San Joaquin rivers during the fall period? What role does DIN composition 
and concentration play in modulating the above phytoplankton rates and phytoplankton species 
composition? How does river flow affect nutrient distribution and phytoplankton rates? Does 
the conceptual model of~ suppression of phytoplankton N03 uptake and primary production 
hold under low-light conditions? 
Description: Emerging evidence suggests that shifts in nutrient composition from N03 to~ as 
a result of the Clean Water Act and population increases (Jassby 2008) likely play a role in the 
long-term phytoplankton decline that has been observed in the northern SFE (Dugdale et al. 
2007). NH4 likely affects SFE phytoplankton species composition and also appears to influence 
primary production rates by modulating phytoplankton physiology, particularly that of fast 
rowing and nutritious diatoms (Dugdale et al. 2007). Elevated~ concentrations (>4 µmol L-
) appear to inhibit phytoplankton N03 uptake. Only during brief periods N& is reduced to 

low concentrations and phytoplankton N03 uptake increases rapidly (termed "shift-up", Dugdale 
et al. 1990) resulting in increased phytoplankton growth. The major source of dissolved 
inorganic nitrogen (DIN, i.e. N& and N03) in the northern SFE is from agriculture and 
municipal wastewater treatment plants (Hager and Schemel, 1996; Jassby 2008) with DIN in the 
Sacramento River coming primarily in the form of NH4. In contrast, due to differences in 
municipal wastewater processing, discharge in the San Joaquin River is largely in the form of 
N03. The contrast between the Sacramento River (NH4-dominated) and the San Joaquin River 
(N03-dominated) provides a natural experiment to test primary production and phytoplankton 
community composition responses as a result of~ and N03 loading. 
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One outstanding question is whether the NRi inhibition effect or the N03 shift-up that 
follows NH4 exhaustion occurs at low irradiances characteristic of the natural system. Research 
in marine settings has demonstrated an irradiance response for phytoplankton DIN uptake, 
including a differential response for phytoplankton NH4 and N03 uptake (McCarthy et al. 1996; 
Kudela et al. 1997; Parker et al. in review). Phytoplankton DIN versus irradiance relationships 
are not clear for the SFE or estuarine environments, generally. 
Time period: July 2010 - July 2011 
Resources required: 

Cost: $114,000 
Pl(s): Alex Parker, Francis Wilkerson and Richard Dugdale (SFSU). 

Contract needed I in place: In place. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) and Richard Dugdale 
(SFSU). 
Term of contract: 1 year. 

Personnel: Al Marchi and Erica Kress (SFSU) and above named investigators. 
Equipment: None 

Deliverables and dates: 
IEP final report (July 2011 ). 

• Poster or presentation at the 2011 IEP annual workshop. 
IEP Newsletter article (spring 2011). 
Manuscript draft for submission to a peer-reviewed journal (July 2011). 

How is this activity related to the POD investigations and what is its relevance to understanding 
the effects of fall flow variations on delta smelt? This project aims to better constrain the role 
that NH4 plays in modulating primary production and ultimately, the bottom-up controls on the 
food web of POD species. Historically nutrients have not been considered important in 
regulating primary production as the SFE was identified as a light-limited estuary. Recently, 
there has been considerable renewed interest in the role of nutrients (particularly NH4, but also 
P04) in shaping the phytoplankton community composition and primary production rates in the 
Central Delta. Long-term shifts in phytoplankton taxa (including the proliferation of harmful 
algal bloom species such as Microcystsis) in the northern San Francisco Bay as well as the 
decades long decline in primary production rates are likely a function of multiple ecosystem 
drivers. Changes in wastewater treatment practices may be a potentially beneficial management 
strategy in support of improved conditions for POD species. 
Comments: 

We will work with Kimmerer et al. (funded) for cruise planning I preparation and in 
synthesis of results. 
Under this budget we will collect, incubate and archive all 15N nitrification rate 
measurements in fall 2010 for analysis under the Dugdale et al nitrification project 
(funded). 

• This dataset will provide greater temporal coverage (by completing transects in fall) for 
the "Two Rivers" project underway by Dugdale and Anke Mueller-Solger (DSC). 
These projects will extend the dataset currently being collected by C. Foe (CVRWQCB) 
on delta-wide DIN distribution. 

• We will extend the dataset collected during the SWC transects, including data collection 
during the fall and in the San Joaquin River complimenting the existing Dugdale and 
Parker State Water Contractors Project. 
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Evaluation of the Effect of Seasonal Variations in Flow on the Spatial and Temporal 
Variations of Nutrients, Organic Matter and Phytoplankton in the Sacramento River and 
Northern San Francisco Bay 
IEP 2010-175 
Point person: Anke Mueller-Solger (DSC) 
Lead Agency: USGS 
Questions: How does the location of X2, especially in the fall, affect constituents important to 
the base of the smelt and other foodwebs in the northern San Francisco Bay, Delta, and lower 
Sacramento River? What areas in the Delta act as nutrient sources and sinks, and what processes 
are involved? Does the Yolo/Cache/Liberty area act as a sink or a source for ammonia and other 
nutrients? Under what conditions do nutrient sources from the Yolo/Cache/Liberty area support 
the food web in the LSZ? Are there regional, river reach-dependent, and temporal variations in 
nitrification rate or other rates of nutrient degradation? If so, what is the dominant cause? Does 
algal growth rate appear to depend on the relative proportions of ammonia and nitrate? What are 
the dominant processes affecting the downstream location (denoted in river miles or RM) where 
NH4 + concentrations approach levels where~+ no longer appears to inhibit N03- uptake? 
Description: The purpose of this data synthesis project is to investigate how seasonal and spatial 
changes in freshwater flow and the relative amounts of water from different sources (e.g., the 
Sacramento River, the San Joaquin River, the Yolo Complex, SRWTP, et- as estimated using 
DSM2 and RMA) affect the temporal and spatial variations in the sources, transport, and sinks of 
N~ +, N03-, chlorophyll, and organic matter in the Sacramento River and lower Delta. In 
specific, we propose to take advantage of several large sets of existing_ chemical and isotopic data 
to ask questions about how the location of the 2% salt front (X2), especially in the fall, relates to 
constituents important to the base of the smelt and other foodwebs in the northern San Francisco 
Bay, Delta, and lower Sacramento River. 

A main focus of this project will be the calculation of nitrification rates for different river 
reaches and seasons, and identifying how seasonal changes in flow, effluent levels and 
composition, proportions of water from different sources, temperature, etc. affect nitrification 
rates. Available chemistry from the recent Foe and Dugdale transects - and our nitrate isotope 
data - show that nitrification is the dominant N cycling process in the Sacramento River below 
SRWTP and is considerably more important for reducing NH/ levels to below the inhibition 
threshold than algal uptake. 
Time period: July 2010 - July 2011 
Resources required: 

Cost: $42,000 
PI(s): Carol Kendall (USGS) 

Contract needed I in place: In progress. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) and Roger Fujii 
(USGS). 
Term of contract: To be determined. 

Personnel: Megan Young, Steve Silva, and Tamara Kraus (USGS); Marianne Guerin 
(RMA); Chris Foe (CVRWQCB); Alex Parker, Dick Dugdale, and Frances Wilkerson 
(SFSU) 
Equipment: None 

Deliverables and dates: 
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Quarterly progress reports with invoices. 
An update presentation at an IEP forum (such as EET or the POD CWT), and a talk or 
poster at a CALFED, American Geophysical Union (AGU), or other national meeting 
during the first year. 
At the completion of the project, we will provide an electronic copy of our entire 
database, and 1 or more USGS-approved and journal-intended articles. 

How is this activity related to the POD investigations and what is its relevance to understanding 
the effects of fall flow variations on delta smelt? This project addresses 2 of the priority 
research topics: habitat effects and food web effects on delta smelt population dynamics. By 
"habitat effects", we mean the quantification of abiotic variables such as net flow and residence 
time within the study area or in sub-regions of that area, and the effect of these variables on 
nutrient sources and concentrations within the LSZ and elsewhere within the study area. The 
project focus on "food web effects" is at the level of nutrients and primary productivity. This 
proposed project also supports 3 of the 4 key research priorities from the 12 framework-panel
identified topics listed as part of the "CALFED Science Program Issue Summary" on the role of 
ammonium (http://science.calwater.ca.gov/pdf/publications/Ammonium one-
pager 070109.pdf): 

• Use models to explore the transport of ammonia/ammonium within the Delta and effects 
on the amount of, type of, and growth of algae, the base of the Delta food web. 
Determine the main sources of ammonia/ammonium (and phosphorus) and trace the fate 
of these substances within the Delta. 
Explore possible links between specific types of algae and aquatic plants and the amount 
of ammonium in the water. 

Comments: 

Determination of Influences of Water Quality and Submerged Aquatic Vegetation on 
Largemouth Bass Distribution, Abundance, Diet Composition and Predation on Delta smelt in 
the Sacramento-San Joaquin Delta 
IEP 2010-176 
Point person: Ted Sommer (DWR) 
Lead Agency: UCD 
Questions: How do abiotic and biotic factors influence largemouth bass distribution and 
abundance in the Delta, and their impacts on delta smelt and other pelagic species? What are the 
abundance and the diet composition of largemouth bass and other potential predators in areas 
where delta smelt are known to be present? What is the relationship between biomass density 
and species composition of submerged vegetation beds and the invertebrate community 
assemblage and biomass? Does variation in the invertebrate community within the submerged 
vegetation explain variability in the abundance and/or diet composition of juvenile largemouth 
bass captured at the same locations? 
Description: This project builds on an IBP-supported study (currently underway) that is 
investigating abiotic and biotic influences on the spatial distribution, abundance, size 
distribution, movements, and diet of largemouth bass (LMB). The proposed project will allow 
the current sampling program to carry out 3 more months of the current study' s sampling 
protocol to complete 2 full years of field surveys at 33 sites spread throughout the Delta. This 
field effort will complete 2 full years of bimonthly data collection, leaving approximately 6 
months for data compilation, analyses, and preparation of manuscripts. We will produce a 
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spatially explicit dataset that integrates aquatic macrophytes, abundance of each fish species, diet 
composition of LMB, and water quality parameters. Analyses will address how seasonal and 
inter-annual variation in environmental conditions, including salinity, fall X2, and SA V 
influence LMB distribution, density, and diet, as well as the general fish assemblage in the 
littoral zone. In addition to extending the sampling program already underway, this project will 
also examine the abundance and diet composition of LMB and other predators in specific 
locations where delta smelt are known to occur. A second new goal is to examine how the 
increased biomass of SAV- largely due to the proliferation of the invasive Brazilian waterweed-
may contribute to the success of the largely non-native littoral fish assemblage, particularly 
LMB, by boosting secondary (invertebrate) production that in tum provides a prey base for 
juvenile fish. 
Time period: July 2010 - June 2011 
Resources required: 

Cost: $173,000 
PI(s): Andrew Sih, and Peter Moyle (UCD); Louise Conrad (DWR) 

Contract needed I in place: In process. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) 
Term of contract: To be determined. 

Personnel: In addition to Pis, other UCD staff include Patrick Crain, Matthew Young, 
Kelly Smith, a second junior specialist and an, undergraduate student researcher. 

Equipment: No new equipment needed at this time. 
Deliverables and dates: 
Task 1: Influence of biotic and abiotic factors on LMB abundance, distribution, and diet 

• Final report to IEP (June 2011). 
• 2 manuscripts for publication in peer-reviewed journals (June 2011 ). 

Task 2: Abundance and diet composition of largemouth bass and other predators co-occurring 
with delta smelt 

Final report to IEP (June 2011). 
• IEP newsletter and/or presentation at relevant IEP conference or workshop, as requested 

(spring 2011). 
Task 3: Influence of the SAV species and biomass on invertebrate community composition and 
biomass 

1 manuscript for publication (June 2011). 
How is this activity related to the POD investigations and what is its relevance to understanding 
the effects of fall flow variations on delta smelt? LMB are voracious piscivores that have been 
recognized as keystone species because of their far-reaching impacts on the resident food web in 
systems where they have been introduced. LMB are introduced in the Delta and have 
demonstrated a dramatic population increase in recent decades. Thus, they may be important 
predators of native fishes, including species that are part of the POD. Major goals of our 
proposed work are thus to quantify potential impacts of LMB on delta smelt, threadfin shad, and 
juvenile striped bass and to elucidate factors that explain the recent success of LMB in the Delta. 
Specifically, we will complete a 2-year field effort to examine how biotic factors (e.g., aquatic 
macrophytes) and abiotic variables (e.g., temperature, salinity, and fall flow variation) influence 
the distribution and abundance of LMB throughout the Delta. The spatial distribution of LMB 
with respect to environmental factors such as annual variation in Delta outflow will aid in 
predicting the degree to which delta smelt are likely to overlap with LMB. However, while 
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spatial overlap between these 2 species suggests the possibility of LMB predation of delta smelt, 
LMB foraging behavior may limit this possibility. Thus, we will also examine diet contents of 
LMB in areas where the presence of delta smelt has been established by recent native fish 
surveys conducted by DFG or other resource agencies to better assess the impact of LMB on 
delta smelt. 
Comments: This project builds on IBP-funded research that is currently underway, under the 
POD work team's 2008-2010 contract with UCD, entitled, "Impacts of Largemouth Bass on the 
Delta Ecosystem." 

Metabolic Responses to Variable Salinity Environments in Field-Acclimatized Corbula 
amurensis 

IEP 2010-177 
Point person: Larry Brown (USGS) 
Lead Agency: SFSU 
Questions: How much metabolic variation do we see in Corbula acclimatized to different 
salinities across sites and seasons? How are Corbula partitioning energy? How does variation in 
water chemistry and planktonic assemblage alter the metabolic physiology of Corbula? 
Description: We propose to continue our studies on Corbula amurensis (Corbula) metabolic 
physiology in field-acclimatized specimens collected at monthly intervals from sites representing 
extremes in salinity variability over the distribution range of Corbula in the northern San 
Francisco Estuary. We will collect clams at 3 sites representing nearly fresh, medium and high 
salinity fluctuation to address the above questions. For question 1, we will measure metabolic 
rates and feeding rates of clams within 12 hours of collection. For question 2, we will freeze 
clams upon collection and characterize tissues and/or biochemical activities associated with 
growth, reproduction, osmoregulation, metabolism, and energy stores. For question 3, we will 
measure salinity, temperature, pH and turbidity and will characterize the energetic content of 
large and small size class plankton assemblages. 

In sum, these measurements will tell us at what rate and for what purposes the clams are 
using energy in the natural habitat across gradients in salinity and temperature exposure, and 
what the energy reserves of the clams are like depending on when they settle. Clams that have 
lower energy reserves or that are using greater amounts of energy per unit time will likely have a 
stronger impact on food-webs as they must graze more to obtain their energy. Thus this 
information will result in improved food web modeling of clam impacts on pelagic organisms' 
food supply. 
Time period: August 2010 to December 2011, with a hiatus from December 2010 to February 
2011, when sampling of Corbula amurensis is not feasible. 
Resources required: 

Cost: $137,000 
PI(s): Jonathon Stillman (SFSU) 

Contract needed I in place: In process. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) 
Term of contract: To be determined. 

Personnel: Nathan Miller (SFSU), Postdoctoral Fellow 
Equipment: No new equipment needed at this time. 

Deliverables and dates: 
Written IEP reports at end of project (January 2012). 
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Manuscripts for publication in peer reviewed journals (e.g., Marine Ecology Progress 
Series (MEPS), Estuaries and Coasts) at end of project (January 2012). 
Poster and/or oral presentations at CERF in Nov 2011, CAERS in spring 2011, IEP/EET 
in spring 2011 and the Society for Integrative and Comparative Biology (SICB) in 
January 2012. 

How is this activity related to the POD investigations and what is its relevance to understanding 
the effects of fall flow variations on delta smelt? The invasive clam Corbula amurensis is 
thought to exert a strong bottom-up influence on the pelagic food web by its filtration of phyto
and zooplankton to supply its metabolic demands. This project seeks to characterize the 
metabolic physiology of Corbula amurensis in locations representing the extremes of their 
salinity distribution ranges in the northern San Francisco Estuary. Understanding the rate at 
which clams require and use energy is a critical component of their relative interaction strengths 
in food-web models of the area. Assessment of the variation in metabolic physiology across 
seasonal variation in freshwater input and at sites that vary across degree of tidally-influenced 
salinity fluctuations is important in order to parameterize how these clams are likely to respond 
to natural and anthropogenic variation in salinity. 
Comments: This project produce results that should be integrated with results from proposed 
projects by Thompson & Gehrts, Kimmerer & Sullivan, Gross, Mac Williams & Kimmerer, and 
Dugdale, Wilkerson & Parker. 

Bivalve Effects on the Food Web Supporting Delta Smelt 
2010-178 
Point person: Larry Brown (USGS) 
Lead Agency: USGS 
Questions: How do Corbula amurensis and Corbiculajluminea affect the food web supporting 
delta smelt, and how are they affected by flow variability? How do the grazing rates of 
Corbiculajluminea and Corbula amurensis vary with longitudinal location in the Delta and the 
LSZ? How do the grazing rates of Corbicula jluminea and Corbula amurensis vary with water 
depth in the Delta and the LSZ? How do the population dynamics of Corbicula jluminea and 
Corbula amurensis (recruitment, growth, and mortality) vary as a function of X2 position in fall? 
How do antecedent fall salinity conditions in the LSZ affect bivalve population biomass and 
grazing rates in the following spring? 
Description: Our task is to establish the distribution, population dynamics, and grazing rate of 
Corbula and Corbicula within the LSZ and within the tidal excursion of the LSZ. We will 
augment current field and laboratory procedures to avoid duplication of current programs, and 
use DWR EMP monitoring data and USGS benthic bivalve data to provide a long-term context 
to the study. DWR currently does a spatially intensive benthic Generalized Random Tessellation 
Stratified (GRTS) sampling study in the spring and fall that will be augmented with a few 
stations in the region of the strongest gradients in bivalve grazing (within a tidal excursion of the 
LSZ) and in some shallow water areas to insure that we can adequately model benthic grazing in 
these areas with some accuracy. Previously collected samples from the fall 1999 "experiment" 
and the spring of 1999 will be processed in addition to samples collected in 2010. The tasks are 
listed as follows: 

Task 1: Collect 22 additional stations during the GRTS spring and fall 2010 sampling 
(USGS and DWR). 
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Task 2: Sort 22 additional samples for fall 1999 (we took part in the fall 1999 
"experiment"), spring and fall 2010 (USGS). 

• Task 3: Measure bivalves from 1999 GRTS samples and from 2010 GRTS samples 
(USGS). 
Task 4: Convert bivalve measurements to biomass and grazing rate (USGS and DWR). 
Task 5: Report biomass and grazing rate numbers as they become available to IEP and 
fellow Pis in fall study (USGS and DWR). Work with numerical modelers to establish 
grazing rates within grids (USGS). 

Time period: July 2010 - July 2011 
Resources required: 

Cost: $89,000 
PI(s): Janet Thompson (USGS and Karen Gehrts (DWR) 

Contract needed I in place: In process, 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) and Janet 
Thompson (USGS) 
Term of contract: To be determined. 

Personnel: Above named investigators. 
Equipment: None at this time. 

Deliverables and dates: 
• Grazing rates available for 1999 (January 2011). 

Grazing rates available for spring 2010 (March 2011). 
Written IEP reports and fall 2010 grazing rates available at end of project (August 2011). 

• Presentation at IEP Annual Workshop (2011and2012). 
Manuscripts for publication in peer reviewed journal (July 2012). 

How is this activity related to the POD investigations and what is its relevance to understanding 
the effects of fall flow variations on delta smelt? The conceptual model of the delta smelt 
foodweb shows (1) confirmed links between clams and phytoplankton, larval copepods, bacteria 
and ciliates (current work by V. Greene with Kimmerer); and (2) potential links with a broader 
range of zooplankton larvae and ciliates and other forms of POC and DOC. Phytoplankton 
production is severely light limited in this system and thus positive net production is confined to 
shallow areas where accelerated vertical mixing rates expose phytoplankton cells to more light 
than in the channel. However, the phytoplankton cells, while being more rapidly vertically 
mixed in the shallow water, are also being exposed to more clam grazing. We have 2 species of 
clams in this system that overlap in the salinity range of 0-10: adult Corbicula can live in 
salinities of 10 and we have observed adult Corbula in the tidal river in areas where bottom 
salinities are at or near zero for large portions of each day. Juveniles of both species can 
withstand salinities of 2. The species have different pumping rates and our knowledge of their 
ability to filter zooplankton and ciliates differs. Therefore the distribution and biomass of these 
clams will determine the loss rate of phytoplankton and other portions of the lower foodweb due 
to benthic grazing. 

Why Fall?: Because Corbicula and Corbula distributions are a function of salinity, and 
their larval recruitment periods occur in spring and fall, their effect on the foodweb is a function 
of the salinity distribution in spring and fall. Once larvae settle, they are more able to withstand 
a broader range of salinity. A salinity incursion into the Delta in fall followed by a dry or below 
normal outflow winter may allow Corbula to not only settle within the X2 area but also to 
survive at that location into the following spring and fall even if the salinity declines. Therefore, 
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we need to determine the distribution and grazing rate of Corbula and Corbicula in fall and in 
the following spring. 
Comments: This project produce results that should be integrated with results from proposed 
projects by Stillman, Kimmerer & Sullivan, Gross, Mac Williams & Kimmerer, and Dugdale, 
Wilkerson & Parker. 

Determination of the Causes of Seasonal and Spatial Variation in NH4 +Sources, Sinks and 
Contributions to Algal Productivity in the Sacramento River, Delta and northern San 
Francisco Bay Using a Multi-isotope Approach 
IEP 2010-179 
Point person: Anke Mueller-Solger (DSC) 
Lead Agency: USGS 
Questions: Can we quantify the seasonal contributions of NH/ from SRWTP, tributaries, and 
other sources to critical habitats? Does the phytoplankton species composition in the downstream 
of SR WTP vary with the concentration of NH4 +or any other constituent in the effluent or 
tributaries identified by isotope analysis? How do nitrification rates (the main biogeochemical 
process responsible for lowering Nfu +levels) vary seasonally and in different reaches of the 
Sacramento River and upper estuary? Which areas act as nutrient sources and sinks? Can we 
quantify the Nfu +from WWTPs versus agricultural drains to different sites and seasons? How do 
Nfu +, N03-, and organic matter concentrations vary under different hydro logic conditions? 
Description: This project will quantify temporal and spatial variations in the sources, transport, 
and sinks of NH/, N03-, and organic matter at 21 sites in the Sacramento River, San Joaquin 
River, and Delta sampled as part of the I-year NH4 + Monitoring Program established and 
conducted by Chris Foe. We have coordinated with Foe's monitoring program to obtain and 
archive splits of samples for isotopic and algal speciation analyses. An ongoing SWC-funded 
pilot study has shown that nutrients and organic matter from different sources, or affected by 
different biogeochemical processes, have distinctive isotopic compositions that are diagnostic of 
the different sources and processes. 

This project consists of 3 tasks, the first 2 aimed at analyzing the archived samples, and 
the third to integrate the new data and prepare reports. Task 1 will analyze these samples for 
815N of NH/, 815N and 8180 ofN03-, 813C of DOC, 8180 and 82H of water, and 813C, 
815N, 834S, and C:N of seston. Task 2 (funded presumably by the DWR to Peggy Lehman) will 
analyze archived lugol-preserved samples for algal speciation. Task 3 (as yet unfunded, for year 
2 is to (A) combine the chemical, isotope, algal, and hydrological data to quantify temporal and 
spatial changes in (1) the relative contributions from different sources of NH/, (2) the 
nitrification rate, (3) the uptake ofNfu + and N03- by different algal species (and bacteria), and 
( 4) how these critical sources and biogeochemical processes are affected by hydrology and 
management-driven changes in net flow and water source percentages at different sites and 
dates; and (B) prepare presentations and reports. 
Time period: July 2010 to July 2011 (for tasks 1and2; task 3 (currently unfunded) will take 
about an additional 6 months). 
Resources required: 

Cost: $242,000 (task 1 only) 
PI(s): Carol Kendall (USGS) 

Contract needed I in place: In process. 
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Contract manager(s): Erwin Van Nieuwenhuyse (USBR) and Roger Fujii 
(USGS). 
Term of contract: To be determined. 

Personnel: Megan Young, Steve Silva, and Tamara Kraus (USGS); Marianne Guerin 
(RMA); Peggy Lehman (DWR); Chris Foe (CVRWQCB) 
Equipment: None planned, unless something critical breaks. 

Deliverables and dates: 
Quarterly progress reports for task 1 with invoices. Excel data files at project completion. 

• Presentations of preliminary data and findings at EET, IEP, CWT, and other meetings 
during the first year; memo (to the POD CWT?) describing policy implications of project 
findings, and recommendations for future monitoring efforts at the end of the first year. 
Excel data files containing the phytoplankton data and a report containing the result of 
the statistical analyses during the first year (task 2). 
Quarterly progress reports for task 3 with invoices during the second year (funding 
permitting). 

• 1 or more USGS-approvedjournal paper(s) during the second year (funding permitting) 
for task 3. 

How is this activity related to the POD investigations and what is its relevance to understanding 
the effects of fall flow variations on delta smelt? This project addresses 2 of the priority 
research topics: habitat effects and food web effects on delta smelt population dynamics. By 
"habitat effects", we mean the quantification of abiotic variables such as net flow and residence 
time within the study area or in sub-regions of that area, and the effect of these variables on 
nutrient sources and concentrations within the LSZ and elsewhere within the study area 
(Research Question 1 C). The project focus on "food web effects" is at the level of nutrients and 
primary productivity (Research Question 2C). This proposed project also supports 3 of the 4 key 
research priorities from the 12 framework-panel-identified topics listed as part of the "CALFED 
Science Program Issue Summary" on the role of ammonium 
(http://science.calwater.ca.gov/pdf/publications/ Ammonium_ one-pager_ 070109 .pdf): 

Use models to explore the transport of ammonia/ammonium within the Delta and effects 
on the amount of, type of, and growth of algae, the base of the Delta food web. 
Determine the main sources of ammonia/ammonium (and phosphorus) and trace the fate 
of these substances within the Delta. 
Explore possible links between specific types of algae and aquatic plants and the amount 
of ammonium in the water. 

Hydrodynamic and Particle Tracking Modeling of Delta Smelt Habitat and Prey 
2010-180 
Point person: John Netto (USFWS) 
Lead Agency: USFWS 
Questions: How does the habitat area and volume for delta smelt and other fishes vary with 
freshwater flow? What patterns of vertical swimming by planktonic organisms in the LSZ result 
in tidal patterns of vertical distribution similar to those observed? How does the observed tidal 
vertical migration of planktonic organisms influence their retention and transport in and near the 
LSZ? How does this retention and transport vary with flow conditions? 
Description: This project will use existing modeling tools and existing data to accomplish 2 
tasks. The first task is to model the variability of physical habitat with X2 for key fish species 
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including delta smelt. We will build on our previous efforts, improving the scope and resolution 
of habitat modeling by using the Unstructured Tidal, Residual, Intertidal and Mudflat (Un TRIM) 
San Francisco Bay-Delta Model to describe how physical habitat determined from fish 
distributions varies with freshwater flow. 

In the second task, we will investigate the population dynamics of calanoid copepods, the 
most important food for delta smelt in summer to fall. Specifically, we will use the Un TRIM 
Bay-Delta model and the Flexible Integration of Staggered-grid Hydrodynamics (FISH) particle 
tracking model (PTM) to investigate retention processes that affect abundance of planktonic 
organisms, focusing on the calanoid copepod Pseudodiaptomus forbesi. The modeling will be 
designed to investigate the consequences of tidal vertical migration of copepods in the LSZ for 
retention of the copepods within that zone. Data from the intensive Entrapment Zone Studies of 
1994-1996 will be used to define the range of migratory patterns, and retention under alternative 
migratory patterns and freshwater flows will be investigated. 
Time period: July 2010 - June 2011 
Resources Required: 

Cost: $339,000 in 2010. 
PI(s): Wim Kimmerer (SFSU) 
Co-PI(s): Edward Gross (Bay Modeling) and Michael Mac Williams (River Modeling) 

Contract needed I in place: In progress. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) 
Term of contract: To be determined. 

Personnel: Rusty Holleman and Sandy Chang (SFSU) 
Equipment: None 
Deliverables and dates: 

EET presentations (fall 2010 and spring 2011). 
CWEMF presentation on model calibration (February 2011). 
Paper on model calibration (February 2011). 
Paper on habitat analysis (June 2011). 
Paper on copepod retention (June 2011). 

What is the relation to POD investigations and effects of fall flow variations on delta smelt? 
This project addresses 2 aspects of the POD conceptual model: physical habitat and food supply. 
Changes in the physical shape or size of the low-salinity habitat have been hypothesized to cause 
a reduction in abundance of delta smelt or their food when X2 is high or landward (USFWS 
HSG, 2009). Task 1 of this project will determine how physical habitat of delta smelt, as 
determined by salinity, responds to changes in flow/X2. This information can be determined 
only through modeling, and it requires a detailed, state-of-the-art hydrodynamic model. 

In Task 2, we will address a particular question on the food supply of delta smelt. A 
related project will investigate the population processes of the principal food organism, the 
copepod Pseudodiaptomus forbesi and ultimately how they relate to flow conditions. Population 
dynamics results from reproduction, growth, and development, and mortality. Losses from the 
population due to transport in the water contribute to total mortality. However, this is 
complicated by the fact that the copepods are capable of migrating vertically in synchrony with 
the tides, thereby potentially eliminating the tendency for transport away from the population 
center. Assessing the effects of this migration on retention is therefore essential for estimating 
overall mortality, and therefore understanding how population dynamics varies with flow 
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conditions. This also requires an accurate 3-dimensional hydrodynamic model and a 3-
dimensional particle tracking model. 
Comments: Task 1 will build on our previous work developing habitat models based on 
distributions of fish and using the TRIM 3-D model. Task 2 will build on earlier work 
(Kimmerer, Bennett, and Burau) investigating tidal migrations in the LSZ. 

Longfin Smelt Bioenergetics 
IEP 2010-181 
Point Person: Randy Baxter (DFG) 
Lead Agency: UCD 
Questions: What are the food and oxygen consumption rates for juvenile and sub-adult longfin 
smelt? How do these metrics affect longfin smelt growth as assessed by a bioenergetics model? 
What is the importance of growth in the longfin smelt IBM as related to population dynamics? 
Description: In fish bioenergetics studies, the most common parameters investigated in 
laboratory experiments are those related to consumption and metabolism. To date, no such 
laboratory experiments have been carried out for longfin smelt, making it difficult to apply 
bioenergetics data to the longfin smelt IBM. We will measure maximum food consumption, and 
active and resting oxygen consumption rates at 4 temperatures on hatchery-raised longfin smelt 
juveniles and sub-adults. These data will be incorporated into a bioenergetics model to 
determine growth rates over a range of different temperatures. 

IBM has been previously developed for longfin smelt to describe the spatial and temporal 
heterogeneity of parameters affecting fecundity and mortality at all life stages. This IBM is 
useful for exploring the relative significance of specific factors influencing population numbers 
of longfin smelt in the Bay-Delta. Specific processes relevant to the IBM include bioenergetics 
(growth), habitat preference, environmental tolerance, feeding habits, and the age or life-stage 
dependence of these factors. We will incorporate bioenergetics parameters derived from this 
study into the IBM to fill in existing key data gaps. 
Time Period: May 2010 - April 2011 
Resources Required: 

Cost: $128,422 
Pl(s): Frank Loge, Joseph J. Cech Jr., Nann Fangue and Joan Lindberg (UCD) 

Contract needed/in place: In progress. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) and Frank Loge (UCD). 
Term of contract: To be determined. 

Personnel: Kai Eder, Erik Loboschefsky, Cincin Young and Dennis Cocherell (UCD) 
Equipment: Loligo Respirometer and attendant data acquisition software. 

Deliverables and Dates: 
Determine longfin smelt bioenergetic parameters of maximum food consumption and 
resting and active oxygen consumption rates (November 2010). 
Construct longfin smelt bioenergetics model (February 2011). 
Implement longfin smelt bioenergetics model into the IBM (March 2011). 
Final report (April 2011). 

How is this activity related to the POD investigations and what is its relevance to understanding 
the effects of fall flow variations on delta smelt? Temperature changes brought about by 
variations in flow influence the food and oxygen consumption rates of Delta fish species. 
Growth of longfin smelt, assessed by the bioenergetics model, may thus be affected by variations 
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in fall flows. Because growth is a major component of the IBM, flow variation is likely to affect 
longfin smelt population dynamics. These findings will advance the understanding of flow 
variation effects on Delta fish populations, including delta smelt. 
Comments: This work will require cultured longfin smelt obtained from the FCCL located in 
Byron, California. Development of the IBM for longfin smelt is funded under a separate IEP 
funded study. 

Delta Smelt Acoustic Tag Development 
IEP 2010-182 
Point person: Ted Sommer (DWR) 
Lead Agency: UCD 
Questions: What are the overall physical constraints for a Juvenile Salmon Acoustic Telemetry 
system (JSA Ts )-compatible acoustic tag suitable for use in delta smelt? 
Description: The overall long-term goal of this project is to work towards developing an 
acoustic telemetry system for delta smelt and to use this system to monitor their location and 
behavior within the San Francisco Bay-Delta system. For this specific study, we will determine 
acoustic transmitter constraints of size, shape, and mass needed for successful surgical 
implantation into delta smelt. The physical dimensions of a tag should neither interfere nor 
obstruct proper functioning of internal organs and tissues, while minimizing the likelihood of tag 
expulsion. Additionally, normal swimming behavior and buoyancy control are behaviors that 
must be preserved through understanding of tag size constraints within the context of sex and life 
stage of delta smelt. To this end, we will inject smelt internal body cavities with moldable latex 
to determine the maximum size of a potential tag within a given smelt size class. We will then 
construct inoperable "dummy" tags comprising 3 size ranges of measured body cavities (upper, 
middle, and lower ranges) while keeping the tags within accepted tag body burden limits. The 
tags will be surgically implanted (or injected if small enough) into various smelt at different 
stages of maturity and their survival will be assessed over 30 days. Short-term tagging effects 
such as swimming and moving will be assessed during the first 24 hours, while all fish (30-day 
mortalities as well as survivors) will be examined by a histopathologist for tag-related tissue and 
organ damage, and assessments of incision and suture will be performed. Based on outcomes 
from these various analyses an optimal size, shape, and mass of acoustic transmitter will be 
determined for delta smelt. 
Time period: October 2010 - June 2011 
Resources required: 

Cost: $177,544 
Pl(s): Frank Loge and Raul Piedrahita (UCD) 

Contract needed I in place: In progress. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) and Raul Piedrahita 
(UCD). 
Term of contract: To be determined. 

Personnel: Kai Eder, Donald Thompson, Joseph Groff and graduate student research 
assistant (UCD). 
Equipment: A 2HP heat pump for a recirculating water system. 

Deliverables and dates: 
Measurement of smelt internal body cavity (January 2011 ). 

• Construction of "dummy" tags used for implantation (March 2011). 
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Tag implantation and evaluation of biological effects (June 2011). 
Final report (June 2011). 

How is this activity related to the POD investigations and what is its relevance to understanding 
the effects of fall flow variations on delta smelt? Many, if not all, of the ecological questions 
surrounding the recovery of delta smelt require knowledge of where these animals are located 
seasonally, where they spawn, and corridors of movement. To date, little is known on the spatial 
and temporal distribution of these animals. Through development and subsequent application of 
miniaturized acoustic tags to delta smelt, fish movement and behavior can be studied. 
Comments: None 

Refinement and Application of Novel Molecular and Biochemical Biomarkers to Determine 
Sublethal Contaminant Exposure and Effects in Archived Delta Smelt Samples. 
IEP 2010-183 
Point person: Anke Mueller-Solger (DSC) 
Lead Agency: UCD 
Questions: Can novel biomarker tools be used to monitor and assess sublethal impairment of 
important life history parameters of delta smelt exposed to ambient Delta water and specific 
contaminants? Can these tools be utilized for toxicant identification? 
What is the temporal and spatial distribution of sublethal impairments and contaminant exposure 
of delta smelt in the Delta? How do results obtained with novel biomarkers compare to acute 
toxicity patterns found for delta smelt in the Delta? 
Description: The proposed study builds on investigations performed in 2006-2009 to evaluate 
chemical-related aquatic toxicity of Delta water to early life stages of delta smelt. Results from 
these studies identified specific areas of concern in the Delta, particularly the Sacramento River 
at Hood, Cache Slough near Lindsey Slough, and the San Joaquin River at Rough and Ready 
Island. Current-use pesticides along with contaminants associated with municipal wastewater 
treatment effluents were labeled as potential toxicants. However, no toxicity identification tools 
are currently available for this species. Genomic biomarkers measure the functional response of 
organisms to contaminant exposures. Different chemicals will elicit a different response that is 
dependent on their mechanisms of action. To date, we have been successful in identifying the 
mechanisms of action of contaminants of concern through the application of molecular 
biomarkers and links have been established between gene expression and responses at higher 
levels of organization. 

The effects of environmental contaminants as a factor in the observed decline of delta 
smelt will be investigated through a single experimental task: refining and applying novel 
biomarker tools to determine sublethal contaminant exposure and effects in archived delta smelt 
samples. These goals will be accomplished in 3 interlinked steps: (a) assessment of gene 
expression, focusing on the molecular responses in delta smelt exposed to environmental water 
samples collected throughout the Delta; (b) toxicant identification, based on the functional 
classification of these gene responses and response profiles generated under a previous IEP POD 
project, and (c) site-specific response classification, based on the generation of genomic profiles 
constructed by utilizing genomic data obtained for each specific site. Microarrays will provide 
information on responding genes and allow distinction between expression patterns elicited by 
different chemicals (expression signatures) or chemical mixtures. Quantitative PCR of select 
specific biomarker genes and resulting heatmaps will be applied to investigate exposure effects 
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on muscular, neurological, endocrine, digestive, immune, respiration, membrane disruption and 
ion exchange alterations in the delta smelt. 
Time period: July 2010 - June 2011 
Resources required: 

Cost: $220,000 in 2010 
Pl(s): Inge Werner and Richard Connon (UCD) 

Contract needed I in place: In progress. 
Contract manager(s): Erwin Van Nieuwenhuyse (USBR) and Inge Werner 
(UCD). 
Term of contract: To be determined. 

Personnel: Above named investigators, graduate students and research assistants. 
Equipment: No new equipment required. 

Deliverables and dates: (assuming a start date of July 1, 2010) 
Study plan, peer-reviewed by the POD CWT (July 2010). 
Quarterly progress preports to the POD CWT (September and December 2010 and March 
2011). 
Final report (June 2011). 
1 or more IEP Newsletter articles (June 2011). 

• 1 or more peer-reviewed journal publication(s) (June 2011). 
How is this activity related to the POD investigations and what is its relevance to understanding 
the effects of fall flow variations on delta smelt? This study directly addresses the IEP Priority 
Research Topic 1: Habitat Effects on Delta Smelt Population Dynamics. A gene microarray and 
novel biomarkers for delta smelt (developed as part of previous IEP POD funded work) will be 
refined and used to determine exposure to and measure effects of contaminants responsible for 
causing toxicity to the endangered delta smelt. This study builds on successful previous work 
funded by IEP POD investigating the effects of environmental contaminants as a factor in the 
observed decline of delta smelt. This project will provide a sensitive tool to assess the effects of 
environmental stressors on delta smelt, and to develop site-specific genetic fingerprints for 
evaluating the effects of seasonal variations in environmental conditions, including flows. 
Comments: This study builds on successful previous work funded by IEP POD including 
toxicity tests with larval delta smelt, determination of toxic thresholds of delta smelt for a 
number of relevant chemicals, development of a delta smelt specific cDNA microarray, and 
development of a suite of delta smelt-specific molecular biomarkers for assessing the effects of 
environmental stressors. Archived delta smelt samples from laboratory tests performed in 2008 
and 2009 as part of previous IEP POD funded work will be used for this study. 

Disease and Physiology Monitoring in Wild Delta Smelt Adults 
IEP 2010-184 
Point person: Randy Baxter (DFG) 
Lead Agency: USFWS 
Questions: What is the influence of pathogens, contaminants, and adverse water quality on delta 
smelt survival? 
Description: The projects objective is to survey subadult and adult delta smelt populations 
collected in the lower Sacramento River for fish pathogens, tissue abnormalities (histology), 
energy reserves (muscle triglycerides) and osmoregulatory status (gill Na-K-ATPase). The 
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minimum target sample is 100 smelt collected by DFG's SKT Survey. A maximum of 20 fish 
will be collected at any given station. 
Time period: Field samples will be collected from January- May 2010. 
Resources required: 

Cost: This work is not being funded by IEP sources. 
PI(s): Scott Foott (USFWS) 

Contract needed I in place: N/A 
Contract manager(s): NI A 
Term of contract: NIA 

Personnel: DFG will supply field personnel during the SKT Survey. 
Equipment: No new equipment needs to be purchased. 

Deliverables and dates: 
Results from laboratory analysis of samples and production of a technical report (August 
2010). 

Physical Processes Influencing Spawning Migrations of Delta Smelt 
IEP 2010-187 
Point person: Larry Brown (USGS) 
Lead Agency: USGS 
Questions: The primary goal of the proposed experiment is to evaluate whether the annual 
spawning migration of delta smelt is triggered by a sudden decrease in water transparency, i.e. 
high turbidity. 
Description: This study was designed as an outgrowth the hypothesis that that adult delta smelt 
initiate an upstream spawning migration when the first major storm causes a turbidity pulse 
above some threshold. The purpose of this element is to test the hypothesis and also determine 
how delta smelt move upstream, specifically do they take advantage of tidal flows (i.e., tidal 
surfing). Additional secondary goals/questions will also be addressed to the extent possible. The 
questions will be addressed using intensive Kodiak trawling before and after the first major 
storm of the year in coordination with collection of continuous tidal velocity and turbidity data. 
Time period: This study is expected to be implemented in the Fall/Winter of 2010. It is unclear 
if the study will be repeated in additional years. Additional years will likely depend on costs and 
results obtained in year 1. 
Resources required: 

Cost: Cost undetermined at this point. Funding expected from DOI through USBR. 
PI(s): Jon Burau (USGS) and Bill Bennett (UCD). 

Contract needed I in place: Contact/agreement needed 
Contract manager: Presumably Erwin Van Nieuwenhuyse (USBR) 
Term of contract: Unknown. Anticipate year by year funding. 

Personnel: Jon Burau (USGS), Bill Bennett (UC Davis), field help expected from USGS 
(Sacramento and Columbia River Lab) and possibly IEP (boat operators and crew). 
Logistics still being worked out. 
Equipment: Boats likely to be borrowed from USGS Columbia Lab. Some equipment 
may need to be purchased (e.g., nets) 

Deliverables and dates: 
• Progress report and/or presentation to the Fish Migration PWT, after field work 

completed and as initial analysis 2011. 
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IEP Asilomar presentation (February 2012). 
Final report or journal article, if appropriate (December 2011 ). 

How is this activity related to POD or HSG: The results of this analysis will contribute to 
understanding how turbidity and possibly other factors influence spawning movements of adult 
delta smelt. 
Comments: 

OP and Pesticide use in the Sacramento River and Delta 
IEP 2010-188 
Point person: Stephanie Fong (CVRWQCB) 
Lead Agency: CVRWQCB 
Questions: Are past organophosphate (OP) hotspots still exhibiting toxicity in traditional EPA 3-
species toxicity tests or to Hyalella azteca? Have the OPs been replaced by other pesticides, and 
are they causing toxicity? 
Description: This study will use traditional EPA 3-species testing in addition to H azteca testing 
and new, sub-lethal endpoints to assess locations in the Sacramento River and Delta that had a 
history of OP-caused toxicity. 
Time period: March 2010-June 2011 
Resources required: 

Cost: $175,000 contract and CVRWQCB staff time. 
Pl(s): Inge Werner (UCD) 

Contract needed I in place: In place. 
Contract manager(s): Stephanie Fong (CVRWQCB) and Inge Werner (UCD). 
Term of contract: May 2010 to May 2011. 

Personnel: Inge Werner and graduate student (UCD), Stephanie Fong (CVRWQCB) 
Equipment: No new equipment is needed; these are typical laboratory tests. 

Deliverables and dates: 
Peer-reviewed study plan (July 2010). 
Progress reports and/or participation in the POD CWT, quarterly throughout the study. 

• Final report (June 2011). 
How is this activity related to HSG? The results of this analysis will contribute to the abiotic 
habitat driver section of the fall X2 and delta smelt conceptual model. 
Comments: This contract was combined with the acute and chronic toxicity of contaminant 
mixtures study for ease of contracting. 

Ammonia Literature Review and Synthesis 
IEP 2010-189 
Point person: Mark Gowdy (SWRCB) 
Lead Agency: SWRCB 
Questions: What do existing data, studies and literature have to say about the effects of 
ammonia on aquatic species, and are there any data gaps concerning ammonia concentrations 
and species in the Delta? 
Description: Review existing data, studies, and the literature on the effects of ammonia on 
aquatic species. Prepare a synthesis report on these studies and determine if there are any data 
gaps, specifically with respect to ammonia concentrations and species residing in the Delta. 
Time period: December 2008 - June 2010 
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Resources required: 
Cost: $69,000 
PI(s): Mike Johnson (UCD) 

Contract needed I in place: In place. 
Contract manager(s): Mark Gowdy (SWRCB) 
Term of contract: December 2008-June 2010 

Personnel: Mike Johnson), Ling Chu, Jennifer Nickell and Zephyr Papin (UCD) 
Equipment: No new equipment is needed. 

Deliverables and dates: 
Synthesis report on effects of ammonia on species in the Delta. 

Comments: None 
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October 17, 2013        Ken Burnham

Some thoughts on the issue of X2 and delta smelt based on looking at the data sent to me by David 
Fullerton, that were used by Wim Kimmerer in the TNC September report (page 64+) (Panel Review of 
the Draft Bay Delta Conservation Plan, Jeffrey Mount, chair). I am not trying to directly comment on 
what is in there about Fall X2; rather I looked at the data and models used and drew my own 
conclusions about the issue of inferences reasonable, or not, to draw from these data.

SAS output uses variable names as
tns_p1   for tow net survey in year i+1   (“p1” for plus 1 year)
mwt      (fall) midwater trawl, in year i

These are indices of abundance; a relationship reflects recruitment (i.e., tns_p1 predicted by mwt). 
The natural logarithm is often (in math) denoted by ln, so ln_tns_p1 and ln_mwt are the natural logs of 
these variables in the SAS outputs. It is better to use a linear model, here, on logs – which Kimmerer 
does.

There is very strong evidence of a recruitment-type relationship of mwt and next year tns, say as by a 
regression of either tns on mwt or based on logs (which is preferable). Moreover, by looking at plots of 
the data, it is clear that this relationship is robust to deleting 1 or 2 observations. That is, in a sense, the 
entire data set determines the relationship, not just a couple of the data points. This is important, and 
what one needs/expects in a meaningful inference of a relationship. 

Contrast this inference to an attempt to relate X2 to these delta smelt abundance indices. Any seeming 
relationship depends on only 2 data points: 1995 and 1998.  Without those years there is no relationship 
at all of X2 to anything here.  But the inferred relationship of tns to mwt is essentially unchanged if 
1995 and 1998 data are dropped.  

I note that the proper modeling here is to regress ln_tns_p1 on ln_mwt and then add X2 into the model 
to thus ask what X2 can add to the prediction after accounting for the predictive value of the mwt 
index. In SAS this means using type I fitting  (the /ss1 stuff) – kind of technical, but important. 
Kimmerer did use this model structure (page 64, eq. 6.2). But he wrongly downweighted 4 residuals, 
which biased the inference toward an X2 effect. That issue I dealt with already. 

Of utmost importance, even the suggested weak (“non significant”) negative relationship of X2 (in year 
i) to the tns index in year i+1 depends entirely on those two data points (1995, 1998). Drop them and 
there is no relationship at all.  An evidentially meaningful result (like tns vs. mwt) cannot stand on only 
2 data points.  That is, there can be no strength of evidence here for an such X2 predictive effect on tns 
(and there is in these data not relationship of X2 to mwt).  It could be pure chance that those 2 years 
had lower X2 and higher than average subsequent tns (in the spirit of hypothesis testing). I am not 
saying it is so; I am saying these data do not pass a rigorous scientific-statistical criterion to assert a 
relationship of X2 to delta smelt abundances. 



I include 5 pdf files with results. I will add annotations to places in those files. Some key summary 
results are noted below.   

All data,                correlation ln_tns_p1 and X2 is -0.344,    P=0.0924
drop 1995, 1998    correlation ln_tns_p1 and X2 is -0.035,    P=0.8735

Regression models:
All data,
       ln_tns_p1 = 1.551 + 0.624*ln_mwt - .048*X2,   coefficient on X2 “not significant” (P=0.13)   
drop 1995, 1998
       ln_tns_p1 = -1.03 + 0.601*ln_mwt - .016*X2,   coefficient on X2 not significant (P=0.720)   
       and without X2 in the model,   
       ln_tns_p1 = -2.42 + 0.600*ln_mwt

The regression coefficient on ln_mwt is quite stable; not so the coefficient on X2 (viewed as a change 
in their ratios:  1.04 vs. 3) and any hint of “significance” for X2 is gone. (Because X2 values are around 
80+, the inclusion/exclusion of X2 affects the intercept, but that is irrelevant to the inferences here.) 

I do not claim to know what the affect of X2 might be, I only assert that these data do not scientifically  
support an inference of any affect (i.e., “do not reject the null hypthesis: no affect of X2”).
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Table	  3-‐1	  CAMT	  Fall	  Outflow	  Workplan	  

Work	  Element	   Key	  Question(s)	   Example	  Draft	  
Hypotheses	   Relevance/Rationale	   Possible	  Investigative	  

Approach	   Schedule	  

High	  Priority	  Items	  

1. Review	  
monitoring	  
methods	  for	  
delta	  smelt	  

	  

Are	  there	  biases	  in	  the	  
IEP	  survey	  data?	  	  
How	  should	  the	  
survey	  data	  be	  utilized	  
if	  biases	  do	  exist?	  

NA	   Investigate	  and	  clarify	  
characteristics	  of	  existing	  
monitoring	  data	  sets,	  
including	  potential	  
weaknesses	  in	  spatial	  
coverage	  and	  other	  details	  
of	  study	  design.	  
Clarification	  of	  weaknesses	  
will	  help	  ensure	  that	  
analyses	  based	  on	  these	  
datasets	  are	  appropriately	  
qualified.	  Could	  allow	  for	  
corrections	  (or	  
adjustments)	  to	  more	  
accurately	  represent	  
underlying	  variables.	  
Findings	  may	  suggest	  that	  
results	  of	  previous	  studies	  
should	  be	  reviewed.	  
Findings	  may	  also	  allow	  for	  
improvements	  in	  future	  
data	  collection.	  	  

Convene	  a	  workshop	  to	  
discuss	  possible	  survey	  
problems	  and	  identify	  
opportunities	  to	  address	  
in	  2014	  with	  existing	  
data.	  	  
Consider	  ongoing	  work	  
and	  approaches	  of	  
Emilio	  Laca.	  Many	  of	  
these	  issues	  have	  been	  
proposed	  by	  FWS	  to	  be	  
addressed	  through	  a	  
package	  of	  gear	  
efficiency	  and	  smelt	  
distribution	  studies	  (see	  
Section	  5);	  however,	  
that	  package	  includes	  
extensive	  field	  work,	  
and	  some	  elements	  
have	  timelines	  
extending	  beyond	  the	  
remand	  period.	  
	  
	  
	  

Discuss	  at	  IEP	  
Resident	  fishes	  
PWT	  meeting	  on	  
Feb	  20,	  2014	  
	  
Workshop	  
(discuss	  E.	  Laca	  	  
study	  plan)	  	  
April	  2014	  
	  
Finalize	  study	  
plan	  –	  May	  2014	  
	  
Gear	  efficiency	  
study	  
discussions	  	  
June	  2014	  
	  
Draft	  report	  
Sept	  2014	  
	  
IEP	  Presentation	  	  
Feb	  2015	  
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Work	  Element	   Key	  Question(s)	   Example	  Draft	  
Hypotheses	   Relevance/Rationale	   Possible	  Investigative	  

Approach	   Schedule	  

High	  Priority	  Items	  

2. Investigate	  
importance	  of	  
fall	  period	  for	  
delta	  smelt.	  

	  
	  

Under	  what	  
circumstances	  does	  
survival	  in	  the	  fall	  
affect	  subsequent	  
winter	  abundance?	  
	  
	  
	  
	  

Survival	  of	  delta	  
smelt	  during	  the	  
fall	  varies	  
significantly	  from	  
year	  to	  year	  and	  is	  
important	  in	  
explaining	  the	  
annual	  changes	  in	  
abundance.	  
	  

Needed	  to	  establish	  
whether	  survivorship	  
through	  the	  fall	  is	  
important	  in	  influencing	  
year-‐to-‐year	  changes	  in	  
delta	  smelt	  abundance.	  	  
	  
Survivorship	  through	  the	  
fall	  is	  one	  vital	  rate	  that	  
may	  be	  important.	  

Quantitatively	  
determine	  the	  
contribution	  of	  delta	  
smelt	  survivorship	  in	  the	  
fall	  to	  inter-‐annual	  
population	  variability.	  
Review	  available	  
lifecycle	  models	  for	  
applicability.	  	  
	  

Scoping	  group	  
to	  evaluate	  
available	  life	  
cycle	  models	  
July	  2014	  
Study	  plan	  	  
Dec	  2014.	  
	  
Draft	  report	  
April	  2015	  

3. Investigate	  
effects	  of	  fall	  
outflow	  on	  delta	  
smelt.	  	  

	  
	  

Under	  what	  
circumstances	  do	  
environmental	  
conditions	  in	  the	  fall	  
season	  contribute	  to	  
determining	  the	  
subsequent	  
abundance	  of	  delta	  
smelt?	  
	  
	  
	  
	  
	  

	  A	  significant	  
correlation	  exists	  
between	  the	  
survival	  of	  delta	  
smelt	  from	  
summer	  to	  winter	  
in	  a	  year	  and	  
habitat	  conditions	  
in	  the	  fall.	  
	  
	  

This	  element	  re-‐examines	  
analyses	  presented	  in	  the	  
2008	  BiOp.	  New	  work	  
would	  include	  review	  of	  
new	  information	  as	  it	  
applies	  to	  the	  original	  
analyses,	  and	  complement	  
or	  challenge	  existing	  
analyses	  to	  evaluate	  the	  
relationship	  between	  
outflow	  through	  the	  Delta	  
and	  demographic	  response	  
in	  delta	  smelt.	  

Investigate	  the	  
relationship	  between	  
fall	  outflow	  and	  the	  
relative	  change	  in	  delta	  
smelt	  abundance	  using	  
univariate	  and	  
multivariate	  	  
and	  available	  historic	  
data.	  Related	  to	  work	  
undertaken	  in	  the	  MAST	  
report,	  which	  examined	  
pairs	  of	  dry	  and	  wet	  
years	  in	  2005/6	  and	  
2010/11.	  
Also	  explore	  effects	  
occurring	  through	  other	  
avenues	  (e.g.	  growth	  or	  
fecundity).	  

Study	  plan	  
development	  
June	  2014	  
	  
Draft	  report	  
Nov	  2014	  
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Work	  Element	   Key	  Question(s)	   Example	  Draft	  
Hypotheses	   Relevance/Rationale	   Possible	  Investigative	  

Approach	   Schedule	  

Secondary	  Priorities	  

4. Examine	  project	  
impacts	  on	  fall	  
outflow.	  	  

	  

How	  much	  variability	  
in	  tidal,	  daily,	  weekly,	  
and	  monthly	  
fluctuations	  in	  fall	  X2	  
is	  attributable	  to	  
water	  project	  
operations?	  
	  
	  

Changes	  over	  time	  
in	  the	  distribution	  
and	  extent	  of	  
habitat,	  as	  
represented	  by	  the	  
distribution	  and	  
extent	  of	  the	  low-‐
salinity	  zone	  (or	  
the	  position	  of	  the	  
X2	  isohaline)	  
during	  the	  fall	  is	  
attributable	  to	  
water	  export	  
project	  operations.	  
	  
	  

The	  intent	  is	  to	  refine	  our	  
understanding	  of	  how	  
project	  operations	  are	  
influencing	  outflow	  
volumes.	  	  

Hydrological	  modeling	  
tools	  to	  determine	  the	  
prospective	  locations	  of	  
X2	  in	  the	  fall	  under	  
circumstances	  with	  and	  
without	  project	  
operations.	  An	  analysis	  
of	  historical	  data	  will	  
also	  be	  carried	  out	  to	  
examine	  outflow	  during	  
periods	  when	  the	  
projects	  were	  required	  
to	  meet	  specific	  outflow	  
requirements,	  to	  
evaluate	  the	  degree	  of	  
control	  that	  has	  been	  
possible	  at	  various	  time	  
scales.	  See	  work	  
addressing	  this	  issue	  by:	  	  
Grossinger,	  	  Hutton,	  	  
and	  a	  paper	  by	  Cloern	  &	  
Jassby	  2012	  
	  
	  
	  
	  
	  
	  

Relevant	  IEP	  
presentation	  by	  
Paul	  Hutton,	  
MWD	  –	  Feb	  26,	  
2014	  
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Work	  Element	   Key	  Question(s)	   Example	  Draft	  
Hypotheses	   Relevance/Rationale	   Possible	  Investigative	  

Approach	   Schedule	  

Secondary	  Priorities	  

5. Investigate	  
importance	  of	  
summer	  period	  	  
for	  Delta	  Smelt	  	  

Under	  what	  
circumstances	  is	  
survival	  of	  Delta	  Smelt	  
through	  the	  fall	  
related	  to	  survival	  or	  
growth	  rates	  in	  
previous	  life	  stages?	  

Survival	  of	  Delta	  
Smelt	  through	  the	  
fall	  is	  related	  to	  
survival	  or	  growth	  
rates	  in	  previous	  
life	  stages.	  

This	  topic	  complements	  
some	  of	  the	  investigations	  
in	  the	  FOAMP.	  By	  
establishing	  whether	  
survival	  or	  growth	  rates	  
through	  any	  life	  stage	  (or	  
season)	  are	  dependent	  on	  
the	  status	  or	  condition	  of	  
Delta	  Smelt	  entering	  that	  
life	  stage,	  the	  potential	  
exists	  to	  identify	  
environmental	  factors	  in	  
preceding	  seasons	  that	  
influence	  survival	  during	  
the	  fall.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Compare	  Delta	  Smelt	  
survival	  during	  the	  fall	  
to	  both	  survival	  in	  prior	  
seasons	  and	  to	  fork	  
length	  at	  the	  end	  of	  the	  
summer/start	  of	  the	  fall.	  
New	  data	  is	  being	  
collected	  as	  part	  of	  
FOAMP.	  Consider	  IBM	  
modeling.	  

Draft	  study	  plan	  
–	  Oct	  2014	  
	  
Analysis	  of	  
existing	  data	  –	  
mid	  2015	  
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Work	  Element	   Key	  Question(s)	   Example	  Draft	  
Hypotheses	   Relevance/Rationale	   Possible	  Investigative	  

Approach	   Schedule	  

Secondary	  Priorities	  

6. Investigate	  the	  
relationship	  
between	  fall	  
outflow	  and	  
habitat	  
attributes.	  

Does	  outflow	  during	  
the	  fall	  have	  
significant	  effects	  on	  
habitat	  attributes	  that	  
may	  limit	  the	  survival	  
and	  growth	  of	  Delta	  
Smelt	  during	  the	  fall?	  

	  A	  significant	  
relationship	  exists	  
between	  the	  
survival	  of	  Delta	  
Smelt	  from	  
summer	  to	  winter	  
within	  a	  year	  and	  
habitat	  conditions	  
experienced	  by	  
Delta	  Smelt	  during	  
the	  intervening	  fall.	  

This	  element	  re-‐examines	  
analyses	  presented	  in	  the	  
2008	  BiOp.	  New	  work	  
would	  include	  review	  of	  
new	  information	  as	  it	  
applies	  to	  the	  original	  
analyses,	  and	  complement	  
or	  challenge	  the	  existing	  
work	  by	  developing	  new	  
analyses	  to	  evaluate	  the	  
strength	  of	  evidence	  for	  
mechanisms	  under	  which	  
outflow	  may	  influence	  
Delta	  Smelt	  survivorship	  
growth	  rates	  during	  the	  
fall.	  
	  

There	  may	  be	  
competing	  approaches	  
that	  will	  be	  
simultaneously	  pursued.	  
One	  is	  to	  develop	  
graphs	  and	  conduct	  
univariate	  and	  
multivariate	  analyses	  
involving	  survival	  ratios	  
and	  growth	  rates.	  Test	  
whether	  month-‐to-‐
month	  declines	  in	  
abundance	  or	  growth	  
during	  the	  fall	  is	  greater	  
when	  X2	  is	  located	  
further	  east.	  
See	  also	  the	  analytical	  
approach	  in	  MAST	  
report,	  work	  by	  
Kimmerer,	  Burnham	  &	  
Manly.	  
	  
	  
	  
	  
	  
	  
	  

Work	  may	  begin	  
in	  2014	  as	  
resources	  allow	  	  
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Work	  Element	   Key	  Question(s)	   Example	  Draft	  
Hypotheses	   Relevance/Rationale	   Possible	  Investigative	  

Approach	   Schedule	  

Secondary	  Priorities	  

7. Develop	  a	  new	  
habitat	  index	  for	  
Delta	  Smelt	  	  

Can	  an	  index	  based	  on	  
multiple	  habitat	  
attributes	  provide	  a	  
better	  surrogate	  for	  
Delta	  Smelt	  habitat	  
than	  one	  based	  only	  
on	  salinity	  and	  
turbidity?	  	  	  
	  
	  

The	  distribution	  
and	  areal	  extent	  of	  
the	  low-‐salinity	  
zone	  (or	  the	  
position	  of	  the	  X2	  
isohaline)	  in	  the	  
estuary	  in	  the	  
autumn	  is	  
significantly	  
correlated	  with	  the	  
distribution	  and	  
extent	  of	  habitat	  
available	  to	  
support	  Delta	  
Smelt.	  
	  
	  

An	  updated	  habitat	  index	  
may	  provide	  a	  useful	  tool	  
to	  mangers	  to	  identify	  
areas	  for	  restoration	  and	  
improved	  management	  
actions.	  
	  
Earlier	  analyses	  used	  only	  
abiotic	  factors	  to	  define	  
habitat.	  Additional	  
information	  since	  2008,	  
could	  allow	  for	  
development	  of	  a	  better	  
habitat	  index	  based	  on	  
additional	  potentially	  
important	  habitat	  
variables.	  

Review	  approaches	  in	  
existing	  literature.	  There	  
may	  be	  competing	  
approaches	  that	  will	  be	  
simultaneously	  pursued,	  
depending	  on	  expert	  
advice.	  One	  possible	  
approach	  is	  to	  develop	  
suitability	  index	  curves	  
and	  combine	  
geometrically	  to	  create	  
a	  habitat	  quality	  index.	  
Utilize	  data	  from	  areas	  
where	  Delta	  Smelt	  are	  
frequently	  observed	  to	  
assess	  habitat	  quality.	  
See	  work	  by	  Burnham	  
Manly,	  and	  Guay.	  

Work	  may	  begin	  
in	  2014	  as	  
resources	  allow	  	  

8. Identify	  impacts	  
of	  fall	  project	  
operations	  on	  
Delta	  Smelt	  

Under	  what	  
conditions	  (e.g.,	  
distribution	  of	  the	  
population,	  prey	  
density,	  
contaminants)	  do	  fall	  
operations	  have	  
significant	  effects	  on	  
survival?	  

	   Complements	  and/or	  
challenges	  previous	  
studies.	  Important	  for	  
identifying	  the	  impact	  of	  
project	  operations	  on	  the	  
success	  of	  Delta	  Smelt	  
during	  the	  fall.	  	  

Utilizing	  relationships	  
identified	  in	  the	  above	  
studies,	  simulate	  how	  
changes	  in	  project	  
operations	  may	  
influence	  survival	  of	  
Delta	  Smelt	  during	  the	  
fall.	  

Work	  may	  begin	  
in	  2014	  as	  
resources	  allow	  	  
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Table	  3-‐2	  CAMT	  OMR/Entrainment	  Workplan	  

Work	  Element	   Key	  Question(s)	   Draft	  Example	  
Hypotheses	   Investigative	  Approaches	   Schedule	  

High	  Priority1	  

1. Assess	  factors	  
affecting	  adult	  
Delta	  Smelt	  
entrainment	  

	  
	  

What	  factors	  affect	  adult	  Delta	  
Smelt	  entrainment	  during	  and	  
after	  winter	  movements	  to	  
spawning	  areas?	  (4)	  
a. How	  should	  winter	  “first	  

flush”	  be	  defined	  for	  the	  
purposes	  of	  identifying	  
entrainment	  risk	  and	  
managing	  take	  of	  Delta	  
Smelt	  at	  the	  south	  Delta	  
facilities?	  

b. What	  habitat	  conditions	  
(e.g.	  first	  flush,	  turbidity,	  
water	  source,	  food,	  time	  of	  
year)	  lead	  to	  adult	  Delta	  
Smelt	  entering	  and	  
occupying	  the	  central	  and	  
south	  Delta?	  

The	  probability	  of	  
observing	  adult	  Delta	  
Smelt	  in	  the	  central	  
and	  south	  Delta	  is	  
significantly	  higher	  
following	  	  the	  first	  
major	  increase	  in	  
Delta	  inflow	  (e.g.	  
>25,000	  cfs),	  which	  
contributes	  to	  rising	  
turbidity	  levels	  in	  the	  
central	  and	  south	  
Delta.	  	  

Summarization	  of	  
environmental	  and	  fish	  
distribution/abundance	  data	  
(e.g.	  FMWT,	  SKT).	  
Multivariate	  analyses	  and	  
modeling	  (e.g.	  3D	  particle	  
tracking)	  to	  examine	  whether	  
fall	  conditions	  affect	  winter	  
distribution.	  
Completion	  of	  First	  Flush	  Study	  
analyses.	  
The	  Delta	  Conditions	  Team	  
(DCT)	  is	  currently	  developing	  a	  
scope	  of	  work	  to	  use	  turbidity	  
modeling	  to	  examine	  various	  
“first	  flush”	  conditions,	  expected	  
entrainment	  risks,	  and	  potential	  
preventative	  actions	  that	  could	  
be	  taken	  to	  reduce	  entrainment,	  
consistent	  with	  key	  question	  (a).	  
The	  DCT	  could	  also	  conduct	  
analyses	  to	  address	  key	  question	  
(b).	  
	  

Detailed	  workplan	  for	  
key	  question	  (b)	  	  
April	  2014	  
	  
Initial	  report	  on	  (a)	  for	  
OCAP	  review	  panel	  	  
Sept	  2014	  
	  
Independent	  review	  for	  
key	  question	  (a)	  Nov	  
2014	  
	  
	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  Work	  element	  #1	  from	  the	  Fall	  Outflow	  Workplan	  is	  also	  considered	  a	  high	  priority	  work	  element	  for	  the	  OMR/Entrainment	  topic	  area.	  
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Work	  Element	   Key	  Question(s)	   Draft	  Example	  
Hypotheses	   Investigative	  Approaches	   Schedule	  

High	  Priority	  

2. Assess	  population	  
effects	  	  

	  
	  

What	  are	  the	  effects	  of	  
entrainment	  on	  the	  population?	  
(6)	  

a. What	  is	  the	  magnitude	  (e.g.	  
%	  of	  population)	  of	  adult	  
and	  larval	  entrainment	  
across	  different	  years	  and	  
environmental	  conditions?	  

b. How	  do	  different	  levels	  of	  
entrainment	  for	  adults	  and	  
larvae	  affect	  population	  
dynamics,	  abundance,	  and	  
viability?	  

	  

Delta	  Smelt	  are	  
entrained	  at	  Project	  
facilities	  at	  levels	  that	  
are	  likely	  to	  affect	  the	  
long-‐term	  abundance	  
of	  the	  Delta	  Smelt	  
population.	  

2.a.	  Application	  of	  different	  
models	  (e.g.	  IBM,	  life	  history)	  to	  
estimate	  proportional	  
entrainment.	  
A	  direct	  approach	  to	  addressing	  
6a	  has	  been	  proposed	  by	  
Kimmerer	  2008	  as	  modified	  in	  
2011.	  This	  or	  a	  derivative	  
approach	  should	  be	  explored	  as	  
a	  means	  to	  directly	  estimate	  the	  
proportional	  entrainment	  that	  
has	  occurred	  in	  recent	  years.	  
Apply	  to	  as	  much	  of	  historical	  
record	  as	  possible.	  
	  
2.b.	  Application	  of	  different	  
models	  (e.g.	  IBM,	  life	  history,	  
PVA)	  to	  simulate	  effects	  on	  
population	  dynamics,	  
abundance,	  and	  variability.	  
	  
	  
	  
	  
	  
	  
	  

Detailed	  workplan	  for	  
direct	  approach	  
April	  2014	  
	  
Product	  (based	  on	  
direct	  approach)	  for	  
submission	  to	  Long-‐
term	  Ops	  Opinion	  
panel	  
Sept	  2014	  
	  
Independent	  review	  
(Long-‐term	  Ops	  
Opinion	  panel)	  
Nov	  2014	  
	  
Final	  peer	  reviewed	  
product	  for	  Life	  Cycle	  
Model	  approach	  
June	  2015	  
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Work	  Element	   Key	  Question(s)	   Draft	  Example	  
Hypotheses	   Investigative	  Approaches	   Schedule	  

Secondary	  Priorities	  

3. Develop	  a	  better	  
estimate	  of	  adult	  
Delta	  Smelt	  
entrainment	  

How	  many	  adult	  Delta	  Smelt	  are	  
entrained	  by	  the	  water	  projects?	  
(1d)	  
	  

NA	   Workshop	  or	  expert	  panel	  
review.	  
Testing	  of	  new	  field	  
methodologies	  such	  as	  
SmeltCAM.	  
Gear	  efficiency	  and	  expanded	  
trawling	  experiments.	  
Evaluation	  of	  alternative	  models	  
to	  estimate	  abundance,	  
distribution	  and	  entrainment.	  

Work	  may	  begin	  in	  
2014	  as	  resources	  
allow	  	  

4. Develop	  a	  better	  
estimate	  of	  post-‐
larval	  Delta	  Smelt	  
entrainment	  

How	  many	  larval	  and	  post-‐larval	  
Delta	  Smelt	  are	  entrained	  by	  the	  
water	  projects?	  	  (2d)	  
	  
	  
	  
	  
	  
	  

NA	   Expert	  panel	  or	  workshop	  
review.	  
Testing	  of	  new	  field	  
methodologies	  such	  as	  
SmeltCAM.	  
Gear	  efficiency	  and	  expanded	  
trawling	  experiments	  (e.g.	  20	  
mm).	  
Evaluation	  of	  alternative	  models	  
to	  estimate	  abundance,	  
distribution	  and	  entrainment.	  
	  
	  
	  
	  
	  
	  
	  

Work	  may	  begin	  in	  
2014	  as	  resources	  
allow	  	  
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Work	  Element	   Key	  Question(s)	   Draft	  Example	  
Hypotheses	   Investigative	  Approaches	   Schedule	  

Secondary	  Priorities	  

5. Evaluate	  
conditions	  that	  
affect	  adult	  
movement	  prior	  
to	  spawning	  

What	  conditions	  prior	  to	  
movement	  to	  spawning	  areas	  
affect	  adult	  Delta	  Smelt	  
entrainment?	  (3)	  
	  
Is	  there	  a	  relationship	  
between	  Delta	  Smelt	  
distribution	  and	  habitat	  
conditions	  (e.g.	  turbidity,	  X2,	  
temperature,	  food)	  during	  fall	  
and	  subsequent	  distribution	  
(and	  associated	  entrainment	  
risk)	  in	  winter?	  	  

Adult	  Delta	  Smelt	  
distribution	  and	  
abundance	  in	  winter	  is	  
influenced	  by	  Delta	  
Smelt	  distribution	  and	  
abundance	  in	  the	  fall,	  
as	  well	  as	  habitat	  
conditions	  (e.g.	  
turbidity,	  salinity,	  
temperature,	  food	  
availability),	  and	  
hydraulics	  (e.g.	  
velocity,	  tidal	  flow	  
splits)	  during	  winter.	  	  

Summarization	  of	  environmental	  
and	  fish	  distribution/abundance	  
data	  (e.g.	  FMWT,	  SKT).	  
Multivariate	  analyses	  and	  modeling	  
(e.g.	  3D	  particle	  tracking)	  to	  
examine	  whether	  fall	  conditions	  
affect	  winter	  distribution.	  
Completion	  of	  First	  Flush	  Study	  
analyses.	  
	  

Work	  may	  begin	  in	  
2014	  as	  resources	  
allow	  

6. Assess	  factors	  
affecting	  larval	  
and	  post-‐larval	  
Delta	  Smelt	  
entrainment	  

What	  factors	  affect	  larval	  and	  
post-‐larval	  Delta	  Smelt	  
entrainment?	  (5)	  
a. How	  does	  adult	  spawning	  
distribution	  affect	  larval	  and	  
post-‐larval	  entrainment?	  

b. What	  conditions	  (e.g.	  first	  
flush,	  spawning	  distribution,	  
turbidity,	  water	  source,	  
food,	  time	  of	  year)	  lead	  to	  
larvae	  and	  post-‐larvae	  
occupying	  the	  central	  and	  
south	  Delta?	  

Larval	  Delta	  Smelt	  
distribution	  and	  
abundance	  in	  spring	  is	  
influenced	  by	  adult	  
Delta	  Smelt	  
distribution	  and	  
abundance,	  habitat	  
conditions	  (e.g.	  
turbidity,	  salinity,	  
temperature,	  food	  
availability),	  and	  
hydraulics	  (e.g.	  
velocity,	  tidal	  flow	  
splits).	  

Summarization	  of	  environmental	  
and	  fish	  distribution/abundance	  
data.	  
Statistical	  analysis	  and	  modeling	  
(e.g.	  3D	  PTM)	  of	  effects	  adult	  
distribution	  (e.g.	  SKT)	  on	  larval	  (e.g.	  
20	  mm)	  distributions.	  
Summarization	  of	  environmental	  
and	  fish	  distribution/abundance	  
data	  (e.g.	  20	  mm).	  
Multivariate	  analyses/modeling	  to	  
identify	  conditions	  promoting	  
occupancy	  of	  central	  and	  south	  
Delta.	  	  

Work	  may	  begin	  in	  
2014	  as	  resources	  
allow	  
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Work	  Element	   Key	  Question(s)	   Draft	  Example	  
Hypotheses	   Investigative	  Approaches	   Schedule	  

Secondary	  Priorities	  

7. Explore	  
alternative	  
management	  
actions	  

What	  new	  information	  would	  
inform	  future	  consideration	  of	  
management	  actions	  to	  optimize	  
water	  project	  operations	  while	  
ensuring	  adequate	  entrainment	  
protection	  for	  Delta	  Smelt?	  (8)	  

a. Can	  habitat	  conditions	  be	  
managed	  during	  fall	  or	  early	  
winter	  to	  prevent	  or	  
mitigate	  significant	  
entrainment	  events?	  

b. Should	  habitat	  conditions	  
(including	  OMR)	  be	  more	  
aggressively	  managed	  in	  
some	  circumstances	  as	  a	  
preventative	  measure	  
during	  the	  upstream	  
movement	  period	  (e.g.	  
following	  first	  flush)	  to	  
reduce	  subsequent	  
entrainment?	  

	  

NA	   Synthesis	  of	  available	  
information	  and	  study	  results	  
by	  CAMT	  Entrainment	  Team,	  
designated	  expert	  panel,	  or	  
both.	  
Consultation	  with	  regulatory	  
agencies	  and	  operators	  about	  
the	  feasibility	  of	  different	  
actions.	  

Work	  may	  begin	  in	  
2014	  as	  resources	  
allow	  	  
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Table	  3-‐3	  CAMT	  South	  Delta	  Salmonid	  Survival	  Workplan	  
	  

Work	  Element	   Key	  Question(s)	   Relevance/Rationale	   Possible	  Investigative	  
Approach	   Schedule	  

High	  Priority:	  	  Expected	  for	  implementation	  in	  2014	  

1. Synthesize	  published	  
reports	  and	  empirical	  
data	  on	  water	  export	  
effects	  and	  link	  to	  the	  
current	  SDSRC	  
conceptual	  model;	  
identify/document	  
scientific	  agreements	  
and	  disagreements	  
regarding	  the	  effects	  
of	  south	  Delta	  water	  
operations	  on	  juvenile	  
salmonid	  survival	  in	  
the	  Delta.	  

What	  are	  key	  
uncertainties,	  
agreements,	  and	  
disagreements	  in	  the	  
understanding	  of	  direct	  
and	  indirect	  effects	  of	  
south	  Delta	  water	  
operations	  on	  salmonid	  
survival	  as	  linked	  to	  the	  
SDSRC	  conceptual	  model?	  
What	  are	  the	  areas/issues	  
of	  scientific	  agreements	  
and	  disagreements	  that	  
contribute	  to	  the	  
controversy	  over	  the	  
effects	  of	  project	  
operations	  on	  salmonid	  
survival?	  
Can	  the	  population	  level	  
effects	  of	  a	  single	  
management	  action	  be	  
evaluated?	  If	  so,	  what	  
tools	  are	  available?	  
	  

Unfinished	  business	  of	  the	  
SDSRC	  in	  2013;	  identified	  as	  a	  
priority	  for	  2014	  in	  the	  2013	  
Progress	  Report.	  Potential	  
opportunity	  to	  consider	  the	  
PWA	  and	  other	  interests’	  
questions,	  tasks,	  and	  
hypotheses	  yet	  to	  be	  
considered	  by	  CAMT.	  

Convene	  a	  series	  of	  
working	  sessions	  to	  
review	  and	  potentially	  
refine	  the	  current	  SDSRC	  
conceptual	  model;	  
identify,	  screen	  and	  
document	  published	  
reports	  and	  empirical	  
data,	  as	  linked	  to	  the	  
conceptual	  model.	  
Identify	  key	  information	  
gaps.	  Identify	  key	  
scientific	  agreements	  and	  
disagreements.	  Review	  
PWA	  questions	  and	  
hypotheses	  in	  this	  
context,	  and	  develop	  a	  
collaboratively	  produced	  
report.	  

-‐	  Status	  updates	  in	  April,	  
June,	  and	  August	  of	  
2014	  
	  -‐	  Draft	  report	  
September	  2014	  	  
-‐	  Final	  report	  November	  
2014	  	  
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Work	  Element	   Key	  Question(s)	   Relevance/Rationale	   Possible	  Investigative	  
Approach	   Schedule	  

High	  Priority:	  	  Expected	  for	  implementation	  in	  2014	  

2. Briefing	  about	  SWFSC	  
winter-‐run	  salmonid	  
life	  cycle	  model	  LCM).	  	  

What	  is	  the	  general	  
structure	  of	  the	  model	  
and	  what	  are	  key	  
assumptions,	  key	  
uncertainties,	  and	  
evaluation	  metrics	  used	  
to	  assess	  biological	  
responses	  to	  alternative	  
export	  operations,	  
changes	  in	  river	  flows,	  
DCC	  gate	  operations,	  
habitat	  capacity,	  and	  
other	  actions	  on	  salmon	  
survival	  and	  abundance?	  	  
How	  will	  the	  model	  be	  
validated?	  	  Will	  the	  model	  
be	  available	  for	  
independent	  peer	  review	  
and	  simulations?	  	  	  

In	  order	  to	  ensure	  
development	  of	  a	  widely	  
accepted	  LCM,	  its	  
development	  should	  be	  
transparent	  and	  shared	  with	  
interested	  parties.	  	  

A	  briefing	  needs	  to	  be	  
held	  on	  the	  status	  of	  the	  
SWFSC	  salmonid	  LCM	  and	  
its	  specific	  components	  
with	  interested	  and	  
knowledgeable	  parties.	  	  

Briefing	  to	  CAMT	  and	  
interested	  parties	  by	  
April	  2014	  

3. Data	  synthesis	  and	  
meta-‐analysis	  

Can	  synthesis	  of	  data	  
from	  previous	  Delta	  
salmonid	  tagging	  studies	  
be	  combined	  and	  
analyzed	  to	  address	  key	  
questions/	  uncertainties	  
about	  the	  direct	  and	  
indirect	  ecological	  effects	  
of	  exports	  on	  salmonid	  

There	  are	  numerous	  salmonid	  
tagging	  studies	  conducted	  in	  
the	  Delta	  over	  the	  past	  several	  
decades	  that,	  when	  
considered	  together,	  can	  
potentially	  address	  key	  
uncertainties	  about	  factors	  
affecting	  migrational	  behavior	  
and	  survival	  of	  juvenile	  

Pending	  review	  and	  
agreement	  on	  a	  proposal:	  
1)	  establish	  a	  working	  
group	  to	  plan	  and	  oversee	  
the	  strategy	  for	  identifi-‐
cation	  and	  meta-‐analysis	  
of	  existing	  data;	  2)	  
identify	  initial	  questions	  
to	  address	  and	  relevant	  

-‐	  SDSRC	  will	  revise	  and	  
agree	  on	  a	  written	  
proposal	  by	  April	  2014;	  
-‐	  Progress	  report	  March	  
2015;	  anticipated	  to	  
continue	  in	  2015;	  draft	  
report	  by	  November	  
2015;	  manuscript	  for	  
publication	  completed	  
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Work	  Element	   Key	  Question(s)	   Relevance/Rationale	   Possible	  Investigative	  
Approach	   Schedule	  

High	  Priority:	  	  Expected	  for	  implementation	  in	  2014	  

survival?	  	  	   salmonids	  	   data	  sets;	  and	  3)	  conduct	  
preliminary	  analyses.	  
	  

by	  June	  2016	  

4. Pending	  results	  of	  the	  
gap	  analysis	  and	  initial	  
data	  synthesis	  efforts	  
(Elements	  1	  and	  3);	  
investigate	  alternative	  
metric(s)	  for	  
management	  of	  south	  
Delta	  water	  
operations.	  

Are	  there	  alternative	  or	  
additional	  metrics	  (e.g.,	  
OMR	  flows,	  export	  
volumes,	  monthly	  export	  
limits,	  etc.)	  that	  can	  be	  
used	  to	  manage	  south	  
Delta	  water	  operations,	  
and	  improve	  survival	  of	  
migrating	  salmonids	  in	  
the	  south	  Delta?	  

SDSRC	  participants	  discussed	  
metrics	  in	  addition	  to,	  or	  
other	  than,	  inflow:export	  ratio	  
that	  may	  be	  relevant	  to	  
manage	  south	  Delta	  water	  
operations	  to	  improve	  
salmonid	  survival.	  

Convene	  a	  working	  group	  
to	  synthesize	  and	  evaluate	  
existing	  data	  to	  identify	  
potential	  metrics	  and	  
evaluate	  their	  benefits	  
and	  limitations.	  

-‐	  Status	  check	  in	  June	  
2014	  
-‐	  Progress	  report	  
November	  2014	  

5. Re-‐charter	  the	  SDSRC	   Should	  the	  SDSRC	  be	  re-‐
chartered	  to	  report	  to	  the	  
CAMT?	  

	   Modify	  the	  charter	  to	  
require	  the	  SDSRC	  to	  
periodically	  report	  
progress	  to	  the	  CAMT.	  
SDSRC	  will	  continue	  to	  use	  
existing	  facilitator.	  	  
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Work	  Element	   Key	  Question(s)	   Relevance/Rationale	   Possible	  Investigative	  
Approach	   Schedule	  

Secondary	  Priority:	  May	  be	  implemented	  in	  2014,	  contingent	  on	  progress	  of	  high	  priority	  workplan	  elements	  

6. Pending	  outcomes	  of	  
Elements	  1,	  3,	  and	  4,	  
investigate	  tools	  to	  
evaluate	  the	  efficacy	  
of	  export	  management	  
actions.	  

To	  what	  extent	  and	  under	  
what	  conditions	  do	  the	  
export	  management	  
actions	  reduce	  mortality	  
of	  migrating	  salmonids?	  	  

	   Summarize	  tools	  available	  
or	  in	  development	  that	  
can	  be	  used	  to	  evaluate	  
the	  efficacy	  of	  export	  
management	  actions.	  	  

Pending	  outcomes	  of	  
other	  workplan	  
elements,	  status	  check	  
in	  November	  2014	  
	  

7. After	  briefing	  on	  
SWFSC	  LCM,	  
assessment	  of	  other	  
potential	  modeling	  
needs.	  Pending	  
outcomes	  of	  Elements	  
1-‐4	  identify	  and	  
evaluate	  indirect	  
ecological	  effects	  of	  
project	  operations	  
that	  affect	  the	  survival	  
of	  listed	  salmonids.	  

Are	  there	  questions	  
important	  to	  CAMT	  that	  
cannot	  be	  answered	  using	  
the	  SWFSC	  LCM?	  
Are	  there	  elements	  of	  
other	  salmon	  models	  that	  
would	  be	  beneficial	  to	  
incorporate	  or	  link	  to	  the	  
winter-‐run	  model	  (e.g.,	  
IOS,	  DPM,	  OBAN,	  
SALMOD,	  Bureau	  egg	  
mortality	  model,	  CALSIM,	  
DSM2,	  etc.)?	  
Are	  there	  alternative	  
management	  actions	  that	  
can	  address	  water	  project	  
effects	  on	  listed	  
salmonids?	  
	  
	  

CAMT	  is	  continuing	  to	  discuss	  
the	  scope	  of	  management	  
actions	  that	  should	  be	  
evaluated	  within	  the	  CAMT	  
scope.	  Future	  discussions	  
should	  include:	  	  
What	  management	  actions	  
have	  the	  greatest	  influence	  on	  
survival	  of	  salmonids	  
migrating	  in	  the	  south	  Delta?	  
What	  water	  management	  
actions	  might	  be	  taken	  to	  
improve	  salmon	  survival?	  
What	  is	  the	  relative	  
effectiveness	  of	  current	  and	  
potential	  alternative	  
management	  actions	  in	  
improving	  salmon	  survival?	  

Pending	  acquisition	  of	  
new	  resources,	  convene	  a	  
working	  group	  to	  evaluate	  
the	  potential	  for	  existing	  
models	  or	  new	  tools	  to	  
inform	  the	  consultation	  
on	  project	  operations	  
including:	  
1)	  Review	  available	  
information	  (including	  
literature,	  data,	  and	  
models)	  to	  identify	  
controllable	  factors,	  
linked	  to	  project	  
operations,	  with	  greatest	  
influence	  on	  survival;	  2)	  
Identify	  actions	  which	  
might	  be	  taken	  to	  
improve	  survival;	  3)	  
Evaluate	  actions	  and	  
report	  relative	  

Status	  Update	  in	  
September	  2014	  
Pending	  outcomes	  of	  
Elements	  1-‐4,	  complete	  
preliminary	  analysis	  and	  
write-‐up	  by	  November	  
2014.	  
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-‐28-‐	  

Work	  Element	   Key	  Question(s)	   Relevance/Rationale	   Possible	  Investigative	  
Approach	   Schedule	  

Secondary	  Priority:	  May	  be	  implemented	  in	  2014,	  contingent	  on	  progress	  of	  high	  priority	  workplan	  elements	  

contribution	  to	  survival.	  
8. Define	  an	  expanded	  

scope	  for	  the	  SDSRC	  to	  
include	  indirect	  
ecological	  effects	  of	  
south	  Delta	  water	  
operations	  

What	  are	  the	  indirect	  
ecological	  effects	  of	  water	  
export;	  and	  are	  there	  
management	  actions	  to	  
minimize	  indirect	  project	  
effects	  that	  influence	  
salmonid	  survival?	  	  

The	  SDSRC	  worked	  within	  a	  
narrow	  scope	  focusing	  on	  
direct	  export	  effects	  on	  
hydrodynamics	  and	  direct	  
behavioral	  and	  survival	  effects	  
of	  altered	  hydrodynamics.	  
Broadening	  the	  scope	  to	  
including	  indirect	  effects	  (e.g.,	  
predation	  effects)	  could	  
potentially	  inform	  approaches	  
to	  minimize	  south	  Delta	  
project	  operation	  effects	  on	  
salmonid	  survival.	  

Conduct	  a	  working	  session	  
of	  the	  SDSRC	  to	  agree	  on	  
a	  detailed	  description	  of	  
an	  expanded	  scope;	  link	  
to	  the	  current	  SDSRC	  
conceptual	  model.	  

Revised	  scope	  by	  March	  
2014	  

9. Enhanced	  learning	  
from	  6-‐year	  steelhead	  
study	  (OCAP	  BiOp	  RPA	  
VI.2.2)	  

Are	  there	  experimental	  
modifications	  of	  the	  6-‐
year	  steelhead	  study	  that	  
will	  enhance	  the	  
understanding	  of	  the	  
effect	  of	  inflow/export	  
conditions	  on	  south	  Delta	  
survival	  of	  steelhead?	  

The	  6-‐year	  steelhead	  study	  is	  
intended	  to	  estimate	  
steelhead	  survival	  over	  a	  
range	  of	  ambient	  
inflow:export	  conditions.	  
Recent	  analysis	  of	  conditions	  
tested	  during	  the	  first	  three	  
years	  identified	  several	  
conditions	  that	  have	  not	  been	  
tested	  or	  are	  
underrepresented	  among	  the	  
conditions	  tested	  to	  date.	  A	  
greater	  range	  of	  conditions	  
will	  also	  enhance	  learning	  in	  

Identify	  opportunities	  and	  
develop	  plans	  to	  enhance	  
learning	  from	  the	  6-‐year	  
steelhead	  survival	  study	  
(RPA	  IV.2.2)	  	  by	  testing	  
untested	  or	  
underrepresented	  I:Es,	  
testing	  combinations	  of	  
very	  high	  and	  very	  low	  
San	  Joaquin	  inflows	  and	  
very	  high	  and	  very	  low	  
export	  levels;	  and	  testing	  
similar	  I:Es	  at	  different	  
discharge	  volumes	  (e.g.,	  

Given	  evolving	  drought,	  
it	  may	  be	  challenging	  to	  
manipulate	  operations	  
in	  April	  and	  May	  of	  
2014.	  
-‐	  Identify	  options,	  
develop	  implementation	  
plans,	  and	  prepare	  
request	  for	  prescribed	  
conditions	  no	  later	  than	  
June	  2014;	  
implementation	  in	  2015	  
or	  later	  depending	  on	  
environmental	  
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-‐29-‐	  

Work	  Element	   Key	  Question(s)	   Relevance/Rationale	   Possible	  Investigative	  
Approach	   Schedule	  

Secondary	  Priority:	  May	  be	  implemented	  in	  2014,	  contingent	  on	  progress	  of	  high	  priority	  workplan	  elements	  

ongoing	  USFWS	  fall-‐run	  
Chinook	  survival	  studies.	  

1:1	  at	  1,500cfs/1,500cfs;	  
6,000cfs/6,000cfs.	  Any	  
new	  experimental	  
components	  will	  include	  a	  
clear	  statement	  of	  
objective,	  approach,	  and	  
statistical	  analysis	  plan.	  
	  
	  
	  

conditions;	  study	  plan,	  
including	  proposed	  
operations,	  would	  be	  
developed	  for	  review	  no	  
later	  than	  March	  15.	  	  

	  

Work	  Element	   Key	  Question(s)	   Relevance/Rationale	   Possible	  Investigative	  
Approach	   Schedule	  

Third	  Priority:	  important	  to	  CAMT	  but	  not	  likely	  to	  be	  implemented	  in	  2014	  pending	  results	  
of	  ongoing	  research	  and	  development	  of	  necessary	  technology	  

10. Salmonid	  near-‐field	  
movement	  under	  
selected	  export	  and	  
tidal	  conditions.	  

Does	  tidal	  forcing	  in	  
combination	  with	  export	  
volumes	  affect	  
migrational	  behavior	  and	  
survival	  of	  migrating	  
south	  Delta	  salmonids?	  	  

The	  2012	  IRP	  recommended	  
investigating	  the	  combined	  
influence	  of	  export	  and	  tidal	  
forcing	  on	  salmonid	  
migrational	  behavior	  and	  
survival.	  Based	  on	  a	  concept	  
proposal	  developed	  in	  the	  
SDSRC	  in	  2013,	  this	  study	  was	  
identified	  for	  further	  
development.	  

Convene	  a	  working	  group	  
to	  develop	  a	  detailed	  
proposal	  suitable	  for	  peer	  
review;	  including	  
objectives,	  experimental	  
approach,	  and	  a	  detailed	  
statistical	  analysis	  plan.	  
Arrange	  for	  and	  submit	  to	  
external	  peer	  review.	  
Review	  results	  of	  
Enhanced	  PTM	  tool	  in	  
development	  by	  SWFSC.	  
A	  prerequisite	  for	  this	  

-‐	  Proposal	  and	  peer	  
review	  by	  November	  
2014;	  	  	  
-‐	  Review	  of	  Enhanced	  
PTM	  tool	  when	  
available;	  	  
-‐	  Implementation	  of	  
Near-‐Field	  Movement	  
study	  dependent	  on	  
availability	  of	  a	  
predation-‐sensitive	  
acoustic	  tag	  (probably	  
2015)	  
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-‐30-‐	  

Work	  Element	   Key	  Question(s)	   Relevance/Rationale	   Possible	  Investigative	  
Approach	   Schedule	  

Third	  Priority:	  important	  to	  CAMT	  but	  not	  likely	  to	  be	  implemented	  in	  2014	  pending	  results	  
of	  ongoing	  research	  and	  development	  of	  necessary	  technology	  

element	  is	  completing	  the	  
testing	  and	  validation	  of	  
the	  technology	  to	  
distinguish	  a	  free	  
swimming	  tagged	  
salmonid	  from	  one	  that	  
has	  been	  preyed	  upon.	  	  

11. Pending	  gap	  analysis,	  
investigate	  hatchery-‐
and	  natural-‐origin	  
salmonid	  surrogacy.	  

Are	  results	  of	  tests	  using	  
hatchery-‐reared	  
salmonids	  representative	  
of	  results	  of	  natural-‐origin	  
salmonids?	  	  Are	  the	  
results	  of	  tests	  using	  one	  
run	  of	  Chinook	  salmon	  
representative	  of	  results	  
of	  other	  runs?	  	  Are	  the	  
results	  of	  tests	  using	  
Chinook	  salmon	  
representative	  of	  
steelhead?	  If	  not,	  in	  each	  
case	  can	  a	  correction	  
factor	  be	  developed	  to	  
allow	  for	  application	  of	  
such	  test	  results? 

The	  question	  of	  whether	  
results	  of	  tests	  conducted	  
using	  hatchery-‐reared	  
salmonids	  are	  representative	  
of	  results	  relevant	  to	  natural-‐
origin	  salmons	  is	  a	  key	  
uncertainty	  routinely	  
identified	  in	  most	  survival	  
studies.	  

Convene	  a	  working	  group	  
to	  review	  and	  synthesize	  
existing	  information	  on	  
hatchery-‐	  and	  natural-‐
origin	  surrogacy;	  if	  
warranted,	  develop	  a	  
concept	  proposal	  to	  
investigate	  surrogacy.	  

SWFSC	  study	  planned	  
for	  spring	  2014	  may	  
provide	  information	  
relevant	  to	  wild	  vs.	  
hatchery	  surrogacy.	  
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DECLARATION OF DR. RICHARD B. DERISO 

Case No. 1:09-CV-0407-OWW-GSA  

sf-2762502  

I, RICHARD B. DERISO, declare: 

1. The facts and statements set forth in this declaration are true of my own 

knowledge and if called as a witness, I can testify competently thereto.  Any opinions expressed 

in this declaration are based upon my knowledge, experience, training and education, as set forth 

in section I. 

2. My declaration is set forth in the following manner: 

I. INTRODUCTION .................................................................................................................. 2 

II. BACKGROUND AND EXPERIENCE .................................................................................3 

III. GENERALLY ACCEPTED PRINCIPLES OF FISH POPULATION DYNAMICS 
THAT APPLY TO AN ANALYSIS OF IMPACTS TO FISH SPECIES............................. 5 

A. Principle 1:  Quantitative Analysis Should Be Conducted............................................ 5 

B. Principle 2:  Impacts to the Total Population Should Be Evaluated ............................. 5 

C. Principle 3:  Models Should Be Reliable and Biologically Plausible ........................... 6 

D. Principle 4:  Data Should Be Used Consistently........................................................... 6 

IV. THE BIOP’S EVALUATION OF PROJECT EFFECTS AND THE BIOP’S RPAS 
ARE BASED ON A “QUANTITATIVE” ANALYSIS ........................................................ 6 

V. THE QUANTITATIVE ANALYSIS BY FWS DOES NOT FOLLOW STANDARD 
FISH POPULATION ASSESSMENT METHODS .............................................................. 9 

A. Actions 1 & 2 (Winter OMR Flows): Use of Raw Salvage Numbers Instead of 
the Salvage Rate ............................................................................................................ 9 

B. Actions 1, 2 & 3 (Winter and Spring OMR Flows): Failure to Evaluate the 
Smelt’s Population Growth Over Time....................................................................... 11 

C. Action 4 (Fall X2): Use of a Linear Additive Model Instead of a Multiplicative 
Model...........................................................................................................................12 

D. ITS:  Use of Rejected Data Points Instead of Representative Data Points.................. 14 

VI. THE BIOP’S APPLICATION OF STATISTICAL MODELS AND INPUT 
VARIABLES IS INCONSISTENT WITH STANDARD PRINCIPLES OF 
FISHERIES POPULATION DYNAMICS.......................................................................... 15 

A. FWS’s Analysis of the Relationship Between Old and Middle River Flows and 
Adult Salvage Is Flawed.............................................................................................. 16 

(1) Improper Use of Total Adult Salvage Numbers Instead of Cumulative 
Salvage Index ..................................................................................................... 16 

(2) Use of the Cumulative Salvage Index Shows That There Is No 
Statistically Significant Relationship Between OMR Flows and Adult 
Salvage for Flows Less Negative Than -6100 Cubic Feet per Second at 
the Very Least .................................................................................................... 19 

B. The BiOp Fails to Evaluate Population Level Effects Using the Population 
Growth Rate – Interpreting the Data in This Way Shows That Salvage and 
OMR Flows Do Not Have a Statistically Significant Effect on the Population 
Growth Rate ................................................................................................................ 21 

Case 1:09-cv-00407-OWW-DLB     Document 396      Filed 11/13/2009     Page 2 of 38



1

 
2

 
3

 
4

 

5

 

6

 

7

 

8

 

9

 

10

 

11

 

12

 

13

 

14

 

15

 

16

 

17

 

18

 

19

 

20

 

21

 

22

 

23

 

24

 

25

 

26

 

27

 

28  

 

DECLARATION OF DR. RICHARD B. DERISO 

Case No. 1:09-CV-0407-OWW-GSA 2 
sf-2762502  

(1) Adults – Salvage................................................................................................. 23 

(2) Adults – OMR Flows ......................................................................................... 24 

(3) Juveniles ............................................................................................................. 25 

C. The Model Used in FWS’s Analysis to Compare the Effect of Fall X2 on 
Population Survival Is Biologically Implausible and Potentially Misleading – It 
Is Simply Inappropriate for Fish Population Dynamics Modeling ............................. 26 

(1) FWS Used a Linear Additive Model.................................................................. 27 

(2) FWS Should Have Used a Multiplicative Stock-Recruit Model........................ 28 

(3) Use of a Scientifically Appropriate Multiplicative Model Shows That 
Fall X2 Has No Statistically Significant Effect on the Population Growth 
Rate..................................................................................................................... 31 

D. FWS’s Incidental Take Analysis Is Improperly Influenced by Unrepresentative 
Data Points That Even FWS Rejected for Other Purposes ......................................... 33 

(1) FWS’s Adult Incidental Take Analysis Is Improperly Influenced by an 
Unrepresentative Data Point............................................................................... 33 

(2) FWS’s Larval/Juvenile Incidental Take Analysis Is Improperly 
Influenced by an Unrepresentative Data Point................................................... 34  

I. INTRODUCTION 

3. In July of this year, I prepared a preliminary declaration that set forth a general 

explanation of the statistical analysis contained in the 2008 Delta Smelt Biological Opinion 

(“BiOp”) prepared by the United States Fish and Wildlife Service (“FWS”).   In that declaration, I 

focused on three areas of analysis performed by FWS—(1) the relationship between Old and 

Middle River (“OMR”) flows and salvage, (2) the effect of Fall X2 on population survival, and 

(3) the establishment of incidental take levels.  In each of these areas, FWS employed statistics, 

data analysis, and/or statistical modeling—tools that require technical training to understand.  The 

equations, the statistical, mathematical and fishery population dynamic principles, and the 

modeling exercises involved in the BiOp are highly complicated.  Someone without the proper 

background and training would be unable to thoroughly review what FWS did in a meaningful 

way.   

4. It is my understanding that the Court has authorized the submittal of this 

declaration so that I may address and explain in detail the issues I identified in my prior 

declaration.  Since my prior declaration, I have been able to complete my review of the BiOp, as 

well as the relevant publications relied on by FWS and cited in the BiOp.  This declaration sets 
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forth my comprehensive explanation of the statistical modeling and analysis that FWS performed, 

including its clear, fundamental errors, focusing again on OMR flows, Fall X2, and the incidental 

take levels.  Below, and in the accompanying appendix, I explain what FWS purported to do, and 

the mistakes they made in reaching their conclusions.  I have also provided the information and 

equations that I used in conducting my review in an appendix so that my statements and 

explanations can be critically reviewed by others. 

II. BACKGROUND AND EXPERIENCE 

5. I am the Chief Scientist of the Tuna-Billfish Program at the Inter-American 

Tropical Tuna Commission (“IATTC”), and I have held this position since 1989.  See Summary 

Professional Vitae, attached hereto as Exhibit A.  I supervise a scientific staff of approximately 20 

scientists and our primary responsibilities are:  (1) to collect statistics on the fisheries that operate 

in the eastern Pacific Ocean, such as tuna and tuna-like species, and (2) to conduct stock 

assessments annually on the principal tropical tuna species as well as periodically other species 

such as turtles, sharks, and billfish species.  My work involves advising the Commission on the 

current status of the populations and making conservation recommendations that can permit 

stocks to be maintained at a level of abundance that will support maximum sustainable yields.   

6. IATTC has a long history of successful management of the tuna stocks in the 

eastern Pacific Ocean.  The largest fishery historically has been yellowfin tuna.  Yellowfin tuna is 

currently at a level of abundance above that which would support maximum sustainable yield. 

7. I have a Ph.D. in Biomathematics (Quantitative Ecology) from the University of 

Washington, a Master’s of Science in Mathematics from the University of Florida, and a 

Bachelor’s of Science in Industrial Engineering from Auburn University.  I have been teaching 

courses in fish population dynamics, quantitative ecology, and related areas for over twenty years.  

I was an Associate Adjunct Professor at the Scripps Institution of Oceanography, University of 

California, San Diego, from 1990 to 2006 and an Affiliate Associate Professor of Fisheries at the 

University of Washington from 1987 to 2006.  Among the graduate courses I have taught are 

“Theoretical Models of Exploited Animal Populations” at the University of Washington; 

“Decision Analysis for Exploited Populations” at the University of Washington; and 
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“Quantitative Theory of Populations and Communities” at Scripps Institution of Oceanography.  I 

have additional professional experience through a current membership on the Scientific and 

Statistical Committee of the Western Pacific Regional Fisheries Management Council and a past 

membership on the Ocean Studies Board which governs the U.S. National Research Council, 

where I served as co-chairman of the Committee on Fish Stock Assessment Methods.  I was also 

formerly a Population Dynamicist for the International Pacific Halibut Commission.  I have been 

a consultant to several agencies and institutions, both public and private. 

8. I have authored or co-authored over 50 peer reviewed publications and technical 

reports, including Deriso, R., Maunder, M., and Pearson, W, Incorporating covariates into 

fisheries stock assessment models with application to Pacific herring, Ecol. App. 18(5): 1270-

1286 (2008); Deriso, R., Maunder, M., and Skalski, J., Variance estimation in integrated 

assessment models and its importance for hypothesis testing, Can. J. Fish. Aquat. Sci. 64: 187-

197 (2007); and Quinn, T. and Deriso, R., Quantitative Fish Dynamics, Oxford University Press 

(1999).  See List of Publications, attached hereto as Exhibit B. 

9. I have been retained to evaluate the effects of entrainment on fish populations in 

many circumstances throughout the United States.  I have consulted on the environmental review 

of once-through cooling systems of the Indian Point nuclear power plants on the Hudson and 

Delaware Rivers, focusing on impingement and entrainment of fish, with a particular emphasis on 

their impacts to population.  For this analysis, I was retained by ESSA Technologies Ltd. through 

a contract with the New York State Department of Environmental Conservation.  This analysis 

included modeling, and reviewing models of, the impacts of entrainment and impingement on fish 

populations.  I am a member of the Estuary Enhancement Program Advisory Committee that 

reviews the mitigation measures for losses of fish through impingement and entrainment at the 

Salem Nuclear Power Plant on the Delaware River in New Jersey.  I have evaluated both the 

mortality and related impacts of hydroelectric dam operations on Chinook salmon populations on 

the Columbia and Snake Rivers. 

10. I am familiar with, understand, and am able to explain to the Court the concepts 

and techniques used in the 2008 Delta Smelt Biological Opinion to evaluate the impacts of the 
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Central Valley Project and the State Water Project operations on the delta smelt population.  My 

testimony and opinions are offered in the context of explaining the standard practices and 

statistical methods that are used in fish population dynamics to evaluate impacts to fish 

populations, and the practices and statistical methods employed by the FWS in the BiOp. 

III. GENERALLY ACCEPTED PRINCIPLES OF FISH POPULATION 
DYNAMICS THAT APPLY TO AN ANALYSIS OF IMPACTS TO FISH 
SPECIES 

11. In the BiOp, FWS sought to evaluate the effects of the Central Valley Project and 

State Water Project on the threatened delta smelt.  When looking at potential impacts of a project 

to fish species, the standard of practice is for qualified professionals to employ certain well-

established principles of fish population dynamics.   

A. Principle 1:  Quantitative Analysis Should Be Conducted 

12. The fundamental approach to assessing fish population dynamics is through 

quantitative statistical analysis (mathematical models) of population dynamics.  “Quantitative 

analysis” involves the use of actual measured data and the testing of relationships between that 

data.  The nature and degree of project impacts on a species must be determined using 

quantitative methods where quantitative data is available.  Similarly, measures designed to benefit 

the species and avoid harm must be based on a quantitative approach.  Only in this way can 

impacts and benefits be measured for proper evaluation of their effect on the species.   

13. By contrast, a qualitative approach may be appropriate where no quantitative data 

or measurements are available.  Qualitative analysis consists of a more subjective evaluation of 

the degrees of importance of particular factors and circumstances for which quantitative data and 

measurements are not appropriate or do not exist. 

B. Principle 2:  Impacts to the Total Population Should Be Evaluated 

14. Population dynamics also involve a qualified scientist conducting an evaluation of 

project impacts to a threatened fish by focusing on impacts to the total population.  Measuring 

effects on a single fish, or a limited group of fish, does not lead to reliable conclusions about 

population level effects.  Such population level conclusions are essential when evaluating a 

project’s impacts on the species as a whole and its ability to survive and recover. 
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15. Population level effects are properly evaluated using rates and proportions.  This 

means that a given impact or variable cannot be taken as significant on its own without 

accounting for the relative impact on the total population.  The population growth rate is an 

appropriate and reliable measure of population increases and decreases from year to year.   

C. Principle 3:  Models Should Be Reliable and Biologically Plausible 

16. The standard of practice for a fish population dynamicist requires that any 

statistical models that are utilized must be reliable and biologically plausible.  Such statistical 

models are based on mathematical formulas that assign numeric values to biotic and abiotic 

variables to explain the relationships among them.  To be biologically plausible means that the 

mathematical formulas used must reflect the reality that the “variables” are reflective of the 

biology of the living organisms that are being assessed.  For example, living organisms have a 

limited life span and limited reproductive capabilities that must be taken into account in any 

model used to evaluate their behavior and vulnerabilities.  Thus, the models that are properly used 

are designed to attribute a quantitative value to those influential biological factors so that the 

model enables quantitative measurement of their interrelationships.  Such models are designed to 

reflect biological realities and to evaluate the relationship between living stock and recruits.   

D. Principle 4:  Data Should Be Used Consistently 

17. In performing a quantitative fish population analysis, generally accepted scientific 

standards require that the study be internally consistent in its use of data.  Data that is rejected in 

one aspect of the analysis should not be relied upon elsewhere in the same study. 

18. With these general principles in mind, I turn to the subject of this action, the 2008 

Delta Smelt Biological Opinion for the Operations Criteria and Plan for the State Water Project 

and the Central Valley Project. 

IV. THE BIOP’S EVALUATION OF PROJECT EFFECTS AND THE BIOP’S 
RPAS ARE BASED ON A “QUANTITATIVE” ANALYSIS  

19. The core analyses and conclusions in the BiOp are contained in the sections 

entitled “Effects of the Proposed Action” (BiOp at 202-239 [Administrative Record (“AR”) at 

000217-000254]), “Reasonable and Prudent Alternative” (“RPA”) (BiOp at 279-285, 324-81 [AR 
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at 000294-000300, 000339-000396]), and “Incidental Take Statement” (“ITS”) (BiOp at 285-295 

[AR at 000300-000310]).  These sections define the effects of the water projects on the delta 

smelt and the restrictions which FWS imposed to avoid jeopardy. 

20. In the section of the BiOp entitled “Effects Analysis Methods,” FWS explains that 

the effects of the project pumps on entrainment (OMR flows and salvage, and incidental take 

levels) and the fall habitat suitability and its effect on population (Fall X2) “are quantitatively 

analyzed.”   

The effects analyses range from qualitative descriptions and 
conceptual models of project effects to quantitative analyses.  The 
effects of Banks and Jones pumping on adult delta smelt 
entrainment, larval-juvenile delta smelt entrainment, and fall habitat 
suitability and its predicted effect on the summer townet survey 
abundance index are quantitatively analyzed.  The remainder of 
proposed action elements and effects are not analyzed 
quantitatively because data are not available to do so or it is the 
opinion of the FWS that they have minor effects on delta smelt. 

BiOp at 208-209 (AR at 000223-000224).  This representation is consistent with my review of the 

BiOp—FWS conducted a quantitative statistical analysis in order to (1) evaluate project effects 

on the smelt population and (2) develop RPAs designed to mitigate and avoid any such effects to 

the extent necessary to avoid jeopardy to the species and adverse modification of its critical 

habitat.  As I would expect of most any scientific exercise, FWS relied on and used data when it 

was available, unless FWS concluded that the issue was too “minor.”   

21. Because the BiOp concludes that the projects jeopardize the species and adversely 

modify its critical habitat, it includes RPAs that restrict project operations in an attempt to avoid 

jeopardy and adverse modification.  The RPAs address categories of effects to which FWS 

applied quantitative analyses: adult entrainment and larval/juvenile entrainment as related to 

OMR flows, and fall habitat.  These are outlined in more detail below.   

/ / / 

/ / / 

/ / / 

/ / / 

/ / / 
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22. Actions 1 and 2 (Winter OMR Flows).1  Actions 1 and 2 are designed to avoid 

jeopardy to adults from entrainment.  These Actions restrict Old and Middle River (“OMR”) 

flows to reduce adult salvage in the winter.  Action 1 is triggered first and lasts for 14 days, 

followed immediately by Action 2, which is triggered if certain criteria are present and lasts until 

spawning begins or a certain water temperature is reached.  Both of these Actions prescribe a 

similar range of OMR flows, but at different times of the year.  The quantitative analysis 

presented in Attachment B to support the prescribed OMR flow levels in Actions 1 and 2 is set 

forth in the BiOp at 345-349 and is represented in two graphs labeled Figure B-13 and Figure B-

14, which appear to share the same data.  See BiOp at 348, 350 (AR at 000363, 000365).  Figure 

B-13 depicts the BiOp’s analysis of the relationship between winter OMR flows and adult 

salvage, concluding that as flows become more negative, salvage increases.  Based on this 

relationship, Actions 1 and 2 set less negative flow levels to reduce salvage. 

23. Action 3 (Spring OMR Flows).  Action 3 is designed to avoid jeopardy to larvae 

and juveniles from entrainment.  This Action restricts OMR flows to reduce larval/juvenile 

salvage in the spring.  FWS did not apply statistical modeling to evaluate whether or not 

reductions in OMR flows or X2 would reduce impacts to juveniles, because there is no actual data 

on larval and juvenile salvage for fish smaller than 20 millimeters.  Instead, FWS relied on the 

assumption that larval and juvenile movement can be predicted using a particle tracking model.   

A particle tracking model is a theoretical simulation of the flow of neutrally buoyant particles 

through a water system, where particles are used as surrogates for actual fish.  Similar to Actions 

1 and 2, Action 3 sets less negative flow levels to reduce salvage. 

24. Action 4 (Fall X2).  Action 4 is designed to protect fall habitat for adults.  This 

Action prescribes Delta outflows to push X2 more seaward during the fall.  The BiOp relies 

primarily on the quantitative analysis represented by the summary statistics for the stock-recruit 
                                                

 

1 The RPAs are divided into four “Components,” which are supported by supplemental 
information in Attachment B to the BiOp.  Attachment B breaks down the RPA Components into 
five “Actions,” such that Component 1 is represented by Actions 1 and 2, Component 2 is 
supported by Action 3, Component 3 is supported by Action 4, and Component 4 is supported by 
Action 5.  Because most of the technical analysis is contained in Attachment B, and for ease of 
reference, I will refer to the RPAs in terms of the Actions rather than the Components. 
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model set forth in Figure E-22 to establish that the location of Fall X2 has a significant effect on 

delta smelt abundance.  See BiOp at 268 (AR at 000283).  Based on this purported relationship, 

Action 4 sets Delta outflow levels to control the location of X2. 

25. Incidental Take Statement.  The BiOp also includes an Incidental Take 

Statement, which prescribes the acceptable level of take of larval/juvenile and adult delta smelt 

using quantitative methods.  For each of larvae/juveniles and adults, FWS took the average 

salvage rate from certain prior years which it deemed to be representative of future conditions 

under the RPAs.  The average salvage rate from the prior representative years was set as the 

maximum take level under the RPAs.  See BiOp at 385-390 (AR at 000400-000405). 

26. To summarize, FWS used quantitative methods to evaluate the effects of water 

project operations (OMR flows) on the species, on its fall habitat (as represented by Fall X2), and 

to establish incidental take levels.  I will next explain the clear, fundamental errors I have 

identified in that quantitative analysis. 

V. THE QUANTITATIVE ANALYSIS BY FWS DOES NOT FOLLOW 
STANDARD FISH POPULATION ASSESSMENT METHODS 

A. Actions 1 & 2 (Winter OMR Flows): Use of Raw Salvage Numbers 
Instead of the Salvage Rate 

27. Actions 1 and 2 prescribe OMR flow levels based on the BiOp’s calculation of the 

relationship between OMR flows and adult salvage.  This relationship is depicted in Figure B-13 

and compares OMR flow levels to raw salvage numbers.  The salvage numbers used are the total 

number of fish counted at the salvage facilities.   

28. Raw salvage numbers do not represent the proportion of the total population that is 

lost to salvage, which is the salvage rate.  For example, a raw salvage total of 100 adults has 

vastly different significance depending on whether the total population is 200 (salvage rate of 50 

percent) or 10,000 (salvage rate of 1 percent).  Thus, Figure B-13 does not show what effect 

OMR flows have on the total delta smelt population. 

29. Use of raw salvage numbers, rather than the salvage rate, could be appropriate if 

the total delta smelt population was known and a model that incorporates every life stage of the  

/ / / 
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species (a life-cycle model)2 was being used.  Salvage of delta smelt is a source of loss of 

individuals—it is analogous to using catch as a mortality loss to the population.  If the total delta 

smelt population was known, then the salvage numbers themselves could be incorporated directly 

into a life-cycle model and would make it possible to determine the population effects of salvage.  

A simple version of such a model is explained in Hilborn, R. & Walters, C., Quantitative 

Fisheries Stock Assessment: Choice, Dynamics and Uncertainty, Chapman & Hall (1992) at 298:  

The changes in a population’s biomass from one time to the next 
can be simply written as  

next biomass = last biomass + recruitment + growth – catch –
natural mortality. 

Salvage would take the role of catch in a similar life-cycle model for delta smelt. 

30. Here, however, the total population of delta smelt is unknown, although there have 

been recent attempts to provide such estimates.  Because actual abundance is not known, raw 

salvage numbers cannot be used to show population level effects.   

31. In the absence of actual adult abundance numbers, adult abundance is estimated by 

the Fall Midwater Trawl Survey (“FMWT”), which collects samples around the Delta.  An index 

of the FMWT is used to track the relative increase or decrease in adult abundance from year to 

year.  The survey counts the number of smelt captured in a net of known dimensions and 

multiplies it by the volume of water actually sampled.  That number is then applied to the entire 

estimated volume of water where the smelt is believed to reside.  From this data, an index is 

derived.   

32. The FMWT index is scientifically reasonable and widely relied upon by scientists 

studying the delta smelt, though not without its technical flaws.  It is a numerical scale used to 

compare variables derived from a series of observed facts with one another or with some 

reference number to reveal relative changes as a function of time.  Because actual abundance is 

not known, raw salvage numbers cannot be used to show population level effects. 

                                                

 

2 A life-cycle model is a well-accepted and reliable method of evaluating population dynamics 
from generation to generation (adults to adults), rather than focusing solely on one age group or 
the change from adults to juveniles. 
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33. For adult delta smelt, the scientifically accepted and reliable method is to use the 

cumulative salvage index to evaluate whether a relationship exists between OMR flows and adult 

salvage.  The cumulative salvage index is equal to the raw number salvaged divided by the prior 

year FMWT index.  See BiOp at 338 (AR at 000353).  In this way, the cumulative salvage index 

represents an index of the proportion of abundance that is lost to salvage each year.  In the 

absence of abundance figures, the prior year FMWT index stands as a usable denominator for a 

ratio that would reveal any population level effects from entrainment. 

B. Actions 1, 2 & 3 (Winter and Spring OMR Flows): Failure to Evaluate 
the Smelt’s Population Growth Over Time  

34. The BiOp’s failure to evaluate population level effects using the correct variable 

(salvage rate) is consistent with its more general failure to use the well-accepted, reliable 

statistical models typically used to evaluate population level effects.  The BiOp did not employ 

life-cycle modeling, which, among other things, is used to estimate a population’s growth.   

35. Life-cycle modeling is a well-accepted and reliable method of evaluating 

population dynamics from generation to generation (adults to adults).  It typically consists of the 

simple models known as biomass dynamic models and stock production models, or the more 

complex models such as age-structured models.  See Quinn & Deriso (1999) at ch. 2, 6-8; Hilborn 

& Walters (1992) at 297.   

36. In fisheries science, often the total number of fish in a population is unknown.  It is 

standard practice that, given the data available, population level effects can be determined using 

surrogate methods such as the population growth rate and the salvage rate. 

37. Similar to Actions 1 and 2, the BiOp omits any analysis of the effect of spring 

OMR flows (Action 3) on the delta smelt population growth rate.  A standard life-cycle model 

could be applied to determine whether spring OMR flows, which would potentially affect larvae 

and juveniles, are affecting the change in total population from year to year.  This kind of 

quantitative analysis would make it possible to reliably calculate population level effects for delta 

smelt. 

/ / / 
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C. Action 4 (Fall X2): Use of a Linear Additive Model Instead of a 
Multiplicative Model  

38. FWS’s quantitative Fall X2 analysis for Action 4 of the BiOp is based on a stock-

recruitment model.  A stock-recruitment model is a model used to evaluate population level 

effects that quantitatively characterizes the relationship between the parental “stock” and the 

progeny it produces (“recruits”).  In the BiOp, the parental stock is measured through the FMWT 

and the progeny is measured at the juvenile life stage through the Summer Townet Survey 

(“TNS”).   

39. There are many different stock-recruitment models.  In selecting a model, one 

necessary criterion is that the model must be biologically plausible.  This means that the 

mathematical formulas reflect biological reality and limitations, as described above.    

40. FWS employed a linear additive stock-recruitment model when evaluating 

Action 4.  A linear additive model adds several factors together to achieve a sum, without use of 

logarithms.  A simple example is A + B = C.  This type of model is not appropriate for stock and 

recruitment relationships, for two main reasons.   

41. First, adding and subtracting factors can generate a positive sum, even if one of the 

factors is zero.  This seems mathematically accurate, but it does not work in a situation where the 

factors are living organisms with certain non-mathematical properties.  For instance, in an 

equation where various factors are added to adult abundance to determine the effect on their 

juvenile offspring, one can achieve a positive sum (number of juveniles) even if the factor 

representing the number of adults is zero.  In terms of biological reality, zero adults cannot 

produce offspring.  Thus, simply adding the factors does not reflect the manner in which 

populations grow. 

42. Second, a linear additive model treats factors as having a fixed effect on the 

population, rather than a proportional effect.  That is, by adding a factor, it will always increase or 

decrease the sum by the same absolute amount.  While mathematically accurate, this does not 

work when the factors being added are habitat components that have a changing proportional 

effect on the sum (population abundance), not a fixed effect.  When the total population is 
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smaller, a smaller number of individuals exist that can potentially be affected by a given factor.  

This is accounted for by using proportions and rates. 

43. In contrast, multiplicative stock-recruitment models produce biologically accurate 

results and they are appropriate for fish population dynamics.  Simply put, a multiplicative model 

reads as A x B = C.  Two multiplicative models available to FWS are the Beverton-Holt and 

Ricker models.  These models are typically used because they are well-accepted by the scientific 

peer community and are reliable.3   
                                                

 

3 See, e.g., Jorgensen, S. & Fath, B. (eds.), Encyclopedia of Ecology, Academic Press (2008);  
Knowler, D., Estimation of a Stock-Recruitment Relationship for Black Sea Anchovy (Engraulis 
encrasicolus) Under the Influence of Nutrient Enrichment and the Invasive Comb-Jelly, 
Mnemiopsis leidyi, 84:3 Fisheries Research 275-281 (May 2007); Owen-Smith, N., Introduction 
to Modeling Wildlife and Resource Conservation, Blackwell Publ’g (2007); Brauer, F. & 
Castillo-Chavez, C., Mathematical Models in Biology and Epidemiology, Springer-Verlag New 
York, Inc. (2006); Kritzer, J. & Sale, P. (eds.), Marine Metapopulations, Elsevier Academic Press 
(2006); Mangel, M., The Theoretical Biologist's Toolbox: Quantitative Methods for Ecology and 
Evolutionary Biology, Cambridge Univ. Press (2006); Ferrier, R., et al. (eds.), Evolutionary 
Conservation Biology, Cambridge Studies in Adaptive Dynamics, Cambridge Univ. Press (2004); 
Hoff, M., Biotic and Abiotic Factors Related to Rainbow Smelt Recruitment in the Wisconsin 
Waters of Lake Superior, 1978-1997, 30 Journal of Great Lakes Research, Supp. 1 Exploring 
Superior, 414-422 (2004); Walters, C. & Martell, S., Fisheries Ecology and Management, 
Princeton Univ. Press (2004); Hart, P. & Reynolds, R. (eds.), Handbook of Fish Biology and 
Fisheries, 1 Fish Biology, Blackwell Publ’g (2002); Haddon, M., Modeling and Quantitative 
Methods in Fisheries, Chapman & Hall (2001); Jennings, S., et al., Marine Fisheries Ecology, 
Blackwell Publ’g (2001); Lorda, E. et al., Application of a Population Dynamics Model to the 
Probabilistic Assessment of Cooling Water Intake Effects of Millstone Nuclear Power Station 
(Waterford, CT) on a Nearby Winter Flounder Spawning Stock, 3 Envtl. Science & Policy, Supp. 
1, 471-482 (Sept. 2000); McCallum, H., Population Parameters: Estimation for Ecological 
Models, Blackwell Publ’g (2000); Guenette, S. & Pitcher, T., An Age-Structured Model Showing 
the Benefits of Marine Reserves in Controlling Overexploitation, 39:3 Fisheries Research 295-
303 (Jan. 1999); Quinn & Deriso (1999); Ricklefs, R. & Miller, G., Ecology, 4th ed., W.H. 
Freeman (1999); Hilborn & Walters (1992); Rothschild, B., Dynamics of Marine Fish 
Populations, Harvard Univ. Press (1986); Walters, C., Adaptive Management of Renewable 
Resources, MacMillan Publ’g Co. (1986); Mangel, M., Decision and Control in Uncertain 
Resource Systems, Academic Press (1985); Pauly, D., Fish Population Dynamics in Tropical 
Waters: A Manual for Use With Programmable Calculators, 8 ICLARM Studies & Reviews 
(1984); Fournier, D. & Archibald, C., A General Theory for Analyzing Catch at Age Data, 39 
Canadian Journal of Fisheries & Aquatic Sciences 1195-1207 (1982); Pitcher, T. & Hart, P., 
Fisheries Ecology, Kluwer Academic Publ’g (1982); Walters, C. & Ludwig, D., Effects of 
Measurement Errors on the Assessment of Stock-Recruitment Relationships, 38 Canadian Journal 
of Fisheries & Aquatic Sciences 704-710 (1981); Clark, C., Mathematical Bioeconomics: The 
Optimal Management of Renewable Resources, Wiley (1976); Ricker, W., Handbook of 
Computation for Biological Statistics of Fish Populations, Bulletin 119 of the Canada Fisheries 
Res. Bd. (1958), issued again as Ricker, W., Computation and Interpretation of Biological 
Statistics of Fish Populations, Bulletin 191 of the Canada Fisheries Res. Bd. (1975); Weatherley, 
A., Growth and Ecology of Fish Populations, Academic Press (1972); Beverton, R. & Holt, S., 
On the Dynamics of Exploited Fish Populations, 14 Fishery Investigations Series II, Ministry of 
Agriculture, Fisheries & Food (1957). 
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44. For measuring population level effects, multiplicative or rate-based models such as 

Ricker and Beverton-Holt should be used to achieve scientifically accepted, reliable results.  

Additive models should not, because they generate inaccurate and unreliable results.  These are 

the two most widely-used models in actual practice because they were designed to be biologically 

accurate and reflect the relationship between stock and recruits.  A feature of a multiplicative 

model is that when there are zero adults on one side of the equation, there are zero young on the 

other side; i.e., zero adults yields zero offspring.  This follows because any number multiplied by 

zero will always equal zero.  As stated in Ricker (1975) at 281, the model is designed “so that 

when there is no adult stock there is no reproduction . . . .”  The same result can be expected using 

other types of multiplicative models. 

D. ITS:  Use of Rejected Data Points Instead of Representative Data 
Points  

45. The BiOp sets the adult incidental take limit based on the average salvage rate 

from the years 2006, 2007, and 2008, which FWS determined to be representative of future 

conditions under the RPAs.  BiOp at 385-86 (AR at 000400-000401).  According to the list of 

salvage levels contained in the ITS, salvage in 2007 was extremely low compared to other years 

and to 2006 and 2008 in particular.  See BiOp at 386 (AR at 000401) (Table C-1).  In another 

section of the BiOp, FWS itself had considered the salvage level in 2007 as unusable for purposes 

of analyzing salvage and OMR flows due to that year’s low average water turbidity, a 

presence/absence indicator.  See BiOp at 348 (AR at 000363) (Figure B-13, Note).  Thus, FWS 

recognized that the unusual conditions in 2007 made it an unrepresentative year that would skew 

its analysis of salvage impacts.  Use of an unrepresentative data point that was rejected elsewhere 

in the same study runs counter to basic principles of quantitative fish assessment.  FWS does not 

attempt to justify why the data point would be used in one instance and not another, so one 

possible explanation is that it is simply a material error in the analysis. 

46. To calculate the incidental take limit for larvae and juveniles, FWS largely 

followed the same methodology that it used for adults.  BiOp at 389 (AR at 000404).  The take 

limit is set based on the average monthly juvenile salvage index from four years – 2005, 2006, 
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2007, and 2008.  According to data listed in the BiOp, the salvage in 2006 was extremely low 

compared to other years.  See BiOp at 392 (AR at 000407) (Table C-4).  I examined this year 

carefully and discovered through my review of OMR flow data obtained from a Freedom of 

Information Act (“FOIA”) request to FWS4, that in 2006, average OMR flow was strongly 

positive in April through June.  When analyzing the effects of OMR flows on salvage in the 

Effects Analysis section of the BiOp, FWS explained that positive OMR flow yields zero or very 

low salvage.  BiOp at 163 (AR at 000178).  Thus, FWS’s use of 2006 as a “representative” year 

for larval/juvenile salvage is internally inconsistent with its explanation elsewhere that positive 

OMR flow (which is what occurred in spring 2006) yields little or no salvage.  The year 2006 was 

therefore not representative and should have been omitted, as it was elsewhere by FWS for other 

purposes. 

VI. THE BIOP’S APPLICATION OF STATISTICAL MODELS AND INPUT 
VARIABLES IS INCONSISTENT WITH STANDARD PRINCIPLES OF 
FISHERIES POPULATION DYNAMICS 

47. To decipher the models and methods that FWS used, I reviewed and interpreted 

the limited graphs and tables provided in the BiOp, along with similar information and studies in 

the administrative record.   

48. I compared FWS’s models against the standard models employed by the scientific 

community, and particularly those models that are commonly used in fish population modeling.  

My review and comparison revealed that the BiOp does not use the well-accepted models in more  

/ / / 

                                                

 

4 My review of the BiOp and the administrative record revealed that FWS had not provided 
all of the underlying data that FWS relied on in performing its work on the BiOp.  In my 
experience, a full scientific analysis is not possible without making the underlying data available 
so that the work may be checked and evaluated by others.  This omission hinders the ability to 
conduct a standard peer review of the FWS analysis without estimating data point values from the 
graphs or searching for data in other sections.  FWS’s failure to include the data underlying its 
basic analyses and determinations is an inexplicable defect given the conclusions FWS reaches.  
After I identified the missing categories of data, the Metropolitan Water District of Southern 
California requested that data through a FOIA request.  On October 29, 2009, more than ten 
weeks after the request was made, FWS provided a disc containing portions of the data 
underlying the BiOp.  Included on that disc were daily OMR flow data.  I used those data to 
calculate several average OMR flows, including monthly average flows, as noted in this 
declaration. 
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than one place, but rather relies on models that are not biologically sound and lead to erroneous 

results. 

49. I evaluated the same data presented in the BiOp and input it into the standard 

models to determine whether the end result would be different.  The results are fundamentally 

different from the results reached in the BiOp.   

50. Based on the material I reviewed, the fundamental errors I have identified call into 

question the jeopardy and adverse modification conclusions in the BiOp and reveal that FWS had 

no reliable scientific basis for imposing the RPAs adopted.   

A. FWS’s Analysis of the Relationship Between Old and Middle River 
Flows and Adult Salvage Is Flawed  

51. The BiOp’s analysis of the effects of the projects on adult delta smelt and its 

conclusion that winter flow restrictions are necessary are based on a statistical model of the 

alleged relationship between OMR flows and adult salvage.  The modeling and analysis are 

contained in the Effects of the Proposed Action section of the BiOp, pages 202-279 (AR at 

000217-000294), and RPA Actions 1 and 2 in Attachment B to the BiOp, pages 329-356 (AR at 

000344-000371).  Actions 1 and 2 rely on Figure B-13 on page 348 (AR at 000363) and on 

various studies, including Kimmerer, W., Losses of Sacramento River Chinook Salmon and Delta 

Smelt to Entrainment in Water Diversions in the Sacramento-San Joaquin Delta (AR at 018854), 

and the work of Pete Smith, which is cited by Kimmerer.   

(1) Improper Use of Total Adult Salvage Numbers Instead of 
Cumulative Salvage Index  

52. FWS uses total adult salvage numbers to demonstrate an alleged relationship 

between OMR flows and adult salvage.  See BiOp at 163-65; 347-50 (AR at 000178-000180; 

000362-000365).  The alleged relationship is derived from the graph in Figure B-13 which 

compares the number of adults salvaged each year to the corresponding OMR flow rate for that 

year.  BiOp at 164, 348 (AR at 000179; 000363).  
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53. FWS relied on this graph to conclude that OMR flows correlate to total salvage 

numbers—suggesting that as negative OMR flows increase, more adults are salvaged. 

54. This conclusion by FWS is scientifically flawed because raw salvage numbers do 

not have a directly proportional effect on population and do not take into account the overall size 

of the population as determined by representative survey data.  Nonetheless, FWS relied on 

Figure B-13 and Figure B-14 (which appear to share the same data) to set OMR flow levels in 

RPA Actions 1 and 2.  In other words, FWS set OMR flow levels in Actions 1 and 2 without 

determining population level effects. 

55. The scientifically appropriate approach would have been for FWS to use the 

cumulative salvage index to evaluate whether a relationship exists between OMR flows and adult 

salvage.  FWS had already developed that index for other purposes.  See BiOp at 386 (AR at 

000401) (using the cumulative salvage index in another context, to calculate the incidental take).  

The cumulative salvage index represents an index of the salvage rate, taking into account data on 

the size of the population.  This has long been recognized as appropriate for analysis of delta 
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smelt by those scientists actively studying the smelt.  See, e.g., Bennett, W., Critical Assessment 

of the Delta Smelt Population in the San Francisco Estuary, California, San Francisco Estuary & 

Watershed Science, Cal. Bay-Delta Auth. Science Program & John Muir Inst. of the Env’t (2005) 

at 37 (“As first step [sic], assessing the potential impacts of the water project operations on delta 

smelt requires estimating the proportion lost relative to population abundance.”).  The cumulative 

salvage index is proportional to the fraction of adult fish that are lost due to water diversion.   

56. The concept of dividing fish loss by abundance is well-accepted and reliable and is 

applied in other, similar applications, such as part of the procedure for estimating the impact of 

entrainment and impingement of fishes by water withdrawals of once-through cooling systems for 

nuclear power plants on the Hudson River.   

This approach is based on conditional mortality rates, or the 
fraction of an initial population that would be killed by some agent 
during the year if no other sources of mortality operated. 
Conditional entrainment mortality rates are used as estimates of the 
direct impact of power plants on individual year classes . . . . (2)  
Conditional mortality rates can be entered directly into life-cycle 
models for assessing potential long-term impacts on fish 
populations.   

Barnthouse, L., et al. (eds.), Science, Law, and Hudson River Power Plants: a Case Study in 

Environmental Impact Assessment, Am. Fisheries Soc’y Monograph 4, Am. Fisheries Soc’y 

(1988) at 122. 

57. Another example is biological reference points (“BRP”) which can be used as 

targets for optimal fishing:  “A BRP can be expressed as a fishing mortality rate (F) and/or as a 

level of stock biomass (B).”  Comm. on Fish Stock Assessment Methods, Nat’l Research Council, 

Improving Fish Stock Assessment Methods, Nat’l Academy Press (1998) at 45.  The fishing 

mortality rate (F) depends mathematically on the ratio of catch divided by biomass and it is 

similar to a cumulative salvage index in that both represent a ratio of losses to abundance. 

58. Since total population data does not exist, the cumulative salvage index uses a 

survey index which gives a relative increase or decrease in annual survey numbers to monitor 

population levels.  Use of the cumulative salvage index to evaluate the effects of OMR flows is  

/ / / 
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scientifically accepted, reliable, and superior to using the raw salvage numbers themselves (as 

used in Figure B-13), for the following reasons: 

59. The total number of adults salvaged does not indicate population level effects.  See 

BiOp at 338 (AR at 000353) (“the total number salvaged at the facilities does not necessarily 

indicate a negative impact upon the overall delta smelt population”).  Stated differently, to make 

sense of total adult salvage numbers, total adult abundance must be taken into account.  For 

example, a salvage of 100 adults has vastly different significance depending on whether the total 

population is 200 or 50,000.   

60. In contrast, the cumulative salvage index is an index of the proportion of adults 

salvaged from the total population, using the FMWT to relate salvage to population levels.  The 

cumulative salvage index is equal to the number salvaged divided by the prior year FMWT index.  

See BiOp at 338 (AR at 000353).   

61. Use of the cumulative salvage index, rather than total salvage numbers, was 

recommended by the Peer Review.  See Independent Peer Review of USFWS’s Draft Effects 

Analysis for the Operations Criteria and Plan’s Biological Opinion, 2008 at 6 (AR at 008818) 

(“The Panel suggests that the use of predicted salvage of adult smelt should be normalized for 

population size. . . . Expressing salvage as a normalized index may help remove some of the 

confounding of the temporal trends during the baseline period.”).   

(2) Use of the Cumulative Salvage Index Shows That There Is No 
Statistically Significant Relationship Between OMR Flows and 
Adult Salvage for Flows Less Negative Than -6100 Cubic Feet 
per Second at the Very Least  

62. To assess FWS’s methods, I plotted a graph of the relationship between the 

cumulative salvage index (salvage rate) and the OMR flows for each year that was analyzed in 

the BiOp.  In developing this graph, I used the cumulative salvage index data provided in the 

BiOp.  See, e.g., BiOp at 386 (AR at 000401).  Because Figure B-13 uses salvage weighted OMR 

flows, which are not listed anywhere in the BiOp, I visually estimated a magnified version of the 

OMR flow curve in Figure B-13 and interpolated the data points for each year.   

/ / / 
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Cumulative Salvage Index vs OMR flow
 including best piece-wise linear fit
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The Cumulat ive Salvage Index (Table B-2 & C-1) and corresponding Dec-Mar salvage weighted 
OMR (Figure B-13); note the salvage weighted OMR flows were visually est imated from Figure 
B-13. Years span 1993-2006 but exclude 1994 because that was also excluded in Figure B-13. A 
piece-wise linear model (the line on the figure) is also shown whose coefficients were obtained by 
the statistical procedure of maximum likelihood estimation. 

63. The graph of salvage rate versus OMR flow shows that salvage rate remains flat as 

OMR flows increase until OMR flows reach -6100 to -7000 cubic feet per second (“cfs”).  

At -7000 cfs, salvage rate begins to increase as negative OMR flows increase.  The graph 

demonstrates that OMR flows do not correlate to the salvage rate at flows less negative than 

-6100 cfs at the very least.  I have determined that, based on the data available and using the 

appropriate reliable analytic method, there is no scientific basis for FWS’s imposition of OMR 

flow restrictions at flows less negative than -6100 cfs (and potentially -7000 cfs).  For additional 

technical detail, see Appendix 1 at Point 1. 

64. As shown in the x-axis label on Figure B-13 (see ¶ 52 above), FWS used 

“Combined Flow in Old and Middle Rivers, in CFS (Weighted by Salvage)” to evaluate the 

relationship between OMR flows and salvage.  “Weighted by Salvage” is not defined in the  

/ / / 
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BiOp; however, a logical definition is that the salvage weighted average OMR flow is an average 

over several time periods, such as weeks, and the influence that a given week’s OMR flow has on 

the overall average is set proportional to the salvage in that week.   

65. FWS’s October 29, 2009 FOIA response included daily OMR flow data (as 

opposed to the weighted average flows used in Figure B-13).  I constructed December through 

March average OMR estimates based on the daily OMR flows provided by FWS.  I modeled the 

relationship between the straight average OMR flows and the cumulative salvage index and 

confirmed that the results are consistent with those reached using the Figure B-13 weighted 

average flows.  Using the straight average, the flows were not significant until a much more 

negative flow level (approximately -7943 cfs).  The results are shown in Appendix 1 at Point 1.   

B. The BiOp Fails to Evaluate Population Level Effects Using the 
Population Growth Rate – Interpreting the Data in This Way Shows 
That Salvage and OMR Flows Do Not Have a Statistically Significant 
Effect on the Population Growth Rate  

66. Given the data in FWS’s possession, and given its goal of evaluating the projects’ 

effect on the total population, the appropriate analysis is to use that data to evaluate the effect on 

the population from year to year.  This includes interpretation of the data to determine the effect 

of salvage (or more generally, population removals) on the population growth rate by application 

of a life-cycle model, as is standard practice in fisheries stock assessment.  This approach is 

confirmed by the authors of widely read and accepted texts, which discuss the reliable methods of 

undertaking these analyses.  See, e.g., Quinn & Deriso (1999) at ch. 2; Hilborn & Walters (1992) 

at ch. 8.  The population growth rate represents the relative increase or decrease in adults from 

one year to the next, which is a full life-cycle approach.  Owen-Smith (2007) at 28.  This 

approach is critical for evaluating the species’ potential for recovery in that it measures the 

population’s ability to rebound from year to year.  See, e.g., Bennett (2005) at 41 (“Population 

modeling may be the best way to evaluate the potential impacts of water export operations 

relative to other sources of mortality.”). 

67. Interpreting the data to evaluate the effect of salvage on the population growth rate 

is necessary because the survival of the species at one life stage cannot necessarily be the basis 
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for population level conclusions.  To evaluate the effects of salvage, one must look beyond a 

single phase of life (i.e., FMWT only) or even adults to juveniles (i.e., FMWT to TNS).  A 

complete analysis requires an evaluation of trends from one year’s FMWT to the next year’s 

FMWT because mortality in one life stage may be offset by mortality in another life stage or it 

may be affected by density dependence (described below in ¶ 68).  As noted by Bennett (2005) at 

44, when discussing simulation results of a hypothetical population model for delta smelt, “These 

results show how export mortality could be easily offset or masked by very small changes in 

mortality at other life stages.”  A generation-to-generation analysis eliminates or reduces the risk 

that population level conclusions will be drawn based on mortality effects in one life stage or the 

apparent change in mortality effects due to offsets in another life stage. 

68. Delta smelt appear to exhibit reduced population growth when population 

abundance is high due to density dependence.  Density dependence can occur through many 

mechanisms, as described by Ricker (1975) at 280: “Although cannibalism of young by adults is 

possible in many species, it is likely that the effect of parental stock density upon recruitment is 

usually exerted via the density of the eggs or larvae they produce, survival of the latter being 

affected by density-dependent competition for food or space, compensatory predation, etc.”  

Thus, density dependent effects must be taken into account when evaluating the population 

growth rate.  Density dependence terms are present in all major stock production, biomass 

dynamic, and stock-recruitment models, including the Ricker model.  See Quinn & Deriso (1999) 

at chs. 2, 3.     

69. Standard practice dictates that population level conclusions should not be based 

solely on raw salvage numbers.  Rather, a fish population dynamicist should evaluate population 

level effects using the cumulative salvage index (salvage rate), and also evaluate the effect of the 

cumulative salvage index on the population growth rate, just as is typically done with harvest 

rates.  As noted by Bennett (2005) at 37, “In several respects, losses to the water export facilities 

are analogous to harvest in a fishery, with the main exception that ‘harvest’ in this case includes 

all life stages (except eggs).”  Harvest rates are routinely evaluated for their population level 

effects, and their consequence to population growth levels over time, in fisheries stock 
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evaluations.  See, e.g., Quinn & Deriso (1999) at ch. 2; Hilborn & Walters (1992) at ch. 8.  Only 

by looking at population level effects can it be determined whether salvage is impacting the delta 

smelt population and its ability to recover in a statistically significant way.   

70. Through my review of the modeling and analysis in the BiOp, I determined that 

FWS did not apply a life-cycle approach in the BiOp.  FWS did not attempt to evaluate the effect 

of the projects on the population growth rate.  The BiOp completely omits any analysis or 

conclusions about project effects on the overall life cycle of the delta smelt and its ability to 

recover from year to year.  However, the data to perform such an analysis is all available, and 

evaluating population growth rate effects is an elementary exercise.  When I looked at the data for 

such effects, I readily recognized that there is no statistically significant relationship between 

salvage and the population growth rate. 

(1) Adults – Salvage 

71. Applying standard principles to calculate population level effects, and using the 

correct variable to determine those effects (the salvage rate), I modeled the relationship between 

the cumulative salvage index and the population growth rate.  The life-cycle model used for this 

analysis is a standard Ricker stock-recruitment model in which consecutive year FMWT 

estimates take the role of stock and recruitment, respectively.  I used the cumulative salvage index 

data taken from the BiOp itself.  See BiOp at 386 (AR at 000401).   

72. The output of this standard model shows that there is no statistically significant 

relationship between salvage and the population growth rate.  This demonstration is based upon 

using 0.05 as the significance level—the standard benchmark in applied statistics for determining 

a significance level.  See, e.g., Sigler, S., Fisher and the 5% Level, 21:4 Chance, Springer New 

York (Dec. 2008).  Statistical significance is found when the p-value is less than 0.05.  The p-

value is the probability that the result obtained in a statistical test is due to chance rather than a 

true relationship between variables.  In the analysis that I performed, the p-value was 0.76, which 

is greater than the benchmark and thus not statistically significant.  See Appendix 1 at Point 2 for 

additional technical detail.  The population growth rate and cumulative salvage index are depicted 

in the graph below as a visual aid.   
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Population Growth Rate [ln (FMWT/FMWT_1)] 
vs Cumulative Salvage  Index
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73. If the cumulative salvage index had a strong negative effect on population growth, 

the above graph would have been expected to show a pronounced negative slope.  Instead, the 

graph shows no trend in population growth rate as the salvage rate increases.  If the population 

has a growth rate of zero, then the population is neither increasing nor declining.  A positive 

growth rate means the population is increasing on an annual basis, and a negative growth rate 

means the population is declining on an annual basis.  Here, the population growth rate did not 

trend in a negative direction as the cumulative salvage index increased, so there is no statistical 

basis to conclude that cumulative salvage has a negative population level effect within the range 

of cumulative salvage index levels historically observed. 

(2) Adults – OMR Flows 

74. I conducted a second analysis to evaluate the relationship between December-

March average OMR flows and the population growth rate.  I calculated the average flows using 

the daily OMR flow data from the October 29, 2009 FOIA request.  Using a standard Ricker 

stock-recruitment model and the standard 0.05 significance level, I found that the relationship 

between March-December OMR flows and the population growth rate is not statistically 

significant.  The p-value is 0.321, which is above the significance level of 0.05.  The modeling 
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results are shown below as a visual aid.  Thus, here too, there is no statistical basis to conclude 

that the OMR flows cause a negative population level effect within the range of December-March 

average OMR flows historically observed.  For additional technical detail, see Appendix 1 at 

Point 3.    

Population Growth Rate adjusted for 
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(3) Juveniles 

75. The BiOp includes entrainment estimates for larval-juvenile delta smelt based on 

the work of Kimmerer (2008), who in turn bases those estimates on a method in which the 

assumption is made that entrainment is proportional to the southward OMR flow.  I tested 

whether or not average southward OMR flow during the larval/juvenile salvage months of March 

through June could explain a statistically significant amount of the variation in population 

growth.  I used the Ricker model again as a life-cycle model.  March-June average OMR flow for 

years during the time span 1987 through 2007 in which the average flow was negative (that 

excluded years 1995, 1998, and 2006) was entered as a candidate explanatory variable and 

regression analysis was used to test whether or not the candidate variable was statistically 

significant.  A starting year of 1987 was used because that is the starting year used in the BiOp, as 

data from that year forward “represents current delta smelt population dynamics.”  See BiOp at 
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236 (AR at 000251).  Results show that March-June average OMR does not have a statistically 

significant impact on smelt population growth rate (the p-value is 0.703, which is above the 

significance level of 0.05).  For additional technical detail, see Appendix 1 at Point 4.  Even if 

entrainment of larval/juvenile smelt is related to spring OMR flow, that entrainment does not 

have a statistically significant impact on population growth.  The result can be seen visually in the 

graph below which shows that variation in population growth rate (adjusted for density 

dependence) is not explained by the average March-June OMR flow.    
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76. March-June OMR does not negatively impact population growth, as can be seen 

visually in the graph above, where even at the most negative observed average OMR flows, the 

population growth rate was positive (irrespective of whether a density dependent adjustment is 

made).  For additional technical detail, see Appendix 1 at Point 4.  This result implies that there is 

no scientific justification for proposed RPA Action 3. 

C. The Model Used in FWS’s Analysis to Compare the Effect of Fall X2 
on Population Survival Is Biologically Implausible and Potentially 
Misleading – It Is Simply Inappropriate for Fish Population Dynamics 
Modeling  

77. FWS used statistical modeling to demonstrate an alleged relationship between Fall 

X2 and delta smelt abundance.  The modeling and analysis are contained in the Effects of the 
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Proposed Action section of the BiOp, pages 233-238 and 265-274 (AR at 000248-000253 and 

000280-000289), and in RPA Action 4 in Attachment B to the BiOp, pages 369-376 (AR at 

000384-000391).  FWS relied on various studies, particularly the work of Feyrer et al. in a 2007 

article, Multidecadal Trends for Three Declining Fish Species: Habitat Patterns and Mechanisms 

in the San Francisco Estuary, California, USA (AR at 018266) and a draft 2008 manuscript, 

Modeling the Effects of Water Management Actions on Suitable Habitat and Abundance of a 

Critically Imperiled Estuarine Fish (Delta Smelt Hypomesus transpacificus) (AR at 018278); a 

2005 article by Bennett, Critical Assessment of the Delta Smelt Population in the San Francisco 

Estuary, California (AR at 017004); a 2008 report by Baxter et al., Pelagic Organism Decline 

Progress Report: 2007 Synthesis of Results (AR at 016922); and a 2008 article by Nobriga et al., 

Long-Term Trends in Summertime Habitat Suitability for Delta Smelt, Hypomesus transpacificus 

(AR at 019940). 

(1) FWS Used a Linear Additive Model 

78. FWS used a linear additive model to demonstrate an alleged relationship between 

Fall X2 and delta smelt abundance.  The model finds that juvenile abundance, as measured by the 

TNS, is equal to the sum of a constant number plus the previous year’s FMWT index (times a 

constant number), less X2 (times a constant number).  See BiOp at 268 (AR at 000283) (Figure E-

22).  Essentially, this calculation finds that A = B + C - D.   

79. FWS followed the linear additive model developed by Feyrer et al. (2007), which 

claims that Fall X2 has a population level effect.  This model runs counter to well-accepted, basic 

modeling principles for this type of calculation.  When analyzing the effect of Fall X2, FWS also 

cites to a 2005 article by Bennett.  See BiOp at 236 (AR at 000251).  However, Bennett applies a 

well-established stock-recruit model, namely, the Beverton-Holt model, and an alternative linear 

multiplicative model.  See Bennett (2005) at 28-29.     

80. The linear additive model produces the result that zero adults in one year could 

still yield some young in the following year, a result that is biologically implausible.  Using the 

simple translation A (juveniles measured in TNS) = B (constant) + C (adults measured in FMWT) 

– D (Fall X2), one can see that, if C were set at zero (no adult spawners), B – D could still 
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produce a positive number for A (juveniles).  This model thus has the biologically impossible 

property of generating juveniles from zero adults.  

81. A linear additive model also treats the environmental factor X2 as an additive 

factor, which has the implausible property of reducing the absolute numbers of juveniles by the 

same quantity for a given value of X2 irrespective of the total population.  For example, if X2 is 

set at a certain value such that when X2 is added, 1,000 juveniles are lost, that model would 

produce the result that 1,000 juveniles are always lost irrespective of the total number of juveniles 

present or the total number of juveniles that actually respond to X2.   

82. For reasons such as these, a linear additive model is inappropriate for stock-

recruitment modeling, because the results are biologically impossible.   

(2) FWS Should Have Used a Multiplicative Stock-Recruit Model 

83. FWS inappropriately used a linear additive model to conduct the analysis that 

FWS performed with respect to the effect of Fall X2 on population survival.  It is well established 

by those scientists qualified to conduct the type of analysis undertaken by FWS that a 

multiplicative stock-recruitment should be used.  A multiplicative stock-recruit model better 

reflects actual biological realities when modeling fish populations because it describes survival of 

a year-class of fish.  An example is the Leslie Matrix population model (equation 7.2 in Quinn & 

Deriso (1999) at 269).  Survival processes are inherently multiplicative because the fraction of 

individuals that survive to a given age is given by the product of daily survivals through each day 

since the day of birth (see, e.g., cumulative survival in Quinn & Deriso (1999) at 292).  A 

commonly used, well known multiplicative stock-recruit model is the Ricker model.  A qualified 

scientist in this field would be familiar with this model and would have no difficulty using it to 

perform the analysis that FWS did.   

84. Any reliable, scientifically accepted stock-recruit model, such as the Ricker model 

or the Beverton-Holt model, is not a linear additive model.  Such multiplicative stock-recruit 

models produce the biologically appropriate result that zero adults yields zero young.  Thus, 

regardless of the presence of other factors, if there are zero adult spawners, there will be zero 

juveniles the following year.  A graphical depiction of the difference between a multiplicative 
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model, such as the Ricker model, and a linear additive model is helpful to illustrate how a 

multiplicative model better reflects biological reality.    

Comparison of stock-recruitment curves
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85. A multiplicative model, as opposed to an additive model, yields the sensible result 

that varying an environmental factor such as X2 will elicit a proportional response in population 

abundance.  This is appropriate for a factor that affects survival because survival is, by definition, 

a fraction (what proportion of the population survives).  In contrast, the linear additive model 

produces an absolute response irrespective of the size of the population.  Multiplicative models 

are appropriate when describing the survival of a given cohort of fish.  Additive terms may be 

appropriate components in certain types of cohort models when tracking the absolute abundance 

of a cohort over time—i.e., in situations that involve calculating the total raw population numbers 

over time, an exercise that has not been done for the delta smelt.  See Quinn & Deriso (1999) at 

323.   

86. The BiOp itself questions the use of a linear additive model to evaluate the effect 

of Fall X2, stating that “some type of transformation of the data would help to define a better 

fitting model,” but declines to correct the situation (such as through the use of a multiplicative 

model).  BiOp at 236 (AR at 000251).   
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87. The Peer Review also criticized the linear additive model, finding that “[t]he 

[Effects Analysis] points out that the residuals from this analysis are not normally distributed and 

that some transformation might be required.  We suspect that a few of the data points may have 

high influence on the outcome.  These results together suggest that the model may be 

inappropriate for the data being used.”  Independent Peer Review of USFWS’s Draft Effects 

Analysis for the Operations Criteria and Plan’s Biological Opinion, 2008 at 7 (AR at 008819). 

88. During my review of FWS’s analysis, I plotted a stock-recruit curve of the 

relationship between FMWT (previous year) and TNS (current year) using the standard Ricker 

stock-recruitment model that was obtained by fitting the model to data.  See details in Appendix 1 

at Point 5.  A visual comparison of the linear additive model that FWS used in the BiOp against 

the Ricker model is shown above.  As shown on the comparison, when FMWT is set at zero in the 

linear model that FWS used, TNS is above zero.  In contrast, when FMWT is set at zero in the 

standard Ricker model, TNS is also zero. 

89. In order to evaluate whether there is a relationship between Fall X2 and 

abundance, I used the publicly available FMWT and TNS data and publicly available Fall X2 

data in a standard Ricker stock-recruit model.5  After employing the Ricker stock-recruit model, I 

was able to determine that there is no statistically significant relationship between Fall X2, stock 

abundance, and recruit abundance.  The p-value for Fall X2 is 0.059, which is greater than the 

benchmark significance level of 0.05.  See Appendix 1 at Point 5 for additional technical detail.  

The contrary conclusion that FWS reached is due to its improper use of a biologically implausible 

linear additive model.   

90. I determined that the density dependent term in the Ricker model was not 

statistically significant.  As a result, I used a reduced survival model that omitted the density 
                                                

 

5 FMWT data is available at: http://www.delta.dfg.ca.gov/data/mwt/charts.asp.  The BiOp 
cites to http://www.delta.dfg.ca.gov as a source for FMWT data at page 143 (AR at 000158).  
TNS data is available at: http://www.delta.dfg.ca.gov/data/projects/?ProjectID=TOWNET.  The 
BiOp cites to this website as a source for TNS data at page 300 (AR at 000315).  Fall X2 data is 
available at: http://www.iep.ca.gov/dayflow/output/index.  The BiOp relied on CALSIM 
modeling to calculate X2 values, and cites to http://www.iep.ca.gov/dayflow for “historical 
hydrologic data provided in the DAYFLOW database” which was used in the CALSIM 
modeling.  See BiOp at 204, 235 (AR at 000219, 000250). 
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dependent term.  The result shows that Fall X2 term is not statistically significant, since the p-

value of 0.094 is greater than the 0.05 significance level.  The graph below is included as a visual 

aid to show that there is no relationship between an index of juvenile survival (“TNS/FMWT_1”) 

and Fall X2.  If there had been a strong negative effect of Fall X2 on juvenile survival, the graph 

would have been expected to show a pronounced negative slope. Instead, the graph shows no 

trend in juvenile survival as X2 increases.  For additional technical detail, see Appendix 1 at 

Point 5.    

Juvenile survival index (TNS/FMWT) versus previous fall X2
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(3) Use of a Scientifically Appropriate Multiplicative Model Shows 
That Fall X2 Has No Statistically Significant Effect on the 
Population Growth Rate  

91. In my review of the BiOp, I determined that FWS did not evaluate the effect of 

Fall X2 on the population growth rate.  Use of the population growth rate would enable FWS to 

evaluate effects on the full life-cycle of the delta smelt. 

92. Instead of carrying forward the linear additive model, as did FWS, the proper 

scientific method is to model the relationship between Fall X2 and the population growth rate  

/ / / 
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using a multiplicative model.  As explained above, a multiplicative model is the scientific 

standard for fish population dynamics.     

93. I used a Ricker model, which is a multiplicative model, to calculate the population 

growth rate and to evaluate the relationship between Fall X2 and the population growth rate with 

the regression method described in Appendix 1 at Point 6.  I adjusted for density dependence in 

the modeling.  In this application, I determined that the density dependent term in the Ricker 

model was statistically significant.  Thus, the population growth rate had to be adjusted to account 

for these effects so that the potential effect of Fall X2 could be isolated.  For additional technical 

detail, see Appendix 1 at Point 6.  This relationship, adjusted for density dependence, is depicted 

below.   

Population Growth Rate adjusted for 
density-dependence vs Fall X2
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94. My application of a multiplicative Ricker life-cycle model demonstrates that Fall 

X2 does not have a statistically significant effect on the population growth rate.  As Fall X2 

increases, the population growth rate varies randomly.  Taken together with the modeling I 

performed above (comparing Fall X2 to abundance, see ¶ 89) and statistical analysis of the 

regression estimates, this means that Fall X2 does not have a statistically significant effect on 

population abundance in a given water year (adults to juveniles), or on the full life-cycle of the 
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delta smelt (adults to adults).  Since FWS’s imposition of Fall X2 restrictions in RPA Action 4 is 

based upon its erroneous use of the wrong model—which, in turn, has led to the incorrect result 

that Fall X2 has population effects on the delta smelt—it is scientifically unjustified. 

D. FWS’s Incidental Take Analysis Is Improperly Influenced by 
Unrepresentative Data Points That Even FWS Rejected for Other 
Purposes 

(1) FWS’s Adult Incidental Take Analysis Is Improperly 
Influenced by an Unrepresentative Data Point  

95. FWS’s adult incidental take analysis can be found in Attachment C to the BiOp, 

pages 382-396 (AR at 000397-000411).  In developing the incidental take limit for adult 

entrainment, FWS relied on a series of statistical analyses and calculations in the BiOp and in 

Kimmerer (2008).     

96. The incidental take limit is set at 7.25 times the prior year’s FMWT index of adult 

abundance.  BiOp at 386 (AR at 000401).  The 7.25 figure represents the average salvage rate 

from only three years—2006, 2007, and 2008.  See BiOp at 385-86 (AR at 000400-000401).  The 

BiOp uses the average salvage rate for these three years as a predictor of take levels during each 

year that the RPAs will be in effect.  Although salvage data is analyzed dating back to 1993, the 

BiOp claims that “these years [2006 through 2008] within the historic dataset best approximate 

expected salvage under the RPA Component 1,” which restricts OMR flows.  Id.     

97. The BiOp lists the annual salvage numbers and salvage rates for the years 1993-

2008, and shows that the salvage in 1994 and 2007 were extremely low compared to the other 

years and to 2006 and 2008 in particular.  See BiOp at 386 (AR at 000401) (Table C-1).  The 

cumulative salvage index is just 0.88 for 2007, compared to 8.3 for 2006 and 12.6 for 2008.  Id. 

98. In my review, I searched for additional information regarding the conditions that 

might have contributed to these salvage levels.  In another section of the BiOp, I discovered that 

FWS had considered the salvage level in 2007 as unusable for purposes of analyzing salvage and 

OMR flows due to that year’s low average water turbidity.  See BiOp at 348 (AR at 000363) 

(Figure B-13, Note).  The low turbidity explains why salvage in 2007 was extremely low, as 

turbidity is a strong indicator of presence or absence of delta smelt near the project facilities.  
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Lower turbidity means fewer fish will be present and, accordingly, fewer fish are capable of being 

entrained.  Thus, FWS recognized that the unusual conditions in 2007 made it an unrepresentative 

year that would skew its analysis.  For FWS to then go ahead and use that salvage level in the 

incidental take equation is scientifically unjustified.   

99. Without the year 2007 factored into the equation, the take coefficient increases 

from 7.25 to 10.45, which lies within the range of historical estimates based on the figure shown 

in ¶ 62 above for flows less negative than -7000 cfs.  This figure represents the average of the 

salvage indices in 2006 and 2008, and would significantly increase the permissible take level.  

FWS’s calculation should be corrected to remove the outlier year of 2007. 

(2) FWS’s Larval/Juvenile Incidental Take Analysis Is Improperly 
Influenced by an Unrepresentative Data Point   

100. FWS’s larval/juvenile incidental take analysis can be found in Attachment C to the 

BiOp, pages 382-396 (AR at 000397-000411).  To calculate the incidental take limit for 

larval/juvenile entrainment, FWS largely followed the same methodology that it used for adults.  

BiOp at 389 (AR at 000404). 

101. The incidental take limit is set at 1.5 times the Concern Level for larvae and 

juveniles.  The Concern Level is equivalent to the average monthly juvenile salvage index from 

2005-2008 times the current water year FMWT of adult abundance.  BiOp at 390 (AR at 000405).  

Combining these two formulae, the incidental take limit can be calculated by multiplying 1.5 

times the average monthly juvenile salvage index times the FMWT.  Only four years are 

considered – 2005, 2006, 2007, and 2008. 

102. The BiOp lists the annual salvage numbers and salvage rates for the years 1995-

2008, and shows that the salvage in 2006 was extremely low compared to all other years, with the 

exception of 1995 and 1998 (see discussion below).  See BiOp at 392 (AR at 000407) (Table C-

4).  The juvenile salvage index is just 0.4, compared to 23.4 for 2005, 65.1 for 2007, and 60.9 for 

2008.  Id. 

103. In my review of the BiOp, I searched for additional information that might explain 

the conditions that were present in these years and how they contributed to salvage levels.  I was 
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provided with daily OMR flow data through a FOIA request to FWS.  I discovered that in 2006, 

average OMR flow was strongly positive for the months April through June, the first three (of 

four) months during which the monthly juvenile salvage index is calculated.  OMR flow was 

negative in July 2006, but typically, very few fish are salvaged in July.  See, e.g., BiOp at 391 

(AR at 000406) (Figure C-3) (showing that cumulative salvage reaches a plateau in July). 

104. When analyzing the effects of OMR flows on salvage in the Effects Analysis 

section of the BiOp, FWS explained that “net OMR flow generally works very well as a binary 

switch: negative OMR flow is associated with some degree of entrainment, while positive OMR 

flow is usually associated with no, or very low, entrainment.”  BiOp at 163 (AR at 000178).  The 

juvenile salvage index is reported in the BiOp for the years 1995-2008.  BiOp at 392 (AR at 

000407).  During that time, there were three years when salvage was nearly zero – 1995, 1998, 

and 2006.  These are the only three years when OMR flow was positive.  See BiOp at 254 (AR at 

000269) (Figure E-8).  Thus, FWS’s statement that positive OMR flow yields zero or very low 

salvage is supported by historical measurements of juvenile salvage and OMR flow.  It also 

undermines FWS’s decision to include one of those years – 2006 – in the incidental take equation.   

105. Without the year 2006 factored into the equation, the average juvenile salvage 

index increases, which necessarily increases the Concern Level (monthly juvenile salvage index 

times FMWT) and the incidental take level (1.5 times Concern Level).  The incidental take level 

increases by approximately 32-33 percent in May, June, and July, and decreases by 

approximately 14 percent in April (when salvage is low).  Overall, in the months with the highest 

salvage, removal of the unrepresentative year 2006 significantly increases the take level.  FWS’s 

calculation should be corrected to remove the year 2006, which had positive OMR flow. 

/ / / 

/ / / 

/ / / 

/ / / 

/ / / 

/ / / 
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Multidecadal trends for three declining fish 
species: habitat patterns and mechanisms in the 
San Francisco Estuary, California, USA 

Frederick Feyrer, Matthew L. Nobriga, and Ted R. Sommer 
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Abstract: We examined a 36-year record of concurrent midwater trawl and water quality sampling conducted during 
fall to evaluate habitat trends for three declining fish species in the San Francisco Estuary, California, USA: delta smelt 
(Hypamesus transpacificus), striped bass (Marone saxatilis), and threadfin shad (Darasama petenense). Generalized 
additive modeling revealed that Secchi depth and specific conductance were important predictors of occurrence for 
delta smelt and striped bass, while specific conductance and water temperature were important for threadfin shad. 
Habitat suitability derived from model predictions exhibited significant long-term declines for each species; the south
eastern and western regions of the estuary exhibited the most dramatic changes. Declines in habitat suitability were 
associated with anthropogenic modifications to the ecosystem. For delta smelt, an imperiled annual species endemic to 
the estuary, the combined effects of fall stock abundance and water quality predicted recruit abundance during recent 
years of chronically low food supply. Our results are consistent with existing evidence of a long-term decline in carry
ing capacity for delta smelt and stiiped bass and demonstrate the utility of long-term data sets for evaluating relation
ships between fish and their habitat. 

Resume : Nous avons examine des donnees concomitantes d'echantillonnage au chalut en pleine eau et 
d'echantillonnage de la qualite de l'eau faites a chaque automne pendant 36 annees dans l'estuaire de San Francisco, 
Californie, E.-U., afin d'evaluer Jes tendances de !'habitat chez trois especes de poissons en declin, soit l'eperlan du 
delta (Hypamesus transpacificus), le bar raye (Marone saxatilis) et l'alose fil (Darosama petenense). Un modele additif 
generalise montre que la profondeur de Secchi et la conductance specifique sont d'importantes variables explicatives de 
la presence de I'eperlan du delta et du bar raye, alors que la conductance specifique et la temperature de reau le sont 
pour l'alose fil. Les predictions du modele indiquent une diminution significative a long terme de la qualite de !'habitat 
pour chaque espece; Jes regions du sud-est et de r ouest de I' estuaire montrent Jes changements Jes plus spectaculaires. 
Le declin de la qualite de !'habitat est associe a des modifications anthropiques de J'ecosysteme. Chez J'eperlan du 
delta, une espece annuelle, menacee et endemique a l'estuaire, Jes effets combines de J'abondance des stocks a 
l'automne et de la qualite de l'eau expliquent J'abondance du recrutement durant Jes annees recentes de sources de 
nourriture chroniquement limitees. Nos resultats confirment Jes indications existantes d'un declin a Jong terme du stock 
limite de l'eperlan du delta et du bar raye; ils demontrent l'utilite des banques de donnees couvrant de grandes perio
des pour I' evaluation des relations entre Jes poissons et leur habitat. 

[Traduit par la Redaction] 

Introduction The processes underlying fish population dynamics are 
complex because multiple interacting factors contribute to 
interannual variation in recruitment and abundance. A funda
mental component in the study of population dynamics is 
the interaction between fish and their habitat. In the broadest 
sense, habitat can be characterized as the abiotic and biotic 
factors that are required to support healthy fish populations 
(Hayes et al. 1996). The abiotic components of habitat often 
strongly influence the biotic components, particularly in 
estuaries where freshwater inputs and associated salinity 
effects are important community-structuring mechanisms 
(e.g., Bulger et al. 1993; Jassby et al. 1995). Quantifying 

There have been worldwide declines in production and 
yield of many estuaiine-dependent fishes resulting from 
overfishing, pollution, and habitat alterations (Houde and 
Rutherford 1993). These trends have coincided with substan
tial long-term changes in fish species composition and abun
dance in developed North American estuaries (Matern et al. 
2002; Hurst et al. 2004). Declining yields and changing fish 
communities suggest that current understanding of fish pop
ulation dynamics is insufficient to ensure proper manage
ment. 
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fish-habitat relationships and long-term trends in habitat 
suitability is critical because abiotic habitat components can 
affect the population dynamics of fishes in most habitat 
types (e.g., Cardinale and Arrhenius 2000; Claramunt and 
Wahl 2000; Rose 2000). Here, we use the term environmen
tal quality (EQ; Rose 2000) to describe abiotic habitat vari
ables that may affect fish population dynamics. 

Long-term data sets are essential for the development 
and evaluation of fish-EQ relationships and time trends 
(Bray 1996; Rose 2000). Long-term data sets that include a 
wide range of environmental conditions are particularly 
useful because they allow researchers to more effectively 
model the linkages between EQ and fish occurrence (Rose. 
2000). Moreover, analyses of long-term data sets are 
needed to understand the effects of management actions. If 
rehabilitation is desired, then management actions aimed at 
improving EQ to a pre-existing state can often be deter
mined from existing data. One limitation of empirical data, 
however, is that it frequently focuses on a particular life 
stage or time period when sampling was conducted. Thus, 
it is important to understand the temporal relevance of the 
sample collections in subsequent model development 
(Levin and Stunz 2005). 

In this study, we quantified fish-EQ relationships in San 
Francisco Estuary (Fig. 1) using a long-term record (1967-
2004) of fish and water quality data concurrently collected 
during fall (September-December). Our objectives were to 
(1) develop models relating fish occurrence to EQ, (2) ex
amine temporal and spatial trends in EQ, and (3) determine 
whether the water quality variables that define EQ can also 
be linked to fish abundance. Understanding fish-EQ link
ages is a principal goal in fisheries science and is of great 
practical interest in San Francisco Estuary. The estuary is 
well known for anthropogenic modifications that have 
highly altered most natural elements of the system, and 
there have been long-standing concerns about the effect of 
these modifications on fish populations (Nichols et al. 
1986; Bennett and Moyle 1996). Indeed, many fish species 
have exhibited declines in abundance since long-term mon
itoring began in the 1950s (e.g., Stevens et al. 1985; Moyle 
et al. 1992). In recent years, there has also been an appar
ent step-decline in the abundance of three pelagic species -
delta smelt (Hypomesus tran~pacificus), striped bass 
(Morone saxatilis), and threadfin shad (Dorosoma pete
nense) (Fig. 2). These species are the focus of our study. 
Concern is perhaps greatest for delta smelt, a rare and deli
cate endemic species listed as threatened under both the Cal
ifornia and US Endangered Species Acts; a petition is 
currently being considered to downgrade delta smelt status 
to endangered. Water management actions in the estuary are 
closely tied to protecting delta smelt, even on a daily basis 
during some portions of the year. Management actions in the 
estuary receive great attention throughout the state because 
water diversions from the estuary supply drinking water to 
over 22 million people in California, in addition to support
ing a multibillion dollar agricultural industry. Striped bass 
and threadfin shad are both introduced species; because they 
comprise a substantial portion of fish biomass in the ecosys
tem and support valuable recreational fisheries, their de
clines are also cause for concern. 

Can. J. Fish. Aquat. Sci. Vol. 64, 2007 

Materials and methods 

Study area 
San Francisco Bay (Fig. 1) forms the largest estuary on 

the Pacific coast of the United States. The estuary is a 
drowned river valley separated into different basins by com
plex bathymetry. Water enters the estuary primarily from 
California's two largest rivers - Sacramento (from the 
north) and San Joaquin (from the south) - which drain a 
100 000 km2 watershed encompassing 40% of California's 
surface area. The rivers converge in the upper estuary to 
form the Sacramento - San Joaquin Delta, a 3000 km2 net
work of tidal freshwater channels. From the delta, water 
flows west into Suisun Bay, through the Carquinez Strait, 
and enters San Pablo Bay before reaching San Francisco 
Bay and ultimately the Pacific Ocean. Owing to the Mediter
ranean climate, freshwater flow entering the estuary varies 
seasonally, occurring mainly in late winter through spring. 
The estuary is also subject to extreme interannual variation 
in freshwater flows, with periodic droughts and floods. 

Anthropogenic modifications in this highly altered estuary 
include the loss of wetlands via draining and diking for agri
culture, channel modifications for flood control and naviga
tion, and a variety of water reclamation activities, including 
storage, conveyance, and large-scale water diversion from 
the southern delta (Nichols et al. 1986). Major dams located 
on the Sacramento and San Joaquin rivers, including most of 
their major tiibutaries, control flows entering the estuary. 
One result of these modifications is that water movement 
through the estuary is highly managed. Through the many 
large upstream dams; smaller, within-estuary flow control 
structures; and large water diversion operations in the south
ern delta, managers have an unparalleled ability to control 
water movement in the system. One of the ways in which 
flows are managed in this estuary is to benefit fishes and 
other organisms by manipulating the position of the 
estuarine salinity gradient. 

Similar to most estuaries, many of the ecosystem compo
nents and functions of the San Francisco Estuary exhibit 
measurable responses to flow (Stevens and Miller 1983; 
Jassby et al. 1995; Kimmerer 2002). In particular, the abun
dance or survival of many fishes and invertebrates exhibits a 
strong relationship with flow entering the estuary, as indexed 
by the position of the 2%o isohaline (Jassby et al. 1995; 
Kimmerer 2002). This index, termed X2 , is defined as the 
distance (km) from the Golden Gate Bridge to the location 
in the estuary where mean bottom salinity is 2%o (Jassby et 
al. 1995; Kimmerer 2002). The position of X2 is seasonally 
variable based primarily on river flow variation. However, its 
position can be manipulated and is closely managed to be lo
cated in certain regions during specific times of the year to 
benefit aquatic species. 

Data sources and analytical methods 
We analyzed long-term data collected from a fall mid

water trawl survey (FMWT) conducted by the California De
partment of Fish and Game (Stevens and Miller 1983). The 
survey has been conducted each year since 1967, except that 
no sampling was done in 1974 and 1979. The FMWT 
collects a sample (10- to 12-minute tow) at 100 sites four 

© 2007 NRC Canada 
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Fig. 1. Map of the San Francisco Estuary (California, USA) showing fall midwater trawl survey sampling stations. The location of the 
State Water Project (SWP) and Central Valley Project (CVP) export pumping facilities are also shown. 
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Fig. 2. Time series of abundance indices for (a) delta smelt 
(Hypomesus transpacificus), (b) threadfin shad (Dorosoma 
petenense), and (c) striped bass (Morone saxatilis) for the fall 
midwater trawl survey. 
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times per year - each month from September to December 
throughout the freshwater to mesohaline portions of the up
per estuary (Fig. 1). The FMWT was originally designed to 
index the abundance of age-0 striped bass, which is reflected 
in the dimensions of the net: 17 .6 m long with a mouth 
opening of 3.7 m2 and nine tapered panels of stretch mesh 
from 14.7 to 1.3 cm in the cod end (Stevens and Miller 
1983). The FMWT data have been used extensively in anal
yses of striped bass and delta smelt population dynamics 
(Turner and Chadwick 1972; Stevens et al. 1985; Moyle et 
al. 1992). Our analysis focused on age-0 striped bass, delta 
smelt, and threadfin shad, for which the FMWT is most effi-
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cient at capturing. The FMWT stations encompass the distri
bution of these species and life stages in the estuary. Delta 
smelt have been observed at 85% of the stations, while 
stiiped bass and threadfin shad have been observed at every 
station. Similar to many river-dominated estuaries, inflow to 
the system varies substantially from year to year. Thus, while 
the position of the sampling sites remains consistent, water 
quality vaiies interannually, which shifts the center of distri
bution of the fishes (Dege and Brown 2004). Three water 
quality variables - temperature (°C), Secchi depth (m), and 
specific conductance (µS·cm-1) - were measured concmTent 
with each tow, providing a 36-yeai· time series (12 109 sam
ples) of fish and environmental data (Fig. 3). 

The FMWT data set provided a uniquely long time series 
to quantify fish occurrences in relation to water quality. For 
study objective l, we used generalized additive models 
(GAMs) to describe these relationships (Norcross et al. 
1997; Stoner et al. 2001). GAMs are semiparametric exten
sions of generalized linear models that are effective for de
scribing nonlinear relationships between predictor and 
response vaiiables (Guisan et al. 2002). GAM techniques are 
data-driven; they do not presuppose a particular relationship 
between predictor(s) and response variables. Rather, they 
employ smoothers to characterize the empirical relationships 
between predictor and response variables (Guisan et al. 
2002). Link functions are used to establish relationships 
between the response variable and a smoothed function of 
the predictor variables; we used the cubic spline as our 
smoothing technique in the S-Plus language (Venables and 
Ripley 1997). Similar to previous studies (Maravelias 1999; 
Stoner et al. 2001), we used a binomial GAM with logit link 
function to relate fish occurrence to log-transformed envi
ronmental variables. A binary response (fish presence or ab
sence, i.e., occurrence) was used instead of fish abundance 
to minimize the influence of outliers (i.e., extremely anoma
lous abundance values) and bias associated with previously 
reported abundance declines through time. We assumed that 
habitat preference was constant and that fish would continue 
to be present under preferred habitat quality conditions, al
beit possibly in increasingly lower numbers. We modeled 
each species separately. Based on our knowledge of the 
range of each species and laboratory physiology studies 
(Swanson et al. 2000), we expected that each species would 
exhibit a unimodal occurrence probability to salinity and 
temperature and a declining occurrence probability to in
creasing Secchi depth. We assessed the statistical signifi
cance of the GAM results with a x2 approximation that tests 
the ability of each explanatory variable to reduce the null de
viance in the model (Venables and Ripley 1997). 

The GAM analyses generated predicted occurrence proba
bilities for each species in each sample. We used these cap
ture probabilities as an indicator of habitat suitability 
through time, which we defined as EQ (study objective 2). 
We visually evaluated long-term spatial variation in annual 
trends throughout the estuary using maps created with 
ArcMap geographic information system (GIS) software 
(ESRI, Redlands, California). Employing ordinary least 
squares, we linearly regressed the EQ data for the three fish 
species at each of the I 00 stations against yeai· and used the 
magnitudes of the slopes to examine long-term EQ trends 
among sampling stations and across regions of the estuary. 

© 2007 NRC Canada 



Feyrer et al. 

Fig. 3. Time series of (a) water temperature, (b) spec ific conduc
tance, nnd (c) Secclli depth for the fall midwater trawl survey. 
The average and variation based on two standard errors arc 
shown for each variable. 
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This approach generated 300 separate linear regressions. We 
incorporated the regression results into GIS maps by scaling 
GIS polygons representing surface area estimates for each 
sampling station (R. Baxter, Californ ia Department of Fish 
and Game, 4001 North Wilson Way, Stockton, California, 
unpublished data) by the corresponding regression slope. 
This procedure allowed us to create a conlinuous grid of the 
waler surface itrea of the estuary with individual cells (poly
gons) scaled (by color shading) according to the slope coef
ficients for each species. 

Lastly, we tested the ability of the water quality variables 
that composed EQ to predict delta smelt abundance (study 
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objective 3). We limited this analysis lo delta smell because 
il is an annual species. The longevity of striped bass and 
thrcadfin shad makes modeling the effects of abiotic factors 
on abundance markedly more complex and beyond the scope 
of this paper (e.g .• lGmmcrer ct al. 2001). Further, recent 
stock-recruit modeling supports the possibility of density 
dependence for delta smelt (Bennett 2005). In 1hal sludy, 
Bcnnell (2005) hypothesized that a shrinking volume of 
physicnlly suitable habitat combined with a high density of 
competing planklivorous fishes were the primary factors 
contributing to the decreasing car.rying capacity for delta 
smelt. Our analysis was designed lo test the hypothesis that 
the combined effects of fall stock abundance and foll water 
quality affect recruit abundance the following summer. We 
compared eight simple stock- recruit models to eva'luale this 
hypothesis. Comparing the relative fit of models with differ
ing conceptual interpretations .is generally superior to simply 
examining the fit of any single model (Hilborn and Mangel 
1997). The abundance indices we used for these models 
were derived by the California Department of Fish and Game 
and are available at www.delta.dfg.ca.gov/. Similar to previ
ous studies (Moyle el al. 1992; Bennett 2005), we used the 
FMWT abundance index as an estimate of fa ll stock abun
dance and the Summer Towne! abundance index ns an esti
mate of summer recruit abundance. The basic model was a 
simple linear regression of adult stock versus recruit abun
dance. The other models included fall stock abundance and 
various combinations of mean annual fall Secchi depth or 
specific conductance in multiple regressions. 

We separated the time series into two segments for this anal
ysis: 1968-1986 and 1987-2004. This separation delinea1es a 
major eco.logical change in the food web of lhe estuary stem
ming from the invasion of the clam Corbula a111ttre11sis 
(K.immerer 2002). Intense filtering of the water column by 
large populations of this clam essentially eliminated pbyto
plankton blooms in the lower estuary and caused major de
clines in the abundance of most planklonie invertebrates, 
including copepods, which are lhe primary pl'ey of delta smelt 
(Kimruerer and Orsi l 996; Moyle 2002). Separation of the two 
time periods allowed us to examine the role of water quality 
when food was relatively abundant versus when it was nol. 

We compared the models in each time series by traditional 
means (level of statistical significance and comparison of r1 
values), but also evaluated lhe relative fit of each model with 
an information-theoretic approach based upon Akaike's in
forma1ion criterion (AIC; Burnham and Anderson 1998). 
This technique allows for a comparison of models with vary
ing numbers of parameters and is based upon a strength-of
evidcnce context rather than traditional statistical tests of 
null hypotheses. Candidate models were evaluated based 
upon AIC, 6 1, and w1 (Burnham and Anderson 1998): 61 
(AIC differences) provides a level of empirical supporl for 
each model and is evaluated in relative rather lhan in ubso· 
lute lenns (values of 0- 2 provide substantial supporl for a 
given model (0 being best), 4-7 considerably less support, 
and > 10 virtually no support); w1 provides a relative weight 
of evidence in support of a given model wilh the largest 
value being best. We further evaluated the fit of the regres
sion models by visually examining residual plots for homo
geneity of variance and used the Anderson-Darling lest to 
determine if the residuals were nonnaJly distributed. 
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Table 1. Generalized additive modeling results. 

Species 

Delta smelt Striped bass Threadfin shad 
Model (Hypomesus transpacificus) (Morone saxatilis) (Dorosoma petenense) 

Temperature (T) 11 805 (0.1) 16 542 (0.4) 14 285 (4.4) 
Secchi depth (S) 10 295 ( 12.9) 14 356 (13.6) 14 748 (1.3) 

Specific conductance (C) 9 620 (18.6) 14 928 (10.1) 13 066 ( 12.5) 
T+S 10 250 (13.3) 14 290 (14.0) 14 125 (5.4) 
T+C 9 537 (19.3) 14 893 (10.3) 12 608 (15.6) 
S+C 8 856 (25.1) 13 549 (18.4) 12 874 (13.8) 
T+S+C 8 780 (25.7) 13 460 (19.0) 12387 (17.l) 

Note: Residual deviance and percentage of total deviance explained (in parentheses) are given for each model. Null 
deviance is 11 822 for delta smelt, 16 608 for striped bass, and 14 935 for threadfin shad. The vmiables in each model 
were all statistically significant (P < 0.0001) based on approximate X2 tests. 

Results 

GAMs 
For each species, we found that all three environmental 

variables were statistically significant predictors of fish oc
cun-ence (Table 1). The global model, which included all 
three water quality variables, accounted for 25.7%, 19.0%, 
and 17 .1 % of total deviance in the models for delta smelt, 
striped bass, and threadfin shad, respectively (Table 1). Rela
tionships between predicted occun-ence (based on the global 
model) and individual water quality variables generally 
matched our expectations for Secchi depth and specific con
ductance, but not for water temperature (Fig. 4). Predicted 
occun-ence of each species decreased as Secchi depth in
creased. Predicted occurrence of striped bass and delta smelt 
peaked at relatively low values along the specific conduc
tance gradient, whereas for threadfin shad it exhibited a 
gradual negative relationship. There was no clear trend in 
the predicted occun-ence of striped bass with temperatw-e. 
For delta smelt, predicted occurrence was highest at the low
est temperatw-e, and for threadfin shad it was highest at the 
lowest and highest temperatures. The addition of tempera
ture to the GAMs for striped bass and delta smelt did not ap
preciably improve the amount of the deviance explained 
(0.4% for striped bass and 0.1 % for delta smelt; Table 1). 
Hence, we concluded that a GAM including Secchi depth 
and specific conductance was the most appropriate for gen
erating annual EQ trends for further analysis for these spe
cies. For threadfin shad, Secchi depth accounted for only 
1.3% of the deviance; thus we selected temperature and spe
cific conductance as a final model for threadfin shad. 

Trends in EQ 
Overall, EQ values were highest for striped bass, interme

diate for threadfin shad, and lowest for delta smelt, reflect
ing both their relative abundance and distributional range in 
the estuary (Fig. 5). There was an overall negative trend in 
EQ for each species, with delta smelt and striped bass exhib
iting the most apparent declines. The declines in EQ 
appeared to be most apparent following the mid 1980s. 
Long-term spatial patterns in EQ (Fig. 6) were generally 
similar across species in that a high percentage of stations 
exhibited statistically significant (P < 0.05) declines: thread
fin shad (64% of stations), delta smelt (63% of stations), and 
striped bass (65% of stations). There was only one instance 

of a station exhibiting a statistically significant increase in 
EQ; it was near the confluence of the Sacramento and San 
Joaquin rivers for delta smelt. The western and southeastern 
regions of the estuary exhibited the most substantial long
term declines in EQ for striped bass and delta smelt, as indi
cated by consistently steeper negative slopes and statistically 
significant regressions. The lower Sacramento River exhib
ited virtually no significant EQ changes for any species. For 
delta smelt, there were also some nonsignificant regressions 
for stations in the lower San Joaquin River. The southeastern 
region of the system exhibited few EQ changes for threadfin 
shad. 

Water quality - delta smelt abundance linkages 
The results of the regression modeling support the hypoth

esis that water quality was an important predictor of delta 
smelt abundance during the 1987-2004 post-Corbula period 
(Table 2). None of the 1968-1986 pre-Corbula regression 
models were statistically significant (P > 0.05). However, all 
1987-2004 post-Corbula models were statistically signifi
cant (P < 0.02). The residuals from these significant models 
were normally distributed (Anderson-Darling P values ~ 0.05) 
and exhibited no apparent trend with the fitted values, sug
gesting the models adequately fit the data. A comparison of 
the r2 values suggested that the stock + specific conductance 
model and the stock + specific conductance + Secchi depth 
model produced similar results (-60% of variance ex
plained) and were superior in that they accounted for -30% 
more variance than the other models. The AIC results also 
suggested that these two models provided similar fits to the 
data set and were superior to the other models (Table 2). 

Discussion 

Understanding fish-habitat relationships is a fundamental 
step in characterizing EQ, as well as the effects of habitat 
manipulations on EQ, and ultimately, fish populations. In 
this study, we used statistical and graphical techniques to es
tablish and evaluate EQ for selected fishes in the San Fran
cisco Estuary. Our ultimate goal was to determine if changes 
in the water quality variables that defined EQ could have 
contributed to declines in fish abundance. Our approach was 
relatively novel in that most similar studies have been of 
much shorter duration and have been used merely to iden
tify, not further analyze, fish-EQ relationships (Norcross et 
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Fig. 4. Generalized additive model (GAM) predictions of fish oc
currence (based on all three water quality variables) versus the ob
served individual water quality parameters ((a) water temperature, 
(b) Secchi depth, (c) specific conductance) for threadfin shad 
(Dorosoma petenense) (black triangles), delta smelt (Hypomesus 
transpacijicus) (black circles), and striped bass (Marone saxatilis) 
(gray circles). 
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al. 1997; Stoner et al. 2001). Whereas these previous studies 
sometimes used GAM results to make inferences about the 
likelihood of fish occurrence at new or unsampled locations, 
the extensive temporal (36 years) and spatial (100 stations) 
coverage of the FMWT survey afforded us an unusual op
portunity to examine multidecadal trends throughout the es
tuary and in multiple geographic locations. 

The first objective in our study was to relate fish occur
rence to water quality variables to establish EQ for the three 
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Fig. 5. Environmental quality (EQ) time series for threadfin shad 
(Dorosoma petenense), delta smelt (Hypomesus transpacificus), 
and striped bass (Marone saxatilis). The average and variation 
based on two standard errors are shown for each species. 
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investigated species. We found that Secchi depth and 
specific conductance were important factors explaining the 
occurrence of delta smelt and striped bass, while specific 
conductance and water temperature were important for 
threadfin shad. Our GAMs using all three variables reduced 
null deviance between 17% and 26%, levels comparable 
with other studies (Maravelias 1999; Stoner et al. 2001). The 
GAM analysis results are consistent with information about 
the life history of each species. Delta smelt and age-0 striped 
bass are low-salinity zone specialists (Turner and Chadwick 
1972; Moyle et al. 1992), and threadfin shad are mostly con
fined to freshwater zones, so it is reasonable to expect spe
cific conductance to affect their occurrence. For delta smelt, 
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Fig. 6. Spniial diSLribution of long-tcnn trends in annual environmental quality (E::Q) for (ll) delta smell (Hypo111es11s tro11spocijicus), 
(b) threadfin shnd (Dorosoma pete11e11se), (c) sLriped bass (Momne sa.tatilis) in San Francisco Estuary shown for the region bordered 
downstream at Carquinez Strait. Color shading represents the coefficient for the year term for individual linear regressions of EQ ver
sus year fot each station. Lighter shading rcptcsents a more negative slope. Open circles and solid circles represent stations with 
nonsignilicant (P ~ 0.05) or signHicant regressions (P < 0.05), respectively. 
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Table 2. Regression statistics for various stock-recruit models for delta smelt (Hypomesus transpacificus) for 
the 1987-2004 post-Corbula time period. 

Specific 
Fall stock conductance Secchi Constant df p ,2 AIC .1.; lVj 

0.0078 1.5 16 0.005 39.5 96.08 6.0 0.003 
0.0067 -0.00068 12.3 15 0.001 59.6 90.08 0.0 0.06 
0.0076 -7.9 6.7 15 O.Ql8 41.6 97.4 7.3 0.002 
0.0068 -0.00069 1.6 11.5 14 0.0004 59.6 92.8 2.7 0.02 

Note: The same models were developed for the 1968-1986 pre-Corbula time period but are not shown because none were 
statistically significant (P > 0.05). The dependent variable for all regression models was the delta smelt recruit abundance in
dex, as measured by the Summer Townet Survey. Candidate models were developed based on the possible combinations of 
the fall stock abundance index, with average fall values of specific conductance and Secchi depth as independent variables. 
Akaike's infmmation criterion (AIC), AIC differences (A;), and AIC weights (w;) are also shown. 

our results are consistent with laboratory studies on their 
physiological tolerances to salinity (Swanson et al. 2000). 
Because delta smelt require turbidity for successful feeding 
(Baskerville-Bridges et al. 2004) and because predation is 
mediated by turbidity, it is possible that long-term increases 
in Secchi depth may have affected feeding success and pre
dation pressures. 

Factors affecting fish distribution often interact along spa
tial and temporal gradients (Jackson et al. 2001). Thus, it is 
critical to understand their spatiotemporal trends (study ob
jective 2). The long-term EQ trends showed similar declines 
for each species across a broad geographical range. How
ever, the steepest declines and highest levels of statistical 
significance occurred in the western, eastern, and southern 
regions. These results suggest that the lower Sacramento 
River has exhibited the least long-term habitat alteration as 
compared with the rest of the estuary, at least with respect to 
the evaluated abiotic factors. For delta smelt, there was some 
evidence that EQ had not declined as substantially in the 
lower San Joaquin River, suggesting that EQ in the region 
just upstream of the confluence of the Sacramento and San 
Joaquin rivers has remained relatively stable for delta smelt. 

The spatial and temporal trends in EQ can largely be ex
plained by an interaction of climate variability and anthro
pogenic factors. The increase in Secchi depth during the 
study period is primarily a function of a decline in total sus
pended solids, one of the long-term effects of upstream dam 
constmction (Jassby et al. 2002). Wright and Schoellhamer 
(2004) documented that sediment transport to the estuary 
from the Sacramento River has declined by 50% since 1957. 
Nobriga et al. (2005) hypothesized that this change in sedi
ment dynamics and corresponding changes in hydrodynam
ics have had dramatic effects on fish assemblages and the 
proliferation of alien fishes in the system. In addition, 
Nobriga et al. (2005) observed that submerged aquatic vege
tation, especially the invasive Brazilian waterweed (Egeria 
densa), became increasingly abundant in the system during 
the past 20 years. This macrophyte increases water clarity by 
trapping suspended sediments and also has had measurable 
effects on the fish community. The increase in specific con
ductance during the study period is likely a function of de
creasing river flow entering the estuary during the fall. There 
has been no significant long-term trend in mnoff entering 
the watershed of the estuary during September-December 
(Dettinger and Cayan 1995). Thus, the positive specific con-

ductance trend appears to be the result of water operations; 
the change could be a consequence of less water released 
from upstream dams into the system during this time of the 
year, or more water exported from the south delta, or a com
bination of both effects. 

The third objective of our study was to determine if 
changes in water quality could explain the observed declines 
in the abundance of delta smelt, an annual fish species. The 
simple statistical models evaluated for delta smelt suggest 
that water quality may indeed be an important factor, at least 
during the past two decades, when food availability was se
verely reduced by the invasion of Corbula. This finding is 
consistent with previous analyses on population dynamics of 
delta smelt and striped bass, which revealed long-term de
clines in carrying capacity (Kimmerer et al. 2000; Bennett 
2005). A decline in suitable physical habitat and decreases 
in prey availability are two of the likely mechanisms for the 
changes in carrying capacity. Studies on the physiological 
tolerances of delta smelt suggest that they can survive in sa
linities higher than those at which they have been found in 
the wild (Swanson et al. 2000). This suggests that recent pat
terns of fish recmitment and abundance are probably con
trolled by multiple interacting factors. Current efforts in 
parameratizing life cycle models for delta smelt and striped 
bass are likely to better quantify the relative importance of 
water quality on their population dynamics. 

Although we believe that our results are robust given the 
substantial amount of data, we acknowledge that our analy
sis did not include all potential water quality, physical, or bi
ological factors that affect fish occurrence and habitat. With 
respect to water quality, dissolved oxygen is perhaps the 
most important variable that we could not evaluate because 
of a lack of suitable data. Dissolved oxygen requirements for 
delta smelt are poorly understood; however, both striped 
bass and threadfin shad are sensitive to low levels of dis
solved oxygen (Moyle 2002). In general, dissolved oxygen 
levels are not a major problem in most regions of the San 
Francisco Estuary. Problem areas include the extreme up
stream limits of the south Delta during summer and fall 
(Lehman et al. 2004) and in the sloughs of Suisun Marsh 
during fall drainage of reclaimed marshlands (P. Moyle, Uni
versity of California - Davis, Wildlife, Fish and Conserva
tion Biology, Davis, California 95616, USA, personal 
communication). Both of these regions are outside of the 
sampling area covered by the FMWT. 

© 2007 NRC Canada 



732 

Physical habitat features such as substrate type (e.g., sand, 
mud, detritus, etc.), depth (e.g., shoals versus channels), and 
cover (e.g., woody debris or submerged aquatic vegetation) 
can also be important variables for fish habitat. Although 
data of this type are relatively scarce for fishes in San Fran
cisco Estuary, we have no reason to believe that there have 
been major changes in these variables except for vegetative 
cover. As noted previously, there have been substantial in
creases in the amount of submerged aquatic vegetation dur
ing the past 20 years (Nobriga et al. 2005). We evaluated the 
increase in Secchi depth, one of the potential effects of this 
invasion, but were not able to analyze the effects of the in
crease in physical structure in the estuary. 

Biotic variables, most notably competition, predation, and 
food availability, could have also played a major role in con
trolling the distribution of the three fishes (Hayes et al. 
1996). Including competition in explanatory models would 
be extremely difficult in a practical sense because it is com
plicated to measure and is affected by many other variables. 
There have been some limited diet studies of piscivorous 
fishes in the estuary (e.g., Turner and Kelly 1966; Feyrer et 
al. 2003; Nobriga et al. 2006); however, the bioenergetics of 
predation within the estuary have remained largely unmea
sured or modeled (but see Lindley and Mohr 2003 for a pa
per modeling striped bass predation on winter-run Chinook 
salmon (Oncorhynchus tshawytscha)). 

Perhaps the greatest opportunity for improving our analy
ses of EQ distributions and trends lies with additional stud
ies on the effects of food availability. Food availability has 
been successfully incorporated into similar GAMs (Mara
velias 1999; Stoner et al. 2001). Moreover, some work in 
San Francisco Estuary suggests that prey availability can af
fect fish populations, especially striped bass (Kimmerer et 
al. 2000, 2001; Feyrer et al. 2003) and delta smelt (Bennett 
2005). Although we did not include a direct measure of food 
availability in our models because there were no comparable 
invertebrate data at the spatial and temporal resolution of the 
FMWT data, our comparison of stock-recruit models for 
delta smelt suggests that food availability plays an important 
role. 

We also acknowledge that our study is focused on condi
tions during a single season of the year, but it represents 1/3 
of a year. Conditions during other seasons undoubtedly play 
a role in the population dynamics of the fish species we 
examined, but the changing physical habitat conditions dur
ing fall are likely important for several reasons. For age-0 
striped bass, conditions during their first autumn play a role 
in the density-dependent survival exhibited by this species 
from age-0 to age-3 (Kimmerer et al. 2000). This is espe
cially true given that food web changes have affected diet 
composition (Feyrer et al. 2003). Fall conditions may be 
even more important for delta smelt and threadfin shad, 
since these fish represent prespawning adults. In general, 
less suitable habitat constricts the range of these fishes, 
which combined with an altered food web, may affect their 
health and survival. 

Overall, our study illustrates that ecological knowledge 
gained from long-term monitoring data can be a valuable 
tool to understand changes in aquatic ecosystems. First, they 
highlight the utility of long-term data sets to describe fish-

Can. J. Fish. Aquat. Sci. Vol. 64, 2007 

EQ relationships, derive EQ, and track EQ trends for a vari
ety of species. The long-term declining EQ trends and the 
apparent link to delta smelt abundance detected in this study 
corroborate previous hypotheses that the area of suitable 
physical and chemical habitat has played a role in the de
cline in fish abundance. However, the degree to which EQ 
could be used for management purposes remains unclear. 
Flow standards in San Francisco Estuary are based largely 
on a surrogate for salinity (X2), particularly during winter 
and spring. While X2 is a valuable generalized variable that 
is relatively easy to measure and is correlated with long
term abundance trends of multiple species (Jassby et al. 
1995; Kimmerer 2002), the recent step change in the abun
dance of pelagic fishes suggests that salinity alone may not 
be sufficient to explain long-term trends in estuarine man
agement. Our analyses of EQ showed that water transpar
ency might also be an important consideration. For example, 
the combined effects of specific conductance and Secchi 
depth improved the stock-recruitment relationship for delta 
smelt, a species that has proven difficult to model using a 
variety of environmental data (Bennett 2005). Nonetheless, 
it is questionable whether there are simple ways to use vari
ables such as Secchi depth for species management, at least 
during the fall period that we studied. Moreover, for the wa
ter quality data to be most effective for species management, 
additional information is needed to better define the mecha
nisms for the effects of water quality variables on aquatic 
organisms. 
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19 Abstract: The opportunity to manage estuarine inflow to benefit imperiled fishes was 

20 tested by modeling the likely effects for delta smelt (Hypomesus transpacificus).-

21 Endemic solely to the euryhaline portion of the San Francisco Estuary, delta smelt is a 

22 small, annual species that is on the verge of extinction. During autumn when delta smelt 

23 are nearing adulthood, the amount of suitable abiotic habitat is positively associated with 

24 estuarine inflow and has a measurable effect on recruitment of juveniles the following 

25 summer. Long-term declines in delta smelt abundance have coincided with a decline in 

26 the area of suitable abiotic habitat. Simulations based on a set of linked models for the 

27 abundance of pre-adult and subsequent juvenile delta smelt showed that management 

28 strategies allowing either (1) randomly occuring or (2) variable but persistently high 

29 estuarine inflow produced higher abundance than scenarios of (3) variable but peristantly 

30 low or (4) non-variable median inflow. Our results suggest manag~ng estuarine inflow 

31 offers one possible tool to help assist the conservation of imperiled fish species by 

32 enhancing habitat space and other beneficial ecological processes. 

33 

34 

35 
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36 Introduction 

37 H:uman-caused habitat degradation represents a major threat to biota across the globe 

38 (Turner 1996; Hoekstra et al. 2005; Dobson et al. 2006). The problem is exemplified in 

39 terrestrial and aquatic ecosystems alike. A major problem for aquatic systems is that 

40 demands for water often conflict between services ·provided to the environment and to 

41 humans (Richtei etal. 1997, F1eeman et al. 2001). Effective consei\tatioi"• af1d--- -

42 management of aquatic resources in the face of increasing development requ.ires 

43 understanding how development affects abiotic habitat and how abiotic habitat' suitability 

44 affects populations of fish and invertebrates. Fundamental ecological.theory suggests a 

45 correlation between habitat area and the number of species or individuals (MacArthur and 

46 Wilson 1967; Williamson 1981; Began et al. 1996). Reasons that area can support more 

47 species or individuals include increased habitat diversity and resource availability, and 

48 reduced probability of extinction. 

49 The ubiquity of species- or individuals-area relationships in ecology has focused 

50 much cons~rvation-oriented research on defining the habitat of organisms and how 

51 habitat manipulations affect abundance. Reviews on this topic have confirmed that 

52 habitat loss and degradation is a major factor in the loss of species worldwide (Wilcove et 

53 al. 1998; Brooks et al. 2002). As a consequence, tools to quantify the amount of area for 

54 species based on habitat suitability remain popular among many resource managers 

55 (Reiser et al 1989; Layher and Brunson 1992; Johnson and Swift 2000). However 

56 applying such techniques in estuaries is difficult because habitat suitability is dynamic in 

57 space and time on tidal, seasonal, and annual time scales (Kimmerer 2002; Feyrer et al. 

58 2007). 

3 
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59 Aflimals with annual life cycles and limited distributions are particularly 

60 vulnerable to habitat loss or degradation. Such characteristics can lead to extreme risk of 

61 extinction from both pulse perturbations such as unusual or catastrophic events, and press 

62 perturbations such a_s steady long-tenn habitat degradation. The case of delta smelt 

63 (Hypomesus transpaci.ficus), a species on the brink of extinction, exemplifies such a risk. 

64 Delta smelt is an annual fish species endemic solely to the euryhaline segment of the San 

65 Francisco Estuary (Moyle et al. 1992; Bennett 2005). Fonnerly one of the more abundant 

66 fishes in the estuary, a long-term decline - plus recent years with record - low indices of 

67 abundance - led federal (U.S. Fish and Wildlife Service) and state (California 

68 Department of Fish and Game, CDFG) authorities to list the species as threatened with 

69 extinction (Moyle 2002). 

70 There are many interacting factors that affect the abundance of delta smelt, 

71 including the effects of lowered adult stock, changes in the abundance and composition 

72 of prey, predation, and water diversions (Moyle 2002; Bennett 2005; Sommer et al. 2007; 

. 73 Feyrer et al. 2007). Recent studies have identified habitat degradation as a key factor 

74 likely to be important in the long-term decline (Bennett 2005; Feyrer et al. 2007; Nobriga 

75 et al. 2008). In particular, abiotic habitat conditions for delta smelt have deteriorated 

76 over time in much of the estuary during both summer for juveniles (Nobriga et al. 2008) 

77 and autumn for maturing individuals (Feyrer et al. 2007), which we term "pre-adults". -

78 Summer habitat degradation has restricted juvenile delta smelt distribution (Nobriga et al. 

79 2008), while autumn habitat degradation likely also affects the fitness of pre-adults, 

80 which may have exacerbated the effects of lowered stock since the mid-1980s (Feyrer et 

81 al. 2007). 
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82 The grave situation for delta smelt exemplifies the elevating worldwide problem 

83 of balancing water resources between ecosystems and growing human populations. San 

84 Francisco Estuary is highly modified and managed to supply water to over 25 million 

85 people as well as a multibillion-dollar agricultural industry (Nichols et al. 1986). Control 

86 of the estuary's hydrodynamics and water exports are closely tied to protecting delta 

87 smelt on a daily basis during substantial portions of the year, but this has not prevented 

88 long-term decline in estuarine fish including delta smelt (Sommer et al. 2007). Conflicts 

89 between the needs of humans and those of the estuarine environment for a limited amount 

90 of freshwater received international attention recently when water exports were 

91 dramatically reduced by court order to protect delta smelt (Service 2007; Sommer et al. 

92 2007). The concern triggered by this event illustrates the pressing need to base water 

93 management decisions on sound science. At the most fundamental level this requires 

94 understanding how management activities affect estuarine biota. Hence, our.primary 

95 objective herein was to evaluate whether estuarine inflow can be managed as a 

96 conservation measure to benefit delta smelt habitat and abundance. Our basic approach 

97 was to expand upon our recent descriptive modeling of delta smelt habitat (Feyrer et al. 

98 2007) by (I) determining how suitable abiotic habitat is affected by estuarine inflow, (2) 

99 how, in tum, suitable abiotic habitat affects abundance, and (3) modeling the likely 

I 00 effects of several estuarine inflow scenarios on the future abundance of delta smelt. Our 

101 results will immediately enable resource managers to consider the effects of water project 

l 02 operations on this imperiled fish species, and therefore aid real-world decisions about 

I 03 allocating a limited resource between humans and the environment. 

104 
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105 Methods 

106 The first step in our analyses involved updating our recent descriptive modeling of delta 

l 07 smelt habitat (Feyrer et al. 2007) with two years of new data (2005 and 2006). We used a 

108 generalized additive model (GAM) to determine how three water quality variables 

109 measured during fish sampling- temperature (°C), Secchi depth (m), and specific 

110 conductance (µs · cm"1
) - affect the presence of deha smelt (Feyrer et al. 2007). The data 

111 analyzed originate from a midwater trawl survey conducted during autumn at 100 stations 

112 across the estuary by CDFG (Stevens and Miller 1983). We used a binary response 

113 (presence or absence) rather than a measure of abundance to minimize the influence of 

114 outliers (i.e., extremely anomalous abundance values) and bias associated with previously 

1 l 5 reported abundance declines through time. Recent simulations based on assumed 

116 underlying distributions suggest that habitat curves based on presence-absence are 

117 conservative relative to catch per trawl because high frequencies of occurrence could be 

118 associated with both high and moderate catch per trawl (Kimmerer et al. 2008). We 

119 evaluated models by traditional statistical sjgnificance and approximate coefficients of 

120 detennination which describe how each independent variable reduces the null deviance· in 

121 the model. 

122 The second step of our analyses involved translating the GAM-generated 

123 occurrence probabilities into a measure of surface area (ha) of suitable abiotic habitat. 

124 Because the occurrence probability values range from 0.0 to 1.0, this translation required 

125 setting criteria which define suitable abiotic habitat within that range. Rather thaii setting 

126 a single arbitrary value, we chose an approach -analogous to a model sensitivity analysis 

127 by evaluating three different values representing a range of increasingly strict criteria. 
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128 The values we selected ( '.:'.: 0.10, ~ 0.25, and ~ 0.40) approximately bracketed the 

129 frequency distribution of the 12,874 values for each sample generated by the GAM; 

130 values for the median and third quartile were 0.11 and 0.31, respectively. We used a 

I 3 I subset of 62 of the 100 sampling stations for this analysis, excluding stations on the 

132 periphery of the sampling grid where delta smelt were rarely encountered or where the 

133 sampling record was incm1sistent. 'fotal surface area of suitable abiotic habitat was the 

134 sum of the 62 individual surface areas representing each sampling station in which the . 

135 criteria.were met. The surface areas represented by these stations were obtained from 

136 CDFG and are shown in our previous study (Feyrer et al. 2007). Individual surface areas 

137 for each station ranged from 90 to 1,251 ha, with a total of 18,781 ha. In a few instances 

138 of missing environmental observations, the spatial autocorrelation in the data (i.e., 

139 conditions at adjacent stations were similar) permitted us to fill blanks with data from 

140 immediately adjacent stations (Feyrer et al. 2007). 

141 The third step of our analyses was to describe the relationship between the total 

142 amount of suitable abiotic habitat and freshwater flow~ We plotted these variables and 

143 used locally weighted regressiOn scatterplot smoothing (LOWESS) to develop data· 

144 driven curves defining the relationships. We used the position of the 2%o isohaline 

145 (termed X2) as an indicator of estuarine inflow. X2 is defined as the distance (km) from 

146 the Golden Gate to the location in the estuary where mean bottom salinity is 2%o (Jassby 

14 7 et al. 1995). Because the position of X2 has ecological relevance with positive 

148 correlations to the abundance or survival of numerous estuarine biota (Jassby et al. 1995; 

149 Kimmerer 2002), it is an important regulatory tool used to manage inflows in San 

I SO Francisco Estuary. Although previous analyses have not shown simple relationships 

7 
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151 between X2 and delta smelt abundance (Jassby et al. 1995; Kimmerer 2002; Bennett 

152 2005). recent studies have identified links between estuarine salinity and recruitment of 

153 juveniles (Feyrer et al. 2007). Moreover, X2 clearly affects the spatial distribution of 

154 delta smelt in the estuary. For this analysis, we plotted X2 position averaged from 

155 September to December against the three scenarios of total surface area of suitable 

156 habitat. Consistent with our previous study (Feyrer et al. 2007), we focused on the entire 

157 four month autumn period to avoid issues surrounding the aliasing of the sampling data 

158 that occurs at shorter temporal scales because samples are taken irrespective of tidal 

159 conditions across a geographic region with large tidal excursions. Furthennore, from a 

160 management perspective, manipulating X2 at shorter temporal scales is particularly 

161 challenging. 

162 The forth step of our analyses was to determine the effect of habitat on delta smelt 

163 abundance. In this analysis, we tested the hypothesis that the combined effects of pre-

164 adult abundance and the amount of suitable abiotic habitat (or X2) during autumn affect 

165 recruit abundance the following summer. The abundance indices we used for these 

166 models were obtained from CDFG and are available at http://www.delta.dfg.ca.gov/. 

167 Similar to previous studies (Moyle et al. 1992; Bennett 2005; Feyrer et al. 2007), we used 

168 the fall midwater trawl abundance index as an estimate of pre-adult (spawning stock) 

169 abundance and the summer townet abundance index as an estimate of recruit abundance. 

170 The base model was a simple linear regression of pre-adult stock versus recruit 

171 abundance. We then evaluated additional models which included fall stock abundance 

172 and one of the three habitat area estimates or mean autumn X2 position. We ran the 

173 regressions for all years combined and separated the time series into two segments, 1968-

8 
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174 1986 and 1987-2007. Similar to our previous study (Feyrer et al. 2007), separation of the 

175 two time periods allowed us to examine the role of suitable abiotic habitat area during 

176 periods of high and low food abundance in the estuary. This time point captures an 

177 ecqlogical change in the food web of the estuary stemming from the invasion of the 

178 overbite clam Corbula amurensis (Kimmerer 2002). We compared models within each 

119 series by traditional means (level of statistical significance and coinparlson oft-squared 

180 values), and evaluated the relative fit of each model with an information-theoretic 

181 approach based upon Akaike's information criterion (AIC). We further evaluated the fit 

182 of significant regression models by visually examining residual plots for homogeneity of 

183 variance and used the Anderson-Darling test to determine if the residuals were normally 

184 distributed. 

