
Longfin Smelt (FMWT:X2 Correlation) 

During the February 10-11 workshop, the Panel considered whether the FMWT:X2 (January-June) 

correlation by itself was a sufficient basis for regulatory action, and requested analyses illustrating the 

scientific uncertainty regarding interpretation of the flow: abundance relationship. 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.          

1. There is uncertainty as to the representativeness of different longfin smelt survey methods. The 

long-term distribution and abundance trends are different when plotted using data from the 

FMWT/Bay Midwater Trawl compared to data from the Bay Otter Trawl survey, raising 

questions about which survey more accurately represents the population (Hanson presentation, 

2014, slide 10; SWC-DFW Longfin Smelt Study Plan, pp. 2 and 11; Baxter presentation, 2014, 

slides 16 and 17; PWA Pelagic Species Submittal to SWRCB, p. 17, Fullerton Figures 10-13). 

 

2. Assuming X2 location is causal, the existing correlations indicate that dedicating large quantities 

of water would likely result only in small increases in longfin smelt abundance.  (Hanson 

presentation, 2014, slide 10; TNC (Kimmerer) 2013 at p.69 (“…flows needed for substantial 

changes in longfin smelt abundance are likely too great to be practically achieved.”)  Even if high 

flows could be practically achieved, the predicted increases in abundance would likely only be for 

a short duration, not being apparent when the population reaches two years old.  The FMWT:X2 

(January-June) correlation weakens and flattens by the time longfin smelt are ready to spawn at 

two years of age (Fullerton Figures 8-9).  There are several mechanisms worth evaluating that 

may explain this observation, including but not limited to: 1.) Density dependence: large juvenile 

abundance may not translate into increased adult abundance because of density dependence; 2.) 

Survey error: fewer false negative observations in the surveys may occur due to increased 

turbidity (Latour submittal to SWRCB 2012 and PP; Latour presentation, 2014); and 3.) Changes 

in species distribution: interactions with ocean populations may moderate longfin year class shifts 

in the Delta before adulthood.   

 

3. Wet hydrology, not Delta outflow, may be the overarching correlation (Fullerton Figures 1-5).  

The challenge is identifying all of the pathways through which wet hydrology may alter 

abundance and/or catchability.  There are multiple environmental changes that occur during wet 

years, and all of these changes have statistically significant relationships with abundance (e.g., 

FMWT: unimpaired inflow, FMWT: Napa River Flow (as an indicator of local stream flow into 

Bay), FMWT: Secchi Depth, FMWT: Average Water Depth, FMWT: X2) (PWA presentation to 

SWRCB, 2012, slides 77-79; PWA pelagic species submittal to SWRCB, 2012, p. 15; Hanson 

Presentation, 2014, slide 11; Fullerton Figure 6.)  Perhaps wet hydrology is also associated with 

improved food availability as several productivity factors also have statistically significant 

relationship with FMWT (FMWT: Ammonium, FMWT: DIN/TP, and FMWT: Mysid Density).  

(Glibert et al. 2011 pp 373-374 and 379; PWA presentation to SWRCB, 2012, slide 80; PWA 

pelagic species submittal to SWRCB, 2012, p. 15; Fullerton Figure 7).  Wet years may also 

increase the available area of spawning and/or rearing habitat in local tributaries to the Bay.  The 

management questions are which of the environmental factors associated with wet hydrology 

have the greatest impact on abundance and/or catchability, and can those factors can be improved 

through human intervention.    



 

4. The uncertainty in how to interpret the statistically significant relationships between wet 

hydrology and longfin smelt abundance requires further investigation.  The California 

Department of Fish and Wildlife and the State Water Contractors have embarked on a multiple 

year study plan (SWC-DFW Longfin Smelt Study Plan).  In addition to the work currently being 

proposed in the SWC-DFW study plan, other areas of investigation could include: 

 

a. Investigation of whether there have been changes in species distribution (e.g., across species 

range, within the water column, day verses night, distribution concordant with changes in 

food supplies and/or turbidity, etc.) (Quinn et al. 2012; SWC-DFW Longfin Smelt Study Plan 

at pp. 2 and 8-11); Merz et al. 2013).  