185 The fifth and final step of our analyses was to model the likely effects of various 

186 management scenarios of estuarine inflow on the future abundance of delta smelt. 

187 Modeling the effects of environmental factors on population dynamics can take many 

188 forms from simple stock-recruit models (Hilborn and Walters 1992) to extremely 

189 complex state-space models (Thomas et al. 2005). Delta smelt has an annual life cycle 

190 and exhibits statistically significant relationships between both pre-adult to juvenile and 

191 juvenile to pre-adult abundance (Bennett 2005; Feyrer et al. 2007). A set of linked 

192 models for the abundance of pre-adult and juvenile delta smelt were formulated and fit to 

193 assess the effect (on abundance) of manipulating X2 during autumn. The general 

194 formulation is as follows: 

'195 }, :::: f(pre-adult1-1,X2,_pf3,ei) 

196 pre -adult, = g(j,, y, 111 ), 
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J 97 where }, is the abundance of juveniles in year t, pre - adult, is the abundance of pre-

198 adults, and X2, is the X2 value, f3 and r are vectors of parameters, and c, and T/, are 

199 random variables. As above, summer townet survey indices and the fall midwater trawl 

200 indices are the observations for juveniles and pre-adults, respectively. 

201 To ensure that predicted values would not be negative, lognormal distributions · 

202 were assumed for both juvenile and pre-adult abundance. For juveniles, a linear 

203 relationship with previous year pre-adults and previous year X2 values was fit (see step 

204 four above and in results). We assumed density dependent effects on the survival of 

205 juveniles (Bennett 2005), so we used Ricker Ricker and Beverton-Holt type models to 

206 predict pre-adult abundance from juvenile abundance (Bennett 2005). Based on AIC, the 

207 Ricker model was slightly better than the Beverton-Holt, and both were significantly 

208 better than linear (density independent) models. The resulting models fit were: 

209 j, :Lognormal(In[,80 + f31pre -adult,_1 + f32X2,_J a-;) (1) 

210 pre-adult, :Lognormal(In[y0j, exp(-y1 pa,)1a-~) (2) 

211 AD Model Builder (ADMB; Otter Research) was used to calculate maximum 

212 likelihood estimates and associated standard errors of the seven parameters ( /30 , /31 , /32 , 

213 uG, Yo, y1, and a-11 ). As a technical aside, there is a constraint that the median of the 

214 lognormal distribution is positive, i.e., /30 + /31pre-adult,_1 + /32X2,_1 > 0 and 

215 y0 j, exp(-y1j,) > 0. This constraint must be met for all values of the covariates 

216 (pre - adult,_,, X2,_1, and j,) and finding suitable initial values for the optimization 

217 algorithm was critical. To do so, the two models were fit separately first, with initial 

218 values for the P's in the juvenile model (1) coming from a normal approximation fit 

10 
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'219 (Table 2). The standard error for the X2 coefficient ( P2 ) in the juvenile model is large 

220 relative to the point estimate; thus while the point estimate is negative, indicating that 

221 juvenile abundance decreases as X2 increases, the degree of uncertainty about the 

222 relationship is relatively high. Thus, the expected values for the pre-adult model tended 

223 to be overestimates of the lower values and underestimates of the higher values. 

224 We considered four different management scenarios based on X2: (1) Scenario 1 

225 (random); X2 varies randomly according to its historical distribution of values, 1967-

226 2007 (2) Scenario 2 (static): X2 iS constant and equals the median historical value, (3) 

227 Scenario 3 (random high): X2 varies randomly according to the historical distribution of 

228 values at or above the median historical value, (4) Scenario 4 (random low): X2 varies 

229 randomly according the historical distribution of values at or below the median historical 

230 value. In all cases the historical distribution of X2 values was based upon the period 

231 1967 through 2007. 

232 To evaluate the effects of these four scenarios, abundances were simulated using 

233 two stages of randomization. First, uncertainty in the parameter values was simulated by 

234 generating p's and r's from two multivariate normal distributions with mean vectors 

235 equal to the maximum likelihood estimates and covariance matrices based on· the 

236 standard errors and correlation matrix (Table 2). According to large sample theory, 

237 maximum likelihood estimates are approximately multivariate normal. Second, given 

238 these simulated parameter values, a simulated sequence of 50 years of X2 values 

239 (simulated according to each scenario), and an initial adult abundance, two time series of 

240 juvenile and pre-adult abundances were simulated forward in time, 10,000 times, using 
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241 the lognonnal distributions (equations 1and2), alternating between simulation of 

242 juveniles and pre-adults. 

243 A practical complication was the fact that values of the p's and the r's simulated 

244 from the multivariate nonnal distributions do not necessarily satisfy the condition that the 

245 median values of the lognormal distributions remain positive for all combinations of 

246 covariates. Once a median value went negative, the future time series could not be 

247 projected forward; one could make an argument that the frequency of times that such an 

248 event occurred was a prediction of the probability of extinction. However, such events 

249 were also a function of uncertainty of parameter values. The percentage of times that 

250 projections led to negative abundances varied considerably between scenarios. For 

251 Scenario 1 (random), about 54% of the projections went negative, while for Scenario 2 

252 (static) it was about 23%, for Scenario 3 (random high) it was about 52%, and for 

253 Scenario 4 (random low) it was about 33%. However, the probability of negative 

254 abundances was largely a function of uncertainty in the parameter values as increasing 

25 5 the initial number of adult fish in the fall, even to 1,000, did not noticeably affect the 

256 probabilities. If uncertainty in the parameter estimates is ignored, i.e., the maximum 

257 likelihood estimates are treated as constants, then the probability of negative abundances 

258 is 0% for Scenarios 1 (random) and 3 (random high) and about 12% for Scenarios 2 

259 (static) and 4 (random low). 

260 

261 Results 

262 The GAM results indicated that water temperature, Secchi depth, and specific 

263 conductance were all statistically significant predictors of the occurrence of delta smelt 
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264 (~Mvalues < 0.05). Individually, specific conductance accounted for the most deviance 

265 (18.3%), followed by Secchi depth (13.1), and temperature (0.1%). Although 

266 temperature was a statistically significant variable, we excluded it from our final model 

267 because it accounted for negligible deviance. Our final model included specific 

268 conductance and Secchi depth and captured 25.3% of the deviance in the data set. The 

269 response p1edictio11s generated by this model exhibited a unimodal trend againsnpecifi 

270 conductance and a negative trend against Secchi depth, indicating that delta smelt was 

271 most likely to occur at intermediate salinity (-2 ppt) with low water transparency (Figure 

272 1). 

273 The three different criteria for suitable abiotic habi~t expectedly produced 

274 different values for total surface area (medians for each time series: 0.10 = 14,109 ha; 

275 0.25 = 8,059 ha; 0.40 = 3,532 ha) but exhibited very similar long·term trends and were 

276 were all significantly correlated with each another (Pearson correlation coefficients~ 

277 0.85, P < 0.001) (Figure 2).· Since about 2000, each time series had values consistently 

278 well below their longMterm medians. This had also occurred during a period from about 

279 the mid 1980s to early 1990s, and also in l 976M 1977. The first two of these instances 

280 corresponded with droughts while the most recent instance occurred during wetter 

281 hydrologic conditions. 

282 Surface area for each of the three different criteria of suitable a biotic habitat 

283 exhibited negative relationships with X2 (Figure 2). This indicates that under each 

284 criterion the total surface area of suitable abiotic habitat for delta smelt increased when 

285 X2 was closer to the Golden Gate. The LOWESS Curires for the two most stringent 

286 abiotic habitat scenarios (0.40 and 0.25) were approximately sigmoidal, with surface area 
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287 responding primarily to X2 between approximately 65 and 85 km. The curve for the least 

288 stringent abiotic habitat criterion (0.10) exhibited a more smooth logarithmic shape, with 

289 a similar asymptote but with an immediate response to X2 position. 

290 The results of the stock-recruit modeling support the hypothesis that the amount 

291 of available habitat has affected delta smelt abundance during 1987-2007 (Table 1 ). 

292 None of the regression models for the entire study period, nor the 1968-1986 period, were 

293 statistically signi~cant (P > 0.05). However, all 1987-2007 models were statistically 

294 significant (P < 0.004). Based upon r-squared and AIC values (Table 1), the models 

295 ranked from worst to best in the foJlowing order: stock, stock+ 0.10, stock + 0.25, stock 

296 + 0.40, stock+ X2. The highest AIC-ranked model, stock+ X2, accounted for 66% of 

297 the variability in recruit abundance, with the next best model accounting for 6 I%. The 

298 residuals for this model were normally distributed (Anderson-Darling P-value = 0.21) and 

299 exhibited no distinct trend versus time or the predicted values, indicating a linear fit was 

300 appropriate. 

301 The modeling simulations indicated that Scenario 4, where the X2 valu'es vary at 

302 random but below the historical median, yielded the highest autumn abundances after 

303 projecting 50 years into the future (Figure 3). Median abundance for this scenario was an 

304 order of magnitude greater than that which has occurred during the recent years of record 

305 lows and is near the median value for 1987-2007. Scenario 1 (random X2) provided a 

306 similar range of values but with a lower median. Scenario 2 (static) and Scenario 3 

307 (random high) had me.dian values much lower than Scenarios· 1 and 4. 

308 

309 
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310 Discussion 

311 Simulation models are not expected to provide accurate and precise predictions of future 

312 population dynamics (Rose 2000). Rather, they allow, in this case, to compare the 

313 relative effects of different inflow management strategies on future abundance of delta 

314 smelt. Explicit in this approach is the assumption that the relationships developed for the 

315 model hold trne in the futu1e. The degree to which this actually happens is uncertain 

316 given that San Francisco Estuary is the most highly invaded and managed estuary in the 

317 world (Nichols et al. 1986; Service 2007). Future changes to climate may also have 

318 important consequences on spring-summer water temperatures and water supply, which 

319 could affect the ability to manage estuarine inflows to benefit delta smefr (King et al. 

320 1999; Jones et al. 2006). Nonetheless, our results clearly demonstrate the importance of 

321 abiotic habitat to the persistence of delta smelt given its current population dynamics. 

322 The best way to deal with future changes in the ecosystem is to maintain an adaptive 

323 management approach, whereby the relative importance of abiotic habitat, as well as 

324 other factors, can be reevaluated as needed. 

325 Our results suggest that managing estuarine inflow via freshwater flow or X2 

326 during autumn can have positive effects on delta smelt habitat and abundance. These 

327 results are somewhat different than that for habitat conditions during spring, when delta 

328 smelt are spawning and in their larval stages. Freshwater habitat volume based on 

329 salinity is somewhat affected by variation in the position ofX2 during spring (Kimmerer 

330 et al. 2008), but delta smelt is one of the few low-salinity zone species in the estuary that 

331 has not covaried with spring X2 (Jassby et al. 1995; Kimmerer 2002; Bennett 2005). 

332 This contrast is a consequence of the different life stages and distribution patterns of delta 
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333 smelt during autumn and spring. In autumn, delta smelt are pre-adults distributed 

334 downstream in broad channels and expansive bays at the western-most portion of their 

335 range. However, during spring they are distributed upstream primarily in smaller 

336 freshwater channels at the eastern-most portion of their range where adults spawn and 

337 juveniles rear before migrating downstream in summer (Moyle et al. 1992; Dege and 

338 Brown 2004). Whereas salinity in the broad downstream ch~els and bays during 

339 autumn is greatly influenced by X2, the narrow relatively homogeneous upstream 

340 channels where delta smelt spawn during spring are typically well upstream of X2 where 

341 the amount of habitat may not vary substantially. Potential mechanisms for the observed 

342 effect in autumn are several fold, although none have been directly stu~ied. First, 

343 positioning X2 seaward during autumn provides a larger habitat area which presumably 

344 lessens the likelihood of density-dependent effects (e.g., food availability) on the delta 

345 smelt population. For example, food availability during autumn for adult haddock 

346 (Melanogrammus a~gleflnus) likely improves juvenile recruitment the following year 

34 7 (Friedland et al. 2008). Second, a more confined distribution may increase the 

348 probabilio/ of stochastic events that increase mortality rates of adults. For delta smelt, 

349 this includes both predation, as well as anthropogenic effects such ~s contaminants or 

350 water diversion loss (Sommer et al. 2007). 

351 A key question regarding the immediate applicability of our study is whether delta 

352 smelt is currently habitat limited given its extremely low abundance. Our results strongly 

353 suggest that delta smelt are habitat limited over the long te.rm. Comparing the first ten 

354 years of the time series to the last ten years, the amount of suitable abiotic habitat for 

355 delta smelt during autumn has decreased anywhere from 28% to 78%, based upon the 
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356 least and most restrictive habitat definitions,' respectively (Figure 2). Our previous 

357 studies have demonstrated that the majority of this habitat loss has occurred along the 

358 periphery, limiting the distribution of delta smelt mainly to a core region in the vicinity of 

359 the confluence of the Sacramento and San Joaquin rivers (Feyrer et al. 2007; Nobriga et 

360 al. 2008). Concurrently, delta smelt abundance as measured by the fall midwater trawl 

361 has decreased by 63%. Determining the extent to which delta smelt ls habitat limited at 

362 any given point in time is dependent upon having a full understanding of all factors 

363 affecting delta smelt and their relative importance, an exceptionally difficult task. 

364 ·Optimal management requires consideration of both habitat space and the 

365 ecological processes which al1ow populations to expand (Levin and Stunz 2005); 

366 managing the position of X2 accomplishes both of these goals. The weight of evidence 

367 ·suggests that abiotic habitat constriction is at least one of the primary factors affecting 

368 delta smelt. Effects of salinity on estuarine organisms was a large part of the rationale for 

369 the development of springtime X2 standards in the San Francisco estuary (Ja:ssby et al. 

370 1995; Kimmerer 2002). Our results indicate that managing habitat via X2 during autumn 

371 would likely provide additional benefits to the delta smelt population. Specifically, our 

372 simulations of different potential management scenarios suggest that manipulations of 

373 autumn X2 could result in substantially different population levels of delta smelt. 

374 However, because the specific mechanisms by which X2 affects delta smelt remain 

375 poorly understood, "real world" applications of these results should incorporate an 

376 adaptive management approach, allowing resource manager to adjust actions in response 

377 to new data collected on delta smelt habitat conditions and use. 
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378 In summary, estuarine fish populations and their habitats are under increasing 

379 pressure from human population growth and associated development. In the San 

380 Francisco Estuary, the abjlity to manipulate freshwater inflows and diversions provides a 

3 81 real opportunity to manipulate abiotic habitat for the benefit of an imperiled species. 

382 With such actions, it is also important to consider the costs to other ecosystem services 

383 expected by humans. One such example is that the benefits to delta smelt may have to be 

384 balanced against costs to upstream habitats for salmonids, which may be affected by 

385 reservoir releases needed to manipulate X2. The relative success of this approach 

386 depends on our ability to learn from evaluations of different management actions, and to 

387 address major data gaps in our understanding of the basic biology of rare fishes such as 

388 delta smelt. 

389 
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489 Table 1. Regression statistics for stock-recruit models for the 1987-2006 time period. 

490 The models were based on delta smelt catch in the fall midwater trawl (FMT), three 

491 different levels of GAM habitat suitability criteria (>0.10, >0.25, >0.40), and X2 position 

492 

493 Constant FMT ~.10 ~0.25 ~0.40 X2 p· ? AIC 

494 28.4 0.0077 -0.323 <0.001 0.66 34.2 

495 -0.29 0.0066 0.0008 <0.001 0.61 39.2 

496 -1.32 0.0071 0.0004 0.001 0.56 ' 41.3 

497 -1.18 0.0076 0.0002 0.004 0.48 44.8 

498 1.15 0.0082 0.001 0.46 45.6 

499 

500 
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501 Table 2. Maximum likelihood estimates, standard errors, and correlation matrix for the 

502 juvenile and pre-adult models. Estimates are separable and are shown !!S such. 

503 

504 

505 

506 
507 

Po 
Pi 
A . 
<rt! 

Yo 

Y1 
er,, 

A 

ti <:l.C. 

3.0170 5.4024 

0.0094 0.0023 

-0.0338 0.0647 

0.6997 0.1080 

{; SE 

161.0800 39.6670 

0.1502 0.0435 

0.7568 0.1168 

Correlation matrix 
-

Po Pi P2 
1.0000 0.0878 -0.9983 

0.0878 1.0000 -0.1297 

-0.9983 -0.1297 1.0000 

0.0000 0.0000 0:0000 

Correlation matrix 

Yo Y1 uq 

1.0000 0.7418 0.0000 

0.7418 1.0000 0.0000 

0.0000 0.0000 1.0000 

-
(j& 

0.0000 

0.0000 

0.0000 

1.0000 
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Figure captions 

Figure 1. Surface plot summarizing the effects of Secchi depth and specific conductance 

on the probability of occurrence of delta smelt generated by a generalized additive model. 

Figure 2. Top panel: Time series for three scenarios of total surface area (ha) of suitable 

abiotic habitat for delta smelt from 1967 to 2006. Bottom panel: Three scenarios of total 

surface area (ha) of suitable abiotic habitat for delta smelt plotted against the geographic 

position of the 2%o salinity isohaline, X2. The three scenarios are: a= 0.10, b = 0.25, and 

c = 0.40. See the text for full descriptions of the scenarios. Lines are LO WESS 

smoothers. 

Figure 3. Boxplots showing the median (based on 10,000 simulations) predicted autumn 

abundances of delta smelt following 50 years o~projections, along with the 5th and 95th 

percentiles, for each of four X2 management scenarios. 
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Abstract Future development and climate change pose
potentially serious threats to estuarine fish populations
around the world. We examined how habitat suitability for
delta smelt (Hypomesus transpacificus), a state and feder-
ally protected species, might be affected by changes in
outflow in the San Francisco Estuary due to future
development and climate change. Forty years of sampling
data collected during fall from 1967 to 2008 were examined
to define abiotic habitat suitability for delta smelt as a
function of salinity and water transparency, and to describe
long-term trends in habitat conditions. The annual habitat
index we developed, which incorporated both quantity and
quality of habitat, decreased by 78% over the study period.
Future habitat index values under seven different develop-
ment and climate change scenarios, representing a range of
drier and wetter possibilities, were predicted using a model
which related estuarine outflow to the habitat index. The

results suggested that each of the scenarios would generally
lead to further declines in delta smelt habitat across all
water year types. Recovery targets for delta smelt will be
difficult to attain if the modeled habitat conditions are
realized.

Keywords Delta smelt . Native fish . Annual species .

Sacramento-San Joaquin Delta . San Francisco Estuary .

Climate change . Abiotic habitat . Future development .

Generalized additive model

Introduction

Habitat loss or reduced suitability poses a major threat to
biota across the globe (Turner 1996; Hoekstra et al. 2005;
Dobson et al. 2006). In aquatic ecosystems, balancing the
needs of the environment and humanity given limited water
is a significant challenge to the management and conserva-
tion of fishes and other organisms (Freeman et al. 2001). At
a minimum, effective conservation and management of
aquatic resources requires understanding the effects of
water development on abiotic habitat because biota often
cannot persist where the abiotic components of their habitat
are greatly altered. This is particularly important—and also
challenging to accomplish—in estuaries, where there is
often substantial spatial and temporal variability in abiotic
habitat that is strongly affected by outflow and tides
(Skreslet 1986).

Animals with annual life cycles and limited distribu-
tions are particularly vulnerable to habitat loss or
reduced suitability. Such characteristics can enhance the
risk of extinction from pulse perturbations such as
unusual or catastrophic events and press perturbations
such as steady long-term habitat deterioration. Delta
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smelt (Hypomesus transpacificus) is an annual fish
species endemic solely to the euryhaline portion of the
San Francisco Estuary, CA, USA. It is listed as a
threatened species by the US Fish and Wildlife Service
and as an endangered species by the State of California
(Moyle 2002; Bennett 2005). This small (maximum size
of about 100 mm fork length) fish species is a major focal
point for conservation issues because it relies on an
estuary which supplies water for 25 million people and
the largest ($27 billion) agricultural industry in the USA
(Service 2007; Sommer et al. 2007). Given the social and
economic challenges of dividing existing water supply
between delta smelt and meeting other human needs,
understanding how population dynamics of delta smelt are
affected by the water characteristics and hydrodynamics of
the estuary is a major priority.

Delta smelt are closely associated with the low
salinity zone of the upper San Francisco Estuary (Moyle
et al. 1992). During late winter and early spring months
(typically December–March), they migrate upstream to
freshwater regions of the upper estuary for spawning.
Most juveniles return to the low salinity zone in summer
where they will rear through winter. There are believed to
be many interacting factors that affect the abundance of
delta smelt, including adult stock numbers, abundance and
composition of prey, predation, and water diversions
(Moyle 2002; Bennett 2005; Sommer et al. 2007; Feyrer
et al. 2007). The premise for our study is that recent work
has identified habitat change as a potentially important
factor over the long term. In particular, abiotic habitat
conditions, especially salinity and water transparency, for
delta smelt have deteriorated over time in much of the
estuary during both summer for juveniles (Nobriga et al.
2008) and fall for maturing individuals (Feyrer et al.
2007).

Our purpose was to examine how potential changes in
estuarine outflow from future development and climate
change might affect abiotic habitat conditions for delta
smelt. Future development and climate change have been
identified as major uncertainties for the management of the
San Francisco Estuary (Kimmerer 2002). Our first step was
to update our previous description of abiotic habitat (Feyrer
et al. 2007) with an additional 4 years of new data. This
involved using generalized additive modeling to identify
habitat suitability based upon combinations of water
temperature, clarity, and salinity from surveys conducted
during fall (September–December) from 1967 to 2008. The
next step was to develop an index that accounted for both
the quantity and quality of abiotic habitat for each year of
sampling and to model the index as a function of estuarine
outflow. The final step was to apply the habitat index–
outflow model using outflow predictions under future
development and climate change scenarios.

Materials and Methods

We used a generalized additive model (GAM) to define the
abiotic habitat of delta smelt as follows:

py;m;s � f 1 temp; Secchi; condð Þ þ "y;m;s; ð1Þ

where the probability of occurrence of delta smelt (π) for a
given year (y), month (m), and sampling station (s) is a
function of water temperature (temp; °C), Secchi depth
(Secchi; m), and specific conductance (cond; μs × cm−1, a
surrogate for salinity) (Feyrer et al. 2007). We also fit a
second form of this model that included a term for
abundance—the fall midwater delta smelt abundance index.
GAMs are extensions of generalized linear models useful
for describing non-linear relationships between variables
(Guisan et al. 2002). They are data driven and do not
presuppose a particular functional relationship between
variables; smoothers characterize the empirical relation-
ships between variables (Guisan et al. 2002). Link functions
are used to establish relationships between the response
variable and a smoothed function of the predictor variables;
we used the cubic spline as our smoothing technique in the
S-Plus language. The data come from a midwater trawl
survey that samples approximately 100 stations across the
estuary each month from September to December (Stevens
and Miller 1983). This period is especially important
because it is when delta smelt recruit to the adult
population. The stations extend beyond the range of
delta smelt and therefore index its full distribution. In
fact, as described later, we used a subset of 73 of the 100
stations for our analyses. Each station was sampled once
per month, each of the 4 months, from 1967 to 2008
with a single 10-min tow. The only exceptions were that
sampling was not conducted in 1974 or 1979, and in
1976 was only conducted in October and November.
Measurements of the water quality variables are normally
taken coincident with each sample. In total, there were
nearly 14,000 individual samples with complete data for
analysis spanning 42 years.

For the GAM, we chose to model probability of
occurrence (i.e., presence–absence data) rather than a
measure of abundance (e.g., catch per trawl) to minimize
the possible influence of outliers and bias associated with
long-term abundance declines. This approach is also
supported by recent simulations, based on assumed under-
lying statistical distributions of fish catch, that suggest
habitat curves based on presence–absence are conservative
relative to catch per trawl because high frequencies of
occurrence could be associated with both high and
moderate catch per trawl (Kimmerer et al. 2009). We
evaluated model fits in terms of the reduction in deviance
relative to the null model: Dnull � Dresidualð Þ=Dnull.
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We developed an annual habitat index (Hy) that
accounted for both the quantity and quality of habitat as
follows:

Hy ¼
X73

S¼1
AS

1

4

XDec

m¼Sep
p̂y;m;s

" #
; ð2Þ

where As is the surface area of station s and p̂y;m;s is the
GAM estimate of the probability of occurrence (Eq. 1).
Station surface areas were obtained from the California
Department of Fish and Game and were originally shown in
Feyrer et al. (2007). Surface areas were generated by GIS
and ranged from 90 to 1,251 ha for the 73 stations. We used
a subset of 73 of the more than 100 sampling stations for
this analysis, excluding stations on the periphery of the
sampling grid where delta smelt were rarely encountered or
where the sampling record was inconsistent. Note that delta
smelt has a ‘core distribution’ in the sampling grid that was
well-covered by the 73 stations. Summation of the
suitability corrected surface areas provides a habitat index
that accounts for both the quantity and quality of abiotic
habitat for delta smelt.

We used locally weighted-regression scatterplot smoothing
(LOESS regression) to develop a data-driven relationship
between the habitat index and estuarine outflow:

Hy ¼ f 2ðX2yÞ þ "y; ð3Þ
where X2 is an indicator of outflow. LOESS regression is
useful to derive data-driven models when no single
functional form is appropriate (Trexler and Travis 1993). In
the San Francisco Estuary, X2 is defined as the distance (km)
upstream from the Golden Gate Bridge to where mean
bottom salinity is 2% (Jassby et al. 1995). Consistent with
the habitat index described above, we used the September–
December average X2. We averaged the data over the
4-month fall period to minimize the influence of sampling
error that could occur if the data were summarized over
shorter temporal scales. For instance, shorter averaging
periods might be less reliable because samples are taken
irrespective of tidal conditions across a geographic region
with large tidal excursions, and because abundance esti-
mates, and by extension, distribution can be highly variable
among months (Newman 2008). Because X2 is correlated
with the abundance or survival of numerous organisms
(Jassby et al. 1995; Kimmerer 2002; Kimmerer et al. 2009),
it is one of the primary regulatory tools used to manage
outflow in the San Francisco Estuary.

Using climate model forecasts of outflow (X2), under
varying development and climate change scenarios, we
used f2 (Eq. 3) to predict future habitat indices. Forecasts of
outflow (X2) were obtained from modeling studies con-
ducted to evaluate the sensitivity of future water project
operations to potential climate change and sea level rise

(Brekke 2008). The X2 forecasts were generated by
CALSIM II, a mathematical simulation model developed
for statewide water planning in California (Draper et al.
2004). CALSIM II simulates 82 years of hydrology on a
monthly time step for the Central Valley region using
observed river flows from 1922 to 2003. However, the
water demands (including environmental requirements)
imposed on this time series of Central Valley runoff can
be varied. The model employs an optimization algorithm to
find ways to store and move water via the Federal Central
Valley and State Water Projects in order to meet assumed
water demands on a monthly time step. The movement of
water in the system is governed by an internal weighting
structure that ensures regulatory and operational priorities
are met. For the purposes of the present analysis these
model runs were not intended as well-defined predictions of
the future, which would be difficult given uncertainties
about future climate conditions and the vulnerability of the
system to catastrophic floods or earthquakes (Mount and
Twiss 2005). Rather, these model runs are intended to
reflect a reasonable range of possible alternatives in the
absence of major structural changes to the estuary.

We examined seven development and climate scenarios
(Table 1). The first scenario (A) represented present-day
(year 2005) water demands, operations (reservoir releases,
water diversion rates, and regulations), and climate. We
included this scenario as a comparison to actual historic X2,
allowing us to examine whether the model outputs showed
substantial bias. The second scenario (B) represented
projected future development and operations in the year
2030, with the same present-day climate assumptions used
in A. The remaining five scenarios included the projected
2030 development given one of several alternative climate
scenarios. Scenario C represented a 0.33 m increase in sea
level coupled with a 10% increase in tidal range. Scenarios
D through G coupled scenario C with ‘bookend’ climate
change projections. These bookends cannot be summarized
simply except in qualitative terms. Very extensive details on
these outputs and the models used to derive them are
provided in Brekke (2008) and only brief qualitative
descriptions are provided here. The bookends represented
10th and 90th percentiles of predicted changes in precip-
itation and temperature for the period 2011–2040 relative to
1971–2000 conditions. Generally, climate change models
suggest that the Central Valley will be warmer in the future,
but are indeterminate as to whether precipitation will
increase or decrease (e.g., Dettinger 2005). Thus, the
climate change bookends include drier and wetter possibil-
ities, but do not include cooler futures relative to current
conditions. Thus, the temperature bookends can be called
‘warmer’ and ‘warmer still.’ Scenario D is a wetter and
warmer simulation, E is a wetter and warmer still
simulation, F is a drier and warmer simulation, and G is a

Estuaries and Coasts



drier and warmer still simulation. Because outflow and X2
vary by water year type (e.g., flood vs. droughts) the
analyses were organized by water year type as defined in
the State Water Resources Control Board Decision 1641
(see http://www.waterrights.ca.gov/baydelta/d1641.htm).

Results

Only specific conductance and Secchi depth accounted for
a meaningful reduction of null deviance, 18% and 14%,
respectively. Water temperature accounted for less than 1%
of the deviance and therefore was omitted from the final
model. The final model with specific conductance and
Secchi depth accounted for 26% of the deviance. When a
term for abundance was included in this model—the annual
delta smelt fall midwater trawl abundance index—the
amount of deviance explained increased to 30%. The
response predictions for models with and without the
abundance term were significantly positively correlated
(Pearson correlation coefficient=0.92, P<0.01) and there-
fore exhibited essentially identical patterns. Therefore,
subsequent analyses were with the model not including
the abundance term. Overall, the response predictions
exhibited a unimodal trend against specific conductance
and a negative trend against Secchi depth, demonstrating
that delta smelt most frequently occurred at intermediate
salinity (∼2 ppt) with low water transparency (Fig. 1).
LOESS smooths for each year demonstrated that this low
salinity–high turbidity association was consistent through
time but that the absolute value of the response predictions
varied largely depending on how many fish were caught
(Fig. 1). Similar plots for GAMs that were run for each year
separately showed the same pattern (not shown).

The habitat index (Eq. 2) declined by 78% from 1967
through 2008 (Fig. 2a). The habitat index exhibited a
negative sigmoid relationship to X2 (Fig. 2b). The LOESS

smooth defining this relationship had an r2 of 0.85. The
largest change in habitat suitability occurred at X2 values
between 85 and 70 km, with less change beyond those
values. Across this 15-km range of X2 habitat increased
approximately twofold. This 15-km range in X2 corre-
sponds to a geographic area that spans the confluence of the
Sacramento and San Joaquin rivers, which is located at
approximately 80 km. When X2 is located downstream of

Table 1 Description of the seven modeled conditions of outflow in the San Francisco Estuary

Scenario Estimated level of development Qualitative climate change
relative to the present

Climate model Emissions pathway Simulation run number

A 2005 (present day scenario) – – – –

B 2030 – – – –

C 2030 0.33 m increase in sea
level coupled with 10%
increase in tidal range

– – –

D 2030 Wetter and warmer mri cgcm2.3.2a A2 5

E 2030 Wetter and warmer still ncar ccsm3.0 A1b 3

F 2030 Drier and warmer mri cgcm2.3.2a A2 2

G 2030 Drier and warmer still ukmo hadcm3 A2 1

See the text and Brekke (2008) for more extensive details
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Fig. 1 Plot of the GAM response predictions (probability of
occurrence) against specific conductance and Secchi depth. Individual
lines are LOESS smooths drawn through the points for individual
years
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the confluence there is a larger area of suitable habitat
because the low salinity zone encompasses the expansive
Suisun and Grizzly Bays, which results in a dramatic
increase in the habitat index (Fig. 3). The habitat index was
significantly positively correlated with the delta smelt
abundance index, albeit with increased variation in the
abundance index with increasing values of the habitat index
(Pearson correlation coefficient=0.51, P=0.001; Fig. 2c).

The CALSIM II modeling output did not precisely match
actual historical X2 values for the overlapping 1967–2003
period (Fig. 4). This was probably due to several reasons,
including the fact that level of development increased
through the historical period while the model simulations
assumed it was constant; the state and federal regulatory
requirements varied over the historical period while the
model simulations held them constant; and the historical and
CALSIM model estimates of X2 were calculated using
different methods. As demonstrated by fractional differences
(modeled X2-observed X2)/modeled X2, the model tended to
overestimate X2 during the early part of the record and
underestimated it in the latter part of the record. Moreover,
deviation from 1:1 was most apparent in years when the
previous springs were relatively wet. This bias does not
prohibit a comparison of the modeled scenarios to examine

the effects of future conditions in a sensitivity analysis
framework. One just needs to be cognizant of the fact that
the absolute values of habitat index would likely be
inaccurate, but comparisons of changes in the habitat index
relative to present day conditions remain useful.

Modeled future conditions (scenarios B-G) produced
smaller values of the habitat index relative to the modeled
present day condition (scenario A), the only exception
being in critical years when all values were similar and low
(Fig. 5). In below-normal years, Scenario D, the wetter and
warmer condition, produced habitat index values that were
similar to the present day condition (scenario A). However,
in most cases the differences were quite substantial. For
example, the habitat index for the present day condition
(scenario A) in below normal and dry years were similar to,
and in some cases substantially greater than, the modeled
future conditions (scenarios B, C, G, F) in wet and above
normal years. Other than a few instances in which modeled
X2 was just 1 km greater than that observed historically, the
distribution of X2 values across all modeled scenarios was
within the range of historic values. Thus, there was virtually
no extrapolation beyond the range of historical X2 values in
this exercise.

Discussion

All fishes depend on suitable environments to survive and
reproduce. Increasing human development necessitates the
identification of habitat features critical to sustaining
populations of estuarine species. This is especially impor-
tant for short-lived annual species, which can be particu-
larly threatened by the loss or degradation of habitat.
Because the upper San Francisco Estuary constitutes the
sole habitat for delta smelt, a suitable estuarine environment
is critical to the long-term health and persistence of the
species. Our results suggest that delta smelt will face
serious threats if water demand increases and climate
change projections are realized.

The results of our study have potentially serious real-
world implications for water management. Therefore, we
feel it is important to address all of the possible short-
comings of the study in detail. Though relatively simplistic,
our assessment of suitable abiotic habitat provides a
foundation from which the effects of other stressors, both
abiotic and biotic, could be examined as new data and
knowledge of delta smelt become available. Our evaluation
of suitable habitat could be considered limited because it
ultimately included only two factors, salinity and water
transparency. However, fish can only exploit resources
within an area if they can occupy it in the first place. Thus,
many other potential elements of delta smelt habitat
suitability such as food density, entrainment risk, predation

Fig. 2 Plots of the habitat index time series (a), relationship between
X2 (km) and the habitat index (b), and relationship between the habitat
index and delta smelt abundance measured as the fall midwater trawl
index. Curves are LOESS smooths
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risk, or exposure to contaminants will be influenced by the
quantity, quality and spatial distribution of the water quality
parameters we modeled. It is possible that other abiotic
factors such as water velocity, bathymetric features, or other

water quality parameters could increase the explanatory
power of the model, but it should be noted that these other
factors would not likely increase our estimates of suitable
habitat– they could only reduce them. This is true because
these microhabitat features are only usable by delta smelt
when low-salinity, turbid waters overlie them. Further, data on
such factors are limited and a substantial amount of
interpolation in both space and time would be required in
order to match them to the scale of our analysis. Biotic
components can also be important as interactions between
them and abiotic habitat can affect vital rates and thus density-
dependent effects on population dynamics (Liermann and
Hilborn 2001; Rose et al. 2001; Bennett 2005).

Fall water temperatures in the estuary have rarely
exceeded delta smelt thermal tolerance limits so water
temperature does not explain any substantive amount of
variation in delta smelt distribution during September–
December. However, water temperature can constrain delta

Fig. 4 Time series for the fractional difference of scenario A from
empirical X2. Numbers represent water year types; 1 wet, 2 above
normal, 3 below normal, 4 dry, 5 critical

Fig. 3 Spatial distribution
of habitat suitability, defined
as the GAM probability of
occurrence, for years in which
X2 was either below (1967) or
above (2000) the confluence of
the Sacramento and San Joaquin
Rivers. Abundance index is
from the fall midwater trawl
survey
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smelt distribution during summer (Nobriga et al. 2008),
when temperatures approach or exceed the species’
laboratory-derived upper thermal tolerance of 25.4°C. As
shown by Brekke (2008) in the climate forecasts we used in
the present study, central California is expected to get
warmer in the coming decades. This may increase the
extent and duration of stressful water temperatures in the
upper estuary causing additional reduction in habitat
suitability that our model cannot predict.

One practical limitation of our study is the reliability of
absence in the sample data, i.e., whether delta smelt was
truly absent from a sampled volume of water or if it was
just undetected, i.e., a false absence (MacKenzie 2005).
Repeated surveys of the estuary (100 samples each month
for four consecutive months) encompassing the full
distribution of delta smelt greatly minimize such potential
bias in the presence–absence data (as suggested by Fig. 1).
Further, our model appears to capture a substantial amount
of the variation in the outflow–habitat relationship. In
general, our approach is also substantiated from evaluations
by Kimmerer et al. (2009) of habitat volume simulated
using the TRIM3D hydrodynamic model. They demon-
strated that habitat volume was highly correlated with
surface area, and that stratification of estuary water did not
change the observed patterns. Kimmerer et al. (2009) also
found that patterns were unaffected whether presence–
absence or catch per unit effort was the GAM response
variable.

There are several potential mechanisms by which habitat
area can affect delta smelt. Perhaps most generally,
increased habitat area provides more space for individuals
to safely live and reproduce. This basic concept is clearly
demonstrated by the ubiquity of species- or individuals-area
relationships in ecology. Reviews on this topic have

confirmed that habitat loss and degradation is a major
factor in the loss of species worldwide (Wilcove et al. 1998;
Brooks et al. 2002). More specifically, increased habitat
area presumably lessens the likelihood of density–depen-
dent effects on the delta smelt population (e.g., food
limitation, disease, and predation). Increased habitat area
also presumably lessens the probability of stochastic events
that could affect mortality. This includes cropping by
predators and anthropogenic effects such as contaminant
events or the direct and indirect effects of water diversions
(Sommer et al. 2007). A key part of the concern for delta
smelt is that the lowest levels of suitable habitat coincide
with the habitat being geographically located upstream in
closer proximity to anthropogenic sources of mortality such
as water diversions and certain contaminant sources such as
agricultural runoff.

Kimmerer et al. (2009) recently evaluated the extent of
habitat volume as a mechanism underlying the positive
response of nekton to outflow in San Francisco Estuary
during spring. They found that habitat volume could
explain abundance patterns for two of the eight species
they examined. This did not include delta smelt because the
species does not exhibit a relationship between spring
outflow and summer or fall abundance. However, similar to
our findings for the fall, Kimmerer et al. (2009) did find
that habitat volume in spring for delta smelt increased as X2
moved seaward.

Climate change has been demonstrated to have potential
negative effects on many aquatic populations by affecting
their distribution or abundance (e.g., Wood and McDonald
1997; Perry et al. 2005). For species such as delta smelt that
live in environments which are major water sources for
humans and cannot move to other estuaries by themselves
because they cannot survive in seawater, the problems

Fig. 5 Box plots of the habitat
index values for each scenario
across water year types. The box
plots show medians and first and
third quartiles. Whiskers show
the highest or lowest values
in the upper or lower limits,
respectively. Table 1 provides
details on the modeled outflow
scenarios
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associated with climate change are exacerbated by water
demand from increasing human development. Similar
accounts of multiple stressors have been demonstrated for
anadromous Pacific salmon (Oncorhynchus tshawytscha)
with models that account for future climate and habitat
conditions (Battin et al. 2007). In riverine systems, climate-
associated reductions in flow and increased water with-
drawal pose a serious extinction risk to fishes worldwide
(Xenopoulos et al. 2005). Thus, climate change impacts
need to be assessed in the context of other stressors,
including indirect anthropogenic effects (Meyer et al. 1999;
Schindler 2001; Jones et al. 2006).

Implicit in our study is the assumption that conditions
underlying the applied models hold true in the future.
Although the data we examined captured a reasonable
range of future outflow conditions, the model runs do not
account for the potential for a radically different configu-
ration of the Delta. Specifically, Mount and Twiss (2005)
showed that there is a high probability of a catastrophic
change to the Delta within the near future because of the
vulnerability of weak levees surrounding subsided islands
to collapse from either earthquakes or floods. Widespread
flooding of these islands would be expected to completely
change the landscape of the Delta, and presumably its
hydraulics and aquatic habitats. Similarly, the simulations
do not account for potential future changes in water
facilities, water conservation initiatives, new regulations
or other management actions, higher water temperatures
resulting from climate change, kinds and concentrations of
contaminants, or new invasive species. Using threatened
Pacific salmon as a model, Good et al. (2008) demon-
strated that incorporating such catastrophic risk assess-
ments could aide recovery planning and the future
viability of species.

The uncertainty about future conditions does not,
however, reduce concern about the status of delta smelt.
The fact that all of the model outputs suggested a
deterioration of habitat represents a major issue for delta
smelt because of its vulnerability to extinction. In a
population viability analysis, Bennett (2005) found that it
took only 1.2–1.5 years to when extinction probabilities fell
below the lowest calculated level of abundance. Since the
Bennett (2005) analysis, which included data through 2003,
delta smelt abundance has rapidly decreased and remained
at less than half of its measured level in 2003, including
successive record low levels in 2004, 2005, 2008 and 2009.
Considered together, Bennett’s (2005) population viability
analysis, the anticipated changes in water temperatures and
our habitat evaluation suggest a particularly grave future for
delta smelt.

Given the limited resources available to regulators and
natural resource managers, it is important to consider
habitat conservation and restoration targets in the context

of the entire life cycle (Levin and Stunz 2005; Battin et
al. 2007). This includes determining whether the costs of
potential habitat actions will provide true benefits to the
population. For delta smelt, protecting the core estuarine
habitat for maturing adults seems a critical target.
However, due to the social and economic implications of
water management in California (Service 2007; Sommer et
al. 2007), even basic assumptions require justification.
One question that often arises is whether delta smelt is
habitat limited given its current record-low level of
abundance. Optimal management requires consideration
of both habitat space and the ecological processes which
allow populations to expand (Levin and Stunz 2005).
Given that the habitat index has declined by 78% over the
course of monitoring (Fig. 3), and that this has been
coincident with the long-term decline in abundance, it
seems plausible that those habitat parameters may have
been among the important factors over the long-term for
delta smelt. Conserving delta smelt likely requires grap-
pling with the problems of climate change and increasing
demand for water in California.
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Abstract

Studying rare and sensitive species is a challenge in conservation biology. The problem is exemplified by the case of the
imperiled delta smelt Hypomesus transpacificus, a small delicate fish species endemic to the San Francisco Estuary, California.
Persistent record-low levels of abundance and relatively high sensitivity to handling stress pose considerable challenges to
studying delta smelt in the wild. To attempt to overcome these and other challenges we have developed the SmeltCam, an
underwater video camera codend for trawled nets. The SmeltCam functions as an open-ended codend that automatically
collects information on the number and species of fishes that pass freely through a trawled net without handling. We
applied the SmeltCam to study the fine-scale distribution of juvenile delta smelt in the water column in the upper San
Francisco Estuary. We learned that during flood tides delta smelt were relatively abundant throughout the water column
and that during ebb tides delta smelt were significantly less abundant and occurred only in the lower half and sides of the
water column. The results suggest that delta smelt manipulate their position in the water column to facilitate retention in
favorable habitats. With the application of the SmeltCam we increased the survival of individual delta smelt by 72%
compared to using a traditional codend, where all of the fish would have likely died due to handling stress. The SmeltCam
improves upon similar previously developed silhouette photography or video recording devices and demonstrates how
new technology can be developed to address important questions in conservation biology as well as lessen the negative
effects associated with traditional sampling methods on imperiled species.
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Introduction

Conservation of endangered species faces many challenges. A

key difficulty is studying and monitoring populations in which

individuals are by definition low in abundance and rarely

observed. Solutions to this problem often address sampling design

and fitting appropriate models to data [1,2]. Potential solutions

could also involve alternative methods and new technology. For

example, remote photography or video methods are commonly

used in ecology to address a variety of research questions [3,4,5,6]

and could be applied to the study of imperiled species. In

particular, underwater video systems are becoming increasingly

popular for studying fishes in marine [7,8], estuarine [9,10,11] and

freshwater habitats [12,13]. They are especially desirable when a

key objective is to minimize or avoid the adverse effects of

handling stress associated with traditional sampling methods

[14,15].

The need for alternative methods to study imperiled species is

exemplified by the case of the delta smelt Hypomesus transpacificus in

the upper San Francisco Estuary. The delta smelt is a formerly

abundant euryhaline pelagic fish endemic to the upper San

Francisco Estuary that has experienced substantial declines in

abundance (Fig. 1) [16,17]. Abundance declines have been

attributed to multiple interacting factors including foodweb

alterations, physical habitat loss, contaminants and water diver-

sions [16,17,18,19]. To complicate matters further, the delta smelt

is a small (maximum fork length , 90 mm) fish that typically dies

with minimal handling stress (20); it is assumed that most

individuals collected in routine monitoring surveys do not survive.

Because of their small size and delicate nature, wild delta smelt

have not been tagged for remote tracking or for mark-recapture
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studies with presently available tools or technology (but see [21] for

a study on cultured delta smelt). Delta smelt live in turbid pelagic

habitats [22,23] and therefore cannot be directly observed in their

natural environment. Currently available hydroacoustic methods

are of limited utility because three other fish species (longfin smelt

Spirinchus thaleichthys, wakasagi H. nipponensis, and Mississippi

silversides Menidia audens) co-occur with delta smelt and have a

nearly identical body size and shape, which complicates species

differentiation. Because of these challenges, sampling with trawled

nets has been the only feasible method of studying delta smelt

ecology in the wild.

Due to their extremely low abundance and delicate nature,

continued study and monitoring of delta smelt poses a consider-

able challenge for scientists and managers. To overcome such

challenges, resource agencies have invested in developing the

SmeltCam, an underwater video camera codend for trawled nets

(Fig. 2). Here, we describe the SmeltCam and its first application

to advancing the understanding of delta smelt ecology. The

purpose of our study was to better understand the fine-scale

distribution of delta smelt. Our study question was: does the

vertical and horizontal distribution of delta smelt vary by tide

stage? The answer to this question is relevant for many reasons,

including the opportunity to generate more precise population

estimates of delta smelt [24]. Long-term fish monitoring in the

upper San Francisco Estuary is not designed to generate actual

population estimates of fishes. Rather, it generates dimensionless

interannual indices of relative abundance. Sample design-based

population estimates for delta smelt have been generated from the

available monitoring data but are necessarily subject to its biases

and limitations [24]. Three of the key issues are that sampling

takes place (1) generally at center channel, (2) irrespective of tide

stage, and (3) with the net towed obliquely through the water

column. These issues present problems in extrapolating the trawl

catches volumetrically to generate sample design-based population

estimates because it is not known how delta smelt are distributed

across tides vertically or horizontally in the water column. Another

immediate application of our study is that the knowledge obtained

on fine-scale habitat use can be used to inform behavior models

examining the distribution and movements of delta smelt.

Methods

SmeltCam
The SmeltCam functions as an open-ended codend that

automatically collects information on the number and species of

fishes that pass freely through a trawled net. Key components of

the SmeltCam include a bridle system that connects to a trawled

net, a water-tight electrical housing and a ballast hull (Fig. 2).

The SmeltCam body is a combination of welded sheet

aluminum and machined plate aluminum. The overall dimensions

of the unit are 93 cm (length)656 cm (width)638 cm (height). In

the configuration used in our study, a 4-point bridle system with

turnbuckles and shackles was used to attach the SmeltCam to the

four load-bearing lines of the trawled net. The unit weighs 48.5 kg

dry and valves are used to adjust and maintain water levels in

portions of the hollow ballast hull in order to achieve neutral

buoyancy. The addition of ballast water adds considerably to the

unit’s weight and necessitated a davit to lift it from and to the deck

during and after deployment. The interior chamber of the

SmeltCam where fish and other objects pass is 76.2 cm

(length)618.9 cm (width)618.9 cm (height).

The starboard side of the unit contains the sealed electrical

housing chamber. Within the electrical housing chamber are

components and sensors that control and/or monitor positioning,

physical conditions, lighting, and video functions. A global

positioning system (GPS; uBlox-6 chipset, U-blox America Inc,

San Jose California, USA) records position coordinates with an

approximate 3 meter level of accuracy. A pressure gauge within

the unit records depth with a vertical resolution of approximately

8 cm. Accelerometers measure the tilt, roll, and pitch of the device

in the water. Sensors measure the interior computer and air

temperature. Relative humidity is also measured to detect failure

of the chamber seal and exposure of electronics to water.

The internal wall of the sealed electrical housing chamber is a

43 cm (length) 625 cm (height) acrylic window that serves as the

viewing area for the video system. The viewing area is essentially

the interior chamber of the unit and thus has the same dimensions.

Custom 8,000 lumen white LED is used to cast a wide swath of

light to blanket the entire viewing window with even, wide angle of

incidence lighting that reduces backscatter and specular reflection

off of passing fish and other objects. A grayscale camera (Genie

HM1400; Teledyne Dalsa, Billerica, Massachusetts, USA) mount-

ed on the inside of the sealed electrical housing chamber captures

1600 61200 megapixel resolution images at a rate of sixty frames

per second. The system is powered by 120 V AC 60 Hz, supplied

by a 3000 W Honda portable generator, however on-board ship

power is also suitable. Internal power supplies converted the

120 V AC power to 24 V DC and 12 V DC power. Power and

communications to components in the sealed electrical housing

chamber are provided by a simple, flexible, 3-conductor 14AWG

waterproof cable, 180 m in length. Communications are sent up

and down the same cable via powerline communications, in which

TCP/IP packets are encoded on top of the 120 V AC power. The

communications link over the 180 m distance is approximately 20

mbits/second.

Custom software has been developed to operate the system and

to record data, which is operated with a standard laptop computer.

A series of algorithms control object detection, tracking and

identification. Object detection and tracking algorithms utilize

gradient contour methods from raw image information obtained

from the camera. Species identification is accomplished through

algorithms in a support vector machine (SVM). The system uses

several feature vectors to uniquely describe each species. The

feature list includes object size, size and shape-independent list of

Figure 1. Time series of delta smelt abundance indices
(unitless) from the California Department of Fish and Wildlife’s
Fall Midwater Trawl Survey. No sampling was conducted in 1974 or
1979. Inset is a photograph of a delta smelt collected during the study.
Rule increments are millimeters.
doi:10.1371/journal.pone.0067829.g001
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shape moments (Hu moments), aspect ratio, defect from pure

ellipse, RMS error (or deviation from) normalized species image,

and radial local pattern. The SVM takes in all of the features and

generates species identifications with an associated level of

confidence for each object passing through the field of vision.

Training the SVM algorithm to identify fish species is an

ongoing exercise and involves using positively identified images

and metadata. Two separate cross-validation efforts were

completed prior to conducting to this field study. The initial effort

involved a training sample of human-identified images of delta

smelt, threadfin shad Dorosoma petenense and American shad Alosa

sapidissima acquired from the field in September 2011 to classify

306 images acquired in October 2011. Classification success was

88% for delta smelt, 56% for American shad and 37% for

threadfin shad. We also conducted a k-fold cross validation using

all fifty of the field-collected images of delta smelt obtained over

the lifetime of the SmeltCam. The library of images was divided

into 10 subsets (k = 10) where for each subset 10% of the images

was used as a training set to identify the remaining 90% of the

images. The average success rate over the 10 subsets was 91%,

meaning that the algorithm could positively indentify 91% of the

images that a human could positively identify. Online training is

planned for the next phase of development, in which every

positively identified object that passes through the device helps to

improve the SVM algorithm. Algorithms are available upon

request (inquiries should be sent to darren.odom@sureworksllc.

com). While the algorithm works relatively well, it is continually

being improved. Hence for this study we reviewed each image

obtained during sampling and provided a relatively subjective

human-assigned level of confidence for each species identification.

All system components and live video from the camera can be

monitored in real time on board the research vessel and

simultaneously written to file. Ultimately, each fish passing

through the field of vision is given a species identification with

an associated level of confidence, and all other sensor data is also

recorded including date, time, GPS coordinates and depth. All

images are also recorded and, as in the case of our study, can be

reviewed for accuracy.

Delta Smelt Ecology
The delta smelt was listed as a threatened species under both the

California and Federal Endangered Species Acts in 1993. The

listing status was changed to endangered by California in 2009. In

2010, a Federal status review determined endangered status was

warranted but precluded by other higher priority listing actions.

Figure 2. The SmeltCam. Upper panel is a diagram of the SmeltCam showing (A) net cowling and bow frame, (B) sealed electronics compartment,
(C) stern frame, (D) ballast hull and (E) top and bottom vision tube covers. Bottom panel is a photograph of the SmeltCam being deployed from a
research vessel.
doi:10.1371/journal.pone.0067829.g002

SmeltCam: Underwater Video Codend for Trawled Nets

PLOS ONE | www.plosone.org 3 July 2013 | Volume 8 | Issue 7 | e67829



Delta smelt abundance has been variable but has exhibited a

substantial long-term decline (Fig. 1) [16,24,25]. The delta smelt is

one of four fish species in the estuary which have exhibited further

step-declines in about 2002 and have remained near all time

record lows for the last decade, defining an era in the ecosystem

known as the pelagic organism decline [18]. Long-term trends in

abundance of delta smelt and other fishes are generated from data

collected by the California Department of Fish and Wildlife’s

(CDFW) Fall Midwater Trawl Survey (FMT), which has been

conducted each year since 1967, with the exception of 1974 and

1979.

The delta smelt is an opportunistic carnivore that feeds

primarily on planktonic copepods, cladocerans, mysids, and

amphipods. It is primarily an annual species with very few

individuals living and spawning a second year. Spawning takes

place during spring in freshwater tidal habitats [17,26]. Young

delta smelt move downstream with the tides until they reach

favorable rearing habitats in the low salinity zone (,1–6) of the

estuary [27], although some apparently remain in upstream

reaches year-round [26]. During the summer and fall, juvenile

delta smelt live primarily in the upper San Francisco Estuary

associated with the low salinity zone [17,23]. In winter delta smelt

migrate upstream to freshwater habitats where spawning occurs

during spring.

Study Area and Design
Our study focused on the fine scale distribution of juvenile delta

smelt in the upper estuary during fall. Field sampling for delta

smelt was conducted under a permit granted to the Interagency

Ecological Program by the U.S. Fish and Wildlife Service. We

conducted our study November 27–30, 2012 in the Sacramento

River adjacent to Sherman Island, approximately between routine

FMT stations 704 and 705 (Fig. 3). We chose this region because:

(1) long-term FMT monitoring data indicate delta smelt remain

relatively abundant in this area due to suitable habitat conditions

[23], (2) two other studies, one examining movements of delta

smelt (J. Burau, U.S. Geological Survey, Sacramento, California,

personal communication) and another examining sampling

efficiency of several different trawled nets (R. Baxter, unpublished

data), effectively sampled delta smelt in this area in the two months

preceding our study, September-October 2012, and (3) routine

FMT sampling in the three months preceding our study also

detected delta smelt in the area.

Physical conditions during our study were typical for the region

during the fall but dramatically changed shortly thereafter (Fig. 4).

During the study a storm moved across California and produced a

moderate amount of intermittent rain and south winds in the

immediate study area. The storm persisted after our study and

within two weeks produced what is colloquially termed ‘‘first

flush’’ conditions, which refers to the initial onset of substantially

elevated river flows and turbidity entering the estuary (Fig. 4; data

obtained from the California Data Exchange Center http://cdec.

water.ca.gov/). These conditions are associated with the upstream

migration of delta smelt to areas where spawning ultimately occurs

during spring [26,28]. Our study, therefore, observed fine-scale

delta smelt distribution patterns during typical fall conditions prior

to the ‘‘first flush’’ and the upstream migration of delta smelt.

We conducted our study using the same equipment (e.g.,

research vessel, net, and crew) as is normally used for the FMT.

The only exception was that the SmeltCam was affixed to a

slightly modified codend of the net rather than the codend being

tied closed. Descriptions of the standard FMT protocol and

sampling sites are readily available [23,29]. The net itself is 17.6 m

long with a square mouth opening of 3.66 m in width and height.

It has nine tapered panels of stretch mesh from 14.7 cm near the

mouth to 1.3 cm in the codend. To generate the data used to

calculate the interannual indices of relative abundance, the FMT

collects samples via a 12-minute oblique trawl conducted at 100

sites distributed across the tidal freshwater to mesohaline regions of

the estuary each month from September to December. To attach

the SmeltCam, the codend of the net was modified by slightly

adjusting the lengths of the last two mesh panels and attaching an

additional panel of 0.64 cm knotless mesh measuring 74.9 cm in

length sewn to a 7.6 cm-diameter vinyl collar attached to the

SmeltCam housing. These modifications increased the total length

of the net from 17.6 m to 17.8 m.

As mentioned above, long-term FMT data and recent research

efforts helped guide our study design. The aforementioned study

examining delta smelt movements influenced our experimental

design with its observation that delta smelt were collected during

flood tides but rarely during ebb tides in surface samples taken

with a Kodiak Trawl in both 2010 and 2012. Expanding upon that

observation and to more closely examine the position of delta

smelt in the water column, we set up a factorial study design with

three factors and two levels for each factor, thus 23 = 8 possible

treatments. The three factors and their corresponding levels were:

(1) horizontal position in the water column (H: center of the

channel versus side of the channel), (2) vertical position in the

water column (V: upper half versus lower half) and (3) tidal phase

(T: flood versus ebb). The response variable, fish counts, was

defined as the number of delta smelt collected in a 10-minute

trawl. Since counts are functions of density and volume sampled,

and our interest was in how density varied by treatment

combination, the volume of water filtered by the trawl was

estimated using a mechanical flowmeter (model 2030R, General

Oceanics, Inc.) deployed off the side of the research vessel during

each trawl.

Available time and resources facilitated the day-time collection

of fifty-six samples over a four day period, thereby allowing seven

replicates per treatment combination. To determine the adequacy

of these sample sizes, we estimated, given seven replicates and a

standard deviation for fish counts of 2.1 (based on thirty-five FMT

samples taken during the previously mentioned net efficiency

study), that there was a 95% probability of rejecting a test of the

null hypothesis of no factorial effects, i.e., the expected fish counts

are the same for all treatment combinations, when at least one of

the combinations had an expected catch that was three fish above

(or below) that for other combinations. Further, pairwise

differences in fish counts as small as three would be detected with

79% probability and as large as four would be detected with 95%

probability.

We used a combination of GIS (geographic information system)

and GPS to select and occupy sampling locations in the

Sacramento River channel in order to achieve our study objective.

GIS (ArcGIS 9.3.1, ESRI, Redlands, California, USA) was used to

generate a total of twenty-one possible equidistant trawling lanes

oriented longitudinally in the channel; the first and last seven lanes

represented the sides of the channel while the middle seven lanes

represented the center of the channel (Fig. 3). Sides of the channel

were treated as a single unit and the specific side sampled was

determined randomly. The number of lanes and their spacing

were generated so that trawling in one lane would have no effect

on adjacent lanes. The lanes were loaded into a GPS unit and

tracked by the research vessel during sampling. Water depth

averaged 10.5 m during ebb tides and 10.1 m during flood tides.

Sampling depth (upper half versus lower half of the water column)

was achieved by maintaining the net either above or below mid-

depth during a trawl, targeting J or L depth (,2.6 or 7.9 m),

SmeltCam: Underwater Video Codend for Trawled Nets
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respectively. Water depth was determined by a boat-mounted

sonar unit. Net depth was adjusted with the length of cable

between the net and the boat and determined by the SmeltCam’s

depth sensor, which was monitored in real-time during trawls.

A ten-minute sample was recorded for each trawl once the net

and SmeltCam were positioned at the appropriate depth. The

water filtered by the net during the time it took to go from the

surface to the appropriate depth at deployment and then back

again at retrieval was not considered part of the sample and was

not recorded. For consistency, trawls were done so that the net was

towed longitudinally in the channel against the current (i.e.,

upstream during ebb tides and downstream during flood tides).

The order in which lanes and depths were sampled was randomly

generated. Sampling necessarily had to follow the order of the

tides. We examined forecasted tidal velocities generated from the

CALSIM Hydrologic Model [30] to appropriately arrange sample

collection around the tides. Sampling took place only during

daylight hours, consistent with FMT protocol.

We measured water temperature (uC), salinity, turbidity (NTU),

Chl a concentration (mg/L), pH and dissolved oxygen concentra-

tion (mg/L) immediately preceding and following each trawl in

both the upper and lower half of the water column. Spot

measurements were taken with a handheld YSI multiparameter

sonde rigged with a communication cable long enough to reach

the appropriate depth (YSI Inc, Yellow Springs, Ohio).

To statistically evaluate the effects of the three main factors

(tide, horizontal and vertical position in the water column) on delta

smelt density and the water quality variables, we fit several models

commonly used for count data. In particular, we fit log linear

Poisson models, models allowing for overdispersion (the quasi-

Poisson and negative binomial), and models allowing for excess

zeros (the zero inflated negative binomial), where overdispersion

and excess zeros are with reference to the Poisson distribution

[31]. Model fitting was done using the statistical computing

environment R, version 2.15.1 [32], along with the R package

‘pscl’ [33,34]. To make between model comparisons, we

calculated AIC values, AIC = 2*k –2*log(Likelihood), where

k = the number of parameters. AIC simultaneously quantifies

goodness of fit, as defined by the likelihood of the data, and model

complexity (as measured by k), and models with the smallest AIC

values are considered preferable [35]. For each model, P-values for

factors and factor combination were also calculated to assess the

significance of particular factors.

Results

We collected 52 samples during the four days of field study;

mechanical problems with the research vessel prohibited us from

completing our intended number of replicates for each treatment

(Table 1). In total we collected 30 samples during flood tides and

22 samples during ebb tides. Due to variations in tidal velocities

Figure 3. Map of the study area showing the (A) location of the upper San Francisco Estuary in California, (B) location of the study
site in the upper estuary, and (C) orientation of trawling lane transects in the tidal Sacramento River channel.
doi:10.1371/journal.pone.0067829.g003
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the volume of water sampled per 10-minute trawl varied from

4,388 m3 to 8,057 m3, but on average was comparable across the

eight treatments (Table 1).

Water temperature averaged 13.8uC and varied by less than

1uC during the entire study (minimum = 13.5uC, maximu-

m = 14.2uC). Dissolved oxygen concentration ranged from

8.4 mg/L to 8.9 mg/L, pH ranged from 7.4 to 7.8 and

chlorophyll a concentration ranged from 1.2 mg/L to 3.5 mg/L.

Given their low variability, these water quality variables were not

included in subsequent analyses. Salinity averaged 2.6 and ranged

from 0.4 to 5.3. As determined by a standard generalized linear

model, salinity differed significantly (P,0.05) with horizontal

position across the channel and vertical position in the water

column. Salinity averaged about one unit higher in the center of

the channel versus the side of the channel, and also on the bottom

half of the water column versus the upper half of the water column

(Fig. 5). Salinity did not differ across tides because we sampled the

full tidal cycle. Consequently, salinity values expectedly over-

lapped during ebb and flood tides. Turbidity averaged 15.7 NTU

and ranged from 7.6 NTU to 80 NTU. Turbidity exhibited

statistically significant differences (P,0.05) among all combina-

tions of factors and their interactions except for the tide:horizontal

position, horizontal position:vertical position and tide:horizontal

position:vertical position interactions. The most striking pattern

with turbidity was that it was higher in the lower half of the water

column, and substantially higher during flood tides (Fig. 5). Both

salinity and turbidity were lowest during ebb tides in the center of

the channel in the upper half of the water column.

We collected 352 individual fish comprised of 6 different species

during our study: green sturgeon Acipenser medirostris (1), starry

flounder Platichthys stellatus (1), American shad (23), striped bass

Morone saxatilis (43), threadfin shad (87), and delta smelt (197).

Count data on all of the species except for delta smelt were

insufficient for further analysis. Of the 197 delta smelt collected,

142 individuals swam through the SmeltCam (Fig. 6) while 55

were entangled in the mesh of the net. We measured the fork

lengths of 29 of the 55 individuals that were found in the net; they

ranged from 51 mm to 75 mm (average = 64.5 mm and standard

deviation = 5.2 mm). Subsequent summaries and analyses focus on

individual delta smelt observed by the SmeltCam. The level of

confidence in the identifications (human-assigned) ranged from

Figure 4. Seasonal time series of flow, turbidity and water
temperature with the study period shaded in gray.
doi:10.1371/journal.pone.0067829.g004

Table 1. Average6one standard deviation of the water
volume (m3) sampled across the eight study treatments.

Flood tide Ebb tide

Top half of the water column

Middle channel 5,5436312 (7) 5,8606370 (6)

Side channel 5,7816780 (8) 5,5876170 (5)

Bottom half of the water column

Middle channel 5,616+154 (7) 6,9296683 (6)

Side channel 5,6566803 (8) 6,74161,150 (5)

Sample sizes are provided in the parentheses.
doi:10.1371/journal.pone.0067829.t001

Figure 5. Box plots of turbidity and salinity by tide and
position in the water column.
doi:10.1371/journal.pone.0067829.g005
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4%–100%, with 100% comprising the majority of the values

(Fig. 7). Because there was 100% confidence in most of the

identifications, the sample distribution (count of individual delta

smelt per sample) did not change when examined across varying

levels of confidence in species identification (Fig. 8). Nonetheless,

to err on the side of caution we focus our analyses hereafter on

individual delta smelt that were identified to species with 100%

confidence.

Delta smelt were observed in 16 of 52 samples, thus zero counts

were observed in 69% of the samples. The number of delta smelt

per sample ranged from 0 to 22 (average = 2.2, standard

deviation = 4.7), while density ranged from 0 to 37/10,000 m3

(average = 3.8/10,000 m3, standard deviation = 8.3/10,000 m3).

The average and standard deviation were more than two times

higher than expected based on the aforementioned net efficiency

study, which observed a mean of 0.9 delta smelt per sample and a

standard deviation of 2.1.

The mean delta smelt density was 5.9/10,000 m3 for flood tides

versus 0.8/10,000 m3 for ebb tides. For positive samples only

(excluding the zero counts), the mean density was 14.9/10,000 m3

for flood tides versus 5.0/10,000 m3 for ebb tides. Delta smelt

were observed throughout the water column on flood tides but

only at the lower half and side of the channel on ebb tides (Fig. 9).

We fit the following families of models: Poisson (Po), quasi-

Poisson (q-Po), negative binomial (NB), and zero-inflated negative

binomial (ZINB). In each case the response variable was the

observed number of delta smelt caught. We used a log link

function to model the expected number of delta smelt caught. The

expected number is the density times the volume sampled, and

since the log of the volume sampled was handled as an offset, the

factors were thus modeling expected delta smelt density. For each

of the four model families, expected fish density was modeled using

the following set of nested models (and the R syntax for the model

formula):

1. Main effects only (H+V+T)

2. Main effects with 2-way interactions (H*V+H*T+V*T)

3. Main effects, 2-way and 3-way interactions (H*V*T)

The results are summarized in Table 2. The Poisson models

found many more statistically significant factors and factor

combinations than the other three families of models. However,

this is due to relatively small, and likely too small, estimated

variances (based on results for the other families of distributions

and the fact that the Poisson models had the highest AIC values).

The quasi-Poisson model provides estimates of the inflation of

the variances relative to the Poisson, e.g., overdispersion multipli-

ers of 6.0 to 7.6. AIC values are not calculated for quasi-Poisson

models because there is no likelihood. Quasi-AIC values have

been developed [35] but they are of use only for comparing

different quasi-Poisson models, not for comparing differences

between families of distributions. Restricting attention to just the

quasi-Poisson combinations, with the enlarged variance only the

main effect of tide was found statistically significant for all three

factorial combinations.

Amongst the negative binomial models, the main effects model

has the smallest AIC value. The AIC value for the two-way

interaction model is quite similar and negligible based on a rule of

thumb [35], i.e., a difference of 2 units or less is not important.

Given two models with negligibly different AIC values, the simpler

model is preferable. Like the quasi-Poisson, the negative binomial

model also increases the variance relative to the Poisson. Ver Hoef

and Boveng [36] address the question of choosing between quasi-

Poisson and negative binomial models and note that the key

distinction is the nature of the variance function. The negative

binomial variance is m(1+ m/h), the multipliers shown in Table 2

are 1/h, in contrast to the quasi-Poisson m?w, where w is the

overdispersion parameter. Ver Hoef and Boveng [36] suggest

plotting (y- m)2 against m to select between the two families. Such

plots were produced and the relationships were quite similar for

quasi-Poisson and negative binomial and failed to indicate a

preference for one family over the other. We note that the

estimated coefficients for the tide effect were quite similar for

quasi-Poisson (1.8) and negative binomial (2.0), so choosing

between the two families does not seem critical.

Based on AIC values, the zero inflated binomial models are the

best of the three families for which AIC can be calculated, with the

main effects model our preference (based on the above argument

on comparing AIC values). Zero inflated models are mixture

Figure 6. Examples of raw images of (A) delta smelt and (B)
threadfin shad obtained by the SmeltCam during our field
study. Note that in the delta smelt image all of the fins, including the
adipose fin, are clearly visible and allow delta smelt to be differentiated
from other species such as longfin smelt. Also note that the dorsal fin
thread is visible across the caudal peduncle in the threadfin shad image.
doi:10.1371/journal.pone.0067829.g006

Figure 7. Frequency histogram of the confidence level (%) that
delta smelt were correctly identified to species.
doi:10.1371/journal.pone.0067829.g007

SmeltCam: Underwater Video Codend for Trawled Nets

PLOS ONE | www.plosone.org 7 July 2013 | Volume 8 | Issue 7 | e67829



models of the following general form: p f(0)+(1- p) f(non-negative),

where p is the probability that the data come from the degenerate

distribution, f(0), where 0 is the only possible outcome and f(non-

negative) is the probability distribution allowing 09s and positive

outcomes. The probability p was modeled according to a simple

logistic model, log(p/(1- p) = q, while the negative binomial

distribution was used for f(non-negative) with the expected counts

modeled as functions of the factor levels. For all three sets of

factorial combinations, p, was 0.61, i.e., there was at least a 61%

probability of failing to catch any delta smelt (the probability of no

delta smelt also includes the case where the negative binomial

model yields a zero). This value seems reasonable given the

observed 69% of zeros in the catches. Like the quasi-Poisson and

negative binomial models, the sole significant factor was the main

effect of the tide, with a similar coefficient of 1.7 for the flood level

effect.

Discussion

Our results suggest that the distribution of juvenile delta smelt in

the water column varied across tides. We found that delta smelt

Figure 8. Frequency histograms of the count of delta smelt collected per sample for individuals that were correctly identified to
species on SmeltCam images with (A) 100%, (B) $90%, (C) $80%, and (D) $4% confidence.
doi:10.1371/journal.pone.0067829.g008

Figure 9. Individual values of delta smelt density (number/
10,000 m3) by tide and position in the water column for fish
that were (A) found entangled in the mesh of the net when it
was retrieved and (B) observed by the SmeltCam.
doi:10.1371/journal.pone.0067829.g009

Table 2. Summary of model fitting results for the nested set
of factors and four different families of distributions.

Factors Po Q-Po NB ZINB

H+V+T

AIC 348 NA 164.5 162.8

Var m 7.6?m m(1+m?5.9) 0.15 m (1+ m?0.7)

Signif H**,T** T* T** T**

H:V+H:T+V:T

AIC 313 NA 165.5 161.5

Var m 6.0?m m(1+m?4.8) 0.15 m (1+ m?0.4)

Signif V**,T**,V:H** T* T** T**

V:T*,H:T*

H*V*T

AIC 314 NA 167.2 162.9

Var m 6.0?m m(1+m?4.7) 0.15 m (1+ m?0.4)

Signif T**,H:T* T’ – T**

H+V+T is main effects only, H:V+H:T+V:T is main effects and 2-way interactions,
and H*V*T is main effects, 2-way and 3-way interactions. Po = Poisson, Q-
Po = Quasi-Poisson, NB = Negative Binomial, ZINB = Zero Inflated Negative
Binomial. The Var entries refer to the variance function for the distribution
families. The Signif entries denote the significant factor effects, with
superscripts ‘,*, and ** denoting significance at the 0.10, 0.05, and 0.01 levels,
respectively. The reported AIC value for the Q-Po case is the Quasi-AIC value.
doi:10.1371/journal.pone.0067829.t002
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were relatively common and abundant throughout the water

column during flood tides. However, during ebb tides delta smelt

were less abundant, and were observed only in the lower half of

the water column and sides of the channel. This pattern emerged

from both the fish observed by the SmeltCam and those that were

found entangled in the mesh of the net after it was retrieved. With

regard to this specific pattern, there is no bias associated with not

knowing the exact depth at which the fish entangled in the mesh of

the net were captured because none were captured during ebb

tides in the center of the channel (Fig. 9). Interestingly, variability

in salinity and turbidity exhibited the same general pattern as did

delta smelt, and may be the proximal reason for the distributions

observed. The performance of the SmeltCam degrades when

turbidity exceeds approximately 80 NTU. Turbidity reached 80

NTU in one of fifty-two samples we collected; a flood tide

treatment from the lower half of the water column and side of the

channel. Seven delta smelt were observed in this sample. It is

possible that more delta smelt were actually present but were

missed by the SmeltCam because of the elevated turbidity. If this

were true, it would be consistent with the overall pattern of delta

smelt distribution and would not have changed the results. Salinity

and turbidity are both important components of delta smelt

physical habitat [22,23]. We hypothesize that delta smelt, by

simply remaining within preferred turbidity and salinity conditions

across tides, could have produced much of the pattern observed.

However, it appeared that delta smelt manipulate their position in

the water column either through keying in on these water quality

conditions or the physics underlying them.

Our results were consistent with other studies in 2010 and 2012

that found delta smelt to be abundant on flood tides but not on

ebb tides (J. Burau, U.S. Geological Survey, Sacramento,

California, unpublished data), although the studies were conduct-

ed under very different net flow conditions. The general

consistency in results across studies in multiple years and the

observation that physical habitat is a likely underlying mechanism,

together provide strong evidence that delta smelt were not

randomly distributed in the water column across tides. However,

the extent to which the pattern observed at this location holds true

at night or at other locations is uncertain. Although we did not

sample at night, the delta smelt movements study did and found

no difference in catch patterns compared to the day.

There is sufficient evidence to suggest that the patterns of delta

smelt distribution observed in this particular location are not

applicable across the entire system. Our unpublished analyses

(separate independent analyses by FF, KBN and DS) of the FMT

data set demonstrate a high degree of variability in delta smelt

catches across tides among sampling sites. It therefore seems likely

that localized physical as well as biological components of habitat

influence delta smelt distribution across the system. The likelihood

that delta smelt distribution in the water column across tides varies

spatially in the system has important implications for the original

motivation for our study. We generated information relevant to

informing methods that could be developed to extrapolate survey

data to generate more precise population estimates of delta smelt.

However, it is clear that additional study is needed to characterize

variability at other locations in order to successfully revise present

methods of estimating delta smelt population size. Areas of

particular interest are the broad expansive shallow water shoals

located in Suisun, Grizzly and Honker bays (Fig. 3).

There is also sufficient data to suggest that the patterns of

distribution we observed do not hold true for other life stages of

delta smelt. A previous study of delta smelt larvae found no effect

of tide on vertical distribution [37]. Similar to above, our

unpublished analyses (separate independent analyses by KBN

and DS) of post-larval and juvenile delta smelt long term

monitoring data sets (CDFW’s 20 mm and Summer Townet

Surveys) demonstrate a high degree of variability in delta smelt

catches across tides among sampling sites. Interestingly, previous

studies demonstrated that the larvae of several native and exotic

fishes (other than delta smelt) in San Francisco Estuary appeared

to be behaviorally flexible in maintaining vertical position under

different environmental conditions to maximize retention [38].

Together, these observations suggest that fish distribution in the

water column varies according to localized habitat conditions.

Tidal movements, migrations and transport are well document-

ed in systems worldwide and are usually associated with exploiting

favorable habitats [39,40]. Invertebrates such as penaeid shrimp

are well known to selectively move or migrate with tides [41] as are

fish. For example, flounder larvae P. flesus entered the water

column on flood tides to move upstream into the Elbe River

Estuary, Germany [42]. Similarly, plaice larvae Pleuronectes platessa

accomplish passive but selective horizontal transport by entering

the water column during flood tides and remaining on the bottom

during ebb tides [43]. Studies in a tropical tidal mangrove have

also shown that fish were distributed on the bottom during ebb

tides and entered the water column during flood tides to exploit

intertidal habitats [44]. For delta smelt, it appears that individuals

manipulate their position in the water column to facilitate either

movement or retention at different life stages. As alluded to above,

we believe that the patterns we observed for juvenile delta smelt

facilitate retention in favorable habitats. However, upstream

migration of adults and downstream migration of larvae is

undoubtedly facilitated by tidal transport and net flows. As

mentioned, a previous study found no effect of tide on the vertical

distribution of delta smelt larvae [37], suggesting they may be

passively transported downstream by net flows until reaching

favorable habitats near the low salinity zone where they effectively

maintain position [27], potentially by manipulating their position

in the water column. As a case in point, anadromous rainbow

smelt Osmerus mordax larvae are known to vertically migrate to

maintain position in regions of high prey density [45,46]. The

ability of young fishes to change their vertical distribution

ontogenetically [47,48] or in response to varying net flow

conditions [38] appears to be a common strategy for retention

in favorable habitats.

There are several advantages and disadvantages of the

SmeltCam versus similar camera systems that have been used

previously to photograph objects passing through the codend of

nets. Silhouette photography or video recording devices have been

developed for examining plankton distributions at various scales

[3,6,9,49,50]. Perhaps the biggest limitation of the present

generation SmeltCam is that it has been designed for a particular

size range of fish. Modifications to the system could be made for

sampling large-bodied fishes with larger nets or for sampling

smaller organisms such as fish larvae or other planktonic

organisms. An advantage of the SmeltCam is the incorporation

of new technology enabling rapid digital photography, automatic

object recognition, automatic data collection, and real time

observation. We are actively working on improving the system

in several ways including redesigning the frame and hull to make

the unit lighter and easier to handle by a single individual,

enhancing software to improve and expand automatic image

recognition and adding size measurements, incorporating tools to

record water quality parameters in real time during sampling, and

matching the unit with trawled nets with dimensions that will

decrease the entanglement of fishes and improve survival.

One potential concern associated with the SmeltCam is the

possibility of predation occurring inside the unit given its
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dimensions and light emission, both of which could potentially

attract and congregate predators such as striped bass. Although we

did not conduct an exhaustive investigation on the topic, we found

no evidence of predation attributed to the SmeltCam during our

study. Immediately upon collection we sacrificed and examined

the stomach contents of 5 striped bass (that were either entangled

in the net or couldn’t fit through the opening of the SmeltCam)

that were large enough to consume fish. None of the stomachs

contained any fish remains; one stomach contained one isopod

and the other four stomachs were empty.

Our study demonstrates how new technology can be developed

to address key questions and uncertainties in conservation biology,

and that imperiled species can be studied with relatively little

harm. During our study we observed a total of 197 individual delta

smelt. Of this total, 142 individuals passed through the SmeltCam

alive while 55 died as a result of getting entangled in the mesh of

the net. Thus, with the application of the SmeltCam in this study

we increased the survival of individual delta smelt by 72%

compared to using a traditional codend where all of the fish would

have likely died due to handling stress. Survival is likely to increase

in future studies as the SmeltCam is matched with nets with

dimensions that will decrease entanglement. The SmeltCam can

be affixed to virtually any type of trawled net or other fish

congregating device facilitating a broad array of potential

applications. The development and application of new technology

such as the SmeltCam provides many new opportunities to

studying imperiled species such as delta smelt and can be readily

applied to other species and systems.
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Rainfall in the Bay Area and in the Northern Sierras correlate well with the longfin fall MidWater Trawl 

(“FMWT”) index (as well as the Bay MidWater Trawl (“BMWT”) and the Bay Otter Trawl (“BOT”) 

indices).  The question is determining how rainfall translates into higher catch counts in the various trawls 

the following fall. 

 

Figure 1 Longfin Smelt abundance, as measured by the FMWT, is correlated with Northern Sierra rainfall 

 

Figure 1. Log (longfin FMWT Index) v. 8 Station Rainfall Index.  Eight Station Rainfall Index can be 

obtained at http://cdec.water.ca.gov/cgi-progs/precip1/8STATIONHIST.  It represents average rain 

measurements at Mount Shasta City, Shasta Dam, Mineral, Brush Creek RS, Quincy, Sierraville RS, 

Pacific House, and Blue Canyon. Rain averages are for October through June, 1975 – 2011. 

 

 

 

 

 

 

http://cdec.water.ca.gov/cgi-progs/precip1/8STATIONHIST
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Figure 2 Longfin Smelt abundance, as measured by the FMWT, is correlated with Bay Area rainfall 

 

Figure 2. Log (Longfin FMWT Index) v. San Francisco Bay Rainfall Averages.  Bay Station Rainfall data 

can be obtained at http://cdec.water.ca.gov/snow_rain.html.  This figure represents average rainfall at 

Anguin Pacific Union Col, Napa Fire Department, San Francisco WB AP, Lagunitas Lake, Davis 2WSW, 

Santa Rosa, Stockton Rainfall averages cover October through June, 1975 - 2011 
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Figure 3.  Delta outflow, as measured by X2, is correlated with rainfall. 

 

Figure 3. 8 Station Rainfall and X2.  X2 averaged January – June. 8 Station Rainfall index averaged for 

October-June (the full rainy season). 
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Figure 4.  San Francisco Bay local tributary flow is correlated with San Francisco Bay Area rainfall. 

 

Figure 4. Bay Rainfall and Bay Flow Index.  Bay Flow Index the average of Z transformed flow patterns 

January – June for Alameda Creek, Napa River, Sonoma Creek, San Ramon Creek, Guadalupe River, San 

Francisquito Creek January through June. Z transform allows comparison of flow patterns despite large 

differences in absolute flow levels. Bay Rainfall is average for October to June as in Figure 2. 
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Figure 5.  San Francisco Bay local tributary flows mirror Delta outflows, as measured by X2.   

 

 

Figure 6.  Other key factors also correlate with rainfall and flow. 

 

Figure 6. Total Suspended Sediment (mg/L) at Freeport on the Sacramento River and X2. Both are 

averaged from January – June. X2 averaged Jan-Jun. 
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Figure 7.  Other key factors also correlate with rainfall and flow.   

 

Figure 7. Longfin FMWT Index v March-Nov Ammonium Concentrations. March to November was used 

as the averaging period for ammoniun since that period represents the main growing period for 

phytoplankton and because this is the period during which ammonium observations were taken 

consistently by the Environmental Monitoring Program. 

Figure 8.  The recruitment ratio (Year 0 CPUE/Spawner CPUE) is well correlated with various measures 

of precipitation and flow.  This is true for the FMWT, BMWT and BOT surveys.   

 

Figure 8. Longfin Bay Study Recruitment Ratio v Jan-Jun X2.  Represents ratio of (7 – 14 month old 

longfin CPUE): (19 – 26 month old longfin parents) v Jan – June X2 in year of hatch.  Averages CPUE 

from MWT and Otter Trawl together.  Years covered are 1980 – 2010.   
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Figure 9. However, the strong recruitment relationship observed during the first year of life has virtually 

disappeared by the time longfin smelt are ready to spawn at around age 2.  More fish in the first year does 

not translate into more spawners.  Several reasons are possible: density dependence; survey bias for year 

0 longfin; possible immigration and emigration between the Pacific Ocean and San Francisco Bay. 

 

Figure 9.  Longfin Bay Study Spawner: Parent Spawner Ratio v Jan-June X2.  Represents ratio of (19 – 

26 month old longfin CPUE): (19 – 26 month old longfin two years prior) v Jan – June X2 in year of 

hatch.  Averages CPUE from MWT and Otter Trawl together.  Years covered are 1982 – 2010.  

 

Figure 10.  The Midwater Trawls (FMWT and Bay Midwater Trawl) show different long-term catch 

trends compared to Otter Trawls 
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Figure 10.  Note that the BMWT and BOT patterns are quite similar from 1980 until the beginning of the 

POD years around 2002.  Since 2002 the BMWT index has consistently been approximately an order of 

magnitude lower than the BOT Index.  Or to put it another way, the longfin BOT Index shows no 

evidence of significant decline during the POD years. It is slightly lower than during the wet 1990s, but 

much higher than the dry years of the 1980s. 

 

Figure 11.  A likely explanation for the sharp decline in the FMWT and the BMWT during the POD years 

is reduced turbidity in Suisun Bay, where most of the catches occur in these two survey in the fall. 

 

Figure 11.  Average Secchi depth September – December in Bays 4 and 5 (Suisun Bay to the confluence) 

Figure 12.  Why should increased secchi depth impact the BMWT but not the BOT?  It is possible that 

longfin smelt are better able to avoid the BMWT net in conditions of high water clarity. However, a more 

likely explanation is that longfin smelt swim deeper in the water column in conditions of high clarity, 

either following food or seeking low light conditions. 
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Figure 12.  The Bay Study generally performs nearly simultaneous Midwater and Otter Trawls.  The 

Midwater trawls sweep the water column down to a depth of approximately 10 meters.  The Otter Trawl 

samples the bottom of the water column.  We can define exclusive occupancy as an instance in which one 

or more longfin smelt are caught in one trawl (MWT or OT), but no longfin are caught in the other trawl.  

Figure 12 shows the ratio of total annual instances of exclusive MWT occupancy: total annual instances 

of exclusive OT occupance for each Bay Study Bay (from the confluence to South Bay near San Jose) 

each year from 1980 – 2012 as a function of secchi depth.  There is a strong pattern indicating that longfin 

smelt catch frequency shifts toward the MWT at low Secchi depths and toward the Otter Trawl at high 

Secchi depths.  This may explain why longfin abundance in the MWT appeared to crash during the POD 

years – Secchi depth increased significantly in the only area of the Bay Study that has relatively low 

secchi depths – Suisun Bay and the Confluence. Note that this graph represents all instances of exclusive 

occupancy without regard to lifestage all entire years. 
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Figure 13.  The data in figure 12 broken out by water body.  The graph may explain why BMWT 

distribution is highly weighted toward Suisun Bay while the BOT is more heavily weighted toward 

Central and San Pablo Bay. Note, however, that during the POD years Suisun Bay and West Delta Secchi 

depth shifted from about 50 cm to about 60 – 70 cm (see Figure 11).  Such Secchi depths would shift 

Suisun Bay and West Delta Secchi depths to levels frequently seen in San Pablo Bay where the BOT is 

the dominant source of survey catch.  Thus, the apparent collapse in the BMWT Index could simply be an 

artifact of changing depth distribution of longfin smelt at lower Secchi depth. 

 

 

 

 

 

 

 

 

 

 



Through a Glass Darkly:  Issues With 
Inferring Distribution and 

Abundance from Survey Data” 

David Fullerton 

Metropolitan Water District 

April 25th, 2013 



i 

FMWT Station Map 

e = Core stations 
() =Non-core stati ons (began 1in 1990) 
()=Non-core stati ons (began 1in 1991) 
6. = Non-core stati ons (began 1in 2009) 
I =Non-core stati ons (began 1in 2010) 



Traditional Approach to Distribution and 
Abundance Analysis: 
 
•Catch is unbiased 
•Presence/Absence is unbiased 
•Or, if bias exists, largely cancels out 
•Or, if doesn’t cancel, errors don’t 
obscure general trends 



Thus: 

 

Abundance Index ≈∑CPUE* Volume 

 

Distribution = CPUE (Secchi, EC, 

location, temperature, food, etc.) 



But….. Are Samples Unbiased? 

Possible Bias Factors: 
 
•Time of Day 
•Tidal Phase 
•Lunar Phase 
•Turbidity 
•Water Depth 
•Limited Gear Depth 
•Gear Selectivity 
•Life Stage Bias 
•Limited Geographic 
Coverage 



Turbidity 
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Turbidity 
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Fall Age 0 
Longfin Smelt Distribution 

(Sept - Dec.) 
at Cons is tently Surveyed 
Bay Otter Trawl Stations 

(1994 - 2008) 
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Different Trawls Give Different Secchi 
Depth Distributions 
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Most longfin swim 
deeper than 15 
meters in Lake 
Washington during 
the day, only rising 
at night. 



Turbidity Bias in Midwater Trawls 
Could Lead to Bias in: 

• Inferred Distributions if turbidity has 
consistent spatial patterns 

• Estimated abundance trajectory if turbidity 
differs from year to year. 
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Does the FMWT and BMWT 
underweight longfin in San  
Francisco Bay? 
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Gear Limits Can Cause Bias 

MWT Water Depth 
Coverage is limited to 
depths < 40 feet (+-). 
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Fall Turbidity Appears Related to Wind  
y = -0.0336x + 0.9534

R² = 0.0623
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FMWT Catch is Related to Windspeed 
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And Windspeeds are Dropping 
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Recommendations 
• Need more sophisticated analysis of catch data to identify and 

quantify possible biases 
• Need targeted research to better understand fish catchability and 

gear characteristics: 
– Time of Day/Night 
– Tides 
– Clarity 
– Water Depth 
– Vertical Fish Distributions 
– Gear Efficiency 
– Fish density w/r channel geometry, shore geography and bottom 

bathymetry 
– Etc. 
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Data Analyses in Relation 
to Water Flow for Species 

in the Sacramento‐San 
Joaquin Delta 
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Professional  Background 

o Ph.D., Biomathematics, North Carolina State University 
 
o Associate Professor, Department of Fisheries Science, 

Virginia Institute of Marine Science (VIMS) 
 
o VIMS’ mission: research, education, advisory service  

o School of Marine Science, College of William & Mary 
o Virginia state agency – Dep’t of Fisheries Science 

o Implement fish monitoring 
o Provide scientific support to regulatory 

agencies 
 

o VIMS uses surveys as platforms for state and regional 
fish research 

 
 
 
 
 

Research, Education Products for management 

o ChesMMAP – mainstem Chesapeake Bay 
o NEAMAP – coastal Atlantic, NC to New England 2 

Chesapeake Bay 



Methods to Improve Understanding of Fish Populations 

o No documented understanding of how the number of fish caught per individual 
trawl tow relates to different environmental variables 
 

o None of the variables considered, including spring flows, explain much of the overall 
variation in trawl data for pelagic fishes 
 

o Year is a ‘better’ predictor of pelagic abundance than spring flow – Year is a 
composite of environmental conditions in a given year 
 

o Different fish species have varying relationships with different flow variables 
o Wide range of  trawl catches at different levels of flow 
o Delta smelt abundance has an inverse relationship with the “best” fitting 

spring flow variable 
 

o Turbidity has a stronger relationship with pelagic fish abundance than flow does 
o Turbidity coefficient is twice as large as ‘best’ fitting flow variable for longfin 

o Apply standard catch-per-trawl-tow analysis to 
DFG raw fall mid-water trawl (FMWT) data 

 
o Existing FMWT abundance index is based on 

(average fish caught) x (water volume), so 
index values are difficult to interpret 

Delta smelt 

3 



Methods to Improve Understanding of Fish Populations 
(cont) 

o Analyze turbidity-abundance relationship with more robust turbidity data: literature 
indicates significant reductions in Delta turbidity occurred concurrent with pelagic 
fish population declines 

 
o Reallocate existing resources to maximize information gathered by FMWT 

 
o FWMT catches very few of target species per trawl: 1967-2010 average = 0.17 delta 

smelt per tow 
 

o Similar trawls in Chesapeake Bay catch 10-20 of target species per tow 
 

o It may be possible to reduce number of tows without increasing error of indices and 
reallocate resources to pilot trawl projects: 
o Sample more locations and more depths to identify changes in habitat use 
o Investigate diel movements 
o Investigate trawl net performance 

o   Further catch-per-tow analyses 
could: 
 

o Identify broad temporal/spatial 
shifts in habitat use over 1967-
2010 FMWT period Longfin smelt 

4 



Scope of Analysis 

o Address workshop notice’s questions about 
uncertainty in 2010 Delta flow criteria report 
analysis  and new information 

o Articles suggest a positive relationship between 
flow and abundance: 
o Jassby et al. 1995; Kimmerer 2002: X2     

leads to a    in species relative abundance 
o Sommer et al. 2007:    flow leads to     species 

relative abundance 

 
o Prior analyses based on abundance indices or coarse metrics of catch-per-trawl based on 

DFG FMWT survey data 

  

o Issues analyzed: 
o Uncertainties in FMWT survey methodology and DFG abundance indices 

 
o Analysis of FWMT survey data to provide standardized abundance estimates 

and error margins (estimates of precision) 
 

o Application of standard statistical methods to analyze relationships between 
raw of catch-per-trawl data and spring flow variables  
 

o Develop recommendations for further analysis with existing resources 5 

Threadfin shad 



Initial Impressions & Analytical Direction 

o Uncertainty in FMWT abundance indices 
 
o FMWT abundance index difficult to interpret 

because it is based on (fish caught) x (water 
volume) – What does change from 11864 to 
7408 (fish caught) x (water volume) mean? 
 

o Index has no estimate of error range 
 

o Apply statistical models to raw data to address 
FMWT issues 
 
o Reliance on USFWS work, paper by USFWS 

biologist (Newman 2008) similarly identified 
constraints with FMWT 
 

o Newman (2008) suggested statistical models 
with additional covariates for better 
understanding of FMWT data 

 
 
 

6 



Initial Impressions 
o Uncertainties in FMWT data 

 
o Low catch rates of target species.  1967-

2010 averages: 
 

o Delta smelt: 0.17 fish-per-tow 
o Splittail: 0.02 fish-per-tow 
o Starry flounder: 0.04 fish-per-tow 

 
o Compare: VIMS Juvenile Finfish Trawl 

Survey – since 1950s, 20 and 10 fish-
per-tow of targeted species 

o FMWT does not account for habitat 
changes  
o fixed sampling stations that would not 

identify changes in habitat use 
 

o Submissions to SWRCB show changes in 
habitat use 
o Independent science panel, p. 8 

7 

Independent Science Panel: 
 
“[L]ongfin smelt distribution has shifted to 
downstream bays and into deeper waters” 
 
“While the center of distribution of delta 
smelt is still in the low-salinity zone, the 
species has shown evidence of increasing use 
of Cache Slough Complex in the north Delta.” 
 
“Threadfin shad center of distribution used to 
be in the south Delta . . ., but the species has 
recently been concentrated in the Sacramento 
Deep Water Ship Channel” 

Newman 2008 



Statistical Analysis – Initial Steps 
o Applied generalized linear model (GLM) to FMWT data 

o GLMs commonly are used to derive abundance indices (mean catch-per-tow) and to 
examine significance of covariates like flow and turbidity 

o Due to low encounter-per-tow,  I analyzed 
raw FMWT data in two categories: 
o Likelihood of catching at least one fish of 

a species (presence/absence – 
binomial) 

o No. of fish caught on successful tows 
(relative abundance – lognormal) 
 

o The following covariates all were statistically 
significant 
o Year: discernible trends in catch-per-

tow over years 
o Month: differing catch-per-tow results 

in different months 
o Area: differing catch-per-tow results 

due to location of tow within Delta 
o Secchi:     catch-per-tow with    turbidity 

 
o Coefficients of variation (CV) are acceptable 

to support analyses 8 



Statistical Analysis – ‘Best’ Fitting Flow Covariates 

o Substituted 16 
different 
‘spring’ flow 
variables for 
Year in 
statistical 
analysis 

o Different 
‘spring’ flow 
covariates 
were the ‘best’ 
fit for different 
species and for 
presence/ 
absence and 
abundance 

Species Presence/Absence 
(Binomial DAIC=0)

Abundance 
(Lognormal DAIC=0)

 
Delta smelt

 

Unimpaired Inflow, 
Jan-Jun

 

Historical Inflow, Mar-May,  
1yr Lag

 
Longfin smelt

 

Unimpaired Inflow, 
Jan-Jun

 

Historical Outflow, 
Jan-Jun

 
Sacramento splittail

 

Unimpaired Inflow, 
Jan-Jun

 

Historical Outflow, 
Jan-Jun, 1yr Lag

 
Starry flounder

 

Historical Outflow, 
Jan-Jun

 

Unimpaired Outflow,  
Mar-May

 
Threadfin shad

 

Historical Outflow, 
Jan-Jun

 

Historical Outflow, 
Jan-Jun

 
Crangon spp.

 

Unimpaired Outflow, 
Mar-May

 

Historical Outflow, 
Jan-Jun

o Unimpaired flow covariates were most common ‘best’ fitting covariate 
o Unimpaired flow is calculated, not actual, flow 
o ‘Best’ fit does not guarantee any particular level of biological response 

9 



Statistical Analysis – Flows 

o CPUE analysis shows widely variable 
flow-abundance relationships, with 
turbidity relating more strongly to 
relative abundance 

o Flow relationships based only the 
small portion of tows that actually 
caught the target species 

o ‘Best’ fitting spring flow variables 
show widely varying relationships 
with trawl catches 

o ‘Best’ fitting flow variable was 
different for different species  

10 



Statistical Analysis – Flows (cont) 

11 

o No flow variable explains much of the 
variation in pelagic fish catch data 

 
o Statistically significant relationships 

exist, i.e., coefficients are different 
than 0.  Statistical significance does 
not always equal biological 
significance 

 
o The high degree of variability at each 

flow level means that flow levels, by 
themselves, do not have much 
biological significance 
 

o Specifically, flow variables’ very small 
coefficients indicate that spring flow 
does not strongly relate to fish catch 



Statistical Analysis – Flows (cont) 

o Different species have different 
relationships with ‘best’ fit spring flow 
variable 

o Delta smelt’s abundance has an inverse 
relationship with ‘best’ fit flow variable 

o Longfin smelt’s abundance relationship 
with turbidity is double its relationship 
with the ‘best’ fit flow variable 

 

o Turbidity consistently has a stronger 
relationship (i.e., higher b ) with 
abundance than flow does 

o Lower Secchi depth means higher 
turbidity 

o Turbidity has a positive 
relationship with abundance  

12 



Statistical Analysis – Turbidity 
o Turbidity has stronger relationship with 

abundance than flow does 
 

o Turbidity-abundance relationship is at 
least twice as strong as flow-abundance 
relationship 
 

o Delta turbidity has declined significantly as 
pelagic fish populations have declined 
 
o 40% turbidity decline 1975-2008 

 
o Step-decline in Delta turbidity in late 

1990s 
 

o Turbidity may affect pelagic fish abundance 
and surveys in many ways – higher turbidity 
means: 
 
o Decreased predation 

 
o Higher primary productivity 

 
o Decreased gear avoidance 

Cloern et al. 2011 

Schoellhamer 2011 13 



Recommendations – 
Existing Data 

 
o SWRCB could further analyze existing 

data to identify trends and most 
important habitat and implementation 
measures 
 

o Turbidity – SWRCB should investigate  
with more robust turbidity data 
o Secchi is a coarse measure of 

turbidity 
o More robust data is available – 

Schoellhamer (2011) uses total 
suspended solids data 
 

o Habitat use – trends in FMWT catch data 
o Analyzing trends in Region factor in 

FMWT data could identify changing 
habitat use and subregions for 
specific attention 

o Changes in distribution noted by 
science panel 14 

Schoellhamer 2011 

Independent Science Panel (p 8): 
 
“[L]ongfin smelt distribution has shifted to 
downstream bays and into deeper waters” 
 
“While the center of distribution of delta smelt 
is still in the low-salinity zone, the species has 
shown evidence of increasing use of Cache 
Slough Complex in the north Delta.” 
 
“Threadfin shad center of distribution used to 
be in the south Delta . . ., but the species has 
recently been concentrated in the Sacramento 
Deep Water Ship Channel” 



Recommendations – 
Existing Resources 

 
o DFG may be able to reduce FMWT tows 

without increasing sampling error and 
reallocate resources to pilot and 
additional studies 
 

o Pilot studies 
 
o Additional locations/depths/habitats 

to assess any changes in habitat use 
 

o Trawl net performance in variable 
conditions (flume tank tests) 

 
o Changes to FWMT trawls 

o Expand trawl hours to assess diel 
movements and differential tow 
success 
 

o For example, add plankton sampling 
15 

Centre for Sustainable Aquatic Resources, Memorial University, 
Newfoundland 



Conclusions 
o Uncertainties in FMWT Abundance Index   

 
o FMWT does not capture changes in habitat use – independent science panel shows 

changes in habitat use by several species 
 

o FMWT abundance index difficult to understand.  What does change from 11864 to 
7408 (fish caught) x (water sampled) mean? 
 

o No estimate of error range in abundance index 
 

o FMWT catches very few of target species per tow 

 
 o Statistical CPUE analysis based on FMWT raw data indicates widely variable flow-
abundance relationships and that turbidity has better relationship with abundance 
than flow does 

 
o No flow variable explains much of the variation in pelagic fish abundance 

 
o ‘Best’ fit flow variable is different for different species 

 
o Small and variable relationships between catch and flow covariates – A small, but 

inverse, relationship exists between delta smelt and ‘best’ fit spring flow variable 
 

o Turbidity consistently has a stronger relationship to abundance than flow does 
16 





• 

Motivating context 

Factors affecting fish population dynamics are complex 

o Biotic, abiotic considerations: ecological , environmental, climatic, 
anthropogenic 

• 

• 

• 
• 

Food web: bottom-up, top-down forcing 

Water quality, ecosystem conditions 

Recruitment 

Pollution, eutrophication, invasive species, 
overexploitation, physical alterations 

Richards et al. 2012 

o Understanding relative impacts remains a primary 
scientific objective 

• Field studies, statistical analyses, process-oriented models 

• Multidimensional, diverse approach needed 

• Informed policy development 
2 



• 

Statistical Approaches 

Inferences regarding roles of biotic, abiotic variables 

o Considerable focus on Delta flows, X2 
location 

• Significance based on relationships with 
annual fish abundance indices (Jassby et al. 
1995; Kimmerer 2002; Sommer et al. 2007; MacNally et al. 
2010) 

• Important contributions, but information 
is not fully utilized 

• FMWT: ,..,400 observations (tows) 
become 1 observation (index), each 
year 

• 45 data points vs. 15,273 data points 

• Limited investigations using 'raw' fish 
abundance data (Feyrer et al. 2007, exception) 
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Study Objectives 

• Investigate roles of biotic, a biotic variables on fish abundance 
using 'raw' FMWT data 

• Focal species: delta smelt, longfin smelt, age-0 striped bass, 
threadfin shad 

o Obj. 1 (data from1967 - 2012): 

• Evaluate temporal, spatial, environmental covariates on tow-by-tow basis 

• Standardized indices of abundance (N /tow), measures of precision 

o Obj. 2 (data from 1976 - 2010): 

• Modify modeling framework (Obj. 1) to investigate various covariates 
annualized across spatial domain of Delta 

4 



Analytical Methods 

• Obj 1: Standardized indices 

o Count data: negbin & zero-inflated negbin generalized linear models 

• Covariates: Year, Month, Area, Secchi (Temp/Month, Sal/ Area collinear) 

• Omit levels of categorical factors < So/o of total catch 

• Model selection 

• Bootstrapped SEs for indices 

o What are zero-inflated data? 

• Negbin distribution - zero values ok, but can have too many 

• Leads to 'false zeros' 

{
w+(l-w)/(O) y==O 

Pr(Y == y) == 
(l-w)f(y) otherwise 

5 



True vs. false zeros 
You thought I was a 
crocodile. 

Hurdle models : get past the hurdle of 
obtaining a zero observation 

O hippos 

O hippos 

You didn't see mel I 
was just under the 
water. 

I am not here, but 
the habitat is good! 

I am not here, because 
the habitat is not good! 

Here we are! 

>0 hippos 

Zuur et al. 2009 
6 



Evidence of zero inflation 
• Statistical evidence of zero- Delta smelt 

1.00 (A) 

inflation 0.7fi 

0.50 ~ \; 
0 2fi 

0 Time-series mean proportion 0 .00 

Hl7!'l IAA!'l -199!'i 700.'5 
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• 

• 

Standardized indices 

Objective 1 

o All species: Y-Year+Month+Area+Secchi 

o Indices do not differ greatly from CDFW 

o Variable catches monthly 

o Variable catches spatia lly 

o Generally good precision 

Modeling results can aid 
understanding species associated 
system/ environmental conditions 

Delta smelt 

: j} \ \~_/vvw'~ [ :: 
0 0.0 

1975 1985 1995 2005 

Longfln smelt 

'H ~•Av' v· AA_-AJ-, 
1975 1985 1995 2005 

Age- 0 striped bass 
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0 .G 
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Threadfln shad 
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0 0.0 

1975 1985 1995 2005 

Yo or 
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Analytical Methods 

• Obj 2: Evaluation of annualized covariates 

o From 'best fitting' zero-inflated negbin model for each species 

• Replace YEAR factor with annualized measures of abiotic and biotic variables 

• Flow 

• Zooplankton, chi-a 

• water quality metrics 

• Model selection 

• Bootstrapped Cls for precision of estimated counts, false zero probabilities 

o Identify which variable(s) have most empirical support in 
explaining FMWT survey data 

• 26 different variables considered 

9 



Annualized covariates 
Historical Inflow Historical Outflow 

10000 - Jan-Jun 10000 
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Annualized covariates 

o Plankton 

• DWR zooplankton monitoring 
program 

• Monthly sampling, ~ 20 locations 

• Lognormal GLM supported for each 
group 

log(Y)~Year+Survey+Area+Secchi 

• VIF for collinearity; model selection 

• Back transformed, bias corrected 
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Annualized covariates 

o Water quality 

• DWR discrete water quality 
monitoring program 

• Bimonthly (rainy), monthly sampling 
(dry) , ,...., 19 locations 

• Gaussian GLM supported for temp 

• Lognormal GLM supported for TSS, 
turbidity 

log(Y),...., Year+Survey+Area+Secchi 

• VIF for collinearity; model selection 

• Back transformed, bias corrected 
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Annual covariate model selection 

• Strong empirical 
evidence for TSS 

• T.shad response 
to chi-a, mysids 

• No support for 
any flow 
variable 

• MIC >10 
implies no 
empirical 
support 

I 

~ ~ 
(MIC= 0) 

TSS 

TSS 

TSS 

chl-a 
(Mysids MIC=1.1) 

Best flow var 
(MIC value) 

Unimpaired Inflow, Jan-Jun 
(MIC=SS.5) 

Historical Outflow, Jan-Jun 
(~AIC=231.0) 

Historical Inflow, Jan-Jun 
(MIC=232.6) 

Historical Inflow, Mar-May 
(MIC=295.1) 

Historical Outflow, Jan-Jun 
(MIC=295.9) 

Historical Outflow, Jan-Jun 
(MIC=101.1) 

Unimpaired Outflow, Jan-Jun, 
1 yr lag 

(MIC=101.3) 

Unimpaired Inflow, Jan-Jun, 1 
yr lag 

(MIC=101.3) 



• 

Raw data 
summaries 

Potential Interpretations 

o 'Best' annual ized covariate 

• Potential for increase 
catch with increase TSS 

• 'Optimal' TSS 

• Decrease T. Shad catch 
with increase chi-a? 

o 'Best flow variable 

• No single flow measure 

• Catch magnitude similar 
across flows (D. smelt, 
Age-0 SB) 
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Model predictions 
Delta smelt Delta smelt 

'Best' fitting models .] 0 • -r - ------ ' ... .... - - ... --- IO ' ' 

N -------
ci ' ... .. ' ... - - -- - -
0 ' ... - -0 Delta smelt 0 . - -0 
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Fundamental relationship 

• Hypotheses for role of TSS 

o Top-down predation 

o Bottom-up control (explain 1978?) 

o Changes in survey catchability? 

• FMWT survey design: stratified fixed
station 

• Recall fundamental assumption 

Standardized TSS 

N 

1975 1980 '1985 1990 1995 2000 2005 2010 

Year 
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Final Remarks 

• Summary 

o Zero-inflated FMWT survey data 

o Month, Area , Secchi significant in 
developing indices 

• Relatively good precision 

o Relative role of annualized flow, 
plankton, water quality covariates 

• No empirical support for flow (16 
vars) 

• Strong effect of false zero with 
TSS 

• Recommendations 

o Mine the data! 

o Always be skeptical of 
indices 

• Challenge constant 
q assumption 

• Flume studies 
• Hypothesis 

driven field 
studies 

o Be careful of creating 
flow for the sake of flow 
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I.	 Introduction	
	
The	State	Water	Resources	Control	Board’s	(SWRCB)	August	16,	2012	Revised	Notice	of	
Public	Workshops	and	Request	for	Information	states	the	following	as	questions	to	be	
addressed	in	the	October	1‐2,	2012	workshop:	
	

1.	 What	additional	scientific	information	should	the	State	Water	Board	consider	to	
inform	potential	changes	to	the	Bay‐Delta	Plan	relating	to	Bay‐Delta	fish	
resources,	and	specifically	pelagic	fishes	and	salmonids,	that	was	not	addressed	
in	the	2009	Staff	Report	and	the	2010	Delta	Flow	Criteria	Report?	.	.	.	What	is	the	
level	of	scientific	certainty	or	uncertainty	regarding	the	foregoing	information?	

	
2.	 How	should	the	State	Water	Board	address	scientific	uncertainty	and	changing	

circumstances,	including	climate	change,	invasive	species	and	other	issues?		
Specifically,	what	kind	of	adaptive	management	and	collaboration	(short,	
medium,	and	long‐term),	monitoring,	and	special	studies	programs	should	the	
State	Water	Board	consider	related	to	Bay‐Delta	fisheries	as	part	of	this	update	
to	the	Bay‐Delta	Plan?	

	
This	report	addresses	these	questions	by	reviewing	the	results	of	the	California	
Department	of	Fish	and	Game’s	(DFG)	Fall	Midwater	Trawl	(FMWT)	survey.		Examining	the	
FMWT	data	set	represented	a	logical	first	step	since	the	indices	of	abundance	derived	from	
this	sampling	program	have	been	central	to	recent	state	and	federal	protection	efforts	for	
various	fish	species	inhabiting	the	Delta.		A	number	of	peer‐reviewed	manuscripts	contain	
analyses	that	statistically	relate	the	FMWT	survey’s	abundance	indices	to	environmental	
variables	(e.g.,	X2;	Jassby	et	al.	1995,	Kimmerer	2002,	and	others).		These	studies	have	
generally	concluded	that	there	are	statistically	significant	relationships	between	species	
relative	abundance	and	Delta	flows.			
	
It	is	important	to	recognize,	however,	that	any	index	of	abundance	is	a	synthesis	of	many	
raw	field	observations	(often	hundreds),	so	the	reasonability	of	any	derived	statistical	
relationships	involving	the	FMWT	indices	depends	on	the	assumption	that	the	indices	truly	
reflect	species’	total	abundance.		Upon	careful	review	of	the	FMWT	survey	design	and	
DFG’s	analytical	protocol	for	analyzing	the	FMWT	survey	data,	several	limitations	were	
identified	that	created	questions	regarding	the	representativeness	of	the	indices.			
	
Accordingly,	this	report	contains	a	new	analysis	of	the	FMWT	survey	data	for	six	selected	
species	in	an	effort	to:	(i)	provide	indices	of	relative	abundance	with	estimates	of	precision	
that	were	derived	from	statistically	defensible	methods,	and	(ii)	investigate	the	statistical	
relationships	of	key	covariates	such	as	flow	(Historical	and	Unimpaired	Inflow	and	Outflow)	
and	turbidity	(coarsely	represented	as	Secchi	Depth)	with	the	underlying	FMWT	survey	
data.		Because	the	analysis	in	this	study	was	designed	to	investigate	the	raw	FMWT	survey	
data,	it	directly	addresses	the	foundational	strength	of	the	previously	documented	
statistical	relationships	between	environmental	covariates	and	species	relative	abundance.		
It	also	characterizes	the	underlying	uncertainty	surrounding	those	relationships.		Given	
that	statistical	analyses	of	relationships	between	FMWT	survey	results	and	Delta	flows	
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were	central	to	the	SWRCB’s	2010	Delta	Flow	Criteria	Report,	revisiting	the	data	from	a	
‘first	principles’	perspective	was	appropriate.	
	
The	primary	conclusions	of	this	report	are:					
	

A. The	FMWT	survey	employs	a	fixed	station	design,	which	implies	that	monthly	
trawl	samples	are	collected	at	roughly	the	same	locations	each	year.		This	type	of	
design	limits	the	ability	of	the	FMWT	survey	to	detect	systematic	changes	in	the	
habitat	utilization	of	Delta	species.		Shifts	in	habitat	preferences	by	Delta	species,	
possibly	to	areas	not	sampled	by	the	FMWT,	are	plausible	given	the	physical	and	
environmental	changes	experienced	by	the	Delta	over	the	1967‐2010	FMWT	
survey	period.		Changes	in	relevant	species’	habitat	use	away	from	areas	
routinely	sampled	by	the	FMWT	survey	would	necessarily	manifest	themselves	
in	decreased	indices	of	relative	abundance.	
	

B. The	methods	used	by	DFG	to	calculate	indices	of	abundance	for	Delta	species	do	
not	follow	a	statistically	defensible	protocol.		DFG’s	atypical	estimation	
procedure	results	in	indices	with	units	of	(water	volume)	times	(fish	counts),	
which	are	difficult	to	interpret.		For	example,	what	does	a	change	in	the	longfin	
smelt	index	from	11864	to	7408	(volume)	times	(fish)	units	really	mean	for	
relative	or	total	population	abundance?		Also	missing	from	DFG’s	analysis	
protocol	are	estimates	of	uncertainty	for	the	indices.		Collectively,	the	calculation	
methods	and	lack	of	estimates	of	precision	raise	questions	about	how	
representative	the	indices	are	of	true	abundance,	and	about	the	degree	of	
confidence	associated	with	temporal	patterns	that	they	indicate,	respectively.	

	
C. While	DFG's	data	and	methodology	exhibit	certain	problems	as	described	above,	

given	the	importance	of	DFG's	abundance	indices	to	investigations	of	the	Delta	
species'	status	and	related	regulatory	proceedings,	this	report	contains	a	
statistical	analysis	of	the	relationships	between	the	FWMT	survey	data	and	a	
number	of	environmental	covariates.		Application	of	generalized	linear	models	
(GLMs)	to	the	FMWT	survey	data	for	analysis	of	‘Daily’	covariates	(those	
measured	at	the	same	time	as	sampling),	model	selection	statistics	favored	the	
model	with	Year,	Month,	Region,	and	Secchi	Depth.		All	covariates	were	
statistically	significant	for	all	models	and	species,	with	the	exception	of	one	
species/model	combination.		The	signficance	of	the	Year,	Month,	and	Region	are	
not	overly	surprising,	but	the	importance	of	Secchi	Depth	suggests	that	turbidity	
may	be	an	important	structuring	variable	for	species	in	the	Delta.		All	estimated	
coefficients	of	Secchi	Depth	were	negative,	which	indicates	that	Delta	species’	
relative	abundance	is	higher	under	conditions	of	greater	turbidity	and	lower	
under	conditions	of	lower	turbidity.		Over	recent	decades,	turbidity	in	the	Delta	
has	decreased,	markedly	so	in	the	late	1990s,	so	this	conclusion	is	consistent	
with	documented	water	quality	changes	in	the	Delta.			

	
D. The	temporal	patterns	of	the	indices	estimated	in	this	study	using	peer‐reviewed	

statistical	methods	showed	some	degree	of	qualitative	agreement	to	those	
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provided	by	DFG.		However,	consistent	with	those	peer‐reviewed	methods,	this	
study’s	alternative	estimation	method	was	designed	to	provide	statistically	
appropriate	estimates	of	annual	average‐catch‐per‐tow.		The	scales	of	the	
indices	are	noteworthy.		For	delta	smelt,	the	highest	index	achieved	from	1967‐
2010	was	0.79	average‐catch‐per‐tow	(occuring	in	1970),	and	the	full	time‐
series	average	was	0.17.		For	Sacramento	splittail	and	starry	flounder,	the	
highest	index	values	were	0.13	and	0.14,	with	corresponding	time‐series	
averages	of	0.02	and	0.04,	respectively.		This	indicates	that	the	catch	rate	for	
these	species	has	been	less	than	1.0	fish‐per‐tow	(on	average)	over	the	life	of	the	
FMWT	survey.		Relative	to	other	similar	fish‐sampling	trawls	in	the	United	States	
that	are	believed	to	provide	reliable	measure	of	relative	abundance,	several	of	
the	FWMT's	catch	rates	are	quite	low.		Low	encounter	rates	(frequency	of	tows	
that	capture	target	species)	combined	with	generally	low	overall	numbers	of	fish	
collected	following	successful	encounters	underpin	the	low	estimated	index	
values.		Such	consistently	low	index	values	raise	legitimate	questions	about	the	
efficacy	of	the	FMWT	program	in	providing	measures	of	relative	abundance	that	
track	patterns	in	true	abundance.	

	
E. In	contrast	to	DFG's	abundance	indices,	the	newly‐derived	species	abundance	

indices	in	this	report	are	associated	with	statistically‐derived	estimates	of	
precision.		The	estimated	coefficients	of	variation	(CV)	for	all	species	were	
generally	acceptable,	with	most	values	ranging	between	0.2‐0.45.		Higher	CVs	
were	estimated	for	periods	within	the	time‐series	for	Sacramento	splittail,	starry	
flounder,	and	Crangon	spp.		The	CVs	for	starry	flounder	were	consistently	higher	
than	those	of	the	other	species,	which	is	likely	related	to	the	unreliability	of	a	
midwater	trawl	for	sampling	a	predominately	bottom‐dwelling	flatfish	species.	

	
F. This	study	analyzed	the	statistical	relationships	between	the	species'	abundance	

and	16	different	variations	of	Delta	streamflow	measures	(technically,	
"covariates").1		GLMs	were	fitted	to	the	FMWT	survey	data	and	model	selection	
statistics	indicated	that	the	flow	covariate	within	the	‘best’	fitting	model	varied	
by	model	type	and	species.		The	flow	covariate	that	‘best’	explained	variation	in	
species’	relative	abundance		often	was	the	Unimpaired	Inflow	(defined	as	
Sacramento	River	plus	Yolo	Bypass)	covariate,	which	is	largely	an	unmanageable	
flow	variable.		Within	the	‘best’	fitting	models,	all	flow	covariates	and	Secchi	
Depth	were	statistically	significant	(with	an	exception	of	Secchi	Depth	for	one	
species/model	combination).		The	statistical	analysis,	however,	produced	the	
following	conclusions:	

	

                                                 
1 The	four	base	measures	of	those	flow	variables	are	Unimpaired	Inflow,	Unimpaired	Outflow,	Historical	Inflow	
and	Historical	Outflow.		(Inflow	used	in	this	study	is	defined	as	Sacramento	River	plus	Yolo	Bypass.)		Each	of	
those	variables	then	was	analyzed	using	four	different	averaging	periods,	specifically	January‐June,	March‐
May,	January‐June	with	a	one‐year	lag	and	March‐May	with	a	one‐year	lag,	producing	16	different	flow	
covariates	used	in	the	statistical	analysis.		The	averaging	periods	are	based	on	the	use	of	similar	averaging	
periods	for	Category	A	criteria	in	the	SWRCB's	2010	Delta	Flow	Criteria	Report. 
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a. Turbidity	has	a	stronger	statistical	relationship	with	species	abundance	
than	flow.		The	strengthes	of	the	statistical	relationships	of	the	FMWT	
survey	data	with	Secchi	Depth	were	greater	than	those	with	flow	(again	
with	the	aforementioned	species/model	exception).		This	result	suggests	
that	turbidity	may	have	a	stronger	structuring	influence	on	the	FMWT	
survey	data	than	flow.			
	

b. Small	and	variable	statistical	relationship	between	abundance	and	flow		
The	coefficients	between	flow	covariates	and	species	relative	abundance	
are	small	and,	at	times,	inverse.		In	particular,	delta	smelt	abundance	
showed	a	small,	but	statistically	significant,	inverse	relationship	with	the	
'best'	fitting	flow	covariate,	meaning	that	the	species'	relative	abundance	
declined	as	that	flow	covariate	increased.	

	
c. Uncertain	effect	of	manageable	flow	variables.	Although	flow	covariates	

and	Secchi	Depth	showed	statistically	significant	relationships	with	
species	relative	abundance,	the	amount	of	underlying	variation	in	the	
data	is	substantial	and	suggests	that	it	is	highly	uncertain	whether	
changes	in	manageable	flow	variables	will	generate	any	statistically‐
predictable	increases	in	the	relative	abundances	of	Delta	species.		In	
particular,	given	the	wide	variations	in	species	relative	abundance	over	
the	1967‐2010	FWMT	survey	period,	the	small	statistical	relationships	
between	flow	covariates	and	abundance	suggest	that	other	
environmental	factors	have	more	of	an	effect	on	abundance.	

	
Recommendations	for	Further	Analysis,	Monitoring	and	Special	Studies	
The	above	conclusions	suggest	that	the	SWRCB’s	consideration	of	updates	to	the	Bay‐Delta	
Plan	would	be	benefited	by	implementation	of	the	following	additional	analyses,	
monitoring	and	special	studies	programs	(many	of	which	could	be	conducted	with	existing	
resouces):	
	

1) Derivation	of	indices.		Despite	the	historic	lineage	of	the	methods	used	by	DFG	to	
calculate	indices	of	relative	abundance	from	the	FMWT	survey	data,	the	lack	of	use	
of	well	established	statistical	methods	that	can	also	provide	estimates	of	precision	
limits	the	interpretation	of	population	status	of	Delta	species.		In	contrast,	the	
results	stated	in	this	report	demonstrate	a	statistical	model‐based	approach	that	
could	be	used	routinely	without	additional	fieldwork.		There	are	other	defensible	
approaches	as	well.		In	short,	consistently	applying	to	the	FMWT	data	peer‐reviewed	
analytical	techniques	for	evaluating	survey	data	would	significantly	increase	the	
understanding	of	fish	abundance	patterns	that	are	important	for	policy	decision	
making.		Applying	such	techniques	to	the	FWMT	data	in	the	SWRCB's	present	
proceeding	would	be	possible	without	significant	new	investments	in	staffing	or	
equipment.	
	

2) Sampling	intensity	of	the	FMWT	survey.		It	is	unclear	how	it	was	determined	to	use	
the	current	number	of	sampling	stations	for	the	FMWT	survey.	Field	work	is	
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expensive,	so	it	would	seem	important	to	know	if	the	current	level	of	sampling	
intensity	is	needed	to	achieve	desired	levels	of	precision.		It	is	possible	that	it	can	be	
shown	statistically	that	less	sampling	effort	can	lead	to	indices	with	acceptable	
associated	estimates	of	error.		Such	a	finding	then	could	free	up	valuable	time,	staff,	
and	money	that	could	be	redirected	to	improve	understanding	of	Delta	species	in	
several	ways:	
	

a. Pilot	studies	directed	at	sampling	locations/depths/habitats	besides	those	
traditionally	sampled	by	the	FMWT	survey.		In	effect,	such	pilot	studies	
would	explore	through	field	observations	whether	or	not	Delta	species	have	
undergone	systematic	shifts	in	habitat	utilization	over	time	and	space.	
	

b. Pilot	studies	to	investigate	through	field	observations	how	the	diel	
movements	of	Delta	species	(if	at	all)	affect	availability	to	the	trawl	survey	
net.	

	
c. Pilot	studies	designed	to	evaluate	trawl	net	performance	and	consistency	

under	different	tidal	and	flow	conditions.		Side	scan	sonar	and	flume	testing	
are	untapped	technologies	that	could	be	used	to	investigate	the	consistency	
of	gear	geometry	and	thus	the	catchability	of	species	across	various	typical	
tidal	and	flow	conditions	within	the	Delta.	

	
3) Deeper	investigation	of	fish	abundance	in	relation	to	turbidity.		The	emergence	of	

Secchi	Depth	as	an	important	variable	indicates	that	more	refined	analyses	should	
be	conducted	to	analyze	how	turbidity	structures	biotic	communites	within	the	
Delta.		By	definition	Secchi	Depth	is	a	coarse	measurement	of	turbidity,	so	
investigating	the	effects	of	more	direct	measures	of	turbidity	on	Delta	species	
relative	abundance	is	a	natural	next	step.		Such	an	analysis	could	be	statistical	and	
could	be	conducted	within	the	SWRCB's	existing	process	by	comparing	species	
abundance	data	with	more	robust	measures	of	Delta	turbidity.		For	example,	if	
available,	monitoring	data	on	suspended	sediment	concentrations	in	the	Delta	could	
be	used	as	statistical	covariates	of	Delta	species	abundance.									
	

4) Spatiotemporal	analyses	of	habitat	utilization.		Following	from	2a	above,	exploration	
through	focused	statistical	analyses	of	existing	FMWT	survey	data	of	whether	or	not	
Delta	species	have	undergone	systematic	shifts	in	habitat	utilization	over	time	and	
space.		For	example,	as	discussed	later	in	this	report,	the	FWMT	survey	is	based	on	
trawl	tows	within	14	regions	of	the	Delta	and	an	associated	Region	factor	is	
recorded	for	each	such	tow.		A	statistical	analysis	could	be	conducted	within	the	
SWRCB's	existing	process	to	determine,	based	on	the	relationship	of	this	Region	
factor	to	species	abundance	over	the	1967‐2010	FWMT	survey	period,	whether	
there	are	meaningful	trends	in	the	locations	within	the	Delta's	regions	where	
species	of	interest	have	been	caught.		Such	an	analysis	could	be	based	on	existing	
data	and	would	not	require	additional	field	work.	
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5) Process	oriented	studies.		Consider	‘simultaneous’	deployment	of	different	sampling	
methods,	such	as	fish	trawl	nets	and	plankton	nets,	to	synoptically	understand	how	
predators	and	key	prey	are	collectively	distributed	in	the	environment.		Ongoing	
fish	diet	studies	would	benefit	from	such	synthetic	data	since	prey	selectivity	could	
be	inferred,	which	would	aid	the	understanding	of	food	web	dynamics	in	the	Delta.		
As	discussed	in	recommendation	2)	above,	if	additional	resources	would	be	
necessary	to	conduct	such	studies,	those	resources	potentially	could	be	acquired	by	
changing	existing	sampling	methods	while	still	maintaining	statistically	acceptable	
rates	of	precision	in	the	resulting	abundance	data.	
	

The	real	costs	of	monitoring	programs	are	vessel	time,	fuel,	gear,	and	personnel.		Getting	
out	in	the	field	with	a	competent	crew	is	no	easy	task.		Once	such	a	task	has	been	achieved,	
it	is	important	to	implement	sampling	and	statistical	protocols	that	maximize	not	only	the	
data	collected	in	both	types	and	amounts,	but	also	the	understanding	of	fish	population	
dynamics	that	can	be	derived	from	the	data.			
	
II.	 Methods	and	Background	
	
In	the	present	study,	analyses	designed	to	investigate	the	relationships	of	fish	abundance	
and	Delta	flows,	along	with	other	biological,	environmental,	and	sampling	covariates	were	
based	on	data	collected	by	DFG’s	FMWT	survey.		Examining	the	FMWT	data	set	represented	
a	logical	first	step	since	the	indices	of	abundance	derived	from	this	sampling	program	have	
been	central	to	recent	state	and	federal	protection	efforts	for	various	fish	species	inhabiting	
the	Delta.		The	focal	species	of	this	report	are:	delta	smelt	(Hypomesus	transpacificus),	
longfin	smelt	(Spirinchus	thaleichthys),	starry	flounder	(Platichthys	stellatus),	Sacramento	
splittail	(Pogonichthys	macrolepidotus),	threadfin	shad	(Dorosoma	petenense),	and	a		
combined	shrimp	group	(Crangon	spp.).	
	
All	FMWT	survey	data	and	associated	program	protocol	documents	were	graciously	
provided	via	an	ftp	site	by	Dave	Contreras,	DFG.		This	data	set	contains	the	CPUE	
information	for	all	target	species	along	with	the	associated	sampling	metadata	(e.g.,	Year,	
Month,	and	Region	of	sampling)	and	several	environmental	covariates	(e.g.,	Temperature,	
Salinity,	and	Secchi	Depth).		Monthly	flow	values	for	four	flow	variables	were	provided	via	
email	by	Walter	Bourez,	MBK	Engineers,	following	personal	communication.	
	

A.		Brief	life	history	review	of	relevant	species	
	
Delta	smelt:	This	species	is	one	of	six	along	the	Pacific	Rim	currently	associated	with	the	
genus	Hypomesus.		Delta	smelt	are	relatively	small	and	attain	a	maximum	size	of	
approximately	80	mm	total	length	(TL).		These	fish	have	a	fairly	restricted	home	range	and	
are	most	abundant	in	the	lower	salinity	portions	of	estuaries.		Delta	smelt	are	primarily	an	
annual	species,	with	some	individuals	surviving	two	years.		This	life	history	strategy	
implies	that	persistence	of	the	population	is	driven	by	maximizing	growth,	survival,	and	
reproductive	success	on	an	annual	basis.		Loss	of	just	one	year‐class	can	be	very	
detrimental,	since	an	annual	life	cycle	is	not	inherently	designed	to	overcome	failed	year‐
classes.		Delta	smelt	are	semi‐anadromous	meaning	that	they	migrate	to	freshwater	for	
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spawning,	but	do	not	spend	some	portion	of	their	life	in	oceanic	waters.		Transitioning	from	
estuarine	to	fresh	waters	for	the	purposes	of	spawning	is	sufficient	to	be	semi‐anadromous.		
Delta	smelt	larvae	are	most	prevalent	from	mid‐April	through	May,	which	suggests	that	
spawning	begins	in	late	February	to	March.		In	general,	delta	smelt	are	considered	to	be	
planktivorous	and	rely	on	various	copepod	prey	throughout	life.	
	
Longfin	smelt:		This	species	is	a	small	pelagic	fish	that	also	has	a	relatively	short	life	span.		
Most	longfin	smelt	live	only	two	years,	although	some	three‐year‐old	individuals	have	been	
observed.		Longfin	smelt	inhabit	estuaries,	bays,	and	near	coastal	habitats,	and	their	spatial	
distribution	within	the	estuary	varies	seasonally.		Typically,	longfin	smelt	are	found	down	
estuary	during	summer	and	farther	upstream	during	cooler	months.		This	species	is	fully	
anadromous	implying	that	it	spends	part	of	its	life	in	oceanic	waters	and	migrates	to	into	
freshwater	rivers	to	spawn.		Maturity	is	reached	at	two	years	of	age	and	spawning	occurs	
primarily	at	night	during	the	months	of	February	through	April.		Longfin	smelt	engage	in	
daily	migrations	within	the	water	column	such	that	during	daylight	hours	these	fish	inhabit	
deeper	habitats	while	during	night	they	can	be	found	near	the	surface.		This	diel	migration	
coincides	with	feeding	as	most	longfin	smelt	prey	on	various	types	of	zooplankton,	which	
are	more	ubiquitous	in	the	water	column	during	night.		Longfin	smelt	reach	sizes	of	6‐7	cm	
standard	length	(SL)	by	9‐10	months	of	age,	and	maximum	size	is	generally	15	cm	SL.							
	
Starry	flounder:		This	species	is	typically	found	in	oceanic	and	estuarine	waters	with	rare	
occurences	in	freshwater.		Starry	flounder	are	commercially	and	recreationally	valuable,	
prosecuted	primarily	by	bottom	trawls	offshore	and	anglers	from	piers	and	boats	in	
estuarine	habitats.		In	California,	starry	flounder	peak	spawning	occurs	from	November	to	
February	and	larvae	are	advected	into	nursery	habitats	within	estuaries.		As	with	many	
flatfishes,	starry	flounder	exhibit	sexual	dimorphic	growth	and	maturation,	with	males	
maturing	earlier	than	females	(ages	2‐3	vs	4‐6)	and	attaining	generally	smaller	maximum	
sizes	than	females.		Maximum	age	has	been	reported	to	be	21	years.		Starry	flounder	feed	
on	a	variety	of	prey	types	throughout	their	life	cycle,	ranging	from	plankton	at	younger	
ages	to	shrimp,	crabs,	and	small	fishes	at	older	ages.		
	
Sacramento	splittail:		This	species	is	a	cyprinid	and	the	Sacramento‐San	Joaquin	Delta	
serves	as	the	center	point	of	its	home	range.		Splittail	can	live	up	to	8‐10	years,	but	
longevity	is	typically	not	longer	than	5	years	of	age.		Maturity	is	generally	reached	in	two	
years	and	peak	spawning	occurs	from	March	through	April.		The	distribution	of	splittail	
fluctuates	seasonally	and	annually,	however,	the	general	distributional	pattern	of	this	
species	suggests	that	fish	reside	in	the	estuary	proper	during	summer	and	early	fall	with	
adults	migrating	upstream	for	spawning	during	late	fall	and	early	spring.		Splittail	forage	
primarily	on	benthic	organisms	during	daylight.		Key	prey	types	include	copepods,	
opossum	shrimp,	and	amphipods,	although	detritus	is	often	a	large	portion	of	what	has	
been	observed	in	the	stomachs	of	this	species.		Splittail	are	targeted	by	recreational	anglers	
but	the	scale	of	removals	and	fishing	mortality	is	largely	unknown.	
	
Threadfin	shad:		This	species	is	a	schooling	pelagic	forage	fish	and	a	member	of	the	family	
Clupeidae.		Threadfin	shad	rarely	exceed	100	mm	in	length	and	can	be	found	in	brackish	
and	freshwater	habitats.		Maximum	age	has	been	reported	to	be	four	years,	but	longevity	of	
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most	fish	is	2‐3	years.		Although	threadfin	shad	inhabit	lower	salinity	habitats,	freshwater	
is	necessary	to	support	successful	spawning.		In	California,	threadfin	shad	typically	spawn	
from	April	to	August	in	and	around	areas	with	structure,	usually	submerged	aquatic	
vegetation.		During	all	life	stages,	threadfin	shad	are	planktivorous	and	feed	on	primarily	
on	crustacean	zooplankton.		This	species	was	intentionally	introduced	into	several	
California	aquatic	ecosystems	in	the	early	1950s	primarily	to	provide	forage	for	key	
sportfishes.	
	
Crangon	spp.:		This	shrimp	group	is	considered	to	provide	a	key	role	in	ecosystem	
functioning	primarily	as	prey	for	higher	trophic	levels,	but	also	as	predators	of	various	
planktonic	organisms,	particularly	ichthyoplankton.						
	

B.	 FMWT	Survey	Design	and	Sampling	Protocol	
	

The	FMWT	survey	has	operated	annually	in	the	San	Francisco	Estuary	(referred	to	herein	
as	Delta)	since	1967,	with	the	exception	of	1974,	portions	of	1976	and	1979.		The	‘index	
period’	for	many	
targeted	fishes	in	the	
Delta,	which	is	defined	
to	be	the	‘temporal	
window’	where	
sampling	activities	are	
believed	to	provide	
representative	
abundance	
information,	has	
historically	been	
designated	as	the	
autumn	months.		
Consequently,	the	data	
germane	to	the	present	
study	were	those	
derived	from	sampling	
activities	occurring	in	
the	months	of	
September	through	
December	each	year.			
	
The	survey	follows	a	
stratified	fixed	station	
design	such	that	
sampling	occurs	at	
approximately	the	same	locations	each	month	within	predefined	strata	(Figure	1).		At	each	
sampling	location,	a	ten	minute	oblique	tow	is	made	from	near	bottom	to	the	surface	using	
a	square	midwater	trawl	(mouth	opening	3.7m2)	with	variable	mesh	in	the	body	of	the	
trawl	net	(20.3	to	2.5cm)	and	a	1.3cm	stretch	mesh	cod	end.		Each	catch	is	sorted,	

Figure	1.	Areal	stratification	of	the	Fall	Midwater	Trawl	Survey	(numbered	
polygons)	and	fixed	sampling	locations	within	each	stratum	(dots).		Strata	2,	6,	
and	9,	have	not	been	sampled	since	1973	and	are	thus	omitted	from	the	map.		
The	above	image	was	taken	from	Newman	(2008). 
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enumerated	by	species,	and	growth	information	(length,	weight)	is	recorded	for	all	fish	
captured	or	species‐specific	subsamples	in	the	case	of	large	catches.		Over	the	course	of	the	
survey,	the	number	of	stations	sampled	per	month	during	autumn	has	ranged	from	
approximately	70‐80	during	the	1960s‐1970s	to	95‐100	from	the	late	1990s	to	the	present.	
	

C.	 Calculation	of	Abundance	Indices	from	the	FMWT	survey	
	
DFG	calculates	the	annual	FMWT	survey	index	for	any	given	species	as	the	sum	of	four	
monthly	indices.		The	calculation	of	each	monthly	index	is	based	on	the	arithmetic	mean	
catch‐per‐tow	for	stations	within	each	of	the	14	areas	or	strata	delineated	in	Figure	1.		
Formally,	the	mean	catch	in	month	m	and	area	a,	denoted	as	 ̅ , ,	is	given	by:		

																																																																		 	 ,
1

, , 																																																		eq	 1 										

                                                                                                                            
where	na	is	the	number	of	stations	in	area	a	and	cm,a,s	is	the	number	of	fish	captured	during	
month	m	in	area	a	at	station	s.				The	overall	monthly	index,	 ,	is	a	weighted	sum	of	the	
mean	catches	by	month	and	area,	which	can	be	expressed	as:	
	

																																																																						 ̅ , 																																																								eq	 2 	

	
where	wa	is	the	weight	for	area	a	defined	to	be	an	estimate	of	the	water	volume	in	each	
area	in	ten	thousands	of	acre	feet.		In	summary,	the	monthly	abundance	index	calculated	by	
DFG	from	the	FMWT	data	is	the	average	number	of	fish	caught	in	a	given	area	multiplied	by	
the	estimated	water	volume	of	that	area,	summed	up	over	the	14	areas	sampled	by	the	
survey.		
	
III.	 Analysis	
	

A.	 Notable	Limitations	of	the	FMWT	Survey	
	
A	reasonable	guiding	principle	that	can	be	used	to	evaluate	any	fish	monitoring	program	is	
as	follows:	if	the	consistency	of	survey	practices	is	subject	to	appreciable	error	over	any	
measurable	axis,	then	automatically	we	must	question	the	representativeness	of	data	
derived	from	that	sampling	program.	
	
Bennett	(2005)	and	Newman	(2008)2	both	articulated	several	important	concerns	
regarding	the	methods	(both	field	and	analytical)	DFG	has	used	to	derive	indices	of	
abundance	from	the	FMWT	survey	data.		Bennett’s	study	is	more	of	a	general	review	

                                                 
2The	institutions	of	employment	for	W.	Bennett	and	K.	Newman	are	the	John	Muir	Institute	of	the	
Environment,	Bodega	Marine	Laboratory,	University	of	California,	Davis	and	the	U.S.	Fish	and	Wildlife	Service,	
respectively.	
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whereas	Newman’s	manuscript	is	a	technical	summary	with	analytical	advancements.		
Many	of	the	criticisms	noted	by	these	authors	also	are	conclusions	of	this,	which	I	initially	
arrived	at	independently	and	later	confirmed	following	review	of	Bennett	(2005)	and	
Newman	(2008).		Below	is	a	summary	of	the	concerns	surrounding	the	FMWT	survey	
(purposely	relying	on	those	articulated	by	Newman	(2008))	along	with	some	additional	
commentary	brought	out	by	this	study.		Woven	into	the	summary	of	each	point	are	
comments	regarding	the	interpretability	of	the	published	FMWT	survey	indices	as	true	
measures	of	target	species	abundance.		
	

1.	 Survey	Design	and	Analytical	Methods	for	Calculating	Indices	
	
Following	from	eq	(2),	the	units	of	the	annual	FMWT	indices	are	sums	of	water	volumes	of	
each	area	times	average	fish	counts	for	each	area,	rather	than	a	measure	of	fish	counts	
alone.		The	units	of	any	survey	program	are	a	direct	function	of	how	the	indices	themselves	
are	derived,	so	in	effect,	criticism	of	the	units	of	the	FMWT	survey	indices	amounts	to	
criticism	of	the	methods	used	for	calculation.		In	general,	the	purpose	of	analyzing	survey	
data	is	to	produced	an	index	value	defined	to	be	an	unbiased	estimate	of	the	average	catch‐
per‐unit‐effort	(CPUE).		DFG’s	indices	are	not	average	CPUEs,	which	renders	it	very	difficult	
to	interpret	the	meaning	of	the	values	they	take	on	in	the	context	of	relative	or	total	
abundance	of	Delta	species.		Additional	details	regarding	how	DFG’s	calculation	methods	of	
abundance	indices	do	not	conform	with	standard	treatments	of	survey	data	are	discussed	
below.								
	
First,	in	the	case	of	the	FMWT	survey,	the	standard	unit	of	sampling	effort	is	defined	to	be	a	
single	trawl	tow,	although	it	is	possible	to	express	effort	as	water	volume	sampled	since	
these	measurements	have	been	recorded	via	flowmeters	since	1985.		The	FMWT	indices	
are	quasi‐averages	meaning	that	a	weighted	mean	CPUE	is	calculated.		However,	those	
weighted	means	are	not	divided	by	the	sum	of	the	weighting	factors,	which	is	necessary	
when	deriving	an	estimate	of	a	mean	from	a	stratified	sampling	design	(Cochran	1977).		
DFG’s		use	of	the	arithmetic	mean	estimator	inherently	assumes	that	the	underlying	
observations	follow	a	normal	distribution	(the	familiar	symetrical	bell	curve),	which	is	not	
generally	the	case	with	fish	survey	data.		By	definition,	surveys	should	sample	locations	
without	pre‐existing	knowledge	of	the	abundances	of	the	target	species	at	these	locations	
in	an	effort	to	maintain	an	unbiased	approach	to	measuring	abundance.		Consequently,	
CPUE	data	tend	to	be	positively	skewed,	which	means	that	over	the	course	of	a	sampling	
month	or	year,	the	survey	program	accumulates	high	frequencies	of	low	catches	and	low	
frequencies	of	high	catches,	largely	because	the	core	habitat	area	of	most	fishes	is	far	
smaller	than	the	total	survey	area.		The	bell	curve	of	a	normal	probability	distribution	is	not	
a	good	match	for	these	data	since	there	are	not	symmetric	frequencies	of	CPUE	
observations	around	some	type	of	central	value.		The	arithmetic	mean	of	samples	is	only	an	
unbiased	estimator	of	the	population	mean	if	the	underlying	data	follow	the	normal	
distribution,	and	inspection	of	simple	annual	histograms	of	the	FMWT	CPUE	data	from	
1967‐2010	suggest	that	the	normality	assumption	is	not	met.		Thus,	the	use	of	the	
arithmetic	mean	by	the	DFG	in	its	calculation	of	abundance	indices	from	the	FMWT	data	is	
questionable.			
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Second,	DFG’s	use	of	a	fixed	station	design	is	problematic	since	changes	in	the	distribution	
and	habitat	utilization	of	target	species	are	inherently	confounded	with	changes	in	the	
measured	abundances	at	sampling	locations.		For	example,	suppose	that	the	abundance	of	a	
particular	fish	species	is	constant	over	two	consecutive	years,	but	that	in	the	second	year	
there	is	a	shift	in	habitat	utilization	such	that	an	appreciable	fraction	of	fish	move	to	areas	
not	sampled	by	the	FMWT	survey.		Modest	shifts	in	annual	habitat	use	by	fishes	are	
plausible	and	often	driven	by	year‐to‐year	variability	in	environmental	conditions.		As	a	
result,	in	the	above	example,	a	habitat	shift	in	year	two	away	from	locations	routinely	
sampled	by	the	FMWT	would	lead	to	a	lower	index	of	abundance	even	though	total	
abundance	has	remained	constant	over	the	two‐year	time	frame.				
	
Lastly,	although	the	core	function	of	surveys	is	to	provide	indices	of	relative	abundance,	
equally	important	are	estimates	of	precision	for	those	indices,	and	such	estimates	are	
absent	from	the	analytical	procedures	used	by	the	DFG	in	its	treatment	of	the	FMWT	survey	
data.		Newman	(2008)	used	a	design‐based	estimation	procedure	to	provide	variance	
estimates	of	total	delta	smelt	abundance	estimates,	so	some	progress	has	been	made.		
However,	more	progress	is	needed	and	the	efforts	of	this	study	to	rework	the	derivation	of	
indices	from	the	FMWT	survey	data	with	associated	estimates	of	coefficients	of	variation	
(CVs)	can	be	viewed	as	an	additional	advancement.			
	

2.	 Consistency	of	Trawl	Gear	Performance	
	
It	has	been	documented	by	Newman	(2008)	and	acknowledged	by	DFG	staff	(via	FMWT	
survey	protocol	document	reviewed	by	R.J.	Latour)	that	the	volume	of	water	sampled	by	
the	trawl	can	vary	considerably	between	tows.		Consistency	of	gear	performance	in	the	
field	across	time	and	space	is	paramount	to	any	survey	program,	since	changes	in	survey	
indices	are	assumed	to	reflect	changes	in	the	underlying	abundance	of	target	species.		If	
tow	volumes	between	stations	by	area,	month,	and/or	year	change	substantially,	then	the	
area	weights	should	also	change	(Newman	2008).		DFG’s	analytical	protocol	for	the	FMWT	
survey	data	does	not	reflect	this	idea.			
	
For	illustration	of	this	point,	Newman	(2008)	provided	the	following	simple	example.		If	the	
true	abundance	of	a	particular	fish	species	is	the	same	in	a	given	area	and	month	for	two	
consecutive	years,	but	the	volume	filtered	in	each	tow	during	the	second	year	was	twice	the	
volume	filtered	in	the	first	year,	then	application	of	constant	weighting	factors	would	yield	
an	index	for	year	two	that	is	approximately	twice	that	of	year	one,	even	though	true	
abundance	remained	constant	over	time.		Although	Newman	(2008)	suggested	that	the	
scale	of	changes	in	delta	smelt	population	over	time	have	been	large	enough	to	mitigate	the	
effects	of	inaccuracies	due	to	variation	in	volume	sampled,	the	issue	itself	speaks	to	the	
concept	of	tow	standardization.			
	
Along	those	lines,	my	review	of	protocol	documents	associated	with	the	FMWT	program	
did	not	reveal	any	summaries	of	attempts	by	DFG	staff	to	investigate	consistency	of	gear	
geometry	during	tows.		Over	the	past	decade,	fish	sampling	programs	and	commercial	
fishers	in	North	America	have	made	significant	efforts	to	use	various	technologies	to	
understand	net	behavior	under	different	tidal	conditions	and	over	different	substrate	types	
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(R.J.	Latour,	personal	observations).		Equiping	trawl	nets	with	hydroacoustic	sensors	that	
provide	real‐time	measurements	of	door	spread,	headline	height,	bottom	contact,	wing	
spread,	and	many	other	parameters	has	been	by	far	the	most	popular	method.		Examples	of	
programs	that	routinely	use	hydroacoustic	mensuration	gear	include:	fish	trawl	surveys	
operated	in	the	U.S.	by	the	National	Marine	Fisheries	Services	and	the	Virginia	Institute	of	
Marine	Science	(VIMS),	trawl	surveys	under	the	direction	of	the	Department	of	Fisheries	
and	Oceans	in	Canadian	waters,	and	the	majority	of	the	commercial	trawling	fleet	that	
targeting	groundfishes,	herring,	and	squid	stocks	off	the	New	England	coast	and	within	the	
mid‐Atlantic	Bight.			
	
The	relatively	small	size	of	the	net	used	by	the	FMWT	survey	may	make	the	use	of	
hydroacoustic	net	mensuration	gear	logistically	challenging.		Nevertheless,	side	scan	sonar	
and	flume	testing	represent	seemingly	untapped	viable	alternatives	to	gain	insight	about	
the	FMWT	net	geometry.		Note	that	the	Centre	for	Sustainable	Aquatic	Resources	at	
Memorial	University,	Newfoundland,	Canada	has	the	largest	flume	tank	in	the	world	and	
routinely	tests	trawl	net	performance	for	both	standardized	survey	programs	and	
commercial	fishers.		The	absence	of	some	type	of	independent	verification	of	gear	
performance	should	raise	legitimate	questions	regarding	the	FMWT’s	ability	to	maintain	
consistent	towing	over	time	and	space,	and	therefore	the	representativeness	of	the	
abundance	indices	derived	from	FMWT	survey	data.					
	

3.	 Size	Selectivity	of	FMWT	Survey	Gear		
	
Another	criticism	of	the	FMWT	survey	is	that	the	trawl	gear	is	size‐selective	and	that	index	
calculation	methods	do	not	account	for	this	issue.		Size‐selectivity	refers	to	the	idea	that	the	
sampling	net	systematically	collects	animals	of	a	particular	size	range	that	is	different	than	
the	actual	size	range	of	the	target	species	in	the	environment.		If	all	sizes	of	a	particular	
species	are	not	equally	vulnerable	to	the	sampling	gear,	then	the	numbers	of	fish	caught	at	
at	any	given	location	may	not	be	representative	of	the	true	total	abundance	at	that	location	
(e.g.,	many	‘large’	or	many	‘small’	fish	are	not	captured	by	the	gear).		In	fairness,	all	
sampling	gear	is	size‐selective	to	some	degree,	so	this	concern	is	not	unique	to	the	FMWT	
program.		And	on	positive	note,	a	covered	cod‐end	experiment	was	conducted	in	
investigate	selectivity	for	the	FMWT	net	and	selectivity	estimates	for	delta	smelt	derived	
from	modern	statistical	techniques	were	provided	by	Newman	(2008),	so	good	progress	in	
this	area	has	been	made.	
	

4.	 Use	of	a	Four	Month	‘Index	Period’	
	
The	final	criticism	of	the	FMWT	survey	involves	questioning	the	utility	of	an	annual	index	
derived	from	monthly	sampling	over	a	protracted	time	period	(four	months),	since	doing	
so	relies	on	the	assumption	that	the	month‐to‐month	survival	pattern	of	target	species	is	
constant	over	years.		This	issue	can	be	mitigated	by	either	providing	monthly	estimates	of	
abundance	(as	done	so	by	Newman	(2008))	or	by	reducing	the	‘index	period’	(i.e.,	number	
of	months	for	which	data	are	used	to	estimate	indices)	to	be	reflective	of	a	perceived	
optimal	time	window	for	which	the	FMWT	survey	is	believed	to	provide	the	best	measure	
of	abundance	for	the	species	under	consideration.		It	should	be	noted	that	while	it	may	be	
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desirable	to	reduce	the	‘index	period’	to	fewer	than	four	months	as	a	means	of	addressing	
the	between	year	variation	in	monthly	survival	problem,	doing	so	should	be	based	on	a	
rigorous	temporal	analysis	of	existing	data.		Moreover,	a	similar	argument	can	be	made	to	
consider	modifying	the	spatial	domain	used	to	derive	indices	of	abundance.		The	current	
analytical	protocol	assumes	that	spatial	patterns	of	survival	within	months	are	constant	
over	years,	which	may	not	be	plausible	given	the	alterations	that	the	Delta	has	experienced	
over	the	course	of	the	past	decades.		Particular	areas	within	the	Delta	that	were	once	key	
habitat	for	target	species	may	no	longer	be,	and	vice	versa,	so	a	rigorous	spatial	
examination	of	existing	data	may	also	be	warranted.		
	

B.	 Alternative	Approach	to	Estimation	of	Indices	and	Testing	of	Covariates	
	

Given	the	aforementioned	analytical	limitations	of	the	DFG’s	protocol	for	deriving	indices	
of	abundance	for	fishes	in	the	Delta,	the	results	of	review	of	several	reports	and	peer‐
reviewed	manuscripts,	and	the	interest	in	investigating	the	role	of	various	environmental	
covariates	(particularly	flow)	on	abundance	of	key	fish	species	in	the	Delta	expressed	in	the	
SWRCB’s	2010	Delta	Flow	Criteria	Report	an	independent	analysis	of	the	FMWT	survey	
data	was	warranted.		Specifically,	while	that	FMWT	survey	data	has	certain	limitations	that	
demonstrate	uncertainty	about	trends	in	the	abundance	of	Delta	fish	species,	those	data	
have	been	the	primary	basis	for	management	decisions	concerning	those	species.		An	
analysis	of	the	relationships	between	trends	in	that	survey	data	and	relevant	
environmental	factors	therefore	may	be	important	for	the	SWRCB’s	consideration	of	new	
Delta	flow	objectives.	
	
The	analysis	of	fish	survey	data	can	typically	take	one	of	two	paths:	(i)	if	the	field	
operations	of	the	program	follow	a	known	and	defensible	sampling	design	(e.g.,	stratified	
random	sampling	approach),	then	design‐based	estimation	methods	can	be	utilized,	or	(ii)	
if	the	field	procedures	do	not	closely	align	with	a	theoretically	established	design	and/or	
there	is	interest	in	standardizing	the	index	for	the	influence	of	covariates,	then	a	model‐
based	approach	can	be	utilized.		The	analyses	conducted	by	Newman	(2008)	are	an	effort	
to	overcome	some	of	the	analytical	limitations	of	DFG’s	protocol	through	the	use	of	design‐
based	methods.		In	the	discussion	section	of	that	manuscript,	the	author	also	noted	that	
model‐based	inference	is	a	viable	alternative	and	fruitful	area	of	further	research.		The	
analyses	in	this	study	can	therefore	be	viewed	as	complementary	to	those	of	Newman	
(2008)	and	in	the	spirit	of	fulfilling	the	need	for	future	research	identified	by	Newman	
(2008).					
	
Generalized	linear	models	(GLMs;	McCullagh	and	Nelder	1989)	are	commonly	applied	to	
survey	for	the	purpose	of	standardizing	catch	and	effort	data	(Maunder	and	Punt	2004),	
and	are	therefore	the	focal	methodology	of	this	study.		GLMs	are	defined	by	the	statistical	
distribution	of	the	response	variable,	which	in	this	case	is	CPUE,	and	how	a	linear	
combination	of	explanatory	variables	relates	to	the	mean	of	the	response	variable.		
Formally,	GLMs	are	defined	as:		
	
																																																																						 																																																							eq	 3 	
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where	g	is	the	differentiable	monotonic	link	function	that	brings	together	the	response	
variable	(random	model	component)	and	explanatory	variables	(systematic	model	
component),	i	=	E(Yi)	which	is	the	expected	value	or	mean	of	the	response	variable,xi	is	
the	vector	of	covariates	for	the	ith	value	of	the	response	variable,is	a	vector	of	parameters	
to	be	estimated,	and	Yi	is	the	ith	value	of	the	response	variable	(Maunder	and	Punt	2004).		
	
Inspection	of	the	raw	FMWT	CPUE	data	from	1967‐2011	for	delta	smelt,	longfin	smelt,		
Sacramento	splittail,	starry	
flounder,	threadfin	shad,	
and	Crangon	spp.	(shrimp)	
revealed	that	in	many	years	
the	proportion	of	tows	
where	at	least	one	target	
specimen	was	captured	was	
quite	low	(denoted	positive	
tows,	Figure	2).		For	all	
species	examined,	there	has	
been	a	general	decline	in	the	
proportion	of	positive	tows,	
particularly	since	the	late	
1990s	and	to	values	often	
below	0.10.		Given	
approximately	100	tows	per	
monthly	cruise,	this	
suggests	that	target	species	
are	encountered	only	10%	
of	the	time.		If	not	dealt	with	
properly,	the	presence	of	
many	zero	catches	in	the	
data	set	can	invalidate	the	
underlying	assumptions	of	
GLMs	and	thus	jeopardize	
statistical	inference.		
Although	a	variety	of	
accepted	statistical	
techniques	can	be	used	to	deal	with	zero	catches,	I	decided	to	formulate	a	delta‐GLM	where	
the	probability	of	obtaining	a	zero	catch	and	the	catch	rate	based	on	tows	that	encountered	
at	least	one	target	specimen	are	modeled	separately	(Aitchison	1955,	Lo	et	al,	1992,	
Stefansson	1996,	Dick	2004).		The general form of a delta-GLM model is: 
 

 

																																	Pr 1 															 0
otherwise

																																													eq	 4  

	
where	p	is	a	generic	parameter	that	represents	the	probability	of	obtaining	a	zero	catch	and	
f(y)	is	probability	distribution	for	tows	where	the	target	species	was	encountered.		The	

Figure	2.	Annual	proportion	of	FMWT	survey	tows	conducted	in	September‐
December	where	at	least	one	target	specimen	(Delta	Smelt,	Longfin	Smelt,	
Splittail,	Starry	Flounder,	Threadfin	Shad,	and	Crangon	Spp)	was	
encountered	(blue	line)	and	mean	value	(red	line)	from	1967‐2011.		No	
sampling	occurred	in	1974,	September	1976,	December	1976,	and	1979.
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parameter	p	was	modeled	with	the	binomial	distribution	since	this	component	of	the	
model	handles	the	presence/absence	of	the	target	species	in	the	FMWT	trawl	tows.		Visual	
examination	of	raw	CPUE	data	from	tows	where	the	target	species	was	encountered	(i.e.,	
actually	caught)	along	with	diagnostics	plots	of	model	fits	assuming	various	probability	
distributions	for	f(y)	suggested	that	a	lognormal	distribution	was	reasonable	for	modeling	
mean	CPUE	from	the	positive	catches	(i.e.,	number	of	fish	caught	per	tow).	
	

1. Analysis	of	‘Daily’	Covariates	
	

Given	a	finalized	specification	for	the	delta‐GLM,	a	two	pronged	approach	was	taken	to	
investigating	the	role	of	covariates	on	the	FMWT	survey	data.		First,	a	total	of	four	delta‐
lognormal	GLM	parameterizations	involving	various	combinations	of	covariates	associated	
with	the	daily	FMWT	sampling	activities	were	fitted	to	the	CPUE	data.		The	purpose	of	this	
analysis	was	to	identify	the	‘best’	fitting	model	containing	covariates	synoptic	with	
sampling.		From	this	model,	the	statistical	significance	of	those	covariates	was	documented	
and	an	index	of	abundance	was	derived	for	each	species	considered.	
	
The	covariates	considered	in	the	analysis	are	defined	as	follows:	Year,	which	was	a	
categorical	variable	denoting	the	year	of	sampling,	Month,	which	was	a	categorical	variable	
denoting	the	month	of	sampling,	Region,	which	was	defined	to	be	area	of	the	Delta	
following	the	Area	designations	of	the	FMWT	stratification	scheme,	and	Secchi	Depth,	which	
is	the depth at which a symetrical black and white pattern on a small disk attached to a line is no 
longer visible.  Secchi Depth is a measure of transparency of the water and is related to water 
turbidity.		
	
From	those	covariates,	a	total	of	four	model	parameterizations	were	fitted	to	the	data	for	
each	species:	model	D1	contained	covariates	Year	and	Month;	model	D2	contained	Year,	
Month,	and	Region;	model	D3	contained	Year,	Month,	and	Secchi	Depth,	which	was	
standardized	to	have	a	mean	of	zero	and	a	standard	deviation	of	one;	and	model	D4	
contained	Year,	Month,	Region	and	Secchi	Depth	(D	labels	denote	‘daily’	analysis).			
	
The	variables	Temperature	and	Salinity	are	absent	from	all	models	considered.		Various	
plots	of	raw	data	revealed	a	somewhat	expected	appreciable	degree	of	inverse	correlation	
among	Salinity	and	Region	(i.e.,	Salinity	goes	down	as	one	moves	up	the	estuary)	and	among	
Temperature	and	Month	(i.e.,	as	autumn	progresses	toward	winter,	e.g.,	Month	goes	from	9	
to	12,	Temperature	of	surface	waters	goes	down).		Correlation	among	covariates	amounts	
to	collinearity	and	this	phenomenon	should	avoided	when	fitting	GLMs	as	it	can	cause	
numerical	instability	and	biased	parameter	estimates	(Fox	2008).		Hence,	a	single	covariate	
was	chosen	from	each	pair	(Salinity	vs	Region	and	Temperature	vs	Month)	and	it	was	
decided	to	include	Region	and	Month	since	these	variables	are	by	definition	more	general	
than	Salinity	and	Temperature.		Lastly,	interaction	terms	were	also	not	explicitly	considered	
in	the	delta‐GLMs	largely	because	for	several	species	(notably	starry	flounder),	there	are	
many	combinations	of	Month	and	Region	where	all	tows	resulted	in	zero	catches.		Inclusion	
of	covariates	with	many	‘null’	levels	would	compromise	interpretation	of	results.	
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2.	 Analysis	of	‘Annual’	Covariates	
	
In	the	analysis	described	above,	each	model	contained	a	Year	factor,	which	is	simply	a	
proxy	for	the	annual	status	of	the	Delta	ecosystem	(synthesis	of	environmental,	
climatological,	physical,	etc.	effects	and	the	resultant	relative	fish	abundance	as	measured	
by	the	FMWT	survey).		Statistical	significance	of	the	Year	factor	implies	that	CPUE	changes	
appreciably	over	an	annual	time	scale	for	at	least	some	of	the	years	in	the	analysis,	but	it	
does	not	provide	direct	identification	of	the	annual	process(es)	responsible	for	those	
changes.		Therefore,	a	second	step	in	the	analysis	was	initiated	where	the	Year	factor	
within	the	‘best’	fitting	model	was	replaced	with	specific	flow	covariates	tabulated	on	
annual	time	scales.		Those	‘annual’	flow	covariates	were	Historical	and	Unimpaired	Outflow	
and	Historical	and	Unimpaired	Inflow.3		All	inflow	covariates	were	defined	to	include	flow	
from	the	Sacramento	River	plus	Yolo	Bypass.		For	each	of	these	variables,	a	single	‘annual’	
flow	value	was	calculated	by	averaging	monthly	flow	values	four	different	ways:	(i)	from	
Jan‐Jun	within	the	year	of	sampling,	(ii)	from	Mar‐May	within	the	year	of	sampling,	(iii)		
from	Jan‐Jun	of	the	preceding	sampling	year,	and	(iv)	from	Mar‐May	of	the	preceding	
sampling	year	(denoted	as	models	A1‐A16	to	symbolize	‘annual’	analysis).		Mechanically,	for	
each	of	the	16	models,	a	single	flow	value	was	replicated	for	each	tow	within	each	year	of	
the	FMWT	data	set.		To	illustrate	this	point,	suppose	the	monthly	average	Historical	Outflow	
from	January	to	June	in	1967	is	given	by	F1967.		Then	the	Historical	Outflow,	Jan‐Jun	
covariate	for	1967	would	take	on	the	F1967	value	replicated	according	to	the	number	tows	
made	during	that	year.		This	concept	was	carried	forward	for	all	years	in	the	time‐series	
such	that	the	43	unique	flow	averages	(1967‐2010)	of	the	16	different	flow	variables	were	
each	replicated	based	on	the	year‐specific	number	of	tows	made	by	the	FMWT	survey.	
	
Lagged	flow	variables	were	considered	because	several	of	the	target	fish	species	do	not	
reach	sexual	maturity	until	at	least	two	years	of	age,	so	it	is	reasonable	to	hypothesize	that	
there	could	be	delayed	effects	of	flow	on	the	relative	abundance	of	species	sampled	by	the	
FMWT	survey.			All	‘annual’	flow	values	were	based	on	calculations	derived	from	water	
monitoring	observations	(Walter	Bourez,	MBK	Engineers,	personal	communication).		
Lastly,	the	‘annual’	flow	values	and	the	aforementioned	daily	Secchi	Depth	measurements	
were	standardized	to	have	a	mean	of	zero	and	a	standard	deviation	of	one	to	improve	the	
numerics	underlying	the	model	fitting	process	and	to	facilitate	comparisons	of	the	relative	
effects	of	these	variables	on	the	probability	of	capture	(referred	to	as	binomial	model)4	and	
mean	CPUE	based	on	positive	catches	(referred	to	as	lognormal	model).	
		
Postulation	of	multiple	models	implies	that	some	type	of	model	selection	criterion	was	
needed	to	objectively	discriminate	among	competing	parameterizations.		Akaike’s	
Information	Criterion	(AIC;	Akaike	1973,	Burnham	and	Anderson	2002)	was	used	to	
compare	among	the	models	in	both	the	‘daily	and	‘annual’	analyses.		AIC	is	a	commonly	
used	model	selection	statistic	that	is	designed	to	achieve	the	most	parsimonious	

                                                 
3The	base	flow	data	that	I	used	were	provided	by	Walter	Bourez	of	MBK	Engineers	and	are	based	on	
DAYFLOW	and	the	Department	of	Water	Resources	publication	California	Central	Valley	Unimpaired	Flow	
Data. 
4 “Probability	of	capture”	also	is	referenced	as	“presence/absence.” 
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description	of	the	underlying	data.		Models	with	lots	of	parameters	by	definition	are	
expected	to	provide	better	fits	to	data,	however,	the	inclusion	of	many	parameters	leads	to	
estimated	coefficients	(the	’s	from	eq	(3))	with	lower	precision	than	simpler	models,	
which	affects	the	quality	of	inferences	about	the	significance	of	the	covariates	being	
considered.		So	there	is	a	natural	tradeoff	between	model	complexity	and	precision	of	
estimated	parameters,	and	AIC	can	help	with	identifying	the	appropriate	balance.		
Formally,	AIC	is	defined	as:				 
  	
																																																																	AIC 2 log 2 																																																									eq	 5 	
	
where	 	is	the	estimated	maximum	likelihood	value	and	k	is	the	number	of	estimated	
parameters.		The	first	term	of	the	AIC	equation	pertains	to	model	fit	and	it	will	tend	toward	
smaller	values	for	better	fitting	models.		The	second	term	is	an	added	adjustment	that	is	a	
function	of	the	number	of	model	parameters	and	designed	to	balance	the	improved	fit	of	
models	with	many	parameters.		Therefore	the	most	parsimonious	description	of	the	data	is	
the	model	with	the	lowest	total	AIC	value.		The	absolute	magnitude	of	an	AIC	value	is	not	
overly	useful	given	that	is	intended	as	a	relative	measure	of	model	parsimony	among	the	
parameterizations	considered	in	the	analysis.		Accordingly,	it	is	helpful	to	examine	AIC	for	
each	fitted	model,	which	is	the	difference	between	the	AIC	value	for	a	particular	model	and	
the	smallest	AIC	value	of	all	models	considered:			
	
																																																																							∆AIC AIC AIC .																																																			eq	 6 	
	
Naturally,	it	follows	then	that	the	‘best’	fitting	model	within	a	candidate	set	is	the	one	with	
AIC	=	0,	however,	it	should	be	noted	that	models	with	0<	AIC	<	2	can	also	be	viewed	as	
having	received	notable	empirical	support	(Burnham	and	Anderson	2002).	
	
This	report’s	derivation	of	indices	of	abundance	from	1967‐2010	alternative	to	those	
provided	by	DFG	was	based	on	the	‘best’	fitting	model	from	the	four	considered	in	the	
‘daily’	analysis.		The	unbiased	estimated	index	of	abundance	in	year	y	(Iy)	was	calculated	as:	
			
																																																																																		 ̂ ̂ 																																																															eq	 7 	
	

where	 ̂
∑ ,

∑ ,
	is	the	probability	of	a	non‐zero	catch	(modeled	via	

logistic	regression)	and	the	mean	CPUE	based	on	positive	catches	is	 ̂ exp

∑ , ,	such	that	 	and	 	are	the	estimated	intercepts,	 	and	 	are	the	

estimated	coefficients	for	year	y,	 	and	 	the	estimated	coefficients	for	xi,y	which	is	the	ith	
covariate	in	year	y	(total	of	q	covariates	beyond	the	intercepts	and	year	factors),	and	 	is	
the	estimate	of	the	dispersion	parameter	and	necessary	for	bias‐correction	of	the	back	
transformed	lognormal	component	of	the	delta‐GLM.			
	
In	general	terms,	the	indices	of	relative	abundance	in	this	report	were	calculated	by	
multiplying	an	estimate	of	the	probability	that	the	FMWT	survey	encounters	a	given	
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species	by	an	estiamte	of	the	average	CPUE	from	tows	when	that	species	is	actually	
captured	by	FMWT.		This	approach	is	one	of	a	few	standard	options	for	deriving	indices	of	
relative	abundance	from	survey	information	when	there	are	a	large	number	of	zero	catches	
in	the	data	set	(again,	see	Figure	2	and	associated	discussion).		
	
When	extracting	the	annual	predicted	index	values	from	any	GLM,	it	is	necessary	to	
account	for	the	multiple	levels	(in	the	case	of	categorical	covariates)	and	values	(with	
continuous	variables)	during	year	y	by	specifying	single	values	for	 , 	(so	called	marginal	
means,	Searle	et	al.	1980).		In	the	case	of	continuous	variables,	the	contribution	to	the	
annual	predicted	indices	was	given	by	the	product	of	the	estimated	coefficients	and	the	
mean	values	of	the	observations	of	 , .		For	categorical	variables,	the	contribution	was	
taken	to	be	the	mean	value	of	the	estimated	coefficients	for	all	levels.		Lastly,	to	stabilize	the	
jackknife	routine	(see	next	paragraph)	used	to	derive	standard	errors,	a	data	filter	was	
imposed	where	levels	of	the	categorical	variables	were	removed	if	there	was	less	than	two	
trawls	tows	where	the	target	species/group	was	captured.				
	
Standard	errors	of	the	annual	indices	(	 )	were	derived	from	a	jackknife	routine	(Efron 
1981),	which	is	a	nonparametric	procedure	that	consists	of	fitting	the	delta‐lognormal	GLM	
to	repeated	subsamples	of	the	original	data	set	by	omitting	a	single	observation	at	a	time.		If	
the	original	underlying	data	set	consists	of	n	observations,	then	each	subsample	is	
comprised	of	n‐1	observations,	and	fitting	the	delta‐lognormal	model	to	each	subsample	
leads	to	n	estimated	indices	for	each	year	in	the	time‐series.		The	jackknife	estimate	of	the	
standard	error	for	each	annual	index	is	then	calculated	from	the	n	estimated	indices	
obtained	from	the	model	fits	to	the	data	subsamples.		The	formal	expression	for	the	
estimated	standard	error	of	each	index	value	is	as	follows:	
		

																																																											
1

																																																		eq	 8 	

	
where		 		are	the	estimated	indices	from	the	subsamples,	 		is	the	index	value	for	year	y	
derived	from	fitting	the	delta‐lognormal	GLM	to	the	full	data	set,	and	n	is	the	total	number	
of	observations.		The	coefficients	of	variation	(CV)	is	the	ratio	of	the	standard	error	to	the	
mean:	

																																																																																		CV 																																																																eq	 9 	

	
which	is	the	inverse	of	the	signal	to	noise	ratio	and	helpful	in	demonstrating	the	extent	of	
variability	in	relation	to	the	estimated	CPUE	index	value	for	each	year.	
	
IV.	 Results		

	
Over	the	course	of	Sept‐Dec	during	the	years	1967‐2010,	a	total	of	14,658	tows	were	
conducted	by	the	FMWT	survey.		The	data	from	these	tows	generally	formed	the	basis	for	
examining	the	significance	of	covariates	and	for	developing	indices	of	abundance	for	
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selected	species	alternative	to	the	abundance	indices	provided	by	DFG.		However,	as	noted	
above,	a	data	filter	was	applied	to	ensure	that	there	were	at	least	two	trawl	tows	with	
positive	catches	within	each	level	of	each	covariate	for	each	year	in	the	analysis.		This	
additional	but	necessary	restriction	implied	that	the	actual	number	of	tows	underlying	
derivation	of	the	indices	was	less	than	14,658	tows	for	some	species	(data	losses	most	
often	resulted	from	removal	of	specific	areas	within	the	Region	covariate,	but	some	years	
were	also	removed;	maximum	number	of	tows	ignored	was	4,861	for	Sacramento	splittail	
followed	by	2,988	for	starry	flounder).		Also,	uncharacteristically	high	Secchi	Depth	values	
were	noted	for	607	tows	(measurements	considerably	larger	than	for	the	other	~14,000),	
so	those	were	also	eliminated	to	mitigate	against	the	effects	of	outliers	on	the	modeling	
results.				
	

A. ‘Daily’	Analysis	
	
Of	the	four	delta‐lognormal	GLM	parameterizations	fitted	to	the	FMWT	survey	CPUE	data	
for	analysis	of	‘Daily’	covariates,	AIC‐based	model	selection	for	both	the	binomial	and	
lognormal	models	suggested	that	models	containing	Year,	Month,	Region,	and	Secchi	
provided	the	acceptable	explanations	of	the	observed	data.		Supporting	this	conclusion	is	
the	fact	that	AIC=0.0	for	model	D4,	for	all	species	except	starry	flounder	(Appendix	A,	
Tables	A1A‐A6A;	for	starry	flounder,	AIC	=	0.0	for	model	D2	and	AIC	=	0.21	for	model	
D4).		However,	a	AIC=0.21	is	virtually	indistinguishable	from	AIC	=	0.0,	so	model	D4	was	
applied	for	all	species	to	maintain	modeling	consistency.			
	
These	results	suggest	that,	beyond	the	expected	Year	effect,	some	degree	of	appreciable	
variation	in	FMWT	survey	CPUE	data	was	also	explained	by	Month	of	sampling,	Region	of	
sampling,	and	Secchi	Depth.		However,	simply	because	a	suite	of	covariates	is	found	to	
improve	model	fit,	the	overall	amount	of	additional	variation	explained	by	inclusion	of	
those	covariates	relative	to	the	model	with	no	covariates	must	be	examined.		For	the	
binomial	model,	the	percent	of	the	total	variation	in	the	data	explained	by	the	covariates	
ranged	from	18‐37%,	while	for	the	lognormal	model,	the	range	was	19‐44%.		The	
maximum	percentages	both	were	for	the	longfin	smelt	CPUE	analysis	and	the	minimum	
percentages	for	the	binomial	and	lognormal	models	were	for	starry	flounder	and	delta	
smelt,	respectively.		For	all	species,	the	‘best’	fitting	model	explained	less	than	half	of	the	
total	variation	in	the	observed	data,	which	strongly	suggests	that	there	are	other	key	
covariates	that	play	a	role	in	structuring	the	FMWT	survey	CPUE	information.				
	
After	identifying	which	model	provided	the	‘best’	fit	for	each	species,	the	next	step	involved	
examining	the	estimated	coefficients	(relative	magnitude	and	sign,	i.e.,	positive/negative),	
associated	standard	errors,	and	p‐values	which	underpin	the	statistical	significance	of	each	
covariate	level	(in	the	case	of	categorical	variables)	and	covariate	itself	(in	the	case	of	
continuous	variables).		The	intercept	of	each	model,	denoted	by	0,	sets	the	reference	point	
for	interpretation	of	the	categorical	covariates.			
	
For	all	models	except	those	fitted	to	the	Crangon	spp.	data,	the	binomial	and	lognormal	
intercepts	were	set	to	be	September,	1967,	in	Region	1.		For	Crangon	spp.,	no	data	were	
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collected	in	1967	so	the	reference	year	was	set	to	1968.		Given	these	reference	points,	the	
coefficients	of	all	other	levels	of	Month	should	be	viewed	directional	deviations	from	
September,	the	coefficients	of	all	other	levels	of	Year	should	be	viewed	directional	
deviations	from	1967	(or	1968	for	Crangon	spp.),	and	the	coefficients	of	all	other	levels	of	
Region	should	be	viewed	directional	deviations	from	Region	1.			
	
The	p‐values	provide	information	regarding	the	statistical	significance	of	each	of	those	
directional	deviations	when	tested	against	zero.		The	cutoff	p‐value	for	inferring	
significance	is	usually	taken	to	be	0.05,	so	any	Month,	Year,	and	Region	level	coefficient	
with	a	p‐value	less	than	implies	that	there	is	a	either	a	significant	increase	(positive	
value)	or	decrease	(negative	value)	from	the	reference	point	associated	with	the	binomial	
or	lognormal	models.		Conversely,	p‐values	greater	than	suggest	that	coefficients	
associated	with	levels	of	Month,	Year,	and	Region	are	not	statistically	different	from	zero,	
and	thus	are	not	statistically	different	from	the	reference	point.		For	a	continuous	covariate,	
such	as	Secchi	Depth,	interpretation	of	the	modeling	results	is	a	bit	simpler.		By	definition	
there	are	no	levels	associated	with	a	continuous	variable,	and	as	such,	a	single	coefficient	is	
estimated	and	the	related	p‐value	provides	guidance	for	statistical	significance	of	that	
coefficient	when	tested	against	zero.		If	the	estimated	coefficient	is	negative,	with	a	p‐value	
less		then	the	effect	of	Secchi	Depth	on	either	the	binomial	and	lognormal	models	will	be	
higher	for	lower	Secchi	measurements	and	lower	for	higher	Secchi	measurements.		This	
follows	because	Secchi	Depth	was	standardized	to	have	a	mean	of	zero	such	that	low	Secchi	
observations	were	negative,	which	when	multiplied	by	the	negative	estimated	coefficient	
leads	to	a	positive	effect.		
Similarly,	high	Secchi	Depth	
observations	were	positive,	which	
when	multiplied	by	the	negative	
estimated	coefficient	leads	to	a	
negative	effect.		
	
Admittedly,	there	are	a	lot	of	
estimated	coefficients	for	each	
species,	so	it	is	a	bit	cumbersome	
to	interpret	the	estimation	results	
and,	perhaps	more	importantly,	
to	draw	general	conclusions	
regarding	the	effects	of	the	
modeled	covariates	from	the	
binomial	and	lognormal	models.		
Some	general	guidance	is	
provided	below.	
	
The	statistical	significance	of	many	of	the	Year	levels	is	not	surprising	as	it	reasonable	to	
conclude	based	on	known	changes	to	the	Delta	ecosystem	that	the	presence/absence	and	
relative	abundance	of	species	has	changed	notably	during	1967‐2010.		The	estimated	Year	
effects	allow	for	detection	of	regimes	of	significantly	higher	or	lower	than	reference	year	

Figure	3.	Mean	annual	turbidity,	declining	throughout	the	
Sacramento‐San	Joaquin	Delta	from	1975–2008.		From	
monthly	data	provided	by	California	Department	of	Water	
Resources,	Environmental	Monitoring	Program,	and	published	
by	Cloern	et	al.	(2011). 
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presence/absence	(Appendix	A,	Tables	A1B‐A6B)	and	relative	abundance	(Appendix	A,	
Tables	A1C‐A6C).	Accordingly,	the	Year	levels	drive	the	patterns	associated	with	model	
predicted	indices	of	relative	abundance	over	the	time‐series.		The	levels	of	Year	are	simply	
proxies	for	the	annual	state	of	the	Delta	ecosystem,	so	identifying	a	specific	variable	or	set	
of	variables	responsible	for	the	predicted	annual	trends	in	species	relative	abundance	
beyond	a	‘generic’	Year	effect	requires	additional	investigation	(see	a	first	attempt	in	the	
‘annual’	analysis	section	below).			
	
Statistical	significance	or	lack	thereof	for	the	levels	of	Month	provides	some	insight	into	the	
degree	of	seasonal	patterns	in	presence/absence	and	relative	abundance,	but	as	with	the	
Year	covariate,	levels	of	Month	are	also	proxies	for	time‐periods,	albeit	more	refined	than	
annual.		Significance	of	Month	effects	do	not	provide	direct	evidence	of	any	causative	
seasonal	mechanism	or	variable,	although	a	plausible	hypothesis	might	be	within	year	
movements	where	species	undergo	localized	migrations	in	response	to	the	seasonal	
physical	and	environmental	dynamics	present	within	the	Delta.			
	
The	levels	of	the	Region	covariate	are	proxies	for	location	within	the	Delta,	and	arguably	
habitat	type,	so	it	is	not	overly	surprising	that	many	of	these	estimated	coefficients	were	
significant	given	that	most	fishes	have	preferred	habitat	types	and	specific	home	ranges.		
But	again,	the	levels	of	Region	are	proxies	for	other	more	causative	mechanisms	
responsible	for	structuring	the	distribution	of	species.		A	deeper	investigation	of	the	
importance	of	Region	might	involve	incorporating	specifically	defined	habitats	such	as	
submerged	aquatic	vegetation	(SAV),	sandy,	or	muddy	bottom	assuming	such	habitat	
characterizations	have	been	made	for	the	locations	sampled	by	the	FMWT	survey.			
	
The	statistical	significance	of	Secchi	Depth	for	all	binomial	models	and	all	but	one	
lognormal	model	(starry	flounder)	brings	to	the	forefront	the	idea	that	water	turbidity	
influences	the	presence/absence	and	relative	abundance	of	species	within	the	Delta.		By	
definition,	Secchi	Depth	is	a	coarse	measurement	of	turbidity,	so	future	investigations	
should	evaluate	the	impacts	of	more	robust	metrics	of	turbitity	on	FMWT	survey	CPUE.		All	
estimated	coefficients	of	the	Secchi	Depth	covariate	were	negative	regardless	of	model	type	
or	species,	and	because	this	variable	was	standardized,	low	Secchi	Depth	values	correspond	
to	increases	in	presence/absence	and	relative	abundance,	and	high	Secchi	Depth	values	
imply	corresponding	decreases	in	those	metrics.		Since	the	general	patterns	of	relative	
abundance	for	various	species	derived	from	the	FMWT	survey	data	show	declines	over	the	
time‐series	(DFG’s	published	indices	and	those	presented	below),	consistency	of	this	Secchi	
Depth	interpretation	with	the	evolving	understanding	of	how	the	Delta	has	changed	over	
recent	decades	could	only	be	maintained	if	turbidity	in	the	Delta	has	decreased	over	time.		
Such	a	finding	has	recently	been	published	in	the	primary	literature	(Figure	3).		
Hypothesized	mechanisms	for	increased	presence/absence	and	relative	abundance	with	
higher	Delta	turbidity	include:	(i)	decreased	gear	avoidance	due	to	compromised	sensory	
based	detection	of	the	FMWT	net	by	species	(a	sampling	based	explanation	which	amounts	
to	a	temporal	change	in	catchability),	(ii)	populations	thrive	under	turbid	conditions	
perhaps	because	more	planktonic	prey	are	present	(true	higher	species	relative	
abundances	from	a	bottom‐up	perspective),	and	(iii)	decreased	predation	mortality	
possibly	because	higher	turbidity	reduces	the	success	of	predators	(true	higher	species	
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relative	abundances	from	a	top‐down	perspective).		Clearly,	each	of	these	hypotheses	
warrants	further	investigation.	
	

B. Derivation	of	Alternative	Indices	
	
The	final	step	in	the	‘Daily’	Analysis	was	to	derive	indices	of	abundance	for	species	
alternative	to	those	published	by	DFG	and	with	associated	estimates	of	precision	from	the	
‘best’	fitting	model.		In	general,	the	patterns	of	the	indices	from	this	analysis	do	not	differ	
qualitatively	from	those	offered	by	DFG	(Figures	4A,B).		Prior	to	the	mid‐1980s,	the	indices	
show	mostly	variable	patterns	in	relative	abundance	for	the	target	species,	and	near	the	
late	1990s,	the	indices	generally	decline	up	to	2010.		In	terms	of	precision,	the	estimated	
CVs	for	all	species	were	generally	acceptable,	with	most	values	ranging	between	0.2‐0.45.		
There	are	exceptions	though	with	higher	values	corresponding	to	periods	within	the	time‐
series	for	Sacramento	
splittail,	starry	
flounder,	and	Crangon	
spp.				
	
As	mentioned	
previously,	the	units	of	
DFG’s	indices	are	
water	volume	times	
average	fish	counts	
summed	over	all	areas	
sampled.		This	
calculation	method	is	
not	overly	intuitive,	
which	renders	it	
difficult	to	interpret	
the	actual	catch	rate	
values	and	the	scale	of	
changes	in	relative	
abundance.		For	
example,	the	DFG	
index	of	relative	
abundance	for	longfin	
smelt	went	from	
11864	volume*fish	in	
1983	to	7408	
volume*fish	in	1984.		
Clearly,	the	relative	
abundance	went	down	
over	the	two‐year	
period,	but	what	does	
a	reduction	of	4456	
volume*fish	units	

Figure	4A.	Estimated	indices	of	relative	abundance	(mean	number/tow,	blue	
line)	and	associated	coefficients	of	variation	(CV,	gray	line)	for	delta	smelt,	
longfin	smelt,	Sacramento	splittail,	starry	flounder,	threadfin	shad,	and	crangon	
spp.	based	on	a	delta‐lognormal	GLM	applied	the	FMWT	survey	data	from	1967‐
2010.		The	red	lines	are	the	average	index	value	across	the	time‐series.	No	
sampling	occurred	in	1974,	September	1976,	December	1976,	and	1979.		Other	
years	with	missing	index	values	are	due	to	insufficient	catches	to	warrant	
estimation	of	a	relative	abundance	measure. 
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really	mean	for	the	population	status	of	longfin	smelt?		It	is	hard	to	say	because	the	
numerical	values	do	not	relate	to	any	relative	or	total	population	level	parameter.		In	
contrast	to	the	methods	used	by	DFG,	the	estimation	approach	taken	in	this	study	was	
designed	to	yield	indices	as	unbiased	estimates	of	average‐catch‐per‐tow.		From	1983‐
1984,	the	longfin	smelt	indices	went	from	an	average	of	3.54	fish‐per‐tow	to	an	average	of	
6.76	fish‐per‐tow.		Not	only	do	
the	methods	used	in	this	study	
provide	a	different	pattern	of	
relative	abundance	for	longfin	
smelt	over	the	two‐year	period	
(increasing	instead	of	
decreasing),	the	magnitude	of	
the	change	is	interpretable.		The	
FMWT	survey	captured,	on	
average,	approximately	twice	as	
many	longfin	smelt	per‐tow	in	
1984	as	it	did	in	1983.								
	
From	this	study,	the	highest	
index	for	delta	smelt	from	1967‐
2010	was	0.79	fish‐per‐tow	
(1970),	and	the	full	time‐series	
mean	relative	abundance	was	
0.17	fish‐per‐tow	(Figure	4A).		
For	Sacramento	splittail	and	
starry	flounder,	the	highest	
relative	abundance	values	were	
0.13	and	0.14	fish‐per‐tow	and	the	time‐series	averages	were	0.02	and	0.04	fish‐per‐tow,	
respectively.		Collectively,	never	achieving	an	annual	mean	catch‐per‐tow	greater	than	say	
1.0	fish‐per‐tow	implies	that	not	many	animals	are	routinely	captured	by	the	FMWT	
survey,	which	raises	legitimate	questions	about	the	efficacy	of	the	program	in	providing	
measures	of	relative	abundance	that	track	patterns	in	true	abundance.			
	
For	comparison,	the	Virginia	Institute	of	Marine	Science	(VIMS)	Juvenile	Finfish	Trawl	
Survey	is	a	fisheries‐independent	sampling	program	that	has	operated	in	Chesapeake	Bay	
continuously	since	the	1950s.		As	indicated	by	its	name,	the	survey	is	designed	to	provide	
indices	of	abundance	for	juvenile	fishes.		Although	there	are	differences	between	the	VIMS	
and	FMWT	surveys	(e.g.,	differences	in	overall	net	size,	mesh	sizes,	deployment	procedures,	
etc.)	the	indices	for	two	sciaenid	species	(spot	and	weakfish),	the	VIMS	program	is	believed	
to	provide	reliable	measures	of	juvenile	abundance	are	included	here	(Figure	5).		Note	that	
the	long	term	average	catch‐per‐tow	for	spot	and	weakfish	is	slightly	less	than	20	and	10	
fish,	respectively.		These	catches‐per‐tow	are	orders	of	magnitudes	higher	than	the	FMWT’s	
catches‐per‐tow	for	delta	smelt,	Sacramento	splittail	and	starry	flounder.	
			
For	longfin	smelt,	threadfin	shad,	and	Crangon	spp.,	the	highest	FMWT	index	values	were	
45.7,	4.9,	and	45.1	individuals‐per‐tow	and	the	long‐term	averages	were	5.1,	1.3,	and	8.8,	

Figure	4B.	Estimated	indices	of	relative	abundance	for	delta	
smelt,	longfin	smelt,	Sacramento	splittail,	and	threadfin	shad	
published	by	DFG,	1967‐2010.	 
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respectively.		In	general,	the	scale	of	these	indices	are	more	reasonable	and	suggestive	that	
the	FMWT	more	routinely	encounters	these	species	and	that	catches	are	occasionally	high.		
The	‘spiked’	nature	of	the	longfin	smelt	indices	in	the	early	1960s	and	1980s	does	give	
pause,	but	inspection	of	the	raw	data	for	those	years	showed	frequent	catches	of	several	
hundred	fish‐per‐tow	in	specific	years.		This	suggests	that	the	high	index	values	for	those	
years	were	not	functions	of	a	small	number	of	very	large	catches	resulting	from	unusually	
high	localized	relative	abundance	at	a	few	stations,	which	would	otherwise	be	cause	for	
concern.			
	
By	definition,	trawl	surveys	are	
multispecies	sampling	platforms,	
and	as	such,	some	species	will	be	
sampled	well	while	others	will	
not	be	sampled	well.		These	
differences	in	sampling	
effectiveness	are	because	the	life	
history	and	habitat	utilization	of	
some	species	are	more	closely	
aligned	with	the	gear	
configuration	and	deployment	
methods	than	for	other	species.		A	
somewhat	obvious	example	of	
mismatch	for	the	FMWT	survey	is	
starry	flounder.		Should	the	use	of	
a	midwater	trawl	(even	with	an	
oblique	tow	such	that	there	is	
some	attempt	for	bottom	contact)	
be	expected	to	reliably	sample	a	
largely	bottom	dwelling	species?		
Probably	not,	and	the	consistently	
low	mean	CPUE	of	this	species	
provided	by	the	FMWT	likely	
confirms	this	idea.		In	the	case	of	a	
more	pelagic	oriented	species	
such	as	delta	smelt,	there	may	be	
more	conceptual	consistency	
between	survey	design	and	target	
species	life	history.		Yet,	mean	
CPUE	has	still	remained	quite	low	
over	the	time‐series,	which	
warrants	asking	more	refined	
questions.		As	noted	previously,	a	
key	limitation	of	the	FMWT	survey	is	the	use	of	a	fixed	station	sampling	design	such	that	
roughly	the	same	locations	are	sampled	each	month.		It	follows	then	that	if	delta	smelt	(or	
any	other	species	for	that	matter)	have	exhibited	any	type	of	directed	habitat	shift	over	
time,	which	could	be	expected	given	the	physical	and	environmental	changes	experienced	

Figure	5.	Indices	of	abundance	of	juvenile	spot	and	weakfish	in	
lower	Chesapeake	Bay	from	1988‐2010	derived	from	the	VIMS	
Juvenile	Finfish	Trawl	Survey.		The	black	dotted	line	represents	
the	long‐term	average	catch‐per‐tow. 
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Figure	6.	Partial	residuals	plots	showing	fits	of	the	estimated	coefficients	(blue	lines)	associated	with	the	
‘best’	flow	variable	and	Secchi	Depth	for	delta	smelt,	longfin	smelt,	Sacramento	splittail,	starry	flounder,	
threadfin	shad,	and	Crangon	spp.	from	the	lognormal	models	fitted	to	the	FMWT	survey	CPUE	data	
(positive	tows),	1967‐2010.		In	the	upper	right	portion	of	each	plot	is	the	estimated	coefficient	for	each	
covariate	(the		values),	which	represent	the	magnitude	and	direction	of	the	statistical	relationship.		An	
inclining	line	indicates	a	positive	relationship	between	the	covariate	and	the	species’	relative	abundance,	
with	a	more	steeply	inclined	line	representing	a	more	positive	relationship.		A	declining	line	indicates	a	
negative	relationship	between	the	covariate	and	the	species’	relative	abundance,	with	a	more	steeply	
declining	line	representing	a	more	negative	relationship. 

by	the	Delta	over	recent	decades,	then	temporal	patterns	in	the	FMWT	indices	of	relative	
abundance	would	be	confounded	with	changes	in	species	distribution.		Independent	
corroboration	of	species	relative	abundance	patterns	are	needed,	perhaps	through	index	
validation	studies	involving	other	data	sources.		
	

C. ‘Annual’	Analysis	
	

From	the	16	delta‐lognormal	GLM	parameterizations	fitted	to	the	FMWT	survey	CPUE	data	
where	the	Year	covariate	in	model	D4	from	the	‘daily’	analysis	was	replaced	by	an	‘annual’	
flow	metric,	AIC‐based	model	selection	showed	that	the	particular	flow	covariate	that	had	
the	most	empirical	support	varied	by	model	type	and	species.		For	delta	smelt,	longfin	
smelt,	and	Sacramento	splittail,	the	binomial	(presence/absence)	model	with	Unimpaired	
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Inflow,	Jan‐Jun	received	the	most	empirical	support	(AIC	=	0.0),	while	various	forms	of	the	
Historical	Outflow	covariate	corresponded	to	the	‘best’	fitting	lognormal	(average	catch‐
per‐tow)	model	(Appendix	B,	Tables	B1A‐B3A).		Table	B1A	shows	Historical	Inflow,	Mar‐
May,	1yr	Lag	is	the	‘best’	fitting	lognormal	model	(model	A14	has	AIC	=0.0)	for	delta	smelt.		
Historical	Outflow,	Jan‐Jan	was	important	for	the	respective	binomial	models	of	starry	
flounder	and	threadfin	shad	along	with	the	respective	lognormal	models	of	threadfin	shad	
and	Crangon	spp.	(Appendix	B,	Table	B4A‐B6A).		Although	AIC	=	0.0	does	signify	the	‘best’	
fitting	model,	situations	when	AIC	values	differ	by	only	a	few	units	suggest	that	the	
empirical	evidence	supports	multiple	models.		This	is	particularly	the	case	for	the	
lognormal	models	of	Sacramento	splittail,	starry	flounder,	and	threadfin	shad,	which	
collectively	indicate	there	is	not	necessarily	a	dominate	flow	covariate	influencing	the	
CPUE	when	those	species	are	captured	by	the	FMWT.	
	
Regardless	of	model	type	or	species,	coefficients	of	the	flow	covariates	from	the	‘best’	
fitting	models	were	mostly	positive	and	all	statistically	significant	(Appendix	B,	Tables	
B1B‐B6B).		An	exception	is	delta	smelt,	for	which	the	coefficient	of	the	‘best’	fitting	flow	
covariate,	was	statistically	significant	and	negative.		Positive	coefficients	combined	with	the	
standardized	flow	covariates	implies	that	low	flow	values	correspond	to	reductions	in	the	
presence/absence	and	mean	relative	abundance	of	species,	while	high	flow	values	yield	
increases	in	those	metrics.		The	opposite	effect	occurs	in	the	case	of	a	negative	estimated	
coefficient.		For	example,	because	the	coefficient	of	the	‘best’	fitting	flow	covariate	for	delta	
smelt	was	negative,	delta	smelt	relative	abundance	decreased	as	that	flow	covariate	
increased.		Since	the	flow	and	Secchi	Depth	variables	were	all	standardized,	it	is	appropriate	
to	compare	the	estimated	coefficients	as	a	means	of	inferring	the	relative	impact	of	those	
variables	on	CPUE.		
	
A	helpful	way	to	visualize	the	variability	in	the	underlying	data	and	the	relationship	of	the	
covariates	on	observed	CPUE	(the	estimated	coefficients	derived	from	the	GLMs)	is	by	
constructing	partial	residuals	plots.		Such	plots	depict	fits	of	specific	covariates	to	the	data	
while	accounting	for	the	presence	of	all	other	covariates	in	the	model.		For	the	present	
analysis,	examination	of	partial	residuals	plots	for	the	flow	variables	and	Secchi	Depth	from	
the	lognormal	model	(positive	tows)	yielded	several	interesting	results	(Figure	6).	
	

1. Significant	Variation	and	Uncertainty	in	Relationship	of	Abundance	to	Flow.		As	
demonstrated	in	the	results	depicted	in	Figure	6,	there	is	significant	variation	in	
the	underlying	CPUE	data	in	relation	to	flow	and	among	the	relationship	
between	the	relative	abundance	of	relevant	species	and	the	‘best’	fitting	flow	
covariate.5		Figure	6's	graphs	for	delta	smelt	and	longfin	smelt	depict	this	
variation	with	widely‐ranging	catches	occurring	at	vastly	different	levels	of	the	
best‐fitting	flow	covariate	(Historical	Inflow,	March‐May,	with	1yr	Lag	for	delta	
smelt	and	Historical	Outflow,	Jan‐Jun	for	longfin	smelt).		Note	that	the	y‐axes	of	
the	plots	in	Figure	6	are	log(CPUE)	because	of	fitting	a	lognormal	GLM,	so	the	

                                                 
5	As	discussed	above	(see	page	23),	the	‘best’	fitting	model	is	the	one	with	a	AIC	value	of	0.0.			Please	see	
Appendix	B,	Tables	B1(A),	B2(A),	B3(A),	B4(A),	B5(A),	B6(A)	and	B7(A)	for	the	analysis	of	which	variables	fit	
each	species'	CPUE	data	best. 
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variance	in	the	actual	data	concerning	the	relationship	of	CPUE	to	flow	
covariates	is	considerably	greater	than	shown	in	plots.	
			

2. Significant	Variation	in	Which	Flow	Covariates	Provided	the	Best	Fit	to	the	FMWT	
Survey	Data.		The	"(A)"	tables	in	Appendix	B	indicate	that	there	is	a	wide	range	in	
which	flow	covariate	provided	the	‘best’	fit	to	the	binomial	(presence/absence)	
and	lognormal	(mean	CPUE	from	positive	tows)	models	for	the	species	
considered	in	this	study.		The	following	Table	1	summarizes	which	flow	
covariates	were	associated	with	the	‘best’	fitting	binomial	and	lognormal	models.	

	
Table	1.		Summary	of	which	flow	covariates	provided	the	‘best’	fit	of	the	
binomial	and	lognormal	models	fitted	to	the	FMWT	survey	data,	1967‐2010.		

	
Species	 Presence/Absence	

(Binomial	AIC=0)	
Abundance	

(Lognormal	AIC=0)	
Delta	smelt	 Unimpaired	inflow,	

Jan‐Jun	
Historical	Inflow,	Mar‐

May,	1yr	Lag	
Longfin	smelt	 Unimpaired	inflow,	

Jan‐Jun	
Historical	Outflow,	

Jan‐Jun	
Sacramento	
splittail	

Unimpaired	inflow,	
Jan‐Jun	

Historical	Outflow,	
Jan‐Jun,	1yr	Lag	

Starry	flounder	 Historical	outflow,	
Jan‐Jun	

Unimpaired	Outflow,	
Mar‐May	

Threadfin	shad	 Historical	Outflow,	
Jan‐Jun	

Historical	Outflow,	
Jan‐Jun	

Crangon	spp.	 Unimpaired	Outflow,	
Mar‐May	

Historical	Outflow,	
Jan‐Jun	

	
The	lack	of	a	single	dominate	flow	covariate	underscores	the	uncertainty	in	
identifying	which	flow	covariate	might	be	adjusted	to	produce	statistically‐
probable	increases	in	relative	abundance.		In	particular,	the	fact	that	Unimpaired	
Outflow	is	the	‘best’	fitting	covariate	for	presence/absence	for	several	species,	
but	is	the	‘best’	fitting	covariate	for	mean	CPUE	based	on	positive	tows	for	only	
starry	flounder	(which	itself	is	not	the	‘best’	fitting	covariate	for	
presence/absence	for	starry	flounder)	indicates	that	it	is	particularly	uncertain	
whether	managed	flow	covariates	would	generate	statistically‐probable	
increases	in	species	relative	abundance.	
	

3. Species'	Variable	Relationships	to	Best‐Fit	Flow	Covariates.		The	lines	and	
estimated	coefficients	for	each	covariate	(the		values)6	in	the	graphs	in	columns	
1	and	3	of	Figure	6	depict	the	strength	of	the	statistical	relationship	between	the	
‘best’	fitting	flow	covariate	and	CPUE	for	each	species,	based	on	the	the	positive	

                                                 
6 The higher the value is for a covariate, the more that covariate explains changes in the relevant species’ 
abundance, with a positive value indicating a positive relationship and a negative relationship indicating a negative 
relationship. 
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tows	in	the	FMWT	survey	data.		Instances	where	the	slope	of	the	line	is	positive	
indicate	that	the	relationship	is	positive,	with	a	more	steeply	sloped	line	
representing	a	stronger	effect	of	the	flow	covariate	on	CPUE.		In	cases	where	the	
slope	of	the	line	is	negative,	the	relationship	is	inverse.	
	
As	the	lines	and		estimates	in	Figure	6	indicate,	different	species	have	different	
relationships	with	even	the	best‐fit	flow	covariates.		For	example,	delta	smelt	
have	a	small,	but	significantly	inverse	relationship	(=‐0.09)with	Historical	
Inflow,	Mar‐May,	1yr	Lag.		This	implies	that	CPUE	actually	decreases	slightly	as	
that	flow	covariate	increases.		The	CPUE	of	longfin	smelt	and	Sacramento	
splittail	slight	positiverelationships	with	their	respective	best‐fit	flow	variables	
(longfin:	Historical	Outflow,	Jan‐Jun,	=0.40;	Sacramento	splittail:	Historical	
Outflow,	Jan‐June,	1yr	Lag,	=0.06)	Similarly	interpreted	positive	increases	in	
CPUE	with	flow	are	also	evident	with	the	other	species	examined.	
	
In	particular,	the	disparity	between	the	variable	and	relatively	small	statistical	
effects	of	flow	covariates	on	species	relative	abundance	and	very	significant	
variations	in	the	FMWT	survey’s	results	over	the	1967‐2010	period	
demonstrates	that	it	is	highly	uncertain	whether	changes	in	manageable	flow	
parameters	would	generate	any	statistically‐predictable	increases	in	the	relative	
abundances	of	those	species.		This	disparity	underscores	the	very	likely	idea	that	
covariates	other	than	flow	play	a	key	role	in	structuring	species’	relative	
abundance	in	the	Delta.		

	
4. More	Significant	Relationships	of	Species	Relative	Abundance	to	Other	

Environmental	Factors.		Comparisons	of	other	environmental	covariates	to	the	
CPUE	generated	by	the	FWMT	also	indicates	that	such	other	factors	may	have	a	
more	significant	effect	on	the	relative	abundance	of	species	than	any	flow	
parameter.		As	depicted	in	Figure	6,	this	point	is	supported	most	strongly	by	the	
statistical	relationships	between	CPUE	and	Secchi	Depth,	which	is	a	coarse		
indicator	of	turbidity	in	the	Delta.		Figure	6's	lines	and		estimates	in	columns	2	
and	4	indicate	that	Secchi	Depth	has	a	stronger	statistical	effect	on	CPUE	than	
any	of	the	flow	covariates,	with	the	exception	of	Unimpaired	Flow	for	starry	
flounder.		For	all	species,	there	is	an	inverse	relationship	between	Secchi	Depth	
and	CPUE,	indicating	that	higher	turbidity	(lower	Secchi	Depth	values	because	
the	Secchi	disk	cannot	be	seen	as	far	below	the	surface)	corresponds	to	higher	
prediced	CPUE,	and	vice‐versa	for	lower	turbidity	(higher	Secchi	Depth	values	
associated	with	seeing	the	disk	at	deeper	depths).		Table	2	summarizes	a	
comparison	of	the	estimated	effects	on	CPUE	modeled	with	the	lognormal	GLM	
for	the	‘best’	fitting	flow	covariate	and	Secchi	Depth,	and	in	each	case	except	for	
starry	flounder,	the	coefficient	of	Secchi	Depth	is	larger	in	magnitude	than	the	
coefficient	of	flow.			
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Table	2.		Summary	of	estimated	coefficients	from	the	flow	covariate	that	
provided	the	‘best’	fit	within	the	lognormal	GLM	model	and	Secchi	Depth.	
	

Species	 Estimated	coefficient	of	
‘best’	fitting	flow	

covariate	

Estimated	coefficient	
of	Secchi	Depth	

delta	smelt	 ‐0.09	 ‐0.49	
longfin	smelt	 0.40	 ‐0.94	

Sacramento	splittail	 0.06	 ‐0.19	
starry	flounder	 0.06	 ‐0.04	
threadfin	shad	 0.04	 ‐0.17	
Crangon	spp.	 0.36	 ‐1.08	

	
These	results	are	consistent	with	two	points	made	in	the	literature.		First,	there	
are	numerous	environmental	factors	affecting	species	in	the	Delta	and	adjusting	
controllable	flow	parameters	would	be	unlikely	to	provide	notable	benefits	for	
the	species	examined	in	this	study.		Second,	and	more	specifically,	these	results	
are	consistent	with	the	suggestion	in	the	literature	that	recent	reductions	in	the	
Delta's	turbidity	have	been	a	significant	factor	in	the	decline	of	the	Delta's	fish	
species.		As	indicated	in	Cloern	et	al.	(2011)	and	depicted	in	Figure	3	above,	
average	annual	Delta	turbidity	declined	approximately	40%	during	the	1975‐
2008	period	when	many	of	the	Delta's	fish	species	are	believed	to	have	declined.		
Schoellhamer	(2011)	has	further	suggested	that	a	step‐decrease	in	Delta	
turbidity	in	the	late	1990s,	possibly	as	a	result	of	the	depletion	of	the	Delta's	
erodible	sediment	pool,	may	have	contributed	to	the	noted	decline	in	relative	
abundance	during	the	early	2000s.	
	

Each	of	these	conclusions	must	be	understood	in	the	context	of	the	FMWT's	limitations	
since	all	are	based	on	statistical	analyses	that	rely	on	the	FWMT	survey	CPUE	data.		Most	
importantly,	the	fixed‐station	design	of	the	FWMT	cannot	document	changes	in	the	
distribution	and	habitat	utilization	of	species	within	the	Delta	that	very	likely	have	
occurred	during	1967‐2010.		Accordingly,	consideration	of	management	decisions	that	
could	be	based	on	FWMT	data	should	be	done	so	with	a	cognizant	understanding	of	biases	
associated	with	limitations	of	the	FMWT	program.	
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Appendix	A.		Tables	showing	the	‘daily’	analysis	model	fit	statistics	(A),	parameter	
estimates,	standard	errors,	and	p‐values	for	the	binomial	model	(B),		and	parameter	
estimates,	standard	errors,	and	p‐values	for	the	lognormal	model	(C)	fitted	to	FMWT	
survey	CPUE	data	for	delta	smelt,	longfin	smelt,	Sacramento	splittail,	starry	flounder,	
threadfin	shad,	and	Crangon	spp.		
	
Table	A1.	Delta	smelt	
(A)	

Model		 Covariates	 Binomial	
AIC	

Binomial	
AIC	

Lognormal	
AIC	

Lognormal	
AIC	

D1	 Year,	Month	 11138.0	 2436.4	 7076.9	 237.0	
D2	 Year,	Month,	Region	 9149.2	 447.6	 6918.6	 78.7	
D3	 Year,	Month,	Secchi	 10183.8	 1482.3	 6965.0	 125.0	

D4	
Year,	Month,	Region,	

Secchi	 8701.6	 0.0	 6840.0	 0.0	

Model	D4:	Binomial	null	deviance	=	12170.5	with	29%	explained,	lognormal	null	deviance	=	2815.9	with	19%	
explained.	
	
(B)	Delta	smelt:	Binomial	component	
Parameter		 Estimate	 SE	 p‐value	 Parameter	 Estimate	 SE	 p‐value

0	 ‐5.25	 0.39	 <0.0001	 1998	 0.55	 0.22	 0.01	
1968	 0.78	 0.21	 0.000238	 1999	 1.27	 0.21	 <0.0001
1969	 0.34	 0.24	 0.16	 2000	 0.87	 0.22	 <0.0001
1970	 1.91	 0.24	 <0.0001	 2001	 0.16	 0.22	 0.48	
1971	 1.83	 0.23	 <0.0001	 2002	 0.15	 0.23	 0.52	
1972	 1.51	 0.24	 <0.0001	 2003	 ‐0.18	 0.24	 0.45	
1973	 1.75	 0.22	 <0.0001	 2004	 ‐0.52	 0.28	 0.06	
1974	 n/a	 n/a	 n/a	 2005	 ‐0.86	 0.29	 0.003	
1975	 1.57	 0.22	 <0.0001	 2006	 ‐0.58	 0.30	 0.05	
1976	 1.50	 0.28	 <0.0001	 2007	 ‐0.85	 0.29	 0.004	
1977	 0.80	 0.23	 0.001	 2008	 ‐1.41	 0.40	 0.0005	
1978	 0.23	 0.22	 0.28	 2009	 ‐1.19	 0.36	 0.001	
1979	 n/a	 n/a	 n/a	 2010	 ‐0.34	 0.31	 0.27	
1980	 1.72	 0.22	 <0.0001	 Oct 0.12	 0.08	 0.11	
1981	 0.62	 0.22	 0.004	 Nov	 0.08	 0.08	 0.33	
1982	 0.00	 0.22	 1.00	 Dec	 0.21	 0.08	 0.01	
1983	 ‐0.33	 0.25	 0.18	 Region3	 n/a	 n/a	 n/a	
1984	 0.14	 0.23	 0.55	 Region4	 ‐0.56	 0.57	 0.33	
1985	 ‐0.32	 0.27	 0.24	 Region5	 ‐0.38	 0.61	 0.54	
1986	 ‐0.05	 0.22	 0.82	 Region7	 n/a	 n/a	 n/a	
1987	 ‐0.04	 0.24	 0.86	 Region8	 n/a	 n/a	 n/a	
1988	 ‐0.62	 0.26	 0.02	 Region10	 0.33	 0.58	 0.57	
1989	 0.72	 0.22	 0.001	 Region11	 0.88	 0.38	 0.02	
	 0.42	 0.24	 0.07	 Region12	 1.61	 0.35	 <0.0001
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1991	 0.95	 0.23	 <0.0001	 Region13	 3.24	 0.35	 <0.0001
1992	 0.07	 0.26	 0.78	 Region14	 3.05	 0.35	 <0.0001
1993	 1.50	 0.22	 <0.0001	 Region15	 3.97	 0.35	 <0.0001
1994	 ‐0.27	 0.27	 0.31	 Region16	 3.00	 0.35	 <0.0001
1995	 1.54	 0.21	 <0.0001	 Region17 1.23	 0.38	 0.001	
1996 ‐0.19	 0.24	 0.43	 Secchi	 ‐1.28	 0.06	 <0.0001
1997	 0.85	 0.23	 0.0002	 	    

	
(C)	Delta	smelt:	Lognormal	component	
Parameter		 Estimate	 SE	 p‐value	 Parameter	 Estimate	 SE	 p‐value

0	 ‐0.51	 0.36	 0.16	 1998	 0.07	 0.17	 0.66	
1968	 0.18	 0.16	 0.27	 1999	 0.30	 0.16	 0.06	
1969	 0.06	 0.19	 0.74	 2000	 0.49	 0.17	 0.004	
1970	 0.77	 0.16	 <0.0001	 2001	 ‐0.08	 0.18	 0.66	
1971	 0.46	 0.16	 0.004	 2002	 ‐0.38	 0.19	 0.04	
1972	 0.67	 0.17	 <0.0001	 2003	 ‐0.07	 0.20	 0.74	
1973	 0.54	 0.15	 0.0005	 2004	 ‐0.19	 0.24	 0.43	
1974	 n/a	 n/a	 n/a	 2005	 ‐0.72	 0.25	 0.005	
1975	 0.29	 0.16	 0.06	 2006	 ‐0.48	 0.26	 0.06	
1976	 0.17	 0.21	 0.42	 2007	 ‐0.68	 0.26	 0.01	
1977	 0.26	 0.18	 0.14	 2008	 ‐0.30	 0.37	 0.42	
1978	 ‐0.23	 0.17	 0.17	 2009	 ‐0.43	 0.32	 0.19	
1979	 n/a	 n/a	 n/a	 2010	 ‐0.42	 0.27	 0.12	
1980	 0.69	 0.15	 <0.0001	 Oct 0.00	 0.06	 0.99	
1981	 0.001	 0.17	 0.99	 Nov	 ‐0.09	 0.06	 0.15	
1982	 ‐0.06	 0.18	 0.73	 Dec	 ‐0.13	 0.06	 0.02	
1983	 ‐0.23	 0.21	 0.26	 Region3	 n/a	 n/a	 n/a	
1984	 ‐0.32	 0.18	 0.08	 Region4	 0.68	 0.55	 0.22	
1985	 0.06	 0.23	 0.80	 Region5	 0.27	 0.59	 0.64	
1986	 ‐0.14	 0.18	 0.45	 Region7	 n/a	 n/a	 n/a	
1987	 0.28	 0.20	 0.17	 Region8	 n/a	 n/a	 n/a	
1988	 0.15	 0.22	 0.50	 Region10	 0.91	 0.55	 0.10	
1989	 0.26	 0.18	 0.14	 Region11	 0.47	 0.36	 0.19	
	 0.27	 0.19	 0.17	 Region12	 0.78	 0.34	 0.02	
1991	 0.73	 0.18	 <0.0001	 Region13	 1.18	 0.33	 0.0004	
1992	 0.24	 0.22	 0.27	 Region14	 1.14	 0.33	 0.001	
1993	 0.44	 0.17	 0.01	 Region15	 1.44	 0.33	 <0.0001
1994	 ‐0.40	 0.23	 0.08	 Region16	 0.86	 0.34	 0.01	
1995	 0.43	 0.16	 0.01	 Region17 0.46	 0.36	 0.20	
1996 ‐0.42	 0.20	 0.03	 Secchi	 ‐0.48	 0.05	 <0.0001
1997	 0.20	 0.18	 0.27	 	    
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Table	A2.	Longfin	smelt	
(A)	

Model		 Covariates	 Binomial	
AIC	

Binomial	
AIC	

Lognormal	
AIC	

Lognormal	
AIC	

D1	 Year,	Month	 14963.0	 3521.7	 16417.3	 715.5	
D2	 Year,	Month,	Region	 12113.0	 671.7	 15944.3	 242.5	
D3	 Year,	Month,	Secchi	 12969.3	 1528.0	 16104.4	 402.6	

D4	
Year,	Month,	Region,	

Secchi	 11441.3	 0.0	 15701.8	 0.0	

Model	D4:	Binomial	null	deviance	=	17971.0	with	37%	explained,	lognormal	null	deviance	=	13277.7	with	
44%	explained.	
	 	
(B)	Longfin	smelt:	Binomial	component	
Parameter		 Estimate	 SE	 p‐value	 Parameter	 Estimate	 SE	 p‐value

0	 0.11	 0.21	 0.60	 1998	 ‐1.02	 0.22	 <0.0001
1968	 ‐0.84	 0.23	 0.0003	 1999	 ‐0.55	 0.21	 0.01	
1969	 ‐0.12	 0.25	 0.62	 2000	 ‐1.05	 0.22	 <0.0001
1970	 ‐1.29	 0.25	 <0.0001	 2001	 ‐2.88	 0.23	 <0.0001
1971	 ‐0.42	 0.23	 0.07	 2002	 ‐1.62	 0.22	 <0.0001
1972	 ‐1.95	 0.25	 <0.0001	 2003	 ‐2.15	 0.22	 <0.0001
1973	 ‐0.91	 0.23	 <0.0001	 2004	 ‐2.59	 0.24	 <0.0001
1974	 n/a	 n/a	 n/a	 2005	 ‐3.37	 0.25	 <0.0001
1975	 ‐0.97	 0.23	 <0.0001	 2006	 ‐1.87	 0.22	 <0.0001
1976	 ‐1.88	 0.31	 <0.0001	 2007	 ‐5.15	 0.41	 <0.0001
1977	 ‐2.24	 0.24	 <0.0001	 2008	 ‐2.93	 0.26	 <0.0001
1978	 ‐0.51	 0.22	 0.02	 2009	 ‐3.28	 0.27	 <0.0001
1979	 n/a	 n/a	 n/a	 2010	 ‐3.13	 0.26	 <0.0001
1980	 0.06	 0.23	 0.80	 Oct 0.30	 0.07	 <0.0001
1981	 ‐1.06	 0.22	 <0.0001	 Nov	 1.09	 0.07	 <0.0001
1982	 ‐0.08	 0.22	 0.710423	 Dec	 1.93	 0.07	 <0.0001
1983	 ‐1.26	 0.22	 <0.0001	 Region3	 ‐0.88	 0.15	 <0.0001
1984	 ‐0.12	 0.23	 0.60	 Region4	 ‐0.80	 0.17	 <0.0001
1985	 ‐1.31	 0.23	 <0.0001	 Region5	 ‐0.78	 0.19	 <0.0001
1986	 ‐0.18	 0.22	 0.39	 Region7	 ‐1.24	 0.21	 <0.0001
1987	 ‐1.11	 0.21	 <0.0001	 Region8	 ‐0.39	 0.15	 0.01	
1988	 ‐2.18	 0.22	 <0.0001	 Region10	 ‐0.76	 0.24	 0.002	
1989	 ‐2.33	 0.23	 <0.0001	 Region11	 0.14	 0.13	 0.31	
	 ‐2.32	 0.23	 <0.0001	 Region12	 0.68	 0.13	 <0.0001
1991	 ‐2.39	 0.23	 <0.0001	 Region13	 0.17	 0.12	 0.16	
1992	 ‐3.10	 0.26	 <0.0001	 Region14	 ‐0.38	 0.13	 0.005	
1993	 ‐1.20	 0.22	 <0.0001	 Region15	 ‐0.50	 0.13	 <0.0001
1994	 ‐2.21	 0.23	 <0.0001	 Region16	 ‐1.98	 0.14	 <0.0001
1995	 ‐0.34	 0.22	 0.12	 Region17 ‐4.19	 0.26	 <0.0001
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1996 ‐2.46	 0.23	 <0.0001	 Secchi	 ‐1.16	 0.05	 <0.0001
1997	 ‐1.86	 0.22	 <0.0001	 	    

	
	
(C)	Longfin	smelt:	Lognormal	component	
Parameter		 Estimate	 SE	 p‐value	 Parameter	 Estimate	 SE	 p‐value

0	 3.42	 0.14	 <0.0001	 1998	 ‐2.08	 0.13	 <0.0001
1968	 ‐1.73	 0.14	 <0.0001	 1999	 ‐2.26	 0.13	 <0.0001
1969	 ‐0.39	 0.15	 0.01	 2000	 ‐2.03	 0.14	 <0.0001
1970	 ‐2.21	 0.16	 <0.0001	 2001	 ‐3.55	 0.18	 <0.0001
1971	 ‐1.07	 0.14	 <0.0001	 2002	 ‐2.78	 0.15	 <0.0001
1972	 ‐2.80	 0.19	 <0.0001	 2003	 ‐3.09	 0.16	 <0.0001
1973	 ‐1.82	 0.14	 <0.0001	 2004	 ‐3.18	 0.20	 <0.0001
1974	 n/a	 n/a	 n/a	 2005	 ‐3.54	 0.22	 <0.0001
1975	 ‐2.23	 0.14	 <0.0001	 2006	 ‐2.60	 0.16	 <0.0001
1976	 ‐2.89	 0.28	 <0.0001	 2007	 ‐3.69	 0.46	 <0.0001
1977	 ‐2.64	 0.20	 <0.0001	 2008	 ‐3.18	 0.24	 <0.0001
1978	 ‐1.76	 0.13	 <0.0001	 2009	 ‐3.51	 0.24	 <0.0001
1979	 n/a	 n/a	 n/a	 2010	 ‐3.12	 0.24	 <0.0001
1980	 ‐0.34	 0.13	 0.01	 Oct 0.30	 0.06	 <0.0001
1981	 ‐2.50	 0.14	 <0.0001	 Nov	 0.349	 0.06	 <0.0001
1982	 ‐0.65	 0.13	 <0.0001	 Dec	 0.28	 0.06	 <0.0001
1983	 ‐1.80	 0.14	 <0.0001	 Region3	 ‐0.09	 0.13	 0.51	
1984	 ‐1.83	 0.13	 <0.0001	 Region4	 ‐0.50	 0.14	 0.0005	
1985	 ‐2.24	 0.17	 <0.0001	 Region5	 ‐0.73	 0.17	 <0.0001
1986	 ‐1.59	 0.13	 <0.0001	 Region7	 ‐0.46	 0.20	 0.02	
1987	 ‐2.51	 0.14	 <0.0001	 Region8	 0.32	 0.13	 0.01	
1988	 ‐2.89	 0.16	 <0.0001	 Region10	 ‐0.54	 0.20	 0.01	
1989	 ‐2.94	 0.18	 <0.0001	 Region11	 ‐0.11	 0.11	 0.30	
	 ‐3.23	 0.18	 <0.0001	 Region12	 0.35	 0.10	 0.00	
1991	 ‐3.34	 0.19	 <0.0001	 Region13	 0.05	 0.10	 0.59	
1992	 ‐3.41	 0.24	 <0.0001	 Region14	 ‐0.30	 0.11	 0.01	
1993	 ‐2.67	 0.15	 <0.0001	 Region15	 ‐0.36	 0.11	 0.001	
1994	 ‐2.99	 0.18	 <0.0001	 Region16	 ‐1.31	 0.12	 <0.0001
1995	 ‐2.04	 0.13	 <0.0001	 Region17 ‐1.90	 0.30	 <0.0001
1996 ‐2.78	 0.17	 <0.0001	 Secchi	 ‐0.64	 0.04	 <0.0001
1997	 ‐2.97	 0.16	 <0.0001	 	    
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Table	A3.	Sacramento	splittail	
(A)	

Model		 Covariates	 Binomial	
AIC	

Binomial	
AIC	

Lognormal	
AIC	

Lognormal	
AIC	

D1	 Year,	Month	 3396.7	 624.0	 861.9	 21.4	
D2	 Year,	Month,	Region	 2960.0	 187.3	 843.1	 2.7	
D3	 Year,	Month,	Secchi	 2914.8	 142.1	 851.6	 11.1	

D4	
Year,	Month,	Region,	

Secchi	 2772.7	 0.0	 840.4	 0.0	

Model	D4:	Binomial	null	deviance	=	3944.0	with	30%	explained,	lognormal	null	deviance	=	173.5	with	21%	
explained.	
	 	
(B)	Sacramento	splittail:	Binomial	component	
Parameter		 Estimate	 SE	 p‐value	 Parameter	 Estimate	 SE	 p‐value

0	 ‐5.79	 0.67	 <0.0001	 1998	 1.45	 0.29	 <0.0001
1968	 ‐0.54	 0.39	 0.17	 1999	 ‐0.13	 0.37	 0.72	
1969	 ‐0.43	 0.41	 0.30	 2000	 ‐0.38	 0.44	 0.39	
1970	 ‐1.32	 0.53	 0.01	 2001	 ‐0.42	 0.39	 0.28	
1971	 ‐1.07	 0.49	 0.03	 2002	 ‐2.71	 1.04	 0.01	
1972	 ‐0.91	 0.57	 0.11	 2003	 ‐1.02	 0.49	 0.04	
1973	 ‐1.78	 0.56	 0.002	 2004	 ‐0.97	 0.58	 0.09	
1974	 n/a	 n/a	 n/a	 2005	 ‐2.56	 1.04	 0.01	
1975	 ‐1.90	 0.57	 0.001	 2006	 ‐1.18	 0.58	 0.04	
1976	 ‐0.57	 1.05	 0.59	 2007	 ‐2.53	 1.04	 0.01	
1977	 n/a	 n/a	 n/a	 2008	 n/a	 n/a	 n/a	
1978	 ‐0.10	 0.33	 0.77	 2009	 ‐1.83	 1.04	 0.08	
1979	 n/a	 n/a	 n/a	 2010	 n/a	 n/a	 n/a	
1980	 ‐0.62	 0.40	 0.12	 Oct ‐0.31	 0.14	 0.03	
1981	 ‐0.50	 0.41	 0.23	 Nov	 ‐0.49	 0.16	 0.002	
1982	 0.50	 0.31	 0.10	 Dec	 ‐0.57	 0.15	 0.0001	
1983	 0.87	 0.31	 0.01	 Region3	 n/a	 n/a	 n/a	
1984	 ‐0.39	 0.39	 0.32	 Region4	 0.86	 0.71	 0.22	
1985	 0.45	 0.43	 0.29	 Region5	 0.77	 0.75	 0.31	
1986	 0.93	 0.31	 0.002	 Region7	 n/a	 n/a	 n/a	
1987	 0.63	 0.36	 0.08	 Region8	 n/a	 n/a	 n/a	
1988	 ‐0.53	 0.43	 0.22	 Region10	 2.42	 0.70	 0.001	
1989	 ‐1.76	 0.76	 0.02	 Region11	 1.47	 0.63	 0.02	
	 0.21	 0.44	 0.63	 Region12	 1.65	 0.60	 0.01	
1991	 0.43	 0.43	 0.32	 Region13	 1.66	 0.60	 0.01	
1992	 ‐0.63	 0.65	 0.34	 Region14	 2.91	 0.60	 <0.0001
1993	 ‐0.14	 0.47	 0.76	 Region15	 1.53	 0.61	 0.01	
1994	 ‐1.44	 0.76	 0.06	 Region16	 1.33	 0.63	 0.04	
1995	 0.98	 0.33	 0.003	 Region17 ‐0.18	 0.83	 0.83	
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1996 ‐0.18	 0.39	 0.65	 Secchi	 ‐2.02	 0.16	 <0.0001
1997	 ‐2.09	 1.04	 0.04	 	    

	
	
	
(C)	Sacramento	splittail:	Lognormal	component	
Parameter		 Estimate	 SE	 p‐value	 Parameter	 Estimate	 SE	 p‐value

0	 0.18	 0.38	 0.63	 1998	 0.19	 0.14	 0.18	
1968	 ‐0.17	 0.21	 0.40	 1999	 0.04	 0.19	 0.84	
1969	 ‐0.36	 0.21	 0.09	 2000	 ‐0.34	 0.24	 0.16	
1970	 ‐0.19	 0.31	 0.55	 2001	 ‐0.15	 0.21	 0.49	
1971	 ‐0.59	 0.27	 0.03	 2002	 ‐0.30	 0.61	 0.62	
1972	 0.16	 0.32	 0.61	 2003	 ‐0.28	 0.27	 0.30	
1973	 ‐0.59	 0.32	 0.06	 2004	 ‐0.52	 0.32	 0.10	
1974	 n/a	 n/a	 n/a	 2005	 ‐0.99	 0.63	 0.12	
1975	 ‐0.56	 0.31	 0.08	 2006	 ‐0.45	 0.32	 0.16	
1976	 ‐0.63	 0.60	 0.29	 2007	 ‐0.71	 0.59	 0.23	
1977	 n/a	 n/a	 n/a	 2008	 n/a	 n/a	 n/a	
1978	 ‐0.34	 0.17	 0.04	 2009	 ‐0.46	 0.60	 0.44	
1979	 n/a	 n/a	 n/a	 2010	 n/a	 n/a	 n/a	
1980	 ‐0.43	 0.21	 0.04	 Oct ‐0.09	 0.07	 0.24	
1981	 ‐0.13	 0.22	 0.56	 Nov	 ‐0.01	 0.09	 0.87	
1982	 ‐0.27	 0.16	 0.08	 Dec	 ‐0.19	 0.09	 0.02	
1983	 ‐0.21	 0.17	 0.21	 Region3	 n/a	 n/a	 n/a	
1984	 ‐0.33	 0.21	 0.11	 Region4	 0.35	 0.41	 0.39	
1985	 ‐0.08	 0.23	 0.72	 Region5	 0.63	 0.42	 0.14	
1986	 ‐0.18	 0.16	 0.24	 Region7	 n/a	 n/a	 n/a	
1987	 ‐0.04	 0.19	 0.85	 Region8	 n/a	 n/a	 n/a	
1988	 ‐0.41	 0.24	 0.08	 Region10	 0.62	 0.40	 0.13	
1989	 0.24	 0.43	 0.58	 Region11	 0.29	 0.36	 0.43	
	 ‐0.40	 0.24	 0.09	 Region12	 0.12	 0.35	 0.72	
1991	 ‐0.15	 0.23	 0.51	 Region13	 0.07	 0.35	 0.85	
1992	 ‐0.30	 0.38	 0.42	 Region14	 0.37	 0.35	 0.29	
1993	 ‐0.16	 0.26	 0.54	 Region15	 0.04	 0.36	 0.91	
1994	 ‐0.17	 0.44	 0.70	 Region16	 0.05	 0.37	 0.90	
1995	 ‐0.14	 0.17	 0.41	 Region17 0.05	 0.49	 0.92	
1996 ‐0.21	 0.21	 0.33	 Secchi	 ‐0.18	 0.09	 0.04	
1997	 ‐0.28	 0.60	 0.64	 	    
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Table	A4.	Starry	flounder	
(A)	

Model		 Covariates	 Binomial	
AIC	

Binomial	
AIC	

Lognormal	
AIC	

Lognormal	
AIC	

D1	 Year,	Month	 3162.3	 289.0	 528.8	 13.1	
D2	 Year,	Month,	Region	 2964.0	 92.0	 514.1	 0.0	
D3	 Year,	Month,	Secchi	 3029.9	 143.6	 527.9	 13.9	

D4	
Year,	Month,	Region,	

Secchi	 2881.0	 0.0	 513.5	 0.21	

Model	D4:	Binomial	null	deviance	=	3395.7	with	18%	explained,	lognormal	null	deviance	=	84.1	with	23%	
explained.	
	
	 	
(B)	Starry	flounder:	Binomial	component	
Parameter		 Estimate	 SE	 p‐value	 Parameter	 Estimate	 SE	 p‐value

0	 ‐3.62	 0.47	 <0.0001	 1998	 ‐0.32	 0.35	 0.37	
1968	 ‐1.47	 0.64	 0.02	 1999	 ‐0.62	 0.40	 0.12	
1969	 0.17	 0.39	 0.66	 2000	 ‐0.89	 0.47	 0.06	
1970	 ‐0.71	 0.45	 0.12	 2001	 ‐1.32	 0.49	 0.01	
1971	 0.57	 0.34	 0.09	 2002	 ‐1.37	 0.57	 0.02	
1972	 0.66	 0.39	 0.09	 2003	 ‐1.13	 0.47	 0.02	
1973	 ‐0.38	 0.39	 0.33	 2004	 ‐0.77	 0.50	 0.13	
1974	 n/a	 n/a	 n/a	 2005	 ‐1.83	 0.64	 0.004	
1975	 0.44	 0.34	 0.19	 2006	 ‐1.12	 0.50	 0.02	
1976	 0.17	 0.66	 0.80	 2007	 ‐1.65	 0.64	 0.01	
1977	 ‐0.62	 0.58	 0.29	 2008	 ‐0.15	 0.46	 0.75	
1978	 ‐0.67	 0.38	 0.08	 2009	 ‐1.28	 0.65	 0.05	
1979	 n/a	 n/a	 n/a	 2010	 ‐2.75	 1.04	 0.01	
1980	 0.71	 0.33	 0.03	 Oct 0.01	 0.15	 0.96	
1981	 ‐0.39	 0.41	 0.34	 Nov	 ‐0.26	 0.16	 0.10	
1982	 ‐0.44	 0.36	 0.22	 Dec	 ‐0.47	 0.16	 0.003	
1983	 ‐0.53	 0.39	 0.17	 Region3	 1.06	 0.43	 0.01	
1984	 ‐0.81	 0.43	 0.06	 Region4	 1.38	 0.42	 0.001	
1985	 0.20	 0.46	 0.66	 Region5	 1.91	 0.42	 <0.0001
1986	 ‐0.89	 0.43	 0.04	 Region7	 0.21	 0.63	 0.73	
1987	 ‐0.92	 0.45	 0.04	 Region8	 0.30	 0.51	 0.56	
1988	 ‐2.43	 0.76	 0.001	 Region10	 0.96	 0.52	 0.07	
1989	 ‐2.81	 1.04	 0.007	 Region11	 0.74	 0.40	 0.07	
	 n/a	 n/a	 n/a	 Region12	 0.80	 0.38	 0.04	
1991	 ‐0.98	 0.53	 0.07	 Region13	 0.27	 0.38	 0.48	
1992	 ‐1.38	 0.65	 0.03	 Region14	 0.07	 0.41	 0.87	
1993	 ‐2.61	 1.04	 0.01	 Region15	 ‐0.77	 0.45	 0.09	
1994	 ‐1.56	 0.65	 0.02	 Region16	 ‐2.22	 0.68	 0.001	
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1995	 ‐1.60	 0.57	 0.01	 Region17 n/a	 n/a	 n/a	
1996 ‐1.24	 0.49	 0.01	 Secchi	 ‐1.15	 0.13	 <0.0001
1997	 ‐0.46	 0.44	 0.29	 	    

	
	
(C)	Starry	flounder:	Lognormal	component	
Parameter		 Estimate	 SE	 p‐value	 Parameter	 Estimate	 SE	 p‐value

0	 ‐0.26	 0.21	 0.23	 1998	 ‐0.11	 0.15	 0.46	
1968	 0.08	 0.28	 0.77	 1999	 ‐0.02	 0.17	 0.89	
1969	 ‐0.01	 0.17	 0.96	 2000	 ‐0.05	 0.21	 0.81	
1970	 0.14	 0.18	 0.48	 2001	 ‐0.22	 0.22	 0.33	
1971	 0.30	 0.14	 0.04	 2002	 0.01	 0.26	 0.97	
1972	 0.19	 0.16	 0.25	 2003	 0.18	 0.21	 0.38	
1973	 0.23	 0.17	 0.18	 2004	 ‐0.14	 0.22	 0.52	
1974	 n/a	 n/a	 n/a	 2005	 ‐0.39	 0.29	 0.18	
1975	 0.36	 0.14	 0.01	 2006	 0.15	 0.22	 0.49	
1976	 0.57	 0.28	 0.05	 2007	 ‐0.08	 0.29	 0.79	
1977	 ‐0.10	 0.25	 0.70	 2008	 0.13	 0.21	 0.54	
1978	 ‐0.07	 0.17	 0.67	 2009	 0.05	 0.29	 0.85	
1979	 n/a	 n/a	 n/a	 2010	 0.11	 0.47	 0.82	
1980	 0.37	 0.14	 0.01	 Oct ‐0.04	 0.07	 0.53	
1981	 0.13	 0.18	 0.47	 Nov	 0.02	 0.07	 0.82	
1982	 ‐0.04	 0.15	 0.81	 Dec	 ‐0.01	 0.07	 0.87	
1983	 0.15	 0.17	 0.38	 Region3	 0.39	 0.20	 0.05	
1984	 0.16	 0.19	 0.42	 Region4	 0.61	 0.20	 0.003	
1985	 0.39	 0.20	 0.048	 Region5	 0.61	 0.20	 0.003	
1986	 0.09	 0.19	 0.62	 Region7	 0.24	 0.29	 0.40	
1987	 ‐0.12	 0.20	 0.55	 Region8	 0.26	 0.24	 0.28	
1988	 ‐0.02	 0.34	 0.96	 Region10	 0.45	 0.24	 0.07	
1989	 ‐0.01	 0.46	 0.98	 Region11	 0.26	 0.19	 0.17	
	 n/a	 n/a	 n/a	 Region12	 0.42	 0.18	 0.03	
1991	 ‐0.03	 0.24	 0.91	 Region13	 0.27	 0.18	 0.15	
1992	 0.24	 0.28	 0.39	 Region14	 0.13	 0.20	 0.49	
1993	 0.02	 0.47	 0.96	 Region15	 0.25	 0.22	 0.26	
1994	 0.001	 0.31	 1.00	 Region16	 0.72	 0.32	 0.03	
1995	 0.31	 0.27	 0.24	 Region17 n/a	 n/a	 n/a	
1996 0.32	 0.22	 0.15	 Secchi	 ‐0.07	 0.06	 0.22	
1997	 0.31	 0.19	 0.11	 	    
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Table	A5.	Threadfin	shad	
(A)	

Model		 Covariates	 Binomial	
AIC	

Binomial	
AIC	

Lognormal	
AIC	

Lognormal	
AIC	

D1	 Year,	Month	 15405.4  2736.5  14770.0  1241.6 

D2	 Year,	Month,	Region	 13067.7  398.8  13548.0  19.7 

D3	 Year,	Month,	Secchi	 15321.4  2652.4  14629.1  1100.7 

D4	
Year,	Month,	Region,	

Secchi	
12669.0  0.0  13528.3  0.0 

Model	D4:	Binomial	null	deviance	=	16877.0	with	26%	explained,	lognormal	null	deviance	=	9796.9	with	34%	
explained.	
	 	
(B)	Threadfin	shad:	Binomial	component	
Parameter		 Estimate	 SE	 p‐value	 Parameter	 Estimate	 SE	 p‐value

0	 ‐1.73	 0.20	 <0.0001	 1998	 0.02	 0.18	 0.91	
1968	 ‐0.26	 0.20	 0.20	 1999	 ‐0.93	 0.19	 <0.0001
1969	 ‐0.06	 0.21	 0.79	 2000	 ‐1.41	 0.20	 <0.0001
1970	 0.02	 0.21	 0.94	 2001	 ‐0.72	 0.19	 0.0001	
1971	 ‐0.73	 0.21	 0.0004	 2002	 ‐1.25	 0.20	 <0.0001
1972	 ‐0.63	 0.22	 0.004	 2003	 ‐1.23	 0.19	 <0.0001
1973	 ‐1.52	 0.22	 <0.0001	 2004	 ‐1.26	 0.21	 <0.0001
1974	 n/a	 n/a	 n/a	 2005	 ‐1.23	 0.20	 <0.0001
1975	 ‐1.43	 0.21	 <0.0001	 2006	 ‐0.81	 0.20	 <0.0001
1976	 ‐1.65	 0.29	 <0.0001	 2007	 ‐1.40	 0.21	 <0.0001
1977	 ‐0.75	 0.21	 0.0003	 2008	 ‐1.72	 0.23	 <0.0001
1978	 ‐2.30	 0.22	 <0.0001	 2009	 ‐2.55	 0.28	 <0.0001
1979	 n/a	 n/a	 n/a	 2010	 ‐1.98	 0.26	 <0.0001
1980	 ‐1.73	 0.21	 <0.0001	 Oct 0.46	 0.07	 <0.0001
1981	 ‐1.73	 0.21	 <0.0001	 Nov	 1.07	 0.07	 <0.0001
1982	 ‐1.90	 0.20	 <0.0001	 Dec	 1.41	 0.07	 <0.0001
1983	 ‐0.21	 0.19	 0.26	 Region3	 ‐0.52	 0.20	 0.01	
1984	 ‐1.92	 0.22	 <0.0001	 Region4	 ‐0.02	 0.19	 0.91	
1985	 ‐1.32	 0.22	 <0.0001	 Region5	 ‐0.17	 0.22	 0.46	
1986	 ‐1.71	 0.20	 <0.0001	 Region7	 0.06	 0.23	 0.79	
1987	 ‐1.69	 0.21	 <0.0001	 Region8	 ‐0.86	 0.21	 0.00	
1988	 ‐1.84	 0.21	 <0.0001	 Region10	 ‐0.19	 0.28	 0.49	
1989	 ‐2.06	 0.22	 <0.0001	 Region11	 ‐0.11	 0.16	 0.51	
	 ‐0.55	 0.19	 0.004	 Region12	 ‐0.43	 0.15	 0.005	
1991	 ‐0.76	 0.19	 <0.0001	 Region13	 0.12	 0.14	 0.39	
1992	 ‐0.25	 0.19	 0.19	 Region14	 0.94	 0.15	 <0.0001
1993	 ‐0.06	 0.19	 0.77	 Region15	 1.70	 0.14	 <0.0001
1994	 ‐0.33	 0.19	 0.09	 Region16	 2.17	 0.14	 <0.0001
1995	 ‐0.57	 0.19	 0.002	 Region17 2.99	 0.15	 <0.0001
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1996 ‐1.03	 0.19	 <0.0001	 Secchi	 ‐0.83	 0.04	 <0.0001
1997	 0.11	 0.19	 0.57	 	    

	
(C)	Threadfin	shad:	Lognormal	component	
Parameter		 Estimate	 SE	 p‐value	 Parameter	 Estimate	 SE	 p‐value

0	 1.44	 0.19	 <0.0001	 1998	 ‐0.32  0.13  0.02 

1968	 ‐0.53	 0.14	 0.0002	 1999	 ‐0.39  0.15  0.01 

1969	 ‐0.45	 0.15	 0.003	 2000	 ‐0.93  0.16  <0.0001 

1970	 ‐0.72	 0.15	 <0.0001	 2001	 ‐0.12  0.14  0.39 

1971	 ‐0.49	 0.16	 0.002	 2002	 ‐0.59  0.17  0.001 

1972	 ‐0.58	 0.17	 0.001	 2003	 ‐0.66  0.16  <0.0001 

1973	 ‐0.91	 0.19	 <0.0001	 2004	 ‐0.58  0.18  0.001 

1974	 n/a	 n/a	 n/a	 2005	 ‐0.65  0.17  0.0001 

1975	 ‐0.95	 0.19	 <0.0001	 2006	 ‐0.55  0.17  0.001 

1976	 ‐0.84	 0.28	 0.003	 2007	 ‐0.71  0.19  0.0002 

1977	 ‐0.05	 0.16	 0.75	 2008	 ‐0.90  0.23  <0.0001 

1978	 ‐1.11	 0.20	 <0.0001	 2009	 ‐1.33  0.30  <0.0001 

1979	 n/a	 n/a	 n/a	 2010	 ‐0.90  0.27  0.001 

1980	 ‐0.57	 0.18	 0.002	 Oct 0.00  0.06  0.97 

1981	 ‐0.71	 0.18	 <0.0001	 Nov	 ‐0.04  0.06  0.50 

1982	 ‐1.13	 0.18	 <0.0001	 Dec	 ‐0.22  0.06  0.0005 

1983	 ‐0.51	 0.14	 0.0002	 Region3	 0.14  0.22  0.51 

1984	 ‐0.54	 0.21	 0.010	 Region4	 0.06  0.21  0.78 

1985	 ‐0.66	 0.19	 0.001	 Region5	 0.15  0.24  0.54 

1986	 ‐0.99	 0.17	 <0.0001	 Region7	 ‐0.14  0.25  0.57 

1987	 ‐0.67	 0.18	 0.0002	 Region8	 0.02  0.24  0.95 

1988	 ‐0.98	 0.20	 <0.0001	 Region10	 ‐0.38  0.30  0.21 

1989	 ‐0.62	 0.20	 0.002	 Region11	 ‐0.18  0.18  0.31 

	 ‐0.80	 0.15	 <0.0001	 Region12	 ‐0.37  0.17  0.03 

1991	 ‐0.51	 0.16	 0.002	 Region13	 ‐0.17  0.15  0.27 

1992	 ‐0.49	 0.15	 0.001	 Region14	 0.29  0.16  0.07 

1993	 ‐0.13	 0.14	 0.375	 Region15	 0.39  0.15  0.01 

1994	 ‐0.58	 0.15	 <0.0001	 Region16	 0.69  0.15  <0.0001 

1995	 ‐0.64	 0.15	 <0.0001	 Region17 2.24  0.15  <0.0001 

1996 ‐0.49	 0.16	 0.002	 Secchi	 ‐0.18  0.04  <0.0001 

1997	 0.12	 0.14	 0.38	 	    
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Table	A6.	Crangon	spp.	
(A)	

Model		 Covariates	 Binomial	
AIC	

Binomial	
AIC	

Lognormal	
AIC	

Lognormal	
AIC	

D1	 Year,	Month	 13403.6	 3325.5	 13021.6	 340.7	
D2	 Year,	Month,	Region	 11302.6	 1224.5	 12821.0	 140.1	
D3	 Year,	Month,	Secchi	 11368.1	 1290.0	 12952.7	 271.7	

D4	
Year,	Month,	Region,	

Secchi	 10078.1	 0.0	 12681.0	 0.0	

Model	D4:	Binomial	null	deviance	=	14730.9	with	32%	explained,	lognormal	null	deviance	=	12128.9	with	
37%	explained.	
	 	
(B)	Crangon	spp.:	Binomial	component	
Parameter		 Estimate	 SE	 p‐value	 Parameter	 Estimate	 SE	 p‐value

0	 0.02	 0.20	 0.91	 1998	 ‐0.85	 0.21	 <0.0001
1969	 ‐0.50	 0.25	 0.045	 1999	 ‐0.52	 0.21	 0.014	
1970	 ‐0.85	 0.26	 0.001	 2000	 ‐0.86	 0.21	 <0.0001
1971	 ‐0.96	 0.23	 <0.0001	 2001	 ‐2.10	 0.23	 <0.0001
1972	 ‐1.22	 0.35	 <0.0001	 2002	 ‐1.38	 0.22	 <0.0001
1973	 ‐0.71	 0.22	 0.001	 2003	 ‐0.85	 0.21	 <0.0001
1974	 n/a	 n/a	 n/a	 2004	 ‐2.28	 0.27	 <0.0001
1975	 ‐0.73	 0.22	 0.001	 2005	 ‐3.10	 0.30	 <0.0001
1976	 ‐0.70	 0.32	 0.027	 2006	 ‐2.40	 0.26	 <0.0001
1977	 ‐0.42	 0.23	 0.069	 2007	 ‐4.48	 0.49	 <0.0001
1978	 ‐0.74	 0.21	 0.001	 2008	 ‐3.59	 0.46	 <0.0001
1979	 n/a	 n/a	 n/a	 2009	 ‐1.40	 0.25	 <0.0001
1980	 ‐0.31	 0.22	 0.16	 2010	 ‐1.94	 0.26	 <0.0001
1981	 ‐0.49	 0.21	 0.022	 Oct ‐0.12	 0.07	 0.10	
1982	 ‐1.11	 0.21	 <0.0001	 Nov	 ‐0.02	 0.07	 0.75	
1983	 ‐1.82	 0.22	 <0.0001	 Dec	 ‐0.35	 0.07	 <0.0001
1984	 ‐0.62	 0.22	 0.004	 Region3	 ‐1.34	 0.18	 <0.0001
1985	 ‐0.88	 0.25	 0.0003	 Region4	 ‐1.73	 0.19	 <0.0001
1986	 0.05	 0.21	 0.82	 Region5	 ‐2.02	 0.23	 <0.0001
1987	 ‐0.17	 0.21	 0.41	 Region7	 ‐2.84	 0.34	 <0.0001
1988	 ‐1.00	 0.21	 <0.0001	 Region8	 ‐0.71	 0.17	 <0.0001
1989	 ‐0.89	 0.22	 <0.0001	 Region10	 ‐1.25	 0.25	 <0.0001
	 0.43	 0.21	 0.04	 Region11	 0.33	 0.13	 0.012	
1991	 0.096	 0.21	 0.65	 Region12	 0.54	 0.13	 <0.0001
1992	 ‐0.21	 0.22	 0.33	 Region13	 ‐0.34	 0.12	 0.005	
1993	 ‐0.75	 0.22	 0.001	 Region14	 ‐1.11	 0.14	 <0.0001
1994	 ‐0.41	 0.22	 0.056	 Region15	 ‐1.34	 0.13	 <0.0001
1995	 ‐0.78	 0.22	 0.0003	 Region16	 ‐2.45	 0.16	 <0.0001
1996 ‐1.81	 0.22	 <0.0001	 Region17 n/a	 n/a	 n/a	
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1997	 ‐0.96	 0.22	 <0.0001	 Secchi	 ‐1.86	 0.05	 <0.0001
	
	
(C)	Crangon	spp.:	Lognormal	component	
Parameter		 Estimate	 SE	 p‐value	 Parameter	 Estimate	 SE	 p‐value

0	 3.49	 0.19	 <0.0001	 1998	 ‐0.24	 0.19	 0.20	
1969	 1.33	 0.22	 <0.0001	 1999	 ‐0.70	 0.19	 0.0002	
1970	 ‐0.07	 0.22	 0.75	 2000	 ‐0.54	 0.20	 0.01	
1971	 0.52	 0.21	 0.01	 2001	 ‐1.42	 0.24	 <0.0001
1972	 ‐0.88	 0.26	 0.00	 2002	 ‐1.29	 0.23	 <0.0001
1973	 ‐0.17	 0.19	 0.38	 2003	 ‐1.96	 0.20	 <0.0001
1974	 n/a	 n/a	 n/a	 2004	 ‐2.12	 0.33	 <0.0001
1975	 0.52	 0.20	 0.01	 2005	 ‐2.32	 0.38	 <0.0001
1976	 ‐0.05	 0.37	 0.90	 2006	 ‐0.67	 0.31	 0.028	
1977	 ‐0.35	 0.24	 0.14	 2007	 ‐2.62	 0.69	 0.0001	
1978	 0.04	 0.18	 0.82	 2008	 ‐2.00	 0.63	 0.001	
1979	 n/a	 n/a	 n/a	 2009	 ‐1.83	 0.28	 <0.0001
1980	 1.03	 0.19	 <0.0001	 2010	 ‐1.18	 0.31	 0.0001	
1981	 ‐0.19	 0.19	 0.32	 Oct ‐0.14	 0.07	 0.046	
1982	 1.00	 0.19	 <0.0001	 Nov	 ‐0.57	 0.08	 <0.0001
1983	 0.22	 0.22	 0.32	 Dec	 ‐0.93	 0.07	 <0.0001
1984	 0.51	 0.19	 0.01	 Region3	 ‐0.08	 0.22	 0.72	
1985	 ‐0.84	 0.26	 0.001	 Region4	 ‐0.84	 0.23	 0.0003	
1986	 0.94	 0.18	 <0.0001	 Region5	 ‐1.54	 0.29	 <0.0001
1987	 ‐0.35	 0.19	 0.06	 Region7	 ‐1.04	 0.47	 0.03	
1988	 ‐1.14	 0.20	 <0.0001	 Region8	 0.39	 0.21	 0.06	
1989	 ‐0.92	 0.22	 <0.0001	 Region10	 ‐0.92	 0.30	 0.00	
	 ‐0.71	 0.19	 0.0001	 Region11	 ‐0.07	 0.14	 0.60	
1991	 ‐0.76	 0.20	 0.0001	 Region12	 0.02	 0.13	 0.86	
1992	 ‐1.02	 0.22	 <0.0001	 Region13	 ‐0.38	 0.13	 0.003	
1993	 ‐0.71	 0.23	 0.002	 Region14	 ‐1.02	 0.15	 <0.0001
1994	 ‐0.53	 0.21	 0.01	 Region15	 ‐0.22	 0.15	 0.16	
1995	 ‐0.60	 0.20	 0.003	 Region16	 ‐2.14	 0.20	 <0.0001
1996 ‐0.78	 0.23	 0.001	 Region17 n/a	 n/a	 n/a	
1997	 ‐0.47	 0.23	 0.045	 Secchi	 ‐0.80	 0.07	 <0.0001
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Appendix	B.		Tables	showing	‘annual’	analysis	model	fit	statistics	(A),	parameter	estimates,	
standard	errors,	and	p‐values	for	the	‘best’	fitting	binomial	and	lognormal	models	(B)	fitted	
to	FMWT	survey	CPUE	data	for	delta	smelt,	longfin	smelt,	Sacramento	splittail,	starry	
flounder,	threadfin	shad,	and	Crangon	spp.		
	
Table	B1.	Delta	smelt	
(A)	

Model	 Flow	variable	 Binomial	
AIC	

Binomial	
AIC	

Lognormal	
AIC	

Lognormal	
AIC	

A1	
Historical	Outflow,	

Jan‐	
Jun	

9500.7	 12.0	 7048.6	 17.3	

A	2	
Historical	Outflow,	

Mar‐May	 9505.4	 16.7	 7044.8	 13.5	

A	3	
Unimpaired	Outflow,	

Jan‐Jun	 9497.0	 8.3	 7048.6	 17.3	

A	4	
Unimpaired	Outflow,	

Mar‐May	 9505.9	 17.2	 7045.8	 14.5	

A	5	
Historical	Inflow,	Jan‐	

Jun	 9495.0	 6.3	 7048.1	 16.8	

A	6	
Historical	Inflow,	Mar‐	

May	 9505.8	 17.1	 7047.1	 15.7	

A	7	
Unimpaired	Inflow,	

Jan‐Jun	
9488.7	 0.0	 7048.2	 16.9	

A	8	
Unimpaired	Inflow,	

Mar‐May	 9503.6	 14.9	 7047.4	 16.1	

A	9	
Historical	Outflow,	
Jan‐Jun,	1yr	Lag	 9504.6	 16.0	 7044.5	 13.2	

A	10	
Historical	Outflow,	
Mar‐May,	1yr	Lag	 9500.5	 11.8	 7034.0	 2.7	

A	11	
Unimpaired	Outflow,	
Jan‐Jun,	1yr	Lag	

9505.4	 16.8	 7045.9	 14.6	

A	12	
Unimpaired	Outflow,	

Mar‐May	 9501.7	 13.0	 7041.2	 9.8	

A	13	
Historical	Inflow,	Jan‐

Jun,	1yr	Lag	 9505.6	 16.9	 7042.6	 11.2	

A	14	
Historical	Inflow,	Mar‐

May,	1yr	Lag	
9498.6	 9.9	 7031.3	 0.0	

A	15	
Unimpaired	Inflow,	
Jan‐Jun,	1yr	Lag	 9504.7	 16.0	 7045.9	 14.6	

A	16	
Unimpaired	Inflow,	
Mar‐May,	1yr	Lag	 9501.5	 12.8	 7040.0	 8.6	
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(B)	Delta	smelt			
Binomial	Component	 Lognormal	Component	

Parameter		 Estimate	 SE	 p‐value Parameter		 Estimate	 SE	 p‐value
0	 ‐4.71	 0.34	 <0.0001 0 ‐0.38	 0.34	 0.27	

Unimp.Inflow.Jan‐
Jun	

0.11	 0.03	 <0.0001 Hist.Inflow.MM.1yrLag ‐0.09	 0.02	 <0.0001

Oct	 0.16	 0.07	 0.02	 Oct 0.007	 0.06	 0.90	
Nov	 0.20	 0.07	 0.007	 Nov	 ‐0.05	 0.06	 0.40	
Dec	 0.22	 0.07	 0.002	 Dec	 ‐0.13	 0.06	 0.03	

Region3	 n/a	 n/a	 n/a	 Region3	 n/a	 n/a	 n/a	
Region4	 ‐0.56	 0.57	 0.32	 Region4	 0.73	 0.57	 0.20	
Region5	 ‐0.46	 0.61	 0.45	 Region5	 0.29	 0.62	 0.64	
Region7	 n/a	 n/a	 n/a	 Region7	 n/a	 n/a	 n/a	
Region8	 n/a	 n/a	 n/a	 Region8	 n/a	 n/a	 n/a	
Region10	 0.36	 0.57	 0.53	 Region10	 0.89  0.57  0.12 

Region11	 0.89	 0.37	 0.02	 Region11	 0.64  0.38  0.09 

Region12	 1.51	 0.35	 <0.0001 Region12	 0.86  0.35  0.015 

Region13	 3.02	 0.34	 <0.0001 Region13	 1.22  0.34  0.0004 

Region14	 2.77	 0.35	 <0.0001 Region14	 1.14  0.35  0.001 

Region15	 3.67	 0.34	 <0.0001 Region15	 1.45  0.36  <0.0001
Region16	 2.99	 0.35	 <0.0001 Region16	 1.01  0.35  0.004 

Region17 1.41	 0.37	 0.0001	 Region17 0.76  0.37  0.042 

Secchi	 ‐1.42	 0.05	 <0.0001 Secchi	 ‐0.49  0.05  <0.0001
Model	A7:	Binomial	null	deviance	=	12170.5	with	22%	explained.	Model	A14:	lognormal	null	
deviance	=	2816.0	with	10%	explained.	
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Table	B2.	Longfin	smelt	

(A)			

Model	 Flow	variable	 Binomial	
AIC	

Binomial	
AIC	

Lognormal	
AIC	

Lognormal	
AIC	

A1	
Historical	Outflow,	

Jan‐	
Jun	

12826.3	 20.3	 17091.1	 0.0	

A	2	
Historical	Outflow,	

Mar‐May	
12936.1	 130.1	 17193.3	 102.2	

A	3	
Unimpaired	Outflow,	

Jan‐Jun	 12808.4	 2.3	 17099.7	 8.6	

A	4	
Unimpaired	Outflow,	

Mar‐May	 12968.8	 162.7	 17208.3	 117.3	

A	5	
Historical	Inflow,	Jan‐	

Jun	 12838.6	 32.6	 17154.0	 63.0	

A	6	
Historical	Inflow,	Mar‐	

May	 12950.7	 144.7	 17253.0	 162.0	

A	7	
Unimpaired	Inflow,	

Jan‐Jun	 12806.1	 0.0	 17154.7	 63.7	

A	8	
Unimpaired	Inflow,	

Mar‐May	 12996.2	 190.1	 17266.5	 175.4	

A	9	
Historical	Outflow,	
Jan‐Jun,	1yr	Lag	

13253.9	 447.9	 17401.3	 310.2	

A	10	
Historical	Outflow,	
Mar‐May,	1yr	Lag	 13272.7	 466.7	 17393.1	 302.1	

A	11	
Unimpaired	Outflow,	
Jan‐Jun,	1yr	Lag	 13269.3	 463.3	 17383.8	 292.7	

A	12	
Unimpaired	Outflow,	

Mar‐May	 13265.4	 459.3	 17389.0	 297.9	

A	13	
Historical	Inflow,	Jan‐

Jun,	1yr	Lag	
13268.9	 462.8	 17389.5	 298.4	

A	14	
Historical	Inflow,	Mar‐

May,	1yr	Lag	 13267.6	 461.5	 17388.6	 297.6	

A	15	
Unimpaired	Inflow,	
Jan‐Jun,	1yr	Lag	 13271.8	 465.7	 17379.6	 288.5	

A	16	
Unimpaired	Inflow,	
Mar‐May,	1yr	Lag	

13263.0	 457.0	 17397.2	 306.1	
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	(B)	Longfin	smelt	
Binomial	Component	 Lognormal	Component	

Parameter		 Estimate	 SE	 p‐value Parameter		 Estimate	 SE	 p‐value
0	 ‐1.47	 0.11	 <0.0001 0 1.09	 0.11	 <0.0001

Unimp.Inflow.Jan‐
Jun	

0.48	 0.02	 <0.0001 Hist.Outflow.Jan‐
Jun	

0.40	 0.02	 <0.0001

Oct	 0.36	 0.06	 <0.0001 Oct 0.37	 0.07	 <0.0001
Nov	 1.09	 0.06	 <0.0001 Nov	 0.35	 0.07	 <0.0001
Dec	 1.70	 0.06	 <0.0001 Dec	 0.18	 0.06	 0.003	

Region3	 ‐0.69	 0.15	 <0.0001 Region3	 0.08	 0.16	 0.59	
Region4	 ‐0.76	 0.16	 <0.0001 Region4	 ‐0.47	 0.17	 0.004	
Region5	 ‐0.85	 0.18	 <0.0001 Region5	 ‐0.87	 0.19	 <0.0001
Region7	 ‐1.15	 0.20	 <0.0001 Region7	 ‐0.46	 0.23	 0.047	
Region8	 ‐0.17	 0.14	 0.22	 Region8	 0.50	 0.15	 0.001	
Region10	 ‐0.79	 0.23	 0.001	 Region10	 ‐0.37	 0.23	 0.11	
Region11	 0.06	 0.13	 0.66	 Region11	 ‐0.17	 0.12	 0.18	
Region12	 0.46	 0.12	 0.0001	 Region12	 0.30	 0.11	 0.01	
Region13	 0.03	 0.11	 0.79	 Region13	 0.08	 0.11	 0.45	
Region14	 ‐0.54	 0.13	 <0.0001 Region14	 ‐0.29	 0.12	 0.02	
Region15	 ‐0.48	 0.12	 <0.0001 Region15	 ‐0.38	 0.12	 0.002	
Region16	 ‐1.56	 0.13	 <0.0001 Region16	 ‐0.92	 0.14	 <0.0001
Region17 ‐3.64	 0.25	 <0.0001 Region17 ‐1.11	 0.34	 <0.0001
Secchi	 ‐1.38	 0.04	 <0.0001 Secchi	 ‐0.94	 0.04	 <0.0001

Model	A7:	Binomial	null	deviance	=	17971.0	with	29%	explained.	Model	A1:	lognormal	null	deviance	=	
13278.0	with	24%	explained.	
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Table	B3.	Sacramento	splittail	
(A)			

Model	 Flow	variable	 Binomial	
AIC	

Binomial	
AIC	

Lognormal	
AIC	

Lognormal	
AIC	

A1	
Historical	Outflow,	

Jan‐	
Jun	

3008.9	 4.2	 837.3	 2.4	

A	2	
Historical	Outflow,	

Mar‐May	 3008.0	 3.4	 840.0	 5.2	

A	3	
Unimpaired	Outflow,	

Jan‐Jun	 3009.7	 5.1	 838.6	 3.7	

A	4	
Unimpaired	Outflow,	

Mar‐May	 3034.1	 29.5	 840.7	 5.8	

A	5	
Historical	Inflow,	Jan‐	

Jun	
3008.2	 3.5	 837.2	 2.3	

A	6	
Historical	Inflow,	Mar‐	

May	 3014.0	 9.4	 840.3	 5.4	

A	7	
Unimpaired	Inflow,	

Jan‐Jun	 3004.6	 0.0	 837.2	 2.3	

A	8	
Unimpaired	Inflow,	

Mar‐May	 3036.5	 31.8	 840.2	 5.3	

A	9	
Historical	Outflow,	
Jan‐Jun,	1yr	Lag	 3123.2	 118.5	 834.9	 0.0	

A	10	
Historical	Outflow,	
Mar‐May,	1yr	Lag	 3121.1	 116.5	 841.0	 6.1	

A	11	
Unimpaired	Outflow,	
Jan‐Jun,	1yr	Lag	 3123.8	 119.1	 837.4	 2.5	

A	12	
Unimpaired	Outflow,	

Mar‐May	
3119.3	 114.7	 840.9	 6.0	

A	13	
Historical	Inflow,	Jan‐

Jun,	1yr	Lag	 3123.7	 119.1	 836.0	 1.1	

A	14	
Historical	Inflow,	Mar‐

May,	1yr	Lag	 3118.8	 114.2	 840.6	 5.7	

A	15	
Unimpaired	Inflow,	
Jan‐Jun,	1yr	Lag	 3122.9	 118.2	 838.5	 3.6	

A	16	
Unimpaired	Inflow,	
Mar‐May,	1yr	Lag	

3115.8	 111.2	 840.6	 5.7	
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	(B)	Sacramento	splittail	
Binomial	Component	 Lognormal	Component	

Parameter		 Estimate	 SE	 p‐value Parameter		 Estimate	 SE	 p‐
value	

0	 ‐6.01	 0.60	 <0.0001 0 ‐0.12	 0.35 0.74	
Unimp.Inflow.Jan‐

Jun	
0.56	 0.05	 <0.0001 Hist.Outflow.Jan‐

Jun.1yrLag	
0.06	 0.02 0.01	

Oct	 ‐0.25	 0.13	 0.06	 Oct ‐0.06	 0.07 0.39	
Nov	 ‐0.47	 0.15	 0.002	 Nov	 ‐0.04	 0.08 0.60	
Dec	 ‐0.56	 0.14	 <0.0001 Dec	 ‐0.16	 0.08 0.04	

Region3	 n/s	 n/s	 n/s	 Region3	 n/s	 n/s	 n/s	
Region4	 0.83	 0.70	 0.24	 Region4	 0.41	 0.40 0.31	
Region5	 0.77	 0.74	 0.30	 Region5	 0.63	 0.43 0.14	
Region7	 n/s	 n/s	 n/s	 Region7	 n/s	 n/s	 n/s	
Region8	 n/s	 n/s	 n/s	 Region8	 n/s	 n/s	 n/s	
Region10	 2.15	 0.69	 0.002	 Region10	 0.69	 0.39 0.08	
Region11	 1.39	 0.62	 0.02	 Region11	 0.48	 0.36 0.18	
Region12	 1.52	 0.60	 0.01	 Region12	 0.26	 0.35 0.45	
Region13	 1.56	 0.59	 0.01	 Region13	 0.20	 0.34 0.57	
Region14	 2.68	 0.59	 <0.0001 Region14	 0.46	 0.34 0.18	
Region15	 1.46	 0.61	 0.02	 Region15	 0.16	 0.35 0.66	
Region16	 1.27	 0.63	 0.04	 Region16	 0.13	 0.36 0.71	
Region17 ‐0.25	 0.82	 0.76	 Region17 0.06	 0.48 0.91	
Secchi	 ‐1.90	 0.13	 <0.0001 Secchi	 ‐0.19	 0.08 0.01	

Model	A7:	Binomial	null	deviance	=	3944.0	with	25%	explained.	Model	A9:	lognormal	null	deviance	=	173.5	
with	12%	explained.	
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Table	B4.	Starry	flounder	
(A)	

Model	 Flow	variable	 Binomial	
AIC	

Binomial	
AIC	

Lognormal	
AIC	

Lognormal	
AIC	

A1	
Historical	Outflow,	

Jan‐	
Jun	

3000.1	 0.0	 503.8	 4.5	

A	2	
Historical	Outflow,	

Mar‐May	 3006.4	 6.2	 503.1	 3.8	

A	3	
Unimpaired	Outflow,	

Jan‐Jun	 3001.8	 1.7	 503.7	 4.5	

A	4	
Unimpaired	Outflow,	

Mar‐May	 3006.6	 6.5	 503.1	 3.9	

A	5	
Historical	Inflow,	Jan‐	

Jun	
3002.3	 2.1	 503.9	 4.6	

A	6	
Historical	Inflow,	Mar‐	

May	 3007.1	 7.0	 503.5	 4.2	

A	7	
Unimpaired	Inflow,	

Jan‐Jun	 3002.4	 2.3	 503.8	 4.5	

A	8	
Unimpaired	Inflow,	

Mar‐May	 3006.6	 6.5	 503.6	 4.4	

A	9	
Historical	Outflow,	
Jan‐Jun,	1yr	Lag	 3005.4	 5.3	 503.2	 4.0	

A	10	
Historical	Outflow,	
Mar‐May,	1yr	Lag	 3007.4	 7.3	 502.7	 3.4	

A	11	
Unimpaired	Outflow,	
Jan‐Jun,	1yr	Lag	 3006.3	 6.2	 502.3	 3.0	

A	12	
Unimpaired	Outflow,	

Mar‐May	
3007.7	 7.6	 499.3	 0.0	

A	13	
Historical	Inflow,	Jan‐

Jun,	1yr	Lag	 3004.9	 4.7	 502.9	 3.2	

A	14	
Historical	Inflow,	Mar‐

May,	1yr	Lag	 3007.6	 7.5	 501.8	 2.2	

A	15	
Unimpaired	Inflow,	
Jan‐Jun,	1yr	Lag	 3005.6	 5.5	 502.0	 2.4	

A	16	
Unimpaired	Inflow,	
Mar‐May,	1yr	Lag	

3007.8	 7.6	 499.6	 0.0	
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(B)	Starry	flounder	
Binomial	Component	 Lognormal	Component	

Parameter		 Estimate	 SE	 p‐value Parameter		 Estimate	 SE	 p‐
value	

0	 ‐4.48	 0.37	 <0.0001 0 ‐0.01	 0.17 0.97	
Hist.Outflow.Jan‐

Jun	
0.14	 0.05	 0.01	 Unimp.Outflow.Mar‐

May.1yrLag	
0.06	 0.03 0.03	

Oct	 0.07	 0.14	 0.59	 Oct ‐0.01	 0.06 0.85	
Nov	 ‐0.16	 0.16	 0.30	 Nov	 ‐0.02	 0.07 0.82	
Dec	 ‐0.40	 0.15	 0.01	 Dec	 ‐0.01	 0.07 0.83	

Region3	 1.06	 0.43	 0.01	 Region3	 0.30	 0.19 0.11	
Region4	 1.33	 0.41	 0.001	 Region4	 0.54	 0.19 0.004	
Region5	 1.74	 0.41	 <0.0001 Region5	 0.39	 0.19 0.03	
Region7	 0.09	 0.62	 0.88	 Region7	 ‐0.03	 0.28 0.92	
Region8	 0.33	 0.51	 0.52	 Region8	 0.11	 0.23 0.62	
Region10	 1.00	 0.51	 0.05	 Region10	 0.35	 0.23 0.13	
Region11	 0.76	 0.40	 0.06	 Region11	 0.18	 0.18 0.31	
Region12	 0.89	 0.38	 0.02	 Region12	 0.36	 0.17 0.04	
Region13	 0.41	 0.38	 0.28	 Region13	 0.18	 0.17 0.29	
Region14	 0.15	 0.40	 0.70	 Region14	 0.03	 0.18 0.85	
Region15	 ‐0.70	 0.45	 0.12	 Region15	 0.12	 0.21 0.58	
Region16	 ‐1.96	 0.68	 0.004	 Region16	 0.58	 0.31 0.07	
Region17 n/a	 n/a	 n/a	 Region17 n/a	 n/a	 n/a	
Secchi	 ‐1.30	 0.12	 <0.0001 Secchi	 ‐0.04	 0.05 0.44	

Model	A1:	Binomial	null	deviance	=	3395.7	with	13%	explained.	Model	A12:	lognormal	null	deviance	=	84.1	
with	11%	explained.	
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Table	B5.	Threadfin	shad	
(A)	

Model	 Flow	variable	 Binomial	
AIC	

Binomial	
AIC	

Lognormal	
AIC	

Lognormal	
AIC	

A1	
Historical	Outflow,	

Jan‐Jun	 13486.8	 0.0	 13666.3  0.0 

A	2	
Historical	Outflow,	

Mar‐May	 13561.7	 74.9	 13671.2  4.9 

A	3	
Unimpaired	Outflow,	

Jan‐Jun	
13542.8	 56.0	 13670.0  3.7 

A	4	
Unimpaired	Outflow,	

Mar‐May	 13586.1	 99.3	 13671.1  4.8 

A	5	
Historical	Inflow,	Jan‐	

Jun	 13500.9	 14.0	 13668.4  2.1 

A	6	
Historical	Inflow,	Mar‐	

May	 13569.5	 82.7	 13670.8  4.5 

A	7	
Unimpaired	Inflow,	

Jan‐Jun	 13539.2	 52.4	 13670.7  4.4 

A	8	
Unimpaired	Inflow,	

Mar‐May	 13585.4	 98.6	 13670.89  4.6 

A	9	
Historical	Outflow,	
Jan‐Jun,	1yr	Lag	 13582.9	 96.0	 13669.04  2.7 

A	10	
Historical	Outflow,	
Mar‐May,	1yr	Lag	

13602.3	 115.4	 13670.93  4.6 

A	11	
Unimpaired	Outflow,	
Jan‐Jun,	1yr	Lag	 13578.2	 91.4	 13670.28  4.0 

A	12	
Unimpaired	Outflow,	

Mar‐May	 13590.0	 103.1	 13671.27  5.0 

A	13	
Historical	Inflow,	Jan‐

Jun,	1yr	Lag	 13583.7	 96.9	 13668.7  2.4 

A	14	
Historical	Inflow,	Mar‐

May,	1yr	Lag	
13602.4	 115.6	 13670.94  4.6 

A	15	
Unimpaired	Inflow,	
Jan‐Jun,	1yr	Lag	 13581.1	 94.2	 13670.1  3.8 

A	16	
Unimpaired	Inflow,	
Mar‐May,	1yr	Lag	 13589.3	 102.5	 13671.01  4.7 
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(B)	Threadfin	shad	
Binomial	Component	 Lognormal	Component	

Parameter		 Estimate	 SE	 p‐value Parameter		 Estimate	 SE	 p‐value
0	 ‐2.68	 0.13	 <0.0001 0 0.86	 0.16	 <0.0001

Hist.Outflow.Jan‐Jun	 0.23	 0.02	 <0.0001 Hist.Outflow.Jan‐Jun 0.04	 0.02	 0.03	
Oct	 0.41	 0.06	 <0.0001 Oct 0.01	 0.06	 0.87	
Nov	 0.98	 0.06	 <0.0001 Nov	 ‐0.07	 0.06	 0.26	
Dec	 1.34	 0.06	 <0.0001 Dec	 ‐0.21	 0.06	 0.00	

Region3	 ‐0.47	 0.19	 0.01	 Region3	 0.17	 0.22	 0.46	
Region4	 0.02	 0.19	 0.90	 Region4	 0.02	 0.21	 0.92	
Region5	 ‐0.06	 0.21	 0.77	 Region5	 0.14	 0.25	 0.56	
Region7	 0.09	 0.22	 0.68	 Region7	 ‐0.06	 0.25	 0.82	
Region8	 ‐0.80	 0.20	 <0.0001 Region8	 0.10	 0.25	 0.69	
Region10	 ‐0.17	 0.27	 0.54	 Region10	 ‐0.41	 0.31	 0.19	
Region11	 ‐0.09	 0.16	 0.56	 Region11	 ‐0.14	 0.18	 0.44	
Region12	 ‐0.36	 0.15	 0.01	 Region12	 ‐0.30	 0.17	 0.08	
Region13	 0.18	 0.14	 0.18	 Region13	 ‐0.11	 0.16	 0.47	
Region14	 0.94	 0.14	 <0.0001 Region14	 0.32	 0.16	 0.04	
Region15	 1.66	 0.14	 <0.0001 Region15	 0.46	 0.15	 0.003	
Region16	 2.12	 0.14	 <0.0001 Region16	 0.78	 0.15	 <0.0001
Region17 2.97	 0.14	 <0.0001 Region17 2.29	 0.16	 <0.0001
Secchi	 ‐0.74	 0.04	 <0.0001 Secchi	 ‐0.17	 0.04	 <0.0001

Model	A1:	Binomial	null	deviance	=	16877.0	with	20%	explained.	Model	A1:	lognormal	null	deviance	=	9796.9	
with	30%	explained.	
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Table	B6.	Crangon	spp.		
(A)	

Model	 Flow	variable	 Binomial	
AIC	

Binomial	
AIC	

Lognormal	
AIC	

Lognormal	
AIC	

A1	
Historical	Outflow,	

Jan‐	
Jun	

11347.2	 35.4	 13259.4	 0.0	

A	2	
Historical	Outflow,	

Mar‐May	 11327.7	 16.0	 13306.6	 47.3	

A	3	
Unimpaired	Outflow,	

Jan‐Jun	 11350.9	 39.2	 13276.3	 16.9	

A	4	
Unimpaired	Outflow,	

Mar‐May	 11311.7	 0.0	 13335.9	 76.5	

A	5	
Historical	Inflow,	Jan‐	

Jun	
11349.0	 37.2	 13292.3	 32.9	

A	6	
Historical	Inflow,	Mar‐	

May	 11332.9	 21.1	 13335.0	 75.6	

A	7	
Unimpaired	Inflow,	

Jan‐Jun	 11355.6	 43.8	 13301.4	 42.1	

A	8	
Unimpaired	Inflow,	

Mar‐May	 11317.8	 6.1	 13359.4	 100.0	

A	9	
Historical	Outflow,	
Jan‐Jun,	1yr	Lag	 11365.1	 53.3	 13390.4	 131.0	

A	10	
Historical	Outflow,	
Mar‐May,	1yr	Lag	 11350.3	 38.6	 13390.3	 131.0	

A	11	
Unimpaired	Outflow,	
Jan‐Jun,	1yr	Lag	 11366.5	 54.8	 13394.0	 134.6	

A	12	
Unimpaired	Outflow,	

Mar‐May	
11347.5	 35.8	 13392.5	 133.1	

A	13	
Historical	Inflow,	Jan‐

Jun,	1yr	Lag	 11357.8	 46.1	 13392.7	 133.3	

A	14	
Historical	Inflow,	Mar‐

May,	1yr	Lag	 11341.3	 29.6	 13390.5	 131.2	

A	15	
Unimpaired	Inflow,	
Jan‐Jun,	1yr	Lag	 11364.2	 52.4	 13395.4	 136.0	

A	16	
Unimpaired	Inflow,	
Mar‐May,	1yr	Lag	

11337.4	 25.6	 13394.4	 135.0	
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(B)	Crangon	spp.	
Binomial	Component	 Lognormal	Component	

Parameter		 Estimate	 SE	 p‐value Parameter		 Estimate	 SE	 p‐value
0	 ‐0.96	 0.11 <0.0001 0 2.95	 0.14	 <0.0001

Unimp.Outflow.Mar‐
May	

‐0.19	 0.02 <0.0001 Hist.Outflow.Jan‐
Jun	

0.36	 0.03	 <0.0001

Oct	 ‐0.08	 0.07 0.22	 Oct ‐0.01	 0.08	 0.85	
Nov	 0.04	 0.07 0.52	 Nov	 ‐0.47	 0.08	 <0.0001
Dec	 ‐0.29	 0.06 <0.0001 Dec	 ‐0.90	 0.08	 <0.0001

Region3	 ‐1.21	 0.17 <0.0001 Region3	 0.04	 0.24	 0.85	
Region4	 ‐1.57	 0.18 <0.0001 Region4	 ‐0.99	 0.25	 <0.0001
Region5	 ‐1.86	 0.22 <0.0001 Region5	 ‐1.69	 0.31	 <0.0001
Region7	 ‐2.59	 0.33 <0.0001 Region7	 ‐1.45	 0.51	 0.005	
Region8	 ‐0.62	 0.16 0.0001	 Region8	 0.50	 0.22	 0.02	
Region10	 ‐1.24	 0.24 <0.0001 Region10	 ‐1.06	 0.33	 0.001	
Region11	 0.31	 0.13 0.01	 Region11	 ‐0.10	 0.15	 0.50	
Region12	 0.36	 0.12 0.002	 Region12	 ‐0.04	 0.14	 0.76	
Region13	 ‐0.36	 0.11 0.001	 Region13	 ‐0.38	 0.14	 0.01	
Region14	 ‐1.10	 0.13 <0.0001 Region14	 ‐1.08	 0.16	 <0.0001
Region15	 ‐1.24	 0.13 <0.0001 Region15	 ‐0.37	 0.16	 0.02	
Region16	 ‐2.16	 0.15 <0.0001 Region16	 ‐1.99	 0.21	 <0.0001
Region17 n/a	 n/a	 n/a	 Region17 n/a	 n/a	 n/a	
Secchi	 ‐1.78	 0.05 <0.0001 Secchi	 ‐1.08	 0.06	 <0.0001

Model	A4:	Binomial	null	deviance	=	14730.9	with	32%	explained.	Model	A1:	lognormal	null	deviance	=	
12128.9	with	37%	explained.	
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Chesapeake Bay tributaries. $176,223. Co-PI on multi-investigator project.

Aug 2011 - Jul 2012. Characterizing the growth dynamics of blue catfish in the Chesapeake
Bay watershed. $45,649. Lead PI on multi-investigator project.

Aug 2005 - Dec 2012. NOAA through the MAFMC Research Set-Aside Program, South-
ern New England Collaborative Research Initiative, Atlantic States Marine Fisheries
Commission. Data collection and analysis in support of multispecies stock assessments
in the mid-Atlantic: Northeast Area Monitoring and Assessment Program Nearshore
Trawl Program (NEAMAP). $6,290,776. Joint lead PI on three-investigator project.

Jun 2010 - May 2013. NOAA/NMFS. VIMS Shark Research Program. $300,000. Co-PI
on two-investigator project.

Feb 2010 - Jan 2013. U.S. Fish and Wildlife Service, Virginia Marine Resources Commis-
sion. Monitoring relative abundance and bycatch of American shad in Virginia’s rivers.
$1,029,594. Co-PI on two investigator project.
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Apr 2005 - Mar 2013. U.S. Fish and Wildlife Service, Virginia Marine Resources Commis-
sion. Data collection and analysis in support of single and multispecies stock assess-
ments in Chesapeake Bay: the Chesapeake Bay multispecies monitoring and assessment
program (ChesMMAP). $3,326,474. Joint lead PI on two-investigator project.

Aug 2010 - Jul 2011. Virginia Sea Grant. Food web structure in Chesapeake Bay and
environmental effects on fish diets: supporting ecosystem-based approaches to fisheries
management. $40,508. Co-PI on two-investigator project (student fellowship).

Aug 2010 - Jul 2013. National Science Foundation. CAMEO: Collaborative Research: Pat-
terns of connectivity in northwest Atlantic fishery ecosystem. $117,612 VIMS portion.
Co-PI on multi-investigator project.

Jan 2010 - Dec 2011. Recreational and Commercial Fisheries Advisory Board of the Virginia
Marine Resources Commission. Connecting productivity in eelgrass beds to recreation-
ally important finfishes in Chesapeake Bay: forage fishes as trophic conduits. $58,329.
Co-PI on multi-investigator project (student lead PI).

Jun 2009 - May 2012. National Marine Fisheries Service and Sea Grant Population Dy-
namics Graduate Fellowship Program. Expanding quantitative approaches to assessing
the population status and dynamics of large pelagic fishes. $96,249. Co-PI on two-
investigator project (student fellowship).

Jan 2008 - Dec 2008. Recreational and Commercial Fisheries Advisory Board of the Virginia
Marine Resources Commission. Pilot study: Application of Pop-Up Satellite Archival
tags (PSATs) to assess the postrelease survival, habitat utilization and short term
movement of striped bass in Virginia’s winter recreational fishery. $71,371. Co-PI on
multi-investigator project.

Jan 2007 - Dec 2007. Recreational and Commercial Fisheries Advisory Board of the Virginia
Marine Resources Commission. A genetic assessment of the potential for local depletion
of Atlantic menhaden (Brevoortia tyrannus) within Chesapeake Bay. $48,620. Co-PI
on multi-investigator project.

Jul 2006 - Jun 2008. Recreational and Commercial Fisheries Advisory Board of the Virginia
Marine Resources Commission. Visual function in Chesapeake Bay sport and prey
fishes: summer flounder, bluefish, cobia, and Atlantic menhaden. $94,568. Co-PI on
multi-investigator project (student lead PI).

Jul 2006 - Dec 2007. Recreational and Commercial Fisheries Advisory Board of the Virginia
Marine Resources Commission. Towards validation of juvenile indices of abundance for
several fish species in Chesapeake Bay. $60,916. Lead PI on multi-investigator project.

Jul 2005 - Jun 2008. U.S. Environmental Protection Agency Chesapeake Bay Program.
Modeling Atlantic menhaden in support of nutrient and multispecies management.
$256,699. Co-PI on multi-investigator project.
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Jul 2005 - Jun 2006. Recreational Fisheries Advisory Board of the Virginia Marine Re-
sources Commission. Visual function in Chesapeake Bay sportfishes: striped bass,
weakfish, spotted seatrout, Atlantic croaker, spot, and red drum. $54,818. Co-PI on
multi-investigator project (student lead PI).

Oct 2005 - Sep 2007. Atlantic States Marine Fisheries Commission. Evaluating the use
of airborne Light Detection and Ranging (LIDAR) and hydroacoustics for estimating
the abundance and distribution of Atlantic menhaden in Chesapeake Bay. $312,570.
Co-PI on multi-investigator project.

Oct 2005 - Sep 2006. Virginia Cooperative Marine Education and Research Program.
Energy density of common prey species of recreationally and commercially important
marine fishes in Chesapeake Bay. $33,625. Co-PI on multi-investigator project (student
lead PI).

May 2005 - Apr 2006. National Marine Fisheries Service. Age- and time-specific estimates
of fishing and natural mortality for striped bass. $34,635 Co-PI on multi-investigator
project.

Jan 2005 - Dec 2005. Recreational Fisheries Advisory Board of the Virginia Marine Re-
sources Commission. The value of seagrass habitats to the ecosystem in Chesapeake
Bay. $58,221. Lead PI on multi-investigator project.

Jul 2004 - Jun 2006. Virginia Environmental Endowment. Multispecies data collection
and modeling in support of ecosystem-based fisheries management in Chesapeake Bay.
$195,000. Lead PI on multi-investigator project.

Dec 2003 - Nov 2004. Multispecies based approaches to fisheries management: the ecological
role of Atlantic menhaden in Chesapeake Bay. The Keith Campbell Foundation for
the Environment, Inc. $25,000. Lead PI on multi-investigator project.

Oct 2003 - Sep 2005. NOAA Chesapeake Bay Stock Assessment Committee. Natural
mortality of juvenile blue crabs: quantifying predation impacts by finfish in lower
Chesapeake Bay seagrass beds. $165,381. Co-PI on multi-investigator project.

Jun 2003 - Aug 2006. Recreational Fisheries Advisory Board of the Virginia Marine Re-
sources Commission. Establishment of a Chesapeake Bay trophic interaction labora-
tory services program. $277,475. Co-PI on multi-investigator project.

Oct 2002 - Dec 2006. NOAA Chesapeake Bay Office. Design and implementation of
a Chesapeake Bay multispecies monitoring and assessment program (ChesMMAP).
$1,129,000. Joint lead PI on two-investigator project.

Oct 2002 - Sep 2003. NOAA/NMFS Institute of Marine and Coastal Sciences at Rutgers
University. Age-specific trophic interactions of bluefish (Pomatomus saltatrix ) in the
mainstem Chesapeake Bay. $10,000. Lead PI on multi-investigator project.
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Jul 2001 - Jun 2003. Virginia Environmental Endowment. Development of a multispecies
tropho-dynamic model in support of sustainable fisheries management in Chesapeake
Bay $639,092. Lead PI on multi-investigator project.

Jun 2000 - Aug 2001. Recreational Fisheries Advisory Board of the Virginia Marine Re-
sources Commission. Using tag-recovery data to estimate migration rates of striped
bass (Morone saxatilis) spawned on the Chesapeake Bay. $25,638. Lead PI on multi-
investigator project.

Program staff

Current staff members :

James Gartland, Marine Scientist III, Co-PI, 2002-present

Debra Gauthier, Marine Scientist I, 2003-present

Melanie Chattin,Laboratory & Research Specialist II, 2005-present

Evan McOmber, Laboratory & Research Specialist II, 2007-present

Jameson Gregg, Laboratory & Research Specialist II, 2008-present

Kevin Spanik, Laboratory & Research Specialist II, 2008-present

Gregg Mears, Laboratory & Research Specialist II, 2011-present

Past staff members :

Adam Boddicker, Laboratory & Research Specialist II, 2011

David Lange, Marine Scientist II, 2007-2011

Stefanie Dukes, Laboratory & Research Specialist II, 2007-2009

RaeMarie Johnson, Marine Scientist II, 2004-2010

Patrick Lynch, Laboratory & Research Specialist I, 2003-2004

Aimee Halvorson, Laboratory & Research Specialist I, 2002-2003

Eric Brasseur, Laboratory & Research Specialist II, 2001-2008
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Teaching summary

Spring 2009 - 2012, MSCI 504. Fundamentals of Statistical Methods and Data Analysis,
SMS/VIMS, Instructor

Fall 2005 - 2009, 2011, MSCI 671. Fisheries Population Dynamics, SMS/VIMS, Instructor.

Spring 2008, MSCI 698. Advanced Fisheries Population Dynamics, Independent study,
SMS/VIMS, Instructor.

Fall 2004 - 2007. MSCI 528. Marine Fisheries Science, SMS/VIMS, Co-Instructor.

Spring 2003, 2007, 2008, 2010. MSCI 649. Modeling Biological and Ecological Systems,
SMS/VIMS, Co-Instructor.

Aug 2006. Fisheries Tagging Studies: Theory, Design and Applications, ASMFC workshop,
Co-Instructor.

Fall 2000, 2002 - 2003. MSCI 528. Marine Fisheries Science, SMS/VIMS, Lecturer.

Jun 2003. MSCI 548. Marine Fisheries Science and Management: A Professional Develop-
ment Course for Secondary Science Teachers, Lecturer.

Jun 2000. FIS4104. Tag Return Models for Fisheries Research, U.S. Fish Wildlife Service
National Conservation Training Center, Co-Instructor.

Spring 2000. MSCI 698. Modeling Biological Systems, SMS/VIMS, Instructor.

Spring, Fall 1998, Spring 1999. MA 112. A Survey of Mathematics, Durham CAPE Pro-
gram, Shaw University, Instructor.

Student advising

Current students :

Patrick D. Lynch, Ph.D program, VIMS

Andre Buchheister, Ph.D program, VIMS

Kathryn L. Sobocinski, Ph.D program, VIMS, co-advisor with J. Emmett Duffy

Mark Stratton, Ph.D program, VIMS

Kristene Parsons, Ph.D program, VIMS

Christopher J. Sweetman, Ph.D program, VIMS

Carissa L. Gervasi, M.S. program, VIMS
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Past students :

Christopher J. Sweetman, M.S., 2012, VIMS, co-advisor with Mike Vecchione. Thesis:
Distribution and feeding ecology of Bathylagus euryops (Teleostei: Microstomatidae)
along the northern mid-Atlantic ridge, from Iceland to the Azores. Current position:
Ph.D. program, VIMS, R.J. Latour advisor.

Catarina Wor Lima, M.S., 2012, VIMS, co-advisor with John E. Graves. Thesis: Impacts
of stock structure uncertainty in stock assessment derived management benchmarks.
Current position: Ph.D. program, UBC, S.J.D. Martell advisor.

Andrij Horodysky, Ph.D, 2009, VIMS, co-advisor with John A. Musick. Dissertation: Com-
parative sensory and energetic ecology of sciaenid fishes and their competitors in Chesa-
peake Bay, VA. Current position: Assistant Professor, Hampton University.

Justine Woodward, M.S., 2009, VIMS, co-advisor with Mary C. Fabrizio. Thesis: Investi-
gating the relationships between recruitment indices and estimates of adult abundance
for striped bass, weakfish, and Atlantic croaker. Current position: Virginia Marine
Resources Commission.

Andre Buchheister, M.S., 2008, VIMS. Thesis: Stable isotope dynamics in summer flounder
tissues, with application to dietary assessments in Chesapeake Bay. Current position:
Ph.D. program, VIMS, R.J. Latour advisor.

Patrick D. Lynch, M.S., 2007, VIMS. Thesis: Feeding ecology of Atlantic menhaden (Brevoor-
tia tyrannus) in Chesapeake Bay. Current position: Ph.D. program, VIMS, R.J. Latour
advisor.

Kathleen A. McNamee, M.S., 2007, VIMS. Thesis: The growth and trophic ecology of
striped bass (Morone saxatilis) in Chesapeake Bay, with reference to mycobacteriosis.
Current position: science teacher, Washington-Lee High School, Arlington, VA.

Student committees

Current Ph.D : Lela Schlenker (VIMS), Allison Colden (VIMS); Alison Deary (VIMS);
Jonathan Lefcheck (VIMS); Ryan Schloesser (VIMS); Matthew Balazik (Virginia Com-
monwealth University)

Current M.S.: Jeanna Hudson (VIMS)

Past Ph.D : Mark Henderson (2012, VIMS); William Connelly (2011, Chesapeake Biological
Laboratory, University of Maryland); Chris Prosser (2011, VIMS); Michael Larkin
(2011, RSMAS, University of Miami); Patrick McGrath (2010, VIMS); Jason Romine
(2008, VIMS); Daniel Ha (2006, VIMS); Christian Hager (2004, VIMS)

Past M.S.: Carolina Funkey (2011, VIMS); Matthew Wahlan (2011, VIMS); Heather Wise-
man (2010, VIMS); Daniel Dutton (2010, VIMS); Branson Williams (2010, VIMS);
William Tarantino (2008, VIMS); Sally Upton (2008, VIMS); Abagail Lynch (2008,
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VIMS); Aaron Aunins (2006, VIMS); Debra Lambert (2005, VIMS); Patrick McGrath
(2005, VIMS); Jason Romine (2004, VIMS); Reid Hyle (2004, VIMS)

Manuscript peer review

Marine and Coastal Fisheries: Dynamics, Management, and Ecosystem Science; Journal
of Fish Biology; Estuaries and Coasts; Transactions of the American Fisheries Soci-
ety; North American Journal of Fisheries Management; Marine Ecological Progress
Series; Journal of Northwest Atlantic Fishery Science; Canadian Journal of Fisheries
and Aquatic Sciences; Journal of Environmental Management; Fishery Bulletin; New
Zealand Journal of Marine and Freshwater Research

Proposal peer review

National Science Foundation; Texas Sea Grant; North Carolina Sea Grant; Florida Sea
Grant; NOAA Fisheries and Rutgers Bluefish Along the Atlantic Coast Research Pro-
gram; Virginia Marine Resources Commission; Virginia Environmental Endowment

Advisory service

Member, MAFMC, Scientific and Statistical Committee, 2008 - present
Scientific Uncertainty Subcommittee, 2009 - present

Member, ASMFC Atlantic Menhaden Technical Committee, 2006 - present
Stock Assessment Subcommittee May 2007 - present
Chairman, May 2009 - May 2011
Vice-chairman, May 2008 - May 2009

Chairman, 49th Northeast Regional Stock Assessment Review Committee (SARC 49), Dec
2009, Woods Hole, MA

Member, external panel to review the NEFSC Foodweb Dynamics Program, Jul 2009,
Woods Hole, MA

Member, ASMFC Multispecies Technical Committee, 2002 - present
MSVPA Subcommittee, 2005 - present

Invited Expert, ASMFC American Shad Technical Committee, Jun 2006

Invited Expert, Meeting of the Virginia Senate Committee on Agriculture, Conservation
and Natural Resources, Nov 2006

Member, VIMS panel to advise Virginia Marine Resources Commission on permitting for
King William Reservoir, 2004

Member, ASMFC Assessment Science Committee, 2003 - 2008

Member, Chesapeake Bay Ecosystem Modeling Advisory Panel, 2001 - 2007

Invited Expert, ASMFC Striped Bass Tagging Subcommittee, 2000 - 2004, 2012
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Poster presentations

∗ indicates my graduate student

∗Lynch, P.D., M.J. Brush and R.J. Latour. Simulated short-term impacts of the Atlantic
menhaden reduction fishery on Chesapeake Bay water quality. 25th Annual Meeting
of the Tidewater Chapter of the American Fisheries Society, Gloucester Point, VA,
March 2011.

∗Lynch, P.D., M.J. Brush and R.J. Latour. Simulated short-term impacts of the Atlantic
menhaden reduction fishery on Chesapeake Bay water quality. Virginia Council of
Graduate Schools, Sixth Annual Graduate Research Forum, Richmond, VA, February
2011.

∗Buchheister, A. and R.J. Latour. Examining assumptions often made in stable isotope
analyses: an example using a migratory estuarine fish. 137th Annual Meeting of the
American Fisheries Society in San Francisco, CA. September 2007.

Parthree, D.J., C.F. Bonzek, J. Gartland, ∗A.Z. Horodysky, and R.J. Latour. Factors
affecting the diet of Atlantic croaker (Micropogonias undulatus) in Chesapeake Bay,
USA, 2004-2005. 136th Annual Meeting of the American Fisheries Society in Lake
Placid, NY. September 2006.

∗Lynch, P.D., E.D. Condon, M.J. Brush, and R.J. Latour. Filtration rates of phytoplank-
ton by juvenile Atlantic menhaden, Brevoortia tyrannus, in Chesapeake Bay. 136th
American Fisheries Society Annual Meeting in Lake Placid, NY. September 2006.

∗Lynch, P.D., J. Gartland, R.A. Johnson, E.A. Brasseur, ∗K.A. McNamee, C.F. Bonzek,
and R.J. Latour. Age-specific diet composition of summer flounder (Paralichthys
dentatus) in Chesapeake Bay. 7th Annual Chesapeake Bay Integrated Research Sym-
posium, Laurel, MD. April 2005.

Gartland, J., E.A. Brasseur, R.A. Johnson, ∗P.D. Lynch, and R.J. Latour. Age-specific
diet composition of weakfish (Cynoscion regalis) in the Chesapeake Bay. 6th Annual
Chesapeake Bay Integrated Research Symposium, Laurel, MD. February 2004.

Oral presentations

Speaker is first author; ∗ indicates my graduate student; † Indicates graduate student col-
laboration

∗Buchheister, A., C.F. Bonzek, J. Gartland, and R.J. Latour. Patterns and d rivers of the
demersal fish community in Chesapeake Bay. Talk at the 142nd American Fisheries
Society Annual Meeting in St. Paul, MN. August 2012.

Gamble, R.J., J.S. Link, ∗A. Buchheister, C.M. Martinez, J.S. Collie, M.G. Frisk, T.J.
Miller, H.W. Townsend, and R.J. Latour. Features and patterns within and across
northeast U.S. estuarine, coastal, and oceanic ecosystems: An empirical analysis. Talk
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at the 142nd American Fisheries Society Annual Meeting in St. Paul, MN. August
2012.

Bonzek, C.F., R.J. Latour, and J. Gartland. Development of surveys and databases
in support of ecosystem based fisheries management. Talk at the 142nd American
Fisheries Society Annual Meeting in St. Paul, MN. August 2012.

Wilberg, M., ∗A. Buchheister, R.J. Latour, and T. Miller. Effects of predation refugia
on the sustainability of linked predator-prey fisheries. Talk at the 142nd American
Fisheries Society Annual Meeting in St. Paul, MN. August 2012.

Wilberg, M., ∗A. Buchheister, R.J. Latour, and T. Miller. Effects of predation refugia
on the sustainability of linked predator-prey fisheries. Talk at the 6th World Fisheries
Conference, Edinburgh, Scotland. May 2012.

∗Sobocinski, K., R.J. Orth, K.L. Heck, Jr., and R.J. Latour. Fishes in eelgrass beds in
lower Chesapeake Bay: Community description and historical comparison. Talk at the
21st Biennial Conference of the Coastal and Estuarine Research Federation in Daytona
Beach, FA. November 2011.

∗Lynch, P.D., K.W. Shertzer, and R.J. Latour. Estimating the relative abundance of
highly migratory bycatch species. Talk at the 141st American Fisheries Society Annual
Meeting in Seattle, WA. September 2011.

∗Buchheister, C.F. Bonzek, J. Gartland, and R.J. Latour. Coherent annual trends in
diets of Chesapeake Bay fishes. Talk at the 141st American Fisheries Society Annual
Meeting in Seattle, WA. September 2011.

∗Sobocinski, K., R.J. Orth, K.L. Heck, Jr., and R.J. Latour. Fishes in eelgrass beds in
lower Chesapeake Bay: Community description and historical comparison. Talk at the
141st American Fisheries Society Annual Meeting in Seattle, WA. September 2011.

∗Wor, C., J. Graves, and R.J. Latour. Evaluating the impacts of stock structure uncer-
tainty on sailfish stock assessment in the Atlantic Ocean. Talk at the 141st American
Fisheries Society Annual Meeting in Seattle, WA. September 2011.

Horodysky, A.Z., R.W. Brill, P.G. Bushnell, J.A. Musick, and R.J. Latour. Comparative
metabolic rates of common western north Atlantic sciaenid fishes. Talk at the 141st
American Fisheries Society Annual Meeting in Seattle, WA. September 2011.

Vogelbein, W.K., D.T. Gauthier, R.J. Latour, H.D. Gaff, and J.M. Hoenig. Mycobacte-
riosis in Chesapeake Bay striped bass. Talk at the 141st American Fisheries Society
Annual Meeting in Seattle, WA. September 2011.

∗Lynch, P.D., K.W. Shertzer, and R.J. Latour. Estimating the relative abundance of
highly migratory bycatch species. Talk at the 25th Annual Meeting of the Tidewater
Chapter of the American Fisheries Society, Gloucester Point, VA, March 2011.
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Latour, R.J., D.T. Gauthier, J. Gartland, C.F. Bonzek, H.D. Gaff, K.A. McNamee, and
W.K. Vogelbein. Impacts of mycobacteriosis on the growth of striped bass (Morone
saxatilis) in Chesapeake Bay. Talk at the 25th Annual Meeting of the Tidewater
Chapter of the American Fisheries Society, Gloucester Point, VA, March 2011.

Gauthier, D.T., J. Xiao, R.J. Latour, H.D. Gaff, K.A. Reece, and W.K. Vogelbein. Ecol-
ogy of fish-pathogenic mycobacteria in Chesapeake Bay. Talk at the 25th Annual Meet-
ing of the Tidewater Chapter of the American Fisheries Society, Gloucester Point, VA,
March 2011.

Gauthier, D.T., J. Xiao, R.J. Latour, H.D. Gaff, K.A. Reece, and W.K. Vogelbein. Ecol-
ogy of fish-pathogenic mycobacteria in Chesapeake Bay. Talk at the 36th Eastern Fish
Health Workshop in Mt. Pleasant, SC. March 2011.

†Funkey, C.P., R.J. Latour, D.A. Bronk. Abiotic release of labile nitrogen from effluent
organic nitrogen. Talk at the Advancing Science of Limnology and Oceanography
Aquatic Sciences Winter Meeting in San Juan, PR. February 2011.

Latour, R.J., E.J. Hilton, B.E. Watkins, T.D. Tuckey, ∗P.D. Lynch, and J.E. Olney. Eval-
uating restoration efforts of American shad in Virginia. Talk at the 140th American
Fisheries Society Annual Meeting in Pittsburgh, PA. August 2010.

Horodysky, A.Z., R.W. Brill, E.J. Warrant, J.A. Musick, R.J. Latour. Visual ecology of
benthic and pelagic piscivores in coastal mid-Atlantic waters: implications for predator-
prey dynamics. Talk at the 140th American Fisheries Society Annual Meeting in
Pittsburgh, PA. August 2010.

Horodysky, A.Z., R.W. Brill, M.L. Fine, J.A. Musick, and R.J. Latour. Acoustic pressure
and particle motion thresholds in six sciaenid fishes. Talk at the Joint Meeting of
Ichthyologists and Herpetologists, Providence, RI. July 2010.

†Schloesser, R., M.C. Fabrizio, R.J. Latour, G.C. Garman, B. Greenlee, M. Groves, and
J.Gartland. Ecological role of blue catfish in Chesapeake Bay communities and impli-
cations for management. Talk at the 2nd International Catfish Symposium, St. Louis,
MO, June 2010.

∗Lynch, P.D., J.E. Graves, R.J. Latour. Quantitative challenges in the assessment of
highly migratory bycatch species: a case study of the Altantic marlins. Talk at the
139th American Fisheries Society Annual Meeting in Nashville, TN. August 2009.

∗Buchheister, A., and R.J. Latour. Assessing summer flounder diets with stable isotopes
using multiple tissues. Talk at the 138th American Fisheries Society Annual Meeting
in Ottawa, ON, Canada. August 2008.

Latour, R.J., J. Gartland, and C.F. Bonzek. An analysis of current and alternate man-
agement strategies for summer flounder (Paralychthys dentatus) recreational fishery in
Virginia. Talk at the 138th American Fisheries Society Annual Meeting in Ottawa,
ON, Canada. August 2008.
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∗Horodysky, A.Z., R.W. Brill, E.J. Warrant, J.A. Musick, and R.J. Latour. Visual func-
tion in Chesapeake Bay’s predatory fishes. VIIIth International Congress Biology of
Fish, Portland, OR. July, 2008.

∗Lynch, P.D., M.J. Brush, E.D. Condon, and R.J. Latour. Modeling the feeding ecology of
Atlantic menhaden to address water quality concerns in Chesapeake Bay. Talk at the
138th American Fisheries Society Annual Meeting in Ottawa, ON, Canada. August
2008.

∗Woodward, J., R.J. Latour, M.C. Fabrizio, and C.F. Bonzek. Using linear models to
validate recruitment indices. Talk at the 138th American Fisheries Society Annual
Meeting in Ottawa, ON, Canada. August 2008.

van Montfrans, J., R.J. Latour, and D. Combs. Predation impacts by striped bass and
croaker on juvenile blue crabs in seagrass beds, Chesapeake Bay, VA. Talk at the 37th
Benthic Ecology Meeting in Providence, RI. April 2008.

Bonzek, C.F., R.J. Latour, and J. Gartland. Are piscivores in Chesapeake Bay forage lim-
ited? Talk at the 137th American Fisheries Society Annual Meeting in San Francisco,
CA. September 2007.

∗Horodysky, A.Z., R.W. Brill, J.A. Musick, and R.J. Latour. Seeing the forage through
the trees: visual function in Chesapeake Bays predatory fishes. Talk at the 137th
American Fisheries Society Annual Meeting in San Francisco, CA. September 2007.

Latour, R.J., J. Gartland, C.F. Bonzek. The [mis]calculation of diet indices. Talk at the
137th American Fisheries Society Annual Meeting in San Francisco, CA. September
2007.

∗Lynch, P.J., M.J. Brush, E.D. Condon, and R.J. Latour. Ingestion rates of phytoplankton
by Atlantic Menhaden (Brevoortia tyrannus) in Chesapeake Bay. Talk at the 137th
American Fisheries Society Annual Meeting in San Francisco, CA. September 2007.

Parthree, D.J., C.F. Bonzek, J. Gartland, and R.J. Latour. Feeding ecology of summer
flounder in Chesapeake Bay, USA, 2004-2006. Talk at the 137th American Fisheries
Society Annual Meeting in San Francisco, CA. September 2007.

Latour, R.J., K.A. McNamee, D.T. Gauthier, J. Gartland, C.F. Bonzek, and W.F. Vogel-
bein. Impacts of mycobacteriosis on the biology and ecology of striped bass (Morone
saxatilis) in Chesapeake Bay. Invited seminar at the Center for Marine Science Tech-
nology, North Carolina State University, Morehead City, NC. March 2007.

Latour, R.J. Small fish, big controversy: Menhaden in Chesapeake Bay. Invited talk in
the Virginia Institute of Marine Science After Hours Lecture Series, VIMS, Gloucester
Point, VA. February 2007.

Latour, R.J., D.T. Gauthier, C.F. Bonzek, and W.K. Vogelbein. Epizootiology of my-
cobacteriosis in Chesapeake Bay striped bass (Morone saxitilis). Invited seminar at
Stony Brook University, Stony Brook, NY. September 2006.
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Bonzek, C.F., R.J. Latour, and M.C. Fabrizio. Judging the effectiveness of a new fishery-
independent survey in Chesapeake Bay: A cross-validation approach. Talk at the 136th
American Fisheries Society Annual Meeting in Lake Placid, NY. September 2006.

Fabrizio, M.C., R.J. Latour, and C.F. Bonzek. Patterns in abundance of juvenile fishes
in Chesapeake Bay. Talk at the 136th American Fisheries Society Annual Meeting in
Lake Placid, NY. September 2006.

†Hoffman, J.C., C.F. Bonzek, R.J. Latour. A novel approach to abundance estimation of
fishes in Chesapeake Bay: application to Atlantic croaker. Talk at the 136th American
Fisheries Society Annual Meeting in Lake Placid, NY. September 2006.

∗Horodysky, A.Z., R.W. Brill, J.A. Musick, and R.J. Latour. Electroretinographic as-
sessment of visual function in six commercially and recreationally important estuarine
fishes. Talk at the 136th American Fisheries Society Annual Meeting in Lake Placid,
NY. September 2006.

Latour, R.J., D.T. Gauthier, C.F. Bonzek, and W.F. Vogelbein. Epizootiology of my-
cobacteriosis in Chesapeake Bay striped bass (Morone saxitilis). Talk at the 136th
American Fisheries Society Annual Meeting in Lake Placid, NY. September 2006.

∗McNamee, K.A., C.F. Bonzek, J. Gartland, and R.J. Latour. Estimating caloric intake by
diseased and non-diseased striped bass (Morone saxatilis) in Chesapeake Bay. Talk at
the 136th American Fisheries Society Annual Meeting in Lake Placid, NY. September
2006.

Gauthier, D.T., R.J. Latour, C.F. Bonzek, and W.F. Vogelbein. Mycobacteriosis in
Chesapeake Bay striped bass (Morone saxitilis): Large-scale field survey. Talk at
the 5th Internatinal Symposium on Aquatic Animal Health in San Francisco, CA.
September 2006.

∗Horodysky, A.Z., R.W. Brill, J.A. Musick, and R.J. Latour. Electroretinographic as-
sessment of visual function in six commercially and recreationally important estuarine
fishes. Talk at the VIIth International Congress on the Biology of Fish in St.Johns,
Newfoundland, CAN. July 2006.

Latour, R.J., C.F. Bonzek, and J. Gartland. Tropic ecology of fishes in Chesapeake Bay.
Invited seminar at Chesapeake Biological Laboratory, Solomons, MD. April 2006.

∗Horodysky, A.Z., D.W. Kerstetter, R.J. Latour, and J.E. Graves. Habitat utilization
of white marlin released from commercial and recreational fishing gears. Talk at the
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Abstract. Four species of pelagic fish of particular management concern in the upper San
Francisco Estuary, California, USA, have declined precipitously since ca. 2002: delta smelt
(Hypomesus transpacificus), longfin smelt (Spirinchus thaleichthys), striped bass (Morone
saxatilis), and threadfin shad (Dorosoma petenense). The estuary has been monitored since the
late 1960s with extensive collection of data on the fishes, their pelagic prey, phytoplankton
biomass, invasive species, and physical factors. We used multivariate autoregressive (MAR)
modeling to discern the main factors responsible for the declines. An expert-elicited model was
built to describe the system. Fifty-four relationships were built into the model, only one of
which was of uncertain direction a priori. Twenty-eight of the proposed relationships were
strongly supported by or consistent with the data, while 26 were close to zero (not supported
by the data but not contrary to expectations). The position of the 2% isohaline (a measure of
the physical response of the estuary to freshwater flow) and increased water clarity over the
period of analyses were two factors affecting multiple declining taxa (including fishes and the
fishes’ main zooplankton prey). Our results were relatively robust with respect to the form of
stock–recruitment model used and to inclusion of subsidiary covariates but may be enhanced
by using detailed state–space models that describe more fully the life-history dynamics of the
declining species.

Key words: Bayesian analysis; delta smelt; expert models; longfin smelt; Sacramento River, California,
USA; San Joaquin River, California, USA; striped bass; threadfin shad; threatened species; water
management.

INTRODUCTION

Estuaries, especially those associated with large rivers

near major cities, are among the ecosystems most

adversely affected by land use change (Nichols et al.

1986). Impacts of human actions in all upstream

watersheds (catchments) are concentrated in the estuar-

ies (Kennish 2002, Townend 2004). Diversion of water

affects the location of boundaries between fresh,

brackish, and saline water (Drinkwater and Frank

1994, Gillanders and Kingsford 2002, Gleick 2003).

Large settlements often are located along shorelines,

which convey contaminants and effects of boating and

fishing to estuarine systems (Dauer et al. 2000). Shipping

has led to introductions of many aquatic invasive species

(Bollens et al. 2002, Williams and Grosholz 2008).

Climate change will affect interactions between oceans

and estuaries and will reduce catchment inflows in many

regions (Scavia et al. 2002, Vicuna and Dracup 2007, Cai

and Cowan 2008, Schindler et al. 2008).

The San Francisco Estuary is an archetype of a

stressed estuarine system (Kimmerer et al. 2005a). The

social, economic, and ecological effects of freshwater

flows and diversions throughout the San Francisco

Estuary have received much attention. Some 25 million

Californians and 12 000 km2 of agricultural land rely on

water diversions from the delta created by the

Sacramento and San Joaquin rivers. Annual agricultural
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revenue from California’s Central Valley, which ac-

counts for about half of the production of fruits and

vegetables in the United States, frequently approaches

US$15 billion.

Populations of many aquatic species in the estuary

have declined since extensive human activities began in

the mid-1800s (Bennett and Moyle 1996, Brown and

Moyle 2005). However, conflicts over water manage-

ment recently have intensified because of the apparently

precipitous decline in four species of pelagic fish (delta

smelt [Hypomesus transpacificus], longfin smelt

[Spirinchus thaleichthys], striped bass [Morone saxatilis],

and threadfin shad [Dorosoma petenense]) since ca. 2002

(Thomson et al. 2010). Delta smelt was listed as

threatened under the U.S. and California Endangered

Species Acts in 1993. Recent litigation to protect the

species resulted in court orders to halt water diversions

temporarily (Wanger 2007a, b). Longfin smelt was listed

as threatened under the California Endangered Species

Act in 2009, although a petition for federal listing was

declined. Striped bass was deliberately introduced to the

Sacramento–San Joaquin Delta from the east coast of

the United States in 1879 and supports a sport fishery

(Moyle 2002). Threadfin shad was introduced into

California reservoirs as a forage fish in 1954 and spread

to the Delta (Moyle 2002, Feyrer et al. 2009).

To date, models and statistical analyses to identify

mechanisms causing fish declines in the San Francisco

Estuary generally have been on a species-by-species

basis (Jassby et al. 1995, Kimmerer et al. 2001, Bennett

2005). These efforts suggest that several abiotic factors

(e.g., water flows, salinity, turbidity), bottom-up biotic

effects (e.g., zooplankton abundances, invasion of a

filter-feeding, non-native clam [Corbula amurensis]), and

top-down factors (e.g., incidental mortality associated

with water diversions to pumping facilities) may play

important roles. However, the relative importance of

these factors remains unclear (Sommer et al. 2007).

Identification of processes causing declines is critical

because possible solutions include major investments in

infrastructure, changes in water management, and

rehabilitation of species’ habitats, which would cost

billions of dollars.

Although detailed analyses of the population dynam-

ics of any one declining species are valid, it is plausible

that more insight might be gained through multivariate

analyses that consider community dynamics, including

direct and indirect effects of interacting species and

abiotic factors. These analyses might yield inferences on

the biotic and abiotic factors that best explain patterns

of abundance for multiple species in the community and

on the relative influences of density dependence, among-

species interactions, and abiotic factors on species

abundances.

We used a multivariate statistical technique called

multivariate autoregressive modeling (MAR) (Ives et al.

2003) with 40 years of data for pelagic fishes and their

principal prey within the upper San Francisco Estuary.

In a manner similar to path analysis (Shipley 1997),

MAR uses time series data for multiple taxa to estimate

the degree of association between the different taxa as

well as between covariates and each taxon. Multivariate

autoregressive modeling includes autoregressive terms

for each species’ abundance. Ives et al. (2003) provided a

detailed introduction to the underlying theory and

assumptions of MAR along with methods for estimating

model parameters. Multivariate autoregressive modeling

has been used in analyses of community dynamics in

lakes in Wisconsin (Ives et al. 2003), Lake Washington

(Hampton and Schindler 2006), and Lake Baikal

(Hampton et al. 2008).

We developed a Bayesian implementation of MAR.

Bayesian methods allow propagation of and account for

multiple sources of uncertainty in complex models (Punt

and Hilborn 1997) and allow great flexibility in model

structure (Cressie et al. 2009). The Bayesian MAR

modeling is a complementary approach to methods we

used in a companion paper, which presented a Bayesian

change point analysis (Thomson et al. 2010). The two

methods were developed in tandem to evaluate whether

the different strengths of the MAR and change point

analyses provided similar inferences about factors

potentially underlying causes of declines in the fish

species. Multivariate autoregressive modeling is based

on a food web structure, which allows both direct and

indirect influences on the focal species (fish) to be

represented. Moreover, MAR models the dynamics of

all species (including prey) simultaneously. It is based on

linear relationships (on a log-abundance scale), both

within the food web and with covariates, over the entire

time period.

Our implementation of MAR is underlain by an

expert-elicited model, which draws on expert knowledge

to specify whether particular trophic or covariate effects

may be influential. The change point analysis is not

embedded in a food web context, although availabilities

of prey taxa can be used as covariates, but it does

explicitly employ time dependence and nonlinearity in

covariate relationships between log-abundances of the

focal species and covariates. The change point method

uses Bayesian variable selection (Green 1995) so that

relationships do not need to be specified a priori. Both

individual-species (species-specific model parameters)

and multiple-species (common hyper-parameter distri-

butions) versions of the change point analyses were

implemented (Thomson et al. 2010), with the latter

having some overlap, therefore, with the MAR analyses.

Here, we describe the upper San Francisco Estuary,

the four species of fish on which we focused and their

principal prey, and the set of covariates included in the

MAR model. Multivariate autoregressive models are

heavily parameterized because they describe many

among-taxa interactions and relationships to covariates.

Therefore, we developed an expert-elicited, circum-

scribed model that reduced the number of parameters

to be estimated. We review the relative importance of
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different factors in driving the temporal dynamics of our

four declining fish species and comment on the

usefulness and limitations of MAR models. Last, we

comment on the agreement or otherwise between the

MAR and change point approaches.

METHODS

The San Francisco Estuary

The San Francisco Estuary consists of three major

regions: San Francisco Bay, the most seaward region;

Suisun Bay, an intermediate brackish region; and the

generally freshwater Sacramento–San Joaquin Delta

(Fig. 1). The watershed has wet winters and dry

summers. The Delta is the core of a massive system of

dams and canals that store and divert water from the

estuary for agricultural, industrial, and domestic use

throughout California (Nichols et al. 1986). The water

diversion facilities export ;30% of the annual freshwa-

ter flow into the Delta, although that percentage has

exceeded 60% during many recent summers.

Regulations, including standards for the position of

the 2% isohaline (a measure of the physical response of

the estuary to freshwater flow; Jassby et al. 1995), locally

termed ‘‘X2,’’ have become increasingly stringent.

Response variables: declining fish and their principal prey

Delta smelt is endemic to the San Francisco Estuary

and reaches 60–70 mm standard length (SL) (Bennett

2005), feeding on zooplankton, mainly calanoid cope-

pods, throughout life. The delta smelt is weakly

anadromous, migrating between the brackish waters of

Suisun Bay and the freshwaters of the Delta. Upstream

migration begins in the late autumn or early winter and

spawning occurs from March through May in freshwa-

ter. Most delta smelt spawn ;12 months after hatching,

with a small percentage surviving for another year to

spawn. Young delta smelt move downstream in early

summer and remain in the low-salinity zone (0.5–10%)

until they migrate for spawning.

Longfin smelt is native to the San Francisco Estuary.

The species usually reaches 90–110 mm SL (Moyle 2002,

Rosenfield and Baxter 2007) and is anadromous. It

spawns at age 2 yr in freshwater in the Delta from

December to April. Young longfin smelt occur from the

low-salinity zone seaward throughout the estuary and

into the coastal ocean. Longfin smelt feed on copepods

as larvae and mysids and amphipods as young and

adults.

Striped bass is a potentially large (.1 m), potentially

long-lived (.10 yr) anadromous species. Females begin

FIG. 1. Location and physiography of the upper San Francisco Estuary, California, USA. The solid circles denote sampling
locations of the autumn midwater trawl surveys; arrows indicate two representative positions of the 2% isohaline (X2); SWP (State
Water Project) and CVP (Central Valley Project) are locations of water exports from the estuary.
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to spawn at age 4 yr in the Sacramento River and, to a

lesser extent, in the San Joaquin River, from April

through June. Eggs drift with the current as they develop

and hatch. Larvae drift into the low-salinity zone where

they grow, later dispersing throughout the estuary.

Adults occur primarily in saline waters of the estuary

and the coastal ocean, except during spawning migra-

tions. Age-0 striped bass feed mainly on copepods, later

switching to macroinvertebrates and then to fish.

Threadfin shad typically is ,100 mm total length and

primarily inhabits freshwater. It switches between filter-

and particle-feeding, consuming phytoplankton, zoo-

TABLE 1. Definitions of variables used in the multivariate autoregressive modeling, years for which data were available, and ranges
of values for variables.

Variable Years (missing) Range Definition

Response variables

Delta smelt (Hypomesus
transpacificus)

1967–2007 (3) 0.06–4.02 autumn (Sep–Dec) midwater trawl, mean total catch
per trawl

Longfin smelt (Spirinchus
thaleichthys)

1967–2007 (3) 0.03–113.16 autumn (Sep–Dec) midwater trawl, mean total catch
per trawl

Striped bass (Morone saxatilis) 1967–2007 (3) 0.12–59.38 autumn (Sep–Dec) midwater trawl, mean age-0 catch
per trawl

Threadfin shad (Dorosoma
petenense)

1967–2007 (3) 1.36–31.21 autumn (Sep–Dec) midwater trawl, mean total catch
per trawl

Calanoid copepods, spring 1972–2007 (1) 0.98–43.87 mean biomass of calanoid copepodites and adults
during spring (Mar–May) in low-salinity zone

Calanoid copepods, summer 1972–2007 (1) 2.93–27.62 mean biomass of calanoid copepodites and adults
during summer (Jun–Sep) in low-salinity zone

Mysids 1972–2007 (0) 0.42–35.05 mean biomass of mysid shrimp during Jun–Sep in low-
salinity zone

Covariates

Northern anchovy (Engraulis
mordax)

1980–2006 (1) 0.22–490.42 mean catch per trawl of northern anchovy in the Bay
Study midwater trawl (Jun–Sep) in the low-salinity
zone

‘‘Other zooplankton’’ in spring 1972–2006 (0) 3.79–56.86 mean biomass of other zooplankton (not including
crab and barnacle larvae, cumaceans) during spring
(Mar–May) in the freshwater zone

Spring chlorophyll a (freshwater
zone)

1972–2006 (0) 2.35–43.54 mean chl a (mg/m3) during spring (Mar–May) in
freshwater zone

Spring chlorophyll a (low-
salinity zone)

1975–2006 (0) 1.12–21.32 mean chl a (mg/m3) during spring (Mar–May) in low-
salinity zone

Summer chlorophyll a 1975–2006 (0) 1.23–20.15 mean chl a (mg/m3) during summer (Jun–Sep) in low-
salinity zone

Cyclopoid copepod Limnoithona
tetraspina

1972–2006 (0) 0–7.78 mean biomass of Limnoithona copepodites and adults
during summer (Jun–Sep) in low-salinity zone

Inland silverside (Menidia
beryllina)

1994–2006 (0) 19.88–116.54 mean catch per seine haul of inland silverside in the
USFWS survey during Jul–Sep (for stations within
the delta)

Largemouth bass (Micropterus
salmoides)

1994–2006 (0) 0.02–8.00 mean catch per seine haul of largemouth bass in the
USFWS survey during Jul–Sep (for stations within
the delta)

Spring X2 (isohaline) 1967–2006 (0) 48.53–91.74 mean Mar–May position of the 2% isohaline (X2)
Autumn X2 (isohaline) 1967–2006 (0) 60.24–93.18 mean Sep–Dec position of the 2% isohaline (X2)
Water clarity 1967–2006 (0) 0.44–11.00 mean Secchi depth (m) for the autumn midwater trawl

survey
Winter exports 1967–2006 (0) 0.13–12.00 total volume of water (km3) exported by the California

State Water Project and Central Valley Project
during Dec–Feb

Spring exports 1967–2006 (0) 0.37–13.00 total volume of water (km3) exported by the California
State Water Project and Central Valley Project
during Mar–May

Invasive clam Corbula
amurensis

1967–2006 (0) 0–1 binary variable for presence (1987–2006, 1) or absence
(1967–1986, 0)

Duration of spawning window
for delta smelt

1975–2007 (0) 24–85 no. days for which mean temperature was between 158
and 208C,� mean of five continuous monitoring
stations throughout Suisun Bay and the
Sacramento–San Joaquin Delta

Mean summer water
temperature

1967–2006 (0) 20.45–23.65 mean water temperature (8C), mean of five continuous
monitoring stations throughout Suisun Bay and the
Sacramento–San Joaquin Delta during Jun–Sep

Notes: Mean catch per trawl was measured in terms of individuals. Biomass was measured as mg C/m3. The freshwater zone was
determined to be ,0.5%. The low-salinity zone was determined to be at 0.5–10%. The X2 position was measured in km upstream
from the Golden Gate Bridge.

� Range of water temperatures that best induce spawning by delta smelt (158C) and limit larval survivorship (208C).
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plankton, and detritus. Most threadfin shad spawn in

their second summer, although some may spawn at the

end of their first year. Spawning occurs mainly in June

and July. Threadfin shad is the most abundant pelagic

fish in the upper San Francisco Estuary.

While other fish and plankton groups might be

included in our model as response variables, we chose

to limit our analysis to species of zooplankton that are

especially important for delta smelt, longfin smelt, age-0

striped bass, and threadfin shad. Adult and juvenile

(copepodites) calanoid copepods have different relation-

ships with the fish in spring and summer, so we

considered the two life stages as different ‘‘taxa’’ in

our models. Mysid shrimps were regarded as most

important to the fishes in the mid to late summer (Table

1).

Covariates

The covariates used in the MAR (Table 1) relate to

factors thought to be important for one or more of the

response variables (Table 2). Covariates included fish

species that are potential competitors or predators of the

four declining fish species (possibly at only certain life-

history stages), food for the latter fishes or their

crustacean prey (including phytoplankton), competitors

(Limnoithona) or predators (Corbula) of the crustaceans,

the primary surrogate of the fishes’ habitat (X2) in

spring and autumn, amounts of water extracted from the

Delta in winter and spring, water clarity (measured

using Secchi discs), and two water temperature variables

(duration of the delta smelt spawning window, mean

summer water temperature).

The expert model (Table 2) was based on extensive,

long-term knowledge and experience of several of the

authors (W. J. Kimmerer, F. Feyrer, W. A. Bennett, L.

Brown, S. D. Culberson, G. Castillo), and justifications

for expected relationships were drawn from the litera-

ture. Although Bayesian model selection (Green 1995)

might have been incorporated into the MAR model, as

was done for the complementary change point analyses

(Thomson et al. 2010), we believe that there is didactic

value in concentrating on the evidential support for the

expert-elicited model.

STATISTICAL ESTIMATION

MAR: Gompertz dynamics

We used a variant of a MAR model (Ives et al. 2003)

to represent dynamics of the response variables. We

represented population dynamics with the Gompertz

model (Dennis et al. 2006). We began with a determin-

istic version of the Gompertz model (Reddingius 1971):

ni;t ¼ ni;t�1 expðci þ di ln ni;t�1Þ ð1Þ
in which ni,t is abundance of species i at time t, ni,t�1 is

abundance of species i at time t� 1, ci is the intrinsic rate
of population growth for species i, and di, which has

been interpreted as the degree of density dependence.

We extended Eq. 1 first by allowing propagation for

longer lags (up to L years prior to the current year), that

is, an Lth-order Gompertz model (Zeng et al. 1998):

ni;t ¼ ni;t�1 expðci þ
XL

l¼1

dil ln ni;t�lÞ: ð2Þ

It is possible that the ci may vary, so we allowed linear

time dependence: ci(t)¼ ci,0þ ci,1t. We expected the ci,1
parameters to be ,0 given the declines in the

abundances of the fishes. Taking logarithms, setting

xi,t ¼ ln ni,t, and allowing species-specific lags (Li ), we

have

xi;t ¼ xi;t�1 þ ciðtÞ þ
XLi

l¼1

dilxi;t�l: ð3Þ

Interspecific interactions among the seven taxa included

as response variables were incorporated by appending

terms relating to the previous year bijxj,t�1, excluding
self-terms:

xi;t ¼ xi;t�1 þ ciðtÞ þ
XLi

l¼1

dilxi;t�l þ
XJ

j¼1;j 6¼i

bijxj;t�1: ð4Þ

We included effects of covariates uk through a coeffi-

cients for the current year t:

xi;t ¼ xi;t�1 þ ciðtÞ þ
XLi

l¼1

dilxi;t�l þ
XJ

j¼1;j 6¼i

bijxj;t�1

þ
XK

k¼1

aikuk;t: ð5Þ

MAR implementation

We used a Bayesian framework for implementing the

model. There are many advantages to so doing. First,

propagation of measurement uncertainties is straight-

forward using hierarchical models. Second, missing data

are easily accommodated and estimated within the same

process by which the parameters estimated are made,

rather than a clumsier two-stage imputation–estimation

approach. Third, we believe that the prior expectations,

which also are easily implemented in a Bayesian

framework, are critical encapsulations of the state of

knowledge before the modeling was undertaken and

need to be made explicit, as we have done.

We implemented Eq. 5 using the following model in

WinBUGS, version 1.4 (Spiegelhalter et al. 2003):

zi;t ; N ðxi;t;x
2
i;tÞ xi;t ; N ðli;t;r

2
i Þ c 0

k;t ; Nðuk;t; f
2
kÞ

li;t ¼ xi;t�1 þ ciðtÞ þ
XLi

l¼1

dilxi;t�l þ
XJ

j¼1;j 6¼i

bijxj;t�1

þ
XK

k¼1

aikuk;t ð6Þ

(N denotes the normal distribution). The model states
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that the (ln-transformed) observed values (zi,t) represent

the true values (xi,t). The former have observation

errors, which are included by use of (ln-transformed)

unobserved values (xi,t) and observation errors, x2
i;t. The

observation errors were estimated from SEs of mean

values for the response variables for each time period.

Given that the zi,t were ln-transformed, we used a Taylor

functional expansion to approximate the ln-transformed

SEs [SE(ln(n̄)) ’ SE(n̄)/n̄] (Seber 1973, Stuart and Ord

1987). Process variances (r2
i ) were allowed to be species-

specific and were implemented with priors on ri of

U(0.01, 10) (Gelman 2005) (U ¼ Uniform). The true,

TABLE 2. Matrix of effects included in the model with explanations.

Response variable
or covariate

Response variable

ExplanationDS LFS SB TFS CA-SP CA-SU MYS

Delta smelt (DS) – – Calanoid copepods are consumed by delta smelt (Hobbs
et al. 2006).

Longfin smelt (LFS) – – – Calanoid copepods and mysids are consumed by longfin
smelt (Feyrer et al. 2003).

Striped bass (SB) – – – Calanoid copepods and mysids are eaten by young striped
bass (Feyrer et al. 2003, Bryant and Arnold 2007).

Threadfin shad
(TFS)

Threadfin shad consume phytoplankton and copepods but
are most abundant in freshwater (Turner and Kelley
1966, Feyrer et al. 2007).

Calanoids, spring
(CA-SP)

þ þ þ Key food for young fish in spring.

Calanoids, summer
(CA-SU)

þ þ þ þ Key food for young fish in summer; mysids consume
calanoids (Siegfried et al. 1979, Siegfried and Kopache
1980).

Mysids (MYS) þ þ – Key food for young longfin smelt and striped bass in
summer.

Anchovy – – – Biomass dominant, consumes all plankton (Kimmerer
2006).

Other zooplankton
Chlorophyll a,

spring, freshwater

þ
þ Threadfin shad consume zooplankton in freshwater

(Turner and Kelley 1966).

Chlorophyll a,
spring, low-
salinity zone

þ þ Calanoids eat microplankton, including phytoplankton
(Gifford et al. 2007) and respond positively to
phytoplankton blooms (Kimmerer et al. 2005b).

Chlorophyll a,
summer, low-
salinity zone

þ þ Mysids eat phytoplankton and small zooplankton
(Siegfried and Kopache 1908).

Limnoithona
tetraspina

– Indirect effect through depression of food resource
(ciliates; not measured) (Bouley and Kimmerer 2006,
Gifford et al. 2007).

Inland silverside – – – Silversides consume copepods and potentially delta smelt
eggs and larvae (Bennett and Moyle 1996).

Largemouth bass – – – Potentially important predator on small fish in freshwater
(Nobriga and Feyrer 2008).

X2, spring – – þ/– – Effects of spring X2 on subsequent abundance in the
following autumn (Jassby et al. 1995, Kimmerer et al.
2009).

X2, autumn – – – X2 affects surface area available for fish through salinity
distribution (Feyrer et al. 2007).

Water clarity – – – – Turbidity favors all fish at various life-history stages by
offering increased protection from predators (Feyrer et
al. 2007, Nobriga and Feyrer 2008, Kimmerer et al.
2009).

Export flow, winter – – Adult smelt are entrained by pumping facilities during
winter (Baxter et al. 2008, Kimmerer 2008).

Export flow, spring – – – – Juvenile and adult smelt and shad and juvenile striped
bass are entrained by pumping facilities during spring
(Baxter et al. 2008).

Corbula amurensis – – Nauplius larvae of copepods are consumed by Corbula
(Kimmerer et al. 1994).

Spawning window þ Spawning window for delta smelt is constrained by
temperature (Bennett 2005).

Mean summer water
temperature

– Delta smelt are negatively influenced by high water
temperatures, reducing time spent in the freshwater
Delta (Swanson et al. 2000).

Notes: A ‘‘þ’’ denotes that the covariate was expected to exert a positive influence on the response variable (e.g., food source). A
‘‘�’’ indicates that the covariate was expected to have a negative influence on the response variable (e.g., by consumption). All null
entries were deemed likely to be unimportant by expert knowledge. The abbreviations ‘‘X2’’ refers to the position of the 2%
isohaline (a measure of the physical response of the estuary to freshwater flow).
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unobserved values (li,t) are driven by the population

dynamic parameters, trophic interactions, and covari-

ates as described by the MAR model (Eq. 5).

Observed covariates ck,t were standardized for all

available years of data (subtract mean c̄k, divide by

standard deviations SDk over all years, c 0
k;t ¼ (ck,t� c̄k)/

SDk). Standardizing is helpful for model convergence

and for equalizing numerical ranges among different

scales of measurement. Uncertainties in covariate

measurements (within-year SEs) correspondingly were

scaled by the interannual standard deviations (i.e., SEk,t/

SDk). The model specifies that the true (standardized)

covariate values (uk,t) are related to the observed

standardized values (c 0
k;t) but include the covariate-

specific uncertainties [f2
k ¼ (SEk,t/SDk)

2]. Uncertainties

for most covariates were included in the models (a few

variables, such as presence of Corbula, were regarded as

fixed). There were sporadic missing data for some

covariates, which we allowed to be interpolated within

the Markov chain Monte Carlo (MCMC) modeling.

These missing covariate values need to be segregated

from the main estimation of effects by using the ‘‘cut()’’

function in WinBUGS. If the uncertainties are not so

isolated, the model will ‘‘sacrifice’’ fitting precision for

the parameters describing dynamics of the response

variables to better ‘‘fit’’ missing covariate values, which

is not intended (Carrigan et al. 2007).

Priors

Relatively uninformative priors were assigned for

these model parameters:

ci;0 ; N ð0; 1Þ gc ; N ð0; 103Þ rc ; Uð0:01; 10Þ

ri ; Uð0:01; 10Þ dil ; Nð0; 1Þ: ð7Þ
Use of standard Normal priors for the c0 and d
parameters is consistent with the expected values being

within approximately 61 (i.e., constrained to reasonable

values) given the ln-transforms for the response vari-

ables and the standardized covariates. From expert

elicitation, species-specific lags were 2 (delta smelt), 3

(longfin smelt), 5 (striped bass), 2 (threadfin shad), and 1

(calanoids and mysids).

For the key a, b, and c1 parameters, we used a

Weibull distribution to represent the prior beliefs of the

expert-elicited model (Table 2). Use of the Weibull

allows long tails in the expected direction if these are

supported by the data. We used the construction

w0Weibull(2, 1) þ w1, where w0 ¼ 1 for expected

influences in a positive direction and is �1 for negative

expected influences, while w1 is �0.55 for expected

influences in a positive direction and 0.55 for negative

ones. These configurations invest ;3:1 prior probability

mass in favor of the expected influence. Only one a
parameter had a neutral expected influence (Table 2), so

this was assigned a N(0, 103) prior (i.e., low precision).

Many of the potential relationships were specifically

excluded from the model (i.e., deemed unlikely to be

important). For such relationships, coefficients were

assigned N(0, 10�6) priors (i.e., 0 with high certainty).

Parameter inference

We inferred importance of model parameters from the

probability distributions of the parameters. We com-

puted the proportion of the posterior probability

distribution for each parameter exceeding 0 (designated

as PPM), which is computed in WinBUGS with the

‘‘step()’’ function. The posterior odds are PPM/(1 �
PPM) for a positive parameter and (1� PPM)/PPM for

a negative parameter. The ratio of these posterior odds

to the prior odds is termed the odds ratio (OR).

Common decision criteria for ORs are 3.2–10 (substan-

tial evidence) and 10–100 (strong evidence) (Jeffreys

1961). For an uninformative prior, in which the ratio of

prior probabilities for the parameter is unity, the OR is

PPM/(1 � PPM) (or (1 � PPM)/PPM for negative

parameters). We used a decision criterion of �10 for

such parameters.

For informative priors, the prior odds were 3 (positive

or negative). If the OR � 3.2, we concluded that there

was substantial support in the data for the expected

relationship. If 1 � OR , 3.2, the data did not

invalidate the expectation but there was less support

(Jeffreys 1961). If 1 � OR . 1/3.2, then the data weakly

contradicted the expectation. If OR � 1/3.2, then the

prior ratio of 3:1 had been shifted to 1:1 (or more

extreme), suggesting that the expected relationship was

inconsistent with the data but likely to be null. We

interpreted OR , 1/10 (viz. from 3:1 prior expectation

to 1:3.2 posterior odds) as clear refutation of the

expected relationship.

Modeling details and model fit

Parameters were estimated from three MCMC chains

of 20 000 iterations after 10 000 iterations of burn-in

(‘‘model settling’’). We checked MCMC mixing and

convergence using the ‘‘boa’’ package (Smith 2006) in R

(R Development Core Team 2006).

We determined relative importance of the autoregres-

sive (A), among-response variables (R), and covariate

(C) factors of the best model. To do so, we calculated

the r2 for eight models: null (fitting constant-only

averages for the seven response variables), A, R, C, A

þR, AþC, RþC, AþRþC (full model). These models

were effected by deleting terms from Eq. 6 as

appropriate. The ci terms were retained for all models.

The r2 are the squared Pearson correlation coefficients

between the z and l values from the seven response

variables and all years. To decompose variance we used

hierarchical partitioning (Chevan and Sutherland 1991,

Mac Nally 2000), which identifies independent contri-

butions from individual terms (viz. A, R, and C) and

joint variance explanation. We used the R package

‘‘hier.part’’ (Walsh and Mac Nally 2003) to perform the

decomposition.
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RESULTS

Abundance trajectories

Abundances of all four species of fish declined over

the period of data collection, especially since about 2002

(Fig. 2a). Biomasses of the three crustacean groups have

been declining consistently since the 1970s, with less

evidence of a sudden decline in the 2000s (Fig. 2b).

Overall model characteristics

We used the r2 (squared Pearson correlation coeffi-

cient) between the observed values and the posteriors of

the fitted means as our measure of model fit. The full

model (autoregressive components, among-response

variables interactions, covariates) had an r2 ¼ 0.69.

This explained variance was decomposed into indepen-

dent explanatory amounts of (a) 0.13 for the autore-

gressive components (A), (b) 0.21 for among-response

variable components (R), and (c) 0.35 for covariate

relationships (C) (hence 1:1.62:2.69). Thus, the covari-

ates were roughly 66% more important in explaining

variation than the response variables, which in turn were

;62% more important than autoregressive elements.

Specific relationships

Parameter estimates and related details are provided

in Appendix A. Some covariates appeared to affect more

than one response variable (Fig. 3a, b). For expectations

that seemed strongly supported by the data, the large

values of spring X2 (upstream location) were negatively

related to abundances of longfin smelt, biomass of

calanoids in spring, and biomass of mysids (Fig. 3a).

High water clarity was associated negatively with

abundances of striped bass and threadfin shad, while

high mean summer water temperatures had an inverse

relationship with delta smelt abundance (Fig. 3a).

Several expectations were more weakly supported by

the data, but were not refuted. Spring exports were

negatively associated with abundances of delta smelt

and threadfin shad (Fig. 3b). Many of the trophic

interactions among response variables were supported to

some extent, including negative relationships between

the abundance of longfin smelt and delta smelt and

biomass of calanoids in summer, negative correlations

between abundance of striped bass and calanoid

biomass in spring, and a positive relationship between

concentration of chlorophyll a in spring and biomass of

mysids and calanoids. Calanoid biomass in spring and

summer was negatively associated with presence of the

nonnative clam Corbula amurensis, while abundance of

largemouth bass and volume of winter exports were

negatively associated with abundance of delta smelt

(Fig. 3b).

For all four declining fish species, the parameters

indicating density dependence (d) from the previous year

were strongly negative, ranging from �0.79 6 0.26

(mean 6 SD) for threadfin shad to �1.03 6 0.18 for

longfin smelt (Appendix A). Current abundances were

positively related to those for two years previous for

longfin smelt (0.30 6 0.16). Other lag effects were

deemed unimportant, although a four-year lag (positive)

for striped bass had OR ¼ 9.2.

For the c parameters, only one result seemed

unexpected. The anticipated negative slope for threadfin

shad was positive, with high certainty (OR , 1/57.8;

Appendix A). This suggested, counterintuitively, that

the intrinsic population growth parameter had increased

over the duration of study.

FIG. 2. Population trends (log-transformed) of (a) four fish species (mean catch per trawl [CPT]) and (b) zooplankton taxa
(biomass, originally measured in mg C/m3).
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DISCUSSION

Overview of the MAR results

The importance of covariates (51% of explained

variation) suggests that some aspects of the environment

that can be managed are associated with the declining

fish species (e.g., X2 and exports). However, other

potential remedial actions would be difficult or impos-

sible to enact (e.g., total removal of Corbula amurensis).

The relatively large proportion of variance explained by

interactions among the declining fishes and their prey

suggests that trophic interactions also are important, but

it is less clear how management actions could modify

such relationships.

The MAR analysis largely supported the expert

model, suggesting that existing knowledge is sufficient

to identify important interactions and processes, al-

though not all relationships were supported. The expert

model included 54 relationships, all but one of which

was assigned an expected direction (Table 2). The latter

was an ‘‘uninformed’’ expectation that calanoids in

spring would be affected by spring X2. The direction

was found to be strongly negative (Fig. 3a), suggesting

that spring calanoid abundance is greater when X2 is

FIG. 3. Relationships supported by the Bayesian multivariate autoregressive analysis of the expert-elicited model, with width of
lines proportional to the regression coefficient divided by its standard error. Response variables (focal taxa) are enclosed in rounded
boxes while covariates are in boxes with side tabs. Arrows toward a focal taxon indicate a positive effect related to the focal taxon
or covariate of line origin, while solid circles indicate negative relationships. (a) Relationships for which the odds ratio � 3.2. (b)
Relationships for which the odds ratio falls between 1 and 3.2. The abbreviation ‘‘X2’’ refers to the 2% isohaline.
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more seaward. Of the 53 relationships with expected

directions, 13 were strongly supported on the basis of

odds ratios (OR) of �3.2 (Fig. 3a) and 15 were not

inconsistent with the expected direction (3.2 . OR � 1)

(Fig. 3b). The other 25 coefficients had posterior means

close to zero, indicating that the data did not support the

expected directions.

One advantage of using the MAR approach is that

results can be represented easily in a form with which

most ecologists are familiar, a (partial) food web (Fig.

3). The predator–prey relationships involving the

calanoids and mysids support existing reports of direct

and indirect effects on the four declining fish species. For

example, abundance of striped bass was positively

related to availability of calanoid copepods in summer

(Fig. 3a). This was negatively associated with the

occurrence of the introduced clam Corbula amurensis

(Fig. 3b), which has induced an ongoing decrease of

;60% in chlorophyll a concentration in the low-salinity

zone (Alpine and Cloern 1992). Other indirect food

limitation relationships may be the chlorophyll a

(spring) ! mysids ! striped bass and chlorophyll a

(spring) ! calanoids (spring) ! striped bass pathways

(Fig. 3b). Longfin smelt abundances had strong negative

correlations with calanoids in spring and summer and

mysids in spring (Fig. 3a, b). Abundance of delta smelt

was related to calanoid biomass in summer (Fig. 3b).

These results and relationships of copepods and mysids

to chlorophyll a concentrations (Fig. 3b) suggest that

food web dynamics are important for both smelt species.

The isohaline position (X2) in spring had strong

negative relationships with spring calanoids and mysids,

which also would propagate back through those food

pathways (Fig. 3a).

Few covariate relationships were expressed clearly for

more than one of the four declining fish species (Fig.

3a, b). Increased water clarity appeared to be related

negatively to both striped bass and to threadfin shad

(Fig. 3a). Increased water clarity has been attributed to

reduction of sediment supply in the rivers (Wright and

Schoellhamer 2004) and to sediment capture by

submerged aquatic vegetation. Water clarity affects fish

feeding (Hecht and Vanderlingen 1992) and vulnerabil-

ity to predation (Gregory and Levings 1998).

Abundance of largemouth bass, a potential predator

of the declining fish species (Nobriga and Feyrer 2008),

was negatively related to abundance of threadfin shad

and, more weakly, to abundance of delta smelt (Fig. 3).

Abundance of largemouth bass has increased in the

Delta concurrently with expansion of submerged aquatic

vegetation (Brown and Michniuk 2007), which provides

high-quality habitat for the species. Greater cover of

submerged aquatic vegetation also reduces turbidity.

Reduced water clarity has been identified as a key

component of habitat for delta smelt, at least in autumn

(Feyrer et al. 2007). The absence of a discernible

relationship between water clarity and abundance of

delta smelt may be due to an indirect expression through

trophic relationships. Young delta smelt require sus-

pended particles in the water column to feed properly

(Baskerville-Bridges et al. 2002, Mager et al. 2002), so

reduced prey availability (e.g., summer calanoids) may

mask the direct water clarity effect. The multiple effects

of temperature, feeding, exports, and introduced species

are more consistent with understanding of delta smelt

biology (Bennett 2005, Baxter et al. 2008) than are

effects of individual covariates per se.

There were clear relationships between warmer

summer waters (negative) and duration of water

temperatures suitable for spawning (positive) (Fig. 3)

and delta smelt, which were consistent with known

effects of high temperatures on delta smelt survival

(Swanson et al. 2000) and spawning requirements

(Bennett 2005).

Increases in water exports in both winter and spring

were negatively associated with abundance of delta

smelt and increases in spring exports with abundance of

threadfin shad. Losses of delta smelt previously have

been related to exports through entrainment and

mortality at pumping facilities and may be important

to population dynamics under some circumstances,

particularly during dry years (Kimmerer 2008). Effects

of spring exports on threadfin shad have not been

measured but possibly are important given that this is

the only species of the four to occupy freshwater

throughout its life cycle and whose main distribution is

near the export facilities (Feyrer et al. 2009).

Modeling formulation: data and limitations

Using MAR, we identified plausible results, notwith-

standing a number of important caveats within the

model framework, which relate to the nature of the

underlying data and to the structure of the analytical

model.

Data limitations.—Three major forms of data limita-

tion inherent in MAR are relevant to our study: (1)

characterization of all variables and covariates by using

a single value per year; (2) lack of spatially and

temporally explicit data; and (3) selection of covariates

and their measurement. For the declining fish species, we

used an estimate of abundance based on average catch

per sampling trawl over ;100 sampling stations over

each of the four autumn months (September to

December). Fish have been collected by other sampling

methods (e.g., beach seine nets), but either not

consistently over the duration of the data collection or

only recently. We included observation error as the

standard error from the ;400 trawls per year, but

whether this is the most appropriate measure is arguable

(Newman 2008).

Apart from allowing ci to be time-dependent (albeit

linearly), the MAR model assumed process stationarity

over the entire duration, which means that the structure

of the model and distributions of model parameters are

regarded as being the same over the 40þ years. It is

possible that population dynamics of the declining taxa
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changed greatly as a function of population size. It is

plausible that per capita reproductive rates, age struc-

tures, social (e.g., schooling) behaviors, Allee effects

(Stephens and Sutherland 1999), and vulnerability to

predation may differ when there are many individuals

compared to when there are few. This is a common tenet

in conservation biology (Caughley 1994).

Given the high certainty that all four species declined

in concert in 2002 (Thomson et al. 2010), we modified

Eq. 6 to allow all parameters to have a two-phase

structure. The first phase was the 1967–2001 period and

the second phase was 2002–2007. Each parameter was

represented by a term of the form -þ d-, where d- was

the deviation in the second phase from values in the first

phase. There were no parameters in which d- differed

substantially from zero using our OR criteria. This

suggests that the stationarity assumption of the MAR

model is reasonable, although the small number of years

in phase two may make changes difficult to detect.

Stakeholders have commissioned extensive correlative

analyses (D. Fullerton, W. J. Miller, and B. F. J. Manly,

unpublished data), which suggest a wide range of

possibilities for potential covariates that might have

sparked the precipitous declines. We included eight

commonly mentioned covariates in additional runs of

the MAR model (Appendix B). Our inferences were little

changed, which suggests that our expert model was

resilient to inclusion of additional variables and that the

latter were largely uninformative.

Model form and structure.—The MAR model is

underlain by the Gompertz population dynamic model

(Eq. 1). Inference on stock recruitment is contingent on

the form of the model (Maunder 2003). We explored

whether our inferences were highly dependent on the use

of the Gompertz by replacing it with another widely

used formulation, the Ricker model (Appendix C; Zeng

et al. 1998). The Ricker model emphasized more

strongly several relationships: for example, the negative

relationships between striped bass and X2 (autumn) and

between spring calanoids and X2 (spring) (Appendix C).

The Ricker and Gompertz versions of the MAR model

generally provided similar inferences but the Gompertz

appeared to resolve with greater precision a larger

number of relationships given our criteria for their

identification (i.e., using ORs).

The values for the di1 coefficients for the four

declining fish species suggested strong negative density

dependence (values between �0.79 and �1.03 for one-

year lag; Appendix A). Such results seem difficult to

reconcile biologically given that the fish sampled each

year are young-of-the-year and it is difficult to conceive

of a mechanism producing such density dependence. It is

possible that this apparent contradiction may be a

statistical artifact of the parameterization of the usual

Gompertz model. Estimates of c and d can be highly

correlated and identifiability depends upon length of

time series (J. Ponciano, personal communication). Even

if there were estimation problems for c and d, these

probably do not affect our estimates of trophic

interactions and covariate relationships. From simula-

tions of a Gompertz model with one covariate, we found

that the estimate for the covariate coefficient was

unbiased even though the estimates of c and d were

biased (results not shown).

The MAR formulation assumed linear relationships

(on the log-abundance scale) and no interactions among

covariates, although many interactions are plausible.

Interactions would add substantially to the complexity

and difficulty of interpretation of an already highly

parameterized model. Inclusion of nonlinear functions

and interactions among covariates may reduce capacity

to resolve drivers of responses if used injudiciously.

A comparison of major outcomes of the MAR

analysis with those of the change point analyses, which

did allow nonlinear functions of covariates, showed

some commonalities, but also several differences.

Relationships with water clarity were important in the

change point analyses for delta smelt, striped bass, and

longfin smelt, although the relationship for the latter

was rather stronger in a multispecies model (Thomson et

al. 2010). A correlation of water clarity with abundances

of threadfin shad, but not with delta smelt, was

identified in MAR. A pervasive relationship of spring

X2 with abundances of longfin smelt was clear in both

analyses. A correlation of winter exports with delta

smelt was evident in the change point, but was weaker in

the MAR (Fig. 3b). The MAR analysis, but not the

change point analysis, identified a correlation between

autumn X2 and striped bass. Spring exports appeared to

be related to abundances of threadfin shad in both

analyses, although the magnitude of the correlation was

less in the MAR. Unlike the change-point analysis, the

MAR analysis did not identify a relationship between

winter exports and threadfin shad. However, in the

change-point analysis the magnitude of the average

regression coefficient for winter exports and threadfin

shad was substantially less than that for spring exports

(Thomson et al. 2010). The trophic interactions evident

in the MAR, of which many were pronounced (Fig. 3),

were less evident in the model selection procedures used

in the change point analysis.

A broader life-history model with a more general

state–space approach to modeling the pelagic species

decline should be more informative (M. N. Maunder

and K. B. Newman, personal communication). Such a

model would incorporate multiple sources of survey

data, including data pertinent to egg, larval, juvenile,

and adult phases and covariates appropriate for each

stage (Maunder 2004).

Estuarine management

Our application of the MAR model provides evidence

from a multivariate analysis of how abiotic habitat

factors directly relate to declining fish abundance in the

upper San Francisco Estuary and indirectly to these fish
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populations through the food web. Synthesis of previous

univariate analyses have come to similar conclusions,

albeit indirectly (Bennett 2005, Baxter et al. 2008).

Before the fish species declined precipitously, the abiotic

component of their habitat in the estuary was repre-

sented mainly as X2 because position of the salinity field

was correlated with the abundances of many organisms

(Jassby et al. 1995). Recent results have highlighted the

importance of other abiotic variables, including water

clarity and water temperatures, in the estuary (Feyrer et

al. 2007, Nobriga and Feyrer 2008). Our results, which

identify trophic relationships, suggest the need to better

understand the processes underlying the influence of

abiotic conditions on the food web of the estuary. The

upper San Francisco Estuary is an exemplar, perhaps an

extreme one, of severe, adverse ecological response to

many of the stressors to which such systems increasingly

are exposed (Fig. 3). Some of the key issues relate to

how the isohaline position (X2), which seems to have a

profound effect on the declining fish and on their prey,

might be managed. While evidence that water exports

directly affect striped bass or longfin smelt in a

consistent linear manner is weak, there is evidence of

potential effects of water exports on delta smelt and

threadfin shad. Successfully managing the estuary, at

least for the declining fish species, requires a more

complete understanding of how the direct effects of

water exports interact with the indirect effect of

controlling abiotic conditions and the food web.
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APPENDIX A

Details of parameter estimates for the multivariate autoregressive (MAR) model including credible intervals of odds ratios (all
model parameters are listed) (Ecological Archives A020-050-A1).

APPENDIX B

Details of parameter estimates for multivariate autoregressive (MAR) model with and without distinct variables suggested by
other analyses (only parameters with large odds ratios are listed) (Ecological Archives A020-050-A2).

APPENDIX C

Details of parameter estimates for multivariate autoregressive (MAR) models underlain by Ricker and Gompertz population-
dynamic formulations (only parameters with large odds ratios are listed) (Ecological Archives A020-050-A3).
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species decline in the upper San Francisco Estuary using multivariate autoregressive modelling (MAR). Ecological
Applications 20:1417–1430.

Appendix C. Details of parameter estimates for multivariate autoregressive (MAR) models underlain by Ricker and Gompertz
population-dynamic formulations (only parameters with large odds ratios are listed).

The Gompertz model is a representation of population dynamics often used in fisheries science (Dennis et al. 2006). We sought to
determine the sensitivity of our results to the assumption of a Gompertz model form. To do so, we used another common model, the
Ricker, with all parameter estimation and priors the same as for the Gompertz evaluation.

(C.1)

The principal change is that the autoregressive lags are related to the non-ln-transformed densities, ni (Zeng et al. 1998), which also
means that untransformed measurement uncertainties are incorporated. Unlike the Gompertz, this has the effect of mixing transformed
and untransformed versions of the basic data in population dynamics. Inclusion of untransformed values, especially of measurement
uncertainties, is likely to introduce noise in the estimation process and to reduce resolution in many instances.

Here, we present a comparison of inferences for the Ricker and Gompertz versions of the model. The Ricker model emphasized more
strongly several relationships, indicated by increased odds ratios: the negative relationships between abundance of striped bass and X2
(autumn) and between biomass of calanoids (spring) and X2 (spring). Five strong Gompertz relationships were less well defined in the
Ricker version (i.e., odds ratios declined to < 3): the negative association between abundance of delta smelt and warm summer waters,
decreases in abundance of striped bass and threadfin shad as water clarity increased, negative association between biomass of calanoids
in spring and abundance of longfin smelt, and negative association between abundance of threadfin shad and biomass of other
zooplankton. The expected negative relationship between abundance of longfin smelt and volume of winter exports, which was close to 0
in the Gompertz model, was strongly positive in the Ricker version. Of the relationships depicted in Fig. 3b, three had odds reduced to <
1: association between abundance of delta smelt and abundance of largemouth bass (–) and summer biomass of calanoids (+) and
abundance of striped bass and biomass of mysids (+). Model fit gauged by R2 and  was similar. We conclude that the models provide

generally similar inferences, given the large number of parameters estimated, but that the Gompertz appears to identify more relationships
given our odd-ratio criterion for their identification.

TABLE C1. Parameter details for Bayesian estimation of the multivariate autoregressive model for Ricker and Gompertz dynamics,
focusing on relationships with large (= 3) odds ratios (posterior odds : prior odds) in either model (c.f. Fig. 3a; see Table 1 for variable
definitions).

Response Covariate Ricker Gompertz
  
  Mean ± SD Odds ratio Mean ± SD Odds ratio

Delta smelt Water temperature, summer -0.093 ± 0.090 2.0 -0.132 ± 0.075 8.7
Longfin smelt X2 (spring) -0.571 ± 0.230 44.1 -0.694 ± 0.199 466.3
Longfin smelt Exports winter 0.243 ± 0.165 1/32.3 0.031 ± 0.177 1/4.2
Striped bass X2 (autumn) -0.374 ± 0.167 21.9 -0.265 ± 0.128 12.4
Striped bass Exports spring 0.057 ± 0.088 1/9.2 0.031 ± 0.075 1/6.2
Striped bass Water clarity -0.095 ± 0.153 0.9 -0.217 ± 0.129 7.3
Threadfin shad "Other zooplankton" 0.149 ± 0.146 1.9 0.192 ± 0.149 3.1
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Threadfin shad Largemouth bass -0.222 ± 0.163 3.6 -0.267 ± 0.161 6.8
Threadfin shad Water clarity -0.138 ± 0.190 1.1 -0.245 ± 0.187 3.4
Spring calanoids X2 (spring) -0.509 ± 0.152 544.6 -0.498 ± 0.156 258.3
Mysids X2 (spring) -0.344 ± 0.149 26.0 -0.346 ± 0.150 25.0
Striped bass Summer calanoids 0.363 ± 0.194 15.3 0.472 ± 0.157 Inf.
Spring calanoids Longfin smelt -0.167 ± 0.174 1.7 -0.246 ± 0.177 3.6
Mysids Longfin smelt -0.314 ± 0.154 15.5 -0.349 ± 0.159 19.1

[Back to A020-050]
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Castillo. 2010. Analysis of pelagic species decline in the upper San Francisco Estuary using
multivariate autoregressive modelling (MAR). Ecological Applications 20:1417–1430.

Appendix B. Details of parameter estimates for multivariate autoregressive (MAR) model with and without distinct
variables suggested by other analyses (only parameters with large odds ratios are listed).

Previous analyses by D. Fullerton, B. F. J. Manly, and W. J. Miller (unpublished reports) suggested that certain other
variables should be considered as influences on the abundance of delta smelt. Many of these variables are variants on,
surrogates for, or identical to covariates used in our analyses. The distinct variables are ecsepdec (September-
December electrical conductivity, µS/cm), eupsJul (average Eurytemora and Pseudodiaptomus density, July, m3),
eupsAug (average Eurytemora + Pseudodiaptomus density, August, m3), zooBJul (average zooplankton biomass
density, July, µg C m3), zooBAug (average zooplankton biomass density, August, µg C m3), avgNH4Hood (average
of September–December ammonia at Hood, California, mg/L), maxNH4Hood (maximum average monthly ammonia
at Hood, California, September–December, m/L), NH4Load (discharge of ammonia from Sacramento Regional
Wastewater treatment plant, August–October, t).

We included these variables in the MAR model after standardizing variables, and included missing values to be
imputed, in the same manner as for the main covariates. We included these variables for delta smelt, longfin smelt,
striped bass, and threadfin shad, but not for mysids and calanoids. We provided the regression coefficients for these
covariates with negatively or positively shifted Weibull priors according to the inferences given in the unpublished
reports.

Model fit gauged by R2 and  was similar. Inferences on most of the key relationships derived from our model were
sustained with the inclusion of the eight additional variables (Table B1). The inferential strength of three relationships
was different: from one conforming with our model to ones with reduced odds ratios (direction of inference was the
same). Relationships involving any of the eight additional variables ran strongly counter to expectations (Table B1).
These outcomes suggested that our expert model was resilient to inclusion of those additional variables, but the latter
were either uninformative or seemingly counter-intuitive.

TABLE B1. Parameter details for Bayesian estimation of the multivariate autoregressive model for Gompertz dynamics
with and without the distinct variables suggested by other analyses. Again, we focus on relationships with large (= 3)
odds ratios (posterior odds : prior odds) in either variable set.

Response variable Covariate With additional variables Without additional variables
  Mean ± SD Odds ratio Mean ± SD Odds ratio

Delta smelt Warm summer waters -0.094 ± 0.091 1.8 -0.132 ± 0.075 8.7
Longfin smelt X2 (spring) -0.497 ± 0.252 11.7 -0.694 ± 0.199 466.3
Striped bass X2 (autumn) -0.301 ± 0.152 4.2 -0.265 ± 0.128 12.4
Striped bass Exports spring 0.029 ± 0.076 1/6.0 0.031 ± 0.075 1/6.2
Striped bass Water clarity -0.301 ± 0.152 10.3 -0.217 ± 0.129 7.3
Threadfin shad “Other zooplankton” 0.129 ± 0.190 1.0 0.192 ± 0.149 3.1
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Threadfin shad Largemouth bass -0.270 ± 0.186 4.2 -0.267 ± 0.161 6.8
Threadfin shad Water clarity -0.322 ± 0.226 3.8 -0.245 ± 0.187 3.4
Spring calanoids X2 (spring) -0.495 ± 0.157 311.5 -0.498 ± 0.156 258.3
Mysids X2 (spring) -0.341 ± 0.152 23.8 -0.346 ± 0.150 25.0
Striped bass Summer calanoids 0.361 ± 0.166 15.5 0.472 ± 0.157 Inf.
Spring calanoids Longfin smelt -0.226 ± 0.182 2.8 -0.246 ± 0.177 3.6
Mysids Longfin smelt -0.348 ± 0.154 20.5 -0.349 ± 0.159 19.1
Delta smelt zooBAug -0.165 ± 0.136 1/23.2 – –
Longfin smelt eupsJul -0.198 ± 0.171 1/20.4 – –
Striped bass zooBJul -0.125 ± 0.111 1/20.4 – –
Threadfin shad zooBAug -0.126 ± 0.209 1/10.0 – –

[Back to A020-050]
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Appendix A. Details of parameter estimates for the multivariate autoregressive (MAR) model including credible intervals of odds ratios (all
model parameters are listed).

In Table A1, we provide explicit details for model parameters and for quantities used for inference on parameter importance; see Table 1 in
main manuscript for definitions of variables.

TABLE A1. Parameter details for Bayesian estimation of the multivariate autoregressive (MAR) model. “Expected” denotes direction of
relationship derived from the expert model, while the odds ratio (posterior odds : prior odds) is expressed as 1/G for results that were
contrary to expectation (where G = odds ratio for the unanticipated result).

Response variable Covariate
Mean ± SD 2.50% – 97.50%

Post-odds Expected
Odds
ratio

Delta smelt Inland silverside 0.008 ± 0.078 -0.145 – 0.165 1.2 – 1/3.5
Delta smelt Largemouth bass -0.075 ± 0.092 -0.256 – 0.109 4.1 – 1.4
Delta smelt X2 (autumn) 0.055 ± 0.106 -0.156 – 0.263 2.4 – 1/7.1
Delta smelt Water clarity -0.026 ± 0.126 -0.292 – 0.209 1.3 – 0.4
Delta smelt Exports winter -0.089 ± 0.102 -0.292 – 0.108 4.5 – 1.5
Delta smelt Exports spring -0.083 ± 0.079 -0.240 – 0.076 6.2 – 2.1
Delta smelt Spawning window 0.081 ± 0.081 -0.073 – 0.245 5.5 + 1.8
Delta smelt Warm summer waters -0.132 ± 0.075 -0.280 – 0.017 26.0 – 8.7
Longfin smelt X2 (spring) -0.694 ± 0.199 -1.066 – -0.286 1399.0 – 466.3
Longfin smelt X2 (autumn) -0.046 ± 0.225 -0.518 – 0.359 1.3 – 0.4
Longfin smelt Water clarity -0.094 ± 0.225 -0.551 – 0.335 1.9 – 0.6
Longfin smelt Exports winter 0.031 ± 0.177 -0.343 – 0.359 1.4 – 1/4.2
Longfin smelt Exports spring 0.055 ± 0.143 -0.232 – 0.334 1.9 – 1/5.7
Striped bass Largemouth bass -0.027 ± 0.089 -0.203 – 0.149 1.6 – 0.5
Striped bass X2 (spring) 0.040 ± 0.103 -0.174 – 0.234 2.0 – 1/5.9
Striped bass X2 (autumn) -0.265 ± 0.128 -0.512 – 0.004 37.3 – 12.4
Striped bass Water clarity -0.217 ± 0.129 -0.471 – 0.041 21.8 – 7.3
Striped bass Exports spring 0.031 ± 0.075 -0.122 – 0.178 2.1 – 1/6.2
Threadfin shad “Other zooplankton” in spring 0.192 ± 0.149 -0.094 – 0.485 9.7 + 3.2
Threadfin shad Largemouth bass -0.267 ± 0.161 -0.582 – 0.043 20.5 – 6.8
Threadfin shad Water clarity -0.245 ± 0.187 -0.628 – 0.122 10.3 – 3.4
Threadfin shad Exports spring -0.078 ± 0.119 -0.318 – 0.153 3.0 – 1.0
Spring calanoids Anchovy -0.068 ± 0.192 -0.488 – 0.302 1.8 – 0.6
Spring calanoids Spring chlorophyll a (freshwater) 0.134 ± 0.200 -0.252 – 0.542 3.0 + 1.0
Spring calanoids Spring chlorophyll a (low salinity) 0.026 ± 0.189 -0.329 – 0.416 1.2 + 0.4
Spring calanoids Inland silverside -0.042 ± 0.177 -0.406 – 0.294 1.4 – 0.5
Spring calanoids X2 (spring) -0.498 ± 0.156 -0.756 – -0.159 258.3  +/– 258.3
Spring calanoids Corbula -0.263 ± 0.291 -0.845 – 0.270 4.2 – 1.4
Summer calanoids Anchovy 0.013 ± 0.115 -0.217 – 0.256 1.2 – 1/3.6
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Summer calanoids Summer chlorophyll a (low salinity) -0.049 ± 0.134 -0.307 – 0.216 1.8 + 1/5.5
Summer calanoids Limnoithona 0.080 ± 0.165 -0.267 – 0.387 2.3 – 1/7.0
Summer calanoids Inland silverside -0.004 ± 0.110 -0.220 – 0.212 1.0 – 0.3
Summer calanoids Corbula -0.262 ± 0.222 -0.694 – 0.125 7.0 – 2.3
Mysid Anchovy -0.010 ± 0.187 -0.451 – 0.305 1.2 – 0.4
Mysid Spring chlorophyll a (low salinity) 0.180 ± 0.174 -0.154 – 0.532 5.8 + 1.9
Mysid Summer chlorophyll a (low salinity) 0.109 ± 0.190 -0.252 – 0.496 2.5 + 0.8
Mysid X2 (spring) -0.346 ± 0.150 -0.640 – -0.049 75.1 – 25.0
Delta smelt Spring calanoids -0.025 ± 0.092 -0.198 – 0.161 1.6 + 1/4.9
Delta smelt Summer calanoids 0.110 ± 0.161 -0.207 – 0.439 3.1 + 1.0
Longfin smelt Spring calanoids 0.085 ± 0.198 -0.286 – 0.511 1.9 + 0.6
Longfin smelt Summer calanoids 0.271 ± 0.254 -0.235 – 0.771 6.0 + 2.0
Longfin smelt Mysids 0.085 ± 0.203 -0.283 – 0.508 1.9 + 0.6
Striped bass Spring calanoids 0.000 ± 0.092 -0.182 – 0.187 1.0 + 1/3.1
Striped bass Summer calanoids 0.472 ± 0.157 0.158 – 0.780 Inf. + Inf.
Striped bass Mysids 0.073 ± 0.095 -0.108 – 0.274 3.8 + 1.3
Spring calanoids Delta smelt -0.062 ± 0.306 -0.722 – 0.435 1.2 – 0.4
Spring calanoids Longfin smelt -0.246 ± 0.177 -0.585 – 0.111 10.8 – 3.6
Spring calanoids Striped bass -0.227 ± 0.289 -0.811 – 0.294 3.4 – 1.1
Summer calanoids Delta smelt -0.235 ± 0.274 -0.815 – 0.261 4.1 – 1.4
Summer calanoids Longfin smelt -0.119 ± 0.102 -0.322 – 0.080 7.3 – 2.4
Summer calanoids Striped bass -0.122 ± 0.204 -0.518 – 0.270 2.6 – 0.9
Mysids Longfin smelt -0.349 ± 0.159 -0.656 – -0.026 57.3 – 19.1
Mysids Striped bass 0.077 ± 0.227 -0.419 – 0.450 1.9 – 1/5.7
Mysids Summer calanoids 0.054 ± 0.237 -0.388 – 0.530 1.4 + 0.5
Declining taxon Parameter      
Delta smelt Lag 1 -0.807 ± 0.271 -1.305 – -0.228 290.6  290.6
Delta smelt Lag 2 0.296 ± 0.274 -0.262 – 0.824 6.0  6.0
Longfin smelt Lag 1 -1.034 ± 0.183 -1.408 – -0.682 –Inf.  –Inf.
Longfin smelt Lag 2 0.300 ± 0.159 -0.024 – 0.607 29.0  29.0
Longfin smelt Lag 3 -0.103 ± 0.148 -0.392 – 0.197 3.2  3.2
Striped bass Lag 1 -0.792 ± 0.215 -1.204 – -0.342 2332.2  2332.2
Striped bass Lag 2 -0.052 ± 0.204 -0.460 – 0.355 1.6  1.6
Striped bass Lag 3 0.048 ± 0.172 -0.302 – 0.385 1.6  1.6
Striped bass Lag 4 -0.213 ± 0.166 -0.541 – 0.111 9.2  9.2
Striped bass Lag 5 -0.007 ± 0.132 -0.259 – 0.261 1.1  1.1
Threadfin shad Lag 1 -0.786 ± 0.262 -1.273 – -0.250 367.5  367.5
Threadfin shad Lag 2 -0.025 ± 0.249 -0.510 – 0.468 1.2  1.2
Spring calanoids Lag 1 -0.001 ± 0.010 -0.021 – 0.019 1.3  1.3
Summer calanoids Lag 1 -0.001 ± 0.010 -0.021 – 0.018 1.2  1.2
Mysids Lag 1 -0.001 ± 0.010 -0.021 – 0.018 1.3  1.3
Delta smelt ? intercept 0.270 ± 0.532 -0.783 – 1.268 2.3  2.3
Delta smelt ? slope -0.004 ± 0.012 -0.026 – 0.020 1.9 – 0.6
Longfin smelt ? intercept 0.932 ± 0.774 -0.525 – 2.494 7.7  7.7
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Longfin smelt ? slope -0.023 ± 0.022 -0.064 – 0.021 5.6 – 1.9
Striped bass ? intercept 0.557 ± 0.701 -0.789 – 1.815 3.2  3.2
Striped bass ? slope -0.011 ± 0.017 -0.043 – 0.023 2.9 – 1.0
Threadfin shad ? intercept 0.309 ± 0.487 -0.621 – 1.293 2.9  2.9
Threadfin shad ? slope 0.052 ± 0.022 0.005 – 0.098 1/57.8 – 1/73.4
Spring calanoids ? intercept 1.126 ± 0.777 -0.335 – 2.664 12.8  12.8
Spring calanoids ? slope -0.018 ± 0.025 -0.068 – 0.030 3.2 – 1.1
Summer calanoids ? intercept 0.884 ± 0.643 -0.326 – 2.208 12.7  12.7
Summer calanoids ? slope -0.016 ± 0.020 -0.057 – 0.023 3.6 – 1.2
Mysids ? intercept 0.251 ± 0.731 -1.240 – 1.672 1.7  1.7
Mysids ? slope 0.001 ± 0.019 -0.037 – 0.040 1.1 – 0.4

[Back to A020-050]
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A Randomization Analysis and Simulation Related to Kimmerer's Estimated
Equation for the Summer Townet Index of Delta Smelt Abundance Predicted by
the Fall Midwater Trawl Index of Abundance and the September to December

Average Value of X2

Bryan F.J. Manly and Mandy Kauffman
Western EcoSystems Technology Inc.

Laramie, Wyoming
bmanly@west-inc.com

The data considered in this report were provided by David Fullerton in the file
KimmererFallX2Analysis.xlsx on November 22, 2013.  These data are shown in Table 1,
where TNS and FMWT are indices of delta smelt abundance in the Sacramento-San
Joaquin Delta, and X2 is defined as the distance along the main channel (km) from the
Golden Gate Bridge to the point where the salinity on the river bottom is 2 psu.

Table 1  The data considered in this
report where TNS is the Townet index of
delta smelt abundance, FMWT is the
Fall Midwater index of abundance from
the previous year, and X2 is the
average September to December value
of X2 in the same year as FMWT.

Year TNS FMWT X2
1987 1.2 280 89.62
1988 2.2 174 90.79
1989 2.2 366 87.37
1990 2.0 364 90.93
1991 2.6 689 89.44
1992 8.2 156 87.69
1993 13.0 1078 82.03
1994 3.2 102 86.09
1995 11.1 899 74.08
1996 4.0 127 78.09
1997 3.3 303 81.77
1998 11.9 420 68.75
1999 8.0 864 83.38
2000 3.5 756 84.97
2001 4.7 603 83.63
2002 1.6 139 84.62
2003 2.9 210 83.61
2004 0.3 74 82.59
2005 0.4 27 82.57
2006 0.4 41 82.92
2007 0.6 28 87.06
2008 0.3 23 87.63
2009 0.8 17 85.89
2010 2.2 29 81.68
2011 0.9 343 77.52
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The particular interest with these data is the relationship, if any, between the Townet
abundance and X2, taking into account the clear relationship between the Townet
abundance and the Fall Midwater Trawl abundance in the previous year.  More specifically
a question is whether the equation

0 1 2Ln(TNS) = b  + b .Ln(FMWT) + b .X2 (1)

estimated by a robust regression method as described by Mount et al.(2013, p. 64) is
appropriate to represent this relationship.

According to Mount et al. (2013, p. 65) the reason for using robust regression for fitting
equation (1) was "over-dispersion in the residuals".  It is not clear what exactly this means
but according to Kimmerer (private  communication) the robust regression method was
used because there is a suggestion that the regression residuals are not normally
distributed and ordinary least-squares regression requires residuals to be normally
distributed.  Actually it is known that ordinary least-square regression is quite robust to
non-normality in the distribution of residuals (Manly, 2007, p. 196) so that this is not
necessarily a problem.  To show this we have used the ter Braak (1992) randomization
method to test the significance of the coefficients from the standard regression fit. 
Randomization testing requires no assumptions about the distribution of residuals and the
ter Braak method assesses the significance of coefficients by generating new sets of data
with the residuals in a random order (Manly, 2007, p. 181).  We have also examined the
robust regression method to see whether it seems to be biased for this application.  This
involved a simulation study with sets of data being generated similar to the one being
considered but with no X2 effect and seeing how often the coefficient of X2 was found to
be significantly different from zero at the 5% level both from a standard regression analysis
and a robust regression analysis as carried out by Kimmerer.

Significance of the X2 Effect Based on Randomization

The ter Braak (1992) randomization method involves estimating equation (1) by the
standard regression method.  A new set of data is then generated by putting the residuals
in a random order and then adding them to the predicted values from the fitted equation

i(1).  This then makes the "true" b  values the ones from the original set of data.  The values

i i i i iof  t-statistics are then calculated as t = (b  - b )/SE, where b is the new estimate of b  and^ ^

i iSE is the estimated standard error of b .  This process of generating new sets of data is^

repeated many times to estimate the distribution of the t-statistics very accurately.  The
distributions of the t-statistics are then used to assess the significance of the coefficients
in equation (1) fitted to the original set of data.

The generation of new sets of data was repeated 20,000 times with the data in Table
1 using Resampling Stats for Excel (www.resample.com).  Figure 1 shows what the results
look like for one generated set of data.  For the standard regression analysis on the
original set of data Table 2 shows that the estimated value for the coefficient of Ln(FMWT)
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is 0.624 with standard error 0.122.  That then gives t  = 5.13 with a significance level of
0.000 to three decimal places.  Table 2 also shows that the estimate of the coefficient of
X2 is -0.048 with standard error 0.030, so that t = -1.58 with a significance level of 0.129. 
The results are almost exactly the same based on the 20,000 sets of randomized data. 
The significance of the coefficient of Ln(FMWT) is still 0.000 to three decimal places while
the significance of the coefficient of X2 is 0.128 instead of 0.129.

Figure 1  The generation on one set of data with randomized residuals and with regression
estimation using the Excel function Linest.  The original data are on the left, the information on the
fit of equation (1) is in the middle, then the residuals in a random order, and the data with
randomized residuals on the right.
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Table 2  Assessing the significance of the
estimated regression coefficients for
equation (1) using the usual t-distribution or
the randomization test that does not require
the assumption of normality.  Est is the
estimated coefficient with standard error
SE, t-Dist is the significance from the t-
distribution and R-Test is the significance
from the randomization test.
 

Significance
from

Est SE t t-Dist R-Test

0b 1.549 2.736

1b 0.624 0.122 5.13 0.000 0.000

2b -0.048 0.030 -1.58 0.129 0.128

This randomization based analysis that does not make any assumptions about the
distribution of the regression residuals shows clearly that non-normal distributions for the
regression residuals is not a problem if the data are analyzed using the standard
regression method.  Therefore there is no evidence  that robust regression is needed with
these data.

Bias in the Significance of X2 for Robust Regression

For our second analysis the R procedures lm and rlm were used as rlm is the robust
regression procedure that was used by Kimmerer.  We first checked that for the Kimmerer
data lm gives exactly the same results as Excel for fitting equation (1).  We then checked
that the procedure rlm gives exactly the same results as Kimmerer has reported for robust
regression.  These checks then confirmed that we were using the same methods as
Kimmerer.

The question that we then considered was whether the robust regression method is
biased in terms of assessing the significance of the X2 effect when fitting equation (1).  To
examine this we assumed that X2 has no effect on Ln(TNS).  If this is the case then
ordinary regression estimates that the relationship between Ln(TNS) and Ln(FMWT) is

Ln(TNS) = -2.647 + 0.659 Ln(FMWT), (2)

where the estimated standard error of the coefficient of Ln(FMWT) is 0.124, so that the
estimated coefficient is very highly significant.

To answer the question we simulated 20,000 sets of data where each set of data was
generated by using equation (2) to produce the expected values for Ln(TNS) and then
adding on the residuals from equation (2) in a random order to produce simulated
"observed" values of Ln(TNS).  We then fitted equation (1) to each simulated set of data
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using ordinary regression and robust regression and checked whether the effects of
Ln(FMWT) and X2 were significant at the 5% level for these two methods of fitting the
equation.  Table 3 shows the way that one set of data was simulated.

Table 3.  An example set of simulated data based on equation (2) so that there is no effect of X2 on
Ln(TNS).  The simulated values of Ln(TNS) are the predicted values from equation (2) with the residuals
from that equation assigned in a random order for adding to the predicted values.

Year TNS FMWT X2 Ln(TNS) Ln(FMWT)
Fitted
Values

Randomized
Residuals

Simulated
Values

1987 1.2 280 89.624 0.182 5.635 1.064 1.218 2.282
1988 2.2 174 90.794 0.788 5.159 0.750 0.078 0.829
1989 2.2 366 87.372 0.788 5.903 1.240 0.843 2.083
1990 2.0 364 90.926 0.693 5.897 1.236 0.765 2.00
1991 2.6 689 89.436 0.956 6.535 1.657 -1.303 0.354
1992 8.2 156 87.694 2.104 5.050 0.678 -0.452 0.227
1993 13.0 1078 82.031 2.565 6.983 1.952 -0.465 1.486
1994 3.2 102 86.089 1.163 4.625 0.399 -0.701 -0.303
1995 11.1 899 74.085 2.407 6.801 1.832 -0.021 1.811
1996 4.0 127 78.093 1.386 4.844 0.543 -0.715 -0.172
1997 3.3 303 81.766 1.194 5.714 1.116 0.038 1.154
1998 11.9 420 68.753 2.477 6.040 1.331 -1.391 -0.061
1999 8.0 864 83.381 2.079 6.762 1.806 0.274 2.079
2000 3.5 756 84.965 1.253 6.628 1.718 0.190 1.908
2001 4.7 603 83.629 1.5483 6.402 1.569 -0.440 1.129
2002 1.6 139 84.615 0.470 4.934 0.602 0.613 1.216
2003 2.9 210 83.613 1.065 5.347 0.874 -0.881 -0.007
2004 0.3 74 82.589 -1.204 4.304 0.187 -0.058 0.129
2005 0.4 27 82.568 -0.916 3.296 -0.477 -0.132 -0.609
2006 0.4 41 82.921 -0.916 3.714 -0.202 -0.622 -0.823
2007 0.6 28 87.057 -0.511 3.332 -0.453 1.426 0.973
2008 0.3 23 87.634 -1.204 3.135 -0.582 0.558 -0.024
2009 0.8 17 85.894 -0.223 2.833 -0.781 0.575 -0.206
2010 2.2 29 81.680 0.788 3.367 -0.430 1.146 0.716
2011 0.9 343 77.517 -0.105 5.838 1.197 -0.543 0.654

Because the simulated data were generated from a model with no effect for X2 the
percentage of times that this is significant at the 5% level should be 5%.  The results
actually obtained are shown in Table 4.  This table shows that, as expected, the coefficient
of LN(FMWT) was always significant at the 5% level for both ordinary and robust
regression.  For X2 the effect was significant 5.33% of the time with ordinary regression,
showing that this method of fitting has no serious bias.  However, with robust regression
the coefficient of X2 was significant 10.51% of the time, i.e., it was significant twice as
often as it should have been.  This indicates that for data of the kind being considered
robust regression gives too many significant results for X2 and therefore does not provide
a suitable analysis.
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Table 4  The percentage of times that coefficients are
significant at the 5% level for the effects of Ln(FMWT)
and X2 for simulated data with no effect of X2.  Similar
results are found when the residuals from equation (2)
are bootstrap resampled with replacement instead of
being put in a random order.

Analysis Method
% Significant

for Ln(FMWT)
% Significant

for X2

Ordinary regression 100.00 5.33

Robust regression 100.00 10.51

Conclusions

1. A randomization test, which makes no assumptions about the normality of regression
residuals, gives essentially the same result as the t-test for an ordinary regression
analysis with the data set considered by Kimmerer.  Therefore there is no justification
for rejecting the use of an ordinary regression analysis.

2. The simulation study reported here shows that for the data considered robust
regression is liable to give too many significant results for the effect of X2.  This exactly
explains why Kimmerer found no significant effect of X2 at the 5% level with ordinary
regression and significance at the 5% with robust regression.  The simulation study
indicates that this type of effect is expected due to a bias in the robust regression
method rather than any problem with the use of ordinary regression.
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A state–space multistage life cycle model to
evaluate population impacts in the presence of
density dependence: illustrated with application to
delta smelt (Hyposmesus transpacificus)

Mark N. Maunder and Richard B. Deriso

Abstract: Multiple factors acting on different life stages influence population dynamics and complicate the assessment and
management of populations. To provide appropriate management advice, the data should be used to determine which factors
are important and what life stages they impact. It is also important to consider density dependence because it can modify
the impact of some factors. We develop a state–space multistage life cycle model that allows for density dependence and en-
vironmental factors to impact different life stages. Models are ranked using a two-covariates-at-a-time stepwise procedure
based on AICc model averaging to reduce the possibility of excluding factors that are detectable in combination, but not
alone. Impact analysis is used to evaluate the impact of factors on the population. The framework is illustrated by applica-
tion to delta smelt (Hyposmesus transpacificus), a threatened species that is potentially impacted by multiple anthropogenic
factors. Our results indicate that density dependence and a few key factors impact the delta smelt population. Temperature,
prey, and predators dominated the factors supported by the data and operated on different life stages. The included factors
explain the recent declines in delta smelt abundance and may provide insight into the cause of the pelagic species decline in
the San Francisco Estuary.

Résumé : Les multiples facteurs qui agissent sur les différents stades du cycle biologique influencent la dynamique des po-
pulations et compliquent l’évaluation et la gestion des populations. Afin de fournir des avis de gestion appropriés, il faut uti-
liser les données pour déterminer quels facteurs sont importants et quels stades du cycle ils affectent. Il est aussi important
de considérer la densité dépendance, car elle peut modifier l’impact de certains facteurs. Nous mettons au point un type de
modèle état–espace à stades de vie multiples qui tient compte de l’impact de la densité dépendance et des facteurs du milieu
sur les différents stades de vie. Les modèles sont placés par ordre à l’aide d’une procédure pas-à-pas de deux covariables à
la fois basée sur l’établissement de la moyenne des modèles de type AICc afin de réduire la possibilité d’exclure des facteurs
décelables en combinaison, mais non isolément. Une analyse d’impacts sert à évaluer les effets des facteurs sur la popula-
tion. Nous illustrons ce cadre d’analyse en l’appliquant à l’éperlan du delta (Hyposmesus transpacificus), une espèce mena-
cée qui est potentiellement affectée par de multiples facteurs anthropiques. Nos résultats montrent que la densité dépendance
et quelques facteurs clés affectent la population d’éperlans du delta. La température, les proies et les prédateurs dominent
parmi les facteurs révélés par les données et ils agissent sur différents stades de vie. Les facteurs retenus expliquent les dé-
clins récents de l’abondance de l’éperlan du delta et peuvent fournir une perspective sur la cause de la diminution des espè-
ces pélagiques dans l’estuaire de San Francisco.

[Traduit par la Rédaction]

Introduction

Multiple factors acting on different life stages influence
population dynamics and complicate the assessment and
management of natural populations. To provide appropriate
management advice, the available data should be used to de-
termine which factors are important and what life stages they
impact. It is also important to consider density-dependent

processes because they can modify the impact of some fac-
tors, and the strength of density dependence can vary among
life stages (Rose et al. 2001). Management can then better
target limited resources to actions that are most effective. Un-
fortunately, the relationships among potential factors, the life
stages that they influence, and density dependence are often
difficult to piece together through standard correlation or lin-
ear regression analyses.
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Life cycle models are an essential tool in evaluating factors
influencing populations of management concern (Buckland et
al. 2007). They can evaluate multiple factors that simultane-
ously influence different stages in the presence of density de-
pendence. They also link the population dynamics from one
time period to the next propagating the information and un-
certainty. This link allows information relating to one life
stage (i.e., abundance estimates) to inform processes influ-
encing other life stages and is particularly important when
data is not available for all life stages for all time periods.
The life cycle model should be fit to the available data to es-
timate the model parameters, including parameters that repre-
sent density dependence, and determine the data-based
evidence of the different factors that are thought to influence
the population dynamics. Finally, the model should be used
to direct research or provide management advice.
Deriso et al. (2008) present a framework for evaluating al-

ternative factors influencing the dynamics of a population. It
extends earlier work by Maunder and Watters (2003), Maun-
der and Deriso (2003), and Maunder (2004) and is similar to
approaches taken by others (e.g., Besbeas et al. 2002; Clark
and Bjornstad 2004; Newman et al. 2006). The Deriso et al.
framework involves several components. First, the factors to
be considered are identified. Second, the population dynam-
ics model is developed to include these factors and then fitted
to the data. Third, hypothesis tests are performed to deter-
mine which factors are important. Finally, to provide man-
agement advice, the impact of the factors on quantities of
management interest, are assessed. They illustrate their
framework using an age-structured fisheries stock assessment
model fit to multiple data sets. Their application did not al-
low for density dependence in the population dynamics, ex-
cept through the effect of density on the temporal variation
in which ages are available to the fishery.
Inclusion of density dependence is important in evaluating

the impacts on populations. Without density dependence,
modeled populations can increase exponentially. This is unre-
alistic and can also cause computational or convergence
problems in fitting population dynamics models to data. Den-
sity dependence can also moderate the effects of covariates.
This is important because factors affecting density-
independent survival may be much less influential in the
presence of density dependence compared with factors that
affect carrying capacity (e.g., habitat). It is also important to
correctly identify the timing of when the factors influence the
population with respect to the timing of density dependence
processes and available data. The approach also provides a
framework for amalgamating the two paradigms of investigat-
ing population regulation outlined by Krebs (2002): the den-
sity paradigm and the mechanistic paradigm.
Here we develop a life cycle model that allows for density

dependence at multiple life stages and allows for factors to
impact different life stages. We apply the framework of De-
riso et al. (2008) where the first component also includes
identifying the life stages that are impacted by each factor
and where density dependence occurs. We illustrate the
framework by applying it to delta smelt (Hyposmesus trans-
pacificus). Delta smelt is an ideal candidate to illustrate the
modeling approach because there are several long-term abun-
dance time series for different life stages and a range of hy-
pothesized factors influencing its survival for which covariate

data is available. Life cycle models have been recommended
to evaluate the factors effecting delta smelt (Bennett 2005;
Mac Nally et al. 2010; Thomson et al. 2010).
Delta smelt is of particular management concern because

of declines in abundance and the myriad of anthropogenic
factors that could be causing the decline. Delta smelt is en-
demic to the San Francisco Estuary, which has multiple stres-
sors, including habitat modification, sewage outflow, farm
runoff, and water diversions, to name just a few. Delta smelt
was listed as threatened under the US and California Endan-
gered Species Acts in 1993. Several other pelagic species in
the San Francisco Estuary have also experienced declines,
but the factors causing the declines are still uncertain (Ben-
nett 2005; Sommer et al. 2007). Recent studies have investi-
gated the factors hypothesized to have caused the declines at
both the species and ecosystem level, but the results were not
conclusive (Mac Nally et al. 2010; Thomson et al. 2010).

Materials and methods

Model
The model is stage-based with consecutive stages being re-

lated through a function that incorporates density depend-
ence. For simplicity and to be consistent with the
predominant dynamics of delta smelt, we assume an annual
life cycle. However, it is straightforward to extend the model
to a multiple year life cycle or to stages that cover multiple
years (i.e., adding age structure; e.g., Rivot et al. 2004; New-
man and Lindley 2006). Within a year the number of individ-
uals in each stage is a function of the numbers in the
previous stage. The number of individuals in the first stage
is a function of the numbers in the last stage in the previous
year (i.e., the stock–recruitment relationship), except for the
numbers in the first stage in the first year, which is estimated
as a model parameter. The functions describing the transition
from one stage to the next are modeled using covariates. A
state–space model (Newman 1998; Buckland et al. 2004,
2007) is used to allow for annual variability in the equation
describing the transition from one life stage to the next. Tra-
ditionally, state–space models describe demographic variabil-
ity (e.g., using a binomial probability distribution to represent
the number of individuals surviving based on a given sur-
vival rate; e.g., Dupont 1983; Besbeas et al. 2002); however,
environmental variability generally overwhelms demographic
variability (Buckland et al. 2007) so we model the process
variability (e.g., Rivot et al. 2004; Newman and Lindley
2006) using a lognormal probability distribution (Maunder
and Deriso 2003). Our approach differs from modeling the
log abundance and assuming additive normal process varia-
bility (e.g., Quinn and Deriso 1999, page 103), and the pop-
ulation dynamics function models the expected value rather
than the median. The difference in the expectation will sim-
ply be a scaling factor (exp(–0.5s2)) unless the variance of
the process variability changes with time.

ð1Þ Nt;s � Lognormal f ðNt;s�1Þ; s2
s�1

� �
; s > 1

ð2Þ Nt;1 � Lognormal f ðNt�1;nstagesÞ; s2
nstages

h i

where t is time, s is stage, nstages is the number of stages in
the model, and ss is the standard deviation of the variation
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not explained by the model (process variability) in the transi-
tion from stage s to the next stage.
The three-parameter Deriso–Schnute stock–recruitment

model (Deriso 1980; Schnute 1985) is used to model the
transition from one stage to the next. The Deriso–Schnute
model is a flexible stock-recruitment curve in which the third
parameter (g) can be set to represent the Beverton–Holt
(g = –1) and Ricker (g → 0) stock–recruitment models
(Quinn and Deriso 1999, page 95).

ð3Þ f ðNÞ ¼ aNð1� bgNÞ1g
where the parameter a can be interpreted as the number of
recruits per spawner at low spawner abundance or the survi-
val fraction at low abundance levels. In cases for which only
the relative abundance at each stage can be modeled (as in
the delta smelt example), a also contains a scaling factor
from one survey to the next. The parameter b determines
how the number of recruits per spawner or the survival rate
decreases with abundance. Constraints can be applied to the
parameters to keep the relationship realistic: a ≥ 0, b ≥ 0.
The additional constraint a ≤ 1 can be applied when the rela-
tionship is used to describe survival and the consecutive
stages are modeled in the same units.
Covariates are implemented to influence the abundance ei-

ther before density dependence (g(N,x)) or after density de-
pendence (h(x)). Although, when no density dependence is
present, the two methods are identical.

ð4Þ f ðNÞ ¼ agðN; xÞ½1� bggðN; xÞ�1ghðxÞ

ð5Þ gðN; xÞ ¼ N exp
X

lx
� �

ð6Þ hðxÞ ¼ exp
X

bx
� �

where l and b are the coefficients of the covariate (x) for be-
fore and after density dependence, respectively, and are esti-
mated as model parameters.
For survival it might be important to keep the impact of

the environmental factors within the range 0 to 1 and the lo-
gistic transformation can be used, e.g.,

ð7Þ agðN; xÞ ¼ N
exp a0 þ

X
lx

� �

1þ exp a0 þ
X

lx
� �

Where the parameter a′ defines the base level of survival (i.e.,
a ¼ exp ða0Þ

1þexpða0Þ) and replaces a of the density dependence func-
tion.
If the covariate values are all positive, the negative expo-

nential can be used, e.g.,

ð8Þ gðN; xÞ ¼ N exp �
X

lx
� �

; l � 0; x � 0

A combination of the above three options may be appropriate
depending on the application.
The importance of the placement of the covariates (i.e., be-

fore or after density dependence) relates to both the timing of
density dependence and the timing of the surveys, which pro-
vide information on abundance. Covariates could be applied

to the other model parameters. For example, covariates that
are thought to be related to the carrying capacity (e.g., habi-
tat) could be used to model b.
The model is fit to indices of abundance (It,s). The abun-

dance indices are assumed to be normally distributed, but
other sampling distributions could be assumed if appropriate.
Typically, if the index of abundance is a relative index and
not an estimate of the absolute abundance, the model is fit
to the index by scaling the model’s estimate of abundance us-
ing a proportionality constant (q, often called the catchability
coefficient; Maunder and Starr 2003).

ð9Þ It;s � NormalðqNt;s; n
2
t;sÞ

However, the scaling factor is completely confounded with
the a parameter of the Deriso–Schnute model, and therefore
the population is modeled in terms of relative abundance
that is related to the scale of the abundance indices for each
life stage and only makes sense in terms of total abundance if
the abundance indices are also in terms of total abundance.
Therefore, the proportionality constant (q) should be set to
one. Other data could also be used in the analysis if appropri-
ate (e.g., information on survival from mark–recapture stud-
ies; Besbeas et al. 2002; Maunder 2004).

Model parameters to estimate
The model parameters estimated include the initial abun-

dance of the first stage N1,1; the parameters of the stock–
recruitment model for each stage a, b, g; the coefficients of
the covariates l, b; the standard deviation of the process var-
iability for each stage s; and the standard deviation of the ob-
servation error (used in defining the likelihood function) for
each index of abundance v. The observation error standard
deviation, v, is often fixed based on the survey design or re-
stricted so that there is not a parameter to estimate for each
survey and time period (e.g., Maunder and Starr 2003). The
state–space model can be implemented by treating the proc-
ess variability as random effect parameters (de Valpine
2002). The likelihood function that is optimized is calculated
by integrating over these parameters (Skaug 2002; Maunder
and Deriso 2003). Therefore, they are not treated as parame-
ters to estimate. However, realizations of the random effects
can be estimated by using empirical Bayes methods (Skaug
and Fournier 2006), so that the unexplained process variation
can be visualized. The estimated parameters of the model are
N1,1, a, b, g, l, b, s, and n.

Implementation in AD Model Builder
Dynamic models like the multistage life cycle model de-

scribed here can be computationally burdensome if they are
carried out in a state–space modeling framework (i.e., inte-
grating over the state–space or equivalently the process varia-
bility), and efficient parameter estimation is needed if multiple
hypotheses are being tested. Implementation is facilitated by
the use of Markov chain Monte Carlo and related methods
(Newman et al. 2009), and their use has increased in recent
years (Lunn et al. 2009). In particular, authors have found a
Bayesian framework convenient for implementation (Punt and
Hilborn 1997). An alternative approach is to use the Laplace
approximation to implement the integration (Skaug 2002).
AD Model Builder (ADMB; http://admb-project.org/) has an
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efficient implementation of the Laplace approximation using
automatic differentiation (Skaug and Fournier 2006). The real-
izations of the random effects are estimated by using empiri-
cal Bayes methods adjusted for the uncertainty in the fixed
effects (Skaug and Fournier 2006). ADMB was originally de-
signed as a function minimizer, and therefore likelihoods are
implemented in terms of negative log-likelihoods, and proba-
bility distributions are implemented in terms of negative log-
probabilities. A more complete description of ADMB and its
implementation of random effects can be found at http://
admb-project.org/.
The population is modeled using random effects to imple-

ment the state–space model (de Valpine 2002):

ð10Þ Nt;s ¼ f ðNt;s�1Þ exp ss�13t;s�1 � 0:5s2
s�1

� �

ð11Þ Nt;1 ¼ f ðNt�1;nstagesÞ
� exp snstages3t�1;nstages � 0:5s2

nstages

� �

ð12Þ 3t;s � Nð0; 1Þ
A penalty is added to the objective function to implement the
random effects

ð13Þ 0:5
X
t;s

32t;s

The negative log-likelihood function for the abundance in-
dices ignoring constants is

ð14Þ � lnðLÞ ¼
X
t;s

lnðnt;sÞ þ ðIt;s � qNt;sÞ2
2n2t;s

Model selection
Model selection (Hilborn and Mangel 1997) can be used

to determine if the data supports density dependence for a
particular stage or the factors that impact the population dy-
namics. In our analysis different models are represented by
different values of the model parameters. The relationship be-
tween one stage and the next is density independent if b = 0.
Therefore, a test for density dependence tests whether b = 0.
When b = 0, g has no influence on the results, and unless a
hypothesis about g is made (i.e., Beverton–Holt, g = –1; or
Ricker, g → 0), testing between density independence and
density dependence requires the estimation of two additional
parameters (b, g). A factor has no influence on the model
when its coefficient (l, b) is fixed at zero. Therefore, testing
a factor requires estimating one parameter for each factor
tested. There are a variety of methods available for model se-
lection and hypothesis testing, each with their own set of is-
sues (e.g., Burnham and Anderson 1998; Hobbs and Hilborn
2006). Given these issues, we rely on Akaike information cri-
terion adjusted for sample size (AICc) and AICc weights to
rank models and provide an idea of the strength of evidence
in the data about an a priori set of alternative hypotheses
(factors), but they are not used as strict hypothesis tests (An-
derson et al. 2000; Hobbs and Hilborn 2006).
The AICc is useful for ranking alternative hypotheses

when multiple covariates and density dependence assump-

tions are being considered. The AICc (Burnham and Ander-
son 2002) is given by

ð15Þ AICc ¼ �2 lnLþ 2K þ 2KðK þ 1Þ
n� K � 1

where L is the likelihood function evaluated at its maximum,
K is the number of parameters, and n is the number of obser-
vations. A better model fit is one with a smaller AICc score.
AICc weights are often used to provide a measure of the

relative support for a model and to conduct model averaging
(Hobbs and Hilborn 2006). AICc weights are essentially the
rescaled likelihood penalized by the number of parameters,
which is considered the likelihood for the model (Anderson
et al. 2000).

ð16Þ wi ¼ expð�0:5DiÞX
j

expð�0:5DjÞ

where D is the difference in the AICc score from the mini-
mum AICc score.
The correct modeling of observation and process variabil-

ity (error) is important for hypothesis testing. If process vari-
ability is not modeled, likelihood ratio and AIC-based tests
are biased towards incorrectly accepting covariates (Maunder
and Watters 2003). Other tests, such as randomization tests,
should be used if it is not possible to model the additional
process variability (e.g., Deriso et al. 2008). Incorrect sam-
pling distribution assumptions (e.g., assumed values for the
variance) can influence the covariate selection process, and
the weighting given to each data set can change which cova-
riates are chosen (Deriso et al. 2007). If data-based estimates
of the variance are not available, estimating the variances as
model parameters or using concentrated likelihoods is appro-
priate (Deriso et al. 2007). Missing covariate data need to be
dealt with appropriately, such as by using the methods de-
scribed in Gimenez et al. (2009) and Maunder and Deriso
(2010).
Parameter estimation of population dynamics models gen-

erally requires iterative methods, which take longer than cal-
culations based on algebraic solutions, and therefore limit the
number of models that can be tested (Maunder et al. 2009).
This is problematic when testing hypotheses because, argu-
ably, all possible combinations of the covariates and density-
dependent possibilities should be evaluated. All possible
combinations should be used because a covariate by itself
may not significantly explain process variation, but in combi-
nation they do (Deriso et al. 2008), and some covariates may
only be significant if density dependence is taken into con-
sideration. However, modeling of process variability, as we
suggest, may minimize this possibility. In many cases, time
and computational resource limitations may prevent testing
all possible combinations, and therefore we suggest the strat-
egy described in Table 1.
We stop evaluating covariates when the lowest AICc model

in the current iteration is at least four AICc units higher than
the model with the lowest overall AICc (step 2e). The ap-
proach is based on a compromise between eliminating mod-
els for which there is definite, strong, or very strong evidence
that the model is not the Kullback–Leibler (K–L) best model
(4 ≤ D) and the fact that there is a maximum D when adding
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covariates to the lowest AICc model. We have chosen to
carry out the selection process by using the sum of the AICc
weights over all models that include the corresponding factor
(step 2d). This selection process chooses factors that have
high support in general, work in combination with other fac-
tors, and are therefore less likely to preclude additional fac-
tors in subsequent steps. This approach embraces the
multiple hypothesis weight of evidence framework and is
somewhat consistent with model averaging. We also remove
models for which any of the estimated covariate coefficients
are the incorrect sign as assumed a priori (step 2b). Modifi-
cation of this procedure may be needed depending on the
available computational resources, the number of covariates
and model stages, and the relative difference in the weight of
evidence among models.
Burnham and Anderson (2002) note that in general, there

are situations where choosing to make inferences using a
model other than the lowest AICc model can be justified
(their page 330) based on professional judgment, but only
after the results of formal selection methods have been pre-
sented (their page 334). For example, model parameteriza-
tions that do not make sense biologically might be
eliminated from consideration. Burnham and Anderson
(2002) give an example (their page 197) where a quadratic
model is rejected because it could not produce the monotonic
increasing dose response that was desired. Sometimes AICc
will select a model that fits to quirks or noise in the data but
does not provide a useful model. The selected best model is a
type of estimate, and so like a parameter estimate it can
sometimes be a poor estimate (Ken Burnham, Colorado State
University, Colorado Cooperative Fish and Wildlife Research
Unit, Fort Collins, Colorado, personal communication, 2010).
Parameter estimates from stock–recruitment models in in-

tegrated assessments are often biased towards extremely
strong density-dependent survival (recruitment is independent
of stock size) (Conn et al. 2010), and this is unrealistic for
stocks that have obtained very low population sizes. We
therefore identify values of the Deriso–Shnute stock–
recruitment relationship (for the Beverton–Holt and Ricker
special cases) b parameter that are realistic (see Appendix
A). We assume that recruitment (or the individuals surviving)
cannot be greater than 80% of that expected from the average

population size when the population is at 5% of the average
population size seen in the surveys during the period studied.
Models with unrealistic density dependence are given zero
weight in that step of the model selection prodecure (step
2b).

Impact analysis
To determine the impact of the different factors on the

stock, we conducted analyses using values of the covariates
modified to represent a desired (e.g., null) effect. Following
Deriso et al. (2008), these analyses were conducted simulta-
neously within the code of the original analyses so that the
impact assessments shared all parameter values with the orig-
inal analyses. This allowed estimation of uncertainty in the
difference between the models with the covariate included
and with the desired values of the covariate. The results are
then compared for the quantities of interest, which may be a
derived quantity other than the covariate’s coefficients. For
example, if a covariate is related to some form of mortality,
the coefficient is set to zero to determine what the abundance
would have been in the absence of that mortality (e.g., Wang
et al. 2009).

Application to delta smelt
The multistage life cycle model is applied to delta smelt to

illustrate the application of the model, covariate selection
procedure, and impact analysis. Delta smelt effectively live
for 1 year and one spawning season. Some adults do survive
to spawn a second year, but the proportion is low (Bennett
2005) and we ignore them in this illustration of the modeling
approach. The delta smelt life cycle is broken into three
stages (Fig. 1). The model stages are associated with the tim-
ing of the three main surveys, (i) 20 mm trawl (20 mm),
(ii) summer tow net (STN), and (iii) fall midwater tow
(FMWT), and roughly correspond to the life stages larvae,
juveniles, and adults, respectively. The reason for associating
the model stages with the surveys is because the surveys are
the only data used in the model, and therefore information is
only available on processes operating between the surveys.
The population is modeled from 1972 to 2006 because these
are the years for which data for most of the factors are avail-
able. The STN abundance index is available for the whole

Table 1. Algorithm for evaluating covariates for the delta smelt (Hyposmesus transpacificus) application.

1 Evaluate density dependence.
(a) Calculate all combinations of density-dependent processes without the inclusion of factors. Combinations include (i) den-

sity independent; (ii) Beverton–Holt; (iii) Ricker; and (iv) estimate both b and g. These can be at any of the three stages.
(b) Choose the density dependence combination that has the lowest AICc, or if there are several that have similar support,

choose multiple combinations.

2 Evaluate covariates.
(a) For each density dependence scenario chosen in 1b, run all possible one- and two-covariate combinations.
(b) For each combination, set the AICc weight to zero if the sign is wrong for either of the coefficients in the combination or if

the b parameter of a density dependence function is unrealistically high.
(c) Sum AICc weights for a given covariate across all models that include that covariate.
(d) Select the two covariates with the highest summed AICc weights to retain for the next iteration.
(e) Iterate a–d until the AICc value of the best model in the current iteration is more than four units higher than the lowest

AICc model.

3 Double check all included covariates.
(a) Check confidence intervals of the estimated coefficients for all included covariates to see if they contain zero.
(b) For all coefficients that contain zero, remove the associated covariate and see if the AICc is degraded. If the AICc is not

degraded, exclude that covariate from the model.
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time period. The FMWT abundance index is available for the
whole time period except for 1974 and 1979. The 20 mm
abundance index is only available starting in 1995. Other sur-
vey data are available (e.g., the spring Kodiak trawl survey),
but they are not used in this analysis.
The FMWT and STN survey indices of abundance are the

estimates taken from Manly (2010b, tables 2.1 and 2.2). The
standard errors were calculated by bootstrap procedures
(Manly 2010a). The 20 mm survey index was taken from Na-
tions (2007). The index values and standard errors are given
in the supplementary material1. The results of the bootstrap
analysis suggest that the abundance indices are normally dis-
tributed (Manly 2010a).
Two types of factors are used in the model (Table 2). The

first are standard factors relating to environmental conditions.
The second are mortality rates based on estimates of entrain-
ment at the water pumps. The mortality rates are converted to
the appropriate scale to use in the model. Let u represent the
mortality fraction such that the survival fraction is 1 – m =
exp(bx), and x will be used as a covariate in the model. Set-
ting b = 1 gives x = ln(1 – m).
Several factors were chosen for inclusion in the model (Ta-

ble 3). These factors are used for illustrative purposes only,
and they may differ in a more rigorous investigation of the
factors influencing delta smelt. The environmental factors
are taken as those proposed by Manly (2010b). The entrain-
ment mortality rates are calculated based on Kimmerer
(2008); the rates were obtained by fitting a piecewise linear

20 mm
Larvae–postlarvae

April–June

Summer tow
net
Juveniles
July–August

Fall midwater
trawl
Pre-adults
September–
December

Spring Kodiak
trawl
Adults
March–JuneSpawning

April–May

Adults Adult
entrainment
December–
April

Juvenile
entrainment
March–July

Density
dependence

Fig. 1. Life cycle diagram of delta smelt (Hyposmesus transpacificus) with survey, entrainment, and density dependence timing.

1Supplementary data are available with the article through the journal Web site (http://www.nrcresearchpress.com/cjfas).
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Table 2. The variables used as candidates to account for the changes in delta smelt abundance.

Factor Name Covariate Stage Before–After Sign Description
Data
scaling Justification

1 SpDys 1 A Before + Days where temperature is in the range
11–20 °C

Norm This measures the number of days of spawning — the longer the
spawning season, presumably the better chance of survival

2 TpAJ 2 L Before – or + Average water temperature in delta smelt
habitat for April–June

Norm Temperature affects growth rate and survival of early life stages

3 TpAJ 2 A After – or +
4 TpJul 3 L After – Average water temperature in delta smelt

habitat for July
Norm Higher water temperatures can be lethal; could also include August

temperature
5 EPAJ 4 L Before + Minimum eurytemora and pseudodiapto-

mus density for April–June
Norm Measures height of food “gap” in spring, as eurytemora falls from

spring maximum and pseudodiaptomus rises from ~0
6 EPAJ 4 A After +
7 EPJul 5 L After + Average eurytemora and pseudodiaptomus

density for July
Norm Measures food availability in summer until summer tow net survey,

identified as problem by Bennett (2005) based on smelt condition
8 Pred1 6 J After – September–December abundance of other

predators
Mean Predation is a source of direct mortality, measured as the product of

relative density from beach seine data with the square of average
Secchi depth

9 Pred1 6 A Before –
10 Pred1 6 A After –
11 StBass 7 J After – September–December abundance of

striped bass
Mean A major predator, whose abundance is measured as actual number of

adults
12 StBass 7 A Before –
13 StBass 7 A After –
14 DSLth 8 L After + Delta smelt average length Norm See Bennett (2005) for length vs. fecundity relationship, linear for 1-

year-olds
15 DSLth 8 J After +
16 DSLth 8 A After +
17 TpJS 9 J After – Maximum 2-week average temperature for

July–September
Norm Measure of whether lethal temperature is reached in hot months

18 EPJA 10 J After + Average eurytemora and pseudodiaptomus
density for July–August

Norm Measures food availability in summer between STN and FMWT sur-
veys, identified as problem by Bennett (2005) based on smelt con-
dition

19 Secchi 11 A Before – January–February weighted Secchi depth Norm Protection from predators
20 Secchi 11 A After –
21 Jent 12 L After +* Juvenile entrainment Raw Entrained in by water pumps
22 Aent 13 A Before +* Adult entrainment Raw Entrained in by water pumps
23 Pred2 14 L Before – April–June abundance of other predators Mean Predation is a source of direct mortality, measured as the product of

relative density from beach seine data with the square of average
Secchi depth

24 Pred2 14 A After –

Note: A = occurs between adult and larval stages; L = occurs between larval and juvenile stages; J = occurs between juvenile and adult stages; Norm = subtract mean and divide by standard deviation;
Mean = divide by mean; Raw = not scaled. The covariate is attributed to after density dependence unless it is known to occur before density dependence. This is because density dependence generally
reduces the influence of the covariate.
*The effect of entrainment on survival is negative, but the covariate is formulated so setting the coefficient to 1 implies the assumption that entrainment is known without error, so the coefficient should be

positive.
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regression model of winter Old Middle River flow to his
adult entrainment estimates and his larval–juvenile entrain-
ment estimates were fitted to a multiple linear regression
model with spring Old Middle River flow and spring low sal-
inity zone (as measured by X). The values from Kimmerer
(2008) were used for years in which they are available, and
the linear regression predictions were used for the remaining
years. Manly (2010b) provided several variables as candi-
dates to account for the changes in delta smelt abundance
from fall to summer and summer to fall. The fall to summer
covariates could influence the adult and larvae stages, while
the summer to fall covariates could influence the juvenile
stage. The factors proposed by Manly (2010b) are those that
are considered to act directly on delta smelt. There are many
other proposed factors that act indirectly through these fac-
tors. We also include Secchi disc depth as a covariate for
water turbidity–clarity, since it was identified as a factor by
Thomson et al. (2010). Exports were also identified as an im-
portant factor and were assumed to be related to entrainment.
However, we chose to use direct measures of entrainment. In-
teractions among the factors were not considered in the appli-
cation. However, some of the covariates implicitly include
interactions in their definition and construction.
Some manipulation of the data was carried out before use

in the model (the untransformed covariate values used in the
model are given in the supplementary material1). Delta smelt
average length was missing for 1972–1974, 1976, and 1979
and was set to the mean based on Maunder and Deriso
(2010). The factors were normalized (mean subtracted and
divided by standard deviation) to improve model perform-

ance, except for the covariates relating to predator abundance,
which were just divided by the mean, and the entrainment
mortality rates, which were not transformed. These excep-
tions are factors that are hypothesized to have a unidirec-
tional impact, and setting their coefficients to zero is needed
for impact analysis. Setting the coefficient for the entrain-
ment mortality rate covariates to one can be used to deter-
mine the impact if the entrainment estimates are assumed to
be correct.
The standard approach outlined above and in Table 1 is

applied to the delta smelt application. The Ricker model was
approximated by setting g = –exp(–10). We also constrained
g < 0 to avoid computational errors. It is difficult to scale the
survey data to absolute abundance, so they are all treated as
relative abundance and are not on the same scale. The scaling
parameter a is not limited to a ≤ 1, and the exponential
model is used for all covariates. To illustrate the impact anal-
ysis, we implement three scenarios. In the first scenario, the
covariates are all set to zero. This means that environmental
conditions are average, predation is zero, and entrainment is
zero. We implement the second scenario if one or both of
the entrainment covariates are selected for inclusion in the
model. In this case, only the entrainment coefficients are set
to zero. In the third scenario, we take the final set of covari-
ates and add the entrainment covariates (or substitute them if
they were already included in the model) with their coeffi-
cients set to one and rerun the model. In this case, only the
entrainment coefficients are set to zero in the impact analysis.

Results
AICc values and weights were calculated for all possible

combinations of density dependence that included no density
dependence (No), a Beverton–Holt model (BH), a Ricker
model (R), and estimation of both b and g (DD) (Table 3).
Density dependence was clearly preferred for survival from
juveniles to adults (J), but it is not clear if the density de-
pendence is Beverton–Holt, Ricker, or somewhere in be-
tween. The Beverton–Holt and Ricker models for juvenile
survival appear to be influenced by three consecutive data
points (years 1976–1978) of high juvenile abundance with
corresponding average adult abundance (Figs. 2 and 3). The
evidence for and against density dependence is about the
same for the stock–recruitment relationship from adults to
larvae (A), with slightly more evidence for no density de-
pendence if survival from juveniles to adults is Beverton–
Holt and slightly more evidence for Beverton–Holt density
dependence if the survival from juveniles to adults is Ricker.
The evidence for no density dependence in survival from lar-
vae to juveniles (L) is moderately (three to four times) higher
than that for density dependence. Therefore, we proceed with
four density dependence scenarios: (i) Beverton–Holt density
dependence in survival from juveniles to adults (JBH);
(ii) Beverton–Holt density dependence in survival from juve-
niles to adults and a Beverton–Holt stock–recruitment rela-
tionship from adults to larvae (JBHABH); (iii) Ricker
density dependence in survival from juveniles to adults (JR);
and (iv) Ricker density dependence in survival from juveniles
to adults and a Beverton–Holt stock–recruitment relationship
from adults to larvae (JRABH).
The number and the type of factors supported by the data

Table 3. AICc weights for all possible density dependence models
without covariates.

J–No J–BH J–R J–DD Sum
L–No A–No 0.000 0.079 0.062 0.027 0.168

A–BH 0.000 0.075 0.067 0.026 0.168
A–R 0.000 0.059 0.052 0.020 0.131
A–DD 0.000 0.069 0.064 0.023 0.156
Sum 0.000 0.281 0.245 0.096 0.622

L–BH A–No 0.000 0.022 0.017 0.007 0.047
A–BH 0.000 0.020 0.018 0.007 0.045
A–R 0.000 0.016 0.014 0.005 0.035
A–DD 0.000 0.018 0.017 0.006 0.040
Sum 0.000 0.076 0.066 0.025 0.167

L–R A–No 0.000 0.022 0.017 0.007 0.047
A–BH 0.000 0.020 0.018 0.007 0.045
A–R 0.000 0.016 0.014 0.005 0.035
A–DD 0.000 0.018 0.017 0.006 0.040
Sum 0.000 0.076 0.066 0.025 0.167

L–DD A–No 0.000 0.006 0.005 0.002 0.013
A–BH 0.000 0.005 0.005 0.002 0.012
A–R 0.000 0.004 0.004 0.001 0.009
A–DD 0.000 0.004 0.004 0.001 0.010
Sum 0.000 0.020 0.017 0.006 0.043

Note: L = survival from larvae to juveniles; J = survival from juveniles
to larvae; A = the stock–recruitment relationship from adults to larvae;
No = no density dependence; BH = Beverton–Holt density dependence;
R = Ricker density dependence; DD = Deriso–Schnute density dependence
(i.e., estimate g).
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depended on the assumptions made about density depend-
ence (Tables 4 and 5). The models with density dependence
for both survival from juveniles to adults and a stock–
recruitment relationship for adults to larvae included more
covariates in the lowest AICc models (eight and nine covari-

ates for Beverton–Holt and Ricker density dependence in sur-
vival from juveniles to adults, respectively) than the models
that included only density dependence for survival from juve-
niles to adults (five covariates each). Several temperature,
prey, and predator covariates (TpAJ, EPAJ, EPJA, TpJul,

0

5

10

15

20

25

30

35

40

45

50

0.0 0.5 1.0 1.5 2.0 2.5 3.0

La
rv

a
e

re
la

ti
v

e
a

b
u

n
d

a
n

ce

Adult relative abundance (×10
3
)

(c)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 1 2 3 4 5 6

A
d

u
lt

re
la

ti
v

e
a

b
u

n
d

a
n

ce
(×

1
0

3
)

Juvenile relative abundance (10
4
)

(b)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 10 20 30 40 50

Ju
v

e
n

il
e

re
la

ti
v

e
a

b
u

n
d

a
n

ce
(×

1
0

4
)

Larvae relative abundance

(a)

Fig. 2. Relationship among stages in the model for the lowest AICc model that has Ricker survival from juveniles to adults and a Beverton–
Holt stock–recruitment relationship. Points are the model estimates of abundance, lines are the estimates from the stock–recruitment models
without covariates or process variation, crosses are the estimates without covariates.
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Pred1) were selected in the first few steps and were included
in all models. The April–June abundance of predators
(Pred2) was selected in the first few steps in one model, but
not selected at all in the others.
Overall, the model with Ricker density dependence in sur-

vival from juveniles to adults and a Beverton–Holt stock–
recruitment relationship from adults to larvae had better
AICc scores than the other models (Table 5). This differs
from the similarity in scores obtained when no covariates
were included in the models (Table 3). For all density-
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Fig. 3. Relationship among stages in the alternative model (the model that has the fewest covariates and the AIC is less than two AIC units
greater than the lowest AIC model). Points are the model estimates of abundance, lines are the estimates from the stock–recruitment models
without covariates or process variation, crosses are the estimates without covariates.
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dependent assumptions, there were alternatives with more (or
less) covariates than the lowest AICc model (within the mod-
els for that density dependence assumption), for which there
was not definite, strong, or very strong evidence that the
model is not the K–L best model (4 ≤ D), suggesting that
these factors should also be considered as possible factors
that influence the population dynamics of delta smelt (Ta-
ble 5). However, the asymmetrical nature of the AICc scores
for nested models should be kept in mind.
The magnitude and the sign of the covariate coefficients

are generally consistent across models (Table 6). The covari-
ates were standardized so that the size of the coefficients are
generally comparable across covariates. The coefficients are
similar magnitudes for most covariates except those for water
clarity (Secchi) and, particularly, adult entrainment (Aent),
which had much larger effects. These both occurred before
the stock–recruitment relationship from adults to larvae,
which had a very strong density dependence effect. Pred2
had a small effect. The confidence intervals on the coeffi-
cients support inclusion of the covariates in the lowest AICc
models except for Pred2 (Table 6). The effects for Secchi
and Aent appear to be unrealistically large, and their coeffi-
cients have a moderately high negative correlation. This ap-
pears to be a consequence of the unrealistically strong
density dependence estimated in the stock–recruitment rela-
tionship from adults to larvae for those models (see Supple-
mental Table S6 online1).
The five lowest AICc models in iteration 6 of the two fac-

tors at a time procedure had a b parameter of the Beverton–
Holt stock–recruitment relationship from adult to larvae that
was substantially greater than the critical value used to define
realistic values of the parameter. The sixth model had an AIC
of 812.53, which is worse than the lowest AICc model of
iteration 5. The lowest AICc model with Beverton–Holt sur-
vival from juveniles to adults and Beverton–Holt stock–
recruitment relationship from adult to larvae also had an un-
realistic b parameter, and the next lowest AICc model had an
AIC of 812.33. Therefore, the lowest AICc model after ac-
counting for realistic parameter values is the lowest AICc
model from iteration 5 with Ricker survival from juveniles
to adults and Beverton–Holt stock–recruitment relationship

from adult to larvae with one additional covariate (Table 5,
AICc = 808.47). The confidence intervals for the Pred2 cova-
riate for this model contained zero and removing the Pred2
covariate essentially had no effect on the likelihood. There-
fore, we chose this model without the Pred2 covariate as the
lowest AICc model (AICc = 806.63). Several models had an
AICc score within two units of this model; according to the
Burnham and Anderson (1998, p. 128) guidelines, “there is
no credible evidence that the model should be ruled out”.
Therefore, to illustrate the sensitivity of results to the model
choice, we also provide results for the model with the fewest
parameters that was within two AICc units of the lowest AICc
model. This alternative model is that selected with two addi-
tional parameters in iteration 3 of the selection procedure
(Table 5, AICc = 810.20). Removing the Pred2 covariate im-
proved the AICc score (808.63), so we also eliminated the
Pred2 covariate from this model.
The models fit the survey data well (Figs. 4 and 5), in fact

better than expected from the survey standard errors, indicat-
ing that most of the variation in abundance was modeled by
the covariates or unexplained process variability. The unex-
plained process variability differed among the stages (Fig. 6;
Table 7). Essentially all the variability in survival between
larvae and juveniles was explained by the covariates. The
amount of variability explained in the survival from juveniles
to adults was higher than that in the stock–recruitment rela-
tionship, but they show similar patterns (Fig. 6; Table 7).
There was substantial correlation among estimated parame-

ters (see supplementary material1). The lowest AIC model
has moderate and high correlation between the covariate co-
efficients and several model parameters and also among the
covariate coefficients themselves (Supplemental Table S61).
The alternative model has fewer parameter correlations (Sup-
plemental Table S71). The parameters of the density depend-
ence function were highly positively correlated. The relative
number of larvae in the first year is negatively correlated
with parameters influencing larval survival, including the sur-
vival fraction at low abundance (a), the standard deviation of
the process variability, and the prey covariate coefficients.
The coefficients for the prey and temperature covariates in-
fluencing larval survival are correlated. This is partly related

Table 4. Order of inclusion of factors into the analysis.