 

b. Net efficiency and survey efficiency investigations that test initial analyses by Latour and 

others to determine the extent catchability is effected by turbidity, sampling depth, time of 

day, etc. 

 

c. Sampling of the ocean to improve understanding of Delta-ocean population interactions.   



Longfin Smelt Abundance –  
 

What’s flow got to do with it? 

Randall Baxter 
California Dept. of Fish and Wildlife 

State Water Resources Control Board 
Delta Outflows Workshop 

February 10-11, 2014 



Preview:  
• Life history  
• Reason for concern 
• Outflow vs abundance relationship 
• Early life history & recruitment 

• Hypotheses x Life History => seasonal outflow 
importance 

• Part of decline = distribution shift 



Data Sources:  

• Fall Midwater Trawl: Sep-Dec monthly 

• Bay Study E&L OT & MWT: year-round 

monthly  
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Reason for Concern: 
 
Longfin Smelt Abundance Trend Down 
 
…except for brief positive periods associated 
with high outflow 

Source: Thomson and others 2010 



Outflow vs Longfin Smelt Abundance –  

Fall Midwater Trawl Relationship still holds ! 

Source: Dayflow dataset; Dec-May mean monthly Chipps Island outflow  

Lines indicate 
significant relationships 
(P <0.05). 

Pre-Clam 1967-1988 
Post-Clam 1989-2003 
POD       2004-2012 



Life History Background  Conceptual Model?  



Year-class strength established during larval 
phase 

• Larval abundance (1981-1989) is significantly 
correlated to subsequent juvenile abundance, but to 
outflow. The year 1982 had high leverage in the 
significant relationship (Baxter 1999) 

• Juvenile abundance correlated to outflow 
• Juvenile abundance correlated to next age class 

(Rosenfield and Baxter 2007) 

 



What early life history characteristics link 
survival to outflow? 

• Spawn in tidal fresh- & possibly brackish water 
• Spawning migration into freshwater limited 
• About 1 month incubation and 3 month larval period 
• Larvae surface oriented & go with flow (CDFG 1992, Bennett 

and others 2002, Dege and Brown 2004) 

• Eggs and larvae tolerate to 8 ppt but survive best at 
lower salinity and freshwater (Hobbs and others 2010; Lindberg 
and others data reports/presentations) 

 
 



Hypothesized mechanisms for outflow effect 

• Provides low salinity habitat for eggs and larvae 
• Transport and dispersal (reduce entrainment) 
• Linked with turbidity reduces predation 
• Linked to food web services -> increased productivity 

and food 
• Suppresses clam feeding ? 
 

 



When are mechanisms important? 

Source: Bay Study ichthyoplankton data    



Larvae survive best at low salinity 

Distributions in fish survey 
Distributions in survivor otoliths 

Source:  Hobbs and others 2010 



Low salinity habitat a function of outflow 

Source: Kimmerer et al. 2013 



Hypothesized mechanisms for outflow effect 

• Provides low salinity habitat for eggs and larvae 
• Transport and dispersal (Baxter 1999, Dege and Brown 2004) 

 

Source: Smelt Larva Survey webpage 
http://www.dfg.ca.gov/delta/data/sls/CPUE_Map.asp#MAP 

X2 location 



Food web services? 
 