Factor Name Stage Before–After JBH JBHABH JR JRABH
2 TpAJ L Before 1 1 2 2
4 TpJul L After 2 2 2 3
5 EPAJ L Before 1 1 1 1
7 EPJul L After — 4 — 5
8 Pred1 J After 2 2 3 3
18 EPJA J After 3 3 1 2
19 Secchi A Before — 3 — 4
22 Aent A Before — 4 — 4
23 Pred2 L Before — — — 1*

Note: JBH = Beverton–Holt density dependence from the juvenile (J) to adult (A) stage;
JBHABH = Beverton–Holt density dependence from the juvenile to adult stage and Beverton–Holt
density dependence from the adult to larvae (L) stage (the stock–recruitment relationship); JR =
Ricker density dependence from the juvenile to adult stage; JRBH = Ricker density dependence
from the juvenile to adult stage and Beverton–Holt density dependence from the adult to larvae
stage (the stock–recruitment relationship). See Tables 2 and 3 for definitions.
*This covariate was excluded from the final model because the confidence interval of its coeffi-

cient included zero and including the covariate degraded the AICc.
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to the fact that some of these covariates are also correlated
(Supplemental Table S51). The coefficients for water clarity
(Secchi) and adult entrainment (Aent) in the lowest AIC
model were highly negatively correlated and were correlated
with the parameters of the density dependence survival func-
tion that relates adults and larvae. The coefficient for Aent is
also unrealistically large. The coefficient for Pred1 is corre-
lated with the parameters of the density dependence relation-
ship for juvenile survival and is also highly positively
correlated with year. The coefficient for EPJA is positively
correlated with the parameter that controls density depend-
ence for juvenile survival. The coefficient for EPJul in the
lowest AIC model is correlated with several parameters.
The impact analysis of the selected covariates shows that

the adult abundance under average conditions, with no preda-
tors and entrainment mortality set to zero, differs moderately
from that estimated in the original model (Fig. 7). In particu-
lar, the recent decline is not as substantial under average con-
ditions, indicating that the covariates describe some of the
decline, although there is still substantial unexplained varia-
tion and a large amount of uncertainty in the recent abun-
dance estimates. Entrainment is estimated to have only a
small impact on the adult abundance in either the lowest
AICc model, which uses the estimated adult entrainment co-
efficient and the juvenile entrainment coefficient is zero, or
the alternative model, in which both the juvenile and adult
entrainment coefficients are set to one (Fig. 8). The lowest
AICc model with the two entrainment coefficients set at one
did not converge, and results are not shown for that analysis,
although the results are expected to be similar.

Discussion
We developed a state–space multistage life cycle model to

evaluate population impacts in the presence of density de-
pendence. Application to delta smelt detected strong evidence
for a few key factors and density dependence operating on
the population. Both environmental factors (e.g., Deriso et
al. 2008) and density dependence (e.g., Brook and Bradshaw
2006) have been detected in a multitude of studies either in-
dependently or in combination (e.g., Sæther 1997; Ciannelli
et al. 2004). Brook and Bradshaw (2006) used long-term
abundance data for 1198 species to show that density de-
pendence was a pervasive feature of population dynamics
that holds across a range of taxa. However, the data they
used did not allow them to identify what life stages the den-
sity dependence operates on. Ciannelli et al. (2004) found
density dependence in different stages of walleye pollock
(Theragra chalcogramma). In our application, we found evi-
dence against density-dependent survival from larvae to juve-
niles, strong evidence for density dependence in survival
from juveniles to adults, and weak evidence for density de-
pendence in the stock–recruitment relationship from adults to
larvae, which includes egg and early larval survival. Other
studies have suggested that density dependence is more pre-
dominant at earlier life stages (e.g., Fowler 1987; Gaillard et
al. 1998), although the life history of these species differs
substantially from delta smelt. The density dependence in
survival from juveniles to adults found in our study was
probably heavily influenced by three consecutive years of
data. Unfortunately, this is a common occurrence in which
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Table 6. Estimates of coefficients (and 95% confidence intervals) from the lowest AICc models for each density dependence assumption.

Factor Name Stage B–A JBH JBHABH JR JRABH JRABH, no Pred2 Alternative
2 TpAJ L B –0.32 (–0.46, –0.18) –0.21 (–0.36, –0.07) –0.32 (–0.45, –0.19) –0.20 (–0.34, –0.06) –0.22 (–0.36, –0.09) –0.31 (–0.44, –0.18)
4 TpJul L A –0.29 (–0.50, –0.08) –0.30 (–0.49, –0.12) –0.28 (–0.49, –0.07) –0.28 (–0.47, –0.09) –0.32 (–0.50, –0.13) –0.30 (–0.50, –0.11)
5 EPAJ L B 0.39 (0.15, 0.63) 0.40 (0.18, 0.62) 0.37 (0.13, 0.61) 0.32 (0.09, 0.55) 0.36 (0.14, 0.58) 0.47 (0.23, 0.71)
7 EPJul L A 0.32 (0.07, 0.58) 0.31 (0.05, 0.56) 0.33 (0.07, 0.59)
8 Pred1 J A –0.45 (–0.84, –0.06) –0.49 (–0.90, –0.08) –0.37 (–0.71, –0.03) –0.42 (–0.77, –0.07) –0.44 (–0.78, –0.09) –0.40 (–0.75, –0.05)
18 EPJA J A 0.21 (0.00, 0.42) 0.22 (0.00, 0.45) 0.44 (0.21, 0.66) 0.46 (0.22, 0.69) 0.46 (0.22, 0.69) 0.46 (0.23, 0.69)
19 Secchi A B –1.08 (–1.97, –0.19) –1.24 (–2.27, –0.22) –1.15 (–2.11, –0.20)
22 Aent A B 9.50 (0.62, 18.38) 10.97 (0.93, 21.01) 10.32 (0.99, 19.65)
23 Pred2 L B –0.19 (–0.52, 0.13)

a L 396 (334, 458) 451 (373, 529) 396 (337, 456) 593 (307, 879) 454 (376, 532) 410 (340, 481)
a J 0.74 (0.01, 1.48) 0.77 (–0.02, 1.56) 0.39 (0.18, 0.6) 0.42 (0.19, 0.65) 0.43 (0.2, 0.66) 0.41 (0.19, 0.63)
a A 0.03 (0.02, 0.04) 0.2 (–0.13, 0.53) 0.03 (0.02, 0.04) 0.27 (–0.24, 0.78) 0.25 (–0.18, 0.67) 0.08 (0, 0.16)
b L 0 0 0 0 0 0
b (×10–4) J 8.38 (–0.19, 16.95) 7.95 (–0.57, 16.48) 1.43 (1.01, 1.84) 1.42 (1.01, 1.84) 1.44 (1.02, 1.85) 1.43 (1.01, 1.84)
b (×10–2) A 0 1.48 (–1.41, 4.38) 0 2.35 (–2.77, 7.47) 1.93 (–1.96, 5.81) 0.52 (–0.34, 1.39)
g L
g J –1 –1 0 0 0 0
g A –1 –1 –1 –1
s L 0.07 (–0.32, 0.45) 0 (–0.35, 0.35) 0.04 (–0.5, 0.59) 0 (–0.35, 0.35) 0 (–0.26, 0.26) 0.1 (–0.2, 0.39)
s J 0.52 (0.36, 0.67) 0.55 (0.39, 0.71) 0.46 (0.31, 0.6) 0.48 (0.32, 0.63) 0.48 (0.32, 0.63) 0.47 (0.32, 0.62)
s A 0.79 (0.57, 1.01) 0.61 (0.45, 0.77) 0.82 (0.59, 1.04) 0.61 (0.45, 0.77) 0.62 (0.46, 0.78) 0.71 (0.52, 0.9)
h0.05 L 1 1 1 1 1 1
h0.05 J 0.24 (0.09, 0.4) 0.24 (0.08, 0.4) 0.11 (0.09, 0.14) 0.11 (0.09, 0.14) 0.12 (0.09, 0.14) 0.11 (0.09, 0.14)
h0.05 A 1 0.29 (–0.06, 0.64) 1 0.38 (–0.09, 0.85) 0.34 (–0.07, 0.75) 0.15 (0, 0.3)

Note: Definitions of abbreviations and a description of the covariates can be found in Table 2 and the density dependence configurations in Table 4; B–A, before–after. The alternative model is the model
that has the fewest covariates and the AICc is less than two AICc units greater than the lowest AICc model.
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autocorrelated environmental factors cause autocorrelation in
abundance within a stage, and this likely influences other
studies as well. We only allowed factors to influence
density-independent survival, either before or after density
dependence; however, the factors could also influence the
strength or form of the density dependence (Walters 1987).
For example, Ciannelli et al. (2004) found that high wind

speed induced negative density dependence in the survival
of walleye pollock eggs. Our analysis is one of the few, but
expanding, applications investigating both density-dependent
and density-independent factors in a rigorous statistical
framework that integrates multiple data sets within a life
cycle model. The framework amalgamates the density and
the mechanistic paradigms of investigating population regula-
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Fig. 4. Fit (line) to the survey abundance data (circles) for the lowest AICc model that includes Ricker survival between juveniles and adults
and a Beverton–Holt stock–recruitment relationship. Confidence intervals are the survey observations plus and minus two standard deviations
as estimated from bootstrap analysis.
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tion outlined by Krebs (2002) while accommodating the fact
that most available data is observational rather than experi-
mental. More detailed mechanistic processes could be in-
cluded in the model if the appropriate observational or
experimental data are available.
One factor is often erroneously singled out as the only ma-

jor cause of population decline (e.g., overfishing; Sibert et al.
2006). However, there is a substantial accumulation of evi-
dence that multiple factors interact to cause population de-
clines. Our analysis found support for a variety of factors
that influence delta smelt population dynamics. We also
showed that together these factors explain the decline in the
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Fig. 5. Fit (line) to the survey abundance data (circles) for the alternative model (the model that has the fewest covariates and the AIC is less
than two AIC units greater than the lowest AIC model) that includes Ricker survival from juveniles to adults and a Beverton–Holt stock–
recruitment relationship. Confidence intervals are the survey observations plus and minus two standard deviations as estimated from bootstrap
analysis.
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delta smelt population. Deriso et al. (2008) also found sup-
port that multiple factors influenced the decline and suppres-
sion of the Prince William Sound herring (Clupea pallasii)
population, including one or more unidentified factors related
to a particular year.
Three of the first four factors included in the delta smelt

application acted on the survival between larvae and juve-
niles. This is also the period where no density dependence
in survival occurred. The final model estimates that the fac-
tors explain all the variability in survival from larvae to juve-
niles. The 20 mm trawl survey, which provides information
on juvenile abundance, only starts in 1995 so there is less

data to explain, and this may be partly why the unexplained
process variability variance goes to zero. The process varia-
bility for the other stages may partly absorb the variability in
survival from larvae to juveniles.
Deriso et al. (2008) showed that multiple factors influence

populations and that analysis of factors in isolation can be
misleading. We also found that multiple factors influence the
dynamics of delta smelt and that evaluating factors in isola-
tion can produce different results than evaluating them in
combination. The type of density dependence assumed also
impacted what factors were selected. Specifically, one preda-
tor covariate (Pred2) would be the first selected covariate
based simply on AICc for two of the density-dependent as-
sumptions, but was not selected by the two-factor stepwise
procedure (see supplementary material1). However, this cova-
riate was selected in the first step of the two-factor stepwise
procedure for another density-dependent assumption, which
happened to be the final model with the lowest AICc. In the
final model the confidence intervals on the coefficient indi-
cate that this factor should not be included in the model. Ex-
ploratory analysis showed that this covariate had about a 0.6
correlation with a temperature (TpAJ) and a prey (EPAJ) co-
variate that were consistently selected in the first or seconds
steps, which operated on the same stage (larvae), when these
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Fig. 6. Estimates of the realizations of the process variation random effects (exp ss3t;s � 0:5s2
s

� �
) for the lowest AICc model that includes

Ricker survival between juveniles and adults and a Beverton–Holt stock–recruitment relationship (a) and the alternative model (the model that
has the fewest covariates and the AIC is less than two AIC units greater than the lowest AIC model) (b).

Table 7. Estimates of standard deviation of the process var-
iation and the percentage of the process variation explained
by the covariates for the lowest AICc model.

Standard deviation

Without
covariates

With
covariates

% variation
explained

Larvae 0.72 0.00 100
Juvenile 0.63 0.48 43
Adult 0.71 0.62 24
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covariates were combined together. The covariate was also
highly correlated with time (see supplementary material1).
We did find, to some extent, which other covariates were in-
cluded in the model, and the order in which they were in-
cluded changed depending on the density dependence
assumptions. However, apart from the one predator covariate,
the four density dependence assumptions tended to select the
same factors in the first few steps of the model selection pro-
cedure, although the order of selection differed.
Several of the model parameters show moderate to strong

correlations. The three covariates included in the lowest AIC
model, but not in the alternative model (EPJul, Secchi, and
Aent), are highly correlated with other model parameters.
The only coefficients that show strong correlation with each
other in the alternative model are EPAJ and TPJul. These co-
variates have a moderate negative correlation, while the coef-
ficients have a positive correlation and therefore offset each
other. High correlation may indicate that the data do not pro-
vide enough information to separate the effects represented
by the two parameters. However, hypothesis tests and the
confidence intervals of the coefficients are used to judge if a
particular hypothesis (covariate) is supported by the data. If
there is not enough information in the data to separate two
hypotheses, the hypothesis tests will fail to include one of
the covariates or the confidence interval of the covariate’s co-

efficient will contain zero. The parameters of the density de-
pendence function were highly positively correlated as
previously observed for stock–recruitment relationships
(Quinn and Deriso 1999), and reparameterization might im-
prove the estimation algorithm. The inclusion of several co-
variates (TpAJ, EPAJ, EPJA, TpJul, Pred1) were robust to
the form of density dependence and only showed low to
moderate correlation among their coefficients. The predator
covariate coefficient was highly correlated with the juvenile
survival density dependence parameters, making the inclu-
sion of this covariate less convincing. The predator covariate
was also positively correlated with year. The coefficients for
water clarity and adult entrainment, which were included in
the lowest AIC model but excluded from the alternative
model, were highly confounded with density dependence and
required constraining the density dependence to reasonable
parameter space. This may indicate that the effect of adult en-
trainment only shows up when abundance is very low. A
model within two AIC units of the lowest AIC model did
not contain either adult entrainment or water clarity, but did
include all the robust factors. The coefficient for adult en-
trainment is also unrealistically large, suggesting that the
model including water clarity and adult entrainment is unreli-
able.
The covariates were included in the model as simple log-
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Fig. 7. Estimates of abundance with and without covariates (coefficients of the covariates set to zero) (top panels) and ratio of the two with
95% confidence intervals (bottom panels, y axis limited to show details) from the lowest AICc (left panels) model that has Ricker survival
from juveniles to adults and a Beverton–Holt stock–recruitment relationship and the alternative model (the model that has the fewest covari-
ates and the AIC is less than two AIC units greater than the lowest AIC model) (right panels).
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linear terms. There may be more appropriate relationships be-
tween survival and the covariates. For example, good sur-
vival may be limited to a range of covariate values, so a
polynomial that describes a dome-shaped curve may be more
appropriate. There may also be interactions among the cova-
riates. Neither of these was considered in the delta smelt ap-
plication, although some of the covariates were developed
based on combining different factors such as water clarity
and predator abundance. Some of the covariates were highly
correlated (see supplementary material1), but those with the
highest correlations were either for different stages or not se-
lected in the final models.
Density dependence and environmental factors could influ-

ence other population processes (e.g., growth rates) or the
ability (catchability) of the survey to catch delta smelt. Mod-
eling of catchability has been extensively researched for indi-
ces of abundance based on commercial catch data (Maunder
and Punt 2004), and results have shown that the relationship
between catch per unit effort and abundance can be nonlinear
(Harley et al. 2001; Walters 2003). Rigorous statistical meth-
ods have been developed to account for habitat quality in the
development of indices of abundance from catch and effort
data (Maunder et al. 2006). Methods have been developed to
integrate the modeling of catchability within population dy-
namics models as a random walk (Fournier et al. 1998) or as
a function of covariates (Maunder 2001; Maunder and Lang-
ley 2004). Surveys are less likely to be effected by systematic

changes in catchability because sampling effort and survey
design tend to be more consistent over time than effort con-
ducted by commercial fishing fleets. Most fisheries stock as-
sessments assume that there are no systematic changes in
survey catchability unless there is an obvious change (e.g.,
change in survey vessel). Previous studies using the data in
this study have also assumed that catchability is constant
over time (Mac Nally et al. 2010; Thomson et al. 2010).
However, catchability may change because of factors such as
changes in the spatial distribution of the species or popula-
tion density. Similar methods as used for survival can be
used to model catchability as a function of density or envi-
ronmental factors. The standard deviations used in the likeli-
hood functions are based on bootstrap analysis that takes the
within-year sampling variability into consideration, but does
not account for between-year variation in catchability. Ran-
dom influences on catchability beyond those caused by sim-
ple random sampling can be accommodated by estimating the
standard deviation of the likelihood function used to fit the
model to the survey data (Maunder and Starr 2003). How-
ever, the fit to the delta smelt data appears better than ex-
pected from the bootstrap confidence intervals, suggesting
that the observation error is smaller than estimated by the
bootstrap procedure. Systematic and additional random varia-
tion in catchability could bias the evaluation of strength and
statistical significance of density dependence and environ-
mental factors (Deriso et al. 2007).
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Fig. 8. Estimates of the adult abundance with and without adult entrainment (top panels) and the ratio of adult abundance without adult
entrainment to that with adult entrainment (bottom panels, y axis limited to show details) from the lowest AICc model (left panels) with
Ricker survival from juveniles to adults and a Beverton–Holt stock–recruitment relationship and the alterative model (the model that has the
fewest covariates and the AIC is less than two AIC units greater than the lowest AIC model) (right panels).
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The estimates of the b parameter of the Beverton–Holt
stock–recruitment relationship between adults and larvae pro-
duced density dependence that was unrealistically strong in a
few models. Consequently, this caused estimates of some co-
efficients that were also unrealistic (e.g., the coefficient for
adult entrainment was nearly two orders of magnitude higher
than expected). Even when a model was selected for which
the b parameter was considered reasonable, the coefficient
for adult entrainment was still an order of magnitude greater
than expected. This illustrates that naively following AICc
model selection without use of professional judgment is not
recommended. We could have included all models in the
sum of the AICc weights by bounding the b parameter in the
parameter estimation process (the parameter would probably
be at the bound), but we considered inference based on mod-
els with a parameter at the bound inappropriate. An alterna-
tive approach would be to use an informative prior for b
(Punt and Hilborn 1997) to pull it away from unrealistic val-
ues, but we did not have any prior information that was con-
sidered appropriate.
Anderson et al. (2000) warn against data dredging as a

method to test factors that influence population dynamics. In
their definition of data dredging, they include the testing of
all possible models, unless, perhaps, if model averaging is
used. This provides somewhat of a dilemma when using a
multistage life cycle model because there are often multiple
candidate factors for each life stage and they may only be de-
tectable if included in the model together. For this reason, we
use an approximation to all possible models and rely on AICc
and AICc weights to rank models and provide an idea of the
strength of evidence in the data about the models and do not
apply strict hypothesis tests. Some form of model averaging
using AICc weights might be applicable to the impact analy-
sis, although the estimates of uncertainty would have to in-
clude both model and parameter uncertainty. The estimates
of uncertainty in our impact analysis underestimate uncer-
tainty because they do not include model selection uncer-
tainty, and use of model averaging might provide better
estimates of uncertainty (Burnham and Anderson 2002). In
addition, we use symmetric confidence intervals and ap-
proaches that provide asymmetric confidence intervals may
be more appropriate (e.g., based on profile likelihood or
Bayesian posterior distribution).
Our results suggest that of all the factors that we tested,

food abundance, temperature, predator abundance, and den-
sity dependence are the most important factors controlling
the population dynamics of delta smelt. Survival is positively
related to food abundance and negatively related to tempera-
ture and predator abundance. There was also some support
for a negative relationship with water clarity and adult en-
trainment and a positive relationship with the number of
days where the water temperature was appropriate for spawn-
ing. The first variables to be included in the model were
those related to survival from larvae to juveniles, followed
by survival from juveniles to adults, and finally the stock–
recruitment relationship. Mac Nally et al. (2010) also found
that high summer water temperatures had an inverse relation-
ship with delta smelt abundance. Thomson et al. (2010)
found exports and water clarity as important factors. We did
not include exports, but included explicit estimates of entrain-
ment. We found some support for adult entrainment, but it

was not one of the main factors, and the coefficient was un-
realistically high and highly correlated with the coefficient
for water clarity. Mac Nally et al. (2010) and Thomson et al.
(2010) only used the FMWT data and did not look at the dif-
ferent life stages, which probably explains why the factors
supported by their analyses differ from what we found.
We found strong evidence for density dependence in sur-

vival from juveniles to adults, some evidence for density de-
pendence for the stock–recruitment relationship from adults
to larvae, and evidence against density dependence in sur-
vival from larvae to juveniles. This might be surprising since
the population is of conservation concern owing to low abun-
dance levels. However, the available data covers years, partic-
ularly in the 1970s, where the abundance was high, and data
for these years provide information on the form and strength
of the density dependence. At the recent levels of abundance,
density dependence is probably not having a substantial im-
pact on the population, and survival is impacted mainly by
density-independent factors. Previous studies only found
weak evidence for a stock–recruitment relationship and sug-
gested that density-independent factors regulate the delta
smelt population (e.g., Moyle et al. 1992). Bennett (2005)
found that the strongest evidence for density dependence was
between juveniles and pre-adults. Mac Nally et al. (2010)
found strong support for density dependence, but Thomson
et al. (2010) did not.
Several pelagic species in the San Francisco Estuary have

also experienced declines, but the factors causing the declines
are still uncertain (Bennett 2005; Sommer et al. 2007).
Thomson et al. (2010) used Bayesian change point analysis
to determine when the declines occurred and included covari-
ates to investigate what caused the declines. They were un-
able to fully explain the decline, and unexplained declines
were still apparent in the early 2000s. The impact analysis
we applied to delta smelt suggests that the factors included
in the model explain the low levels of delta smelt from 2002
to 2006. However, there is still substantial annual variation in
the delta smelt abundance and uncertainty in the estimates of
abundance for these years.
The theory for state–space stage-structured life cycle mod-

els is well developed (Newman 1998; de Valpine 2002;
Maunder 2004), they have been promoted (Thomson et al.
2010; Mac Nally et al. 2010), they facilitate the use of multi-
ple data sets (Maunder 2003), they provide more detailed in-
formation about how factors impact a population, they
encompass all the statistical modeling advances advocated
by Rose et al. 2001, and we have shown that they can be im-
plemented. Therefore, we recommend that they are an essen-
tial tool for evaluating factors impacting species of concern
such as delta smelt.
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Appendix A. Calculating realistic values for
the b parameter of the Beverton–Holt and
Ricker versions of the Deriso–Schnute stock–
recruitment model
The third parameter (g) of the Deriso–Schnute stock–

recruitment model (Deriso 1980; Schnute 1985)

f ðNÞ ¼ aNð1� bgNÞ1g
can be set to represent the Beverton–Holt (g = –1) and
Ricker (g → 0) models (Quinn and Deriso 1999, page 95),
which correspond to

f ðNÞ ¼ aN

1þ bN
and f ðNÞ ¼ aN expð�bNÞ

The recruitment at a given reference abundance level (e.g.,
the carrying capacity N0) can be calculated as

R0 ¼ aN0

1þ bN0

and R0 ¼ aN0 expð�bN0Þ

The recruitment when the abundance is at a certain fraction
(p) of this reference level can be calculated as

Rp ¼ apN0

1þ bpN0

and Rp ¼ aN0 expð�bpN0Þ
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A standard reference in fisheries is the recruitment as a
fraction of the recruitment in the absence of fishing (the car-
rying capacity) that is achieved when the abundance is 20%
of the abundance in the absence of fishing (steepness).

h ¼ R0:2

R0

¼
1
N0
þ b

5
N0
þ b

and h ¼ R0:2

R0

¼ 0:2 expð0:8bN0Þ

To set b for a given steepness

b ¼ 5h� 1

N0 � hN0

and b ¼ lnð5hÞ
0:8N0

The 20% reference level was probably chosen because the
objective of fisheries management has traditionally been to
maximize yield, and it is generally considered that when a
population falls below 20% of its unexploited level, the stock
cannot sustain that level of yield. In the delta smelt applica-
tion, the concern is about low levels of population abundance
and we do not estimate the unexploited population size.
Therefore, a more appropriate reference level might be 5% of
the average level observed in the surveys.

h0:05 ¼ R0:05

Ravg

¼
1

Navg
þ b

20
Navg

þ b
and h0:05 ¼ R0:05

Ravg

¼ 0:05 expð0:95bNavgÞ

b ¼ 20h0:05 � 1

Navg � h0:05Navg

and b ¼ lnð20h0:05Þ
0:95N0:05

This specification is also more appropriate when consider-
ing both the Beverton–Holt and Ricker models because the

Ricker model reduces at high abundance levels, and the re-
cruitment at an abundance level that is 20% of the carrying
capacity could be higher than the recruitment at carrying ca-
pacity. We restrict the models to those that have b estimates
such that the expected recruitment when the population is at
5% of its average level (over the survey period) is equal to or
less than 80% of the recruitment expected when the popula-
tion is at its average level (Table A1). This is equivalent to a
Beverton–Holt h0.2 = 0.95 based on the abundance reference
level being the average abundance from the surveys, which is
probably conservative in the sense of not rejecting high val-
ues of b.
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Table A1. Maximum values of the parameter b for inclusion of
models in the model selection process.

Maximum b

Average
abundance Beverton–Holt Ricker

20 mm (larvae) 7.99 9.3867 0.3653
STN (juveniles) 6140 0.0122 0.0005
FMWT (adults) 459 0.1634 0.0064

Note: STN, summer tow net; FMWT, fall midwater tow.
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Introduction 
The influence of Fall X2 on the population dynamics of delta smelt was evaluated using a state‐space 

multi‐stage lifecycle model .  

Methods 
Fall X2 was calculated as the average of the monthly average X2 for two periods: 

1) October to December. 

2) September to December. 

The Alternative Model of Maunder and Deriso (submitted) was used to evaluate Fall X2. The model is 

run from 1972 to 2006 and includes the covariates TpAJ, TpJul, EPAJ, Pred1, and EPJA (see table 1). The 

model is run first without the inclusion of Fall X2. This is the same as the Alternative Model described in 

Maunder and Deriso (submitted). The model is then run including Fall X2 either before or after density 

dependence. The negative log‐likelihood is recorded and used to evaluate the support in the data for 

Fall X2 given the model assumptions and the inclusion of the other covariates.  

Results 
The negative log‐likelihood for the three model runs is 

No Fall X2          388.56 

Oct‐Dec Fall X2 before density dependence  388.52     

Oct‐Dec Fall X2 after density dependence  388.11 

Sept‐Dec Fall X2 before density dependence  388.53     

Sept‐Dec Fall X2 after density dependence  388.15 

The difference in the negative log‐likelihood for a single parameter is small compared to the values 

needed for statistical significance based on standard statistical tests like AIC or the likelihood ratio test. 

Therefore, the analysis did not find any statistical support for Fall X2 impacting survival from Adults to 

larvae (i.e. between the FMWT and the 20mm). 



To double check the results we regressed the adult survival process error from the Alternative Model 

against Fall X2 (p‐value = 0.38), which also does not find any statistical support for Fall X2 impacting 

survival from Adults to larvae.   

References 
Maunder, M.N. and Deriso, R.B. (submitted). A state‐space multi‐stage lifecycle model to evaluate 

population impacts in the presence of density dependence: illustrated with application to delta smelt. 
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Table 1. The variables used as candidates to account for the changes in delta smelt abundance. A = occurs between adult and larval stages, L = 
occurs between larval and juvenile stages, J = occurs between juvenile and adult stages. Norm = subtract mean and divide by standard deviation, 
Mean = divide by mean, Raw = not scaled. The covariate is attributed to after density dependence unless it is known to occur before density 
dependence. This is because density dependence generally reduces the influence of the covariate.  

 

Run  Name  Covar  Stage 

B(efore)/

A(fter)  Sign  Description 
Data 
scaling Justification 

2  TpAJ  2  L  B  ‐ or + 
Average water temperature 
Apr‐Jun in delta smelt habitat  Norm 

Temperature affects growth rate and survival of 
early life stages. 

4  TpJul  3  L  A  ‐ 
Average water temperature 
July in delta smelt habitat  Norm 

Higher water temperatures can be lethal. Could 
also include August temperature. 

5  EPAJ  4  L  B  + 

Minimum Eurytemera and 
psydodyoptimus density 
April‐Jun  Norm 

Measures height of food “gap” in spring, as Eury 
falls from spring maximum and Pseu rises from 
~0. 

8  Pred1  6  J  A  ‐ 
Sep‐Dec abundance other 
predators  Mean 

Predation is a source of direct mortality, 
measured as the  product of relative density 
from beach seine data with the square of 
average sechi depth 

18  EPJA  10  J  A  + 

Average eurytemera and 
psydodyoptimus density July‐
August  Norm 

Measures food availability in summer between 
STN and FMWT surveys, identified as problem 
by Bennett based on smelt condition. 
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We utilized recently available data from the 20-mm Tow-Net and Spring 
Kodiak Trawl, together with other Interagency Ecological Program and 
regional monitoring programs, to provide a comprehensive description 
of the range and temporal and geographic distribution of delta smelt 
(Hypomesus transpacificus) by life stage within the San Francisco Estuary, 
California.  Within 21 sampled regions we identified 289,401 survey 
events at 624 monitoring stations.  Delta smelt were observed at 430 
stations (69%) in an area from northern San Francisco Bay in the west, 
to the confluence of the Sacramento and Feather rivers in the north, and 
to the disjunction of Old and San Joaquin rivers in the south, an area of 
approximately 51,800 ha.  Delta smelt were observed more frequently and 
at higher densities (at all life stages) near the center of their range, from 
Suisun Marsh down through Grizzly Bay and east Suisun Bay through 
the Confluence to the Lower Sacramento region, and into the Cache 
Slough region.  Delta smelt larvae were observed in the San Francisco 
Estuary from March through July, sub-juveniles in April through August, 
juveniles in May through December, sub-adults in September through 
December, and pre-spawning and spawning adults in January through 
May.  This comprehensive review provides managers and scientists an 
improved depiction of the spatial and temporal extent of the delta smelt 
throughout its range and lends itself to future analysis of delta smelt 
population assessment and restoration planning.

Key words:  Delta smelt, distribution, Hypomesus transpacificus, spatial 
analysis, life stage, observed presence, Sacramento River delta, San 
Francisco estuary, San Joaquin River delta
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 The delta smelt (Hypomesus transpacificus) is a small, euryhaline fish endemic to the 
San Francisco Estuary of California (Estuary).  Once the most abundant fish captured in trawl 
surveys conducted in the Sacramento-San Joaquin Delta (Stevens and Miller 1983, Moyle and 
Herbold 1989, Stevens et al. 1990) the species suffered a reduction in numbers sufficient to 
justify threatened listing in 1993 under both the federal and California Endangered Species 
Acts (ESA).  Similar to other Estuary fish species, delta smelt experienced a further decline 
beginning in 2000 (Sommer et al. 2007) and was listed as endangered under the California 
ESA in 2009.  As a result, the delta smelt has received considerable attention as one of four 
pelagic fish species experiencing declines in abundance (see Armor et al. 2005, Baxter et 
al. 2008, Feyrer et al. 2010, Mac Nally et al. 2010, Thompson et al 2010). 

 Despite the critical condition of the delta smelt population, a geographical summary 
of its distribution by life stage has not been clearly defined.  Conservation planning under 
federal and state statutes requires spatial resolution (Tracy et al. 2004, Carroll et al. 2006).  
Distributional summaries of delta smelt were provided in the formal notice conferring its 
federal protection (USFWS 1993), subsequent designation of critical habitat (USFWS 1994), 
and completion of conservation planning documents (see USFWS 1996, 2003; California 
Resources Agency 2005, 2007).  However, these sources lack a spatial depiction of where 
and when delta smelt have been observed.  In a California Department of Fish and Game 
(CDFG) status review (Sweetnam and Stevens 1993), the historical range for the species 
was described using life history descriptions from existing literature.  The United States 
Fish and Wildlife Service (USFWS 1996) has also provided delta smelt distribution maps 
using data from the Fall Midwater Trawl, and the CDFG has created interactive maps using 
individual surveys for some of its monitoring programs (see http://www.dfg.ca.gov/delta).  
However, to our knowledge, no effort has been made to map the range of delta smelt using 
all available sampling data or to summarize distribution of delta smelt by life stage.

 The distribution of at-risk species is important information for conservation planning.  
Nearly all ecological data necessary to develop effective resource management agendas 
have attributes that can be portrayed spatially.  Distributional data in the forms of species 
range maps, breeding surveys, and biodiversity atlases have become tools used commonly 
in analyses of species-environment relationships (Brundage and Meadows 1982, Flather 
et al. 1997, Ferrier 2002, Ceballos and Ehrlich 2006, Hulbert and Jetz 2007, Cabeza et al. 
2010) and for conservation and management plans for endangered or threatened species, 
environmental risk assessment, and for calculating responses of at-risk species under future 
management scenarios (Dormann et al. 2007).  Conservation and monitoring programs 
designed to assess the effectiveness of those actions frequently are site-specific, and are 
more likely to be successful when spatial elements of planning are well understood (Tracy 
et al. 2004, Carroll et al. 2006). 

 Delta smelt are vulnerable to many environmental stressors (USFWS 1993, Moyle 
2002, Baxter et al. 2008, Healey et al. 2008), and the significance of a particular stressor 
may change in relation to its manifestation or proximity to the species (Tong 2001, Armor 
et al. 2005).  Furthermore, delta smelt are migratory (Bennett et al. 2002, Dege and Brown 
2004, Hobbs et al. 2007, Sommer et al. 2011), and habitat requirements differ by life stage.  
An understanding of where delta smelt are distributed throughout their range at each life 
stage may provide insight about habitat attributes important for each life stage and, therefore, 
help inform strategies as managers undertake habitat restoration actions.   
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 The purpose of this paper is to present a geographic summary of publicly available 
data on the distribution of delta smelt by life stage.  With initiation of the 20-mm Tow-Net 
in 1995 and the inception of the Spring Kodiak Trawl in 2002, the CDFG and other agencies 
that comprise the Interagency Ecological Program (IEP) provide data on the distribution of 
delta smelt at various life stages.  Using data from these surveys and a variety of publicly 
available sources, we refined knowledge of the spatial extent and distribution of delta smelt 
in the Estuary.  Specifically, we reviewed all available data on observed presence and density 
of delta smelt from a spatial perspective in an effort to document (1) the observed geographic 
extent of delta smelt, and (2) the spatial and temporal distributions for identified life stages.

  
MethodS

 Study area.—The Estuary is the largest of its kind along the U.S. Pacific Coast 
(approximately 1,235 km2, Rosenfield and Baxter 2007; Figure 1).  Formed by the confluence 
of the Sacramento and San Joaquin watersheds with San Francisco Bay, the Estuary drains 
an area of approximately 163,000 km2 (40% of California’s surface area; van Geen and 
Luoma 1999, Sommer et al. 2007) that stretches from the upstream limits of the Sacramento 
River in the north to the mountain tributary streams of the San Joaquin River in the south 
(Moyle 2002, Sommer et al. 2007).  The Estuary is brackish and tidally influenced through 
its connection to San Francisco Bay, and is an example of an inverted river delta (whereby 
the narrow end of the delta emerges on the seafront and the wide end is located further 
inland), one of only a few existing worldwide.  The water bodies east of the Sacramento 
River confluence with the San Joaquin River are commonly referred to as the Sacramento-
San Joaquin Delta (Delta).  The Delta is the upstream portion of the Estuary where riverine 
freshwater tidally washes back and forth within leveed channels, roughly between the cities 
of Sacramento, Stockton, Tracy, and Antioch.  The Delta extends about 37 km east to west 
and 77 km north to south and includes parts of Sacramento, San Joaquin, Contra Costa, 
Solano, and Yolo counties (Moyle 2002, Lund et al. 2007). 

 To facilitate the spatial depiction of delta smelt, we grouped monitoring locations 
into Estuary regions (Table 1; Figure 1) based on preliminary work by Kimmerer (2009) and 
physical landmarks (e.g., bays, sloughs) (Figure 1).  To distinguish areas with large-scale 
habitat differences (e.g., watershed drainages, confluences), we subdivided (1) the upper 
Sacramento River into two regions, differentiating the Ship Channel, Yolo Bypass, and 
Cache Slough from the rest of the upper Sacramento River; (2) San Pablo Bay into western 
and eastern regions; and, (3) the South Delta into the South Delta and upper San Joaquin 
River.  We also added a Sacramento Valley region (covering upstream from the confluence 
of the Sacramento and American rivers), two Napa River regions (split between the lower 
and upper), and a San Francisco Bay region. 

 IEP monitoring programs.—The CDFG and USFWS, as members of the IEP, have 
surveyed fish at a number of stations throughout the Estuary for several decades (Table 2, 
Figure 1).  These monitoring programs include the 20-mm Tow-Net (20-mm), Summer 
Tow-Net (STN), Fall Midwater Trawl (FMWT), Bay Study Midwater Trawl (BMWT), 
Spring Kodiak Trawl (Kodiak), and Beach Seine (herein collectively referred to as the IEP 
monitoring programs).  Each IEP monitoring program is conducted during a different season 
and sampling frequency (monthly or bi-weekly), and at a varying number of stations (30-
113; Table 2).  By employing different gears during different time periods, each monitoring 
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FIgure 1.—Monitoring stations of Interagency Ecological Program surveys conducted in the San Francisco 
Estuary by the California Department of Fish and Game (Summer Tow-Net, Fall Mid-Water Trawl, Bay Mid-
Water Trawl, Spring Kodiak Trawl, and 20-mm Tow Net) and the United States Fish and Wildlife Service (Beach 
Seine).  Dashed lines indicate regional boundaries.  The white area represents the legal Delta as set forth in the 
Delta Protection Act of 1959.
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taBLe 1.—San Francisco Estuary sampling regions and associated stations by sample method.  IEP monitoring 
programs are described in Table 2 and regional monitoring programs are described in Table 3.  NS = not sampled 
and NI = no regional sampling identified.

taBLe 2.—Interagency Ecological Program monitoring programs that sample delta smelt: years and months 
surveyed, number of survey stations, and size of delta smelt captured for each monitoring program.



169Fall 2011 DELTA SMELT SURVEY DATA

program is selective for different sizes of delta smelt, and therefore different life stages 
(Table 2).  The methods for the IEP monitoring programs have been described previously 
(Moyle et al. 1992, USFWS 2003, Bennett 2005), as have the merits of several resulting 
abundance indices (Bennett 2005).  

 Regional monitoring programs.—In addition to the IEP monitoring programs, 
numerous other monitoring programs are carried out by various governmental and non-
governmental entities, and for a variety of purposes (Table 3).  These programs utilize an 
assortment of gears including seining, electrofishing, and tow-nets.  Some of these programs 
have been carried out for a decade or more.  Collectively, they are referred to as regional 
monitoring programs throughout the remainder of this paper.  

taBLe 3.—Regional monitoring programs sampling delta smelt: survey location, survey gear, project, study pe-
riod, and data source.
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 Observed geographic extent.—To identify the geographic extent of delta smelt, we 
utilized records taken from IEP and regional monitoring programs.  We present all years of 
available data for each monitoring program (Tables 2 and 3).  If delta smelt were detected 
at least once at any given monitoring location, they were designated as present at that site; 
otherwise they were designated as not observed.  Because the detection probability for each 
type of survey gear is not available and each monitoring program is conducted at different 
sampling frequencies and levels of effort, we did not consider delta smelt to be absent from 
locations where the species was not observed (Pearce and Boyce 2006).  Since our objective 
was to identify the range of delta smelt presence, and not to examine where delta smelt are 
absent, we did not further assess the likelihood of falsely identifying delta smelt as being 
absent at a given location.  

 We developed a boundary for the observed geographic extent of delta smelt by 
using a 1-km buffer around sites where delta smelt were observed, including all open water 
between points within the boundary (Graham and Hijmans 2006 for discussion of buffer 
size).  We then calculated the surface area of all waters within the boundary.

 We also examined the geographic distribution of sampling stations and sampling effort 
among the IEP and regional monitoring programs.  We enumerated how many stations were 
sampled by each of the IEP monitoring programs and all the regional monitoring programs 
combined within each of the 21 identified regions, and calculated the percentage of regions 
sampled by each monitoring program.  

 Distribution by life stage.—Extending from the life history discussions of Moyle 
(2002) and Bennett (2005), we differentiated five separate delta smelt life stages:  larvae, 

taBLe 4.—Delineation of delta smelt life stages by the Interagency Ecological Program, fish size or reproduc-
tive stage, time periods, and years of available samples.  20-mm = 20-mm Tow-Net, STN = Summer Tow-Net, 
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sub-juveniles, juveniles, sub-adults, and mature adults (Table 4).  We chose a 15-mm total 
length as the cut-off between larvae and sub-juveniles because when delta smelt reach 16-18 
mm their fins are more developed and their swim bladder is filled with gas, making them more 
mobile within the water column (Moyle 2002).  We used 30 mm as the cut-off between sub-
juveniles and juveniles because this size is associated with a change in feeding regime (Moyle 
2002).  We chose 55 mm as the cut-off between juveniles and sub-adult and mature adults 
because growth slows between 55 and 70 mm (with most of the available energy diverted 
to gonadal development [Radtke 1966, Erkkila et al. 1950]).  Because maturation rate of 
captured delta smelt was reported for the Spring Kodiak Trawl, we used reproductive stage 
to further subdivide mature adults into pre-spawners and spawners.  Reproductive stages 1 
to 3 for females, and 1 to 4 for males, were classified as pre-spawning.  Reproductive stages 
4 in females, and 5 in males, were classified as spawning (J. Adib-Samii, CDFG, personal 
communication; additional information is available at: http://www.dfg.ca.gov/delta/data/
skt/eggstages.asp).

We used data from the IEP monitoring programs to elicit information on the temporal and 
spatial distribution of life stages.  For each life stage, we delineated a period of several months 
when delta smelt of that life stage often were observed.  We excluded months when delta 
smelt were caught in very low numbers (<3% of the total for that life stage) because those 
data would have biased frequency of observation and observed density results downward.  
Where possible, we used data from multiple monitoring programs that sampled the same 
life stage at different months during the year (Table 4).

 Although data are available for juveniles and adults back to 1967 (FMWT), we 
present only results from 1995 onward to compare life stage distributions during similar 
time periods; 20-mm Tow-Net surveys were first conducted in 1995, and provided data 
for larvae, sub-juveniles, and juveniles.  Data from two monitoring programs were not 
available for the full period from 1995 to 2009:  the Kodiak (2002-2009), and the BMWT 
(1995-2006), which after 2006 was adjusted to avoid high levels of delta smelt take (R. 
Baxter, CDFG, personal communication).  We excluded supplemental samplings because 
such surveys were conducted for special purposes and were not always consistent with the 
protocol for the program (R. Baxter, CDFG, personal communication).  To avoid introducing 
anomalies caused by the addition of new stations, we included only sampling stations that 
were sampled consistently (i.e., stations that were sampled ≥ 90% of the years).

 We calculated the average annual frequency of delta smelt observation at consistently 
surveyed stations for each life stage in each region for all years as

    Plrpy =  (Slrpy / Nrpy) (100)    (1)

where:  Plrpy is the percent of sampling events (i.e., a sample at a station) when delta smelt 
of life stage l were caught in region r during time period p and year y, Slrpy is the number of 
sampling events in region r when delta smelt of life stage l were caught during time period 
p and year y, and Nrpy is the total number of sampling events in region r during time period 
p and year y.  Next, the average annual frequency of delta smelt observation for each life 
stage and region was calculated as a simple average over all years.

We calculated the yearly observed density (Density; i.e. relative measure of abundance) 
of delta smelt for each life stage and region for all years by dividing the summed catches 
C of delta smelt for each life stage l, region r, time period p, and year y by the volume of 
water in cubic meters V that was sampled for each region and year, then multiplying by 
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10,000 to determine the catch per 10,000 m3 of water for each life stage, region, and year as

     Densitylry = (ΣClry /ΣVry) (10000)   (2)

 Next, the average annual observed density for each life stage and region was 
calculated as a simple average over all years.  To standardize these data, the average 
observed density for each life stage and r egion was then divided by the highest average 
annual observed density for that life stage and multiplied by 100.

 While recognizing that the gear employed to sample Estuary fishes varies in catch 
efficiency, and that catch efficiency varies both between monitoring programs and within 
samples of each monitoring program depending on a variety of factors including the size of 
individual fish, we did not attempt to adjust the results reported here for catch efficiency.  As 
a result, we did not attempt to draw conclusions regarding differences in densities between 
monitoring programs, or between life stages within a given monitoring program. 

 Our treatment of catch data was limited to frequency of observation and average 
observed density, rather than population estimates.  The latter would have required 
estimates of the volume of the body of water and reliance on the assumption that samples 
are representative of the density of smelt in the targeted water body.  The validity of such 
an assumption may be questionable in a variety of circumstances, particularly when using 
Beach Seine data since the demarcation between “beach habitat” and “open-water habitat” 
is difficult to specify.

 To describe the temporal extent of the presence of each life stage across all years, 
we calculated the frequency of observation and observed density by month for each life 
stage.  In so doing, we built upon the conceptual and analytical work of Bennett (2005), who 
provided a model of delta smelt life history that included the approximate months during 
which each life stage exists.  The percentage of delta smelt caught in any individual month 
was calculated as the total number of smelt of that life stage caught in that month since 
1995, divided by the total number of smelt of that life stage caught since 1995.  Because 
we did not attempt to compare catch between monitoring programs, we reported this result 
separately for each monitoring program.  We also reported the frequency with which each 
life stage was observed in each month in each monitoring program. 

reSuLtS

 Within the 21 identified regions of the San Francisco Estuary, we identified 289,401 
survey events (a sampling event at a given location and time) at 624 monitoring stations.  Of 
these, 444 (71%) were from IEP and 180 (29%) were from regional monitoring programs.  
The program with the single greatest number of monitoring stations was FMWT (136), 
followed by the Beach Seine (97), 20-mm (67), Kodiak (53), BMWT (52), and STN (39) 
(Table 1).  Delta smelt were observed at 347 of the 444 (78%) IEP monitoring stations and 
at 83 of the 180 (46%) regional monitoring stations identified in this study. 

 Observed geographic extent.—Delta smelt were observed in all of the 21 regions 
covering an area of about 51,800 ha (Figure 2).  Observations occurred as far west as 
Berkeley in San Francisco Bay, north on the Sacramento River to its confluence with the 
Feather River, and the San Joaquin River south of Stockton.  Tributary observations included 
the Napa River, Cache Slough, the American River to the north, and the Mokelumne and 
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Calaveras rivers to the east.  Delta smelt were also observed in seasonally-inundated habitat 
of the Yolo Bypass and the Cosumnes River at its confluence with the Mokelumne River.

 No single IEP monitoring program sampled all of the 21 regions (Table 1) that make 
up the observed extent of range (Figures 3 to 5).  The 20-mm and the FMWT had the highest 
coverage (80% of regions each).  The STN covered 71% of the regions, while coverage 
among the other IEP surveys ranged from 57 to 76%.   

  Distribution by life stage.—Delta smelt larvae were observed in the Estuary from 
March through July, sub-juveniles during April through August, juveniles during May 

FIgure 2.—Observations of delta smelt at monitoring stations of Interagency Ecological Program and Regional 
surveys.  Circles indicate Interagency Ecological Program stations where delta smelt were observed (closed) or 
not observed (open).  Triangles indicate Regional survey stations where delta smelt were observed (closed) or 
not observed (open).  The outlined area represents the observed delta smelt range.
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FIgure 3.—Location of 20-mm Tow-Net survey stations in relation to the observed delta smelt range (outlined 
area).  Circles represent stations consistently surveyed across all years (1995-2009).  Triangles represent stations 
not consistently surveyed.
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FIgure 4.—Location of Summer Tow Net survey stations in relation to the observed delta smelt range (outlined 
area).  Circles represent stations consistently surveyed across all years (1995-2009).  Triangles represent stations 
not consistently surveyed.
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FIgure 5.—Location of Fall Mid-Water Trawl survey stations in relation to the observed delta smelt range (out-
lined area).  Circles represent stations consistently surveyed across all years (1995-2009).  Triangles represent 
stations not consistently surveyed.
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through December, sub-adults during September through December, and pre-spawning 
and spawning adults during January through May (Tables 5 and 6).  For most life stages, 
delta smelt were observed most frequently near the center of their range — from Suisun 
Marsh down through Grizzly Bay and east Suisun Bay through the Confluence to the Lower 

DELTA SMELT SURVEY DATA

taBLe 5.—Percent of years delta smelt were observed in each month in at least one location in the Estuary by life 
stage and monitoring program (1995-2009).  20-mm = 20-mm Tow-Net, STN = Summer Tow-Net, FMWT = Fall 
Midwater Trawl, BS = Beach Seine, BMWT = Bay Midwater Trawl, and SKT = Spring Kodiak Trawl.

taBLe 6.—Percent of total delta smelt catch occurring in each month by lifestage and monitoring program (1995-
2009).  20-mm = 20-mm Tow-Net, STN = Summer Tow-Net, FMWT = Fall Midwater Trawl, BS = Beach Seine, 
BMWT = Bay Midwater Trawl, and SKT = Spring Kodiak Trawl.
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Sacramento River region, but also in the region of Cache Slough (Figure 6).  Regions where 
delta smelt were observed most frequently (regions in the upper quartile of each column in 
Table 7) for any life stage were northeast Suisun Bay, Grizzly Bay, Suisun Marsh, Confluence, 
Lower Sacramento River, Upper Sacramento River, Cache Slough and Ship Channel, and 

FIgure 6.—Average annual frequency of delta smelt observation (percentage of sampling events where delta 
smelt were observed) by life stage and Region for Interagency Ecological Program surveys.  Regions where the 
average frequency of detection for a given life stage was zero are indicated by no data column being present.  
Regions that were not sampled for a given life stage are indicated by a data column suspended slightly below the 
x-axis.  Y-axis ticks indicate frequencies of 0, 25, 50, 75, and 100 percent.  
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Lower San Joaquin River.  Westward of Suisun Bay, the frequency of observation tended to 
decrease as the distance from Suisun Bay increased.  San Pablo Bay typically had the lowest 
observed frequencies west of Suisun Bay.  The East and South Delta regions generally had 
low observed frequencies relative to other regions for the same life stage.  The exception 
was for larval delta smelt where these regions (with observed frequencies of 15% and 18%, 
respectively) were close to the median observed frequency of 16%.

 Delta smelt were observed at higher densities near the center of their range — the 
same area where they were observed most frequently:  from Suisun Marsh down through 
Grizzly Bay and east Suisun Bay through the Confluence to the Lower Sacramento River 
region, but also in the Cache Slough region (Figure 7).  The regions where delta smelt were 

FIgure 7.—Relative observed densities (average density for each life stage and region divided by highest 
average annual density observed for that life stage multiplied by 100) of delta smelt by life stage and region 
for Estuary-wide surveys.  Regions where the relative observed density for a given life stage was zero are 
indicated by no data column being present.  Regions that were not sampled for a given life stage are indicated 
by a data column suspended slightly below the x-axis.  Y-axis ticks indicate 0, 25, 50, 75, and 100 percent of 
highest observed density.
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observed in the greatest densities were the Confluence for larvae in the 20-mm; Lower 
Sacramento River for sub-juveniles in both the 20-mm and STN; Grizzly Bay for  juveniles 
in the 20-mm and STN, but Lower Sacramento River for juveniles later in the year in the 
FMWT; Lower Sacramento River for sub-adults in the FMWT;  Upper Sacramento River for 
mature adults in the Beach Seine; Grizzly Bay for mature adults in the BMWT; and Suisun 
Marsh for both pre-spawning and spawning adults in the Kodiak (Table 8).  Regions with 
the highest average observed densities (regions in the upper quartile of each column in Table 
8) for any life stage were northeast Suisun Bay, Grizzly Bay, Suisun Marsh, Confluence, 
Lower Sacramento River, and Upper Sacramento River.  Delta smelt observed densities 
(for all but the earliest life stages) were low in the western Suisun Bay and regions further 
to the west, and in the east and south Delta, relative to other areas. 

dIScuSSIon

 Observed geographic extent.—Extent of habitat is a critical piece of information for 
assessing the conservation status of a species (e.g., Millsap et al. 1990, IUCN 1994, Lunney 
et al. 1996, Burgman and Fox 2003).  The historical range of delta smelt was provided by 
Sweetnam and Stevens (1993) who described the species as existing as far upstream in the 
Sacramento River as the Feather River mouth (citing Wang 1991) and Mossdale on the San 
Joaquin River (citing Moyle et al. 1992), and downstream to western Suisun Bay.  

 We utilized recently available data from the 20-mm (since 1995) and Kodiak (since 
2002), together with other IEP and regional monitoring programs (since 1995) to provide 
information on areas of the Estuary where identified delta smelt life stages have been 
observed.  Though our study included additional portions of San Pablo Bay not detailed by 
Sweetnam and Stevens (1993), we identified essentially the same distribution of delta smelt 
on the Napa River, Cache Slough, Suisun Marsh tributaries, and San Joaquin River inferred 
by the earlier study.     

 Observations at the most upstream sampling stations in the Napa River, Cache Slough, 
and Sacramento and Calaveras rivers indicate that the extent of delta smelt distribution in 
these locations remains unknown.  Recently, Cache Slough and its tributaries have been 
identified as key habitat for delta smelt across all life stages (DSC 2010).  However, available 
survey data suggest the full distributional range of delta smelt in the Cache Slough drainage 
has not been identified by current sampling efforts.  These observations suggest sampling 
locations beyond those covered by current IEP monitoring could yield further insights into 
distribution and habitat requirements of this endangered fish.  

 Distribution by life stage.—While numerous factors affect the distribution of delta 
smelt (EET 1997, Meng and Matern 2001, Bennett et al. 2002, Kimmerer 2002, Baskerville-
Bridges et al. 2004, Dege and Brown 2004, Feyrer 2004, Grimaldo et al. 2004, Sommer et 
al. 2004, Bennett 2005, Feyrer et al. 2007, Baxter et al. 2008, Nobriga 2008), it was beyond 
the scope of this paper to relate distribution to causal factors.  Nevertheless, important 
information can be gleaned from this review, which may inform conservation planning and 
lead to research into factors driving delta smelt distribution.  For example, high frequency 
of observation and observed density of mature adults and early life stages are indicators of 
areas that could be spawning regions (Sommer et al. 2011).  Spawning occurring upstream 
in freshwater has been supported elsewhere through high catches of larval delta smelt along 
the edges of rivers and in adjoining sloughs in the western Delta (Moyle et al. 1992).  The 
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newer IEP monitoring programs provide potentially important information regarding general 
spawning locations.  The relatively higher presence of spawning adults in Suisun Marsh, 
Cache Slough, and the Lower Sacramento River indicate possible proximity to spawning 
areas, a suggestion also supported by high relative observed densities of larval smelt in 
downstream areas.  The Upper Napa River has relatively high observed densities of larvae, 
suggesting that this may also be an important area for spawning; considering their poor 
swimming ability, it is unlikely that larvae would have migrated up the Napa River from 
other locations.  The Napa River, which at one time was considered to be a population sink 
for delta smelt, is now considered a contributor to the adult population (Hobbs et al. 2007). 

 An important rearing area appears to be the stretch of water between the Lower 
Sacramento River and Grizzly Bay, with Grizzly Bay supporting an increasing proportion 
of young delta smelt as they mature.  The highest relative observed densities of juveniles in 
STN (with surveys from June to August) were found in Grizzly Bay.  This is corroborated by 
data from the 20-mm, which also showed Grizzly Bay to have the highest relative observed 
densities of juveniles (May to July).  By fall, the FMWT data indicate the highest relative 
observed juvenile densities usually are found further to the east in the Confluence and Lower 
Sacramento River regions — an area where sub-adults were also found in relatively high 
observed densities. 

 Spawning in the upstream regions of Napa River, Suisun Marsh, the Upper 
Sacramento River and Cache Slough, and maturing downstream in waters from Grizzly 
Bay upstream to the Lower Sacramento River is consistent with the well-noted migration of 
delta smelt (Grimaldo et al. 2009, Sommer et al. 2011).  The data also suggest year-round 
populations in the central regions (Lower Sacramento River downstream to Suisun Marsh) 
and in the Cache Slough and Ship Channel region.  Collectively, these observations, along 
with the report of Hobbs et al. (2007), are an indication of variability in the migratory 
patterns observed by Sommer et al. (2011).

 Outside of the central regions, the Cache Slough and Ship Channel was the only 
region that yielded high catches of delta smelt relative to other regions across multiple life 
stages for years 1995-2009.  Recent monitoring efforts have shown that delta smelt are 
utilizing the near-shore habitats of the Cache Slough and Ship Channel region (a restored 
tidal marsh) not only during the spawning season, but also on a year-round basis (DSC 
2010).  Many IEP studies are underway to understand the environmental mechanisms in 
Cache Slough that help create critical habitat for delta smelt.

 A number of observations can be taken from these distributional data that could 
contribute to more effective conservation planning for delta smelt.  First, some of the 
highest observed densities of delta smelt are found close to shore (Table 8), suggesting that 
some necessary or desired habitat conditions exist along the shoreline, possibly related to 
migration (Sommer et al. 2011) or spawning.  Second, it could be inferred from subregional 
delta smelt observed densities that, under contemporary conditions, the fish seem to be 
exhibiting higher densities in areas that are most similar to historic habitat — deep channels 
that occur proximate to more extensive areas of shallow water (Whipple 2010), which may 
to some degree be insulated from the influences of anthropogenic environmental stressors.  
Third, it appears that the monitoring programs may be missing useful information at some 
life stages in areas potentially important for delta smelt (e.g., areas upstream of existing 
consistently monitored stations in the Napa River, around Cache Slough and the adjacent 
ship channel, and several other tributaries to the Sacramento River). 
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 According to Feyrer et al. (2007), one factor limiting the utility of delta smelt 
empirical data is that those data frequently pertain to a particular life stage or time period 
when sampling was conducted.  Thompson et al. (2010) suggested a life history model 
linking the abundances of each life stage would provide a more continuous picture of the 
population and would capitalize more fully on available data.  Martin et al. (2007) suggested 
that conservation of migratory species depends largely on understanding links between 
different periods of life cycles.  These suggestions highlight the importance of, and the need 
for, a clearer understanding of the distribution of the various life stages of delta smelt.

 Concepts regarding restoration of native fish habitat and buffering from potential 
environmental disaster within the San Francisco Estuary have evolved considerably in recent 
years, particularly the restoration of tidal wetlands and floodplain habitats (Moyle 2008).  
While significant issues include the management of flow, invasive species responses, and 
future climatic effects (Brown and May 2006), our review provides important information 
on the life stage-specific distribution of delta smelt that was made possible by monitoring 
programs implemented by the IEP and other agencies since 1995.  

 According to Holl et al. (2003), a common conclusion of many restoration efforts is 
that success varies substantially among sites.  At least in part, varying success results from 
differences in hydrology, microclimate, and movement of plants, animals, and disturbance 
regimes.  Our review of the spatial distribution of delta smelt highlights general regions that 
appear important for specific life stages.  Such information will be useful when addressing 
management issues such as anthropogenic stressors, habitat restoration efforts, and testing 
the success of experimental approaches to achieving habitat objectives for desirable species 
(Moyle et al. 2010).  This comprehensive review of delta smelt distribution within the San 
Francisco Estuary provides managers and scientists an improved depiction of the spatial and 
temporal extent of the delta smelt throughout its range, and lends itself to future analysis of 
population assessment and restoration planning.
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the Decline of Delta Smelt
(Hypomesus transpacificus) in the
Sacramento-San Joaquin Estuary
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The delta smelt is an annual fish that is endemic to the Sacramento-San Joaquin Estuary and is protected under federal
and California Endangered Species Acts. Record low abundances have occurred since 2004. Three questions are addressed
here: What is the relative importance of environmental factors with direct effects on abundance? Do factors that may
have indirect effects provide an explanation of abundance changes? Are effects of environmental factors better accounted
for individually or as criteria defining the volume of water with suitable abiotic attributes? Strong evidence was found
of density-dependent population regulation. The density of prey was the most important environmental factor explaining
variations in delta smelt abundance from 1972 to 2006 and over the recent period of decline in the abundance of the fish.
Predation and water temperature showed possible effects. Entrainment of delta smelt at south Delta pumping plants showed
statistically significant effects on adult-to-juvenile survival but not over the fish’s life cycle. Neither the volume of water with
suitable abiotic attributes nor other factors with indirect effects, including the location of the 2 ppt isohaline in the Delta in
the previous fall (“fall X2”), explained delta smelt population trends beyond those accounted for by prey density.

[Supplementary materials are available for this article. Go to the publisher’s online edition of Reviews in Fisheries Science
for the following free supplemental resources: information on factor selection and specification; and estimating the volume
of abiotic habitat.]

Keywords delta smelt, life-cycle model, multiple regression, effects hierarchy, pelagic organism decline

INTRODUCTION

It is a terrible juxtaposition of superlatives for the delta smelt.
No other species currently protected under the federal Endan-
gered Species Act has declined so dramatically since its listing.
The index of abundance of delta smelt in the Sacramento-San

Address correspondence to Dr. William J. Miller, San Luis & Delta-Mendota
Water Authority, 318 Arizona Avenue, Point Richmond, CA 94801, USA.
E-mail: bjmiller41@gmail.com.

Joaquin Delta has fallen almost three orders of magnitude since
the fish was afforded protection in 1993 (California Department
of Fish and Game [CDFG], 2010a). The need for immediate
conservation responses is acute, but that need confronts another
unfortunate delta smelt reality—perhaps less is known about
the habitat of delta smelt, resources essential to its persistence,
and the environmental stressors causing its low population
numbers than is known about any other listed species. The
life cycle of the tiny estuarine fish takes place in turbid, open
waters, making it impossible to observe its behavior and
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2 W. J. MILLER ET AL.

account for many of its vital ecological relationships. Several
candidate factors have plausible mechanisms of effect on delta
smelt numbers, but previous attempts to relate environmental
stressors to the decline of this fish were not able to identify
the factors responsible for the recent declines in the abundance
index to near-extinction levels. It might be fairly argued
that no other federally listed species needs more immediate
conservation attention, but a lack of reliable scientific guidance
has hampered focused actions in support of delta smelt
recovery.

The delta smelt is predominantly an annual species, with few
individuals surviving to two years (Bennett, 2005). They are
endemic to the San Francisco Bay-Delta Estuary. Delta smelt
rear as juveniles and sub-adults upstream and downstream of the
confluence of the Sacramento and San Joaquin Rivers for about
seven months of the year, from late spring until the following
winter (Bennett, 2005). Moyle (2002) described delta smelt as
fish that “hang out in the water column and rely on their small
size and transparency to hide them from predators in turbid wa-
ter” (p. 228). Some delta smelt reside upstream in low salinity
and fresh waters year around (Sommer et al., 2009). In winter,
adults disperse into turbid waters that are necessary for efficient
feeding of larvae on zooplankton (Baskerville-Bridges et al.,
2004; Mager et al., 2004), with much of the population entering
the Sacramento-San Joaquin Delta (Moyle, 2002). Spawning,
triggered by increasing water temperature, begins as early as
late February and can continue into June (Bennett, 2005). The
environmental changes that have accompanied settlement and
exploitation of the Delta have forced major adjustments in re-
sources and conditions essential to survival and persistence of
delta smelt.

No field data have been derived from experiments that di-
rectly relate delta smelt population responses to variation in
physical and biotic conditions; however, general agreement ex-
ists both on the environmental features that seem to determine
the location of delta smelt in the estuary and on stressors that
could be contributing to decline of the fish. A conceptual model
that describes and relates essential resources and suspected
threat factors affecting population dynamics of delta smelt and
other declining pelagic organisms in the Delta was developed
by a multi-agency working group (Armor et al., 2005; Baxter
et al., 2008; Baxter, 2010); however, no quantitative model has
been available. Several recent studies have attempted to relate
delta smelt population index data to suspected environmental
stressors, but those studies had deficiencies that rendered their
results uninformative (Feyrer et al., 2007; Mac Nally et al.,
2010; Thomson et al., 2010).

Relating delta smelt population trends to changes in envi-
ronmental factors that affect survival and reproduction of the
fish, both directly (for example, predation, food supply, and en-
trainment) and indirectly (for example, flow and phytoplankton
density), risks producing uninformative or confusing results. To
maximize the likelihood of identifying actual causative rela-
tionships, the analysis presented here is initiated by developing
an effects hierarchy that differentiates between those environ-

mental covariates that act directly on the survival, reproduction,
or recruitment of the delta smelt and those that act indirectly
through one or more factors that act directly. This article fo-
cuses primarily on environmental factors with direct effects on
survival or reproduction, leaving a rigorous attempt to identify
indirect factors with important effects on direct factors for sub-
sequent analyses (see Glibert et al., 2011, for example). This
approach has three advantages. First, focusing on the limited
number of variables with direct effects on delta smelt reduces the
confounding effects of multi-collinearity and differential mea-
surement error. When candidate causation factors are related to
or interact with one another, the factor with lower measurement
error may displace factors that have greater measurement er-
ror, even when those latter factors can be demonstrated to have
greater effects signals (Zidek et al., 1996). Second, it reduces
the possibility that identification of important environmental
factors will be uninformative to decisions about resource man-
agement. This problem can arise if a factor with indirect effects
is identified as itself important, but that factor acts through other
factors that have direct or indirect effects. The best management
response may involve controlling, or otherwise mitigating, not
the environmental factor with an indirect effect identified as im-
portant, but rather, other factors. Third, arrangement of factors
according to their hierarchy of effects provides information im-
portant in choosing the analytical method. Because pathways of
effects can be delineated from knowledge of the mechanisms
of ecological effects, a straightforward succession of multiple
regression analyses, proceeding down each vertical path of the
hierarchy, is suggested as the appropriate analytical approach to
identifying the factors that best predict delta smelt population
dynamics.

Several analysts have previously used measures of the vol-
ume of water with suitable attributes of conductivity, Secchi
depth (as a measure of turbidity), and water temperature, which
have been termed “abiotic habitat,” to account for changes in
abundance of delta smelt (e.g., Feyrer et al., 2007). In a subse-
quent biological opinion on delta smelt developed by the U.S.
Fish and Wildlife Service (USFWS), inferences from those anal-
yses were used to assert that a range of suitability in the extent
of those abiotic factors limits abundance of delta smelt, and
that increasing that extent is important to the recovery of delta
smelt (USFWS, 2008). The hypothesis was tested that the vol-
ume of water within ranges of conductivity, Secchi depth, and
water temperature at which most delta smelt occur explained
variations in survival and reproduction. Several measures of
that volume were developed and their effects on survival and
reproduction were analyzed.

Index values for relative abundance of delta smelt were de-
rived from standard trawler-generated data, specifically, the
Fall Midwater Trawl (FMWT; CDFG, 2010a) and the Sum-
mer Townet Survey (STN; CDFG, 2010b). From relative abun-
dance estimates, annual estimates of survival from juvenile to
sub-adult life stages were developed, as well as survival and
reproduction (hereinafter, referred to as “survival”) across gen-
erations from sub-adult to juvenile life stages. Those estimates

Reviews in Fisheries Science vol. 20 1 2012

D
ow

nl
oa

de
d 

by
 [

W
ill

ia
m

 J
. M

ill
er

] 
at

 1
1:

53
 1

8 
Ja

nu
ar

y 
20

12
 



INVESTIGATION OF FACTORS AFFECTING DECLINE OF DELTA SMELT 3

were used as response variables. Annual values for a variety
of environmental variables were then developed, each of which
could plausibly affect delta smelt population size and persis-
tence. In doing so, the resource requirements and distribution
of delta smelt at different sizes and in different stages in their
life cycle were considered. From those candidate factors, a lim-
ited number were selected that offer the most plausible mecha-
nism(s) of direct effect on delta smelt survival and abundance.
In so doing, well-considered direct factors were differentiated
from factors that may indirectly affect the size of and trend in
delta smelt numbers through their effects on direct factors. From
the abiotic and biotic factors in the Delta that appear to have di-
rect effects on delta smelt, those that may be most important
were selected, based on inferences drawn from available data
and analyses. Multiple regression was used with three criteria
to identify environmental factors that may be most important to
survival and to evaluate the relative importance of those factors:
goodness of fit of equations measured by the Akaike Informa-
tion Criterion (AICc), the proportion of variation accounted for,
and the significance of the regression coefficients. Using this
general method, analyses were conducted to address three fun-
damental questions with important management implications:
What is the relative importance of environmental factors that
have direct effects on delta smelt abundance? Do environmental
factors with indirect effects further explain abundance changes
once effects of factors with direct effect are accounted for? Are
the effects of environmental factors best accounted for indepen-
dently or as criteria by which the volume of water with suitable
attributes can be measured?

Based on the availability of data, these questions were
directed at three periods in the annual life cycle of delta
smelt—sub-adult (fall) to juvenile (summer), juvenile (sum-
mer) to sub-adult (fall), and sub-adult (fall) to sub-adult (fall).
Because delta smelt has an annual life cycle, the last period is
one version of a life-cycle model. Such a model has been iden-
tified as critically important in the development of a program to
encourage recovery of delta smelt and to prevent jeopardizing
its existence (Wanger, 2010). Analysis of the two within-year
periods was carried out to better understand the factors that af-
fect delta smelt survival between intermediate life stages during
the year.

METHODS

Period of Analysis

The period of analysis covered the years 1972 through 2006.
The initial year was selected because it was the first year of
comprehensive surveys for zooplankton density throughout re-
gions of the estuary occupied by delta smelt. The year 2006 was
chosen because at the time this analysis began, comprehensive
environmental data were only available through that year, and
the period 2000 to 2006 includes the sharp decline in abun-

dance of delta smelt that has persisted with little change since
2006.

Abundance and Survival

Two trawler-based surveys provide time-series population
data from which long-term measures of annual delta smelt abun-
dance can be estimated—the FMWT (1967–present), which
samples sub-adult delta smelt, and the STN (1959–present),
which samples for juveniles. Those data were used to provide
the response variables representing delta smelt population
size through time. An index of relative abundance has been
calculated from both surveys by the CDFG since before 1970
(http://www.dfg.ca.gov/delta/). The indices are calculated by
averaging catch per unit effort (for FMWT) or catch (for
STN), assuming that volumes of water passing through the
net are approximately the same for all STN tows over each
Delta sub-region, then weighting the resulting averages by
the estimated volume of water in the respective sub-region
and summing sub-region estimates of abundance over all sub-
regions. The FMWT index was used as calculated by the CDFG
(http://www.dfg.ca.gov/delta/projects.asp?ProjectID=FMWT);
this index is generally assumed to be the most accurate
long-term index of delta smelt abundance, because it samples
larger fish at approximately the same times each year over more
stations than the STN. FMWT surveys were not conducted
in 1974 and 1979, so those years were eliminated from the
analysis.

There were concerns about the STN index. It is based on
data from the first two surveys each year, and starting dates for
the first survey can vary from year to year by as much as six
weeks. Furthermore, more than one tow typically is made at
each station, and catch is summed over all tow samples rather
than averaged. It could not be confirmed that volumes of water
in each sub-region used for the STN index were as accurate as
those derived by detailed analysis of NOAA navigation charts.
Therefore, despite the decades-long use of the STN index by
analysts in this estuary, it was concluded that its flaws were too
serious to justify its use as one of the two abundance variables
in the present analyses, so an alternative estimate of summer
juvenile delta smelt abundance was derived to overcome these
problems. This estimate is referred to as “July abundance.” It
is based only on STN surveys that occur all or in part in July
(the only month in which surveys occur each year), uses average
rather than summed catch per tow, and uses updated volumes
for each sub-region of the Bay Delta system.

Delta smelt survival is the response variable in the statistical
analyses in this study. In these analyses, survival, as measured
by index values, includes reproduction that occurs during the
fall-to-summer period (that is, from pre-spawning adults in the
fall to the next generation’s juveniles in the July) and the fall-
to-fall period (that is, a complete life cycle from pre-spawning
adults in the fall to the next generation’s pre-spawning adults
the following fall). Three measures of delta smelt survival can
be derived from the two abundance indices—fall-to-summer
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4 W. J. MILLER ET AL.

survival, summer-to-fall survival, and fall-to-fall survival. Envi-
ronmental factors that can reasonably be surmised to affect each
of these three measures of survival were analyzed. Analyses of
the former two measures provided insight into more important
factors affecting fall-to-fall survival.

Environmental Factors and Their Hierarchy of Effects

Drawing on agency reports, several dozen biotic and abiotic
factors were specified, that is, identified and quantified, along
with variations of those factors, that have plausible mechanisms
of effect on the abundance of delta smelt (Armor et al., 2005;
Baxter et al., 2008; USFWS, 2009; Baxter, 2010) and for which
data were available. Each factor was carefully specified, with
consideration of the distribution of delta smelt and ranges of
factor variation at different times of the year. Data on delta
smelt distribution and environmental factors were segregated
into sub-regions of the estuary, shown in Figure 1. Based on
their mechanisms of effects, environmental factors were segre-
gated into those with direct effects on delta smelt abundance
and those with indirect effects, that is, effects that act through
other factors that have direct effects. Factors that have direct
effects on survival of delta smelt were grouped into categories
(for example, water temperature, prey densities, entrainment at
water export pumps); the same was done for factors with indirect
effects on the smelt. Descriptions of each factor are in supple-
mental material to this article, along with the rationale for the
selection of each factor and method used for its quantification.

Figure 2 illustrates the general categories of factors, arranged as
an “effects hierarchy.” Apparent in the diagram is that certain
factors—such as turbidity, water temperature, and flows through
the Delta—appear at several locations in the hierarchy and may
act indirectly on delta smelt, often in combination with other
indirect factors. Data were available for all direct factors except
disease and contaminants; however, effects of disease and con-
taminants on factors with indirect effect would be manifested as
changes in factors with direct effect.

A Sawtooth Pattern in Survival

A pronounced inter-year “sawtooth” pattern in the survival
of delta smelt was identified, that is, a persistent pattern of
alternating years with higher and lower survival. This pattern
was nearly identical in fall-to-summer and fall-to-fall index se-
quences, as shown in Figure 3. The probability was simulated
that alternating peaks and troughs for 13 years would occur, as
they did for years 1987 to 2000, if survival were random from
year to year. This probability was estimated as 0.025—likely
an overestimate because of the actual decreasing trend in delta
smelt abundance over that period. Based on this analysis, it
was concluded that there was a very low probability that this
pattern occurred by chance. Two possible causes of the pattern
were considered, one being the effect on delta smelt numbers of
an environmental factor or combination of factors that exhibit
corresponding, year-to-year sawtooth variation, and the other
being an inherent aspect of the physiological ecology and/or

Figure 1 Sub-regions of the Bay-Delta Estuary.

Reviews in Fisheries Science vol. 20 1 2012

D
ow

nl
oa

de
d 

by
 [

W
ill

ia
m

 J
. M

ill
er

] 
at

 1
1:

53
 1

8 
Ja

nu
ar

y 
20

12
 



INVESTIGATION OF FACTORS AFFECTING DECLINE OF DELTA SMELT 5

delta smelt abundance
fe

cu
nd

ity

pr
ed

a�
on

po
w

er
 p

la
nt

 
en

tr
ai

nm
en

t

di
se

as
e

fis
h 

siz
e

ph
yt

op
la

nk
to

n

tu
rb

id
ity

# 
pr

ed
at

or

di
ve

rs
io

n

fis
h 

di
st

’n

pr
ey

 d
en

sit
y

fr
ac

�o
n 

of
 

fe
m

al
es

w
at

er
 te

m
p.

ai
r t

em
p.

flo
w

co
nt

am
in

an
ts

lo
ad

in
g

di
lu

�n
g 

flo
w

SW
P-

CV
P 

en
tr

ai
nm

en
t

tu
rb

id
ity

O
M

R 
flo

w X2
De

lta
 o

u�
lo

w

ex
po

rt
s

SJ
 R

iv
er

 fl
ow

ex
po

rt
s

De
lta

 in
flo

w

factors affec�ng
prey density
here are the 
same as those
affec�ng
prey density
in the first row

se
le

c�
ve

 
ha

rv
es

t o
f 

la
rg

er
 fi

sh flo
w

aq
ua

�c
 

ve
ge

ta
�o

n

da
m

s

hy
dr

au
lic

 
m

in
in

g

ex
te

nt
 o

f s
ui

ta
bl

e 
sp

aw
ni

ng
 h

ab
ita

t

pr
ey

 d
en

sit
y

su
ita

bl
e 

su
bs

tr
at

e

ai
r t

em
p.

w
at

er
 te

m
p.

ba
ct

er
ia

de
tr

itu
s

tu
rb

id
ity

As
ia

n 
cl

am

re
sid

en
ce

 �
m

e

N
 &

 P
 c

on
c.

flo
w

N
 &

 P
 

lo
ad flo

w flo
w

aq
ua

�c
 

ve
ge

ta
�o

n

da
m

s

hy
dr

au
lic

 
m

in
in

g

w
at

er
 te

m
p.

su
ita

bl
e 

ph
ys

ic
al

 
ch

ar
ac

te
ris

�c
s

flo
w

oc
ea

n 
up

w
el

lin
g

co
nt

am
in

an
ts

di
se

as
e

co
nt

am
in

an
ts

di
se

as
e

lo
ad

in
g

di
lu

�n
g 

flo
w

lo
ad

in
g

di
lu

�n
g 

flo
w

delta smelt abundance
fe

cu
nd

ity

pr
ed

a�
on

po
w

er
 p

la
nt

 
en

tr
ai

nm
en

t

di
se

as
e

fis
h 

siz
e

ph
yt

op
la

nk
to

n

tu
rb

id
ity

# 
pr

ed
at

or

di
ve

rs
io

n

fis
h 

di
st

’n

pr
ey

 d
en

sit
y

fr
ac

�o
n 

of
 

fe
m

al
es

w
at

er
 te

m
p.

ai
r t

em
p.

flo
w

co
nt

am
in

an
ts

lo
ad

in
g

di
lu

�n
g 

flo
w

SW
P-

CV
P 

en
tr

ai
nm

en
t

tu
rb

id
ity

O
M

R 
flo

w X2
De

lta
 o

u�
lo

w

ex
po

rt
s

SJ
 R

iv
er

 fl
ow

ex
po

rt
s

De
lta

 in
flo

w

factors affec�ng
prey density
here are the 
same as those
affec�ng
prey density
in the first row

se
le

c�
ve

 
ha

rv
es

t o
f 

la
rg

er
 fi

sh flo
w

aq
ua

�c
 

ve
ge

ta
�o

n

da
m

s

hy
dr

au
lic

 
m

in
in

g

flo
w

aq
ua

�c
 

ve
ge

ta
�o

n

da
m

s

hy
dr

au
lic

 
m

in
in

g

ex
te

nt
 o

f s
ui

ta
bl

e 
sp

aw
ni

ng
 h

ab
ita

t

pr
ey

 d
en

sit
y

su
ita

bl
e 

su
bs

tr
at

e

ai
r t

em
p.

w
at

er
 te

m
p.

ba
ct

er
ia

de
tr

itu
s

tu
rb

id
ity

As
ia

n 
cl

am

re
sid

en
ce

 �
m

e

N
 &

 P
 c

on
c.

flo
w

N
 &

 P
 

lo
ad flo

w flo
w

aq
ua

�c
 

ve
ge

ta
�o

n

da
m

s

hy
dr

au
lic

 
m

in
in

g

flo
w

aq
ua

�c
 

ve
ge

ta
�o

n

da
m

s

hy
dr

au
lic

 
m

in
in

g

flo
w

aq
ua

�c
 

ve
ge

ta
�o

n

da
m

s

hy
dr

au
lic

 
m

in
in

g

w
at

er
 te

m
p.

su
ita

bl
e 

ph
ys

ic
al

 
ch

ar
ac

te
ris

�c
s

flo
w

oc
ea

n 
up

w
el

lin
g

co
nt

am
in

an
ts

di
se

as
e

co
nt

am
in

an
ts

di
se

as
e

co
nt

am
in

an
ts

di
se

as
e

lo
ad

in
g

di
lu

�n
g 

flo
w

lo
ad

in
g

di
lu

�n
g 

flo
w

Figure 2 A simplified effects hierarchy of factors affecting delta smelt abundance. Row one, below delta smelt abundance, shows the factor categories that act
directly to affect delta smelt. Row two includes factors that act indirectly on the fish. Rows three and four represent second-order and third-order indirect factors.
Factors appearing in several locations are colored (color figure available online).

behavior of delta smelt. Relationships were examined between
the sawtooth pattern and environmental factors with both direct
and indirect effects on delta smelt. No factor or factors could be
identified that explained the sawtooth pattern for more than a
few sequential years, so it was concluded that an inherent cause
seems more tenable. This effect was captured by including abun-
dance from the year previous to that over which survival was
estimated, a term referred to herein as “previous-previous fall
abundance.”

Identifying Best Regression Equations Using
Factors with Direct Effect

General Approach

From each category of environmental factors with direct ef-
fects, represented as the factors in the first row in Figure 2, one

or two initial factor quantifications were selected that, based on
available knowledge of delta smelt biology, were likely to be
most important in determining delta smelt survival. Values of
those environmental factors are shown in Table 1. The reasons
for their selection are presented in supplemental material. Then
the effect of each of these factors was analyzed, along with
previous delta smelt abundance (to capture effects of density
dependence) and previous-previous fall abundance (to capture
effects of the sawtooth pattern in survival). Statistical methods
for this analysis are described below and are based on two key
assumptions: that the FMWT and July abundance indices are
approximately proportional to delta smelt abundance, and that
the abundance index at one point in time is proportional to the
abundance index at a previous time, apart from the effects of
measured variables, sampling errors, process error variation,
and density-dependent effects.

The analysis was initiated using the Ricker model (Ricker,
1958). This model assumes that the population abundance at
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Figure 3 Delta smelt survival values from fall to summer and from fall to fall,
which are derived from survey index values.

time t + 1 is related to the abundance at time t by an equation
of the form

Nt+1 = Nt Exp{r (1 − Nt/k)}, (1)

where r is the intrinsic growth rate, and k is the carrying capacity
for the population. Taking natural logarithms gives

Ln(Nt+1/Nt ) = r − (r/k)Nt

and a linear relationship of the form

Ln(Nt+1/Nt ) = A + B Nt (2)

relating the change ratio Nt + 1/Nt to the density-dependent term
BNt. A generalization of this model assumes that the right-
hand side of equation 1 also includes multiplicative effects of
p variables X1, X2, . . ., Xp, so that

Nt+1 = Nt Exp{r (1 − Nt/k)}

× Exp(α + β1 X1 + β2 X2 + · · · + βp X p), (3)

where α is a constant. Equation 2 then becomes

Ln(Nt+1/Nt )=β0+B Nt +β1 X1+β2 X2+· · · + βp X p, (4)

where β0 = A + α is a constant.
A further generalization of the Ricker model includes a term

for delta smelt abundance two years before a given population
year, allowing characterization of the sawtooth pattern in sur-
vival, so that it becomes

Ln(Nt+1/Nt ) = β0 + B Nt + C Nt−1 + β1 X1

+β2 X2 + · · · + βp X p, (5)

where C is another regression coefficient. This equation applies
when the change in abundance from time t to time t + 1 depends
to some extent on population abundance both at time t and at
time t – 1.

Abundance Changes from Fall to Summer

For changes in abundance from fall to summer, the equivalent
to equation 5 is

Ln(J Abt+1/F Abt ) = β0 + B F Abt + C F Abt−1

+β1 X1 + β2 X2 + · · · + βp X p, (6)

where JAbt + 1 is the July abundance in year t + 1, and FAbt is
the fall abundance in year t.

In practice, equation 6 will have a process error; the value
of the dependent variable will be the value predicted by the
right-hand side of the equation plus an error et. Also, observed
values of Ln(JAbt + 1) and Ln(PFAbt) and FAbt and FAbt – 1 will
have sampling errors. This raises the possibility of biases in
the estimated values of coefficients on the right-hand side of
the equation, if these are estimated by ordinary multiple linear
regression.

For this reason, the Solow (1998) method for fitting pop-
ulation models with sampling errors in abundance estimates
was initially considered for the estimation of equation 6 and
the models below for summer-to-fall and fall-to-fall changes in
delta smelt abundance. Essentially, this method uses the prin-
ciple of simulation and extrapolation (SIMEX) to first simulate
an increase in the level of sampling errors in abundance esti-
mates, then it extrapolates to estimate outputs with no sampling
errors in the abundance estimates. Use of the Solow method
indicated that any biases in the estimated coefficients of X vari-
ables are quite small due to sampling errors in the delta smelt
abundance indices. Therefore, it was concluded that ordinary
multiple regression is appropriate for estimating equation 6 and
the equations for summer-to-fall and fall-to-fall changes in the
abundance of delta smelt.

Nevertheless, the extent of possible biases was investigated
further by simulating data based on fitted versions of equation
6. First, the value of Ln(JAbt + 1/FAbt) was set equal to the
right-hand side of the estimated equation 6 plus a normally
distributed process error with a mean of zero. Normally
distributed sampling errors were then added to the values
of Ln(JAb) and Ln(FAb) with means of zero and standard
deviations obtained by bootstrap resampling of the FMWT and
STN data as described by Manly (2010a, 2010b). The simulated
data with process errors and sampling errors were then used
to obtain multiple regression estimates of the parameters β0,
B, C, and β1 to βp of equation 6. The generation of simulated
data was repeated 10,000 times. Mean values of the estimated
parameters were compared with the values used to generate the
data to establish whether sampling errors in abundance indices
introduce important biases in the estimates. Standard deviations
in the simulated parameter estimates were also compared with
the standard errors obtained from the original regression to
estimate equation 6 using the observed data to see if any biases
are introduced by sampling errors in the abundance indices.
This simulation confirmed that the estimates and standard errors
obtained by ordinary regression have negligible biases due to
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8 W. J. MILLER ET AL.

sampling errors in the abundance indices, as was expected from
the Solow (1998) analysis.

Abundance Changes from Summer to Fall

For summer-to-fall abundance changes, the equivalent to
equation 5 becomes

Ln(F Abt/J Abt ) = β0 + B J Abt + C J Abt−1 + β1 X1 + β2 X2

+ · · · + βp X p.

In this case, it is not clear why the abundance of delta smelt in
the fall of a given year should depend on the abundance in July in
the previous year. There was no evidence of a sawtooth pattern
in survival from summer to fall, the effect of which might be
captured by this abundance measure, and initial analyses gave
no evidence for this type of effect. Therefore, the equation was
modified to

Ln(F Abt/J Abt ) = β0 + B J Abt + β1 X1

+β2 X2 + · · · + βp X p. (7)

As for abundance changes from fall to summer, there will
be process errors in the results from equation 7 and sampling
errors in the abundance indices; simulation was used to ensure
that these errors do not introduce large biases in the estimated
parameters for the equation when they are estimated by ordinary
multiple regression. The simulations were carried out in a similar
fashion to the simulations used with equation 6. As for the fall-
to-summer analysis, this showed negligible bias in estimates
and standard errors obtained using ordinary regression due to
sampling errors in abundance indices.

Abundance Changes from Fall to Fall

For the fall-to-fall changes in the FMWT abundance index,
the equivalent to equation 5 becomes

Ln(F Abt+1/F Abt ) = β0 + B F Abt + C F Abt−1

+β1 X1 + β2 X2 + · · · + βp X p, (8)

where the terms B FAbt and C FAbt – 1 imply that the change
in delta smelt abundance from one fall to the next depends on
the initial abundance and also the abundance in the fall of the
previous year.

As for fall-to-summer and summer-to-fall changes, the use
of equation 8 will be affected by process errors and sampling
errors in the estimated abundance indices. However, the sam-
pling errors in abundances are particularly likely to introduce
biases in estimated parameters for equation 8 when using or-
dinary multiple regression because of the estimated value of
FAbt residing on both sides of the equation. Simulation was
again used to ensure that these biases are relatively small us-
ing similar methods to those used with equations 6 and 7. This
simulation showed negligible biases in the estimated constant

term and in the coefficients of the X variables in equation 8 and
negligible biases in the estimated standard errors of these pa-
rameters. The simulation indicated that the coefficient of FAbt

has a negligible bias, but the coefficient of FAbt – 1 has a negative
bias of about 10%; at the same time, the standard errors of these
estimated density-dependent effects tend to be slightly higher
than the estimates from ordinary regression. Using regression to
estimate the effects of factors on delta smelt abundance seems
to work well, but it should be noted that there may be small bias
in estimated density-dependent effects.

This initial analysis used the factors in Table 1 and was car-
ried out as follows. Multiple regression was used to estimate
the corrected AICc, to account for the proportion of variation,
and to estimate the significance and sign of the regression co-
efficients for all possible equations using all or some of the
initial-analyses factors. From among those equations selected
as exhibiting explanatory importance, equations with the low-
est AICc and equations with AICc values that were within two
units of the lowest AICc were selected (following Burnham and
Anderson, 1998). In all cases, equations were restricted to those
for which each environmental factor had a level of significance
less than 0.10 and coefficients with signs consistent with their
hypothesized effect. This analysis identified the abundance and
environmental factors that produced the best regression equa-
tions for the initial analyses.

Adding Other Factors with Direct Effect to the Best
Equations from the Initial Analysis

Using the methods described above, further analyses were
carried out to see if the addition of other factors with presumed
direct effect, or other ways of quantifying factors from among
those not selected for initial analyses, showed important effects.
These factors are shown in Table 2. Factors were added sequen-
tially to the best regression equations to assess what portion of
the variation in Ln(Survival) was explained by each factor. If
any of these “secondary” direct factors proved to be important
according to the above criteria, it reflected imperfect a priori
understanding of the relationship between delta smelt and the
specific environmental variables. In subsequent analyses, re-
gression equations were used that contained factors with direct
effect that can be identified as important from the combined
results of these two analyses; these are herein referred to as
the best regression equations based on factors that have direct
effect.

It should be noted that this method—adding factors to regres-
sion equations—cannot completely eliminate problems arising
from collinearity among factors; however, because the analysis
is restricted to factors that have direct effects on delta smelt, the
effects of collinearity are diminished relative to those that would
have occurred had all factors that may have indirect effects on
delta smelt been included.
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10 W. J. MILLER ET AL.

Comparing the Relative Contribution of Each Factor to the
Explained Variation in Ln (Survival)

Using the best equations for fall-to-summer, summer-to-fall,
and fall-to-fall survival, based on factors with direct effect, the
relative contribution of each factor to the percentage of variation
in Ln(Survival) was assessed.

Testing of Selected Factors with Potential Indirect
Effect on Survival

Although the present approach to identifying the dominant
environmental stressors acting on delta smelt is based on the ef-
fects hierarchy displayed in Figure 2, the analysis was extended
to see if addition of selected indirect factors to equations that are
based on factors with direct effects on delta smelt might further
contribute to explaining variation in survival. This was done by
focusing on the fall-to-fall model, both because that period of
analysis represents a complete life cycle and because it limits
the number of correlations that can be attempted and, therefore,
limits the possibility of spurious correlations arising by chance.
The selection criteria, described above for analysis of direct fac-
tors were used to test the importance of six indirect factors when
added to the best fall-to-fall equation based on the direct factors.
The number of indirect factors was restricted to avoid producing
uninformative, multiple-factor equations by chance. Six indirect
factors were selected from those identified as important to sur-
vival in other studies of pelagic fishes in the Delta (Kimmerer,
2002; Feyrer et al., 2007; Grimaldo et al., 2009; Mac Nally
et al., 2010; Thomson et al., 2010). The selected factors are pres-
ence/absence of the Asian clam (Corbula amurensis), the value
of X2 (the distance along the main channel from the Golden
Gate Bridge to the 2 ppt isohaline, a measure of estuary salin-
ity) averaged over the previous fall (“fall X2”), average Secchi
depth in January–March, average ammonium concentration in
the Chipps Island and Suisun Bay sub-regions (see Figure 2)
in April–June, and Old and Middle Rivers (OMR) flow (that
is, flows steered to the south Delta water export pumps) aver-
aged over December–March and April–June. Values of these six
indirect factors are shown in Table 3.

Testing Effects of Measures of Abiotic Habitat Volume
on the Best Fall-to-Fall Regression Equation

The importance of a combination of conductivity, Secchi
depth, and water temperature—deemed abiotic habitat in a pre-
vious study (Feyrer et al., 2007)—were analyzed both alone and
weighted by prey density. Estimates were made of the volume of
water with levels of conductivity, Secchi depth, and water tem-
perature at which virtually all delta smelt occur. These ranges
of suitable values were compared with actual values of conduc-
tivity, Secchi depth, and water temperature for each month and
sub-region (see Figure 1) for the period 1972–2006. Based on
estimated volumes of water in each sub-region, the volume of
water with suitable abiotic (physical) characteristics available

to delta smelt in each month was estimated. These estimated
volumes alone were used, and they were weighted with the sum
of densities of the prey species Eurytemora and Pseudodiapto-
mus. Seasonal average and minimum monthly values of these
volumes and prey-weighted volumes were used in the best re-
gression equations based on factors having direct effect on delta
smelt abundance to establish whether volume or prey-weighted
volume measures met criteria for inclusion in the best regression
equation for fall-to-fall survival, either as an addition to or, in the
case of prey density, replacement for factors with direct effect.

RESULTS

Statistical Analysis to Identify the Best Regression Equations
Using Factors with Direct Effect

Initial analyses were carried out using the factors in
Table 1—those environmental factors with direct effect on delta
smelt—that were selected as most likely to be important in de-
termining delta smelt abundances based on biological consider-
ations. From among those factors, the most important affecting
survival from fall to summer, summer to fall, and fall to fall
were identified based on the above-described criteria. Results
are shown in Table 4.

From the factors considered in these initial analyses, the most
important to fall-to-summer survival (by virtue of their appear-
ance in the best regression equation) are previous-previous fall
abundance, previous fall abundance, minimum Eurytemora +
Pseudodiaptomus in April–June, and proportional entrainment
of adult and larval-juvenile delta smelt, with some indication
that average water temperature in April–June is also important.
For survival from summer to fall, the most important factors
are July abundance and average Eurytemora + Pseudodiapto-
mus density in July–August. For survival from fall to fall, the
most important factors are previous-previous fall abundance,
previous fall abundance, and minimum Eurytemora + Pseudo-
diaptomus in April–June, with some indication that predation in
April–June by predators other than striped bass (inland silver-
side, largemouth bass, crappie, and sunfish) is also important.

Among the factors with direct effects selected for the initial
analysis, the number of days of spawning, July water temper-
ature, Eurytemora + Pseudodiaptomus in July, Secchi depth
(turbidity) in April–June, predation by striped bass, and delta
smelt fecundity did not appear in the best regression equations
for fall-to-summer survival. Maximum two-week average water
temperature in July–September and predation did not appear
in the best regression equations for summer-to-fall survival.
The number of days of spawning, average water temperature in
April–June, maximum two-week average water temperature in
July-September, average Eurytemora + Pseudodiaptomus avail-
ability in July–August, Secchi depth (turbidity) in April–June,
entrainment, predation by striped bass, and delta smelt fecun-
dity did not appear in the best regression equations for fall-to-fall
survival.

Reviews in Fisheries Science vol. 20 1 2012

D
ow

nl
oa

de
d 

by
 [

W
ill

ia
m

 J
. M

ill
er

] 
at

 1
1:

53
 1

8 
Ja

nu
ar

y 
20

12
 



INVESTIGATION OF FACTORS AFFECTING DECLINE OF DELTA SMELT 11

Table 3 Factors with indirect effect on delta smelt abundance, selected for analysis based on results of other studies

Year

Presence (1) or
absence (0) of Asian

clam

Previous Oct–Dec
avg X2, km of 2 ppt

line from Golden
Gate

Previous Sept–Dec Secchi
depth in sub-regions

occupied by delta smelt
habitat (cm)

Secchi
depth

Jan-Mar
(cm)

Average ammonium
in Chipps Island and

Suisun Bay
sub-regions,

Apr–June (mg/L)

Average
December–March
flow in Old and

Middle Rivers (cfs)

Average April–June
flow in Old and

Middle Rivers (cfs)

AsClam PODX2 PFSec JMSec AJAm1 DMOMR AJOMR

1972 0 71 35 41 0.046 −2,260 −6,606
1973 0 71 38 26 0.034 953 −4,790
1974 0 66 37 35 0.024 −940 −4,955
1975 0 68 41 36 0.045 −2,093 −3,736
1976 0 70 42 51 0.047 −6,033 −5,491
1977 0 89 56 48 0.059 −4,054 −3,037
1978 0 92 58 17 0.027 −4,231 3,827
1979 0 77 40 34 0.027 −686 −5,487
1980 0 79 40 27 0.040 3,887 −1,142
1981 0 79 39 33 0.037 −4,678 −5,342
1982 0 75 42 31 0.035 −3,736 2,769
1983 0 63 42 25 0.040 9,124 14,610
1984 0 58 49 53 0.038 6,026 −5,623
1985 0 70 49 66 0.065 −5,023 −6,424
1986 0 88 61 45 0.039 −732 413
1987 1 78 41 50 0.047 −4,474 −5,471
1988 1 88 55 41 0.073 −8,006 −6,765
1989 1 90 51 44 0.058 −7,645 −7,198
1990 1 88 54 47 0.080 −9,086 −5,858
1991 1 89 62 58 0.083 −5,356 −4,752
1992 1 88 62 60 0.065 −5,561 −3,073
1993 1 87 64 29 0.034 −5,765 −2,304
1994 1 82 58 58 0.093 −4,742 −1,613
1995 1 86 60 31 0.033 −3,145 4,721
1996 1 75 55 37 0.036 −1,281 −2,848
1997 1 78 57 29 0.087 10,376 −3,972
1998 1 81 61 29 0.043 2,103 6,536
1999 1 69 45 51 0.060 −760 −2,155
2000 1 83 47 48 0.065 −5,282 −4,338
2001 1 85 53 45 0.089 −5,681 −2,919
2002 1 82 53 36 0.070 −7,731 −3,857
2003 1 84 50 36 0.055 −8,185 −5,374
2004 1 83 58 34 0.080 −8,080 −4,851
2005 1 82 65 48 0.055 −5,525 −1,055
2006 1 82 68 39 0.040 −3,214 10,026

Additional analyses were carried out using factors with
direct effects that were not selected for the initial analyses.
These were added to the best equations from the initial analy-
ses to see whether they made a significant improvement. Re-
sults of this analysis, shown in Table 5, indicate that aver-
age Eurytemora + Pseudodiaptomus density in January–March
should be added as an important factor that explains survival
from fall to summer. Average Eurytemora + Pseudodiapto-
mus density in September–December should replace average
Eurytemora + Pseudodiaptomus density in July–August as
an important factor explaining survival from summer to fall
and should be added to the regression equation for fall-to-fall
survival.

Of the factors with direct effect on delta smelt population
dynamics that was used for the additional analyses, the number
of degree-days of deviation of water temperature from optimum

in March–May or April–July; average Eurytemora density in
late April; average Eurytemora + Pseudodiaptomus density in
April–June; and average Limnoithona density in April–June,
July, or January–March did not appear in the best regression
equations for fall-to-summer survival. Average Limnoithona
density in July–August and September–December did not ap-
pear in the best regression equation for summer-to-fall. None of
these factors appeared in the best regression equations for fall-
to-fall. There was some evidence that minimum calanoid cope-
pod biomass in April–June was important for fall-to-summer
survival but not survival from fall-to-fall.

The best regression equations based on factors with direct
effects on delta smelt abundance were derived from the best
regression equations from the initial analyses, as adjusted by
results from the additional analyses using factors with direct
effect that were not selected for the initial analyses.
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14 W. J. MILLER ET AL.

The best regression equation for the fall-to-summer survival
of delta smelt is

Ln(Survival) = 2.003 − 2.197∗PFAb + 0.781∗PFAb1

+ 1.988∗EPAJ − 3.826∗Entrain

+ 1.143∗EPJM, (9)

where survival is the ratio of July abundance, a measure of ju-
venile abundance in July, to the previous year’s FMWT index, a
measure of sub-adult abundance; PFAb is the FMWT index of
the previous year divided by 1,000; PFAb1 is the FMWT index of
the previous-previous year divided by 1,000; EPAJ is the mini-
mum Eurytemora + Pseudodiaptomus density in April–June di-
vided by 1,000; Entrain is the proportional entrainment of delta
smelt, as a fraction; and EPJM is the average Eurytemora +
Pseudodiaptomus density in January–March divided by 1,000.

The best regression equation found for summer-to-fall sur-
vival of delta smelt is

Ln(Survival) = −2.176 − 1.003∗JAb + 0.698∗EPSD,

(10)

where Survival is the ratio of the FMWT index, a measure of
sub-adult abundance, to July abundance, a measure of juve-
nile abundance in July, in the same year; JAb is July abun-
dance, a measure of juvenile abundance in summer divided by
10,000; PFAb1 is the FMWT index of the previous-previous
year divided by 1,000; and EPSD is the average Eurytemora +
Pseudodiaptomus density in September–December divided by
1,000. Note that EPSD, the average Eurytemora + Pseudodi-
aptomus in September–December, replaced EPJA, the average
Eurytemora + Pseudodiaptomus in July–August in the best re-
gression equation from the initial analysis because EPJA was
no longer significant in the equation for summer-to-fall survival
when other factors with direct effects were considered.
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Figure 4 Actual and predicted values of the Fall Midwater Trawl index of
abundance of sub-adult delta smelt. Circles are actual values. The line shows
predicted values.

The best regression equation found for the fall-to-fall survival
of delta smelt is

Ln(Survival) = −0.246 − 2.781∗PFAb + 1.048∗PFAb1

+ 0.997∗EPAJ + 0.482∗EPSD, (11)

where survival is the ratio of the FMWT index, a measure of
sub-adult abundance in the fall, to the previous year’s FMWT
index; PFAb is the FMWT index of the previous year divided
by 1,000; PFAb1 is the FMWT index of the previous-previous
year divided by 1,000; EPAJ is the minimum Eurytemora +
Pseudodiaptomus density in April–June divided by 1,000; and
EPSD is average Eurytemora + Pseudodiaptomus density in
September–December divided by 1,000. Figure 4 shows actual
abundance of sub-adult delta smelt (the FMWT index) and val-
ues predicted by equation 11.

These three equations each reflect a stock-recruitment rela-
tionship in which end-of-period abundance is proportional to

Table 6 Percentage of variation in Ln(Survival) explained and the contribution of each factor to that percentage

Period
% Ln(Survival)a variation

explained Important factors
Percent of variation

explainedb
Percent of variation

explainedc

Fall-to-summer 70.2% PFAb = previous fall abundance/1,000 0.0% 38.3%
PFAb1 = previous previous fall abundance/1,000 14.0% 7.7%
EPAJ = minimum Eury + Pseu, Apr–Jun/1,000 39.0% 32.8%
Entrain = proportional entrainment at export pumping plants,

%/100
6.0% 9.1%

EPJM = average Eury + Pseu, Jan–Mar/1,000 11.2% 11.2%
Summer-to-fall 67.6% JAb = July abundance/10,000 47.0% 64.1%

EPSD = average Eury + Pseu, Sep–Dec/1,000 20.6% 20.6%
Fall-to-fall 61.6% PFAb = previous fall abundance/1,000 25.8% 61.6%

PFAb1 = previous-previous fall abundance/1,000 15.2% 18.6%
EPAJ = minimum Eury + Pseu, Apr–Jun/1,000 12.5% 8.0%
EPSD = average Eury + Pseu, Sep–Dec/1,000 8.1% 8.1%

aFor fall-to-summer and fall-to-fall analyses, “survival” means survival and reproduction.
bPercent of variation explained by the variables when added one at a time in order shown.
cPercent of variation explained when variable is added last into the equation.
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INVESTIGATION OF FACTORS AFFECTING DECLINE OF DELTA SMELT 15

beginning-of-period abundance. However, this proportional re-
lationship is adjusted by a density-dependence term that causes
abundance to be reduced when beginning-of-period abundance
is high and is further adjusted by prey-density terms that cause
delta smelt abundance to increase with availability of prey. In
addition, summer abundance relative to previous fall abundance
is reduced by entrainment. Both summer abundance and fall
abundance, relative to previous fall abundance, are higher than
expected when the abundance two-years previous is high.

Comparing the Relative Contribution of Each Factor to the
Explained Variation in Ln(Survival)

Table 6 shows the percentage of variation in Ln(Survival)
that is explained by each equation and the contribution of each
factor to that percentage. The density-dependence terms, PFAb
or JAb, have relatively important contributions to variation in
Ln(Survival) for all three periods, and, while PFAb is not im-
portant as an individual factor for fall-to-summer survival, its
inclusion renders important the contribution of other factors
once it is added to the equation. Prey-density terms have a rel-
atively important contribution to variation in Ln(Survival), as
does the previous-previous fall abundance, which accounts for
the sawtooth survival pattern. The contribution of entrainment
to variation in Ln(Survival) is not as important as the contribu-
tion of prey densities to fall-to-summer survival. Entrainment
was not chosen for inclusion in the fall-to-fall equation because
it did not meet the criteria for inclusion.

Testing Selected Factors with Indirect Effects on Survival

There was no evidence that any of six environmental factors
with indirect effects, which were identified in previous studies,
further explained changes in fall-to-fall delta smelt survival be-
yond those accounted for by factors with direct effects shown in
equations 9, 10, and 11. It is noted that this does not necessarily
mean that these or other factors with indirect effects might not
have important effects on one or more factors that have direct
effects.

Testing Effects of Measures of “Abiotic Habitat” Volume
on the Best Fall-to-Fall Regression Equation

This study attempted to add estimates of the volume of wa-
ter within the suitable range of conductivity, Secchi depth, and
water temperature to the best regression equation, as well as
suitable volumes weighted with prey density (densities of Eury-
temora + Pseudodiaptomus), the values of which are in the sup-
plemental material to this article. When adding volume weighted
by prey density, prey density terms were first removed from the
best regression equations. None of those measures met the cri-
teria above for inclusion in the best regression equation for
fall-to-fall survival.

DISCUSSION

The analyses presented here focused on environmental fac-
tors that have plausible mechanisms for direct effects on the
survival of delta smelt, leaving identification of factors hav-
ing important, indirect effects—that is, the factors that have
important effects on important factors with direct effects—for
subsequent analyses. Effects on delta smelt survival were ana-
lyzed from fall (when delta smelt are sub-adult or pre-spawning
adults) to summer (when delta smelt are next-generation juve-
niles) and from fall to fall (addressing the life cycle across a
single generation). The regression equations resulting from this
latter analysis serve as a life-cycle model. Effects on survival
from summer to fall were also analyzed, thereby allowing in-
sight into sources of mortality during this delta smelt growth
stage. Analyses indicate that prey density is the most important
environmental factor affecting abundance and population trends
in delta smelt over the period 1972 through 2006 and also that
changes in prey density appear to best explain the sharp drop in
delta smelt abundance in this century. Entrainment of delta smelt
at state and federal export pumping plants in the Sacramento-
San Joaquin Delta appears to contribute to survival rates from
fall to summer and, therefore, to juvenile abundance in sum-
mer, but entrainment was not a statistically significant factor in
survival from fall to fall—that is, to inter-annual changes in the
size of the delta smelt population. Density dependence was an
important factor affecting survival from fall to summer, sum-
mer to fall, and fall to fall. Its inclusion in the best regression
equations was also important in revealing the effects of prey
density and entrainment on delta smelt abundance. This find-
ing indicates that density dependence must be accounted for in
analyses directed at identifying factors that are important to the
abundance of delta smelt. Delta smelt survival from fall to sum-
mer and fall to fall showed a persistent sawtooth pattern over
much of the period analyzed, and this effect was captured by
inclusion of a term for delta smelt abundance in fall of the year
prior to beginning-of-period abundance in fall-to-summer and
fall-to-fall survival analyses. It is noted that the best regression
equations may not apply for values of factors outside the range
of values actually observed.

The regression equations can be interpreted as follows, using
the fall-to-fall equation as an example. Delta smelt survival is the
ratio FMWT/PFAb, where PFAb is the previous year’s FMWT
index. So, equation 11 can be written as

FAb

PFAb
= e−0.246−(2.781×10−3PFAb)+(1.048×10−3PFAb1)+(0.997×10−3EPAJ)+(0.482×10−3EPSD)

or

FAb = 0.782PFAb e−(2.781×10−3PFAb)e(1.048×10−3PFAb1)

e(0.997×10−3EPAJ)e(0.482×10−3EPSD),

where PFAb1 is the previous-previous FMWT index, EPAJ
is the minimum Eurytemora + Pseudodiaptomus density in
April–June, and EPSD is the average Eurytemora + Pseudo-
diaptomus density in September–December. Assuming that the
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16 W. J. MILLER ET AL.

number of delta smelt eggs in spring is proportional to the pre-
vious abundance index derived from the FMWT, this equation
can be interpreted as follows:

FMWT = [eggs in spring = 0.782PFAb]

×[survival reduction related to density dependence

from previous FMWT = e−(2.781×10−3PFAb)]

×[survival increase from contribution of previous−
previous abundance = e(1.048×10−3 P F Ab1)]

×[survival increase from high minimum food density in

April − June = e(0.997×10−3EPAJ)]

×[survival increase from high September−
December food density = e(0.482×10−3EPSD)],

with the negative constant term in equation 11 indicating
that survival (that is, the combined effects of survival and
reproduction) from fall to fall is less than one—typical of a
species experiencing an extended decline in abundance.

There was some indication that average water temperature
and calanoid copepod biomass (a general measure of prey den-
sity) in April–June were important contributors to survival of
delta smelt from fall to summer. Furthermore, predation in
April–June, representing the combined effects of water clarity
and abundance of the predators, inland silversides, largemouth
bass, crappie, and sunfish, was important to delta smelt survival
from fall to fall. Numerous factors with direct effects on delta
smelt survival did not have statistically significant effects on
the subsequent abundance of delta smelt, including the length
of the spawning period as determined by water temperature;
turbidity as an individual factor affecting larval feeding success
in spring as measured by Secchi depth; average or maximum
water temperature in summer; deviations of water temperature
from optimum values in spring; predation in summer and fall
by predators other than striped bass and predation in all sea-
sons by striped bass; delta smelt fecundity, as measured by the
size (average length) of delta smelt in December; and the av-
erage density of Limnoithona, an invasive zooplankton that has
become the most abundant potential prey species in the estuary.

The effects of factors that might have indirect effects on
survival were analyzed using factors that were identified by
previous studies as potentially important in determining delta
smelt population trends. These factors are the average value of
X2 (a measure of western Delta salinity) in the previous fall
(“fall X2”), turbidity in winter as measured by Secchi depth,
ammonium concentration in spring in downstream sub-regions
of the Delta, and flows that feed the Delta’s export pumps in
winter and spring. None of these factors met the criteria for
inclusion in the best regression equations based on factors with
direct effects on delta smelt survival. It is noted that these factors
and other factors with indirect effects could have important
effects on factors that have direct effects on delta smelt, as
suggested in Figure 2, but there was no attempt to identify those
relationships here, although it is noted that Delta water flows to

the export pumps were incorporated in estimates of proportional
entrainment.

Results indicate that delta smelt survival was more sensitive
to measures of the effects of individually specified factors with
direct effects on fish than to measures of the volume of water
within suitable ranges of conductivity, Secchi depth, and tem-
perature (abiotic habitat, the term used in Feyrer et al. [2007]).
Once the effects of individually specified factors were accounted
for, with attention to their co-occurrence with delta smelt, the
volume of water with conductivity, Secchi depth, and tempera-
ture in the suitable ranges for each of those three variables did
not meet the criteria for inclusion in the best regression equa-
tion for fall-to-fall survival, nor did such volumes weighted with
prey density, even after prey density terms were removed from
the best regression equations for fall-to-fall survival based on
factors with direct effect.

Some caution should be taken in interpreting results pertain-
ing to entrainment of delta smelt at state and federal Delta export
pumping plants. Estimates of delta smelt entrainment are based
on those used in a previous modeling exercise (Kimmerer, 2008).
Those methods of estimating proportional entrainment provide
a more rational conceptual framework than other methods that
have been used (see Grimaldo et al. [2009], for example), be-
cause Kimmerer estimated entrainment relative to population
size, attempted to estimate the standing crop of delta smelt at
the time of entrainment (rather than using abundance estimates
derived from samples collected several months earlier), and at-
tempted to overcome uncertainties associated with the fact that
larval delta smelt are not actually incorporated in fish salvage
data from pumping plants. However, Kimmerer’s model esti-
mates are based on a number of assumptions. Of 18 assumptions
underlying estimates, Miller (2011) concluded that at least 12 of
these assumptions introduced bias, and 11 of those 12 introduced
an upward bias in the putative effects of export pumps on delta
smelt mortality. This study attempted to correct Kimmerer’s es-
timates to account for that bias, but could do so for just three of
the 12 assumptions. The corrections reduced Kimmerer’s annual
estimates of proportional entrainment by about half, and Miller
(2011) concluded that further reductions would be appropriate
if other assumptions could be quantified. Furthermore, Kim-
merer did not estimate proportional entrainment prior to 1995;
however, his estimates were extended back to 1972 using cor-
relations with X2, flow, and Secchi depth measures for those
years (as described in supplemental material) and Kimmerer’s
1995–2006 estimates and those hind-cast estimates were ad-
justed to account for bias that could be quantified. Therefore, the
role of entrainment as a contributing factor to population trends
from fall to summer that are largely determined by density-
dependence factors and availability of the preferred foods used
by delta smelt is uncertain and likely (still) biased upward.

Ascertaining the importance of prey density in determining
population trends in delta smelt in part resulted from attentive
specification of factor values. The densities of the two prey
species, Eurytemora and Pseudodiaptomus, were used, summed
as the measure of prey density, reflecting findings in several
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INVESTIGATION OF FACTORS AFFECTING DECLINE OF DELTA SMELT 17

previous studies that explicitly reference consumption of these
zooplankton by delta smelt (see supplemental material). There
was also an attempt to account for the location of delta smelt
when estimating prey density, because prey densities in sub-
regions that are not occupied by delta smelt cannot be relevant to
delta smelt survival. Moreover, there was an attempt to measure
the seasonal low point in prey density in the spring of recent
years, when the favored prey Eurytemora rises from near zero
in late winter and then declines to near zero in May or June,
at approximately the same time that other suitable prey species
Pseudodiaptomus increases in numbers from essentially zero
and persists at greater numbers until the following winter (see
supplemental material).

It is noted that the importance of the factor, minimum Eury-
temora plus Pseudodiaptomus in April–June, which measures
the low point in the food availability for young delta smelt,
provides a plausible mechanism for Bennett’s observation that
almost no early-hatch larvae of delta smelt have survived until
later life stages in recent years (Bennett, 2005; USFWS 2009).
That spring low point appeared in the mid 1980s; since then,
if larval delta smelt hatch prior to the occurrence of this low
point in densities of the two zooplankton species, larval survival
might exhibit a pattern of low returns.

This study’s findings are consistent with recent assertions that
contaminant-mediated prey availability shows dominant effects
on patterns of the abundance of delta smelt and several other
fish in the Delta (Glibert, 2010), although the analysis did not
attempt to identify the causes of the substantial changes in prey
densities in recent years. Furthermore, the analyses address an
observation by Feyrer et al. (2007), who concluded that their
analyses of just several physical factors as determinants of delta
smelt abundance would have been improved by consideration
of other factors, particularly prey density. Without carrying out
analyses that accounted for density dependence and included
such essential variables as prey availability and predation on
delta smelt, they concluded that the average value of X2 in the
previous fall was the essential causative agent of subsequent
summer juvenile abundance (see Feyrer et al., 2007, and US-
FWS, 2009). The analyses of this study considered the effects of
density dependence and prey density, as well as numerous other
factors in addition to average X2 position in the previous fall,
and once the effects of prey density were accounted for, no evi-
dence was found of effects of average X2 value in the previous
fall on delta smelt population dynamics. Thomson et al. (2009)
found that water clarity, position of X2 in winter–spring, and the
volume of water exports were important to long-term abundance
of delta smelt and other fish but could not explain the recent de-
cline in abundance of delta smelt to record low levels. Mac
Nally et al. (2010) found that the position of X2 in the spring in
the estuary and increased water clarity were important to delta
smelt abundance. Differences between the present findings and
those of Thomson et al. and Mac Nally et al. are attributed to
this study’s focus on those factors that specifically should have
direct effects on abundance and to a more precise quantifica-
tion of environmental factors—including explicitly considering

spatial and temporal aspects of prey availability, integrating the
specific locations of different life stages of delta smelt in av-
erage values of variables, and expressing prey availabilities in
terms of densities of zooplankton species known to be preferred
by delta smelt. Grimaldo et al. (2009) attributed demographic
trend effects to entrainment of delta smelt at the export pumping
plants (measured as the number of fish salvaged there) and to
export volumes by virtue of the relationship of those flows to
rates of fish salvage. While some effect of entrainment (which
incorporated effects of export flows) was found on delta smelt
survival from fall to summer, entrainment of fish at the export
pumps did not exhibit a significant relationship with the popu-
lation dynamics of the fish over its entire life cycle. Assessment
of the relative importance of entrainment in determining delta
smelt survival, as well as that of several other factors, during
various periods in the past and for various future management
actions, awaits further analysis.

It is believed that this study’s analysis is the first to combine
careful quantification of variables, based on publicly available
agency data, with wildlife agency-derived conceptual models
transformed to represent the hierarchical manner in which en-
vironmental factors interact to affect abundance and survival of
delta smelt. The benefits of this approach included a reduction in
the occurrence of correlations that might arise by chance, due to
the inclusion of many variables relative to the number of years
of data, and identification of environmental factors on which fu-
ture studies can focus in order to elucidate the ecological mech-
anisms as a basis for management actions, thereby providing a
sound basis for agency determinations and policy decisions.

Nonetheless, limitations in the presented analyses are ac-
knowledged. Time-series index values of delta smelt abundance
are based on data from surveys that were not explicitly designed
to sample that fish species, and more recently initiated surveys
that are designed to sample delta smelt more efficiently suffer
from lack of longer time series and from the challenges of
sampling for a species that now is scarce. In addition there
are no data on disease, a factor with a potentially important,
direct effect on delta smelt abundance and, with the exception
of ammonia, almost no data on contaminants that act directly
on delta smelt. Some comfort can be taken in findings that 60
to 70% of the variation in delta smelt survival can be explained
by factors included in the analyses, but that finding cannot
rule out the importance of disease and contaminants. Further
limitations to clearer resolution of the causative factors in the
decline of delta smelt include the infrequency with which
some environmental factors are being measured. For example,
zooplankton samples were taken once or twice per month
beginning in 1972 and in the separate, 20-mm survey (CDFG,
http://www.dfg.ca.gov/delta/projects.asp?ProjectID=20mm),
every two weeks in spring beginning in 1995. Hourly water
temperature data are not available prior to the mid 1990s,
requiring reliance on correlations with air temperature, which,
fortunately, is highly related to water temperature. These
limitations are offset somewhat by the large variations in delta
smelt abundance from year to year, and the 95% decline in
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18 W. J. MILLER ET AL.

abundance from 1999 to 2006, suggesting that the signals of
environmental effects that have been identified are not subtle
and that the current lack of desired levels of precision in and
frequency of sampling for underlying data for environmental
variables can be tolerated.

The present results, indicating that the importance of prey
density as measured by the sum of Eurytemora + Pseudodiap-
tomus densities, are supported by observed recent sharp declines
in the abundance of two other pelagic fish that share at least par-
tial reliance on the same prey—longfin smelt and young striped
bass (Armor et al., 2005; Baxter et al., 2008). Slater (2008) con-
cluded from diet studies that young longfin smelt rely heavily
on Eurytemora in spring, and Moyle (2002) reported that striped
bass larvae frequently feed on Eurytemora.

The results presented here suggest several areas for further
study. Identification of the environmental factors that determine
prey density leads the list. There is a need to elucidate and
quantify that part of the effects hierarchy related to prey density.
Strong inference can be drawn from this study—if the densities
of the favored prey species consumed by delta smelt were to
increase substantially, delta smelt abundance should increase.
Under that circumstance, whatever the effects of entrainment
from fall to summer, those effects would become less important
because of density dependence. It would appear, therefore, that
the key to recovery of delta smelt to levels of abundance that
would reduce conservation concern is increased prey density.

Another area for further study relates to the cause of density
dependence. Bennett (2005) suggested that density dependence
was important based on his observation that, when comparing
two poor stock-recruitment relationships—one with and one
without density dependence—the one with density dependence
appeared to be a better predictor. The present analysis, incorpo-
rating effects of many other factors, provides more convincing
evidence that density-dependence effects act on delta smelt from
fall to summer, summer to fall, and fall to fall, and it has demon-
strated effects at low levels of abundance and reveals effects of
other factors. Density dependence from summer to fall, as repre-
sented by terms for previous abundance in regression equations
for survival, is one reason, along with variation in prey density,
why entrainment, while contributing to the best regression equa-
tion that describes delta smelt survival from fall to summer, did
not meet the criteria for inclusion in the best regression equation
that explains survival from fall to fall, that is, from one genera-
tion to the next. The cause of density dependence in delta smelt
deserves further study. This analysis suggests that it arises from
some factor that was not considered here, or from a factor that
was considered but was not specified adequately, such that its
effects would be revealed. Delta smelt spawn most successfully
on cobble or clean sand (J. Lindberg, University of California
at Davis, personal communication), and meager sediment data
(see http://www.water.ca.gov/bdma/meta/benthic.cfm) suggest
that few stations in areas occupied by delta smelt show evi-
dence of cobble or clean sand substrate. Nor was the possibility
considered that the contemporary relatively small numbers of
fish have led to stochastic demographic phenomena, such as

difficulty in finding mates or some other manifestation of Allee
effects (Allee et al., 1949). Identifying the cause of density de-
pendence on delta smelt could provide a basis for actions to
lessen its effects.

Further study is recommended of the inter-year sawtooth pat-
tern in the abundance of delta smelt. This, too, is an important
factor in these regression equations. Failure to identify an en-
vironmental factor or factors causing this pattern suggests that
its cause may be inherent in the reproductive biology of delta
smelt. Approximately 5% of delta smelt live for two years and
spawn in the second year, producing a large number of eggs
because of their larger size (Bennett, 2005). The existence of
distinct demographic units of delta smelt that spawn every two
years could explain the sawtooth pattern, but the absence of
larger fish in the FMWT and STN argues against this possible
explanation.

Predation also deserves more study. The identification of
predation as a factor of some importance must be confirmed by
more careful studies to overcome the general conclusion drawn
by Moyle (2002) that there was little evidence of important pre-
dation effects, even when delta smelt were abundant relative to
other prey fish many years ago. It is possible that the arrival and
proliferation of invasive predators alters Moyle’s conclusion.

There was some indication that water temperature is im-
portant, but water temperature, depending almost entirely on
air temperature, cannot be controlled. However, the increasing
trend in water temperature could affect various factors that are
important to the abundance of delta smelt, including prey den-
sity, and such effects deserve study.

Results also indicate that the development of an effects hi-
erarchy can provide an important framework on which to base
analyses designed to assess the relative importance of multiple
factors affecting the population dynamics of at-risk species. The
findings presented here suggest that multiple environmental fac-
tors were responsible for the decline in abundance of delta smelt
to record low levels, but that multiplicity is vertical with respect
to the effects hierarchy, primarily extending down the hierarchy
below prey density rather than horizontally across the hierarchy,
as others have surmised (Baxter et al., 2010).

Furthermore, in the case of delta smelt, not only does an
effects hierarchy suggest the use of simple linear regression
models, but the low sampling errors in abundance relative to
process errors indicates that this simple and transparent method
of analysis is an appropriate method for identifying environ-
mental factors with direct effects. Therefore, at least for delta
smelt and perhaps for other fish for which sampling errors in
abundance are relatively low, simple linear regression, as an
alternative to more complex life-cycle models, can produce in-
formative results.
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Anke Mueller Solger 
Interagency Ecological Program ~ Delta Stewardship Council 

“Wrap-up. What the research and modeling 
tells us about flow and ecosystem response. 
Take-home messages.” 

The Big Picture: 
Fish, Flow, and Change 

Delta Outflows and Related Stressors Workshop, 2-11-2014 

 



The Big Picture: 
Fish, Flow, and Change 

Delta Outflows and Related Stressors Workshop, 2-11-2014 

 I. Main Themes & Thoughts 
II. BIG Picture: In CA, “the only constant is change” 
III. Medium Picture – Changing “Drivers” 
IV. Medium Picture – Species Changes, Fish  
V. Small Picture – Drivers and Species Interactions 
VI. Final Wrap-up: Main Themes & Thoughts 

Anke Mueller Solger 
Interagency Ecological Program ~ Delta Stewardship Council 



1. The only constant is change 
2. We know it’s not just one thing 
3. We know it’s not just one season or place 
4. Higher outflow → more fish & shrimp 
5. Management, mechanisms, and effects 
6. Observe, model, predict, synthesize 
7. “This is difficult” 
8. But we must do it - together 

I. Main Themes and Thoughts 



II. The BIG picture: CA Water and Climate 

“The only constant is change.” 
Heraclitus of Ephesus (535 BC – 475 BC) 

UC Press, 2013 UC Press, 1949 



CA Water: Exceptionally Variable 

Dettinger et al. 2011 

• North-South Differences 
• Water Supplies Depend on a Few Storms 



Sometimes Exceptionally Dry 

http://www.r-bloggers.com/usa-drought-of-2013-analysis-of-high-resolution-rainfall-data-using-r/, 
See also http://www.ncdc.noaa.gov/sotc/summary-info/national/2013/9 

2013 



http://www.esrl.noaa.gov/psd/atmrivers/ 

Sometimes Really Wet 
Atmospheric Rivers 
• From SW, Warm Moist Air 
• 30-50% of West Coast 

Precipitation 
• “Drought Busters” 
     (33-40% of all CA droughts)* 
• Catastrophic Floods 
 

1861-62: CA bankrupt 

Today? $725B Damage** 

*Dettinger 2013 
**USGS 2010, http://pubs.usgs.gov/of/2010/1312/ 

Nov 30, 2012 



Cook et al. 2004 
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→ Constantly Changing CA Water Supply 
Changes Over the Long Term: Regimes 

DRY 

~500 Year Wet Period! 

? Drought Area Index 

“Epic Drought” 
in AD 900 to 1300, 

then 500 Year Wet Period 



Variability Over the Shorter Term 

Whipple et al. 2012 redrawn from Meko et al. 2001 

San Carlos, 1775 

RV San Carlos,  1976 

Sacramento River Flow (Tree Rings) 

36 Records 

Meko et al. 2001 



Variability Over Two Jerry Brown Terms* 

CA Governor Jerry Brown declares a drought state of emergency, 1-17-2014 

1977 
2014 
(so far) 

*CA Governor: 1975-1983, 2011-Present 



Variability Over the Last 3.4 Water Years 
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SWP+CVP Exports
 

Data: SWP & CVP: Dayflow (WY 2011-210); CDEC (WY 2014); 
Sacramento River at Freeport: CDEC 



Finally, this Past Weekend: AR! 
“Busted” through the “ridiculously resilient ridge” of high pressure that kept storms away from CA 

http://www.esrl.noaa.gov/psd/atmrivers/ 



But we may need ~6 more of these…? 

http://www.wunderground.com/blog/JeffMasters/comment.html?entrynum=2627 



Today 

http://www.esrl.noaa.gov/psd/psd2/coastal/satres/data/html/ar_detect_gfs.php 

Tomorrow 
Thursday 



And then: The Future!? 
Different, with and even without man-made CC 

Wetter 
Winters 

Drier 
Summers 

Saltier Summers 

Fresher Winters 

 Changes in Outflow, 2060 vs. Present…     & in % Freshwater in the Bay 
 

Knowles and Cayan 2004 

Cook et al. 2004 



California Water: 

“The only constant is change.” 
Heraclitus of Ephesus (535 BC – 475 BC) 

UC Press, 2013 

“California has the highest year-to-year 
variability in precipitation of all the western 
states.  […] California’s precarious water 
situation is apparent in the fact that a shortfall 
of just one or two major storms  can mean the 
difference between a “normal” and a dry year. 
As a result, water management is particularly 
challenging in this state.” 



California Water: 

“The only constant is change.” 
Heraclitus of Ephesus (535 BC – 475 BC) 

.. and changing water 
supplies are no longer the 
only management challenge: 
Changing ecosystems are 
now co-equal, 
and “place” is, too: 
Trade-offs, Balancing… 



“It is a tall order. 
But it is what we must do.”*  

 

1977 
2014 
(so far) 

* from CA Governor Jerry Brown’s State of The State Speech, 1-22-2014 



SFEI/ASC 2012 (Pulse of the Delta), Redrawn from Baxter et al. 2010 

Changes in 

III. The Medium Picture – Changing Drivers 
And Ecological Change 



SFEI/ASC 2012 (Pulse of the Delta), Redrawn from Baxter et al. 2010 

Changes in 

E.g. Temperature, Turbidity 
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Hestir et al. 2013 

1983: 
Step Change 1: 
-27% 

1998 
Step Change 2: 
-23% 

Changes in Temperature & Turbidity 

Cloern et al. 2013 
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SFEI/ASC 2012 (Pulse of the Delta), Redrawn from *Baxter et al. 2010 

Changes in 

“We hypothesize that in spite of recent human-caused flow alterations, the remaining 
strong, climate-driven variability in outflows may presently act as the most important 

critical slow variable that helps maintain the remaining original resilience of the system.”* 



CA Water Plan Update 2009 DSC Delta Plan 2013 

& in Water Use by a Growing Human Population 
Changes in Delta Outflow 
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CA Human Population, 1900-2012 38M 
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Changes in Delta Outflow by Month 

Cloern & Jassby 2012 

1956-2010 



Changes in the Salinity Gradient/X2? 
Water operations have an effect 

Kimmerer et al. 2013 
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SFEI/ASC 2012 (Pulse of the Delta), Redrawn from Baxter et al. 2010 
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IV. Medium Picture – Species Changes, Fish  
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Thomson et al. Ecol. Apps. 2010 

While Native Species Decline: Trends & Steps… 
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And it’s Not Just The Fish 



SFEI/ASC 2012 (Pulse of the Delta), Redrawn from Baxter et al. 2010 
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V. Small Picture – Drivers and Species Interactions 



Zooplankton Invasions 
During Low Outflow/High X2 Periods  

Winder et al. 2011 



Kimmerer et al. 2009 

Lower Spring X2 Is Still Better for Many Fish & Shrimp, 
But Several Fish-X2 Relationships Have Shifted Down 

Abundance Matters 

Fish Abundance Declines: 
Less Fish “Bang” 

per Outflow “Buck” 

Before 1988 

1988-1999 

2000-2006/7 

Summer 

Regime Shifts, 
Resilience! 



Life Stage Matters 
Spring & Fall X2 in Suisun Benefit Young Delta Smelt 
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Spring X2 Benefit: Recruitment? 
Young Fish (20mm Index)/Adults (SKT, started in 2003) 
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Fall X2 in Suisun also Benefits Older Delta Smelt 
Log (Juveniles) ~ Log (Previous Year Subadults) + Previous Year Fall X2 

 ln TNS = 2.7+0.62*ln(FMWTy-1) - 0.061*(Fall X2y-1) 
Model Fit: n=25, R2=0.68  

Kimmerer for Mount et al. 2013 
http://mavensnotebook.com/wp-content/uploads/2013/09/FINAL-BDCP-REVIEW-for-TNC-and-AR-Sept-2013.pdf 

1988-2011 
Robust Linear Model 

Update to Analysis 
in 2008 FWS BiOp 

(Starting in 1988 makes sense 
because this is about Suisun and 
Suisun ecology changed a lot after 
the clam invasion!) 



Fall X2 in Suisun also Benefits Older Delta Smelt, 
But Fall Abundance (Stock) Matters More 

Log (Juveniles) ~ Log (Previous Year Subadults) + Previous Year Fall X2 

 ln TNS = 2.7+0.62*ln(FMWTy-1) - 0.061*(Fall X2y-1) 
Model Fit: n=25, R2=0.68  

Kimmerer for Mount et al. 2013 
http://mavensnotebook.com/wp-content/uploads/2013/09/FINAL-BDCP-REVIEW-for-TNC-and-AR-Sept-2013.pdf 
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Robust Linear Model Least Squares Linear Model 

 ln TNS = 1.5+0.63*ln(FMWTy-1) - 0.048*(Fall X2y-1) 
Model Fit: n=26, R2

adj.=0.58, P<0.001, 
P(Int.)=0.57; P(ln(FMWTy-1))<0.01; P(Fall X2y-1)=0.11 

Mueller-Solger for IEP MAST report, in prep. 
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Fall X2 in Suisun also Benefits Older Delta Smelt, 
But Fall Abundance (Stock) Matters More 

 ln TNS = 1.5+0.63*ln(FMWTy-1) - 0.048*(Fall X2y-1) 
Model Fit: n=26, R2

adj.=0.58, P<0.001, 
P(Int.)=0.57; P(ln(FMWTy-1))<0.01; P(Fall X2y-1)=0.11 
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Significant Fall X2 Benefit with Step Change 
Log (Juveniles) ~ Previous Year Fall X2 + Step Change (2002-2003) 

Mueller-Solger for IEP MAST report, in prep. 
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Residuals: Skewness =-0.62; Kurtosis =-0.32; 
Shapiro-Wilk W =0.94; P =0.145, Residual Dispersion Ratio=0.41 
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with Fall X2  
– Regime 
Shift…? 



Heraclitus of Ephesus (535 BC – 475 BC) 

UC Press, 2013 UC Press, 1949 

VI. Final Wrap-up: Main Themes and Thoughts 
1. “The only constant is change.” 



2. We Know It’s Not Just One Thing 

SFEI/ASC 2012 (Pulse of the Delta) 
Redrawn from Baxter et al. 2010 

Rose et al. 2013 

Changes in 



3. We Know It’s Not Just One Season or Place 
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Landscape Attributes

Delta Smelt Life 
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4. More Outflow → More Fish & Shrimp 
- Resilience? 

Kimmerer et al. 2009 
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5. Management, Mechanisms, and Effects 

“I’ll use/prescribe it 
because I know it will 
help and protect.” 
          →→SWRCB 

“I want to know 
how/why it works”  
John R. Vane,  
Nobel Prize 1982 

(It inhibits cyclooxygenase which converts 
arachidonic acid into a prostaglandin….) 

Aspirin 

→→Scientists 

3000 BC 



E.g.: 2014 
Delta Smelt 
TNS Index ~ 0.7 
(between ~0.2 
and 2.9)? 
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Delta Smelt: Listed since 1993

Need “Co-equal” Ecological Modeling Investment! 

6. Scientists Need to Observe, Model, Predict* Change, 
Check Change, Revise Models, Predict Again… 

*Forecast, Anticipate 



Some Predictions  
From FLaSH Report 

6. Scientists Need to Observe, Model, Predict* Change, 
Check Change, Revise Models, Predict Again… 

And Synthesize! 

Need “Co-equal” Ecological Synthesis Investment! 
*Forecast, Anticipate 



7. Understand that This Is Difficult 
“But It Is What We Must Do” 

Denise Reed, 8/1/2012 

• Learning will take time (n>1) – need commitment! 
• Acknowledge water scarcity as a fact of life (& deluge, too!) 

• Craft water plans and policies to address scarcity        
(& deluge, too!)  

• All Engage! 
 

From FLaSH Review Panel &  
NRC 2012, Sustainable Water and Environmental Management in the California Bay-Delta 



8. Do It Together 
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adjacent to open waters that have been documented to support higher concentrations of the fish.
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october 2013

Eastward Migration or Marshward Dispersal:  
Understanding Seasonal Movements by Delta Smelt
Dennis D. Murphy1 and Scott A. Hamilton2

ABSTRACT

Differing and confounding understandings of the 
seasonal movements of the delta smelt (Hypomesus 
transpacificus) in the San Francisco Estuary persist 
nearly 2 decades after its listing as threatened under 
the federal and state endangered species acts. The 
U.S. Fish and Wildlife Service and the U.S. Bureau of 
Reclamation have characterized the delta smelt as a 
species that migrates extensive distances from Suisun 
Bay and the Sacramento and San Joaquin rivers con-
fluence in the fall and winter, eastward and upstream 
to the central and east Sacramento–San Joaquin 
Delta to spawn, with the next generation returning 
to downstream rearing areas in the following spring 
(OCAP Technical Support Team unpublished; USBR 
2012). This description of inter-seasonal movements 
of delta smelt stands in contrast to findings drawn 
from previous studies, which describe movements by 
pre-spawner delta smelt from open waters in bays 
and channels to proximate marshlands and freshwa-
ter inlets (e.g., Moyle et al. 1992; Bennett 2005). In 
an effort to resolve this disagreement over the move-
ments of delta smelt, we use publicly available data 
on its distribution drawn from trawl surveys to gen-

erate maps from which we infer seasonal patterns of 
dispersal. In the fall, before spawning, delta smelt are 
most abundant in Suisun Bay, the Sacramento and 
San Joaquin rivers confluence, the lower Sacramento 
River, and the Cache Slough complex. By March 
and April, the period of peak detection of spawn-
ing adults, relative densities in Suisun Bay and 
the rivers’ confluence have diminished in favor of 
higher concentrations of delta smelt in Montezuma 
Slough and the Cache Slough complex. A relatively 
small percentage of fish are observed in areas of the 
Sacramento River above Cache Slough. We conclude 
that inter-seasonal dispersal of delta smelt is more 
circumscribed than has been previously reported. This 
conclusion has real-world implications for efforts to 
conserve delta smelt. Our findings support a conser-
vation strategy for delta smelt that focuses on habitat 
restoration and management efforts for tidal marsh 
and other wetlands in north Delta shoreline areas 
directly adjacent to open waters that have been docu-
mented to support higher concentrations of the fish.

KEy woRDS

delta smelt, Hypomesus transpacificus, distribu-
tion, dispersal, spawning migration, inter-seasonal 
movement
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InTRoDUCTIon

From assessments of gene flow to projections of 
metapopulation dynamics, virtually every essential 
aspect of conservation planning calls for an under-
standing of patterns of movement by targeted at-risk 
species. And, while a rough appreciation of dispersal 
exists for most protected species, the once-abundant 
delta smelt (Hypomesus transpacificus), which is 
endemic to central California’s San Francisco Estuary 
(estuary), is a species for which an absence of data 
on dispersal has fed controversy over appropriate 
conservation actions needed to recover and restore 
its habitats, and over the allocation of resources 
required to protect it. Because the fish is small, nearly 
transparent, and preternaturally fragile, the move-
ments of delta smelt have proven exceptionally dif-
ficult to track in the turbid waters of the estuary. So 
elusive is the fish throughout its annual life cycle, it 
actually has not been observed spawning in nature 
(Moyle 2002; Bennett 2005); and, while its distribu-
tional range has recently been resolved to the extent 
practicable using available surveys (Merz et al. 2011), 
its dispersal patterns within that range remain in 
doubt (but see Bennett 2005). Data from a series of 
trawl surveys in the estuary suggest that different 
delta smelt life stages use different areas of the estu-
ary’s water bodies and channels. However, since with 
few exceptions, delta smelt are not directly observed 
in those habitats and cannot readily be marked or 
tagged, many uncertainties remain about the details 
of delta smelt movements (Sommer et al. 2011). 

Individual survey samples that capture delta smelt 
offer limited direct information regarding dispersal by 
the species. Sequential analysis of data from multiple 
trawl-based surveys parsed by life-stage can pro-
vide evidence of continuously shifting populations. 
Although the movements of individual delta smelt 
remain obscure, geographic patterns of its presence 
and absence, and its temporally and spatially shifting 
densities, can be gleaned from the sequential trawl 
surveys and used to infer inter-seasonal patterns in 
its movements. 

Based on publicly available long-term data sets on 
the distribution of the species, two dramatically dif-
fering perspectives have emerged in the literature and 

in federal agency planning documents and presenta-
tions on adult delta smelt movement before spawn-
ing. One perspective is provided by Bennett (2005), 
who noted that in “the fall, delta smelt gradually 
begin a diffuse migration landward to the freshwater 
portion of the Delta, and during wetter years to the 
channels and sloughs in Suisun Marsh and the lower 
Napa River.” Bennett’s description is consistent with 
that articulated by Moyle (2002 and Moyle et al. 
1992), reflecting previous observations from focused 
surveys reported by Radtke (1966), Wang (1986, 
1991), and Wang and Brown (1993). These studies 
depict dispersal in multiple directions by pre- spawner 
delta smelt, from the bays, embayments, and chan-
nels of the estuary’s low-salinity zone, to adjacent 
marshlands and freshwater inlets that support spawn-
ing. Juvenile fish that emerge to become the next 
generation distribute themselves into adjacent open 
waters where they feed and grow for several months, 
followed by a repeat of the cycle of dispersal toward 
marshland and freshwater spawning locations.

The other perspective on delta smelt movement is 
described by Sommer et al. (2011) as a uniform, 
upstream migration from open waters in western 
portions of the Delta’s low-salinity zone toward its 
eastern freshwater limits. Department of the Interior 
agencies illustrate the premise of large-scale, sea-
sonal, directional movement by delta smelt in a pair 
of maps. Figure 1A illustrates a seasonally bimodal 
distribution of delta smelt in which the fish feeds and 
matures in the western Delta and Suisun Bay from 
the early spring to the late autumn and early winter, 
at which time pre-spawning adults undergo a unidi-
rectional migration to a distinct eastern distribution 
for spawning (OCAP Technical Support Team unpub-
lished). The next generation returns to previously 
occupied west estuary waters to repeat the cycle. The 
second map (Figure 1B) shows an eastward shift in 
the distribution of delta smelt, but from a broader, 
mid-year footprint in the western portion of the Delta 
toward a partially overlapping, more-eastern distri-
bution just before spawning, followed by a return to 
the more western distribution by the next generation 
(USBR 2012). The presentations that accompanied 
both maps described those seasonal shifts in distribu-
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tion as constituting migration events by spawning 
delta smelt. 

Here we use state agency-generated survey data to 
produce maps of delta smelt distribution across sea-
sons and to understand of where delta smelt are most 
commonly found during each of their several rec-
ognizable life stages. By comparing the locations of 
season- and life-stage-specific occurrence polygons, 
which include 95% of delta smelt sampled from five 
readily available fish surveys, we draw inferences 
concerning the fish's inter-seasonal movements. We 
contrast our findings with those presented in a recent 
assessment of the spawning migration of delta smelt 
in the upper estuary by Sommer et al. (2011). 

We also consider the relevance of information on 
delta smelt distribution and dispersal to the multiple 
conservation planning efforts in the Delta. It appears 

that the first perspective has informed ongoing con-
servation planning efforts that target delta smelt, 
including recovery actions that directly target delta 
smelt, restoration efforts that seek to restore essential 
components of its diminished habitats, and man-
agement of flows through the Delta (USFWS 2008; 
USBR 2012; BDCP 2013). Implications of the two 
dispersal perspectives for the types, locations, and 
prioritization of species recovery actions and habitat 
restoration activities are profound. The more local-
ized, marshward spawning dispersal phenomenon 
indicates the need for focused conservation actions 
in sub-regional context. In contrast, a long-distance 
migration phenomenon would expose delta smelt 
to distinct suites of environmental stressors during 
movement from one geographic limit of its west-to-
east range to the other, and would invoke a different 
conservation agenda.

	  

	  
	  
	  
	  

A	   B	  

Figure 1  Conceptual mapped and inferred distributions of delta smelt seasonal dispersal in the San Francisco Estuary redrawn from 
a presentation by  (A) the OCAP Technical Support team (unpublished)  and (B) a guidance document from U.S. Bureau of Reclamation 
(2012) . (A) portrays a migration of adult delta smelt from the Suisun Bay and the area of the Sacramento and San Joaquin rivers con-
fluence (blue oval) to the central Sacramento–San Joaquin Delta in the winter and spring (green oval) before spawning. Offspring 
migrate back from the central Delta, returning to the western distributional footprint by summer. (B) depicts a shift of individuals east-
ward from a larger pre-spawning distribution from edge of Suisun Bay in the west to up into the lower Sacramento and San Joaquin 
rivers to the east (orange oval) to the central Delta (green oval) where spawning presumptively occurs. 
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Here we address three assertions regarding the dis-
persal of delta smelt that are critical to the choice of 
a conceptual model. The assertions can be framed as 
hypotheses that, if not falsified with available data, 
would support the mass, upstream migration concep-
tual model for delta smelt: 

1. Directional migration by delta smelt occurs in 
the late autumn and early winter from western 
and central portions of the estuary to areas in the 
eastern estuary.

2. In migrating seasonally to areas of the eastern 
Delta, delta smelt effectively vacate Suisun Bay 
and Suisun Marsh.

3. After spawning, sub-juvenile delta smelt are pre-
dominantly distributed across the central Delta.

We test these (de facto) hypotheses and draw infer-
ences about the spatial distribution of delta smelt and 
likely patterns of its dispersal. We also consider how 
the loosely applied nomenclature of dispersal and the 
generous application of the term “migration” to the 
many manifestations of animal movement have com-
bined to contribute to a confused narrative about the 
seasonal movements of delta smelt.

METHoDS
Data Sources and Treatment

Since it is not possible at present to track delta smelt 
directly, inferences about its inter-seasonal move-
ments require an assessment of the distribution of 
the fish at each of its life stages. The California 
Department of Fish and Wildlife carries out multiple 
surveys of fishes in the estuary, returns from which 
include delta smelt in temporal samples that span the 
fish’s life cycle. Surveys include the 20-mm Survey, 
Summer Townet Survey (TNS), Fall Midwater Trawl 
Survey (FMWT), and Spring Kodiak Trawl Survey 
(SKT), which sample extensive, partially overlapping 
areas of the estuary (within the area in Figure 2). 
Additionally, USFWS conducts beach seine surveys 
in widely separated areas in the Delta. The methods 
for those surveys have been documented previously 
(see Moyle et al. 1992; Bennett 2005). Bennett (2005) 
has discussed in detail the varying strengths and 

weaknesses of several of those surveys as population 
assessment tools for delta smelt. Each monitoring 
program survey effort is conducted during a differ-
ent seasonal (time) period, with a different sampling 
frequency (monthly or bi-weekly), and at a varying 
number of stations (30 to 113 stations). By employing 
different gear and tools during different time periods, 
each survey effort serves to sample delta smelt of 
different sizes and during different life stages. It is 
important to note that the first four of the ongoing 
surveys mentioned previously largely sample fishes 
from the open waters of the estuary, including its 
bays and channel midlines. Accordingly, throughout 
its range, delta smelt move outside of the survey sta-
tions to spawn, making available survey returns less 
than optimal for addressing delta smelt movements to 
access the shallow areas and freshwater inlets that all 
observers agree host spawning by the species. 

We differentiated the life history of the delta smelt 
into five separate life stages—larvae, sub-juveniles, 
juveniles, sub-adults, and mature adults (Table 1)—
based on prior descriptions of the species’ life his-
tory by Moyle (2002) and Bennett (2005). We chose 
a 15-mm body length to differentiate between larvae 
and sub-juveniles, because at 16 to 18 mm delta 
smelt exhibit more developed fin structure and their 
swim bladders are filled, making them more mobile 
within the water column (Moyle 2002). We used 30 
mm as the length threshold between sub-juveniles 
and juveniles, because this size is associated with 
a change in observed feeding regime (Moyle 2002). 
We chose 55 mm as the length that differentiates 
between juveniles and sub-adults or mature adults, 
because delta smelt growth demonstrably slows 
between 55 and 70 mm, presumably because most of 
their available energy is channeled toward gonadal 
development (Erkkila et al. 1950; Radtke 1966). 
Because the state of maturation of individual delta 
smelt is reported in the SKT, we used reproductive 
stage to (further) subdivide mature adults into pre-
spawners and spawners. Delta smelt in reproductive 
stages 1 to 3 for females, and stages 1 to 4 for males, 
were classified as pre-spawning adults; reproductive 
stage 4 in females and stage 5 in males were classi-
fied as spawning adults (J. Adib–Samii, CDFW, pers. 
comm., 2012).
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Figure 2  The San Francisco Estuary, including features and geographic designations referenced and described throughout this pre-
sentation. Numerical designations accompanying triangles identify trawl survey locations referenced in the text.

Table 1  Delineation of life stages used to examine spatial dispersion of delta smelt. Monitoring program data used for each life stage 
description (either fish length or reproductive stage), and months and years of sampling data used in our study are described. Gonadal 
stages of male and female delta smelt found in the Spring Kodiak Trawl database were classified by California Department of Fish and 
Wildlife (CDFW) following Mager (1986). Descriptions of reproductive stages are available at http://www.dfg.ca.gov/delta/data/skt/
eggstages.asp

Life stage
Monitoring 

program Life stage distinction Time period
years of data  

used in this study

Sub-juveniles 20 mm ≥15, <30 mm Apr–Aug 1995–2012

Juveniles 20 mm 30 to 55 mm May–Aug 1995–2012

Juveniles TNS 30 to 55 mm Jun–Aug 1987–2011

Sub-adults FMWT >55 mm
Sep–Oct,  
Nov, Dec

1987–2012

Mature adults: pre-spawning Kodiak Trawl Reproductive stages: females 1–3, males 1–4 Jan–May 2002–2012

Mature adults: spawning Kodiak Trawl Reproductive stages: females 4, males 5 Jan–May 2002–2012

Mature adults: spawning Beach Seine Mar–Apr 1987–2009

http://www.dfg.ca.gov/delta/data/skt/
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Although data are available for juvenile and adult 
delta smelt from the FMWT back to 1967, here we 
present survey results from 1987 onward in our 
comparisons of life-stage distributions, concordant 
with the introduction to the estuary of the Asian 
clam (Potamocorbula amurensis), which is believed 
to be responsible for major changes in the delta food 
web (Alpine and Cloern 1992; Greene et al. 2011; 
Nichols et al 1990; Winder and Jassby 2011). The 
20-mm Survey was first conducted in 1995, and was 
intended to provide data on larval, sub-juvenile, and 
juvenile delta smelt. Data from the SKT are available 
from 2002. We have not used data accrued from var-
ious supplemental sampling efforts that have record-
ed delta smelt, because such surveys were conducted 
for special purposes and were not necessarily consis-
tent with programmatic protocols (R. Baxter, CDFW, 
pers. comm., 2010). To avoid introducing anomalies 
that might be caused by the addition of new stations 
to established survey frames, we only included data 
from sampling stations that were sampled consistent-
ly (that is, stations that were sampled in at least 90% 
of the years) from any of the monitoring programs.

Distribution by Life Stage 

We calculated the average catch per unit effort 
(CPUE) of delta smelt for each sampling event for 
each life stage and station by dividing the summed 
catches C of delta smelt for each life stage l, 
station s, and time period p in year y by the volume 
of water in cubic meters V that was sampled for each 
station and period within a year, then multiplying by 
10,000 to determine the catch per 10,000 m3 for each 
life stage, region, and year:

 
CPUE C Vlspy lspy spy= •Σ Σ 1000

 (1)

Then, we calculated the percentage of delta smelt 
observed at each station in a year by dividing the 
result from Equation 1, summed over each station, by 
the total across all stations in that year (see Table 1). 
Finally, the average annual percentage of delta smelt 
for each life stage observed at each station was cal-
culated as a simple average over all years (Table 2). 
To produce Table 2, the data from the FMWT survey 

stations were combined and reported for the most 
proximate 20-mm station. 

While recognizing that the gear employed to sample 
the estuary’s fishes varies in terms of catch effi-
ciency, and that catch efficiency varies both between 
monitoring programs and within samples of each 
monitoring program (depending on a variety of fac-
tors, including the size of individual delta smelt), we 
did not attempt to adjust the results reported here for 
catch efficiency. As a result, we draw no conclusions 
about the census number of delta smelt, which can 
vary substantially in returns from different monitor-
ing programs and discordantly between life stages 
from within an individual monitoring program. 

Our treatment of delta smelt catch data was limited 
to the observed distribution, rather than informed by 
population estimates. The latter would have required 
estimates of the volumes of the targeted bodies of 
water and reliance on the assumption that samples 
are representative of the density of fish throughout 
the water bodies. The validity of such an assumption 
may be questionable in a variety of circumstances, 
particularly when using beach seine data, since the 
demarcation between “beach habitat” and “open-
water habitat” is inherently arbitrary.

To depict spatially the distribution of each life stage 
across all years sampled, we identified the fewest 
stations that accounted for 90% of the sampled fish, 
showing these as dark circles around the relevant 
station, and the next 9% as light circles. Stations 
that accounted for less than 0.2% of the observed 
distribution were not depicted. The extent of the 
range of each survey is shown as a solid surrounding 
line. Areas without shading within the surrounding 
line supported very few delta smelt during the period 
analyzed.

To test the first hypothesis—that there is uni-
directional movement by delta smelt toward east-
ern spawning areas in the Delta—we looked for a 
net increase in the percentage of fish east of the 
Sacramento and San Joaquin rivers confluence (east 
of stations 703 and 804), from the sub-adult life 
stage in September and October to the pre-spawning 
life stage in the subsequent January to May. For this 
hypothesis (and the second), we considered data from 
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ric equivalents) as paired tests to account for year 
effects.

Based on the mapped distribution of delta smelt by 
life stage and the results of the statistical analyses 
described above, we generated two synthetic maps, 
consistent with publicly available survey data, which 
can be used to represent the locations of delta smelt 
at two key life stages : (1) juveniles in early sum-
mer, as they initiate a protracted period of feeding, 
growth, and maturation before dispersal to spawning 
areas, and (2) mature adults at or immediately before 
spawning, which reflects the maximum extent of the 
dispersal that they experience associated with move-
ment to spawning areas.

RESULTS 
Distribution of Delta Smelt by Life Stage 

The distributions of multiple delta smelt life stages 
are provided in Figures 3 through 7. During sum-
mer months the majority of delta smelt feed, grow, 
and mature in four adjacent geographic locations: in 
Suisun Bay, in Suisun Marsh (Montezuma Slough), at 
the Sacramento and San Joaquin rivers confluence, 
and in the lower Sacramento River (Figure 3). Data 
from the TNS shows that nearly 90% of the delta 
smelt sampled in the summer are found in that cir-
cumscribed area (Table 2). Delta smelt are essentially 
absent from the east and south Delta during this 
period. It should be noted that before 2011, surveys 
in the summertime did not extend up the Sacramento 
River to habitat in the Cache Slough complex of river 
channels in the north, nor north of the mouth of the 
Napa River.

Delta smelt continue to occupy the same general 
locations into the autumn, with more than 80% of 
the sampled fish resident in the same four areas of 
the estuary through November, and exhibiting a sub-
stantial presence in the Cache Slough area (Figure 4). 
Survey data do, however, suggest some shifts in 
areas occupied, with increases in the percentages of 
total delta smelt captured in north Suisun Bay and 
Montezuma Slough (Table 2). Based on returns from 
the SKT from January through May, it appears that a 
trend toward increased delta smelt numbers in areas 

pre-spawning adults rather than spawning adults, 
having observed that the number of spawning adults 
sampled was far fewer (80% less) than the number of 
pre-spawning adults. (Spawning adults presumably 
move out of deeper, open waters where the monitor-
ing stations are largely located.) We tested the differ-
ence between the numbers of delta smelt in the two 
geographic areas using a one-tailed t-test, since the 
first hypothesis presumes the movement is unidirec-
tional to the east.

To test the second hypothesis—that delta smelt vacate 
the Suisun bay and marsh complex to spawn in east-
ern portions of the Delta—we questioned whether the 
percentage of pre-spawning adults in the area of the 
Sacramento and San Joaquin rivers confluence and 
further west (as identified above) were significantly 
different from zero. We used a one-tailed t-test since 
the percentage could not be negative. 

To test the third hypothesis—that sub-juvenile delta 
smelt are distributed predominantly across the cen-
tral Delta in the spring—we compared the percentage 
of sub-juveniles in the central Delta with the per-
centage of sub-juveniles in all other areas. For this 
comparison we defined the central Delta to include 
stations 704 to 711, and 809 to 915. We focused on 
sub- juveniles, rather than juveniles, because, accord-
ing to the third hypothesis, juvenile fish should pro-
gressively move to the lower Sacramento River and 
northern Suisun Bay areas. Length measurements of 
young delta smelt used data from the 20-mm Survey 
to delineate sub-juveniles (see Table 1), and a one-
tailed t-test was used to see if the percentage of sub-
juvenile delta smelt in the central Delta was signifi-
cantly greater than 50%. 

Percentage data representing delta smelt distribu-
tions were arcsin √x transformed before analyses (Zar 
2009). Transformed values were checked for normal-
ity with a one-sample Kolmogorov–Smirnov test. We 
used a non-parametric Wilcoxson signed–rank test 
for data that addressed the second hypothesis, since 
the data were not transformed to normality. A test 
for independence of data across years showed no 
first- or second-order temporal correlation in any of 
the data series. We ran all t-tests (or non-paramet-
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Figure 3  Distribution of delta smelt juveniles in summer (July) 
in the Summer Townet Survey. Dark circles show survey sta-
tions collectively comprising 90% of observed catch. Light 
circles show next 9% of observed catch. Solid line indicates 
extent of survey for consistently surveyed stations. A 4-km 
buffer was used for all stations. Source: CDFW survey data. 

Figure 4  Distribution of delta smelt sub-adults in fall 
(September to November) in the Fall Midwater Trawl Survey. 
Dark circles show survey stations collectively comprising 90% 
of observed catch. Light circles show next 9% of observed 
catch. Solid line indicates extent of survey for consistently 
surveyed stations. A 4-km buffer was used for all stations. 
Source: CDFW survey data.

Figure 5  Distribution of delta smelt adults in winter (January 
to May) in the Spring Kodiak Trawl. Dark circles show survey 
stations collectively comprising 90% of observed catch. Light 
circles show next 9% of observed catch. Solid line indicates 
extent of survey for consistently surveyed stations. A 4-km buf-
fer was used for all stations. Source: CDFW survey data.

Figure 6  Distribution of delta smelt sub-juveniles in spring 
(April to June) in the 20-mm Survey. Dark circles show survey 
stations collectively comprising 90% of observed catch. Light 
circles show next 9% of observed catch. Solid line indicates 
extent of survey for consistently surveyed stations. A 4-km 
buffer was used for all stations. Source: CDFW survey data..
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beyond the four summer population loci continues, 
and expands through the winter and into the spring, 
with occurrences and numbers beyond the mid-year 
core areas in all compass directions. In the winter 
and spring, delta smelt extend to the northwest into 
the Napa River, are more frequent north in Suisun 
Marsh, are found to the northeast further up into the 
lower Sacramento River, are frequent in the Cache 
Slough area, and can be found in small numbers in 
the eastern Delta, including the lower San Joaquin 
River (Figure 5). 

Approximately 80% of pre-spawning adults are 
sampled from just three areas: Montezuma Slough, 
the lower Sacramento River, and the Cache Slough 
complex (Table 2). Spawning adults in the SKT are 
generally observed in the same locations as their 
pre-spawning predecessors, although there are 80% 
fewer spawners than pre-spawners observed in the 
SKT, suggests that some of the fish have moved away 
from open-water survey sites. Data from the beach 
seine surveys suggest that adults are found beyond 
the boundaries of the SKT, with observations of delta 
smelt well up the Sacramento River. The differences 
between the two surveys suggest that the mid-chan-
nel SKT under-samples spawning adults.

Data derived from beach seine surveys indicate that 
a northerly dispersal of spawning delta smelt adults 
is more frequent than dispersal in east or southeast 
directions (Figure 7), with just incidental observa-
tions along the San Joaquin River. The sub-juveniles 
produced by the spawning adults are dispersed 
widely throughout the Delta (Figure 6), frequently 
to the limit of the range of monitoring, suggesting 
the reasonable possibility that more individuals exist 
beyond the geographic range depicted here. However, 
by summer (June and July), juveniles appear to have 
retreated to and are concentrated in areas where they 
will remain for the following 6 months: north and 
south Suisun Bay, the Sacramento and San Joaquin 
rivers confluence, and the lower Sacramento River, 
particularly around Decker Island, and notably, in the 
Cache Slough complex of channels.

The lack of a consistent and comprehensive spatial 
overlap in the five fish surveys leaves several select 
points of delta smelt distribution and dispersal unre-

Figure 7  Distribution of delta smelt adults in spring (March to 
April) from the Beach Seine Survey. Dark circles show survey 
stations collectively comprising 90% of observed catch. Light 
circles show next 9% of observed catch. Solid line indicates 
extent of survey for consistently surveyed stations. A 4-km 
buffer was used for all stations. Source: USFWS survey data.

solved by available data. We use inference, however, 
to interpret those information gaps. We can infer 
delta smelt occupancy of the Cache Slough area at 
the upper northeastern end of the range of the spe-
cies: on average 12% of the sub-adults in September 
and October were sampled there. Since those months 
precede the redistribution of adults for spawning, 
and since Cache Slough was not routinely surveyed 
in the historical TNS, it might be reasonably con-
cluded that a year-round “population” of delta smelt 
exists in near-freshwater circumstances in the Cache 
Slough area (Sommer et al. 2011). The question of 
year-round occupancy of the Napa River is uncer-
tain, because neither the TNS nor the FMWT samples 
upper reaches of the Napa River. Data from the 
20-mm Survey indicate that spawning occurs well up 
the Napa River, but the lack of data from other sur-
veys prevents us from concluding a year-round delta 
smelt presence there.

When the five maps (Figures 3–7) are considered 
together, it is evident that a wide-ranging popula-
tion—or a collection of (likely) interacting demo-
graphic units—of delta smelt can be found year-round 
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Table 2  Average distribution of delta smelt observed in Interagency Ecological Program monitoring surveys by location. Source: 
http://www.dfg.ca.gov/delta/data/20mm/stations.asp

Life-
stage

Sub-
juvenile

Juvenile Juvnile Sub- 
adult

Sub- 
adult

Sub- 
adult

Prespawn 
Adult

Spawning 
Adult

Adult Spawning 
Adult

Period All All Jun-Aug Sep-Oct Nov Dec Jan-May Jan-May Mar-Apr
Survey 20mm 20mm STN FMWT FMWT FMWT Kodiak Kodiak Beach Seine Combined

San Pablo Bay
323 0.0% 0.0% 0.1% 0.1% 0.0% 0.1%

Napa River
340 1.3% 0.5% 0.9% 0.0% 0.0% 0.0% 2.0% 4.3% 2.7%
342 0.5% 0.7%
343 1.2% 0.7%
344 1.0% 0.7%
345 2.3% 1.3%
346 3.4% 1.6%

Subtotal 9.7% 5.5% 0.9% 0.0% 0.0% 0.0% 2.0% 4.3% 2.7%
Carquinez Straight

405 0.2% 1.9% 1.8% 1.6% 0.0% 0.1% 0.2% 0.0% 0.0%
411 1.5% 1.8% 0.7% 0.8% 0.4% 0.3% 0.4% 0.1% 0.1%
418 0.3% 1.1% 2.1% 2.2% 2.2% 0.5% 0.3% 0.4% 0.2%

Subtotal 1.9% 4.9% 4.6% 4.7% 2.6% 0.9% 0.9% 0.5% 0.3%
South Suisun Bay

501 0.7% 2.9% 3.5% 1.5% 1.5% 6.8% 1.8% 0.3% 0.2%
504 2.5% 1.0% 1.7% 2.0% 0.3% 0.6% 0.6% 0.2% 0.1%
508 1.9% 3.6% 5.8% 6.9% 2.8% 2.4% 1.1% 0.6% 0.4%

Subtotal 5.1% 7.5% 11.0% 10.4% 4.6% 9.8% 3.5% 1.2% 0.7%
Montezuma Slough

606 3.6% 1.5% 0.8% 2.9% 7.6% 15.7% 21.7% 14.9% 9.4%
609 5.2% 1.7% 1.3% 26.6% 10.6% 6.7%
610 3.8% 1.5% 0.9% 0.2% 0.2% 1.5% 2.1% 1.4% 0.9%

Subtotal 12.5% 4.7% 3.0% 3.1% 7.8% 17.3% 50.4% 26.9% 17.0%
North Suisun Bay (including Grizzly & Honker Bays)

513 3.6% 6.2% 9.6% 9.1% 8.8% 4.6% 1.2% 1.9% 1.2%
602 3.6% 16.2% 13.3% 4.1% 1.2% 4.1% 1.4% 0.5% 0.3%
519 1.8% 7.0% 6.5% 2.9% 7.3% 16.0% 4.9% 2.5% 1.6%

Subtotal 9.0% 29.4% 29.4% 16.1% 17.3% 24.7% 7.5% 5.0% 3.1%
Confluence

520 3.8% 2.3% 1.9%
703 7.1% 7.3% 10.3% 8.4% 6.5% 1.5% 0.6%
801 2.8% 1.7% 2.4% 1.3% 0.4% 0.2% 0.8% 0.3% 0.2%
804 3.4% 0.9% 1.5% 0.5% 0.5% 0.1% 0.9% 0.2% 0.0% 0.1%

Subtotal 17.1% 12.2% 5.8% 12.1% 9.3% 6.7% 1.7% 0.6% 1.5% 0.9%
Lower Sacramento River (Decker Is)

704 9.8% 16.5% 20.6% 15.2% 16.3% 9.7% 8.1% 8.0% 5.0%
705 1.9% 0.5%
706 11.4% 9.7% 16.7% 17.8% 18.6% 13.8% 6.5% 2.3% 1.5%
707 3.8% 1.5% 5.7% 6.1% 13.3% 7.0% 2.7% 9.2% 27.2% 16.5%

http://www.dfg.ca.gov/delta/data/20mm/stations.asp
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Table 2  Average distribution of delta smelt observed in Interagency Ecological Program monitoring surveys by location  (Cont.)

Life-
stage

Sub-
juvenile

Juvenile Juvnile Sub- 
adult

Sub- 
adult

Sub- 
adult

Prespawn 
Adult

Spawning 
Adult

Adult Spawning 
Adult

Period All All Jun-Aug Sep-Oct Nov Dec Jan-May Jan-May Mar-Apr
Survey 20mm 20mm STN FMWT FMWT FMWT Kodiak Kodiak Beach Seine Combined

San Pablo Bay
323 0.0% 0.0% 0.1% 0.1% 0.0% 0.1%

Napa River
340 1.3% 0.5% 0.9% 0.0% 0.0% 0.0% 2.0% 4.3% 2.7%
342 0.5% 0.7%
343 1.2% 0.7%
344 1.0% 0.7%
345 2.3% 1.3%
346 3.4% 1.6%

Subtotal 9.7% 5.5% 0.9% 0.0% 0.0% 0.0% 2.0% 4.3% 2.7%
Carquinez Straight

405 0.2% 1.9% 1.8% 1.6% 0.0% 0.1% 0.2% 0.0% 0.0%
411 1.5% 1.8% 0.7% 0.8% 0.4% 0.3% 0.4% 0.1% 0.1%
418 0.3% 1.1% 2.1% 2.2% 2.2% 0.5% 0.3% 0.4% 0.2%

Subtotal 1.9% 4.9% 4.6% 4.7% 2.6% 0.9% 0.9% 0.5% 0.3%
South Suisun Bay

501 0.7% 2.9% 3.5% 1.5% 1.5% 6.8% 1.8% 0.3% 0.2%
504 2.5% 1.0% 1.7% 2.0% 0.3% 0.6% 0.6% 0.2% 0.1%
508 1.9% 3.6% 5.8% 6.9% 2.8% 2.4% 1.1% 0.6% 0.4%

Subtotal 5.1% 7.5% 11.0% 10.4% 4.6% 9.8% 3.5% 1.2% 0.7%
Montezuma Slough

606 3.6% 1.5% 0.8% 2.9% 7.6% 15.7% 21.7% 14.9% 9.4%
609 5.2% 1.7% 1.3% 26.6% 10.6% 6.7%
610 3.8% 1.5% 0.9% 0.2% 0.2% 1.5% 2.1% 1.4% 0.9%

Subtotal 12.5% 4.7% 3.0% 3.1% 7.8% 17.3% 50.4% 26.9% 17.0%
North Suisun Bay (including Grizzly & Honker Bays)

513 3.6% 6.2% 9.6% 9.1% 8.8% 4.6% 1.2% 1.9% 1.2%
602 3.6% 16.2% 13.3% 4.1% 1.2% 4.1% 1.4% 0.5% 0.3%
519 1.8% 7.0% 6.5% 2.9% 7.3% 16.0% 4.9% 2.5% 1.6%

Subtotal 9.0% 29.4% 29.4% 16.1% 17.3% 24.7% 7.5% 5.0% 3.1%
Confluence

520 3.8% 2.3% 1.9%
703 7.1% 7.3% 10.3% 8.4% 6.5% 1.5% 0.6%
801 2.8% 1.7% 2.4% 1.3% 0.4% 0.2% 0.8% 0.3% 0.2%
804 3.4% 0.9% 1.5% 0.5% 0.5% 0.1% 0.9% 0.2% 0.0% 0.1%

Subtotal 17.1% 12.2% 5.8% 12.1% 9.3% 6.7% 1.7% 0.6% 1.5% 0.9%
Lower Sacramento River (Decker Is)

704 9.8% 16.5% 20.6% 15.2% 16.3% 9.7% 8.1% 8.0% 5.0%
705 1.9% 0.5%
706 11.4% 9.7% 16.7% 17.8% 18.6% 13.8% 6.5% 2.3% 1.5%
707 3.8% 1.5% 5.7% 6.1% 13.3% 7.0% 2.7% 9.2% 27.2% 16.5%

Cache Slough Complex
711 0.1% 0.0% 0.0% 5.2% 1.4% 3.4% 0.2% 3.5% 10.6% 6.3%
712 0.0% 0.5% 0.3%
713 1.0% 4.5% 2.9%
715 4.0% 9.5% 6.0%
716 5.5% 6.5% 7.3% 5.2% 2.7% 7.2% 18.1% 5.7% 13.7%
719
798

Subtotal 5.6% 6.5% 0.0% 12.4% 6.6% 6.1% 12.3% 36.1% 16.3% 29.2%
Upper Sacramento

717 5.5% 2.2%
724 2.2% 0.9%
735 4.8% 1.9%
736 11.6% 4.5%
749 19.0% 7.5%

Subtotal 0.0% 0.0% 43.1% 16.9%
Lower San Joaquin River

802 1.6% 2.0% 1.4% 0.0%
809 5.4% 0.7% 1.8% 0.2% 1.0% 1.8% 2.8% 2.9% 0.0% 1.8%
812 1.8% 0.1% 0.1% 0.1% 0.6% 0.4% 0.6% 1.5% 1.0%
815 1.9% 0.0% 0.2% 0.0% 0.0% 0.0% 0.3% 1.0% 0.6%

Subtotal 9.1% 0.8% 2.1% 1.9% 3.6% 3.7% 3.7% 5.5% 0.0% 3.4%
South Delta

901 0.8% 0.1%
902 0.7% 0.1% 0.0% 0.0% 0.0% 0.2% 0.3% 0.0% 0.2%
914 0.3% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
915 0.2% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
918 0.2% 0.0% 0.0% 0.0% 0.0%

Subtotal 2.2% 0.1% 0.0% 0.0% 0.0% 0.0% 0.2% 0.3% 0.0% 0.2%
East Delta

906 0.5% 0.0% 0.0% 0.0% 0.0% 0.1% 0.0%
910 0.1% 0.1% 0.0% 0.0% 0.0% 0.1% 0.0%
912 0.0% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0%
919 0.2% 0.1% 0.0% 0.0% 0.0% 0.2% 0.1%
920
921
922 2.5% 1.0%
923 4.2% 1.6%

Subtotal 0.9% 0.2% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 7.0% 2.8%

Total 100% 100% 100% 100% 100% 100% 99% 100% 95% 100%
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in several areas of the Delta: north Suisun Bay, the 
Sacramento and San Joaquin rivers confluence, the 
lower Sacramento River (around Decker Island), and 
in and adjacent to Cache Slough. The data used to 
generate those maps allow the first hypothesis—that 
delta smelt move in an easterly direction from Suisun 
Bay at the onset of spawning—to be addressed. The 
percentages of sub-adult delta smelt in the early fall 
(September and October) and pre-spawning adults 
that are located east of the Sacramento and San 
Joaquin rivers confluence are reported in Table 3. 
Rather than supporting the hypothesis that the rela-
tive abundance of delta smelt east of the rivers' con-
fluence increases with fish there maturing to spawn-
ing condition, the percentage of the surveyed popu-
lation there actually decreases; with an average of 
24% fewer delta smelt later in their life cycle being 
detected in surveys east of the confluence (with the 
west–east difference significant at the 95% level). 

We addressed the second hypothesis—that delta smelt 
vacate Suisun Bay and the Sacramento and San 
Joaquin rivers confluence before spawning—by test-
ing whether the percentage of pre-spawning delta 
smelt that reside at the rivers' confluence or to the 

west, was not significantly different from zero. The 
presence of pre-spawning delta smelt at the rivers' 
confluence and west of it averages 67%, which is sig-
nificantly different from zero at the 95% level (Table 
4). We can reject the hypothesis that delta smelt 
vacate the western portion of the estuary to spawn. 

We also rejected the third hypothesis: that sub-juve-
nile delta smelt are found predominantly in the cen-
tral Delta. Data from the 20-mm Survey from 1995 
to 2009 show that, on average, 39% of sub-juveniles 
were found in the central Delta, with the remaining 
61% found in other locations (Table 5). Moreover, 
even the finding that 39% of sub-juvenile delta smelt 
are present in the central Delta might be viewed 
as misleading. Stations 704, 705, 706, and 707 are 
located in the lower Sacramento River, from Decker 
Island downstream to the confluence (see loca-
tions in Figure 2). As observed on the series of maps 
(Figures 3–7), delta smelt are typically located in this 
area year-round; therefore, much of their presence in 
the central Delta is not likely to be the result of sea-
sonal dispersal to that area. Also, the area is on the 
very northwest edge of the Delta, and is not usually 
considered part of the central Delta. Removing these 

Table 3  Percentage of delta smelt sub-adults sampled east of the confluence in September and October in the FMWT compared with 
the percentage of pre-spawning adults in the subsequent SKT

Cohort year

Percentage east of confluence 
during Sep–oct  

in FMwT

Percentage east of confluence 
during subsequent Jan–May  

in SKT Percent change

2001 90.9% 18.1% –72.8%

2002 52.7% 61.4% 8.7%

2003 83.3% 17.2% –66.1%

2004 93.3% 28.2% –65.1%

2005 76.0% 18.4% –57.6%

2006 40.9% 26.2% –14.7%

2007 23.8% 75.3% 15.5%

2008 73.3% 57.6% –15.7%

2009 62.5% 2.0% –60.5%

2010 34.1% 27.6% –6.5%

2011 4.7% 35.8% 31.1%

Average 57.8% 33.4% –24.4%

Std. Dev. 29.1% 22.2% 43.1%
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four stations from the central Delta station grouping 
used in Table 5, reduces the average observed pres-
ence of delta smelt in the actual central Delta from 
39% to just 12%.

Collectively, rejecting the three hypotheses strongly 
supports the perspective that delta smelt spawning 
movement is multi-directional—likely toward local 
freshwater inputs—rather than manifest as a uni-
directional eastward migration.

A pair of synthetic maps depicts inter-seasonal dis-
persal by delta smelt (Figures 8A and 8B). Juvenile 
delta smelt are found primarily in four areas in late 
spring: (1) in the Napa River estuary, (2) in areas 
from the western portion of Grizzly Bay through 
Suisun Bay to the Sacramento and San Joaquin rivers 
confluence, including Montezuma Slough and likely 
other larger channels in and about Suisun Marsh, (3) 
in areas along the lower Sacramento River extend-
ing up to and beyond the complex of small embay-
ments and channels around Cache Slough and Liberty 
Island, and (4) perhaps further north upstream in the 
Sacramento Deep Water Ship Channel. Delta smelt 
adults, just before and into the period of spawning, 
exhibit a distribution at relatively high densities: 

(1) from the area around Suisun Bay and adjacent 
to Montezuma Slough, and (2) east up the lower 
Sacramento River into the area of Cache Slough and 
Liberty Island; and in lesser densities, (3) in the San 
Joaquin River and its more northern tributaries, (4) 
in Montezuma Slough in Suisun Marsh, and (5) in 
the lower Napa River and its estuary. An east–west 
distributional disjunction between younger and older 
delta smelt in the Delta is not apparent; lesser shifts 
are apparent in the distribution of delta smelt within 
its geographic range between life stages.

DISCUSSIon

Five trawl-based fish surveys sample extensive, par-
tially overlapping portions of the Sacramento–San 
Joaquin River Delta and adjacent areas of the San 

Table 4  Percentage of delta smelt pre-spawning adults locat-
ed at the confluence and west of it in the SKT

year
Pre-spawning adults  

Jan–May

2002 81.9%

2003 38.6%

2004 82.8%

2005 71.8%

2006 81.6%

2007 73.8%

2008 24.7%

2009 42.4%

2010 98.0%

2011 72.4%

2012 64.2%

Average 66.6%

Std. Dev. 22.2%

Table 5  Percentage of delta smelt sub-juveniles located in the 
central Delta, using data from the 20-mm Survey and life stage 
delineations from Table 1

year
Central Delta  

Stations 704–711, 809–915

1995 2.3%

1996 8.8%

1997 69.4%

1998 1.2%

1999 29.1%

2000 33.8%

2001 85.4%

2002 70.3%

2003 34.7%

2004 69.4%

2005 6.9%

2006 1.4%

2007 77.2%

2008 80.0%

2009 59.7%

2010 33.5%

2011 1.0%

2012 31.9%

Average 38.7%
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Figure 8  Synthesized distribution of delta smelt in summer and fall (A) before dispersal to spawning areas, and in spring (B) after 
dispersion. The dark areas show the predominant range during each period. The high and moderate density areas combined account 
for 90%, on average, of the observed presence of delta smelt. Areas of negligible density combined account for less than 1% of delta 
smelt during the survey period. Light green areas represent 9% of the presence of delta smelt. Source: CDFW survey data. 

A

B
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inlets on nearby shores and in marshes, with only 
a relatively small fraction of delta smelt exhibit-
ing movement east to freshwater, including up and 
into the Sacramento or San Joaquin rivers. The 
mapped survey data indicate that most of the delta 
smelt that rear in Suisun Bay appear to disperse 
north to Montezuma Slough and Suisun Marsh to 
spawn. Fish in the Cache Slough complex of chan-
nels and wetlands appear to stay in that general 
area. And delta smelt in the lower Sacramento 
River likely disperse in multiple directions: up the 
Sacramento River, east toward the San Joaquin River, 
and west into Montezuma Slough. Drawing from 
Table 2, the percentage of delta smelt sampled in 
Suisun Bay decreased from 34.5% in December to 
11% in January through May, whereas the percent-
age in Montezuma Slough increased from 17.3% in 
December to over 50% in January through May. In 
September and October, 12.4% of sampled delta smelt 
were sampled from the Cache Slough complex; that 
percentage declined in November and December, but 
rebounded to 12.3% for the period from January 
through May. Given the spatial and temporal pat-
terns of delta smelt in survey samples, it is likely that 
many pre-spawning delta smelt move inshore and 
out of the range of institutional monitoring surveys; 
but, survey data indicate that most adults that are 
ready to spawn remain in these same three general 
geographic areas. The data presented here contradict 
the depiction of delta smelt vacating the Grizzly Bay 
and Suisun Bay areas and the adjacent Suisun Marsh 
complex of wetlands to spawn in eastern portions 
of the Delta. In addition, survey returns appear to 
counter the assertion that sub-juvenile delta smelt are 
more frequent across the central Delta in the spring, 
rather than in northern portions of the estuary. 
Nearly two-thirds of young juvenile fish come from 
survey stations from Decker Island downstream to the 
Sacramento and San Joaquin rivers confluence in the 
spring. This finding is consistent with earlier observa-
tions of the distribution of young fish. Citing Radtke 
(1966) and Wang (1986), 2 decades ago, Moyle et al. 
(1992) reported “spawning apparently occurs along 
the edges of the rivers and adjoining sloughs in the 
western Delta.” 

Francisco Estuary. The known distributional range of 
delta smelt has been informed largely by those sur-
veys (Merz et al. 2011). Delta smelt range from the 
just east of the Carquinez Strait, through Grizzly and 
Suisun bays, and the adjacent Suisun Marsh, up-Del-
ta past the Sacramento and San Joaquin rivers con-
fluence, on the lower Sacramento River, in the Cache 
Slough and Liberty Island complex of waterways, and 
in the Sacramento Deep Water Ship Channel. Beach 
Seine surveys have established that delta smelt are 
present in the Sacramento River north of Walnut 
Grove. Occasional individuals can be found in east-
ern, southeastern, and southern portions of the Delta 
in the winter and spring; and very young juvenile 
delta smelt may be rather widely distributed across 
the Delta before settling into a largely northern and 
western Delta distributional range. Delta smelt have 
also been observed as a disjunct presence in lower 
reaches of the Napa River. 

The pertinent issue addressed here is the distribution 
of delta smelt adults before spawning and their move-
ment to locations at which spawning presumptively 
occurs. Two alternative perspectives have been offered 
regarding movement by delta smelt from “rearing” 
areas to spawning locations. One describes a uni-
directional, upstream migration by delta smelt from 
rearing areas in the west Delta to freshwater areas in 
the east. The other describes a diffuse dispersal from 
embayments and channels across the northern Delta, 
marshward to adjacent shoals and shorelines, where 
upland freshwater from winter and spring storms 
is delivered into Delta waters. The two perspectives 
inform our understanding of what constitutes habitat 
for delta smelt—its spatial extent, and its temporal 
patterns of habitat occupancy—as well as determin-
ing the conservation actions that might benefit delta 
smelt, prioritizing those actions, and identifying the 
locations where management actions might yield the 
greatest benefits to delta smelt. 

Our analyses using data generated by seasonal sur-
veys refute the assertion that delta smelt undertake 
uni-directional movement in late autumn and early 
winter toward eastern spawning areas in the Delta. 
Spatial data are consistent with delta smelt disper-
sal from bay, embayment, and channel areas occu-
pied by pre-spawner delta smelt toward freshwater 



san francisco estuary & watershed science

16

In sum, life-stage-specific distribution maps generat-
ed from multiple, seasonal trawl surveys that regular-
ly capture delta smelt do not show the sort of annual, 
large-scale, population-wide migration event by delta 
smelt as has been described by the OCAP Technical 
Support Team (unpublished) and U.S. Bureau of 
Reclamation (2012). The most parsimonious conclu-
sion that can be drawn from surveys that sample 
delta smelt before, during, and after the winter to 
early spring spawning period is that the fish move 
from open water to adjacent shoals and shoreline 
areas, which exhibit the physical attributes—especially 
the freshwater inputs and appropriate substrates—that 
are necessary to support successful spawning.

Sommer et al. (2011) also describe the annual disper-
sal patterns of delta smelt. Their study computes the 
average position of delta smelt in temporal samples 
(the centroid of the distribution of the fish) from a 
subset of FMWT stations, and suggests that the “pop-
ulation” centroid moves slightly east in the very late 
autumn in relation to the location of the dynamic 
low-salinity zone in the estuary. This is interpreted 
as evidence of upstream migration. The findings pre-
sented here call into question use of the centroid of 
the distribution of delta smelt to assess their inter-
seasonal movement. The west-to-northeast orienta-
tion of the Delta’s uplands interface and channel 
complexes that delta smelt occupy can provide for 
an eastward component to fish spawning movements 
that could also be inshore, north (or south) toward 
freshwater inputs. Moreover, the presence of multiple 
demographic loci obviates the utility of defining a 
single delta smelt centroid, the geographic shifting of 
which can misrepresent actual site-specific movement 
patterns. But, perhaps most importantly, the slight 
eastward shifts in the centroid of the delta smelt dis-
tribution described by Sommer et al. (2011) do not 
support the assertion that delta smelt undergo a mass 
migration to the freshwater edge of the Delta—even a 
substantial shift in the distributional centroid of delta 
smelt with the onset of spawning would leave a large 
fraction of the fish far from the freshwater limits at 
the Delta’s eastern boundary. As support for an east-
ward, “upstream” migration by delta smelt, Sommer 
et al. (2011) turn to previous studies for corrobora-
tion (Swanson et al. 1998; Dege and Brown 2004), 

but neither of those studies offer data or analyses 
that address the issue of migration per se. 

Use of the term “migration” to characterize seasonal, 
spawning-related movements in delta smelt without 
presentation of an unambiguous definition of the 
term may have contributed to a confounded narra-
tive about seasonal delta smelt movements. The fed-
eral resource agency maps presented herein illustrate 
movement phenomena that meet the vernacular use 
of the term “migration,” with fish moving extensive 
distances across the Delta to reproduce. And, Sommer 
et al. (2011) used the term in their description of a 
long-distance west-to-east dispersal phenomenon. 
But, Moyle (2002) and Bennett (2005) also referred 
to migration in describing delta smelt moving from 
open waters to adjacent shorelines—a less common-
place use of the term. In strict technical usage, both 
short- and long-distance dispersal can constitute 
migration (Dingle and Alistair Drake 2007; Lack 
1968; Ramenofsky and Wingfield 2007). Wilcove 
(2007) differentiates migratory movements from 
“daily searches for food and shelter” or “the dispersal 
movements of offspring, as they establish their own 
territories.” Hence, while the term migration conjures 
up for many a picture of songbird flights from boreal 
forests to far-distant tropical winter refuges, it is also 
technically correct to invoke the term migration to 
describe the delta smelt’s far less ambitious dispersal 
from open waters to adjacent shorelines. Nonetheless, 
we have used the term “dispersal” to reflect the sea-
sonal movement of the fish between rearing and 
spawning areas, and to differentiate such movements 
from the long-distance, uni-directional movements 
that are essential to the conceptual model employed 
by the federal resource agencies (OCAP Technical 
Support Team unpublished; USBR 2012).

The findings presented here on seasonal dispersal 
have implications for understanding delta smelt 
ecology and behavior. An annual, east–west migra-
tion of delta smelt would serve to provide contact 
among and mixing of individuals into a single 
(truly) panmictic population. But, with the presence 
of four or more geographically discontinuous delta 
smelt spawning loci in the Delta, as indicated here, 
and absent mass directional movements, a differ-
ent demographic picture can be inferred. Substantial 



october 2013

17

demographic mixing is certain in the limited-dis-
persal scenario. This is consistent with Hobbs et al. 
(2007), who used trace elemental fingerprinting to 
determine natal areas of delta smelt. Under a limited-
dispersal model, at least within each generation, 
exchange of individuals from areas of the western 
Delta (Suisun Bay and marshes) and eastern Delta 
(Cache Slough and neighboring areas) is constrained; 
while the stepping-stone exchange necessary to 
genetically tie the demographic units of delta smelt 
east of the Carquinez Strait is realized (see Fisch et 
al. 2011). 

In light of the spatial and temporal patterns of delta 
smelt distribution presented here, characterization of 
delta smelt habitat is possible. Extensive areas depict-
ed as being seasonally occupied in the federal agency 
maps, and hence providing habitat for delta smelt, 
appear to support a very small fraction of the over-
all numbers of the species, and then only for limited 
periods of the year (and see Figure 4 in Merz et al. 
2011). According to survey data, much of the area 
in the large eastern polygons in Figures 1A and 1B 
are infrequently occupied and currently may not pro-
vide habitat for delta smelt. At the same time, some 
areas of the west Delta, which have explicitly been 
considered to have limited or intermittent habitat 
quality (see Armor et al. 2005), appear to host delta 
smelt that are preparing to spawn, and those areas 
and adjacent channels appear to be more consistently 
occupied by delta smelt that previously described. 

These observations have implications for delta smelt 
conservation and for resource managers. The distri-
bution of delta smelt during each of the life stages 
serves to delineate the suite of environmental stress-
ors that may affect them. That a substantial portion 
of the estuary’s delta smelt spawners are found in 
Suisun Marsh, but a small fraction of the young-
est delta smelt are subsequently there, suggests 
that environmental stressors in that area need to 
be closely examined. An ambitious effort to restore 
tidal marshes and wetlands in the Delta, which are 
believed to contribute to producing prey for delta 
smelt, has targeted candidate locations for habitat 
restoration efforts (BDCP 2013). Available distribu-
tion data and the dispersal phenomena that can be 
inferred from them strongly suggest that marshland 

restoration efforts would be best directed and priori-
tized to areas within and between the loci of delta 
smelt occurrences in the north Delta. The lack of 
evidence that delta smelt make an extensive easterly 
migration to spawn could inform the selection of 
locations (and prioritization) for restoration targets, 
with recognition that efforts to construct or reha-
bilitate habitats for delta smelt should be designed 
to support local demographic units, not seasonal 
migrants. 

The maps presented here indirectly address Sommer 
et al.’s (2011) concern about the effects that entrain-
ment of delta smelt at water export facilities in the 
south Delta may have on the species’ status and 
trends. They also indicate that conclusions about 
population-level effects of entrainment at export 
pumps may warrant re-evaluation (see Grimaldo et 
al. 2009). While salvage samples at export pumps 
demonstrate that delta smelt are at least intermit-
tently entrained, the assertion that mortality from 
entrainment is frequently large or is sporadically so 
(see Kimmerer 2008, 2011; Miller 2011), and there-
fore consequential to the status and trends of delta 
smelt, is not so clear (see also Castillo et al. 2012). 
While available distribution data suggest relatively 
wide dispersal of larvae and young juvenile delta 
smelt away from natal spawning areas—and hence 
some proportion of the very youngest delta smelt 
may be lost at the water export pumps—available 
survey data do not seem to support the contention 
that large numbers of delta smelt migrating upstream 
pass perilously close to the export facilities or are 
drawn to them during annual, long-distance spawn 
movements. 

ConCLUSIonS

Using available survey data, we have presented a 
complex picture of the distribution and dispersal of 
delta smelt before spawning. A diffuse collection of 
delta smelt population loci exist in and adjacent to 
the northern Delta’s open waters, individuals from 
which undertake landward movements to spawn. 
These movements are consistent with the long-
understood idea that delta smelt mature in the estu-
ary’s brackish water and spawn in fresher water. The 
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maps offer no support for a uni-directional, easterly 
spawning migration by delta smelt from open water 
in the west of the Delta to fresher water to the east. 
The alternative conceptual model of delta smelt 
spawning movements described here, and supported 
by earlier studies and inferences, indicates a need 
to re-evaluate the relative importance of the envi-
ronmental stressors that are reducing the numbers 
of delta smelt—and the appropriate recovery mea-
sures that should be taken in efforts to conserve the 
species. 
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Assessment of the RPAs 
 

 
 
 

INTRODUCTION 
 

The RPAs include many specific actions that fall into several categories for 
each species.  The RPA in the FWS biological opinion for delta smelt focuses on 
limiting OMR negative flows in winter to protect migrating adults (Actions 1 
and 2) and to protect larval smelt (Action 3) from entrainment at the export 
pumps.  It also aims to protect estuarine habitat for smelt during the fall by man-
aging the position of X2 (Action 4).  Action 5 is to protect larval and juvenile 
smelt from entrainments by refraining from installing the Head of Old River 
Barrier (HORB) depending on conditions; if the HORB is installed, then the 
Temporary Barrier Project’s gates would remain open.  Finally, Action 6 calls 
for restoration and construction of 8,000 acres of intertidal and tidal habitat. 

The RPA in the NMFS biological opinion for Chinook salmon, Central Val-
ley steelhead, and green sturgeon is divided into far too many specific actions 
(72) to summarize here, but the biological opinion describes 10 major effects of 
the RPA on the listed species.  They include management of storage and releases 
to manage temperature in the Sacramento River for steelhead and salmon; main-
taining flows and temperatures in Clear Creek for spring-run Chinook salmon; 
opening gates at the Red Bluff Diversion Dam (RBDD) at critical times to pro-
mote passage for salmon and sturgeon; improving rearing habitat for salmon in 
the lower Sacramento River and in the northern delta; closure of the gates of the 
Delta Cross Channel (DCC) at critical times to keep juvenile salmon and steel-
head out of the interior delta and instead allowing them to migrate out to sea; 
limiting OMR negative flows to avoid entrainment of juvenile salmon; increased 
flows in the San Joaquin River and curtailment of water exports to improve sur-
vival of San Joaquin steelhead smolts, along with an acoustic tagging program 
to evaluate the effectiveness of this action; flow and temperature management 
on the American River for steelhead; a year-round flow regime on the Stanislaus 
River to benefit steelhead; and the development of Hatchery Genetics Manage-
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ment Plans at the Nimbus (American River) and Trinity River hatcheries to 
benefit steelhead and fall-run Chinook salmon.    

Rather than review every action and every detail, the committee comments 
on the broader concepts at issue and general categories of actions. Three impor-
tant goals are to consider how well the RPAs are based on available scientific 
information; whether there are any potential RPAs not adopted that would have 
lesser impacts to other water uses as compared to those adopted in the biological 
opinions, and would provide equal or greater protection for the listed fishes; and 
whether there are provisions in the FWS and NMFS biological opinions to re-
solve potential incompatibilities between them.  In addition we assess the inte-
gration of the RPAs within and across species and across all actions.  

Addressing these goals requires explicitly recognizing the fundamental dif-
ferences in the main conflicting arguments.  There is concern, on one hand, that 
the increasing diversions of water from the delta over a period of many decades 
and the alteration of the seasonal flow regime have contributed to direct effects 
on populations of native species through mortality at the pumps, changes in 
habitat quality, and changes in water quality; and to indirect, long-term effects 
from alterations of food webs, biological communities, and delta-wide habitat 
changes.  The RPAs propose that their collective effects will offset the impacts 
of the proposed operations of the SVP and the CWP by manipulating river flows 
and diversions, along with other actions.  An alternative argument is that the 
effects of water diversions on the listed fishes are marginal.  It is argued that the 
changes imposed by the RPAs would result, therefore, only in marginal benefits 
to the species, especially now that the delta environment and its biota have been 
altered (to a new ecological baseline) by multiple stressors.  Those stressors ob-
viously include water exports, but this argument suggests a smaller role for wa-
ter exports in causing the fish declines and hence a smaller role for managing the 
exports to reduce or halt those declines.  However, even with the copious 
amounts of data available, it is difficult to draw conclusions about what variable 
or variables are most important among the pervasive, irregular, multivariate 
changes in the system that have occurred over the past century.   

The committee’s charge was to provide a scientific evaluation, not a legal 
one, and that is what is presented below.  Nothing in this report should be inter-
preted as a legal judgment as to whether the agencies have met their legal re-
quirements under the ESA.  The committee’s report is intended to provide a 
scientific evaluation of agency actions, to help refine them, and to help the gen-
eral attempt to better understand the dynamics of the delta ecosystem, including 
the listed fishes. 
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DELTA SMELT 
 

Actions Related to Limiting Flow Reversal on the Old and Middle Rivers 
(OMR) 

 
The general purpose of this set of actions is to limit the size of the zone of 

influence around the water-diversion points at critical times.  The actions would 
limit negative OMR flows (i.e., toward the pumps) by controlling water exports 
during crucial periods in winter (December through March) when delta smelt are 
expected to be in the central delta (FWS, 2008).  The data supporting this ap-
proach show an increase in salvage of delta smelt as OMR flows become more 
negative. However, there are important disagreements about how to express 
salvage and the choice of the trigger point or threshold in negative flows above 
which diversions should be limited.    

An important issue is whether and how salvage numbers should be normal-
ized to account for delta smelt population size.  An increase in salvage could be 
due to an increase in the number of smelt at risk for entrainment, an increase in 
negative flows that bring smelt within range of the pumps, or both.  Thus, an 
increase in salvage could reflect a recovery of the smelt population or it could 
reflect increasingly adverse flows toward the pumps for the remaining smelt 
population.  The biological opinion (FWS, 2008) recognizes this relationship, 
and that is why salvage is used to calculate the percentage of the population en-
trained, rather than absolute numbers (FWS, 2008, Figures E-4 and E-5).  How-
ever, the historical distribution of smelt on which the relationship with OMR 
flows was established no longer exists.  Delta smelt are now sparsely distributed 
in the central and southern delta (www.dfg.ca.gov/delta/data), and pump salvage 
also has been extremely low, less than four percent of the 50-year average index.  
Since 2005, a significant portion of the remaining smelt population, 42 percent 
(Sommer et al., 2009), is in the Cache Slough complex to the north and is there-
fore largely isolated from the central delta.  These changes in the distribution of 
delta smelt increase the uncertainty surrounding current estimates of the popula-
tion and its likely response to alterations in delta hydraulics, and until the num-
bers of smelt rise closer towards the pre-2005 levels, they do not provide a reli-
able index for incorporation into models for the effects of pumping on smelt 
salvage.  

Different authors have taken different statistical approaches to analyzing the 
data to interpret the relationship between OMR flows and effects on smelt, and 
thus chose different thresholds at which OMR flows should be limited.  The 
choice of the limit to negative flows in the RPA gives the benefit of the doubt to 
the species.  But there are important uncertainties in the choice.  The different 
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trigger points suggested by the different analyses have important implications 
for water users.  The committee concludes that until better monitoring data and 
comprehensive life-cycle and fish-movement models are available, it is scien-
tifically reasonable to conclude that high negative OMR flows in winter proba-
bly adversely affect smelt.  We note as well that actions 1 and 2 of the FWS 
RPA are adaptive in that they depend for their implementation on a trigger re-
lated to measured turbidity and measured salvage numbers; they also may be 
suspended during three-day average flows of 90,000 cfs or greater in the Sacra-
mento River at Rio Vista and 10,000 cfs or greater in the San Joaquin River at 
Vernalis.  However, the portion of the existing smelt population in the Cache 
Slough complex appears not to move downstream towards the brackish areas 
(Sommer et al., 2009) and thus they should be largely insulated from the effects 
of the OMR flows and actions 1 and 2.   

The biological benefits and the water requirements of this action are likely 
to be sensitive to the precise values of trigger and threshold values.  There 
clearly is a relationship between OMR flows and salvage rates, but the available 
data do not permit a confident identification of the threshold values to use in the 
action, and they do not permit a confident assessment of the benefits to the 
population of the action.  As a result, the implementation of this action needs to 
be accompanied by careful monitoring, adaptive management, and additional 
analyses. 

Some monitoring and reporting is required in RPA component 5 (monitor-
ing and reporting).  However, more should be required, recognizing limits to the 
agencies’ and operators’ human and fiscal resources.  Given the uncertainties in 
any choice of a trigger point, a carefully designed study that directly addresses 
measures of the performance (effectiveness) of the action is essential. This could 
include monitoring of variables like salvage at the pumps and numbers of delta 
smelt adults and larvae at the south ends of OMR channels during pumping ac-
tions, but it should also include other variables that might affect both salvage 
and populations.  History shows that salvage and delta smelt indices have been 
insufficient for such an analysis alone, partly because the populations are small 
and partly because of the uncertainties in the salvage numbers (e.g., to what de-
gree do they accurately reflect mortality, and to what degree are they affected by 
sampling error?).  This deficiency in the data needs to be remedied.  But other 
“proximate” measures such as monitoring of flows over the tidal cycle between 
and during the pumping limitations could help to understand the driving mecha-
nism for the predicted entrainment mortality associated with pumping.  Measur-
ing mean daily discharges also is not sufficient. Temperature, salinity, turbidity, 
and possibly other environmental factors should also be monitored at appropri-
ate scales as this action is implemented, to determine the availability of suitable 
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habitat in the south delta during periods of reduced pumping.  Information also 
is needed on how fish movement is affected by the immediate water-quality and 
hydraulic environment they experience. Because the effectiveness of the pump-
ing needs to be expressed in terms of the population, the influence of pumping 
needs to be identified in more life-stage and area specific measures,  In particu-
lar, the relevance of the Cache Slough complex needs to be resolved in assessing 
the effectiveness of pumping restrictions. In addition, because uncertainty is 
high regarding several aspects of this action, it would be helpful to include an 
accounting of the water requirements.  Ongoing evaluation of performance 
measures could ultimately reduce the water requirements of actions and increase 
the benefits to the species.  Addressing the effectiveness of the proposed actions 
on a long-term basis could also support consensus conclusions about the effec-
tiveness of specific actions and increase public trust.  To the degree that such 
studies could be jointly planned and conducted by the agencies and other inter-
ested parties, transparency and public trust would be enhanced. 

 
 

X2 Management for Delta Smelt 
 
Although the mean position of X2, the isohaline (contour line of equal sa-

linity) of total salinity 2, is a measure of the location of a single salinity charac-
teristic, it is used in this system to indicate the position and nature of the salinity 
gradient between the Sacramento River and San Francisco Bay.  The position of 
X2 is measured in kilometers from the Golden Gate Bridge.  In the RPA, it has 
been used by the agencies as a measure of the amount of smelt habi-
tat―influenced by salinity as well as temperature and turbidity, which are also 
driven by the river-estuary interaction―and thus to approximate the seasonal 
extent and shifting of that habitat within the ecosystem.  By this reasoning, the 
position of X2 affects the size of delta smelt habitat (Feyrer et al., 2007; Kim-
merer, 2008a). 

The RPA’s action 4 (FWS, 2008, page 369) proposes to maintain X2 in the 
fall of wet years at 74 km east of the Golden Gate Bridge and in above-normal 
years at 81 km east.  (The action was restricted to wetter years in response to 
consultation with the NMFS, which expressed concern that in drier years, this 
action could adversely affect salmon and steelhead [memorandum from FWS 
and NMFS to this committee on coordination, January 15, 2010].) The action is 
to be achieved primarily by releases from reservoirs.  The objective of the com-
ponent is to manage X2 to increase the quality and quantity of habitat for delta 
smelt growth and rearing. 
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The relationship between the position of X2 and habitat area for delta smelt, 
as defined by smelt presence, turbidity, temperature, and salinity (Nobriga et al, 
2008; Feyrer et al., in review), is critical in designing this action. A habitat-area 
index was derived from the probability of occurrence estimates for delta smelt 
(fall mid-water trawl survey, FMT) when individuals are recruiting to the adult 
population.  Presence/absence data were used because populations are so small 
that quantitative estimates of populations probably are unreliable.  The authors 
show a broad relationship between the FMT index and salinity and turbidity, 
supporting the choice of these variables as habitat indicators.  The statistical 
relationship is complex.  When the area of highly suitable habitat as defined by 
the indicators is low, either high or low FMT indices can occur.  In other words, 
delta smelt can be successful even when habitat is restricted.  More important, 
however, is that the lowest abundances all occurred when the habitat-area index 
was less than 6,000 ha.  This could mean that reduced habitat area is a necessary 
condition for the worst population collapses, but it is not the only cause of the 
collapse.  Thus, the relationship between the habitat and FMT indexes is not 
strong or simple. Above a threshold on the x-axis it allows a response on the y-
axis (allows very low FMT indices).     

The controversy about the action arises from the poor and sometimes con-
founding relationship between indirect measures of delta smelt populations (in-
dices) and X2.  The weak statistical relationship between the location of X2 and 
the size of smelt populations makes the justification for this action difficult to 
understand. In addition, although the position of X2 is correlated with the distri-
bution of salinity and turbidity regimes (Feyrer et al., 2007), the relationship of 
that distribution and smelt abundance indices is unclear.  The X2 action is con-
ceptually sound in that to the degree that habitat for smelt limits their abun-
dance, the provision of more or better habitat would be helpful.  However, the 
examination of uncertainty in the derivation of the details of this action lacks 
rigor.  The action is based on a series of linked statistical analyses (e.g., the rela-
tionship of presence/absence data to environmental variables, the relationship of 
environmental variables to habitat, the relationship of habitat to X2, the relation-
ship of X2 to smelt abundance), with each step being uncertain.  The relation-
ships are correlative with substantial variance being left unexplained at each 
step.  The action also may have high water requirements and may adversely af-
fect salmon and steelhead under some conditions (memorandum from FWS and 
NMFS, January 15, 2010).  As a result, how specific X2 targets were chosen and 
their likely beneficial effects need further clarification.    

The X2 action for delta smelt includes a requirement for an adaptive man-
agement process that includes evaluation of other possible means of achieving 
the RPA’s goal and it requires the establishment and peer review of performance 
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measures and performance evaluation.  It also requires “additional studies ad-
dressing elements of the habitat conceptual model” to be formulated as soon as 
possible and to be implemented promptly.  Finally, it requires the FWS to “con-
duct a comprehensive review of the outcomes of the Action and the effective-
ness of the adaptive management program ten years from the signing of the bio-
logical opinion, or sooner if circumstances warrant.”  This review is to include 
an independent peer review; the overall aim is to decide whether the action 
should be continued, modified, or terminated.  It is critical that these require-
ments be implemented in light of the uncertainty about the biological effective-
ness of the action and its high water requirements. 

  
 

Tidal Habitat Action 
 

The proposed RPA calls for the creation or restoration of 8,000 acres of in-
tertidal and associated subtidal habitat in the delta and in Suisun Marsh. A sepa-
rate planning effort also is under way for Suisun Marsh. The justification pro-
vided in the biological opinion is that the original amount of approximately 
350,000 acres of tidal wetland has been reduced to less than 10,000 acres today, 
that the near-complete loss of tidal wetlands threatens delta smelt by reducing 
productivity at the base of the food web, and that delta smelt appear to benefit 
from the intertidal and subtidal habitat in Liberty Island, which includes tidal 
wetlands. This action has been less controversial than the others because it does 
not directly affect other water users.   

However, although the concept of increasing and improving habitat to help 
offset other risks to smelt is conceptually sound, the scientific justification pro-
vided in the biological opinion is weak, because the relationship between tidal 
habitat and food availability for smelt is poorly understood, and it is inadequate 
to support the details of the implementation of this action. The opinion notes the 
importance of high-quality food sources to delta smelt and the association of 
these food resources with tidal habitats (including wetlands), and it references 
recent monitoring data from Liberty Island showing that such freshwater tidal 
habitats can be a source of high-quality phytoplankton that contribute to the pe-
lagic food web downstream (p. 380).  However, the specifics of which attributes 
of tidal habitat are essential to providing these food sources are not addressed.  

In addition, the California Department of Fish and Game has raised ques-
tions about the details of this action (Wilcox, 2010).  They include questions 
about the relative benefits of vegetated tidal marsh as opposed to open water; the 
extent to which invasive clams may divert new primary production; the amount 
of suitable productivity exported from restoration areas; the potential effect of 
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the restored habitat on predation; the importance of productivity from vegetated 
tidal marsh directly or indirectly to the smelt; and the degree to which other fish 
species might use the habitat, possibly to the detriment of the smelt  In briefings 
to the panel, the importance of ongoing studies in resolving these issues was 
identified. Identifying the characteristics of the “intertidal and associated sub-
tidal habitat” that the action is expected to produce is needed to ensure that ex-
pectations of the outcomes, in terms of both habitat type and species benefits, 
are clear to all. The relative roles of areas of emergent vegetation, unvegetated 
intertidal and shallow, highly turbid subtidal habitat must be identified for the 
action to be effectively implemented.   

The committee recommends that this action be implemented in phases, with 
the first phase to include the development of an implementation and adaptive 
management plan (similar to the approach used for the floodplain habitat action 
in the NMFS biological opinion), but also to explicitly consider the sustainabil-
ity of the resulting habitats, especially those dependent on emergent vegetation, 
in the face of expected sea-level rise.  In addition, there should be consideration 
of the types and amounts of tidal habitats necessary to produce the expected 
outcomes and how they can be achieved and sustained in the long term.  More 
justification for the extent of the restoration is needed. The committee supports 
the monitoring program referred to in Action 6, and appropriate adaptive man-
agement triggers and actions. 

 
 

SALMONIDS AND STURGEON 
 

The NMFS RPA for salmon, steelhead, and green sturgeon is a broad com-
plex of diverse actions spanning three habitat realms: tributary watersheds, the 
mainstem Sacramento and San Joaquin Rivers, and the delta.  On balance, the 
actions are primarily crafted to improve life-stage-specific survival rates for 
salmon and steelhead, with the recognition that the benefits also will accrue to 
sturgeon.  The committee agrees with this approach.  The conceptual bases of 
the strategies underpinning many of the individual actions are generally well-
founded, although the extent to which the intended responses are likely to be 
realized is not always clear.  Given the absence of a clear, quantitative frame-
work for analyzing the effects of individual and collective actions, it is difficult 
to make definitive statements regarding the merits of such a complex RPA.   
Indeed, absent such an analysis, the controversial aspects of some of the RPA 
actions could detract from the merits of the rest of the RPA.     

The assortment of actions among the three habitat realms (watersheds, 
mainstem rivers, and delta) is designed to improve survival and to enhance con-
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nectivity throughout this system. This approach is consistent with the contempo-
rary scientific consensus on improving ecosystem functioning as a means to 
improve productivity of anadromous and other migratory species (e.g., NRC 
1996, 2004a, 2004b; Williams 2005).  Watershed actions would be pointless if 
mainstem passage conditions connecting the tributaries to, and through, the delta 
were not made satisfactory.     

 
 

Watershed and Mainstem River Actions 
 

Watershed-level actions that are implemented in the tributaries are organ-
ized and formulated to meet the needs of specific listed populations in that sys-
tem. The actions target limiting factors specific to those locales and populations.  
In general, the rationale for conducting the actions appears to be well-founded.  
However, it is difficult to ascertain to what extent, or even whether, the collec-
tive actions will appreciably reduce the risk to the fishes within the watershed or 
throughout the entire river system.  We suggest that inclusion of some type of 
quantitative analysis using a tool like Ecosystem Diagnosis and Treatment 
(EDT) model during the planning process may have provided an even stronger 
justification for the set of actions selected (http://jonesandstokes.com/).  We 
understand there is a recent application of EDT in the lower San Joaquin River, 
by Jones & Stokes, thus providing a precedent for its use in California’s Central 
Valley.  EDT is presented here as an example of a quantitative modeling ap-
proach that integrates the effects of various actions to produce relative changes 
in productivity and abundance.  The committee emphasizes the need for a quan-
titative assessment framework, and does not necessarily specifically advocate 
the use of EDT. 

The RPA also prescribes actions to improve mainstem passage conditions, 
most notably at the Red Bluff Diversion Dam (RBDD).  The objective is to pro-
vide unobstructed upstream passage at the RBDD, to ensure more efficient ac-
cess of adult salmonids to restored watersheds, and access for adult sturgeon to 
spawning grounds. Without such actions connectivity could not be fully real-
ized.  Furthermore, the passage improvement at the diversion dam, in combina-
tion with increased water delivery from storage reservoirs, is expected to im-
prove smolt survival during downstream migration.  This component is well 
justified scientifically, although the absence of a system-wide salmon survival 
model limits our ability to evaluate the extent to which this action contributes to 
improved survival for the populations in question. 
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Smolt Survival Near and Through the Delta 
 

The net survival of salmonid smolts though the mainstem rivers and the 
delta under different water-management operations is of keen interest.  Several 
RPA actions are intended to improve survival of the juveniles as they migrate 
seaward. Some of these actions have significant water requirements, and so they 
are controversial. The common goal of these actions is improve smolt survival 
by retaining a high proportion of the migrating smolt population in the mainstem 
Sacramento and San Joaquin Rivers. This involves two general approaches: 
block entrances to the interior delta, or manipulate currents in major channels to 
reduce the transport of smolt towards the pump facilities and possible entrain-
ment or locations where they may be lost to predation, starvation, or disease.  
Here we focus on three pivotal actions: the closure of the Delta Cross Channel, 
the manipulation of OMR flows, and water-management actions in the lower 
San Joaquin River.    
 
 
Delta Cross Channel (DCC) 

 
As smolts migrate seaward from the upper Sacramento River they encoun-

ter the DCC near Walnut Grove. The DCC can at times draw large volumes of 
water from the Sacramento River, and some of the smolts follow that current 
toward the interior delta, where salmon mortality is high.   

The objective of this action is to physically block the entrance of the DCC 
at strategic times during the smolt migration, thereby preventing access to the 
interior delta.  This is a long-standing action that appears to be scientifically 
justified.  However, Burau et al. (2007) estimated that when the DCC gates are 
open, approximately 45 percent of the Sacramento River flow measured at Free-
port is redirected into the delta interior through the DCC and Georgiana Slough. 
The salmon action (Action Suite IV.1), which under certain triggers requires 
prolonged closure of the DCC gates from October 1 through June 15, must also 
consider the effects on delta smelt. The Smelt Working Group (notes from June 
4, 2007 meeting) concluded that there could be a small beneficial effect on delta 
smelt from having the DCC gates open from late May until mid-June.  

Although this action does not appear to constitute an important conflict be-
tween the needs of smelt and salmon, it illustrates the potential for conflict 
among the two opinions and the need for closer integration of the actions within 
the delta that have consequences for more than one of the listed species. This is 
an example where a systematic analysis of the implications for both species of 
actions would seem to be a scientific requirement. 
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Managing OMR Flows for Salmonids 
 

This RPA action (IV.2.3, Old and Middle River Flow Management) also 
seeks to limit smolt excursion into part of the delta associated with high smolt 
mortality, but it does so by manipulating current direction and intensity within 
the Old and Middle River (OMR) drainages.  The objective is to reduce current 
velocity toward the SWP and CVP facilities, thereby exposing fewer smolts to 
pump entrainment and being drawn into other unfavorable environments. 

To accomplish the objective, the action calls for, reducing exports from 
January 1 through June 15, as necessary, to limit negative OMR flows to -2,500 
to -5,000 cfs, depending on the presence of salmonids. The reverse flow will be 
managed within this range to reduce flows toward the pumps during periods of 
increased salmonid presence.  The flow range was established through correla-
tions of OMR flow and salmon entrainment indices at the pumps, and from en-
trainment proportions derived using the particle-tracking model (PTM). While 
the flow management strategy is conceptually sound, the threshold levels needed 
to protect fish is not definitively established. The response of loss at the pumps 
to OMR flow (e.g. figure 6-65 from NMFS, 2009) does not suggest a significant 
change in the vicinity of the flow triggers, but it does suggest that the loss rate 
increases exponentially above the triggers. The PTM suggests a gradual linear 
response in the vicinity of the trigger. However, no analysis was presented for 
the entrainment rate above the trigger (Figure 6-68 from NMFS, 2009), and it is 
not clear whether the salvage rates as well as salvage numbers were modeled. 
Therefore, the committee is unable to evaluate the validity of the exponential 
increase in loss rate above the trigger. Uncertainty in the effect of the flow trig-
gers needs to be reduced, and more flexible triggers that might require less water 
should be evaluated. 

The committee concludes that the strategy of limiting net tidal flows toward 
the pump facilities is sound, but the support for the specific flows targets is less 
certain. In the near-term telemetry-based smolt migration and survival studies 
(e.g, Perry and Skalski, 2008) should be used to improve our understanding of 
smolt responses to OMR flow levels.  Reliance on salvage indices or the PTM 
results alone is not sufficient. 

Additionally, there is little direct evidence to support the position that this 
action alone will benefit the San Joaquin salmon, unless it is combined with an 
increase in San Joaquin River flows.  Furthermore, we understand this and other 
flow management actions are coordinated with the delta smelt actions. But we 
found no quantitative analysis that integrates across the actions to systematically 
evaluate their aggregate effects on both salmonids and smelt.  Understanding 
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those interactions will benefit from the development and use of multiple single-
species models, including movement models.  

 
 

Managing Exports and Flows in the San Joaquin River 
 

The objective of this action (IV.2.1) is to reduce the vulnerability of emi-
grating Central Valley steelhead within the lower San Joaquin River to entrain-
ment into the channels of the south delta and at the pumps by increasing the in-
flow-to-export ratio. It seeks to enhance the likelihood of salmonids’ success-
fully exiting the delta at Chipps Island by creating more suitable hydraulic con-
ditions in the mainstem of the San Joaquin River for emigrating fish, including 
greater net downstream flows.  

The action has two components: reducing exports, and augmenting San 
Joaquin River flows at Vernalis. The rationale that increasing San Joaquin in-
flows to the delta will benefit smolt survival through this region of the delta is 
based on data from coded-wire tags on smolts.  This statistical evidence pro-
vides only a coarse assessment of the action, but it indicates that increasing San 
Joaquin River flows can explain observed increases in escapement.  Historical 
data indicate that high San Joaquin River flows in the spring result in higher 
survival of outmigrating Chinook salmon smolts and greater adult returns 2.5 
years later (Kjelson et al., 1981; Kjelson and Brandes, 1989), and that when the 
ratio between spring flows and exports increase, Chinook salmon production 
increases (CDFG, 2005; SJRGA, 2007). In its biological opinion, NMFS there-
fore concludes that San Joaquin River Basin and Calaveras River steelhead 
would likewise benefit under higher spring flows in the San Joaquin River in 
much the same way as fall-run Chinook do.  NMFS recognizes this assumption 
is critical, and thus the biological opinion calls for implementation of a six-year 
smolt-survival study (acoustic tags) (Action IV.2.2), using hatchery steelhead 
and fall Chinook.   

The controversy lies in the effectiveness of the component of this action 
that reduces water exports from the delta. The effectiveness of reducing exports 
to improve steelhead smolt survival is less certain, in part because within the 
VAMP (Vernalis Adaptive Management Plan) increased flows and reduced ex-
ports are combined, and in part because steelhead smolts are larger and stronger 
swimmers than Chinook salmon smolts.  Furthermore, it is not clear in the bio-
logical opinion how managing exports for this purpose would be integrated with 
export management for other actions. The choice of a 4:1 ratio of net flows to 
exports appears to be the result of coordinated discussions among the interested 
parties. Given the weak influence of exports in all survival relationships (New-
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man, 2008), continued negotiation offers opportunities to reduce water use in 
this specific action without great risk to steelhead. Further analysis of VAMP 
data also offers an opportunity to help clarify the issue.    

The committee concludes that the rationale for increasing San Joaquin 
River flows has a stronger foundation than the prescribed action of concurrently 
managing inflows and exports.  We further conclude that the implementation of 
the six-year steelhead smolt survival study (action IV.2.2) could provide useful 
insight as to the actual effectiveness of the proposed flow management actions 
as a long-term solution.    
 
 

Increase Passage through Yolo Bypass 
 

This action would reduce migratory delays and loss of adult and juvenile 
salmon and green sturgeon at structures in the Yolo Bypass.  For sturgeon there 
is substantial evidence that improved upstream passage at Yolo will be benefi-
cial. For salmon, the purpose is to route salmon away from the interior delta and 
through a habitat that is favorable for growth.  This action is scientifically justi-
fied and prudent, but its implications for the routing of flows through the system 
as a whole were not transparently evaluated. For example, moving water 
through the Yolo Bypass results in less water coming through the Sacramento 
River. Were the effects of less flow in the Sacramento River considered in the 
design of the action?  Similarly, how were the possible negative consequences 
of increased flooding of the Yolo Bypass on mercury cycling considered?  This 
exemplifies a general tendency throughout the discussion of the actions to focus 
on the biologically beneficial aspects but to not fully present how any conflict-
ing consequences or potential for such consequences were considered.   
 
 

Floodplain Habitat 
 

The floodplain habitat actions (Actions I.6.1-4) involve increasing the inun-
dation of private and public lands within the Sacramento River basin to increase 
the amount and quality of rearing habitat for juvenile salmon.  This action suite 
appears scientifically justified on the basis of a number of studies (e.g., Moyle et 
al., 2007; Sommer et al., 2001; Whitener and Kennedy, 1999). Given the strong 
basis, the committee recommends early implementation of these actions provid-
ing the implications for releases and routing of flows on other actions, and any 
potential negative consequences, e.g., mobilization of mercury, are adequately 
considered. In addition, the committee suggests detailed studies of the outcome 
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of these actions to provide important data for improved life cycle models for 
these species.  

 
 

INTEGRATION OF RPAs 
 

The RPAs lack a quantitative analytical framework that ties them together 
within species, between smelt and salmonid species, and across the watershed.  
This type of systematic, formalized analysis is necessary to provide an objective 
determination of the net effect of the actions on the listed species and on water 
users.   

An additional overall, systematic, coordinated analysis of the effect of all 
actions taken together and a process for implementing the optimized, combined 
set of actions would help to establish the credibility of the effort overall.  In-
stances of coordination certainly exist.  For example, the analysis done by 
NMFS for the Action IV.2.1 (Appendix 5), is an example of coordination, where 
the water needs for the 4-to-1 flow-to-export ratio for steelhead were determined 
and used to refine the action.  But coordination is not integration.  The lack of a 
systematic, well framed overall analysis is a serious deficiency. The interagency 
effort to transparently reach consensus on implications of the combined RPAs 
for their effects on all the species and on water quality and quantity within the 
delta and on water operations and deliveries should use scientific principles and 
methods in a collaborative and integrative manner.  Full documentation of deci-
sions is an essential part of such an effort, as is inclusion of the environmental 
water needs of specific actions and for the entire RPA.    

It is clear that integrative tools that, for example, combine the effect over 
life stages into a population-level response would greatly help the development 
and evaluation of the combined actions.   This was acknowledged by the FWS 
and NMFS, as well by many of the other presenters during the two days of pub-
lic session of the committee meeting. There has been significant investment in 
operations and hydrodynamic models for the system, which have been invalu-
able for understanding and managing the system. An investment in ecological 
models that complement the operations and hydrodynamics models is sorely 
needed. This issue has been raised repeatedly in peer reviews, but still has not 
been incorporated in the NMFS and FWS analyses. Without a quantitative inte-
gration tool, the expected effects of individual actions on the listed species will 
remain a matter of judgment based on the interpretation of many disparate stud-
ies.  The NMFS and FWS had to therefore determine the cumulative effects of 
the multiple actions in each RPA in a qualitative manner. This leads to argu-
ments and disputes that are extremely difficult to resolve and that can undermine 
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the credibility of the biological opinions. Commitment to a long-term effort to 
develop a quantitative tool (or tools) should be part of the RPA, with the explicit 
goal of formalizing and focusing the sources of disagreement and allowing for 
the clear testing of alternative arguments. 

Transparent consideration of the implications of water requirements also 
would seem well advised because some of the actions have significant water 
requirements. DWR and NMFS used CalSim-II and Calite to simulate a collec-
tion of actions to determine water needs associated with the NMFS RPA, and 
concluded that they would amount to 5-7 percent of total water allocations 
(NMFS, 2009).  (Because the actions involving negative OMR flows were simi-
lar in timing and magnitude in both the NMFS and the FWS RPAs, all OMR 
flow management was included in this estimate.)  Those, and complementary 
efforts, should be extended to as many of the actions in combination as feasible, 
recognizing that the adaptive nature of many aspects of the RPAs, along with 
variations in environmental conditions and in water demands, limit the degree of 
certainty associated with such estimates.  Credible documentation of the water 
needed to implement each action and the combined actions, would enable an 
even clearer and more logical formulation of how the suite of actions might be 
coordinated to simultaneously benefit the species and ensure water efficiency.     
 

 
OTHER POSSIBLE RPAs 

 
The committee’s charge included the task that the committee should iden-

tify, if possible, additional potential RPAs that would provide the potential to 
provide equal or greater protection to the fishes than the current RPAs while 
costing less in terms of water availability for other uses.  The committee consid-
ered RPAs that had been considered and rejected by the agencies or that were 
recommended to the committee for its consideration (Hamilton, 2010).  They 
included using bubble-curtain technology instead of hard barriers to direct mi-
gration of salmon and steelhead smolts, use of weirs to protect wild steelhead 
from interbreeding and competition, use of weirs to reduce spring-run Chinook 
from inbreeding and competition with fall-run Chinook, habitat restoration and 
food-web enhancement, restoration of a more-natural hydrograph, reducing mor-
tality caused by nonnative predators, reducing contaminants, reducing other 
sources of ‘take,” implementation of actions to reduce adverse effects of hatch-
eries, and ferrying San Joaquin River steelhead smolts through the delta.  

Some of these are already included to some degree in the RPAs (e.g., reduc-
tion of adverse hatchery effects, habitat restoration), and some might not be 
within the agencies’ authorities as RPA actions under the ESA (e.g., contami-
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nant reduction and reduction of other sources of “take”).  The committee did not 
attempt to evaluate whether these suggestions represent good actions to help 
reduce risks to the listed species in a general attempt at restoration, as that will 
be addressed in the committee’s second report.  The committee concludes that 
none of the above suggested alternative RPAs has received sufficient documen-
tation or evaluation to be confident at present that any of them would have the 
potential to provide equal or greater protection for the listed species while re-
quiring less disruption of delta water diversions. 

Several long-term actions described above have the potential to increase 
protections for the species while requiring the use of less water for that purpose, 
because they will result in a better understanding of the system.  That better un-
derstanding should allow for a better matching of water for species needs, thus 
potentially reducing the amount of water used in less-effective actions.  How-
ever, no short-term measure was identified that would provide equal protection 
to the fishes while reducing restrictions on water diversions.   

 
 

RESOLVING INCOMPATIBILITIES BETWEEN THE RPAs 
 

The committee noted in its discussion of the Delta Cross Channel action for 
salmon that it has a small potential for conflict with the requirements for smelt, 
although the action itself includes a consideration of the effects on smelt.  In 
addition, the agencies have coordinated, and in some cases changed, their ac-
tions to avoid or reduce such conflicts, including actions concerning the installa-
tion of a “non-physical” barrier at the Head of Old River and the possibility of 
constructing a barrier across Georgiana Slough (NMFS and FWS, 2010).  How-
ever, as the committee has noted elsewhere, coordination is not integration, and 
while it commends the agencies for working together to avoid incompatibilities 
between the RPAs, it concludes that this coordination is not sufficient to achieve 
the best results or full evaluation of incompatibilities.  To achieve those goals 
requires an integrated analysis, because without such an analysis it is difficult or 
impossible to properly evaluate potential conflicts among RPA actions.  More 
important, such an analysis would help to produce more-effective actions.  The 
lack of an integrated analysis also prevented the committee from a fuller evalua-
tion of potential incompatibilities between the RPAs.     
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EXPECTATIONS AND PROXIMATE MEASURES 
 

The committee heard several times at the public sessions that the RPA ac-
tions for delta smelt are not working as there has been no response in the stan-
dard annual abundance indices during the last three years when action-related 
restrictions have been imposed.  Such comments are appropriate, but only if 
realistic expectations are used to judge effectiveness.  In this case, it is unrealis-
tic to expect immediate and proportional responses to actions in annual indices 
of delta smelt, especially within the first few years of implementation.  There are 
several reasons for this.  First, fish abundances are influenced by many factors 
not affected by the actions.  This is true in all estuarine and marine systems, and 
is simply inherent in fish population dynamics.  For example, in the case of the 
species here, three drought years coincided with the implementation of the ac-
tions.  Other factors have also varied that would further mask any response in 
the annual indices. 

Second, delta smelt populations are very small.  The ability of the annual 
indices to show changes in response to actions is compromised due to the inher-
ent lack of precision in sampling and constructing indices of abundance when 
populations are very small. Unlike salmon and steelhead, the adults of which can 
be counted with great precision as they migrate upstream, delta smelt are more 
difficult to count as well as being rare.  While this is frustrating, little change in 
the annual indices over a few years neither invalidates the utility of the actions 
nor do they demonstrate that the actions are effective.  Finally, there were no 
prior quantified estimates of response to calibrate expectations.  Expectations 
would be better established if the RPA proposals more explicitly quantified the 
nature and the expected timescale of responses in the target species, and detailed 
exactly what would be done to assess the validity of those predictions.   
 
 

RPA RECOMMENDATIONS 
 

The committee concluded that the uncertainties and disagreements sur-
rounding some of the RPA actions could be reduced by some additional activi-
ties.  In general, the committee recommends that, within the limits the agencies 
face with respect to human and financial resources, a more-integrated approach 
to analyzing adverse effects of water operations and potential actions to reduce 
those effects would be helpful.  The approach would include a broader examina-
tion of the life cycles of each fish species and where possible, integrating analy-
ses across species.  Although there is much general evidence that the profound 
reduction and altered timing of the delta water supply has been part of the reason 
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for the degradation of these species’ habitats, the marginal benefits of beginning 
to reverse the damage will be difficult to recognize for some time and there is 
much uncertainty about how to design attempts at the reversal.  At this time, the 
best that can be done is to design a strategy of pumping limitations that uses the 
best available monitoring data and the best methods of statistical analysis to 
design an exploratory approach that could include enhanced field measurements 
to manage the pumping limitations adaptively while minimizing impacts on wa-
ter users.   Such an approach would include a more explicit and transparent con-
sideration of water requirements, despite the variability in environmental condi-
tions and water demand; and population models to evaluate the combined effects 
of the individual actions.   
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Abstract
Many factors have been implicated in the decline of Delta Smelt Hypomesus transpacificus in the upper San

Francisco Estuary, and the importance of each factor is difficult to determine using field data alone. We describe
a spatially explicit, individual-based population model of Delta Smelt configured for the upper estuary. The model
followed the reproduction, growth, mortality, and movement of individuals over their entire life cycle on the same
spatial grid of cells as the Delta Simulation Model (DSM2) hydrodynamics model. Daily values of water temperature,
salinity, and densities of six zooplankton prey types were represented on the spatial grid. Reproduction was evaluated
daily, and new individuals were introduced into the model as yolk sac larvae. Growth of feeding individuals was
based on bioenergetics and zooplankton densities. Mortality sources included natural mortality, starvation, and
entrainment in water diversion facilities. Movement of larvae was determined using a particle tracking model, while
movement of juveniles and adults was based on salinity. Simulations were performed for 1995–2005. The baseline
simulation was generally consistent with the available data. Predicted daily fractions of larvae entrained and annual
fractions of adults entrained were similar in magnitude to data-based estimates but showed less interannual variation.
Interannual differences in mean length at age 1 had large effects on maturity and subsequent egg production. Predicted
and observed spatial distributions in the fall showed moderately good agreement for extremely low- and high-outflow
years. As indicated by the population growth rate, 1998 was the best year and 2001 was the worst year. Water
year 1998 (i.e., October 1997–September 1998) was characterized by fast growth in fall 1997, low entrainment, and
high stage-specific survival rates, whereas water year 2001 had opposite conditions. Our analysis further shows how
multiple factors can operate simultaneously to result in the decline in abundance of Delta Smelt.
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DELTA SMELT MODEL BASELINE 1239

Understanding the critical drivers and environmental changes
that influence the population dynamics of fish is vital for effec-
tive resource management and restoration. Most fish species
live multiple years and show ontogenetic shifts in the habitats
they utilize, which exposes them to multiple environmental and
biological factors spread over several points in their life cycle
(Rose 2000). Identification of the relative importance of these
factors and how they may interact with each other is an impor-
tant step toward understanding and managing fish populations.
A major debate is underway about the status of many harvested
marine and coastal fish populations (Myers and Worm 2003;
Hilborn 2007; Worm et al. 2009), as human development of
coastal areas (McGranahan et al. 2007) and demand for high-
quality freshwater (Vörösmarty et al. 2000) continue to accel-
erate. Identification of the major factors affecting population
dynamics (especially declines in population) is critical because
the high economic costs of protection and restoration demand
efficient and effective responses.

The need to understand mechanisms of population decline
for Delta Smelt Hypomesus transpacificus in the San Francisco
Estuary is critical. This endemic species is listed as threatened
under the U.S. Endangered Species Act and is listed as en-
dangered under the California Endangered Species Act. Delta
Smelt have generally been at low abundance since the 1980s
and showed an even further sharp decrease starting in about
2002 (Bennett 2005; Sommer et al. 2007; Thomson et al. 2010).
Delta Smelt have also become the focus of contentious debate
because of perceived conflicts between the conservation of this
species and the operation of facilities that divert water from the
Delta Smelt’s habitat for agricultural and urban uses (Brown
et al. 2009; NRC 2010). These facilities alter seasonal patterns
of flow, and they entrain and kill large numbers of Delta Smelt
(Kimmerer 2008).

Many factors may be involved in the decline of Delta Smelt,
and quantifying the importance of each factor has proven to
be elusive despite the availability of extensive long-term field
data (NRC 2012). Factors examined as possible contributors
to the decline include entrainment of Delta Smelt by the two
large water diversion facilities in the Sacramento–San Joaquin
River Delta (hereafter, “the Delta”), shifts in the composition
and densities of the zooplankton (prey) community, and changes
in physical habitat related to salinity and turbidity (Baxter et al.
2010). A sharp decline in four fish species (juvenile Striped
Bass Morone saxatilis; Longfin Smelt Spirinchus thaleichthys;
Threadfin Shad Dorosoma petenense; and Delta Smelt) within
the upper San Francisco Estuary beginning in approximately
2000 led to a substantial effort at synthesizing existing data
to determine the cause (Sommer et al. 2007). The results to
date have narrowed the possible factors to some extent (e.g.,
contaminant effects are likely small) and have facilitated the
conclusion that the recent decline in Delta Smelt was due to
multiple factors acting together (Baxter et al. 2010). Two sta-
tistical analyses (Mac Nally et al. 2010; Thomson et al. 2010)
examined the dynamics of the four fish species by using mon-

itoring data collected from the 1970s to 2007. Both analyses,
which used similar data but different statistical methods, showed
several covariates that were related to abundance of the fish, but
they could not resolve the cause of the recent declines.

An alternative approach to the analysis of the effects of mul-
tiple factors on fish populations is simulation modeling of the
growth, mortality, reproduction, and movement processes un-
derlying the population dynamics. Population modeling allows
the investigator to control everything and thus to perform simu-
lation experiments for isolating the effects of individual factors
and for exploring the effects of previously unobserved combina-
tions of conditions (Rose et al. 2009). However, model results
must be interpreted with caution because models are always
simplifications of reality, and their predictions can be biased by
decisions about which processes to include and at what temporal
and spatial scales to represent those processes.

In this paper, we describe a spatially explicit, individual-
based population model of Delta Smelt configured for the upper
San Francisco Estuary. We chose this approach because many
of the factors that are thought to contribute to the Delta Smelt’s
decline vary in space (Baxter et al. 2010), and simulating fish
movement is more straightforward with an individual-based ap-
proach than with other modeling approaches (Tyler and Rose
1994). We first briefly describe the San Francisco Estuary and
the life cycle of Delta Smelt. We then describe the spatial grid,
environmental conditions, and reproduction, growth, mortality,
and movement processes that are represented in the individual-
based model. Hydrodynamic model output for the spatial grid
and field data for temperature, salinity, and zooplankton densi-
ties were used as inputs to the population model for simulation
of the period 1995–2005. The results of the baseline simulation
are compared with the observed data, and we contrast the con-
ditions between a “good year” and a “bad year” for Delta Smelt
growth and survival within the baseline simulation. We conclude
with a discussion of our results relative to other analyses and
the strengths and weaknesses of our current model formulation.
In our companion paper (Rose et al. 2013, this issue), we show
that the results presented here are robust to alternative baseline
assumptions, and we further explore the factors causing good
and bad years by using a simulation experiment approach.

UPPER SAN FRANCISCO ESTUARY AND DELTA SMELT
The San Francisco Estuary is the largest estuary on the U.S.

Pacific coast, with a watershed covering approximately 40% of
California (Figure 1). The estuary connects the Sacramento and
San Joaquin rivers through San Francisco Bay to the Pacific
Ocean. Freshwater enters via the Sacramento River from the
north and the San Joaquin River from the south; the confluence is
roughly the landward limit of ocean salt penetration (Kimmerer
2004). We focus on the upper portion of the estuary (including
the Delta and Suisun Bay), which encompasses the entire range
of the Delta Smelt.
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1240 ROSE ET AL.

FIGURE 1. Location of the San Francisco Estuary, California, and the spatial
grid and boxes used in the model. Gray represents the outline of the estuary. The
11 boxes are color coded and refer to (in numerical order): (1) Sacramento River
region (Sac) of the Sacramento–San Joaquin Delta; (2) eastern Delta (E Delta);
(3) southern Delta (S Delta); (4) lower Sacramento River region (Lower Sac);
(5) lower San Joaquin River region (Lower SJ); (6) confluence (westernmost
box in the Delta); (7) southeast Suisun Bay (SE); (8) northeast Suisun Bay (NE);
(9) Suisun Marsh; (10) southwest Suisun Bay (SW); and (11) northwest Suisun
Bay (NW). Additional labels show the Old River, Middle River, Carquinez
Strait, and the State Water Project (SWP) and Central Valley Project (CVP)
pumping plants.

The San Francisco Estuary has been described as one of the
most highly altered estuarine ecosystems in the world (Nichols
et al. 1986; Lund et al. 2010). Over the past 150 years, approx-
imately 95% of the marshes surrounding the estuary have been
isolated from tidal action, and numerous nonnative species have
been introduced—some with substantial ecological effects (e.g.,
Nichols et al. 1990; Winder and Jassby 2011). The Delta, which
formerly consisted of tidal marsh, is now a complex network of
linked channels and sloughs surrounding islands that are pro-
tected by a constructed levee system. During the past 60 years,
the upper estuary has increasingly been managed through large-
scale manipulation of river flows in order to provide freshwater
for agricultural, municipal, and industrial uses.

The two large water diversions in the south Delta have ex-
ported an average of 30% of the available flow into the Delta
during 1960–2000, with the percentage generally increasing
through time and exceeding 60% in some years and seasons

(Kimmerer 2004). The State Water Project (SWP) facility pro-
vides drinking water for over 23 million Californians, and to-
gether the two diversion facilities (the SWP and the Central
Valley Project [CVP]) fuel an estimated $25 × 109 annual agri-
cultural economy (Grimaldo et al. 2009). Elaborate fish recovery
facilities attempt to screen fish from the diverted water but with
mixed success (Kimmerer 2011). All of these changes have sub-
stantially altered both the physical and ecological aspects of the
system (Nichols et al. 1986; Hollibaugh 1996; NRC 2012).

The life history of the Delta Smelt is summarized briefly
here based on several sources (Moyle et al. 1992; Moyle 2002;
Bennett 2005). The Delta Smelt has a relatively unusual life
history strategy (Bennett 2005), as it exhibits the small size and
short life span that are typical of an opportunistic life history
strategy, but it has low reproductive rates that are more similar to
those of an equilibrium strategist (Winemiller and Rose 1992).
The Delta Smelt’s life history also somewhat resembles those of
salmonids (McCann and Shuter 1997) but without parental care.
The geographic range of the Delta Smelt is confined to the upper
San Francisco Estuary. It is primarily an annual species but with
some small fraction of the population surviving a second year
to spawn. Spawning takes place in freshwater during February–
May at temperatures between 12◦C and 20◦C; spawning appears
to be clustered in 2-week intervals, presumably related to the
spring–neap tidal cycle. Eggs are demersal and attached; larval
stages generally rear in freshwater before being transported to
brackish waters, which are typically located between the conflu-
ence of the San Joaquin and Sacramento rivers and Carquinez
Strait at the seaward margin of Suisun Bay (Figure 1). All life
stages remain at a salinity of about 0.5–6.0 psu (the low-salinity
zone) until the end of the year, when migration to freshwa-
ter begins. Delta Smelt eat primarily zooplankton throughout
their lives, although adults also eat epibenthic crustaceans, such
as amphipods. Delta Smelt are consumed by a variety of fish,
principally visual predators.

MODEL DESCRIPTION

Overview
The model followed the reproduction, growth, mortality, and

movement of individual Delta Smelt over their entire life cy-
cle on a spatial grid of cells (Figure 1). The spatial grid was
a one-dimensional network of 517 channels and 5 reservoirs
used in the Delta Simulation Model (DSM2) hydrodynamic
model (California Department of Water Resources [CDWR]).
This one-dimensional model simulates non-steady-state hydro-
dynamics in a network of channels and has been widely used
for analyses and water supply planning for the Delta (Kim-
merer and Nobriga 2008). Simulations from DSM2 provided
(1) hourly water velocities and water levels at the ends of chan-
nels and (2) hourly water flows into and out of the reservoirs.
Daily water temperature, salinity, and densities of six zooplank-
ton prey types as estimated from field data were also represented
on the same spatial grid.
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DELTA SMELT MODEL BASELINE 1241

Each 365-d model year began on October 1, the start date
for each water year. Individuals were aged on January 1 of each
year. Whenever we refer to a year, it is the year that includes the
summer period (e.g., model year 1996 extended from October
1, 1995, to September 30, 1996). Multiyear simulations were
performed using reproduction to introduce the new individuals
each year.

Reproduction was evaluated daily during the spring spawning
season, and eggs developed as a daily cohort at a temperature-
dependent rate. Upon hatching, new yolk sac larvae were pooled
for each day and were introduced as model individuals. Individ-
uals developed through life stages of yolk sac larva, larva, post-
larva, juvenile, and adult. Growth was based on bioenergetics
and zooplankton densities in the grid cells. Mortality included
a stage-specific mortality rate, starvation, and mortality due to
entrainment at the water diversion facilities. Movement of yolk
sac larvae, larvae, and postlarvae was determined hourly by
using a particle tracking model (PTM) that incorporates water
velocities from the DSM2 hydrodynamic model. Movement of
juveniles and adults was based entirely on a behavioral response
to salinity, and the locations of individual fish on the grid were
updated every 12 h.

All simulations used hydrodynamic conditions, temperature,
salinity, and zooplankton densities for the period 1995–2005.
This period was selected because (1) it encompasses the main
period of Delta Smelt decline, (2) hydrodynamic simulations
were available, and (3) field data on zooplankton and Delta
Smelt were relatively complete.

Environment
A second grid of 11 coarser boxes was overlaid onto the

channel grid (Figure 1) so that the more sparsely sampled field
data could be used to specify daily water temperature, salinity,
and zooplankton densities. The 11 boxes were determined based
on previously identified regions of hydraulic similarity (e.g.,
Miller et al. 2012) and the availability of enough stations to
ensure that at least several stations were present in each box.

Daily values of temperature, salinity, and zooplankton densi-
ties were estimated for each box and then were assigned to each
channel within each box on each day (see details in Supplement
A in the online version of this article). Final daily temperature
and salinity values for each box are shown in Figure 2 for a
year with high freshwater outflow (1998) and a year with low
freshwater outflow (2001). All channels within a given box were
assigned the box values. Temperature did not vary much among
sampling stations within boxes, and the sampling density was
too low to represent the within-box (channel-level) spatial gra-
dients in salinity.

The food environment was represented by the biomasses
of six zooplankton types: adults of Limnoithona spp. (calanoid
copepods), calanoid copepodids, other calanoid adults, adult Eu-
rytemora (calanoid copepods), adult Acanthocyclops vernalis
(cyclopoid copepods), and adult Pseudodiaptomus (calanoid
copepods). We included random variation when we used the

FIGURE 2. Daily temperature and salinity values in each box for (a), (b) 1998
(a year of high outflow) and (c), (d) 2001 (a year of low outflow). See Figure 1
for definition of box abbreviations. [Figure available online in color.]

boxwide mean to assign values to the channels within each box
(see Supplement A). Daily zooplankton biomass densities in
each box are presented for the same high-outflow (Figure 3) and
low-outflow (Figure 4) years as were shown for temperature and
salinity.

Spawning
Each female individual that was longer than 60 mm TL at the

start of the spawning season was allowed to spawn up to two
times within the spawning season. We used a simple threshold
of 60 mm because it was well supported by data (Bennett 2005)
and because the manner in which maturity varies around the
60-mm length was uncertain. We explore a smoother maturity
function in our companion paper (Rose et al. 2013).

The earliest day of spawning was first determined each year
on October 1 by looking ahead at temperatures and finding the
first day on which temperature exceeded 12◦C in any box. On
the earliest possible day of spawning in each year, a temperature
of first actual spawning was assigned to each mature individ-
ual from a uniform distribution between 12◦C and 20◦C. To
mimic the clustering of spawning on spring–neap tidal cycles,
an individual spawned at the end of the 14-d tidal cycle that
followed the day when water temperature in that individual’s
channel exceeded its assigned spawning temperature. By the
time of spawning, the migratory movement algorithm based on
salinity had put adults near or into freshwater boxes.

D
ow

nl
oa

de
d 

by
 [

K
en

ne
th

 R
os

e]
 a

t 1
5:

43
 0

1 
A

ug
us

t 2
01

3 



1242 ROSE ET AL.

FIGURE 3. Daily biomass density values (mg C per m3 of water) for each of the six zooplankton groups in each spatial box during a year of high outflow
(1998): (a) adults of Limnoithona spp., (b) calanoid copepodids, (c) other calanoid adults, (d) adult Acanthocyclops vernalis, (e) adult Eurytemora, and (f) adult
Pseudodiaptomus. See Figure 1 for definition of box abbreviations. [Figure available online in color.]
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DELTA SMELT MODEL BASELINE 1243

FIGURE 4. Daily biomass density values (mg C per m3 of water) for each of the six zooplankton groups in each spatial box during a year of low outflow
(2001): (a) adults of Limnoithona spp., (b) calanoid copepodids, (c) other calanoid adults, (d) adult Acanthocyclops vernalis, (e) adult Eurytemora, and (f) adult
Pseudodiaptomus. See Figure 1 for definition of box abbreviations. [Figure available online in color.]
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1244 ROSE ET AL.

Fecundity (D; eggs/female) depended on the individual’s
weight on the day of spawning (Bennett 2005),

D = 175.4e
Lequiv

28.3 , (1)

where Lequiv (mm) is the length based on the actual weight
of the fish. Upon spawning, the body weight of the individual
Delta Smelt was reduced by 15%. We treated males the same
as females (i.e., spawning temperatures and weight loss), but
without any contribution of eggs, to produce similar weights at
age.

After their first spawning event, females were evaluated daily
to determine whether they would spawn a second time. Second
spawning occurred if (1) the individual had regained enough
weight (>95% of the weight expected from its length), (2) 14
or more days had passed since the first spawning, and (3) it was
not too late (too warm) in the season for that individual to spawn
in its box. The last possible day of spawning in each box was
calculated as the first day after temperature exceeded 20◦C plus
14 d to allow for the final tidal cycle to complete. The fecundity
relationship used for the second spawning was the same as that
for the first spawning, and weight was again reduced by 15%.

Eggs
Each female’s first and second (if it occurred) spawns of eggs

were followed separately as cohorts until hatching, when they
became yolk sac larvae. Day of hatching was determined for
each cohort by accumulating the daily fractional egg develop-
ment (DVe) until the degree of development exceeded 1.0. The
daily fractional development towards hatching was based on
temperature (Bennett 2005),

DVe = 1

28.1 − 1.1 · T
, (2)

where T is the daily temperature (◦C) in the box where spawning
occurred. Spawning box temperature (which varied daily) was
used because the eggs are attached. All eggs in each cohort that
was spawned in a given box on a given day hatched on the
same day. Daily egg mortality rates (M; d−1) were calculated by
converting hatch rates observed at constant temperature in the
hatchery to daily mortality (Bennett 2005),

M = −log(s)

DVe
(3)

and

s = −2.35 + 0.45 · T − 0.016 · T 2, (4)

where s is the survival fraction through the egg stage.

Yolk Sac Larvae
Beginning with yolk sac larvae, new model individuals were

created and followed for the rest of their lives. New individuals

were created from all those that hatched in each box on each day,
and they were distinguished by whether they came from a first
or second spawning event. Length (L; mm) at hatch depended
on the temperature on the day of hatching (Bennett 2005),

L = 5.92 − 0.05 · T . (5)

Weight (g wet weight) at hatch was determined from a field-
based length–weight relationship (Kimmerer et al. 2005):

W = 0.005 · L3. (6)

Similar to the method used for eggs, the duration of the yolk
sac larval stage was determined by accumulating the daily frac-
tional development (DVy) of each model individual based on
the temperature in its box (Bennett 2005) until the cumulative
development exceeded 1.0:

DV y = 1

7.53 − 0.08 · T
. (7)

Daily mortality rate of yolk sac larvae was assumed constant
(0.035 d−1) and was a key parameter adjusted as part of model
calibration.

Feeding Life Stages: Development and Bioenergetics
Larvae became postlarvae at 15 mm, and postlarvae became

juveniles at 25 mm; juveniles then became age-1 adults and age-
1 adults from the previous year advanced to age 2 on January 1
(Bennett 2005). Age-2 adults were removed from the model just
before attaining age 3. Larval to postlarval development coin-
cided with the development of a swim bladder, and the juvenile
stage marked the appearance of fin folds and an association with
the low-salinity zone.

The daily growth of each feeding individual was represented
by a difference form of the Wisconsin bioenergetics model (Ney
1993; Hanson et al. 1997),

Wt = Wt−1 + (C − R − F − U − SDA)

·Wt−1 · ep

es
− Sp · Wt−1, (8)

where W is the weight of each individual, C is the realized
consumption rate, R is the total metabolic rate, F is egestion, U
is excretion, SDA is specific dynamic action, and Sp is loss due
to spawning. All rates except Sp were in units of grams of prey
per gram of Delta Smelt per day (g prey·g smelt−1·d−1 in wet
weight); Sp was the fraction of weight lost (0.15) and occurred
only on the day of spawning. The ep and es terms (J/g) were used
to convert grams of prey per gram of Delta Smelt to grams of
smelt per gram of smelt, which was then multiplied by weight
(W) to yield the weight change in grams of Delta Smelt per
individual per day. The value of es was fixed at 4,814 J/g, while ep

was computed each day based on the fraction of Limnoithona in

D
ow

nl
oa

de
d 

by
 [

K
en

ne
th

 R
os

e]
 a

t 1
5:

43
 0

1 
A

ug
us

t 2
01

3 



DELTA SMELT MODEL BASELINE 1245

the diet. All zooplankton groups had an energy density of 2,590
J/g; the exception was Limnoithona, for which energy density
was assumed to be 30% lower (1,823 J/g) because Delta Smelt
grow more slowly when fed Limnoithona (Lindsay Sullivan,
San Francisco State University, personal communication).

Total length (L; mm) was obtained from weight by using
equation (6). Length was partially uncoupled from weight be-
cause length was allowed only to increase, whereas fish could
lose weight. On days of weight gain, length was increased
only after the individual’s weight equaled that expected from
its length. Thus, fish were allowed to become skinny but not fat.

Maximum consumption (Cmax) depended on an individual’s
weight (W) and the water temperature (T):

Cmax = acW bc f (T ). (9)

The temperature adjustment to maximum consumption (f [T])
increased from a value of CK1 at temperature CQ to 0.98 at
temperature TO and then stayed at 0.98 until temperature reached
TM, after which the adjustment declined to CK4 as temperature
approached TL (Table 1).

Realized consumption by the ith fish (Ci) was a functional
response that depended on Cmax and the densities of each
zooplankton group j (prey density, PDj) in the same channel as
the fish:

Cij =
Cmax Wi

(
PD j ·Vij

Kij

)

1 + ∑6
k=1

(
PDk ·Vk

Kik

) (10)

and

Ci =
6∑

j=1

Cij, (11)

where Cij is the daily rate of consumption of the jth prey
type (six zooplankton groups) by individual fish i; Vij is the
vulnerability of prey type j to fish i; and Kik is the half-saturation
constant for fish i feeding on each prey type k. Equations
(10) and (11) allowed an individual fish to consume multiple
prey types without exceeding its maximum consumption.
Vulnerabilities (Vij) were set to 1.0 for all life stages eating all
zooplankton types; the exception was Delta Smelt larvae, for
which Vij values of zero were used for all adult prey groups other
than Limnoithona spp. The K-values were calibrated outside of
the model to obtain diet and consumption rates that appeared
realistic (Supplement B in the online version of this article).

The total metabolic rate (R) was an allometric function of
weight and used an exponential relationship (g[T]) to adjust
metabolism for temperature:

R = ar W br · g(T ), (12)

where

g(T ) = e(RQ ·T ). (13)

Egestion (F) was a constant fraction of consumption, while
SDA and excretion (U) were fractions of net assimilated energy

TABLE 1. Parameter values for each Delta Smelt life stage in the bioenergetics model.

Juveniles
Parameter Description Larvae Postlarvae and adults

Maximum consumption (Cmax)
ac Weight multiplier 0.18 0.18 0.1
bc Weight exponent −0.275 −0.275 −0.54
CQ (◦C) Temperature at CK1 of maximum 7 10 10
TO (◦C) Temperature at 0.98 of maximum 17 20 20
TM (◦C) Temperature at 0.98 of maximum 20 23 23
TL (◦C) Temperature at CK4 of maximum 28 27 27
CK1 Effect at temperature CQ 0.4 0.4 0.4
CK4 Effect at temperature TL 0.01 0.01 0.01

Metabolism (R)
ar Weight multiplier 0.0027 0.0027 0.0027
br Weight exponent −0.216 −0.216 −0.216
RQ Exponent for temperature effect 0.036 0.036 0.036
Sd Fraction of assimilated food lost to SDA 0.175 0.175 0.175

Egestion (F) and excretion (U)
Fa Fraction of consumed food lost to egestion 0.16 0.16 0.16
Ua Fraction of assimilated food lost to excretion 0.1 0.1 0.1
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1246 ROSE ET AL.

(C − F; Table 1):

F = Fa · C, (14)

SDA = Sd · (C − F), (15)

and

U = Ua · (C − F). (16)

During calibration, we adjusted the bioenergetics parameter val-
ues developed for Rainbow Smelt Osmerus mordax (Lantry and
Stewart 1993) until we obtained growth that was realistic for
Delta Smelt. We adjusted the allometric and temperature-related
parameter values of maximum consumption (ac, bc, CQ, TO, TM,
and TL in Table 1) and the temperature parameter that affected
respiration (RQ in Table 1). We determined parameter values
that satisfied two conditions: (1) realistic daily growth rates
and optimal temperatures for growth for mid-stage-sized larvae,
juveniles, and adults; and (2) realistic weights and lengths for an
individual that had grown from first feeding through age 2 un-
der daily average temperatures and a consumption rate (C) that
was equal to 0.8 of the maximum (i.e., proportion of maximum
consumption [p-value] = 0.8; C = p-value × Cmax). The final
bioenergetics rates for the mid-stage-sized larvae, postlarvae,
juveniles, and adults are shown in Supplement B.

Mortality
Mortality occurred from stage-specific mortality rates (M),

starvation, entrainment losses at the two water export pumping
facilities, and old age. Stage-specific mortality rates represented
predation and other causes of mortality not explicitly calculated
from starvation or entrainment. Daily instantaneous mortality
was temperature dependent for eggs (equations 3 and 4); M was
set at 0.035 for yolk sac larvae (calibrated), 0.05 for larvae,
0.03 for postlarvae, 0.015 for juveniles, and 0.006 for adults.
Starvation occurred if the weight of an individual fell below
50% of the weight expected from its length. Upon reaching age
3 (i.e., the individual’s third January 1), the individual died from
old age and was removed from the population.

Entrainment mortality for all life stages except eggs occurred
when an individual entered Clifton Court Forebay (reservoir
number 4; SWP) or arrived at node 181 (CVP; Figure 1). Yolk
sac larvae, larvae, and postlarvae were transported there by the
PTM, whereas juveniles and adults were unaffected by hydro-
dynamic conditions except through salinity. Use of only those
individual juveniles and adults that arrived at the SWP and CVP
by behavioral movements based on salinity resulted in under-
estimation of the numbers entrained by the pumping facilities.
Delta Smelt are recovered at the south Delta fish facilities at
higher rates when daily net flow in the southern Delta (Mid-
dle and Old rivers) is southwards toward the SWP and CVP
(Grimaldo et al. 2009; Kimmerer 2011). Therefore, juveniles
and adults that were located in the south Delta box (box 3)
of the model were exposed to additional entrainment mortality

of 0.02 d−1 whenever the daily averaged flow in Middle River
(downstream end of channel 90; Figure 1) was southward. The
value of the added mortality (0.02 d−1) was determined as part
of model calibration.

Movement
Yolk sac larvae, larvae, and postlarvae were transported by

water velocities on the spatial grid hourly by using a particle
tracking approach, whereas juveniles and adults were moved
every 12 h by using a kinesis approach to behavioral movement.

The PTM was a recoded version of the CDWR’s PTM and
used the same formulations (Wilbur 2000; Miller 2002). The
CDWR’s PTM has been used to examine entrainment impacts
(e.g., Kimmerer and Nobriga 2008) and has been compared with
other PTMs (Gross et al. 2010). Our recoded version used as
input the hourly values of velocity at each end of each channel
and the water level at each node that was generated by the DSM2
hydrodynamic model. The PTM kept track of the hourly posi-
tions of particles (the three larval stages) in three dimensions:
along-channel (x = distance [m] from the upstream end of a
channel), lateral (y = distance [m] from the center line of the
channel), and vertical (z = distance [m] from the bottom of the
channel). The y and z positions within a channel were altered
by random perturbations and were used to adjust the x-direction
velocity (Supplement C in the online version of this article).

Day-to-day movements and seasonal migrations of juveniles
and adults were based on a kinesis approach (Humston et al.
2000, 2004), with salinity used as the cue. Salinity was used
to simulate reasonable distributions of individuals within the
system, but salinity did not directly affect growth or mortality.
Rather, salinity was used to distribute individuals realistically,
and individuals then experienced the local conditions (tempera-
ture and prey densities) in the channels.

Only the along-channel (x) position was tracked for juve-
niles and adults. At each 12-h time step, each individual’s x
position was updated, and its channel or reservoir location was
determined. Kinesis represents the distance moved by each in-
dividual as the sum of an inertial component (IC) and a random
component (RC), with the inertial component dominating when
conditions (salinity) are good and the random component domi-
nating when conditions are poor. The position in the x dimension
(m from the upstream end of the channel) was updated every
12 h as

xt+1 = xt + �xt (17)

and

�xt = IC + RC, (18)

where IC is the inertial component that depends on the move-
ment velocity at the last time step (�xt−1), and RC is the random
component based on fish swimming speed.
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DELTA SMELT MODEL BASELINE 1247

To compute IC and RC, we first computed the functions (f
and g) that defined the degree to which salinity (S) in the box
deviated from optimal salinity,

f (S) = H1 · e
−0.5·

(
S−SO

σS

)2

(19)

and

g (S) = 1 − H2 · e
−0.5·

(
S−SO

σS

)2

, (20)

where SO is the optimal value of salinity (2.0 psu); σs (= 3.0) de-
termines how quickly the function decreases as salinity deviates
from its optimal value; and the H-values are constants (0.75 and
0.90) that define the maximum values of the functions. Inertial
velocity (IC) was then computed using the distance moved in
the last time step (�xt−1) and f (S):

IC = �xt−1 · f (S), (21)

Equation (21) results in the individual moving at the same total
velocity (inertial and random combined) as in the last time step
to the degree that conditions (salinity) are favorable; f (S) is
larger when salinity is near the optimal value (equation 19).

The random component of distance moved (RC) was com-
puted based on g(S) and a random component (r):

RC = r · g(S). (22)

The random component r was calculated as

r = N (0, 1) · d

2
+ d (23)

with

d =
√

(0.001 · L · �t · 60 · 60)2

2
, (24)

where r is a normal deviate with a mean of d and an SD of
d/2. The numerator in equation (24) represents the distance (m)
moved during one 12-h time step, assuming a swimming speed
of 1.0 body length/s. The parameter d computed by equation
(24) is typically about 70% of the distance to account for fish
not swimming in a straight line. The probability of up-estuary
movement (Pup) was specified as 0.50; for each individual and
each time step, a random uniform number was compared with
Pup to determine the x direction of movement (seaward or up-
estuary) in a channel. The distance moved in that direction was
determined by the computed velocity of the individual (�xt;
equation 18).

If individuals moved past the end of a channel, they then
entered a node where they either continued into a new channel
or entered a reservoir. The new channel or reservoir was ran-
domly selected from all those connected to the node, regardless

of flow (Supplement C). Individuals were simply started at the
beginning of a new channel. Supplement D (in the online ver-
sion of this article) shows the results of testing the behavioral
movement with simplified salinity patterns on the model grid.

Up-estuary migrations of adults and seaward migrations of
juveniles were simulated using the above kinesis approach by
changing SO (equations 19 and 20) and Pup. On December 15
of each year, the spawning migration to freshwater began by
changing SO from 2 to 0 psu and by setting Pup to 0.85 (rather
than 0.50) so that more moves were in the up-estuary direction.
On May 1, the migration of adults and juveniles back to low-
salinity water was simulated by setting SO back to 2 psu and
setting Pup to 0.15. Once individuals reached their new optimal
salinity, Pup was switched back to 0.50.

Numerics
We used a super-individual approach (Scheffer et al. 1995) in

order to accurately simulate the addition of new yolk sac larvae
each year while ensuring that we did not exceed computer limi-
tations (Supplement E in the online version of this article). Each
super-individual represented some number of identical individ-
uals in the population, which we term its “worth.” Each year
during spawning, the same number of super-individuals was
added, but with their initial worth adjusted to reflect the yolk
sac larvae produced. Mortality acted to decrement the worth
of an individual, with the worth then being used to determine
population-level numbers of eggs spawned and Delta Smelt den-
sities and abundances. We used a complicated algorithm for de-
termining how to allocate the fixed number of super-individuals
each year among hatch dates and boxes (Supplement E). In all
simulations, we used 150,000 super-individuals per age-class
(450,000 super-individuals total) because this was sufficient for
convergence (i.e., almost identical results were obtained when
we followed more super-individuals). The model was coded in
FORTRAN90.

Computation of Population Growth Rate
We used the individual-based model output to estimate a sim-

ple Leslie age-based matrix model for each year, which allowed
us to summarize the multidimensional individual-based model
results with a single variable of annual finite population growth
rate (λ). The value of λ was based on the detailed dynamics of
the individual-based model but allowed for easier comparison
among years. A 2 × 2 matrix model was estimated for each
year by computing the average maturity, fecundity, and age-
specific survival rates (Supplement F in the online version of
this article); eigenvalue analysis was then used to determine λ.
The value of λ for a specific year is a measure of the conditions
for Delta Smelt during that year. The λ value is also a reflection
of conditions from the previous year by indicating how growth
in the fall prior to spawning affected the elements related to
maturity and fecundity in the matrix.
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1248 ROSE ET AL.

TABLE 2. Calculation of the major model output variables examined in Delta Smelt model simulations and the calculations for the data when model–data
comparisons were performed. The corresponding figures for the results are noted; “text” means the results are described in the text.

Variable Model calculations Data calculations

(a) January adult abundance (Figure 5) Summed worth of all individuals on January 1;
includes young of the year that just became age
1 and age-1 fish that just became age 2 but does
not include age-2 fish that were just removed as
they became age 3.

Catch per trawl from the spring Kodiak trawl
survey for 2002–2006 was averaged for January
and February (first two trawls) and expanded to
population size using volume sampled, 100%
efficiency, and volume of Sacramento–San
Joaquin Delta and Suisun Bay less than 4 m
deep. November and December midwater trawl
(MWT) abundance was computed the same
way but by using volume of Delta and Suisun
Bay less than 4 m deep. Log(Kodiak trawl
abundance) was then regressed against
log(MWT abundance), and the MWT values
were used to estimate Kodiak trawl values for
1995–2001.

(b) Mean length of young-of-the-year,
age-1, and age-2 fish (Figure 6)

Computed the weighted mean lengths on January
1 (just before their birthdays) using worth as
the weighting factor in the averaging.

Mean length of fish in the December MWT
samples, excluding fish greater than 100 mm,
which were assumed to be age 1 or older.

(c) Annual number of adults entrained
in diversion facilities (Figure 7)

Summed worth of individuals that were killed by
arrival at reservoir 4 (State Water Project) or
node 181 (Central Valley Project), plus the
worth associated with the added mortality of all
individuals in box 3 (South Delta) when Middle
River flow is negative. The amount of worth (w)
attributable to Middle River-related mortality
(R) versus natural mortality (M) is
w( R

M+R )(1 − e−M+R).

Methods are described by Kimmerer (2008), and
results used here are shown in Figure 12a of
that paper.

(d) Fraction of adults on January 1
subsequently entrained during that
year

Ratio of numbers entrained (see variable c)
divided by the January adult abundance (see
variable a)

Methods are described by Kimmerer (2008), and
results used here are shown in Figure 12c of
that paper.

(e) Fraction of age-1 individuals that
were mature and the number of eggs
per entering age-1 individual
(Figure 8)

Fraction mature was computed as the summed
worth of age-1 individuals greater than 60 mm
at the time of projected spawning divided by
the summed worth of all age-1 individuals on
the same day. The ratio of eggs to entering
age-1 fish was computed as the cumulative
number of eggs produced by age-1 individuals
divided by the summed worth of age-1 fish on
January 1 prior to spawning.

No data.

(f) Salinity weighted by densities of
larvae, juveniles, and adults
(Figure 9)

First, the worth of larvae (including postlarvae)
was summed for each box on each day and then
divided by the volume of the box to obtain
number per m3 by box on each day. Salinity in
each box on each day was used to compute
average salinity across boxes, weighted by the
larval densities in each box. This process was
repeated for juveniles and for adults. This was
done for calendar years to better match
following a year-class from the early spring
spawning.

Number per trawl in each sample of the 20-mm,
summer townet, fall MWT, and spring Kodiak
trawl surveys was used to weight the salinity
value measured with the trawls. Data values
include a mix of larvae, juveniles, and adults
that varied throughout the year depending on
the survey.

(g) Proportion of individuals in and
seaward of the confluence box for
adults on December 14 and April
30, for postlarvae on June 24, and
for juveniles and adults on
September 1 (Figure 10)

For each stage and day, we summed the worth of
individuals in each box and then divided the
sum of worth in the confluence box and
seaward boxes by the total summed worth over
all boxes.

All of the fall MWT data from all stations during
September–December were aggregated for each
year, assigned to up-estuary of the confluence
box (47 stations) or in or seaward of the
confluence box (39 stations). The proportion in
Figure 10f was computed from these two totals.
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DELTA SMELT MODEL BASELINE 1249

TABLE 2. Continued.

Variable Model calculations Data calculations

(h) Daily fraction of larvae plus
postlarvae entrained in diversion
facilities (Figure 11)

Summed worth of larval and postlarval individuals
reaching reservoir 4 and node 181 divided by the
summed worth of larvae and postlarvae at the end
of the day plus the numbers lost to pumping plant
entrainment during that day.

Methods are described by Kimmerer (2008), who
used the 20-mm survey data, and the results are
shown in Figure 14 of that paper.
Note: Kimmerer’s (2008) estimates included
some juveniles as well as larvae and postlarvae.
Also see recent papers about the estimation by
Kimmerer (2011) and Miller (2011).

(i) Diets (text) Computed averaged diets for each life stage using
the biomass of zooplankton types eaten by every
500th individual on every 30th day. We first
computed the proportions for each individual and
then averaged the proportions over individuals.
This resulted in individuals covering all life stages
for the time periods during which the stages were
present.

Diets reported by Lott (1998), Nobriga (2002),
and Baxter et al. (2010), who summarized
unpublished data from Steven Slater (California
Department of Fish and Game); data were only
sufficient for qualitative and general
comparison.

(j) Annual finite population growth
rate (λ; Figure 12)

The λ value was computed from a 2 × 2 Leslie
matrix model with parameter values determined
from the individual-based model output each year
(see Supplement F).

No data.

(k) Stage-specific survival rates
(Figure 13)

Summed worth of individuals entering each life
stage during the year divided by the summed
worth of individuals entering the next life stage.

No data.

(l) Averaged temperature and
proportion of maximum
consumption (p-values; text)

Computed average temperature and average p-value
for all individuals (weighted by their worth) each
day and then computed seasonal averages
weighting the daily values for total daily worth of
age-1 individuals during February 27–June 7
(spawning) and total daily worth of juveniles
during April 18–October 1 (growing season) and
October 1–December 30 (fall).

MODEL SIMULATIONS

Calibration
The model was calibrated in three steps. We first tested

the movement of juveniles and adults on test grids with fixed
salinity patterns to understand movement in contrived situations
where we knew the correct movement patterns (Supplement D).
Once the entire model had been calibrated, we again evaluated
the movement patterns among years to confirm that simulated
movement was realistic under dynamic salinity conditions. The
results using the full model are presented below as part of the
1995–2005 historical simulation.

The second step was to determine the K-values (equation
10) for each Delta Smelt life stage and each zooplankton prey
group (Supplement B). We averaged daily temperature and the
biomass of each zooplankton group in each box over the periods
when each life stage would be in the system. We assumed that
larvae, juveniles, and adults remained in each of the 11 boxes,
and we then iteratively adjusted the K-values so that the aver-
age consumption rate (i.e., with p-value = 0.8) and diets were
reasonably close to the available observations.

The third and final step was to put the above two calibrated
components (movement and growth) into the full model and
then to simulate the period 1995–2005 by adjusting only the
yolk sac larval mortality rate and the entrainment mortality
multiplier based on Middle River flow. The mortality rate of
yolk sac larvae was adjusted because this mortality was rel-
atively simple (i.e., only temperature dependent and of short
duration). The entrainment mortality multiplier was adjusted
because the role of Middle River flow in affecting entrainment
is well documented (Grimaldo et al. 2009), although the magni-
tude is uncertain, and we had data on adult entrainment mortality
(Kimmerer 2011). We adjusted the yolk sac larval mortality rate
until the predicted average January abundance for 1995–2005
was close to the data average of 2.7 × 106; we then adjusted
the entrainment mortality multiplier until the average annual
fraction of adults removed by diversions was close to the data
average of 10%. We did not try to fit to individual years or to
the pattern in the time series of annual abundances. Thus, any
interannual differences in model output were generated by dif-
ferences in temperature, salinity, entrainment, and zooplankton
densities.
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1250 ROSE ET AL.

Historical Simulation
We report the results from the last step of the calibration:

the 1995–2005 historical simulation. The calculations that were
performed to obtain all reported model outputs and to summa-
rize the field data used for model–data comparisons are shown
in Table 2. The field data for Delta Smelt originate mostly from
four surveys that are conducted annually by the California De-
partment of Fish and Game (www.dfg.ca.gov/delta/): (1) the fall
midwater trawl (MWT) survey began in 1967 and samples ju-
veniles and adults monthly during September–December at 116
stations; (2) the spring Kodiak trawl survey began in 2002 and
samples adults every 2–4 weeks during winter and spring at 39
stations; (3) the 20-mm survey (larval net) began in 1995 and
samples larvae at 48 stations between March and July; and (4)
the summer townet survey began in 1959 and samples mostly
juveniles at up to 32 stations during June–August. These field
data have been described and used extensively in previous anal-
yses (e.g., Bennett 2005; Kimmerer et al. 2009; Sommer et al.
2011; Miller et al. 2012).

The model outputs and the model–data comparisons in Ta-
ble 2 confirmed various aspects of the calibration or served to
assess the realism of model behavior. None of the model–data
comparisons can be considered as true model validation because
no data were kept aside for independent comparison. Compar-
isons a–d in Table 2 were related to the three steps in model
calibration as described above. Maturity of age-1 individuals
and the number of eggs per entering age-1 individual (Table 2,
comparison e) integrated the effects of growth differences (due
to temperature and prey biomass) from the previous year on
reproduction. Movement patterns were confirmed by using av-
eraged salinities weighted by Delta Smelt density (comparison f)
and the proportions of individuals in and seaward of the Sacra-
mento River–San Joaquin River confluence box (comparison
g). We used monthly Delta outflows (m3/s) from DAYFLOW
(www.water.ca.gov/dayflow/) to help interpret the spatial dis-
tributions in comparison g. Comparison h, the daily fraction of
larvae lost to entrainment, confirmed the realism of the pumping-
related mortality determined by the PTM. Overall average diets
(comparison i) were examined to confirm reasonable shifts in
diet from larvae to juveniles to adults. The λ values (comparison
j) and stage survival rates (comparison k) provided condensed
summaries of the differences among years. Finally, comparison l
identified the between-year differences in temperature and food
as actually experienced by the simulated fish.

MODEL RESULTS

Dynamics within the Historical Simulation
For the simulated period 1995–2005, calibration resulted in

an average January adult abundance of 2.7 × 106 (compared
to the data target of 2.3 × 106) and an average fraction of
adults lost to the pumps of 11% (the target was 10%). The final
calibrated mortality rates were 0.035 d−1 for yolk sac larvae and
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FIGURE 5. Annual abundance of adult Delta Smelt in January for 1995–2005
from the baseline simulation and as estimated from the fall midwater trawl
(MWT) and spring Kodiak trawl sampling.

0.02 d−1 for Middle River-related pumping mortality. Annual
January abundances varied from year to year in a pattern similar
to that of data-based estimates, with a peak in 2000, a decline in
2001, and then low abundances in 2002–2005 (Figure 5). One
exception was that the January adult abundance in 1996 had the
highest data-based estimate but a relatively low simulated value.

Simulated lengths at age on January 1 were similar to data
values for young of the year about to become age 1, with both
model and data values varying between 55 and 65 mm (Figure 6).
Faster growth was predicted for the summer and fall of 1995
(shown as the January 1996 value), 1997 (the January 1998
value), and 2001–2004. Simulated growth was slow in 1996,
1999, and 2000, resulting in shorter fish recorded during the
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FIGURE 6. Mean total length of juvenile, age-1, and age-2 Delta Smelt on
January 1 in each year (just prior to birthdays) of the 1995–2005 baseline
simulation. Also included are the mean lengths of young-of-the-year fish from
fall midwater trawl (MWT) sampling.
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FIGURE 7. Predicted and observed annual values in 1995–2005 for (a) the
fraction of adult Delta Smelt present in January that were entrained in pumping
plants during the next few months (i.e., winter) and (b) the number of adults
that were entrained during the same time period.

next January. Mean lengths of about 82 mm for age-1 fish (about
to become age 2) and 90 mm for age-2 fish (about to become
age 3) were consistent with the results of Bennett (2005).

The predicted annual fraction of adults entrained showed less
interannual variation than the data-based values (Figure 7a), and
the predicted numbers entrained were as much as two times the
data values for 1999–2001 (Figure 7b). Predicted and estimated
annual fractions entrained were low (<10%) for 1996–1999 and
then increased to 15–20% for 2002–2004. Predicted fractions
showed less variation and were higher than estimated values dur-
ing the earlier, low-entrainment-loss years and were lower than
estimated values during the latter, high-entrainment-loss years
(i.e., in Figure 7a, the line connected by open circles is flatter
than the line connected by black shaded circles). Substantially
more model adults were entrained during 1999–2001 than were
shown by the data (Figure 7b) because the fraction entrained
was higher, and in two of those years the population estimate
(Figure 5a) was higher than that in the data. Overestimation
of the fraction entrained in early years and underestimation of
the fraction entrained in later years suggested inaccuracies in the
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FIGURE 8. Annual fraction of age-1 individual Delta Smelt that were mature
(solid line, open circles) and the number of eggs produced per entering age-
1 individual (dashed line, black shaded squares) for the 1995–2005 baseline
simulation.

simulated adult spatial distributions or in the use of a single value
for the pumping mortality at any southward Middle River flow.

Even though the variation in mean length of age-1 adults was
small ( ± 5 mm; Figure 6), interannual differences had large
effects on maturity (Figure 8, solid line) and subsequent egg
production (Figure 8, dashed line) by age-1 individuals. Age-1
individuals at the beginning of the spawning season (about 3
months into age 1) varied above and below 60 mm from year to
year. This hovering around 60 mm caused the fraction of age-1
fish that were mature to range from 0.15 (in 2001) to 0.60–
0.70 (in 1996, 1998, and 2002; Figure 8), tracking the slow and
fast age-0 growth from the previous year (Figure 6). A greater
fraction of individuals becoming mature and a higher weight of
these individuals (equation 1) resulted in a fivefold difference
among years in the number of eggs produced per entering age-1
individual (Figure 8). Egg production per entering age-1 fish
was highest in 1998 (491.8) due to the fast growth of juveniles
in 1997 and the high proportion (72%) of age-1 fish being ma-
ture at spawning; egg production per entering age-1 individual
was lowest in 2001 (89.3; 15% maturity) due to slow juvenile
growth in 2000. Such large variation in the fraction mature and
eggs produced per entering age-1 fish seems extreme and may
partially reflect the all-or-none maturity rule (100% mature if
longer than 60 mm) we used. We further investigate the maturity
rule in our companion paper (Rose et al. 2013).

Simulated Delta Smelt density-weighted salinities showed
the up-estuary spawning migration of adults and the subsequent
larval and juvenile movement seaward (Figure 9). Note that the
years in Figure 9 are calendar years (i.e., they start on January
1) in order to follow a year-class. Salinity slowly rose for larvae
and postlarvae during June–September as they were transported
seaward (Figure 9a). Salinity also rose for juveniles during June–
October (Figure 9b) after the SO for juveniles was changed
from 0 to 2 psu on May 1. Salinity for adults went from near
zero in January–May to approaching 2–6 psu beginning in June
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1252 ROSE ET AL.

FIGURE 9. Average salinity (psu) weighted by Delta Smelt density computed
daily during calendar years 1995–2005 for (a) larvae and postlarvae combined,
(b) juveniles, and (c) adults in the baseline simulation. Panel (d) shows the
weighted salinity values obtained by merging catch per unit effort data from the
20-mm, summer townet, fall midwater trawl (MWT), and spring Kodiak trawl
surveys for 1995–2005. Years are calendar years rather than water years (e.g.,
1997 refers to January–December). [Figure available online in color.]

(Figure 9c), triggered by a change in the adults’ SO back to 2
psu on May 1. During most years, the density-weighted salinity
values for juveniles and adults caused their seaward migration to
occur earlier than was shown in the data (June in Figure 9c versus
9d), and they occupied water during the late summer and fall
with salinities of 2–6 psu, whereas the data suggested somewhat
lower-salinity waters of 1–4 psu during the late summer and fall
(August–October in Figure 9c versus 9d).

The interannual influence of Delta outflow on the proportion
of individuals in each spatial box is shown in Supplement G
(in the online version of this article) and is summarized here by
using a single metric: the proportion of fish that were within or
seaward of the confluence box (Figure 10). In December, prior
to their up-estuary spawning migration, adults were distributed
based on salinity, which was roughly correlated with average
October outflow (Figure 10a). During the high-outflow years of

1996 and 1999, more than 80% of adults were in or seaward of
the confluence box, whereas during the remaining years fewer
than 60% were in or seaward of the confluence box.

Spawning migration (including young-of-the-year fish that
became age 1 on January 1) began in January and ended by
April 30, with almost all individuals located up-estuary of the
confluence box (Figure 10b). Once hatched, larvae were trans-
ported by the PTM; by June 24, when postlarvae were about to
become juveniles, proportions again roughly reflected outflow
conditions (Figure 10c). During 1995 and 1998, which were
years of high May outflow, over 80% of postlarvae were in or
seaward of the confluence box, whereas during relatively low-
outflow years (2001, 2002, and 2004) only 20–30% of postlarvae
were located in or seaward of the confluence box. Data for 1997
appear anomalous relative to May outflow because that year
had a low May outflow but the highest June outflow over the
simulation time period (2,033 m3/s versus less than 1,327 m3/s).
Juvenile and adult distributions on September 1 (Figure 10d, e)
resembled each other because both reflected behavioral move-
ment towards 2-psu water. Juveniles and adults were farthest
seaward during the high outflow of August 1998 and were sit-
uated up-estuary during the low-outflow years of 2001, 2002,
and 2004.

Finally, the predicted and observed proportions of adults that
were in or seaward of the confluence during the fall showed mod-
erately good agreement for extremely low- and high-outflow
years but not for years of intermediate flow (Figure 10f). Pre-
dicted and observed proportions showed relatively more fish in
and seaward of the confluence during 1996 and 1999 and more
fish being relatively up-estuary during 1995, 2004, and 2005.
October outflow was highest in 1996 and 1999 and was low
in 1995 and 2004 (Figure 10a); October outflow for 2005 was
not low, but the summed October–December outflow in 2005
was relatively low. However, predicted proportions were flatter
than observed proportions (proportions under low outflow were
above the 1-to-1 line, and proportions under high outflow were
below the 1-to-1 line in Figure 10f), indicating that simulated
adults were generally too far seaward under low outflow and too
far up-estuary under high outflow.

The simulated daily proportion of larvae and postlarvae en-
trained, which results from transport by the PTM, generally
agreed with the data-based estimates (Figure 11). Model pre-
dictions showed less interannual variation than the data-based
values. A few extreme model values of 0.2–0.3 were predicted,
whereas data values never exceeded 0.1. In both the simulation
and in the data, entrainment was relatively low during 1995,
1996, and 1998 and was high during 2002 and 2003. Model-
predicted entrainment was also high during 2000, 2001, and
2005, which were intermediate entrainment years in the data.

Simulated diets were reasonable and consistent among years,
even between the most extreme years (not shown). Larvae
consumed Limnoithona spp. (20% of consumed biomass) and
calanoid copepodids (80%) because other prey had vulnerabil-
ities of zero. As Delta Smelt increased in size, they consumed
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(a) December 14 adults
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(c) June 24 Post-larvae
(after transport)
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(d) September 1 YOY 
(moved to 2 PSU)

August Outflow

0 100 200 300 400 500 600
0.0

0.2

0.4

0.6

0.8

1.0

95
96

97

98
99

   00

0102

03

04

05

(e) September 1 Adults 
(moved to 2 PSU)
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(b) April 30 Adults
(after migration)
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(f) Predicted versus
       Observed

Observed Proportion of Fall MWT in or 
Seaward of the Confluence
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FIGURE 10. Predicted proportion of Delta Smelt individuals in the confluence and seaward boxes (see Figure 1) versus monthly Sacramento–San Joaquin Delta
outflow (m3/s) in the immediately preceding months for 1995–2005 of the baseline simulation: (a) adults on December 14 (before the spawning migration), (b)
adults on April 30 (after the spawning migration), (c) postlarvae on June 24 (after particle tracking model transport), (d) juveniles (young of the year) on September
1, and (e) adults on September 1. Two-digit numbers indicate water years (e.g., 96 = 1996; 02 = 2002). Panel (f) is a comparison of the predicted proportion of
Delta Smelt in and seaward of the confluence box from December 14 versus the proportion estimated from the fall midwater trawl (MWT) survey. Panel (a) uses
outflow from October of the previous year (e.g., October 2001 outflow for the year 2002).
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Year
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FIGURE 11. Daily entrained fraction of (a) Delta Smelt larvae and postlarvae
combined as determined by the particle tracking model for 1995–2005 of the
baseline simulation and (b) larvae (and some juveniles) as estimated by Kim-
merer (2008). The thin line within each box is the median, the thick line is the
mean, the ends of the box represent the 25th and 75th percentiles, the ends of
the whiskers represent the 10th and 90th percentiles, and the black circles are
points outside of the 10th and 90th percentiles.

less Limnoithona spp. and calanoid copepodids and more of the
other four adult zooplankton types (50% [Limnoithona spp. and
calanoid copepodids] and 50% [other types] for postlarvae; 79%
and 21% for juveniles; 92% and 8% for adults). Pseudodiapto-
mus increased in the diet as fish transitioned from postlarvae to
juveniles, but the Pseudodiaptomus contribution then decreased
slightly between juvenile diets and adult diets as the biomass of
this zooplankton type decreased in the fall. These results qualita-
tively agreed with several diet studies of Delta Smelt (Table 2),
but more rigorous comparison was not attempted because of
the difficulties in interpreting field diets involving rapidly di-
gested zooplankton and without simultaneous measurement of
zooplankton densities.

Best versus Worst Years in the Historical Simulation
Population growth rate (λ) from the Leslie matrix model

showed that water year 1998 was the best year and water year
2001 was the worst year for the simulated Delta Smelt popula-

Year

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
0.0

0.5

1.0

1.5

2.0

2.5

3.0

λ

FIGURE 12. Population growth rate (λ; fraction per year) of Delta Smelt as
determined by the age-based Leslie matrix model applied to individual-based
model output for each year of the 1995–2005 baseline simulation. No value
for 2005 was possible because the simulations ended on September 30, 2005;
information through December 31, 2005, would be needed to estimate the matrix
model for 2005.

tion (Figure 12). The λ in each year resulted from a combination
of (1) growth in the prior year affecting subsequent reproduc-
tion and (2) higher stage-specific survival rates in the current
year for most of the life stages. Thus, water year 1998 extended
from October 1997 to September 1998 and included the fall of
1997, which led up to spawning in spring 1998. Fast growth in
fall 1997 resulted in large new adults at the beginning of 1998
(Figure 6) and therefore a high fraction of mature age-1 fish and
a high number of eggs per entering age-1 individual (Figure 8).
The year 1998 also had moderately high growth during summer
(Figure 6), the lowest entrainment losses (Figure 7a, 11), and
the highest stage-specific survival rates for all life stages (Fig-
ure 13). The bad year, 2001, had the second slowest growth in
the prior year (2000; Figure 6) and consequently had the lowest
number of eggs per entering age-1 fish (Figure 8). In addition,
2001 had moderately high entrainment losses (Figure 7) and
low survival of eggs (Figure 13a), juveniles (Figure 13e), and
adults (Figure 13g, h).

Compared with 2001, water year 1998 had a relatively cool
and delayed warming in spring that benefited Delta Smelt lar-
vae, but both years had similar growth conditions for juveniles
during summer. Mean temperature experienced by age-1 in-
dividuals during February 27–June 7 (spawning) was 14.8◦C
in 1998 versus 16.4◦C in 2001. Average day of spawning was
April 28 in 1998 versus April 6 in 2001, and average duration
of the larval stage (inversely related to growth rate) was 25.2
d (1998) versus 28.6 d (2001). Although juveniles also expe-
rienced cooler temperatures during the early summer (16.7◦C
versus 22.2◦C for April 18–June 7), differences became smaller
when viewed over the entire growing season. Average temper-
ature experienced by juveniles during April 18–October 1 was
slightly cooler during 1998 than during 2001 (20.9◦C versus
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FIGURE 13. Delta Smelt stage-specific survival (fraction) from the 1995–2005 baseline simulation for (a) eggs, (b) yolk sac larvae, (c) larvae, (d) postlarvae,
(e) juveniles, (f) total young of the year (product of a–e), (g) age 1, (h) age 2, and (i) total (product of f–h).

22.1◦C), and the average p-value was higher in 1998 (0.89 ver-
sus 0.84). However, mean lengths of juveniles were similar
between 1998 and 2001 (60.3 mm in 1999 versus 60.5 mm in
2002; Figure 6), so the difference in summer growth of juveniles
between 1998 and 2001 was not a major factor.

The higher number of eggs per age-1 individual in 1998
compared with 2001 was due to faster growth during fall 1997
compared to fall 2000. Mean length of juveniles on January 1
(just before their birthday to age 1) was 61.4 mm for 1998 versus
56.5 mm for 2001. The mean p-value for October 1–December
30 was 0.76 in 1997 versus 0.68 in 2000; 1997 was also warmer
than 2000 (15.9◦C versus 15.0◦C).

Delta outflow was generally higher in 1998 than in 2001 (Fig-
ure 10), so individuals were farther seaward, resulting in lower
entrainment mortality during 1998. The PTM put 84% of post-
larvae in or seaward of the confluence box on June 24 in 1998
compared with 24% on June 24 in 2001 (Figure 10c). Similarly,
behavioral movement of juveniles resulted in about 88% of them
occurring in or seaward of the confluence box on September 1,
1998, versus 53% on September 1, 2001 (Figure 10d). Almost
no larvae were predicted to be entrained during 1998, whereas a
daily average loss of 1.2% was predicted for 2001 (Figure 11a);
the fraction of January adults entrained was 0.05 in 1998 versus
0.14 in 2001 (Figure 7a).
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DISCUSSION
We used a detailed, individual-based approach to model

the population dynamics of Delta Smelt during a time period
that included a major population decline. The model was
completely density independent; a density-dependent version
is analyzed by Rose et al. (2013). The Delta Smelt has been
declining since the 1980s and was one of four species to show
a step decline around 2002 (Sommer et al. 2007). The choice
of a detailed individual-based model may seem odd because of
the extensive data demands of this general approach. Survey
data-based modeling approaches are easier to justify in terms of
calibration and in testing the degree of fit (e.g., Thomson et al.
2010; Miller et al. 2012); however, unlike our process-based
approach, survey data-based approaches do not provide a means
of assessing cause-and-effect relationships and so far have not
helped to settle the controversy over the causes of the decline.

We opted for a spatially explicit, individual-based approach
to explore the potential causes for the Delta Smelt’s decline
and the conditions that result in good versus bad years for
Delta Smelt. The term “spatially explicit” refers to multiple,
linked spatial boxes with different conditions among them. The
individual-based approach allows for relatively easy simulation
of movement and for local experiences to accumulate as each
individual moves among the spatial boxes. A spatially explicit
approach was required to enable a model that could (1) rep-
resent feeding, growth, reproduction, and movement in some
detail; and (2) simulate how interannual variation in spatial dis-
tributions by life stage interacted with dynamic habitat. The
chief disadvantage of such a complicated mechanistic model
is that describing how it works can be difficult (Grimm et al.
2006), and many of the assumptions and parameter values must
be based on judgment; thus, replication of the modeling by oth-
ers is a challenge (Wilensky and Rand 2007). Indeed, the output
of our model was sufficiently complicated that we chose to fit
an age-structured matrix model to its output to provide a more
straightforward summary of each year’s condition. Our model
is designed for exploring hypotheses about some of the factors
affecting Delta Smelt population dynamics but is not designed
for forecasting future Delta Smelt population abundances. Hy-
potheses about future conditions can be explored with our model
but in a relative way, whereby simulated values are compared
with some simulated baseline condition.

Maunder and Deriso (2011) also fitted a stage-based model
of Delta Smelt by using the same extensive long-term moni-
toring data used here. By including covariates such as annual
entrainment rate in their model, Maunder and Deriso (2011)
were able to evaluate the relative importance of different fac-
tors. Their data-based modeling approach is relatively easy to
describe (mathematically compact) and can be easily judged
for its performance and skill (fit to data), but the approach also
inherits problems with the monitoring data in terms of bias
and process versus observation errors and is heavily correlation
based. Clearly, the data-based approach of Maunder and Deriso
(2011) and the detailed, process-based approach used here can

complement each other, and detailed comparison between the
two approaches would likely allow for more insights than either
approach alone can provide.

Calibration of complicated individual-based models is al-
ways a challenge. Our approach was first to adjust the movement
and feeding algorithms externally under simplified conditions
and then calibrate by adjusting two mortality-related parame-
ters for the 1995–2005 historical simulation to get the averaged
population abundance and averaged fraction entrained to match
the data. None of the calibration steps involved adjustments to
fit the model to specific years.

Model results were generally consistent with the available
data and information (Table 2) about Delta Smelt. The model
reasonably matched a variety of measures related to growth,
mortality, and movement. Predicted growth resulted in realistic
lengths at age (Figure 6). The PTM produced reasonable larval
entrainment rates (Figure 11), and a simple function of Middle
River flow yielded annual adult entrainment fractions that mim-
icked the observed values (Figure 7). Movement was confirmed
both based on salinity experienced by individuals (Figure 9)
and geographically (Figure 10). The fraction of individuals in
the confluence box and seaward boxes during the fall agreed
with estimates from fall MWT sampling. Thus, the calibrated
model is a good descriptor of the 1995–2005 conditions and is
useful for comparing Delta Smelt dynamics among those years.
We caution that our bioenergetics model was sufficient for relat-
ing prey and temperature to growth, but it must be re-evaluated
for other purposes.

There were several major discrepancies between model re-
sults and observed values. First, the model underestimated the
January abundance in 1996 (Figure 5), and the reason for this
is unclear. Second, the model overestimated the degree of adult
entrainment in early years and underestimated the degree of
adult entrainment in later years (Figure 7). This lack of suffi-
cient interannual variation in simulated adult entrainment may
be attributable to the simulated movement of adults being too
similar among years (Figure 10f); the center of distribution for
simulated adults was less variable across years than the center of
distribution for fish caught by the fall MWT. Another possible
explanation is that adult entrainment mortality was switched on
or off depending on the sign of Middle River flow, whereas anal-
yses showed that the actual entrainment rate probably increases
with the magnitude of southward flow toward the diversion fa-
cilities (Kimmerer 2011).

A third discrepancy between the model and the data was that
movement in the model tended to put juveniles and adults in
water that was too saline during late summer to winter (Fig-
ure 9). This could reflect a conceptual difference between the
data-based and modeled density-weighted salinities. Because
the model tracks each individual, an individual-weighted salin-
ity is unbiased by any sampling error. In contrast, the sampling
programs catch relatively few fish and do not sample all salini-
ties equally. However, even with the sampling issues, the results
suggest that the model is contributing to this discrepancy. Two
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possibilities are that (1) behavioral movement of juveniles in the
model may be too slow to react to local salinity changes (Sup-
plement D) and (2) the starting locations from the PTM were
too far seaward. Some of the movement of late larval Delta
Smelt in nature likely is a result of both transport (which we
assumed) and behavior as the fish gain competence to direct
their movements.

Finally, the model showed wide fluctuations in the fraction
of age-1 individuals that were mature and the number of eggs
per entering age-1 individual (Figure 8) from small changes in
mean length (Figure 6). Although we lack data with which to
compare these results, these differences among years seemed
larger than what we would expect to see in the real population.
We partially address this in Rose et al. (2013) by including
length-dependent maturation as one of the alternative baselines.

We performed many comparisons of model results with the
available data (Table 2), but we did not perform the classical
model calibration and validation comparisons and we did not
compare model predictions with commonly used abundance
indices from the monitoring programs. We focused on using
most of the data for calibration and often in a pattern-matching
mode (Grimm et al. 2005) rather than a more traditional
comparison of predicted values versus observed data (Stow
et al. 2009); thus, some of the consistency between the model
and the data was a result of calibration. While Delta Smelt
abundance indices from the various monitoring programs have
been used extensively as indicators of population abundance
and survival (Bennett 2005; Maunder and Deriso 2011; Miller
et al. 2012), we found the model–data comparisons using the
indices to be uninformative due to the sensitivity of the indices
to calculation details, such as the months included and the gear
selectivity (e.g., Newman 2008).

Our analysis of model results and data for 1995–2005 clearly
illustrated why it has been difficult to ascribe the Delta Smelt’s
decline to a single causative factor, either over the long term
or as part of the recent 2002 decline. Interannual variation in
λ (Figure 12) was due to a combination of the effects of tem-
perature, salinity, larval growth, hydrodynamics, and growth
of juveniles in the prior year affecting the movement, growth,
mortality, and reproduction in various combinations of life
stages. Small changes in mean length of young-of-the-year
fish from the previous year (Figure 6) were amplified into
large effects on egg production (Figure 8), and temperature
affected the timing of spawning and the subsequent growth of
larvae.

We did not include an explicit representation of turbidity in
the final version of our model. Turbidity affects spatial distribu-
tions (Feyrer et al. 2007; Nobriga et al. 2008) and larval growth
(Baskerville-Bridges et al. 2004) of Delta Smelt. We initially
included turbidity (estimated from extensive Secchi depth mea-
surements) in the same way that we included salinity and temper-
ature (Supplement A). Turbidity showed the expected decrease
during the modeled time period, which is part of a longer-term
downward trend (Kimmerer 2004; Wright and Schoellhamer

2004; Nobriga et al. 2008). However, we had no basis upon
which to determine relationships between turbidity and growth
rate or mortality rate, and thus we could have simulated a de-
cline in the Delta Smelt population based solely on the lower
turbidity in the later years. Because we predicted the decrease
in Delta Smelt without turbidity (i.e., based on hydrodynamics,
temperature, salinity, and zooplankton), a turbidity effect was
not included.

In the companion paper (Rose et al. 2013), we further ex-
plore Delta Smelt dynamics using the individual-based model.
We configure alternative baseline simulations and perform a
simulation experiment to further refine our understanding of
bad versus good years for Delta Smelt. We vary salinity, tem-
perature, zooplankton, hydrodynamics, and eggs per entering
age-1 individual between the best year (1998) and the worst
year (2001) to systematically quantify the effects of each factor
and their combined effects on λ. We then show that these results
are robust to alternative baseline configurations.
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Abstract
We used a previously described individual-based population model to further explore the population dynamics of

Delta Smelt Hypomesus transpacificus in the upper San Francisco Estuary. We formulated four alternative baseline
configurations of the model and used a factorial design to systematically isolate the effects of factors that determined
a good versus bad year. The alternative baseline conditions were obtained by substituting different assumptions about
growth, maturity, and mortality into the original baseline configuration. In the simulation experiment, we varied five
factors by setting each value to its 1998 (best year) or 2001 (worst year) value: salinity, temperature, zooplankton
densities, hydrodynamics, and eggs per age-1 individual at spawning. Although some of the alternative baselines
resulted in lower January abundances, estimated finite population growth rates were very similar for all versions. The
simulation experiment showed that juvenile growth in the winter prior to spawning (i.e., eggs per age-1 individual)
was the most important single factor in making 2001 a bad year, although no single factor alone was sufficient to
fully account for the poor conditions in 2001 relative to 1998. Temperature played an important secondary role, and
hydrodynamics played a more minor role. The results of the simulation experiment were robust, as similar results were
obtained under the four alternative baselines. We compare our results with previous modeling and statistical analyses
of the long-term monitoring data; we also discuss some implications of our results for Delta Smelt management and
suggest future directions for analyses.

The Delta Smelt Hypomesus transpacificus resides only in
the San Francisco Estuary and is listed as threatened under
the U.S. Endangered Species Act and as endangered under the
California Endangered Species Act. Abundance of Delta Smelt

*Corresponding author: karose@lsu.edu
Received November 9, 2012; accepted April 19, 2013

started to decline in the 1980s, and a sharp decrease starting in
2001 led to a series of management actions that were intended
to benefit the species but that also involved reducing the water
available to be diverted for irrigation and water supply (NRC
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2012). The State Water Project and the Central Valley Project
have exported an average of 30% of the freshwater flowing into
the estuary during 1960–2000, with the percentage generally
increasing through time and exceeding 60% in some years and
seasons (Kimmerer 2004). The State Water Project facility pro-
vides drinking water for over 23 million Californians; combined,
the two diversion facilities fuel an estimated $25 × 109 annual
agricultural economy (Grimaldo et al. 2009).

A suite of factors has been identified as important in con-
tributing to the decline of Delta Smelt. These factors include en-
trainment by water diversion facilities (Kimmerer 2008, 2011;
Miller 2011), contaminant effects (Kuivila and Moon 2004;
Connon et al. 2009; Brooks et al. 2012), shifts in the zooplank-
ton (prey) community (Nobriga 2002; Feyrer et al. 2003; Winder
and Jassby 2011), and changes in physical habitat (Feyrer et al.
2007; Nobriga et al. 2008; Kimmerer et al. 2009). The role of
these factors in contributing to the Delta Smelt’s decline has
been examined by using statistical analysis of long-term field
data (Mac Nally et al. 2010; Thomson et al. 2010; Miller et al.
2012) and population dynamics modeling (Maunder and Deriso
2011). These analyses have led to what many consider to be
contradictory conclusions about the relative importance of vari-
ous factors in affecting Delta Smelt population dynamics (NRC
2010; Kimmerer 2011; Miller 2011).

Determining the factors that affect Delta Smelt popula-
tion dynamics is critical for formulating effective remedia-
tion actions. Remediation actions under the federal Endangered
Species Act are termed “reasonable and prudent alternatives”
(RPAs), and specific actions were proposed as part of the recent
biological opinion for Delta Smelt (USFWS 2008) and were sub-
sequently argued in court (NRC 2010). One RPA restricts water
diversions during the winter to limit losses of Delta Smelt at the
diversion facilities (Grimaldo et al. 2009; Kimmerer 2011). An-
other controversial RPA was designed to protect fall habitat by
using reservoir releases to maintain the estuarine salinity field
in certain spatial regions (NRC 2010). The high economic costs
of these various management actions, coupled with uncertainty
about how they may affect Delta Smelt population dynamics,
have led to controversy (NRC 2012).

In a companion paper (Rose et al. 2013, this issue), we de-
scribed an individual-based population model of Delta Smelt
and used a historical baseline simulation for 1995–2005 to iden-
tify the factors leading to good and bad years for Delta Smelt. In
the present paper, we extend the analysis of Rose et al. (2013) by
formulating alternative baseline configurations of the model and
by using a factorial design to systematically isolate the effects of
factors that determined a good year versus a bad year. We formu-
lated four alternative baseline conditions by substituting differ-
ent assumptions about growth, maturity, and mortality into the
baseline configuration. The four alternative baselines were (1)
fixed larval growth instead of food-dependent larval growth, (2)
size-dependent mortality instead of stage-dependent mortality,
(3) density-dependent mortality instead of density-independent
mortality, and (4) length-dependent maturity rather than a length

threshold for maturity. Each of these assumptions was impor-
tant to baseline dynamics, and each was uncertain. Our earlier
identification of good and bad years was from the historical
simulation, and the effects of some factors can be confounded
by the autocorrelation that is inherent in a historical simulation.
Here, we follow up with a designed simulation experiment in
which we systematically varied the factors that are potentially
important in determining good and bad years, and we further
show the robustness of the simulation experiment results by re-
peating the experiment for each of the four alternative baseline
conditions. We demonstrate that the results obtained under the
original baseline conditions were similar under the four alterna-
tive baseline conditions (i.e., robust), and we further refine the
role of various factors in determining good and bad years.

MODEL DESCRIPTION

Overview
The individual-based model followed the reproduction,

growth, mortality, and movement of super-individuals over
their entire life cycle (from eggs to age 3) on the same spatial
grid as the Delta Simulation Model (DSM2) hydrodynamics
model that was developed by and is widely used by the
California Department of Water Resources (baydeltaoffice.
water.ca.gov/modeling/deltamodeling/models/dsm2/dsm2.cfm).
A model year was defined as a water year: October 1 of the
previous year to September 30 (e.g., model year 2001 extends
from October 1, 2000, to September 30, 2001). The model
is described in detail by Rose et al. (2013) and is briefly
summarized here.

The spatial grid was one-dimensional, with 517 channels and
5 reservoirs (Figure 1 in Rose et al. 2013). The DSM2 hydro-
dynamics model provided hourly values of water velocities and
flows into and out of channels and reservoirs, which were used
as inputs to a particle tracking model (PTM) that was embedded
in the Delta Smelt individual-based model. A second grid of 11
coarser boxes was overlaid onto the channel grid, and values
of daily temperature, salinity, and biomass densities of six zoo-
plankton groups in each box were used to assign values to each
channel.

For each super-individual, we tracked a suite of traits, in-
cluding life stage, growth rate, weight, length, age, diet, loca-
tion on the grid, maturity status, fecundity, and worth. Worth
was the number of identical population individuals represented
by the super-individual. Rather than following every individual
and removing them upon death, we followed a fixed number of
super-individuals and decreased their worth in each time step to
account for mortality (Scheffer et al. 1995). All computations
were scaled from the super-individuals to the population by
multiplying by the worth of the super-individuals. Individuals
were assigned to five life stages: egg, yolk sac larva, postlarva,
juvenile, and adult. Advancement to the next life stage (devel-
opment) was based on (1) temperature for egg to yolk sac larva
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FIGURE 1. Simulated adult Delta Smelt abundance over time and juvenile
survival from each year in a 15-year model run with artificially increasing
egg production every year and density-dependent juvenile mortality: (a) adult
abundance in January of each year and (b) age-1 recruits (circles, primary y-
axis) and juvenile-stage survival (squares, secondary y-axis) versus annual egg
production for each year.

to larva; (2) length for larva to postlarva to juvenile; and (3) date
(January 1) for juvenile to age 1 and for age 1 to age 2.

Growth increments at each time step were determined from
body weight, temperature, and the biomass densities of the six
zooplankton groups (adult Limnoithona spp.; calanoid copepo-
dids; other calanoid adults; adult Eurytemora; adult Acanthocy-
clops vernalis; and adult Pseudodiaptomus). Length was then
increased if fish weight had increased sufficiently. Mortality
was a stage-specific, fixed rate plus starvation (if the weight
of an individual fell below 50% of the weight expected for its
length) and entrainment by the two water diversion facilities.
Movement on the spatial grid was by physical transport using a
PTM for yolk sac larvae, larvae, and postlarvae; movement was
behavioral (in response to salinity) for juveniles and adults. De-
velopment, reproduction, growth, and mortality were updated
daily, whereas movement of eggs and all larval stages was up-
dated hourly and movement of juveniles and adults was updated
every 12 h.

Model Outputs
In our companion paper (Rose et al. 2013), we presented a

detailed comparison between individual-based model outputs

and data. We focus here on model predictions involving a small
subset of those output variables. The major outputs presented
for all simulations in this paper are the annual adult abundance
in January and the annual finite population growth rate (λ). An-
nual adult abundance in January was computed as the summed
worth of all individuals on January 1, including the young of the
year that just became age 1 and the age-1 fish that just became
age 2; it did not include age-2 fish that were just removed as
they became age 3. We used the individual-based model out-
put to estimate a Leslie age-based matrix model for each year to
summarize the complicated individual-based model results with
a single variable, λ. The value of λ was based on the detailed
dynamics of the individual-based model but allowed for easier
comparison among years. A 2 × 2 matrix model was estimated
each year by computing the average maturity, fecundity, and age-
specific survival rates and by using eigenvalue analysis to de-
termine λ (see Supplement F in the online version of Rose et al.
2013).

Additional model outputs were used selectively to configure
or confirm the alternative baselines and to provide some explana-
tion for how the factors in the simulation experiment (described
below) affected Delta Smelt. These outputs were defined and
their calculations were described by Rose et al. (2013): stage-
specific survival rates, recruitment (number of entering age-1
individuals on January 1), fraction of entering age-1 fish that
were mature at the time of spawning, number of eggs per enter-
ing age-1 individual, percentage of individuals in and seaward
of the Sacramento River–San Joaquin River confluence box at
various times during the year (together with monthly average
Sacramento–San Joaquin River Delta [hereafter, “Delta”] out-
flows), average daily fraction of larvae that were entrained in
water diversions during a year, and annual fraction of adults
that were entrained. Finally, we used a Lagrangian approach
and reported the averaged values of p (proportion of maximum
consumption) and temperature experienced by individuals for
selected time periods in the simulations.

MODEL SIMULATIONS

Alternative Baselines
We configured four additional versions of the baseline

model: fixed larval growth, size-dependent mortality, density-
dependent mortality, and length-dependent maturity. We used
the historical baseline simulation of 1995–2005 to help config-
ure and calibrate the alternative baselines.

Fixed larval growth.—Model predictions of Delta Smelt
abundance in the historical simulation were sensitive to larval
growth rates, and we were uncertain about our formulation of
larval feeding and bioenergetics. Use of a fixed duration for the
larval stage eliminated variation in larval growth as a factor in
year-to-year differences. Larval growth was fixed by specifying
the larval duration in days rather than letting the transition from
larva to juvenile be determined by length. We used the average
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larval duration over years from the baseline simulation (26 d)
for all simulations with the fixed larval growth rate.

Size-dependent mortality.—Mortality in the original baseline
version was constant within each stage but decreased with suc-
cessive stages, so penalties in survival for slow growth occurred
only through the delay in transition from larvae to postlarvae and
from postlarvae to juveniles. Making mortality length depen-
dent reflected the idea that vulnerability to predation mortality
decreases with increasing size (Sogard 1997; Bailey and Duffy-
Anderson 2010; Gislason et al. 2010), so that faster growth
would increase cumulative survival regardless of how stage
transitions were triggered. We assumed that mortality rate was a
function of length (ML; d−1) for larvae through adults; we then
fit the function to the constant stage-specific mortality rates from
the baseline simulation, associating the rate with the midpoint
length of each stage:

ML = −0.034 + 0.165 · L−0.322. (1)

We re-ran the 1995–2005 simulation and compared averaged
annual stage-specific fractional survival rates between the base-
line and the alternative with size-dependent mortality (Table 1)
to confirm that this alternative produced mortality rates that
were generally similar to those from the original baseline. Sur-
vival from yolk sac larva through age 2 was similar (4.4 × 10−5

in the baseline versus 3.5 × 10−5 under size-dependent mor-
tality); juvenile survival increased (0.054 in the baseline; 0.073
under size-dependent mortality), and age-1 survival was ap-
proximately halved (0.092 in the baseline; 0.044 under size-
dependent mortality).

Density-dependent mortality.—The original baseline version
was set up as density independent because the recent Delta Smelt
population is at such a low level that density-dependent effects
seem unlikely. To allow for subsequent simulations at higher
Delta Smelt densities, we included an alternative baseline with
density-dependent mortality. The juvenile stage is the likely
stage for density dependence based on general theory (Roth-
schild 1986; Cowan et al. 2000). Bennett (2005) and Maunder

TABLE 1. Stage-specific durations (d) and survival (fraction) of Delta Smelt
averaged over the 1995–2005 simulations for the original baseline and the
alternative baseline that used size-dependent mortality.

Duration (d) Survival (fraction)

Size Size
Stage Baseline dependent Baseline dependent

Eggs 10.5 10.4 0.56 0.57
Yolk sac larvae 4.88 4.87 0.82 0.71
Larvae 26.3 26.0 0.23 0.25
Postlarvae 21.7 22.2 0.49 0.50
Juveniles 186 187 0.054 0.073
Age 1 365 365 0.092 0.044
Age 2 365 365 0.088 0.11

and Deriso (2011) found evidence for a density-dependent re-
lationship between summer and fall Delta Smelt indices, and
this relationship occurs in our simulation for the juvenile life
stage. We assumed a multiplier of the juvenile daily mortality
rate based on the normalized density of juveniles in each box
on each day,

M ′ = M · e3.0
(

Dt
0.005

)
, (2)

where Dt is the density of juveniles (number/m3) and 0.005 is
an average juvenile density (number/m3).

We calibrated the value of 3.0 in equation (2) to obtain realis-
tic maximum January adult abundances of about 20–25 million;
the highest abundance estimate from the spring Kodiak trawl
and fall midwater trawl (MWT) data during 1968–2006 was
24.3 million in 1981. We ran the model by repeating 1995 con-
ditions from the historical simulation (high Delta Smelt survival)
but with artificially increased egg production each year to gener-
ate a spawner–recruit curve under ever-increasing January adult
abundances. We adjusted the multiplier in the exponent within
equation (2) (final value = 3.0) until it generated a leveling off
at high egg production that occurred roughly with about 20–25
million adults in January (Figure 1a). Juvenile-stage survival
decreased with increasing population abundance from 0.06 to
less than 0.01, resulting in a leveling off of age-1 recruits at
about 20 million (Figure 1b). Abundance of age-1 recruits was
similar to January adult abundance because most of the adults
were age-1 individuals.

Length-dependent maturity.—The simple maturity rule (fish
> 60 mm TL are mature) in the original baseline was substi-
tuted with a smoother, length-dependent maturity relationship
(Figure 2). Model results were potentially sensitive to small
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FIGURE 2. Fraction of Delta Smelt individuals that were mature as function
of length for the baseline (60-mm cutoff) and the length-dependent maturity al-
ternative. The points (circles) represent the fractions mature by length, estimated
by assigning females (from the spring Kodiak trawl survey for 2002–2010) to
3-mm length bins and using ripe or spent individuals (condition codes 4–6) as
mature.

D
ow

nl
oa

de
d 

by
 [

K
en

ne
th

 R
os

e]
 a

t 1
5:

44
 0

1 
A

ug
us

t 2
01

3 



1264 ROSE ET AL.

changes in length of young of the year causing large changes
in the mature fraction of individuals because typical lengths
varied around 60 mm when maturity was determined. The rela-
tionship between fraction mature and fish length was fitted by
allocating females that were sampled in the spring Kodiak trawl
survey during 2002–2010 into 3-mm length bins and using ripe
or spent individuals (codes 4–6) as mature. This resulted in an
asymmetric relationship of fraction mature at around 60 mm
(Figure 2). Use of other definitions for maturity resulted in re-
lationships that were more symmetric at around 55–65 mm.
We used the asymmetric relationship because it was justifi-
able based on the data and it provided a better test of model
robustness.

Simulations under alternative baselines.—The 1995–2005
historical simulation with the original baseline (analyzed by
Rose et al. 2013) was repeated with each of the four alternative
baselines. We compared simulated January adult abundances
and λ values among the original baseline and the four alterna-
tive versions. Results from a single simulation are presented.
The individual-based model has stochastic aspects in assigning
zooplankton biomass densities to channels and spawning tem-
peratures to females, the y and z movements of the PTM, and
the random component of behavioral movement. Because of the
summing and averaging over many individuals and over time,
population-level outputs (e.g., mean length at age, spatial distri-
butions, and λ) varied by less than 5%—and often by less than
2%—among replicate simulations.

Good versus Bad Years
In this paper, we further explore the factors affecting the good

year (1998) and bad year (2001) for Delta Smelt recruitment as
identified in the analysis of the historical simulation (Rose et al.
2013). We performed a factorial simulation experiment to iden-
tify the conditions that caused the differences between water
year 1998, which had the largest λ (2.45) within the baseline
historical simulation, and water year 2001, which had the small-
est λ (0.33) in the simulation. We varied five factors: salinity (S),
temperature (T), zooplankton densities (Z), hydrodynamics (H),
and eggs per entering age-1 individual (i.e., recruit) on January
1 (E). Each of these five factors was set to either its 1998 value
or its 2001 value, resulting in a total of 32 (25) combinations.

Salinity.—Salinity affected the movement patterns of juve-
niles and adults and thus affected their spatial distribution and
vulnerability to entrainment. The year 1998 was a high-outflow
year, and salinities were very low for the modeled area from
roughly March to August, after which salinity increased but re-
mained below 5 psu (Figure 2b in Rose et al. 2013). Salinity
in boxes down-estuary from the confluence was higher during
the low-outflow year, 2001, than during 1998; this higher salin-
ity occurred throughout 2001 except for a short period in March
(Figure 2d in Rose et al. 2013). In the original baseline historical
simulation, adults were located farther seaward with the salinity
distribution in 1998. Average August outflow was 568 m3/s in
1998 versus 90 m3/s in 2001, and the percentage of adults that

were in or seaward of the confluence box on September 1 was
97% during 1998 versus 67% during 2001 of the original base-
line simulation (Figure 10e in Rose et al. 2013). The fraction of
January adults that were entrained was 0.05 in 1998 versus 0.14
in 2001.

Temperature.—Temperature affected the initial date and du-
ration of the spawning period; the egg and yolk sac development
and mortality rates; and the bioenergetics (growth) of larvae,
postlarvae, juveniles, and adults. When viewed systemwide,
differences in temperature between 1998 and 2001 were not
obvious (Figure 2a, c in Rose et al. 2013). More detailed anal-
ysis of the historical simulation using the average temperature
experienced by model individuals showed two major differences
between 1998 and 2001: (1) warmer fall and winter at the be-
ginning of the water year and (2) cooler and delayed warming
in the spring. Fall 1997 and winter 1998 were warmer than fall
2000 and winter 2001. During October 1–December 30, juve-
niles experienced an average temperature of 15.9◦C in 1997
versus 15.0◦C in 2000. Mean temperature experienced by these
individuals (which became adults after January 1) during Febru-
ary 27–June 7 (the spawning period) was 14.8◦C in 1998 versus
16.4◦C in 2001. The warming in the spring also occurred later
in 1998, and the average day of spawning was April 28 in 1998
versus April 6 in 2001.

Zooplankton.—The effect of switching 1998 and 2001 zoo-
plankton densities would seem to be the simplest to interpret be-
cause this factor only affected feeding rate and therefore growth
rate; however, the use of multiple prey groups made interpre-
tation difficult. Dominant prey groups in the annual diets of
postlarval, juvenile, and adult Delta Smelt in the baseline sim-
ulation were other calanoid adults and adult Pseudodiaptomus.
The differences between 1998 and 2001 in the biomass densities
of these two key prey groups were complicated (see Figure 3c
versus 4c and Figure 3f versus 4f in Rose et al. 2013). Although
adult Pseudodiaptomus biomasses were generally higher dur-
ing summer and fall in 1998 than in 2001, biomasses of other
calanoid adults during summer and fall were higher in 2001 and
biomass in the southwest Suisun Bay box during winter and
spring was much higher in 2001. Biomass densities of the other
zooplankton groups also showed complicated differences. For
example, the biomass density of adult A. vernalis was higher
(and occurred at high levels for a longer period) in the Suisun
Marsh box during 1998, but adult Eurytemora biomass density
was higher in the southern Delta and eastern Delta boxes during
2001 (see Figure 3d versus 4d and Figure 3e versus 4e in Rose
et al. 2013).

We relied on the p-value from the bioenergetics model to in-
fer prey availability. The p-value reflects prey availability scaled
for maximum consumption rate, which also depends on temper-
ature. The historical simulation using the original baseline ver-
sion showed that average p-values experienced by juveniles dur-
ing the faster fall–winter growth (October 1–December 30) was
0.76 in 1997–1998 versus 0.68 in 2000–2001. This difference,
in combination with warmer temperatures, led to longer recruits
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FIGURE 3. Simulated (a) annual adult Delta Smelt abundance in January
and (b) finite population growth rate (λ; fraction per year), 1995–2005, for the
original baseline simulation and the four alternative baseline simulations. The
values of λ were determined by using an age-based Leslie matrix model applied
to individual-based model output for each year. No value for 2005 is possible
because the simulations ended on September 30, 2005; information through
December 31, 2005, would be needed to estimate the matrix model for 2005.

on January 1 in 1998 than in 2001 (mean TL = 61.4 mm ver-
sus 56.5 mm). Averaged p-values in 1998 were also somewhat
higher during the summer growth period (April 18–October
1) for young of the year (0.89 in 1998 versus 0.84 in 2001),
although by October the mean lengths of young of the year
were only slightly greater in 1998 than in 2001 (54 mm versus
52 mm).

Hydrodynamics.—Hydrodynamics affected the entrainment
of yolk sac larvae, larvae, and postlarvae via the PTM; the
entrainment of juveniles and adults; and the starting locations of
new juveniles by determining the transport of larval life stages.
Average May outflow was 1,922 m3/s in 1998 versus 273 m3/s in
2001, and the percentage of postlarvae that were in or seaward
of the confluence box after transport (June 24) was 84% in 1998
versus 24% in 2001. Almost no larvae were predicted to be
entrained during 1998, whereas the daily average entrainment
loss was 1.2% in 2001.

Eggs per age-1 individual.—Unlike the other factors, which
had readily available values for 1998 and 2001, the number of
eggs per age-1 individual required additional calculations in the
model to achieve 1998 or 2001 values in the factorial simulation
experiment. The number of eggs per age-1 fish reflected growth
that occurred in the fall and winter leading up to spawning. In
the original historical simulation, the mean length of young of
the year on October 1 was somewhat greater in 1997 (starting
value for 1998) than in 2000 (54.0 mm versus 52.0 mm) due
to the more favorable summer conditions in 1997 than in 2000.
This small difference was amplified by warmer temperature and
higher prey densities in the fall and winter of 1997, resulting in a
mean length of 61.4 mm on January 1, 1998, versus 56.5 mm on
January 1, 2001. These lengths straddled the 60-mm maturity
cutoff, and whereas 72% of entering age-1 individuals were
mature in 1998, only 15% of entering age-1 fish were mature
in 2001 of the historical baseline simulation. Thus, although
there were fewer recruits on January 1, 1998, than on January 1,
2001 (0.159 × 107 versus 0.258 × 107), the number of mature
age-1 female spawners was greater in 1998 (0.287 × 106 versus
0.1105 × 106) and egg production was about 1.5 times higher
in 1998 (0.942 × 109 versus 0.641 × 109).

In the historical baseline simulation, the average number of
eggs per age-1 individual was 491.8 for 1998 versus 89.3 for
2001. We did not explicitly simulate the previous year’s con-
ditions for the simulation experiment, in which either 1998 or
2001 conditions were repeated year after year. Rather, we ad-
justed the fecundity of entering age-1 individuals each year
when we projected spawning so that the total projected num-
ber of eggs divided by the number of simulated entering age-1
individuals would be either 491.8 or 89.3.

Simulations in the good year versus bad year experiment.—
Simulations were for 15 years, with 4 years of spin-up using
1999 conditions as in the baseline simulations, followed by
11 years of 1 of the 32 combinations of 1998 or 2001 conditions
repeated every year. We used the two extreme years because
they provided the best contrast for separating out the effects
of multiple factors and thus for identifying which factors were
most important in determining year-class strength. Eleven years
of repeated conditions were simulated in order to ensure that
we had the long-term (equilibrium) population responses to the
specified conditions; shorter simulations could be affected by
initial conditions and still reflect aspects of the transient solu-
tions. We refer to the 32 combinations by using the letters of
the factors that were set to 2001 values (i.e., S for salinity, T for
temperature, Z for zooplankton, H for hydrodynamics, and E for
eggs per entering age-1 individual). For example, in the simula-
tion labeled “EH,” eggs per age-1 fish and hydrodynamics were
set at 2001 values, while salinity, temperature, and zooplankton
were set at 1998 values. We report λ averaged over years 10–14
of each 15-year simulation. As with the baseline simulations,
results from a single simulation are presented because replicate
simulations differed by less than 5% in their population-level
outputs. Values of λ that were 25% and 50% higher than the
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1266 ROSE ET AL.

2001 value are shown for reference to aid in judging how close
the other λ values were to the 2001 value.

Robustness
To confirm the robustness of results based on the original

baseline, we also repeated all of the 32 simulation combinations
under each of the four alternative baseline conditions. We only
report the averaged λ for years 10–14 for four combinations (ET ,
EH, ETH, and ETHS) that resulted in low λ values to illustrate
that the full set of combinations was robust to the alternative
baselines. We focused on these four combinations because they
resulted in low λ values near the 2001 value and because their
robustness is particularly important, as they form the basis for
identifying which factors determine how a good year differs
from a bad year.

RESULTS

Alternative Baselines
The use of size-dependent mortality resulted in January adult

abundances similar to those in the original baseline, while the al-
ternative baselines with fixed larval growth, density-dependent
mortality, and length-dependent maturity resulted in January
abundances that were lower than those in the original base-
line (Figure 3a). Lower peak abundances were expected for the
density-dependent mortality version because juvenile survival
was specified to decrease under high abundances. Larval growth
(and therefore larval-stage survival) had an important influence
on both good and bad years. Lower abundances under length-
dependent maturity occurred because the maturity relationship
was not symmetric around 60 mm (Figure 2) and thus would, on
average, result in a lower fraction of young of the year becoming
mature than was observed with the simple 60-mm rule in the
original baseline.

Despite these differences in January abundances, λ values
were very similar for all versions of the baseline, with the
length-dependent maturity alternative differing the most from
the original baseline (Figure 3b). Relatively high January adult
abundance occurred in 2001 (Figure 3a), despite the lowest λ

being observed in that year, because January abundance was
related to conditions in the previous summer and fall and was
not reflective of the spring and summer conditions in 2001. The
high λ values during years prior to 2001 led to high January
adult abundance in 2001. The temporal pattern in λ values for
length-dependent maturity was the same as that for the origi-
nal baseline, but values in all years were lower than baseline
values, with the largest difference occurring in 1998 (λ = 1.59
for length-dependent maturity versus 2.45 for the original base-
line). The original baseline and the four alternatives all identified
1998 as the best model year and 2001 as the worst model year
for Delta Smelt.

Systematic Comparison of Best versus Worst Years
The intersimulation variability in λ values decreased and

more combinations approached the 2001 value as the number of
factors set to 2001 values increased (Figure 4). The percentage
of combinations that resulted in λ values within 50% of the
2001 λ value increased from 0% when one factor was set to
the 2001 value to 10% for two factors at 2001 values, 50% for
three factors at 2001 values, and 60% for four factors at 2001
values. All but one of the combinations that generated a λ value
within 50% of the 2001 value involved either eggs per age-1
individual or temperature being set at the 2001 value.

Juvenile growth in the fall prior to spawning (i.e., as
reflected by the number of eggs per age-1 fish) was the most
important single factor in making 2001 a bad year, although no
single factor alone was sufficient to fully account for the poor
conditions in 2001 relative to 1998 (Figure 4). Temperature (T)
played an important secondary role (Figure 4, shaded circles),
and hydrodynamics (H) played a more minor role; salinity
(S) and zooplankton (Z) as single factors were unimportant.
When one factor at a time was switched from 1998 to 2001
values (Figure 4, leftmost section), only eggs per age-1 fish (E)
resulted in a λ value less than 1.0. The single factors T and H
(each at the 2001 value) generated the second- and third-lowest
λ values (1.1 and 1.5). As a single factor, Z (which determined
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FIGURE 4. Contributions of five factors to differences between the best year
(1998) and worst year (2001) for Delta Smelt. Each circle represents the mean
finite population growth rate (λ) for years 10–14 of a 15-year simulation of
repeated conditions for each factor (salinity [S], temperature [T], zooplankton
[Z], hydrodynamics [H], and number of eggs per age-1 individual [E]) at either
1998 or 2001 values. Results are organized by the number of factors that were
set to 2001 values (i.e., 1–4 factors; each combination code [e.g., “STZ”] lists
the factors set at 2001 values); within each section, results with the number of
eggs per age-1 individual at its 1998 value are shown on the left and results with
that factor at its 2001 value are shown on the right. Shaded circles denote all
combinations that included the 2001 temperature. The 1998 and 2001 values of
λ are indicated by solid horizontal lines; the dotted horizontal lines represent λ

values that are 25% and 50% higher than the 2001 value.
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growth) generated a λ of 2.0, which was lower than the value
for 1998 (λ = 2.6) but still much higher than the value for 2001
(λ = 0.33). When only S was set to the 2001 value, there was
almost no effect on λ (2.52 versus 2.60).

All combinations of two factors set at 2001 values with eggs
per age-1 individual at its higher 1998 value (left-side points in
Figure 4, second section) generated λ values above 0.6; among
these two-factor combinations, temperature and hydrodynamics
at 2001 values together (TH) resulted in the lowest λ (0.61). The
three lowest λ values all included 2001 temperature (Figure 4,
shaded circles). The two-factor combinations that included the
2001 value for eggs per age-1 fish (right-side points in Figure 4,
second section) resulted in λ values less than 1.0, and the ET and
EH combinations produced λ values less than 0.6. Again, the
lowest of these λ values was from the combination ET (Figure 4,
shaded circle) and approached the λ value predicted for 2001
(0.47 versus 0.33).

Among the three-factor combinations set at 2001 values with
eggs per age-1 individual set at the 1998 value (left-side points
in Figure 4, third section), temperature and hydrodynamics were
important. The highest λ (1.68) was predicted for the one com-
bination that did not include 2001 temperature (SZH). The com-
binations with the three lowest λ values included the 2001 value
for temperature (STZ, TZH, and STH; Figure 4, shaded circles);
the two lowest of these λ values were from combinations that
also included 2001 hydrodynamics (λ = 0.8 for TZH and 0.5
for STH).

When the number of eggs per age-1 fish was included as
one of the three factors set at 2001 values (right-side points in
Figure 4, third section), all λ values were less than 1.0. The
combinations also including 2001 temperature (ETH, ETZ, and
EST) generated the lowest λ values (0.28, 0.42, and 0.44, re-
spectively), which were close to the λ value for 2001. The
combinations that did not include 2001 temperature (Figure 4,
open circles) generally had higher λ values (0.72 for EZS and
0.65 for EZH); the exception was ESH, which yielded a λ value
(0.46) similar to those from the three combinations that included
the 2001 temperature.

The number of eggs per age-1 individual and temperature
continued to be very important in four-factor combinations. All
four-factor combinations that included the 2001 value for eggs
per age-1 fish (right-side points in Figure 4, fourth section) re-
sulted in λ values less than 0.5, and those combinations that
also included 2001 temperature (Figure 4, shaded circles) gen-
erated λ values that were close to the 2001 value. Of the four
combinations that included the 2001 value for eggs per age-1
fish, the three combinations that also included 2001 temperature
(ETSZ, ETHZ, and ETHS) all generated λ values less than 0.45,
whereas the combination without temperature (EHSZ) gener-
ated the highest λ value (0.60). The remaining four-factor com-
bination (THSZ; left-side point in Figure 4, fourth section), in
which the number of eggs per age-1 individual was set at the
1998 value, generated the highest λ (0.85) observed for any
four-factor combination.

0.0
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FIGURE 5. Averaged finite population growth rate (λ; years 10–14) of Delta
Smelt under the four alternative baselines and the four factor combinations
that resulted in low λ values near the value for 2001. Factors are salinity (S),
temperature (T), zooplankton (Z), hydrodynamics (H), and number of eggs per
age-1 individual (E); each combination code (e.g., “ETH”) lists the factors that
were set at 2001 values, and the remaining factors (i.e., with letters not shown)
were set at 1998 values.

Robustness
The conditions leading to the good year (1998) were more

sensitive to alternative baselines than the poor conditions leading
to the bad year (2001; Figure 5). The four combinations (i.e.,
selected from Figure 4) that produced low λ values when set to
their 2001 values under the original baseline generated similarly
low λ values under the four alternative baselines. In contrast,
the λ values varied more among the 1998 simulations. The
alternative of density-dependent mortality produced the greatest
reduction in λ for 1998 (λ decreased from 2.45 to 1.00). Larval
growth and length-dependent maturity were also important in
attaining the high λ predicted for 1998 in the original baseline.
When larval growth was fixed at the overall average value (fixed
duration), λ was reduced from 2.45 in the original baseline to
1.7; under length-based maturity, λ was reduced to 1.5. Size-
dependent mortality was associated with the smallest reduction
in the λ value for 1998 (λ decreased from 2.45 to 2.13).

DISCUSSION
Our analysis using a simulation experiment approach further

clarified the relative influence of factors affecting Delta Smelt
recruitment and population dynamics. In our companion paper
(Rose et al. 2013), we compared conditions in 1998 with those
in 2001 by using the 1995–2005 historical simulation. The five
factors analyzed were inferred to be important in the historical
simulation because their values differed, at least in some ways,
between the best year and the worst year. In this paper, we
systematically varied the five factors in a factorial simulation
experiment to look for main and interaction effects. We moved
away from the historical sequence of years and performed 15-
year simulations with either 1998 or 2001 values repeated every
year to allow the simulated population to reach a quasi-steady-
state response. We also showed that our results, when viewed
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1268 ROSE ET AL.

in a comparative mode, were generally robust to alternative
versions of the baseline model.

Our results demonstrated that among the factors we exam-
ined, no single factor completely accounted for the difference
between the high λ in the best year (1998) and the low λ in the
worst year (2001). Growth of juveniles in the fall–winter, tem-
perature, and hydrodynamics clearly had the strongest effects,
but λ could not be brought down from its 1998 value to near
its 2001 value without some combination of factors. Thus, our
results support the growing consensus that no single factor ex-
plains the Delta Smelt decline that occurred during 1995–2005
(Bennett and Moyle 1996; Bennett 2005; Baxter et al. 2010;
Thomson et al. 2010).

Although we have shown that growth conditions in fall–
winter were an important factor, there are many ways to achieve
the faster growth that was predicted for 1998 relative to 2001.
The growth conditions in winter affected the lengths of entering
age-1 fish on January 1, with a 1998 value of 60.2 mm versus a
2001 value of 58.8 mm, and consequently affected the fraction
mature (0.55 versus 0.41) and the egg production per entering
age-1 fish (502.6 versus 107.6). These values for 1998 and
2001 differ from those reported in Rose et al. (2013) because
the present values are averaged from the repeated years in the
simulation experiment, whereas in our other paper (Rose et al.
2013) we reported values for 1998 and 2001 within the historical
simulation. The difference in predicted mean lengths between
1998 and 2001 was well within the range of observed interannual
values (see Figure 6 in Rose et al. 2013). Our analysis did
not, however, distinguish how juveniles attained greater lengths
prior to becoming age 1 and spawning. We used 1998 and 2001
conditions, but other years can also generate similar differences
in growth based on combinations of zooplankton conditions
and temperature; essentially, any mechanism that allows new
age-1 recruits to have a greater length prior to spawning would
result in a high number of eggs per age-1 fish and would set the
stage for a good year. This can be achieved via warmer winter
temperature (as in 1998) or by higher zooplankton densities
causing faster growth at any time from the previous summer
through early spring. If zooplankton conditions are better at
higher salinity (seaward), then hydrodynamics (via its effect on
transport) or salinity could also produce faster growth by putting
individuals in boxes with higher prey biomass densities. We
did not systematically examine how temperature, zooplankton,
hydrodynamics, and salinity during the growing season of the
year before or during the winter–spring period could potentially
combine to promote faster growth and larger spawners in the
spring. Rather, we used the suite of conditions for 1998 and
2001 to contrast a good year with a bad year.

A second way to increase egg production without faster
growth of spawners would be to increase young-of-the-year
survival prior to spawning. Total egg production was calculated
as the number of eggs per entering age-1 fish times the number
of age-1 fish. Our results were robust to the size-dependent mor-
tality and length-based maturity versions of the baseline, so the

growth of adults affected the number of eggs per age-1 individ-
ual but not the abundance of age-1 fish. Higher Delta outflow at
key times resulted in reduced entrainment, and hydrodynamics
were consistently an important factor. Further analysis should
explore spatial (box-scale) differences in mortality, which, if
sufficient, could benefit the Delta Smelt via management ma-
nipulation of hydrodynamics and salinity, generating differences
in starting age-1 abundances for spawning. We assumed that ex-
cept for entrainment losses, mortality was stage dependent but
not spatially variable.

Our results for the importance of food (zooplankton) are
similar to those of Maunder and Deriso (2011), but we disagree
about the roles of entrainment and density dependence. Maunder
and Deriso (2011) used a stage-based life cycle model, and by
introducing covariates into life stage survival (spawner–recruit)
relationships, they determined that food abundance, tempera-
ture, predator abundance, and density dependence were the most
important factors controlling the population dynamics of Delta
Smelt. They further stated that there was some support for neg-
ative effects of water clarity and adult entrainment.

Our simulation experiment contrasting the best year versus
the worst year agrees with the important role of temperature
and zooplankton, but we did not examine the effects of predator
abundance or water clarity. Maunder and Deriso (2011) used
spring and summer zooplankton conditions: minimum Eury-
temora and Pseudodiaptomus densities for April–June; aver-
age Eurytemora density for July; and average Pseudodiaptomus
density for July–August. We found that fall, winter, and early
spring growth was potentially important, at least for the com-
parison between 1998 and 2001. Maunder and Deriso (2011)
examined a longer time period (1970–2006) that covered larger
changes in the zooplankton community, and this could empha-
size the importance of spring and summertime zooplankton rela-
tive to other factors, such as winter growth and its consequences
for spring reproduction. We recommend that conditions in the
winter and early spring and conditions from the year before be
further evaluated for their potential to benefit Delta Smelt.

We disagree to some extent with Maunder and Deriso (2011)
about the role of entrainment and density dependence. Exami-
nation of Figure 8 of Maunder and Deriso (2011) to assess the
role of entrainment showed more agreement with our analysis
than did their general statement of “some support for a nega-
tive relationship with . . . adult entrainment.” They showed an
approximately twofold increase in adults during 2002–2006 by
eliminating entrainment. This agrees with our analysis, show-
ing higher entrainment mortality during the same years as in our
simulation; however, we would term their Figure 8 results as pro-
viding more than “some” support for a negative effect of adult
entrainment. The Maunder and Deriso (2011) analysis covered a
longer time period (1970–2006) than our analysis (1995–2005);
thus, the role of covariates can differ and density dependence
likely played a larger role at the earlier, higher abundance levels
(see Bennett 2005). In addition, direct comparisons between the
models are somewhat confounded because our analysis and the
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Maunder and Deriso (2011) analysis shared some information,
such as the entrainment estimates from Kimmerer (2008) and
the spawner–recruit information from long-term monitoring.

Several statistical analyses of similar monitoring and covari-
ate data as used by Maunder and Deriso (2011) also implicated
various indicators of spring and summer zooplankton food avail-
ability as being important. Thomson et al. (2010) used Bayesian
change point analysis to examine variation in the fall MWT in-
dex; Mac Nally et al. (2010) used multivariate autoregressive
modeling to analyze the fall MWT index in a multispecies ap-
proach; and Miller et al. (2012) used Ricker spawner–recruit
relationships to analyze the ratio of indices as survival indi-
cators. These analyses all inferred that various combinations of
water temperature, water clarity, zooplankton indicators, and en-
trainment were correlated to various degrees with the historical
pattern in the Delta Smelt abundance indices.

Other assumptions that are inherent in our modeling merit
further analyses as possible alternative versions of baseline con-
ditions. The representation of predation on Delta Smelt was par-
tially explored by using size-dependent mortality, but there are
also temporal trends and spatial patterns to the key predators of
Delta Smelt that could be important. Striped Bass Morone sax-
atilis and Largemouth Bass Micropterus salmoides show distinct
spatial distributions within the San Francisco Estuary and have
also exhibited recent temporal trends, with young Striped Bass
declining and Largemouth Bass increasing (Nobriga and Feyrer
2007). Furthermore, exotic Mississippi Silversides Menidia au-
dens are known to readily consume larval Delta Smelt and have
increased substantially in recent years (Baerwald et al. 2012).

Another assumption worthy of investigation is that the Delta
Smelt population in the individual-based model consisted of in-
dividuals that all exhibit the same migratory behavior. Limited
field data indicate that there is partial or divergent migration
(Secor 1999; Chapman et al. 2012) within the Delta Smelt pop-
ulation, with some individuals possibly remaining year-round
in the Cache Slough region, which is located in the southwest-
ern portion of our Sacramento River model box (Merz et al.
2011; Sommer et al. 2011). An alternative version of the base-
line individual-based model could include some proportion of
individuals that remain resident in some areas. Resident indi-
viduals, or individuals with reduced or altered migrations, could
exhibit different growth because of spatial variation in temper-
ature, zooplankton, and susceptibility to entrainment.

Our detailed individual-based approach is not commonly
used to simulate the population dynamics of endangered
fish species, although it can be adapted for use in the more
traditional population viability analysis (PVA) and risk frame-
work. The individual-based approach is increasingly being
used to simulate fish population and community dynamics for
purposes of answering ecological and fisheries management
questions (DeAngelis and Mooij 2005). However, although
the individual-based approach is usually mentioned in reviews
of PVA approaches (e.g., Akçakaya and Sjögren-Gulve 2000;
Morris et al. 2002; Petersen et al. 2008), the number of examples

of its use specifically for PVA remains quite limited. Some com-
monly used general models apply an individual-based approach,
but they employ a very simple representation of processes
(e.g., Jarić et al. 2010). Examples in which a more mechanistic
individual-based model approach was used include models of
endangered birds (Letcher et al. 1998), turtles (Mazaris et al.
2005), and recruitment of Colorado Pikeminnow Ptychocheilus
lucius. Using an individual-based approach very similar to our
Delta Smelt modeling, Jager et al. (2001) analyzed the effects of
habitat fragmentation by dams on the White Sturgeon Acipenser
transmontanus, which is a species of concern and has been
listed as endangered elsewhere. Population viability analysis
usually involves many realizations of a modeled population
trajectory to generate risk values. Our individual-based model
cannot easily be used to perform thousands of simulations. A
possible link to a PVA-type analysis of Delta Smelt would be to
(1) use the individual-based model in a systematic way to create
crude probability distributions for the elements of the Leslie
matrix model (which can generate λ values with Monte Carlo
simulation) or (2) use the coupled individual-based model and
Leslie model to directly generate distributions of λ values. Once
sets of λ values are obtained for a variety of environmental and
biological conditions, they can be used in more traditional PVA
projections of long-term persistence (see Morris et al. 2002).

Our analysis addresses several ongoing methodological
issues in fish population dynamics: spatial dynamics in complex
habitats, coupled biological–physical modeling, and recruit-
ment and population dynamics at low abundances. The need for
studies of long-term population dynamics to deal with spatial
dynamics has recently been discussed (Giske et al. 1998; Struve
et al. 2010), and approaches that deal with spatial variation
explicitly are receiving greater attention (e.g., Kerr et al.
2010). Increasingly, fish-related management issues require an
integrated approach that combines the physics of water with the
biology of the fish and other biota (Shenton et al. 2012), and
one method is the direct coupling of fine-scale hydrodynamics
with long-term fish population dynamics (Buckley and Buckley
2010; Rose et al. 2010; Hinrichsen et al. 2011; Stock et al.
2011).

Our model expands on the classical particle tracking
approach by simulating detailed biological processes, relatively
complicated behavioral movement, and multiple genera-
tions. Our Delta Smelt model simulated growth, survival,
reproduction, and movement of individual fish on the same
spatial grid as the hydrodynamics, and the super-individual
method allowed for 15-year simulations. Although PTMs are
commonly embedded within hydrodynamics models (North
et al. 2009; Hinrichsen et al. 2011), the PTMs typically do
not include detailed descriptions of growth and reproduction.
Rather, these studies usually invoke, at most, simple movement
behavior as an addition to passive transport and are mostly used
for short-term (<1 year) simulations (Miller 2007; Lett et al.
2009; Gallego 2011). However, a consequence of full life cycle
modeling that includes juveniles and adults within a detailed
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spatial grid is that now we must simulate behavioral movement
on relatively fine scales. Modeling behavioral movement is
critical to ensure that individuals experience the appropriate
conditions over time, but this remains a challenge (Watkins and
Rose 2013). Delta Smelt movement patterns in our simulations
were generally realistic but require further refinement.

Finally, much fish population modeling has focused on the
effects of harvesting from high-number populations, whereas
there is an increasing need to examine dynamics of fish pop-
ulations at low abundances due to overharvest and in sup-
port of recovery plans for listed species (Keith and Hutchings
2012). The focus on harvesting leads to an emphasis on density-
dependent mortality, often via the spawner–recruit relationship
(Rose et al. 2001). Our approach differs from this by focusing
on Delta Smelt population dynamics under density-independent
conditions. We emphasized how individuals were transported
through or navigated through their spatially complex and tem-
porally varying habitat. Our analysis can be viewed as part of
the broader idea of multiple factors within the match–mismatch
theory of controls on young-of-the-year survival and therefore
recruitment (Peck et al. 2012), coupled with the idea that adult
bioenergetics are important for determining maturity and annual
egg production (Neil et al. 1994; Rose et al. 2001). Because our
model was density independent, all of the predicted variation in
stage-specific survival rates was due to variation in how spatial
distributions interacted with dynamic environmental conditions.
Our results showed how the spatial and temporal positioning of
all life stages each year (based on physical transport and salin-
ity), combined with the pattern in daily water temperature and
the amount of Delta outflow, affected the magnitude and loca-
tion of egg production and the subsequent dynamic matching
of larval and juveniles with their prey types, thus affecting re-
cruitment success. However, even our modeling results were not
simple to interpret, and therefore they also illustrate how spa-
tially and temporally dynamic habitat can create complicated
match–mismatch situations.

Delta Smelt have been at the center of escalating contro-
versy in the San Francisco Estuary region for several decades
(NRC 2010; Kimmerer 2011; Miller 2011). What initially arose
as a conflict between water demands for export versus for the
environment (including Delta Smelt) has metastasized as the
number of ostensible factors behind the decline of Delta Smelt
has grown (e.g., Mac Nally et al. 2010; Maunder and Deriso
2011; Miller et al. 2012). The conflict has now evolved into a
complicated situation in which multiple factors operate in inter-
active ways and are continually being argued over in court (Delta
Smelt Consolidated Cases 2010). Our results contribute to the
growing number of examples showing that multiple factors af-
fect aquatic ecosystems (Breitburg and Riedel 2005; Ormerod
et al. 2010; Cloern and Jassby 2012) and that the search for a
single factor controlling fish population dynamics is unlikely to
be successful (e.g., Rose 2000; Krebs 2002; Hecky et al. 2010;
Lindegren et al. 2011).

Our results to date suggest that management actions to ben-
efit Delta Smelt must deal with multiple stressors that occur
at different points in the life cycle. An increase in prey would
induce relatively large responses in reproduction but may not
be feasible. We showed that growth leading up to spawning was
important for subsequent population growth; it remains to be
seen whether it is possible to promote growth of Delta Smelt
or higher young-of-the-year survival prior to spawning (fall–
spring) via management actions. We also showed that no sin-
gle factor can alone account for the differences between good
and bad years and that promoting growth should be done in
combination with other actions (if feasible) to (1) ensure good
temperatures for summer growth and delayed spawning and (2)
ensure sufficient outflow and avoidance of high entrainment
(see results in Rose et al. 2013). Our results also demonstrate
that expectations should be clearly stated, as most management
actions are unlikely to generate large, immediate responses be-
cause the influence of stressors varies from year to year and
because the reduction in a single stressor during any one year
may be moderated by the conditions in other, non-manipulated
stressors occurring in that year.

We envision two other areas for future analyses using the
individual-based model. First, extending the model simulations
for the periods before 1995 and after 2005 would allow for more
comparisons and contrasts of good versus bad years to determine
other combinations of factors that may be important; climate
change scenarios should be included in these simulations to
allow for future-looking comparisons. This would require use
of the DSM2 hydrodynamic model or another hydrodynamic
model and the development of synthetic temperature, salinity,
and zooplankton data. Second, a more rigorous side-by-side
comparison of the Maunder and Deriso (2011) model and our
individual-based model would facilitate an understanding of
the relative effects of key stressors on Delta Smelt population
dynamics. The population dynamics and reasons for the decline
of Delta Smelt are complex. However, complexity is not a reason
to avoid rigorous quantitative analyses—indeed, it is perhaps
the best reason to develop and compare alternative modeling
approaches.
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Jarić, I., T. Ebenhard, and M. Lenhardt. 2010. Population viability analysis of
the Danube sturgeon populations in a Vortex simulation model. Reviews in
Fish Biology and Fisheries 20:219–237.

Keith, D. M., and J. A. Hutchings. 2012. Population dynamics of marine fishes at
low abundance. Canadian Journal of Fisheries and Aquatic Sciences 69:1150–
1163.

Kerr, L. A., S. X. Cadrin, and D. H. Secor. 2010. The role of spatial dynamics
in the stability, resilience, and productivity of an estuarine fish population.
Ecological Applications 20:497–507.

Kimmerer, W. J. 2004. Open water processes of the San Francisco Estuary:
from physical forcing to biological responses. San Francisco Estuary and
Watershed Science [online serial] 2(1):article 1.

Kimmerer, W. J. 2008. Losses of Sacramento River Chinook Salmon and Delta
Smelt to entrainment in water diversions in the Sacramento–San Joaquin
Delta. San Francisco Estuary and Watershed Science [online serial] 6(2):
article 2.

Kimmerer, W. J. 2011. Modeling Delta Smelt losses at the south Delta ex-
port facilities. San Francisco Estuary and Watershed Science [online serial]
9(1):article 5.

Kimmerer, W. J., E. S. Gross, and M. L. MacWilliams. 2009. Is the re-
sponse of estuarine nekton to freshwater flow in the San Francisco Estu-
ary explained by variation in habitat volume? Estuaries and Coasts 32:375–
389.

Kimmerer, W. J., and M. L. Nobriga. 2008. Investigating particle transport and
fate in the Sacramento–San Joaquin Delta using a particle tracking model.
San Francisco Estuary and Watershed Science [online serial] 6(1):article 4.

Krebs, C. J. 2002. Two complementary paradigms for analysing population
dynamics. Philosophical Transactions of the Royal Society of London B 357:
1211–1219.

Kuivila, K. M., and G. E. Moon. 2004. Potential exposure of larval and juvenile
Delta Smelt to dissolved pesticides in the Sacramento–San Joaquin Delta,
California. Pages 229–241 in F. Feyrer, L. R. Brown, R. L. Brown, and J.
J. Orsi, editors. Early life history of fishes in the San Francisco Estuary and
watershed. American Fisheries Society, Symposium 39, Bethesda, Maryland.

Letcher, B. H., J. A. Priddy, J. R. Walters, and L. B. Crowder. 1998. An
individual-based, spatially explicit simulation model of the population dy-
namics of the endangered red-cockaded woodpecker, Picoides borealis. Bio-
logical Conservation 86:1–14.

Lett, C., K. A. Rose, and B. A. Megrey. 2009. Biophysical models. Pages 88–
111 in D. Checkley, J. Alheit, Y. Oozeki, and C. Roy, editors. Climate change
and small pelagic fish. Cambridge University Press, Cambridge, UK.
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A Place to Call Home: A Synthesis of Delta Smelt Habitat 
in the Upper San Francisco Estuary
Ted Sommer1 and Francine Mejia2 

AbSTrACT

We used a combination of published literature and 
field survey data to synthesize the available infor-
mation about habitat use by delta smelt Hypomesus 
transpacificus, a declining native species in the San 
Francisco Estuary. Delta smelt habitat ranges from 
San Pablo and Suisun bays to their freshwater tribu-
taries, including the Sacramento and San Joaquin 
rivers. In recent years, substantial numbers of delta 
smelt have colonized habitat in Liberty Island, a 
north Delta area that flooded in 1997. The species 
has a more upstream distribution during spawning 
as opposed to juvenile rearing periods. Post-larvae 
and juveniles tend to have a more downstream dis-
tribution during wetter years. Delta smelt are most 
common in low-salinity habitat (<6 psu) with high 
turbidities (>12 NTU) and moderate temperatures 
(7 °C to 25 °C). They do not appear to have strong 
substrate preferences, but sandy shoals are important 
for spawning in other osmerids. The evidence to date 
suggests that they generally require at least some 
tidal flow in their habitats. Delta smelt also occur in 
a wide range of channel sizes, although they seem to 
be rarer in small channels (<15 m wide). Nonetheless, 
there is some evidence that open water adjacent to 
habitats with long water-residence times (e.g. tidal 

marsh, shoal, low-order channels) may be favor-
able. Other desirable features of delta smelt habitat 
include high calanoid copepod densities and low lev-
els of submerged aquatic vegetation (SAV) and the 
toxic algae Microcystis. Although enough is known 
to plan for large-scale pilot habitat projects, these 
efforts are vulnerable to several factors, most notably 
climate change, which will change salinity regimes 
and increase the occurrence of lethal temperatures. 
We recommend restoration of multiple geographical 
regions and habitats coupled with extensive monitor-
ing and adaptive management. An overall emphasis 
on ecosystem processes rather than specific habitat 
features is also likely to be most effective for recov-
ery of the species.

InTroDUCTIon

The San Francisco Estuary (Figure 1) is one of the 
prominent features of the California coastline. The 
estuary is both unconventional and complex, sup-
porting diverse habitats that range from marine bays 
to brackish marshes and tidal freshwater wetlands. 
Given the extreme level of urbanization and hydro-
logic alteration of the estuary (Nichols et al. 1986; 
Brown and Bauer 2010), it is not surprising that 
many species of endemic plants and animals have 
severely declined in abundance. Increasingly, habitat 
has become a target of management and restora-
tion. Of the various declines, the highest-profile has 
been the collapse of the pelagic fish community of 

1 Corresponding author: California Department of Water Resources, 
Division of Environmental Services, P.O. Box 942836, Sacramento, CA 
94236-0001; email: tsommer@water.ca.gov

2 University of Idaho, College of Natural Resources, Department of Fish 
and Wildlife Sciences, Moscow, ID

mailto:tsommer@water.ca.gov
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the upper Estuary (Sommer et al. 2007). In particular, 
delta smelt Hypomesus transpacificus, has declined 
precipitously over the past decade, leading to major 
legal and regulatory actions to try and improve its 
status (Service 2007; Sommer et al. 2007). The species 
is currently listed as Threatened under the Federal 
Endangered Species Act and Endangered under the 
California Endangered Species Act (USFWS 2008).

This annual species is confined to a single estuary, 
so maintenance of the population depends in part on 
habitat conditions in the Sacramento-San Joaquin 
Delta (herein referred to as the Delta), the upstream 
region of the San Francisco Estuary from which the 
species gets its name (Figure 1). The hydrodynamics 
of the Delta’s interconnected channels are especially 
complex and highly altered, with major changes to 
key parts of the distribution of delta smelt. One of 
the biggest hydrologic changes over the past century 
has been the construction of the large Central Valley 
Project (CVP) and State Water Project (SWP) water 
diversions, which supply water to about 25 million 
California residents and a multi-billion dollar agri-
cultural industry (Grimaldo et al. 2009a). Delta smelt 
also occur outside the Delta in Suisun Bay, Suisun 
Marsh, and Napa River (Bennett 2005).

Given its legal status, there has been substantial 
progress in understanding the life history of this 
annual species (Moyle et al. 1992; Bennett 2005; 
Nobriga and Herbold 2009). The typical pattern is 
for delta smelt to inhabit the oligohaline to freshwa-
ter portion of the estuary for much of the year until 
late winter and early spring, when many migrate 
upstream to spawn (Sommer et al. 2011a). There is 
evidence that some may not migrate to spawn. After 
hatching, their larvae and post-larvae subsequently 
migrate downstream in spring towards the brackish 
portion of the estuary (Dege and Brown 2004). 

The primary objective of this paper is to synthesize 
the available information about the habitat of delta 
smelt and to provide insight into how potential future 
ecosystem changes will affect the species. Although 
there are multiple definitions of habitat, we have 
chosen to consider delta smelt habitat as the physi-
cal, chemical, and biological factors in the aquatic 
environment of this species (Hayes et al. 1996). We 

assume that the maintenance of appropriate habitat 
quality is essential to the long-term resilience of the 
delta smelt population (Rose 2000; Peterson 2003). 
We emphasize that this does not mean that our 
study assumes that habitat is the primary driver of 
the delta smelt population. To the contrary, there is 
substantial evidence that delta smelt are controlled 
by a complex set of multiple interacting factors such 
as habitat, food, predation, entrainment, and stock 
(Sommer et al. 2007; Baxter et al. 2010; Mac Nally 
et al. 2010). Therefore, it should not be assumed that 
providing good habitat conditions now or in the 
future will guarantee delta smelt success. Nonetheless, 
habitat not only directly affects the species of interest 
(delta smelt), but also affects other population driv-
ers including “top-down” and “bottom-up” effects. As 
such, it provides a starting point for evaluating the 
ecological status of the species and potential restora-
tion options.

A key point in evaluating delta smelt habitat is that 
it needs to be considered in two different ways. First, 
it can be considered in a geographical context based 
on fixed regions that seem to be important, such 
as the west Delta, Suisun Bay, and Cache Slough 
Complex (Merz et al. 2011). Because delta smelt 
are strongly associated with distinct salinity ranges 
(Dege and Brown 2004; Feyrer et al. 2007; Kimmerer 
et al. 2009), its habitat must also be considered as 
constantly shifting in position along the tidal axis 
of the Estuary. We focused on the following major 
questions: 

1. What are the basic physical, chemical and bio-
logical habitat requirements for delta smelt? 

2. What geographic areas currently provide these 
conditions? 

3. Given factors such as climate change, which geo-
graphic areas and habitat features will improve 
the survival chances of delta smelt in the future? 

Hence, our analysis identified key considerations 
for large-scale restoration efforts being evaluated 
under programs such as the Bay Delta Conservation 
Plan (BDCP) and recent Biological Opinions (USFWS 
2008).
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Our focus is on the habitat of delta smelt, not a gen-
eral update and synthesis of life history and biology 
as has been provided by others (Moyle 2002; Bennett 
2005). Although some agency reports have exam-
ined delta smelt habitat (Nobriga and Herbold 2009; 
Baxter et al. 2010), there are no detailed syntheses of 
this topic in the peer-reviewed literature. We focus 
on the direct habitat needs of delta smelt, but do not 
specifically address the role of subsidies from habi-
tats that this fish does not occupy (e.g. tule marsh 
contributions to the smelt food web). Our goal was to 
provide a basis for generating testable hypotheses to 
inform future restoration and research projects. Given 
the rarity of delta smelt and associated constraints on 
their field collection, we also hoped that our analyses 
of existing data would help to set priorities for future 
studies. 

METHoDS AnD MATErIAlS

Assessing the habitat needs of delta smelt is especial-
ly challenging because the fish is very small (usually 
<100 mm FL), fragile, increasingly rare, and has a 
protected legal status (Moyle 2002; Bennett 2005). A 
related issue is that the estuary is vast and spatially 
complex, with multiple tributaries, embayments, and 
braided channels (Figure 1). High turbidity levels in 
the estuary present major challenges to direct obser-
vations of habitat use. We relied on a combination 
of published literature, data analyses from long- and 
short-term fisheries surveys, and the expert opinion 
of colleagues to synthesize the available information 
on habitat. We acknowledge that each of the fish 
surveys that we examined was designed primarily to 
measure fish abundance and distribution, and often 
for species other than delta smelt, so conclusions 
about smelt habitat use may be affected by the inher-
ent bias in each method. Therefore, our approach 
to delta smelt has a higher uncertainty than direct 
observational methods; however, the information rep-
resents the best available given the many constraints. 

Data Sources

Literature

We focused on peer-reviewed literature, the major-
ity of which was from the San Francisco Estuary and 
about delta smelt. For topics with no journal publi-
cations, we also included some agency reports and 
unpublished manuscripts. 

Long-term Surveys

Several long-term Interagency Ecological Program 
(IEP) monitoring surveys were used to generate data 
on delta smelt. Details about these surveys are found 
in Feyrer et al. (2007), Sommer et al. (2011a), and 
Merz et al. (2011). 

Initiated in 1995, the California Department of Fish 
and Wildlife (CDFW) 20-mm Survey typically sam-
pled post-larvae and juvenile fish during every neap 
tide between March and July (Dege and Brown 2004). 
In addition to the fish surveys, zooplankton tows 
were collected simultaneously using a Clarke–Bumpus 
net (0.160-mm mesh nylon cloth, outer mouth 
diameter of 12.5 cm, 76-cm length with a cod-end 
screened with 0.140-mm mesh). Volume was recorded 
with a General Oceanics model 2030 flow meter. 
Zooplankton samples were preserved in 10% formalin 
with Rose Bengal dye. Preserved samples were con-
centrated in the laboratory by pouring them through 
a sieve screened with 0.154-mm mesh wire, rinsed, 
and then reconstituted to organism densities of 200 
to 400 ml-1. A 1-ml subsample was then extracted 
and counted and identified in a Sedgewick-Rafter 
cell. For the purposes of this study we focused on 
counts of calanoid copepods, a key food source for 
delta smelt (Nobriga 2002; Bennett 2005). 

The Summer Townet Survey (TNS) has been conduct-
ed annually by CDFW since 1959. The survey was 
designed to index the abundance of age-0 striped 
bass, but also collected data on juvenile delta smelt 
(Kimmerer 2002; Bennett 2005; Nobriga et al. 2008). 

The CDFW Fall Midwater Trawl Survey (FMWT) 
sampled fishes in open-water habitats monthly, from 
September to December, at 116 stations throughout 
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the northern region of the estuary (Feyrer et al. 2007; 
Merz et al. 2011). The survey represents one of the 
best long-term fishery data sets for the San Francisco 
Estuary and covers the majority of the range of delta 
smelt. 

The CDFW Spring Kodiak Trawl Survey (SKT) has 
been conducted since 2002 to assess the distribu-
tion of adult delta smelt, while they ripen and spawn 
(Sommer et al. 2011a; Merz et al. 2011; http://www.
delta.dfg.ca.gov/data/skt/). The SKT samples 39 loca-
tions from Napa River upstream through Suisun Bay 
and the Delta (Figure 1). 

The USFWS Beach Seine Survey used a 12-m long by 
1.2-m high seine to collect inshore fishes from areas 
generally less than 1-m deep (Brandes and McLain 
2001; Merz et al. 2011). Seine hauls were conducted 
year-round at 57 current sampling stations from San 
Francisco Bay upstream to the lower Sacramento 
and San Joaquin rivers. Unlike most other surveys, 
basic substrate data was collected for this program. 
In addition to the core USFWS survey, we examined 
data from special surveys in Liberty Island, a flooded 
tidal wetland in the Cache Slough Complex (McLain 
and Castillo 2010). The surveys during August 
2002-October 2004 used similar methods as the regu-
lar USFWS Beach Seine program at ten core sites 
located around the periphery of the lower portion of 
the island (Figure 2). 

Short-term and Geographically-limited Studies

One of the key studies that we used to identify physi-
cal habitat used by delta smelt was the CDFW Delta 
Resident Fishes Survey (Brown and Michniuk 2007). 
This survey used an electrofishing boat to sample 
200-m reaches of shoreline spread across several 
Delta regions. The timing of this survey has been 
sporadic, with sampling that collected delta smelt in 
1981 to 1982, 1995 to 1997, and 2001 to 2003.

Many of the fish surveys within the range of delta 
smelt use trawls that require relatively large and deep 
channels, so there is less information about delta 
smelt use of smaller channels (e.g., <50 m wide). A 
source of data that we used to examine the small-
est channels that delta smelt use was the California 

10% 
4% 
5% 

8% 
4% 

2% 
13% 

12% 

7% 
13% 

Figure 2  Locations of USFWS beach seine sampling in Liberty 
Island. The stations starting counter clockwise from the south-
east corner of the site are: Liberty Island East #1-5 and Liberty 
Island #1-5. The data show the percentage of samples with 
delta smelt in different parts of Liberty Island based on data 
from August 2002 through October 2004 (n = 607 hauls). 

Department of Water Resources (CDWR) Yolo Bypass 
study, which included larval sampling and rotary 
screw trapping (Sommer et al. 2004a; Feyrer et al. 
2006). This sampling occurred near the base of Yolo 
Bypass in a 40-m wide perennial channel. 

http://www.delta.dfg.ca.gov/data/skt/
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Data Analyses

Delta smelt are a relatively rare and 
patchy fish, so we summarized most 
survey data based on presence-
absence. To summarize the general 
locations of delta smelt habitat by life 
stage, we calculated the upstream and 
downstream distribution limits for each 
of the major surveys: FMWT, SKT, 
20-mm, and TNS. The center of distri-
bution was calculated for each survey 
(Sommer et al. 2011b). We summa-
rized data separately for wet and dry 
years using all years since 1995, when 
all four surveys were conducted. The 
‘wet’ and ‘dry’ water year classification 
system for the Sacramento and San 
Joaquin river basins was developed by 
the California State Water Resources 
Control Board (SWRCB) to provide a 
way to assess the amount of water 
originating in each basin (http://cdec.
water.ca.gov/cgi-progs/iodir_ss/wsihist). 

We calculated the percentage of sam-
ples with delta smelt present under 
different conditions (e.g., substrate, 
geographic locations) and statisti-
cally quantified differences where 
possible. We used a Kruskal–Wallis 
test to compare delta smelt habitat 
use in Liberty Island to data concur-
rently collected (2002 to 2004) from 
the west and north Delta, where the 
population is often centered (Sommer 
et al. 2011a; Figure 3). We used data 
from six west and north Delta stations 
(Sandy Beach SR012W; Stump Beach 
SR012E; Rio Vista SR014W; Brannan 
Island TM001N; Eddo’s SJ005N; 
Sherman Island MS001N; Antioch 
Dunes SJ001S) sampled by the USFWS 
beach seine survey. These data were 
also analyzed with a Chi-square test to 
evaluate substrate use. Only data after 
1993 were used because they included 
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substrate information (mud, pavement, vegetated, 
sand, and gravel). 

Potential food organisms for delta smelt (20 to 
60 mm) were analyzed for the 20-mm survey in the 
spring. We used a generalized additive model (GAMs) 
to examine the associations between fish occurrence, 
habitat variables (salinity, temperature, and turbid-
ity) and food availability in the form of calanoid 
copepod density (e.g., Stoner et al. 2001; Feyrer et 
al. 2007; Kimmerer et al. 2009). All habitat vari-
ables and copepod density were obtained from the 
20-mm survey. We used calanoid copepod density 
as the food availability variable in the GAM analy-
sis because larval, post larval and juvenile delta 
smelt consume mostly copepods (Lott 1998; Nobriga 
2002). The GAM analysis uses smoothers to describe 
the empirical relationships between predictors and 
response variables and therefore does not assume 
particular relationships between the two. We used the 
GAM function in the MGCV package of the statistical 
program R (R Development Core Team 2011; Wood 
2011) with a logit-link function to determine whether 
there were significant relationships between four 
predictor variables (mean temperature; mean specific 

conductance; mean Secchi depth; and mean calanoid 
copepod density) and the response variable, presence 
of delta smelt in 20-mm samples for 1995 to 2009. 
The variables were tested both individually and in 
combination with each other. We analyzed the GAM 
results in two ways. First, we examined whether 
the smoothed results were congruent with expected 
responses based on laboratory tests and ecological 
literature. Specifically, we expected that delta smelt 
would show a unimodal response to temperature and 
salinity, a declining occurrence relatively to Secchi 
depth (Feyrer et al. 2007), and an increasing or satu-
rating response to food availability (e.g., Holling 
1959). Second, we assessed the statistical significance 
of the GAM outputs using an approximation of the 
ability of each variable to reduce null deviance in 
the models (Venables and Ripley 1997; Feyrer et al. 
2007).

Delta Smelt Habitat: a SyntHeSiS
basic Habitat Requirements

Overall, delta smelt occur in a relatively wide range 
of habitats (Table 1). They occur in regions that 

table 1  Habitat types in which delta smelt have been collected. As noted in the text, historical observations do not ensure that newly 
created habitats will support delta smelt.

Region Habitat Present Comments Sources

Marine
Examples:  
Lower Napa River, 
San Pablo Bay

Bay

Channel

Marsh

a

a

b

Generally only during high flow 
events 

Collections adjacent to Napa 
marshes

Bennett (2005); Hobbs et al. (2007); 
Merz et al. (2011); CDFW Bay Study 
and Townet Survey

Brackish
Examples:  
Suisun Bay,  
West Delta

Bay

Channel

Marsh

c

c

b

Core habitat

Core habitat

Collections adjacent to Suisun Marsh

Moyle et al. (1992); Aasen (1999); 
Bennett (2005); Feyrer et al. (2007); 
Dege and Brown (2004); Sommer et al. 
(2011a); Merz et al. (2011); UCD Suisun 
Marsh Survey (unpublished).

Freshwater
Examples: 
Sacramento River, 
Cache Slough, 
Sacramento Deep 
Water Ship Channel 

Non-tidal

Tidal channel

Littoral

Emergent marsh

SAV

a

c

c

?

a

Rare, highly seasonal

Primarily North Delta

Primarily North Delta

Little sampling

Collections adjacent to SAV

Aasen (1999); Grimaldo et al. (2004); 
Nobriga et al. (2005); Sommer et al. 
(2011a); Merz et al. (2011); CDFW fall 
midwater and Kodiak trawls; USFWS 
juvenile salmon and Liberty surveys 
(unpublished); this paper.

a = rare; b =periodic, c = common
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found that X2 had a negative association with delta 
smelt habitat area (i.e. higher flow = more down-
stream position of X2 and more area appropriate for 
delta smelt) for all surveys analyzed, but the effect 
was strongest in spring and summer. They suggest 
that earlier life stages were more responsive to salin-
ity changes because they tend to occupy fresher 
water than older delta smelt. Despite a clear effect 
of estuarine salinity on habitat area, Kimmerer et al. 
(2009) did not observe strong effects on abundance. 
Feyrer et al. (2011) also found a negative effect of X2 
on habitat area during the fall. Feyrer et al. (2007) 
report a long-term decrease in habitat area based 
on the combined effects of salinity and turbidity (as 
indexed by Secchi depth), and a weak effect of fall 
conditions on juvenile production the following sum-
mer. The significance of these results has been the 
source of intense debate as part of legal challenges to 
the USFWS (2008) Biological Opinion for delta smelt, 
which included new requirements to change X2 to 
a more downstream position during the fall of wet 
years. 

Tides and Flow

Despite some rare exceptions, the habitat of delta 
smelt is focused entirely in the tidal zone. There have 
been occasional collections of delta smelt upstream 
of the tidal zone north of Sacramento during the 
winter and spring spawning season (USFWS Juvenile 
Salmon Survey, unpublished data). It is not known 
if delta smelt can survive in areas without consistent 
tidal flows as may be the case for some areas in the 
future with sea level rise (see below). 

Our analyses showed that delta smelt currently are 
found from small channels such as the Yolo Bypass 
Toe Drain, where tidal flows are periodically less than 
± 4 m3 sec-1 during months when smelt are pres-
ent (Lisbon Gauge, Department of Water Resources, 
unpublished data), to large channels with stronger 
tides, such as Chipps Island, where representative 
summer tidal flows are ± 9,400 m3 sec-1 (DWR 1993). 
It is highly likely that delta smelt use some form of 
tidal surfing to change their location in the estuary 
(Swanson et al. 1998; Sommer et al. 2011a). Bennett 
et al. (2002) provide evidence that young longfin 

range from freshwater to brackish areas, and in habi-
tats that include bay, channel, and adjacent marsh 
habitat. The following provides details about the 
basic habitat requirements of delta smelt. All con-
clusions based on literature sources are indicated 
by citations. New analyses that we conducted are 
provided with data summaries including tables and 
figures.

Salinity

Salinity is generally considered a key defining vari-
able for estuaries, so understanding salinity require-
ments is essential in describing the habitat of 
estuarine organisms. More so than any other delta 
smelt habitat variable, salinity has been the subject 
of intense research and debate. Higher flow levels 
shift the salt field downstream, as commonly repre-
sented by the spatial metric X2, the distance of the 
2 psu salinity isohaline from the Golden Gate Bridge 
(Jassby et al. 1995; Kimmerer 2002). There are no 
consistent long-term trends in the salinity of the 
upper Estuary for most months (Jassby et al. 1995; 
Enright and Culberson 2010); however, there have 
been salinity increases during fall (Feyrer et al. 2007), 
when the issue has become most controversial. 

Most delta smelt reside the majority of their lives 
in or near the low-salinity zone, typically <6 psu or 
<10,000 µS/cm (Feyrer et al. 2007; 2010; Kimmerer 
et al. 2009). Our GAM results for the 20-mm survey 
showed a similar pattern (Figure 4; Table 2). The 
distribution of delta smelt is affected by salinity at 
all life stages. For example, Dege and Brown (2004) 
found that the center of distribution of larval and 
post-larval delta smelt during spring was determined 
by the location of the salt field as indexed by X2, 
with a more downstream distribution during wetter 
years. Similarly, Sommer et al. (2011a) found that the 
center of distribution of older delta smelt was con-
sistently associated with the location of the salt field 
(X2) during all months. This does not mean that all 
smelt are confined to a narrow salinity range because 
fish occur from fresh water to relatively high salini-
ties (see below). 

The effects of salinity on habitat area vary seasonally 
and therefore by life stage. Kimmerer et al. (2009) 
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smelt (Spirinchus thaleichthys) use tidal surfing to 
maintain their position in the estuary, so it may be 
reasonable to assume that a close relative like delta 
smelt does the same. Sommer et al. (2011a) used 
a particle tracking model to show that apparent 
upstream migration rates of adult smelt were consis-
tent with simulations based on a simple tidal surfing 
behavior. 

Velocity

The relative importance of water velocity for pelagic 
fishes such as delta smelt is challenging to interpret 
because of the complex and shifting tidal environ-
ment in the upper estuary. Even without a clear 
understanding of the relevance of positive (ebb tide) 
and negative velocities (flood tide) to delta smelt, it 
is reasonable to assume that delta smelt respond to 
covariates of velocity such as turbulence. 

Figure 4  Generalized additive (GAM) model predictions of delta smelt occurrence in the 20-mm Survey (based on all four habitat vari-
ables) versus the habitat variables for: (A) water temperature; (b) specific conductivity; (C) Secchi depth; and (D) calanoid copepod 
density. We used a logit-link function to establish the relationship between the mean of the GAM predicted response (probability of 
delta smelt occurrence) and the smoothed function of the four explanatory variables. Predicted probability of delta smelt occurrence 
is highest near 20 °C, and low specific conductance, but declines with Secchi depth. Predicted response for calanoid copepod density 
is contradictory to expectations. 
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The effects of water velocity on delta smelt are 
understood primarily from laboratory studies. 
Swanson et al. (1998) showed that maturing delta 
smelt probably can swim for long periods at rates 
of 1 to 2 body lengths sec-1, representing about 
6 to 12 cm sec-1. Critical swimming velocities were 
around 28 cm sec-1. These rates were comparable 
or somewhat lower than similar-sized fishes for the 
same temperature range.

Turbidity

Key progress in our understanding of delta smelt is 
that they are strongly associated with turbid water 
(Feyrer et al. 2007). Their results showed that, during 
fall, delta smelt are only present at locations where 
Secchi depth is less than 1 meter. This finding is con-
sistent with Grimaldo et al. (2009a), who found that 
delta smelt were not present in upstream areas when 
turbidities were less than about 12 NTU. Our GAM 
analyses of the 20-mm data set also showed that 
delta smelt post-larvae are strongly associated with 
lower Secchi depths (Figure 4; Table 2).

One potential function of turbidity is predator avoid-
ance (Gregory and Levings 1998): turbidity may help 
delta smelt avoid visual predators (Baskerville-Bridges 
et al. 2004; Feyrer et al. 2007; Nobriga and Herbold 
2009). Light apparently plays a role in feeding ecol-
ogy as laboratory studies show that delta smelt con-
sumption of prey is low in clear water (Mager 1996; 
Baskerville-Bridges et al. 2004). It is possible that 
turbidity helps create a contrasting background for 

planktivorous fish to locate their prey (Utne-Palm 
2002; Horppila et al. 2004). 

One of the most disturbing long-term changes in 
habitat for delta smelt has been the increase in water 
clarity in the upper Estuary (Jassby et al. 2002; 
Wright and Schoellhamer 2004; Feyrer et al. 2007). 
Modeling by Schoellhamer (2011) suggests that there 
has been a sudden recent (1999) increase in water 
clarity as the sediment balance shifted to a much 
lower supply. In contrast to other habitat variables 
such as salinity, the trend in turbidity is not driven 
by hydrology (Jassby et al. 2002). As noted in Baxter 
et al. (2010), the primary mechanisms suggested to 
explain the increasing water clarity are (1) reduced 
sediment supply due to dams in the watershed 
(Wright and Schoellhamer 2004); (2) major flood 
events (e.g., 1982 to 1983) that washed out large 
amounts of sediment (Baxter et al. 2010); and, (3) 
biological filtering by submerged aquatic vegetation 
(Brown and Michniuk 2007; Hestir et al., in review). 
Whatever the mechanisms, this change appears to 
have had a serious effect on habitat quality for delta 
smelt during both summer (Nobriga et al. 2008) and 
fall (Feyrer et al. 2007).

Temperature

Upper temperature limits for delta smelt habitat have 
been relatively well-studied in both the laboratory 
and using field data. Interpretation of the laboratory 
results is somewhat complicated because temperature 
limits can be affected by various factors including 
acclimation temperature, salinity and feeding status. 
The general pattern is that delta smelt cannot toler-
ate temperatures higher than 25 °C (Swanson et al. 
2000), a level that is highly consistent with field 
collections of young smelt (Nobriga et al. 2008) and 
our GAM results for the 20-mm data set (Figure 4; 
Table 2). Hence, the 25 °C is used as a general guide-
line to assess the upper limits for delta smelt habitat 
(Wagner et al. 2011; Cloern et al. 2011).

The lower limit to water temperature has not yet 
been evaluated in detail. However, Bennett and Burau 
(2010) analyzed the occurrence of adult delta smelt in 
the SKT based on three water quality variables. Their 
preliminary results suggest that delta smelt are rare 

Table 2  Generalized additive modeling (GAM) delta smelt 
results for the 20-mm Survey including temperature (T), spe-
cific conductance (C), Secchi depth (S), and calanoid copepod 
density (F) based on 4,297 observations. The vari ances in each 
model were all statistically significant (P <  0.00001) based on 
approximate Chi square tests.

Model residual deviance (percentage of total)

T 5,158  (7.1)

T + C 4,876 (12.2)

T + C + S 4,640 (16.4)

T + C + S + F 4,514 (18.7)
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below about 7 °C. Note, however, that temperatures 
below 10 °C are uncommon in the estuary (Kimmerer 
2004; Nobriga and Herbold 2009).

Depth

Like velocity, the relevance of depth to a pelagic 
fish in a tidal estuary is open to debate. Landscape 
variables such as depth are, nonetheless, clearly 
important features that define tidal dynamics such 
as velocities, excursion, and frequency of inunda-
tion. Unfortunately, depth is not recorded for many 
of the pelagic trawls in the upper estuary, making 
it difficult to evaluate this variable. Some data are 
available for littoral surveys, but delta smelt catch is 
generally too low for a rigorous statistical analysis. 
Though generally regarded as a pelagic fish (Moyle 
2002), delta smelt are clearly caught in shoal and 
shallow areas such as Suisun Bay and Liberty Island 
(Moyle et al. 1992; Nobriga et al. 2005; Sommer et 
al. 2011a). Aasen (1999) found that juvenile smelt 
densities can be higher in shoal areas than adjacent 
channels. However, delta smelt use of shallow areas 
apparently varies with tide (Aasen 1999) and they 
probably do not substantially use intertidal areas 
(Matt Nobriga, USFWS, unpublished data). There 
does not appear to be an obvious maximum depth 
for delta smelt because the fish are commonly cap-
tured along the Sacramento Deep Water Ship Channel 
(Grimaldo et al., in prep; CDFW SKT), which has most 
of the deepest habitat in the upper estuary. 

Channel Size

Most data have been collected in large channels, 
making it difficult to evaluate what types of chan-
nels delta smelt prefer. Channel width itself is prob-
ably not a constraint; instead, related habitat features 
such as tidal excursion, velocity, temperature, food, 
and turbidity are likely to influence channel use. The 
FMWT and TNS surveys found that delta smelt were 
common in some of the largest channels available in 
the Estuary, including Cache Slough, (200- to 280-m 
wide) and the Sacramento Deep Water Ship Channel 
(170- to 200-m wide).

The lower limit to channel size for delta smelt has 
not been addressed, but our review suggests that the 
fish can occur in relatively small channels. Examples 
in the Delta include a 45-m wide perennial chan-
nel of the Yolo Bypass, where adult and larval 
stages seasonally were collected there in many years 
(Sommer et al. 2004a), and Miner Slough a 45- to 
50-m wide (20-mm station 726) with regular catches 
of delta smelt larvae. Downstream of the Delta, the 
smallest channel where adults and juveniles have 
been reported is Spring Branch Slough in Suisun 
Marsh, which averages about 15-m wide (Meng et al. 
1994; Matern et al. 2002). 

Food

Even if physical and chemical requirements are 
met, delta smelt will not survive if habitat does not 
contain enough food to support basic metabolic 
needs. The food source of larval and post-larval 
delta smelt is fairly specialized, relying primarily on 
calanoid copepods such as Eurytemora affinis and 
Pseudodiaptomus forbesi (Nobriga 2002; Moyle 2002). 
These copepods also comprise a major part of the 
diets of sub-adults and adults, although older life 
stages have a more general diet that includes mysids, 
cladocerans, and gammarid amphipods (Moyle et al. 
1992; Moyle 2002; Slater 2012). There has been a 
long-term decline in copepods and mysids in the 
upper estuary (Winder and Jassby 2011), which may 
account partially for the reduction in the mean size 
of delta smelt in fall (Sweetnam 1999; Bennett 2005). 
Overall, food limitation remains a major stressor on 
delta smelt (Baxter et al. 2010). The importance of 
food limitation is supported by Kimmerer (2008), 
who showed that delta smelt survival from summer 
to fall is correlated with biomass of copepods in the 
core range of delta smelt. These relationships have 
led to the recognition that food availability should be 
included in life cycle models of delta smelt (Maunder 
and Deriso 2011). 

There is evidence of substantial spatial and temporal 
variation in copepods in the estuary. The most exten-
sive database for zooplankton of the upper estuary is 
the IEP’s Environmental Monitoring Program (EMP) 
(http://www.water.ca.gov/iep/activities/emp.cfm), 

http://www.water.ca.gov/iep/activities/emp.cfm
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which includes stations in Suisun Bay, Suisun Marsh, 
and the west and south Delta. P. forbesi and E. affi-
nis both frequently show their highest densities in the 
south Delta and Suisun Marsh (Hennessy 2009; Anke 
Mueller-Solger, unpublished data). P. forbesi is most 
abundant during summer to fall, while E. affinis large-
ly disappears from the EMP sites in summer and fall.

From a restoration perspective, one of the more 
important recent findings has been that food re sources 
are often more abundant around the periphery of the 
upper Estuary. In the brackish zone, the smaller chan-
nels of Suisun Marsh frequently show relatively high 
levels of chlorophyll a and copepods (Schroeter 2008; 
Anke Mueller–Solger, Delta Science Program, unpub-
lished data). Similarly, studies by Benigno et al. (in 
review) show that the channels of the Cache Slough 
Complex consistently have higher chlorophyll a levels 
than Delta EMP stations. The data suggest that cala-
noid copepod levels in Cache Slough Complex chan-
nels— compared to other parts of the Delta—may be 
enhanced during key months for delta smelt. Longer 
residence times are likely a major contributing fac-
tor to increased food web production in these regions 
(Lucas et al. 2009). 

Food thresholds for delta smelt have not yet been 
established, although our GAM analyses provide 
some insights for spring. Our GAM results of the 
20-mm data set suggested that temperature, salin-
ity, Secchi depth, and calanoid copepod density 
were all significantly associated with occurrence 
of young delta smelt (Table 2; Figure 4). However, 
the smoothed GAM results for calanoid copepods 
(Figure 4) did not follow the expected increasing or 
saturating responses. Instead, the smoothed response 
suggested a counter-intuitive decline in delta smelt 
probability of occurrence at high calanoid copepod 
densities. Adding calanoid copepods to the model 
explained only a small additional amount of deviance 
(2%) compared to models with just the three physi-
cal variables (Table 2). Our results, therefore, suggest 
that calanoid copepod density was not a meaningful 
predictor of young delta smelt in the 20-mm sur-
vey. This does not mean that food is unimportant to 
young delta smelt; rather, the data may not be at a 
sufficient scale to detect associations or that other 
limiting factors may be more deterministic.

Substrate

Most fish surveys in the upper estuary do not record 
substrate, making it difficult to evaluate the impor-
tance of this variable to delta smelt. The relevance 
of substrate in the deep channel habitat is question-
able, since young smelt are typically in the middle 
or upper portion of the water column, particularly 
during day time (Rockriver 2004; Grimaldo et al., in 
review). Nonetheless, substrate may be relevant when 
delta smelt venture into littoral areas. Delta smelt 
catches are typically quite low in areas inshore from 
the current surveys, making it hard to analyze the 
data in any rigorous way. 

The best available data about substrate use are from 
the USFWS beach seine survey (Table 3). The results 
of our analyses suggest at least modest differences 
between observed and expected habitat use (Chi 
square = 29.15; df = 3; p <  0.001). We found that 
delta smelt were never collected in vegetation, despite 
183 samples in such habitats. Habitat use was also 
much lower than expected at paved locations (boat 
ramps), but somewhat higher than expected over 
gravel, mud, and sand. The CDFW Resident Fishes 
Survey included substrate information with catch 
results in shallow waters (Brown and Michniuk 2007). 
Although this survey did not catch enough delta smelt 
to warrant statistical analysis, they were observed 
over all substrates sampled, included riprap, mud, and 
sand. Our summary of the 1981 to 1982 data found 
that delta smelt were collected in 5% of 360 samples 
over the following substrates: riprap 41% of fish; mud 
bank 59% of fish. Sampling effort was much greater 
in later years (5,645 samples); however, we found that 
delta smelt were collected in only 0.4% of samples. 
These fish were collected over rip-rap (38%), mud 
bank (47.6%), and sand beach (14.3%). 

In general, our analyses suggest that delta smelt do 
not have particularly strong substrate preferences, 
which is not surprising given their niche as a pelagic 
fish. Nonetheless, substrate may be an important 
issue during spawning. The substrate preferences of 
delta smelt are not known; however, many other 
smelts are known to favor sandy substrate for spawn-
ing (Bennett 2005). This substrate is relatively com-
mon in inshore areas of the west Delta (e.g. Sherman 
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Island) and north Delta (e.g., Liberty Island and the 
Sacramento Deep Water Ship Channel).

Other Water Quality Factors

Brooks et al. (2011) recently summarized the cur-
rent state of knowledge about the effects of water 
quality problems, including contaminants, on delta 
smelt and other pelagic fishes. The evidence to date 
indicates that although acute contaminant toxic-
ity is not a likely cause for the population declines, 
sublethal stress from multiple factors—including met-
als, nutrient-rich effluents, toxic algal blooms, and 
pesticides—all degrade the habitat of delta smelt. For 
example, sublethal contaminant exposure can impair 
immune function and swimming ability (Connon et 
al. 2011). Delta smelt distribution is known to over-
lap with several key contaminants (e.g., Kuivila and 
Moon 2004; Brooks et al. 2011) and the effects can 
be substantial, depending on the level of exposure 
(Connon et al. 2009).

The highest-profile water quality issue has been 
inputs of ammonium to the Delta, primarily from 
municipal discharges (Wilkerson et al. 2006; Dugdale 
et al. 2007; Glibert 2010; Glibert et al. 2011). The 
largest source of ammonium to the system is the 
Sacramento Regional Wastewater Treatment Plant 
(Jassby 2008). There is no evidence yet of direct 
effects on delta smelt, but there are concerns about 

food web effects based on the finding that phyto-
plankton growth may at times be inhibited by high 
ammonium concentrations (Wilkerson et al. 2006, 
Dugdale et al. 2007; Glibert 2010; Glibert et al. 
2011). High ammonium concentrations could directly 
reduce primary productivity and alter phytoplankton 
species composition, which may in turn affect the 
zooplankton assemblages that delta smelt rely upon 
(Glibert et al. 2011). 

Another emerging and related concern for delta smelt 
is that there are periodic blooms of the toxic blue-
green alga Microcystis aeruginosa during late sum-
mer, most commonly August and September (Lehman 
et al. 2005). These blooms typically occur in the San 
Joaquin River away from the core summer distribution 
of delta smelt (Figure 3), but some overlap is appar-
ent. Results by Lehman et al. (2010a) indicate a strong 
likelihood that delta smelt are exposed to microcys-
tins, which may in turn affect their habitat use (Baxter 
et al. 2010). Laboratory studies demonstrate that the 
blue-green alga is toxic to another native fish of the 
region, Sacramento splittail Pogonichthys macrolepi-
dotus (Acuna et al. 2012). Indirect effects are also a 
major concern because Microcystis blooms are toxic 
to the primary food resources of delta smelt (Ger et al. 
2009, 2010a, 2010b).

Pesticide effects are less well understood, although 
effects may be substantial given that agricultural, 
commercial, and urban purchases of pesticides within 
the Delta and the upstream watershed averaged 21 
million kg annually from 1990 to 2007 (Brooks et 
al. 2011). Intermittent toxicity has been reported for 
Ceriodaphnia dubia, an invertebrate surrogate for 
Delta prey species (Werner et al. 2000) and Hyalella 
azteca, a common invertebrate bioassay species 
(Weston and Lydy 2010; Werner et al. 2010).

GEoGrAPHICAl rAnGE oF HAbITAT

A common misconception is that delta smelt habitat 
only occurs in the Delta. The monitoring data indi-
cate that the center of distribution for the population 
commonly occurs in the Delta during spring (Dege 
and Brown 2004) and fall (Sommer et al. 2011a). 
However, the overall distribution of delta smelt 
habitat is much broader. To illustrate this point, we 

Table 3  Substrate use by delta smelt as sampled by six core 
USFWS beach seine stations in the west Delta since 1993 (see 
text for details). The Chi-square analysisa excluded vegetated 
substrate because it included no catch, which violates the 
assumption of that test.

Substrate
Samples with  

delta smelt
Total samples 

(effort)

Gravel 6 338

Mud 39 2,483

Pavement 6 2,508

Sand 116 6,945

Vegetation 0 183

a Chi square = 29.15, df = 3, p < 0.001 (excluding vegetation)
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summarized survey data for different seasons and 
water year types by life stage (Figure 3). The surveys 
do not necessarily capture the extremes of distribu-
tion, but provide a general idea of distribution and 
habitat shifts among years. Our analysis showed that 
delta smelt habitat is often located well downstream 
of the Delta, commonly in Suisun Bay. Their habitat 
also varies substantially by life stage and water year. 
The habitat tends to be most landward (upstream) for 
adults (SKT survey) and most seaward for the other 
life stages (20 mm, TNS, and FMWT). Our results are 
generally consistent with the smelt distribution sum-
maries reported by Merz et al. (2011). Based on the 
strong association of younger life stages with salinity 
(Dege and Brown 2004; Sommer et al. 2011a), our 
analysis suggested, as expected, that their habitat 
shifted landward in drier years (Figure 3).

After delta smelt were listed in the early 1990s, one 
of the most surprising initial discoveries was their 
presence in the Napa River, a tributary to San Pablo 
Bay (Figure 1; Merz et al. 2011). Delta smelt are gen-
erally caught in wet years (Figure 3): that they can 
periodically use this down-estuary habitat is signifi-
cant. Hobbs et al. (2007) found that use of habitat in 
this region results in a unique chemical signature in 
the otoliths of delta smelt and revealed that the por-
tion of fish that use the Napa River can be substan-
tial (e.g., 16% to 18% of population in 1999).

Another key finding was that delta smelt heavily use 
the Cache Slough Complex (Sommer et al. 2011a; 
Merz et al. 2011). To illustrate the importance of this 
region delta smelt occurred year-round in Liberty 
Island (Sommer et al. 2011a, Figure 5) and were 
present in all stations sampled during 2002 to 2004 
beach seine surveys (Figure 2). Similarly, expanded 
efforts of the 20-mm, TNS and FMWT surveys into 
the Sacramento Deep Water Ship Channel found 
delta smelt from June through October (Baxter et al. 
2010). The frequency of occurrence in Liberty Island 
habitats was comparable to USFWS beach seine sta-
tions located in core delta smelt Delta habitat dur-
ing 2002 to 2004 (Figure 6). These findings were 
relatively unexpected because the general assump-
tion at the time was that delta smelt leave the north 
Delta after the larval stage (Sommer et al. 2011a). 
Moreover, flooded islands were generally considered 

poor-quality habitat for delta smelt in other parts of 
the Delta because of high predator abundance and 
the prevalence of aquatic weeds (e.g., Grimaldo et 
al. 2004; Nobriga et al. 2005). Liberty Island and the 
Cache Slough Complex may be attractive to delta 
smelt because of its high diversity of habitats includ-
ing multiple channel sizes, broad shoals, tidal marsh, 
and dead-end sloughs (Lehman et al. 2010b; McLain 
and Castillo 2010; Morgan–King and Schoellhamer 
2013). By comparison, most of the Delta is comprised 
of relatively large rip-rapped channels and weedy 
flooded islands. Key physical processes in Liberty 
Island and the Cache Slough Complex include wind-
resuspension of sediments that generate higher tur-
bidities than other parts of the Delta (Morgan–King 
and Schoellhamer 2013), and channels and shoals 
with long residence times that help generate rela-
tively high levels of phytoplankton and zooplankton 
(Lehman et al. 2010b; Nelson et al. 2011; Benigno et 
al., in review).

Although the Napa River and Cache Slough Complex 
studies provide some cause for optimism regard-
ing the status and extent of delta smelt habitat, it is 
important to note one of the most troubling changes 
over the past four decades, the loss of parts of the 
Delta as year-round habitat for delta smelt. Two stud-
ies (Nobriga et al. 2008; Sommer et al. 2011a) note 
that historical data show many delta smelt remained 
in the southern portion of the Delta throughout the 
summer. Though delta smelt still seasonally occur 
in the southern Delta during winter and spring 
(Figure 3; Sommer et al. 2011a), they are now absent 
in summer. Nobriga et al. (2008) suggest that this 
results from major habitat changes, including the 
proliferation of aquatic weeds and associated declines 
in turbidity.

THE FUTUrE oF DElTA SMElT HAbITAT

There is widespread consensus among scientists that 
the upper San Francisco Estuary will change drasti-
cally in the future because of sea level rise, altered 
hydrology, and rising temperatures (Knowles 2010; 
Cloern et al. 2011). Studies by Mount and Twiss 
(2005) predict a high probability of massive levee 
failure in the foreseeable future, which will radically 
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change the salinity distribution along with the types 
and locations of different habitats (Lund et al. 2007; 
Moyle 2008). As a consequence, it is especially chal-
lenging to use observations on current delta smelt 
habitat to predict future changes. Model predictions 
based on future flow conditions through the present 
landscape are discouraging, suggesting reduced area 
of low-salinity habitat as soon as 50 years in the 
future (Feyrer et al. 2011) and increases in the num-
ber of lethal temperature days along with decreases 

in turbidities within 100 years (Wagner et al. 2011; 
Cloern et al. 2011). At the same time, major biologi-
cal community changes are inevitable, as are very 
different physical and chemical regimes (Lund et al. 
2007; Cloern et al. 2011). These issues raise the ques-
tion of whether delta smelt will be able to persist as 
climate change combines with the effects of current 
and future changes in land use and water manage-
ment. At the very least, the analyses show that cur-
rent habitat conditions are not sustainable (Lund et 
al. 2007), making it critical to begin planning for 
ways to react to long-term changes. 

MAnAGEMEnT IMPlICATIonS

Available information suggests a high degree of uncer-
tainty about many aspects of delta smelt habitat (e.g., 
Brown 2003). This is expected given their low num-
bers, patchy distribution, the difficulty in directly mea-
suring their habitat use in a highly variable and turbid 
environment, and the paucity of studies designed 
specifically to evaluate their habitat needs. Moreover, 
the data only address delta smelt presence, not how 
different habitats may affect key processes, such as 
individual or population growth rates. This does not 
mean, however, that there is insufficient information 
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Figure 5  Distribution of catch of delta smelt across seasons in 
Liberty Island based on USFWS beach seine data from August 
2002 through October 2004 (n = 93 fish)
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Figure 6  Percentage of beach seine samples with delta smelt in different parts of Liberty Island (ten “LI” stations) as compared to five 
core west and north Delta sites. Analyses are based on USFWS beach seine sampling in these locations during August 2002 through 
October 2004. Figure 2 shows the locations of the Liberty Island stations. The differences between the Liberty Island and core Delta 
stations were not significantly different based on a Kruskal–Wallis test (p = 0.065).
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to examine some delta smelt habitat management 
issues. Some basic ideas are provided below. A major 
part of the problem is that habitat often is not the only 
factor that controls fish abundance, which is likely the 
case for delta smelt (Sommer et al. 2007; Mac Nally et 
al. 2008; Baxter et al. 2010). Note that we do not spe-
cifically address how much habitat would be required 
to generate a measurable increase in the population of 
delta smelt. Such analyses are notoriously difficult and 
uncertain, even for better-studied fishes such as sal-
monids (Roni et al. 2010). 

We Know Enough to Attempt Some large-scale 
Habitat Projects

The status of delta smelt is so dire that we cannot 
simply hope that the species will be able to recover 
without several different types of active management. 
The salinity, turbidity, temperature, and food require-
ments outlined here provide a basic description of 
some of the most important habitat features, and the 
large unintentional flooding of Liberty Island and 
subsequent colonization by delta smelt suggests that 
there is some potential to expand and improve the 
habitat of this imperiled species. 

It therefore seems prudent to proceed with one or 
more large scale projects provided that there is an 
intensive field monitoring and adaptive management 
process. 

Since much of the delta smelt habitat restoration 
activities described in programs such as BDCP and 
recent Biological Opinions (USFWS 2008) will likely 
occur in Suisun Marsh and the north Delta, we pro-
pose that new habitat projects try to emulate key 
aspects of these regions. Based on our analyses, some 
general suggestions are provided in Table 4. Note 
that habitat features are not intended as the only 
design criteria for this species. A given project will 
fail if the constructed habitat is subject to periodic 
water quality issues such as low dissolved oxygen, 
pesticide inputs, and toxic algal blooms, or high 
levels of predators and invasive species. In general, 
maintaining high levels of hydrologic and structural 
variability and complexity has been suggested as a 
key approach to promote native fishes (Moyle et al. 
2010).

Habitat restoration is Highly Vulnerable  
to Several Factors

In addition to the climate change effects noted above, 
there are many other factors than can undermine the 
value of habitat for delta smelt. Of primary concern 
is the effect of alien species, given the high level of 
invasions in the estuary (Cohen and Carlton 1998; 
Winder and Jassby 2011). SAV such as Egeria can 
quickly colonize shallow areas of the Delta (Brown 
and Michniuk 2007), covering shallow open-water 
areas that provide part of the habitat for delta smelt. 
A notable example is Decker Island, where a restora-
tion project was constructed next to a known “hot 
spot” for delta smelt, yet Egeria rapidly choked the 
small dendritic channels. SAV is especially attractive 
to invasive predators (Grimaldo et al. 2004; Brown 
and Michniuk 2007) that likely create mortality risks 
for delta smelt. However, SAV is not necessary for 
predator colonization; recently-created open water 
areas such as Liberty Island now support large num-
bers of striped bass and inland silverside, both of 
which are potential predators of delta smelt (Bennett 
1995; Moyle 2002; Loboschefsky et al. 2012). In 
addition, it is possible that new habitat projects may 
be subject to harmful algal blooms or localized runoff 
problems. Careful restoration site selection and design 
coupled with intensive monitoring will be needed to 
minimize these risks. 

bet-hedging is Critical

Our review of the habitat needs of delta smelt reveals 
greater diversity in habitat use than previously 
thought, evident in multiple migration pathways 
(Sommer et al. 2011a) and occurrence in both higher 
and lower salinities than expected. Indeed, otolith 
research by Hobbs (2010) suggests that the range of 
life histories includes freshwater spawning/ freshwater 
rearing, freshwater spawning/brackish rearing, and 
brackish spawning/brackish rearing with multiple 
variations in the specific timing. A sensible approach 
in habitat restoration efforts for the entire popula-
tion is to adopt a “bet hedging” strategy including 
multiple habitat types in multiple geographic areas. 
This is critical given the projection for future climate 
change (Wagner et al. 2011; Cloern et al. 2011), the 
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Table 4  Suggested habitat features for pilot delta smelt restoration projects. See text for details.

Habitat Feature Comments Citations

Low salinities 
• Typically <6 psu

The best-studied variable that defines the habitat of delta 
smelt.

Bennett (2005)
Feyrer et al. (2007)
Kimmerer et al. (2009)

Moderate temperatures
• 7 °C  to 25 °C
 

The upper temperature limits appear consistent for 
laboratory and field studies, but tolerance is strongly 
affected by food availability and acclimation conditions. 
Lower limits have not been studied in detail, but stress 
from very low temperatures is likely.

Swanson et al. (2000)
Bennett (2005)
Nobriga et al. (2008)
Bennett and Burau (2010)

High turbidity
• >12 NTU

Regions with shoal habitat and high wind re-suspension 
may help maintain high turbidities.

Feyrer et al. (2007)
Grimaldo et al. (2009a)

Sand-dominated substrate Evidence from other osmerids indicates sand may be 
useful as spawning substrate.

Bennett (2005)

At least moderately tidal Delta smelt are only rarely observed outside tidal areas. This paper.

High copepod densities Delta smelt survival appears to be linked to higher levels 
of calanoid copepods in the low salinity zone.

Nobriga (2002)
Moyle (2002)
Kimmerer (2008b)

Low SAV The absence of delta smelt in most SAV sampling 
indicates that submerged vegetation degrades habitat 
value.

This paper.
Grimaldo et al. (2004)
Nobriga et al. (2005)

Low Microcystis The absence of delta smelt in areas with periodic 
Microcystis levels indicates that these blooms degrade 
habitat values.

Baxter et al. (2010)
Lehman et al. (2010)
This paper.

Open water habitat adjacent to 
long residence time habitat  
(e.g., low-order channels; tidal marsh)

This concept has not been tested statistically, but the 
frequent occurrence of delta smelt in these habitats 
suggests that it may be important. 

Aasen (1999)
This paper.

vulnerability of the Delta to floods and earthquakes 
(Mount and Twiss 2005; Moyle 2008), and likely 
future changes in development and water use. 

Processes May be More Important Than  
Specific Habitat Features

Habitat restoration projects typically try to maximize 
the specific features that the target species prefers 
(Darby and Sear 2008). Obviously, this is a key first 
step because a fish such as delta smelt cannot colo-
nize a habitat unless its basic environmental needs 
are met. Unfortunately, excessive emphasis on the 
few well-understood habitat features can result in 
over-engineering of habitats, something that may not 
be justified given the high level of uncertainty about 

the future of the Delta. We propose that an increased 
emphasis on processes may be more successful than 
the construction of well-engineered “gardens.” Key 
processes include sustainability and food web subsi-
dies across habitats. 

To be sustainable, habitats need to be designed to 
accommodate anticipated changes and natural vari-
ability that will occur over the next century and 
beyond. Key changes include a declining sediment 
load (Wright and Schoellhamer 2004), which will 
strongly affect accretion and degradation rates of 
delta habitats, and sea level rise, which is expected 
to eventually submerge many lower-elevation sites. 
Careful selection of restoration sites to progressively 
accommodate sea level rise is therefore a high prior-
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ity. The declining sediment load is more problematic, 
but locating restoration sites in areas with relatively 
higher sedimentation or re-suspension rates may 
help to maintain turbidity levels (Morgan–King and 
Schoellhamer 2013). 

Although most of the carbon inputs to the delta 
smelt food web appear to be from riverine sources 
(Jassby and Cloern 2000; Kimmerer 2004), there is 
a growing ecological recognition that there may be 
substantial localized inputs from adjacent habitats 
such as Yolo Bypass (Schemel et al. 2004; Sommer et 
al. 2004b), Liberty Island (Lehman et al. 2010b), and 
tidal marshes (Howe and Simenstad 2011). SAV habi-
tat, in contrast, shows evidence of being trophically 
decoupled from pelagic food webs (Grimaldo et al. 
2009b). In general, phytoplankton and zooplankton 
levels are higher in small channels that are surround-
ed by dense emergent vegetation in Suisun Marsh 
(Rob Schroeter, U.C. Davis, unpublished data). This 
may be more a function of longer water residence 
time in these low-order channels, but marsh subsidies 
are also likely. In any case, it seems wise to consider 
habitat projects in locations where trophic subsidies 
are most likely (Jassby and Cloern 2000).

Several Key Studies are needed

Delta smelt habitat restoration will not succeed with-
out high levels of monitoring and research. Moreover, 
these types of studies are needed immediately to 
learn how delta smelt use existing habitat, and to 
evaluate project success and improve restoration 
strategies and designs. We have learned quite a bit 
about the basic needs of delta smelt from long-term 
monitoring and laboratory studies, but we expect that 
much more information would be gained from efforts 
designed specifically to assess habitat use. For exam-
ple, stratified randomized sampling methods are a 
more statistically defensible way to assess habitat use 
than fixed stations and can be customized to evaluate 
habitat types and features not covered by the existing 
monitoring network. Such surveys would be a use-
ful supplement to the existing long term monitoring 
conducted in the estuary. Initial efforts should focus 
on locations such as Suisun Marsh and the Cache 
Slough Complex: two major target areas for restora-

tion and the current “hot spots” for delta smelt at 
several life stages. 

An ongoing issue in the study of delta smelt habitat 
has been that this listed species is rare and fragile, so 
“take” is a concern. This means that we are unlikely 
to be able to greatly increase traditional collecting 
efforts in areas where delta smelt are common. A 
major priority is, therefore, the development of non-
lethal sampling methods such as improved telemetry 
and marking and imaging techniques. One promising 
method is the use of underwater cameras. Currently 
studies are investigating the use of a towed net fit-
ted with a camera at its (open) cod end (Baxter et al. 
2010; Feyrer et al., in press). The camera and associ-
ated image-processing software were successfully 
used in fall 2011 and 2012 to identify and record 
delta smelt in several locations of the low salinity 
zone. Such methods may allow much more inten-
sive sampling of different habitats without incur-
ring high mortality. Better use of samples from the 
existing and future monitoring programs using novel 
approaches such as otolith microchemistry may pro-
vide additional insight into delta smelt habitat use 
and migration patterns (Hobbs et al. 2007; Hobbs 
2010). 
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The Spawning Migration of Delta Smelt in the  
Upper San Francisco Estuary
Ted Sommer1, Francine Mejia1, Matt Nobriga2, Fred Feyrer3, Lenny Grimaldo3 

ABSTRACT

While there is substantial information about the 
upstream migration of commercially and recreation-
ally important fishes, relatively little is known about 
the upstream migration of small-bodied species, 
particularly through estuaries. In the San Francisco 
Estuary, there is a major need to understand the 
behavior of delta smelt Hypomesus transpacificus, a 
small pelagic fish listed under the state and federal 
endangered species acts. The spawning migration 
period may be critical as upstream movements can 
result in entrainment in water diversions. In gen-
eral, delta smelt live in the low-salinity zone of the 
estuary and migrate upstream for spawning. During 
the fall pre-migration period, delta smelt remain 
primarily within the low-salinity zone in the west-
ern Sacramento–San Joaquin Delta and Suisun Bay. 
There were no significant upstream shifts of fish into 
fresher water during late fall, suggesting that delta 
smelt do not show pre-migration staging behavior. 
Following winter “first flush” flow events that appear 
to trigger migration, upstream movement rates are 

relatively rapid, averaging 3.6 km d-1, a finding 
consistent with results from particle-tracking simula-
tions, laboratory studies, and other fishes. Like some 
other native fishes, delta smelt apparently “hold” in 
upstream areas following migration; most do not 
spawn immediately. Overall, delta smelt fit the pat-
tern of a diadromous species that is a seasonal repro-
ductive migrant. Emerging data suggest that there is 
variability in the migration behavior of delta smelt, 
a pattern contrary to the reigning viewpoint that all 
smelt migrate in winter. 

KEY WORDS

delta smelt, Hypomesus transpacificus, migration, 
Osmeridae, San Francisco Estuary, fish

INTRODUCTION

Animal migrations have long intrigued humans, 
particularly movements by food species such as 
waterfowl, ungulates, and game fishes. In estuaries 
and their tributaries, the seasonal passage of anadro-
mous fishes represents the most dramatic migration 
by aquatic species. Given the impressive numbers of 
salmonids that migrate through estuaries and rivers 
of the northern hemisphere, it is relatively easy to 
understand why these movements have regional cul-
tural significance (Roche and McHuchison 1998). 
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Migration represents a critical part of the life his-
tory for a variety of organisms. Seasonal or ontoge-
netic migrations have been documented for a broad 
diversity of taxonomic groups, including fish, mam-
mals, reptiles, birds, and insects (Baker 1978). Many 
organisms also undergo smaller-scale diel migrations, 
particularly in aquatic habitats. Northcote (1978) has 
proposed that there are three basic functional cat-
egories of migrations: (1) reproductive (spawning) 
migration, (2) migration toward food, and (3) refuge 
migration.

Much of the attention paid to fish migration through 
estuaries has been on large fishes including salmo-
nids, clupeids, and sturgeon (Lucas and Baras 2001). 
By contrast, there is relatively little information 
about the upstream migration of many groups of 
fishes, particularly small-bodied types (Clough and 
Beaumont 1998). This disparity is, in part, a conse-
quence of the economic value of large species, as 
well as the difficulty in using techniques such as 
tagging and telemetry on small fishes. Much of the 
available information is summarized in Lucas and 
Baras (2001). Some examples of studies on estuarine 
migration of smaller fishes include rainbow smelt 
Osmerus mordax (Murawski and others 1980; Ohji 
and others 2008), pond smelt Hypomesus nipponensis 
(Katayama and others 2000), and threespine stickle-
back Gasterosteus aculeatus (Snyder 1991). 

The dearth of information about the upstream migra-
tion of small fishes also applies to the San Francisco 
Estuary (Figure 1). However, the decline in several 
native smelt, salmon, sturgeon, and minnows and 
associated listings under the state and federal endan-
gered species acts raised major questions about the 
life histories of these fishes. The best example is the 
imperiled delta smelt, Hypomesus transpacificus, a 
small pelagic osmerid that occurs only in the upper 
San Francisco Estuary. The population has declined 
precipitously over the past decade, leading to major 
legal and regulatory actions to try and improve its 
status (Service 2007; Sommer and others 2007). In 
recent years, there has been substantial progress in 
understanding the life history of this species (Moyle 
and others 1992; Bennett 2005), although details 
of its upstream migration have remained elusive 
(Swanson and others 1998). Delta smelt is known to 

inhabit the oligohaline to freshwater portion of the 
estuary for much of the year until late winter and 
early spring, when they migrate upstream to spawn. 
After hatching, their young subsequently migrate 
downstream in spring towards the brackish portion 
of the estuary (Dege and Brown 2004). Basic physi-
ological and environmental requirements have been 
described for several life stages (Swanson and oth-
ers 1998, 2000; Baskerville–Bridges and others 2004; 
Feyrer and others 2007; Nobriga and others 2008). 

Migration frequently involves substantial risks both 
from natural (e.g., predation, starvation, extreme cli-
mate) and anthropogenic (e.g. hunting, fishing, bar-
riers) sources (Baker 1978). Indeed, even small-scale 
movements on the order of a few kilometers can 
have a major impact on fish survival and reproduc-
tion (Lucas and Baras 2001). For delta smelt, migra-
tion and subsequent spawning are perhaps the most 
critical periods in its life cycle (Moyle 2002; Bennett 
2005). Because the delta smelt is an annual species 
that exists in a single estuary, the persistence of the 
population may depend on successful migration and 
spawning of the adults through the Sacramento–San 
Joaquin Delta (Delta), the upstream region of the San 
Francisco Estuary that is the most frequently avail-
able spawning habitat (Figure 1). The hydrodynam-
ics of the Delta’s highly interconnected channels are 
especially complex and highly altered, so upstream 
migrating fish encounter unusually difficult naviga-
tion challenges. For example, if upstream migrating 
delta smelt swim into the San Joaquin River, they are 
much more likely to be entrained by the large Central 
Valley Project (CVP) and State Water Project (SWP) 
water diversions, which supply water to about 25 
million California residents and a multi-billion dollar 
agricultural industry (Grimaldo and others 2009). This 
logic is, in part, the basis behind recent major water 
export restrictions to protect upstream spawners 
(USFWS 2008). From a management perspective, it 
is, therefore, essential to understand how delta smelt 
migrate, and what factors influence them during this 
period (Martin and others 2007).

The primary objective of this paper was to character-
ize, at least in a general sense, the spawning migra-
tion of delta smelt, including the periods immediately 
before and after upstream movement. Specific study 
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questions included the following: 

1. Where is the starting location for migration? 

2. How quickly do delta smelt migrate? 

3. Does spawning occur immediately after migra-
tion?

4. Is there evidence that there is variability in the 
migratory behavior of delta smelt? 

Because of the limited nature of the data available on 
delta smelt, our study was not intended as a compre-
hensive description of delta smelt migration. Instead, 
we reasoned that answering these questions would 
be useful as a framework for adaptive management 
of this imperiled fish. Given the rarity of delta smelt, 
and associated constraints on field collection, we also 
hoped that our analyses of existing data would help 
to set priorities for future research. 

METHODS AND MATERIALS

Evaluating the migration of delta smelt was par-
ticularly challenging because the fish is very small 
(usually <100 mm FL), fragile, increasingly rare, and 
has a protected legal status. In addition, the San 
Francisco estuary is large and spatially complex, with 
multiple tributaries, embayments, and braided chan-
nels (Figure 1). These issues meant that it was not 
feasible to use traditional migration study techniques 
such as telemetry and mark–recapture. We therefore 
relied on a combination of data analyses from long- 
and short-term fisheries surveys, and modeling to 
infer details about migration patterns. We acknowl-
edge that these techniques have higher uncertainty 
than direct methods such as telemetry, but emphasize 
that our approaches represented the best available 
methods given the constraints. 

Data Sources

The Fall Midwater Trawl Survey (FMWT) samples 
fishes in open water and other offshore habitats 
monthly each September to December at 116 stations 
throughout the northern region of the estuary. The 
survey at each location takes a 10- to 12-min tow 
with a 13.4 m2 midwater trawl of variable meshes 

starting with 20.3-cm mesh at the mouth of the net 
and 1.3-cm mesh at the cod end (Stevens and Miller 
1983; Feyrer and others 2007). The survey represents 
one of the best long-term fishery data sets for the 
San Francisco Estuary and covers the majority of 
the range of delta smelt. The FMWT samples delta 
smelt distribution and relative abundance during the 
period leading up to—but not including—their spawn-
ing migration. Thus, it provides a long-term data set 
on where delta smelt are distributed in the estuary 
when they start their migration. The survey has been 
conducted since 1967 with the exception of 1974 and 
1979. 

The Spring Kodiak Trawl Survey (SKT) has been con-
ducted since 2002 as a survey to assess the distribu-
tion of adult delta smelt during the time they ripen 
and spawn (Source: http://www.delta.dfg.ca.gov/
data/skt/). It samples 39 locations from Napa River 
upstream though Suisun Bay and the Delta (Figure 1). 
The survey has been conducted every 2 to 4 weeks 
in winter and spring starting in January or February. 
At each location, a single 10-min surface sample is 
taken by two boats that tow a 7.6-m wide by 1.8-m 
high Kodiak trawl. The mesh ranges in dimension 
from 5.1-cm knotted stretched mesh at the mouth 
and decreases by 1.3 cm through a series of five 
panels to 0.6-cm knotless stretched mesh at the cod 
end. Delta smelt collected by this survey are counted, 
measured, and classified in terms of six spawning 
condition levels (http://www.delta.dfg.ca.gov/data/skt/
eggstages.asp; Mager 1996). 

Initiated in 1995, the 20-mm Survey typically sam-
ples larvae during each neap tide between March and 
July (Dege and Brown 2004). A total of 48 sites have 
been sampled continuously; they include freshwater 
to mesohaline habitats of the estuary. Three, 10-min 
oblique tows are conducted at each location using a 
5.1-m long, skid-mounted net, with a 1.5-m2 mouth, 
a 1.6-mm mesh body, and a removable 2.2-L cod-end 
jar. This survey provides a basic indication of some 
of the major spawning areas, although it is important 
to note that tides and river flow can redistribute lar-
vae after spawning occurs.

The SWP salvage is a data set based on the col-
lection of juvenile and adult delta smelt at the 
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Harvey O. Banks water diversion’s fish screens 
(Sommer and others 1997; Kimmerer 2008; Grimaldo 
and others 2009). Salvage of delta smelt from the fish 
screens is highly seasonal, with most adult collec-
tions during winter migration, and juveniles during 
spring rearing and downstream migration. A limita-
tion of the salvage data is that they are geographi-
cally localized in an upstream area of the Delta. 
However, these data are also considered an important 
source of information about the species because the 
fish salvage facilities have historically had the largest 
delta smelt catch of any of the sampling programs. 
Relatively high catch at the fish screens is consistent 
with water diverted by the SWP and its nearby coun-
terpart, the CVP, which have combined exports of up 
to 35% to 65% of Delta inflow, depending on season. 
Modeling studies by Kimmerer (2008) found that 
entrainment (calculated from salvage) can be a sub-
stantial portion of the delta smelt population in some 
years, increasing our confidence that the salvage data 
have some statistical relevance.

Since 1959 the California Department of Fish and 
Game (DFG) has conducted annually the Summer 
Townet Survey (TNS). The survey was designed to 
index the abundance of age–0 striped bass, but 
also collects delta smelt data that have been used 
to analyze abundance, distribution, and habitat use 
(Kimmerer 2002; Bennett 2005; Nobriga and others 
2008). The TNS samples up to 32 stations using a 
conical net (1.5-m2 mouth; 2.5-mm cod-end mesh) 
towed obliquely through the water column. 

Data Analyses

The starting distribution of delta smelt during the 
pre-migration period (Study Question 1) was evalu-
ated using the approach of Dege and Brown (2004) 
to calculate the location of the centroid of the dis-
tribution of delta smelt in the FMWT. The analysis 
used the weighted catch of delta smelt from 54 core 
(i.e., consistently sampled) stations to calculate the 
centroid based on the distance from the mouth of 
the San Francisco Estuary (Golden Gate Bridge). The 
data for each of the four survey months (September 
through December) were plotted in two differ-
ent ways to examine different aspects of the pre-

migration period. First, we plotted the results on an 
annual basis and relative to two locations (Rio Vista 
at km 100 and Chipps Island at km 75) commonly 
used as reference points for water management in 
the region. This approach allowed us to evaluate the 
geographic range of delta smelt before migration, and 
how it changed monthly and annually. As will be 
evident below for Question 2, these data provided the 
baseline for estimates of migration rates. Our second 
analytical method was to examine fish distribution 
relative to salinity. This approach is particularly use-
ful in estuaries, where the salinity field can shift sub-
stantially, based on seasonal changes in inflow. Delta 
smelt are strongly associated with the low-salinity 
zone (Moyle 2002; Bennett 2005; Feyrer and others 
2007), so it makes sense to evaluate their distribu-
tion in this way. The salinity metric that we used 
was X2, the distance of the 2 practical salinity units 
(psu) salinity isohaline from the Golden Gate Bridge 
(Jassby and others 1995; Kimmerer 2002; Feyrer and 
others 2007). For each month, we plotted the delta 
smelt distribution centroids relative to X2. We used a 
Generalized Linear Model (GLM) to test whether there 
were statistically significant relationships between 
fish distribution centroids and X2. In addition, we 
used an ANOVA to test whether the slope intercepts 
varied by month. This approach allowed us to exam-
ine whether delta smelt remained in the same salinity 
zone throughout the pre-migration period. We were 
particularly interested in whether there was a shift 
in distribution towards fresher water during later 
months of the pre-migration period, a possible sign 
of “staging” behavior. Many fishes exhibit staging 
behavior before migration (Salo 1991; Moyle 2002). 
Salmonids, a phylogenetic relative of osmerids, show 
staging behavior, so it is possible that delta smelt 
have similar early movements. 

Our second question was to evaluate how quickly 
delta smelt migrate. We developed estimates of 
migration rates based on pre-migration distribution 
and SWP salvage data. To calculate migration time, 
we relied on analyses of salvage data by Grimaldo 
and others (2009), the best available high-frequency 
data on the timing of migration. Their studies showed 
that adult salvage peaks relatively shortly (about 
1 to  4 weeks) after the onset of seasonal rain brings 
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a “first flush” of fresh water into the Delta. Note 
that one of the key environmental changes during 
first flush is pulses of turbidity entering the system 
(Wright and Schoellhamer 2004). Delta smelt distribu-
tions are closely associated with turbid water (Feyrer 
and others 2007; Nobriga and others 2008), so it 
is likely that high turbidity throughout the migra-
tion corridor is necessary for successful migration. 
This assumption does not preclude the idea that first 
flush contains some other migration cue that is inde-
pendent of turbidity; at the very least, turbidity is a 
reasonable and measurable indicator of first flush in 
the hydrologically complicated upper estuary. Thus, 
we estimated migration time as the number of days 
between first flush (as indicated by a rise in south 
Delta turbidity to 12 nephelomethric turbidity units 
[ntu]) and the salvage peak at the SWP fish screens 
(reported by Grimaldo and others 2009). High winter 
turbidity levels near the SWP Delta salvage facilities 
tend to reflect high turbidity levels through the delta 
smelt migration corridor (DWR, unpublished data). 
Nine recent years (1993, 1995, 1999, and 2000–2005) 
were selected based on their relatively distinct turbid-
ity pulses and higher salvage, which allows for more 
accurate identification of peaks. These years include 
a fairly wide range of conditions except for extreme 
wet years, so we believe that the data set was fairly 
representative of migration patterns. Finally, we cal-
culated the distance traveled as the number of river 
kilometers between the December centroid of the 
FMWT distribution of spawners (Study Question 1) 
and the SWP fish screens, which are 155.1 km from 
the Golden Gate Bridge. Estimates of migration rate 
using this approach were used to examine whether 
there was evidence of an effect of flow rate. Flow 
was based on average daily Delta outflow values, 
which were obtained from the DAYFLOW database 
(http://www.iep.water.ca.gov/dayflow/index.html). We 
tested whether estimated migration rates were related 
to average Delta outflow during the migration period 
(from first flush to the salvage peak at the SWP) 
using Kendall–Tau correlation.

We used particle-tracking simulations to determine 
if our estimated fish migration rates were within the 
range of what would be expected based on reason-
able swimming behaviors from the literature. We used 

the Delta Simulation Model II (DSM2) hydrodynamic 
model and its associated particle-tracking model 
(DSM2 ptm) to simulate a delta smelt spawning 
migration. These models are quasi–3D mathematical 
models developed by the California Department of 
Water Resources (DWR) as a water distribution plan-
ning tool (Culberson and others 2004; Kimmerer and 
Nobriga 2008). In DSM2, the upper estuary is divided 
into a grid with 416 nodes and 509 links. Model limi-
tations were explored and discussed extensively by 
Kimmerer and Nobriga (2008). 

The DSM2 ptm default models neutrally buoyant 
particles, but it can provide limited particle behavior 
(Culberson and others 2004). We used this feature 
to model particles that stayed in the upper 10% of 
the water column during flood tides, and the lower 
10% of the water column during ebb tides. This is 
one of several behaviors that delta smelt and other 
estuarine fishes use to maintain geographic posi-
tions within the estuary or to change position quickly 
(Bennett and others 2002). Moreover, it is fairly 
likely that delta smelt use this type of behavior to 
migrate upstream (Swanson and others 1998). The 
vertically migrating behavior causes particles to tid-
ally “swim” upstream against net downstream water 
flows. We acknowledge that other smelt may exhibit 
other behaviors, such as lateral migration to move 
upstream; however, lateral movement simulations are 
not possible using the DSM2 ptm. 

We conducted 30-day (d) simulations using three lev-
els of Delta flow (340, 1,070 and 1,899 m3 s-1) and 
a constant water diversion rate (SWP and CVP com-
bined) of 170 m3 s-1. We performed one model run at 
each flow level. We selected these Delta flow levels 
because they covered the range of all but the wet-
test conditions during the recent nine years when we 
analyzed salvage data (see previous method above). 
It also represented a sufficiently low water export 
scenario such that upstream particle movement was 
not strongly influenced by the net upstream flows 
that result when diversion rates are high relative to 
inflow rates (Kimmerer and Nobriga 2008). We insert-
ed 2,000 particles into the model at Chipps Island 
(75 km from the Golden Gate Bridge) and tracked the 
change in their position for 30 days, using particle 
flux into the SWP diversion (Figure 1). We summed 

http://www.iep.water.ca.gov/dayflow/index.html
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the number of particles entrained at the SWP for 
each simulation—migration rate was calculated as the 
time for 50% of the total at the SWP.

Our third question was to examine whether spawning 
tends to occur immediately after migration, or wheth-
er the spawners first hold in upstream areas, similar 
to some other migratory fishes (Lucas and Baras 
2001; Moyle and others 2002). We first used salvage 
data described for Study Question 3 to estimate the 
timing of migration. Second, we used the SKT to 
determine the percentage of females in post-spawn 
(“spent”) condition. The estimates were conducted for 
2002–2005 since the SKT did not begin until 2002. 
We reasoned that a long gap between estimated 
migration date and the post-spawning stage was evi-
dence for pre-spawning holding behavior.

Historically, delta smelt have been assumed to have 
a fairly “linear” life history pattern, with upstream 
migration of adults in winter, followed by down-
stream migration of juveniles in spring and sum-
mer (Moyle 2002; Bennett 2005). The previous study 
questions were based largely on this assumption. 
However, we evaluated the fourth study question 
because there is evidence that some anadromous 
fishes show variable migration patterns. For example, 
Clark (1968) and Secor (1999) described how favor-
able upstream habitat conditions likely promote resi-
dency of other species near spawning areas. 

We hypothesized that there is at least some diversity 
in delta smelt migration. To evaluate this hypothesis, 
we compiled delta smelt catch data for three regions 
of the estuary during recent years (2002–2008) and 
a historical period of equal length (1967–1973). The 
data were summarized for the stations in the core 
distribution of delta smelt in the west Delta (“Stations 
704 and 706”), as well as for two upstream areas 
assumed to support some spawning: Cache Slough 
(“Station 716”) and the south Delta (“Stations 812 and 
815”) (Figure 1). If the hypothesis of variability in 
migration were true for delta smelt, we would expect 
that some delta smelt would be collected year-round 
in the upstream spawning areas. For each region and 
time period, we recorded whether delta smelt were 
collected in one of the following surveys: FMWT, 
SKT, 20-mm Survey, or TNS. We selected presence 

or absence rather than fish density as our metric 
because of the patchy distribution of the delta smelt 
(Feyrer and others 2007; Newman 2008), and because 
we relied on data from multiple survey methods, a 
requirement since no one survey effectively samples 
all life stages of delta smelt (Bennett 2005). Note that 
there was no 20-mm Survey or SKT sampling dur-
ing the historical period. Because there was a gap 
in these surveys in a key spawning area (August in 
Cache Slough), we conducted a supplemental analysis 
of beach seine data collected by Nobriga and others 
(2005) for Liberty Island, the largest body of water in 
the Cache Slough region. The surveys were conduct-
ed during 2001 and 2003 in all months except for 
November through February. As for the other survey 
data, we determined whether delta smelt were present 
in a given month.

RESULTS

Analyses of the FMWT showed that the distribution 
of delta smelt varied by year, but the pre-migration 
distribution over the past two decades has consis-
tently been in west Delta and Suisun Bay, the region 
immediately downstream of Chipps Island (Figure 2). 
In general, the pre-migration distribution occurs in 
the low-salinity zone of the estuary as illustrated by 
the strong association between fish distribution and 
X2 during fall (Figure 3). The monthly relationships 
for September (centroid = 7.0 + 0.902 X2; p < 0.005), 
October (centroid = –2.2 + 1.04 X2; p < 0.001), 
November (centroid = –5.1 + 1.08 X2; p < 0.001), and 
December (centroid = 25.4 + 0.745 X2; p < 0.005) 
were each highly significant based on generalized 
linear models. In general, the fish distributions also 
tended to be fairly well-associated with X2 over a 
wide range of X2 values. One possible exception is 
during December, when fish centroids mostly deviate 
above the simple linear relationship. Put another way, 
the data show that in late fall of most years, there 
may be a subtle shift into fresher water (i.e., upstream 
from the low-salinity zone) during the pre-migration 
period. However, an ANOVA showed no significant 
differences in the slope or intercept of the relation-
ships between fish centroids and X2, so there is no 
statistical support for a December shift in distribu-
tion. 
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Estimates of migration rates varied across years 
(Table 1). The average migration rates for the years 
we evaluated were around 3.6 km d-1 with a range of 
1.8 to 6.3 km d-1. Average Delta outflow from first 
flush to the salvage peak at the SWP fish screens was 
not significantly correlated with the estimated migra-
tion rates (Kendall–Tau correlation coefficient = 0.33, 
p = 0.25).

The average migration rate estimate was fairly con-
sistent with our particle-tracking simulations. The 
model runs showed that particles swimming only up 
and down in the water column at slack tides could 
migrate 80 km upstream from Chipps Island to the 
SWP in 18.3 days for the 340 m3 s-1 simulation, 
21.6 d for the 1,070 m3 s-1 simulation, and 24.9 d for 
the 1,899 m3 s-1 simulation (Figure 4). These simula-
tions, therefore, represent average migration rates of 
4.4, 3.7, and 3.2 km d-1, respectively. 

In all years analyzed, peak migration appears to have 
occurred well before most fish spawned. From 2002 
through 2006, most spawners were collected at the 
SWP in January, but spent females were not observed 
in the SKT until February, and not in substantial 
numbers until March (Table 2). Hence, it appears that 
there is at least a one month gap between the pri-
mary upstream migration and spawning. 

Figure 3  Monthly distribution of adult delta smelt in relation to 
salinity for the FMWT survey. The fish distribution data repre-
sent the centroid of the distribution from the FMWT (Dege and 
Brown 2004). Salinity is based on X2, the location of the 2 psu 
isohaline (Jassby and others 1995). The units for each data 
series represent the distance in kilometers from the Golden 
Gate Bridge. Hence, smaller values represent a seaward loca-
tion and larger values represent a landward location. The red 
dotted lines show when the centroid and X2 values are equal. 
Centroid values above the red line represent fish distributions 
upstream of X2. Centroid values below the red line represent 
distributions downstream of X2. The blue lines show the fitted 
lines for the data, based on GLMs. 
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Figure 4  The cumulative percent of particles entrained into 
the SWP's Banks diversion based on a 30-d simulation that 
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Table 1  Estimated upstream migration rates for delta smelt. The migration distance was calculated as the difference between the 
location of the State Water Project (SWP) Skinner Fish Facility (155.1 km from the Golden Gate Bridge) and the centroid of delta smelt 
distribution (Figure 2). The migration time was estimated based on the days between the first flush event and the timing of the salvage 
peak at the SWP (Grimaldo and others 2009).

Year

December  
FMWT centroid  

(km)

Estimated Distance  
traveled to SWP  

(km)

Time to SWP  
after first flush  

(d)

Estimated  
migration rate  

(km d-1)

Mean Delta flow during  
the migration period  

(m3 s-1)

1993 80.1 75 12 6.3 1636

1995 74.8 80 16 5.0 4053

1999 86.7 68 36 1.9 1821

2000 91.1 64 29 2.2 1901

2001 96.5 59 33 1.8 412

2002 74.6 80 13 6.2 969

2003 92.6 62 17 3.7 1536

2004 89.3 66 19 3.5 1246

2005 82.8 72 39 1.9 802

Mean 3.6 (+1.8 SD)

For recent years, the data show that delta smelt were 
present in all months in the west Delta (Table 3), 
which is the pre-spawning center of distribution for 
the species (Figure 2). The historical data for the west 
Delta stations do not include the entire year, but 
indicate that delta smelt were collected in all months 
when sampling was conducted. The recent results 
are similar for the Cache Slough region, a known 
upstream spawning area where fish were collected 
in all recent months (when samples were collected) 
including summer and fall, well outside the spawning 
season for this species (Table 3). The Cache Slough 
data are consistent with shorter-term sampling in 
Liberty Island, the largest contiguous area of open 
water in that region. Beach seine sampling in Liberty 

Island collected delta smelt in all months from 
March through October. Both the west Delta and 
Cache Slough catches contrast strongly with the 
recent results for the south Delta (Table 3), where 
fish were clearly absent during the warmer sum-
mer months. The historical data for the south Delta 
regions cover only half of the year, but indicate 
that delta smelt remained in upstream areas of the 
south Delta during summer.

DISCUSSION

Overall, our observations for delta smelt are consis-
tent with the findings of Ohji and others (2008) that 

Table 2  Comparison of peak migration based on collection at the SWP (see Table 1) with the percentage of spent females in subse-
quent monthly SKT surveys. Sample sizes (number of fish) are shown in parentheses.

Year Peak arrival of 
spawners at SWP

Percent spent

January February March April

2002 January 2 0 (108) 0 (186) 14.6 (151) n/a

2003 January 6 n/a 4.8 (145) 23.3 (158) 37.1 (35)

2004 January 19 0 (182) 0 (134) 2.7 (110) 23.6 (55)

2005 January 27 0 (113) 7.3 (137) 41.2 (17) 14.3 (14)
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of the population occurs in the Cache Slough region 
(Figure 1), an area that the FMWT did not sample 
consistently. Nonetheless, we believe the FMWT pro-
vides the best available information to analyze long-
term patterns and associations. 

Our results suggest that delta smelt is different than 
several other anadromous fishes such as salmon and 
sturgeon, which show “staging” behavior prior to the 
major upstream migration. For example, salmonids 
frequently show initial distribution shifts from the 
ocean into brackish or freshwater portions of estuar-
ies (Salo 1991; Moyle 2002). Our results did not show 
statistical support for an upstream shift in fall before 
the major winter spawning migration (Figure 3). This 
pattern is not surprising, because delta smelt has a 
relatively small range and migrates relatively short 
distances (Moyle 2002; Bennett 2005), so there may 
be little adaptive need for staging. 

Migration. Evidence suggests that delta smelt migrate 
in response to “first flush” events (Grimaldo and 
others 2009). Typically, pulses of delta smelt are 

the migration patterns of Osmerids are complex and 
variable. Based on our data and previous studies, delta 
smelt should be considered a diadromous seasonal 
reproductive migrant, fishes that show migrations 
between freshwater and marine (or estuarine) environ-
ments. Although some individuals migrate entirely 
within freshwater (potadromy), most of the popula-
tion starts the migration period in brackish water. Like 
many species that migrate, delta smelt move upstream 
seasonally for reproduction, but there is some vari-
ability in this general pattern, as will be discussed in 
further detail.

Pre-Migration. Consistent with previous descriptions 
of the life history of delta smelt (Moyle 2002; Bennett 
2005), the pre-migration distribution appears to be 
focused on the low-salinity zone. Because the fish live 
in an estuary, this distribution is not geographically 
static; it shifts upstream and downstream with tides 
and depending on annual variation in flow. Implicit in 
our analyses is the assumption that the FMWT sam-
ples the majority of the range of delta smelt. As will 
be discussed in further detail, an unknown portion 

Table 3  Presence of delta smelt for sampling in three regions of the estuary during two time periods. The general locations of the 
west Delta, Cache Slough, and south Delta sampling are shown in Figure 1. “X” indicates the presence of delta smelt for one or more 
stations or survey methods, “O” represents no detected delta smelt, and “n/a” indicates that there was no sampling during that month 
or period. 

Month Recent years Historical years Survey

2002–2008 1967–1973

West Delta Cache Slough South Delta West Delta Cache Slough South Delta

1 X X X n/a n/a n/a SKT

2 X X X n/a n/a n/a SKT

3 X X X n/a n/a n/a SKT

4 X X X n/a n/a n/a SKT, 20 mm

5 X X X n/a n/a n/a SKT, 20 mm

6 X X X X n/a X 20 mm, TNS

7 X X X X n/a X 20 mm, TNS

8 X n/a 0 X n/a X TNS

9 X X 0 X n/a X FMWT

10 X X 0 X n/a X FMWT

11 X X 0 X n/a X FMWT

12 X X 0 X n/a X FMWT
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our migration rates still seem reasonable given the 
conclusion by Swanson and others (1998) that the 
fish probably do not make long-distance movements 
using constant swimming behavior. The particle-
tracking model simulation generated average migra-
tion estimates of 3.2 to 4.4 km d-1. This level is quite 
consistent with our estimates for delta smelt based on 
salvage data (Table 3). Our model result depended on 
a specific assumed swimming behavior (“tidal surf-
ing”), which has not yet been established for delta 
smelt. However, it is highly likely that the species 
uses a selective tidal swimming behavior to move 
upstream (Swanson and others 1998). For example, 
young longfin smelt in the San Francisco estuary 
show different behaviors during ebb and flood cycles 
that allow them to maintain their position (Bennett 
and others 2002). Our particle-tracking model simu-
lations indicate that vertical migration represents a 
plausible behavior for tidal surfing, but our model did 
not allow us to determine if lateral migration would 
produce similar or better results. 

Our estimated migration rates are within the range 
reported for other North American fishes (Table 4). 
Fish size affects migration speed and distance 
(Nøttestad and others 1999), and, as expected, our 
estimates are much lower than those of adult salmo-
nids (Salo 1991). Although delta smelt is smaller than 
any of the types summarized in Table 4, our esti-
mates were fairly consistent with several other fishes. 

observed at the fish facilities within 1 to 4 weeks of 
the flow and turbidity increases (Table 2). Moreover, 
delta smelt tend to be collected at the SWP in single 
unimodal peaks (Grimaldo and others 2009), suggest-
ing a somewhat coordinated migration strategy. This 
degree of coordination may be adaptive for a highly 
variable and turbid estuary, where finding mates 
may otherwise be challenging. Upstream migration 
in response to inflow also is consistent with obser-
vations from other Pacific coast osmerids (D. Hay, 
Pacific Biological Station, Fisheries and Oceans 
Canada, pers. comm., 2007; P. Chigbu, University 
of Maryland, pers. comm., 2007) and several fishes 
native to the San Francisco Estuary (Harrell and 
Sommer 2003). 

Average migration rates in recent years have been 
around 3.6 km d-1 and were not correlated with Delta 
flow. We acknowledge that our estimates based on 
the pre-migration population distribution (e.g., the 
“centroid” in Figure 3) may not be fully representa-
tive of how far individual fish migrate. However, 
our results seem realistic in light of laboratory stud-
ies, particle-tracking simulations, and results for 
other fishes. Laboratory studies indicate that delta 
smelt can probably swim for long periods at rates 
of 1 to 2 body lengths per second (Swanson and 
others 1998). This means that in slack water, adult 
delta smelt could potentially swim 5 to 10 km d-1. 
Although this level is higher than our estimates, 

Table 4  Reported upstream migration rates of selected North American fishes. Note that each species is capable of faster short-term 
swimming.

Species Migration rate (km d-1) Sources

Chum salmon Oncorhynchus keta 4 – 80 Salo (1991)

Atlantic lamprey Petromyzon marinus 0.008 Bigelow and Schroeder (1953)

Green sturgeon Acipenser medirostris 1.2 – 2.2 Benson and others (2007)

Herring Alosa aestivalis
Alosa pseudoharengus

8 – 21 Jessop (1994)

American shad Alosa sapidissima 1.6 – 3.1 Leggett (1976)

Colorado pikeminnow Ptychocheilus lucius 6.6 Irving and Modde (2000)

Striped bass Morone saxitilis 23.6 Carmichael and others (1998)

Walleye Sander vitreus 0.8 Ryder (1968)

Delta smelt Hypomesus transpacificus 1.8 – 6.3 This study
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Note that migration rates of 5 km d-1 have been 
characterized as a “fast pace” for small fishes (Lucas 
and Baras 2001). As a consequence, we believe that 
it is realistic to characterize delta smelt migration 
rates as relatively rapid. This contrasts Moyle’s (2002) 
characterization of delta smelt migration as “gradual, 
diffuse” and that it “may take several months for an 
individual to reach a spawning site.” We were unable 
to find good upstream migration rate data for other 
osmerids. Murawski and others (1980) reported that 
rainbow smelt movements between spawning areas 
in a Massachusetts estuary was in the range of 0.5 
to 9 km d-1. However, it is unclear from the rainbow 
smelt study whether movements represented active 
migration, or a “wandering” interchange between 
spawning areas (Rupp 1968, as cited in Murawski and 
others 1980). 

Post-Migration. The data suggest that delta smelt do 
not spawn immediately after migrating upstream. 
Grimaldo and others (2009) showed that December–
March flow pulses trigger upstream migration; how-
ever, spawning does not begin until late February, 
with typical peaks from March through May (Bennett 
2005). Our analyses using the SKT data indicate 
that delta smelt hold upstream for long periods after 
migration, probably at least a month before spawn-
ing. This conclusion is consistent with the behavior 
of several other native fishes, including some races of 
Chinook salmon (Healy 1991), sturgeon (Moyle 2002) 
and Sacramento splittail (Moyle and others 2004). We 
wish to emphasize that apparent holding behavior 
does not mean that delta smelt do not show addition-
al pre-spawning movements (e.g., Rupp 1968, as cited 
in Murawski and others 1980). 

The year-round presence of delta smelt in upstream 
areas indicates that their migratory patterns vary. 
This does not appear to be a new trend, because there 
is historical information that young delta smelt per-
sisted in the Delta months after the winter–spring 
spawning period (Erkkila and others 1950; Nobriga 
and others 2008). These results do not necessarily 
mean that fish remaining upstream in summer are 
the same individuals spawned in spring—the range 
of delta smelt is small, and it is unclear how much 
of the pattern results from residence of juveniles in 
upstream spawning areas and how much results from 

periodic movements of fish within its range. In any 
case, the emerging story is somewhat different from 
previous accounts of this species, which focused on 
a uniform upstream migration of adults, followed 
by downstream migration of juveniles (Moyle 2002; 
Bennett 2005). Prolonged upstream residence may 
be supported by high turbidities and prey densities 
(Sommer and others 2004; Lehman and others 2010) 
in the Cache Slough region. The year-round presence 
of delta smelt in the Cache Slough region may be 
evidence of contingents in the population. Migratory 
fishes frequently have alternative life histories that 
may be influenced by habitat use at early life stages 
(Clark 1968; Secor 1999). The “contingent hypothesis” 
proposes that these fishes have divergent migration 
pathways that could help the species survive in vari-
able and heterogeneous environments. This type of 
strategy has already been identified for pond smelt, a 
congener of delta smelt in Japan (Katayama and oth-
ers 2000). 

Recommendations. Conservation of migratory spe-
cies such as delta smelt depends largely on under-
standing links between different periods of their life 
cycles (Martin and others 2007). Just a decade ago, 
the upstream migration portion of the life cycle of 
delta smelt was largely unknown (Swanson and oth-
ers 1998). A review of migration by different taxo-
nomic groups indicates that this information gap is 
apparently fairly common among smaller estuarine 
fishes (Lucas and Baras 2001). Although there are still 
substantial uncertainties, we believe that recent local 
studies and results from similar species provide basic 
insight into delta smelt migration. Understanding 
this part of its life history is critical, especially con-
sidering its recent collapse to record and near-record 
low abundance (Sommer and others 2007) and its 
relatively high vulnerability to extinction (Bennett 
2005). Nonetheless, there are still key information 
gaps that require additional study. A major priority 
is the development of improved telemetry and mark-
ing techniques to deal with this small, fragile species. 
Such methods might allow researchers to determine 
whether delta smelt use lateral or vertical migration 
as part of “tidal surfing” to migrate upstream. In 
addition, detailed otolith studies to determine migra-
tion patterns such as the frequency of occurrence 
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Bennett WA, Kimmerer WJ, Burau JR. 2002. Plasticity 
in vertical migration by native and exotic fishes in a 
dynamic estuarine low-salinity zone. Limnology and 
Oceanography 47:1496–1507.

Benson RL, Turo S, McCovey BW Jr. 2007. Migration 
and movement patterns of green sturgeon (Acipenser 
medirostris) in the Klamath and Trinity rivers, 
California, USA. Environmental Biology of Fishes 
79:269–279.

Bigelow HB, Schroeder WC. 1953. Fishes of the Gulf 
of Maine. Fishery Bulletin of the Fish and Wildlife 
Service 53:1–577.

Carmichael JT, Haeseker SL, Hightower JE. 1998. 
Spawning migration of telemetered striped bass in 
the Roanoke River, North Carolina. Transactions of 
the American Fisheries Society 127:286–297. 

Clark J. 1968. Seasonal movements of striped bass 
contingents of Long Island Sound and the New York 
Bight. Transactions of the American Fisheries Society 
97:320–343.

Clough S, Beaumont WRC. 1998. Use of miniature 
radio-transmitters to track the movements of dace, 
Leuciscus leuciscus (L.) in the River Frome, Dorset. 
Hydrobiologia 371–372:89–97. 

Culberson SD, Harrison CB, Enright C, Nobriga ML. 
2004. Sensitivity of larval fish transport to location, 
timing, and behavior using a particle tracking model 
in Suisun Marsh, California. In: Feyrer F, Brown 
LR, Brown RL, Orsi JJ, editors. Early Life History of 
Fishes in the San Francisco Estuary and Watershed. 
Bethesda (MD): American Fisheries Society 
Symposium 39. p 257–267.

Dege M, Brown LR. 2004. Effect of outflow on spring 
and summertime distribution and abundance of 
larval and juvenile fishes in the upper San Francisco 
estuary. In: Feyrer F, Brown LR, Brown RL, Orsi 
JJ, editors. Early Life History of Fishes in the San 
Francisco Estuary and Watershed. Bethesda (MD): 
American Fisheries Society Symposium 39. p 49–66. 

of delta smelt in different salinity ranges (Katayama 
and others 2000; Hobbs and others 2007). Based on 
similar studies of other species (Secor 1999; Kerr and 
others 2009), our expectation is that delta smelt show 
highly diverse migration pathways, including fresh-
water residence, brackish water residence, and vari-
ous strategies in between. 

ACKNOWLEDGEMENTS

The views and opinions expressed in this article are 
those of the authors and do not necessarily reflect 
the official policy or position of the California 
Department of Water Resources, the U.S. Fish and 
Wildlife Service, or the U.S. Bureau of Reclamation. 
This paper is, in part, the product of a CALFED-
sponsored workshop to develop a basic understand-
ing of upstream migration of delta smelt. In addi-
tion, we thank the Interagency Ecological Program, 
whose support through the Pelagic Organism Decline 
study led to the completion of this paper. This paper 
was improved substantially by the comments of two 
anonymous reviewers and the associate editor.

REFERENCES

Baker RR. 1978. The evolutionary ecology of animal 
migration. New York: Holmes & Meier Publishing. 
1012 p.

Baskerville–Bridges B, Lindberg J, Doroshov, SI. 2004. 
The effect of light intensity, alga concentration, and 
prey density on the feeding behavior of delta smelt  
Hypomesus transpacificus larvae. In: Feyrer F, Brown 
LR, Brown RL, Orsi JJ, editors. Early Life History of 
Fishes in the San Francisco Estuary and Watershed. 
Bethesda (MD): American Fisheries Society 
Symposium 39. p 219–228.

Bennett WA. 2005. Critical assessment of the 
delta smelt population in the San Francisco 
Estuary, California. San Francisco Estuary and 
Watershed Science [Internet]. Available from: http://
escholarship.ucop.edu/uc/item/0725n5vk [accessed 
2011 March 25].

http://escholarship.ucop.edu/uc/item/0725n5vk
http://escholarship.ucop.edu/uc/item/0725n5vk


SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

14

Jessop BM. 1994. Homing of alewives (Alosa 
pseudoharengus) and blueback herring (A. aestivalis) 
to and within the Saint John River, New Brunswick, 
as indicated by tagging data. Canadian Technical 
Report of Fisheries and Aquatic Sciences. p 2015, 
2022.

Katayama S, Radtke RL, Omori M, Shafer D. 2000. 
Coexistence of anadromous and resident alternative 
life history strategies of pond smelt, Hypomesus 
nipponensis, in Lake Ogawara, as determined 
by structural and chemical otolith analyses. 
Environmental Biology of Fishes 58:195–2001.

Kerr LA, Secor DH, Piccoli PM. 2009. Partial 
migration of fishes as exemplified by the estuarine-
dependent white perch. Fisheries 34(3):114–123.

Kimmerer WJ. 2002. Effects of freshwater flow on 
abundance of estuarine organisms: physical effects 
or trophic linkages. Marine Ecology Progress Series 
243:39–55.

Kimmerer WJ. 2008. Losses of Sacramento River 
Chinook salmon and delta smelt to entrainment in 
water diversions in the Sacramento–San Joaquin 
Delta. San Francisco Estuary and Watershed Science 
[Internet]. Available from: http://escholarship.ucop.
edu/uc/item/7v92h6fs [accessed 2011 March 25].

Kimmerer WJ, Nobriga, ML. 2008. Investigating 
particle transport and fate in the Sacramento–San 
Joaquin Delta using a particle tracking model. San 
Francisco Estuary and Watershed Science [Internet]. 
Available from: http://escholarship.ucop.edu/uc/
item/547917gn [accessed 2011 March 25].

Leggett WC. 1976. The American shad (Alosa 
sapidissima), with special reference to its migration 
and population dynamics in the Connecticut River. 
American Fisheries Society Monograph 1:169–308.

Lehman PW, Mayr S, Mecum L, Enright C. 2010. The 
freshwater tidal wetland Liberty Island, CA was both 
a source and sink of inorganic and organic material 
to the San Francisco Estuary. Aquatic Ecology 
44:359–372.

Lucas MC, Baras E. 2001. Migration of Freshwater 
Fishes. Oxford: Blackwell Science. 440 p.

Erkkila LF, Moffet JW, Cope OB, Smith BR, Smith 
RS. 1950. Sacramento–San Joaquin Delta fishery 
resources: effects of Tracy Pumping Plant and the 
Delta Cross Channel. U.S. Fish and Wildlife Service 
Special Scientific Report 56:1–109.

Feyrer F, Nobriga M, Sommer T. 2007. Multi-decadal 
trends for three declining fish species: habitat 
patterns and mechanisms in the San Francisco 
Estuary, California, U.S.A. Canadian Journal of 
Fisheries and Aquatic Sciences 136:1393–1405.

Grimaldo LF, Sommer T, Van Ark N, Jones G, 
Holland E, Moyle PB, Smith P, Herbold B. 2009. 
Factors affecting fish entrainment into massive 
water diversions in a freshwater tidal estuary: can 
fish losses be managed? North American Journal of 
Fisheries Management 29:1253–1270.

Harrell WC, Sommer TR. 2003. Patterns of adult 
fish use on California's Yolo Bypass floodplain. 
In: Faber PM, editor. California Riparian Systems: 
Processes and Floodplain Management, Ecology and 
Restoration. Proceedings of the 2001 Riparian Habitat 
and Floodplains Conference. Sacramento (CA): 
Riparian Habitat Joint Venture. p 88–93.

Healy MC. 1991. Life history of Chinook salmon. 
In: Groot C, Margolis L, editors. Pacific salmon life 
histories. British Columbia: UBC Press. p 311–394.

Hobbs JA, Bennett WA, Burton J, Gras M. 2007. 
Classification of larval and adult delta smelt 
to nursery areas by use of trace elemental 
fingerprinting. Transactions of the American Fisheries 
Society 136:518–527.

Irving DB, Modde T. 2000. Home-range fidelity and 
use of historic habitat by adult Colorado pikeminnow 
(Ptychocheilus lucius) in the White River, Colorado and 
Utah. Western North American Naturalist. 60:16–25.

Jassby AD, Kimmerer WJ, Monismith SG, Armor C, 
Cloern JE, Powell TM, Schubel FR, Vendlinski TJ. 
1995. Isohaline position as a habitat indicator for 
estuarine populations. Ecological Applications 5:272–
289.

http://escholarship.ucop.edu/uc/item/7v92h6fs
http://escholarship.ucop.edu/uc/item/547917gn


JUNE 2011

15

Northcote TG. 1978. Migratory strategies and 
production in freshwater fishes. In: Gerking SD, 
editor. Ecology of freshwater production. Oxford: 
Blackwell. p 326–359.

Nøttestad L, Giske J, Holst JC, Huse G. 1999. A 
length-based hypothesis to explain feeding migrations 
in pelagic fish. Canadian Journal of Fisheries and 
Aquatic Sciences 56 (Supplement I):26–34.

Ohji M, Kotakea A, Araia T. 2008. Environmental 
habitat use and migration of Plecoglossidae and 
Osmeridae fish. Journal of the Marine Biological 
Association of the United Kingdom 88:637–640.

Roche J, McHutchison M. 1998. First fish, first 
people: salmon tales of the North Pacific Rim. Seattle 
(WA): University of Washington Press. 200 p.

Rupp RS. 1968. Life history and ecology of the smelt 
(Osmerus mordax) in the inland waters of Maine. 
Final report. Federal Aid Fisheries Project F–10–R. 
Maine: Dept. Inland Fish and Game. 36 p.

Ryder RA. 1968. Dynamics and exploitation of 
mature walleyes in the Nipigon Bay region of Lake 
Superior. Journal of Fisheries Research Board of 
Canada 25:1347–1376

Salo EO. 1991. Life history of chum salmon. In: Groot 
C, Margolis L, editors. Pacific salmon life histories. 
British Columbia: UBC Press. p 231–310.

Secor DH. 1999. Specifying divergent migrations 
in the concept of stock: the contingent hypothesis. 
Fisheries Research 43:13–34.

Service R. 2007. Delta blues, California style. Science 
317:442–445.

Snyder RJ. 1991. Migration and life histories of 
the threespine stickleback: evidence for adaptive 
variation in growth rate between populations. 
Environmental Biology of Fishes 31(4):381–388.

Sommer T, Baxter R, Herbold B. 1997. Resiliance 
of splittail in the Sacramento–San Joaquin Estuary. 
Transactions of the American Fisheries Society 
126:961–976.

Mager RC. 1996. Gametogenesis, reproduction and 
artificial propagation of delta smelt, Hypomesus 
transpacificus [PhD dissertation]. Available from: 
University of California, Davis. 

Martin TG, Chades I, Arese I, Marra PP, Possingham 
HP, Norris DR. 2007. Optimal conservation 
of migratory species. PloS One 2(8): e751, 
doi:10:10.1371/journal.pone.0000751 [accessed 2011 
February 15].

Moyle PB. 2002. Inland Fishes of California. Berkeley 
CA): University of California Press. 502 p.

Moyle PB, Herbold B, Stevens DE, Miller LW. 1992. 
Life history of delta smelt in the Sacramento–San 
Joaquin Estuary, California. Transactions of the 
American Fisheries Society 121:67–77.

Moyle PB, Baxter RD, Sommer TR; Foin TC, Matern 
SA. 2004. Biology and population dynamics of 
Sacramento splittail (Pogonichthys macrolepidotus) in 
the San Francisco Estuary: a review. San Francisco 
Estuary and Watershed Science [Internet]. Available 
from: http://escholarship.ucop.edu/uc/item/61r48686 
[accessed 2011 March 25]

Murawski SA, Clayton GR, Reed RJ, Cole CF. 1980. 
Movements of spawning rainbow smelt, Osmerus 
mordax, in a Massachusetts estuary. Estuaries 
3(4):308–314.

Newman KB. 2008. Sample design-based 
methodology for estimating delta smelt abundance. 
San Francisco Estuary and Watershed Science 
[Internet]. Available from: http://escholarship.ucop.
edu/uc/item/99p428z6 [accessed 2011 March 25].

Nobriga ML, Feyrer F, Baxter R, Chotkowski M. 2005. 
Fish community ecology in an altered river delta: 
spatial patterns in species composition, life history 
strategies, and biomass. Estuaries 28:776–785.

Nobriga ML, Sommer TR, Feyrer F, Fleming D. 2008. 
Long-term trends in summertime habitat suitability 
for delta smelt (Hypomesus transpacificus). San 
Francisco Estuary and Watershed Science [Interenet]. 
Available from: http://escholarship.ucop.edu/uc/
item/5xd3q8tx [accessed 2011 March 25].

http://escholarship.ucop.edu/uc/item/61r48686
http://escholarship.ucop.edu/item/99p428z6
http://escholarship.ucop.edu/uc/item/5xd3q8tx


SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

16

Sommer T, Harrell WC, Mueller–Solger A, Tom 
B, Kimmerer W. 2004. Effects of flow variation 
on channel and floodplain biota and habitats of 
the Sacramento River, California, USA. Aquatic 
Conservation: Marine and Freshwater Ecosystems 
14:247–261.

Sommer T, Armor C, Baxter R, Breuer R, Brown L, 
Chotkowski M, Culberson S, Feyrer F, Gingras M, 
Herbold B, Kimmerer W, Mueller–Solger A, Nobriga 
M, Souza K. 2007. The collapse of pelagic fishes in the 
upper San Francisco Estuary. Fisheries 32:270–277.

Stevens DE, Miller LW. 1983. Effects of river flow on 
abundance of young Chinook salmon, American shad, 
longfin smelt, and delta smelt in the Sacramento–San 
Joaquin River system. North American Journal of 
Fisheries Management 3:425–437.

Swanson C, Young PS, Cech JJ. 1998. Swimming 
performance of delta smelt: maximum performance, 
and behavioral kinematic limitations on swimming 
at submaximal velocities. Journal of Experimental 
Biology 201:333–345.

Swanson C, Reid T, Young PS, Cech JJ. 2000. 
Comparative environmental tolerances of threatened 
delta smelt (Hypomesus transpacificus) and 
introduced wakasagi (H. nipponensis) in an altered 
California estuary. Oecologia 123:384–390.

[USFWS] U.S. Fish and Wildlife Service 2008. Delta 
smelt OCAP Biological Opinion. December 15, 2008. 
Available from: http://www.fws.gov/sacramento/es/
documents/SWP-CVP_OPs_BO_12-15_final_OCR.pdf 
[accessed 2011 February 15]

Wright SA, Schoellhamer DH. 2004. Trends in 
the sediment yield of the Sacramento River, 
California, 1957–2001. San Francisco Estuary and 
Watershed Science [Internet]. Available from: http://
escholarship.ucop.edu/uc/item/891144f4 [accessed 
2011 February 15]

http://www.fws.gov/sacramento/es/documents/SWP-CVP_OPs_BO_12-15_final_OCR.pdf
http://escholarship.ucop.edu/uc/item/891144f4
http://escholarship.ucop.edu/uc/item/891144f4


Ecological Applications, 20(5), 2010, pp. 1431–1448
� 2010 by the Ecological Society of America

Bayesian change point analysis of abundance trends for pelagic fishes
in the upper San Francisco Estuary

JAMES R. THOMSON,1,8 WIM J. KIMMERER,2 LARRY R. BROWN,3 KEN B. NEWMAN,4 RALPH MAC NALLY,1

WILLIAM A. BENNETT,5 FREDERICK FEYRER,6 AND ERICA FLEISHMAN
7,9

1Australian Centre for Biodiversity, School of Biological Sciences, Monash University, Melbourne 3800 Australia
2Romburg Tiburon Center, San Francisco State University, 3152 Paradise Drive, Tiburon, California 94920 USA

3U.S. Geological Survey, Placer Hall, 6000 J Street, Sacramento, California 95819-6129 USA
4U.S. Fish and Wildlife Service, 4001 N. Wilson Way, Stockton, California 95632 USA

5Center for Watershed Sciences and Bodega Marine Laboratory, University of California, Davis,
P.O. Box 247, Bodega Bay, California 94923 USA

6Applied Science Branch, U.S. Bureau of Reclamation, 2800 Cottage Way, Sacramento, California 95825-1898 USA
7National Center for Ecological Analysis and Synthesis, University of California, 735 State Street, Suite 300,

Santa Barbara, California 93101 USA

Abstract. We examined trends in abundance of four pelagic fish species (delta smelt,
longfin smelt, striped bass, and threadfin shad) in the upper San Francisco Estuary, California,
USA, over 40 years using Bayesian change point models. Change point models identify times
of abrupt or unusual changes in absolute abundance (step changes) or in rates of change in
abundance (trend changes). We coupled Bayesian model selection with linear regression
splines to identify biotic or abiotic covariates with the strongest associations with abundances
of each species. We then refitted change point models conditional on the selected covariates to
explore whether those covariates could explain statistical trends or change points in species
abundances. We also fitted a multispecies change point model that identified change points
common to all species. All models included hierarchical structures to model data uncertainties,
including observation errors and missing covariate values. There were step declines in
abundances of all four species in the early 2000s, with a likely common decline in 2002. Abiotic
variables, including water clarity, position of the 2% isohaline (X2), and the volume of
freshwater exported from the estuary, explained some variation in species’ abundances over
the time series, but no selected covariates could explain statistically the post-2000 change
points for any species.

Key words: change point; delta smelt; hierarchical Bayes; longfin smelt; Sacramento–San Joaquin
Delta, California, USA; striped bass; threadfin shad; upper San Francisco Estuary, California, USA.

INTRODUCTION

Declines in ecological condition across large areas are

increasingly common around the world (e.g., Sala et al.

2000, Palmer et al. 2008, Cunningham et al. 2009),

reflecting the increase in scope and intensity of human

land use during the past century. The condition of

estuaries has declined as a result of changing levels of

terrestrial, freshwater, and marine stressors, including

toxicants, nutrient enrichment, reduction of freshwater

inputs, commercial and recreational harvest, dredging,

and invasions of nonnative species (Lotze et al. 2006).

The San Francisco Estuary, California, USA, experi-

ences all of these stressors, and populations of many

aquatic species have declined since intensive human

activities began in the mid-1800s (Bennett and Moyle

1996, Brown and Moyle 2005).

The San Francisco Estuary is the largest estuary on

the Pacific coast of North America and consists of four

major regions: San Francisco Bay, the most seaward

region; San Pablo Bay and Suisun Bay, two intermediate

brackish regions; and the generally freshwater

Sacramento–San Joaquin Delta (Fig. 1). The Delta is

at the core of a massive system of dams and canals that

store and divert water from the estuary for agricultural,

industrial, and domestic use in central and southern

California (Nichols et al. 1986). The water diversion

facilities export ;30% of the freshwater flow into the

Delta on average, although that percentage has exceeded

60% during many recent summers (Kimmerer 2004).

The social, economic, and ecological effects of

freshwater flows and diversions throughout the San

Francisco Estuary have received tremendous attention.

About 25 million Californians and 12 000 km2 of

agricultural land rely on water diversions from the

Delta. Annual agricultural revenue from California’s

Central Valley, which accounts for about half of the
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production of fruits and vegetables in the United States,

frequently approaches US$15 billion. Regulations on

water diversions, including standards for the position of

the 2% isohaline (a measure of the physical response of

the estuary to freshwater flow; Jassby et al. 1995), locally

termed X2, have become increasingly stringent.

Conflicts over water management in the Delta have

intensified because of the apparently precipitous decline

in abundance of four species of pelagic fish (delta smelt

[Hypomesus transpacificus], longfin smelt [Spirinchus

thaleichthys], striped bass [Morone saxatilis], and

threadfin shad [Dorosoma petenense]) since ca. 2000

(Sommer et al. 2007). Delta smelt was listed as

threatened under the U.S. and California Endangered

Species Acts in 1993 and the listing was revised to

endangered under the California act in 2009. Recent

litigation to protect the species resulted in court orders

to halt water diversions temporarily (Wanger 2007a, b).

Longfin smelt was listed as threatened under the

California Endangered Species Act in 2009 and was

proposed but declined for federal listing.

Analyses of existing data and new field investigations

have identified various factors that may help to explain

the declines, but the relative importance of these factors,

particularly water diversions, is unclear (Sommer et al.

2007). Identification of the processes causing declines

and their relative effects is critical because the solutions

under consideration include major investments in

infrastructure, changes in water management, and

rehabilitation of species’ habitats that collectively will

cost billions of dollars. Although an experimental

evaluation of potential drivers is impossible for a system

of this size, multi-decadal sets of data exist on

abundances of pelagic fishes and biotic and abiotic

characteristics of their environment, allowing for a

robust correlative analysis.

There is interest in determining whether the recent

declines in species’ abundances are the continuation of

longer term trends or more abrupt changes in popula-

tion dynamics, which we refer to as ecological ‘‘change

points’’ (Beckage et al. 2007). If the latter, identifying

when these changes occurred and if and when similar

changes have occurred previously is an important step

toward understanding their causes and possible mitiga-

tion. We define a change point as a point in time when

an abrupt change occurred in the functional relationship

between the mean abundance of a species and time. A

change point may be either a step change, which is an

abrupt change in abundance; a trend change, which is an

abrupt change in the temporal trend in abundance; or

both. Manly and Chotkowski (2006) used a bootstrap

approach to explore the timing of one or more change

FIG. 1. Location and physiography of the upper San Francisco Estuary, California, USA. Solid circles denote sampling
locations of the autumn midwater trawl surveys; arrows indicate two representative positions of the 2% isohaline (X2); SWP (State
Water Project) and CVP (Central Valley Project) are locations of water exports from the estuary.
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points in the abundance of delta smelt. But no method

has been applied to detect objectively multiple change

points for all four species, whether individually or as a

group. Neither has there been a rigorous examination of

factors that might explain statistically specific change

points.

Here, we characterize abundance trends of delta

smelt, longfin smelt, striped bass, and threadfin shad

over the period of record (1967–2007), identify change

points for species individually and collectively, and

examine whether biotic and abiotic covariates are

related to those trends or change points. To identify

statistically the number, timing, and magnitude of any

changes in abundance trajectories and to integrate

uncertainties into parameter estimates and inference,

we constructed models based on Bayesian change point

techniques (Beckage et al. 2007). We used hierarchical

model structures to separate explicitly observation error

from natural process variation, to handle missing data,

and to fit a multispecies change point model.

Hierarchical Bayesian models are ideally suited to the

complexity of analyzing ecological time series (Webb

and King 2009) because they can integrate multiple

sources of information and uncertainty to provide more

robust inferences about parameters and processes of

interest (Cressie et al. 2009).

Biological background

Delta smelt are endemic to the San Francisco Estuary.

They reach 60–70 mm standard length (SL), feeding

throughout their life on mesozooplankton (Bennett

2005). Delta smelt are weakly anadromous. Upstream

migration begins in mid-December and spawning occurs

from March through May in freshwater. Most delta

smelt spawn 12–15 months after birth. A small

percentage live two years, possibly spawning in one or

both years (Bennett 2005). Young delta smelt move

downstream in early summer and remain in the low-

salinity zone (0.5–10 on the practical salinity scale) until

they migrate for spawning.

Longfin smelt also are native to the San Francisco

Estuary. Longfin smelt reach 90–110 mm SL with a

maximum size of 120–150 mm SL (Moyle 2002,

Rosenfield and Baxter 2007). Longfin smelt are anad-

romous. They spawn at age-2 in freshwater in the Delta

from approximately December to April. Young longfin

smelt occur from the low-salinity zone seaward through-

out the estuary and into the coastal ocean. Longfin smelt

feed on copepods as larvae and primarily on mysids as

juveniles and adults.

Striped bass were deliberately introduced to the Delta

from the east coast of the United States in 1879 and now

support a popular sport fishery (Moyle 2002). The

striped bass is a large (.1 m), long-lived (.10 years)

anadromous species. Females begin to spawn at age-4 in

the Sacramento River and to a lesser extent in the San

Joaquin River from April through June. Their semi-

buoyant eggs hatch as they drift with the current. The

larvae drift into the low-salinity zone where they grow,

later dispersing throughout the estuary. Adults occur

throughout the estuary to the coastal ocean, except

during spawning migrations. Age-0 striped bass feed
mainly on copepods, later switching to macroinverte-

brates and then to fish.

Threadfin shad was introduced into California reser-

voirs as a forage fish in 1954 and eventually spread to

the Delta (Moyle 2002). Adult threadfin shad are

typically ,100 mm total length and primarily inhabit
freshwater. They switch between filter feeding and

particle feeding, consuming phytoplankton, zooplank-

ton, and detritus. Most threadfin shad spawn in their

second summer of life, although some may spawn at the

end of their first year. Spawning occurs mainly in June

and July. Threadfin shad is the most abundant pelagic
fish in the upper San Francisco Estuary and is important

as prey for piscivorous species.

Statistical analyses

We used a Bayesian framework to fit a series of log-
linear models to explore temporal patterns in species

abundances and relationships with biotic and abiotic

covariates. First, we used piecewise regression models

(Denison et al. 1998, Fearnhead 2006) to characterize

temporal trends in abundance of each species and to
identify change points in either the absolute abundance

(step changes) or in the rate of change in abundance

(trend changes). Next, we used Bayesian model selection

(Green 1995) to identify covariates with the strongest

associations with abundances of each species. We then
fitted change point models conditional on the selected

variables to explore whether those covariates could

account statistically for changes detected by the trend

model or lead to detection of other change points. We

also fitted a multispecies change point model to
determine whether there were years in which all species

collectively experienced abrupt changes in abundance

not explained by the selected covariates.

Hierarchical log-linear trend models

For each species, we fitted a log-linear trend model

using piecewise linear splines (Denison et al. 1998) that

allow for changes in the intercept or slope parameters at

particular times (i.e., change points). We used a

hierarchical model to account explicitly for sampling
error. For each species, the observations (yt) were the

mean number of individuals captured during autumn

trawl surveys conducted each year from 1967 to 2007

(Stevens and Miller 1983). The mean for each year was

based on monthly (September, October, November,
December) samples from 100 different locations; thus,

the yearly average was based on ;400 observations

(data and station details available online)10. We assumed

that the observations were unbiased estimates of the true

10 hhttp://knb.ecoinformatics.org/knb/metacat/nceas.958.
8/nceas/i
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mean abundance (nt) in a standard trawl sample over the

four-month period in year t and that the 100 sampling

stations are an adequate spatial representation of the

estuary. The resulting hierarchical model for observa-

tions and true abundances was

yt ; Normal
�

nt;r
2
Ot

�
ð1Þ

nt ; Lognormal
�
at þ ftðtÞ;r2

p

�
: ð2Þ

Simultaneously estimating observation noise, rOt, and

process variation, rp, is difficult for such hierarchical

models (e.g., Dennis et al. 2006). Therefore, we

substituted the observed standard errors of trawl

samples as estimates of rOt in the fitting procedure.

The parameters of the state process model, at and ft(t)

in Eq. 2, allowed for abrupt changes in the (log)

abundances and changes in the relationship between

abundance and time, respectively. The following sub-

model accounted for abrupt changes to the intercept, or

step changes:

at ¼ a1 þ
Xka

j¼1

vjIðt � djÞ: ð3Þ

In this submodel, a1 is the initial log abundance of a

given species, ka is the number of step changes in

abundance, dj is the timing of the jth step change, and vj
is the value of the change. I(t � dj) is an indicator

function that equals 1 when t � dj and is 0 otherwise. To

illustrate, we present an example of the state process

model (Eq. 2) fitted to abundance data with a single step

change and constant linear trend (Fig. 2A).

We modeled the temporal trend, ft(t), as a piecewise

linear regression with an unknown number kb of

changes in slope (trend changes) and a corresponding

set of times hj of trend changes, or ‘‘knots’’ (Harrell

2001):

ftðtÞ ¼ b1t þ
Xkb

j¼1

b½ jþ1�ðt � hjÞþ: ð4Þ

The term (t � hj)þ equals I(t � hj)(t � hj). Given a

particular intercept, the term ft(t) is a piecewise linear

and continuous function of time, but when the intercept

at varies, the combination at þ f1(t) is a discontinuous

piecewise linear model (Fig. 2B).

Given uncertainty about when or if step or trend

changes occurred, we treated the numbers, ka and kb,

and timing, dj and hj, of change points as unknown

parameters to be estimated as part of the model. We

used a Bayesian framework with reversible jump

Markov chain Monte Carlo sampling (MCMC; Lunn

et al. 2006, 2008) to evaluate the posterior model

probabilities (i.e., evidence) for all possible models, or

FIG. 2. Examples of change point models. All examples show a hypothetical time series y (circles) and corresponding piecewise
linear models (dark lines): (A) a step change at time 31, modeled by yt¼ 2� 0.75I(t � 31)� 0.02tþ et; (B) a step change at time 21
and trend change at time 31, modeled by yt¼ 2� 1I(t � 21)� 0.03(t� 31)I(t � 31)þ et; (C) a covariate model with step change at
time 31, modeled by yt¼ 0� 0.75I(t � 31)þ 0.5xtþ et; (D) a covariate model with no change points (change point at time 31 in
panel C is predicted by covariate), modeled by yt ¼ 0 þ 0.5xt þ et. In panels (C) and (D), gray lines show the time series of the
covariate x. For all models, et is the residual error, and all other parameters are as defined in Eqs. 1–3.
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combinations of change points. The range of models

considered possible is specified in the prior distributions,

which are detailed here. The resulting posterior distri-

butions allow for probabilistic inferences about the

occurrence of change points in particular years, ac-

counting for uncertainties in both data and other model

parameters (including magnitudes and timing of other

change points). The posterior probability that a change

point occurred in year y is the summed posterior

probabilities of all models that include a change point

in year y (e.g., of all values of d that include y as an

element).

Prior distributions for parameters

In Bayesian analysis, prior distributions must be

specified for the unknown parameters (Gelman et al.

2004). Our prior distributions limited the number of step

and trend changes to a maximum of four each and

included the possibility of zero change points: k ;

Binomial(4, 0.5). This prior reflects our expectation that,

in a system subjected to increasing anthropogenic

influence over the period of record, there may have

been multiple changes in abundance trends. The prior

explicitly limits the number of change points so the

larger and more abrupt changes are highlighted (see the

Appendix for further discussion of priors). The priors

were uninformative with respect to the timing of change

points, with equal prior probability [p0¼ (0.5 3 4)/39¼
0.05] of change points in each year (Appendix). With

this prior, a posterior probability p1 . 0.14 for a change

point in year y corresponds to an odds ratio of 3, which

is a threefold increase from the prior odds [p0/(1 � p0)]

to the posterior odds [p1/(1 � p1)]. Odds ratios are

measures of the evidence in the data in favor of one

hypothesis (change point in year y) over an alternative

(no change point in year y), and values .3 are generally

considered to indicate ‘‘substantial’’ evidence (Jeffreys

1961).

We specified normal prior distributions with zero

mean and standard deviations equal to [ln(ymax) �
ln(ymin)]/1.96 and 0.25 3 [ln(ymax) � ln(ymin)]/1.96 for

the magnitude of step (v) and rate (b) changes,

respectively. These priors imply that step changes

greater than the observed data range are unlikely (prior

probability , 0.05) and that the greatest change in slope

in one year is unlikely to be greater than one-quarter of

the range of log values of the observed data. We used

several uninformative prior distributions for the un-

known parameters (numbers and magnitudes of change

points) to assess sensitivity to the choice of priors

(Appendix). Although absolute values of model poste-

rior probabilities sometimes were sensitive to choice of

priors, the relative probabilities, and hence inferences

about change point times, were consistent.

Covariate effects

We undertook a series of steps to identify biotic or

abiotic variables that may explain temporal patterns in

species’ abundances and to determine how those

variables affected inferences about change points. First,

a set of Q (12–15) candidate covariates was selected for

each species on the basis of previously published work

and unpublished analyses (Table 1). Next, we used

Bayesian model selection to identify which of the Q

candidate variables had the strongest associations with

variation in the (log) abundances of each species (see

Variable selection model, below). We then fitted change

point models conditioned on the selected variables by

replacing the trend component ft(t) in Eq. 2 with

covariate effects fx(X ). These covariate-conditioned

change point models identify abrupt changes in abun-

dance that would not be expected given the covariate

values and estimated species–covariate relationships.

Changes in species’ abundance that are identified as

change points in covariate-conditioned models are

unlikely to be related to the included covariates. But if

the inclusion of a covariate reduces the evidence for a

previously identified change point (i.e., one identified in a

trend model or model conditioned on other covariates),

then a causal relationship between that covariate and the

change point is plausible.

Variable selection model

The variable selection model allowed nonlinear

covariate effects and temporal autocorrelation.

Covariates were standardized (mean 0, SD 1) prior to

model fitting and missing values were assigned normal

prior distributions, which were not updated during

model fitting, with mean 0 and SD 1. The model was

nt ; Lognormal
�
aþ

XQ

j¼1

Xkj

m¼1

bjmðxjt � /jmÞþ

þ q lognt�1;r
2
p

�
: ð5Þ

This model has up to Q covariates with effects fitted as

piecewise linear splines with kj slope parameters bj and
free knots /j. If kj¼ 0, variable j has zero effect; if kj¼ 1,

variable j is included as a linear effect (for xj . /j1); and

if kj . 1, variable j is included as a nonlinear effect. We

used a categorical prior for kj such that the prior

probabilities of values 0, 1, 2, and 3 were 0.5, 0.3, 0.1,

and 0.1, respectively. Thus, the prior probability that

variable j was included in the model, Pr(kj . 0), was 0.5,

and linear effects were more probable a priori than were

nonlinear effects. The knots were assigned uniform

discrete priors with 10 possible positions evenly spaced

along the range of xj.

The relative importance of each of the covariates in

model 5 was measured by the posterior probability of

inclusion for each variable, Pr(kj . 0), which is the sum

of the posterior model probabilities of all models that

include a particular variable. We considered Pr(kj . 0)

. 0.75, corresponding to an odds ratio of 3 [(0.75/0.25)/

(0.5/0.5)], to be sufficient evidence to include variables
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in subsequent covariate-conditioned change point

models.

With all models (combinations of variables) equally

probable a priori (prior Pr(kj . 0) ¼ 0.5), posterior

model probabilities reflect differences in marginal

likelihoods, which intrinsically penalize model complex-

ity (Kass and Raftery 1995, Beal et al. 2005). The

amount of penalty depends on the prior distributions for

model parameters (more diffuse priors favor fewer

model parameters; George and Foster 2000), so

posterior model probabilities, hence Pr(kj . 0), can be

sensitive to the choice of priors. We used a half-Cauchy

prior (Gelman 2006) for the standard deviation rb of

nonzero covariate effects, scaled so that ;90% of the

resulting prior probability mass of each linear coefficient

bjm was in the interval (�1, 1) and 95% was in the

interval (�2, 2). This prior placed most weight on more

plausible coefficients (a linear coefficient of 1 equates to

a 2.7-fold change in abundance for 1 SD change in the

predictor) while still allowing larger effects (e2¼ 7.4-fold

change in abundance per 1 SD change in predictor). We

also fitted models with a range of alternative prior

specifications and generally obtained similar results

(Appendix). Any variables for which Pr(kj . 0) values

were sensitive to priors are identified in Results.

We fitted the variable selection model (Eq. 5) with and

without the autocorrelation term qnt�1 and with a

conditional prior on q[q j kQþ1 ¼ 1 ; Normal(0, r2
b);

kQþ1 ; Bernoulli(0.5)] testing for the importance of the

autocorrelation term (i.e., treating nt�1 as a candidate

predictor). Pr(kj . 0) values for covariates were largely

unaffected by the treatment of q, so we present results

only for the models that treated nt�1 as a candidate

predictor.

Covariate-conditioned change point model

We fitted change point models that accounted for the

effects of covariates identified as probable predictors

(those with Pr(kj . 0) . 0.75) to examine whether those

covariates could account for changes detected by the

trend model or detect other change points. The

TABLE 1. Definitions of variables used in change point models, years for which data were available, and ranges of values for
variables.

Variable Years (missing) Range

Response variables

Delta smelt (Hypomesus transpacificus) 1 1967–2007 (3) 0.06–4.02
Longfin smelt (Spirinchus thaleichthys) 2 1967–2007 (3) 0.03–113.16
Striped bass (Morone saxatilis) 3 1967–2007 (3) 0.12–59.38
Threadfin shad (Dorosoma petenense) 4 1967–2007 (3) 1.36–31.21

Covariates

Calanoid copepods, spring (cal.sp) 1972–2007 (1) 0.98–43.87
Calanoid copepods, summer (cal.s) 1972–2007 (1) 2.93–27.62
Mysids (mysid) 1972–2007 (0) 0.42–35.05
Northern anchovy (Engraulis mordax) (Ancho.) 1980–2006 (1) 0.22–490.42
‘‘Other zooplankton,’’ spring (zoop) 1972–2006 (0) 3.79–56.86

Spring chlorophyll a in low-salinity zone (chlo.sp) 1975–2006 (0) 1.12–21.32
Cyclopoid copepod Limnoithona tetraspina (Limno.) 1972–2006 (0) 0–7.78
Inland silverside (Menidia beryllina) (silver.) 1994–2006 (0) 19.88–116.54

Largemouth bass (Micropterus salmoides) (lm.bass) 1994–2006 (0) 0.02–8.00

Spring X2 (X2.sp) 1967–2006 (0) 48.53–91.74
Autumn X2 (X2.aut) 1967–2006 (0) 60.24–93.18
Water clarity (clarity) 1967–2006 (0) 0.44–11.00
Winter exports (expt.w) 1967–2006 (0) 0.13–12.00

Spring exports (expt.s) 1967–2006 (0) 0.37–13.00

Duration of spawning window for delta smelt (15-20C) 1975–2007 (0) 24–85

Mean summer water temperature (temp) 1967–2006 (0) 20.45–23.65

Winter Pacific Decadal Oscillation (PDO.w) 1967–2007 (0) �1.90–1.89
Summer Pacific Decadal Oscillation (PDO.s) 1967–2007 (0) �1.11–2.52
Striped bass egg supply (eggs) 1970–2006 (0) 0.02–0.40

Notes: ‘‘Candidate’’ indicates the species (by number; see numbers following species) for which each covariate was included as a
candidate predictor in variable selection models. Abbreviated names for covariates used in Figs. 3C, 4C, 5C, and 6C are shown in
parentheses. Biomass was measured as mg C/m3. The low-salinity zone was determined to be at 0.5–10%. The X2 position was
measured in km upstream from the Golden Gate Bridge. The data, along with further details and explanations, are available online
(see footnote 10). See also Mac Nally et al. (2010: Table 2).
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covariate-conditioned change point model with q , Q

covariates was

nt ; Lognormal

�
at þ

Xq

j¼1

Xkj

m¼1

bjmðxjt � /jmÞþ

þ q logðnt�1Þ;r2
p

�
: ð6Þ

In this model, kj had minimum value ¼ 1 and a prior

distribution given by kj¼ 1þ jj, where jj ; Binomial(3,

0.3), the first knot /j1 was fixed at min(xj), and

remaining knots had continuous uniform priors. The

autocorrelation term was included only if results of the

variable selection model indicated that q probably was

nonzero (i.e., when Pr(kQþ1 ¼ 1) . 0.75) (n.b., we

confirmed that including q when Pr(kQþ1 ¼ 1) , 0.75

had no effect on other parameters in Eq. 6).

In Eq. 6, the covariate effects,

Xq

j¼1

Xkj

m¼1

bjmðxjt � /jmÞ

replace the trend component ft(t) in Eq. 2. Including

step change(s) in the intercept allowed for abrupt

changes in abundance conditional on the covariates,

that is, changes that would not be expected given the

covariate values and estimated species–covariate rela-

tionships (Fig. 2C). If a step change in nt was explained

by a step change in the covariate, then the model

intercept would remain constant (i.e., no change point;

Fig. 2D).

Multispecies model

We searched for common change points among

species by fitting covariate-conditioned change point

models (Eq. 6) for all species simultaneously, with an

additional step change submodel that was common to

all species. In the multispecies model, the time-depen-

dent intercept for species s, ast, was modeled as

ast ¼ as1 þ
Xksa

j¼1

vsjIðt � dsjÞ þ
XkCa

l¼1

wlIðt � flÞ: ð7Þ

Here, kCa is the number of step changes common to all

four species, with magnitude and timing given by vectors

w and f, respectively. The other parameters in Eq. 7

define species-specific change points as in Eq. 3, with

subscript s in Eq. 7 denoting species-specific parameters.

The full model for each species was identical in all other

respects to Eq. 6.

TABLE 1. Extended.

Candidate Definition

autumn (Sep–Dec) midwater trawl, mean total catch (no. individuals) per trawl
autumn (Sep–Dec) midwater trawl, mean total catch per trawl
autumn (Sep–Dec) midwater trawl, mean age-0 catch per trawl
autumn (Sep–Dec) midwater trawl, mean total catch per trawl

all mean biomass of calanoid copepodites and adults during spring (Mar–May) in low-salinity zone
all mean biomass of calanoid copepodites and adults during summer (Jun–Sep) in low-salinity zone
2, 3 mean biomass of mysid shrimp during Jun–Sep in low-salinity zone
1, 2, 3 mean catch per trawl of northern anchovy in the Bay Study midwater trawl (Jun–Sep) in low-salinity zone
4 mean biomass of other zooplankton (not including crab and barnacle larvae, cumaceans) during spring

(Mar–May) in the freshwater zone (,0.5%)
all mean chl a (mg/m3) during spring (Mar–May) in low-salinity zone
1, 2, 4 mean biomass of Limnoithona copepodites and adults during summer (Jun–Sep) in the low-salinity zone
all mean catch per seine haul of inland silverside in the USFWS survey during Jul–Sep (for stations within the

delta)
all mean catch per seine haul of largemouth bass in the USFWS survey during Jul–Sep (for stations within the

delta)
1, 2, 3 mean Mar–May position of the 2% isohaline (X2)
4 mean during Sep–Dec position of the 2% isohaline (X2)
all mean Secchi depth (m) for the autumn midwater trawl survey
1, 2, 4 total volume of water (km3) exported by the California State Water Project and Central Valley Project during

Dec–Feb
all total volume of water (km3) exported by the California State Water Project and Central Valley Project during

Mar–May
1 no. days for which mean temperature was between 158 and 208C (range of water temperatures that best induce

spawning by delta smelt [158C] and limit larval survivorship [208C]), mean of five continuous monitoring
stations throughout Suisun Bay and the Sacramento–San Joaquin Delta

all mean water temperature (8C), mean of five continuous monitoring stations throughout Suisun Bay and the
Sacramento–San Joaquin Delta during Jun–Sep

2, 3 Dec–Feb
1, 2, 3 Jun–Sep
3 estimated striped bass egg supply, calculated as the sum of age-specific fecundity based on the population

estimates generated by the California Department of Fish and Game (Kimmerer et al. 2000)
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The multispecies model identified any year(s) in which

abundances of all species changed unexpectedly given

the values of relevant covariates. We fitted the model

once with prior distributions that allowed only common

change points (ksa¼ 0, kCa ; Binomial(4, 0.5)) and once

with prior distributions that allowed both common and

species-specific change points (ksa ; Binomial(2, 0.5),

kCa ; Binomial(2, 0.5)). We also examined combina-

tions of fewer species to determine whether results of the

four-species models were overly influenced by one

species.

Implementation

All models were estimated using the reversible jump

MCMC add-on (Lunn et al. 2006, 2008) for WinBUGS

version 1.4 (Lunn et al. 2000) with three chains of

200 000 iterations each after 50 000 iteration burn-in

periods. The MCMC mixing and convergence were

established by inspection of chain histories, autocorre-

lation plots, and Brooks-Gelman-Rubin statistics. We

used the cut() function in WinBUGS (Lunn et al. 2000)

to prevent updating the prior distributions for missing

values, which otherwise may be tuned to fit the model,

leading to selection of covariates with many missing

values as predictors. This treatment of missing values

allowed all available data to be used in the analysis,

rather than omitting years in which any covariate values

were missing (Carrigan et al. 2007). We did not use

imputation methods to estimate missing values because

these methods assume values are missing at random,

which generally was not the case (e.g., values for the first

six years of surveys were missing for some variables).

WinBUGS code for all models is available in the

Supplement.

RESULTS

Overview of results relevant to recent declines

The trend models identified probable step or trend

changes in the early 2000s for delta smelt (trend change

2000–2002; Fig. 3A), striped bass (step decline 2002;

Fig. 4A), and threadfin shad (step decline 2002; Fig. 5A).

Longfin smelt abundances also declined after 2000, but

this decline was modeled as a continuation of a long-

term declining trend that was interrupted by sudden

increases in the late 1970s and mid-1990s (Fig. 6A).

The species-specific, covariate-conditioned change

point models indicated step declines in abundances

(i.e., abrupt declines that could not be modeled by the

included covariates) of delta smelt and longfin smelt in

2004 (Figs. 3B and 6B) and of striped bass (Fig. 4B) and

threadfin shad (Fig. 5B) in 2002.

In the multispecies change point models, there was

strong evidence of a common change point in 2002,

regardless of whether species-specific change points were

allowed (Fig. 7). Evidence for step declines in abun-

dance of delta smelt and longfin smelt in 2004 remained

in the multispecies model that allowed species-specific

change points (Fig. 7). Similar results were obtained

from multispecies models fitted with any combination of

three species, so the high probability of a common

change point in 2002 is not driven by any single species.

To ensure that our variable selection criterion

(Pr(kj . 0) . 0.75) had not excluded variables that

could explain the post-2000 declines, we refitted

covariate-conditioned change point models including

all variables with Pr(kj . 0) . 0.5 (i.e., variables with

some evidence of effects). We also fitted models with

variables that had strong effects in a multivariate

autoregressive (MAR) analysis of an expert-elicited

model of this system (up to six variables per species;

see Mac Nally et al. 2010 for details). With one possible

exception (detailed in Species-specific results: Striped

bass below), inclusion of additional variables had no

substantive effects on posterior probabilities of post-

2000 change points in single- or in multispecies models.

Water clarity emerged as a likely predictor of the

abundance of delta smelt, longfin smelt, and striped

bass, but the other variables with Pr(kj . 0) . 0.75 were

unique to each species (Table 2). No species had more

than two variables with Pr(kj . 0) . 0.75. All of the

covariates with Pr(kj . 0) . 0.75 had monotonic effects,

and most were modeled adequately by a single linear

coefficient (kj ¼ 1).

The autocorrelation coefficient, q, had low probability

of inclusion (low Pr(kQþ1 ¼ 1)), and was close to zero

when included, for all species except striped bass (Figs.

3C, 4C, 5C, and 6C and Table 2). Low values of q may

indicate that the mean abundance from September

through December is poorly correlated with abundance

of spawning adults in a given year.

Species-specific results

Delta smelt.—In the variable-selection model for delta

smelt, water clarity and winter exports had high

probability of inclusion (Pr(kj . 0) . 0.75; Fig. 3C).

Both variables had negative effects (Table 2). The effect

of winter exports was approximately linear, but mar-

ginal effects of water clarity were greatest at high values.

The probability of inclusion for winter exports was

sensitive to the prior distribution specified for linear

coefficients. Priors that weighted large effect sizes (e.g.,

absolute linear coefficients . 0.5) more heavily yielded

low Pr(kj . 0) values for winter exports. This sensitivity

indicates that the data support relatively small effects of

winter exports (jbj , 0.5), but models with larger export

coefficients fitted the data poorly. The estimated mean

linear coefficient in the step change model (b ¼�0.25;
Table 2) implies that an increase of one standard

deviation in volume of winter exports (¼ 0.62 km3)

would be associated with a 22% decline (95% posterior

interval ¼�45% to þ9%) in abundance of delta smelt,

assuming other factors were constant.

Evidence for change points in the periods 1981–1983

and 2000–2002 was weaker in the covariate-conditioned
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model (Fig. 3B) than in the trend model (Fig. 3A),

suggesting that those declines in abundance may have

been associated with combined effects of increasing

water clarity and high winter exports (Fig. 8). However,

there was evidence of an unexplained decline in 2004 in

the single-species model (Fig. 3B) and of unexplained

declines in 2002 and 2004 in the multispecies model (Fig.

7). The mean effect of winter exports was slightly less

negative in the multispecies model than in the single-

species model (Table 2) because the multispecies model

assigned more weight to an unexplained step decline in

2002, reducing the estimated effect of high winter

exports in that year.

Longfin smelt.—In the variable-selection model for

longfin smelt, water clarity and spring X2 had high

probability of inclusion (Pr(kj . 0) . 0.75). Both

variables had negative effects that were approximately

linear (Fig. 6C, Table 2).

The change point model conditioned on spring X2

and water clarity indicated unexpected declines in

FIG. 3. (A) Results of the trend model (Eq. 2) for delta smelt. The fitted trend is shown as a black line, and observed values
[log(catch per autumn trawl), mean 6 SE] are shown as data points. Intercept (at) values are shown as dashed gray lines, and the
trend component [ ft(t)] is shown as a solid gray line. The lower panel shows posterior probabilities (PP) of step changes (black) or
trend changes (gray) in each year for the trend model (Eq. 2). (B) Results of the covariate-conditioned change point model (Eq. 6)
for delta smelt. Fitted values are shown as a black line, the intercept (at) as a dashed gray line, and the covariate component
[ f(water clarity) þ f(winter exports), where f( ) is a linear spline] as a solid gray line. The posterior probabilities of step changes
(abrupt changes unexplained by covariates) for each year are shown in the lower panel. (C) Results of the covariate selection model
(Eq. 5) for delta smelt. Posterior probabilities of variable inclusion (light gray bars, right axis) and posterior mean (6SE) linear
coefficients (PLC; dark gray bars, left axis) are shown for each candidate predictor. The variable nt�1 is the previous year’s
abundance; see Table 1 for explanations of other covariate abbreviations. Mean linear coefficients were calculated as the mean
slope of the fitted linear-spline model over the data range. In all panels, the horizontal dashed lines show posterior probabilities
corresponding to odds ratios of 3 (0.14 for change points, 0.75 for variable inclusion), which we consider substantial evidence for a
change point occurring in a year (panels A and B) or for a variable having an effect on abundance (panel C). In panel (C) the prior
probability of inclusion (0.5) is shown as a dotted line.
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abundance from 1989 to 1991 and in 2004 (Fig. 6B). The

sharp increases in longfin smelt abundance in 1978 and

1995, identified as step increases in the trend model, were

modeled as responses to sharp declines in X2 (increases

in outflow; Fig. 8) in the covariate-conditioned change

point model. The estimated relationship between water

clarity and longfin smelt abundance was weaker in the

single-species change point model than in the multi-

species change point model (Table 2). This disparity

relates mainly to differences in the way the models

explained abundance from 1988 through 1992. A sharp

decline in longfin abundance in that period was largely

modeled as an unexplained step decline in the single-

species model, but, when species-specific change points

were given lower prior probability in the multispecies

model, that decline was partially attributed to increasing

water clarity (Fig. 8). If change points were omitted, as

in the variable-selection model, the water clarity effect

was very strong. These results suggest that the relation-

ship between longfin smelt abundance and water clarity,

after accounting for a strong effect of spring X2,

generally was weak throughout the time series and that

the strong relationship identified in the variable-selec-

tion model was driven largely by data for the period

1988–1992.

Striped bass (age-0).—In the variable-selection model

for striped bass, water clarity and the autocorrelation

term had Pr(kj . 0) . 0.75. Water clarity had an

approximately linear negative effect (Table 2).

Evidence for a step decline in striped bass abundance

in 2002 was lower in the covariate-conditioned change

point model (Fig. 4B) than in the trend model (Fig. 4A)

and was lower still (odds ratio , 3) in a model that

included the biomass of inland silverside (Menidia

beryllina; Pr(kj . 0) ¼ 0.59; Fig. 4C). These results

suggest that high water clarity (Fig. 8) or biomass of

inland silverside could have contributed to the 2002 step

decline in striped bass abundance. However, the

FIG. 4. Results of the models for striped bass. Panel details are as in Fig. 3. In panel (B), the covariate component (solid gray
line) represents f(water clarity)þ q log(nt�1). The gray bars in panel (B) show the posterior probabilities of change points in each
year if q¼ 0; q log(nt�1) is the temporal autocorrelation term in Eq. 6 (see Statistical analyses: Covariate-conditioned change point
model ).
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presence of partial autocorrelation (0 , q , 1)

complicated change point detection in these log-linear

models because the interpretation of a, and hence

appropriate prior distributions for change points,

depends on q (see Appendix). When autocorrelation

was omitted from covariate-conditioned, change point

models for striped bass, regardless of the inclusion of

inland silverside biomass, the posterior probability of a

step change in 2002 was .0.4 (Fig. 4B).

In all covariate-conditioned models for striped bass,

relatively low water clarity in 1981 accounted for the

apparent step increase in abundance in that year (Fig.

4A vs. Figs. 4B and 7).

Threadfin shad.—No variables had high probability of

inclusion in the threadfin shad variable selection model.

The highest-ranked variables, other than the autocorre-

lation term, were biomass of summer calanoids in the

low-salinity zone and winter and spring export volumes,

which each had posterior probability of inclusion

marginally higher than the prior probability (Fig. 5C),

indicating only weak evidence of effects. However,

probabilities of inclusion for winter and spring exports

were sensitive to the prior distribution for the linear

coefficients, and priors that put more weight on smaller

coefficients yielded Pr(kj . 0) . 0.75 for both variables;

no other variables showed this level of sensitivity to

priors. Therefore, we included winter and spring exports

in covariate-conditioned change point models for

threadfin shad. We also included time as a covariate in

the single-species model for threadfin shad because the

model with export volumes alone fit too poorly (R2 ¼
0.33) to make meaningful inferences about change

points (i.e., unusual departures from ‘‘expected’’ abun-

dance given covariate values).

The estimated relationship between log(abundance) of

threadfin shad and spring exports was similar in form

and magnitude to the relationship between log(abun-

dance) of delta smelt and winter exports (Table 2) and

was consistent among single- and multispecies models

with and without time included as a covariate. An

FIG. 5. Results of the models for threadfin shad. Panel details are as in Fig. 3. In panel (B), the covariate component (solid gray
line) represents f(winter exports) þ f(spring exports), and the dashed gray line represents the time-dependent intercept at plus a
nonlinear trend f(t).
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apparent step increase in threadfin shad abundance in

1977 (Fig. 5A) was modeled as a response to low spring

exports in that year (Fig. 8) in the covariate-conditioned

models (note near-zero change point probabilities for

1977 in Figs. 5B and 7). The estimated relationship

between winter exports and threadfin was weak in all

models (Table 2), especially in the multispecies model

that weighted 2002 step changes more heavily. The

inclusion of summer calanoid biomass and an autore-

gressive term (both variables had 0.5 , Pr(k . 0) ,

0.75) had no effect on posterior probabilities of change

points for threadfin shad (estimated coefficients were

close to zero in both cases).

DISCUSSION

Different model structures, particularly models for

individual species compared with multiple species,

yielded somewhat different sets of the more likely

change points, but all models indicated sharp declines

in abundance of delta smelt, longfin smelt, threadfin

shad, and striped bass in the early 2000s. Post-2000

change points were evident in all covariate-conditioned

models for all species, indicating that the covariates

identified as the strongest predictors of abundance could

not explain fully the recent declines. However, there was

some evidence that increasing water clarity, winter

exports, and spring X2 may have contributed to post-

2000 declines in abundance of some species.

Inferences about declines in abundance after 2000

depend partially on whether species were considered

jointly or separately. When delta smelt and longfin smelt

were modeled individually, the best-supported models

largely associated the 2002 decline in abundance of delta

smelt with high winter exports and the 2001 decline in

abundance of longfin smelt with spring X2. In these

models, sharp, unexplained declines in abundance did

not occur until 2004. However, in the multispecies model

all four species experienced unexplained declines in

2002, and the estimated effects of winter exports and

spring X2 on delta smelt and longfin smelt, respectively,

FIG. 6. Results of the models for longfin smelt. Panel details are as in Fig. 3. In panel (B), the covariate component (solid gray
line) represents f(water clarity) þ f(spring X2), but f(water clarity) was near zero, and including only f(spring X2) results in
essentially the same figure as this.
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were moderately reduced (Table 2). A similar reduction

in the estimated effect of winter exports in the

multispecies model was observed for threadfin shad.

The increased probability of unexplained declines in

2002 and reduced covariate effects in the multispecies

model, relative to the single-species models, reflect

differences in the amounts of data (evidence) used to

fit the different models. Combining data from all species

in the multispecies model strengthened the evidence for

an unexplained (by the covariates considered) step

decline in 2002 for all species and led to a corresponding

reduction in the estimated influence of variables that, in

single-species models, might have explained 2002 de-

clines for individual species. These results are consistent

with a hypothesis that simultaneous, abrupt declines in

abundances of multiple species are more likely to have

been caused by a common but unknown factor than by

different factors for each species (e.g., winter exports for

delta smelt and threadfin shad, spring X2 for longfin

smelt, another unknown factor for striped bass).

The covariate-conditioned models indicated step

declines in abundance of age-0 striped bass in 1987

(evident in a model without autocorrelation) and step

declines of longfin smelt in 1989–1991. These declines

may be related to the effects of the introduced (ca. 1987)

clam Corbula amurensis, which caused an ongoing

decrease of ;60% in chlorophyll a concentration in the

estuarine low-salinity zone (Alpine and Cloern 1992).

There were concurrent declines in abundance of mysids

and some species of copepods upon which striped bass

and longfin smelt prey (Kimmerer and Orsi 1996, Orsi

and Mecum 1996, Kimmerer 2006). These changes in

prey abundance were evident in the diets of striped bass

and other fish species (Feyrer et al. 2003). Although

variable-selection models did not identify prey variables

as strong predictors of fish abundances at the whole-

estuary scale of this analysis, summer calanoids and

mysid biomass were positively correlated with abun-

dances of striped bass and longfin smelt (calanoids only)

in a MAR model of this system (see Mac Nally et al.

2010). When those prey variables were included in

covariate-conditioned models for striped bass, evidence

for an unexplained step decline in 1987 was reduced

greatly (to odds ratio ,3), supporting the prey-

availability hypothesis. Conversely, the inclusion of prey

biomass did not alter substantially evidence for step

declines in 1989 and 1991 in longfin smelt abundance.

Covariate relationships and previous analyses

The covariates we identified as strongly associated

with pelagic fish abundance, namely X2, water clarity,

and export flows, previously have been hypothesized to

affect abundance. Jassby et al. (1995) and Kimmerer

(2002) identified a relationship between abundances of

FIG. 7. Abundance [log(catch per trawl)] with fitted values (solid black lines; dashed lines are 95% credible intervals) and
intercept parameters (gray solid lines) for delta smelt, longfin smelt, striped bass, and threadfin shad in the multispecies change
point model. Intercept parameter ¼ species-specific intercept plus common change point parameter. Bars show posterior
probabilities (right axis) of common (black) and species-specific (gray) change points in each year.
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several species of estuarine-dependent nekton and

freshwater flow indexed as spring X2. An association

between abundance of striped bass and X2 has been

identified before, but the relationship with X2 was

weaker than for longfin smelt and the relationship was

affected by other factors (Jassby et al. 1995, Kimmerer

2002, Kimmerer et al. 2009). In these previous studies,

X2 did not strongly affect the autumn abundance of delta

smelt or threadfin shad. These results are consistent with

our result that only longfin smelt had a strong (and

negative) relationship with spring X2 (Table 2).

The association between water clarity and abundance

that we identified also is consistent with previous

analyses. Water clarity can affect composition of fish

assemblages in large river and estuarine systems (Blaber

and Blaber 1980, Quist et al. 2004) and can mediate

predator–prey interactions (Abrahams and Kattenfeld

1997, Gregory and Levings 1998). Water clarity

(measured by Secchi disc depth) has been related to

distributions of several species of fish in the San

Francisco Estuary. Delta smelt and striped bass, but

not threadfin shad, were most likely to occur where

water was turbid during autumn (Feyrer et al. 2007).

Secchi depth also explained some of the variation in

distribution of delta smelt in summer (Nobriga et al.

2008). Adding Secchi depth to nonlinear models of

distribution based on salinity improved fits substantially

for delta smelt, striped bass, and longfin smelt

(Kimmerer et al. 2009). These effects of water clarity

on distributions may translate to effects on abundance

to the extent that the fish populations are limited by the

availability of habitat. Laboratory experiments and

observations suggest that young delta smelt cannot feed

effectively unless particles are suspended in the water

column (Baskerville-Bridges et al. 2004, Mager et al.

2004).

Export flows in winter and spring were negatively

associated with abundance of delta smelt and threadfin

shad, respectively, in our models. Previous analyses

indicated that export flows can remove a substantial

fraction of the delta smelt population in both winter and

spring of dry years (Kimmerer 2008). Although previous

analyses reported an effect of export flows on the

abundance of young striped bass (Stevens et al. 1985),

this effect was negligible if egg supply was taken into

account (Kimmerer et al. 2001). Threadfin shad has been

abundant relative to other species in freshwater zones of

the Delta since monitoring began (1967). However, the

proportional loss of the threadfin shad population to

export operations has not been determined. Of the four

species we examined, only threadfin shad occupies the

freshwater portion of the Delta for its entire life cycle.

The other three species move into brackish water during

summer and autumn. Given that water diversions only

export freshwater, threadfin shad may have been

especially vulnerable to exports throughout the year.

TABLE 2. Summary of covariate effects in models of annual abundance of four species of pelagic fishes in the San Francisco
Estuary.

Covariate Pr

Single-species model

R2
Mean slope

(SD) 95% CI

Delta smelt 0.65

Water clarity 0.81 �0.24 (0.29) (�0.85, 0.29)
Winter exports 0.77 �0.25 (0.18) (�0.60, 0.09)

Longfin smelt 0.88

Spring X2 1.00 �1.25 (0.18) (�1.61, �0.88)
Water clarity 0.96 �0.15 (0.43) (�1.05, 0.58)

Striped bass 0.88

Water clarity 0.99 �0.59 (0.24) (�1.04, �0.06)
q 0.98 0.38 (0.17) (0.05, 0.69)

Threadfin shad 0.45

Winter exports 0.51� �0.14 (0.19) (�0.52, 0.25)
Spring exports

0.59� �0.22 (0.14) (�0.50, 0.06)

Notes: We used a variable selection model (Eq. 5) to select covariates and included the covariates in subsequent models if their
posterior probability of inclusion (Pr) exceeded 0.75 (see Figs. 3, 4, 5, and 6 for corresponding values for all variables). Mean slope
is the posterior mean of the average linear slope over the full range of covariate values in a piecewise linear spline model with up to
three knots (changes in slope). All fitted splines were monotonic, and departures from linearity generally were moderate and are
described in the ‘‘functional response’’ column. Estimated covariate effects are conditional on the variable being a predictor but
incorporate uncertainties about the number and timing of change points. R2 shows the relative fits of the posterior medians of the
fitted values (nt’s in Eq. 6) to the observed log abundance data. Corresponding R2 values for trend models were: delta smelt, 0.74;
longfin smelt, 0.69; striped bass, 0.85; threadfin shad, 0.69. Covariate q is the autocorrelation coefficient in Eq. 6.

� Winter and spring exports were included in models for threadfin shad because probabilities of inclusion were sensitive to prior
distributions on linear coefficients. Probabilities exceeded 0.75 under certain more restrictive prior distributions (see Results:
Species-specific results and Appendix).
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The variable-selection results suggest that, at the

estuary scale, abiotic factors (water clarity, X2, exports)

may have more influence on interannual variation in

abundances of the four species than do biotic variables.

This result is consistent with a MAR analysis of an

expert-elicited model of this system that included

species interactions among several trophic groups as

well as abiotic covariates (Mac Nally et al. 2010). In the

MAR analysis, abiotic variables explained 50% more

variation than did trophic interactions. Trophic inter-

actions were still important (Mac Nally et al. 2010), but

the strongest effects generally were ‘‘top-down,’’ with

fish apparently having more influence on prey biomass

than vice versa. These results suggest that targeted

manipulation of abiotic variables such as water clarity,

freshwater flow, and water exports could be used to

influence fish abundances in this system, but greater

understanding of the interactions between abiotic

variables and trophic interactions is required before

scientifically robust management alternatives can be

formulated. Identification of the factor(s) that caused

the post-2000 declines remains an important challenge;

attempts to reverse declines are unlikely to succeed

unless the main drivers of those declines are understood.

TABLE 2. Extended.

Multispecies model

R2 Functional response
Mean slope

(SD) 95% CI

0.63

�0.24 (0.26) (�0.74, 0.30) single-species model: weak at values .2 SD from
mean, multispecies model: stronger at values . 1 SD

�0.22 (0.17) (�0.55, 0.11) weaker at values , �1 SD

0.85

�1.20 (0.18) (�1.55, �0.83) stronger at values . mean
�0.27 (0.41) (�1.14, 0.48) stronger at values . 1 SD

0.89

�0.57 (0.27) (�1.06, �0.03) linear
0.40 (0.13) (0.11, 0.66)

0.46

�0.10 (0.18) (�0.45, 0.28) single-species model: weak at values , mean,
multispecies model: linear

�0.23 (0.14) (�0.48, 0.03) single-species model: weaker at values , �1.5 SD,
multispecies model: linear

FIG. 8. Trends in covariates used in covariate-conditioned change point models. See Table 1 for explanations of covariates.
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Our results confirm that the four species of pelagic fish

experienced abrupt declines around 2002 and suggest

that all potential drivers not considered in our analyses

warrant further investigation.

Strengths of hierarchical Bayesian modeling

The hierarchical Bayesian modeling approach has

several advantages over other approaches, such as

multiple regression models (Cressie et al. 2009). The

hierarchical structure allows sampling or measurement

error to be separated from actual variation in

underlying abundances, which can improve estimation

of the underlying biological processes (Clark 2005).

Hierarchical Bayesian models allow considerable flex-

ibility in modeling of biological processes, so a wide

variety of process models can be formulated and fitted

within a common framework. The availability of public

domain software such as WinBUGS, combined with an

add-on developed by Lunn et al. (2006) for reversible

jump MCMC (Green 1995), makes it increasingly

feasible to fit and compare complex hierarchical models

within a consistent estimation framework. We exam-

ined nonparametric trend models with change points

for step and trend changes (Eq. 2), nonlinear variable

selection models (Eq. 5), nonlinear covariate models

with step changes (Eq. 6), and multiple-response

models (Eq. 7), which all included temporal autocor-

relation as appropriate. Within each of these general

model classes were large sets of special cases that

differed with respect to the particular change points

and covariate effects included. Many models of a given

class were compared or combined for inference on the

basis of marginal likelihoods, which inherently penalize

model complexity. For example, the capacity to treat

the number and location of ‘‘knots’’ (i.e., change

points) in linear splines as unknown parameters

allowed the relative evidence for change points in

specific years to be evaluated by formal comparison of

a very large number of possible models (all possible

combinations of up to four change points per

parameter) while simultaneously estimating other

parameters of interest (e.g., covariate effects) and

accounting for data uncertainties (e.g., observation

errors and missing covariate values).

Future work

Three areas of future research could help reduce

uncertainty about drivers of abundance of pelagic fishes

in the San Francisco Estuary. One is to pursue, in

greater depth, simultaneous modeling of multiple species

and interactions among species and covariates. The

multiple-species change point models did not consider

interactions among the four species of interest (but see

Mac Nally et al. 2010), and interactions among

covariates were not investigated. Some preliminary

work (J. R. Thomson, unpublished data) fitting

Bayesian additive regression trees (BART; Chipman et

al. 2008) included interactions among covariates, but

initial results did not yield substantial improvements in

fits, and the post-2000 declines were not modeled

adequately.

Another area of future work that may clarify

mechanisms is to fit process models that include multiple

life history stages of the fish species using data available

from surveys that complement data from autumn

midwater trawl surveys used here. For example, adult

delta smelt are sampled from January through April

throughout the estuary with a Kodiak trawl (a surface-

oriented trawl), and small juveniles are sampled from

March through July in the ‘‘20-mm survey’’ (Dege and

Brown 2004). In summer, juvenile delta smelt are

sampled with tow net surveys. A life history model that

linked the abundances of each life stage would provide a

more continuous picture of the delta smelt population

and would capitalize more fully on available data. The

approach to change point identification used here could

be applied to any parameter(s) of interest (e.g.,

population growth parameters) within almost any model

structure (Lunn et al. 2006), which may allow identifi-

cation of important changes in key processes.

A third potential means to elucidate drivers of

abundance is to carry out formal statistical comparisons

of some of the models formulated by Sommer et al.

(2007) and Baxter et al. (2008) to explain declining

abundances of pelagic fishes in the San Francisco

Estuary. These authors considered many hypotheses

for declines in abundance, including changes in stock–

recruitment relationships and food webs, mortality from

predation and water diversions, contaminants, and

changes in the physical environment. Multispecies

models with explicit life history submodels could be

used to compare the relative likelihood of these

alternative hypotheses conditional on the available data.

Formal model selection procedures, such as reversible

jump MCMC (Green 1995), could be used to estimate

posterior probabilities for the models corresponding to

different hypotheses.

It is possible, however, that the change points were

caused by variables that have not been measured or have

not been measured long enough to provide data useful in

statistical analyses. For example, of the potentially

contributing variables listed by Sommer et al. (2007;

Fig. 6), only a few could be included in the models. The

effects of toxic algae, for example, have only recently

been measured and may have increased. Contaminants

are too numerous and dispersed, and effects too

sporadic and subtle, for any monitoring program to

provide useful information for correlative analyses.

Thus, these effects must be investigated through more

detailed, mechanistic studies.
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APPENDIX

Details of prior distributions used in change point and associated regression models (Ecological Archives A020-051-A1).
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J. R. Thomson, W. J. Kimmerer, L. R. Brown, K. B. Newman, R. Mac Nally, 

W. A. Bennett, F. Feyrer, and E. Fleishman. 2010. Bayesian change-point 

analysis of abundance trends for pelagic fishes in the upper San Francisco 

Estuary. Ecological Applications 20: 1431–1448. 
 

Appendix A.  Details of prior distributions used in change-point and associated regression 

models. 

 

Priors for the number, timing and magnitude of change-points.  

We specified binomial prior distributions for the number of step changes kα and the number of 

trend changes kβ: kα ~ Bin(kmax, π), kβ ~ Bin(kmax, π)., where kmax is the maximum possible 

number of each type of change, and π is the binomial probability. Under these priors, the prior 

probability that there will be kα step changes was 
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The priors for the timing of change-points δ (step) and θ (slope) were conditional on kα and kβ, 

respectively. All models with a given number of change-points were equally probable a priori. 

That is, all combinations of kα step changes were treated as equally probable. For step changes, 

the prior probability of a specific combination of kα change-points (e.g. in 1973 and 1999, 

given that kα=2) was 
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where T is the number of possible change points (= number of survey years − 1). 

Therefore, the prior probability for a particular combination of step changes was 
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. 

The probability that any specific year y is included in the vector δ of kα change-points is kα / T . 

Accordingly, the prior probability for a change-point at any give year y was 
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These model priors are uninformative about the timing of change-points, but are somewhat 

informative about the number of change-points. A maximum number of change-points is 

specified, and there is a prior expectation of  π kmax step and slope changes. We used π  = 0.5 

and kmax = 4. Importantly, the prior also allows for no change points. In fact, the model with no 

change-points has higher prior probability ( =0.54 × 0!(T- 0)!/T!= 0.54) than any other single 

model (i.e., any specific combination of ≥ 1 change-points).  

The uninformative priors used for all other model parameters are shown in Tables A1 through 

A3. 

 

TABLE A1. Parameters and their prior distributions for trend models. 
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Parameters Description Prior Comments 

σ0t
2 Variance of observation 

error at time t:  

Point estimate 

calculated from catch 

uncertainty of 

estimated 



 

 

data abundance yt 

σp
2 Variance of process error IG(0.001,1000) Uninformative 

α1 Estimated initial 

abundance 

N(0,10000) Uninformative 

kα Number of step changes 

in abundance. 

Bin(4, 0.5) Maximum of 4 step 

changes, prior 

expectation of 2. 

δj, j = 1,…,kα year when the jth step 

change occurred !
)!(!

)|(
T

kTk
kp j

αα
αδ

−
=  

 

 

T= survey years −1. 

Prior is conditional 

on kα. All possible 

combinations of kα 

Step changes are 

equally likely 

χj, j = 2,…,kα Vector of step change 

sizes occurring at the kα 

change-points 

N(0, σα
2) Uninformative, 

exchangeable prior 

σα
2 Variance of the normal 

distribution of step 

change sizes 

96.1
)ln(ln minmax yy −  Point estimate 

derived from data 

range 

kβ Number of changes in the 

slope; number of times 

linear trend in abundance 

changes 

Bin(5, 0.5) Maximum of 5 

changes-in-slope. 

Prior expectation of 

2.5. 

θj j = 1,…, kβ year when the jth trend 

change (change in slope) 

occurred 

!
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kp j

ββ
βθ

−
=

 

All possible 

combinations of kβ 

changes-in-slope 

are equally likely 

βj, j = 1…, kβ Slope of linear trend N(0, σβ
2) Uninformative, 

exchangeable prior 

σα
2 Variance of the normal 

distribution of linear 

trend parameters 

96.14
)ln(ln minmax

×
− yy  Point estimate 

derived from data 

range 



 

 

Distributions: N= Normal, Bin = Binomial, IG = inverse Gamma. In WinBUGS, Normal 

distributions are specified with precisions (1/variance) and Gamma distributions with inverse 

scale parameters, e.g., Gamma(0.001,1000) is specified as dgamma(0.001,0.001). 

 

 

TABLE A2. Parameters and their prior distributions for variable selection models. 

The model 
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Parameters Description Prior Comments 

σ0t
2 Variance of observation 

error at time t:  

Point estimates 

calculated from 

catch data 

uncertainty of 

estimated 

abundance yt 

σp
2 Variance of process error IG(0.001,1000) Uninformative 

α Estimated initial 

abundance 

N(0,10000) Uninformative 

kj , j = 1,….,Q Number of linear 

segments in piecewise 

linear spline for variable j 

Cat(p0, p1, p2, p3) 

p0 = 0.5, p1 = 0.3, 

p2 = 0.1, p3 = 0.1 

pn is probability of 

n segments. 

p0 = 0.5 is prior 

probability of no 

effect of variable j 

Max. segments 

(knots) is 3 

φjm 

m=1,.., kj. 

j = 1,…,Q 

 

Knot value for mth 

segment of linear spline 

for variable j 

Cat(p1,….,p10) 

pn = 0.1is 

probability of knot 

at nth candidate 

value. There were 

10 evenly spaced 

candidate knot 

values starting at 

min(xj). 

Categorigal prior 

with 10 discrete 

knots used to limit 

model space (hence 

increase speed of 

MCMC) in variable 

selection  



 

 

βjm, 

m=1,.., kj. 

j = 1,…,Q 

 

Linear coefficient for mth 

segment of linear spline 

for variable j 

 N(0, σβ
2) Uninformative, 

exchangeable prior 

for non-zero 

coefficients 

kQ+1 Binary indicator for 

inclusion of 

autocorrelation term ρ 

Bin(1,0.5)  

ρ Autocorrelation 

coefficient  

N(0, σβ
2)  

σβ Standard deviation of the 

non-zero coefficients. 

σα= |ζ|×σz
-0.5 

 ζ~N(0, A) 

σz ~G(0.5,2) 

A=0.5 

Half-Cauchy prior 

 

Distributions: N= Normal, Bin = Binomial, IG = inverse Gamma, Cat = Categorical 

(equivalent to Multinomial with n = 1). 

 

TABLE A3. Parameters and their prior distributions for covariate-conditioned change-point 

models. 

The model 
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In the single species model,  
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In the multi-species model, αt for species s (denoted αst in text), was  
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Parameters Description Prior Comments 

σ0t
2 Variance of observation 

error at time t: relative 

uncertainty of estimate, 

y.obst 

Point estimates calculated 

from catch data 

 

σp
2 Variance of process error IG(0.001,1000) Uninformative 

α1 Estimated initial 

abundance 

N(0,10000) Uninformative 

kα (ksα in 

multi-species 

model) 

Number of step changes 

in abundance.  

kα ~ Bin(4, 0.5) 

ksα ~ Bin(2, 0.5) 

 

 

Maximum of 4 (2) 

step changes, prior 

expectation of  

2 (1) 

δj, j = 1,…,kα year when the jth step 

change occurred !
)!(!

)|(
T

kTk
kp j

αα
αδ

−
=  

 

 

T= survey years −1. 

Prior is conditional 

on kα. All possible 

combinations of kα 

Step changes are 

equally likely 

χj, j = 2,…,kα Size of jth step change  N(0, σα
2) Uninformative, 

exchangable prior 

σα
2 Variance of the normal 

distribution of step 

change sizes 

96.1
)ln(ln minmax yy −  Point estimate 

derived from data 

range 

kj , j = 

1,….,Q 

Number of linear 

segments in piecewise 

linear spline for variable j 

1+ κj  

κj ~ Bin(3,0.3) 

At least 1 segment 

(linear effect), up 

to 3 changes in 

slope 

φjm 

m=1,.., kj. 

j = 1,…,Q 

Knot value for mth 

segment of linear spline 

for variable j 

U(min(xj), max(xj)) Uniform prior for 

continuous knots  



 

 

 

βjm, 

m=1,.., kj. 

j = 1,…,Q 

 

Linear coefficient for mth 

segment of linear spline 

for variable j 

N(0, σβ
2) Uninformative, 

exchangeable prior 

for non-zero 

coefficients 

ρ Autocorrelation 

coefficient  

N(0, 0.001) for striped bass 

0 for all other species 

Uninformative. 

Included only for 

striped bass 

σβ Standard deviation of the 

non-zero coefficients. 

σβ = |ζ|×σz
-0.5  

 ζ~N(0, A) 

σz ~G(0.5,2) 

A=0.04 

Half-Cauchy prior 

 

kCα Number of step changes 

common to all species 

Bin(2, 0.5) Multi-species 

model only 

ζj, j = 1, 

,kCα 

year when the jth common 

step change occurred !
)!(!

)|(
T

kTk
kp CC

Cj
αα

αψ
−

=
 

 

 

T= survey years −1. 

Multi-species 

model only 

ψj, j = 1, 

,kCα 

Size of jth common step 

change 96.1
))(ln)(ln( minmax ymeanymean − Multi-species 

model only 

Distributions: N= Normal, Bin = Binomial, IG = inverse Gamma, U = Uniform, G= Gamma 

(note G(0.5,2) is equivalent to a χ2 distribution with 1 d.f.) 

 

Sensitivity of change-point detection to prior distributions 

Absolute posterior probabilities of change-points obviously will be sensitive to the prior 

distributions on the numbers of change-points kα and kβ (in trend models). Posterior 

probabilities for change-points in particular years will generally increase with the prior 

expectation for the number of change-points. Clearly it is important to use prior distributions 

that reflect appropriate definitions of change-points and plausible expectations about the 

numbers of such change points (e.g., priors that allowed up to 40 change-points would not be 

sensible). Across a range of sensible priors for kα and kβ  (e.g. kmax = 4 vs. kmax = 2) the relative 

probabilities of change-points and odds ratios (which mostly remove the influence of prior 



 

 

model probabilities) generally should be consistent. Therefore, inferences about the timing of 

change-points will rarely be sensitive to the exact choice of priors for kα or kβ (within 

reasonable limits). This was certainly true in sensitivity tests for our trend models in which we 

fitted models with kmax = 1, 2, 4 and 6 (for both kα and kβ). 

The prior variances σα
2 and σβ

2
 control the possible magnitudes of any change-points in 

trend models (and covariate-conditioned change-point models for σα
2). Posterior model 

probabilities can also be sensitive to these parameters, because the degree to which integrated 

likelihoods penalize complexity largely depends on the prior variance for model parameters. 

Larger prior variances will tend to favor less complex models, and vice versa. In regression 

models, the prior variance essentially specifies the expected magnitudes of effects. Thus, large 

prior variances will favor models with few large effects, whereas small prior variances will 

favor models that include a greater number of variables with relatively small effects. For 

change-point models, this equates to a choice between favoring few large change-points, or 

relatively many (up to kmax) smaller changes.  

We tested the sensitivity of posterior probabilities for change-points to prior variances 

by fitting models with point priors set at 0.5, 1, and 2 times the data-range values described in 

the main text (and table A1). We also fitted models with hyper-priors on the variances or 

standard deviations σα and σβ .  This approach reflects prior uncertainty (ignorance) about the 

expected magnitudes of any effects (e.g., change-points, covariate effects). We fitted models 

using three different hyper-prior specifications discussed by Gelman 2006 (inverse uniform on 

standard deviations, inverse Gamma on variances, and Half-Cauchy priors), each with 3 

different scale parameters that define the credible effect sizes (Table A4). Results generally 

were consistent in relative probabilities and odds ratios for change-points in particular years, 

and invariably led to consistent inferences about the most probable change-points. The absolute 

probabilities of change-points were generally lower with the hyper-priors because these placed 

relatively more prior weight on large effect sizes, including some extreme values.  

 

TABLE A4. Priors used in sensitivity analysis for change-point parameters. 

 

Prior name Details Scale parameters for σα σβ  scales  

point σα
2 = (scale / 1.96)2 scale=range/2, range, 2×range scale/4 

Gamma σα
2~InverseGamma(a,1/a) a = 0.1, 0.01, 0.001 a 

Uniform σα ~Uniform(0, 0.8×scale) scale=range/2, range, 2×range scale/4 



 

 

Half-Cauchy  σα= |ζ|×σz
-0.5 

 ζ~N(0, 100/scale2) 

σz ~Gamma(0.5,2) 

scale=range/2, range, 2×range scale/4 

range = ln ymax-ln ymin 

 

Sensitivity of variable selection model to prior distributions 

In variable selection models, posterior model probabilities can be sensitive to the prior 

on regression coefficients β. We used a Half-Cauchy prior (see Table B2) with scale parameter 

chosen so that ca. 90% and 95% of the prior probability mass was in the interval (-1,1) and (-

2,2) respectively. This prior puts most weight on more plausible coefficients while still 

allowing larger effects. We tested sensitivity of model posterior probabilities to the prior on β 

by fitting models with a range specifications for the prior variance σβ
2 of the regression 

coefficients (the jump interface in WinBUGS allows only exchangeable normal priors for the 

vector of coefficients β). We varied the scale parameter of the Half-Cauchy prior and fitted 

models with a range of different priors on σβ
2, including point estimates (0.25, 0.5, 1,2), 

uniform on σβ with upper limits (0.5, 1, 2, and 5). and inverse Gamma (0.01,0.01). We also 

implemented an approximation to the unit information prior (corresponding to Bayesian 

Information Criterion penalty when all models are equally probable, George and Foster 2000). 

Posterior model probabilities (hence probabilities of variable inclusion, Pr(kj > 0)) varied 

predictably with the prior (more diffuse priors yielded lower probabilities), but the relative 

values among variables were consistent. Pr(kj > 0) values for variables with strongest effects 

(e.g., spring X2 for longfin smelt, water clarity for striped bass) always were high (> 0.9) 

regardless of the prior used, and the set of variables with Pr(kj >0)> 0.75 was generally 

consistent among different prior specifications (though Pr(kj > 0) for some variables varied 

between 0.7 and 0.85). Pr(kj > 0) values for winter exports in the delta smelt and winter and 

spring exports in threadfin shad models were the most sensitive to prior specifications. This 

sensitivity to priors suggests that only relatively small effects of winter exports on abundances 

of fishes are supported by the data.  

We also tested the sensitivity of odds ratios to prior probabilities of inclusion (i.e., to 

prior Pr(kj >0) by increasing the probability of 0 in the categorical prior for the number of 

linear segments in nonlinear variable selection models. A consistent set of variables with odds 

ratio > 3 emerged from each analyses. 

 



 

 

Note on change-point detection in autoregressive models 

The inclusion of an autoregressive term, ρnt-1, in change-point models alters the 

interpretation of parameters and therefore complicates the detection and interpretation of 

change-points. In the covariate condition change-point model (Eq. A.6), if ρ = 0, then eα is the 

initial abundance, and a step change in year y is modelled well by a new intercept value for 

year y and all subsequent years (as in Eq. A.3). But if ρ = 1, then eα is the proportional change 

in abundance from year y-1 to year y, and a sustained change in α (Eq. A.3) would model a 

trend change (a change in the annual rate of change in y). With ρ = 1 a step change in year y is 

better modelled by a change in α at year y only, which can be achieved by modifying the α 

submodel: 
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Either or both types of change-point (Eqns. A.3 or A.8) can be included in change-point 

models. But when 0 < ρ < 1 it is not clear which model is most appropriate because the 

interpretation of α, and any change in it, is difficult. This difficulty of interpretation makes the 

specification of appropriately bounded priors (i.e., credible effect sizes) difficult, which in turn 

may affect the probability of detecting change-points.  

 

  

LITERATURE CITED 

 

Gelman, A. 2006. Prior distributions for variance parameters in hierarchical models. Bayesian 

Analysis 1:515–533. 

George, E. I., and D. P. Foster. 2000. Calibration and empirical Bayes variable selection. 

Biometrika 87:731–747. 

 

 

 



                

 

September 19, 2013 

Re: Independent Panel Review of the Bay Delta Conservation Plan 

 

Dear Interested Stakeholder: 

 

The attached report was prepared by an independent panel of experts convened by Dr. Jeff Mount for 

American Rivers and The Nature Conservancy to assist in our deliberations regarding the Bay Delta 

Conservation Plan.  Dr. Mount assembled a balanced, interdisciplinary, and objective group of experts 

with long experience in the San Francisco Bay-Delta estuary to conduct this review of the March 2013 

BDCP Administrative Draft and associated documents released during the Spring of 2013. This report will 

now join a growing library of independent reviews of efforts to resolve the Delta crisis.   

The opinions, analyses, and recommendations provided in the report are solely those of the authors.  

Our organizations will use the information in the report along with our own analysis of BDCP to develop 

a proposal for increasing the probability that BDCP will substantially improve environmental conditions 

in the Delta.  This report does not represent the position of American Rivers or the Nature Conservancy. 

American Rivers and The Nature Conservancy have been active participants in the BDCP planning 

process for the last seven years.  Our organizations have not taken a formal position in support of the 

proposed project described in the administrative draft of the BDCP, but we are fully committed to 

continue our work in good faith to develop a conservation plan for the Delta ecosystem that advances 

the co-equal goals of ecosystem restoration and water supply reliability.  The status quo condition in the 

Delta is unacceptable, and without action, will result in the inexorable decline of the Delta ecosystem 

and the species it supports. 

Please direct questions regarding the report to Leo Winternitz or John Cain at lwinternitz@TNC.ORG and 
jcain@americanrivers.org.  Thank you for your consideration. 

Sincerely: 

                                                                                     

 

Leo Winternitz      John Cain 

Senior Advisor - Water Program    Conservation Director 

The Nature Conservancy    American Rivers 
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Preface	  
	  
The	  Bay-‐Delta	  Conservation	  Plan	  is	  more	  than	  15,000	  pages	  long	  and	  covers	  a	  wide	  
range	  of	  issues	  ranging	  from	  water	  supply,	  new	  facility	  construction,	  aquatic	  and	  
terrestrial	  ecosystem	  management,	  governance	  and	  costs.	  	  Few	  outside	  of	  the	  
handful	  of	  people	  deeply	  involved	  in	  BDCP	  actually	  know	  what	  is	  in	  the	  document	  
due	  to	  its	  imposing	  size.	  	  This	  is	  particularly	  true	  for	  the	  various	  stakeholder	  groups	  
who	  lack	  either	  the	  staff	  or	  the	  technical	  capacity	  to	  review	  the	  document	  and	  to	  
evaluate	  the	  complex	  analyses	  that	  underpin	  it.	  	  	  
	  
Saracino	  &	  Mount,	  LLC,	  was	  asked	  to	  assemble	  a	  panel	  of	  independent	  experts	  to	  
review	  portions	  of	  the	  Plan	  to	  help	  guide	  decision-‐making	  by	  two	  non-‐governmental	  
organizations:	  The	  Nature	  Conservancy	  and	  American	  Rivers.	  	  Guided	  by	  a	  narrow	  
set	  of	  questions	  about	  how	  the	  Plan	  would	  impact	  water	  supply	  and	  endangered	  
fishes,	  the	  panel	  reviewed	  the	  Plan	  documents	  and	  conducted	  analyses	  of	  data	  
provided	  by	  the	  project	  consultants.	  	  The	  following	  document	  is	  a	  summary	  of	  our	  
results.	  	  	  
	  
It	  is	  important	  that	  this	  analysis	  not	  be	  over-‐interpreted.	  	  We	  do	  not	  endorse	  or	  
reject	  the	  Plan.	  	  We	  only	  assess	  effectiveness	  of	  various	  conservation	  measures,	  
guided	  by	  narrowly	  targeted	  questions.	  In	  addition,	  we	  make	  a	  handful	  of	  modest	  
proposals	  to	  improve	  the	  performance	  of	  the	  Plan,	  particularly	  for	  issues	  of	  concern	  
to	  the	  two	  non-‐governmental	  organizations.	  	  Thus,	  the	  scope	  of	  this	  review	  is	  quite	  
limited.	  	  
	  
The	  authors	  wish	  to	  thank	  the	  S.D.	  Bechtel,	  Jr.	  Foundation	  for	  its	  generous	  support.	  	  
The	  staff	  of	  The	  Nature	  Conservancy	  and	  American	  Rivers	  provided	  abundant	  time	  
and	  energy	  as	  we	  scoped	  this	  review.	  Jennifer	  Pierre,	  Armin	  Munevar,	  Chandra	  
Chillmakuri,	  and	  Laura	  King-‐Moon	  provided	  voluminous	  data,	  answered	  our	  many	  
questions	  and	  addressed	  our	  concerns.	  Spreck	  Rosecrans	  and	  Drs.	  Peter	  Moyle	  and	  
Jay	  Lund	  provided	  comment	  on	  portions	  of	  the	  manuscript,	  although	  their	  
comments	  do	  not	  constitute	  formal	  peer	  review.	  	  All	  errors	  of	  omission	  or	  
commission	  are	  our	  own.	  	  
	  
	   	   	   	   	   	   	   	   Jeff	  Mount,	  Panel	  Chair	  
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Executive	  Summary	  
Two	  non-‐governmental	  organizations,	  The	  Nature	  Conservancy	  (TNC)	  and	  American	  Rivers	  
(AR),	  are	  evaluating	  their	  options	  for	  engagement	  with	  the	  Bay	  Delta	  Conservation	  Plan	  
(BDCP).	  	  If	  approved,	  the	  Plan	  would	  become	  a	  Habitat	  Conservation	  Plan	  (HCP)	  under	  the	  
federal	  Endangered	  Species	  Act	  and	  a	  Natural	  Communities	  Conservation	  Plan	  (NCCP)	  
under	  California	  law.	  	  The	  purpose	  of	  the	  Plan	  is	  to	  allow	  for	  construction	  of	  new	  water	  
diversion	  facilities	  in	  the	  Sacramento-‐San	  Joaquin	  Delta	  while	  also	  protecting	  aquatic	  and	  
terrestrial	  species	  that	  may	  be	  adversely	  affected	  by	  the	  project	  and	  accompanying	  changes	  
in	  the	  State	  Water	  Project	  (SWP)	  and	  Central	  Valley	  Project	  (CVP)	  operations.	  	  The	  Plan	  
also	  includes	  habitat	  restoration	  and	  a	  commitment	  to	  assist	  in	  the	  conservation	  and	  
recovery	  of	  species	  that	  are	  listed	  for	  protection	  under	  the	  federal	  and	  state	  Endangered	  
Species	  Acts.	  

With	  financial	  support	  from	  the	  S.D.	  Bechtel,	  Jr.	  Foundation,	  Saracino	  and	  Mount,	  LLC,	  
convened	  an	  independent	  panel	  of	  experts,	  with	  technical	  support	  from	  NewFields,	  Inc.,	  to	  
evaluate	  portions	  of	  the	  Plan.	  	  The	  panel,	  working	  jointly	  with	  TNC	  and	  AR,	  developed	  a	  
series	  of	  technical	  and	  legal	  questions	  about	  the	  Plan.	  	  This	  report	  provides	  answers	  to	  
these	  questions,	  along	  with	  limited	  recommendations	  on	  how	  to	  improve	  BDCP.	  

To	  simplify	  analysis,	  this	  review	  focuses	  on	  conditions	  for	  federally	  listed	  fishes	  during	  the	  
Early	  Long	  Term	  (ELT),	  a	  decade	  after	  a	  permit	  would	  be	  issued	  (approximately	  year	  2025).	  	  
These	  are	  described	  in	  detail	  in	  the	  BDCP	  Effects	  Analysis	  and	  accompanying	  
Environmental	  Impact	  Statement/Environmental	  Impact	  Report.	  We	  compared	  the	  
performance	  of	  three	  different	  scenarios:	  a	  No	  Action	  Alternative	  (NAA)	  where	  no	  new	  
North	  Delta	  diversion	  facility	  is	  constructed,	  a	  High	  Outflow	  Scenario	  (HOS)	  where	  the	  
facilities	  are	  operated	  in	  a	  way	  that	  allows	  for	  occasional	  high	  spring	  and	  fall	  outflows,	  and	  
a	  Low	  Outflow	  Scenario	  (LOS)	  with	  lower	  spring	  and	  fall	  outflows.	  	  The	  review	  also	  
emphasizes	  in-‐Delta	  and	  Sacramento	  River	  watershed	  conditions	  during	  the	  ELT,	  with	  less	  
attention	  to	  San	  Joaquin	  River	  conditions	  and	  fishes.	  	  

Although	  multiple	  data	  sources	  were	  used	  in	  this	  analysis,	  most	  hydrologic	  data	  came	  from	  
CALSIM	  simulations	  conducted	  by	  BDCP	  consultants.	  The	  Panel	  strongly	  cautions	  about	  the	  
conclusions	  drawn	  from	  these	  simulations.	  	  Flow	  simulations	  have	  three	  compounding	  
uncertainties	  that	  can	  lead	  to	  significant	  error:	  (1)	  uncertainty	  in	  system	  understanding	  
and	  future	  conditions,	  (2)	  model	  uncertainties	  (particularly	  the	  relationships	  between	  1-‐,	  
2-‐,	  and	  3-‐dimensional	  models),	  and	  (3)	  behavioral/regulatory	  uncertainty	  where	  the	  
models	  cannot	  capture	  the	  scope	  of	  human	  behavior	  in	  operating	  the	  projects	  under	  
various	  conditions.	  These	  uncertainties,	  which	  are	  not	  described	  in	  BDCP	  documents	  well,	  
makes	  all	  of	  our	  conclusions	  contingent	  on	  the	  projects	  actually	  being	  operated	  as	  simulated.	  

Do	  Operations	  Shift	  Delta	  Exports	  from	  Dry	  to	  Wet	  Years?	  
	  
The	  BDCP	  calls	  for	  increasing	  exports	  in	  wet	  years	  and	  reducing	  them	  in	  dry	  years,	  taking	  
advantage	  of	  the	  increased	  operational	  flexibility	  provided	  by	  two	  points	  of	  diversion.	  This	  



	   2	  

would	  reduce	  stress	  on	  Delta	  ecosystems	  during	  drier	  periods.	  Our	  analysis	  of	  simulation	  
data	  suggests	  that	  while	  there	  is	  some	  increase	  in	  flexibility,	  export	  operations	  are	  highly	  
constrained	  by	  upstream	  consumptive	  uses,	  regulations	  that	  cover	  reservoir	  operations,	  
and	  flow	  and	  water	  quality	  standards.	  	  	  This	  greatly	  limits	  the	  anticipated	  benefit	  
associated	  with	  operation	  of	  the	  dual	  facilities.	  	  Despite	  these	  limitations,	  as	  modeled,	  there	  
is	  an	  increase	  in	  exports	  in	  wet	  years.	  	  In	  most	  dry	  years	  there	  are	  no	  substantial	  changes	  
over	  NAA	  conditions.	  	  However,	  significant	  improvements	  in	  outflow	  and	  Old	  and	  Middle	  
River	  (OMR)	  conditions	  occur	  in	  some	  dry	  years.	  	  We	  were	  unable	  to	  identify	  the	  regulatory	  
or	  operational	  requirements	  that	  would	  lead	  to	  this.	  	  

Are	  Impacts	  of	  the	  North	  Delta	  Facility	  Fully	  Assessed	  and	  Mitigated?	  	  
	  
The	  Plan	  identifies	  multiple	  near-‐	  and	  far-‐field	  effects	  of	  the	  new	  North	  Delta	  facility.	  	  Based	  
on	  our	  review	  of	  the	  Effects	  Analysis,	  the	  Plan	  appears	  to	  have	  properly	  identified	  the	  most	  
significant	  effects	  and	  uses	  standard	  models	  to	  assess	  them.	  	  Outmigrating	  juvenile	  winter-‐
run	  and	  spring-‐run	  Chinook	  salmon	  will	  be	  most	  heavily	  affected,	  leading,	  in	  the	  absence	  of	  
mitigation,	  to	  significant	  losses.	  The	  Plan	  identifies	  multiple	  mitigation	  strategies,	  including	  
pulse	  flow	  management,	  predator	  control,	  entrainment	  reduction,	  non-‐physical	  barriers,	  
real-‐time	  operations	  and	  development	  of	  alternative	  migration	  pathways	  (Yolo	  Bypass).	  	  
With	  the	  exception	  of	  benefits	  from	  diverting	  juveniles	  onto	  the	  Yolo	  Bypass,	  all	  of	  these	  
mitigation	  approaches	  have	  high	  uncertainties.	  	  Done	  well	  and	  successfully,	  however,	  they	  
appear	  to	  offset	  the	  losses	  associated	  with	  operation	  of	  the	  North	  Delta	  facility.	  	  The	  HOS	  
appears	  most	  protective	  of	  conditions	  upstream	  of	  the	  Delta	  and	  adjacent	  to	  the	  new	  
facility.	  	  However,	  mitigation	  actions	  are	  unlikely	  to	  contribute	  significantly	  to	  recovery	  of	  
these	  species.	  	  Additionally,	  successful	  mitigation	  is	  likely	  to	  occur	  only	  if	  there	  is	  a	  robust	  
adaptive	  management	  and	  real-‐time	  operations	  program.	  	  The	  Plan	  provides	  neither.	  	  

Are	  In-‐Delta	  Conditions	  Significantly	  Improved	  for	  Smelt?	  	  
	  
We	  evaluated	  the	  modeling	  results	  in	  the	  Plan	  and	  conducted	  our	  own	  modeling	  to	  evaluate	  
how	  changes	  in	  conditions	  would	  affect	  delta	  and	  longfin	  smelt.	  	  As	  noted,	  we	  are	  
concerned	  that	  anomalously	  positive	  (or	  less	  negative)	  OMR	  flows	  and	  high	  Delta	  outflows	  
that	  are	  modeled	  during	  some	  drier	  years	  would	  not	  actually	  occur	  in	  real	  operations.	  	  
However,	  if	  these	  changes	  were	  to	  occur	  we	  find	  modest	  to	  significant	  improvement	  in	  in-‐
Delta	  conditions	  for	  smelt,	  particularly	  delta	  smelt.	  	  	  Improvements	  in	  OMR	  flows	  under	  
HOS	  and	  LOS	  result	  in	  substantial	  decreases	  in	  entrainment,	  leading	  to	  significant	  increases	  
in	  long-‐term	  survival	  percentages	  for	  delta	  smelt.	  	  However,	  increases	  in	  spring	  and	  fall	  
outflow	  under	  HOS	  lead	  to	  small	  increases	  in	  longfin	  smelt	  abundance	  and	  modest	  
improvements	  in	  delta	  smelt	  recruitment.	  	  	  
	  

Will	  Pelagic	  Fishes	  Benefit	  from	  Floodplain	  and	  Tidal	  Marsh	  Restoration?	  
	  
The	  Plan	  properly	  identifies	  food	  limitation	  as	  a	  significant	  stressor	  on	  smelt	  populations	  in	  
the	  Delta.	  	  The	  Plan	  proposes	  to	  address	  this	  issue	  by	  restoring	  physical	  habitat	  to	  help	  
subsidize	  pelagic	  food	  webs.	  Based	  on	  simple	  modeling	  and	  comparison	  with	  other	  systems,	  
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we	  find	  that	  restored	  floodplains	  and	  tidal	  marshes	  are	  unlikely	  to	  make	  a	  significant	  
contribution	  to	  smelt	  rearing	  habitat	  conditions.	  Tidal	  marshes	  can	  be	  sinks	  or	  sources	  of	  
food,	  with	  most	  appearing	  to	  be	  sinks	  for	  zooplankton.	  	  The	  Plan	  appears	  to	  be	  too	  
optimistic	  about	  the	  benefits	  of	  tidal	  marsh	  and	  floodplain	  restoration.	  	  However,	  there	  is	  
likely	  to	  be	  benefit	  where	  fishes	  have	  direct	  access	  to	  productivity,	  such	  as	  in	  Cache	  Slough.	  	  
In	  addition,	  although	  benefits	  for	  listed	  pelagic	  fishes	  are	  low,	  there	  are	  broad	  benefits	  of	  
restoration	  for	  many	  aquatic	  and	  terrestrial	  species	  covered	  by	  the	  Plan.	  	  	  

Does	  the	  Plan	  Provide	  an	  Effective	  Governance	  Structure?	  	  
	  
We	  reviewed	  the	  proposed	  BDCP	  governance	  structure	  to	  evaluate	  its	  likely	  effectiveness	  
in	  meeting	  the	  Plan’s	  goals	  and	  objectives.	  	  Implementation	  of	  BDCP	  would	  be	  overseen	  by	  
an	  Authorized	  Entity	  Group	  (AEG)	  comprising	  the	  California	  Department	  of	  Water	  
Resources	  (DWR),	  the	  U.S.	  Bureau	  of	  Reclamation	  (USBR),	  and	  the	  state	  and	  federal	  water	  
contractors	  if	  they	  are	  issued	  incidental	  take	  permits	  pursuant	  to	  the	  BDCP.	  	  A	  Permit	  
Oversight	  Group	  (POG),	  consisting	  of	  the	  U.S.	  Fish	  and	  Wildlife	  Service	  (USFS),	  the	  National	  
Marine	  Fisheries	  Service	  (NMFS),	  and	  the	  California	  Department	  of	  Fish	  and	  Wildlife	  
(CDFW),	  would	  monitor	  implementation	  of	  the	  Plan	  and	  compliance	  with	  the	  biological	  
objectives	  and	  conservation	  requirements.	  	  The	  draft	  BDCP	  includes	  a	  50-‐year	  “no	  
surprises”	  guarantee,	  as	  well	  as	  other	  regulatory	  assurances.	  	  We	  found	  that,	  when	  
examined	  in	  detail,	  the	  draft	  BDCP	  blurs	  the	  lines	  between	  implementation	  and	  regulation	  
and	  grants	  the	  permittees	  unusual	  decision	  authority.	  Additionally,	  the	  regulatory	  
assurances	  in	  the	  Plan,	  especially	  the	  “no-‐surprises”	  policy,	  place	  undue	  financial	  
responsibilities	  on	  the	  state	  and	  federal	  governments	  if	  certain	  modifications	  to	  the	  Plan	  
become	  necessary	  during	  its	  50-‐year	  term.	  	  Given	  the	  complexity	  of	  the	  Delta	  ecosystem,	  
predicted	  changes	  in	  hydrology,	  anticipated	  changes	  in	  the	  Delta	  not	  included	  in	  the	  Plan,	  
and	  significant	  scientific	  uncertainties,	  Plan	  modifications	  are	  likely	  to	  be	  needed	  in	  the	  
future.	  	  

Is	  There	  a	  Robust	  Science	  and	  Adaptive	  Management	  Plan	  for	  BDCP?	  
	  
The	  Plan	  is	  committed	  to	  adaptive	  management	  in	  order	  to	  address	  the	  high	  uncertainties.	  	  
Most	  of	  the	  unresolved	  issues	  in	  the	  Plan	  are	  to	  be	  resolved	  at	  a	  future	  date	  through	  
adaptive	  management.	  	  A	  “decision	  tree”	  approach	  is	  proposed	  to	  resolve	  conflicts	  over	  
starting	  operations.	  We	  found	  that	  the	  governance	  structure,	  whereby	  the	  AEG	  may	  
exercise	  veto	  authority	  over	  changes	  to	  the	  biological	  objectives	  and	  conservation	  
measures,	  is	  likely	  to	  create	  disincentives	  for	  adaptive	  management.	  	  In	  addition,	  a	  
proposed	  consensus-‐based	  Adaptive	  Management	  Team	  made	  up	  of	  POG,	  AEG,	  and	  
scientific	  community	  members	  creates	  conflicting	  relationships	  between	  decision-‐makers	  
and	  providers	  of	  key	  information.	  The	  limited	  information	  available	  about	  the	  science	  
program	  suggests	  that	  BDCP	  proposes	  to	  develop	  a	  wholly	  new	  science	  program	  that	  is	  not	  
integrated,	  but	  should	  be,	  with	  existing	  programs.	  	  Finally,	  our	  review	  of	  the	  “decision	  tree”	  
process	  indicates	  that	  it	  is	  unlikely	  to	  achieve	  the	  goal	  of	  significantly	  reducing	  
uncertainties	  before	  the	  North	  Delta	  facility	  is	  constructed	  and	  ready	  for	  operation.	  	  	  
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Recommendations	  
	  
Based	  on	  answers	  to	  these	  six	  questions,	  the	  Panel	  formulated	  a	  list	  of	  nine	  
recommendations	  for	  improving	  BDCP.	  	  	  
	  

• All	  parties	  need	  to	  recognize	  the	  model	  uncertainties	  in	  BDCP	  and	  factor	  that	  into	  
decision-‐making.	  It	  is	  unlikely	  that	  actual	  operations	  will	  follow	  simulated	  
operations.	  	  

• Given	  the	  high	  uncertainty	  over	  mitigation	  for	  the	  North	  Delta	  facility,	  all	  mitigation	  
efforts	  should	  be	  in-‐place	  and	  tested	  before	  	  the	  facility	  is	  completed.	  	  This	  includes	  
completion	  of	  the	  Fremont	  Weir	  modifications	  on	  the	  Yolo	  Bypass	  as	  well	  as	  large	  
scale,	  significant	  experiments	  in	  real-‐time	  flow	  management,	  predator	  control	  and	  
non-‐physical	  barriers.	  

• The	  improvements	  in	  long-‐term	  survival	  percentages	  for	  delta	  smelt	  in	  response	  to	  
changes	  in	  OMR	  need	  to	  be	  more	  rigorously	  evaluated,	  particularly	  in	  light	  of	  
uncertainties	  over	  operations.	  	  If	  further	  examination	  supports	  these	  findings,	  
operational	  rules	  should	  be	  developed	  that	  insure	  that	  the	  anomalous,	  significantly	  
improved	  drier-‐period	  OMR	  and	  outflow	  conditions	  occur.	  	  

• The	  limited	  benefit	  derived	  from	  changes	  in	  outflow	  under	  HOS	  requires	  a	  second	  
look	  at	  options	  for	  significant	  increases	  in	  outflow,	  including	  finding	  sources	  of	  
water	  outside	  the	  direct	  control	  of	  BDCP.	  	  

• Although	  we	  find	  that	  marsh	  and	  floodplain	  restoration	  is	  unlikely	  to	  create	  the	  
benefits	  for	  pelagic	  fishes	  described	  in	  the	  Plan,	  this	  can	  only	  be	  resolved	  through	  
experimental	  restoration	  projects.	  	  These	  projects	  need	  to	  be	  designed	  and	  
implemented	  rapidly	  to	  resolve	  this	  issue.	  	  

• Substantial	  revision	  of	  BDCP’s	  governance	  structure	  is	  needed.	  	  This	  includes	  giving	  
full	  regulatory	  authority	  to	  the	  POG,	  while	  limiting	  their	  involvement	  in	  
implementation.	  	  

• To	  address	  high	  uncertainties	  about	  project	  performance	  and	  future	  conditions,	  
instead	  of	  a	  50-‐year	  permit,	  there	  should	  be	  renewable	  “no	  surprises”	  guarantees	  
issued	  every	  ten	  years	  based	  on	  conditions	  at	  the	  time	  and	  prior	  performance.	  	  	  

• An	  adaptive	  management	  program	  needs	  to	  be	  developed	  that	  has	  the	  capacity	  and	  
authority	  to	  conduct	  adaptive	  management	  experiments	  and	  effectively	  use	  
outcomes	  to	  revise	  and	  improve	  future	  actions..	  

• A	  well-‐funded	  BDCP	  science	  program	  needs	  to	  be	  developed	  that	  is	  integrated	  with	  
existing	  Delta	  science	  programs.	  	  The	  best	  opportunity	  for	  integration	  lies	  with	  the	  
current	  efforts	  to	  update	  the	  Delta	  Science	  Program.	  	  	  
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Chapter	  1:	  The	  Bay	  Delta	  Conservation	  
Plan	  and	  Charge	  to	  the	  Panel	  

Introduction	  
The	  Bay	  Delta	  Conservation	  Plan	  (BDCP)	  is	  being	  developed	  to	  meet	  endangered	  
species	  act	  permit	  requirements	  for	  operations	  of	  the	  Federal	  Central	  Valley	  Project	  
(CVP)	  and	  the	  State	  Water	  Project	  (SWP)	  within	  the	  Sacramento-‐San	  Joaquin	  Delta.	  
The	  Plan	  includes	  proposals	  for	  new	  points	  of	  diversion	  in	  the	  North	  Delta,	  new	  
operations	  criteria,	  extensive	  floodplain	  and	  tidal	  marsh	  restoration,	  and	  new	  
governance,	  oversight	  and	  adaptive	  management	  programs.	  	  The	  Plan	  applicants	  are	  
seeking	  Habitat	  Conservation	  Plan	  (HCP)/Natural	  Communities	  Conservation	  Plan	  
(NCCP)	  permits	  that	  will	  guide	  water	  exports	  and	  habitat	  management	  for	  50	  years.	  	  	  

The	  Bay	  Delta	  Conservation	  Plan	  is	  the	  most	  complex	  HCP/NCCP	  permit	  application	  
ever	  attempted.	  	  Development	  of	  the	  Plan	  has	  been	  funded	  principally	  by	  state	  and	  
federal	  water	  contractors	  and	  has	  been	  on-‐going	  for	  more	  than	  5	  years.	  	  In	  Spring	  
2013,	  select	  chapters	  of	  the	  Administrative	  Draft	  of	  BDCP	  were	  serially	  released	  for	  
public	  review1.	  	  An	  Administrative	  Draft	  of	  the	  EIS/EIR	  for	  the	  Plan	  was	  released	  in	  
May	  of	  20132.	  	  	  	  	  	  

At	  the	  request	  of	  The	  Nature	  Conservancy	  California	  and	  American	  Rivers—two	  
non-‐governmental	  organizations	  engaged	  in	  the	  BDCP	  process—an	  independent	  
panel	  of	  five	  experts	  (Text	  Box	  1.1)	  was	  assembled	  to	  assist	  in	  technical	  review	  of	  
BDCP	  documents.	  The	  panel	  was	  asked	  to	  answer	  a	  suite	  of	  questions	  about	  the	  Plan	  
to	  help	  inform	  decisionmaking	  by	  American	  Rivers	  and	  The	  Nature	  Conservancy.	  	  
The	  panel	  was	  assembled	  and	  managed	  by	  Saracino	  &	  Mount,	  LLC,	  under	  contract	  
from	  the	  S.D.	  Bechtel,	  Jr.	  Foundation	  Water	  Program.	  	  NewFields,	  Inc.	  provided	  
support	  for	  the	  panel,	  including	  data	  retrieval,	  analysis	  and	  presentation.	  	  This	  
report	  summarizes	  the	  conclusions	  of	  the	  work	  of	  this	  panel.	  	  	  

Guiding	  Questions	  
Two	  planning	  meetings	  were	  held	  between	  Saracino	  &	  Mount,	  LLC	  and	  staff	  of	  
American	  Rivers	  and	  The	  Nature	  Conservancy.	  	  An	  initial	  list	  of	  more	  than	  40	  
questions	  were	  developed	  that	  were	  germane	  to	  decisions	  that	  the	  organizations	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  This	  report	  assumes	  that	  the	  reader	  is	  familiar	  with	  the	  Sacramento-‐San	  Joaquin	  Delta	  and	  on-‐going	  efforts	  to	  
manage	  water	  supply	  and	  ecosystems	  to	  meet	  the	  co-‐equal	  goals	  prescribed	  in	  the	  2009	  Delta	  Reform	  Act.	  	  A	  
summary	  of	  conditions	  in	  the	  Delta	  and	  other	  issues	  can	  be	  found	  at:	  
http://baydeltaconservationplan.com/Home.aspx	  
2http://baydeltaconservationplan.com/Library/DocumentsLandingPage/EIREISDocuments.aspx	  
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needed	  to	  make	  about	  future	  engagement	  with	  BDCP.	  	  These	  questions	  were	  
distilled	  into	  the	  following	  six:	  	  

• Q.1	  Do	  operations	  of	  the	  dual	  facilities	  meet	  the	  broader	  goal	  of	  taking	  
advantage	  of	  wet	  and	  above	  average	  years	  for	  exports	  while	  reducing	  pressure	  
on	  below	  average,	  dry	  and	  critically	  dry	  years?	  What	  substantive	  changes	  in	  
operations	  (and	  responses,	  see	  below)	  are	  there	  both	  seasonally	  and	  
interannually?	  

• Q.2	  Based	  on	  operations	  criteria,	  does	  the	  Plan	  properly	  identify	  ecological	  
impacts	  likely	  to	  occur	  adjacent	  to	  and	  in	  the	  bypass	  reach	  downstream	  of	  the	  
new	  North	  Delta	  diversion	  facilities?	  If	  there	  will	  be	  direct	  and	  indirect	  harm	  to	  
listed	  species	  by	  the	  facilities,	  does	  the	  Plan	  prescribe	  sufficient	  mitigation	  
measures?	  	  	  

• 	  Q.3	  Are	  changes	  in	  operations	  and	  points	  of	  diversion	  prescribed	  in	  the	  Plan	  
sufficient	  to	  significantly	  improve	  in-‐Delta	  conditions	  for	  covered	  species?	  The	  

focus	  is	  on	  listed	  species,	  
including	  delta	  and	  longfin	  smelt,	  
steelhead,	  winter	  and	  spring	  run	  
Chinook,	  and	  green	  sturgeon.	  	  

• Q.4	  Are	  covered	  pelagic	  
fish	  like	  longfin	  smelt	  and	  delta	  
smelt	  likely	  to	  benefit	  from	  
restoration	  of	  floodplain	  and	  
tidal	  marsh	  habitat	  at	  the	  scale	  
proposed	  by	  the	  Plan?	  Given	  the	  
current	  state	  of	  knowledge,	  and	  
assuming	  that	  all	  Plan	  
commitments	  are	  met,	  are	  these	  
efforts	  likely	  to	  result	  in	  relaxed	  
X2	  and	  spring	  outflow	  standards?	  

• Q.5	  Does	  the	  Plan	  provide	  
achievable,	  clear	  and	  
measureable	  goals	  and	  objectives,	  
as	  well	  as	  governance	  that	  is	  

transparent	  and	  resilient	  to	  political	  and	  special	  interest	  influence?	  	  
• Q.6	  Is	  there	  a	  robust	  science	  and	  adaptive	  management	  plan	  for	  BDCP?	  	  As	  

described,	  is	  the	  proposed	  “decision	  tree”	  likely	  to	  resolve	  major	  issues	  
regarding	  Fall	  X2	  and	  Spring	  Outflow	  prior	  to	  initial	  operations?	  	  	  	  

Using	  these	  questions	  as	  guide,	  the	  panel	  reviewed	  selected	  chapters	  within	  the	  Plan.	  	  
The	  focus	  of	  the	  review	  was	  on	  the	  biological	  goals	  and	  objectives	  for	  species	  of	  fish	  
listed	  as	  threatened	  or	  endangered	  (BDCP	  Chapters	  1,	  2),	  the	  conservation	  
measures	  proposed	  to	  meet	  the	  biological	  objectives	  (BDCP	  Chapter	  3	  and	  
appendixes,	  see	  Text	  Box	  1.2),	  and	  the	  analysis	  of	  the	  effects	  of	  the	  project	  on	  Delta	  
fish	  species	  and	  communities	  (BDCP	  Chapter	  5	  and	  appendixes).	  The	  panel	  also	  
examined	  governance,	  adaptive	  management	  and	  science	  programs	  proposed	  in	  the	  

Text	  Box	  1.1:	  Members	  of	  the	  Review	  Panel.	  	  

Jeffrey	  Mount,	  Ph.D.	  (chair),	  geomorphologist,	  
Professor	  Emeritus	  UC	  Davis,	  former	  Chair	  
of	  the	  Delta	  Independent	  Science	  Board,	  
and	  Partner,	  Saracino	  &	  Mount,	  LLC	  

William	  Fleenor,	  Ph.D.	  hydrologist	  and	  water	  
quality	  specialist,	  Research	  Scientist,	  UC	  
Davis	  Center	  for	  Watershed	  Sciences	  

Brian	  Gray,	  J.D.	  Professor,	  environmental	  law,	  
UC	  Hastings.	  	  

Bruce	  Herbold,	  Ph.D.	  retired	  US	  Environmental	  
Protection	  Agency,	  former	  Coordinator	  for	  
the	  Interagency	  Ecological	  Program	  

Wim	  Kimmerer,	  Ph.D.	  	  food	  web	  ecologist,	  
Researcher,	  San	  Francisco	  State	  University,	  
Tiburon	  Center.	  	  
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Plan,	  including	  the	  “decision	  tree”	  intended	  to	  resolve	  technical	  disagreements	  
about	  initial	  operations	  (BDCP	  Chapters	  3,	  5,	  6,	  7,	  8,	  9,	  10).	  	  	  

In	  addition	  to	  reviewing	  BDCP	  documents	  and	  literature,	  the	  panel	  held	  two	  
meetings	  with	  the	  consultants	  who	  prepared	  the	  Plan	  for	  the	  project	  applicants.	  The	  
consultants	  answered	  questions	  about	  analyses	  contained	  within	  the	  Plan	  and	  
provided	  or	  directed	  panel	  members	  to	  pertinent	  sources	  of	  modeling	  data.	  	  	  	  	  

	  

Basis	  of	  Comparison	  
The	  Bay	  Delta	  Conservation	  Plan	  seeks	  a	  permit	  for	  operation	  of	  the	  SWP	  and	  CVP	  at	  
a	  future	  date	  when	  new	  facilities	  will	  be	  constructed.	  	  As	  written,	  the	  preferred	  
alternative	  is	  to	  construct	  a	  new	  point	  of	  diversion	  in	  the	  North	  Delta	  on	  the	  
Sacramento	  River	  near	  Freeport,	  with	  the	  goal	  of	  completion	  in	  2025.	  	  This	  

Text	  Box	  1.2:	  Conservation	  Measures	  Considered	  by	  the	  Panel	  

There	  are	  22	  different	  conservation	  measures	  in	  BDCP.	  Since	  the	  questions	  asked	  
were	  narrowly	  defined,	  the	  Panel	  focused	  only	  on	  five	  of	  the	  measures.	  	  These	  
include:	  	  

Conservation	  Measure	  1:	  Operations	  and	  Facilities.	  	  This	  covers	  the	  design,	  
implementation	  and	  operation	  of	  a	  new	  North	  Delta	  point	  of	  diversion	  and	  
the	  operation	  of	  all	  SWP	  and	  CVP	  facilities	  to	  improve	  conditions	  for	  listed	  
species.	  	  

Conservation	  Measure	  2:	  Yolo	  Bypass	  Fisheries	  Enhancement.	  	  The	  Plan	  
proposes	  to	  increase	  winter	  flooding	  in	  the	  Yolo	  Bypass	  to	  improve	  rearing	  
habitat	  for	  salmon	  as	  well	  as	  improve	  Delta	  food	  webs.	  	  	  

Conservation	  Measure	  4:	  Tidal	  Natural	  Communities	  Restoration.	  	  This	  measure	  
seeks	  to	  restore	  55,000	  acres	  of	  tidal	  freshwater	  and	  brackish	  marsh,	  with	  
an	  additional	  10,000	  acres	  of	  transitional	  habitat.	  	  This	  will	  improve	  
rearing	  habitat	  for	  several	  listed	  species	  and	  improve	  food	  webs	  for	  
pelagic	  fishes.	  	  	  

Conservation	  Measure	  5:	  Seasonally	  Inundated	  Floodplain	  Restoration.	  	  The	  Plan	  
seeks	  to	  restore	  10,000	  acres	  of	  seasonal	  floodplain	  outside	  of	  the	  Yolo	  
Bypass.	  	  This	  supports	  juvenile	  salmonids	  and	  overall	  food	  web	  
productivity	  of	  the	  Delta.	  	  

Conservation	  Measure	  6:	  Channel	  Margin	  Enhancement.	  	  The	  goal	  of	  the	  Plan	  is	  
to	  improve	  conditions	  for	  rearing	  salmonids	  along	  channels	  of	  the	  Delta	  
with	  close	  levees.	  	  This	  measure	  will	  improve	  20	  linear	  miles	  of	  channel	  by	  
creating	  mudflat,	  riparian	  and	  wetland	  habitat	  through	  levee	  setbacks.	  	  
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diversion	  is	  to	  have	  three	  screened	  intakes	  that	  will	  divert	  water	  into	  forebays	  and	  a	  
pair	  of	  tunnels	  capable	  of	  transmitting	  a	  maximum	  of	  9000	  cfs	  by	  gravity	  feed.	  	  
These	  tunnels	  will	  link	  to	  existing	  SWP	  and	  CVP	  export	  facilities	  located	  in	  the	  South	  
Delta.	  	  Permit	  authority	  for	  the	  construction	  and	  combined	  operations	  of	  these	  
facilities—typically	  referred	  to	  as	  dual	  facilities—are	  the	  foundation	  of	  the	  plan.	  
Construction	  and	  operations	  are	  paired	  with	  extensive	  conservation	  measures	  (see	  
below)	  to	  mitigate	  for	  impacts	  of	  the	  project	  and	  to	  conserve	  and	  recover	  listed	  
species	  and	  their	  biological	  communities.	  	  	  

One	  of	  the	  many	  controversies	  surrounding	  the	  Plan	  is	  the	  establishment	  of	  an	  
environmental	  baseline	  for	  comparison	  of	  alternatives	  and	  analysis	  of	  the	  effects	  of	  
the	  project	  on	  listed	  species.	  	  The	  requirements	  of	  the	  Biological	  Opinions	  (BiOps)	  
issued	  by	  the	  U.S.	  Fish	  and	  Wildlife	  Service	  (USFWS)	  in	  2008	  and	  the	  National	  
Marine	  Fisheries	  Service	  (NMFS)	  in	  2009	  constitute	  the	  baseline	  for	  the	  Plan.	  	  There	  
is	  considerable	  debate	  between	  the	  fish	  agencies	  (NMFS	  and	  USFWS	  principally)	  
and	  the	  permitees	  over	  the	  provisions	  of	  these	  BiOps,	  particularly	  in	  regard	  to	  
requirements	  for	  high	  Delta	  outflows	  to	  support	  longfin	  smelt	  in	  the	  spring	  and	  high	  
outflows	  to	  achieve	  Fall	  X2	  (low	  salinity	  zone)	  provisions	  to	  support	  delta	  smelt.	  	  
For	  this	  reason,	  there	  are	  two	  Existing	  Biological	  Conditions	  (EBC)	  considered	  by	  
the	  Plan	  (Table	  1.1):	  EBC1	  includes	  high	  spring	  outflow	  provisions	  and	  EBC2,	  
includes	  both	  high	  spring	  outflow	  and	  the	  new	  Fall	  X2	  provisions.	  	  	  

A	  central	  requirement	  of	  the	  Plan,	  and	  the	  source	  of	  much	  of	  its	  complexity,	  is	  to	  
analyze	  conditions	  over	  the	  50-‐year	  life	  of	  the	  project.	  	  The	  Plan	  divides	  future	  
conditions	  into	  two	  classes:	  Early	  Long	  Term	  (ELT),	  which	  captures	  the	  initial	  
operating	  conditions	  of	  the	  project	  once	  a	  new	  diversion	  facility	  has	  been	  
constructed	  (approximately	  2025),	  and	  Late	  Long	  Term	  (LLT)	  which	  accounts	  for	  
full	  completion	  of	  all	  conservation	  measures,	  including	  restoration	  of	  more	  than	  
55,000	  acres	  of	  tidal	  marsh	  and	  floodplain	  (approximately	  2060).	  	  Climate	  change,	  
particularly	  changes	  in	  runoff	  and	  sea	  level,	  and	  changes	  in	  water	  demand	  are	  
incorporated	  in	  these	  projections.	  	  	  

The	  controversy	  over	  spring	  and	  fall	  outflow	  needs	  for	  conservation	  and	  recovery	  of	  
listed	  species	  propagates	  into	  the	  assessments	  of	  future	  conditions.	  Without-‐project	  
EBC1	  and	  EBC2	  are	  considered	  for	  both	  ELT	  and	  LLT.	  	  Evaluated	  starting	  operations	  
(ESO)	  of	  the	  preferred	  project	  and	  alternatives	  are	  presented	  for	  ELT	  and	  LLT	  
conditions.	  Two	  additional	  future	  scenarios	  are	  evaluated	  that	  purport	  to	  provide	  
bookends	  to	  project	  operations	  that	  dictate	  future	  water	  exports.	  	  The	  first	  is	  a	  High	  
Outflow	  Scenario	  (HOS),	  which	  is	  similar	  to	  the	  outflow	  standards	  in	  EBC2	  (high	  
spring	  and	  fall	  outflow).	  The	  second	  is	  a	  Low	  Outflow	  Scenario	  (LOS),	  which	  has	  
reduced	  outflow	  standards	  for	  both	  spring	  and	  fall.	  	  Both	  the	  LOS	  and	  HOS	  are	  
considered	  in	  the	  ELT	  and	  LLT,	  with	  the	  latter	  including	  completion	  of	  habitat	  
restoration.	  	  The	  Plan	  proposes	  a	  “decision	  tree	  process”	  be	  undertaken	  during	  
construction	  of	  the	  facility	  that	  will	  reduce	  uncertainties	  and	  guide	  initial	  project	  
operations,	  presumably	  within	  the	  bounds	  of	  the	  HOS	  and	  LOS	  (reviewed	  in	  Chapter	  
9).	  	  
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For	  the	  purposes	  of	  this	  review,	  we	  simplified	  our	  comparison	  of	  operations	  and	  
restoration	  scenarios	  to	  just	  three.	  	  Using	  simulation	  data	  provided	  by	  BDCP	  
consultants	  we	  examined	  the	  HOS	  and	  LOS	  scenarios	  for	  ELT.	  	  We	  then	  used	  a	  no-‐
project	  alternative,	  NAA	  ELT,	  that	  commonly	  appears	  throughout	  BDCP	  
documentation,	  particularly	  in	  the	  EIR/EIS.	  	  NAA	  prescribes	  a	  high	  fall	  outflow	  to	  
maintain	  X2	  standards	  for	  smelt	  and	  D-‐1641	  salinity	  and	  flow	  standards	  required	  by	  
the	  State	  Water	  Resources	  Control	  Board	  for	  the	  remainder	  of	  the	  year.	  	  	  	  	  

Table	  1.1.	  Definitions	  of	  existing	  baseline	  conditions	  and	  project	  conditions	  
simulated	  in	  BDCP.	  	  

Conditions	   Description	  

Existing	  
Biological	  
Conditions	  

EBC1	  
Current	  operations	  based	  on	  BiOps,	  excluding	  
management	  of	  outflows	  to	  the	  Fall	  X2	  provisions	  of	  
USFWS	  2008	  BiOp.	  	  

EBC2	  
Current	  operations	  based	  on	  BiOps,	  including	  
management	  of	  outflows	  to	  meet	  USFWS	  Fall	  X2	  
provisions	  from	  2008	  BiOp.	  	  

Projected	  
Future	  

Conditions	  
without	  the	  

BDCP	  

EBC2_ELT	   EBC2	  projected	  into	  year	  15	  (2025)	  accounting	  for	  
climate	  change	  expected	  at	  that	  time.	  	  

EBC2_LLT	  
EBC2	  projected	  into	  year	  50	  (2060)	  accounting	  for	  
climate	  change	  expected	  at	  that	  time.	  	  

Projected	  
Future	  

Conditions	  
with	  the	  
BDCP	  

ESO_ELT	  
Evaluated	  starting	  operations	  in	  year	  15	  assuming	  new	  
intake	  facility	  operational	  and	  restoration	  not	  fully	  
implemented	  

ESO_LLT	  
Evaluated	  starting	  operations	  in	  year	  50	  assuming	  new	  
intake	  facility	  operational	  and	  restoration	  fully	  
implemented.	  	  

HOS_ELT	  
High-‐outflow	  operations	  during	  spring	  and	  fall	  in	  year	  
15	  assuming	  new	  intake	  facility	  operational	  and	  
restoration	  not	  fully	  implemented.	  	  

HOS_LLT	  
High-‐outflow	  operations	  during	  spring	  and	  fall	  in	  year	  
50	  assuming	  new	  intake	  facility	  operational	  and	  
restoration	  fully	  implemented.	  

LOS_ELT	  
Low-‐outflow	  operations	  during	  spring	  and	  fall	  in	  year	  
15	  assuming	  new	  intake	  facility	  operational	  and	  
restoration	  not	  fully	  implemented.	  

LOS_LLT	  
Low-‐outflow	  operations	  during	  spring	  and	  fall	  in	  year	  
50	  assuming	  new	  intake	  facility	  operational	  and	  
restoration	  fully	  implemented.	  

	  

It	  should	  be	  noted	  that	  the	  Panel	  chose	  not	  to	  review	  LLT	  scenarios	  and	  conditions	  
beyond	  the	  question	  of	  whether	  restoration	  of	  marsh	  is	  likely	  to	  benefit	  listed	  fishes.	  	  
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Although	  it	  is	  necessary	  and	  useful	  to	  consider	  how	  the	  project	  might	  operate	  over	  
the	  long-‐term,	  especially	  under	  climate	  change,	  the	  Panel	  felt	  that	  exceptionally	  high	  
uncertainties	  made	  it	  difficult	  to	  offer	  precise	  answers	  within	  the	  LLT	  framework.	  	  	  	  
These	  uncertainties	  are	  associated	  with	  our	  understanding	  of	  the	  Delta,	  with	  the	  
models	  used	  to	  simulate	  future	  conditions,	  and	  with	  the	  array	  of	  events	  (biological	  
invasions,	  floods,	  droughts,	  earthquakes,	  policy	  changes,	  lawsuits,	  etc.)	  that	  are	  
likely	  to	  occur.	  	  

A	  Note	  About	  Hydrologic	  Modeling	  Tools	  and	  Uncertainties	  
The	  basis	  for	  the	  BDCP	  analysis	  is	  hydrologic	  simulation	  modeling	  that	  provides	  
flow,	  water	  elevations,	  temperature	  and	  salinity	  at	  various	  locations	  throughout	  the	  
Delta	  and	  its	  upstream	  areas.	  	  Much	  of	  the	  Effects	  Analysis	  for	  aquatic	  species	  and	  all	  
of	  the	  export	  projections	  are	  based	  on	  outputs	  from	  these	  hydrologic	  models.	  	  BDCP	  
is	  one	  of	  the	  most	  complex	  modeling	  efforts	  of	  its	  kind	  and	  certainly	  the	  most	  
complex	  ever	  attempted	  in	  the	  Delta.	  	  This	  is	  a	  heroic	  modeling	  effort.	  	  	  

There	  are	  three	  general	  categories	  of	  uncertainty	  in	  the	  hydrologic	  model	  results:	  	  

Model	  uncertainties.	  	  This	  includes	  how	  the	  model	  simulates	  hydrology	  and	  the	  
hydrologic	  results	  of	  operations,	  including	  salinity,	  temperatures	  and	  other	  water	  
quality	  parameters.	  	  The	  currently	  available	  modeling	  tools	  are	  less	  than	  ideal	  to	  
simulate	  such	  a	  long-‐term	  record	  with	  dramatic	  changes	  in	  conditions	  such	  as	  sea	  
level	  rise	  and	  introduced	  sub-‐tidal	  and	  inter-‐tidal	  land.	  The	  principal	  issues	  are	  
summarized	  in	  Text	  Box	  1.3.	  	  

Future	  condition	  uncertainties.	  	  There	  is	  extensive	  effort	  in	  BDCP	  to	  estimate	  future	  
conditions	  in	  the	  Delta,	  including	  sea	  level	  rise	  and	  changes	  in	  temperature	  and	  
runoff.	  	  This	  is	  the	  most	  comprehensive	  approach	  to	  date.	  	  These	  are	  described	  well	  
in	  Appendix	  5A	  of	  the	  Plan	  and	  highlight	  high	  levels	  of	  uncertainty.	  	  	  

Regulatory	  and	  behavioral	  uncertainty.	  	  BDCP	  models	  assume	  that	  flow	  and	  water	  
quality	  standards	  will	  remain	  static	  during	  the	  life	  of	  the	  project.	  	  In	  addition,	  the	  
models	  assume	  uniform	  behavior	  of	  system	  operators,	  ignoring	  real-‐time	  operations	  
and	  adaptations.	  	  All	  of	  these	  are	  highly	  unlikely	  to	  occur.	  	  

The	  hydrologic	  model	  results	  of	  BDCP	  are	  presented	  as	  if	  they	  are	  a	  unique	  solution.	  	  	  	  
Given	  the	  compounding	  uncertainties,	  BDCP	  model	  results	  should	  be	  considered	  as	  
scenarios	  rather	  than	  specific	  outcomes.	  	  This	  issue	  is	  often	  lost	  in	  the	  public	  
debates	  over	  BDCP.	  As	  discussed	  later	  in	  this	  report,	  the	  model	  uncertainties	  
significantly	  impact	  our	  confidence	  in	  some	  of	  our	  results,	  particularly	  our	  analysis	  
of	  the	  response	  of	  pelagic	  fishes	  to	  changes	  in	  South	  Delta	  operations.	  	  	  
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Organization	  of	  This	  Report	  
This	  report	  is	  organized	  into	  nine	  chapters	  followed	  by	  a	  summary	  of	  answers	  to	  the	  
guiding	  questions.	  	  Chapters	  2-‐9	  include:	  	  

• Chapter	  2,	  Overview	  of	  the	  Law	  Governing	  BDCP.	  	  Although	  not	  specifically	  
requested	  by	  TNC	  and	  AR,	  we	  found	  it	  helpful	  to	  review	  key	  provisions	  of	  the	  
HCP/NCCP	  laws	  that	  set	  standards	  for	  recovery	  of	  populations	  of	  covered	  
fishes.	  	  	  

• Chapter	  3,	  Water	  Supply	  Operations.	  This	  chapter	  examines	  how	  BDCP	  
performs	  in	  meeting	  the	  goal	  of	  increasing	  water	  supply	  reliability.	  This	  
includes	  assessment	  of	  changes	  in	  export	  volumes,	  both	  seasonally	  and	  
within	  different	  year	  types.	  	  	  

• Chapter	  4,	  Environmental	  Flow	  Performance:	  Upstream	  and	  Inflows.	  	  The	  new	  
facilities	  and	  their	  operation	  are	  supposed	  to	  improve	  flow	  conditions	  
impacted	  by	  the	  SWP	  and	  CVP.	  	  This	  chapter	  describes	  flows	  regulated	  by	  
project	  dams,	  flows	  past	  and	  through	  the	  new	  North	  Delta	  facilities,	  and	  the	  
overall	  inflow	  regime	  of	  the	  estuary.	  	  	  

• Chapter	  5,	  In-‐Delta	  Effects	  on	  Pelagic	  Fishes.	  	  The	  changes	  in	  flow	  conditions	  
outlined	  in	  the	  previous	  chapter	  translate	  to	  changes	  in	  ecological	  conditions	  
for	  listed	  fish	  species.	  	  This	  chapter	  evaluates	  the	  likely	  response	  of	  delta	  
smelt	  and	  longfin	  smelt	  to	  these	  changes	  

Text	  Box	  1.3:	  Hydrologic	  Model	  Uncertainty.	  	  	  

To	  adapt	  existing	  tools	  to	  model	  future	  conditions	  under	  BDCP	  consultants	  
developed	  dispersion	  coefficients	  with	  the	  3-‐dimensional	  UnTRIM	  model	  
developed	  by	  Michael	  MacWilliams	  for	  sea	  level	  rise.	  	  A	  similar	  process	  was	  then	  
followed	  with	  a	  2-‐dimensional	  model	  developed	  by	  Research	  Management	  
Associates	  to	  estimate	  the	  additional	  dispersion	  for	  the	  proposed	  new	  open	  tidal	  
areas.	  	  Parameters	  developed	  from	  the	  multi-‐dimensional	  efforts	  were	  then	  
incorporated	  into	  the	  1-‐dimensional	  DSM2	  planning	  model	  developed	  by	  DWR	  to	  
simulate	  a	  part	  of	  the	  long-‐term	  record	  incorporating	  sea	  level	  rise	  and	  tidally	  
restored	  acreage.	  	  The	  boundary	  conditions	  for	  the	  DSM2	  model,	  which	  operates	  
at	  time	  steps	  as	  short	  as	  15	  minutes,	  was	  provided	  by	  CALSIM,	  the	  1-‐dimensional	  
system-‐wide	  water	  operations	  optimization	  model.	  CALSIM	  output	  occurs	  on	  
monthly	  time	  steps	  and	  had	  to	  be	  disaggregated	  to	  provide	  boundary	  conditions	  
for	  DSM2.	  	  All	  the	  results,	  including	  the	  DSM2	  results	  and	  artificial	  neural	  
network	  salinity	  results,	  were	  then	  used	  to	  train	  the	  CALSIM	  model.	  	  	  The	  CALSIM	  
model	  was	  then	  used	  to	  simulate	  the	  entire	  82-‐year	  record	  that	  formed	  the	  basis	  
for	  the	  Effects	  Analysis.	  All	  of	  these	  model	  exchanges,	  particularly	  between	  1-‐,	  2-‐,	  
and	  3-‐dimentional	  models,	  create	  error	  or	  model	  bias.	  To	  date,	  there	  is	  no	  
assessment	  of	  these	  model	  biases	  and	  how	  they	  impact	  BDCP	  results.	  	  
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• Chapter	  6,	  Estimated	  Effects	  of	  BDCP	  Flows	  on	  Smelt.	  	  This	  chapter	  examines	  
the	  magnitude	  of	  changes	  in	  outflow	  and	  the	  likely	  response	  of	  delta	  and	  
longfin	  smelt.	  	  

• Chapter	  7,	  Likely	  Response	  of	  Listed	  Fishes	  to	  Habitat	  Restoration.	  	  A	  
fundamental	  hypothesis	  of	  BDCP	  is	  that	  restoration	  of	  physical	  habitat,	  
particularly	  tidal	  marsh,	  will	  improve	  food	  web	  conditions	  for	  pelagic	  fishes,	  
aiding	  their	  recovery.	  	  This	  chapter	  evaluates	  this	  hypothesis.	  

• Chapter	  8,	  Governance	  and	  Terms	  of	  BDCP.	  	  The	  50-‐year	  permit	  for	  the	  project,	  
coupled	  with	  governance	  and	  oversight,	  are	  examined	  in	  this	  chapter.	  	  	  

• Chapter	  9,	  Science	  and	  Adaptive	  Management.	  The	  Plan	  makes	  extensive	  
mention	  of	  the	  use	  of	  adaptive	  management	  supported	  by	  robust	  science	  to	  
address	  major	  uncertainties.	  	  The	  Plan’s	  objectives	  in	  this	  regard	  are	  
reviewed.	  	  	  

• Chapter	  10,	  Summary	  and	  Conclusions.	  	  This	  chapter	  provides	  a	  summary	  of	  
answers	  to	  the	  six	  questions	  presented	  to	  the	  panel	  by	  American	  Rivers	  and	  
The	  Nature	  Conservancy.	  	  In	  addition,	  where	  appropriate,	  recommendations	  
are	  offered	  for	  ways	  to	  improve	  the	  performance	  of	  BDCP.	  	  

Conclusion	  
This	  report	  is,	  by	  design,	  narrowly	  focused	  on	  a	  limited	  set	  of	  issues	  of	  concern	  to	  
The	  Nature	  Conservancy	  and	  American	  Rivers.	  	  It	  is	  not	  intended	  to	  serve	  as	  a	  broad	  
review	  of	  BDCP,	  nor	  is	  it	  directed	  toward	  a	  wide	  audience.	  	  In	  addition,	  the	  panel	  
specifically	  steered	  away	  from	  endorsing	  or	  rejecting	  BDCP,	  and	  makes	  no	  
recommendation	  on	  the	  critical	  question	  of	  whether	  American	  Rivers	  and	  The	  
Nature	  Conservancy	  should	  support	  BDCP,	  support	  it	  with	  modifications,	  or	  
reject/oppose	  it.	  	  Rather,	  the	  observations,	  analyses	  and	  recommendations	  are	  
solely	  intended	  to	  inform	  this	  decision.	  	  
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Chapter	  2:	  An	  Overview	  of	  the	  Law	  
Governing	  the	  BDCP	  

Introduction	  
This	  chapter	  provides	  a	  brief	  overview	  of	  the	  law	  that	  governs	  the	  creation	  and	  
implementation	  of	  the	  Bay	  Delta	  Conservation	  Plan.	  	  It	  also	  addresses	  an	  important	  
question	  that	  has	  arisen	  during	  the	  BDCP	  negotiations:	  May	  the	  California	  
Department	  of	  Fish	  and	  Wildlife	  (CDFW)	  approve	  the	  BDCP	  as	  a	  natural	  community	  
conservation	  plan	  if	  the	  BDCP	  does	  not	  provide	  for	  full	  recovery	  of	  the	  endangered	  
and	  threatened	  species	  covered	  by	  the	  Plan?	  

Habitat	  Conservation	  Planning	  and	  Natural	  Community	  
Conservation	  Planning	  Under	  Federal	  and	  California	  Law	  
The	  BDCP	  is	  a	  Habitat	  Conservation	  Plan	  (HCP)	  authorized	  by	  section	  10(a)	  of	  the	  
federal	  Endangered	  Species	  Act	  (ESA),	  16	  U.S.C.	  §	  1539(a),	  and	  a	  Natural	  Community	  
Conservation	  Plan	  (NCCP)	  authorized	  by	  the	  California	  Natural	  Community	  
Conservation	  Planning	  Act	  (NCCPA),	  California	  Fish	  and	  Game	  Code	  §§	  2800-‐2835.	  	  
Section	  10(a)	  of	  the	  federal	  ESA	  allows	  the	  U.S.	  Fish	  and	  Wildlife	  Service	  (USFWS)	  
and	  the	  National	  Marine	  Fisheries	  Service	  (NMFS)	  to	  issue	  permits	  that	  authorize	  
the	  taking	  of	  endangered	  or	  threatened	  species	  “if	  such	  taking	  is	  incidental	  to,	  and	  
not	  the	  purpose	  of,	  the	  carrying	  out	  of	  an	  otherwise	  lawful	  activity”	  and	  the	  
proposed	  activity	  is	  governed	  by	  an	  approved	  HCP.	  	  Id.	  §	  1539(a)(1)(B)	  &	  (2).	  	  
Similarly,	  under	  the	  NCCPA	  the	  California	  Department	  of	  Fish	  and	  Wildlife	  (CDFW)	  
may	  “authorize	  by	  permit	  the	  taking	  of	  any	  covered	  species	  .	  .	  .	  whose	  conservation	  
and	  management	  is	  provided	  for	  in	  a	  natural	  community	  conservation	  plan	  
approved	  by	  the	  department.”	  	  California	  Fish	  &	  Game	  Code	  §	  2835.1	  
	  
If	  approved	  by	  the	  three	  fish	  and	  wildlife	  agencies,	  the	  BDCP	  will	  be	  a	  legally	  binding	  
document	  that	  defines	  the	  terms	  and	  conditions	  under	  which	  the	  U.S.	  Bureau	  of	  
Reclamation	  (USBR)	  and	  the	  California	  Department	  of	  Water	  Resources	  (DWR)	  may	  
construct	  and	  operate	  the	  proposed	  new	  water	  diversion	  and	  transport	  facilities	  
described	  in	  the	  draft	  Plan.2	  	  The	  BDCP	  also	  will	  serve	  as	  “a	  comprehensive	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  The	  NCCPA	  defines	  “covered	  species”	  to	  include	  species	  that	  are	  listed	  for	  protection	  under	  the	  California	  
Endangered	  Species	  Act,	  California	  Fish	  &	  Game	  Code	  §§	  2050-‐2115.5,	  and	  nonlisted	  species	  that	  are	  “conserved	  
and	  managed	  under	  [another]	  approved	  natural	  community	  conservation	  plan	  and	  that	  may	  be	  authorized	  for	  
take.”	  	  Id.	  §	  2805(e).	  
	  
2	  The	  complete	  statutory	  requirements	  governing	  the	  contents	  and	  approval	  of	  the	  BDCP	  as	  an	  HCP	  and	  NCCP	  
are	  set	  forth	  respectively	  in	  section	  10(a)(2)(A)	  &	  (B)	  of	  the	  federal	  Endangered	  Species	  Act,	  16	  U.S.C.	  §	  
1539(a)(2)(A)	  &	  (B),	  and	  sections	  2810	  and	  2820	  of	  the	  California	  Fish	  and	  Game	  Code.	  
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conservation	  strategy	  for	  the	  Sacramento–San	  Joaquin	  River	  Delta	  (Delta)	  designed	  
to	  restore	  and	  protect	  ecosystem	  health,	  water	  supply,	  and	  water	  quality	  within	  a	  
stable	  regulatory	  framework”	  (BDCP	  1-‐1)3.	  
	  
The	  BDCP	  will	  include	  “regulatory	  assurances”	  that	  protect	  the	  permittees	  from	  the	  
financial	  cost	  of	  changes	  to	  the	  BDCP	  or	  other	  regulatory	  changes	  needed	  to	  protect	  
the	  species	  or	  their	  habitat4.	  	  As	  authorized	  by	  federal	  and	  state	  law,	  these	  
regulatory	  assurances	  provide	  that,	  if	  changed	  circumstances	  arise	  that	  are	  either	  
unforeseen	  or	  not	  provided	  for	  in	  the	  Plan,	  then	  the	  fish	  and	  wildlife	  agencies	  will	  
not	  require	  the	  permittees	  to	  devote	  additional	  land,	  water,	  or	  financial	  resources	  
beyond	  the	  levels	  set	  forth	  in	  the	  BDCP	  without	  the	  consent	  of	  the	  plan	  participants.	  	  
Nor	  will	  the	  federal	  and	  state	  regulators	  impose	  additional	  restrictions	  on	  project	  
operations	  without	  compensating	  the	  permittees	  for	  the	  lost	  water	  or	  additional	  
costs.5	  	  
	  
Both	  statutes	  also	  authorize	  the	  fish	  and	  wildlife	  agencies	  to	  suspend	  or	  revoke	  the	  
incidental	  take	  permits	  for	  noncompliance	  with	  the	  terms	  and	  conditions	  of	  the	  
BDCP	  or	  where	  implementation	  of	  the	  Plan	  will	  place	  the	  covered	  species	  in	  
jeopardy	  of	  extinction.6	  
	  
We	  consider	  the	  regulatory	  assurances,	  revocation	  authority,	  and	  other	  aspects	  of	  
BDCP	  governance	  in	  Chapter	  8.	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  
3	  In	  addition,	  the	  BDCP	  will	  be	  the	  basis	  for	  a	  biological	  assessment	  that	  USBR	  will	  submit	  to	  the	  USFWS	  and	  
NMFS	  prior	  to	  consultation	  under	  section	  7	  of	  the	  Endangered	  Species	  Act.	  	  BDCP	  1-‐6.	  	  The	  BDCP	  thus	  will	  help	  
to	  inform	  the	  federal	  fish	  and	  wildlife	  agencies’	  analysis	  of	  the	  new	  facilities	  and	  changes	  in	  coordinated	  
CVP/SWP	  operations	  proposed	  in	  the	  draft	  Plan.	  	  The	  agencies	  then	  will	  decide	  whether	  the	  BDCP	  “is	  not	  likely	  
to	  jeopardize	  the	  continued	  existence	  of	  any	  endangered	  species	  or	  threatened	  species	  or	  result	  in	  the	  
destruction	  or	  adverse	  modification	  of	  [the	  species’	  critical	  habitat].”	  	  16	  U.S.C.	  §	  1536(a)(2).	  	  If	  the	  agencies	  
determine	  that	  the	  BDCP	  is	  likely	  to	  jeopardize	  a	  listed	  species	  or	  adversely	  affect	  critical	  habitat,	  the	  biological	  
opinion	  that	  they	  issue	  to	  the	  Bureau	  will	  include	  “reasonable	  and	  prudent	  alternatives”	  designed	  to	  avoid	  these	  
consequences,	  as	  well	  as	  incidental	  take	  authorization	  governing	  CVP	  operations.	  	  Id.	  §	  1536(b)(3)	  &	  (4).	  
	  
4	  The	  regulatory	  assurances	  will	  apply	  to	  all	  entities	  that	  are	  issued	  incidental	  take	  permits	  under	  the	  BDCP,	  
including	  DWR	  and	  the	  CVP	  and	  SWP	  contractors	  if	  the	  contractors	  become	  permittees.	  	  The	  “no	  surprises”	  
assurance	  will	  not	  apply,	  however,	  to	  the	  Bureau	  of	  Reclamation.	  	  BDCP	  6-‐29.	  
	  
5	  The	  USFWS	  and	  NMFS	  adopted	  the	  federal	  “no	  surprises”	  policy	  by	  rulemaking	  in	  1998.	  	  The	  substantive	  
requirements	  of	  these	  rules	  may	  be	  found	  at	  50	  C.F.R.	  §	  17.22(b)(5)	  &	  (6)	  and	  50	  C.F.R.	  §	  222.307(g),	  
respectively.	  	  The	  state	  “no	  surprises”	  guarantees	  are	  set	  forth	  in	  the	  NCCPA	  itself.	  	  California	  Fish	  &	  Game	  Code	  
§	  2820(f).	  
	  
6	  The	  federal	  suspension	  and	  revocation	  rules	  are	  set	  forth	  in	  the	  Endangered	  Species	  Act,	  16	  U.S.C.	  §	  
1539(a)(2)(C),	  and	  in	  the	  ESA	  regulations,	  50	  C.F.R.	  §	  17.22(b)(8).	  	  The	  state	  law	  counterparts	  may	  be	  found	  in	  
California	  Fish	  &	  Game	  Code	  §	  2820(b)(3).	  	  	  
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Conservation	  and	  Recovery	  Requirements	  Under	  Federal	  and	  
State	  Law	  
The	  federal	  Endangered	  Species	  Act	  and	  the	  California	  Natural	  Communities	  
Conservation	  Planning	  Act	  differ	  in	  their	  respective	  conservation	  and	  recovery	  
standards.	  	  The	  federal	  statute	  provides	  that	  the	  fish	  and	  wildlife	  agencies	  may	  not	  
approve	  the	  BDCP	  unless	  they	  determine	  that	  the	  incidental	  take	  authorized	  by	  the	  
permit	  and	  HCP	  “will	  not	  appreciably	  reduce	  the	  likelihood	  of	  the	  survival	  and	  
recovery	  of	  the	  species	  in	  the	  wild.”	  	  16	  U.S.C.	  §	  1539(a)(2)(B)(iv).	  	  	  
	  
In	  contrast,	  the	  NCCPA	  states	  that	  Department	  of	  Fish	  and	  Wildlife	  may	  approve	  the	  
BDCP	  only	  if	  it	  finds	  inter	  alia	  that	  the	  Plan	  	  
	  

provides	  for	  the	  protection	  of	  habitat,	  natural	  communities,	  and	  species	  
diversity	  on	  a	  landscape	  or	  ecosystem	  level	  through	  the	  creation	  and	  long-‐
term	  management	  of	  habitat	  reserves	  or	  other	  measures	  that	  provide	  
equivalent	  conservation	  of	  covered	  species	  appropriate	  for	  land,	  aquatic,	  and	  
marine	  habitats	  within	  the	  plan	  area.	  	  	  
	  

California	  Fish	  &	  Game	  Code	  §	  2820(a)(3)	  (emphasis	  added).	  	  The	  Act	  defines	  
“conservation”	  as	  “the	  use	  of	  methods	  and	  procedures	  within	  the	  plan	  area	  that	  are	  
necessary	  to	  bring	  any	  covered	  species	  to	  the	  point	  at	  which	  the	  measures	  provided	  
pursuant	  to	  [the	  California	  Endangered	  Species	  Act]	  are	  not	  necessary.”	  	  Id.	  §	  2805(d)	  
(emphasis	  added).	  
	  
In	  other	  words,	  the	  federal	  Endangered	  Species	  Act	  requires	  only	  that	  habitat	  
conservation	  plans	  ensure	  that	  the	  permitted	  activities	  do	  no	  significant	  harm	  to	  the	  
listed	  species	  or	  to	  their	  critical	  habitats.	  	  The	  California	  Natural	  Communities	  
Conservation	  Planning	  Act,	  by	  comparison,	  regards	  proposed	  projects	  such	  as	  the	  
BDCP	  as	  opportunities	  for	  more	  coordinated	  and	  cohesive	  planning	  to	  improve	  the	  
condition	  of	  covered	  species	  and	  their	  habitat,	  rather	  than	  simply	  being	  a	  means	  to	  
authorize	  the	  permitted	  activities	  while	  maintaining	  the	  status	  quo	  ante.	  	  
	  
The	  draft	  BDCP	  describes	  its	  biological	  goals	  and	  objectives	  in	  two	  different	  ways.	  	  
At	  the	  “landscape	  level,”	  the	  goals	  include	  restoration	  or	  creation	  of	  “ecological	  
processes	  and	  conditions	  that	  sustain	  and	  reestablish	  natural	  communities	  and	  
native	  species”	  (BDCP	  3.3-‐5).	  	  At	  the	  “species	  level,”	  however,	  the	  biological	  goals	  
refer	  to	  progress	  toward	  the	  landscape	  level	  goal	  of	  reestablished	  and	  sustainable	  
natural	  communities	  and	  native	  species.	  	  	  
	  
Thus,	  the	  primary	  biological	  goals	  for	  the	  Delta	  Smelt	  and	  Longfin	  Smelt	  are	  
“increased	  end	  of	  year	  fecundity	  and	  improved	  survival	  of	  adult	  and	  juvenile	  .	  .	  .	  
smelt	  to	  support	  increase	  abundance	  and	  long-‐term	  population	  viability”	  (BDCP	  3.3-‐
13	  &	  3.3-‐16).	  	  Similarly,	  the	  principal	  biological	  goal	  for	  Sacramento	  Winter-‐Run	  
Chinook	  Salmon	  is	  “improved	  survival	  (to	  contribute	  to	  increased	  abundance)	  of	  
immigrating	  and	  emigrating	  	  .	  .	  .	  salmon	  through	  the	  Plan	  Area,”	  (BDCP	  3.3-‐16),	  and	  
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for	  other	  species	  of	  salmon	  and	  steelhead	  the	  goal	  is	  “increased	  .	  .	  .	  abundance”	  	  
(BDCP	  3.3-‐17	  to	  3.3-‐19).	  	  	  
	  
The	  draft	  BDCP	  explains	  that	  the	  process	  of	  developing	  these	  species	  level	  biological	  
goals	  “did	  not	  assume	  that	  the	  BDCP	  would	  be	  solely	  responsible	  for	  recovery	  of	  
these	  species,	  and	  so	  the	  designated	  biological	  goals	  and	  objectives	  did	  not	  
necessarily	  match	  the	  recovery	  goals,	  but	  instead	  represented	  the	  BDCP’s	  potential	  
to	  contribute	  to	  recovery	  within	  the	  Plan	  Area	  (BDCP	  3.A-‐14:	  emphasis	  added).	  	  This	  
decision	  has	  become	  a	  focal	  point	  of	  debate	  over	  the	  essential	  purposes	  and	  
mandates	  of	  the	  NCCPA.	  
	  
In	  a	  July	  10,	  2013,	  letter	  to	  the	  Director	  of	  CDFW,	  three	  environmental	  organizations	  
challenged	  the	  BDCP’s	  proposed	  adoption	  of	  biological	  goals	  that	  do	  not	  provide	  for	  
full	  recovery	  of	  the	  species,	  arguing	  that	  this	  “contribution	  to	  recovery”	  standard	  
violates	  California	  law:	  	  
	  

Under	  the	  plain	  text	  of	  the	  NCCPA,	  conservation	  means	  recovery,	  and	  a	  Plan	  
is	  required	  to	  contain	  measures	  that	  are	  sufficient	  to	  achieve	  recovery	  within	  
the	  plan	  area.	  	  	  
	  

The	  Natural	  Community	  Conservation	  Planning	  Act	  is	  the	  Foundation	  for	  a	  Successful	  
Bay	  Delta	  Conservation	  Plan,	  Letter	  to	  Charlton	  H.	  Bonham,	  Director	  of	  the	  California	  
Department	  of	  Fish	  and	  Wildlife,	  from	  the	  Defenders	  of	  Wildlife,	  Natural	  Resources	  
Defense	  Council,	  and	  the	  Bay	  Institute,	  July	  10,	  2013,	  at	  5	  (citing	  Fish	  &	  Game	  Code	  §	  
2805(c)).	  
	  
As	  described	  in	  detail	  in	  the	  chapters	  that	  follow,	  the	  limitations	  on	  project	  
operations	  and	  other	  conservation	  measures	  set	  forth	  in	  the	  draft	  BDCP	  would	  not	  
meet	  the	  conservation	  standard	  proposed	  by	  the	  July	  10th	  letter—viz.	  full	  recovery	  
of	  the	  listed	  species—though	  they	  are	  likely	  to	  contribute	  to	  species	  recovery.	  	  The	  
letter	  thus	  raises	  a	  critical	  legal	  question	  that	  will	  have	  to	  be	  resolved	  by	  the	  
Director	  of	  CDFW,	  in	  consultation	  with	  the	  Department’s	  General	  Counsel	  and	  the	  
Attorney	  General,	  before	  the	  Department	  decides	  whether	  to	  approve	  the	  BDCP.	  	  	  
	  
The	  answer	  to	  this	  question	  is	  not	  free	  from	  doubt,	  as	  the	  Legislature	  defined	  the	  
purposes	  of	  the	  NCCPA	  in	  terms	  that	  stand	  in	  some	  tension	  to	  one	  another.	  	  For	  
example,	  section	  2801(i)	  declares	  that	  the	  “purpose	  of	  natural	  community	  
conservation	  planning	  is	  to	  sustain	  and	  restore	  those	  species	  and	  their	  habitat	  .	  .	  .	  
that	  are	  necessary	  to	  maintain	  the	  continued	  viability	  of	  those	  biological	  
communities	  impacted	  by	  human	  changes	  to	  the	  landscape.”	  	  California	  Fish	  and	  
Game	  Code	  §	  2801(i)	  (emphasis	  added).	  	  In	  contrast,	  section	  2801(g)	  states	  that	  
“[n]atural	  community	  conservation	  planning	  is	  a	  mechanism	  that	  can	  provide	  an	  
early	  planning	  framework	  for	  proposed	  development	  projects	  .	  .	  .	  in	  order	  to	  avoid,	  
minimize,	  and	  compensate	  for	  project	  impacts	  to	  wildlife.”	  	  Id.	  §	  2801(g)	  (emphasis	  
added).	  	  	  
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A	  careful	  and	  integrated	  reading	  of	  the	  text	  of	  the	  substantive	  provisions	  of	  the	  
statute,	  however,	  should	  lead	  to	  the	  conclusion	  that	  the	  Act	  authorizes	  the	  CDFW	  to	  
approve	  the	  BDCP	  if	  it	  concludes	  that	  the	  Plan	  would	  protect	  listed	  species	  from	  the	  
adverse	  effects	  of	  the	  projects	  authorized	  by	  the	  Plan	  (including	  full	  mitigation	  of	  
those	  effects)	  and	  would	  promote	  the	  recovery	  of	  listed	  species.	  	  Stated	  differently,	  
we	  do	  not	  believe	  that	  the	  Legislature	  intended	  to	  prohibit	  the	  Department	  from	  
approving	  the	  BDCP	  unless	  it	  concludes	  that	  the	  Plan—in	  isolation	  both	  from	  other	  
existing	  sources	  of	  the	  species’	  decline	  and	  from	  other	  state	  and	  federal	  actions	  to	  
protect	  listed	  species—will	  achieve	  full	  recovery	  of	  the	  species.	  	  We	  reach	  this	  
conclusion	  for	  several	  reasons.	  
	  
First,	  the	  interpretation	  of	  the	  statute	  proposed	  in	  the	  July	  10th	  letter	  is	  based	  
entirely	  on	  the	  section	  of	  the	  Act	  that	  defines	  the	  term	  “conservation.”	  	  If	  the	  
Legislature	  actually	  intended	  to	  require	  the	  CDFW	  to	  determine	  that	  an	  NCCP	  would	  
be	  likely	  to	  achieve	  full	  recovery	  of	  listed	  species,	  it	  would	  have	  included	  this	  
requirement	  in	  Section	  2820,	  which	  governs	  the	  Department’s	  approval	  of	  proposed	  
NCCPs.	  	  	  
	  
	  Section	  2820(a)	  lists	  ten	  separate	  findings	  that	  are	  prerequisite	  to	  CDFW	  approval,	  
and	  section	  2820(b)	  contains	  nine	  terms	  that	  must	  be	  included	  in	  the	  
implementation	  agreements	  that	  accompany	  the	  NCCPs.	  	  None	  of	  these	  mandatory	  
findings	  and	  terms	  includes	  the	  requirement	  proposed	  in	  the	  July	  10th	  letter.	  	  We	  do	  
not	  believe	  that	  the	  Legislature	  somehow	  intended	  to	  add	  a	  twentieth	  requirement	  
to	  these	  lists—that	  the	  NCCP	  and	  implementation	  plan	  must	  provide	  for	  full	  species	  
recovery—by	  implication	  from	  the	  definitions	  section	  of	  the	  Act.	  	  	  
	  
Second,	  there	  are	  two	  provisions	  in	  section	  2820	  that	  expressly	  link	  the	  required	  
conservation	  measures	  to	  the	  effects	  of	  the	  project	  authorized	  by	  an	  NCCP.	  	  Section	  
2820(a)	  states	  that	  the	  CDFW	  may	  approve	  an	  NCCP	  only	  if	  it	  finds	  that	  the	  plan	  
	  

contains	  specific	  conservation	  measures	  that	  meet	  the	  biological	  needs	  of	  
covered	  species	  and	  that	  are	  based	  upon	  the	  best	  available	  scientific	  
information	  regarding	  the	  status	  of	  covered	  species	  and	  the	  impacts	  of	  
permitted	  activities	  on	  those	  species.	  	  [Id.	  §	  2820(a)(6)	  (emphasis	  added).]	  
	  

Section	  2820(b)	  stipulates	  that	  implementation	  agreements	  must	  include	  provisions	  	  
	  

to	  ensure	  that	  implementation	  of	  mitigation	  and	  conservation	  measures	  on	  a	  
plan	  basis	  is	  roughly	  proportional	  in	  time	  and	  extent	  to	  the	  impact	  on	  habitat	  
or	  covered	  species	  authorized	  under	  the	  plan.	  	  These	  provisions	  shall	  identify	  
the	  conservation	  measures	  .	  .	  .	  that	  will	  be	  maintained	  or	  carried	  out	  in	  rough	  
proportion	  to	  the	  impact	  on	  habitat	  or	  covered	  species.	  [Id.	  §	  2820(b)(9)	  
emphasis	  added).]	  

	  	  
This	  pairing	  of	  conservation	  and	  recovery	  with	  references	  to	  the	  “impacts	  of	  
permitted	  activities,”	  together	  with	  the	  “rough	  proportionality”	  limitation	  on	  
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conservation	  measures,	  suggests	  that	  the	  Legislature	  intended	  to	  authorize	  NCCPs	  
as	  a	  means	  of	  contributing	  to	  other	  state	  and	  federal	  efforts	  to	  recover	  species,	  but	  
not	  significantly	  in	  excess	  of	  the	  burdens	  that	  the	  project	  covered	  by	  the	  plan	  would	  
impose	  on	  the	  species.7	  
	  
Third,	  there	  is	  nothing	  in	  the	  text	  or	  legislative	  history	  of	  the	  NCCPA	  to	  indicate	  that	  
the	  Legislature	  intended	  to	  force	  the	  state	  to	  bear	  programmatic	  and	  financial	  
responsibility	  for	  full	  species	  recovery	  each	  time	  the	  CDFW	  approves	  an	  NCCP.8	  	  
Conservation	  measures	  required	  to	  achieve	  full	  recovery	  may	  extend	  far	  beyond	  the	  
scope	  of	  an	  individual	  NCCP.	  	  Indeed,	  a	  requirement	  of	  full	  recovery	  would	  be	  
particularly	  problematic	  for	  plans	  such	  as	  the	  BDCP	  that	  involve	  multiple	  species	  
(some	  of	  which	  only	  partly	  inhabit	  the	  program	  area),	  multiple	  sources	  of	  stress,	  
and	  diverse	  land	  and	  water	  management	  and	  regulatory	  agencies	  that	  each	  have	  
independent	  obligations	  to	  contribute	  to	  species	  conservation	  and	  recovery.	  	  We	  do	  
not	  believe	  that	  the	  Legislature	  would	  have	  assigned	  such	  a	  Herculean	  obligation	  to	  
the	  Department,	  or	  imposed	  such	  a	  potentially	  large	  financial	  burden	  on	  state	  
taxpayers,	  without	  saying	  so	  explicitly	  in	  the	  text	  of	  the	  statute.	  
	  
Finally,	  an	  interpretation	  of	  the	  statute	  that	  would	  require	  the	  CDFW	  to	  make	  a	  
determination	  that	  all	  proposed	  NCCPs	  provide	  for	  full	  recovery	  of	  listed	  species	  
would	  likely	  have	  the	  unintended	  and	  pernicious	  consequence	  of	  deterring	  the	  
Department	  from	  approving	  future	  plans.	  	  The	  CDFW	  might	  conclude	  that	  the	  scope	  
of	  the	  necessary	  species	  recovery	  effort	  extends	  beyond	  the	  scope	  of	  the	  proposed	  
project	  and	  hence	  beyond	  the	  capabilities	  of	  the	  project	  restrictions	  and	  
conservation	  measures	  that	  would	  be	  included	  in	  the	  individual	  NCCP.	  	  Or	  it	  might	  
be	  reluctant	  to	  approve	  an	  NCCP	  in	  situations	  where	  the	  costs	  of	  full	  recovery	  of	  the	  
listed	  species	  covered	  by	  the	  plan—which	  the	  state	  would	  have	  to	  bear—
significantly	  exceed	  the	  project	  mitigation	  costs	  that	  may	  be	  placed	  on	  the	  project	  
proponents.	  	  	  
	  
Again,	  these	  factors	  are	  especially	  pronounced	  in	  contexts	  such	  as	  the	  Delta	  
ecosystem	  where	  there	  are	  multiple	  species	  (some	  of	  whose	  habitat	  is	  only	  partly	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
7	  The	  July	  10th	  letter	  acknowledges	  that	  the	  NCCPA	  contains	  this	  “rough	  proportionality”	  limitation,	  but	  argues	  
that	  “the	  concept	  of	  ‘rough	  proportionality’	  is	  applied	  only	  to	  mitigation	  measures	  and	  not	  to	  a	  plan’s	  
conservation	  measures.”	  	  Letter	  to	  Director	  Bonham	  at	  7.	  	  The	  text	  of	  the	  Act	  belies	  this	  interpretation,	  however,	  
as	  four	  of	  the	  five	  statutory	  references	  expressly	  apply	  the	  “rough	  proportionality”	  limitation	  to	  the	  conservation	  
requirements.	  	  See	  California	  Fish	  &	  Game	  Code	  §§	  2805(g)(3)(C),	  2820(b)(3)(B),	  §	  2820(b)(9)	  &	  §	  2820(c).	  
	  
8	  The	  July	  10th	  letter	  recognizes	  that	  the	  entities	  that	  receive	  incidental	  take	  permits	  under	  the	  BDCP	  may	  not	  
be	  required	  to	  bear	  all	  of	  the	  costs	  of	  recovery	  of	  the	  various	  listed	  species:	  “[W]hen	  dividing	  up	  the	  costs	  of	  the	  
plan’s	  conservation	  strategy,	  the	  individual	  developers	  are	  only	  responsible	  for	  paying	  for	  ‘mitigation’	  and	  the	  
‘conservation’	  increment	  above	  mitigation	  is	  the	  responsibility	  of	  the	  state.”	  	  Letter	  to	  Director	  Bonham	  at	  7.	  	  
Thus,	  if	  the	  costs	  of	  recovery	  exceed	  the	  mitigation	  costs	  that	  lawfully	  may	  be	  assigned	  to	  the	  permitted	  entities,	  
the	  state	  must	  make	  up	  the	  difference:	  “The	  BDCP	  cannot	  limit	  its	  conservation	  measures	  to	  address	  only	  those	  
impacts	  from	  the	  covered	  activities	  and	  avoid	  providing	  conservation	  measures	  sufficient	  to	  recover	  covered	  
species.”	  	  Id.	  at	  8.	  
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within	  the	  project	  area),	  multiple	  stressors	  (many	  of	  which	  are	  not	  plan	  
participants),	  overlapping	  and	  sometimes	  conflicting	  habitat	  requirements,	  and	  
tremendous	  uncertainty	  both	  about	  the	  needs	  of	  the	  species	  and	  the	  likelihood	  of	  
success	  of	  recovery	  strategies.	  	  The	  interpretation	  of	  the	  NCCPA	  set	  forth	  in	  the	  July	  
10th	  letter	  therefore	  poses	  a	  significant	  policy	  risk	  of	  deterring	  otherwise	  salutary	  
applications	  of	  natural	  resources	  conservation	  planning.	  	  

Conclusion	  
We	  conclude	  that	  the	  draft	  BDCP’s	  establishment	  of	  biological	  goals	  and	  
conservation	  measures	  that	  are	  based	  on	  the	  Plan’s	  “potential	  to	  contribute	  to	  
recovery”	  of	  the	  covered	  species	  complies	  with	  the	  Natural	  Communities	  
Conservation	  Planning	  Act.	  	  We	  also	  believe	  that	  the	  CDFW	  may	  approve	  the	  Plan	  if	  
it	  determines	  that	  the	  BDCP	  will	  ensure	  the	  survival	  of	  the	  listed	  species,	  fully	  
mitigate	  the	  adverse	  effects	  of	  the	  project	  on	  all	  covered	  species	  and	  their	  habitat,	  
and	  further	  the	  more	  general	  state	  and	  federal	  efforts	  to	  recover	  the	  species	  and	  to	  
restore	  the	  favorable	  conditions	  of	  their	  habitat.	  



	   21	  

Chapter	  3:	  Water	  Supply	  Operations	  

Introduction	  
The	  construction	  of	  a	  new	  North	  Delta	  diversion	  facility,	  and	  the	  coordinated	  
operation	  of	  the	  North	  and	  South	  Delta	  facilities	  constitute	  the	  first	  and	  most	  
prominent	  conservation	  measure	  (CM#1)	  of	  the	  BDCP.	  	  While	  ostensibly	  a	  
conservation	  measure,	  the	  new	  facilities	  are	  principally	  an	  effort	  to	  improve	  the	  
reliability	  of	  exports	  from	  the	  Delta.	  	  Their	  operations,	  in	  conjunction	  with	  all	  other	  
conservation	  measures,	  are	  intended	  to	  mitigate	  for	  impacts	  of	  the	  CVP	  and	  SWP,	  
avoid	  jeopardy	  and/or	  to	  contribute	  to	  the	  recovery	  of	  covered	  species	  (Chapter	  2).	  	  	  

A	  basic	  premise	  of	  BDCP	  is	  that	  the	  construction	  of	  the	  new	  North	  Delta	  diversion	  
facility	  will	  simultaneously	  improve	  water	  supply	  reliability	  while	  reducing	  
ecosystem	  impacts.	  	  This	  stems	  from	  the	  increased	  operational	  flexibility	  associated	  
with	  two	  points	  of	  diversion	  located	  in	  different	  portions	  of	  the	  Delta.	  	  A	  presumed	  
benefit	  of	  this	  flexibility	  is	  the	  capacity	  to	  take	  advantage	  of	  periods	  of	  high	  inflow	  
for	  exports,	  allowing	  for	  reductions	  in	  exports	  during	  dry	  periods	  when	  impacts	  on	  
the	  ecosystem	  may	  be	  largest.	  	  This	  is	  consistent	  with	  the	  co-‐equal	  goals	  expressed	  
in	  the	  2009	  Delta	  Reform	  Act.	  

This	  chapter	  examines	  the	  water	  supply	  operations	  proposed	  under	  BDCP	  to	  
evaluate	  1)	  if	  there	  are	  significant	  changes	  in	  supply	  reliability	  associated	  with	  the	  
project	  and	  2)	  how	  these	  changes	  apportion	  exports	  in	  wet	  vs.	  dry	  periods.	  	  This	  
description	  is	  foundational	  for	  the	  assessment	  of	  ecological	  and	  species-‐specific	  
consequences	  of	  BDCP	  as	  described	  in	  subsequent	  chapters.	  	  

Proposed	  Facilities	  and	  Operations	  
There	  are	  lengthy	  descriptions	  of	  the	  design	  and	  operation	  of	  new	  and	  existing	  
water	  export	  facilities	  in	  the	  Administrative	  Drafts	  of	  the	  EIR/EIS	  and	  BDCP.	  	  The	  
reader	  is	  referred	  to	  these	  documents	  for	  information.	  The	  centerpiece	  of	  the	  plan	  is	  
the	  9000	  cfs	  capacity	  diversion	  in	  the	  North	  Delta	  that	  conveys	  water	  to	  the	  SWP	  
and	  CVP	  export	  facilities	  in	  the	  South	  Delta	  through	  two	  tunnels.	  	  	  

Regulatory	  Constraints	  
The	  operational	  criteria	  for	  the	  export	  facilities	  are	  both	  complex	  and	  highly	  
constrained	  (Appendix	  A).	  	  As	  outlined	  below,	  these	  constraints	  significantly	  reduce	  
the	  operational	  flexibility	  of	  the	  facilities.	  	  The	  current	  regulatory	  constraints	  include	  
but	  are	  not	  limited	  to:	  	  

• SWRCB	  water	  rights	  decision	  D-‐1641:	  this	  includes	  standards	  for	  minimum	  
monthly	  Delta	  outflow,	  salinity	  objectives	  at	  multiple	  Delta	  locations,	  location	  
of	  X2	  (the	  position	  of	  the	  2	  ppt	  salinity	  near	  the	  channel	  bottom),	  a	  maximum	  
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export/import	  ratio	  objective1,	  closures	  of	  the	  Delta	  Cross	  Channel	  (DCC),	  
placement	  of	  a	  barrier	  at	  the	  head	  of	  Old	  River,	  and	  flow	  standards	  for	  the	  
San	  Joaquin	  River	  below	  Vernalis.	  These	  standards	  vary	  depending	  upon	  
months	  of	  the	  year	  and	  water	  year	  type.	  	  

• Remanded	  2008	  USFWS	  Biological	  Opinion	  (BiOp):	  prescribes	  restrictions	  
for	  magnitude	  and	  timing	  of	  reverse	  flows	  in	  Old	  and	  Middle	  River	  (OMR)	  in	  
the	  South	  Delta,	  to	  protect	  delta	  smelt.	  These	  vary	  depending	  upon	  time	  of	  
year,	  water	  temperature,	  flows	  on	  the	  San	  Joaquin	  River,	  and	  proximity	  of	  
smelt.	  This	  BiOp	  also	  calls	  for	  higher	  spring	  and	  fall	  outflows	  that	  exceed	  D-‐
1641	  standards.	  	  These	  outflow	  standards	  vary	  on	  water	  year	  type.	  	  

• Remanded	  2009	  NMFS	  BiOp:	  has	  different	  restrictions	  on	  OMR	  flows	  than	  
the	  USFWS	  BiOp.	  	  Reductions	  in	  reverse	  OMR	  flows	  are	  scheduled	  to	  protect	  
outmigrating	  salmonids.	  	  These	  vary	  depending	  on	  temperature	  and	  inflow.	  
This	  BiOp	  increased	  San	  Joaquin	  River	  flows	  and	  set	  export/San	  Joaquin	  
River	  flow	  ratios	  that	  are	  more	  restrictive	  than	  D-‐1641.	  

There	  are	  other	  regulatory	  constraints	  beyond	  D-‐1641	  and	  the	  two	  remanded	  
BiOps;	  however,	  compliance	  with	  these	  regulations	  appears	  to	  dominate	  water	  
supply	  export	  modeling.	  	  Additional	  constraints	  are	  based	  on	  proposed	  operating	  
rules	  for	  both	  the	  North	  and	  South	  Delta	  facilities.	  	  The	  most	  significant	  include:	  	  

• Maintenance	  of	  minimum	  flows	  downstream	  of	  the	  North	  Delta	  facility	  
(called	  “Bypass	  Flows”)	  

• Restrictions	  aimed	  to	  reduce	  reverse	  flows	  at	  the	  confluence	  between	  the	  
Sacramento	  River	  and	  Georgiana	  Slough	  

• A	  tiered,	  three-‐level	  pumping	  regime	  for	  December	  through	  June	  that	  seeks	  
to	  protect	  the	  initial	  winter	  flood	  pulse	  and	  spring	  pulses	  that	  affect	  juvenile	  
salmon	  outmigration	  

• Flows	  with	  sufficient	  velocity	  to	  reduce	  impingement	  of	  salmonids	  at	  
diversion	  screens	  

• Increased	  restrictions	  for	  reverse	  Old	  and	  Middle	  River	  (OMR)	  flows	  
associated	  with	  South	  Delta	  exports.	  	  

Infrastructure	  and	  Inflow	  Constraints	  
Infrastructure	  design	  and	  capacity	  forms	  another	  array	  of	  constraints.	  	  For	  the	  
purposes	  of	  BDCP	  simulation	  modeling,	  south	  of	  Delta	  storage	  was	  limited	  to	  space	  
within	  San	  Luis	  Reservoir.	  	  	  Operations	  during	  wet	  and	  above	  average	  conditions	  are	  
often	  constrained	  by	  available	  space	  to	  store	  water	  in	  this	  facility.	  	  	  Expanding	  
potential	  storage,	  particularly	  groundwater	  storage,	  would	  have	  created	  
considerably	  more	  flexibility	  in	  exports,	  particularly	  during	  wet	  years.	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  BDCP	  treats	  the	  export/import	  ratio	  in	  two	  ways:	  1)	  counting	  as	  “import”	  all	  inflows	  from	  the	  San	  Joaquin	  and	  
Sacramento	  Rivers	  and	  Delta’s	  tributaries	  or	  2)	  counting	  inflows	  as	  above,	  but	  counting	  flows	  below	  the	  North	  
Delta	  facility	  as	  inflow.	  	  The	  latter	  approach	  seeks	  to	  exclude	  North	  Delta	  exports	  from	  D-‐1641	  export/import	  
restrictions.	  	  From	  an	  ecosystem	  perspective,	  this	  makes	  no	  sense	  since	  the	  North	  Delta	  exports	  are,	  in	  effect,	  
exports	  from	  the	  legal	  Delta.	  	  
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The	  size	  of	  the	  North	  Delta	  facility	  is	  also	  a	  constraint,	  principally	  during	  periods	  of	  
sustained	  high	  flow	  on	  the	  Sacramento	  River	  in	  wet	  years.	  	  The	  preferred	  project	  
has	  shifted	  from	  an	  initial	  facility	  size	  of	  15,000	  cfs	  to	  9,000	  cfs	  in	  the	  current	  plan.	  	  
The	  export,	  economic	  and	  environmental	  performance	  of	  the	  9,000	  cfs	  facility	  is	  
compared	  to	  14	  alternatives	  in	  Chapter	  3	  and	  5	  of	  the	  Draft	  EIS/EIR.	  	  These	  
alternatives	  vary	  facility	  size,	  location	  and	  operations	  in	  the	  comparison.	  A	  narrative	  
is	  presented	  in	  the	  EIS/EIR	  that	  describes	  the	  rationale	  for	  rejecting	  the	  14	  
alternatives	  and	  selecting	  the	  preferred	  project2.	  	  

Exports	  are	  also	  naturally	  constrained	  by	  the	  timing	  and	  volume	  of	  inflows,	  with	  
strong	  seasonal	  and	  interannual	  variation.	  	  One	  of	  the	  larger	  export	  challenges	  faced	  
by	  BDCP	  is	  its	  location	  at	  the	  bottom	  of	  the	  system	  where	  flows	  enter	  the	  Delta.	  
Upstream	  water	  management	  and	  consumptive	  use	  dominate	  inflows	  to	  the	  Delta	  
over	  most	  years	  (Figure	  3.1).	  	  	  These	  abstractions,	  which	  consume	  roughly	  ¼	  of	  
water	  that	  would	  naturally	  flow	  to	  the	  Delta,	  are	  beyond	  the	  control	  of	  BDCP,	  yet	  are	  
the	  greatest	  operational	  influence	  on	  Delta	  inflows.	  	  Under	  BDCP,	  exports	  would	  be	  
roughly	  equivalent	  to	  upstream	  consumptive	  use.	  	  	  	  

In	  addition,	  there	  are	  important	  restrictions	  on	  reservoir	  operations	  that	  constrain	  
exports.	  	  The	  USACE	  has	  congressionally	  authorized	  rule	  curves	  that	  dictate	  Fall,	  
Winter	  and	  Spring	  operations	  to	  maintain	  flood	  reserves.	  	  More	  importantly,	  there	  
are	  BiOps	  that	  dictate	  flow	  and	  temperature	  requirements	  to	  meet	  the	  life	  history	  
needs	  of	  covered	  salmon,	  steelhead	  and	  sturgeon	  below	  the	  dams.	  	  Meeting	  these	  
standards,	  particularly	  in	  drier	  years	  and	  under	  a	  warming	  climate,	  limits	  the	  
amount	  and	  timing	  of	  inflows	  to	  the	  Delta.	  	  Oroville	  Reservoir,	  which	  has	  fewer	  
restrictions	  on	  flows,	  becomes	  the	  most	  important	  for	  supporting	  Delta	  inflows	  as	  a	  
result,	  particularly	  during	  drought	  conditions	  (see	  below).	  	  	  

Consequences	  of	  Constraints	  
The	  above	  discussion	  is	  intended	  to	  highlight	  a	  conundrum	  that	  is	  not	  discussed	  
much	  outside	  of	  the	  BDCP	  community	  of	  experts	  and	  is	  not	  examined	  in	  the	  Plan:	  
export	  operations	  and	  operations	  to	  support	  conservation	  are	  highly	  constrained.	  	  
These	  regulatory,	  operational	  and	  infrastructure	  constraints	  limit	  the	  ability	  of	  
BDCP	  to	  adaptively	  manage	  operations	  to	  support	  co-‐equal	  export	  and	  ecosystem	  
objectives.	  	  For	  this	  reason,	  the	  anticipated	  management	  associated	  with	  the	  new	  
diversion	  facility	  is	  not	  fully	  realized.	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2	  It	  is	  beyond	  the	  scope	  of	  this	  review	  to	  examine	  facility	  size	  in	  detail.	  	  In	  general,	  the	  analyses	  offered	  in	  the	  
EIR/EIS	  conclude	  that	  the	  9000	  cfs	  facility	  provides	  the	  optimal	  balance	  of	  cost	  and	  flexibility.	  	  The	  additional	  
capacity	  of	  the	  15,000	  cfs	  facility	  is	  rarely	  used	  in	  the	  operations	  that	  they	  modeled,	  leading	  to	  a	  very	  modest	  
increase	  (<250	  taf)	  in	  overall	  exports.	  	  The	  EIS/EIR	  did	  examine	  smaller	  facilities	  with	  capacities	  of	  6000	  and	  
3000	  cfs.	  	  However,	  the	  operating	  criteria	  used	  to	  evaluate	  these	  two	  alternatives	  are	  not	  comparable	  to	  those	  of	  
the	  preferred	  alternative,	  making	  the	  comparison	  moot.	  	  
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Figure	  3.1	  Proportional	  Delta	  water	  use.	  	  Exports	  constitute	  roughly	  18%	  of	  the	  total	  
unimpaired	  flow	  of	  the	  Delta	  in	  the	  1986-‐2005	  hydrology,	  with	  upstream	  
consumptive	  use	  approximately	  24%.	  	  From	  Fleenor	  et	  al.	  (2010).	  	  

This	  also	  highlights	  how	  flow	  management	  in	  BDCP	  was	  developed	  using	  system	  
models.	  	  As	  described	  in	  Appendix	  5C	  of	  the	  Plan,	  the	  models	  sought	  to	  meet	  the	  
requirements	  of	  D-‐1641,	  the	  remanded	  BiOps,	  reservoir	  and	  diversion	  facility	  
constraints,	  and	  south	  of	  Delta	  storage.	  	  The	  objective	  function	  was	  then	  to	  
maximize	  Delta	  exports	  within	  those	  constraints.	  	  Although	  this	  seems	  logical,	  it	  
highlights	  how	  CM1	  is	  not	  a	  conservation	  measure,	  per	  se.	  Rather	  than	  doing	  a	  
bottom-‐up	  assessment	  of	  ecosystem	  flow	  needs,	  as	  is	  typically	  done	  when	  setting	  
environmental	  flows,	  the	  modeling	  sought	  to	  meet	  current	  regulatory	  requirements	  
and	  flow	  constraints	  sought	  by	  fish	  agencies.	  	  This	  illustrates	  one	  of	  the	  key	  points	  
made	  by	  Lund	  et	  al.	  (2010)	  and	  Moyle	  et	  al.	  (2012)	  that	  multi-‐objective	  management	  
of	  the	  Delta	  is	  likely	  to	  require	  a	  comprehensive	  re-‐evaluation	  of	  flow	  and	  water	  
quality	  standards.	  	  

Export	  Reliability	  	  
A	  goal	  of	  the	  BDCP	  project	  and	  the	  current	  Delta	  Plan	  is	  to	  improve	  reliability	  of	  
water	  derived	  from	  the	  Delta	  for	  consumptive	  uses3.	  Using	  model	  simulations	  
provided	  by	  BDCP	  consultants,	  we	  have	  evaluated	  how	  well	  BDCP	  meets	  the	  goal	  of	  
improving	  export	  reliability.	  	  The	  most	  commonly	  discussed	  aspect	  of	  BDCP—
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3	  In	  actuality,	  the	  most	  reliable	  system	  would	  provide	  a	  given	  amount	  of	  water	  each	  year	  with	  the	  smallest	  
deviation	  from	  that	  amount.	  	  Instead,	  BDCP	  attempts	  to	  produce	  the	  most	  water	  in	  any	  given	  year	  under	  the	  
given	  regulatory	  and	  operational	  constraints.	  	  This	  produces	  a	  more	  resilient	  water	  supply	  systems,	  whereby	  the	  
greatest	  volume	  is	  made	  available,	  even	  under	  the	  event	  of	  catastrophic	  salinity	  intrusion	  into	  the	  Delta.	  The	  
terms	  resilient	  and	  reliable	  are	  used	  interchangeably	  in	  BDCP	  and	  other	  documents.	  	  
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average	  annual	  export—is	  summarized	  in	  Figure	  3.2,	  and	  compares	  the	  no-‐project	  
alternative,	  NAA	  with	  the	  high	  outflow	  scenario,	  HOS	  and	  low	  outflow	  scenario,	  LOS	  
(defined	  in	  Chapter	  1).	  This	  modeling	  suggests	  that	  the	  HOS	  and	  NAA	  would	  provide	  
roughly	  equal	  average	  exports,	  with	  the	  LOS	  providing	  approximately	  700	  taf	  more.	  
However,	  these	  figures	  are	  an	  average	  over	  an	  82-‐year	  simulation	  period	  and	  offer	  
little	  information	  about	  reliability.	  	  	  

	  

Figure	  3.2:	  Monthly	  averaged	  exports	  for	  NAA,	  LOS	  and	  HOS	  under	  ELT	  conditions.	  
Based	  on	  BDCP	  CALSIM	  data.	  	  

	  

Exceedance	  curves	  (Figure	  3.3)	  give	  a	  better	  indication	  of	  reliability.	  	  This	  approach	  
provides	  the	  probability	  that	  a	  given	  export	  volume	  will	  be	  equaled	  or	  exceeded	  in	  
any	  given	  year.	  	  For	  example,	  for	  the	  50%	  exceedance	  probability	  (meaning	  one	  out	  
of	  every	  two	  years),	  the	  NAA	  performs	  slightly	  better	  than	  the	  HOS,	  but	  much	  worse	  
than	  the	  LOS.	  	  Overall,	  the	  LOS	  performs	  significantly	  better	  than	  NAA	  in	  six	  out	  of	  
ten	  years	  and	  better	  than	  the	  HOS	  in	  eight	  out	  of	  ten.	  The	  HOS	  is	  outperformed	  by	  
the	  NAA	  in	  five	  out	  of	  ten	  years	  (drier)	  and	  appears	  to	  only	  provide	  significant	  water	  
supply	  benefits	  over	  the	  NAA	  in	  one	  out	  of	  ten	  years	  (wettest).	  	  	  The	  conclusion	  is	  
that	  export	  reliability	  for	  the	  HOS	  and	  NAA	  are	  not	  substantially	  different,	  while	  
reliability	  for	  the	  LOS	  is	  markedly	  higher.	  	  
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Figure	  3.3:	  Exceedance	  probabilities	  for	  NAA,	  LOS	  and	  HOS	  exports	  under	  ELT	  
conditions.	  	  Note	  that	  LOS	  produces	  higher	  exports	  for	  all	  probabilities,	  suggesting	  
that	  it	  is	  the	  most	  reliable/resilient	  of	  the	  scenarios.	  	  

Water	  supply	  reliability	  curves	  for	  SWP	  and	  CVP	  customers	  are	  presented	  in	  
Chapter	  5	  of	  the	  Draft	  EIS/EIR.	  	  These	  curves	  indicate	  that	  south-‐of-‐Delta	  municipal	  
and	  farm	  users	  would	  realize	  considerable	  increases	  in	  overall	  reliability	  of	  supply	  
under	  the	  LOS,	  compared	  to	  the	  NAA	  and	  HOS,	  particularly	  in	  above	  average	  and	  
wet	  years.	  	  North-‐of-‐Delta	  users	  of	  CVP	  water	  would	  likely	  see	  a	  decrease	  in	  
reliability	  over	  the	  long	  term,	  principally	  due	  to	  climate	  change.	  	  	  

Export	  Timing	  	  
A	  goal	  of	  BDCP	  and	  the	  Delta	  Plan	  is	  to	  shift	  exports	  to	  wetter	  years	  and	  to	  reduce	  
pressure	  on	  drier	  years.	  	  A	  comparison	  of	  the	  average	  exports	  of	  NAA,	  LOS	  and	  HOS	  
for	  all	  five	  year-‐types	  is	  presented	  in	  Figure	  3.2.	  	  	  Based	  on	  the	  modeling	  data	  
provided,	  there	  appears	  to	  be	  a	  significant	  increase	  in	  LOS	  exports	  in	  above	  average	  
and	  wet	  years	  as	  compared	  to	  the	  NAA,	  with	  HOS	  intermediate	  between	  the	  two.	  	  
This	  increase	  is	  accomplished	  through	  increased	  use	  of	  the	  North	  Delta	  facility	  
during	  winter	  and	  spring	  periods	  when	  OMR	  restrictions	  most	  strongly	  impact	  
South	  Delta	  operations.	  	  

Below	  average,	  dry	  and	  critical	  dry	  year	  performance	  of	  BDCP	  is	  mixed	  (Figure	  3.2).	  	  
For	  LOS,	  overall	  exports	  during	  the	  drier	  years	  are	  higher	  than	  the	  NAA,	  while	  HOS	  
exports	  are	  roughly	  the	  same	  as	  NAA.	  	  Exports,	  on	  average,	  for	  both	  the	  LOS	  and	  
HOS	  tend	  to	  be	  higher	  than	  the	  NAA	  in	  the	  winter	  and	  early	  spring,	  and	  lower	  during	  
the	  summer.	  	  This	  minimal	  change	  in	  exports	  during	  dry	  years	  stems,	  in	  comparison	  
to	  wet	  years,	  from	  the	  constraints	  on	  North	  Delta	  facility	  operations.	  	  As	  is	  
illustrated	  below,	  during	  dry	  periods	  the	  North	  Delta	  facility	  is	  used	  very	  little,	  
creating	  pressure	  on	  South	  Delta	  facilities.	  	  	  
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In	  sum,	  although	  there	  are	  many	  regulatory	  and	  infrastructure	  constraints,	  BDCP	  
does	  make	  use	  of	  the	  dual	  points	  of	  diversion	  to	  create	  modest	  increases	  in	  wet	  year	  
exports	  and,	  depending	  on	  which	  export	  scenario	  is	  evaluated,	  equal	  to	  or	  greater	  
exports	  in	  drier	  years.	  	  BDCP	  therefore	  does	  not	  achieve	  the	  broader	  goal	  of	  reducing	  
pressure	  on	  the	  Delta	  during	  dry	  years	  by	  shifting	  exports	  to	  wet	  years.	  	  	  	  

Drought	  Performance	  
In	  the	  draft	  Plan	  and	  EIR/EIS,	  export	  performance	  of	  BDCP	  is	  summarized	  by	  
presenting	  averages,	  typically	  linked	  to	  water	  year-‐types	  based	  on	  the	  Sacramento	  
40-‐30-‐30	  index.	  	  Averaging	  fails	  to	  fully	  reflect	  how	  the	  system	  might	  be	  operated,	  
however,	  because	  the	  complex	  rules	  governing	  operation	  can	  create	  significant	  
year-‐to-‐year	  variability	  in	  exports	  (although	  see	  concerns	  over	  model	  uncertainties	  
described	  in	  Chapter	  1).	  This	  issue	  is	  particularly	  acute	  during	  multi-‐year	  droughts,	  
when	  carryover	  storage	  in	  reservoirs	  is	  greatly	  reduced	  and	  demand	  increases	  
significantly.	  	  To	  better	  illustrate	  how	  this	  system	  might	  perform	  we	  examined	  time	  
series	  of	  model	  outputs	  during	  drought	  periods.	  	  

There	  were	  two	  six-‐year	  droughts	  during	  the	  20th	  Century	  that	  fall	  within	  the	  time	  
period	  used	  for	  hydrologic	  simulations:	  water	  years	  1929-‐34	  and	  1987-‐92.	  	  We	  
focused	  on	  the	  1987-‐92	  period	  of	  record	  for	  evaluation	  because	  it	  has	  historical	  
export	  data	  for	  comparison	  and	  facilities	  that	  are	  comparable	  to	  today.	  	  As	  shown	  in	  
Figure	  3.4,	  overall	  export	  timing	  and	  magnitude	  during	  the	  six-‐year	  drought	  were	  
roughly	  the	  same	  for	  the	  NAA,	  LOS	  and	  HOS,	  with	  LOS	  performing	  marginally	  better	  
for	  exports	  throughout	  the	  drought4.	  	  The	  significant	  exception	  to	  this	  pattern	  is	  in	  
the	  one	  year	  in	  that	  sequence,	  1989,	  where	  modest	  inflows	  to	  the	  Delta	  occurred	  in	  
the	  winter.	  	  Once	  bypass	  flow	  criteria	  were	  met,	  the	  flexibility	  created	  by	  the	  North	  
Delta	  facility	  was	  able	  to	  take	  advantage	  of	  these	  inflows	  during	  a	  period	  of	  high	  
restrictions	  on	  South	  Delta	  pumping	  to	  protect	  smelt.	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4	  Figure	  3.4	  highlights	  one	  of	  the	  issues	  not	  discussed	  in	  BDCP	  documentation.	  	  The	  environmental	  baseline	  for	  
the	  BDCP	  assessment	  was	  determined	  to	  be	  the	  remanded	  BiOps,	  with	  provisions	  of	  one	  of	  the	  BiOps	  (high	  fall	  
X2	  flows	  in	  above	  normal	  and	  wet	  years)	  yet	  to	  be	  enacted.	  	  	  By	  choosing	  this	  as	  a	  baseline,	  the	  plan	  does	  not	  
provide	  a	  comparison	  with	  how	  the	  project	  was	  actually	  operated	  under	  historic	  conditions.	  This	  administrative	  
decision	  to	  only	  compare	  proposed	  operations	  with	  the	  remanded	  BiOps	  masks	  the	  striking	  differences	  between	  
historic	  export	  operations	  and	  those	  proposed	  under	  BDCP.	  	  	  
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Figure	  3.4:	  Exports	  for	  NAA,	  LOS	  and	  HOS	  under	  ELT	  conditions	  simulated	  for	  the	  
1987-‐92	  drought,	  with	  historical	  exports	  are	  plotted	  for	  comparison.	  	  Important	  to	  
note	  that	  ELT	  conditions	  take	  into	  account	  minor	  changes	  in	  climate	  and	  sea	  level	  rise	  
by	  2025	  and	  cannot	  be	  compared	  specifically	  with	  historic	  conditions.	  	  In	  addition,	  
historic	  conditions	  reflect	  human	  behavior;	  simulated	  conditions	  are	  guided	  by	  
algorithms	  that	  do	  not	  account	  for	  human	  behavior.	  	  	  

	  

Role	  of	  Reservoirs	  in	  Drought	  Management	  
Reservoir	  storage	  and	  operations	  play	  a	  critical	  role	  in	  drought	  management	  in	  
California	  and	  greatly	  influence	  the	  timing	  and	  magnitude	  of	  Delta	  exports.	  	  The	  
CALSIM	  modeling	  conducted	  for	  BDCP	  manages	  reservoirs	  within	  operational	  
constraints	  described	  above	  and	  in	  detail	  in	  Chapter	  3	  of	  the	  Plan.	  	  The	  Plan	  makes	  it	  
clear	  that	  the	  plan	  area	  does	  not	  include	  these	  reservoirs.	  	  Existing	  and	  future	  BiOps	  
will	  govern	  their	  operations,	  not	  the	  terms	  of	  the	  HCP/NCCP	  permit.	  	  Despite	  this,	  
the	  plan	  does	  envision	  significant	  changes	  to	  the	  operations	  of	  Oroville	  Reservoir	  
under	  BDCP.	  	  

The	  1987-‐92	  simulated	  operations	  of	  the	  three	  most	  important	  reservoirs—Shasta,	  
Oroville	  and	  Folsom—are	  shown	  in	  Figure	  3.5.	  These	  simulations	  have	  important	  
biological	  implications	  that	  are	  covered	  in	  later	  chapters.	  	  For	  water	  supply	  
reliability,	  there	  are	  several	  important	  observations:	  

• As	  noted	  by	  the	  BDCP	  documentation,	  the	  NAA	  puts	  a	  great	  deal	  of	  pressure	  
on	  upstream	  reservoirs	  to	  meet	  flow	  requirements,	  with	  Oroville	  providing	  
most	  of	  the	  operational	  flexibility.	  	  In	  comparison	  to	  historic	  operations,	  the	  
NAA	  significantly	  reduces	  storage,	  and	  thus	  carryover,	  in	  Shasta	  and	  
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Oroville,	  but	  has	  limited	  impact	  on	  Folsom,	  with	  the	  exception	  of	  the	  last	  
two	  years	  of	  drought.	  	  	  

• Under	  NAA	  all	  three	  reservoirs	  are	  at	  or	  near	  dead	  pool	  for	  the	  last	  two	  
years	  of	  the	  drought	  cycle.	  	  Had	  water-‐year	  1989	  been	  closer	  in	  runoff	  to	  
the	  other	  drought	  years,	  dead	  pool	  conditions	  would	  have	  occurred	  for	  the	  
last	  three	  years	  of	  the	  six-‐year	  drought.	  Although	  a	  statement	  of	  the	  obvious,	  
dead	  pool	  limits	  flexibility	  in	  managing	  water	  supply	  and	  ecosystem	  needs,	  
both	  immediately	  downstream	  and	  in	  the	  Delta.	  This	  is	  likely	  to	  be	  of	  
greatest	  concern	  for	  managing	  flow	  and	  temperature	  needs	  of	  winter-‐	  and	  
spring-‐run	  Chinook	  salmon,	  particularly	  under	  warming	  climate	  conditions.	  	  
Changes	  in	  flow	  releases	  to	  meet	  the	  needs	  of	  listed	  salmon	  are	  highly	  likely	  
to	  impact	  export	  operations	  during	  dry	  periods.	  	  BDCP	  recognizes	  this	  as	  a	  
concern	  but	  does	  not	  analyze	  the	  likely	  effects.	  	  

• 	  A	  surprising	  result	  of	  the	  simulations	  is	  that	  HOS	  drought	  operating	  
procedures	  are	  more	  protective	  of	  reservoir	  storage	  than	  either	  NAA	  or	  
LOS.	  	  In	  an	  extended	  drought,	  storage	  is	  more	  aggressively	  allocated	  to	  
either	  outflow	  (NAA)	  or	  exports	  (LOS),	  with	  both	  increasing	  the	  risk	  of	  
creating	  dead	  pool	  conditions.	  	  This	  suggests	  that	  HOS	  operating	  criteria	  
designed	  to	  protect	  smelt,	  may	  also	  do	  a	  better	  job	  of	  protecting	  upstream	  
conditions	  for	  salmonids	  and	  sturgeon	  by	  increasing	  carryover	  storage.	  	  
This,	  in	  turn	  may	  inadvertently	  improve	  water	  supply	  resiliency	  during	  
drought.	  	  	  

It	  is	  important	  to	  note	  that	  a	  time	  series	  analysis	  of	  one	  extended	  drought	  within	  a	  
single	  simulation	  record	  does	  not	  give	  guidance	  on	  how	  the	  system	  is	  likely	  to	  
perform	  in	  all	  future	  droughts.	  	  Each	  drought	  is	  different,	  with	  different	  storage	  
(reservoir	  and	  groundwater)	  conditions	  at	  the	  start,	  different	  precipitation	  and	  
temperature	  patterns,	  and	  different	  regulatory	  or	  operational	  responses.	  	  To	  test	  the	  
above	  observations	  more	  thoroughly,	  a	  range	  of	  six-‐year	  drought	  scenarios,	  should	  
be	  simulated	  and	  analyzed.	  	  	  Given	  that	  most	  climate	  models	  prescribe	  an	  increase	  
in	  frequency	  and	  duration	  of	  drought,	  this	  anecdotal	  assessment	  highlights	  an	  issue	  
that	  is	  likely	  to	  occur	  during	  the	  life	  of	  the	  project	  and	  have	  significant	  impacts	  on	  
supply	  as	  well	  as	  ecosystem	  management.	  	  
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Figure	  3.5:	  End	  of	  month	  storage	  for	  HOS,	  LOS	  and	  NAA	  under	  ELT	  conditions	  
simulated	  for	  the	  1987-‐92	  drought.	  	  Historical	  storage	  (yellow	  histogram	  bars)is	  
plotted	  for	  comparison.	  	  During	  the	  latter	  stages	  of	  the	  drought,	  dead	  pool	  conditions	  
occur	  on	  all	  three	  reservoirs.	  Note	  that	  ELT	  conditions	  take	  into	  account	  minor	  
changes	  in	  climate	  and	  sea	  level	  rise	  by	  2025	  and	  cannot	  be	  compared	  directly	  with	  
historical	  conditions.	  	  	  

Conclusions	  
The	  project	  described	  in	  the	  Draft	  BDCP	  and	  the	  accompanying	  Draft	  EIR/EIR	  seeks	  
to	  improve	  water	  supply	  reliability	  for	  water	  exported	  from	  the	  Delta	  while	  
improving	  conditions	  for	  covered	  species.	  	  An	  underlying	  premise	  for	  the	  effort	  is	  
that	  adding	  a	  second	  point	  of	  diversion,	  the	  North	  Delta	  facility,	  operated	  in	  
conjunction	  with	  existing	  South	  Delta	  facilities	  will	  allow	  for	  more	  flexible	  export	  
operations	  that	  better	  support	  environmental	  goals	  and	  objectives.	  	  In	  concept,	  this	  
approach	  appears	  reasonable	  and	  should	  provide	  significant	  flexibility.	  	  In	  practice,	  
however,	  regulatory	  and	  infrastructure	  constraints,	  coupled	  with	  high	  upstream	  
consumptive	  uses	  of	  water,	  severely	  limits	  flexibility	  in	  operations.	  	  These	  highly	  
constrained	  operations	  limit	  the	  effectiveness	  of	  BDCP	  in	  improving	  water	  supply	  
reliability.	  	  	  

One	  of	  the	  objectives	  of	  BDCP	  that	  is	  in	  line	  with	  those	  of	  the	  Delta	  Plan	  is	  to	  
increase	  exports	  during	  wet	  periods	  and	  decrease	  them	  during	  dry	  periods	  when	  
impacts	  on	  the	  ecosystem	  are	  greatest.	  	  In	  comparison	  to	  the	  no	  project	  alternative,	  
the	  new	  facility	  appears	  to	  achieve	  the	  former	  to	  a	  modest	  degree,	  but	  it	  does	  not	  
significantly	  reduce	  pressure	  on	  the	  Delta	  during	  drier	  periods.	  	  	  

The	  proposed	  system	  is	  particularly	  vulnerable	  to	  extended	  drought	  periods	  (3-‐6	  
years).	  	  The	  NAA	  and	  LOS	  lead	  to	  dead	  pool	  conditions	  in	  upstream	  reservoirs	  after	  
3-‐4	  years	  of	  drought.	  	  This	  decreases	  water	  supply	  reliability	  during	  dry	  periods	  and,	  
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as	  discussed	  in	  later	  chapters,	  places	  at	  risk	  species	  dependent	  upon	  reservoir	  
releases,	  particularly	  cold	  water	  pool	  releases.	  This	  problem	  is	  likely	  to	  be	  
particularly	  acute	  as	  climate	  changes.	  The	  surprising	  result	  from	  the	  model	  outputs	  
is	  that	  the	  high	  outflow	  scenario,	  principally	  designed	  to	  improve	  conditions	  for	  
smelt	  in	  the	  Delta,	  leads	  to	  improved	  carryover	  in	  upstream	  reservoirs	  that,	  in	  turn,	  
improves	  year	  to	  year	  water	  supply	  reliability	  and	  allows	  for	  greater	  flexibility	  to	  
manage	  reservoir-‐dependent	  species.	  	  	  

The	  hydrologic	  modeling	  effort	  for	  BDCP	  is	  unprecedented	  and	  heroic.	  	  However,	  
the	  tools	  available	  for	  this	  modeling	  do	  not	  match	  the	  information	  demands.	  	  In	  
addition,	  the	  plan	  documents	  do	  not	  do	  an	  adequate	  job	  of	  quantifying	  model	  
uncertainties,	  particularly	  those	  caused	  by	  exchanges	  between	  1-‐,	  2-‐	  and	  3-‐
dimensional	  models,	  uncertainties	  over	  future	  conditions,	  and	  regulatory	  behavioral	  
uncertainties	  .	  	  New	  tools	  will	  be	  needed	  going	  forward.	  	  
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Chapter	  4:	  Environmental	  Flow	  
Performance:	  Upstream	  and	  Inflows	  

Introduction	  
The	  focus	  of	  the	  BDCP	  is	  principally	  on	  the	  legal	  Delta	  and	  adjacent	  Suisun	  Bay	  and	  
Marsh,	  where	  export	  operations	  have	  the	  most	  direct	  impact	  on	  covered	  species.	  	  As	  
discussed	  in	  Chapter	  3,	  upstream	  management,	  including	  reservoir	  operations,	  
consumptive	  uses	  of	  water,	  and	  flood	  management,	  play	  a	  critical	  role	  in	  inflow	  
timing	  and	  volume.	  	  In	  this	  chapter,	  we	  examine	  how	  conservation	  measures	  #1	  
(water	  operations)	  and	  #2	  (Yolo	  Bypass	  fisheries)	  meet	  conservation	  objectives	  that	  
impact	  listed	  aquatic	  species.	  	  

The	  focus	  of	  this	  chapter	  is	  on	  the	  environmental	  performance	  of	  proposed	  flow	  
changes	  in	  the	  Sacramento	  watershed,	  including	  the	  Sacramento,	  Feather	  and	  
American	  Rivers,	  and	  inflows	  to	  the	  Delta	  through	  the	  Yolo	  Bypass	  and	  the	  
Sacramento	  River.	  Although	  inflow	  from	  the	  San	  Joaquin	  River	  is	  important	  and	  a	  
determinant	  of	  conditions	  in	  the	  South	  Delta,	  BDCP	  does	  not	  envision	  significant	  
changes	  in	  flows.	  For	  this	  reason,	  our	  analysis	  is	  focused	  only	  on	  the	  Sacramento	  
watershed.	  	  	  

Performance,	  as	  used	  here,	  is	  how	  well	  actions	  proposed	  by	  BDCP	  are	  likely	  to	  meet	  
the	  goals	  and	  objectives	  of	  the	  plan.	  Although	  there	  are	  many	  issues	  discussed	  in	  the	  
Plan	  for	  the	  Sacramento	  system	  and	  covered	  species,	  there	  are	  three	  central	  flow	  
performance	  concerns:	  changes	  in	  reservoir	  release	  timing	  and	  magnitude	  and	  its	  
impact	  on	  anadromous	  fishes;	  modifications	  to	  Fremont	  Weir	  and	  its	  benefits	  for	  
floodplain	  habitat	  for	  outmigrating	  salmonids;	  and	  near-‐	  and	  far-‐field	  effects	  of	  
North	  Delta	  diversion	  operations.	  	  

Impaired	  Flow	  in	  an	  Impaired	  System	  
One	  of	  the	  objectives	  of	  BDCP	  and	  the	  Delta	  Plan—and	  a	  concern	  of	  many	  NGOs-‐-‐is	  
to	  produce	  a	  flow	  regime	  with	  attributes	  that	  better	  support	  the	  life	  history	  stages	  of	  
covered	  aquatic	  and	  riparian	  species.	  	  This	  objective	  is	  supported	  by	  a	  large	  body	  of	  
national	  and	  international	  literature	  that	  has	  demonstrated	  how	  creating	  more	  
natural	  flow	  regimes	  in	  highly	  regulated	  systems	  improves	  conditions	  for	  native	  
species	  (see	  recent	  summary	  by	  Arthington,	  2012).	  This	  issue	  has	  been	  at	  the	  
forefront	  of	  controversial	  efforts	  by	  the	  SWRCB	  to	  develop	  a	  basin	  plan	  that	  
addresses	  flows	  (Fleenor	  et	  al.,	  2010).	  	  	  

A	  flow	  regime	  that	  mimics	  natural	  seasonal	  variation	  is	  also	  considered	  by	  the	  
scientific	  community	  in	  the	  Delta	  to	  be	  fundamental	  to	  better	  species	  management	  
(Hanak	  et	  al.,	  2013).	  	  Restoring	  appropriate	  seasonal	  and	  intra-‐annual	  variability	  
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involves	  re-‐establishing	  flow	  timing,	  magnitude,	  duration,	  frequency	  and	  rates	  of	  
change	  that	  drive	  key	  ecosystem	  attributes	  that,	  in	  turn,	  support	  native	  species	  
(Figure	  4.1).	  	  	  

Although	  restoring	  elements	  of	  the	  natural	  flow	  regime	  is	  a	  worthwhile	  goal,	  it	  
should	  be	  made	  clear	  that	  in	  the	  Delta	  and	  its	  tributaries	  there	  is	  little	  that	  remains	  
natural	  (Bay	  Institute,	  1998;	  Whipple	  et	  al.,	  2012).	  Added	  to	  these	  physical	  changes	  
are	  profound	  shifts	  in	  biological	  conditions,	  including	  a	  Delta	  ecosystem	  dominated	  
by	  non-‐native	  plants	  and	  animals	  (Lund	  et	  al.,	  2008;	  Baxter	  et	  al.,	  2010).	  	  For	  this	  
reason,	  restoring	  a	  more	  naturally	  variable	  flow	  regime	  in	  an	  altered	  Delta	  and	  its	  
watershed,	  while	  necessary	  for	  improving	  conditions	  for	  covered	  species,	  is	  unlikely	  
to	  lead,	  by	  itself,	  to	  their	  recovery	  (Mount	  et	  al.,	  2012).	  	  	  

	  

Figure	  4.1:	  Unimpaired	  Sacramento	  River	  flow	  at	  Freeport	  for	  WY	  1992-‐3	  based	  on	  
DAYFLOW	  data	  (DWR).	  This	  illustrates	  the	  range	  of	  natural	  seasonal	  variability	  in	  
flow.	  	  Reproduction	  or	  migration	  of	  aquatic	  and	  riparian	  species	  are	  tied	  to	  timing,	  
magnitude,	  frequency,	  duration	  and	  rate	  of	  change	  of	  flows.	  	  Flows,	  particularly	  
winter	  and	  spring	  flood	  pulses,	  are	  necessary	  for	  geomorphic	  processes	  that	  support	  
various	  life	  history	  stages.	  	  Flow	  regulation	  and	  land	  reclamation	  have	  significantly	  
altered	  flow	  regime	  (see	  text	  for	  discussion).	  	  

	  

In	  this	  chapter	  we	  sought	  to	  evaluate	  BDCP’s	  potential	  impact	  on	  flow	  regimes	  
upstream	  and	  into	  the	  Delta.	  	  It	  is	  infeasible—if	  not	  inappropriate-‐-‐to	  reconstruct	  
natural	  flow	  in	  the	  Central	  Valley	  given	  the	  significant	  changes	  in	  the	  landscape.	  	  
Instead,	  we	  use	  unimpaired	  flow	  (DWR	  2007)	  as	  a	  proxy	  for	  a	  more	  naturally	  
distributed	  flow	  regime1.	  Unimpaired	  flow	  is	  the	  volume	  of	  water	  that	  would	  flow	  by	  
a	  given	  point	  if	  no	  upstream	  impoundments	  or	  diversions	  were	  in	  place.	  	  Estimating	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  We	  focus	  here	  principally	  on	  the	  rivers	  that	  feed	  into	  the	  Delta	  rather	  than	  the	  Delta	  per	  se.	  	  An	  assessment	  of	  
changes	  in	  outflow	  that	  occurs	  in	  response	  to	  changes	  in	  operations	  is	  contained	  in	  Appendix	  B.	  	  
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unimpaired	  flow	  is	  complicated	  and	  imprecise,	  yet	  is	  important	  in	  setting	  flow	  and	  
water	  quality	  targets,	  particularly	  by	  the	  SWRCB.	  	  It	  involves	  aggregating	  
unimpaired	  and	  unregulated	  runoff	  from	  multiple	  basins	  that	  flow	  to	  the	  Delta.	  
Unimpaired	  flow	  ignores	  surface	  water-‐groundwater	  interactions	  and	  storage	  or	  
conveyance	  of	  flow	  in	  channels,	  floodplains	  and	  wetlands.	  	  For	  this	  reason,	  it	  is	  not	  a	  
useful	  proxy	  for	  flow	  regime	  on	  daily	  time	  steps,	  but	  can	  be	  used	  as	  an	  imperfect	  
proxy	  for	  annual	  and	  monthly	  flows.	  We	  follow	  that	  convention	  in	  this	  analysis.	  	  

This	  simplified	  approach	  should	  not	  be	  over-‐interpreted.	  	  It	  is	  used	  to	  assess	  
whether	  BDCP	  meets	  the	  overall	  goal	  of	  improving	  ecological	  conditions	  by	  creating	  
a	  more	  natural	  seasonally	  variable	  flow	  regime.	  	  It	  does	  not	  address	  all	  issues	  of	  
concern	  for	  listed	  fishes,	  such	  as	  winter-‐	  and	  spring-‐run	  Chinook	  salmon	  whose	  
primary	  limitation	  is	  due	  to	  loss	  of	  upstream	  spawning	  and	  rearing	  habitat	  and	  high	  
temperatures	  in	  existing	  channel	  habitat	  (Williams,	  2006,	  2009).	  	  

Main	  Rivers	  of	  the	  Sacramento	  Valley	  
Multiple	  biological	  goals	  and	  objectives	  of	  BDCP	  are	  associated	  with	  flow	  conditions	  
on	  the	  Sacramento	  River	  and	  its	  two	  main	  tributaries,	  the	  Feather	  and	  American	  
Rivers.	  	  All	  anadromous	  fishes	  covered	  by	  BDCP	  rely	  directly	  on	  these	  river	  systems	  
for	  spawning,	  rearing	  and	  migration.	  As	  noted	  in	  Chapter	  1,	  we	  focus	  here	  
principally	  on	  winter-‐	  and	  spring-‐run	  Chinook	  since	  the	  BiOps	  that	  cover	  their	  life	  
history	  needs	  have	  the	  greatest	  impact	  on	  water	  operations.	  	  

With	  the	  exception	  of	  proposed	  changes	  to	  the	  Fremont	  Weir	  and	  the	  Yolo	  Bypass	  
(CM#2),	  BDCP	  does	  not	  envision	  making	  significant	  investments	  in	  improving	  
physical	  habitat	  upstream	  of	  the	  Delta,	  or	  addressing	  other	  stressors	  such	  as	  
hatcheries,	  contaminants	  or	  harvest	  procedures	  (see	  summary	  in	  Williams,	  2006,	  
2009).	  	  For	  this	  reason,	  most	  of	  the	  impact	  of	  BDCP	  on	  the	  Sacramento	  River	  and	  its	  
tributaries	  upstream	  of	  the	  North	  Delta	  facilities	  will	  be	  associated	  with	  changes	  in	  
flow	  releases	  from	  the	  three	  major	  reservoirs:	  Shasta,	  Oroville	  and	  Folsom.	  	  	  

Simulated	  average	  flow	  conditions	  affected	  by	  changes	  in	  reservoir	  operations	  
under	  BDCP	  are	  summarized	  in	  Figure	  4.2A-‐C,	  including	  Sacramento	  River	  at	  Red	  
Bluff,	  Feather	  River	  below	  Oroville	  Reservoir,	  and	  American	  River	  below	  Folsom.	  	  
These	  flows,	  along	  with	  all	  other	  tributaries,	  aggregate	  to	  form	  the	  Freeport	  flow	  
(Figure	  4.2D)	  and	  the	  Yolo	  Bypass.	  	  These	  results	  include	  NAA,	  LOS	  and	  HOS	  flow	  
scenarios	  and	  unimpaired	  flow	  under	  the	  five	  year-‐types	  based	  on	  the	  Sacramento	  
River	  wetness	  index.	  	  	  
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Figure	  4.2A:	  Sacramento	  River	  at	  Red	  Bluff.	  

	  

Figure	  4.2B:	  Feather	  River.	  
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Figure	  4.2C:	  American	  River.	  

	  

Figure	  4.2D:	  Flow	  at	  Freeport.	  	  Figures	  4.2A-‐D.	  Monthly	  averages	  sorted	  by	  water	  year	  
types	  for	  HOS,	  LOS,	  NAA	  and	  unimpaired	  flow.	  	  Unimpaired	  flow	  is	  based	  on	  current	  
conditions	  and	  HOS,	  LOS	  and	  NAA	  are	  ELT	  conditions.	  	  See	  text	  for	  discussion.	  Data	  
from	  BDCP	  CALSIM	  simulations.	  	  
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As	  noted	  in	  Chapter	  3,	  the	  constraints	  on	  reservoir	  operations	  are	  significant	  due	  to	  
temperature	  and	  downstream	  flow	  requirements,	  based	  mostly	  on	  the	  2009	  BiOp.	  	  
For	  this	  reason,	  the	  differences	  between	  scenarios	  are	  not	  large.	  	  However,	  a	  
comparison	  of	  the	  impaired	  and	  unimpaired	  flow	  data	  allows	  for	  several	  general	  
conclusions	  about	  the	  impact	  of	  BDCP	  on	  key	  attributes	  of	  Sacramento	  Valley	  flow	  
regimes:	  	  

Winter	  Flood	  Pulse.	  With	  the	  exception	  of	  the	  American	  River,	  the	  winter	  flood	  pulse	  
is	  significantly	  reduced	  over	  unimpaired	  conditions	  in	  the	  Sacramento	  Valley.	  	  The	  
magnitude	  of	  this	  reduction	  reflects	  the	  size	  and	  operations	  of	  upstream	  
impoundments	  relative	  to	  the	  total	  runoff	  of	  the	  watershed.	  	  The	  most	  dramatic	  
impairment	  of	  winter	  flood	  pulses	  occurs	  on	  the	  Feather	  River	  where	  the	  pulse	  is	  
virtually	  eliminated	  in	  most	  years.	  	  	  There	  are	  no	  substantive	  differences	  between	  
LOS,	  HOS	  and	  NAA	  operations	  for	  winter	  flood	  pulses.	  	  The	  winter	  flood	  pulse	  is	  
marginally	  higher	  under	  NAA	  at	  Freeport,	  but	  this	  reflects	  more	  frequent	  flows	  
down	  the	  Yolo	  Bypass.	  	  

Spring	  Snowmelt	  Pulse.	  The	  rise	  and	  gradual	  recession	  of	  flow	  in	  the	  spring	  is,	  next	  
to	  low	  baseflow	  conditions	  in	  the	  late	  summer,	  the	  most	  predictable	  element	  of	  the	  
Sacramento	  Valley	  flow	  regime	  and	  is	  of	  high	  biological	  significance.	  As	  shown	  in	  
Figures	  4.2A-‐D,	  the	  spring	  snowmelt	  pulse	  is	  highly	  impaired	  due	  to	  impoundments	  
and	  flow	  diversions.	  With	  the	  exception	  of	  the	  Feather	  River,	  there	  are	  no	  
substantive	  differences	  between	  HOS,	  LOS	  and	  NAA	  impacts	  on	  the	  spring	  snowmelt	  
pulse	  in	  the	  Sacramento	  Valley.	  	  On	  the	  Feather,	  HOS	  flow	  operations	  designed	  to	  
improve	  spring	  outflow	  in	  the	  Delta,	  lead	  to	  significant	  improvement	  in	  spring	  
conditions	  in	  all	  but	  dry	  and	  critical	  year	  types.	  	  

Summer/Fall	  Baseflow.	  The	  timing	  and	  magnitude	  of	  reservoir	  releases	  dominates	  
the	  summer/fall	  flow	  regime	  of	  the	  basin	  (Figure	  4.2A-‐D).	  	  These	  releases	  are	  to	  
meet	  the	  complex	  array	  of	  temperature	  and	  flow	  requirements	  downstream	  of	  the	  
dams,	  irrigation	  demands	  upstream	  of	  the	  Delta,	  inflows	  to	  meet	  export	  demands,	  
and	  outflows	  to	  meet	  water	  quality	  and	  habitat	  standards.	  Summer/fall	  baseflow	  
flow	  regimes	  are	  highly	  altered	  with	  flows	  three	  to	  five	  times	  higher	  than	  
unimpaired	  flows.	  With	  the	  exception	  of	  the	  Feather	  River,	  BDCP	  does	  not	  change	  
summer/fall	  baseflow	  conditions.	  	  Under	  HOS	  and	  LOS	  simulations,	  the	  summer	  
flows	  on	  the	  Feather	  are	  reduced,	  creating	  marginal	  improvement	  in	  flow	  regime.	  	  	  

Main	  Rivers	  Summary.	  	  	  The	  plan	  area	  for	  BDCP	  is,	  by	  design,	  limited	  in	  scope.	  	  The	  
same	  applies	  to	  its	  conservation	  measures.	  	  The	  project	  Plan	  documents	  make	  it	  
clear	  that	  operations	  of	  the	  CVP	  and	  SWP	  reservoirs	  are	  governed	  by	  BiOps	  or	  FERC	  
licenses,	  and	  not	  BDCP.	  	  In	  addition,	  they	  note	  limited	  flexibility	  in	  reservoir	  
operation	  due	  to	  cold	  water	  pool	  management,	  particularly	  on	  Shasta	  and	  Folsom	  
Reservoirs.	  	  In	  this	  way,	  the	  reservoirs	  are	  in	  effect	  another	  constraint	  on	  BDCP	  
(Chapter	  3),	  rather	  than	  an	  asset	  for	  management.	  	  

Yet	  operations	  of	  these	  reservoirs	  greatly	  impact	  winter-‐	  and	  spring-‐run	  Chinook	  
habitat	  downstream.	  	  As	  shown	  above,	  these	  operations	  contribute	  to	  the	  significant	  
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impairment	  of	  flows	  of	  the	  Sacramento	  River	  and	  its	  major	  tributaries	  and	  are	  a	  
challenge	  when	  trying	  to	  meet	  the	  biological	  objectives	  of	  BDCP.	  	  Additionally,	  these	  
dams	  block	  access	  to	  holding,	  spawning	  and	  rearing	  habitat	  that	  has	  far-‐reaching	  
effects	  on	  winter-‐	  and	  spring-‐run	  Chinook	  salmon	  populations	  (Williams,	  2006,	  
2009).	  	  These	  dams	  also	  support	  mitigation	  hatcheries	  whose	  operations	  may	  be	  
contributing	  to	  harm	  of	  native	  salmon	  (Moyle	  et	  al.,	  2011).	  	  	  	  

It	  is	  unclear	  to	  us	  how	  to	  disentangle	  the	  relationship	  between	  the	  impacts	  of	  
BDCP—a	  project	  designed	  to	  meet	  CVP	  and	  SWP	  water	  supply	  needs	  and	  an	  array	  of	  
associated	  biological	  goals	  and	  objectives—and	  operations	  of	  SWP	  and	  CVP	  
reservoirs.	  	  It	  seems	  logical	  to	  include	  these	  reservoirs	  in	  BDCP	  and	  operate	  them,	  
along	  with	  the	  new	  facilities,	  under	  a	  single	  HCP/NCCP.	  The	  modest	  improvement	  in	  
Feather	  River	  flows	  not	  withstanding,	  the	  result	  of	  this	  administrative	  separation	  is,	  
in	  effect,	  to	  maintain	  the	  status	  quo	  for	  the	  highly	  impaired	  flows	  of	  the	  Sacramento	  
system.	  	  	  

Yolo	  Bypass	  Flows	  
One	  of	  the	  more	  prominent	  conservation	  measures	  (CM#2)	  of	  BDCP	  is	  the	  
modification	  of	  the	  Fremont	  Weir	  to	  promote	  increases	  in	  the	  frequency	  of	  winter	  
and	  early	  spring	  inundation	  of	  the	  Yolo	  Bypass.	  	  A	  well-‐established	  and	  growing	  
body	  of	  evidence,	  involving	  monitoring	  data,	  field	  experimentation	  and,	  to	  a	  lesser	  
extent,	  life	  cycle	  models	  indicate	  high	  benefit	  of	  floodplain	  habitat	  to	  foraging	  
juvenile	  salmon	  (see	  BDPC	  documentation	  for	  a	  full	  summary).	  	  This	  stems	  from	  the	  
use	  of	  high	  value,	  off-‐channel	  habitat	  by	  juveniles,	  who,	  under	  optimal	  bioenergetic	  
conditions	  and	  low	  predation	  pressures	  grow	  at	  high	  rates,	  increasing	  their	  
survivorship	  through	  the	  Delta.	  Fish	  that	  either	  forage	  on	  the	  Yolo	  Bypass	  and/or	  
use	  it	  as	  a	  migration	  corridor	  will	  not	  be	  impacted	  by	  near-‐field	  effects	  of	  the	  
proposed	  North	  Delta	  diversion	  facilities.	  	  Fish	  using	  the	  Bypass	  are	  also	  less	  likely	  
to	  enter	  the	  interior	  of	  the	  Delta	  where	  predation	  pressures	  are	  high.	  Finally,	  
juveniles	  that	  use	  the	  Bypass	  leave	  the	  Delta	  later	  in	  the	  season,	  increasing	  the	  
likelihood	  of	  arriving	  at	  the	  ocean	  during	  higher	  upwelling	  periods	  with	  better	  food	  
availability.	  	  

Currently	  flow	  onto	  the	  Yolo	  Bypass	  from	  the	  Sacramento	  River	  only	  occurs	  when	  
the	  Verona	  gauge	  exceeds	  55,000	  cfs.	  	  Modifications	  to	  the	  Fremont	  Weir	  would	  
allow	  1,000	  cfs	  to	  flow	  onto	  the	  floodplain	  when	  flow	  at	  Verona	  exceeds	  25,000	  cfs.	  	  
Flow	  through	  the	  Weir	  would	  climb	  to	  6000	  cfs	  when	  the	  river	  approaches	  55,000	  
cfs.	  	  Above	  55,000	  cfs	  flow	  into	  the	  Bypass	  would	  be	  similar	  to	  NAA	  conditions.	  	  In	  
addition	  to	  allowing	  flood	  flows,	  the	  weir	  would	  be	  modified	  to	  allow	  100	  cfs	  
attraction	  flows	  to	  a	  fish	  ladder	  to	  improve	  upstream	  passage	  of	  adult	  salmon,	  
steelhead	  and	  sturgeon	  (passage	  issues	  not	  evaluated	  here).	  	  

The	  average	  annual	  flow	  of	  the	  Yolo	  Bypass	  is	  approximately	  1.5	  maf.	  	  Under	  NAA,	  
HOS	  and	  LOS,	  this	  amount	  would	  not	  differ	  significantly	  since	  the	  majority	  of	  flow	  
volume	  on	  the	  Bypass	  occurs	  when	  the	  Sacramento	  overtops	  Fremont	  Weir	  and	  the	  
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Sacramento	  Weir	  (Figure	  4.3).	  	  However,	  the	  timing,	  frequency,	  and	  duration	  of	  
floodplain	  inundation—key	  elements	  of	  the	  natural	  flow	  regime-‐-‐would	  change	  
substantially	  with	  the	  proposed	  modification	  of	  Fremont	  Weir.	  	  	  

	  

Figure	  4.3:	  Average	  monthly	  flows	  for	  the	  Yolo	  Bypass	  under	  HOS,	  LOS	  and	  NAA	  
under	  ELT	  conditions	  for	  different	  year	  types.	  	  Note	  changes	  in	  scale.	  	  
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Flood	  Frequency.	  The	  frequency	  of	  inundation	  of	  the	  Bypass	  increases	  significantly	  
under	  BDCP.	  	  Under	  current	  conditions	  there	  is	  a	  roughly	  40%	  annual	  probability	  of	  
flooding	  on	  the	  Yolo	  Bypass.	  	  Under	  BDCP	  this	  increases	  to	  more	  than	  70%	  annual	  
probability	  (BDCP	  statistics).	  	  The	  largest	  change	  occurs	  in	  drier	  years	  (Figure	  4.3).	  	  
	  
Flood	  Duration.	  Multiple	  studies	  have	  shown	  that	  flood	  duration,	  which	  allows	  for	  
nutrient	  cycling	  and	  primary	  production,	  is	  essential	  for	  supporting	  juvenile	  
salmonid	  foraging	  (Sommer	  et	  al.,	  2001;	  Williams,	  2006,	  2009).	  	  Modifications	  to	  
Fremont	  Weir	  increase	  flood	  durations	  with	  high	  habitat	  benefits.	  Under	  current	  
operations,	  flood	  durations	  aggregate	  to	  an	  average	  of	  25	  days	  per	  year.	  	  This	  would	  
not	  change	  under	  NAA	  in	  the	  ELT.	  	  Under	  both	  HOS	  and	  LOS	  ELT	  this	  would	  increase	  
more	  than	  three-‐fold	  to	  an	  average	  of	  81	  days	  per	  year.	  	  	  
	  
Flood	  Timing.	  	  In	  addition	  to	  more	  frequent,	  longer-‐lasting	  flooding	  conditions,	  
modifications	  to	  the	  Fremont	  Weir	  would	  expand	  the	  flood	  season,	  particularly	  in	  
drier	  years	  (Figure	  4.3).	  	  This	  expansion	  helps	  divert	  early	  migrants,	  such	  as	  winter-‐
run	  Chinook	  salmon	  and	  later	  migrants,	  such	  as	  spring-‐run	  and	  fall-‐run	  Chinook,	  
onto	  the	  floodplain.	  	  For	  example,	  based	  on	  BDCP	  data,	  we	  estimate	  that	  days	  of	  
flooding	  above	  1000	  cfs	  on	  the	  Bypass	  will	  more	  than	  double	  in	  January	  and	  triple	  in	  
April.	  	  

Yolo	  Bypass	  performance	  for	  listed	  salmon	  
Although	  CM#2	  achieves	  the	  broader	  objective	  of	  improving	  the	  amount	  and	  quality	  
of	  floodplain	  habitat,	  principally	  by	  restoring	  a	  more	  natural	  flow	  regime,	  it’s	  
effectiveness	  in	  supporting	  federally	  listed	  species	  of	  salmon	  (the	  focus	  of	  this	  
review)	  is	  somewhat	  limited.	  	  The	  BDCP	  consultants	  modeled	  the	  overall	  benefits	  of	  
the	  Yolo	  Bypass	  flows	  to	  out-‐migrating	  and	  foraging	  juveniles.	  	  For	  winter-‐run	  
Chinook	  salmon,	  the	  benefits	  were	  modest	  with	  an	  estimate	  1-‐8%	  increase	  in	  
escapement.	  	  The	  limited	  benefit	  of	  the	  Yolo	  Bypass	  is,	  according	  to	  the	  BDCP	  model	  
results,	  due	  to	  the	  small	  percentage	  of	  juveniles	  likely	  to	  be	  diverted	  onto	  the	  
floodplain.	  	  This	  stems	  from	  the	  fact	  that	  most	  migration	  begins	  in	  December	  and	  
January	  coincident	  with	  the	  first	  pulse	  flows	  of	  the	  season	  and	  does	  not	  coincide	  
with	  peak	  inundation	  periods	  of	  the	  Bypass.	  	  
	  
Greater	  benefit,	  albeit	  still	  limited,	  occurs	  for	  spring-‐run	  Chinook	  salmon.	  	  The	  bulk	  
of	  juvenile	  out-‐migration	  takes	  place	  during	  the	  optimal	  months	  for	  floodplain	  
inundation:	  February	  through	  March.	  	  However,	  two	  factors	  reduce	  the	  effectiveness	  
of	  Yolo	  Bypass	  for	  spring-‐run	  according	  to	  BDCP	  documents.	  The	  majority	  of	  spring-‐
run	  Chinook	  salmon	  come	  from	  hatcheries	  in	  the	  Feather	  River.	  	  Juveniles	  leaving	  
the	  Feather	  are	  only	  diverted	  onto	  the	  Yolo	  Bypass	  during	  rare	  high	  flow	  events,	  
leaving	  the	  Sacramento	  River	  as	  their	  principal	  migration	  route	  to	  the	  Delta.	  	  
Naturally	  spawned	  fish	  in	  Butte	  Creek	  use	  the	  Sutter	  Bypass	  as	  their	  principal	  
migration	  route.	  	  Like	  Feather	  River	  fish,	  they	  too	  only	  move	  access	  the	  Yolo	  Bypass	  
during	  rare	  high	  flow	  events.	  Naturally	  spawned	  spring-‐run	  in	  Battle,	  Clear,	  Mill	  and	  
Deer	  Creek	  pass	  Fremont	  Weir	  on	  their	  out-‐migration	  paths	  and	  will	  benefit	  most	  
from	  likely	  access	  to	  the	  Bypass.	  	  
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Second,	  according	  to	  BDCP	  models,	  most	  spring-‐run	  juveniles	  reach	  the	  Delta,	  and	  
presumably	  the	  Yolo	  Bypass,	  as	  yearling	  smolts.	  	  In	  this	  stage,	  they	  are	  presumed	  by	  
BDCP	  consultants	  to	  not	  take	  full	  advantage	  of	  the	  high	  quality	  foraging	  conditions	  
of	  the	  Bypass,	  but	  use	  it	  principally	  as	  a	  migration	  corridor.	  	  BDCP	  consultants	  
estimate	  that	  90%	  of	  spring-‐run	  Chinook	  in	  the	  Yolo	  Bypass	  are	  migrants,	  rather	  
than	  foraging	  fish.	  	  The	  BDCP	  consultants	  readily	  note	  that	  this	  proportion	  reflects	  
the	  split	  between	  migrants	  and	  foraging	  characteristics	  in	  hatchery	  fish	  and	  may	  not	  
be	  indicative	  of	  proportions	  of	  wild	  fish.	  	  Our	  consultation	  with	  several	  salmon	  
biologists	  suggests	  that	  the	  distinction	  between	  foragers	  and	  migrants	  is	  arbitrary	  
and	  likely	  does	  not	  reflect	  actual	  behavior	  of	  juveniles	  on	  the	  Bypass.	  	  In	  addition,	  
there	  is	  emerging	  evidence	  that	  a	  high	  percentage	  of	  naturally	  spawned	  fish	  move	  
out	  as	  fry	  and	  migrate	  during	  high	  winter	  flows	  (pers.	  comm.,	  P.B.	  Moyle,	  2013).	  	  	  	  	  	  
	  
The	  BDCP	  consultants	  used	  several	  approaches	  to	  model	  the	  effect	  of	  the	  Yolo	  
Bypass	  on	  survivorship.	  	  They	  acknowledge	  that	  current	  modeling	  tools	  are	  not	  
well-‐suited	  to	  this	  kind	  of	  analysis.	  	  They	  developed	  a	  simple	  bioenergetic	  model	  for	  
floodplain	  rearing,	  but	  told	  the	  panel	  that	  they	  felt	  it	  did	  not	  fully	  capture	  the	  
benefits	  of	  the	  Bypass,	  and	  that	  their	  estimates	  of	  survivorship	  were	  conservatively	  
low.	  	  Despite	  these	  limitations	  the	  BDCP	  models	  along	  with	  a	  growing	  body	  of	  
literature	  suggest	  that	  spring-‐run	  juveniles	  as	  well	  as	  winter-‐run	  juveniles	  that	  
access	  the	  Bypass	  are	  likely	  to	  have	  significantly	  higher	  survival	  rates	  to	  Chipps	  
Island	  and	  presumably	  higher	  adult	  escapement2.	  	  	  
	  

Yolo	  Bypass	  Summary	  
CM#2	  has	  high	  potential	  to	  benefit	  a	  range	  of	  covered	  species.	  	  Its	  benefit	  for	  winter-‐	  
and	  spring-‐run	  Chinook	  is	  muted	  due	  to	  outmigration	  timing	  (winter-‐run)	  or	  the	  
structural	  difficulty	  in	  diverting	  Feather	  River	  and	  Butte	  Creek	  fish	  (spring-‐run)	  
onto	  the	  Bypass.	  	  Yet	  even	  with	  these	  concerns,	  there	  are	  likely	  to	  be	  improvements	  
in	  survivorship	  associated	  with	  an	  alternative	  migration	  corridor	  with	  high	  value	  
foraging	  habitat.	  	  There	  is	  an	  adaptive	  management	  program	  being	  developed	  for	  
the	  Yolo	  Bypass	  that	  will	  be	  incorporated	  into	  BDCP.	  	  This	  effort	  would	  benefit	  BDCP	  
objectives	  by	  conducting	  experiments	  and	  modeling	  that	  test	  ways	  to	  improve	  
access	  of	  listed	  salmon	  onto	  the	  Bypass.	  	  This	  can	  include	  modifications	  to	  the	  
Fremont	  Weir	  or	  pulse	  flow	  releases	  that	  improve	  winter-‐run	  diversion.	  	  Along	  with	  
modification	  of	  Fremont	  Weir,	  this	  program	  may	  also	  want	  to	  consider	  the	  potential	  
for	  using	  the	  Sacramento	  Weir	  to	  divert	  Feather	  River	  and	  Butte	  Creek	  fish.	  	  
Regardless,	  as	  outlined	  below,	  a	  more	  aggressive	  approach	  to	  developing	  an	  
alternative	  migration	  corridor	  for	  winter-‐	  and	  spring-‐run	  Chinook	  is	  likely	  to	  be	  
necessary	  to	  mitigate	  the	  effects	  of	  the	  new	  North	  Delta	  facility.	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2	  The	  focus	  of	  this	  chapter	  is	  on	  spring-‐	  and	  winter-‐run	  Chinook.	  	  There	  is	  very	  significant	  benefit	  to	  other	  
covered	  species,	  particularly	  fall-‐run	  Chinook	  and	  Sacramento	  splittail	  that	  can	  take	  advantage	  of	  Yolo	  Bypass	  
flooding	  more	  readily.	  	  
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North	  Delta	  Facility	  Impacts	  and	  Mitigation	  
The	  new	  point	  of	  diversion	  along	  the	  Sacramento	  River	  is	  likely	  to	  impact	  all	  
covered	  fish	  that	  either	  use	  the	  main	  channel	  of	  the	  Sacramento	  for	  migration	  or	  
rearing,	  or	  are	  indirectly	  affected	  by	  downstream	  changes	  in	  flow	  volume	  and	  
timing.	  	  These	  impacts	  are	  some	  of	  the	  most	  difficult	  to	  assess	  due	  to	  uncertainties	  
about	  design	  and	  operation	  of	  the	  facilities	  (no	  comparable	  facility	  exists	  to	  calibrate	  
models)	  and	  the	  relationship	  between	  downstream	  actions,	  such	  as	  tidal	  marsh	  
restoration,	  and	  flows.	  	  This	  section	  assesses	  BDCP’s	  evaluation	  of	  near-‐field	  
(adjacent	  to	  the	  facility)	  and	  far-‐field	  (downstream	  from	  the	  facility)	  effects.	  	  

Near	  Field	  Effects	  
The	  preferred	  project	  involves	  the	  construction	  of	  three	  screened	  intakes	  along	  the	  
left	  bank	  of	  the	  Sacramento	  River	  in	  the	  vicinity	  of	  the	  town	  of	  Hood.	  	  Each	  screen	  
will	  be	  capable	  of	  withdrawing	  up	  to	  3000	  cfs.	  	  In	  our	  view,	  the	  BDCP	  consultants	  
have	  properly	  identified	  the	  two	  main	  sources	  of	  near	  field	  effects	  of	  the	  facility	  on	  
out-‐migrating	  salmonids:	  losses	  due	  to	  impingement	  on	  the	  intake	  screens	  and	  
losses	  due	  to	  predation	  near	  the	  diversion.	  	  However,	  we	  are	  uncertain	  about	  the	  
effectiveness	  of	  proposed	  mitigation	  for	  these	  effects.	  	  	  
	  
To	  mitigate	  for	  impingement	  potential,	  the	  consultants	  propose	  real-‐time	  
management	  of	  pumping	  regimes	  relative	  to	  channel	  flow	  in	  order	  to	  maintain	  
approach	  and	  sweeping	  velocities	  that	  reduce	  contact	  with	  intake	  screens.	  	  This	  
real-‐time	  management	  would	  be	  informed	  by	  upstream	  monitoring	  of	  outmigrants.	  	  
This	  issue	  remains	  a	  high	  uncertainty	  for	  operations	  of	  the	  facility	  (“low	  certainty”	  
in	  the	  parlance	  of	  BDCP).	  	  Conceptually,	  a	  good	  adaptive	  management	  and	  research	  
program	  coupled	  with	  real-‐time	  management	  could	  reduce	  impacts.	  	  However,	  as	  of	  
this	  writing,	  the	  specifics	  of	  this	  program	  are	  not	  provided	  by	  BDCP	  (see	  discussion	  
in	  Chapters	  8,	  9	  this	  report)	  and	  we	  are	  unable	  to	  evaluate	  how	  effective	  it	  might	  be.	  	  
	  
A	  greater	  near	  field	  effect	  of	  the	  facility	  is	  the	  high	  likelihood	  of	  concentration	  of	  
predators	  near	  the	  facility,	  with	  resulting	  losses	  of	  migrants	  and	  foragers	  due	  to	  
predation.	  	  Predators	  take	  advantage	  of	  concentrated	  prey	  and	  velocity	  refugia	  at	  
physical	  structures	  throughout	  the	  Delta	  	  (Vogel,	  2008)	  and	  will	  presumably	  do	  the	  
same	  at	  the	  North	  Delta	  intake	  facilities.	  	  The	  BDCP	  consultants	  use	  various	  
modeling	  approaches	  to	  estimate	  potential	  predation	  losses,	  including	  comparison	  
with	  estimates	  of	  losses	  at	  known	  structures	  such	  as	  diversion	  screens	  of	  the	  Glenn-‐
Colusa	  Irrigation	  District.	  	  Estimated	  predation	  losses	  for	  juvenile	  winter	  run	  
Chinook	  that	  pass	  the	  facility	  vary	  from	  as	  low	  as	  1%	  to	  as	  high	  as	  12%	  (we	  did	  not	  
find	  statistics	  for	  spring-‐run	  Chinook	  salmon	  losses).	  	  The	  higher	  predation	  loss	  
values	  would	  have	  significant	  population-‐level	  impacts	  on	  winter-‐run	  Chinook	  and	  
would	  fail	  to	  meet	  objectives	  of	  BDCP.	  	  The	  consultants	  acknowledge	  high	  levels	  of	  
uncertainty	  about	  predation	  effects	  at	  the	  facility.	  	  The	  solution,	  as	  with	  most	  issues	  
with	  high	  uncertainty	  in	  BDCP,	  is	  to	  defer	  this	  to	  adaptive	  management	  of	  the	  
project,	  including	  unspecified	  predator	  control	  programs	  and	  real	  time	  management	  
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of	  flows.	  	  Based	  on	  our	  experience	  in	  the	  Delta,	  we	  consider	  this	  to	  be	  a	  significant,	  
unresolved	  management	  issue.	  	  	  

Far	  Field	  Effects	  
The	  North	  Delta	  facility	  is	  expected	  to	  provide	  an	  average	  of	  roughly	  half	  of	  the	  
exports	  from	  the	  Delta.	  	  As	  outlined	  in	  Chapter	  3,	  operations	  of	  the	  facility	  are	  highly	  
constrained	  by	  flow	  and	  water	  quality	  regulations,	  upstream	  water	  use,	  reservoir	  
operations	  and	  hydrology.	  	  The	  simulated	  operations	  of	  the	  North	  Delta	  facility	  are	  
summarized	  in	  Figure	  4.4,	  including	  a	  measure	  of	  the	  proportion	  of	  channel	  flow	  
that	  is	  diverted.	  	  	  
	  
	  There	  are	  significant	  seasonal	  and	  interannual	  variations	  in	  operation	  of	  the	  North	  
Delta	  facility	  that	  will	  drive	  far	  field	  effects3.	  	  During	  wet	  and	  above	  average	  water	  
years,	  pumping	  regimes	  are	  most	  aggressive,	  particularly	  during	  the	  summer	  and	  
early	  fall	  when	  25%	  to	  as	  much	  as	  39%	  of	  channel	  flow	  is	  diverted.	  	  Diversions,	  as	  a	  
percentage	  of	  channel	  flow,	  decline	  dramatically	  in	  below	  normal,	  dry	  and	  critical	  
years.	  	  In	  addition,	  pumping	  regimes	  are	  highly	  protective	  of	  channel	  flow	  in	  
December,	  reflecting	  the	  restrictions	  on	  exports	  to	  protect	  initial	  pulse	  flows	  for	  
winter-‐run	  Chinook.	  	  	  As	  expected,	  the	  HOS	  scenario,	  designed	  to	  improve	  Delta	  
outflow,	  results	  in	  the	  most	  protective	  pumping	  regime	  for	  bypass	  flows	  at	  the	  
North	  Delta	  facility.	  	  
	  
BDCP	  documents	  acknowledge	  that	  the	  reductions	  in	  bypass	  flow	  create	  multiple	  far	  
field	  effects	  that	  impact	  listed	  salmon.	  	  These	  include	  reduced	  attraction	  flows	  for	  
migrating	  adult	  salmon,	  increased	  losses	  of	  juvenile	  salmon	  migrants	  and	  foragers	  
due	  to	  longer	  transit	  times	  to	  the	  Delta,	  and	  diversion	  into	  the	  interior	  Delta	  where	  
predation	  and/or	  entrainment	  losses	  are	  high.	  These	  operations	  also	  affect	  total	  
Delta	  outflow4.	  
	  
The	  BDCP	  consultants	  use	  multiple	  modeling	  approaches	  to	  address	  the	  far	  field	  
effects	  of	  the	  North	  Delta	  facility.	  	  The	  main	  model	  used	  is	  the	  Delta	  Passage	  Model	  
(DPM)	  that	  tracks	  smolt	  survival	  through	  the	  Delta.	  	  This	  model	  and	  others	  
summarized	  in	  Appendix	  5C	  of	  the	  Effects	  Analysis	  all	  draw	  the	  same	  conclusion:	  
there	  is	  an	  increase	  in	  losses	  of	  winter-‐	  and	  spring-‐run	  Chinook	  salmon	  migrants	  
associated	  with	  reduced	  flows	  in	  the	  bypass	  reach	  from	  Hood	  to	  Rio	  Vista.	  	  The	  
magnitude	  of	  this	  impact	  varies	  depending	  upon	  year	  type	  (wetter	  years	  have	  
reduced	  losses)	  and	  magnitude	  of	  flow	  reduction	  associated	  with	  pumping	  (up	  to	  
35%	  decreases	  in	  flows	  during	  some	  migration	  periods).	  	  These	  results	  are	  not	  
surprising	  since	  there	  is	  a	  long-‐established	  relationship	  between	  transit	  time	  and	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3	  We	  did	  not	  evaluate	  the	  effects	  of	  size	  of	  the	  facility	  and	  its	  level	  of	  use.	  	  However,	  it	  is	  worth	  noting	  in	  Figure	  
4.4	  how	  often	  average	  monthly	  exports	  approach	  facility	  capacity.	  	  Using	  a	  monthly	  average	  greater	  than	  8000	  
cfs	  as	  an	  indicator	  of	  	  periodic	  use	  of	  full	  capacity,	  this	  only	  occurs	  in	  February	  and	  March	  in	  wet	  years	  and	  
March	  of	  above	  average	  years.	  	  This	  is	  roughly	  5%	  of	  the	  total	  months,	  suggesting	  that	  operational	  and	  
regulatory	  constraints,	  rather	  than	  facility	  size,	  determine	  export	  volumes.	  
4	  Appendix	  B	  presents	  a	  summary	  of	  Delta	  outflow	  and	  the	  magnitude	  of	  impairment	  of	  flows	  from	  the	  
Sacramento	  Valley.	  	  The	  latter	  uses	  a	  simplified	  impairment	  index.	  	  	  



	   44	  

survivorship	  for	  smolts	  leaving	  the	  Sacramento	  River	  (Newman,	  2003;	  Perry	  et	  al.,	  
2010).	  	  	  
	  

	  
Figure	  4.4.	  	  Average	  monthly	  export	  flows	  of	  North	  Delta	  diversion	  facility	  under	  HOS	  
and	  LOS	  ELT	  for	  different	  year	  types,	  and	  percentage	  of	  total	  bypass	  channel	  flow	  
exported.	  	  	  

BDCP	  proposes	  to	  mitigate	  the	  increase	  in	  losses	  of	  smolts	  associated	  with	  far-‐field	  
effects	  through	  six	  strategies:	  	  

• Tiered	  pumping	  regimes	  to	  reduce	  withdrawals	  during	  the	  initial	  winter	  
flood	  pulse	  (described	  in	  Chapter	  3)	  
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• Real-‐time	  operational	  changes	  that	  reduce	  export	  pumping	  when	  monitoring	  
indicates	  that	  large	  numbers	  of	  migrants	  have	  entered	  the	  reach	  upstream	  of	  
the	  facility	  

• Flow	  management	  that	  reduces	  tidal	  reversals	  at	  Georgiana	  Slough,	  
decreasing	  the	  likelihood	  of	  smolts	  diverting	  into	  the	  interior	  of	  the	  Delta	  

• 	  Non-‐physical	  barriers	  at	  Georgiana	  Slough	  	  
• Reductions	  in	  entrainment	  at	  the	  South	  Delta	  facility	  due	  to	  reduced	  export	  

pumping	  
• Increased	  diversion	  of	  foragers	  and	  migrants	  onto	  the	  Yolo	  Bypass	  
• Improved	  channel	  margin,	  floodplain	  and	  tidal	  marsh	  habitat	  to	  support	  

foraging	  juveniles	  

The	  benefits	  of	  the	  last	  of	  these	  strategies—habitat	  restoration—are	  not	  captured	  in	  
the	  survivorship	  modeling	  that	  was	  completed	  by	  BDCP	  consultants	  (see	  chapter	  7	  
for	  a	  discussion).	  	  In	  addition,	  the	  models	  do	  not	  incorporate	  real-‐time	  operations	  
adjustments	  since	  the	  scope	  and	  terms	  of	  these	  operations	  have	  yet	  to	  be	  
determined.	  	  The	  remaining	  strategies	  are	  incorporated	  into	  models	  used	  to	  assess	  
smolt	  survivorship.	  Closely	  examined,	  BDCP	  model	  results	  indicate	  that	  these	  
measures,	  in	  combination,	  roughly	  offset	  the	  losses	  created	  by	  reductions	  in	  flows	  
and	  increases	  in	  predation	  in	  the	  bypass	  reach,	  meeting	  the	  standard	  of	  mitigation.	  	  
There	  is	  no	  indication	  that	  these	  actions	  would	  result	  in	  substantial	  improvement	  in	  
conditions	  for	  listed	  salmon.	  	  This	  includes	  the	  Yolo	  Bypass,	  which	  provides	  
significant	  benefits	  for	  other	  covered	  species.	  	  

North	  Delta	  Facility	  Summary	  
We	  have	  not	  had	  sufficient	  time	  or	  resources	  to	  conduct	  a	  detailed	  review	  of	  the	  
models	  used	  to	  assess	  survivorship	  in	  the	  bypass	  reach	  and	  the	  effectiveness	  of	  
mitigation	  efforts.	  Overall,	  most	  of	  the	  models	  used	  for	  near	  and	  far	  field	  impacts	  are	  
standard	  Delta	  models.	  Model	  results	  seem	  reasonable	  and	  fall	  within	  the	  
boundaries	  of	  current	  understanding.	  	  This	  suggests	  that	  they	  provide	  an	  acceptable	  
first-‐order	  approximation	  useful	  enough	  as	  a	  basis	  for	  further	  analysis	  and	  adaptive	  
management	  experiments.	  	  	  
	  
We	  view	  the	  efforts	  to	  model	  the	  effectiveness	  of	  predator	  management	  and	  non-‐
physical	  barriers	  as	  having	  high	  uncertainty.	  	  In	  addition,	  as	  noted,	  there	  is	  
insufficient	  detail	  on	  real-‐time	  management	  to	  assess	  its	  likelihood	  for	  success.	  	  The	  
flow	  modeling	  that	  was	  done	  on	  the	  bypass	  reach	  makes	  assumptions	  about	  tidal	  
marsh	  restoration	  in	  the	  Cache	  Slough	  area.	  	  This	  restoration	  plays	  an	  important	  
role	  in	  tidal	  energy	  and	  efforts	  to	  manage	  flow	  reversals	  at	  Georgiana	  Slough.	  	  We	  
are	  uncertain	  about	  both	  the	  impact	  of	  this	  tidal	  marsh	  restoration	  and,	  if	  modeled	  
correctly,	  whether	  the	  assumed	  restoration	  would	  be	  completed	  in	  the	  ELT.	  	  This	  
same	  issue	  applies	  to	  the	  Yolo	  Bypass.	  	  Scheduling	  contained	  in	  BDCP	  suggests	  that	  
the	  Yolo	  Bypass	  project	  would	  not	  be	  complete	  until	  after	  the	  North	  Delta	  facility.	  	  
This	  lag	  in	  completion	  hampers	  efforts	  to	  mitigate	  for	  the	  project.	  	  At	  minimum,	  
given	  the	  large	  uncertainties,	  it	  seems	  prudent	  to	  have	  all	  mitigation	  efforts	  in	  place	  
and	  tested	  prior	  to	  initiating	  operation	  of	  the	  diversion	  facilities.	  	  	  
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Conclusion	  
To	  meet	  its	  biological	  goals	  and	  objectives,	  BDCP	  has	  developed	  22	  conservation	  
measures.	  	  Two	  of	  these	  measures—CM#1,	  Water	  Operations,	  and	  CM#2,	  Yolo	  
Bypass—are	  intended	  to	  create	  significant	  improvement	  in	  conditions	  for	  covered	  
fishes	  by	  creating	  more	  natural	  flow	  conditions,	  improving	  fish	  passage	  and,	  in	  the	  
case	  of	  the	  Yolo	  Bypass,	  improving	  floodplain	  spawning	  and	  rearing	  habitat.	  	  We	  
focused	  our	  assessment	  on	  how	  CM#1	  and	  CM#2	  performed	  for	  winter	  and	  spring-‐
run	  Chinook	  in	  this	  regard.	  	  	  
	  
In	  general,	  we	  found	  that	  CM#1	  does	  not	  significantly	  change	  the	  highly	  impaired	  
flow	  regime	  upstream	  of	  the	  Yolo	  Bypass	  and	  Freeport,	  with	  the	  exception	  of	  an	  
increase	  in	  spring	  flows	  on	  the	  Feather	  River	  under	  the	  HOS	  flow	  scenario	  (nor	  does	  
it	  change	  outflows	  much	  as	  shown	  in	  Appendix	  B).	  	  BDCP	  proponents	  have	  made	  the	  
strategic	  decision	  to	  focus	  principally	  on	  the	  Delta,	  rather	  than	  including	  CVP	  and	  
SWP	  reservoirs	  that	  regulate	  flow	  into	  the	  Delta.	  	  This	  limits	  BDCP’s	  effectiveness	  in	  
its	  conservation	  measures	  since	  it	  does	  not	  address	  the	  major	  risk	  factors	  for	  listed	  
salmon.	  	  
	  
We	  found	  the	  increased	  frequency	  of	  flows	  into	  the	  Yolo	  Bypass	  to	  be	  an	  important	  
step	  in	  restoring	  floodplain	  habitat.	  	  However,	  timing	  of	  outmigration	  and	  current	  
design	  of	  CM#2	  modifications	  limit	  the	  impact	  of	  this	  effort	  for	  listed	  salmon.	  	  The	  
current	  adaptive	  management	  program	  underway	  for	  the	  Yolo	  Bypass	  needs	  to	  
address	  this	  issue,	  including	  considering	  changing	  reservoir	  operations	  and	  
alternative	  ways	  to	  divert	  fish	  into	  the	  Bypass.	  	  
	  
Near	  field	  and	  far	  field	  effects	  of	  the	  North	  Delta	  facility	  have	  the	  potential	  to	  
significantly	  reduce	  survivorship	  if	  not	  fully	  mitigated.	  	  Uncertainties	  over	  
mitigation	  are	  high	  and	  will	  require	  a	  robust	  adaptive	  management	  plan.	  	  In	  our	  
view,	  the	  Yolo	  Bypass	  program	  should	  be	  viewed	  as	  mitigation	  for	  the	  impacts	  of	  the	  
North	  Delta	  facility	  on	  listed	  salmon.	  	  CM#2,	  along	  with	  all	  other	  mitigation	  efforts,	  
need	  to	  be	  in	  place	  prior	  to	  operation	  of	  the	  facility.	  	  
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Chapter	  5:	  In-‐Delta	  Flow	  Performance	  	  
	  

Introduction	  
BDCP	  Conservation	  Measure	  #1	  (CM#1)	  aims	  to	  restore	  more	  natural	  net	  flows	  (i.e.	  net	  
seaward)	  within	  the	  Delta	  by	  adding	  a	  point	  of	  diversion	  upstream	  of	  the	  Delta:	  	  	  

	  
Conservation	  Measure	  #1:	  “Construction	  and	  operation	  of	  the	  new	  north	  Delta	  
intakes	  are	  designed	  to	  substantially	  reduce	  the	  incidence	  of	  reverse	  flow	  (Section	  
3.4.1.4.3,	  Flow	  Criteria)	  and	  restore	  a	  predominantly	  east-‐west	  flow	  pattern	  in	  the	  
San	  Joaquin	  River.	  (Page	  3.4-‐7,	  emphasis	  added).	  

	  
This	  statement	  implies	  two	  classes	  of	  presumed	  effects	  that	  south	  Delta	  diversions	  induce	  
through	  altered	  flows:	  direct	  effects	  whereby	  reversed	  flows	  in	  the	  south	  Delta	  contribute	  
to	  entrainment	  of	  fish	  at	  the	  Delta	  export	  facilities,	  and	  indirect	  effects	  whereby	  changes	  in	  
flow	  in	  the	  lower	  San	  Joaquin	  River	  are	  believed	  to	  alter	  the	  survival	  or	  migratory	  success	  
of	  fish	  in	  the	  affected	  channels.	  	  	  Both	  of	  these	  presumed	  effects	  refer	  to	  net	  flows,	  which	  
are	  determined	  by	  averaging	  out	  the	  substantial	  tidal	  flows	  that	  reverse	  direction	  twice	  
daily.	  Although	  these	  net	  flows	  are	  small	  compared	  to	  tidal	  flows	  in	  much	  of	  the	  Delta,	  there	  
is	  evidence	  that	  they	  can	  have	  substantial	  effects	  on	  some	  fish	  species.	  
In	  this	  chapter	  we	  evaluate	  changes	  in	  net	  flows	  in	  the	  Delta	  associated	  with	  changes	  in	  
operations	  and	  the	  construction	  of	  the	  new	  facility.	  	  As	  in	  Chapters	  3	  and	  4,	  we	  evaluate	  the	  
differences	  between	  HOS	  and	  LOS	  scenarios	  and	  compare	  then	  to	  NAA,	  the	  no-‐action	  
alternative.	  	  All	  of	  these	  analyses	  are	  in	  the	  Early	  Long-‐Term	  (ELT)	  shortly	  after	  the	  
beginning	  of	  operations	  of	  the	  North	  Delta	  facility.	  	  
	  

Concerns	  over	  modeling	  
As	  noted	  in	  Chapter	  1	  of	  this	  review,	  we	  have	  concerns	  over	  the	  use	  and	  over-‐
interpretation	  of	  the	  modeling	  data	  provided	  to	  us.	  In	  conducting	  our	  analysis	  for	  this	  
chapter	  and	  the	  following	  chapter	  on	  impacts	  of	  outflows	  on	  smelt,	  we	  have	  relied	  on	  
output	  from	  CALSIM	  under	  various	  scenarios.	  Our	  analysis	  revealed	  several	  apparent	  
anomalies	  in	  model	  output.	  	  Although	  we	  received	  clear	  explanations	  of	  the	  origin	  of	  these	  
anomalies	  from	  the	  BDCP	  consultants,	  we	  remain	  concerned	  that	  the	  model	  output	  is	  
unrealistic	  for	  projecting	  actual	  project	  operations	  and	  the	  resultant	  flows.	  	  In	  particular,	  
certain	  modeled	  conditions	  arise	  through	  artifact	  that	  provide	  substantial	  improvements	  in	  
conditions	  for	  delta	  smelt.	  	  Thus,	  conclusions	  drawn	  on	  the	  basis	  of	  these	  models	  rest	  on	  an	  
unreliable	  foundation.	  	  These	  concerns	  are	  focused	  on	  Delta	  outflow	  during	  fall	  and	  
southward	  flow	  in	  the	  southern	  Delta	  during	  winter.	  	  These	  flows	  have	  been	  linked	  to	  
habitat	  and	  survival	  of	  delta	  smelt.	  
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October	  

The	  USFWS	  Biological	  Opinion	  for	  delta	  smelt	  includes	  a	  fall	  X2	  standard	  that	  applies	  
following	  wet	  springs.	  	  Flows	  are	  usually	  low	  during	  this	  season	  so	  small	  variations	  in	  flow	  
can	  have	  substantial	  effects	  on	  the	  location	  and	  area	  of	  the	  low	  salinity	  zone,	  and	  hence	  
potentially	  on	  habitat	  conditions	  for	  smelt.	  	  

For	  various	  reasons	  X2	  calculated	  by	  CALSIM	  differs	  substantially	  from	  that	  determined	  
from	  outflow	  as	  in	  Jassby	  et	  al.	  (1995).	  	  We	  therefore	  focused	  on	  outflow	  as	  determined	  by	  
CALSIM,	  rather	  than	  X2	  as	  provided	  by	  BDCP	  modelers.	  
For	  this	  analysis	  we	  sorted	  flow	  data	  into	  a	  ranked	  series	  from	  lowest	  to	  highest	  values	  of	  
Delta	  inflow	  under	  NAA.	  In	  Octobers	  of	  most	  years	  in	  the	  drier	  half	  of	  the	  series,	  outflow	  
under	  HOS	  and	  LOS	  is	  up	  to	  twice	  that	  under	  NAA	  (Figure	  5.1;	  median	  77%	  higher	  for	  these	  
41	  years).	  	  By	  contrast,	  during	  years	  of	  high	  inflow	  (right-‐hand	  half	  of	  Figure	  5.1),	  HOS	  and	  
NAA	  outflows	  roughly	  track	  each	  other,	  while	  LOS	  is	  much	  lower	  because	  the	  fall	  X2	  
requirement	  does	  not	  apply	  to	  that	  scenario.	  The	  anomaly	  occurring	  under	  dry	  conditions	  
is	  not	  balanced	  by	  flows	  in	  other	  fall	  months.	  	  A	  few	  anomalies	  like	  those	  found	  in	  October	  
crop	  up	  in	  November,	  but	  otherwise	  in	  those	  months	  either	  all	  three	  outflows	  track	  each	  
other	  or	  LOS	  is	  lower.	  

To	  our	  knowledge	  there	  is	  no	  regulatory	  or	  operational	  requirement	  for	  reduced	  outflow	  
under	  NAA	  or	  increased	  outflow	  under	  HOS	  or	  LOS	  in	  dry	  Octobers.	  	  Furthermore,	  there	  
would	  be	  no	  reason	  to	  focus	  such	  a	  requirement	  in	  only	  one	  month	  if	  it	  were	  meant	  to	  
benefit	  delta	  smelt,	  since	  they	  are	  present	  in	  the	  low-‐salinity	  zone	  from	  summer	  through	  
fall.	  Outflow	  in	  fall	  can	  affect	  delta	  smelt	  recruitment	  so	  the	  modeled	  outflows	  can	  result	  in	  
considerable	  differences	  in	  predicted	  recruitment	  under	  the	  three	  modeled	  scenarios	  
(Chapter	  6).	  	  We	  do	  not	  find	  these	  differences	  compelling	  because	  of	  a	  lack	  of	  a	  regulatory	  
or	  other	  basis	  for	  the	  high	  outflows	  under	  HOS	  and	  LOS	  in	  dry	  Octobers.	  

January	  
January	  has	  been	  the	  month	  of	  greatest	  adult	  delta	  smelt	  entrainment	  historically,	  so	  the	  
modeled	  conditions	  in	  January	  can	  have	  large	  impacts	  on	  forecasts	  of	  adult	  survival.	  	  The	  
CALSIM	  modeling	  included	  a	  requirement	  that	  OMR	  flows	  during	  January	  be	  zero	  in	  wet	  
years,	  no	  more	  negative	  than	  -‐3500	  in	  above-‐normal	  and	  below-‐normal	  years,	  and	  no	  more	  
negative	  than	  -‐5000	  in	  dry	  and	  critical	  years.	  	  However,	  no	  estimates	  of	  current	  year	  type	  
are	  possible	  in	  January,	  and	  rather	  than	  presume	  perfect	  foresight	  or	  use	  information	  
available	  up	  to	  that	  point	  the	  modelers	  chose	  to	  operate	  the	  simulated	  system	  for	  January	  
using	  the	  requirements	  that	  applied	  to	  the	  previous	  year	  type.	  	  Because	  dry	  Januaries	  can	  
follow	  wet	  years,	  this	  resulted	  in	  an	  anomalous	  condition	  in	  which	  requirements	  for	  wet	  
years	  applied	  during	  dry	  Januaries.	  
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Figure	  5.1.	  	  Net	  Delta	  outflow	  in	  October	  under	  the	  three	  scenarios	  sorted	  by	  inflow	  as	  
determined	  by	  CALSIM	  under	  NAA;	  i.e.,	  sequence	  1	  is	  the	  lowest	  inflow	  and	  82	  the	  highest.	  	  
The	  gray	  arrow	  points	  out	  the	  region	  of	  interest	  where	  outflow	  under	  HOS	  and	  LOS	  is	  as	  
much	  as	  double	  that	  under	  NAA.	  Outflow	  is	  plotted	  on	  a	  log	  scale	  to	  show	  proportional	  
differences	  among	  scenarios	  especially	  at	  low	  flows,	  and	  because	  X2	  can	  be	  modeled	  as	  a	  
function	  of	  the	  log	  of	  outflow.	  The	  highest	  two	  outflows	  have	  been	  cut	  off	  to	  focus	  the	  figure	  
on	  the	  lower	  values.	  

As	  a	  result	  of	  this	  anomaly,	  the	  modeled	  scenarios	  (LOS	  and	  HOS)	  called	  for	  reductions	  in	  
export	  flows	  in	  Januaries	  following	  wet	  years,	  which	  substantially	  increased	  OMR	  during	  
many	  Januaries	  at	  the	  dry	  end	  of	  the	  historical	  range	  for	  that	  month	  (Figure	  5.2).	  	  	  This	  is	  
unrealistic	  for	  several	  reasons.	  	  First,	  the	  actual	  values	  don’t	  conform	  to	  the	  model	  
requirements	  of	  0,	  -‐3500	  or	  -‐5000	  cfs,	  depending	  on	  previous	  year	  type;	  instead	  they	  are	  
quite	  variable	  and	  achieve	  zero	  rarely.	  	  Thus,	  there	  is	  no	  clear	  regulatory	  basis	  for	  these	  
flows.	  

Second,	  the	  reduction	  in	  export	  flows	  was	  sometimes	  accomplished	  through	  increased	  
outflow	  rather	  than	  reduced	  reservoir	  releases	  or	  increased	  exports	  from	  the	  North	  Delta	  
(Figure	  5.2).	  Thus,	  many	  January	  outflows	  during	  dry	  periods	  were	  much	  greater	  than	  the	  
corresponding	  flows	  of	  the	  NAA	  alternative.	  
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Figure	  5.2.	  	  January	  flow	  conditions	  compared	  between	  the	  two	  modeled	  scenarios	  (LOS,	  top;	  
HOS,	  bottom)	  as	  the	  differences	  from	  the	  flows	  under	  NAA.	  	  The	  colors	  show	  the	  range	  of	  
NAA	  inflow.	  	  Under	  the	  LOS	  there	  were	  many	  Januaries	  when	  inflow	  was	  low	  but	  the	  outflow	  
and	  OMR	  flow	  were	  increased	  by	  about	  the	  same	  amount	  over	  NAA.	  	  

	  

Consequences	  

The	  anomalies	  discussed	  above	  seem	  to	  arise	  through	  the	  application	  of	  rules	  and	  
constraints	  designed	  in	  some	  cases	  for	  real-‐time	  operations,	  using	  a	  model	  with	  a	  monthly	  
time	  step.	  	  We	  understand	  and	  appreciate	  the	  difficulty	  in	  modeling	  such	  a	  complex	  system	  
and	  the	  problems	  that	  would	  arise	  in	  attempting	  to	  mimic	  variation	  on	  a	  daily	  time	  scale.	  	  
Furthermore,	  we	  trust	  that	  the	  modeling	  team	  has	  made	  every	  effort	  to	  produce	  output	  
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that	  conforms	  to	  the	  constraints	  and	  the	  modeled	  hydrology.	  	  Nevertheless,	  the	  specific	  
model	  outputs	  we	  focus	  on	  above	  seem	  unrealistic,	  particularly	  since	  these	  anomalies	  are	  
largely	  confined	  to	  October	  and	  January.	  	  We	  do	  not	  think	  the	  system	  is	  likely	  to	  be	  
operated	  in	  real	  time	  to	  achieve	  the	  flows	  shown	  in	  model	  output.	  
Thus,	  discussions	  in	  this	  and	  the	  next	  chapter	  should	  be	  accompanied	  with	  this	  caveat:	  
these	  apply	  only	  if	  the	  system	  were	  actually	  to	  be	  operated	  to	  achieve	  the	  flows	  indicated	  by	  
the	  models.	  	  If	  rules	  are	  not	  in	  place	  to	  ensure	  these	  flows	  are	  achieved,	  the	  benefits	  to	  delta	  
smelt	  (and	  presumably	  other	  species)	  will	  not	  be	  realized.	  	  	  

	  

Analysis	  of	  flows	  
Construction	  of	  a	  new	  export	  facility	  will	  not	  by	  itself	  achieve	  the	  goals	  of	  restoring	  more	  
natural	  flow	  patterns	  in	  the	  Delta;	  the	  effects	  of	  such	  a	  facility	  are	  entirely	  dependent	  upon	  
its	  operational	  rules.	  	  We	  assessed	  how	  much	  the	  modeled	  operational	  scenarios	  (HOS	  and	  
LOS)	  achieve	  the	  goals	  of	  restoring	  net	  natural	  flow	  directions	  within	  the	  Delta.	  	  	  In	  recent	  
years,	  the	  Biological	  Opinions	  for	  delta	  smelt	  and	  salmonids	  have	  directed	  attention	  to	  net	  
flows	  in	  OMR,	  which	  are	  the	  main	  channels	  carrying	  Sacramento	  water	  to	  the	  export	  
facilities	  in	  the	  south	  Delta.	  	  	  OMR	  flows	  show	  relationships	  with	  salvage	  of	  some	  fish	  
species	  at	  the	  fish	  facilities	  and	  are	  presumed	  to	  reflect	  entrainment	  risk	  to	  fish	  in	  the	  Delta,	  
i.e.	  the	  direct	  effects	  of	  the	  projects.	  	  In	  earlier	  years,	  focus	  was	  on	  net	  flows	  in	  the	  lower	  
San	  Joaquin	  River	  (QWEST)	  as	  a	  more	  general	  measure	  of	  the	  impacts	  of	  water	  
management	  on	  net	  flows	  in	  the	  Delta,	  which	  were	  believed	  to	  cause	  indirect	  effects	  on	  fish	  
populations.	  	  	  
OMR	  and	  QWEST	  flows	  are	  two	  measures	  for	  the	  effectiveness	  of	  CM#1	  in	  restoring	  more	  
seaward	  flows	  in	  the	  Delta	  (see	  Chapter	  6	  for	  an	  estimate	  of	  effects	  of	  the	  modeled	  flows	  on	  
delta	  smelt	  entrainment).	  	  Here	  we	  examine	  both	  the	  changes	  in	  seaward	  flows	  and	  the	  
degree	  of	  negative	  flows	  as	  predicted	  from	  CALSIM	  models.	  	  

A	  north	  Delta	  diversion	  will	  increase	  the	  frequency	  of	  positive	  net	  OMR	  and	  QWEST	  flows	  
and	  reduce	  negative	  values	  to	  the	  extent	  that	  exports	  from	  the	  north	  Delta	  reduce	  exports	  
from	  the	  south	  Delta.	  	  However,	  BDCP	  calls	  for	  continued	  use	  of	  south	  Delta	  diversion	  
facilities	  and	  greatly	  restricts	  the	  operation	  of	  the	  north	  Delta	  diversion,	  particularly	  in	  dry	  
periods	  and	  early	  winter.	  	  Thus,	  restoration	  of	  seaward	  flows	  in	  the	  Delta	  must	  be	  viewed	  
in	  the	  context	  of	  the	  timing	  and	  conditions	  when	  the	  north	  Delta	  diversion	  can	  be	  used.	  	  
We	  describe	  how	  LOS	  and	  HOS	  alter	  the	  incidence	  and	  degree	  of	  reverse	  flows	  during	  the	  
seasons	  of	  sensitivity	  for	  the	  covered	  fish.	  	  For	  each	  season	  of	  sensitivity,	  we	  group	  results	  
by	  quartiles	  of	  outflow	  to	  assess	  how	  changes	  in	  flows	  occur	  under	  drier	  vs.	  wetter	  
conditions.	  	  Low	  flows	  in	  the	  winter	  and	  spring	  are	  when	  concern	  over	  reverse	  flows	  is	  
greatest	  for	  most	  species.	  

Direct	  effects	  

Direct	  effects	  are	  entrainment,	  or	  the	  number	  of	  fish	  diverted	  into	  the	  facilities.	  	  This	  
number	  is	  not	  known	  for	  any	  species	  because	  substantial	  numbers	  of	  fish	  are	  lost	  in	  the	  
waterways	  leading	  to	  the	  fish	  facilities	  and	  through	  the	  louvers	  at	  the	  fish	  facilities.	  	  Salvage	  
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is	  therefore	  a	  poor	  measure	  of	  entrainment	  effects,	  but	  there	  are	  no	  other	  direct	  measures.	  	  
Estimates	  of	  entrainment	  as	  a	  proportion	  of	  total	  population	  of	  delta	  smelt	  are	  presented	  in	  
Chapter	  6.	  	  Such	  an	  analysis	  has	  not	  been	  developed	  for	  any	  other	  species	  of	  concern.	  	  
Therefore,	  to	  broaden	  the	  analysis	  to	  all	  species	  we	  examined	  changes	  in	  modeled	  flow	  in	  
OMR.	  This	  measure	  has	  been	  used	  in	  both	  Biological	  Opinions.	  	  OMR	  flow	  is	  both	  calculated	  
by	  models	  and	  measured	  in	  the	  field;	  it	  is	  roughly	  equal	  to	  San	  Joaquin	  River	  inflow	  minus	  
total	  exports.	  	  	  Because	  San	  Joaquin	  inflows	  are	  less	  than	  total	  exports	  under	  all	  but	  flood	  
conditions,	  OMR	  flows	  are	  usually	  negative.	  	  	  We	  assume	  OMR	  is	  the	  primary	  focus	  of	  CM	  
#1’s	  goal	  to	  “reduce	  the	  incidence	  of	  reverse	  flow”.	  	  To	  broaden	  the	  question	  we	  also	  assess	  
the	  degree	  to	  which	  flows	  are	  made	  less	  negative	  by	  the	  alternatives.	  

Incidence	  of	  reverse	  flow	  

Because	  ‘incidence’	  is	  a	  measure	  of	  frequency,	  the	  “Incidence	  of	  reverse	  flows”	  is	  the	  
frequency	  with	  which	  OMR	  is	  changed	  from	  negative	  under	  NAA	  to	  zero	  or	  positive	  
(northward)	  under	  the	  proposed	  alternatives;	  because	  model	  output	  is	  available	  by	  month,	  
we	  examined	  frequency	  on	  a	  monthly	  basis	  (Table	  1).	  	  	  	  The	  distribution	  across	  months	  of	  
the	  change	  in	  net	  OMR	  direction	  implies	  that	  effects	  on	  each	  species	  will	  depend	  on	  its	  
season	  of	  sensitivity.	  	  	  

The	  results	  below	  are	  consistent	  with	  the	  goal	  of	  CM#1	  of	  achieving	  a	  greater	  frequency	  of	  
positive	  net	  flows	  in	  Delta	  channels	  by	  shifting	  exports	  to	  the	  north	  Delta	  diversion	  site.	  	  
This	  is	  true	  more	  for	  HOS	  than	  LOS	  operations.	  

LOS	  effects.	  The	  LOS	  reduced	  the	  incidence	  of	  negative	  flows	  by	  5%	  overall	  (50	  months	  out	  
of	  the	  984	  months	  modeled;	  Table	  1).	  	  	  Under	  NAA	  110	  months	  had	  positive	  (northward)	  
OMR	  flows	  while	  160	  months	  had	  positive	  flows	  under	  LOS.	  	  	  Positive	  or	  zero	  OMR	  flows	  
under	  LOS	  coincided	  with	  negative	  flows	  under	  NAA	  in	  all	  months	  save	  August,	  but	  most	  
frequently	  in	  January	  –	  March.	  There	  were	  21	  months	  when	  OMR	  flows	  were	  positive	  
under	  NAA	  but	  negative	  under	  LOS	  in	  April	  and	  May	  (Table	  1).	  	  	  
The	  shift	  to	  positive	  OMR	  flows	  under	  LOS	  was	  sometimes	  quite	  large	  (about	  6000	  cfs)	  and	  
occurred	  almost	  solely	  under	  higher	  river	  inflows	  during	  December	  through	  June.	  	  The	  
occasions	  when	  NAA	  alone	  produced	  positive	  OMR	  flow	  occurred	  only	  in	  April	  and	  May	  and	  
the	  change	  in	  OMR	  flows	  between	  NAA	  and	  LOS	  were	  small	  (<1000	  cfs).	  	  

HOS	  effects.	  	  The	  HOS	  had	  a	  more	  substantial	  effect	  on	  the	  incidence	  of	  negative	  flows	  than	  
LOS	  (Table	  1).	  	  	  There	  were	  only	  13	  instances	  when	  positive	  OMR	  flows	  under	  NAA	  were	  
negative	  under	  the	  HOS,	  and	  the	  differences	  were	  very	  small	  in	  those	  cases.	  	  As	  with	  LOS,	  
the	  changed	  OMR	  status	  happened	  in	  all	  months	  save	  August.	  	  The	  most	  noticeable	  
difference	  between	  HOS	  and	  the	  other	  two	  alternatives	  was	  in	  September	  and	  November	  
when	  HOS	  was	  northward	  about	  a	  third	  of	  the	  time	  while	  NAA	  was	  always	  southward	  and	  
LOS	  northward	  only	  a	  few	  times.	  	  The	  low	  frequency	  of	  northward	  flows	  under	  HOS	  in	  
October	  may	  be	  related	  to	  the	  anomalies	  in	  outflow	  identified	  above,	  but	  the	  reasons	  for	  
the	  otherwise	  high	  frequency	  of	  positive	  OMR	  flows	  in	  fall	  under	  HOS	  are	  obscure,	  as	  they	  
are	  not	  called	  for	  by	  regulations	  and	  no	  fishes	  of	  concern	  are	  vulnerable	  to	  export	  
entrainment	  at	  that	  time.	  
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Table	  1.	  Frequency	  by	  month	  of	  northward	  (including	  a	  few	  zero	  flows)	  or	  southward	  flows	  
under	  NAA	  vs.	  LOS,	  and	  NAA	  vs.	  HOS.	  	  Columns	  in	  italics	  indicate	  those	  years	  and	  months	  
when	  the	  direction	  of	  flow	  differed	  between	  NAA	  and	  the	  selected	  scenario.	  	  For	  example,	  in	  
April	  there	  were	  47	  years	  when	  NAA	  flow	  was	  northward,	  in	  5	  of	  which	  LOS	  was	  southward,	  
and	  35	  years	  when	  both	  flows	  were	  southward,	  out	  of	  a	  total	  of	  82	  years.	  

Month 
NAA North NAA South All 

LOS 
North 

NAA North NAA South All 
HOS 
North 

LOS 
North 

LOS 
South 

LOS 
North 

LOS 
South 

HOS 
North 

HOS 
South 

HOS 
North 

HOS 
South 

Oct 0 0 1 81 1 0 0 8 74 8 

Nov 0 0 2 80 2 0 0 25 57 25 

Dec 3 0 1 78 4 3 0 0 79 3 

Jan 4 0 11 67 15 4 0 12 66 16 

Feb 8 0 18 56 26 8 0 19 55 27 

Mar 6 0 25 51 31 6 0 36 40 42 

Apr 42 5 0 35 42 44 3 5 30 49 

May 25 16 0 41 25 31 10 6 35 37 

Jun 1 0 9 72 10 1 0 9 72 10 

Jul 0 0 1 81 1 0 0 1 81 1 

Aug 0 0 0 82 0 0 0 0 82 0 

Sep 0 0 3 79 3 0 0 38 44 38 

All months 89 21 71 803 160 97 13 159 715 256 

	  

	  

Magnitude	  of	  negative	  OMR	  flows	  

Entrainment	  rates	  are	  a	  function	  of	  population	  distribution	  and	  abundance,	  season	  of	  
occurrence	  in	  the	  Delta,	  and	  flow	  conditions	  including	  export	  rates	  (or	  OMR	  conditions).	  	  	  
The	  months	  of	  vulnerability	  for	  each	  species	  of	  concern	  were	  taken	  from	  the	  BDCP	  
documents.	  	  For	  adult	  longfin	  and	  delta	  smelt	  the	  season	  of	  vulnerability	  is	  from	  December	  
through	  March.	  	  For	  juvenile	  delta	  smelt	  the	  season	  is	  from	  March	  through	  June.	  
The	  effects	  of	  overall	  flow	  conditions,	  i.e.	  how	  relatively	  wet	  or	  dry	  it	  is,	  were	  assessed	  by	  
grouping	  the	  months	  of	  vulnerability	  for	  all	  82	  modeled	  years	  into	  quartiles	  of	  outflow	  in	  
the	  NAA;	  e.g.,	  for	  adult	  delta	  smelt	  which	  are	  considered	  vulnerable	  during	  December-‐
March,	  there	  were	  82	  months	  in	  each	  quartile	  of	  outflow.	  	  We	  examined	  conditions	  of	  OMR,	  
river	  inflow	  and	  outflow	  under	  several	  operational	  scenarios.	  	  We	  examined	  differences	  
under	  four	  levels	  of	  wetness	  for	  each	  month	  using	  outflow	  in	  the	  month	  as	  a	  measure	  of	  
wetness.	  	  Historically	  fish	  are	  more	  often	  salvaged	  under	  drier	  conditions	  than	  under.	  	  

In	  Figure	  5.3	  we	  present	  comparisons	  of	  the	  HOS	  and	  LOS	  scenarios	  for	  each	  quartile	  of	  
outflow	  (under	  the	  NAA	  scenario	  to	  ensure	  comparison	  of	  the	  same	  years	  in	  each	  graph).	  	  
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Under	  the	  HOS	  and	  LOS	  alternatives,	  OMR	  differs	  from	  NAA	  during	  the	  seasons	  of	  
sensitivity	  for	  adult	  delta	  smelt	  (Dec-‐Mar)	  and	  juvenile	  delta	  smelt	  (April-‐June).	  	  	  
Three	  patterns	  can	  be	  seen:	  

1. In	  the	  season	  of	  vulnerability	  for	  adult	  smelt	  (December	  –	  March),	  HOS	  and	  LOS	  
both	  show	  about	  a	  1000-‐5000	  cfs	  increase	  toward	  positive	  in	  OMR	  under	  all	  
quartiles	  of	  outflow,	  but	  all	  OMR	  values	  are	  strongly	  negative	  except	  in	  the	  wettest	  
quartile	  of	  the	  data.	  	  Exports	  in	  December	  and	  January	  can	  be	  high	  and	  the	  use	  of	  a	  
north	  Delta	  diversion	  can	  improve	  OMR	  (but	  see	  “Concerns	  over	  modeling”	  above).	  	  
For	  juvenile	  smelt,	  the	  increase	  in	  OMR	  flow	  under	  LOS	  and	  HOS	  is	  smaller	  and	  less	  
consistent.	  In	  all	  cases	  the	  level	  of	  OMR	  flow	  is	  much	  less	  negative	  than	  in	  December	  
–	  March.	  

2. The	  HOS	  and	  LOS	  alternatives	  differ	  only	  slightly	  except	  during	  the	  drier	  periods	  
when	  OMR	  flow	  is	  slightly	  less	  negative	  under	  HOS	  than	  under	  LOS.	  

3. Under	  wetter	  conditions	  all	  alternatives	  produce	  median	  OMR	  flows	  in	  the	  range	  
targeted	  as	  protective	  in	  the	  Biological	  Opinions	  (more	  positive	  than	  -‐5000,	  but	  see	  
Modeled	  Impacts	  on	  Delta	  Smelt	  in	  Chapter	  6).	  	  The	  use	  of	  NDD	  under	  high-‐flow	  
conditions	  allows	  the	  HOS	  and	  LOS	  to	  avoid	  the	  extreme	  negative	  OMR	  values	  that	  
occur	  under	  NAA	  because	  of	  the	  high	  south	  Delta	  export	  rates	  that	  are	  possible	  then.	  

	  

Thus,	  in	  summary,	  model	  results	  suggest	  that	  reverse	  flows	  in	  the	  south	  Delta	  become	  
more	  positive	  under	  both	  LOS	  and	  HOS	  for	  all	  quartiles	  of	  outflow.	  	  These	  changes	  can	  be	  
seen	  both	  in	  the	  frequency	  and	  in	  the	  distribution	  of	  flows	  in	  the	  two	  seasons	  of	  
vulnerability	  and	  the	  four	  quartiles	  of	  NAA	  outflow.	  	  In	  wetter	  months	  the	  north	  Delta	  
diversion	  does	  not	  fully	  replace	  south	  Delta	  exports	  until	  river	  inflows	  are	  relatively	  high,	  
so	  that	  OMR	  remains	  negative	  in	  most	  months	  of	  smelt	  vulnerability.	  	  Changes	  in	  OMR	  
during	  the	  period	  of	  vulnerability	  of	  young	  delta	  smelt	  are	  smaller	  than	  those	  during	  
December	  –	  March	  because	  all	  alternatives	  are	  constrained	  by	  the	  Biological	  Opinions	  to	  a	  
much	  higher	  baseline	  OMR	  flow.	  	  
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Figure	  5.3.	  Values	  of	  OMR	  under	  the	  three	  alternatives	  for	  BDCP	  shown	  for	  quartiles	  of	  
outflow	  under	  the	  No-‐Action	  Alternative.	  Boxes	  show	  first	  and	  third	  quartiles	  	  with	  the	  
median	  as	  a	  white	  bar.	  	  The	  whiskers	  encompass	  points	  within	  1.5	  times	  the	  interquartile	  
range,	  and	  the	  short	  lines	  are	  outliers.	  	  Top,	  period	  when	  adult	  longfin	  and	  delta	  smelt	  are	  
vulnerable	  (Dec-‐March).	  	  Bottom,	  period	  when	  juvenile	  delta	  smelt	  are	  vulnerable	  (March-‐
June).	  	  

Indirect	  effects	  
Net	  or	  tidally-‐averaged	  flow	  on	  the	  lower	  San	  Joaquin	  River	  at	  Jersey	  Point	  is	  
parameterized	  as	  QWEST.	  	  This	  flow	  can	  be	  negative	  (i.e.,	  eastward),	  which	  is	  considered	  
an	  indicator	  of	  flow	  conditions	  unfavorable	  to	  fish.	  	  Negative	  QWEST	  could	  alter	  the	  speed	  
or	  path	  of	  fish	  migrating	  through	  the	  Delta,	  thereby	  prolonging	  their	  migrations	  or	  making	  
them	  susceptible	  to	  adverse	  conditions	  in	  the	  Delta.	  	  No	  field	  estimates	  of	  indirect	  effects	  
have	  been	  made	  and	  they	  are	  conceptually	  difficult	  because	  the	  biological	  effects	  are	  
difficult	  to	  define	  and	  because	  the	  net	  flows	  in	  the	  lower	  San	  Joaquin	  River	  are	  small	  
compared	  to	  tidal	  flows.	  	  Nevertheless,	  regulatory	  agencies,	  particularly	  the	  CDFW	  and	  the	  
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NMFS,	  have	  long	  expressed	  concern	  that	  negative	  values	  of	  QWEST	  due	  to	  project	  
operations	  present	  fish	  with	  impediments	  to	  their	  effective	  migration.	  	  	  
The	  “east-‐west	  flow	  pattern	  in	  the	  San	  Joaquin	  River”	  referred	  to	  in	  the	  justification	  for	  
CM#1	  is	  apparently	  QWEST.	  	  	  QWEST	  is	  calculated	  in	  the	  Dayflow	  water	  balance	  program	  
(http://www.water.ca.gov/dayflow/)	  as:	  

QSJR	  +	  QCSMR	  +	  QMOKE	  +	  QMISC	  +	  QXGEO	  -‐	  QEXPORTS	  -‐	  QMISDV	  -‐	  0.65	  (QGCD	  –	  QPREC),	  	  	  	  

i.e.,	  the	  sum	  of	  inflows	  from	  San	  Joaquin	  River,	  eastside	  streams,	  and	  the	  Sacramento	  River	  
via	  the	  Cross-‐Delta	  Channel	  and	  Georgiana	  Slough,	  minus	  south	  Delta	  exports,	  
miscellaneous	  diversions	  in	  the	  Delta,	  and	  a	  fraction	  of	  the	  difference	  between	  
precipitation	  and	  consumptive	  use	  within	  the	  Delta.	  	  However,	  for	  CALSIM	  modeling	  Delta	  
consumptive	  use	  (QGCD),	  Delta	  precipitation	  (QPREC),	  	  and	  Delta	  miscellaneous	  diversions	  
(QMISDV)	  are	  unavailable	  so	  the	  above	  equation	  simplifies	  to:	  	  
QWEST	  =	  QSJR	  +	  QMOKE	  +	  QCSMR	  +	  QXGEO	  –	  QEXPORTS.	  	  

QXGEO	  increases	  with	  Sacramento	  River	  flow	  and	  also	  depends	  on	  DCC	  gate	  operations.	  	  
Specifically,	  QXGEO	  changes	  as	  13.3%	  of	  Sacramento	  River	  flow	  with	  both	  DCC	  gates	  closed	  
and	  29.3%	  with	  both	  gates	  open	  (Dayflow	  documentation	  cited	  above).	  	  Sacramento	  River	  
flow	  into	  the	  Delta	  will	  decrease	  by	  the	  amount	  diverted	  in	  the	  north	  Delta.	  	  Thus,	  among	  
the	  flows	  controlled	  under	  BDCP,	  QWEST	  decreases	  by	  100%	  of	  south	  Delta	  export	  flows	  
and	  13.3%	  or	  29.3%	  of	  north	  Delta	  diversion	  flows	  depending	  on	  DCC	  gate	  positions.	  	  

There	  are	  many	  covered	  species	  of	  fish	  that	  migrate	  through	  or	  reside	  in	  the	  central	  Delta	  
(Table	  5.2).	  	  At	  least	  one	  of	  these	  species	  is	  present	  in	  the	  Delta	  during	  every	  month	  but	  
August.	  	  Conditions	  in	  the	  central	  Delta	  are	  important	  for	  migratory	  species	  that	  spawn	  in	  
the	  San	  Joaquin	  or	  Mokelumne	  Rivers	  because	  the	  entire	  population	  must	  pass	  through	  the	  
central	  Delta.	  	  By	  contrast,	  only	  a	  fraction	  (unknown)	  of	  Sacramento	  fish	  enter	  the	  central	  
Delta	  during	  migration.	  	  	  To	  cover	  the	  species	  that	  would	  be	  most	  affected	  by	  changes	  in	  
flows	  in	  the	  San	  Joaquin	  River,	  we	  limit	  discussion	  to	  outmigrating	  salmonid	  juveniles	  
(February	  –	  April)	  and	  upmigrating	  San	  Joaquin	  salmon	  (September	  –	  November).	  	  	  

Juvenile	  salmon	  
The	  occasional	  high	  springtime	  flow	  requirements	  of	  HOS	  (to	  benefit	  longfin	  smelt)	  
coincide	  with	  the	  smolt	  emigration	  season	  (February	  –	  April).	  	  In	  drier	  conditions	  (the	  drier	  
two	  quartiles)	  there	  is	  very	  little	  difference	  between	  NAA	  and	  LOS	  (Figure	  5.4).	  	  The	  
occasional	  occurrence	  of	  high	  flow	  requirements	  in	  HOS	  produce	  some	  differences	  between	  
LOS	  and	  HOS	  scenarios,	  but	  mostly	  in	  the	  second	  quartile	  when	  the	  high	  flows	  are	  more	  
likely	  to	  be	  triggered	  than	  in	  the	  driest	  quartile.	  	  All	  project	  scenarios	  diverge	  from	  the	  NAA	  
under	  the	  wetter	  scenarios	  as	  more	  water	  is	  diverted	  from	  the	  north	  Delta	  and	  substitutes	  
for	  high	  south	  Delta	  exports	  (Figure	  5.4).	  The	  several	  thousand	  cfs	  differences	  in	  wetter	  
months	  are	  occurring	  against	  baseline	  flows	  in	  the	  realm	  of	  20000	  cfs	  and	  greater,	  whereas	  
the	  changes	  in	  flows	  in	  drier	  conditions	  are	  very	  small	  because	  limited	  North	  Delta	  
diversion	  operations	  at	  low	  flows	  do	  not	  affect	  broad	  indices	  of	  Delta	  flow	  such	  as	  QWEST.	  	  	  
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Table	  5.2.	  	  Species	  of	  fish	  covered	  by	  BDCP	  that	  occur	  within	  the	  Central	  Delta	  for	  specific	  life	  
history	  stages	  and	  the	  season	  of	  sensitivity	  to	  changes	  in	  flow	  conditions	  due	  to	  project	  
operations	  (from	  various	  sources).	  	  

Species	  and	  Life	  History	  Stage	  within	  the	  Delta	   Timing	  
Sacramento	  and	  San	  Joaquin	  steelhead	  juveniles	   February	  -‐	  April	  
Winter-‐run	  Chinook	  salmon	  juveniles	   November	  -‐	  April	  
Spring-‐run	  Chinook	  salmon	  juveniles	   March-‐May	  
Green	  sturgeon	   November-‐December	  
Delta	  smelt	  adults	   December-‐March	  
Delta	  smelt	  juveniles	   April-‐June	  
Longfin	  smelt	  adults	   December-‐February	  
Longfin	  juveniles	   February-‐March	  
Upmigrating	  San	  Joaquin	  steelhead	   September-‐April	  
Upmigrating	  spring-‐run	  Chinook	  salmon	   March-‐August	  
Upmigrating	  winter-‐run	  Chinook	  salmon	   January-‐May	  
Upmigrating	  fall-‐run	  salmon	  Chinook	  salmon	   September-‐November	  
	  

	  
Figure	  5.4.	  Feb-‐April	  QWEST	  flow	  for	  NAA	  and	  3	  alternative	  operational	  scenarios,	  grouped	  
by	  quartiles	  of	  outflow.	  	  Two	  outliers	  for	  each	  scenario	  in	  Quartile	  4,	  with	  values	  of	  52,000	  –	  
98,000	  cfs,	  were	  cut	  off	  to	  allow	  better	  resolution	  of	  the	  lower	  values.	  

Adult	  San	  Joaquin	  fall-‐run	  salmon	  
Upmigrating	  salmon	  adults	  to	  the	  San	  Joaquin	  River	  pass	  through	  the	  south	  Delta	  and	  the	  
lower	  San	  Joaquin	  River	  during	  September	  –	  November.	  In	  the	  fall	  there	  is	  very	  little	  
difference	  among	  the	  alternatives	  that	  is	  not	  dwarfed	  by	  occasional	  high	  inflows	  due	  to	  
flood	  releases	  or	  early	  winter	  storms	  (Figure	  5.5).	  	  However,	  all	  alternatives	  show	  a	  general	  
increase	  in	  QWEST	  compared	  to	  values	  for	  NAA	  because	  the	  use	  of	  the	  North	  Delta	  
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Diversion	  is	  much	  less	  restricted	  and	  can	  more	  often	  substitute	  for	  south	  Delta	  diversions	  
that	  are	  often	  operating	  at	  maximum	  flow	  under	  NAA.	  
In	  summary,	  project	  scenarios	  have	  small	  effects	  on	  QWEST	  in	  any	  season;	  changes	  in	  
QWEST	  are	  smaller	  than	  those	  in	  OMR	  because	  use	  of	  the	  North	  Delta	  diversion	  does	  not	  
translate	  into	  direct	  increases	  in	  flow,	  as	  it	  can	  for	  OMR.	  	  This	  is	  true	  for	  both	  the	  spring	  and	  
fall.	  The	  high	  flows	  in	  HOS	  produce	  increases	  in	  QWEST	  in	  months	  around	  median	  wetness.	  

	  

	  
	  
Figure	  5.5.	  QWEST	  flows	  for	  the	  September-‐November	  season	  grouped	  by	  quartile	  of	  outflow.	  	  
One	  outlier	  for	  each	  scenario	  in	  Quartile	  4,	  with	  values	  of	  22,000	  –	  30,000	  cfs,	  was	  cut	  off	  to	  
allow	  better	  resolution	  of	  the	  lower	  values.	  

Conclusion	  
The	  analysis	  presented	  here	  demonstrates	  broad	  improvement	  in	  in-‐Delta	  conditions	  
under	  BDCP,	  as	  measured	  by	  changes	  in	  OMR	  and	  QWEST.	  However,	  we	  reiterate	  our	  
concerns	  over	  the	  likelihood	  that	  Delta	  flows	  would	  actually	  be	  managed	  in	  the	  manner	  
prescribed	  by	  the	  modeling.	  Changes	  in	  the	  frequency	  of	  reverse	  flows	  and	  their	  magnitude	  
were	  somewhat	  obscured	  by	  the	  high	  variability	  among	  years,	  even	  those	  with	  similar	  
hydrology.	  	  Some	  of	  this	  variability	  is	  a	  consequence	  of	  carry-‐over	  storage	  and	  the	  specifics	  
of	  operational	  rules	  that	  may	  be	  triggered	  by	  conditions	  in	  one	  year	  but	  not	  another	  even	  if	  
hydrology	  is	  similar.	  	  In	  the	  context	  of	  this	  variability,	  the	  improvements	  in	  flow	  conditions	  
during	  periods	  of	  vulnerability	  of	  the	  smelt	  and	  salmon	  species	  were	  modest.	  
In	  analyzing	  model	  results	  of	  the	  operational	  scenarios	  we	  were	  surprised	  to	  see	  benefits	  
occurring	  under	  dry	  conditions.	  	  The	  restrictions	  on	  North	  Delta	  diversions	  limit	  its	  
operations	  to	  times	  of	  substantial	  river	  flows,	  so	  its	  ability	  to	  substitute	  for	  south	  Delta	  
diversions	  should	  be	  limited	  to	  times	  of	  high	  flow.	  	  In	  fact,	  over	  a	  broad	  range	  of	  
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intermediate	  flows,	  the	  north	  Delta	  diversion	  augmented	  south	  Delta	  exports,	  rather	  than	  
substituting	  for	  them.	  	  Thus,	  improvements	  to	  in-‐Delta	  flow	  conditions	  happened	  mostly	  in	  
the	  highest	  quartile	  of	  Delta	  outflow	  under	  NAA.	  	  The	  differences	  between	  flows	  under	  the	  
LOS	  and	  HOS	  were	  generally	  rather	  small.	  
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Chapter	  6:	  Estimated	  Effects	  of	  BDCP	  Flows	  
on	  Smelt	  
Introduction	  
This	  chapter	  takes	  the	  model	  projections	  for	  three	  scenarios	  discussed	  in	  Chapter	  5	  (NAA,	  
HOS,	  and	  LOS)	  and	  uses	  various	  simple	  statistical	  models	  to	  estimate	  the	  potential	  effects	  of	  
these	  flows	  on	  delta	  and	  longfin	  smelt.	  The	  principal	  flows	  of	  interest	  are:	  

• Winter	  and	  spring	  flows	  in	  Old	  and	  Middle	  Rivers,	  which	  affect	  adult	  and	  larval	  to	  
juvenile	  delta	  smelt,	  respectively	  

• Fall	  outflow,	  which	  may	  influence	  extent	  of	  habitat	  and	  therefore	  subsequent	  
recruitment	  of	  delta	  smelt	  

• Spring	  outflow,	  which	  has	  a	  statistical	  relationship	  with	  subsequent	  abundance	  of	  
young-‐of-‐the-‐year	  longfin	  smelt	  

We	  did	  not	  consider	  export	  effects	  on	  longfin	  smelt,	  for	  which	  there	  is	  no	  available	  
statistical	  model	  and	  therefore	  no	  method	  to	  estimate	  losses	  without	  additional	  analysis	  
beyond	  the	  scope	  of	  this	  review.	  

In	  making	  the	  calculations	  presented	  here	  we	  were	  constrained	  to	  use	  the	  CALSIM	  model	  
output	  for	  the	  various	  flows	  by	  month	  and	  year.	  	  The	  concerns	  expressed	  in	  Chapter	  5	  
apply	  here:	  we	  do	  not	  believe	  that	  the	  system	  will	  actually	  be	  operated	  to	  obtain	  monthly	  
patterns	  of	  flow	  like	  those	  in	  the	  CALSIM	  output.	  	  This	  is	  particularly	  true	  in	  January	  and	  
October,	  when	  wild	  swings	  in	  flows	  from	  one	  year	  to	  the	  next	  indicate	  a	  situation	  that	  
would	  be	  very	  unlikely	  in	  the	  real	  system.	  

Direct	  Losses	  of	  Delta	  Smelt	  
Flows	  in	  Old	  and	  Middle	  River	  are	  related	  to	  salvage	  of	  delta	  smelt	  and	  other	  fish	  at	  the	  
south	  Delta	  fish	  facilities.	  	  Annual	  salvage	  in	  turn	  is	  generally	  assumed	  to	  be	  a	  small	  fraction	  
of	  entrainment	  losses,	  particularly	  for	  young	  (small)	  fish,	  because	  of	  various	  other	  losses	  
attributed	  to	  export	  pumping,	  including	  predation	  in	  the	  waterways	  leading	  to	  the	  facilities	  
and	  inefficient	  capture	  of	  delta	  smelt	  by	  the	  facilities.	  

Here	  we	  present	  estimates	  of	  export	  entrainment	  losses	  as	  a	  fraction	  of	  the	  population	  of	  
delta	  smelt	  during	  the	  adult	  stage	  and	  the	  larval	  to	  early	  juvenile	  stage,	  only	  a	  small	  fraction	  
of	  which	  is	  salvaged	  (Kimmerer	  2008).	  	  The	  calculations	  were	  based	  on	  results	  of	  
Kimmerer	  (2008)	  as	  amended	  for	  adult	  delta	  smelt	  by	  Kimmerer	  (2011).	  	  The	  general	  
procedure	  was	  to	  determine	  a	  relationship	  for	  each	  of	  these	  two	  life	  stages	  between	  
survival	  and	  flow	  variables	  that	  were	  available	  from	  CALSIM.	  	  Flows	  used	  were	  Old	  and	  
Middle	  River	  flow	  (OMR)	  for	  adults,	  and	  net	  inflow	  (i.e.,	  inflow	  less	  north	  Delta	  diversion	  
flow,	  NDD)	  and	  export	  flow	  in	  the	  south	  Delta	  for	  larvae	  and	  juveniles	  combined.	  	  	  

We	  modeled	  the	  entire	  period	  of	  CALSIM	  analysis	  (WY	  1922-‐2003)	  for	  the	  BDCP	  scenarios,	  
and	  the	  historical	  period	  (1955-‐2003)	  for	  comparison.	  We	  calculated	  losses	  as	  described	  in	  
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Appendix	  C	  for	  the	  BDCP	  scenarios	  for	  both	  time	  periods,	  and	  for	  the	  historical	  period	  
using	  Dayflow	  variables	  and	  OMR	  flows	  from	  USGS	  monitoring.	  	  	  
The	  principal	  assumptions	  were:	  

• The	  relationships	  used	  to	  calculate	  survival	  or	  recruitment	  accurately	  reflected	  the	  
corresponding	  population	  parameters;	  that	  is,	  the	  confidence	  intervals	  of	  the	  
predictions	  were	  assumed	  to	  include	  the	  true	  values	  of	  the	  population	  parameters	  
with	  95%	  probability.	  	  Note	  that	  these	  analyses	  (Kimmerer	  2008,	  2011)	  have	  not	  
been	  repeated	  by	  any	  analysts,	  although	  Miller	  (2011)	  provided	  a	  detailed	  critique.	  	  
This	  is	  rather	  worrisome,	  because	  both	  the	  BiOP	  and	  several	  published	  modeling	  
studies	  rely	  on	  the	  accuracy	  of	  those	  analyses	  (Maunder	  and	  Deriso	  2011,	  Rose	  et	  al.	  
2013a,	  b).	  

• Changes	  due	  to	  BDCP	  actions	  were	  cumulative	  such	  that	  each	  factor	  could	  be	  
examined	  in	  isolation	  from	  the	  others,	  and	  its	  effect	  considered	  separately	  from	  the	  
others.	  	  

• The	  only	  changes	  considered	  were	  those	  due	  to	  the	  entrainment	  effects	  of	  flow.	  
Long-‐term	  changes	  in	  sea	  level,	  tidal	  prism,	  temperature,	  salinity,	  and	  physical	  
configuration	  of	  the	  Delta	  were	  neglected,	  despite	  their	  likely	  influence	  on	  the	  
exposure	  of	  the	  smelt	  population	  to	  export	  entrainment.	  Exceptions	  to	  this	  were	  the	  
influences	  of	  these	  factors	  on	  flows	  modeled	  by	  CALSIM.	  

• The	  flow	  time-‐series	  produced	  by	  CALSIM	  accurately	  reflected	  the	  influence	  of	  the	  
various	  changes	  (but	  note	  concerns	  expressed	  above	  and	  in	  previous	  chapters).	  

• The	  broad	  spatial	  distributions	  of	  delta	  smelt	  will	  not	  differ	  substantially	  from	  
those	  existing	  when	  the	  above	  analyses	  were	  made.	  	  This	  may	  not	  be	  true	  if	  the	  
fraction	  of	  the	  population	  in	  the	  north	  Delta	  is	  higher	  now	  and	  in	  the	  future	  than	  
when	  the	  analyses	  were	  made	  (Miller	  2011,	  Kimmerer	  2011).	  

Losses	  of	  adult	  delta	  smelt	  were	  calculated	  as	  a	  linear	  function	  of	  OMR	  flows.	  	  Annual	  
percent	  loss	  under	  each	  of	  the	  three	  scenarios	  was	  similar	  for	  the	  historical	  and	  modeled	  
time	  periods	  (Figure	  6.1).	  The	  estimated	  proportion	  of	  adults	  lost	  to	  entrainment	  was	  
slightly	  lower	  for	  the	  NAA	  than	  for	  the	  historical	  period,	  reflecting	  overall	  lower	  export	  
flows	  presumably	  because	  some	  operating	  rules	  were	  not	  in	  force	  during	  the	  historical	  
period.	  	  The	  High-‐	  and	  Low-‐Outflow	  scenarios	  (HOS	  and	  LOS)	  both	  had	  proportional	  losses	  
that	  were	  ~	  half	  of	  those	  under	  the	  NAA,	  or	  a	  net	  change	  in	  loss	  of	  about	  3%/year.	  

Losses	  of	  larval	  +	  juvenile	  smelt	  were	  modeled	  as	  a	  function	  of	  exports	  from	  the	  south	  Delta	  
and	  inflow	  to	  the	  Delta	  less	  diversions	  from	  the	  North	  Delta	  facility.	  	  The	  patterns	  for	  young	  
smelt	  were	  somewhat	  similar	  to	  those	  for	  adults	  but	  with	  larger	  differences	  among	  
scenarios.	  	  The	  NAA	  had	  substantially	  lower	  losses	  than	  the	  historical	  condition	  over	  the	  
historical	  period	  (Figure	  6.2).	  	  Flows	  projected	  for	  both	  the	  HOS	  and	  LOS	  resulted	  in	  much	  
lower	  losses	  than	  for	  the	  NAA,	  with	  losses	  under	  the	  HOS	  reduced	  to	  ~2%/year	  on	  average.	  
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Figure	  6.1.	  	  Annual	  percentage	  of	  adult	  delta	  smelt	  lost	  to	  export	  pumping	  for	  three	  
scenarios	  and	  the	  historical	  time	  series.	  	  Symbols	  give	  means	  (see	  text)	  and	  error	  bars	  give	  
the	  95%	  confidence	  limit	  calculated	  as	  quantiles	  of	  the	  1000	  simulated	  samples	  of	  the	  
respective	  distributions.	  Top	  panel,	  percent	  annual	  loss	  for	  1922-‐2003	  (filled	  symbols)	  and	  
for	  1980-‐2003	  (open	  symbols)	  including	  the	  historical	  data.	  	  Bottom	  panel,	  differences	  
between	  pairs	  of	  model	  scenarios.	  	  

	  

We	  combined	  results	  for	  adults	  and	  larvae	  +	  juveniles	  within	  each	  calendar	  year	  by	  first	  
calculating	  the	  proportion	  of	  the	  population	  that	  would	  remain	  after	  20	  years	  at	  the	  mean	  
values	  in	  Figures	  6.1	  and	  6.2,	  then	  multiplying	  the	  proportions	  remaining	  to	  get	  the	  
influence	  of	  these	  scenarios	  over	  both	  life	  stages.	  	  	  This	  is	  effectively	  a	  long-‐term	  survival	  
percentage.	  	  These	  are	  not	  predictions,	  and	  are	  useful	  only	  for	  examining	  differences	  
among	  scenarios.	  	  The	  resulting	  percentages	  were	  38%	  for	  the	  HOS,	  23%	  for	  the	  LOS,	  and	  
2%	  for	  the	  NAA	  (Table	  6.1).	  	  In	  other	  words,	  the	  two	  scenarios	  with	  a	  north	  Delta	  diversion	  
resulted	  in	  19-‐	  and	  11-‐fold	  increases	  in	  survival	  over	  a	  20-‐year	  period.	  	  	  
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Figure	  6.2.	  	  As	  in	  Figure	  6.1	  for	  losses	  of	  juvenile	  delta	  smelt.	  	  

These	  numbers	  are	  highly	  uncertain,	  since	  the	  value	  for	  NAA	  is	  so	  small	  and	  variable	  (Table	  
6.1).	  	  There	  are	  indications	  that	  losses	  have	  been	  overestimated,	  especially	  given	  the	  
potentially	  large	  subpopulation	  of	  young	  delta	  smelt	  that	  may	  be	  resident	  in	  the	  Cache	  
Slough	  complex,	  where	  they	  are	  immune	  from	  effects	  of	  export	  pumping	  in	  the	  south	  Delta	  
(Miller	  2011).	  	  Using	  the	  upper	  confidence	  limits	  of	  the	  projected	  population	  size	  at	  the	  end	  
of	  20	  years	  (i.e.,	  the	  lower	  95%	  confidence	  limits	  of	  the	  loss	  estimates)	  the	  ratios	  of	  
population	  remaining	  after	  20	  years	  would	  have	  been	  14	  for	  HOS	  and	  9	  for	  LOS.	  These	  
confidence	  limits	  do	  not	  account	  for	  any	  upward	  bias	  in	  loss	  estimates,	  and	  the	  loss	  
estimates	  can	  and	  should	  be	  refined	  to	  reflect	  current	  understanding.	  
Nevertheless,	  the	  results	  of	  this	  analysis	  show	  a	  substantial	  improvement	  in	  long-‐term	  
survival	  of	  delta	  smelt	  under	  HOS	  and	  to	  a	  lesser	  extent	  LOS,	  provided	  the	  water	  projects	  are	  
operated	  in	  ways	  that	  result	  in	  flows	  similar	  to	  those	  in	  the	  simulation.	  Taken	  at	  face	  value	  
the	  mean	  difference	  in	  losses	  between	  NAA	  and	  either	  of	  the	  other	  scenarios	  would	  have	  
roughly	  sufficed	  to	  reverse	  the	  decline	  in	  delta	  smelt	  during	  the	  early	  2000s.	   	  	  
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Table	  6.1.	  	  Percent	  of	  delta	  smelt	  population	  remaining	  for	  each	  of	  three	  BDCP	  scenarios	  
after	  20	  years	  of	  losses	  at	  the	  rates	  estimated	  and	  shown	  in	  Figures	  1	  and	  2.	  	  Values	  given	  
with	  95%	  confidence	  intervals.	  

	   Adults	   Juveniles	   Combined	  
NAA	   31	  ±	  22	   6	  ±	  4	   2	  ±	  2	  
HOS	   62	  ±	  25	   62	  ±	  15	   38	  ±	  19	  
LOS	   59	  ±	  25	   39	  ±	  15	   23	  ±	  13	  

	  

Outflow	  Effects	  
Two	  time	  periods	  are	  considered	  for	  effects	  of	  changed	  outflow:	  fall	  for	  delta	  smelt	  and	  
spring	  for	  longfin	  smelt.	  	  These	  effects	  are	  typically	  cast	  in	  terms	  of	  X2.	  	  For	  this	  analysis	  we	  
calculated	  X2	  from	  outflow	  as	  determined	  by	  CALSIM,	  using	  the	  monthly	  relationship	  in	  
Jassby	  et	  al.	  (1995),	  as	  has	  been	  done	  for	  all	  previous	  analyses	  of	  relationships	  of	  X2	  to	  
abundance	  indices	  or	  habitat	  of	  fish	  (e.g.,	  Feyrer	  et	  al.	  2007,	  Kimmerer	  et	  al.	  2009).	  	  CALSIM	  
also	  produces	  X2	  but	  it	  is	  for	  the	  previous	  month	  and	  is	  somewhat	  different	  from	  that	  used	  
previously,	  particularly	  since	  it	  is	  said	  to	  account	  for	  sea-‐level	  rise	  and	  the	  effects	  of	  
additional	  tidal	  prism	  due	  to	  marsh	  restoration.	  	  Since	  we	  were	  focused	  on	  the	  early	  long-‐
term	  (ELT),	  we	  elected	  for	  now	  to	  neglect	  these	  considerations	  and	  use	  an	  X2	  value	  that	  
reflected	  the	  anticipated	  outflows	  in	  the	  same	  way	  as	  in	  the	  analyses	  of	  X2	  effects	  on	  fish.	  

Fall	  X2	  Effects	  on	  Delta	  Smelt	  
The	  USFWS	  Biological	  Opinion	  (BiOP)	  for	  delta	  smelt	  proposes	  to	  use	  X2	  in	  the	  September-‐
December	  period	  as	  a	  management	  tool.	  	  The	  principal	  basis	  for	  this	  action	  is	  the	  analyses	  
of	  fall	  habitat	  indices	  (Feyrer	  et	  al.	  2007,	  2011)	  and	  an	  unpublished	  analysis	  relating	  the	  
Summer	  Townet	  index	  to	  the	  previous	  fall	  Midwater	  Trawl	  index	  and	  X2:	  

1 ~ 2y y y yTNS a bMWT cX ε+ + + + 	  	   	   	   	   	   	   (6.1)	  

where	  TNS	  is	  the	  summer	  townet	  index,	  MWT	  the	  fall	  midwater	  trawl	  index,	  y	  is	  year,	  ε	  is	  
error,	  a,	  b,	  and	  c	  are	  fitted	  parameters,	  and	  the	  time	  frame	  was	  restricted	  to	  after	  1987	  to	  
account	  for	  the	  changes	  in	  the	  foodweb	  resulting	  from	  the	  introduction	  of	  the	  clam	  
Potamocorbula	  amurensis	  (See	  Chapter	  7	  regarding	  food	  limitation	  of	  delta	  smelt).	  	  	  

This	  model	  assumes	  that	  the	  main	  effect	  of	  fall	  X2	  on	  delta	  smelt	  is	  through	  a	  combination	  
of	  survival	  and	  growth	  and	  therefore	  population	  reproduction	  in	  the	  following	  spring,	  
resulting	  in	  effects	  on	  abundance	  in	  the	  following	  summer.	  Equation	  6.1	  is	  somewhat	  
illogical	  in	  modeling	  TNS	  as	  an	  additive	  function	  of	  MWT	  and	  X2,	  and	  it	  is	  also	  strongly	  
influenced	  by	  the	  data	  point	  from	  1998,	  the	  wettest	  fall	  among	  those	  included	  in	  the	  
analysis.	  Removing	  that	  point	  weakens	  that	  relationship	  somewhat,	  although	  it	  remains	  
strong.	  Nevertheless,	  we	  fitted	  an	  alternative	  model:	  

1log( ) ~ log( ) 2y y y yTNS a b MWT cX ε+ + + + 	  	   	   	   	   	   (6.2)	  

which	  is	  more	  in	  keeping	  with	  the	  form	  of	  the	  other	  X2	  models	  (Jassby	  et	  al.	  1995).	  	  This	  
model	  was	  fitted	  to	  all	  the	  data	  since	  1987	  using	  a	  robust	  regression	  method	  to	  allow	  for	  
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some	  over-‐dispersion	  in	  the	  residuals	  (function	  rlm,	  Venables	  and	  Ripley	  2003).	  	  The	  
regression	  coefficients	  were	  a=2.7,	  b=	  0.62	  ±	  0.22,	  and	  c=	  0.061	  ±	  0.55,	  R2=0.68,	  and	  
diagnostic	  plots	  revealed	  that	  this	  model	  was	  appropriate	  for	  the	  data	  (Figure	  6.3).	  	  In	  
particular	  1998,	  and	  unusually	  wet	  year,	  did	  not	  have	  a	  strong	  influence	  on	  this	  
relationship.	  

We	  extrapolated	  from	  this	  model	  to	  the	  BDCP	  scenarios	  using	  the	  CALSIM-‐modeled	  
outflows.	  	  The	  target	  was	  the	  summer	  townet	  index,	  which	  we	  examined	  as	  a	  ratio	  to	  that	  
predicted	  under	  NAA.	  	  In	  contrast	  to	  earlier	  analyses,	  we	  did	  not	  attempt	  to	  relate	  this	  to	  
long-‐term	  population	  growth.	  
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Figure	  6.3.	  	  Fitted	  and	  measured	  summer	  townet	  index	  (TNS)	  with	  a	  1:1	  line.	  	  Values	  were	  
fitted	  using	  Equation	  6.2.	  

The	  modeled	  monthly	  outflow	  values	  were	  converted	  to	  X2	  according	  to	  the	  monthly	  
equation	  in	  Jassby	  et	  al.	  (1995),	  with	  the	  initial	  value	  (October	  1921)	  set	  to	  the	  equilibrium	  
X2	  for	  the	  modeled	  flow.	  	  This	  was	  combined	  with	  historical	  monthly	  mean	  X2	  values	  and	  
all	  were	  averaged	  over	  September-‐December.	  Equation	  6.2	  was	  then	  used	  to	  predict	  the	  
summer	  townet	  index	  from	  the	  mean	  fall	  midwater	  trawl	  index	  from	  1988	  to	  2011	  and	  X2	  
for	  the	  three	  scenarios.	  

Results	  showed	  HOS	  to	  have,	  on	  average,	  a	  slightly	  higher	  summer	  townet	  index	  than	  under	  
NAA	  (Figure	  6.4).	  	  The	  ratio	  of	  townet	  indices	  determined	  under	  HOS	  to	  that	  under	  NAA	  
was	  1.02,	  i.e.,	  a	  2%	  greater	  index	  under	  HOS,	  with	  10th	  and	  90th	  percentiles	  of	  0.89	  and	  1.10	  
respectively.	  	  About	  a	  third	  of	  the	  values	  had	  lower	  confidence	  limits	  below	  zero,	  indicating	  
low	  confidence	  that	  a	  real	  increase	  would	  be	  achieved	  under	  these	  conditions.	  

By	  contrast,	  the	  predicted	  ratio	  of	  townet	  index	  for	  LOS:NAA	  was	  about	  the	  same	  as	  that	  for	  
HOS:NAA	  about	  half	  of	  the	  time,	  and	  the	  other	  half	  of	  the	  time	  it	  was	  much	  lower,	  with	  large	  
confidence	  intervals	  related	  to	  the	  uncertainty	  in	  the	  prediction	  from	  the	  model.	  	  The	  
calculated	  ratio	  had	  a	  median	  of	  0.98	  with	  10th	  and	  90th	  percentiles	  of	  0.60	  and	  1.10.	  	  This	  
peculiar	  pattern	  arose	  from	  the	  patterns	  of	  outflow	  in	  the	  CALSIM	  output	  (see	  Chapter	  5).	  	  
We	  have	  very	  low	  confidence	  that	  these	  patterns	  reflect	  how	  the	  system	  would	  really	  be	  
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operated,	  and	  therefore	  suggest	  these	  results	  be	  considered	  as	  conditional	  on	  proposed	  
operational	  rules.	  	  
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Figure	  6.4.	  	  Ratios	  of	  predicted	  TNS	  index	  by	  year	  from	  HOS	  (top)	  and	  LOS	  (bottom)	  to	  those	  
from	  NAA.	  

Spring	  Outflow/X2	  Effects	  on	  Longfin	  Smelt	  
Longfin	  smelt	  has	  the	  strongest	  relationship	  of	  abundance	  index	  to	  X2	  of	  any	  fish	  (Jassby	  et	  
al.	  1995).	  	  The	  index	  for	  a	  given	  level	  of	  X2	  has	  declined,	  but	  the	  response	  to	  flow	  has	  not	  
changed.	  	  We	  updated	  the	  latest	  published	  version	  of	  this	  relationship	  (Kimmerer	  et	  al.	  
2009)	  by	  adding	  two	  step	  changes	  in	  time:	  one	  in	  1987-‐1988	  corresponding	  to	  the	  spread	  
of	  the	  clam	  Potamocorbula	  amurensis,	  and	  the	  other	  in	  2003-‐2004,	  the	  POD	  decline	  
(Thomson	  et	  al.	  2010).	  	  The	  statistical	  model	  used	  was	  	  

10log ( ) 2y y y yLFS a bX ε= + + 	  	   	   	   	   	   6.3	  

Where	  LFS	  is	  the	  annual	  index	  of	  longfin	  smelt	  abundance	  from	  the	  fall	  midwater	  trawl	  
survey,	  y	  is	  year,	  X2	  is	  monthly	  values	  averaged	  over	  either	  January-‐June	  (as	  in	  Jassby	  et	  al.	  
1995)	  or	  March-‐May,	  and	  ε	  is	  error.	  	  Fitting	  parameters	  are	  a,	  which	  takes	  one	  of	  three	  
values	  by	  year	  group,	  and	  b,	  the	  slope	  of	  the	  X2	  relationship.	  

The	  resulting	  relationship	  (Figure	  6.5)	  shows	  both	  the	  effect	  of	  X2	  and	  the	  two	  step-‐
changes	  in	  abundance	  index.	  	  Diagnostic	  statistics	  showed	  that	  the	  model	  was	  appropriate.	  
Since	  we	  were	  interested	  in	  the	  difference	  between	  the	  two	  alternative	  flow	  scenarios	  and	  
NAA,	  the	  only	  parameter	  that	  concerned	  us	  here	  was	  b,	  which	  had	  a	  value	  of	  -‐0.054	  ±	  0.005	  
km-‐1,	  essentially	  identical	  to	  previously	  published	  values.	  	  Averaging	  X2	  over	  March-‐May	  
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gave	  a	  slope	  of	  -‐0.049	  ±	  0.005	  km-‐1,	  and	  the	  fit	  was	  slightly	  inferior	  to	  that	  of	  the	  January-‐
June	  model.	  	  	  
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Figure	  6.5.	  	  Abundance	  index	  of	  longfin	  smelt	  vs.	  X2	  averaged	  over	  January-‐June,	  with	  step	  
changes	  between	  1987	  and	  1988	  and	  between	  2002	  and	  2003.	  	  Colors	  of	  points	  and	  lines	  
indicate	  the	  time	  period.	  

The	  months	  selected	  in	  the	  original	  analysis	  were	  based	  on	  the	  assumption	  that	  the	  
(unknown)	  X2	  mechanism	  operated	  during	  early	  life	  history	  of	  longfin	  smelt,	  which	  smelt	  
experts	  linked	  to	  this	  period.	  	  Autocorrelation	  in	  the	  X2	  values	  through	  months	  means	  that	  
statistical	  analysis	  provides	  little	  guidance	  for	  improving	  the	  selection	  of	  months.	  	  A	  better	  
understanding	  of	  the	  mechanism(s)	  underlying	  the	  relationship	  would	  probably	  allow	  this	  
period	  to	  be	  narrowed	  and	  focused,	  but	  for	  now	  there	  is	  little	  basis	  for	  selecting	  a	  narrower	  
period	  for	  averaging	  X2.	  

The	  predictions	  from	  the	  above	  model	  were	  then	  applied	  to	  the	  X2	  values	  calculated	  from	  
the	  CALSIM	  projections	  of	  outflow	  for	  the	  82-‐year	  period.	  	  We	  did	  not	  attempt	  to	  propagate	  
prediction	  error	  because	  it	  is	  small	  compared	  to	  variability	  in	  outflow.	  	  Applying	  the	  
January-‐June	  value	  for	  the	  three	  selected	  scenarios	  resulted	  in	  scant	  differences	  in	  
predicted	  abundance	  indices	  (Figure	  6.6).	  The	  median	  log10	  ratio	  of	  indices	  for	  HOS:NAA	  
was	  1.00	  (mean	  1.05)	  with	  10th	  and	  90th	  percentiles	  of	  0.91	  and	  1.27.	  	  Corresponding	  
values	  for	  LOS:NAA	  were	  median	  0.92	  (mean	  0.92)	  and	  percentiles	  of	  0.83	  and	  1.00.	  

Thus,	  changes	  in	  outflow	  resulting	  from	  the	  CALSIM	  projections	  of	  spring	  outflow	  were	  
small,	  particularly	  on	  the	  scale	  of	  the	  high	  variability	  with	  X2.	  	  HOS	  provided	  a	  minuscule	  
increase	  in	  the	  mean	  but	  the	  median	  did	  not	  change	  from	  NAA,	  indicating	  that	  half	  of	  the	  
years	  had	  higher,	  and	  half	  lower,	  values	  under	  HOS	  than	  under	  NAA.	  	  LOS	  gave	  values	  that	  
were	  ~8%	  lower	  than	  those	  under	  NAA.	  

Although	  it	  would	  be	  desirable	  to	  link	  such	  calculations	  to	  a	  population-‐dynamics	  model,	  
no	  such	  model	  is	  available;	  furthermore,	  previous	  analyses	  have	  shown	  that	  abundance	  of	  
longfin	  smelt	  is	  highly	  predictable	  from	  X2	  and,	  more	  recently,	  groups	  of	  years	  as	  done	  
above.	  	  This	  does	  not	  mean	  that	  stock-‐recruit	  relationships	  are	  unimportant;	  an	  alternative	  
analysis	  models	  a	  recruitment	  index,	  the	  log	  of	  the	  ratio	  of	  MWT	  to	  the	  MWT	  value	  2	  years	  
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earlier,	  as	  a	  function	  of	  X2	  (Nobriga	  and	  Rosenfield,	  in	  prep.).	  However,	  it	  is	  unlikely	  this	  
analysis	  would	  indicate	  a	  stronger	  effect	  of	  X2	  on	  longfin	  smelt	  under	  BDCP.	  
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Figure	  6.6.	  	  Predicted	  abundance	  from	  the	  model	  in	  Figure	  6.3	  for	  the	  three	  BDCP	  scenarios.	  	  
The	  intercept	  for	  the	  third	  time	  period	  (2003-‐2012)	  was	  used	  to	  calculate	  these	  indices.	  

Conclusions	  
The	  modeled	  flow	  changes	  under	  BDCP	  have	  mixed	  effects	  on	  the	  two	  smelt	  species.	  	  For	  
delta	  smelt,	  changes	  in	  flow	  in	  the	  south	  Delta	  had	  a	  marked	  effect	  on	  survival	  of	  both	  adult	  
and	  young	  smelt,	  such	  that	  gains	  of	  several	  percent	  a	  year	  would	  be	  forecasted	  for	  the	  
difference	  between	  the	  NAA	  and	  the	  two	  with-‐project	  alternatives.	  	  Effects	  of	  outflow	  on	  
delta	  smelt	  were	  small	  for	  HOS	  compared	  with	  NAA,	  while	  projections	  under	  LOS	  showed	  
about	  half	  the	  time	  a	  marked	  reduction	  in	  predicted	  summer	  abundance	  index	  compared	  to	  
NAA.	  	  Effects	  of	  spring	  outflow	  on	  longfin	  smelt	  were	  not	  very	  large.	  

The	  results	  for	  delta	  smelt	  were	  somewhat	  surprising,	  since	  food	  supply	  is	  clearly	  an	  
important	  limitation	  (Chapter	  7)	  and	  more	  likely	  implicated	  in	  the	  decline	  than	  export	  
losses.	  	  We	  nevertheless	  stand	  by	  these	  results	  subject	  to	  the	  following	  contingencies:	  

• The	  water	  projects	  will	  be	  operated	  to	  achieve	  similar	  flow	  patterns	  as	  in	  the	  
CALSIM	  output	  we	  used	  in	  our	  analysis.	  

• Future	  re-‐analyses	  of	  the	  influence	  of	  export	  pumping	  on	  delta	  smelt	  are	  used	  to	  
refine	  these	  estimates.	  

• Effects	  of	  increasing	  temperature,	  introductions	  of	  quagga	  or	  zebra	  mussels	  or	  other	  
high-‐impact	  species,	  changing	  flow-‐X2	  relationship,	  rising	  sea	  level,	  and	  
catastrophic	  inundation	  of	  Delta	  islands	  do	  not	  materially	  alter	  the	  trajectory	  of	  
delta	  smelt.	  

	  

The	  last	  point	  is	  presented	  almost	  facetiously	  –	  things	  will	  change,	  in	  some	  ways	  we	  can	  
predict	  and	  other	  ways	  we	  cannot.	  	  The	  BDCP	  takes	  account	  of	  some	  of	  these	  changes	  but	  
others	  are	  just	  as	  likely	  over	  the	  time	  frame	  of	  the	  project	  and	  should	  be	  accounted	  for	  
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(Chapter	  8).	  	  Nevertheless,	  at	  present	  we	  lack	  the	  capability	  to	  include	  these	  factors	  in	  a	  
more	  thorough	  analysis,	  but	  believe	  it	  should	  be	  done.	  

Longfin	  smelt,	  by	  contrast,	  are	  unlikely	  to	  be	  much	  affected	  by	  BDCP.	  	  The	  anticipated	  
changes	  in	  outflow	  are	  rather	  minor,	  and	  the	  flows	  needed	  for	  substantial	  changes	  in	  
longfin	  smelt	  abundance	  are	  likely	  too	  great	  to	  be	  practically	  achieved.	  
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Chapter	  7:	  Likely	  Response	  of	  Listed	  Fishes	  
to	  Physical	  Habitat	  Restoration	  

Introduction	  
This	  Chapter	  focuses	  on	  the	  proposed	  restoration	  of	  physical	  habitat	  in	  the	  Delta	  and	  
Suisun	  Marsh.	  	  Because	  of	  time	  constraints	  we	  have	  focused	  on	  the	  potential	  benefits	  of	  
floodplain	  and	  marsh	  restoration	  to	  delta	  and	  longfin	  smelt.	  These	  benefits	  are	  postulated	  
to	  occur	  through	  expanded	  physical	  habitat	  for	  the	  fish,	  or	  through	  export	  of	  food	  from	  the	  
restored	  areas	  to	  smelt	  habitat. 

Summary	  of	  Assessment	  
The	  BDCP	  proposes	  to	  restore	  55,000	  acres	  of	  subtidal	  to	  intertidal	  habitat1	  of	  which	  
20,600	  acres	  is	  to	  be	  allocated	  among	  various	  Restoration	  Opportunity	  Areas	  (ROAs)	  in	  the	  
Delta	  and	  Suisun	  Marsh	  and	  the	  remainder	  to	  be	  allocated	  later.	  	  If	  completed	  this	  
restoration	  will	  substantially	  increase	  the	  inundated	  portion	  of	  the	  Plan	  Area;	  for	  example	  
if	  all	  7000	  acres	  assigned	  to	  Suisun	  Marsh	  were	  restored	  it	  would	  roughly	  triple	  the	  area	  
exposed	  to	  tidal	  action.	  	  

The	  ROA’s	  include	  Suisun	  Marsh,	  Cache	  Slough,	  and	  the	  eastern,	  southern,	  and	  western	  
Delta	  .	  	  The	  documentation	  is	  unclear	  on	  the	  depth	  profiles	  of	  these	  areas	  and	  for	  
calculations	  below	  we	  have	  assumed	  that	  about	  half	  of	  each	  will	  be	  intertidal	  and	  the	  
remainder	  subtidal	  with	  a	  mean	  depth	  of	  2	  meters.	  	  The	  document	  lists	  the	  aquatic	  and	  
terrestrial	  species	  expected	  to	  benefit	  from	  these	  actions,	  but	  here	  we	  focus	  only	  on	  their	  
likely	  effects	  on	  the	  two	  smelt	  species.	  

Our	  results	  to	  date	  lead	  to	  the	  following	  preliminary	  conclusions:	  

• Delta	  and	  longfin	  smelt	  are	  usually	  food-‐limited,	  meaning	  that	  population	  levels	  
would	  rise	  if	  there	  were	  more	  zooplankton	  in	  their	  rearing	  areas.	  	  This	  limitation	  is	  
probably	  stronger	  in	  spring-‐fall	  than	  in	  winter.	  

• The	  BDCP	  is	  overly	  optimistic	  about	  the	  likely	  benefits	  of	  tidal	  marsh	  restoration	  to	  
the	  smelt	  species,	  particularly	  the	  extent	  of	  food	  production.	  

• A	  review	  of	  the	  literature	  suggests	  that	  tidal	  marshes	  may	  either	  import	  or	  export	  
phytoplankton	  and	  zooplankton.	  

• Under	  highly	  favorable	  assumptions	  about	  production	  and	  export	  of	  plankton,	  
restored	  tidal	  marshes	  could	  make	  at	  most	  a	  modest	  contribution	  to	  extant	  plankton	  
production.	  

                                                
1	  	  “Habitat”	  means	  the	  location	  and	  conditions	  in	  which	  a	  population	  of	  a	  species	  lives;	  here	  we	  follow	  the	  BDCP	  
document	  in	  using	  the	  term	  to	  mean	  a	  physical	  space.	  We	  likewise	  use	  “restore”	  to	  mean	  to	  prepare	  that	  space	  for	  the	  
potential	  occupation	  of	  one	  or	  more	  species,	  irrespective	  of	  the	  previous	  condition	  of	  the	  space.	  
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• The	  subpopulation	  of	  delta	  smelt	  that	  inhabit	  the	  Cache	  Slough	  complex	  through	  
summer	  may	  benefit	  from	  additional	  physical	  space	  in	  that	  area.	  	  The	  same	  could	  be	  
true	  in	  Suisun	  Marsh	  although	  current	  use	  by	  smelts	  is	  low.	  

• The	  high	  level	  of	  uncertainty	  about	  outcomes	  points	  to	  the	  use	  of	  moderate-‐	  to	  
large-‐scale	  experimental	  restoration	  projects	  to	  determine	  whether	  the	  proposed	  
restoration	  will	  achieve	  the	  food-‐production	  goals	  and,	  if	  so,	  how	  to	  design	  them	  
optimally.	  

Marsh	  Restoration	  

Review	  of	  conceptual	  basis	  
The	  BDCP	  anticipates	  many	  benefits	  to	  delta	  and	  longfin	  smelt.	  	  Although	  the	  
documentation	  is	  unclear	  on	  the	  expected	  magnitudes	  of	  these	  benefits,	  it	  is	  uniformly	  
optimistic	  that	  they	  will	  contribute	  substantially	  to	  recovery	  of	  the	  species.	  	  Here	  we	  focus	  
on	  two	  potential	  benefits	  to	  the	  smelts	  from	  the	  restoration	  of	  tidal	  habitats.	  	  First,	  the	  
restored	  habitats	  are	  expected	  to	  provide	  a	  food	  supply	  that	  will	  enhance	  the	  food	  supply	  
available	  to	  the	  smelts.	  	  Second,	  the	  restored	  habitats	  are	  expected	  to	  provide	  additional	  
physical	  space,	  resulting	  in	  an	  increase	  in	  smelt	  abundance.	  	  Neither	  of	  these	  proposed	  
benefits	  is	  well	  developed	  in	  the	  documentation,	  and	  the	  literature	  cited	  seems	  to	  have	  
been	  selected	  to	  support	  the	  claims	  made.	  	  The	  BDCP	  documentation	  furthermore	  contains	  
factual	  errors	  and	  misinterpretations	  that	  cast	  doubt	  upon	  the	  projections	  that	  are	  made,	  
however	  qualitative.	  	  We	  therefore	  conducted	  a	  reasonably	  thorough	  analysis	  of	  these	  
specific	  claims,	  within	  the	  constraints	  of	  time	  available.	  
The	  first	  outcome	  requires	  two	  conditions:	  1)	  that	  the	  smelt	  populations	  are	  currently	  
food-‐limited,	  meaning	  that	  an	  increase	  in	  concentration	  of	  food	  organisms	  would	  result	  in	  a	  
higher	  abundance	  of	  smelt;	  and	  2)	  that	  the	  restored	  marshes	  will	  produce	  and	  export	  
enough	  food	  organisms	  to	  make	  a	  difference	  to	  the	  population	  status	  of	  the	  smelts.	  	   	  

BDCP	  Appendix	  5E	  uses	  “prod-‐acres”	  to	  index	  the	  expected	  productivity	  of	  phytoplankton	  
in	  the	  restored	  areas.	  	  However,	  this	  index	  is	  conceptually	  flawed	  in	  two	  ways.	  	  First,	  it	  uses	  
an	  estimate	  of	  growth	  rate	  rather	  than	  production	  of	  phytoplankton,	  which	  is	  the	  product	  
of	  growth	  rate	  and	  biomass.	  	  Second,	  it	  assumes	  implicitly	  that	  all	  phytoplankton	  growth	  is	  
available	  as	  food	  for	  the	  zooplankton	  consumed	  by	  the	  smelt	  species,	  but	  analyses	  
published	  on	  the	  San	  Francisco	  Estuary	  and	  elsewhere	  show	  that	  most	  of	  the	  production	  is	  
consumed	  by	  benthos	  and	  by	  microzooplankton	  such	  as	  ciliates	  (e.g.,	  Lopez	  et	  al.	  2006,	  
Lucas	  and	  Thompson	  2012,	  Kimmerer	  and	  Thompson	  submitted).	  

The	  smelt	  species	  are	  expected	  to	  occupy	  some	  of	  the	  restored	  habitats.	  	  This	  may	  provide	  
benefits	  in	  the	  form	  of	  increased	  opportunities	  for	  individual	  fish	  to	  find	  suitable	  conditions	  
such	  as	  spawning	  substrate,	  food	  patches,	  or	  shelter	  from	  predators.	  	  A	  potential	  benefit	  is	  
to	  diversify	  the	  locations	  in	  which	  the	  smelt	  species	  occur,	  in	  an	  attempt	  to	  increase	  
resilience	  of	  the	  populations	  to	  local	  perturbations	  such	  as	  high-‐temperature	  periods	  or	  
toxic	  spills.	  	  	  
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Analysis	  of	  components	  
For	  effects	  of	  food	  production	  and	  export	  we	  assessed	  the	  evidence	  for	  food	  limitation	  of	  
the	  smelt	  populations,	  and	  for	  the	  amount	  of	  food	  (zooplankton)	  that	  restored	  marshes	  
would	  export	  to	  waters	  where	  the	  smelt	  species	  occur.	  	  For	  physical	  habitat	  we	  examined	  
current	  patterns	  of	  occurrence	  to	  determine	  the	  likely	  effect	  of	  additional	  physical	  habitat	  
on	  the	  smelt	  species.	  

We	  do	  not	  address	  other	  potential	  indirect	  impacts	  of	  marsh	  restoration,	  or	  interactions	  
with	  other	  proposed	  projects.	  	  Restoration	  of	  extensive	  areas	  of	  marsh	  will	  increase	  the	  
tidal	  prism	  in	  the	  restored	  area.	  	  This	  will	  affect	  tidal	  currents	  and	  elevations	  both	  locally	  
and	  all	  the	  way	  to	  Carquinez	  Strait,	  and	  therefore	  affect	  salinity	  penetration	  and	  the	  
movement	  of	  sediments.	  The	  effects	  on	  salinity	  have	  been	  included	  in	  the	  modeling	  
presented	  in	  BDCP	  documents,	  but	  we	  did	  not	  review	  this.	  	  The	  U.S.	  Army	  Corps	  of	  
Engineers	  has	  proposed	  a	  project,	  now	  on	  hold,	  to	  deepen	  the	  Sacramento	  Deep-‐Water	  Ship	  
Channel,	  which	  is	  currently	  an	  important	  part	  of	  the	  habitat	  of	  delta	  smelt.	  	  This	  and	  other	  
non-‐BDCP	  projects	  should	  be	  taken	  into	  account	  when	  considering	  impacts	  of	  BDCP.	  

Are	  smelt	  species	  food-‐limited?	  
What	  is	  the	  evidence	  for	  and	  against	  food	  limitation	  in	  delta	  and	  longfin	  smelt?	  	  By	  food	  
limitation	  we	  mean	  a	  situation	  in	  which	  an	  increase	  in	  concentration	  of	  food	  organisms	  
would	  result	  in	  a	  higher	  abundance	  of	  smelt.	  	  This	  does	  not	  require	  that	  all	  or	  even	  most	  
fish	  have	  depressed	  growth	  or	  reproductive	  rates,	  only	  that	  at	  least	  some	  of	  them	  do.	  	  	  
Substantial	  food	  limitation	  would	  require	  the	  following	  to	  be	  true:	  

1. The	  density	  of	  food	  organisms	  is	  too	  low	  to	  support	  the	  maximum	  growth	  rate	  of	  the	  
fish.	  

2. Therefore	  some	  fish	  are	  in	  poorer	  condition	  or	  grow	  more	  slowly	  than	  under	  food	  
satiation.	  

3. Either	  or	  both	  of	  the	  following:	  

a. Survival	  over	  a	  life	  stage	  depends	  on	  condition	  and	  therefore	  food	  supply	  
b. Reproductive	  rate	  of	  an	  adult	  varies	  with	  growth	  rate	  during	  development	  

through	  its	  effect	  on	  maturity	  or	  total	  eggs	  per	  female.	  

4. Higher	  reproduction	  leads	  to	  a	  larger	  population,	  all	  else	  being	  equal.	  	  We	  assume	  
this	  condition	  must	  be	  true	  as	  a	  straightforward	  consequence	  of	  population	  
dynamics.	  	  	  

Food	  limitation	  could	  occur	  at	  one	  or	  more	  life	  stages,	  which	  may	  occupy	  different	  parts	  of	  
the	  estuary.	  During	  spawning	  and	  early	  life	  delta	  smelt	  are	  mostly	  in	  freshwater.	  	  During	  
the	  late	  larval	  stage	  (~July)	  until	  the	  pre-‐spawning	  migration	  in	  December,	  part	  of	  the	  
population	  is	  in	  the	  low-‐salinity	  zone	  (LSZ,	  salinity	  ~0.5-‐5),	  and	  part	  is	  in	  the	  Cache	  Slough-‐
Liberty	  Island	  complex	  in	  the	  North	  Delta	  (Sommer	  et	  al.	  2011).	  Longfin	  smelt	  also	  spawn	  
in	  freshwater	  but	  move	  earlier	  and	  further	  seaward	  (Rosenfield	  and	  Baxter	  2007,	  
Kimmerer	  et	  al.	  2009).	  	  We	  refer	  to	  fish	  between	  metamorphosis	  from	  the	  larval	  stage	  to	  
their	  spawning	  migration	  as	  juveniles	  (i.e.,	  including	  all	  fish	  caught	  in	  the	  fall	  midwater	  
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trawl	  survey).	  	  Both	  smelt	  species	  consume	  available	  plankton	  in	  their	  habitat,	  with	  the	  size	  
of	  prey	  related	  to	  that	  of	  the	  fish.	  	  
Food	  limitation	  is	  surprisingly	  difficult	  to	  demonstrate	  in	  a	  fish	  population.	  	  Nearly	  all	  
populations	  must	  be	  food	  limited	  to	  some	  degree.	  	  However,	  food	  limitation	  of	  individual	  
fish	  can	  be	  difficult	  to	  detect.	  	  The	  prey	  and	  the	  fish	  are	  spatially	  patchy	  and	  temporally	  
variable,	  so	  the	  degree	  of	  food	  limitation	  is	  sporadic	  and	  patchy.	  	  Great	  differences	  among	  
individuals	  in	  feeding	  success	  result	  in	  differences	  in	  growth	  and	  survival,	  such	  that	  the	  
survivors	  are	  those	  that	  have	  been	  well	  fed.	  	  Feeding	  success	  also	  interacts	  with	  other	  
influences	  such	  as	  predation	  risk	  and	  physiological	  stress.	  

The	  analysis	  of	  food	  limitation	  relies	  on	  a	  variety	  of	  direct	  and	  indirect	  evidence	  (Details	  in	  
Appendix	  D).	  	  Some	  studies	  suggest	  food	  limitation	  inferred	  from	  correlations	  of	  
abundance	  or	  length	  with	  measures	  of	  food	  availability,	  indices	  of	  gut	  fullness	  and	  
physiological	  condition	  of	  field-‐caught	  smelt,	  and	  laboratory-‐derived	  estimates	  of	  feeding	  
rate	  in	  relation	  to	  food	  concentration.	  	  A	  few	  other	  studies	  do	  not	  support	  food	  limitation	  in	  
these	  species.	  	  However,	  the	  weight	  of	  evidence	  suggests	  that	  food	  is	  limiting	  the	  
populations	  of	  both	  smelt	  species.	  	  	  
	  

Export	  of	  food	  from	  shallow	  restored	  areas	  
One	  purported	  benefit	  to	  smelts	  of	  restored	  shallow	  areas	  is	  that	  elevated	  food	  production	  
in	  these	  areas	  will	  be	  exported	  as	  a	  subsidy	  to	  open	  waters	  where	  the	  smelts	  are	  abundant.	  	  
The	  implicit	  conceptual	  model	  is	  that	  these	  shallow	  areas	  will	  produce	  an	  excess	  of	  
phytoplankton	  and	  zooplankton	  that	  will	  then	  be	  exported	  by	  stream	  flow	  or	  tidal	  currents.	  	  
A	  subsidy	  of	  phytoplankton	  could	  stimulate	  zooplankton	  production	  in	  the	  open	  waters,	  
since	  the	  zooplankton	  in	  this	  estuary	  are	  chronically	  food-‐limited	  in	  their	  growth	  or	  
reproduction	  (Müller-‐Solger	  et	  al.	  2002,	  Kimmerer	  et	  al.	  2005).	  	  However,	  grazing	  by	  clams	  
is	  likely	  to	  prevent	  such	  a	  subsidy	  from	  having	  much	  effect	  on	  zooplankton	  production.	  	  
The	  alternative	  subsidy	  is	  that	  of	  zooplankton	  grown	  within	  the	  restored	  areas,	  including	  
larger	  forms	  such	  as	  mysids	  that	  are	  consumed	  by	  juvenile	  longfin	  smelt	  and	  adult	  delta	  
smelt.	  	  	  

The	  magnitude	  of	  any	  subsidy	  depends	  also	  on	  the	  transport	  process.	  	  Where	  the	  transport	  
is	  mediated	  by	  tidally-‐driven	  currents,	  the	  subsidy	  will	  be	  related	  to	  the	  tidal	  exchange	  and	  
the	  difference	  in	  biomass	  between	  the	  restored	  area	  and	  the	  open	  water.	  	  Where	  it	  is	  
mediated	  by	  river	  flow,	  the	  subsidy	  will	  depend	  on	  the	  net	  flow	  and	  the	  biomass	  in	  the	  
restored	  area.	  

Here	  we	  examine	  the	  literature	  on	  subsidies	  from	  marshes,	  use	  a	  simple	  model	  to	  estimate	  
the	  magnitude	  of	  such	  a	  subsidy	  of	  either	  phytoplankton	  or	  zooplankton,	  and	  estimate	  the	  
proportional	  flux	  from	  the	  Suisun	  Marsh	  to	  Suisun	  Bay	  using	  output	  from	  a	  particle-‐
tracking	  model	  as	  a	  measure	  of	  the	  extant	  subsidy.	  	  Our	  conclusions	  are:	  

• The	  literature	  does	  not	  support	  a	  confident	  assertion	  that	  marshes	  will	  subsidize	  
zooplankton	  of	  the	  open	  waters.	  

• Calculated	  subsidies	  of	  phytoplankton	  and	  zooplankton	  are	  modest	  under	  optimistic	  
assumptions	  about	  in-‐marsh	  production	  and	  design	  of	  restoration	  sites.	  
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• A	  subsidy	  of	  zooplankton	  from	  Suisun	  Marsh	  to	  Grizzly	  Bay	  cannot	  be	  very	  large	  
under	  current	  conditions,	  and	  is	  unlikely	  to	  be	  much	  larger	  with	  the	  proposed	  
extent	  of	  restoration.	  

Do	  shallow	  areas	  export	  phytoplankton	  or	  zooplankton?	  

Marshes	  can	  be	  major	  producers	  of	  organic	  matter	  because	  of	  their	  extensive	  vegetated	  
surface	  exposed	  to	  sunlight,	  shallow	  waters	  leading	  to	  light	  penetration	  through	  all	  or	  most	  
of	  the	  water	  column,	  and	  the	  continual	  supply	  of	  nutrients	  from	  the	  open	  waters	  and	  from	  
land	  (Figure	  7.1).	  	  This	  appears	  to	  be	  true	  even	  for	  recently	  restored	  marshes	  (Howe	  and	  
Simenstad	  2011).	  	  Over	  the	  long	  term,	  mass	  must	  balance,	  so	  production	  in	  excess	  of	  
respiration	  by	  organisms	  within	  the	  marsh	  must	  be	  either	  buried	  or	  exported	  as	  organic	  
matter	  or	  organisms	  to	  adjacent	  estuarine	  waters.	  	  	  
	  

	  

	  

	  

Figure	  7.1.	  	  Conceptual	  model	  of	  the	  production	  of	  food	  for	  pelagic	  fish	  in	  a	  low-‐order	  tidal	  
marsh	  channel.	  Because	  the	  water	  is	  shallow	  (and	  may	  be	  clearer	  than	  in	  adjacent	  channels)	  
light	  penetration	  is	  good	  and	  growth	  of	  phytoplankton	  and	  benthic	  microalgae	  is	  high.	  	  
Losses	  of	  phytoplankton	  occur	  through	  benthic	  grazing	  and	  by	  pelagic	  grazing,	  chiefly	  by	  
microzooplankton	  but	  also	  by	  larger	  zooplankton	  such	  as	  copepods	  that	  can	  be	  consumed	  by	  
fish.	  	  Benthic	  grazers	  filter	  a	  certain	  volume	  of	  water	  every	  day,	  so	  the	  shallower	  the	  water	  
the	  more	  intensive	  the	  grazing	  on	  the	  plankton	  of	  the	  marsh.	  	  Small	  planktivorous	  fish	  such	  
as	  Mississippi	  silversides	  seek	  shelter	  in	  the	  shallowest	  and	  vegetated	  areas;	  thus	  
consumption	  of	  zooplankton	  is	  also	  more	  focused	  and	  more	  selective	  for	  larger	  organisms	  in	  
shallow	  water.	  	  Tidal	  exchange	  of	  water	  with	  the	  adjacent	  higher-‐order	  (larger)	  channel	  
transports	  nutrients,	  organic	  matter,	  and	  plankton	  between	  marsh	  and	  channel,	  but	  the	  
direction	  of	  transport	  for	  zooplankton	  may	  be	  in	  or	  out	  of	  the	  marsh	  depending	  on	  the	  
outcomes	  of	  the	  various	  production	  and	  consumption	  processes.	  
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Export	  of	  organic	  matter	  from	  marshes	  to	  adjacent	  estuarine	  waters	  was	  first	  considered	  as	  
the	  "outwelling	  hypothesis"	  (Odum	  1980,	  Nixon	  1980).	  	  This	  hypothesis	  holds	  that	  the	  
export	  of	  labile	  organic	  matter	  provides	  an	  important	  subsidy	  to	  nourish	  adjacent	  waters	  of	  
the	  estuary	  or	  continental	  shelf.	  	  	  

The	  outwelling	  hypothesis	  originated	  in	  studies	  of	  extensive,	  rich	  marshes	  on	  the	  east	  and	  
Gulf	  coasts,	  but	  even	  there,	  quantitative	  demonstrations	  of	  its	  importance	  to	  estuarine	  or	  
coastal	  foodwebs	  were	  few	  (Dame	  et	  al.	  1986).	  	  Much	  of	  the	  difficulty	  arises	  from	  the	  
technical	  challenge	  of	  measuring	  a	  small	  net	  flux	  in	  a	  large	  tidal	  signal	  with	  high	  variability	  
(Dame	  et	  al.	  1986).	  	  In	  addition,	  dissolved	  and	  particulate	  organic	  matter	  produced	  by	  
rooted	  vegetation	  can	  be	  highly	  refractory	  and	  therefore	  largely	  unavailable	  to	  estuarine	  
pelagic	  foodwebs,	  which	  are	  usually	  fueled	  mainly	  by	  phytoplankton	  (Sobczak	  et	  al.	  2002,	  
2005).	  	  	  

Marshes	  can	  be	  sites	  of	  high	  productivity	  by	  benthic	  or	  planktonic	  microalgae	  because	  they	  
are	  shallow,	  so	  waters	  are	  well-‐lit.	  	  Therefore	  a	  marsh	  could	  export	  organic	  matter	  as	  living	  
phytoplankton.	  	  However,	  the	  extent	  of	  this	  export	  depends	  on	  consumption	  within	  the	  
marsh,	  including	  consumption	  of	  phytoplankton	  by	  benthic	  grazers	  in	  shallow	  waters,	  as	  
illustrated	  for	  flooded	  islands	  in	  the	  Delta	  by	  Lopez	  et	  al.	  (2006).	  Often	  overlooked	  in	  
attempts	  at	  a	  mass-‐balance	  of	  phytoplankton	  is	  the	  high	  rate	  of	  consumption	  by	  
microzooplankton,	  which	  typically	  consume	  about	  60%	  of	  the	  production	  by	  
phytoplankton	  in	  estuaries	  (Calbet	  and	  Landry	  2004,	  York	  et	  al.	  2011).	  Thus,	  the	  
production	  actually	  available	  for	  consumption	  by	  mesozooplankton,	  and	  for	  export,	  is	  
considerably	  lower	  than	  would	  be	  expected	  from	  estimates	  of	  primary	  production.	  
For	  zooplankton	  the	  magnitude	  and	  direction	  of	  the	  flux	  depends	  on	  behavior	  and	  on	  size-‐	  
and	  taxon-‐specific	  patterns	  of	  mortality.	  	  In	  particular,	  visual	  predation	  by	  fish	  can	  exert	  
strong	  control	  on	  the	  size	  distributions,	  and	  therefore	  species	  distributions,	  of	  zooplankton	  
(Brooks	  and	  Dodson	  1965).	  	  Vertical	  movements	  of	  zooplankton	  and	  hatching	  or	  
settlement	  of	  larvae	  can	  lead	  to	  spatial	  patterns	  of	  abundance	  that	  do	  not	  reflect	  tidal	  
transport	  (Houser	  and	  Allen	  1996).	  Consumption	  of	  zooplankton	  by	  small	  fish	  that	  seek	  
food	  and	  shelter	  in	  shallow	  areas	  can	  reduce	  zooplankton	  abundance	  near	  shore,	  and	  shift	  
the	  size	  distribution	  toward	  smaller	  forms,	  in	  lakes	  (Brucet	  et	  al.	  2005,	  2010),	  lagoons	  
(Badosa	  et	  al.	  2007),	  and	  marshes	  (Cooper	  et	  al.	  2012).	  	  The	  outcome	  can	  be	  net	  fluxes	  into	  
shallow	  areas	  (Carlson	  1978,	  Kimmerer	  and	  McKinnon	  1989),	  and	  marshes	  can	  be	  
simultaneously	  sinks	  for	  copepods	  and	  areas	  of	  aggregation	  for	  bottom-‐oriented	  larvae	  
(Mazumder	  et	  al.	  2009).	  	  	  

Thus,	  marshes	  may	  act	  either	  as	  net	  sources	  or	  sinks	  for	  plankton	  in	  the	  adjacent	  waters,	  
depending	  on	  the	  availability	  of	  habitat	  for	  small	  fish	  and	  the	  degree	  of	  colonization	  by	  
benthic	  grazers	  such	  as	  clams.	  	  The	  exact	  details	  of	  the	  exchange	  processes	  depend	  on	  the	  
physical	  configuration	  of	  the	  marsh	  including	  permanence	  of	  inundation	  (Brucet	  et	  al.	  
2005),	  residence	  time	  of	  the	  water	  (Lucas	  and	  Thompson	  2012),	  and	  the	  biological	  
composition,	  i.e.,	  the	  kinds	  and	  abundance	  of	  producers	  and	  consumers	  within	  the	  marsh	  
including	  transient	  organisms	  (Kneib	  1997).	  	  If	  the	  excess	  organic	  matter	  is	  being	  
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transported	  by	  fish	  as	  in	  some	  east	  coast	  marshes	  (Kneib	  1997),	  little	  benefit	  would	  accrue	  
to	  planktivorous	  fish	  in	  the	  open	  waters	  such	  as	  the	  smelts.	  
Few	  of	  these	  aspects	  have	  been	  examined	  in	  marshes	  of	  the	  San	  Francisco	  Estuary.	  	  Long-‐
term	  studies	  of	  Suisun	  Marsh	  have	  revealed	  a	  lot	  about	  fish	  assemblages	  (e.g.,	  Matern	  et	  al.	  
2002,	  Feyrer	  et	  al.	  2003)	  and	  medusae	  and	  some	  zooplankton	  (Wintzer	  et	  al.	  2011,	  Meek	  et	  
al.	  2013),	  and	  some	  detailed	  studies	  of	  exchange	  processes	  have	  been	  undertaken	  
(Culberson	  et	  al.2004).	  	  Zooplankton	  abundance	  is	  highest	  in	  small	  sloughs	  of	  long	  
residence	  time	  (P.	  Moyle,	  UC	  Davis,	  personal	  communication).	  

Foodwebs	  in	  diverse	  marshes	  of	  the	  San	  Francisco	  Estuary	  are	  supported	  more	  by	  local	  
plant	  production	  than	  by	  estuarine	  phytoplankton	  (Howe	  and	  Simenstad	  2007,	  2011).	  	  This	  
implies	  a	  division	  of	  organic-‐matter	  sources	  between	  those	  supporting	  littoral	  and	  marsh	  
foodwebs	  and	  those	  supporting	  pelagic	  foodwebs	  (Grimaldo	  et	  al.	  2009).	  
Lehman	  et	  al.	  (2010)	  estimated	  the	  fluxes	  of	  various	  substances	  in	  and	  out	  of	  Liberty	  
Island,	  a	  flooded	  island	  in	  the	  Cache	  Slough	  complex	  in	  the	  northern	  Delta.	  	  They	  found	  	  
large	  seasonal	  shifts	  in	  the	  magnitude	  and	  direction	  of	  fluxes.	  	  In	  particular,	  seasonal	  
chlorophyll	  flux	  was	  into	  Liberty	  Island	  	  in	  spring	  and	  out	  in	  fall,	  based	  on	  point	  
measurements,	  and	  into	  the	  island	  in	  all	  seasons	  but	  more	  so	  in	  spring	  and	  summer,	  based	  
on	  the	  continuous	  measurements.	  	  Fluxes	  of	  copepods	  were	  out	  during	  spring	  and	  fall,	  and	  
in	  during	  summer,	  based	  on	  a	  total	  of	  six	  sampling	  days.	  	  Although	  Lehman	  et	  al.	  (2010)	  
linked	  fluxes	  into	  Liberty	  Island	  with	  storage	  within	  the	  island,	  it	  was	  equally	  likely	  to	  have	  
been	  a	  function	  of	  consumption,	  particularly	  since	  high	  inward	  fluxes	  of	  chlorophyll	  and	  
zooplankton	  occurred	  in	  summer	  when	  biological	  activity	  would	  have	  been	  high.	  	  	  

A	  few	  other	  marshes	  and	  restoration	  sites	  in	  the	  estuary	  have	  been	  investigated	  for	  their	  
potential	  links	  to	  open	  waters.	  	  The	  South	  Bay	  Salt	  Ponds,	  which	  began	  to	  be	  reconnected	  to	  
the	  tidal	  action	  of	  the	  Bay	  in	  2006,	  are	  highly	  productive	  and	  may	  export	  organic	  matter	  to	  
nearby	  estuarine	  waters	  (Thebault	  et	  al.	  2008).	  	  A	  marsh	  at	  China	  Camp	  in	  San	  Pablo	  Bay	  
was	  a	  net	  sink	  for	  mysids,	  probably	  through	  predation	  within	  the	  marsh	  (Dean	  et	  al.	  2005).	  	  	  

Calculated	  subsidies	  

Here	  we	  assume	  that	  the	  restored	  areas	  will	  actually	  produce	  an	  excess	  of	  phytoplankton	  
or	  zooplankton	  over	  adjacent	  waters,	  and	  ask	  what	  additional	  level	  of	  food	  availability	  to	  
the	  smelt	  would	  result.	  	  This	  is	  based	  on	  a	  very	  simple	  model	  using	  data	  from	  IEP	  
monitoring,	  described	  in	  detail	  in	  Appendix	  E	  (See	  Figure	  7.2).	  	  	  The	  basis	  of	  this	  model	  is	  to	  
calculate	  the	  subsidy	  based	  on	  high	  levels	  of	  biomass	  and	  growth	  rate	  in	  a	  2500-‐acre	  marsh	  
that	  is	  closely	  connected	  to	  smelt	  habitat	  and	  has	  an	  optimum	  rate	  of	  exchange	  with	  the	  
open	  water.	  	  We	  assume	  smelt	  habitat	  is	  represented	  by	  the	  Low-‐Salinity	  Zone	  (LSZ),	  which	  
has	  a	  volume	  of	  about	  0.5	  km3.	  	  	  

A	  subsidy	  is	  maximized	  by	  a	  large	  marsh	  close	  to	  the	  smelt	  habitat,	  with	  tidal	  exchange	  
close	  to	  but	  not	  above	  the	  net	  population	  growth	  rate	  of	  the	  plankton	  (Figure	  7.3).	  	  The	  
subsidy	  is	  degraded	  or	  even	  reversed	  by	  consumption	  (clams,	  planktivorous	  fish)	  within	  
the	  marsh.	  	  Water	  depth	  may	  have	  a	  positive	  or	  negative	  effect	  on	  the	  subsidy.	  	  	  
The	  simple	  model	  in	  Appendix	  E	  shows	  that	  under	  an	  extremely	  favorable	  set	  of	  conditions	  
both	  within	  and	  outside	  of	  the	  marsh,	  a	  modest	  subsidy	  of	  phytoplankton	  is	  possible.	  	  
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Phytoplankton	  input	  to	  the	  LSZ	  could	  amount	  to	  16%/day,	  or	  about	  half	  of	  the	  daily	  net	  
production	  in	  the	  LSZ.	  	  However,	  smelt	  species	  do	  not	  eat	  phytoplankton,	  and	  the	  
conversion	  of	  phytoplankton	  to	  zooplankton	  depends	  on	  factors	  in	  the	  open	  water	  such	  as	  
grazing.	  	  	  The	  direct	  subsidy	  of	  zooplankton	  would	  be	  about	  3%/day,	  also	  under	  
unrealistically	  ideal	  conditions.	  	  Although	  this	  is	  not	  negligible,	  any	  reduction	  in	  this	  value	  
would	  effectively	  eliminate	  the	  subsidy	  to	  open	  water.	  

	  
Figure	  7.2.	  	  Schematic	  diagram	  of	  a	  subsidy	  of	  zooplankton	  (yellow	  circles)	  from	  a	  restored	  
tidal	  marsh	  or	  other	  shallow	  area	  to	  an	  existing	  estuarine	  area.	  	  Zooplankton	  move	  by	  
dispersion	  (double-‐sided	  arrows)	  between	  the	  restored	  and	  existing	  areas,	  and	  within	  the	  
existing	  area	  from	  the	  outlet	  of	  the	  restored	  area	  to	  other	  regions	  of	  the	  estuary	  including	  
smelt	  habitat.	  	  Advection	  may	  alter	  the	  flow	  of	  zooplankton,	  for	  example,	  if	  the	  restored	  area	  
is	  on	  a	  creek	  that	  produces	  a	  net	  flow	  into	  the	  existing	  area.	  

	  

Zooplankton	  export	  from	  Suisun	  Marsh	  

One	  of	  the	  proposed	  restoration	  areas	  is	  in	  the	  northern	  end	  of	  Suisun	  Marsh.	  	  We	  
estimated	  the	  subsidy	  of	  copepods	  to	  the	  LSZ	  from	  this	  region	  using	  IEP	  monitoring	  data	  
and	  using	  a	  particle-‐tracking	  model	  to	  estimate	  exchange	  rate	  (Appendix	  E).	  	  If	  the	  
copepods	  behaved	  as	  passive	  particles,	  this	  subsidy	  would	  amount	  to	  about	  2%/d	  of	  the	  
population	  in	  the	  LSZ.	  	  This	  is	  unlikely	  to	  produce	  a	  noticeable	  increase	  in	  copepod	  
biomass,	  as	  their	  potential	  population	  growth	  rates	  are	  on	  the	  order	  of	  10%/d.	  However,	  
particles	  that	  migrate	  to	  the	  bottom	  tidally	  or	  remain	  near	  the	  bottom,	  as	  most	  zooplankton	  
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do	  in	  the	  estuary	  (Kimmerer	  et	  al.	  2002),	  were	  essentially	  trapped	  within	  the	  northern	  
marsh.	  	  Behavioral	  responses	  to	  tidal	  currents,	  consumption	  within	  the	  marsh,	  the	  distance	  
from	  the	  mouth	  of	  the	  marsh	  to	  the	  habitat	  of	  the	  smelts,	  and	  the	  operations	  of	  the	  salinity	  
control	  gate	  on	  Montezuma	  Slough	  would	  all	  reduce	  or	  even	  eliminate	  this	  subsidy.	  
The	  real	  world	  

Several	  features	  of	  the	  actual	  restoration	  site	  would	  alter	  the	  subsidy	  to	  open	  waters	  from	  
the	  analyses	  above.	  	  First,	  the	  enlarged	  restoration	  area	  will	  alter	  the	  tidal	  prism	  and	  
therefore	  the	  exchange	  rate.	  	  The	  proposed	  restoration	  for	  Suisun	  Marsh	  would	  increase	  
the	  inundated	  area	  2-‐3-‐fold,	  with	  a	  corresponding	  increase	  in	  tidal	  currents.	  	  Since	  most	  of	  
the	  exchange	  will	  be	  mediated	  by	  tides,	  this	  could	  substantially	  increase	  the	  exchange	  rate.	  	  
Whether	  this	  would	  increase	  or	  decrease	  the	  subsidy	  would	  depend	  on	  the	  net	  population	  
growth	  rate	  achieved	  in	  the	  marsh	  in	  relation	  to	  the	  exchange	  rate.	  Resolving	  the	  change	  in	  
residence	  time	  would	  require	  a	  3D	  model	  with	  very	  accurate	  bathymetry	  throughout	  the	  
region.	  	  It	  is	  impossible	  to	  tell	  with	  available	  information	  whether	  the	  stronger	  tidal	  
connections	  would	  result	  in	  a	  greater	  subsidy	  from	  Suisun	  Marsh,	  or	  whether	  this	  would	  be	  
offset	  by	  zooplankton	  behavior	  or	  by	  consumption	  within	  the	  marsh.	  	  Such	  calculations	  
could	  be	  done	  using	  a	  hydrodynamic	  and	  particle	  tracking	  model	  and	  some	  reasonable	  
assumptions	  about	  zooplankton	  behavior.	  
The	  BDCP	  documents	  acknowledge	  (but	  then	  mostly	  ignore)	  that	  grazing	  by	  clams	  that	  
settle	  in	  or	  near	  restored	  subtidal	  areas	  may	  remove	  all	  or	  most	  of	  the	  phytoplankton	  
production	  and	  some	  of	  the	  zooplankton.	  	  Grazing	  by	  clams	  and	  zooplankton	  (including	  
microzooplankton)	  removed	  all	  of	  the	  phytoplankton	  production	  in	  the	  LSZ	  nearly	  all	  the	  
time	  from	  late	  spring	  through	  fall	  during	  1988	  –	  2008	  (Kimmerer	  and	  Thompson	  
submitted.).	  	  Whether	  clams	  settle	  in	  the	  newly	  restored	  areas	  is	  critical	  in	  determining	  
whether	  the	  area	  can	  export	  any	  phytoplankton	  (Lucas	  and	  Thompson	  2012).	  At	  present	  
clams	  are	  not	  abundant	  in	  Suisun	  Marsh	  except	  for	  the	  larger	  Suisun	  and	  Montezuma	  
Sloughs,	  where	  they	  probably	  remove	  a	  substantial	  fraction	  of	  the	  phytoplankton	  and	  small	  
zooplankton	  that	  would	  otherwise	  enter	  Grizzly	  Bay.	  
Zooplankton	  organisms	  are	  not	  passive,	  and	  undergo	  tidal	  migrations	  in	  Suisun	  Bay	  
(Kimmerer	  et	  al.	  1998,	  2002).	  	  It	  is	  very	  likely	  that	  they	  will	  do	  so	  also	  in	  marsh	  channels,	  
which	  would	  greatly	  lengthen	  the	  residence	  time	  for	  copepods	  produced	  in	  the	  marsh,	  
particularly	  in	  the	  far	  northern	  area	  of	  Suisun	  Marsh.	  	  	  In	  addition,	  several	  studies	  have	  
shown	  that	  zooplankton	  organisms	  may	  also	  be	  consumed	  by	  various	  planktivorous	  fish	  
within	  a	  marsh,	  resulting	  in	  a	  net	  flux	  of	  zooplankton	  into	  the	  marsh	  (see	  literature	  review	  
above).	  	  

Finally,	  some	  of	  the	  proposed	  restoration	  sites	  are	  far	  from	  the	  centers	  of	  distribution	  of	  
delta	  and	  longfin	  smelt.	  	  Travel	  times	  from	  these	  sites	  to	  where	  the	  fish	  are	  may	  be	  on	  the	  
order	  of	  weeks	  to	  months	  in	  the	  dry	  season	  or	  when	  the	  North	  Delta	  diversions	  are	  
operating	  (Kimmerer	  and	  Nobriga	  2008).	  	  A	  plankton	  population	  can	  double	  or	  halve	  its	  
biomass	  in	  a	  few	  days	  depending	  on	  local	  food	  supply	  and	  predation.	  	  Thus,	  any	  export	  of	  
zooplankton	  from	  a	  restored	  area	  should	  be	  assumed	  to	  subsidize	  only	  the	  local	  area.	  
All	  of	  these	  considerations	  are	  based	  on	  rather	  crude	  models	  of	  exchange	  and	  population	  
processes.	  	  That	  is	  appropriate	  given	  the	  level	  of	  specificity	  of	  the	  BDCP	  design.	  	  
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Nevertheless,	  this	  analysis	  raises	  significant	  questions	  about	  the	  putative	  subsidy	  from	  
restored	  areas	  to	  estuarine	  foodwebs.	  	  To	  address	  this	  uncertainty,	  long	  before	  any	  actual	  
restoration	  takes	  place	  a	  program	  of	  analysis,	  modeling,	  and	  experimental	  restoration	  
should	  be	  undertaken.	  	  

Likely	  use	  of	  restored	  areas	  
Like	  other	  fish,	  smelt	  use	  a	  variety	  of	  habitats	  and	  appear	  to	  explore	  their	  environment	  to	  
find	  suitable	  places	  for	  spawning,	  growth,	  and	  development.	  	  As	  pelagic	  fish,	  their	  principal	  
habitat	  is	  open	  waters	  of	  the	  estuary,	  either	  in	  freshwater	  during	  the	  larval	  to	  early	  juvenile	  
stages	  in	  spring	  to	  early	  summer,	  or	  in	  the	  low-‐salinity	  zone	  until	  winter.	  	  The	  low-‐salinity	  
zone	  during	  summer-‐fall	  is	  generally	  in	  the	  western	  Delta	  and	  Suisun	  Bay,	  including	  the	  
channels	  of	  Suisun	  Marsh.	  	  Delta	  smelt	  appear	  to	  be	  surface-‐oriented,	  which	  would	  allow	  
them	  access	  to	  shallow	  areas	  (Aasen	  1999).	  
The	  fundamental	  problem	  for	  both	  smelt	  species	  in	  the	  open-‐water,	  brackish	  regions	  of	  the	  
estuary	  is	  the	  low	  food	  supply	  (discussed	  above)	  and	  possibly	  also	  the	  decreasing	  turbidity	  
(Kimmerer	  2004).	  	  Those	  trends	  may	  be	  difficult	  to	  reverse,	  spelling	  trouble	  ahead	  for	  the	  
smelts.	  	  However,	  in	  recent	  years	  some	  proportion	  of	  the	  delta	  smelt	  population	  has	  
remained	  in	  freshwater	  in	  the	  Cache	  Slough	  complex,	  despite	  high	  temperature	  there	  
(Sommer	  and	  Mejia	  2013).	  	  This	  may	  provide	  an	  alternative	  habitat	  in	  which	  the	  smelt	  
population	  can	  either	  avoid	  poor	  conditions	  in	  the	  LSZ,	  or	  hedge	  its	  bets	  on	  future	  
conditions.	  	  Longfin	  smelt	  are	  apparently	  not	  very	  abundant	  in	  Cache	  Slough.	  
Delta	  and	  longfin	  smelt	  have	  been	  collected	  in	  the	  Suisun	  Marsh	  fish	  survey	  (Matern	  et	  al.	  
2002).	  	  Delta	  smelt	  are	  not	  common	  in	  Suisun	  Marsh	  during	  summer-‐fall	  but	  were	  formerly	  
common	  in	  winter	  to	  early	  spring	  (Matern	  et	  al.	  2002)	  when	  the	  fish	  are	  migrating	  and	  
spawning.	  	  About	  0.7%	  of	  3291	  otter	  trawl	  samples	  from	  the	  Suisun	  Marsh	  survey	  during	  
May-‐October	  of	  1982	  –	  2009	  and	  about	  3%	  of	  3320	  samples	  during	  November	  –	  April	  
contained	  delta	  smelt,	  mostly	  maturing	  juveniles	  and	  adults.	  	  The	  low	  catches	  in	  summer	  
were	  not	  due	  to	  small	  size	  of	  the	  fish,	  since	  young-‐of-‐the-‐year	  longfin	  smelt	  of	  the	  same	  size	  
range	  were	  captured	  frequently	  in	  that	  program.	  	  Temperature	  in	  the	  larger	  sloughs	  is	  
~1°C	  higher	  than	  in	  Grizzly	  Bay	  in	  July	  and	  August,	  based	  on	  IEP	  and	  UC	  Davis	  monitoring	  
data,	  but	  if	  smelt	  avoid	  the	  warmer	  water	  in	  summer	  it	  does	  not	  explain	  the	  low	  catches	  for	  
all	  of	  May-‐October.	  	  Longfin	  smelt	  are	  much	  more	  abundant	  in	  the	  Suisun	  Marsh	  channels	  
than	  delta	  smelt,	  occurring	  in	  8%	  of	  samples	  in	  May-‐October	  and	  12%	  of	  samples	  in	  
November-‐April	  with	  no	  obvious	  differences	  among	  the	  various	  sloughs.	  
The	  20mm	  survey	  catches	  smelts	  during	  spring-‐summer	  in	  Montezuma	  Slough	  in	  Suisun	  
Marsh	  and	  in	  central	  Suisun	  Bay	  including	  one	  station	  in	  Grizzly	  Bay	  near	  the	  major	  
western	  entrance	  to	  the	  marsh.	  	  A	  graphical	  comparison	  of	  catch	  per	  trawl	  in	  these	  
locations	  did	  not	  reveal	  a	  consistent	  difference	  for	  either	  species.	  	  A	  similar	  comparison	  of	  
catch	  per	  trawl	  between	  Montezuma	  Slough	  and	  Grizzly	  Bay	  in	  the	  Fall	  Midwater	  Trawl	  
survey	  also	  did	  not	  reveal	  a	  consistent	  difference,	  except	  that	  delta	  smelt	  were	  somewhat	  
less	  abundant	  in	  the	  slough	  than	  in	  Grizzly	  Bay	  during	  September.	  	  Thus,	  it	  appears	  delta	  
and	  longfin	  smelt	  are	  roughly	  as	  abundant	  in	  the	  larger	  sloughs	  of	  Suisun	  Marsh	  as	  in	  the	  
open	  water	  of	  the	  estuary.	  
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The	  key	  question	  for	  this	  aspect	  of	  restoration	  is	  whether	  additional	  physical	  habitat	  would	  
result	  in	  larger	  populations	  of	  smelt.	  	  Abundance	  of	  delta	  smelt	  is	  related	  to	  an	  index	  of	  
habitat	  availability	  based	  on	  salinity	  and	  turbidity	  (Feyrer	  et	  al.	  2007,	  2011,	  Nobriga	  et	  al.	  
2008).	  	  	  However,	  the	  size	  of	  the	  LSZ	  (volume	  or	  area)	  does	  not	  seem	  to	  be	  strongly	  related	  
to	  the	  abundance	  of	  either	  smelt	  species	  (Kimmerer	  et	  al.	  2009,	  in	  press).	  	  This	  may	  be	  
because	  the	  LSZ	  is	  a	  contiguous	  stretch	  of	  water	  whose	  physical	  features	  are	  ephemeral,	  
and	  the	  fish	  can	  move	  around	  readily	  within	  that	  region.	  	  In	  contrast,	  shallow	  tidal	  areas	  
may	  offer	  enough	  physical	  structure	  to	  provide	  a	  wealth	  of	  sub-‐habitats	  with	  variable	  
conditions.	  	  In	  that	  case,	  having	  more	  habitat	  area	  could	  lead	  to	  a	  greater	  abundance	  of	  fish.	  	  
Note	  that	  a	  relationship	  between	  the	  quantity	  of	  habitat	  and	  the	  size	  of	  a	  fish	  population	  
need	  not	  rely	  on	  a	  density-‐dependent	  relationship	  between	  habitat	  and	  the	  survival	  or	  
reproduction	  of	  individual	  fish,	  which	  seems	  unlikely	  for	  delta	  smelt	  at	  current	  population	  
levels.	  	  	  

Thus,	  we	  are	  cautiously	  optimistic	  that	  restoration	  of	  habitat	  may	  result	  in	  colonization	  and	  
subsequent	  population	  expansion	  of	  delta	  smelt	  in	  the	  Cache	  Slough	  area	  including	  the	  
Sacramento	  Ship	  Channel	  (Moyle	  2008,	  Sommer	  and	  Mejia	  2013).	  	  Longfin	  smelt	  seem	  
unlikely	  to	  benefit	  from	  this.	  	  We	  cannot	  determine	  whether	  either	  species	  would	  benefit	  
from	  similar	  restoration	  in	  the	  Suisun	  Marsh	  or	  the	  western	  Delta.	  	  The	  other	  restoration	  
sites	  are	  too	  remote	  from	  the	  current	  population	  centers	  to	  offer	  much	  reason	  for	  optimism	  
about	  their	  colonization	  by	  either	  smelt	  species.	  	  

Floodplain	  	  
The	  BDCP	  proposes	  to	  alter	  the	  Fremont	  Weir	  at	  the	  upstream	  end	  of	  the	  Yolo	  Bypass	  so	  
that	  the	  Bypass	  would	  flood	  at	  lower	  stages	  of	  the	  Sacramento	  River.	  	  We	  consider	  here	  
only	  the	  likely	  effects	  on	  the	  smelt	  species.	  	  	  

Review	  of	  conceptual	  basis	  
Although	  the	  smelt	  species	  do	  not	  use	  floodplain	  as	  habitat,	  elevated	  production	  of	  
plankton	  on	  the	  floodplain	  may	  provide	  a	  subsidy	  to	  smelt	  habitat.	  	  This	  situation	  differs	  
slightly	  from	  that	  of	  the	  potential	  subsidy	  from	  marshes	  discussed	  above.	  	  First,	  the	  
floodplain	  is	  a	  flow-‐through	  system	  so	  that	  increased	  biomass	  of	  plankton	  will	  be	  
transported	  by	  the	  mean,	  river-‐derived	  flow	  rather	  than	  by	  tidal	  flow.	  	  Second,	  residence	  
time	  on	  a	  floodplain	  varies	  with	  flow	  conditions,	  from	  hours	  to	  a	  few	  days	  under	  high-‐flow	  
conditions	  to	  effectively	  infinite	  in	  ponds	  remaining	  after	  the	  floodplain	  stops	  draining.	  	  	  

Analysis	  of	  components	  
Apart	  from	  its	  suitability	  as	  habitat	  for	  fish	  and	  other	  species,	  the	  Yolo	  Bypass	  may	  also	  
support	  foodwebs	  within	  the	  estuary.	  	  The	  mechanism	  for	  this	  would	  be	  higher	  
phytoplankton	  and	  zooplankton	  production	  because	  of	  shallow	  depth	  and	  better	  light	  
penetration	  than	  in	  river	  channels,	  as	  well	  as	  higher	  temperature	  (Lehman	  et	  al.	  2007).	  	  
Whether	  this	  translates	  to	  zooplankton	  is	  uncertain;	  zooplankton	  abundance	  on	  the	  Bypass	  
was	  similar	  to	  that	  in	  the	  Sacramento	  River	  during	  1998-‐2001	  (Sommer	  et	  al.	  2004).	  
Plankton	  biomass	  on	  a	  floodplain	  may	  increase	  late	  in	  the	  season	  as	  residence	  time	  
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increases	  and	  fish	  switch	  to	  larger	  prey	  (Grozholz	  and	  Gallo	  2006),	  but	  that	  was	  not	  
observed	  on	  the	  Yolo	  Bypass	  in	  most	  years	  (Sommer	  et	  al.	  2004).	  

At	  very	  high	  flows	  residence	  time	  on	  the	  Bypass	  is	  probably	  too	  short	  to	  allow	  for	  a	  buildup	  
of	  biomass,	  while	  at	  lower	  flows	  such	  a	  buildup	  may	  occur	  but	  the	  rate	  of	  export	  may	  be	  
low	  (Schemel	  et	  al.	  2004).	  	  This	  implies	  that,	  as	  with	  tidal	  exchange	  in	  marshes	  (Figure	  7.3),	  
there	  is	  an	  intermediate	  range	  of	  flow	  that	  maximizes	  export	  of	  plankton.	  

A	  subsidy	  from	  the	  Yolo	  Bypass	  may	  be	  more	  or	  less	  direct	  to	  delta	  smelt	  habitat,	  notably	  in	  
the	  Cache	  Slough	  complex	  at	  the	  southern	  end	  of	  the	  Bypass.	  	  In	  addition,	  it	  may	  subsidize	  
the	  low-‐salinity	  habitat	  used	  by	  both	  smelt	  species	  in	  late	  spring	  through	  fall.	  	  	  	  

In	  Appendix	  F	  we	  examine	  the	  evidence	  for	  a	  subsidy	  of	  zooplankton	  to	  the	  open	  water	  of	  
the	  estuary	  under	  the	  current	  configuration	  using	  existing	  zooplankton	  data.	  	  	  We	  do	  not	  
actually	  calculate	  the	  magnitude	  of	  the	  subsidy,	  since	  several	  factors	  would	  intervene	  to	  
alter	  conditions.	  	  In	  particular,	  the	  Bypass	  could	  be	  flooded	  later	  in	  the	  year	  than	  is	  now	  the	  
case,	  and	  the	  greater	  light	  penetration	  and	  higher	  temperature	  would	  provide	  for	  greater	  
plankton	  production	  than	  now	  occurs.	  	  Furthermore,	  Bypass	  flow	  would	  represent	  a	  
greater	  proportion	  of	  total	  inflow	  to	  the	  Delta	  later	  in	  the	  year,	  resulting	  in	  less	  dilution	  of	  
the	  plankton	  coming	  off	  the	  Bypass.	  
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Figure	  7.3.	  	  Relative	  magnitude	  of	  phytoplankton	  flux	  from	  a	  tidal	  marsh	  as	  a	  function	  of	  
exchange	  rate,	  scaled	  to	  the	  growth	  rate	  of	  the	  phytoplankton.	  The	  model	  is	  based	  on	  a	  
balance	  among	  import	  of	  nutrients	  to	  the	  marsh,	  uptake	  of	  nutrients	  to	  support	  growth	  of	  
phytoplankton,	  and	  export	  of	  phytoplankton.	  	  All	  nutrient	  uptake	  is	  by	  phytoplankton,	  there	  
is	  no	  consumption,	  and	  the	  phytoplankton	  concentration	  in	  the	  receiving	  water	  is	  zero.	  
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Our	  analysis	  shows	  no	  evidence	  that	  the	  open	  waters	  of	  the	  estuary	  receive	  a	  detectable	  
subsidy	  of	  phytoplankton	  or	  zooplankton.	  	  If	  anything,	  plankton	  abundance	  is	  inversely	  
related	  to	  Yolo	  Bypass	  flow,	  either	  during	  the	  month	  of	  sampling	  between	  flow	  during	  the	  
winter	  and	  zooplankton	  abundance	  in	  the	  following	  summer.	  	  	  

Conclusions	  
There	  are	  many	  reasons	  for	  restoring	  physical	  habitat	  in	  the	  Delta	  and	  Suisun	  Marsh,	  and	  a	  
host	  of	  species	  that	  are	  likely	  to	  benefit.	  	  Among	  the	  listed	  fish	  species,	  young	  salmon	  use	  
marsh	  and	  floodplain	  during	  residence,	  salutatory	  downstream	  movement,	  and	  active	  
migration.	  	  However,	  it	  is	  unclear	  whether	  conditions	  in	  the	  Delta	  have	  a	  substantial	  role	  in	  
the	  population	  dynamics	  of	  salmon,	  and	  therefore	  we	  have	  elected	  to	  focus	  on	  the	  smelt	  
species,	  for	  which	  the	  Delta	  is	  a	  key	  part	  of	  home	  (Sommer	  and	  Mejia	  2013).	  

The	  BDCP	  is	  overly	  optimistic	  about	  the	  potential	  benefits	  to	  delta	  and	  longfin	  smelt	  of	  
physical	  habitat	  restoration.	  	  	  Longfin	  smelt	  do	  not	  appear	  to	  use	  marshes	  as	  habitat	  to	  any	  
great	  extent.	  	  Delta	  smelt	  are	  also	  considered	  pelagic	  but	  their	  persistent	  abundance	  in	  the	  
Cache	  Slough	  complex,	  and	  greater	  abundance	  in	  shallow	  rather	  than	  deep	  water,	  suggests	  
some	  potential	  benefit	  to	  their	  population	  of	  expanded	  marsh	  in	  that	  area.	  	  The	  magnitude	  
of	  this	  benefit	  is	  impossible	  to	  predict,	  as	  is	  the	  degree	  to	  which	  marsh	  and	  floodplain	  
restoration	  might	  cause	  an	  increase,	  or	  reverse	  the	  decline,	  in	  the	  delta	  smelt	  population.	  	  
Under	  these	  conditions	  it	  is	  premature	  to	  assert	  that	  the	  restoration	  activity	  will	  have	  such	  
an	  effect,	  until	  studies	  including	  pilot	  projects	  and	  even	  some	  smaller	  full-‐scale	  restoration	  
projects	  can	  show	  whether	  an	  effect	  is	  to	  be	  expected.	  

The	  idea	  that	  restored	  marsh	  and	  floodplain	  will	  export	  substantial	  amounts	  of	  
zooplankton	  to	  the	  open	  waters	  of	  the	  estuary	  is	  not	  tenable.	  	  The	  ecology	  of	  shallow	  
waters	  suggests	  that	  shallow	  areas	  are	  more	  likely	  to	  be	  sinks	  for	  zooplankton.	  	  Even	  if	  they	  
were	  sources,	  simple	  mass-‐balance	  considerations	  indicate	  that	  the	  resulting	  export	  would	  
produce	  at	  most	  a	  small	  enhancement	  of	  extant	  zooplankton	  of	  the	  open	  waters.	  	  	  This	  idea	  
should	  be	  dropped	  from	  discussions	  of	  BDCP,	  although	  experimental	  work	  should	  press	  
ahead	  to	  determine	  under	  what	  conditions	  marsh	  habitats	  could	  be	  sources	  of	  significant	  
food	  for	  delta	  and	  longfin	  smelt	  in	  the	  open	  waters.	  
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Chapter	  8:	  Regulatory	  Oversight	  and	  
Assurances	  
Introduction	  
The	  previous	  chapters	  have	  demonstrated	  the	  relatively	  high	  uncertainties	  
associated	  with	  proposed	  conservation	  actions	  in	  BDCP.	  These	  uncertainties	  will	  
likely	  result	  in	  the	  need	  to	  change	  Plan	  goals	  and	  objectives	  in	  the	  future,	  along	  with	  
the	  prescribed	  conservation	  measures	  to	  address	  them.	  	  	  

This	  chapter	  addresses	  the	  question	  whether	  the	  draft	  Bay	  Delta	  Conservation	  Plan	  
includes	  governance	  policies	  that	  are	  “transparent	  and	  resilient	  to	  political	  and	  
special	  interest	  influence.”	  	  We	  divide	  our	  analysis	  into	  two	  parts:	  (1)	  analysis	  of	  the	  
regulatory	  oversight	  of	  plan	  implementation	  and	  adaptive	  management;	  and	  (2)	  
evaluation	  of	  the	  regulatory	  assurances	  and	  proposed	  50-‐year	  “no	  surprises”	  
guarantee.	  	  

Regulatory	  Oversight	  

Introduction	  
The	  draft	  BDCP	  vests	  primary	  responsibility	  for	  implementing	  the	  Plan	  in	  a	  Program	  
Manager,	  who	  shall	  “ensure	  that	  the	  BDCP	  is	  properly	  implemented	  throughout	  the	  
duration	  of	  the	  Plan”	  (BDCP	  7-‐2).	  	  The	  Program	  Manager’s	  authority	  is	  broad	  and	  
includes	  protection	  and	  restoration	  of	  habitat,	  reduction	  of	  ecological	  stressors,	  
management	  of	  conserved	  habitat,	  coordinated	  operation	  of	  the	  CVP	  and	  SWP,	  and	  
development	  of	  the	  new	  facilities	  authorized	  by	  the	  Plan	  (BDCP	  7-‐3).1	  	  

The	  Program	  Manager’s	  implementation	  of	  the	  BDCP	  is	  subject	  to	  oversight	  by	  the	  
Authorized	  Entity	  Group,	  which	  will	  be	  comprised	  of	  the	  Director	  of	  the	  California	  
Department	  of	  Water	  Resources	  as	  operator	  of	  the	  SWP,	  the	  Regional	  Director	  of	  the	  
U.S.	  Bureau	  of	  Reclamation	  as	  operator	  of	  the	  CVP,	  and	  one	  representative	  each	  of	  
the	  CVP	  and	  SWP	  contractors	  if	  the	  contractors	  are	  issued	  permits	  under	  the	  Plan	  
(BDCP	  7-‐8).2	  	  The	  BDCP	  also	  covers	  certain	  diversions	  of	  water	  that	  are	  not	  part	  of	  
CVP	  or	  SWP	  operations	  and	  recognizes	  that	  these	  water	  supply	  operators	  may	  seek	  
incidental	  take	  permits	  under	  the	  terms	  and	  conditions	  of	  the	  BDCP.	  	  If	  this	  occurs,	  
these	  water	  projects	  would	  become	  Authorized	  Entities,	  but	  would	  not	  be	  members	  
of	  the	  Authorized	  Entity	  Group	  (BDCP	  7-‐8).	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  	   The	  Program	  Manager	  also	  will	  have	  responsibility	  over	  the	  Implementation	  Office,	  which	  will	  assist	  
the	  Program	  Manager	  in	  all	  aspects	  of	  implementation	  of	  the	  Plan,	  BDCP	  7-‐4	  to	  7-‐5,	  and	  the	  Science	  Manager	  and	  
Adaptive	  Management	  Team	  as	  described	  in	  Chapter	  9	  of	  this	  report.	  
2	  	   	  A	  question	  has	  arisen	  whether	  the	  fish	  and	  wildlife	  agencies	  legally	  may	  grant	  incidental	  take	  permits	  
to	  the	  CVP	  and	  SWP	  contractors	  under	  the	  federal	  Endangered	  Species	  Act	  and	  the	  California	  Natural	  
Community	  Conservation	  Planning	  Act.	  	  We	  address	  this	  question	  in	  the	  Appendix	  G.	  	  
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The	  Authorized	  Entity	  Group’s	  authority	  over	  the	  BDCP	  also	  is	  broad	  and	  
multifaceted.	  	  The	  draft	  BDCP	  states:	  	  

The	  Authorized	  Entity	  Group	  will	  provide	  oversight	  and	  direction	  to	  the	  
Program	  Manager	  on	  matters	  concerning	  the	  implementation	  of	  the	  BDCP,	  
provide	  input	  and	  guidance	  on	  general	  policy	  and	  program-‐related	  matters,	  
monitor	  and	  assess	  the	  effectiveness	  of	  the	  Implementation	  Office	  in	  
implementing	  the	  Plan,	  and	  foster	  and	  maintain	  collaborative	  and	  
constructive	  relationships	  with	  the	  State	  and	  federal	  fish	  and	  wildlife	  
agencies,	  other	  public	  agencies,	  stakeholders	  and	  other	  interested	  parties,	  
and	  local	  government	  throughout	  the	  implementation	  of	  the	  BDCP	  (BDCP	  7-‐8	  
to	  7-‐9).	  

This	  oversight	  structure	  means	  that	  the	  Authorized	  Entity	  Group	  will	  exercise	  
significant	  authority	  over	  both	  the	  coordinated	  operation	  of	  the	  CVP	  and	  SWP	  and	  
implementation	  of	  the	  BDCP	  itself.	  	  Indeed,	  the	  draft	  Plan	  declares	  that	  the	  Program	  
Manager	  “will	  report	  to	  the	  Authorized	  Entity	  Group,	  and	  act	  in	  accordance	  with	  the	  
group’s	  direction”	  (BDCP	  7-‐2).	  

The	  draft	  Plan	  vests	  regulatory	  responsibility	  within	  the	  BDCP	  in	  a	  “Permit	  
Oversight	  Group,”	  which	  is	  composed	  of	  the	  Regional	  Director	  of	  the	  U.S.	  Fish	  and	  
Wildlife	  Service,	  the	  Regional	  Administrator	  of	  the	  National	  Marine	  Fisheries	  Service,	  
and	  the	  Director	  of	  the	  California	  Department	  of	  Fish	  and	  Wildlife	  (BDCP	  7-‐11).	  	  It	  
then	  states	  that	  the	  three	  agencies	  “are	  expected	  to	  issue	  regulatory	  authorizations	  
to	  the	  Authorized	  Entities”	  pursuant	  to	  the	  federal	  Endangered	  Species	  Act	  and	  the	  
California	  Natural	  Community	  Conservation	  Act	  (BDCP	  7-‐11).	  	  	  	  

The	  draft	  Plan	  also	  provides	  that,	  “[c]onsistent	  with	  their	  authorities	  under	  these	  
laws,	  the	  fish	  and	  wildlife	  agencies	  will	  retain	  responsibility	  for	  monitoring	  
compliance	  with	  the	  BDCP,	  approving	  certain	  implementation	  actions,	  and	  enforcing	  
the	  provisions	  of	  their	  respective	  regulatory	  authorizations”	  (BDCP	  7-‐11).	  	  This	  
means	  that,	  although	  the	  USFWS,	  NMFS,	  and	  CDFW	  will	  work	  together	  as	  members	  
of	  the	  Permit	  Oversight	  Group	  for	  the	  purpose	  of	  supervising	  implementation	  of	  the	  
BDCP,	  each	  agency	  will	  retain	  its	  independent	  regulatory	  powers	  over	  the	  CVP,	  SWP,	  
and	  other	  water	  users	  under	  the	  federal	  and	  state	  Endangered	  Species	  Acts.3	  	  

This	  structure	  is	  consonant	  with	  both	  the	  Endangered	  Species	  Acts	  and	  the	  
California	  Natural	  Community	  Conservation	  Planning	  Act,	  because	  it	  separates	  the	  
regulatory	  oversight	  responsibilities	  of	  the	  federal	  and	  state	  fish	  and	  wildlife	  
agencies	  from	  the	  operational	  responsibilities	  of	  the	  Program	  Manager	  and	  the	  
Authorized	  Entity	  Group.	  	  This	  structural	  delineation	  is	  undermined,	  however,	  by	  
the	  draft	  Plan’s	  more	  detailed	  definition	  of	  the	  “function”	  of	  the	  Permit	  Oversight	  
Group,	  which	  blurs	  the	  distinction	  between	  implementation	  and	  regulation.	  	  It	  also	  
is	  undermined	  by	  provisions	  in	  the	  draft	  Plan	  that	  grant	  the	  Authorized	  Entity	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3	  	   This	  independent	  regulatory	  authority	  is	  subject,	  however,	  to	  an	  important	  caveat—the	  draft	  Plan’s	  
requirement	  of	  consistency	  between	  future	  section	  7	  consultations	  and	  the	  BDCP—as	  described	  below.	  	  See	  pp.	  
7-‐8	  to	  7-‐9.	  
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Group—rather	  than	  the	  regulatory	  agencies—veto	  authority	  over	  changes	  to	  the	  
conservation	  measures,	  biological	  objectives,	  and	  adaptive	  management	  strategies,	  
as	  well	  as	  over	  amendments	  to	  the	  BDCP	  itself.	  

Regulatory	  vs.	  Programmatic	  Responsibilities:	  Implementation	  
The	  draft	  Plan	  grants	  the	  Permit	  Oversight	  Group	  a	  significant	  role	  in	  implementing	  
the	  conservation	  goals	  and	  adaptive	  management	  strategies	  of	  the	  BDCP:	  

The	  Permit	  Oversight	  Group	  will	  be	  involved	  in	  certain	  decisions	  relating	  to	  
the	  implementation	  of	  water	  operations	  and	  other	  conservation	  measures,	  
actions	  proposed	  through	  the	  adaptive	  management	  program	  or	  in	  response	  
to	  changed	  circumstances,	  approaches	  to	  monitoring	  and	  scientific	  research	  	  
(BDCP	  7-‐11).	  

It	  then	  provides	  that	  the	  Permit	  Oversight	  Group	  “will	  have	  the	  following	  roles,	  
among	  others,	  in	  implementation	  matters”:	  	  

• Approve,	  jointly	  with	  the	  Authorized	  Entity	  Group,	  changes	  to	  conservation	  
measures	  or	  biological	  objectives	  proposed	  by	  the	  Adaptive	  Management	  
Team.	  

• Decide,	  jointly	  with	  the	  Authorized	  Entity	  Group,	  all	  other	  adaptive	  
management	  matters	  for	  which	  concurrence	  has	  not	  been	  reached	  by	  the	  
Adaptive	  Management	  Team.	  

• Provide	  input	  into	  the	  selection	  of	  the	  Program	  Manager	  and	  the	  Science	  
Manager.	  

• Provide	  input	  and	  concur	  with	  the	  consistency	  of	  specified	  sections	  of	  the	  
Annual	  Work	  Plan	  and	  Budget	  with	  the	  BDCP	  and	  with	  certain	  agency	  
decisions.	  

• Provide	  input	  and	  concur	  with	  the	  consistency	  of	  the	  Annual	  Delta	  Water	  
Operations	  Plan	  with	  the	  BDCP.	  

• Provide	  input	  and	  accept	  Annual	  Reports.	  	  
• Provide	  input	  and	  approve	  plan	  amendments4	  (BDCP	  7-‐11	  to	  7-‐12:	  emphasis	  

added).	  	  
These	  definitions	  are	  poorly	  drafted,	  and	  they	  assign	  programmatic	  authority	  to	  the	  
fish	  and	  wildlife	  agencies	  that	  may	  undermine	  their	  regulatory	  responsibilities.	  	  We	  
therefore	  recommend	  that	  the	  draft	  BDCP	  be	  revised	  in	  two	  ways:	  	  	  

First,	  where	  the	  parties	  to	  the	  negotiations	  want	  to	  grant	  the	  Permit	  Oversight	  
Group	  authority	  to	  determine	  whether	  certain	  actions	  or	  documents	  are	  consistent	  
with	  the	  BDCP,	  the	  Plan	  should	  define	  its	  responsibilities	  more	  clearly	  and	  precisely	  
than	  does	  the	  current	  language—e.g.,	  “provide	  input	  and	  concur”;	  “provide	  input	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4	  The	  draft	  Plan	  also	  contains	  a	  placeholder	  “function,”	  which	  states	  that	  the	  Permit	  Oversight	  Group	  also	  may	  
play	  a	  role	  in	  “decision-‐making	  regarding	  real-‐time	  operations,	  consistent	  with	  the	  criteria	  of	  CM1	  Water	  
Facilities	  and	  Operation	  and	  other	  limitations	  set	  out	  in	  the	  BDCP	  and	  annual	  Delta	  water	  operations	  plans.”	  	  As	  
the	  details	  of	  this	  role	  as	  still	  under	  negotiation,	  we	  do	  not	  address	  it	  here	  except	  to	  note	  that	  the	  role	  of	  the	  
Permit	  Oversight	  Group	  should	  be	  clearly	  defined	  and	  limited	  to	  regulatory	  oversight	  as	  explained	  in	  the	  text.	  
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and	  accept”;	  and	  “provide	  input	  and	  approve.”	  	  Thus,	  the	  draft	  Plan	  should	  be	  
revised	  to	  state:	  

The	  Permit	  Oversight	  Group	  shall	  have	  exclusive	  authority	  to	  determine	  
whether	  the	  Annual	  Work	  Plan	  Budget	  and	  Annual	  Delta	  Operations	  Plan	  are	  
consistent	  with	  the	  BDCP.	  	  If	  the	  Permit	  Oversight	  Group	  does	  not	  issue	  a	  
determination	  of	  consistency,	  the	  document	  in	  question	  shall	  be	  revised	  and	  
resubmitted	  to	  the	  Permit	  Oversight	  Group	  for	  approval	  or	  further	  remission	  
and	  revision.	  

Second,	  the	  Permit	  Oversight	  Group’s	  role	  should	  be	  limited	  to	  regulatory	  oversight.	  	  
The	  “functions”	  listed	  in	  the	  draft	  Plan	  conflate	  the	  Permit	  Oversight	  Group’s	  
regulatory	  responsibilities	  with	  the	  programmatic	  implementation	  duties	  that	  are	  
best	  left	  with	  the	  Program	  Manager	  and	  the	  Authorized	  Entities	  Group.	  	  Although	  
there	  is	  some	  practical	  value	  in	  collaboration	  among	  the	  regulators	  and	  the	  
regulated—e.g.,	  having	  the	  fish	  and	  wildlife	  agencies	  give	  their	  “input”	  during	  the	  
drafting	  of	  annual	  operations	  plans—it	  is	  better	  policy	  to	  maintain	  the	  exclusive	  
regulatory	  role	  of	  the	  Permit	  Oversight	  Group.	  	  A	  regulatory	  agency	  that	  has	  a	  stake	  
in	  the	  creation	  of	  the	  program	  and	  policy	  decisions	  that	  it	  must	  ultimately	  review	  
will	  not	  be	  able	  to	  bring	  its	  independent	  judgment	  to	  bear	  in	  evaluating	  those	  same	  
decisions	  for	  consistency	  with	  the	  Plan	  and	  other	  applicable	  laws.	  

The	  conflation	  of	  regulatory	  and	  programmatic	  responsibilities	  is	  especially	  
dangerous	  in	  the	  case	  of	  revisions	  to	  the	  biological	  objectives,	  conservation	  
measures,	  and	  other	  adaptive	  management	  strategies.	  	  As	  currently	  written,	  the	  
draft	  Plan	  grants	  the	  Authorized	  Entity	  Group	  an	  effective	  veto	  over	  proposed	  
changes	  to	  the	  these	  programs,	  even	  if	  the	  Adaptive	  Management	  Team,	  the	  Science	  
Manager,	  the	  Program	  Manager,	  and	  the	  Permit	  Oversight	  Group	  have	  concluded	  
that	  changes	  are	  needed	  to	  ensure	  programmatic	  compliance	  with	  the	  BDCP	  or	  to	  
fulfill	  the	  requirements	  of	  the	  federal	  and	  state	  Endangered	  Species	  Acts	  (BDCP	  7-‐
11).	  

A	  better	  course	  would	  be	  to	  revise	  the	  draft	  Plan	  to	  allow	  the	  Science	  Manager	  and	  
Adaptive	  Management	  Team—subject	  to	  oversight	  and	  approval	  from	  the	  Program	  
Manager	  and	  Authorized	  Entity	  Group—to	  make	  revisions	  to	  the	  biological	  
objectives,	  conservation	  measures,	  and	  other	  adaptive	  management	  strategies.	  	  
These	  changes	  then	  would	  be	  submitted	  to	  the	  Permit	  Oversight	  Group	  for	  review	  
and	  approval	  or	  remission.	  	  The	  Permit	  Oversight	  Group	  also	  should	  have	  
independent	  authority	  to	  revise	  the	  biological	  objectives,	  conservation	  measures,	  
and	  other	  adaptive	  management	  strategies	  if	  it	  concludes	  that	  the	  existing	  programs	  
are	  inadequate	  to	  comply	  with	  the	  BDCP	  or	  other	  governing	  law.	  

Regulatory	  vs.	  Programmatic	  Responsibilities:	  Policy	  Modifications	  and	  
Amendments	  to	  the	  BDCP	  
A	  similar	  problem	  exists	  for	  modifications	  to	  the	  BDCP	  itself.	  	  The	  draft	  Plan	  
recognizes	  that	  “Plan	  modifications	  may	  be	  needed	  periodically	  to	  clarify	  provisions	  
or	  correct	  unanticipated	  inconsistencies	  in	  the	  documents”	  (BDCP	  6-‐45).	  	  It	  then	  
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identifies	  three	  types	  of	  plan	  modifications:	  administrative	  changes,	  minor	  
modifications,	  and	  formal	  amendments.	  	  Only	  the	  latter	  two	  concern	  us	  here.	  

The	  draft	  Plan	  defines	  “minor	  modifications”	  as	  including	  transfers	  of	  acreage	  
between	  Restoration	  Opportunity	  Areas	  or	  conservation	  zones	  and	  “[a]djustments	  
of	  conservation	  measures	  or	  biological	  objectives	  .	  .	  .	  consistent	  with	  the	  monitoring	  
and	  adaptive	  management	  program	  and	  intended	  to	  enhance	  benefits	  to	  covered	  
species”	  	  (BDCP	  6-‐46).	  	  It	  then	  describes	  “formal	  amendments”	  as	  including,	  but	  not	  
limited	  to:	  

• Changes	  to	  the	  geographic	  boundary	  of	  the	  BDCP.	  
• Additions	  of	  species	  to	  the	  covered	  species	  list.	  
• Increases	  in	  the	  allowable	  take	  limits	  of	  covered	  activities	  or	  the	  addition	  of	  

new	  covered	  activities	  to	  the	  Plan.	  
• Substantial	  changes	  in	  implementation	  schedules	  that	  will	  have	  significant	  

adverse	  effects	  on	  the	  covered	  species.	  
• Changes	  in	  water	  operations	  beyond	  those	  described	  under	  CM1	  Water	  

Facilities	  and	  Operations.	  (BDCP	  6-‐47).	  
	  

The	  “minor	  modifications”	  and	  “formal	  amendments”	  thus	  include	  all	  aspects	  of	  
BDCP	  implementation	  that	  will	  be	  vital	  to	  the	  success	  or	  failure	  of	  the	  BDCP.	  	  Yet,	  the	  
draft	  Plan	  expressly	  provides	  that	  the	  Authorized	  Entities	  may	  veto	  any	  such	  
changes.5	  	  For	  minor	  modifications,	  the	  draft	  BDCP	  states:	  “If	  any	  Authorized	  Entity	  
disagrees	  with	  the	  proposed	  minor	  modification	  or	  revision	  for	  any	  reason,	  the	  
minor	  modification	  or	  revision	  will	  not	  be	  incorporated	  into	  the	  BDCP”	  (BDCP	  6-‐
46).6	  	  The	  draft	  Plan	  similarly	  declares	  that	  formal	  amendments	  “will	  be	  subject	  to	  
review	  and	  approval	  by	  the	  Implementation	  Office	  and	  the	  Authorized	  Entities.”7	  

The	  BDCP	  is	  fundamentally	  a	  set	  of	  terms	  and	  conditions	  that	  allow	  the	  principal	  
regulatory	  agencies—the	  U.S.	  Fish	  and	  Wildlife	  Service,	  the	  National	  Marine	  
Fisheries	  Service,	  and	  the	  California	  Department	  of	  Fish	  and	  Wildlife—to	  authorize	  
the	  construction	  and	  operation	  of	  physical	  improvements	  to	  the	  Delta	  that	  will	  
facilitate	  more	  reliable	  (and,	  one	  may	  hope,	  more	  environmentally	  sustainable)	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
5	  Please	  note	  that	  the	  draft	  BDCP	  states	  that	  the	  Authorized	  Entities—not	  the	  Authorized	  Entity	  Group—hold	  
this	  veto	  power.	  	  This	  may	  be	  a	  typographical	  error,	  as	  the	  Authorized	  Entities	  are	  not	  granted	  implementation	  
decisionmaking	  authority	  (except	  through	  the	  Authorized	  Entity	  Group)	  any	  other	  place	  in	  the	  document.	  	  If	  it	  
the	  BDCP	  negotiators	  in	  fact	  intend	  to	  vest	  veto	  authority	  in	  the	  Authorized	  Entities,	  however,	  this	  is	  especially	  
problematic	  as	  the	  Authorized	  Entities	  potentially	  include	  water	  users	  other	  than	  those	  that	  comprise	  the	  
Authorized	  Entity	  Group.	  	  BDCP	  7-‐8.	  	  	  
	  
6	  By	  contrast,	  if	  any	  of	  the	  fish	  and	  wildlife	  regulatory	  agencies	  disagrees	  with	  a	  proposed	  minor	  modification,	  its	  
rights	  are	  limited	  to	  insisting	  that	  the	  proposal	  be	  treated	  as	  a	  formal	  amendment	  to	  the	  Plan.	  	  BDCP	  6-‐46.	  
	  
7	  At	  least	  in	  the	  case	  of	  formal	  amendments	  the	  draft	  Plan	  recognizes	  a	  relative	  parity	  in	  the	  rights	  of	  the	  
regulators	  and	  the	  regulated,	  acknowledging	  that	  such	  amendments	  “will	  require	  corresponding	  amendment	  to	  
the	  authorizations/	  permits,	  in	  accordance	  with	  applicable	  laws	  and	  regulations	  regarding	  permit	  amendments.”	  	  
BDCP	  6-‐47.	  	  It	  also	  states,	  however,	  that	  the	  “fish	  and	  wildlife	  agencies	  will	  use	  reasonable	  efforts	  to	  process	  
proposed	  amendments	  within	  180	  days.”	  	  BDCP	  6-‐46.	  
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exports	  of	  water	  by	  the	  CVP	  and	  SWP.	  	  Although	  the	  motivating	  purpose	  of	  the	  BDCP	  
is	  to	  facilitate	  this	  water	  development,	  the	  regulatory	  agencies’	  foundational	  
responsibility	  is	  to	  ensure	  that	  the	  project	  does	  not	  jeopardize	  the	  continued	  
existence	  of	  the	  species	  that	  are	  listed	  for	  protection	  under	  the	  federal	  and	  state	  
Endangered	  Species	  Acts.	  	  	  

To	  accomplish	  this	  essential	  obligation,	  the	  fish	  and	  wildlife	  agencies	  must	  both	  
insist	  on	  an	  initial	  set	  of	  biological	  objectives,	  conservation	  measures,	  and	  
conditions	  on	  coordinated	  project	  operations	  that	  will	  fulfill	  this	  purpose;	  and	  they	  
must	  have	  the	  means	  of	  ensuring	  that	  the	  implementation	  of	  the	  BDCP	  will	  continue	  
to	  achieve	  that	  goal	  throughout	  its	  fifty	  year	  term.	  

We	  do	  not	  believe	  that	  the	  draft	  Plan	  satisfies	  this	  second	  requirement,	  as	  it	  vests	  
veto	  authority	  over	  necessary	  changes	  in	  the	  biological	  objectives,	  conservation	  
measures,	  adaptive	  management	  strategies,	  and	  the	  terms	  and	  conditions	  of	  the	  
BDCP	  itself,	  not	  in	  the	  regulatory	  agencies,	  but	  in	  the	  regulated	  entities	  that	  
comprise	  the	  Authorized	  Entity	  Group.	  	  We	  therefore	  recommend	  revision	  of	  the	  
draft	  Plan	  to	  require	  that	  all	  “minor	  modifications”	  and	  “formal	  amendments”	  to	  the	  
BDCP	  be	  subject	  to	  review	  and	  approval	  by	  the	  Permit	  Oversight	  Group.	  	  	  

As	  explained	  above,	  we	  also	  recommend	  that	  the	  draft	  Plan	  be	  revised	  to	  authorize	  
the	  Permit	  Oversight	  Group	  itself	  to	  initiate	  and	  make	  changes	  to	  the	  biological	  
objectives,	  conservation	  measures,	  and	  other	  adaptive	  management	  strategies	  that	  
the	  fish	  and	  wildlife	  agencies	  conclude	  are	  needed	  to	  ensure	  the	  protection	  and	  
recovery	  of	  the	  species	  listed	  under	  the	  federal	  and	  state	  Endangered	  Species	  Acts.	  	  
This	  unilateral	  authority	  must	  extend	  to	  all	  of	  the	  identified	  “minor	  modifications”	  
and	  to	  at	  least	  one	  of	  the	  defined	  “formal	  amendments”—viz.	  “substantial	  changes	  in	  
implementation	  schedules	  that	  will	  have	  significant	  adverse	  effects	  on	  the	  covered	  
species”	  (BDCP	  6-‐47).8	  	  	  

The	  other	  listed	  “formal	  amendments”—which	  include	  alteration	  of	  the	  geographic	  
boundaries	  of	  the	  Plan	  and	  the	  addition	  of	  new	  species	  and	  covered	  activities—are	  
different,	  as	  they	  include	  possible	  changes	  to	  the	  scope	  and	  structure	  of	  the	  BDCP,	  
rather	  than	  adaptive	  changes	  to	  the	  implementation	  and	  achievement	  of	  the	  goals	  of	  
the	  existing	  BDCP.	  	  The	  draft	  Plan	  therefore	  properly	  states	  that	  formal	  amendments	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
8	  The	  governance	  structure	  set	  forth	  in	  the	  current	  draft	  Plan	  also	  may	  jeopardize	  the	  likelihood	  that	  the	  BDCP	  
will	  be	  incorporated	  into	  the	  Delta	  Plan.	  	  See	  California	  Water	  Code	  §	  85320-‐85322.	  	  The	  Delta	  Reform	  Act	  
provides:	  
	  

The	  BDCP	  shall	  include	  a	  transparent,	  real-‐time	  operational	  decisionmaking	  process	  in	  which	  fishery	  
agencies	  ensure	  that	  applicable	  biological	  performance	  measures	  are	  achieved	  in	  a	  timely	  manner	  with	  
respect	  to	  water	  system	  operations.	  	  [Id.	  §	  85321	  (emphasis	  added).]	  

	  
The	  Authorized	  Entity	  Group’s	  veto	  authority	  over	  changes	  to	  the	  biological	  objectives,	  conservation	  measures,	  
and	  adaptive	  management	  strategies	  means	  that	  the	  fish	  and	  wildlife	  agencies	  would	  not	  have	  the	  power	  to	  
ensure	  that	  the	  biological	  measures	  will	  be	  achieved.	  	  The	  draft	  Plan	  therefore	  violates	  this	  statutory	  mandate,	  
and	  the	  CDFW	  and	  the	  Delta	  Stewardship	  Council	  consequently	  would	  likely	  be	  precluded	  from	  incorporating	  
the	  BDCP	  into	  the	  Delta	  Plan.	  	  	  
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"will	  involve	  the	  same	  process	  that	  was	  required	  for	  the	  original	  approval	  of	  the	  
BDCP"-‐-‐i.e.,	  approval	  of	  both	  the	  Authorized	  Entities	  and	  the	  Permit	  Oversight	  
Group	  (BDCP	  6-‐47).9	  

Regulatory	  Assurances	  and	  the	  “No	  Surprises”	  Policy	  

Introduction	  
The	  draft	  Plan	  proposes	  to	  create	  two	  types	  of	  “regulatory	  assurances.”	  	  First,	  it	  
seeks	  to	  eliminate	  the	  uncertainties	  associated	  with	  consultation	  under	  section	  7	  of	  
the	  federal	  Endangered	  Species	  Act	  for	  coordinated	  CVP	  and	  SWP	  operations	  by	  
stipulating	  that	  future	  biological	  opinions	  shall	  be	  consistent	  with	  the	  terms	  and	  
conditions	  of	  the	  BDCP.	  	  Second,	  it	  offers	  “no	  surprises”	  guarantees	  both	  for	  
deviations	  between	  the	  biological	  opinions	  and	  the	  BDCP	  and	  for	  future	  changes	  to	  
the	  BDCP	  itself.	  	  In	  addition,	  the	  draft	  Plan	  places	  difficult	  scientific,	  legal,	  and	  
political	  burdens	  on	  the	  state	  and	  federal	  governments’	  power	  to	  terminate	  the	  
incidental	  take	  permits	  and	  to	  rescind	  the	  BDCP.	  

In	  our	  judgment,	  these	  regulatory	  assurances	  compound	  the	  risks	  described	  in	  the	  
preceding	  section	  because	  they	  severely	  constrain	  the	  fish	  and	  wildlife	  agencies’	  
ability	  to	  respond	  to	  inadequacies	  in	  the	  biological	  objectives,	  conservation	  
measures,	  and	  other	  adaptive	  management	  strategies—even	  apart	  from	  the	  veto	  
authority	  that	  the	  draft	  Plan	  vests	  in	  the	  Authorized	  Entity	  Group.	  

Section	  7	  Consultation	  and	  the	  BDCP	  
According	  to	  the	  draft	  Plan,	  once	  the	  facilities	  authorized	  by	  the	  BDCP	  are	  
constructed,	  the	  Plan	  will	  largely	  displace	  the	  existing	  section	  7	  consultation	  
requirements	  applicable	  to	  coordinated	  CVP	  and	  SWP	  operations:	  “On	  the	  basis	  of	  
the	  BDCP	  and	  the	  companion	  biological	  assessment,	  it	  is	  expected	  that	  USFWS	  and	  
NMFS	  will	  issue	  a	  new	  joint	  biological	  opinion	  (BiOp)	  that	  would	  supersede	  BiOps	  
existing	  at	  that	  time	  as	  they	  relate	  to	  SWP	  and	  CVP	  actions	  addressed	  by	  the	  BDCP”	  	  
(BDCP	  4-‐2).	  	  The	  draft	  Plan	  then	  requires	  that	  the	  new	  biological	  opinion	  (as	  well	  as	  
any	  subsequent	  biological	  opinions	  issued	  during	  the	  50-‐year	  term	  of	  the	  BDCP)	  be	  
consistent	  with	  the	  terms	  and	  conditions	  of	  the	  BDCP	  itself:	  

The	  BDCP	  is	  intended	  to	  meet	  the	  requirements	  of	  the	  ESA	  and	  provide	  the	  basis	  
for	  regulatory	  coverage	  for	  a	  range	  of	  activities	  identified	  in	  the	  Plan.	  .	  .	  .	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
9	  The	  draft	  Plan	  also	  provides	  that,	  "[i]n	  most	  cases,	  an	  amendment	  will	  require	  public	  review	  and	  comment,	  
CEQA	  and	  NEPA	  compliance,	  and	  intra-‐Service	  Section	  7	  consultation,"	  and	  it	  requires	  the	  fish	  and	  wildlife	  
agencies	  to	  use	  "reasonable	  efforts	  to	  process	  proposed	  amendments	  within	  180	  days."	  	  BDCP	  6-‐47.	  	  180	  days	  is	  
probably	  insufficient	  time,	  however,	  to	  allow	  for	  section	  7	  consultation,	  internal	  agency	  analysis	  of	  the	  effects	  of	  
proposed	  formal	  amendments	  on	  listed	  species	  and	  their	  habitat,	  and	  the	  drafting,	  public	  review,	  and	  
completion	  of	  a	  new	  or	  supplemental	  EIS/EIR.	  	  	  

It	  is	  also	  worth	  noting	  that	  even	  this	  limited	  “bilateral”	  approval	  process	  for	  structural	  amendments	  to	  the	  
BDCP	  may	  not	  be	  consistent	  with	  federal	  law.	  The	  ESA	  rules	  provide	  that	  all	  incidental	  take	  permits	  “are	  
issued	  subject	  to	  the	  condition	  that	  the	  National	  Marine	  Fisheries	  Service	  reserves	  the	  right	  to	  amend	  the	  
provisions	  of	  a	  permit	  for	  just	  cause	  at	  any	  time	  during	  its	  term.”	  50	  C.F.R.	  §	  222.306(c).	  
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Unless	  otherwise	  required	  by	  law	  or	  regulation,	  in	  any	  Section	  7	  consultation	  
related	  to	  a	  covered	  activity	  or	  associated	  federal	  action	  and	  covered	  species,	  
USFWS	  and	  NMFS	  will	  each	  ensure	  that	  the	  resulting	  BiOps	  are	  consistent	  with	  
the	  integrated	  BiOp	  for	  the	  BDCP	  (BDCP	  6-‐44).	  

We	  do	  not	  necessarily	  object	  to	  this	  consistency	  directive.	  	  An	  important	  goal	  of	  the	  
BDCP	  is	  to	  provide	  all	  parties—especially	  the	  Authorized	  Entities—with	  a	  measure	  
of	  regulatory	  and	  operational	  certainty	  that	  will	  enable	  them	  both	  to	  invest	  in	  the	  
new	  facilities	  and	  to	  make	  water	  management	  decisions	  in	  their	  respective	  service	  
areas	  in	  reliance	  on	  water	  deliveries	  from	  the	  CVP	  and	  SWP.	  	  To	  the	  extent	  that	  
future	  section	  7	  consultations	  conform	  to	  the	  terms	  of	  the	  BDCP,	  that	  certainty	  is	  
enhanced.	  	  We	  also	  note	  the	  first	  clause	  of	  the	  second	  sentence	  quoted	  above,	  which	  
expressly	  reserves	  the	  authority	  of	  USFWS	  and	  NMFS	  to	  issue	  biological	  opinions	  
that	  depart	  from	  the	  terms	  of	  the	  BDCP	  if	  necessary	  to	  comply	  with	  the	  governing	  
law.	  	  This	  law,	  of	  course,	  includes	  section	  7(a)(2)	  of	  the	  federal	  ESA,	  which	  requires	  
all	  consulting	  agencies	  to	  ensure	  that	  their	  actions	  are	  “not	  likely	  to	  jeopardize	  the	  
continued	  existence	  of	  any	  endangered	  species	  or	  threatened	  species	  or	  result	  in	  the	  
destruction	  or	  adverse	  modification	  of	  [critical]	  habitat.”	  	  16	  U.S.C.	  §	  1536(a)(2).	  

We	  do	  believe,	  however,	  that	  the	  proposal	  to	  substitute	  the	  BDCP	  for	  section	  7	  
consultation	  as	  the	  principal	  means	  of	  applying	  the	  federal	  Endangered	  Species	  Act	  
to	  the	  CVP,	  SWP,	  and	  other	  Authorized	  Entities	  reinforces	  our	  recommendations	  
from	  the	  preceding	  section—viz.	  that	  the	  Permit	  Oversight	  Group	  must	  maintain	  the	  
independent	  regulatory	  prerogatives	  that	  the	  fish	  and	  wildlife	  agencies	  currently	  
possess	  and	  must	  have	  authority	  to	  approve	  or	  to	  deny	  proposed	  changes	  in	  the	  
biological	  objectives,	  conservation	  measures,	  and	  other	  terms	  and	  conditions	  of	  the	  
BDCP	  as	  required	  to	  protect	  and	  recover	  the	  species	  covered	  by	  the	  Plan.	  	  Our	  
support	  for	  the	  biological	  opinion/BDCP	  consistency	  directive	  should	  be	  read	  with	  
this	  caveat.	  	  

“No	  Surprises”	  
The	  draft	  Plan	  contains	  two	  “no	  surprises”	  guarantees.	  	  The	  first	  applies	  to	  changes	  
in	  coordinated	  CVP	  and	  SWP	  operations	  or	  water	  supply	  capabilities	  that	  may	  be	  
required	  by	  future	  biological	  opinions	  that	  do	  not	  conform	  to	  the	  BDCP.	  	  The	  second	  
is	  a	  more	  general	  “no	  surprises”	  commitment	  that	  protects	  the	  Authorized	  Entities	  
from	  certain	  changes	  to	  the	  BDCP	  itself10.	  

According	  to	  the	  draft	  Plan,	  “Ecological	  conditions	  in	  the	  Delta	  are	  likely	  to	  change	  
as	  a	  result	  of	  future	  events	  and	  circumstances	  that	  may	  occur	  during	  the	  course	  of	  
the	  implementation	  of	  the	  BDCP”	  (BDCP	  6-‐30).	  	  The	  draft	  then	  lists	  seven	  “Changed	  
Circumstances	  Related	  to	  the	  BDCP”—levee	  failures,	  flooding,	  new	  species	  listings,	  
wildfire,	  toxic	  or	  hazardous	  spills,	  nonnative	  invasive	  species,	  and	  climate	  change	  
(BDCP	  6-‐31).	  	  For	  each	  of	  these	  “reasonably	  foreseeable”	  changes,	  the	  draft	  Plan	  
describes	  the	  “planned	  responses”	  that	  BDCP	  administrators	  will	  undertake	  (BDCP	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
10	  As	  noted	  in	  chapter	  2,	  USBR	  is	  not	  covered	  by	  the	  “no	  surprises”	  assurance.	  	  BDCP	  6-‐29.	  
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6-‐31	  to	  6-‐42).	  11	  	  The	  draft	  Plan	  states	  that	  the	  responses	  “have	  been	  designed	  to	  be	  
practical	  and	  roughly	  proportional	  to	  the	  impacts	  of	  covered	  activities	  on	  covered	  
species	  and	  natural	  communities,	  yet	  sufficient	  to	  effectively	  address	  such	  events”	  
(BDCP	  6-‐30).	  	  The	  BDCP	  budget	  will	  include	  funds	  to	  cover	  the	  costs	  of	  
implementing	  some	  of	  the	  planned	  responses	  to	  “reasonably	  foreseeable”	  changed	  
circumstances	  (BDCP	  6-‐30).12	  

The	  draft	  Plan	  also	  recognizes	  that	  “unforeseen	  circumstances”	  may	  require	  changes	  
to	  the	  biological	  objectives,	  conservation	  measures,	  adaptive	  management	  strategies,	  
or	  the	  terms	  and	  conditions	  of	  the	  BDCP	  itself.	  	  It	  defines	  unforeseen	  circumstances	  
as	  “changes	  in	  circumstances	  that	  affect	  a	  species	  or	  geographic	  area	  covered	  by	  an	  
HCP	  that	  could	  not	  reasonably	  have	  been	  anticipated	  by	  the	  plan	  participants	  during	  
the	  development	  of	  the	  conservation	  plan,	  and	  that	  result	  in	  a	  substantial	  and	  
adverse	  change	  in	  the	  status	  of	  a	  covered	  species”	  (BDCP	  6-‐42	  citing	  50	  C.F.R.	  §	  17.3	  
&	  50	  C.F.R.	  §	  222.102).	  The	  draft	  Plan	  contains	  a	  similar	  definition	  of	  “unforeseen	  
circumstances”	  under	  state	  law.	  	  These	  are	  “changes	  affecting	  one	  or	  more	  species,	  
habitat,	  natural	  community,	  or	  the	  geographic	  area	  covered	  by	  a	  conservation	  plan	  
that	  could	  not	  reasonably	  have	  been	  anticipated	  at	  the	  time	  of	  plan	  development,	  
and	  that	  result	  in	  a	  substantial	  adverse	  change	  in	  the	  status	  of	  one	  or	  more	  covered	  
species”	  (BDCP	  6-‐43	  citing	  California	  Fish	  &	  Game	  Code	  §	  2805(k)).	  

The	  draft	  Plan	  then	  sets	  forth	  the	  following	  regulatory	  assurances	  under	  federal	  and	  
state	  law:	  

Under	  ESA	  regulations,	  if	  unforeseen	  circumstances	  arise	  during	  the	  life	  of	  
the	  BDCP,	  USFWS	  and/or	  NMFS	  may	  not	  require	  the	  commitment	  of	  
additional	  land	  or	  financial	  compensation,	  or	  additional	  restrictions	  on	  the	  
use	  of	  land,	  water,	  or	  other	  natural	  resources	  other	  than	  those	  agreed	  to	  in	  
the	  plan,	  unless	  the	  Authorized	  Entities	  consent	  (BDCP	  6-‐42).	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
11	  The	  Implementation	  Office	  is	  charged	  with	  identifying	  the	  onset	  of	  a	  changed	  circumstance,	  working	  with	  the	  
Permit	  Oversight	  Group	  to	  fashion	  a	  response,	  and	  for	  implementing	  and	  monitoring	  the	  responsive	  actions	  
(BDCP	  6-‐31).	  
	  
12	  This	  funding	  process	  is	  described	  in	  Chapter	  8	  of	  the	  draft	  BDCP.	  	  See	  BDCP	  8-‐60	  to	  8-‐64.	  	  The	  draft	  states	  
generally	  that,	  to	  “allow	  for	  the	  ability	  to	  respond	  to	  changed	  circumstances	  should	  they	  occur,	  the	  
Implementation	  Office	  should	  maintain	  a	  reserve	  fund	  for	  covering	  costs	  of	  changed	  circumstances”	  (BDCP	  8-‐
61).	  	  The	  draft	  Plan	  explains	  that	  this	  is	  because	  “the	  risk	  of	  some	  changed	  circumstances—e.g.,	  failure	  of	  levees	  
attached	  to	  tidal	  marsh	  and	  floodplain	  restoration—and	  cost	  of	  remedial	  measures	  increases	  as	  greater	  portions	  
of	  the	  conservation	  strategy	  are	  implemented.”	  	  Id.	  	  	  
	  
The	  draft	  BDCP	  only	  includes	  levee	  failure	  and	  wildfire	  damage	  to	  preserved	  lands	  as	  possible	  “changed	  
circumstances	  for	  which	  responses	  are	  expected	  to	  result	  in	  additional	  implementation	  costs.”	  	  Id.	  	  It	  omits	  
“changed	  circumstances	  related	  to	  climate	  change,	  flooding,	  failure	  of	  water	  operations	  infrastructure,	  nonnative	  
invasive	  species,	  new	  species	  listings,	  and	  toxic	  or	  hazardous	  spills,”	  explaining	  that	  the	  response	  costs	  for	  these	  
are	  accounted	  for	  in	  the	  initial	  BDCP	  funding,	  will	  be	  paid	  by	  the	  state	  and	  federal	  governments	  under	  the	  “no	  
surprises”	  guarantees,	  or	  would	  be	  the	  responsibility	  of	  a	  third	  party.	  	  BDCP	  8-‐61	  to	  8-‐62.	  	  
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In	  the	  event	  of	  unforeseen	  circumstances,	  CDFW	  will	  not	  require	  additional	  
land,	  water,	  or	  financial	  compensation	  or	  additional	  restrictions	  on	  the	  use	  of	  
land,	  water,	  or	  other	  natural	  resources	  without	  the	  consent	  of	  the	  plan	  
participants	  for	  a	  period	  of	  time	  specified	  in	  the	  Implementation	  Agreement	  
(BDCP	  6-‐43).13	  

As	  noted	  above,	  for	  federal	  agencies	  that	  are	  subject	  to	  section	  7	  consultation	  
(including	  consultation	  for	  coordinated	  CVP/SWP	  operations),	  the	  draft	  Plan	  
contains	  an	  additional	  “no	  surprises”	  pledge	  if	  new	  biological	  opinions	  contain	  
operational	  or	  water	  supply	  restrictions	  that	  differ	  from	  those	  set	  forth	  in	  the	  BDCP:	  

Furthermore,	  USFWS	  and	  NMFS	  will	  not	  require	  additional	  land,	  water,	  or	  
other	  natural	  resources,	  or	  financial	  compensation	  or	  additional	  restrictions	  
on	  the	  use	  of	  land,	  water,	  or	  other	  natural	  resources	  regarding	  the	  
implementation	  of	  covered	  activities	  beyond	  the	  measures	  provided	  for	  
under	  the	  BDCP,	  the	  Implementing	  Agreement,	  the	  incidental	  take	  permits,	  
and	  the	  integrated	  BiOp	  (BDCP	  6-‐44).	  

The	  purpose	  of	  these	  regulatory	  assurances	  is	  to	  exempt	  the	  Authorized	  Entities	  
from	  any	  of	  the	  costs	  of	  complying	  with	  the	  federal	  and	  state	  Endangered	  Species	  
Acts	  except	  as	  defined	  in	  (and	  funded	  pursuant	  to)	  the	  terms	  of	  the	  BDCP.	  	  These	  “no	  
surprises”	  guarantees	  therefore	  may	  place	  the	  financial	  burden	  of	  some	  future	  
changes	  to	  the	  BDCP	  and	  project	  operations	  exclusively	  on	  state	  and	  federal	  
taxpayers.	  	  	  

Although	  both	  federal	  Endangered	  Species	  Act	  regulations	  and	  the	  California	  
Natural	  Community	  Conservation	  Planning	  Act	  authorize	  “no	  surprises”	  guarantees,	  
we	  believe,	  given	  the	  uncertainties	  outlined	  in	  the	  previous	  chapters,	  that	  there	  is	  a	  
significant	  risk	  that	  the	  costs	  of	  compensating	  the	  projects	  and	  their	  contractors	  for	  
future	  “unforeseen”	  hydrologic,	  engineering,	  and	  operational	  changes	  will	  be	  
excessive.	  	  More	  importantly,	  we	  are	  concerned	  that	  the	  state	  and	  federal	  
governments’	  assumption	  of	  liability	  may	  deter	  the	  fish	  and	  wildlife	  agencies	  from	  
making	  changes	  to	  future	  biological	  opinions	  or	  to	  the	  BDCP	  itself	  that	  the	  agencies	  
believe	  are	  necessary	  to	  protect	  and	  recover	  listed	  species.	  	  The	  following	  example	  
focusing	  on	  the	  “reasonably	  foreseeable”	  changed	  circumstance	  of	  climate	  change	  
illustrates	  our	  concerns.	  

The	  draft	  Plan	  defines	  climate	  change	  as	  “[l]ong-‐term	  changes	  in	  sea	  level,	  
watershed	  hydrology,	  precipitation,	  temperature	  (air	  or	  water),	  or	  ocean	  conditions	  
that	  are	  of	  the	  magnitude	  or	  effect	  assumed	  for	  the	  effects	  analysis	  and	  that	  
adversely	  affect	  conservation	  strategy	  implementation	  or	  covered	  species	  are	  
considered	  a	  changed	  circumstance”	  (BDCP	  6-‐41).	  	  It	  then	  provides	  that	  the	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
13	  The	  draft	  Plan	  notes	  that,	  under	  California	  law,	  “such	  assurances	  are	  not	  applicable	  in	  those	  circumstances	  in	  
which	  CDFW	  determines	  that	  the	  plan	  is	  not	  being	  implemented	  in	  a	  manner	  consistent	  with	  the	  substantive	  
terms	  of	  the	  Implementation	  Agreement.”	  	  BDCP	  6-‐43	  (citing	  California	  Fish	  &	  Game	  Code	  §	  2820(f)(2)).	  	  
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“occurrence	  of	  this	  changed	  circumstance	  will	  be	  determined	  jointly	  by	  the	  
Implementation	  Office	  and	  fish	  and	  wildlife	  agencies”	  (BDCP	  6-‐41).14	  	  

According	  to	  the	  draft	  Plan,	  however,	  alterations	  in	  the	  ecosystem	  and	  threats	  to	  
listed	  species	  caused	  by	  climate	  change	  will	  not	  trigger	  any	  management	  or	  
regulatory	  responses	  beyond	  those	  set	  forth	  in	  the	  BDCP.	  	  “Because	  the	  BDCP	  
already	  anticipates	  the	  effects	  of	  climate	  change,	  no	  additional	  actions	  will	  be	  
required	  to	  remediate	  climate	  change	  effects	  on	  covered	  species	  and	  natural	  
communities	  in	  the	  reserve	  system”	  (BDCP	  6-‐41).	  	  Rather,	  the	  Adaptive	  
Management	  Team	  will	  monitor	  these	  changes	  and	  the	  Implementation	  Office	  will	  
“continually	  adjust	  conservation	  measures	  to	  the	  changing	  conditions	  in	  the	  Plan	  
Area	  as	  part	  of	  the	  adaptive	  management	  program”	  (BDCP	  6-‐42).	  

The	  draft	  Plan	  also	  states	  that	  all	  responses	  to	  climate	  change	  “will	  be	  made	  as	  part	  
of	  the	  adaptive	  management	  and	  monitoring	  program.	  	  Measures	  beyond	  those	  
contemplated	  by	  the	  adaptive	  management	  and	  monitoring	  program	  are	  not	  likely	  
to	  be	  necessary	  because	  the	  conservation	  strategy	  was	  designed	  to	  anticipate	  a	  
reasonable	  worst-‐case	  scenario	  of	  climate	  change.	  	  A	  change	  in	  conservation	  
measures	  in	  response	  to	  climate	  change	  beyond	  that	  considered	  in	  Chapter	  3,	  
Conservation	  Strategy,	  and	  through	  the	  adaptive	  management	  and	  monitoring	  
program	  is	  considered	  an	  unforeseen	  circumstance.”	  (BDCP	  6-‐42:	  emphasis	  added).	  

There	  are	  two	  serious	  problems	  with	  this	  changed	  circumstances	  strategy:	  

First,	  although	  the	  “biological	  goals	  and	  objectives	  [of	  the	  BDCP]	  have	  been	  
established	  at	  the	  landscape	  level	  to	  take	  climate	  change	  into	  account	  during	  
conservation	  strategy	  implementation,”	  and	  the	  “conservation	  strategy,	  monitoring	  
and	  research	  program,	  and	  adaptive	  management	  and	  monitoring	  program	  already	  
include	  responses	  to	  anticipate	  climate	  change	  effects	  at	  the	  landscape,	  natural	  
community,	  and	  species	  scales”	  (BDCP	  6-‐42),	  the	  draft	  Plan	  correctly	  anticipates	  
that	  the	  biological	  objectives,	  conservation	  measures,	  and	  other	  adaptive	  
management	  strategies	  are	  likely	  to	  be	  modified	  over	  time	  as	  required	  to	  respond	  to	  
the	  changed	  conditions	  brought	  about	  by	  climate	  change.	  	  Yet,	  as	  described	  
previously,	  all	  such	  modifications	  are	  subject	  to	  approval	  by	  the	  Authorized	  Entities	  	  
(BDCP	  6-‐46).	  	  The	  fish	  and	  wildlife	  agencies	  consequently	  lack	  independent	  
authority	  to	  determine	  the	  appropriate	  policy	  and	  management	  responses	  to	  
climate	  change,	  even	  within	  the	  confines	  of	  the	  defined	  responses	  set	  forth	  in	  
Chapter	  3	  of	  the	  BDCP.	  

Second,	  changes	  in	  conservation	  measures	  that	  differ	  from	  the	  defined	  responses	  
are	  “unforeseen	  circumstances,”	  which	  trigger	  the	  “no	  surprises”	  guarantee.	  	  Again,	  
while	  the	  draft	  Plan	  anticipates	  a	  broad	  array	  of	  ecological	  changes	  likely	  to	  be	  
caused	  by	  climate	  change,	  and	  lays	  out	  a	  detailed	  set	  of	  programmatic	  responses,	  it	  
is	  folly	  to	  believe	  that	  the	  BDCP	  scientists	  and	  negotiators	  have	  correctly	  identified	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
14	  We	  reiterate	  here	  the	  problems	  that	  we	  identified	  in	  the	  preceding	  section:	  conflation	  of	  the	  fish	  and	  wildlife	  
agencies’	  regulatory	  and	  programmatic	  roles	  and	  the	  granting	  of	  an	  effective	  veto	  to	  the	  regulated	  entities	  
through	  the	  Implementation	  Office.	  
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all	  of	  the	  hydrologic	  changes,	  biotic	  responses,	  and	  risks	  to	  the	  ecosystem	  that	  will	  
in	  fact	  occur	  over	  time.	  	  As	  one	  recent	  interdisciplinary	  study	  of	  California	  water	  
policy	  emphasized:	  

New	  approaches	  to	  ecosystem	  management	  under	  changing	  conditions	  will	  
require	  continued,	  large-‐scale	  experimentation	  aided	  by	  computer	  modeling.	  	  
This	  task	  is	  complex,	  because	  experiments,	  especially	  on	  a	  large	  scale,	  often	  
yield	  ambiguous	  results.	  	  Also,	  as	  with	  hydrology,	  the	  past	  is	  not	  always	  a	  
good	  predictor	  of	  the	  future	  with	  many	  ecosystems.	  	  Linking	  human	  and	  
natural	  systems,	  combined	  with	  changes	  in	  climate	  and	  influxes	  of	  alien	  
species,	  creates	  novel,	  dynamic	  ecosystems	  with	  no	  historical	  analog.	  	  Thus,	  
efforts	  to	  restore	  ecosystem	  functions	  and	  attributes	  involve	  hitting	  a	  moving,	  
only	  partially	  visible	  target.	  	  Finally,	  ecosystem	  changes	  are	  often	  nonlinear	  
and	  interrelated.	  	  Declines	  in	  habitat	  quality	  or	  abundance	  reduce	  ecosystem	  
resiliency,	  with	  the	  result	  that	  even	  small	  changes	  in	  conditions	  can	  lead	  to	  
abrupt	  system	  collapse	  and	  reorganization	  to	  a	  new	  state.	  	  Such	  thresholds	  or	  
tipping	  points	  are	  difficult	  to	  predict.	  	  Taken	  together,	  these	  factors	  suggest	  
that	  efforts	  to	  improve	  conditions	  for	  California’s	  native	  aquatic	  species	  will	  
necessarily	  involve	  trial	  and	  error,	  and	  that	  success	  is	  far	  from	  guaranteed.	  

*	  *	  *	  

The	  difficulty	  is	  compounded	  by	  the	  high	  uncertainty	  of	  success	  for	  specific	  
actions,	  given	  ecosystem	  complexity,	  gaps	  in	  knowledge	  of	  how	  to	  
manipulate	  many	  key	  processes,	  and,	  most	  important,	  continuing	  change	  in	  
climate,	  invasive	  species,	  and	  other	  conditions	  in	  California.	  	  As	  a	  result,	  a	  
flow	  regime	  or	  water	  quality	  target	  that	  seems	  adequate	  today	  may	  not	  
provide	  the	  same	  services	  in	  20	  to	  30	  years.	  	  Aiming	  at	  a	  moving	  target	  in	  semi-‐
darkness	  means	  that	  there	  will	  be	  many	  misses.	  (From:	  Hanak	  et	  al.,	  2011:	  
emphasis	  added).	  

The	  potential	  consequences	  of	  the	  “no	  surprises”	  guarantee	  in	  this	  context	  are	  
troubling.	  	  Fisheries	  biologists	  generally	  agree	  that	  diminished	  seasonal	  outflow	  and	  
warming	  water	  temperatures	  place	  several	  listed	  species	  at	  risk	  of	  extinction	  (see	  
Cloern	  et	  al.,	  2011;	  Moyle	  et	  al.,	  2013).	  The	  projects	  that	  would	  be	  authorized	  by	  the	  
BDCP	  should	  reduce	  some	  of	  the	  sources	  of	  stress	  on	  these	  species	  by	  reducing	  
entrainment	  and	  predation	  and	  by	  creating	  substitute	  habitat,	  but	  they	  will	  not	  
address	  several	  other	  important	  stressors	  such	  as	  diminished	  summer	  and	  fall	  
outflow	  and	  rising	  water	  temperatures.	  	  Therefore,	  sometime	  during	  the	  50-‐year	  
term	  of	  the	  BDCP,	  it	  may	  be	  necessary	  to	  construct	  additional	  upriver	  storage	  (e.g.,	  
by	  increasing	  the	  capacity	  of	  Shasta	  Reservoir)	  to	  enable	  more	  sustained	  cold-‐water	  
releases	  to	  protect	  salmon	  spawning	  and	  out-‐migration.	  	  

Yet,	  under	  the	  draft	  Plan,	  this	  action	  would	  constitute	  an	  “unforeseen	  circumstance,”	  
because	  it	  falls	  outside	  the	  defined	  responses	  to	  climate	  change	  set	  forth	  in	  the	  
BDCP.	  	  The	  consequence	  would	  be	  that	  the	  state	  and	  federal	  taxpayers	  would	  have	  
to	  bear	  all	  of	  the	  costs	  of	  constructing	  and	  operating	  the	  new	  or	  expanded	  storage,	  
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even	  though	  the	  fish	  and	  wildlife	  agencies	  determined	  that	  this	  action	  is	  needed	  to	  
protect	  one	  or	  more	  listed	  species	  from	  extinction	  (while	  maintaining	  reservoir	  
releases	  and	  exports	  at	  the	  levels	  and	  timing	  authorized	  by	  the	  BDCP).	  	  	  

Alternatively,	  if	  funding	  were	  not	  available	  to	  construct	  the	  new	  storage	  capacity,	  
and	  the	  fish	  and	  wildlife	  agencies	  made	  jeopardy	  findings	  and	  issued	  new	  biological	  
opinions	  that	  altered	  reservoir	  release	  requirements	  in	  a	  manner	  that	  reduced	  
water	  supply	  or	  export	  capacity,	  the	  state	  and	  federal	  governments	  would	  have	  to	  
compensate	  the	  Authorized	  Entities	  for	  the	  value	  of	  the	  lost	  water	  or	  the	  cost	  of	  
replacement	  supplies.15	  

For	  these	  reasons,	  we	  do	  not	  believe	  that	  the	  50-‐year	  “no	  surprises”	  guarantees	  are	  
wise	  or	  prudent	  policy.	  	  We	  understand	  that	  the	  Authorized	  Entities	  seek	  to	  protect	  
their	  capital	  investment	  and	  obtain	  maximum	  security	  of	  their	  water	  service	  
capabilities,	  and	  that	  a	  relatively	  fixed	  set	  of	  biological	  objectives,	  conservation	  
measures,	  and	  operational	  constraints	  help	  to	  achieve	  these	  goals	  (BDCP	  1-‐26).	  	  But	  
a	  50-‐year	  commitment	  is	  ill-‐advised	  in	  an	  ecosystem	  as	  complex,	  variable,	  and	  
scientifically	  inscrutable	  as	  the	  Delta.	  	  As	  our	  colleague	  Peter	  Moyle	  has	  observed,	  in	  
the	  Delta	  Ecosystem,	  “[o]ver-‐negotiation	  of	  details	  in	  advance	  is	  unlikely	  to	  enable	  
adequate	  responsiveness	  and	  flexibility”	  and	  “even	  the	  most	  well-‐informed,	  
scientifically	  based	  management	  will	  encounter	  surprises	  and	  make	  mistakes”	  
(From	  Moyle	  et	  al.,	  2012).	  	  	  

The	  parties	  to	  the	  BDCP	  negotiations	  therefore	  should	  consider	  separate	  “no	  
surprises”	  guarantees—one	  governing	  construction	  of	  the	  BDCP	  projects,	  and	  a	  
series	  of	  operational	  “no	  surprises”	  commitments	  that	  would	  be	  reevaluated	  every	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
15	  During	  the	  July	  23,	  2013,	  meeting	  with	  DWR	  Director	  Mark	  Cowin	  and	  CDFW	  Director	  Chuck	  Bonham,	  
Director	  Cowin	  stated	  that	  it	  was	  not	  the	  parties’	  intent	  to	  apply	  the	  “no	  surprises”	  policy	  to	  actions	  taken	  
outside	  the	  plan	  area	  that	  may	  be	  required	  to	  address	  the	  effects	  of	  climate	  warming	  or	  other	  changed	  
conditions	  on	  listed	  species.	  	  Although	  we	  were	  pleased	  to	  learn	  this,	  we	  retain	  the	  concerns	  described	  in	  the	  
text	  for	  two	  reasons:	  First,	  the	  draft	  Plan	  does	  not	  state	  that	  new	  infrastructure	  or	  operational	  changes	  needed	  
to	  ensure	  the	  survival	  of	  species	  covered	  by	  the	  BDCP	  are	  exempt	  from	  the	  “no	  surprises”	  guarantee	  if	  they	  are	  
located	  outside	  the	  plan	  area.	  	  Rather,	  the	  draft	  links	  CVP	  and	  SWP	  facilities	  and	  water	  supply	  operations	  
upstream	  of	  the	  plan	  area	  to	  the	  conservation	  measures	  that	  may	  be	  required	  to	  protect	  covered	  species	  and	  
their	  downstream	  habitat	  (BDCP	  1-‐20).	  	  Without	  an	  explicit	  limitation	  on	  the	  “no	  surprises”	  guarantee	  to	  new,	  
“unforeseen”	  conservation	  measures	  undertaken	  within	  the	  plan	  area,	  we	  believe	  that	  there	  is	  an	  unacceptable	  
risk	  that	  the	  Authorized	  Entities	  could	  raise	  a	  plausible	  claim	  that	  the	  “no	  surprises”	  policy	  exempts	  them	  from	  
liability	  for	  new	  facilities	  and	  operational	  changes	  upstream	  of	  the	  plan	  area	  that	  are	  needed	  to	  protect	  covered	  
species	  within	  the	  plan	  area.	  

Second,	  the	  draft	  Plan	  expressly	  extends	  the	  “no	  surprises”	  assurance	  for	  future	  section	  7	  consultations	  over	  
new	  facilities	  and	  other	  changes	  in	  CVP	  operations	  that	  are	  outside	  the	  plan	  area	  and	  not	  part	  of	  the	  BDCP	  
covered	  activities.	  	  The	  draft	  Plan	  stipulates	  that	  “USFWS	  and	  NMFS	  will	  further	  ensure	  that	  the	  terms	  of	  any	  
BiOp	  issued	  in	  connection	  with	  projects	  that	  are	  independent	  of	  the	  covered	  activities	  and	  associated	  federal	  
actions	  do	  not	  create	  or	  result	  in	  any	  additional	  obligation,	  cost,	  or	  expense	  to	  the	  Authorized	  Entities”	  (BDCP	  6-‐
44).	  

If	  the	  parties	  to	  the	  BDCP	  negotiations	  do	  not	  intend	  for	  the	  “no	  surprises”	  guarantee	  to	  cover	  new	  construction	  
and	  project	  operational	  changes	  outside	  the	  plan	  area,	  then	  they	  should	  revise	  the	  draft	  Plan	  to	  say	  so	  explicitly	  
and	  clearly.	  	  We	  also	  recommend	  that	  the	  sentence	  quoted	  above,	  which	  exempts	  the	  Authorized	  Entities	  from	  
all	  costs	  associated	  with	  section	  7	  consultations	  to	  project	  facilities	  and	  operations	  other	  than	  BDCP	  covered	  
activities	  be	  deleted.	  
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ten	  years	  based	  on	  current	  information	  on	  the	  appropriateness	  of	  the	  biological	  
objectives,	  the	  success	  or	  failure	  of	  the	  conservation	  measures,	  species	  survival	  and	  
recovery,	  overall	  ecosystem	  health,	  climate	  change,	  invasive	  species,	  discharges,	  the	  
effects	  of	  authorized	  project	  operations,	  other	  stressors,	  and	  regulatory	  compliance.	  	  	  

We	  have	  chosen	  ten	  years	  for	  the	  recommended	  length	  of	  renewable	  “no	  surprises”	  
assurances	  because	  a	  ten-‐year	  period	  is	  likely	  to	  include	  a	  variety	  of	  different	  types	  
of	  water	  years	  and	  thus	  will	  be	  sufficiently	  lengthy	  to	  enable	  BDCP	  managers	  and	  
regulators	  to	  evaluate	  how	  well	  the	  biological	  objectives	  and	  conservation	  measures	  
perform	  across	  a	  spectrum	  of	  hydrologic	  conditions.	  	  At	  the	  same	  time,	  ten	  years	  is	  
short	  enough	  to	  minimize	  the	  risk	  that	  the	  terms	  and	  conditions	  of	  the	  BDCP	  
become	  antiquated	  and	  ineffective	  in	  light	  of	  the	  inevitable	  and	  unpredictable	  
changes	  to	  the	  ecosystem.	  	  Indeed,	  a	  series	  of	  renewable	  ten-‐year	  “no	  surprises”	  
guarantees	  could	  create	  a	  constructive	  incentive	  for	  the	  parties	  to	  the	  BDCP	  to	  
monitor	  progress	  and	  achievement	  of	  the	  biological	  objectives	  and	  conservation	  
measures	  and	  to	  make	  adaptive	  management	  changes	  as	  required	  to	  sustain	  and	  
recover	  the	  covered	  species	  and	  their	  habitat.16	  

Revocation	  of	  Incidental	  Take	  Permits	  and	  the	  BDCP	  
Many	  of	  our	  concerns	  about	  the	  rigidities	  of	  the	  draft	  Plan	  and	  the	  scope	  and	  length	  
of	  the	  regulatory	  assurances	  would	  be	  lessened	  if	  there	  were	  an	  effective	  means	  of	  
revoking	  the	  incidental	  take	  permits	  and	  thus	  rescinding	  the	  BDCP.	  	  But	  there	  is	  not.	  

As	  described	  in	  the	  draft	  Plan,	  the	  “Permit	  Revocation	  Rule,”	  adopted	  in	  2004,	  
allows	  the	  federal	  fish	  and	  wildlife	  agencies	  “to	  nullify	  regulatory	  assurances	  
granted	  under	  the	  No	  Surprises	  rule	  and	  revoke	  the	  Section	  10	  permit	  only	  in	  
specified	  instances,	  including	  where	  continuation	  of	  a	  permitted	  activity	  would	  
jeopardize	  the	  continued	  existence	  of	  a	  species	  covered	  by	  an	  HCP	  and	  the	  impact	  of	  
the	  permitted	  activity	  on	  the	  species	  has	  not	  been	  remedied	  in	  a	  timely	  manner”	  	  
(BDCP	  6-‐48:	  quoting	  69	  Fed.	  Reg.	  7172	  (Dec.	  10,	  2004)).	  	  The	  draft	  Plan	  states,	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
16	  There	  is	  nothing	  in	  federal	  or	  state	  law	  that	  requires	  that	  the	  term	  of	  a	  “no	  surprises”	  guarantee	  be	  
coextensive	  with	  the	  term	  of	  the	  HCP/NCCP.	  	  Indeed,	  the	  California	  Natural	  Communities	  Conservation	  Planning	  
Act	  requires	  that	  the	  duration	  of	  all	  regulatory	  assurances	  be	  based	  on	  a	  careful	  assessment	  of	  the	  limits	  of	  
scientific	  understanding	  of	  the	  covered	  species	  and	  their	  habitat.	  	  California	  Fish	  &	  Game	  Code	  §	  2820(f)	  states	  
that	  the	  CDFW’s	  “determination	  of	  the	  level	  of	  assurances	  and	  the	  time	  limits	  specified	  in	  the	  implementation	  
agreement	  for	  assurances	  may	  be	  based	  on	  localized	  conditions	  and	  shall	  consider”:	  	  
	  

(A)	  The	  level	  of	  knowledge	  of	  the	  status	  of	  the	  covered	  species	  and	  natural	  communities.	  
	  
(B)	  The	  adequacy	  of	  analysis	  of	  the	  impact	  of	  take	  on	  covered	  species.	  	  
	  
(C)	  The	  use	  of	  the	  best	  available	  science	  to	  make	  assessments	  about	  the	  impacts	  of	  take,	  the	  reliability	  
of	  mitigation	  strategies,	  and	  the	  appropriateness	  of	  monitoring	  techniques.	  	  
	  
(D)	  The	  appropriateness	  of	  the	  size	  and	  duration	  of	  the	  plan	  with	  respect	  to	  quality	  and	  amount	  of	  data.	  	  
	  
*	  *	  *	  
	  
(H)	  The	  size	  and	  duration	  of	  the	  plan.	  	  
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however,	  that	  the	  “USFWS	  or	  NMFS	  will	  begin	  the	  revocation	  process	  only	  if	  it	  is	  
determined	  that	  the	  continuation	  of	  a	  covered	  activity	  will	  appreciably	  reduce	  the	  
likelihood	  of	  survival	  and	  recovery	  of	  one	  or	  more	  covered	  species	  and	  that	  no	  
remedy	  [other	  than	  revocation]	  can	  be	  found	  and	  implemented”	  (BDCP	  6-‐49).	  

Similarly,	  under	  the	  California	  Natural	  Communities	  Conservation	  Planning	  Act,	  the	  
Department	  of	  Fish	  and	  Wildlife	  may	  revoke	  the	  state	  incidental	  take	  permit	  “if	  
necessary	  to	  avoid	  jeopardizing	  the	  continued	  existence	  of	  a	  listed	  species”	  (BDCP	  6-‐
49:	  citing	  California	  Fish	  &	  Game	  Code	  §	  2820(c)).17	  	  The	  federal	  and	  state	  fish	  and	  
wildlife	  agencies	  also	  may	  revoke	  the	  permits	  if	  the	  Authorized	  Entities	  fail	  to	  fulfill	  
their	  obligations	  under	  the	  BDCP,	  but	  only	  following	  the	  dispute	  resolution	  process	  
set	  forth	  in	  the	  Implementing	  Agreement	  and	  “providing	  the	  Implementation	  Office	  
and	  Authorized	  Entities	  with	  a	  reasonable	  opportunity	  to	  take	  appropriate	  
responsive	  action”	  (BDCP	  6-‐49).	  
	  
Before	  the	  fish	  and	  wildlife	  agencies	  may	  revoke	  the	  incidental	  permits,	  they	  must	  
follow	  a	  variety	  of	  procedures	  and	  substantive	  standards.	  	  These	  include	  
determining,	  in	  concert	  with	  the	  Implementation	  Office,	  “whether	  changes	  can	  be	  
made	  to	  the	  conservation	  strategy	  to	  remedy	  the	  situation”	  and	  whether	  “there	  are	  
additional	  voluntary	  implementation	  actions	  that	  the	  Authorized	  Entities	  could	  
undertake	  to	  remedy	  the	  situation.”	  	  	  

More	  importantly,	  the	  draft	  Plan	  also	  requires	  the	  federal	  fish	  and	  wildlife	  agencies	  
to	  determine	  whether	  they	  or	  some	  other	  agencies	  can	  take	  actions	  to	  ensure	  the	  
survival	  of	  the	  listed	  species,	  rather	  than	  imposing	  such	  burdens	  on	  the	  parties	  to	  
the	  Authorized	  Entities:	  

The	  USFWS	  or	  NMFS	  will	  determine	  whether	  the	  fish	  and	  wildlife	  agencies	  or	  
other	  state	  and	  federal	  agencies	  can	  undertake	  actions	  that	  will	  remedy	  the	  
situation.	  	  The	  determination	  must	  be	  based	  on	  a	  thorough	  review	  of	  best	  
available	  practices	  considering	  species	  population	  status	  and	  the	  effects	  of	  
multiple	  federal	  and	  nonfederal	  actions.	  	  It	  is	  recognized	  that	  the	  fish	  and	  
wildlife	  agencies	  have	  available	  a	  wide	  array	  of	  authorities	  and	  resources	  that	  
can	  be	  used	  to	  provide	  additional	  protection	  for	  the	  species,	  as	  do	  other	  state	  
and	  federal	  agencies	  	  (BDCP	  6-‐48	  &	  6-‐50:	  emphasis	  added).	  

The	  draft	  Plan	  thus	  makes	  it	  difficult	  for	  the	  fish	  and	  wildlife	  agencies	  to	  revoke	  the	  
incidental	  take	  permits	  if	  the	  biological	  objectives,	  conservation	  measures,	  and	  
adaptive	  management	  changes	  do	  not	  achieve	  their	  primary	  goal	  of	  protecting	  and	  
recovering	  the	  listed	  species.	  	  Procedural	  and	  substantive	  rigor	  is	  not	  in	  and	  of	  itself	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
17	  Section	  2820(c)	  actually	  addresses	  a	  more	  limited	  violation	  of	  the	  terms	  of	  an	  NCCP,	  providing	  for	  suspension	  
or	  revocation	  if	  a	  plan	  participant	  fails	  to	  “maintain	  the	  proportionality	  between	  take	  and	  conservation	  
measures	  specified	  in	  the	  implementation	  agreement	  and	  does	  not	  either	  cure	  the	  default	  within	  45	  days	  or	  
enter	  into	  an	  agreement	  with	  the	  department	  within	  45	  days	  to	  expeditiously	  cure	  the	  default.”	  	  California	  Fish	  &	  
Game	  Code	  §	  2820(c).	  	  The	  more	  general	  revocation	  standard	  is	  set	  forth	  in	  section	  2820(b)(3)(A)-‐(D)	  of	  the	  Act.	  	  
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reason	  to	  doubt	  this	  last	  line	  of	  defense	  against	  extinction.	  	  But	  two	  additional	  facts	  
lead	  us	  to	  the	  conclusion	  that	  permit	  revocation	  is	  not	  likely	  to	  be	  a	  credible	  means	  
of	  ensuring	  the	  survival	  of	  the	  species	  if	  the	  BDCP	  fails	  its	  most	  essential	  task.	  

First,	  neither	  the	  federal	  fish	  and	  wildlife	  agencies	  nor	  the	  California	  Department	  of	  
Fish	  and	  Wildlife	  have	  ever	  revoked	  an	  incidental	  take	  permit.	  	  Indeed,	  there	  is	  only	  
one	  case	  in	  which	  a	  federal	  incidental	  take	  permit	  has	  been	  suspended,	  and	  that	  was	  
for	  the	  permittee’s	  violation	  of	  the	  terms	  and	  conditions	  of	  the	  habitat	  conservation	  
plan,	  rather	  than	  because	  of	  changes	  in	  ecological	  conditions	  or	  the	  permittee’s	  
failure	  to	  agree	  to	  amendments	  to	  the	  biological	  objectives	  and	  conservation	  
measures18.	  Revocation	  of	  the	  incidental	  take	  permits	  covered	  by	  the	  BCDP	  
therefore	  would	  be	  an	  unprecedented	  event.	  

Second,	  a	  decision	  to	  revoke	  the	  incidental	  take	  permits	  would	  not	  be	  simply	  a	  
scientific	  determination	  that	  the	  BDCP—as	  written	  today	  and	  implemented	  at	  some	  
future	  date	  during	  its	  50-‐year	  existence—is	  not	  adequate	  to	  ensure	  the	  conservation	  
and	  recovery	  of	  the	  listed	  species.	  	  Although	  the	  BDCP	  assigns	  the	  authority	  to	  
revoke	  the	  state	  incidental	  take	  permit	  to	  the	  Director	  of	  the	  California	  Department	  
of	  Fish	  and	  Wildlife	  (BDCP	  6-‐50),	  it	  stipulates	  that	  “[a]ny	  decision	  to	  revoke	  one	  or	  
both	  federal	  permits	  must	  be	  in	  writing	  and	  must	  be	  signed	  by	  the	  Secretary	  of	  the	  
Interior	  or	  the	  Secretary	  of	  Commerce,	  as	  the	  case	  may	  warrant”	  (BDCP	  6-‐49).19	  	  In	  
our	  judgment,	  this	  poses	  an	  undue	  risk	  that	  the	  revocation	  decision	  would	  be	  based	  
on	  science	  and	  political	  considerations.	  	  Indeed,	  there	  would	  seem	  to	  be	  no	  other	  
purpose	  for	  elevating	  the	  revocation	  authority	  from	  the	  fish	  and	  wildlife	  agencies	  to	  
the	  two	  Cabinet-‐level	  Secretaries.	  

For	  these	  reasons,	  we	  do	  not	  believe	  that	  the	  state	  and	  federal	  authority	  to	  revoke	  
the	  incidental	  take	  permits	  compensates	  for	  the	  deficiencies	  in	  the	  draft	  BDCP	  
described	  above.	  

Conclusion	  
We	  conclude	  that	  governance	  structure	  set	  forth	  in	  the	  draft	  BDCP	  is	  neither	  
“transparent	  [nor]	  resilient	  to	  political	  and	  special	  interest	  influence.”	  	  The	  draft	  
undermines	  the	  authority	  of	  the	  federal	  and	  state	  fish	  and	  wildlife	  agencies	  both	  by	  
assigning	  them	  program	  responsibilities	  and	  by	  granting	  the	  Authorized	  Entities	  
veto	  power	  over	  changes	  to	  the	  biological	  objectives,	  conservation	  measures,	  and	  
adaptive	  management	  strategies	  that	  may	  be	  needed	  to	  ensure	  that	  the	  Plan	  
achieves	  its	  stated	  goals.	  	  To	  address	  this	  deficiency,	  we	  recommend	  that	  the	  BDCP	  
be	  revised	  to	  remove	  the	  Permit	  Oversight	  Group	  from	  program	  decisionmaking	  and	  
to	  clarify	  the	  regulatory	  authority	  of	  the	  fish	  and	  wildlife	  agencies	  both	  within	  the	  
BDCP	  and	  in	  their	  independent	  roles	  as	  principal	  regulators	  under	  the	  federal	  and	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
18	  See	  U.S.	  Fish	  and	  Wildlife	  Service	  Letter	  to	  Victor	  Gonzales,	  President	  of	  WindMar	  Renewable	  Energy,	  Feb.	  2,	  
2012	  (decision	  of	  partial	  suspension	  of	  incidental	  take	  permit).	  
19	  	   This	  would	  change	  the	  process	  for	  permit	  revocation	  set	  forth	  in	  the	  federal	  ESA	  rules,	  which	  vest	  
revocation	  authority	  in	  the	  Director	  of	  the	  U.S.	  Fish	  and	  Wildlife	  Service.	  	  50	  C.F.R.	  §	  17.22(b)(7).	  	  
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state	  Endangered	  Species	  Acts	  and	  the	  California	  Natural	  Community	  Conservation	  
Planning	  Act.	  

We	  also	  believe	  that	  the	  regulatory	  assurances	  contained	  in	  the	  draft	  Plan	  
jeopardize	  the	  ability	  of	  the	  fish	  and	  wildlife	  agencies	  to	  respond	  to	  changed	  
conditions	  that	  may	  require	  future	  revisions	  to	  the	  biological	  objectives	  and	  
conservation	  measures	  of	  the	  BDCP.	  	  The	  “no	  surprises”	  guarantees—by	  which	  the	  
state	  and	  federal	  governments	  would	  assume	  the	  financial	  costs	  of	  new	  
infrastructure	  and	  regulatory	  changes	  in	  CVP/SWP	  operations	  needed	  to	  address	  
the	  effects	  changed	  circumstances	  not	  provided	  for	  in	  the	  BDCP—are	  especially	  
troubling.	  	  To	  address	  this	  problem,	  we	  recommend	  that	  the	  proposed	  50-‐year	  “no	  
surprises”	  guarantees	  be	  converted	  into	  a	  series	  of	  renewable	  guarantees—the	  first	  
to	  cover	  construction	  of	  the	  projects	  authorized	  by	  the	  BDCP	  and	  the	  successors	  to	  
cover	  project	  operations	  for	  sequential	  ten-‐year	  periods.	  

Finally,	  although	  the	  fish	  and	  wildlife	  agencies	  retain	  the	  authority	  to	  revoke	  the	  
incidental	  take	  permits—and	  thus	  to	  rescind	  the	  BDCP—if	  necessary	  to	  avoid	  
jeopardizing	  any	  listed	  species,	  the	  draft	  Plan	  makes	  it	  difficult	  to	  do	  so	  by	  requiring	  
the	  federal	  agencies	  to	  take	  action	  against	  other	  stressors	  on	  the	  species	  before	  
determine	  that	  it	  is	  necessary	  to	  revoking	  the	  permits.	  	  The	  draft	  also	  removes	  the	  
revocation	  decision	  from	  the	  federal	  agencies	  themselves	  and	  places	  it	  with	  the	  
Cabinet-‐level	  Secretaries	  in	  whose	  Department	  the	  fish	  and	  wildlife	  agencies	  are	  
located.	  	  We	  believe	  that	  these	  heightened	  substantive	  and	  procedural	  requirements	  
reduce	  the	  likelihood	  that	  permit	  revocation	  would	  serve	  as	  an	  effective	  backstop	  in	  
the	  event	  that	  the	  BDCP	  fails	  to	  achieve	  its	  overriding	  purposes	  of	  ensuring	  the	  
survival	  and	  contributing	  to	  the	  recovery	  of	  the	  species.	  	  Indeed,	  these	  limitations	  on	  
permit	  revocation	  strengthen	  our	  conclusions	  that	  the	  governance	  problems	  
described	  throughout	  this	  chapter	  be	  repaired	  so	  that	  the	  fish	  and	  wildlife	  agencies	  
retain	  the	  authority	  to	  insist	  on	  changes	  to	  the	  biological	  objectives	  and	  
conservation	  measures	  of	  the	  BDCP	  as	  required	  to	  achieve	  species	  conservation	  and	  
recovery.	  
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CHAPTER	  9:	  SCIENCE	  AND	  ADAPTIVE	  
MANAGEMENT	  IN	  BDCP	  
Introduction	  
From	  the	  outset	  BDCP	  makes	  it	  clear	  that	  it	  will	  be	  science-‐based	  and	  adhere	  to	  the	  
principles	  of	  adaptive	  management.	  	  The	  plan	  recognizes	  that	  all	  22	  conservation	  
measures	  that	  are	  designed	  to	  meet	  the	  plan	  goals	  and	  objectives	  face	  high	  levels	  of	  
uncertainty	  and	  that	  measures	  used	  to	  implement	  them	  will	  inevitably	  require	  
adjustment	  and	  refinement.	  	  Indeed,	  given	  the	  unprecedented	  complexity	  of	  BDCP,	  it	  
will	  most	  certainly	  fail	  without	  substantial	  investments	  in	  a	  program	  of	  science	  and	  
monitoring	  linked	  to	  a	  robust	  adaptive	  management	  program	  that	  allows	  it	  to	  
change	  course.	  

At	  the	  time	  of	  this	  review,	  the	  science	  and	  adaptive	  management	  component	  of	  
BDCP	  was,	  by	  the	  project	  proponents’	  own	  admission,	  a	  work	  in	  progress	  with	  many	  
of	  the	  key	  elements	  yet	  to	  be	  determined.	  	  We	  briefly	  review	  here	  the	  available	  
information	  with	  the	  understanding	  that	  these	  elements	  are	  likely	  to	  change,	  
possibly	  considerably,	  before	  the	  public	  draft	  is	  released.	  	  

Adaptive	  Management	  Program	  
The	  plan	  documents	  recognize	  that	  BDCP	  is	  compelled	  to	  adhere	  to	  an	  array	  of	  
standards	  for	  adaptive	  management	  of	  the	  program	  (summarized	  in	  Chapter	  3	  of	  
BDCP).	  	  This	  includes	  requirements	  of	  USFWS	  and	  NMFS	  five-‐point	  policy	  on	  
adaptive	  management	  (65	  Fed.	  Reg.	  35241-‐35257),	  NCCPA	  requirements	  for	  
monitoring	  and	  adaptive	  management	  programs	  (Fish	  &	  Game	  Code	  §	  2820(a)(7)	  &	  
(8),	  and	  the	  requirements	  of	  the	  Delta	  Reform	  Act	  for	  science-‐based	  adaptive	  
management	  of	  all	  ecosystem	  and	  water	  management	  programs	  in	  the	  Delta	  (Water	  
Code	  §	  85308(f)).	  	  	  

The	  BDCP	  documents	  describe	  the	  well-‐known	  adaptive	  management	  cycle	  
involving:	  plan,	  where	  management	  problems	  are	  recognized	  leading	  up	  to	  a	  plan	  of	  
action	  to	  test	  management	  actions,	  do,	  where	  plans	  are	  implemented,	  accompanied	  
by	  monitoring,	  and	  evaluate,	  where	  monitoring	  information	  is	  evaluated	  to	  measure	  
effectiveness,	  and	  information	  learned	  initiates	  anew	  the	  planning	  portion	  of	  the	  
cycle.	  	  As	  described	  in	  BDCP,	  the	  conceptual	  approach	  to	  adaptive	  management	  is	  
closely	  aligned	  to	  the	  approach	  codified	  in	  the	  Delta	  Plan	  and	  the	  draft	  Delta	  Science	  
Plan.	  	  	  

Governance	  and	  Implementation	  of	  Adaptive	  Management	  
BDCP	  envisions	  that	  its	  adaptive	  management	  program	  will	  be	  organized	  and	  run	  by	  
its	  Implementation	  Office.	  	  The	  office	  will	  be	  run	  by	  a	  Program	  Manager	  who	  will	  be	  
hired	  by	  the	  Authorized	  Entity	  Group	  (AEG).	  	  The	  AEG	  will	  be	  made	  up	  of	  DWR,	  
Reclamation,	  and	  the	  state	  and	  federal	  water	  contractors.	  	  The	  Program	  Manager	  
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selects	  and	  supervises	  a	  Science	  Manager,	  who	  takes	  on	  the	  responsibilities	  of	  
running	  the	  adaptive	  management	  programs	  and	  coordinating,	  in	  unspecified	  ways,	  
all	  science	  and	  monitoring	  activities.	  	  	  

The	  Science	  Manager	  will	  chair	  and	  manage	  an	  Adaptive	  Management	  Team	  (AMT)	  
made	  up	  of	  a	  broad	  array	  of	  regulators,	  regulated	  entities,	  and	  science	  programs.	  	  
These	  include	  representatives	  appointed	  by	  members	  of	  the	  AEG,	  the	  Permit	  
Oversight	  Group	  (POG:	  CDFW,	  USFWS,	  NMFS),	  the	  Interagency	  Ecological	  Program	  
(IEP),	  Delta	  Science	  Program	  (DSP),	  and	  NOAA	  Southwest	  Fisheries	  Science	  Center.	  	  
This	  group	  will	  receive	  input	  from	  a	  Technical	  Facilitation	  Subgroup,	  part	  of	  a	  
Stakeholder	  Council	  made	  up	  of	  multiple	  of	  stakeholder	  groups,	  regulated	  entities,	  
and	  regulating	  entities.	  	  	  

The	  AMT,	  led	  by	  the	  Science	  Manager,	  will	  have	  the	  responsibility	  for	  designing,	  
administering	  and	  evaluating	  the	  BDCP	  adaptive	  management	  program,	  including	  
the	  development	  of	  performance	  measures,	  monitoring	  and	  research	  plans,	  
synthesis	  of	  data,	  solicitation	  of	  independent	  review,	  and	  developing	  proposals	  to	  
modify	  biological	  goals	  and	  objectives	  as	  well	  as	  conservations	  measures.	  	  	  

The	  AMT	  is	  to	  operate	  by	  consensus	  only,	  meaning	  all	  members	  must	  agree	  to	  all	  
actions.	  	  Where	  consensus	  cannot	  be	  reached	  the	  matter	  is	  elevated	  to	  the	  AEG	  and	  
POG	  for	  resolution.	  	  As	  a	  matter	  of	  course,	  all	  changes	  in	  conservation	  measures	  and	  
biological	  goals	  and	  objectives	  must	  be	  approved	  by	  the	  POG	  and	  AEG.	  The	  entity	  
responsible	  for	  decisionmaking	  (for	  example,	  NMFS	  regarding	  changes	  in	  biological	  
goals	  and	  objectives	  for	  salmon)	  will	  decide	  the	  issue.	  	  However,	  as	  discussed	  in	  
Chapter	  8,	  any	  member	  of	  the	  AEG	  or	  POG	  may	  request	  review	  of	  the	  decision	  at	  the	  
highest	  level	  of	  the	  relevant	  federal	  department	  or	  state,	  up	  to	  the	  appropriate	  
department	  secretary	  or	  the	  Governor	  of	  California	  (BDCP	  Chapter	  7,	  Section	  7.1.7).	  

An	  essential	  goal	  of	  the	  adaptive	  management	  program—seeking	  consensus	  for	  all	  
decisions	  from	  all	  regulated	  and	  regulating	  entities	  as	  well	  as	  key	  providers	  of	  
science—is	  understandable	  and,	  if	  it	  could	  be	  achieved,	  laudable.	  	  However,	  for	  
several	  reasons	  this	  is	  unlikely	  to	  be	  successful.	  	  	  	  

First,	  as	  discussed	  in	  Chapter	  8,	  this	  structure	  confuses	  the	  roles	  of	  regulators	  and	  
regulated	  entities.	  	  It	  gives	  exceptional	  decision	  power	  to	  regulated	  entities,	  
particularly	  those	  with	  a	  great	  financial	  stake	  in	  outcomes	  (state	  and	  federal	  water	  
contractors).	  	  We	  are	  skeptical	  that	  difficult,	  perhaps	  costly	  decisions	  could	  be	  
achieved	  in	  an	  efficient	  and	  effective	  manner	  since	  any	  member	  of	  the	  AEG	  or	  POG	  
can,	  in	  effect,	  elevate	  any	  decision,	  no	  matter	  how	  trivial,	  to	  the	  highest	  levels	  of	  
government.	  	  This	  is	  likely	  to	  have	  a	  chilling	  effect	  on	  decisionmaking,	  making	  all	  
parties	  cautious	  and	  risk-‐averse.	  	  These	  traits—caution	  and	  fear	  of	  taking	  risks—are	  
antithetical	  to	  the	  principles	  of	  adaptive	  management	  by	  which	  all	  management	  
decisions	  are	  viewed	  as	  experimental	  and	  inherently	  risky.	  	  The	  most	  likely	  outcome	  
from	  this	  approach	  to	  governance	  of	  adaptive	  management	  is	  that	  preliminary	  
decisions	  made	  during	  the	  initial	  phases	  of	  the	  plan	  are,	  through	  sheer	  inertia,	  likely	  
to	  remain	  permanent,	  rendering	  the	  concept	  of	  adaptive	  management	  moot.	  	  	  
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Second,	  the	  AMT	  is	  made	  up	  of	  a	  mix	  of	  regulators,	  regulated	  entities,	  and	  scientific	  
providers	  such	  as	  IEP	  and	  DSP.	  	  This	  places	  the	  science	  providers	  in	  the	  position	  of	  
being	  decisionmakers,	  creating	  clear	  conflicts	  of	  interest.	  	  Most	  importantly,	  as	  
discussed	  below,	  this	  eliminates	  one	  of	  the	  most	  important	  aspects	  of	  science	  in	  
support	  of	  adaptive	  management:	  scientific	  independence.	  	  	  

Adaptive	  Capacity	  
The	  AMT,	  with	  approval	  from	  the	  POG,	  AEG	  or	  higher	  federal	  and	  state	  authorities,	  
will	  oversee	  implementation	  of	  the	  adaptive	  management	  program,	  presumably	  
through	  the	  Science	  Manager.	  	  A	  central	  issue	  likely	  to	  arise	  when	  finalizing	  BDCP	  is	  
the	  adaptive	  flexibility	  available.	  	  All	  such	  programs	  have	  a	  natural	  tension	  between	  
wanting	  to	  provide	  assurances—such	  as	  how	  much	  water	  will	  be	  exported	  from	  the	  
Delta—and	  needing	  flexibility	  in	  amount	  and	  timing	  of	  exports	  to	  test	  and	  
implement	  adaptive	  management	  programs.	  	  The	  current	  BDCP	  documents	  offer	  
little	  to	  no	  guidance	  on	  adaptive	  capacity.	  	  This	  is	  likely	  to	  play	  a	  major	  role	  in	  how	  
adjustments	  are	  made	  in	  conservation	  measures	  and,	  more	  importantly,	  how	  real-‐
time	  operations	  (an	  element	  of	  adaptive	  management)	  are	  implemented.	  	  BDCP	  has	  
sought	  to	  defer	  this	  decision,	  both	  within	  the	  document	  and	  to	  its	  Decision	  Tree	  
process	  (discussed	  below).	  	  	  

Science	  Program	  
Science	  should	  underpin	  the	  discussions	  and	  information	  needed	  to	  make	  and	  
implement	  adaptive	  management	  decisions.	  	  The	  extensive	  literature	  on	  adaptive	  
management	  cites	  a	  strong,	  well-‐funded,	  and	  well-‐organized	  science	  and	  monitoring	  
program	  as	  essential	  for	  adaptive	  management.	  	  The	  BDCP	  documents	  do	  not	  
provide	  extensive	  information	  about	  science	  to	  support	  adaptive	  management,	  
other	  than	  a	  solid	  commitment	  to	  build	  and	  support	  a	  strong	  science	  program	  and,	  
in	  the	  EIR/EIS,	  a	  significant	  funding	  commitment.	  	  As	  currently	  described,	  the	  
science	  program	  would	  be	  run	  by	  the	  Science	  Manager	  under	  the	  direction	  of	  the	  
Program	  Manager	  and	  the	  AEG.	  	  The	  role	  of	  the	  science	  manager	  would	  be	  to	  fund	  
an	  array	  of	  activities,	  guide	  synthesis	  and	  analysis,	  and	  coordinate	  with	  the	  
numerous	  public	  and	  private	  institutions	  working	  on	  the	  Delta.	  	  Beyond	  this,	  there	  
are	  few	  specifics.	  	  	  

BDCP’s	  current	  efforts	  on	  science	  have	  come	  in	  for	  extensive	  criticism	  from	  several	  
entities,	  including	  the	  National	  Research	  Council	  (2012),	  the	  Delta	  Independent	  
Science	  Board	  (Memo	  to	  Delta	  Stewardship	  Council	  dated	  May	  20,	  2013)	  and	  the	  
Public	  Policy	  Institute	  of	  California	  (Hanak	  et	  al.,	  2013,	  Gray	  et	  al.,	  2013).	  	  To	  be	  fair,	  
the	  project	  proponents	  recognize	  that	  the	  BDCP	  science	  program	  is	  a	  work	  in	  
progress	  and	  likely	  to	  change	  before	  the	  public	  draft	  of	  the	  plan	  is	  released.	  	  
However,	  several	  significant	  issues	  will	  need	  to	  be	  resolved:	  	  

• Integration:	  the	  National	  Research	  Council	  in	  its	  review	  of	  Delta	  science	  was	  
highly	  critical	  of	  the	  lack	  of	  integration	  of	  scientific	  efforts	  in	  the	  Delta.	  	  The	  
NRC	  and	  others	  have	  pointed	  out	  that	  coordination	  is	  less	  effective	  than	  
integration.	  	  BDCP	  is	  a	  once-‐in-‐a-‐generation	  opportunity	  to	  reorganize	  
science	  in	  the	  Delta	  to	  make	  it	  more	  integrated	  and	  more	  effective	  for	  



	   102	  

addressing	  the	  major	  issues	  of	  the	  day.	  	  As	  structured,	  BDCP	  builds	  a	  new	  
stand-‐alone	  science	  program	  that	  seeks	  to	  coordinate	  with	  other	  programs,	  
such	  as	  IEP	  and	  DSP,	  rather	  than	  to	  integrate	  them.	  	  This	  is	  unlikely	  to	  prove	  
successful.	  	  

• Independence:	  as	  noted	  above,	  the	  AMT	  blurs	  the	  distinction	  among	  decision-‐
makers,	  regulated	  entities,	  and	  the	  providers	  of	  science	  and	  technical	  advice.	  	  
In	  addition,	  the	  BDCP	  science	  program	  is,	  in	  effect,	  run	  by	  the	  regulated	  
entities	  and	  lacks	  independence.	  	  This	  creates	  the	  potential	  for	  bias	  in	  the	  
selection	  of	  what	  science	  gets	  funded	  and	  what	  is	  ultimately	  made	  available	  
to	  the	  public.	  	  Given	  that	  most	  major	  disputes	  in	  the	  Delta	  come	  down	  to	  
differences	  of	  opinion	  in	  court	  about	  the	  best	  available	  science,	  
demonstrating	  scientific	  integrity	  and	  transparency	  should	  be	  the	  highest	  
priority.	  	  	  	  	  

• Oversight:	  as	  currently	  structured,	  there	  is	  no	  independent	  oversight	  of	  the	  
BDCP	  science	  program.	  	  There	  is	  a	  commitment	  to	  promoting	  peer-‐review	  of	  
scientific	  work	  products	  and	  plans.	  	  In	  addition,	  there	  is	  mention	  of	  
coordinating	  with	  the	  existing	  DSP	  and	  the	  Delta	  Independent	  Science	  Board.	  	  
But	  oversight,	  which	  is	  essential	  for	  creating	  public	  assurances	  that	  the	  best	  
available	  science	  is	  being	  utilized	  in	  decision-‐making,	  is	  currently	  absent	  
from	  the	  plan.	  	  

• Funding:	  science	  is	  expensive,	  and	  for	  a	  program	  this	  large	  and	  complex,	  it	  is	  
likely	  to	  be	  very	  expensive.	  	  There	  are	  no	  discussions	  regarding	  budget	  in	  the	  
BDCP	  plan	  documents.	  	  However,	  in	  the	  administrative	  draft	  EIR/EIS	  there	  
are	  substantial	  commitments	  to	  funding	  a	  science	  program.	  	  There	  are	  
categories	  of	  funding	  (monitoring,	  research,	  etc.),	  but	  little	  information	  as	  to	  
how	  it	  would	  be	  distributed,	  organized	  and	  administered.	  	  Still,	  this	  level	  of	  
commitment	  is	  significant	  and	  necessary.	  	  

To	  be	  effective,	  during	  revision	  of	  the	  plan	  documents,	  BDCP	  will	  have	  to	  address	  
the	  considerable	  weaknesses	  in	  science	  governance,	  integration	  with	  other	  
programs,	  independence	  and	  transparency,	  oversight	  and	  funding.	  Notably,	  there	  is	  
a	  parallel	  process	  underway,	  led	  by	  the	  DSC,	  to	  develop	  a	  comprehensive	  plan	  for	  
science	  in	  the	  Delta.	  	  This	  “One	  Delta,	  One	  Science”	  effort	  is	  essential	  for	  the	  success	  
of	  BDCP.	  	  It	  seems	  to	  us	  that	  BDCP’s	  science	  effort	  should	  be	  fully	  integrated	  with	  
the	  Delta	  Science	  Plan,	  if	  not	  led	  by	  the	  DSP.	  	  However,	  to	  date,	  BDCP	  has	  had	  limited	  
involvement	  with	  this	  planning	  process.	  	  	  

Decision	  Tree	  	  	  
Earlier	  chapters	  of	  this	  review	  note	  that	  most	  controversial	  decisions,	  or	  decisions	  
with	  high	  scientific	  uncertainty,	  are	  proposed	  to	  be	  resolved	  through	  adaptive	  
management	  (i.e.,	  deferred).	  	  One	  of	  the	  most	  important	  decisions	  will	  involve	  initial	  
operations	  of	  the	  dual	  export	  facilities	  approximately	  ten	  years	  after	  issuance	  of	  the	  
HCP/NCCP	  permit.	  	  The	  operations	  are	  to	  be	  based	  on	  the	  best	  available	  science	  on	  
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how	  to	  meet	  the	  co-‐equal	  goals	  of	  ecosystem	  benefit	  and	  water	  supply,	  with	  the	  goal	  
of	  meeting	  the	  HCP/NCCP	  conservation	  standards.	  

A	  fundamental	  tension	  exists	  between	  two	  competing	  hypotheses	  regarding	  BDCP.	  	  
The	  first,	  controlling	  hypothesis	  is	  that	  better	  management	  of	  existing	  export	  
volumes	  with	  the	  dual	  facility,	  coupled	  with	  significant	  investments	  in	  floodplain,	  
channel	  margin,	  and	  tidal	  marsh	  habitat	  to	  improve	  food	  webs,	  will	  improve	  
conditions	  for	  covered	  species	  sufficiently	  to	  meet	  the	  HCP/NCCP	  standards.	  The	  
second,	  embedded	  within	  the	  agency	  red	  flag	  comments	  and	  “progress	  reports”,	  is	  
that	  these	  steps	  are	  insufficient	  and	  that	  lower	  exports	  (higher	  outflow)	  will	  be	  
needed	  to	  meet	  these	  standards.	  	  This	  issue	  is	  a	  paramount	  concern	  since	  it	  directly	  
affects	  the	  economic	  viability	  of	  water	  supplied	  from	  the	  project.	  	  

As	  part	  of	  CM#1,	  BDCP	  will	  use	  a	  decision	  tree	  to	  address	  initial	  starting	  operations.	  	  
As	  a	  starting	  point,	  BDCP	  embodies	  the	  two	  competing	  hypotheses	  in	  the	  LOS	  and	  
HOS	  operating	  criteria,	  viewing	  them	  as	  brackets	  on	  the	  potential	  range	  of	  
operations.	  	  The	  goal	  of	  the	  decision	  tree	  is	  to	  conduct	  a	  series	  of	  detailed	  studies	  
and	  experiments	  to	  develop	  specific	  flow	  criteria,	  particularly	  for	  spring	  outflow	  
(longfin	  smelt)	  and	  Fall	  X2	  (delta	  smelt),	  in	  the	  decade	  before	  operation	  of	  the	  
export	  facility	  begins.	  

The	  decision	  tree	  is	  the	  first,	  and	  probably	  most	  important,	  element	  of	  the	  BDCP	  
adaptive	  management	  program.	  	  Much	  of	  the	  success	  of	  the	  adaptive	  management	  
program	  will	  be	  tied	  to	  this	  element,	  since	  the	  original	  adaptive	  management	  and	  
science	  infrastructure	  will	  presumably	  be	  built	  around	  addressing	  the	  competing	  
hypotheses.	  	  	  

The	  decision	  tree	  approach	  to	  addressing	  starting	  operations	  is,	  in	  our	  view,	  
laudable	  and	  appropriate.	  	  It	  makes	  no	  sense	  to	  wait	  until	  all	  uncertainties	  over	  this	  
issue	  are	  resolved	  (a	  course	  of	  action	  proposed	  by	  diverse	  stakeholder	  groups).	  	  
Experience	  says	  this	  issue	  will	  never	  be	  resolved	  to	  everyone’s	  satisfaction	  and	  will	  
require	  constant	  (and	  contentious)	  adaptive	  management.	  	  This	  is	  a	  necessary	  and	  
appropriate	  step.	  Regrettably,	  there	  is	  little	  information	  given	  in	  the	  BDCP	  
documents	  about	  how	  the	  decision	  tree	  would	  be	  implemented,	  including	  who	  
would	  fund	  it,	  how	  it	  would	  be	  structured,	  how	  decisions	  would	  be	  made,	  what	  
science	  experiments	  would	  be	  conducted,	  etc.	  	  The	  lack	  of	  detail	  about	  the	  decision	  
tree	  in	  the	  BDCP	  documents	  raises	  several	  key	  concerns:	  	  

• It	  takes	  time	  to	  develop	  and	  implement	  a	  large,	  complex	  scientific	  
undertaking	  of	  the	  kind	  envisioned	  by	  the	  decision	  tree	  approach.	  	  The	  POD	  
crisis	  in	  the	  mid-‐2000’s	  and	  the	  mobilization	  of	  the	  scientific	  community	  to	  
address	  it	  is	  an	  example	  of	  a	  successful	  approach.	  	  But	  that	  still	  took	  
considerable	  time	  and	  many	  issues	  addressed	  by	  the	  POD	  effort	  remain	  
unresolved.	  	  

• To	  inform	  the	  potential	  placement	  and	  design	  of	  habitat	  restoration	  efforts	  
to	  support	  food	  webs,	  new	  approaches	  to	  numerical	  modeling	  will	  be	  
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needed	  that	  better	  represent	  how	  these	  habitats	  function.	  	  Finding	  and	  
funding	  the	  technical	  teams	  for	  this	  kind	  of	  work	  will	  take	  time	  and	  
resources.	  	  A	  particular	  concern	  is	  whether	  contracting	  will	  be	  run	  through	  
existing	  state	  and	  federal	  agencies	  who	  are	  notoriously	  slow	  at	  developing	  
contracts.	  	  	  

• In	  addition,	  field	  experiments	  will	  be	  needed	  to	  inform	  and	  calibrate	  these	  
models.	  	  This	  involves	  identifying	  locations	  to	  conduct	  experiments,	  
modeling	  and	  designing	  actions,	  acquiring	  land	  or	  easements,	  implementing	  
pre-‐project	  monitoring	  programs,	  implementing	  actions,	  monitoring	  
responses,	  and	  incorporating	  results	  into	  system	  models.	  	  All	  of	  these	  
actions	  take	  time	  and	  resources,	  but	  as	  is	  well-‐known	  by	  anyone	  working	  on	  
ecosystem	  restoration	  in	  the	  Delta,	  the	  rate-‐limiting	  step	  is	  inevitably	  the	  
length	  of	  time	  it	  takes	  to	  secure	  permits	  (see	  recent	  review	  in	  Hanak	  et	  al.,	  
2013).	  	  	  

• Because	  any	  decision	  made	  regarding	  flow	  and	  habitat	  will	  have	  multiple,	  
competing	  constituencies	  and	  regulatory	  interests,	  an	  extensive	  and	  often	  
contentious	  public	  engagement	  effort	  will	  be	  needed.	  	  The	  history	  of	  the	  
Delta	  suggests	  that	  all	  such	  significant	  decisions	  are	  litigated,	  further	  
slowing	  this	  process.	  	  	  

These	  four	  concerns,	  as	  well	  as	  others,	  make	  us	  skeptical	  that	  the	  decision	  tree	  is	  
likely	  to	  achieve	  the	  goal	  of	  resolving	  operations	  issues	  within	  a	  10	  to	  15	  year	  time	  
period.	  	  We	  cannot	  say	  with	  certainty	  that	  it	  will	  not	  be	  successful.	  	  A	  committed,	  
well-‐funded,	  well-‐managed	  effort	  on	  the	  part	  of	  all	  parties	  may	  yield	  useful	  
conclusions.	  	  However,	  given	  that	  this	  is	  the	  less	  likely	  outcome,	  it	  seems	  imperative	  
that	  BDCP	  negotiate	  export	  operations	  criteria	  that,	  in	  the	  absence	  of	  a	  successful	  
decision	  tree	  process,	  will	  be	  implemented	  at	  the	  start	  of	  the	  project.	  	  	  

Our	  work	  in	  previous	  chapters	  has	  cast	  doubt	  on	  the	  viability	  of	  the	  controlling	  
hypothesis	  that	  underpins	  BDCP.	  	  To	  this	  end,	  we	  think	  it	  prudent	  to,	  at	  minimum,	  
adopt	  the	  HOS	  operating	  criteria	  as	  the	  starting	  condition	  if	  the	  decision	  try	  fails	  to	  
identify	  operating	  procedures.	  	  In	  addition,	  if	  BDCP	  is	  truly	  committed	  to	  adaptive	  
management	  and	  the	  use	  of	  best	  available	  science,	  it	  is	  not	  appropriate	  to	  set	  
artificial	  boundaries—HOS	  and	  LOS—on	  the	  decision	  tree	  process.	  	  It	  is	  our	  view	  
that	  the	  decision	  tree	  research	  effort	  should	  seek	  to	  define	  best	  operating	  
procedures	  rather	  than	  being	  forced	  to	  operate	  within	  the	  HOS	  and	  LOS	  range.	  	  
There	  is	  a	  reasonable	  chance	  that	  the	  decision	  tree	  process	  may	  ultimately	  
determine	  that	  the	  HOS	  flow	  criteria	  are	  not	  protective	  enough.	  	  	  

Conclusion	  
The	  draft	  documentation	  provided	  by	  BDCP	  makes	  a	  strong	  commitment	  to	  the	  
principles	  of	  adaptive	  management	  supported	  by	  a	  robust	  science	  program.	  	  Given	  
the	  complexity	  of	  BDCP	  and	  the	  great	  scientific	  uncertainties	  underpinning	  many	  of	  
the	  central	  elements	  of	  BDCP,	  this	  is	  absolutely	  necessary	  for	  success.	  	  As	  currently	  
described,	  the	  BDCP	  adaptive	  management	  program	  either	  lacks	  sufficient	  
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information	  to	  be	  assessed	  or	  is	  unlikely	  to	  achieve	  its	  overall	  goals	  and	  objectives.	  	  
This	  stems	  from	  two	  basic	  problems:	  	  

• The	  adaptive	  management	  program	  has	  a	  confused	  and	  conflicting	  
governance	  structure	  that,	  in	  our	  view,	  is	  likely	  to	  inhibit	  adaptation	  
rather	  than	  promote	  it.	  	  	  

• There	  is	  insufficient	  information,	  beyond	  funding	  levels,	  to	  judge	  how	  the	  
science	  program	  might	  function	  and	  how	  the	  knowledge	  it	  generates	  
would	  be	  converted	  to	  action.	  	  The	  current	  information	  in	  the	  documents	  
indicates	  that	  the	  program	  lacks	  integration	  with	  existing	  programs,	  
scientific	  independence	  and	  transparency,	  and	  sufficient	  independent	  
oversight.	  	  

We	  recommend	  that	  BDCP	  seek	  substantive	  engagement	  (beyond	  “coordination”)	  
with	  the	  ongoing	  efforts	  by	  the	  DSC	  and	  the	  Delta	  Stewardship	  Council	  to	  develop	  a	  
Delta	  Science	  Plan.	  	  The	  goal	  should	  be	  to	  integrate	  BDCP	  science	  and	  adaptive	  
management	  into	  the	  broader	  science	  infrastructure	  of	  the	  Delta	  and	  not	  to	  
construct	  a	  new,	  stand-‐alone	  science	  organization.	  Additionally,	  BDCP	  needs	  to	  
revisit	  how	  adaptive	  management	  decisions	  are	  made,	  reallocating	  planning	  and	  
decisionmaking	  authorities.	  

The	  decision	  tree	  process	  that	  seeks	  to	  resolve	  issues	  over	  initial	  operating	  criteria	  
and	  habitat	  restoration	  investments	  is	  both	  appropriate	  and	  necessary.	  	  
Unfortunately	  only	  limited	  information	  is	  available	  about	  this	  program	  so	  we	  cannot	  
evaluate	  it.	  We	  are	  confident,	  however,	  that	  it	  is	  unlikely	  to	  resolve	  the	  major	  issues	  
over	  the	  trade-‐offs	  between	  flow	  and	  ecosystem	  investments.	  	  For	  this	  reason,	  in	  the	  
absence	  of	  resolution	  of	  decision	  tree	  process	  starting	  operations	  should	  be	  similar	  
to	  HOS	  criteria.	  	  	  

	  



	   105	  

Chapter	  10:	  Summary	  and	  
Recommendations	  
Introduction	  
We	  present	  a	  narrow	  review	  of	  aspects	  of	  BDCP	  that	  relate	  to	  conservation	  of	  
federally	  listed	  fishes.	  	  We	  identify	  both	  strengths	  and	  weaknesses	  of	  BDCP’s	  
conservation	  measures	  in	  its	  effort	  to	  balance	  water	  supply	  reliability	  with	  
ecosystem	  goals	  and	  objectives.	  	  Due	  to	  time	  and	  resource	  limits	  this	  review	  is	  
incomplete.	  	  We	  did	  not	  examine	  all	  issues	  associated	  with	  aquatic	  ecosystems.	  	  For	  
example,	  we	  did	  not	  evaluate	  habitat	  restoration	  on	  the	  San	  Joaquin	  River.	  Nor	  did	  
we	  evaluate	  conservation	  issues	  for	  all	  covered	  fishes,	  giving	  limited	  attention	  to	  
Sacramento	  splittail,	  San	  Joaquin	  steelhead,	  sturgeon	  and	  lamprey.	  	  Instead,	  we	  
focused	  on	  the	  conservation	  measures	  that	  affect	  winter-‐run	  and	  spring-‐run	  
Chinook	  salmon,	  delta	  smelt,	  and	  longfin	  smelt,	  because	  these	  measures	  are	  the	  
most	  controversial	  and	  have	  greatest	  impacts	  on	  water	  supply	  operations.	  	  We	  also	  
focused	  on	  a	  limited	  subset	  of	  the	  alternatives	  listed	  in	  BDCP	  documentation:	  the	  
Early	  Long	  Term	  conditions	  under	  a	  No-‐Action	  Alternative	  (NAA),	  Low	  Outflow	  
Scenario	  (LOS)	  and	  High	  Outlflow	  Scenario	  (HOS)1.	  

We	  summarize	  our	  findings	  on	  the	  six	  guiding	  questions	  identified	  in	  Chapter	  1,	  plus	  
several	  recommendations	  sought	  by	  the	  NGOs	  after	  we	  began	  our	  work.	  These	  are	  
intended	  to	  help	  inform	  The	  Nature	  Conservancy	  and	  American	  Rivers	  in	  their	  
engagement	  efforts	  with	  BDCP.	  Where	  appropriate,	  we	  describe	  alternative	  
approaches	  that	  might	  be	  taken	  for	  BDCP	  to	  more	  effectively	  meet	  its	  goals.	  On	  
many	  issues	  we	  have	  no	  recommendations.	  	  

Question	  1:	  Operations	  
Do	  operations	  of	  the	  dual	  facilities	  meet	  the	  broader	  goal	  of	  taking	  advantage	  of	  wet	  
and	  above	  average	  years	  for	  exports	  while	  reducing	  pressure	  on	  below	  average,	  dry	  
and	  critically	  dry	  years?	  What	  substantive	  changes	  in	  operations	  (and	  responses,	  see	  
below)	  are	  there	  both	  seasonally	  and	  interannually?	  

We	  analyzed	  the	  CALSIM	  data	  on	  export	  operations	  under	  NAA	  ,	  HOS	  and	  LOS	  for	  
ELT	  conditions.	  	  We	  note	  that	  the	  modeling	  of	  flows	  under	  BDCP	  has	  three	  
compounding	  uncertainties:	  uncertainty	  over	  system	  understanding	  and	  future	  
conditions,	  model	  uncertainties	  associated	  with	  CALSIM,	  DSM2	  and	  UnTrim,	  and	  
behavioral/regulatory	  uncertainty,	  where	  the	  model	  cannot	  fully	  capture	  
operational	  flexibility.	  	  For	  this	  reason,	  model	  outputs	  should	  be	  viewed	  as	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  NAA	  ELT	  is	  the	  no-‐project	  alternative	  using	  the	  2008,	  2009	  BiOps	  with	  high	  spring	  outflow,	  2025	  climate	  and	  
sea	  level	  conditions.	  	  LOS	  is	  with-‐project	  alternative	  with	  low	  fall	  and	  spring	  outflow,	  2025	  climate	  and	  sea	  level	  
conditions.	  	  HOS	  is	  with-‐project	  alternative	  with	  high	  spring	  and	  fall	  outflow	  standards,	  2025	  climate	  and	  sea	  
level	  conditions.	  	  
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approximations	  useful	  for	  comparing	  different	  scenarios	  rather	  than	  as	  a	  predictor	  
of	  future	  conditions.	  	  This	  issue	  influences	  all	  of	  our	  conclusions.	  	  

Based	  on	  our	  review	  we	  conclude:	  	  

• The	  array	  of	  existing	  and	  projected	  flow	  regulations	  significantly	  constrains	  
operations	  in	  BDCP.	  	  The	  assumed	  operational	  flexibility	  associated	  with	  new	  
North	  Delta	  facility	  is	  limited.	  	  

• HOS	  and	  LOS	  operations	  promote	  greater	  export	  during	  wet	  periods	  through	  
increased	  use	  of	  North	  Delta	  diversions	  during	  the	  winter	  and	  spring.	  	  During	  
dry	  and	  critical	  years,	  there	  is	  not	  much	  difference	  in	  average	  exports	  
compared	  to	  NAA.	  	  For	  this	  reason,	  BDCP	  generally	  fails	  to	  meet	  the	  broader	  
objective	  of	  reducing	  pressure	  on	  the	  Delta	  during	  dry	  periods.	  	  	  

• In	  some	  dry	  periods	  regulatory	  controls	  on	  OMR	  flows	  and	  North	  Delta	  
diversions	  lead	  to	  significant	  increases	  in	  outflow	  and	  OMR	  flows	  over	  NAA.	  
These	  unexpected	  results	  are	  the	  consequence	  of	  stricter	  flow	  requirements	  
for	  HOS	  and	  LOS	  and	  operations	  being	  tied	  to	  previous	  water-‐year	  type	  in	  the	  
fall	  and	  early	  winter.	  	  We	  are	  unsure	  if	  the	  project	  would	  actually	  be	  operated	  
this	  way	  under	  these	  conditions.	  

• 	  We	  evaluated	  how	  NAA,	  HOS	  and	  LOS	  performed	  during	  extended	  droughts.	  	  
Of	  the	  three	  scenarios,	  HOS	  appears	  to	  be	  most	  protective	  of	  both	  supply	  and	  
ecosystems	  by	  reducing	  the	  frequency	  and	  duration	  of	  dead	  pool	  conditions	  
on	  Sacramento	  Valley	  reservoirs	  and	  assuring	  higher	  spring	  and	  fall	  outflows.	  	  

Recommendations:	  caution	  must	  be	  used	  in	  interpreting	  CALSIM	  model	  results	  
for	  both	  export	  and	  environmental	  performance	  of	  BDCP	  due	  to	  compounding	  
uncertainties.	  	  However,	  modeling	  results	  suggest	  that	  overall	  flow	  conditions	  
are	  improved	  over	  NAA.	  	  	  

Question	  2:	  Impacts	  of	  North	  Delta	  Facility	  
Based	  on	  operations	  criteria,	  does	  the	  Plan	  properly	  identify	  ecological	  impacts	  likely	  
to	  occur	  adjacent	  to	  and	  in	  the	  bypass	  reach	  downstream	  of	  the	  new	  North	  Delta	  
diversion	  facilities?	  If	  there	  will	  be	  direct	  and	  indirect	  harm	  to	  listed	  species	  by	  the	  
facilities,	  does	  the	  Plan	  prescribe	  sufficient	  mitigation	  measures?	  	  	  

We	  reviewed	  the	  Conservation	  Measures	  and	  Effects	  Analysis	  of	  BDCP,	  including	  
supporting	  appendices	  to	  evaluate	  conditions	  upstream	  of	  the	  North	  Delta	  facility,	  
as	  well	  as	  near-‐	  and	  far-‐field	  effects	  of	  the	  facility	  itself.	  	  Our	  focus	  was	  on	  winter-‐	  
and	  spring-‐run	  Chinook	  salmon,	  rather	  than	  all	  covered	  species.	  	  Based	  on	  this	  
review	  we	  conclude:	  	  

• The	  BDCP	  consultants	  have	  appropriately	  identified	  the	  range	  of	  impacts	  on	  
listed	  salmon	  likely	  to	  be	  associated	  with	  the	  operations	  of	  the	  North	  Delta	  
facility.	  	  	  These	  include	  near-‐field	  effects	  such	  as	  impingement	  on	  intake	  



	   107	  

screens	  and	  high	  predation	  losses	  at	  the	  facility,	  to	  far-‐field	  effects	  such	  as	  
reduced	  survivorship	  of	  juvenile	  salmon	  due	  to	  higher	  transit	  times	  and	  
redirection	  into	  the	  interior	  Delta.	  	  Using	  multiple	  modeling	  approaches,	  they	  
have	  created	  reasonable	  estimates	  of	  losses	  due	  to	  operation	  of	  the	  facility.	  	  	  

• Mitigation	  for	  take	  associated	  with	  the	  new	  facility	  includes	  restricting	  
diversion	  flows	  during	  initial	  pulse	  flows	  in	  the	  river,	  predator	  control,	  non-‐
physical	  barriers,	  real-‐time	  operations	  to	  protect	  outmigrants,	  and	  
modification	  of	  the	  Fremont	  Weir	  to	  divert	  fish	  onto	  the	  Yolo	  Bypass.	  	  With	  
the	  possible	  exception	  of	  benefits	  from	  Fremont	  Weir	  modifications	  the	  
uncertainties	  over	  mitigation	  actions	  are	  all	  high.	  	  	  

• We	  see	  high	  potential	  value	  in	  the	  Yolo	  Bypass	  for	  mitigating	  the	  effects	  of	  
North	  Delta	  diversions	  on	  juvenile	  salmon,	  particularly	  in	  drier	  conditions.	  
Therefore,	  existing	  adaptive	  management	  programs	  on	  the	  Bypass	  must	  be	  
supported,	  with	  accelerated	  pilot	  studies,	  monitoring	  and	  ecological	  
modeling,	  to	  ensure	  success	  of	  any	  modifications	  of	  the	  Bypass.	  

• Mitigation	  is	  hampered	  by	  the	  lack	  of	  a	  viable	  adaptive	  management	  plan	  or	  
real-‐time	  management	  plan	  in	  the	  current	  BDCP	  for	  the	  North	  Delta	  facility.	  	  
Still,	  even	  with	  these	  uncertainties,	  if	  managed	  well,	  fully	  implemented	  and	  
functioning	  as	  described	  in	  the	  plan,	  the	  actions	  appear	  to	  mitigate	  for	  losses	  
associated	  with	  the	  North	  Delta	  facilities.	  	  

• 	  These	  mitigation	  efforts	  alone	  are	  unlikely	  to	  lead	  to	  significant	  increases	  in	  
salmon	  populations,	  and	  extinction	  risk	  remains	  high	  for	  winter-‐	  and	  spring-‐
run	  Chinook	  salmon,	  particularly	  during	  extended	  drought	  and	  warm	  periods	  
when	  reservoirs	  are	  low.	  	  However,	  reservoir	  management	  is	  not	  within	  the	  
scope	  of	  BDCP.	  	  	  

Recommendations:	  given	  the	  uncertainties	  over	  mitigation	  for	  the	  North	  Delta	  
facility,	  we	  recommend	  that	  all	  mitigation	  actions	  be	  evaluated	  and	  completed	  prior	  
to	  initiating	  operations	  the	  North	  Delta	  facility.	  	  Of	  highest	  priority	  is	  to	  bolster	  and	  
complete	  adaptive	  management	  activities	  in	  progress	  on	  the	  Yolo	  Bypass.	  	  
Additionally,	  we	  recommend	  establishing	  an	  adaptive	  management	  and	  real-‐time	  
management	  program	  with	  the	  capacity	  to	  conduct	  significant	  experiments	  in	  flow	  
management,	  predator	  control,	  and	  non-‐physical	  barrier	  implementation	  prior	  to	  
initiating	  facility	  operation.	  	  These	  should	  be	  conditions	  of	  the	  HCP/NCCP	  take	  
permit.	  	  	  

Question	  3:	  In-‐Delta	  Conditions	  
Are	  changes	  in	  operations	  and	  points	  of	  diversion	  prescribed	  in	  the	  Plan	  sufficient	  to	  
significantly	  improve	  in-‐Delta	  conditions	  for	  covered	  species?	  The	  focus	  is	  on	  listed	  
species,	  including	  delta	  and	  longfin	  smelt,	  steelhead,	  winter	  and	  spring	  run	  Chinook,	  
and	  green	  sturgeon.	  
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We	  focused	  our	  analysis	  on	  in-‐Delta	  conditions	  that	  may	  affect	  delta	  smelt	  and	  
longfin	  smelt.	  	  We	  reviewed	  the	  effects	  analysis	  and	  supporting	  documentation	  and	  
conducted	  our	  own	  modeling	  based	  on	  CALSIM	  output.	  	  Based	  on	  this	  work	  we	  
conclude:	  

• The	  CALSIM	  output	  we	  used	  showed	  conditions	  that	  appeared	  anomalous	  
based	  on	  our	  understanding	  of	  how	  the	  system	  would	  actually	  be	  operated.	  	  
Although	  we	  have	  been	  assured	  that	  these	  conditions	  were	  logical	  
consequences	  of	  model	  design	  and	  operation	  to	  meet	  flow	  requirements,	  we	  
remain	  unconvinced	  that	  they	  reflect	  actual	  future	  operations	  under	  the	  
hydrologic	  conditions	  simulated.	  	  We	  therefore	  caution	  that	  the	  conclusions	  
below	  are	  contingent	  upon	  the	  actual	  operations	  of	  the	  system	  
resembling	  those	  in	  the	  model	  output.	  	  They	  are	  also	  contingent	  on	  the	  
biological	  models	  accurately	  reflecting	  responses	  of	  the	  species	  to	  flow	  
conditions.	  

• Roughly	  half	  of	  the	  export	  from	  the	  Delta	  will	  go	  through	  the	  North	  Delta	  
facility.	  	  In	  addition,	  OMR	  flow	  regulations	  are	  more	  restrictive	  (protective)	  
under	  HOS	  and	  LOS	  scenarios	  than	  NAA.	  Thus	  the	  incidence	  of	  positive	  OMR	  
flows	  rose	  from	  11%	  under	  NAA	  to	  16%	  under	  HOS	  and	  LOS	  conditions.	  	  
HOS	  and	  LOS	  are	  consistently	  more	  protective	  of	  smelt	  than	  NAA	  under	  
these	  modeling	  assumptions.	  	  	  

• OMR	  flow	  regulation	  under	  HOS	  and	  LOS	  for	  October	  through	  January	  is	  
governed	  by	  previous	  water	  year	  type.	  	  This	  leads	  to	  anomalously	  high	  
(positive)	  OMR	  flows	  and	  corresponding	  outflow	  during	  some	  dry	  periods,	  
creating	  apparent	  benefits	  for	  delta	  smelt.	  	  We	  are	  uncertain	  if	  this	  would	  
manifest	  in	  real	  operations.	  	  

• Entrainment	  results	  in	  fractional	  population	  losses	  of	  delta	  smelt	  that	  can	  be	  
calculated	  from	  modeled	  flow	  conditions.	  Based	  on	  these	  calculations,	  we	  
estimate	  that	  HOS	  and	  LOS	  reduced	  fractional	  population	  losses	  by	  half	  
compared	  to	  NAA.	  	  If	  actual	  operations	  were	  similar	  to	  the	  model	  results,	  
they	  would	  lead	  to	  significant	  decreases	  in	  entrainment.	  	  

• Estimates	  of	  relative	  differences	  in	  long-‐term	  survival	  percentages	  (not	  
predictions)	  showed	  a	  19-‐fold	  increase	  for	  HOS	  and	  11-‐fold	  increase	  for	  LOS	  
over	  NAA,	  albeit	  with	  large	  uncertainty.	  	  A	  difference	  of	  this	  magnitude	  over	  
the	  last	  20	  years	  would	  have	  reversed	  the	  decline	  of	  delta	  smelt	  in	  the	  2000s.	  	  	  

• Increases	  in	  spring	  outflow	  are	  projected	  by	  the	  models	  to	  produce	  only	  a	  
very	  small	  increase	  in	  longfin	  smelt	  abundance	  index	  under	  HOS	  compared	  
to	  NAA,	  and	  a	  comparable	  decrease	  under	  LOS.	  

• Increases	  in	  fall	  outflow	  under	  HOS	  are	  projected	  to	  produce	  a	  small	  
increase	  in	  recruitment	  by	  the	  following	  summer,	  and	  under	  LOS	  a	  modest	  
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decrease,	  but	  because	  of	  high	  variability	  in	  the	  data	  used	  to	  make	  these	  
predictions,	  these	  values	  are	  very	  uncertain.	  

Recommendations:	  we	  remain	  uncertain	  about	  significant	  reduction	  in	  fractional	  
population	  losses	  of	  delta	  smelt	  under	  the	  new	  HOS	  and	  LOS	  operating	  criteria.	  We	  
recommend	  investment	  in	  resolving	  these	  uncertainties	  before	  operations	  are	  
finalized.	  	  If	  these	  relationships	  are	  supported,	  then	  operational	  rules	  need	  to	  be	  
refined	  to	  protect	  the	  benefits	  of	  these	  improvements	  over	  a	  broad	  range	  of	  
conditions.	  	  	  

Question	  4:	  Benefits	  of	  Habitat	  Restoration	  
Are	  covered	  pelagic	  fish	  like	  longfin	  smelt	  and	  delta	  smelt	  likely	  to	  benefit	  from	  
restoration	  of	  floodplain	  and	  tidal	  marsh	  habitat	  at	  the	  scale	  proposed	  by	  the	  Plan?	  
Given	  the	  current	  state	  of	  knowledge,	  and	  assuming	  that	  all	  Plan	  commitments	  are	  
met,	  are	  these	  efforts	  likely	  to	  result	  in	  relaxed	  X2	  and	  spring	  outflow	  standards?	  

A	  fundamental	  hypothesis	  embedded	  in	  the	  BDCP	  goals	  and	  objectives	  is	  that	  
improvements	  in	  physical	  habitat,	  particularly	  floodplain	  and	  tidal	  marsh,	  will	  
improve	  conditions	  for	  covered	  fishes.	  	  We	  focused	  our	  assessment	  on	  the	  
relationship	  between	  habitat	  restoration	  and	  longfin	  and	  delta	  smelt.	  Based	  on	  this	  
analysis	  we	  conclude:	  	  

• BDCP	  correctly	  identifies	  food	  limitation	  as	  a	  significant	  stressor	  on	  delta	  and	  
longfin	  smelt,	  particularly	  in	  spring	  through	  fall.	  	  Increasing	  food	  availability	  
in	  smelt	  rearing	  areas	  would	  likely	  lead	  to	  increases	  in	  population.	  	  

• Tidal	  marshes	  can	  be	  sources	  or	  sinks	  for	  phytoplankton	  and	  zooplankton.	  	  
Most	  appear	  to	  be	  sinks,	  particularly	  for	  zooplankton.	  	  There	  is	  high	  on-‐site	  
consumption	  of	  productivity	  within	  marshes.	  	  

• Even	  under	  the	  most	  highly	  favorable	  assumptions,	  restored	  marshes	  would	  
have	  at	  best	  a	  minor	  contribution	  to	  plankton	  production	  in	  smelt	  rearing	  
areas.	  

• Smelt	  can	  benefit	  by	  having	  direct	  access	  to	  enhanced	  productivity.	  	  This	  is	  
likely	  the	  case	  for	  the	  subpopulation	  of	  smelt	  that	  reside	  in	  Cache	  Slough.	  	  	  

• BDCP	  is	  too	  optimistic	  about	  benefits	  of	  tidal	  marsh	  and	  floodplain	  
restoration	  for	  smelt,	  particularly	  the	  extent	  of	  food	  production.	  	  These	  
optimistic	  views	  are	  indirectly	  guiding	  the	  LOS	  outflow	  criteria.	  	  There	  is	  no	  
clear	  connection,	  however,	  between	  the	  two	  and	  investments	  in	  marsh	  
restoration	  are	  unlikely	  to	  lead	  to	  reduced	  demand	  for	  outflows.	  	  

Recommendations:	  	  it	  is	  possible	  but	  unlikely	  that	  marsh	  restoration	  will	  materially	  
improve	  conditions	  for	  smelt,	  although	  other	  ecosystem	  and	  species	  benefits	  of	  
marsh	  restoration	  are	  much	  more	  likely.	  	  Only	  moderate-‐	  to	  large-‐scale	  
experimental	  restoration	  projects	  are	  likely	  to	  resolve	  this	  uncertainty	  and	  to	  help	  
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in	  designing	  future	  efforts.	  	  BDCP	  should	  design	  and	  describe	  a	  specific	  program	  to	  
resolve	  this	  issue.	  Until	  this	  uncertainty	  is	  resolved	  flow	  management	  will	  remain	  
the	  principal	  tool	  to	  mitigate	  project	  impacts.	  	  

Question	  5:	  Governance	  
Does	  the	  Plan	  provide	  achievable,	  clear	  and	  measurable	  goals	  and	  objectives,	  as	  well	  
as	  governance	  that	  is	  transparent	  and	  resilient	  to	  political	  and	  special	  interest	  
influence?	  

We	  analyzed	  the	  proposed	  governance	  structure	  of	  BDCP,	  including	  the	  
responsibilities	  and	  authorities	  of	  new	  entities	  such	  as	  the	  Authorized	  Entity	  Group	  
(AEG),	  the	  Permit	  Oversight	  Group	  (POG),	  the	  Adaptive	  Management	  Team	  (AMT),	  
Implementation	  Office,	  Program	  Manager	  and	  Program	  Scientist.	  Based	  on	  this	  
review	  we	  conclude	  the	  following:	  

• The	  governance	  plan,	  as	  structured,	  blurs	  the	  responsibilities	  between	  
implementation	  and	  regulation.	  	  It	  grants	  AEG	  final	  decisionmaking	  power	  
over	  actions	  that	  should	  be	  solely	  within	  the	  authority	  of	  the	  permitting	  
agencies.	  	  It	  also	  involves	  the	  permitting	  agencies	  too	  heavily	  in	  
implementation	  of	  the	  project.	  	  

• As	  written,	  the	  plan	  grants	  the	  AEG	  veto	  authority	  over	  proposed	  changes	  in	  
the	  program,	  including	  any	  changes	  in	  biological	  goals	  and	  objectives	  or	  
conservation	  measures.	  	  	  

• The	  AEG	  has	  the	  power	  to	  veto	  any	  minor	  modification,	  revision	  or	  
amendment	  to	  the	  Plan	  that	  may	  be	  necessary	  to	  manage	  listed	  species.	  

• The	  regulatory	  assurances	  set	  forth	  in	  the	  draft	  Plan	  severely	  constrain	  the	  
fish	  agencies’	  ability	  to	  respond	  to	  inadequacies	  in	  biological	  objectives.	  

• Given	  the	  high	  uncertainties	  inherent	  in	  BDCP,	  it	  is	  very	  likely	  that	  
unforeseen	  circumstances	  will	  require	  significant	  changes	  in	  biological	  goals	  
and	  objectives	  and	  conservation	  actions.	  	  Under	  the	  50-‐year	  “no	  surprises”	  
guarantee,	  the	  fish	  agencies	  assume	  financial	  responsibility	  for	  many	  
significant	  changes.	  This	  liability	  could	  deter	  needed	  regulatory	  changes	  to	  
BDCP	  and	  CVP/SWP	  operations.	  	  

• The	  procedural	  hurdles	  necessary	  to	  revoke	  the	  incidental	  take	  permit	  of	  
BDCP	  are	  so	  great	  that	  revocation	  is	  unlikely	  to	  occur	  over	  the	  50-‐year	  life	  of	  
the	  permit.	  	  Indeed,	  permit	  revocation	  and	  termination	  of	  the	  BDCP	  would	  be	  
unprecedented	  under	  both	  state	  and	  federal	  law.	  	  	  

Recommendations:	  The	  POG	  should	  be	  granted	  exclusive	  regulatory	  authority	  to	  
determine	  whether	  budgets	  and	  workplans	  are	  consistent	  with	  the	  permit	  and	  to	  
approve	  revisions	  to	  the	  biological	  goals	  and	  objectives	  or	  amendments	  to	  the	  plan.	  	  
It	  should	  have	  the	  authority	  to	  initiate	  changes	  needed	  to	  insure	  protection	  of	  the	  
covered	  species.	  	  The	  POG’s	  functions	  should	  be	  limited	  to	  regulatory	  oversight	  
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rather	  than	  direct	  involvement	  in	  implementation.	  There	  should	  be	  a	  “no	  surprises”	  
guarantee	  for	  construction	  of	  the	  project.	  	  Upon	  completion	  of	  the	  project,	  there	  
should	  be	  renewable	  “no	  surprises”	  guarantees	  every	  ten	  years.	  	  These	  renewals	  
should	  be	  based	  on	  conditions	  at	  the	  time	  of	  renewal	  and	  appropriateness	  of	  
biological	  goals	  and	  objectives.	  	  This	  approach	  creates	  an	  incentive	  for	  all	  parties	  to	  
adapt	  to	  changes	  in	  conditions	  to	  sustain	  covered	  species,	  rather	  than	  simply	  
fulfilling	  obligations	  on	  conservation	  measures.	  	  

Question	  6:	  Science	  and	  Adaptive	  Management	  
Is	  there	  a	  robust	  science	  and	  adaptive	  management	  plan	  for	  BDCP?	  	  As	  described,	  is	  
the	  proposed	  “decision	  tree”	  likely	  to	  resolve	  major	  issues	  regarding	  Fall	  X2	  and	  Spring	  
Outflow	  prior	  to	  initial	  operations?	  	  	  	  

We	  reviewed	  the	  science	  and	  adaptive	  management	  plans	  in	  both	  the	  plan	  and	  
EIS/EIR	  documents.	  	  Most	  issues	  with	  high	  uncertainty	  or	  controversy	  in	  the	  Plan	  
are	  relegated	  to	  resolution	  through	  an	  adaptive	  management	  process.	  Based	  on	  the	  
documentation,	  we	  conclude:	  	  

• Given	  the	  major	  uncertainties	  facing	  BDCP	  a	  robust,	  well-‐organized	  and	  
nimble	  adaptive	  management	  plan	  will	  be	  necessary.	  	  The	  current	  plan	  
adheres	  to	  and	  strongly	  promotes	  the	  principles	  of	  adaptive	  management	  
and	  science.	  

• The	  requirement	  of	  unanimous	  consent	  for	  all	  decisions	  by	  the	  AMT,	  and	  
veto	  power	  of	  any	  member	  of	  the	  AEG	  and	  POG	  is	  a	  barrier	  to	  adaptive	  
management.	  

• There	  is	  a	  blurring	  of	  the	  responsibilities	  between	  regulators	  and	  those	  
responsible	  for	  implementation	  of	  adaptive	  management	  that	  has	  the	  
potential	  to	  create	  conflicts.	  	  There	  is	  a	  conflicting	  relationship	  between	  AMT	  
decisionmaking	  and	  the	  scientific	  organizations	  providing	  support	  for	  
decisonmaking.	  	  

• The	  plan	  recognizes	  the	  importance	  of	  adaptive	  capacity,	  meaning	  flexibility	  
in	  operations	  and	  actions	  that	  allow	  for	  learning.	  	  Yet	  it	  does	  not	  describe	  this	  
capacity	  in	  a	  meaningful	  way.	  	  

• There	  is	  almost	  no	  description	  of	  a	  science	  program.	  	  What	  is	  provided	  lacks	  
evidence	  for	  integration	  with	  existing	  programs,	  transparency,	  independence	  
from	  bias	  and	  influence,	  and	  structured	  oversight.	  	  These	  are	  all	  necessary	  
for	  success.	  	  	  

• The	  decision	  tree	  process	  to	  establish	  initial	  operating	  conditions	  is	  
appropriate.	  	  Done	  well,	  it	  can	  resolve	  many	  issues.	  However,	  it	  is	  unlikely	  to	  
resolve	  the	  central	  issue	  over	  starting	  conditions	  in	  time	  to	  implement	  them.	  	  
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• Although	  difficult	  decisions	  are	  relegated	  to	  a	  future	  adaptive	  management	  
program,	  actually	  implementing	  such	  a	  program	  on	  such	  a	  scale	  will	  be	  very	  
difficult	  and	  will	  require	  careful	  design.	  BDCP	  does	  not	  provide	  information	  
sufficient	  to	  determine	  whether	  it	  will	  be	  effective.	  We	  remain	  skeptical	  that	  
it	  will.	  

Recommendations:	  many	  of	  the	  recommendations	  for	  changes	  in	  governance	  made	  
previously	  will	  go	  a	  long	  way	  toward	  improving	  the	  adaptive	  management	  program,	  
including	  the	  separation	  of	  regulators	  from	  implementation	  efforts.	  	  However,	  the	  
plan	  still	  needs	  a	  complete	  description	  of	  how	  its	  adaptive	  management	  program	  
would	  function.	  	  The	  AMT,	  in	  whatever	  form	  it	  takes,	  should	  be	  advised	  by	  a	  science	  
program,	  without	  scientists	  responsible	  for	  decisionmaking.	  	  The	  science	  program	  
should	  be	  integrated	  with	  existing	  Delta	  science	  programs,	  rather	  than	  inventing	  a	  
new	  parallel	  program.	  	  The	  best	  opportunity	  for	  integration	  is	  the	  current	  efforts	  to	  
establish	  a	  Delta	  Science	  Plan	  through	  the	  Delta	  Science	  Program	  and	  Delta	  
Stewardship	  Council.	  Given	  that	  the	  decision	  tree	  is	  unlikely	  to	  fully	  reduce	  
uncertainties	  in	  time,	  coupled	  with	  our	  concerns	  over	  how	  the	  project	  would	  be	  
operated	  rather	  than	  modeled,	  we	  recommend	  that	  default	  starting	  operating	  
conditions	  be	  negotiated	  that	  approximates	  the	  HOS	  scenario,	  with	  a	  goal	  of	  
identifying	  and	  operationalizing	  attributes	  of	  this	  scenario	  that	  are	  most	  beneficial	  
to	  listed	  fishes.	  	  	  
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Appendix	  A:	  Operational	  rules	  for	  the	  proposed	  North	  Delta	  
Facility	  (from	  Draft	  Administrative	  Bay	  Delta	  Conservation	  Plan).	  	  
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��������������������������Ǧ�����������Ǥ�

����α�����������������������
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Table�3.4.1Ͳ2.�Flow�Criteria�for�North�Delta�Diversion�Bypass�Flows�from�December�through�June�

Constant�LowͲLevel�Pumping�(December–June)�
�����������������Ψ��������������������������������������ͷǡͲͲͲ����Ǥ��������������͵ͲͲ����������������������Ǥ�

Initial�Pulse�Protection�
���Ǧ���������������������������������������������������������Ǥ�	����������������������������ǡ���������������������������������������������������������
��������ǣ�ȋͳȌ�������������������������������������������ͶͷΨ��������ͷǦ���������������ȋʹȌ�������������������ͳʹǡͲͲͲ����Ǥ����Ǧ������������������������
������ȋͳȌ������������������������������������������ȋ���������������������ͷǦ������������Ȍǡ�ȋʹȌ��������������������ͷ�����������������ǡ����ȋ͵Ȍ�����������
�������������ʹͲǡͲͲͲ���������ͳͲ�����������������Ǥ�����������������������������ǡ�����������������������������������������������������������������������Ǧ
����������������Ǥ�������������������������������������������Ǥ����������������������������������������Ǧ��������������������������������Ǥ��
������������������������������������������ͳǡ������������������������������������������������������������������������������������������������������������
��������������������Ǥ�

PostͲPulse�Operations�
�������������������ȋ��Ȍǡ�������������������������Ǥ�������ͳͷ����������������������������������ʹͲǡͲͲͲ����ǡ��������������������������Ǥ�������͵Ͳ���������������
�������������������ʹͲǡͲͲͲ����ǡ���������������������������Ǥ�
������������������������������������ǡ����������������������������������������������������������������ǣ��
x ������������������������������������������������������������������������������������ǣ�����������������������������������������������������������
��������������������
���������������Ǥ���������������������������������������������������������������������������������������������������������
���������������
���������������Ǥ�

Level�I�� Level�II�� Level�III��
December–April� December–April� December–April�

Sacramento�River�Flow�
Bypass�Flow�

Sacramento�River�Flow�
Bypass�Flow�

Sacramento�River�Flow�
Bypass�Flow�Is�Over� Is�Not�Over� Is�Over� Is�Not�Over Is�Over� Is�Not�Over

Ͳ����� ͷǡͲͲͲ����� ͳͲͲΨ���������������������
Ͳ�����

Ͳ���� ͷǡͲͲͲ���� ͳͲͲΨ���������������������
Ͳ�����

Ͳ���� ͷǡͲͲͲ���� ͳͲͲΨ���������������������
Ͳ�����

ͷǡͲͲͲ����� ͳͷǡͲͲͲ����� 	���������������������
������������Ǧ�������������

ͷǡͲͲͲ���� ͳͳǡͲͲͲ���� 	���������������������
���������������������������

ͷǡͲͲͲ���� ͻǡͲͲͲ���� 	���������������������
���������������������������

ͳͷǡͲͲͲ����� ͳǡͲͲͲ����� ͳͷǡͲͲͲ����������ͺͲΨ��������
������������ͳͷǡͲͲͲ�����

ͳͳǡͲͲͲ���� ͳͷǡͲͲͲ���� ͳͳǡͲͲͲ����������ͲΨ��������
������������ͳͳǡͲͲͲ�����

ͻǡͲͲͲ���� ͳͷǡͲͲͲ���� ͻǡͲͲͲ����������ͷͲΨ��������
������������ͻǡͲͲͲ�����

ͳǡͲͲͲ����� ʹͲǡͲͲͲ����� ͳǡͲͲ����������ͲΨ��������
������������ͳǡͲͲͲ�����

ͳͷǡͲͲͲ���� ʹͲǡͲͲͲ���� ͳ͵ǡͶͲͲ����������ͷͲΨ��������
������������ͳͷǡͲͲͲ�����

ͳͷǡͲͲͲ���� ʹͲǡͲͲͲ���� ͳʹǡͲͲͲ����������ʹͲΨ��������
������������ͳͷǡͲͲͲ�����

ʹͲǡͲͲͲ����� ��������� ͳͺǡͶͲͲ����������͵ͲΨ��������
������������ʹͲǡͲͲͲ�����

ʹͲǡͲͲͲ���� �������� ͳͷǡͻͲͲ����������ʹͲΨ��������
������������ʹͲǡͲͲͲ�����

ʹͲǡͲͲͲ���� �������� ͳ͵ǡͲͲͲ����������ͲΨ��������
������������ʹͲǡͲͲͲ�����

Table�3.4.1Ͳ2.�Continued�
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May� May� May�
Sacramento�River�Flow�

Bypass�Flow�
Sacramento�River�Flow�

Bypass�Flow�
Sacramento�River�Flow�

Bypass�Flow�Is�Over� Is�Not�Over� Is�Over� Is�Not�Over Is�Over� Is�Not�Over
Ͳ����� ͷǡͲͲͲ����� ͳͲͲΨ���������������������

Ͳ�����
Ͳ���� ͷǡͲͲͲ���� ͳͲͲΨ���������������������

Ͳ�����
Ͳ���� ͷǡͲͲͲ���� ͳͲͲΨ���������������������

Ͳ�����

ͷǡͲͲͲ����� ͳͷǡͲͲͲ����� 	���������������������
������������Ǧ�������������

ͷǡͲͲͲ���� ͳͳǡͲͲͲ���� 	���������������������
���������������������������

ͷǡͲͲͲ���� ͻǡͲͲͲ���� 	���������������������
���������������������������

ͳͷǡͲͲͲ����� ͳǡͲͲͲ����� ͳͷǡͲͲͲ����������ͲΨ��������
������������ͳͷǡͲͲͲ�����

ͳͳǡͲͲͲ���� ͳͷǡͲͲͲ���� ͳͳǡͲͲͲ����������ͷͲΨ��������
������������ͳͳǡͲͲͲ�����

ͻǡͲͲͲ���� ͳͷǡͲͲͲ���� ͻǡͲͲͲ����������ͶͲΨ��������
������������ͻǡͲͲͲ�����

ͳǡͲͲͲ����� ʹͲǡͲͲͲ����� ͳǡͶͲͲ����������ͷͲΨ��������
������������ͳǡͲͲͲ�����

ͳͷǡͲͲͲ���� ʹͲǡͲͲͲ���� ͳ͵ǡͲͲͲ����������͵ͷΨ��������
������������ͳͷǡͲͲͲ�����

ͳͷǡͲͲͲ���� ʹͲǡͲͲͲ���� ͳͳǡͶͲͲ����������ʹͲΨ��������
������������ͳͷǡͲͲͲ�����

ʹͲǡͲͲͲ����� ��������� ͳǡͻͲͲ����������ʹͲΨ��������
������������ʹͲǡͲͲͲ�����

ʹͲǡͲͲͲ���� �������� ͳͶǡͷͲ����������ʹͲΨ��������
������������ʹͲǡͲͲͲ�����

ʹͲǡͲͲͲ���� �������� ͳʹǡͶͲͲ����������ͲΨ��������
������������ʹͲǡͲͲͲ�����

June� June� June�
Sacramento�River�Flow�

Bypass�Flow�
Sacramento�River�Flow�

Bypass�Flow�
Sacramento�River�Flow�

Bypass�Flow�Is�Over� Is�Not�Over� Is�Over� Is�Not�Over Is�Over� Is�Not�Over
Ͳ����� ͷǡͲͲͲ����� ͳͲͲΨ���������������������

Ͳ�����
Ͳ���� ͷǡͲͲͲ���� ͳͲͲΨ���������������������

Ͳ�����
Ͳ���� ͷǡͲͲͲ���� ͳͲͲΨ���������������������

Ͳ�����

ͷǡͲͲͲ����� ͳͷǡͲͲͲ����� 	���������������������
������������Ǧ�������������

ͷǡͲͲͲ���� ͳͳǡͲͲͲ���� 	���������������������
���������������������������

ͷǡͲͲͲ���� ͻǡͲͲͲ���� 	���������������������
���������������������������

ͳͷǡͲͲͲ����� ͳǡͲͲͲ����� ͳͷǡͲͲͲ����������ͲΨ��������
������������ͳͷǡͲͲͲ�����

ͳͳǡͲͲͲ���� ͳͷǡͲͲͲ���� ͳͳǡͲͲͲ����������ͶͲΨ��������
������������ͳͳǡͲͲͲ�����

ͻǡͲͲͲ���� ͳͷǡͲͲͲ���� ͻǡͲͲͲ����������͵ͲΨ��������
������������ͻǡͲͲͲ�����

ͳǡͲͲͲ����� ʹͲǡͲͲͲ����� ͳǡʹͲͲ����������ͶͲΨ��������
������������ͳǡͲͲͲ�����

ͳͷǡͲͲͲ���� ʹͲǡͲͲͲ���� ͳʹǡͲͲ����������ʹͲΨ��������
������������ͳͷǡͲͲͲ�����

ͳͷǡͲͲͲ���� ʹͲǡͲͲͲ���� ͳͲǡͺͲͲ����������ʹͲΨ��������
������������ͳͷǡͲͲͲ�����

ʹͲǡͲͲͲ����� ��������� ͳǡͶͲͲ����������ʹͲΨ��������
������������ʹͲǡͲͲͲ�����

ʹͲǡͲͲͲ���� �������� ͳ͵ǡͲͲ����������ʹͲΨ��������
������������ʹͲǡͲͲͲ�����

ʹͲǡͲͲͲ���� �������� ͳͳǡͺͲͲ����������ͲΨ��������
������������ʹͲǡͲͲͲ�����

�
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Appendix	  B:	  Impaired	  flows	  into	  an	  impaired	  estuary	  
	  

The	  Sacramento	  River	  watershed	  is	  the	  main	  source	  of	  inflow	  to	  the	  Delta	  and	  is	  
integral	  to	  current	  operations	  of	  the	  SWP	  and	  CVP.	  	  The	  construction	  of	  a	  new	  North	  
Delta	  facility	  will	  not	  change	  the	  reliance	  on	  the	  Sacramento	  watershed	  very	  much.	  
However,	  in	  conjunction	  with	  limited	  changes	  in	  reservoir	  operations	  and	  
modifications	  to	  the	  Yolo	  Bypass,	  it	  will	  alter	  the	  timing	  of	  inflows	  to	  the	  Delta.	  	  

One	  of	  the	  goals	  of	  BDCP	  and	  the	  Delta	  Plan	  is	  to	  create	  a	  more	  natural	  flow	  regime.	  	  
As	  noted	  in	  Chapter	  4,	  there	  is	  little	  natural	  about	  the	  landscape,	  and	  humans	  are	  
fully	  integrated	  into	  the	  ecosystem.	  	  Still,	  returning	  more	  natural	  seasonal	  flow	  
changes	  will	  help	  in	  managing	  species	  whose	  life	  history	  traits	  are	  tied	  to	  flow	  cues.	  	  	  

The	  projected	  changes	  in	  outflow	  under	  BDCP	  are	  presented	  in	  Figure	  3.1.	  	  These	  
monthly	  averages	  are	  compared	  to	  current	  (not	  ELT)	  unimpaired	  outflow	  from	  the	  
Delta,	  an	  imperfect	  measure	  of	  outflow	  under	  unregulated	  conditions	  that	  can	  be	  
used	  for	  comparison	  of	  BDCP	  scenarios.	  	  All	  alternatives,	  including	  the	  no-‐project	  
alternatives,	  do	  little	  to	  alter	  the	  significant	  changes	  in	  Delta	  outflow	  regime.	  	  	  The	  
winter	  flood	  pulse	  associated	  with	  high	  runoff	  from	  mixed	  rain/snow	  storms	  has	  
been	  greatly	  reduced	  in	  all	  but	  wet	  years.	  	  	  More	  significantly,	  the	  spring	  snowmelt	  
pulse	  is	  attenuated,	  and	  largely	  missing	  in	  most	  of	  the	  drier	  years.	  	  Only	  late	  
summer/early	  fall	  baseflow	  seasons	  have	  flows	  that	  are	  equal	  to	  or	  larger	  than	  
unimpaired	  conditions.	  	  

Since	  the	  Sacramento	  outflow	  is	  a	  dominant	  signature	  for	  estuarine	  conditions	  
(second	  to	  tides),	  we	  examined	  the	  magnitude	  of	  change	  in	  inflow	  from	  the	  
Sacramento	  and	  compared	  it	  to	  unimpaired	  flow	  conditions.	  	  We	  used	  two	  simple	  
methods	  to	  illustrate	  the	  magnitude	  of	  change	  overall	  and	  relative	  changes	  between	  
ELT	  scenarios.	  	  The	  first	  involves	  calculating	  a	  monthly	  impairment	  index,	  I,	  where:	  	  

I	  	  =	  	  (scenario	  flow)-‐(unimpaired	  flow)/(unimpaired	  flow)	  	  

Where	  I	  approaches	  0,	  the	  scenario	  flow	  is	  less	  impaired,	  where	  I	  >	  0	  scenario	  flows	  
exceed	  unimpaired	  flows	  and	  where	  I	  <	  0,	  scenario	  flows	  are	  less	  than	  unimpaired	  
flows.	  	  The	  magnitude	  of	  I	  is	  a	  simple	  way	  of	  describing	  the	  magnitude	  of	  seasonal	  
impairment.	  	  These	  results	  are	  summarized	  in	  Figure	  3.2	  for	  all	  water	  year	  types.	  	  	  

The	  impairment	  index	  is	  strikingly	  similar	  in	  pattern	  for	  all	  year	  types,	  with	  high	  
negative	  impairments	  during	  the	  winter	  and	  spring	  and	  high	  positive	  impairments	  
for	  the	  summer	  and	  early	  fall.	  	  This	  result	  is	  surprising	  because	  there	  are	  only	  subtle	  
differences	  between	  year	  classes.	  	  The	  only	  significant	  variation	  between	  year	  
classes	  occurs	  in	  the	  late	  summer/early	  fall	  when	  Fall	  X2	  outflow	  rules	  predominate.	  	  	  
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This	  broad	  similarity	  in	  impairment	  highlights	  how	  uniform	  the	  hydrology	  of	  the	  
Delta	  has	  become:	  an	  issue	  raised	  in	  Lund	  et	  al.,	  2007	  and	  Hanak	  et	  al,	  2011	  as	  
contributing	  to	  the	  regime	  change	  in	  Delta	  ecosystems.	  	  It	  also	  shows	  how	  little	  
effect	  the	  HOS	  and	  LOS	  scenarios	  are	  likely	  to	  have	  on	  Sacramento	  inflows	  to	  the	  
Delta.	  	  

	  

Figure	  3.1:	  Delta	  outflow	  under	  HOS,	  LOS,	  and	  NAA	  ELT	  in	  comparison	  to	  unimpaired	  
outflow	  
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Figure	  3.2:	  Sacramento	  River	  impairment	  index	  for	  HOS,	  LOS	  and	  NAA	  ELT.	  	  	  

A	  second	  approach	  can	  be	  used	  to	  characterize	  total	  impairment	  of	  individual	  year	  
types.	  	  In	  this,	  we	  have	  plotted	  unimpaired	  vs.	  impaired	  flow	  for	  each	  scenario	  and	  
each	  year	  type,	  and	  fitted	  a	  line	  and	  calculated	  r2.	  	  The	  deviation	  of	  the	  slope	  of	  the	  
line	  from	  1	  (impaired	  =	  unimpaired)	  illustrates	  the	  overall	  magnitude	  of	  impairment,	  
while	  r2	  is	  a	  measure	  of	  variation	  in	  relative	  impairment.	  These	  results	  are	  shown	  in	  
Figures	  3.3-‐3.5.	  	  
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Figure	  3.3.	  	  Scatterplot	  of	  NAA	  alternative	  Delta	  outflows	  vs.	  estimated	  unimpaired	  
flows	  for	  ELT	  conditions.	  	  Higher	  slope	  and	  lower	  r2	  provide	  a	  relative	  measure	  of	  
impairment.	  	  	  
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Figure	  3.4:	  Scatterplot	  of	  HOS	  alternative	  Delta	  outflows	  vs.	  estimated	  unimpaired	  
flows	  for	  ELT	  conditions.	  	  Higher	  slope	  and	  lower	  r2	  provide	  a	  relative	  measure	  of	  
impairment.	  	  	  
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Figure	  3.5.	  Scatterplot	  of	  HOS	  alternative	  Delta	  outflows	  vs.	  estimated	  unimpaired	  
flows	  for	  ELT	  conditions.	  	  Higher	  slope	  and	  lower	  r2	  provide	  a	  relative	  measure	  of	  
impairment.	  	  	  

The	  results	  of	  impairment	  scatterplots	  shows	  that	  in	  general,	  the	  magnitude	  of	  
impairment,	  as	  measured	  by	  slope,	  and	  the	  magnitude	  of	  variation	  from	  unimpaired	  
flow,	  as	  measured	  by	  r2,	  are	  least	  in	  wet	  years	  and	  maximum	  in	  drier	  years.	  	  This	  
reflects	  the	  dominance	  of	  water	  use	  and	  operations	  on	  Delta	  hydrology	  during	  dry	  
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years	  when	  the	  capacity	  for	  water	  alteration	  is	  greatest.	  	  In	  addition,	  there	  appears	  
to	  be	  no	  substantive	  difference	  between	  the	  scatterplots	  of	  the	  different	  scenarios.	  	  

Conclusion	  
Examination	  of	  two	  closely	  related	  flow	  regimes,	  Delta	  outflow	  and	  Sacramento	  
inflows,	  show	  that	  there	  is	  little	  difference	  in	  NAA,	  HOS,	  and	  LOS	  conditions.	  	  All	  
represent	  high	  levels	  of	  impairment,	  in	  comparison	  to	  unimpaired	  flows,	  and	  the	  
new	  North	  Delta	  facility	  and	  changes	  in	  export	  timing	  and	  magnitude	  have	  little	  
impact	  on	  overall	  flow	  regime.	  	  



	   124	  

Appendix	  C:	  	  Effects	  of	  changes	  in	  flow	  conditions	  on	  
entrainment	  losses	  of	  delta	  smelt	  	  
	  

This	  Appendix	  describes	  the	  methods	  and	  results	  of	  analyses	  of	  flows	  in	  the	  South	  
Delta	  and	  their	  potential	  effects	  on	  delta	  smelt.	  	  The	  general	  procedure	  was	  to	  
determine	  a	  relationship	  between	  survival	  or	  recruitment	  during	  some	  life	  stages	  of	  
delta	  smelt,	  and	  calculate	  the	  expected	  response	  based	  on	  conditions	  modeled	  using	  
CALSIM	  and	  using	  historical	  data.	  	  CALSIM	  results	  were	  available	  for	  1922-‐2003	  for	  
three	  BDCP	  scenarios:	  NAA,	  HOS	  and	  LOS.	  	  Historical	  data	  were	  used	  for	  inflow,	  
export	  flow,	  and	  outflow	  during	  1955-‐2003,	  and	  Old	  and	  Middle	  River	  flows	  from	  
1980	  to	  2003.	  

The	  calculations	  were	  based	  on	  results	  of	  Kimmerer	  (2008)	  as	  amended	  for	  adult	  
delta	  smelt	  by	  Kimmerer	  (2011).	  	  Miller	  (2011)	  pointed	  out	  some	  potential	  biases	  in	  
that	  analysis.	  	  Young	  delta	  smelt	  may	  be	  more	  abundant	  in	  the	  northern	  Delta	  than	  
previously	  believed,	  which	  would	  mean	  that	  the	  proportional	  losses	  calculated	  by	  
Kimmerer	  (2008)	  were	  too	  high	  (Miller	  2011);	  however,	  this	  potential	  bias	  was	  not	  
considered	  amenable	  to	  quantitative	  analysis	  with	  the	  available	  data	  (Kimmerer	  
2011).	  	  Nevertheless,	  the	  estimates	  of	  entrainment	  losses	  and	  reductions	  in	  losses	  
herein	  may	  actually	  be	  somewhat	  overestimated.	  

The	  principal	  assumptions	  for	  this	  analysis	  are	  stated	  in	  Chapter	  6.	  	  For	  the	  analyses	  
of	  export	  losses	  we	  used	  a	  resampling	  method	  to	  account	  for	  uncertainty	  in	  the	  
underlying	  statistical	  relationships	  between	  flow	  and	  entrainment.	  	  The	  error	  
distributions	  from	  these	  models	  were	  sampled	  1000	  times	  to	  arrive	  at	  uncertainty	  
estimates.	  	  The	  same	  1000	  samples	  were	  used	  for	  each	  year	  and	  scenario.	  	  This	  
allowed	  us	  to	  include	  variability	  due	  to	  model	  uncertainty,	  and	  to	  allow	  direct	  
comparisons	  among	  scenarios.	  	  The	  calculation	  was	  repeated	  for	  each	  year	  to	  
provide	  the	  variability	  due	  to	  the	  hydrological	  conditions	  modeled	  under	  each	  
scenario.	  Confidence	  limits	  were	  estimated	  as	  quantiles	  of	  the	  resulting	  set	  of	  
simulated	  values	  for	  each	  parameter.	  

Losses	  of	  adult	  delta	  smelt	  
Losses	  as	  a	  proportion	  of	  the	  population	  of	  adult	  delta	  smelt	  had	  been	  estimated	  
from	  salvage	  density,	  catches	  in	  the	  Spring	  Kodiak	  and	  Fall	  Midwater	  Trawl	  surveys,	  
and	  flows	  in	  the	  south	  Delta	  (Kimmerer	  2008,	  2011).	  	  We	  related	  these	  estimates	  to	  
total	  southward	  flow	  in	  Old	  and	  Middle	  Rivers:	  

0, 0
, 0
OM

sd Dec Mar
OM OM

Q
Q mean

Q Q−

≥⎛ ⎞
= ⎜ ⎟− <⎝ ⎠

	  	   	   	   	   	   	   (1)	  

where	  QSD	  is	  mean	  flow	  in	  the	  South	  Delta	  during	  December-‐March,	  and	  QOM	  is	  
monthly	  mean	  or	  modeled	  flow	  in	  Old	  and	  Middle	  Rivers.	  	  

Estimated	  annual	  proportional	  losses	  PL	  were	  related	  to	  QSD	  by	  linear	  regression	  for	  
each	  year	  during	  which	  data	  were	  available	  (water	  years	  1995-‐2006),	  	  
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~ max(0, )L SDP a bQ+ 	  	   	   	   	   	   	   	   (2)	  

where	  a=-‐0.03	  and	  b=	  0.0082	  ±	  0.0034	  are	  regression	  coefficients.	  	  	  PL	  was	  
calculated	  using	  a	  revised	  estimate	  of	  the	  scaling	  factor	  Θ	  which	  accounts	  for	  
uncertainty	  in	  the	  calculation	  of	  PL;	  Θ	  has	  a	  mean	  of	  22	  and	  standard	  deviation	  of	  5.2	  
(Kimmerer	  2011).	  	  	  
Because	  PL	  is	  a	  mortality	  we	  calculated	  means	  for	  a	  20-‐year	  period	  by	  converting	  
these	  values	  to	  survival,	  calculating	  geometric	  means,	  and	  converting	  back	  to	  
proportions	  lost:	  

	   11 (1 )L Li
N

P P
N

= − −∏ 	  	   	   	   	   	   	   	   (3)	  

where	  the	  overbar	  indicates	  a	  mean,	  N	  is	  the	  total	  number	  of	  years,	  and	  PLi	  is	  the	  
proportional	  loss	  for	  each	  year.	  The	  20-‐year	  period	  was	  somewhat	  arbitrary	  but	  is	  
roughly	  the	  timescale	  for	  the	  decline	  in	  abundance	  of	  delta	  smelt.	  	  To	  examine	  
differences	  between	  pairs	  of	  the	  three	  scenarios	  we	  calculated	  the	  arithmetic	  means	  
of	  differences	  for	  each	  pair.	  

There	  was	  little	  difference	  in	  mean	  PL	  values	  between	  the	  full	  time	  series	  used	  in	  the	  
analysis	  and	  the	  reduced	  time	  series	  that	  included	  the	  historical	  period	  (1980-‐2003).	  	  
The	  No-‐Action	  Alternative	  (NAA)	  had	  a	  slightly	  lower	  percent	  annual	  loss	  than	  the	  
historical	  period.	  	  The	  High	  and	  Low-‐Outflow	  scenarios	  (HOS	  and	  LOS)	  had	  similar	  
values	  that	  were	  slightly	  below	  half	  of	  that	  of	  the	  NAA,	  or	  a	  net	  change	  in	  loss	  of	  
about	  3%/year.	  

Losses	  of	  juvenile	  delta	  smelt	  
Losses	  as	  a	  proportion	  of	  the	  population	  of	  juvenile	  delta	  smelt	  had	  been	  estimated	  
from	  the	  spatial	  distribution	  of	  fish	  in	  the	  20mm	  survey	  and	  flows	  in	  the	  south	  Delta	  
supplemented	  by	  particle-‐tracking	  results	  (Kimmerer	  and	  Nobriga	  2008,	  Kimmerer	  
2008).	  	  We	  related	  these	  estimates	  to	  total	  inflow	  to	  the	  Delta	  and	  export	  flow,	  
noting	  that	  these	  results	  may	  vary	  depending	  on	  the	  proportion	  of	  inflow	  that	  is	  
from	  the	  San	  Joaquin	  River.	  	  As	  with	  adults,	  CALSIM	  output	  was	  averaged	  over	  
March	  –	  May	  for	  each	  year	  and	  scenario.	  

Annual	  proportional	  loss	  was	  calculated	  from	  a	  regression	  originally	  derived	  from	  
particle-‐tracking	  data	  and	  applied	  to	  estimated	  losses	  of	  young	  smelt:	  

~ max(0, )L In Ex In ExP a bQ cQ dQ Q+ + + 	  	   	   	   	   	   (4)	  

where	  a=-‐3,	  b=	  0.36	  ±	  0.17,	  c=	  0.90	  ±	  0.24,	  and	  d=	  -‐0.10	  ±	  0.03	  are	  regression	  
coefficients	  (Kimmerer	  2008).	  	  	  
PL	  values	  were	  accumulated	  and	  plotted	  as	  above	  (see	  Figures	  in	  Chapter	  6).	  	  The	  
annual	  means	  for	  the	  NAA	  were	  somewhat	  lower	  than	  the	  historical	  values,	  
reflecting	  overall	  lower	  export	  flows	  than	  in	  the	  historical	  period.	  	  Both	  of	  the	  
alternative	  scenarios	  resulted	  in	  substantial	  decreases	  in	  loss	  rates	  from	  about	  
14%/year	  to	  3-‐5	  %/year,	  and	  the	  LOS	  showed	  about	  a	  2%/year	  higher	  loss	  rate	  
than	  the	  HOS.	  	  
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Appendix	  D:	  	  Evidence	  for	  food	  limitation	  of	  the	  smelt	  species	  
	  

Delta	  smelt	  larvae	  consume	  mainly	  early	  life	  stages	  of	  copepods,	  switching	  to	  adult	  
copepods	  as	  soon	  as	  they	  are	  able	  to	  catch	  and	  ingest	  them	  (Nobriga	  2002,	  Hobbs	  et	  
al.	  2006,	  L.	  Sullivan,	  SFSU,	  pers.	  comm.).	  	  Juvenile	  delta	  smelt	  feed	  mainly	  on	  adult	  
copepods	  (Moyle	  et	  al.	  1992,	  Lott	  1998,	  Nobriga	  2002,	  Hobbs	  et	  al.	  2006),	  although	  
they	  consume	  other	  zooplankton	  such	  as	  cladocerans	  in	  freshwater.	  	  The	  diets	  of	  
adults	  include	  larger	  organisms	  such	  as	  mysids	  and	  amphipods	  (Bippus	  et	  al.	  poster	  
2013;	  Johnson	  and	  Kimmerer	  2013	  talk).	  

Evidence	  in	  favor	  of	  food	  limitation	  (numbers	  in	  parentheses	  indicate	  the	  steps	  
in	  the	  logic	  chain	  in	  Chapter	  7)	  

Both	  smelt	  species	  
1. (1)	  Following	  the	  spread	  of	  the	  overbite	  clam	  Potamocorbula	  in	  1987,	  sharp	  

declines	  occurred	  in	  phytoplankton	  biomass	  and	  productivity,	  diatom	  
production,	  and	  abundance	  of	  copepods	  and	  mysids,	  which	  are	  the	  principal	  
prey	  of	  both	  species	  (Alpine	  and	  Cloern	  1992,	  Kimmerer	  et	  al.	  1994,	  Orsi	  and	  
Mecum	  1996,	  Kimmerer	  and	  Orsi	  1996,	  Kimmerer	  2005,	  Winder	  and	  Jassby	  
2011)	  

2. 	  (1)	  At	  around	  the	  same	  time	  abundance	  indices	  of	  several	  fish	  species	  
declined,	  notably	  anchovy,	  longfin	  smelt,	  and	  striped	  bass	  (Kimmerer	  2002,	  
2006,	  Kimmerer	  et	  al.	  2009),	  indicating	  an	  overall	  response	  of	  estuarine	  fish	  
populations	  to	  the	  decline	  in	  food	  abundance.	  	  The	  decline	  in	  anchovy	  
abundance	  in	  brackish	  waters	  (but	  not	  in	  high	  salinity)	  was	  particularly	  
sharp	  and	  closely	  tied	  in	  time	  to	  the	  1987	  decline	  in	  phytoplankton	  biomass.	  

Delta	  smelt	  
3. 	  (1)	  Gut	  fullness	  of	  delta	  smelt	  larvae	  was	  positively	  related	  to	  copepod	  

density	  (Nobriga	  2002).	  	  This	  suggests	  that	  when	  there	  is	  more	  food	  the	  
smelt	  larvae	  eat	  more.	  

4. (1)	  Feyrer	  et	  al.	  (2003)	  found	  that	  delta	  smelt	  guts	  averaged	  about	  40%	  full	  
in	  Suisun	  Marsh	  before	  Potamocorbula	  arrived.	  	  This	  was	  similar	  to	  the	  gut	  
fullness	  of	  most	  other	  fish	  species.	  	  It	  suggests	  that	  if	  there	  were	  more	  food	  
the	  fish	  would	  have	  eaten	  more,	  or	  that	  there	  is	  some	  other	  limit	  to	  gut	  
fullness.	  

5. (1)	  The	  functional	  response	  of	  larval	  delta	  smelt	  from	  laboratory	  
experiments	  shows	  that	  the	  feeding	  rate	  saturates	  at	  a	  prey	  concentration	  
well	  above	  that	  seen	  in	  any	  zooplankton	  samples	  in	  the	  smelt	  habitat	  during	  
May	  –July	  of	  1993-‐2011	  (L.	  Sullivan,	  SFSU,	  unpublished;	  see	  Figure	  A7.1).	  	  	  
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6. (2)	  Glycogen	  was	  depleted	  in	  30%	  of	  fish	  in	  summer	  and	  60%	  of	  fish	  in	  fall	  of	  
1999	  (Fig.	  28C	  in	  Bennett	  2005)	  which	  could	  be	  interpreted	  as	  evidence	  of	  
poor	  nutrition	  either	  because	  of	  a	  food	  shortage	  or	  because	  of	  some	  toxic	  
effect;	  however	  the	  frequency	  of	  toxic	  damage	  was	  <10%	  in	  these	  fish.	  

7. (2)	  Mean	  lengths	  declined	  in	  either	  1989	  (Bay	  Study)	  or	  1993	  (FMWT	  study;	  
Fig.	  29	  in	  Bennett	  2005).	  	  The	  latter	  year	  is	  when	  the	  copepod	  
Pseudodiaptomus	  forbesi	  shrank	  back	  from	  the	  LSZ	  in	  summer-‐fall,	  
presumably	  because	  of	  the	  combined	  effects	  of	  clams	  and	  the	  introduction	  of	  
other	  copepods.	  	  Bennett	  (2005,	  Figure	  30)	  also	  showed	  positive	  
relationships	  between	  mean	  length	  of	  delta	  smelt	  and	  copepod	  density	  
(Bennett	  Fig.	  30).	  

8. 	  (3a)	  Copepod	  biomass	  is	  correlated	  with	  an	  index	  of	  survival	  from	  summer	  
to	  fall	  (Kimmerer	  2008).	  

9. (3a)	  Abundance	  data	  show	  evidence	  for	  density	  dependence	  between	  
summer	  and	  fall	  when	  the	  early	  years	  are	  included	  (Bennett	  2005	  Fig.	  17).	  	  A	  
likely	  cause	  of	  	  density	  dependence	  is	  food	  limitation,	  although	  other	  
mechanisms	  are	  also	  possible.	  	  

10. (1-‐4)	  Several	  model	  analyses	  show	  strong	  effects	  of	  food	  supply	  on	  the	  
population	  rate	  of	  increase	  (Maunder	  and	  Deriso	  2011,	  Rose	  et	  al.	  2013a,	  b,	  
Kimmerer	  and	  Rose,	  in	  prep).	  	  Note,	  however,	  that	  these	  models	  are	  
incomplete	  and	  can	  only	  show	  effects	  based	  on	  what	  is	  in	  them.	  	  

11. A	  multivariate	  autoregressive	  (MAR)	  model	  (Mac	  Nally	  et	  al.	  2010)	  showed	  
weak	  support	  for	  a	  positive	  link	  between	  calanoid	  copepod	  abundance	  and	  
delta	  smelt	  abundance	  index.	  

Longfin	  smelt	  
12. (1)	  Longfin	  smelt	  prey	  mainly	  on	  mysids	  after	  summer	  (Feyrer	  et	  al.	  2003).	  	  

Mysids	  declined	  sharply	  after	  1987	  (Orsi	  and	  Mecum	  1996,	  Winder	  and	  
Jassby	  2011).	  	  

13. (Overall)	  Abundance	  of	  longfin	  smelt	  declined	  sharply	  after	  the	  introduction	  
of	  Potamocorbula,	  when	  the	  strong	  effect	  of	  freshwater	  flow	  is	  taken	  into	  
account	  (Kimmerer	  2002,	  Kimmerer	  et	  al.	  2009).	  	  Striped	  bass,	  which	  also	  
feed	  on	  mysids	  (Feyrer	  et	  al.	  2003),	  also	  declined	  at	  that	  time.	  

14. A	  multivariate	  autoregressive	  (MAR)	  model	  (Mac	  Nally	  et	  al.	  2010)	  showed	  
weak	  support	  for	  a	  positive	  link	  between	  calanoid	  copepod	  abundance	  and	  
longfin	  smelt	  abundance	  index.	  

Evidence	  that	  does	  not	  support	  food	  limitation	  or	  is	  missing	  
15. The	  abundance	  of	  delta	  smelt	  did	  not	  change	  when	  Potamocorbula	  arrived	  or	  

1993,	  which	  were	  the	  two	  times	  of	  greatest	  change	  in	  calanoid	  copepod	  
abundance	  in	  the	  low-‐salinity	  habitat	  of	  delta	  smelt	  
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16. A	  changepoint	  model	  (Thomson	  et	  al.	  2010)	  showed	  no	  link	  between	  
abundance	  of	  various	  zooplankton	  and	  abundance	  indices	  of	  either	  smelt	  
species.	  

17. Sampling	  for	  zooplankton	  is	  at	  too	  coarse	  a	  scale	  to	  represent	  the	  prey	  
abundance	  that	  the	  smelt	  perceive,	  and	  the	  spatial	  distribution	  of	  prey	  
cannot	  be	  replicated	  in	  the	  laboratory.	  	  Therefore	  it	  may	  be	  misleading	  to	  
extrapolate	  functional	  responses	  from	  the	  laboratory	  to	  the	  field.	  	  

18. There	  is	  no	  direct	  evidence	  for	  effects	  of	  food	  on	  survival,	  maturity,	  or	  
fecundity.	  
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Appendix	  E:	  	  Model	  of	  plankton	  subsidy	  from	  marsh	  to	  estuary	  
	  

Here	  we	  assume	  that	  the	  restored	  areas	  will	  actually	  produce	  an	  excess	  of	  
phytoplankton	  or	  zooplankton	  over	  adjacent	  waters,	  and	  ask	  what	  additional	  level	  
of	  food	  availability	  to	  the	  smelt	  would	  result.	  	  This	  is	  based	  on	  a	  very	  simple	  model	  
and	  some	  calculations	  using	  data	  from	  IEP	  monitoring,	  as	  noted	  below.	  These	  
calculations	  are	  unpublished	  except	  where	  a	  citation	  is	  given;	  details	  of	  calculations	  
are	  available	  on	  request.	  

The	  additional	  zooplankton	  biomass	  available	  to	  the	  open-‐water	  areas	  as	  a	  result	  of	  
production	  in	  restored	  shallow	  subtidal	  areas	  depends	  on	  the	  excess	  production	  in	  
the	  restored	  areas,	  the	  resulting	  gradient	  in	  biomass,	  the	  tidal	  exchange	  rate	  
between	  the	  restored	  areas	  and	  open	  waters,	  and	  the	  net	  population	  growth	  rate	  of	  
the	  zooplankton	  in	  the	  open	  waters.	  	  The	  benefit	  of	  that	  additional	  supply	  to	  the	  
smelt	  species	  depends	  on	  the	  proximity	  of	  the	  restored	  area	  to	  the	  population	  
centers	  of	  the	  smelt	  (Fig.	  7.2).	  

A	  simple	  model	  of	  this	  subsidy	  is:	  

	   F	  =	  (BR-‐B)VRX	  /	  BV	   	   	   	   	   	   	   	   (1)	  
where	  F	  (d-‐1)is	  the	  subsidy	  as	  a	  daily	  proportion	  of	  plankton	  biomass	  in	  the	  
receiving	  water,	  B	  is	  biomass	  per	  unit	  volume,	  V	  is	  volume,	  BR	  and	  VR	  are	  biomass	  
and	  volume	  in	  the	  restored	  area,	  and	  X	  is	  exchange	  rate	  as	  a	  daily	  proportion	  of	  the	  
volume	  of	  the	  restored	  area	  (d-‐1).	  	  Biomass	  and	  volume	  units	  cancel	  out.	  	  

It	  is	  clear	  from	  Equation	  1	  that	  the	  subsidy	  is	  maximized	  when	  the	  restored	  area	  is	  
large,	  the	  zooplankton	  biomass	  in	  the	  restored	  area	  is	  well	  above	  that	  in	  the	  open	  
water,	  and	  exchange	  rate	  is	  high.	  	  However,	  there	  is	  an	  the	  interplay	  among	  biomass	  
BR,	  volume	  VR,	  and	  exchange	  rate	  X.	  	  First,	  water	  depth	  has	  three	  competing	  effects:	  
1)	  Phytoplankton	  growth	  rate	  is	  highest	  in	  shallow	  water	  where	  light	  penetration	  is	  
high;	  2)	  For	  a	  given	  area	  of	  restoration,	  volume	  is	  inversely	  related	  to	  water	  depth;	  
3)	  any	  bivalve	  grazing	  consumes	  phytoplankton	  and	  zooplankton	  in	  inverse	  
proportion	  to	  depth.	  	  Second,	  as	  the	  exchange	  rate	  X	  increases,	  net	  population	  
growth	  rate	  within	  the	  restored	  area	  decreases	  as	  organisms	  are	  removed	  by	  the	  
exchange.	  	  If	  there	  is	  no	  exchange	  there	  is	  no	  subsidy,	  but	  at	  high	  levels	  of	  exchange	  
there	  is	  also	  no	  subsidy	  because	  the	  zooplankton	  are	  being	  mixed	  rapidly	  compared	  
to	  their	  internal	  growth	  processes	  (see	  Figure	  7.3).	  Cloern	  (2007)	  showed	  that	  the	  
efficiency	  of	  conversion	  of	  phytoplankton	  to	  zooplankton	  in	  a	  linked	  shallow-‐deep	  
system	  was	  maximized	  when	  the	  tidal	  exchange	  rate	  X	  was	  equal	  to	  the	  net	  
population	  growth	  rate	  of	  the	  primary	  consumers.	  	  	  

It	  is	  beyond	  our	  scope	  to	  model	  explicitly	  the	  growth	  and	  other	  processes	  and	  
consequent	  biomass	  levels.	  	  However,	  it	  is	  possible	  to	  constrain	  the	  total	  
phytoplankton	  and	  zooplankton	  biomass	  within	  a	  marsh	  using	  available	  data.	  	  
During	  strong	  blooms	  nutrients	  are	  converted	  to	  phytoplankton	  biomass,	  but	  
conversion	  is	  incomplete	  because	  some	  is	  lost	  to	  other	  foodweb	  components	  such	  as	  
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detritus,	  bacteria,	  and	  zooplankton.	  	  Thus,	  the	  total	  amount	  of	  dissolved	  inorganic	  
nitrogen	  (DIN,	  comprising	  nitrate,	  nitrite,	  and	  ammonium)	  can	  set	  an	  upper	  limit	  to	  
total	  phytoplankton	  biomass.	  	  	  

We	  used	  data	  from	  the	  IEP	  water	  quality	  and	  zooplankton	  monitoring	  programs	  
from	  1975-‐2012.	  	  Data	  used	  were	  from	  May	  to	  October	  to	  avoid	  the	  high	  variability	  
of	  winter	  flows,	  and	  to	  focus	  on	  the	  dry	  season	  when	  the	  smelt	  species	  may	  be	  most	  
constrained	  by	  food	  supply.	  	  Data	  were	  taken	  from	  the	  low-‐salinity	  zone,	  extended	  
to	  a	  salinity	  of	  0.5	  –	  10,	  about	  the	  range	  of	  salinity	  where	  delta	  and	  longfin	  smelt	  are	  
abundant	  in	  their	  first	  summer,	  and	  averaged	  by	  year	  and	  month.	  

Chlorophyll	  was	  converted	  to	  phytoplankton	  C	  using	  a	  carbon:chlorophyll	  ratio	  of	  
50,	  under	  the	  assumption	  of	  high	  light	  availability.	  	  To	  examine	  bloom	  conditions,	  
we	  used	  only	  data	  for	  which	  phytoplankton	  biomass	  exceeded	  200	  mgC/m3.	  	  From	  
these	  data,	  we	  determined	  the	  zero-‐intercept	  of	  a	  linear	  model	  of	  phytoplankton	  
carbon	  vs.	  dissolved	  inorganic	  nitrogen	  (DIN),	  under	  the	  assumption	  that	  this	  
represented	  the	  maximum	  conversion	  of	  DIN	  to	  phytoplankton	  biomass.	  	  This	  
corresponded	  to	  about	  900	  mgC/m3	  (about	  40%	  of	  the	  sum	  of	  phytoplankton	  C	  and	  
DIN	  converted	  to	  C	  using	  a	  molar	  ratio	  of	  6.6:1).	  	  We	  used	  that	  value	  as	  the	  upper	  
limit	  for	  phytoplankton	  C	  in	  a	  marsh.	  Calanoid	  copepod	  C	  for	  adults	  and	  copepodites	  
was	  estimated	  to	  be	  about	  2.5%	  of	  actual	  phytoplankton	  C,	  and	  we	  assumed	  that	  
this	  proportion	  would	  apply	  to	  the	  maximum	  phytoplankton	  C,	  or	  about	  23	  mgC/m3.	  	  
Using	  the	  same	  data	  the	  median	  phytoplankton	  and	  calanoid	  copepod	  C	  in	  the	  open	  
water	  during	  1994	  –	  2011	  were	  73	  and	  3	  mgC/m3	  respectively.	  

The	  optimum	  exchange	  rate	  was	  calculated	  separately	  for	  phytoplankton	  and	  for	  
zooplankton.	  	  For	  calculation	  we	  assume	  a	  mean	  depth	  of	  2m	  and	  an	  area	  of	  1000	  ha	  
(2500	  ac)	  in	  the	  restored	  area.	  	  From	  Lopez	  et	  al.	  (2006)	  the	  growth	  rate	  of	  
phytoplankton	  in	  a	  shallow	  area	  can	  be	  modeled	  as	  	  

	   μP	  =	  -‐0.09	  +	  1.91/H,	   	   	   	   	   	   	   	   (2)	  

where	  H	  is	  water	  depth.	  	  At	  a	  water	  depth	  of	  2m,	  this	  evaluates	  to	  0.86	  d-‐1,	  which	  we	  
use	  although	  a	  similar	  model	  using	  data	  from	  the	  LSZ	  in	  2006-‐2007	  gave	  a	  growth	  
rate	  that	  was	  about	  25%	  lower.	  	  We	  assume	  that	  benthic	  grazing	  in	  the	  restored	  
area	  is	  negligible,	  but	  cannot	  neglect	  grazing	  by	  microzooplankton.	  	  This	  can	  be	  
modeled	  either	  as:	  

	   g	  =	  max(0,	  0.93	  μP	  –	  0.3)	   	   	   	   	   	   	   (3)	  
based	  on	  experimental	  results	  from	  the	  Low-‐Salinity	  Zone	  in	  2006-‐2007	  (York	  et	  al.	  
2011),	  or	  

	   g	  =	  0.6	  μP	   	   	   	   	   	   	   	   	   (4)	  
from	  a	  review	  of	  microzooplankton	  grazing	  estimates,	  using	  values	  for	  estuaries	  
(Calbet	  and	  Landry	  2004).	  	  These	  yield	  growth	  rates	  of	  0.5	  and	  0.35	  d-‐1	  respectively.	  	  
The	  latter	  value	  is	  probably	  more	  generally	  representative	  of	  a	  wide	  range	  of	  
conditions	  and	  for	  this	  analysis	  gives	  a	  higher	  net	  phytoplankton	  growth	  rate.	  	  	  
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Using	  an	  exchange	  coefficient	  X	  set	  to	  be	  close	  to	  the	  net	  phytoplankton	  growth	  rate	  
less	  grazing	  of	  0.35	  d-‐1	  and	  using	  the	  volume	  of	  the	  LSZ	  of	  0.5	  km3	  as	  V	  in	  Equation	  1,	  
we	  get:	  

	   F	  =	  (BR-‐B)VRX	  /	  BV	  	  =	  (900-‐73)	  (1000	  ×	  10-‐2	  ×	  2	  ×	  10-‐3)	  0.35	  /	  (73	  ×	  0.5)	  
or	  about	  0.16	  d-‐1.	  	  This	  is	  about	  half	  of	  phytoplankton	  growth,	  and	  about	  twice	  the	  
(negative)	  net	  of	  growth	  less	  grazing	  by	  microzooplankton	  and	  clams	  in	  the	  LSZ	  
based	  on	  field	  measurements	  during	  2006-‐2008,	  which	  is	  now	  subsidized	  by	  mixing	  
from	  other	  areas	  of	  the	  estuary.	  Thus,	  the	  extremely	  ideal	  conditions	  proposed	  
above	  would	  lead	  to	  a	  substantial	  subsidy	  of	  phytoplankton	  to	  the	  LSZ.	  	  However,	  
this	  assumes	  nearly	  perfect	  tuning	  of	  the	  exchange,	  ideal	  growth	  of	  the	  
phytoplankton	  with	  no	  benthic	  grazing	  within	  the	  restored	  area,	  and	  perfect	  mixing	  
of	  the	  discharged	  phytoplankton	  into	  the	  LSZ,	  which	  is	  unlikely	  because	  of	  its	  tidal	  
movement	  in	  relation	  to	  the	  outlet	  of	  any	  marsh.	  	  	  

For	  calanoid	  copepods	  the	  equivalent	  calculation	  to	  that	  above	  is	  	  

	   F	  =	  (23	  –	  3)	  (1000	  ×	  10-‐2)	  ×	  (2	  ×	  10-‐3)	  0.1	  /	  (3	  ×	  0.5)	  

or	  about	  0.03	  d-‐1.	  	  As	  before,	  this	  represents	  an	  upper	  limit	  of	  the	  likely	  subsidy	  to	  
LSZ	  zooplankton.	  	  This	  corresponds	  to	  a	  turnover	  time	  of	  about	  a	  month,	  
considerably	  longer	  than	  the	  population	  turnover	  time	  of	  the	  copepods.	  	  As	  with	  
phytoplankton,	  this	  is	  an	  upper	  limit	  of	  the	  potential	  subsidy	  of	  copepods,	  which	  
would	  be	  reduced	  by	  behavioral	  resistance	  to	  movement	  such	  as	  vertical	  migration,	  
and	  by	  excess	  predation	  in	  the	  marsh	  compared	  to	  the	  adjacent	  open	  waters.	  	  Both	  
of	  these	  reductions	  are	  likely	  to	  be	  very	  large.	  

Zooplankton	  export	  from	  Suisun	  Marsh	  
One	  of	  the	  proposed	  restoration	  areas	  is	  in	  the	  northern	  end	  of	  Suisun	  Marsh.	  	  
Biomass	  of	  calanoid	  copepods	  in	  the	  southern	  part	  of	  the	  marsh	  was	  about	  2×	  that	  
of	  the	  adjacent	  Grizzly	  Bay,	  based	  on	  a	  short-‐term	  field	  study	  and	  long-‐term	  
monitoring	  data	  (Kimmerer	  and	  Marcal	  2004).	  Biomass	  in	  the	  smaller	  sloughs	  to	  the	  
north	  is	  apparently	  higher	  although	  nothing	  has	  been	  published	  on	  that	  (J.	  Durand,	  
UC	  Davis,	  pers.	  comm.).	  	  
We	  used	  output	  from	  the	  UnTRIM	  hydrodynamic	  model	  (MacWilliams	  et	  al.	  in	  prep.,	  
Kimmerer	  et	  al.	  in	  press)	  and	  the	  FISH-‐PTM	  particle	  tracking	  model	  (Kimmerer	  et	  al.	  
in	  prep.)	  to	  examine	  the	  residence	  time	  of	  particles	  within	  Suisun	  Marsh	  during	  the	  
dry	  season.	  	  The	  hydrodynamic	  model	  simulates	  the	  entire	  estuary	  including	  marsh	  
channels	  and	  bathymetry,	  but	  is	  not	  specifically	  set	  up	  to	  replicate	  flows	  in	  the	  
marsh	  and	  therefore	  the	  results	  should	  be	  considered	  preliminary.	  For	  the	  entire	  
network	  of	  channels	  it	  should	  give	  acceptable	  results,	  but	  to	  model	  the	  smaller	  
sloughs	  would	  require	  a	  finer	  grid	  for	  that	  area.	  
The	  PTM	  was	  run	  for	  45	  days	  in	  a	  dry	  period	  in	  the	  historical	  data	  set	  (starting	  1	  
July	  1994)	  to	  examine	  the	  influence	  of	  vertical	  movement	  on	  retention	  in	  the	  
estuary.	  	  The	  model	  was	  started	  with	  particles	  released	  throughout	  the	  northern	  
estuary	  in	  a	  pattern	  similar	  to	  the	  distribution	  of	  the	  copepod	  Eurytemora	  affinis,	  the	  
most	  abundant	  LSZ	  resident	  zooplankton	  species	  before	  Potamocorbula	  was	  
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introduced.	  Over	  9000	  particles	  were	  released	  for	  each	  run	  at	  approximately	  the	  
same	  	  number	  per	  unit	  volume	  throughout	  the	  marsh.	  Residence	  time	  was	  estimated	  
as	  the	  rate	  of	  decline	  of	  the	  log	  of	  total	  particles	  remaining	  in	  the	  marsh.	  

For	  neutrally-‐buoyant	  (i.e.,	  passive)	  particles,	  the	  residence	  time	  of	  the	  marsh	  was	  
about	  28	  days,	  and	  particles	  continuously	  left	  the	  marsh	  during	  the	  45-‐day	  run.	  	  
Particles	  that	  either	  sank	  or	  migrated	  tidally	  (down	  on	  the	  ebb	  and	  up	  on	  the	  flood)	  
had	  a	  more	  complex	  pattern	  but	  generally	  the	  particles	  in	  the	  northern	  part	  of	  the	  
marsh	  did	  not	  leave	  the	  marsh	  during	  the	  45-‐day	  run.	  

Taking	  the	  passive	  case	  first	  and	  using	  available	  bathymetric	  data	  for	  the	  volumes	  of	  
the	  marsh	  and	  Suisun	  Bay,	  Equation	  1	  can	  be	  reduced	  to	  the	  following:	  

	   F	  =	  (BR	  /	  B	  -‐	  1)	  ×	  VR	  /(RT	  ×	  V)	  =	  (BR	  /	  B	  -‐	  1)	  ×	  0.07	  /(28	  ×	  0.11)	  	  

	  	  	  =	  0.02	  (BR	  /	  B	  -‐	  1)	  
Based	  on	  the	  existing	  data	  cited	  above	  for	  Suisun	  Marsh,	  this	  flux	  would	  provide	  an	  
additional	  2%/d	  of	  copepods	  to	  Suisun	  Bay	  if	  the	  copepods	  behaved	  as	  passive	  
particles.	  This	  is	  unlikely	  to	  produce	  a	  noticeable	  increase	  in	  copepod	  biomass,	  as	  
their	  population	  growth	  rates	  are	  on	  the	  order	  of	  10%/d.	  	  Any	  tidal	  migration	  or	  
tendency	  to	  remain	  near	  the	  bottom	  (which	  can	  be	  common	  among	  zooplankton	  in	  
shallow,	  well-‐lit	  waters)	  would	  greatly	  reduce	  or	  even	  eliminate	  the	  net	  flux	  from	  
the	  marsh	  to	  the	  open	  waters.
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Appendix	  F:	  	  Effects	  of	  floodplain	  inundation	  	  
	  

	  This	  Appendix	  explores	  available	  data	  on	  the	  response	  of	  phytoplankton	  and	  
zooplankton	  biomass	  to	  flooding	  of	  the	  Yolo	  Bypass.	  	  This	  is	  to	  provide	  a	  basis	  for	  
anticipating	  effects	  on	  the	  estuarine	  foodweb	  from	  floodplain	  inundation	  at	  lower	  
flows	  in	  the	  Sacramento	  River.	  
One	  assumption	  underlying	  BDCP	  plans	  for	  increased	  inundation	  of	  the	  Yolo	  Bypass	  
is	  that	  it	  would	  provide	  a	  source	  of	  phytoplankton	  and	  zooplankton	  to	  the	  open	  
waters	  of	  the	  estuary.	  	  If	  so,	  the	  much	  larger	  floods	  that	  occasionally	  inundate	  the	  
Bypass	  now	  should	  produce	  measurable	  increases	  in	  phytoplankton	  and	  
zooplankton	  at	  monitoring	  stations	  in	  the	  estuary.	  
The	  basis	  for	  this	  analysis	  was	  to	  use	  the	  IEP	  monitoring	  data	  to	  try	  to	  detect	  an	  
influence	  of	  inundation	  of	  the	  Bypass	  on	  phytoplankton	  biomass	  as	  chlorophyll	  
concentration,	  and	  zooplankton	  biomass	  calculated	  from	  abundance.	  	  IEP	  data	  were	  
obtained	  from	  six	  stations	  in	  the	  western	  Delta	  to	  eastern	  Suisun	  Bay.	  	  	  

Chlorophyll	  concentration	  has	  been	  determined	  since	  1976	  in	  the	  zooplankton	  
survey.	  	  Abundance	  of	  zooplankton	  has	  been	  determined	  since	  1972	  by	  species	  and	  
gross	  life	  stage.	  	  We	  used	  data	  on	  adult	  and	  juvenile	  calanoid	  copepods,	  which	  are	  
common	  in	  the	  diets	  of	  delta	  smelt	  and	  other	  fishes.	  	  Abundance	  data	  were	  
converted	  to	  biomass	  using	  carbon	  mass	  per	  individual	  by	  species	  and	  life	  stage	  (see	  
Kimmerer	  2006	  for	  details;	  carbon	  estimates	  have	  been	  updated).	  
Neither	  chlorophyll	  nor	  copepod	  biomass	  showed	  any	  effect	  of	  inundation	  of	  the	  
Bypass.	  	  This	  lack	  of	  response	  is	  clear	  for	  copepod	  biomass	  in	  Fig.	  F.1,	  which	  shows	  
that	  under	  high	  flows	  in	  the	  Bypass	  the	  biomass	  was	  generally	  lower	  than	  when	  
flows	  were	  lower.	  	  The	  data	  have	  been	  stratified	  by	  groups	  of	  years	  separated	  by	  the	  
time	  that	  the	  clam	  Potamocorbula	  amurensis	  was	  introduced.	  	  During	  both	  periods	  
biomass	  was	  generally	  higher	  when	  the	  Bypass	  was	  dry	  than	  when	  it	  was	  flowing	  at	  
a	  low	  rate	  (<	  500	  m3s-‐1).	  	  Biomass	  increased	  slightly	  in	  a	  handful	  of	  times	  when	  the	  
Bypass	  was	  flowing	  at	  a	  higher	  rate,	  but	  even	  with	  this	  increase	  biomass	  still	  did	  not	  
match	  that	  at	  the	  lowest	  flows.	  	  The	  difference	  in	  biomass	  between	  the	  pre-‐	  and	  
post-‐clam	  period	  is	  notable	  at	  low	  Bypass	  flows.	  

Most	  of	  the	  high	  flows	  in	  the	  Bypass	  occurred	  during	  winter	  when	  zooplankton	  
biomass	  is	  at	  its	  seasonal	  low.	  	  Inundation	  of	  the	  Bypass	  later	  in	  spring	  at	  a	  lower	  
stage	  of	  the	  Sacramento	  River	  than	  is	  now	  necessary	  might	  provide	  conditions	  for	  
higher	  productivity,	  but	  the	  lack	  of	  response	  of	  the	  current	  system	  at	  lower	  Bypass	  
flows	  is	  not	  promising.	  
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Figure	  F.1.	  	  Copepod	  biomass	  as	  a	  function	  of	  flow	  in	  the	  Yolo	  Bypass	  for	  two	  time	  
periods.	  	  Symbol	  shapes	  and	  colors	  show	  the	  sampling	  stations	  from	  the	  IEP	  
zooplankton	  monitoring	  survey.	  	  Green	  line	  is	  from	  a	  generalized	  additive	  model	  with	  
a	  loess	  (locally-‐weighted)	  smoothing	  function	  applied	  to	  the	  pre-‐1987	  period	  and	  
shown	  in	  the	  lower	  graph	  for	  comparison.	  
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Appendix	  G:	  Can	  incidental	  take	  permits	  be	  issued	  to	  water	  
contractors?	  

	  

Do	  the	  federal	  Endangered	  Species	  Act	  and	  the	  California	  Natural	  Community	  
Conservation	  Planning	  Act	  allow	  the	  U.S.	  Fish	  and	  Wildlife	  Service,	  the	  National	  
Marine	  Fisheries	  Service,	  and	  the	  California	  Department	  of	  Fish	  and	  Wildlife	  to	  issue	  
incidental	  take	  permits	  to	  the	  Central	  Valley	  Project	  and	  State	  Water	  Project	  
contractors?	  
	  
This	  question	  is	  significant,	  because	  the	  draft	  BDCP	  provides	  that	  the	  Authorized	  
Entity	  Group	  shall	  be	  comprised	  of	  the	  Director	  of	  the	  California	  Department	  of	  
Water	  Resources	  as	  operator	  of	  the	  SWP,	  the	  Regional	  Director	  of	  the	  U.S.	  Bureau	  of	  
Reclamation	  as	  operator	  of	  the	  CVP,	  and	  one	  representative	  each	  of	  the	  CVP	  and	  
SWP	  contractors	  if	  the	  contractors	  are	  issued	  permits	  under	  the	  Plan.	  	  BDCP	  7-‐8.	  	  If	  
we	  correctly	  understand	  the	  premise	  of	  this	  question,	  it	  is	  that	  only	  the	  owners	  and	  
operators	  of	  the	  two	  projects—the	  U.S.	  Bureau	  of	  Reclamation	  and	  the	  California	  
Department	  of	  Water	  Resources—are	  eligible	  to	  hold	  the	  incidental	  take	  permit	  that	  
would	  govern	  construction	  and	  operation	  of	  the	  facilities	  authorized	  by	  the	  BDCP.	  	  	  
	  
Although	  there	  is	  no	  definitive	  answer	  to	  this	  question,	  we	  conclude	  that	  the	  CVP	  
and	  SWP	  contractors	  may	  receive	  incidental	  take	  permits.	  	  We	  base	  this	  conclusion	  
on	  four	  factors:	  (1)	  There	  is	  nothing	  in	  either	  the	  federal	  Endangered	  Species	  Act	  or	  
the	  California	  Natural	  Community	  Conservation	  Planning	  Act	  that	  prohibits	  the	  fish	  
and	  wildlife	  agencies	  from	  issuing	  incidental	  take	  permits	  to	  entities	  such	  as	  the	  CVP	  
and	  SWP	  contractors	  who	  receive	  water	  service	  from	  (and	  therefore	  are	  
beneficiaries	  of)	  the	  permitted	  project	  operators.	  	  (2)	  The	  text	  of	  both	  statutes	  
allows	  for	  the	  grant	  of	  incidental	  take	  permits	  to	  persons	  or	  entities	  other	  than	  the	  
owners	  and	  direct	  operators	  of	  the	  projects	  governed	  by	  an	  HCP	  and	  NCCP.	  	  (3)	  
There	  is	  precedent	  for	  the	  inclusion	  of	  both	  government	  entities	  and	  private	  
landowners	  and	  resource	  users	  within	  a	  single	  HCP/NCCP.	  	  (4)	  There	  are	  good	  
reasons	  both	  for	  the	  CVP	  and	  SWP	  contractors	  to	  seek	  the	  protections	  of	  an	  
incidental	  take	  permit	  and	  for	  the	  fish	  and	  wildlife	  agencies	  to	  include	  the	  
contractors	  within	  the	  management	  structure	  of	  the	  BDCP.	  	  It	  is	  therefore	  likely	  that	  
the	  courts	  would	  defer	  to	  the	  agencies’	  decision	  to	  issue	  incidental	  take	  permits	  to	  
the	  contractors.	  
	  
The	  incidental	  take	  permitting	  and	  HCP	  provisions	  of	  section	  10	  of	  the	  federal	  ESA	  
authorize	  the	  taking	  of	  individual	  members	  of	  a	  listed	  species	  that	  otherwise	  would	  
be	  prohibited	  by	  section	  9(a)(1)(B)	  of	  the	  Act.	  	  16	  U.S.C.	  §	  1538(a)(1)(B).	  	  The	  take	  
prohibition	  of	  section	  9	  applies	  to	  “any	  person	  subject	  to	  the	  jurisdiction	  of	  the	  
United	  States.”	  	  Id.	  §	  1538(a)(1).	  	  The	  statute	  defines	  “person”	  as	  meaning	  	  
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an	  individual,	  corporation,	  partnership,	  trust,	  association,	  or	  any	  other	  
private	  entity;	  or	  any	  officer,	  employee,	  agent,	  department,	  or	  
instrumentality	  of	  the	  Federal	  Government,	  of	  any	  State,	  municipality,	  or	  
political	  subdivision	  of	  a	  State,	  or	  of	  any	  foreign	  government;	  any	  State,	  
municipality,	  or	  political	  subdivision	  of	  a	  State;	  or	  any	  other	  entity	  subject	  to	  
the	  jurisdiction	  of	  the	  United	  States.	  	  [Id.	  §	  1532(13).]	  

This	  definition	  expressly	  includes	  the	  CVP	  and	  SWP	  contractors,	  which	  are	  
comprised	  primarily	  of	  instrumentalities	  of	  the	  state	  (and,	  in	  the	  case	  of	  the	  CVP,	  
includes	  some	  individuals).	  	  The	  statute	  thus	  extends	  eligibility	  for	  (limited	  and	  
conditional)	  exemption	  from	  the	  take	  prohibition	  of	  section	  9	  to	  the	  project	  
contractors,	  and	  it	  contains	  no	  exclusion	  from	  this	  eligibility	  based	  on	  the	  fact	  that	  
the	  contractors	  do	  not	  themselves	  own	  or	  operate	  the	  project.	  	  	  

The	  California	  Natural	  Community	  Conservation	  Planning	  Act	  addresses	  this	  
question	  even	  more	  directly.	  	  In	  its	  articulation	  of	  the	  purposes	  of	  the	  statute,	  the	  
Legislature	  stated:	  

Natural	  community	  conservation	  planning	  is	  a	  cooperative	  process	  that	  often	  
involves	  local,	  state,	  and	  federal	  agencies	  and	  the	  public,	  including	  
landowners	  within	  the	  plan	  area.	  	  The	  process	  should	  encourage	  the	  active	  
participation	  and	  support	  of	  landowners	  and	  others	  in	  the	  conservation	  and	  
stewardship	  of	  natural	  resources	  in	  the	  plan	  area	  during	  plan	  development	  
using	  appropriate	  measures,	  including	  incentives.	  	  [California	  Fish	  &	  Game	  
Code	  §	  2801(j).]	  

The	  Act	  also	  declares	  that	  “Any	  person,	  or	  any	  local,	  state,	  or	  federal	  agency,	  
independently,	  or	  in	  cooperation	  with	  other	  persons,	  may	  undertake	  natural	  
community	  conservation	  planning.”	  	  Id.	  §	  2809.	  

Indeed,	  the	  fish	  and	  wildlife	  agencies	  approved	  this	  type	  of	  multiparty,	  
multijurisdictional,	  cooperative	  approach	  in	  the	  Orange	  County	  HCP/NCCP	  for	  the	  
protection	  of	  the	  coastal	  gnatcatcher,	  other	  target	  species,	  and	  their	  habitat.	  	  The	  
cooperating	  and	  individually	  permitted	  entities	  include	  the	  County	  of	  Orange,	  the	  
cities	  of	  Anaheim,	  Costa	  Mesa,	  Newport	  Beach,	  Irvine,	  Laguna	  Beach,	  Orange,	  and	  
San	  Juan	  Capistrano,	  as	  well	  as	  other	  participating	  public	  and	  private	  landowners	  
and	  water	  users,	  such	  as	  Southern	  California	  Edison,	  the	  Metropolitan	  Water	  District,	  
Irvine	  Ranch	  Water	  District,	  the	  Irvine	  Company,	  UC	  Irvine,	  the	  California	  
Department	  of	  Parks	  and	  Recreation,	  and	  transportation	  corridor	  agencies.	  	  COUNTY	  
OF	  ORANGE,	  FINAL	  NATURAL	  COMMUNITY	  CONSERVATION	  PLAN	  AND	  HABITAT	  CONSERVATION	  
PLAN,	  CENTRAL	  AND	  COASTAL	  SUBREGION	  (1996),	  document	  available	  at	  
http://www.naturereserveoc.org/documents.htm.	  	  Although	  this	  situation	  does	  not	  
precisely	  mirror	  the	  relationship	  between	  the	  CVP	  and	  SWP	  and	  their	  contractors,	  it	  
does	  serve	  as	  precedent	  for	  creation	  of	  an	  HCP/NCCP	  that	  includes	  both	  land	  and	  
resource	  management	  agencies	  and	  public/private	  land	  and	  resource	  users	  as	  
incidental	  take	  permit	  holders.	  
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Finally,	  it	  makes	  sense	  for	  the	  CVP	  and	  SWP	  contractors	  to	  seek	  the	  protections	  of	  
the	  incidental	  take	  permits	  governing	  operation	  of	  the	  facilities	  authorized	  by	  the	  
BDCP,	  as	  it	  is	  their	  uses	  of	  project	  water	  that	  would	  potentially	  violate	  the	  federal	  
and	  state	  take	  prohibitions.	  	  The	  contractors	  thus	  would	  benefit	  both	  from	  the	  
security	  provided	  by	  the	  incidental	  take	  permits	  and	  from	  participation	  in	  the	  
decisions	  that	  would	  shape	  implementation	  and	  compliance	  with	  the	  terms	  and	  
conditions	  limiting	  coordinated	  CVP/SWP	  operations	  set	  forth	  in	  the	  BDCP.	  	  
Concomitantly,	  it	  is	  in	  the	  fish	  and	  wildlife	  agencies’	  interest	  to	  have	  the	  contractors	  
participate	  as	  permittees	  so	  that	  disputes	  between	  the	  contractors	  and	  USBR	  and	  
DWR	  as	  project	  operators	  may	  be	  resolved	  within	  the	  forum	  of	  the	  Authorized	  
Entity	  Group,	  rather	  than	  outside	  the	  purview	  and	  procedures	  of	  the	  BDCP.	  	  Under	  
these	  circumstances,	  we	  believe	  that	  it	  is	  likely	  that	  the	  courts	  would	  defer	  to	  the	  
fish	  and	  wildlife	  agencies’	  reasonable	  interpretation	  of	  the	  statutes	  as	  authorizing	  
the	  grant	  of	  incidental	  take	  permits	  to	  the	  CVP	  and	  SWP	  contractors.	  	  See	  Chevron	  
U.S.A.	  v.	  Natural	  Resources	  Defense	  Council,	  467	  U.	  S.	  837	  (1984);	  American	  Coatings	  
Ass’n.	  v.	  South	  Coast	  Air	  Quality	  Dist.,	  54	  Cal.4th	  446	  (2012).	  
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Supplemental monitoring and quantitative approaches for improving the assessment of Delta 

Smelt abundance and distribution 

Purpose 

The proposed study concepts are primarily intended to complement currently implemented methods of 

quantifying gear selectivity, at least in relative terms, and to determine the degree that samples from 

IEP surveys are representative of the Delta Smelt population. Therefore, these studies are expected to 

improve accuracy of the survey data and to quantify bias associated with making inferences from 

current survey and monitoring data regarding the abundance and distribution of Delta Smelt in the San 

Francisco Estuary. The field study concepts articulated in this proposal are coupled to a commitment to 

intensive analysis and the development of appropriate changes to monitoring methods that may 

improve management of Delta Smelt protections while minimizing the impacts of protective measures 

on water operations. 

Background 

While many of the IEP surveys were designed and initiated several decades ago with the intent of 

catching juvenile Striped Bass and Chinook Salmon, the existing surveys including those that target Delta 

Smelt (e.g., 20mm and Spring Kodiak Trawl) are collecting individuals at nearly all life stages (except 

eggs) throughout much of the spatial territory likely occupied by Delta Smelt. Because these surveys 

collect data on many other fish species and because of the lengthy historical time series generated by 

these surveys, they should be kept in operation. These surveys have the potential to provide much of 

the data necessary to inform our decisions and predict the effects of management actions. However 

there are concerns over potential and known biases due to a variety of factors. What is most needed to 

improve our understanding are special studies and investigations which can provide additional 

information regarding these potential biases to \a) increase the value of historical and currently 

collected data and (bl guide potential changes and additions to the survey programs. Below are 

special studies and invP<tiv~rl"•« we have irlPnti!i<>rl as important for P<tim:4tir><r 

~h•mtfarirP and distribution of Delta the of the and for 

bio•lo@:ica rm"'""'' and the BDFWO monitoring survey review. Please note that all increases in 

sampling will result in an increase in Delta Smelt take. Therefore, study implementation will likely be 

phased to maximiz d minimize take. All budget figures provided are approximate 

yearly cast 

uring the 3-5 year 



Objectives 

The proposed concepts address the following objectives: 

1. Quantify factors affecting the relative gear selectivity for IEP surveys that provide abundance 

and distribution data for Delta Smelt. Important correlates include ontogenetic stage (size and 

growth), net dimensions, deployment methods, and environmental variables such as turbidity, 

temperature, flow, and tide. 

2. Determine the vertical and lateral distribution of pelagic life stages of Delta Smelt over a range 

of potential environmental drivers, including tidal effects. 

3. As appropriate, develop potential adjustments to current monitoring strategies to account for 

findings in #1 and #2 above, as well as other recent studies in this area, in order to support more 

efficient protective measures for Delta Smelt. This objective includes development of reliable 

population size estimation, and any adjustments that might be needed to ongoing monitoring to 

reduce sources of bias and ensure appropriate spatial and temporal coverage. 

4. Quantify pre-salvage entrainment losses in the vicinity of the south Delta export facilities. 

Methods 

Gear Selectivity Studies (Objective 1) 

Gear selectivity evaluations are needed to integrate catch data from multiple surveys to estimate 

abundance and ultimately to model population dynamics for Delta Smelt and other species of 

management concern. Data from simultaneous, adjacent deployment of IEP survey gears during the 

tidal cycle will permit the estimation of selection curves relating the relative capture probability of Delta 

Smelt of a given size across gears. The selection curves will be modeled statistically following Millar and 

Fryer (1999). The sampling design and analytical approaches for the single location and multiple gear 

evaluations (described below) was approved by IEP in 2012. Sampling efforts in the fall (juvenile to sub

adult) and spring (larvae to juveniles) were successful and data collection and model development are 

ongoing. 

Multiple Gears (Single Location): Field sampling will be repeated seasonally to coliect information for 

different Delta Smelt life stages and to estimate selectivity for different IEP fish monitoring gears (Table 

Each field will use the gear the life 

and those gear that target earlier and later life The will be to as 

Delta Smelt transition from being effectively sampled one gear set to another gear 

another set) to capture how relative selectivity changes with fish size (and ontogeny). For each gear and 

tow, we will identify and measure all fishes to the nearest mm fork length for juveniles through mature 

adults. Larvae will be identified and measured in the lab to the nearest 0.1 mm total length. Within 

each sampling uei:,uu. proposed monthly effort will entail two days of field work. Sampling will 

when take !s exceeded or if sufficient data are obtained for robust mo,delirni. 



Gear deployment will follow the protocols used by the respective agencies, except that tow durations 

will be 10 min (see Honey et aL 2004 for survey and gear descriptions). During each field day, we will 

deploy gears with the following frequency by tide: 6 flood tows, 6 ebb tow and 1-2 tows on each slack 

water (14 replicate tows per day), Field work will be planned for daylight hours over a three-day period 

(sampling on days 1 and 3) when flood and ebb tides occur primarily during daylight hours. Data will be 

checked, processed and evaluated for sufficiency prior to further sampling, 

Table L Target Delta Smelt life stages and the gears, time period, and sampling effort proposed to 

determine relative efficiencies of standard fish monitoring survey gears. Note: TNS =Summer Townet 

Survey, FMWT = Fall Midwater Trawl, OT= Bay Study Otter Trawl, SKT = Spring Kodiak Trawl, CMWT = 

Chipps Island Midwater Trawl, SLS = Smelt larva Survey, 20mm = 20mm Survey. 
/ Life stage(s) I Gears deployed -,M;:;;:;th~-;;;~-p-le_d ___ l_S._a_m_p_li_n_g_e_ff_o_rt __ ~ 

I Juvenile to Sub-Adult I' TNS, FMWT, OT, SKT, August through October I 2 days I month 

/ , CMWT, Beach seine / 

I
. Pre-Spawning Adults I FMWT, SKT, OT, CMWT, I December through i 2 days I month 

1 Beach seine January 

I Spawning Adults FMWT, SKT, OT, CMWT, I March through April 

I I Beach seine I 
2 days I month 

i larvae to Juveniles 

1 

SLS, 20mm, TNS, Beach 

seine 

I April through June 2 days I month , 

We will select sampling locations based on relatively high local densities of Delta Smelt detected during 

routine fish monitoring, The most likely sampling range for juveniles to sub-adults will be in the lower 

Sacramento River between Chipps Island and Decker Island; sampling for spawning adults and larvae 

and juveniles may take place in the Sacramento Deep Water Ship Channel; however, the channel width 

may be insufficient to simultaneously deploy all gears targeting adults. Depending on the number of 

gears, GPS coordinates for 3-5 trawl lanes will be established and provided to boat operators. For each 

tow, vessels towing each gear type will be randomly assigned to a trawl lane. We will deploy beach 

seines in the vicinity of the trawl lanes if suitable shallow habitat is available. 

Shadow Trawling (Multiple Locations): Additional side-by-side trawling will be conducted monthly with 

the FMWT and SKT in conjunction with the regular surveys. Ten long-term sites will be randomly 

selected from each of four regions (40 sites total), The SKT will be co-deployed simultaneously during 

the FMWT survey on four 

the FMWT will 

sites per from Se1ote,mlJerthrough December. 

the SKT survey on four from March. 

Although the selectivity curves will be similar to the gear evaluations described above, this ex1;erlme11t 

will be conducted under identical conditions to the regular surveys, Therefore, we will be able to 

estimate the relative selectivity and probability of zero catch regionally at the survey sites. Moreover, 

this design ensures that sampling will take place over a broad range of environmental conditions that 

may affect gear selectivity, 



I/Ve w!!I collect envfronmental measurements following survey protocols. Repeated sampling over a 

range of environmental variables will permit the assessment of how Delta Smelt interact with the 

environment and how these interactions influence catch by the survey gears. in order to be sampled by 

the net, Delta Smelt must first be available (present) and subsequently retained after contact with the 

net For example, the vertical distribution of Delta Smelt may change during the tidal cycle affecting the 

relative availability of individuals to oblique tows compared to surface tows. Similarly, turbidity may 

influence the relative ability of Delta Smelt to detect and avoid trawled gears. To improve our 

understanding of these interactions, models representing a priori hypotheses regarding the impact of 

environmental variables on catch will be developed and assessed in an information-theoretic framework 

(Burnham and Anderson 2002). 

Vertical and Lateral Distribution Studies (Objective 2) 

Understanding how environmental variables influence the vertical and lateral distribution of Delta Smelt 

is critical to ensure that samples from IEP surveys are comparable and representative of the Delta Smelt 

population. In addition, IEP surveys sample the water column and channel habitats in different ways 

and provide a depth- (for oblique tows) and time-integrated (tow duration) snapshot of catch. Although 

the gear selectivity evaluation described previously will provide some insight into the vertical and lateral 

distributions of Delta Smelt, availability (presence) and avoidance (present but not captured) are 

confounded and difficult to separate in the study design. In contrast, SmeltCam technology replaces the 

cod-end of towed gears with video cameras and thus provides instantaneous depth- and channel

specific catch data with reduced lethal take. Pilot efforts have successfully deployed the SmeltCam in 

conjunction with the FMWT and suggest that adult Delta Smelt are accurately identified. However, the 

lower size limit for accurate identification remains speculative. We suggest continued pilot efforts of 

one week per month during the summer and fall (August through October) with the modified FMWT or 

other modified gears such as the TNS to investigate the vertical and lateral distribution of Delta Smelt 

The proposed tests are needed to establish the minimum size range and effectiveness of the SmeltCam 

under various conditions for consistent and unambiguous identification and to standardize the quality 

assurance and quality control procedures for data processing. 

Develop Appropriate Adiustments to Monitoring Programs IObjectfve 3t 

New information developed by us and others may indicate that current monitoring efforts could be 

1m,orc1ved. CibJE'ctives #1 and 112 are intended to gears and Gtr>tP·oir« 

are still am1mnrioate to address mana1gerner1t 1r1rc1·m;1t1em needs. if mcm11mr111g «hr1rtr:orriim1<; are 

established, translating findings into improved mcmntonin11 prc<to<:ols will rerHwre careful 

assessment of the specific issues that need to be addressed, modeling and testing of potential solutions, 

and implementation of study design modifications. This work will also require careful assessment of the 

data needs of the delta smelt life cycle modeling efforts that are underway, especially the Newman et aL 

effort. Close collaboration with life cycle modelers will help ensure any monitoring adjustments 

that are de•Jell:pe:d are crafted to reduce pre:d1,:t1ci:i error and in other ways 1mr1rm1P the us11ru1111ess of 

the life models, The financia! suc1oort summarized in Task 3J_ in the attached ouu1ge1 is intended to 



provide a strong and direct link between the monitoring investigations described in this proposal and 

the ongoing life cycle modeling. The following sampling elements describe some of the issues that may 

be investigated. 

Random Sampling (FMWT): Inferential statistics generally assume that samples are obtained randomly 

from the target population. The bias resulting from sampling non-random fixed stations during the IEP 

survey remains unknown. If the bias is not negligible, survey data may not adequately reflect true 

population trends that are needed for managing the recovery of Delta Smelt. Therefore, it is critical to 

determine the degree that samples from non-random sites are representative of the Delta Smelt 

population. We will conduct stratified random sampling at 80 sites within three regions monthly from 

September through December coincident with the FMWT survey. Although we will initially partition 

strata by region, post-stratification by environmental variables such as salinity and temperature may be 

attempted to increase precision. Monthly sampling will occur over an eight-day period (10 sites per day) 

on days that do not conflict with the gear selectivity evaluations or shadow trawling. 

Increased Survey Effort: Infrequent sampling and sparse data may also result in increased variability and 

reduced precision. Catch data are often highly variable and patchy in space and time and repeated 

sampling is critical for obtaining a representative sample of the population. Currently, the FMWT and 

SKT are conducted monthly over an eight- and five-day sampling period, respectively. Doubling these 

efforts to sampling twice per month will be attempted from December through May targeting regions of 

high importance to Delta Smelt and regions with high uncertainty of catch data. The additional sampling 

may be conducted at the long-term fixed sites or by stratified random sampling depending on 

preliminary results. Adjusting sampling regimes or gears to reduce detection limits may also be 

important, and will be considered in this work. 

Spatial Coverage: Geographically appropriate sampling is important for making inferences regarding 

habitat use, overall abundance, and population dynamics. Bias may result if regions or habitat types 

that could be important for Delta Smelt are not surveyed or are inadequately surveyed. Currently, IEP 

surveys have limited coverage in several regions, including the Cache Slough Complex and the 

Sacramento Deep Water Ship Channel. Increasing the frequency of the USFWS beach seine (year round) 

and larval trawl survey (February through July) at Liberty Island will facilitate the parameterization of 

Delta Smelt occupancy models. Sampling other shallow-water habitats in the Cache Slough Complex 

may require the deployment of alternative gears if depths are not sufficient for surface trawling. In 

addition, more sites are needed in the Sacramento Water Channel to spatial 

resolution of the IEP surveys for all of Smelt. 

Quantify Pre-Salvage Entrainment Losses (Obiective 4l 

Previous pilot studies generated useful information about the relationship between marked Delta Smelt 

present in the Clifton Court Forebay (CCF) and their resulting salvage at the Skinner Fish Facility It 

rst1mdin2of unaccounted entrainment 

be useful to inforrn mn·nP::mo of Delta Smelt These results 



efforts to assess population-level impacts of entrainment fesses< A percentage of the fish entrained into 

CCF is lost and unable to reach the screens of the SFF_ Such loss is referred to as pre-screen loss, and it 

excludes the !oss due to partiat c:o!lect!or of fish the fish facllity, \.-Vhich !s terrned fish facility 

The proposed objectives are to obtain mark-recapture estimates for the: 1) fish facility 

efficiency for larva, juvenile and adult Delta Smelt at the SFF, 2) percent of marked larva, juvenile and 

adult Delta Smelt released at the entrance of CCF and recaptured at the SFF, and 3) pre-screen loss for 

larva, juvenile and adult Delta Smelt 

Delta Smelt to be used in the mark-recapture experiments will be produced at the UC Davis Fish 

Conservation and Culture Lab, which is a short distance from the release locations at the SFF and the 

entrance of CCF, Mark-releases for each life stage will be timed to coincide with the historical 

corresponding occurrence of larva, juvenile and adult wild Delta Smelt in the south Delta, Larva, 

juvenile, and adult Delta Smelt will be marked with SE-MARK™ Ca Ice in. In addition, each adult Delta 

Smelt will have a unique photonic mark per test (POW'R-Ject System, New West Technologies) to 

differentiate days and/or location of fish releases. Based on the results of a previous marking study by 

James Hobbs (UC Davis), it is not deemed necessary to trans-generationally mark adult Delta Smelt 

considered in the proposed study, However, this option will be considered if required, 

Each experiment will include one mark-recapture test releasing marked Delta Smelt just up current from 

the louvers at the SFF and one at the entrance of CCF, The anticipated numbers of fish to be used in 

each test and the timing between tests and experiments is based on previous studies. Year 1 will 

include two experimental releases of larva Delta Smelt, each conducted at least one month apart_ 

Approximate numbers of larvae for each experimental release are: SFF (n = 1,000), entrance of CCF (n = 
40,000), Year 2 will include two experiments on juvenile Delta Smelt, each conducted at least one 

month apart. Approximate numbers of juveniles for each test are: SFF (n = 400), entrance of CCF (n = 

20,000), Year 3 will include eight experiments on adult Delta Smelt, four of which will be conducted at 

least one day apart. The other four adult experiments will be conducted as described, at least one 

month apart, from the first four experiments. Approximate numbers of adults for each test are: SFF (n = 

100), entrance of CCF (n = 1,500), 

Budget {yearly) 

See attached pdf, 
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