Eurytemora affinis the diet of survivors! 
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Outflow timing, hypothesized mechanisms & 
benefits (weighted by “x”) 

Dec Jan Feb Mar Apr May 

LSH Egg xx xxx xxx xx 

LSH Larva x xx xxx xxx xxx xxx 

Transport -
Dispersal 

x xxx xxx x 

Turbidity- 
Predation? 

x xxx xxx xxx xx 

Food web? x xx xxx xxx xxx 



Each fish survey tells a slightly different story 
• All show flow relationships 
• POD decline not well detected by Bay Study data 
• Shift in distribution suggested 

Source: Bay Study trawl data    

Pre-clam open circles; post-clam filled circles; POD filled triangles 



Distribution shifts 

Pre-Clam 
1980-1988 

Post-Clam 
1989-2003 

POD 
2004-2011 

Data : May-Oct age-0 Longfin Smelt catch total by 
embayment and period for paired MWT and OT  



Conclusions 

• Flow relationships persist 
• Stock – effect responsible for variation in abundance 

w/flow 
• Some evidence of habitat and transport/dispersal 

effects 
• Shift downstream and toward bottom in distribution 

suggested for some of the FMWT decline 
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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. 
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Eutrophication has altered food webs across aquatic systems, but effects of nutrient stoichiometry (varying nutrient ratios)
on ecosystem structure and function have received less attention. A prevailing assumption has been that nutrients are not
ecologically relevant unless concentrations are limiting to phytoplankton. However, changes in nutrient stoichiometry funda-
mentally affect food quality at all levels of the food web. Here, 30-year records of nitrogen and phosphorus concentrations and
ratios, phytoplankton, zooplankton, macroinvertebrates, and fish in the San Francisco Estuary (Bay Delta) were examined
to collectively interpret ecosystem changes within the framework of ecological stoichiometry. Changes in nutrient concen-
trations and nutrient ratios over time fundamentally affect biogeochemical nutrient dynamics that can lead to conditions
conducive to invasions of rooted macrophytes and bivalve molluscs, and the harmful cyanobacterium Microcystis. Several
other aquatic ecosystems considered here have exhibited similar changes in food webs linked to stoichiometric changes.
Nutrient stoichiometry is thus suggested to be a significant driver of food webs in the Bay Delta by altering food quality
and biogeochemical dynamics. Since nitrogen-to-phosphorus ratios have increased over time, an overall implication is that
remediation of fish populations in the San Francisco Estuary will require significant nitrogen reductions to restore the historic
ecological stoichiometric balance and the food web.

Keywords ammonium, Bay Delta, Corbula amurensis, delta smelt, Egeria densa, Microcystis, nitrogen, nutrient ratios,
pelagic organism decline, pH effects, phosphorus, stoichiotrophic imbalance

INTRODUCTION

This review integrates concepts of eutrophication (e.g.,
Nixon, 1995; Cloern, 2001; Wetzel, 2001), ecological stoi-
chiometry (Sterner and Elser, 2002), and stable state theory
(Scheffer et al., 1993) in an overall framework for evaluating the
extent to which long-term changes in aquatic food webs in the
San Francisco Bay Delta and other aquatic ecosystems have re-

Address correspondence to Dr. Patricia M. Glibert, University of Mary-
land Center for Environmental Science, Horn Point Laboratory, P.O. Box 775,
Cambridge, MD 21613, USA. E-mail: glibert@umces.edu

sulted from human-driven changes in nutrient loads and forms.
Eutrophication is the process whereby systems are enriched
with nutrients with various deleterious effects, whereas eco-
logical stoichiometry—consideration of nutrient ratios—relates
changes in the relative elemental (e.g., nitrogen [N], phosphorus
[P], and carbon [C]) composition in body tissue and the water
column. Stable state theory suggests that external drivers or dis-
turbances (here, nutrients) can shift a system from one stable
state to another via interacting feedbacks.

Nutrient ratios have often been used to infer system lim-
itation when concentrations are known to be limiting to the
phytoplankton assemblage (Reynolds, 1999; Downing et al.,
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2001). A prevailing view has considered nutrient ratios to be
ecologically irrelevant unless concentrations are limiting to phy-
toplankton growth rate. Such a narrow application of nutrient
ratios, conferring importance only when concentrations limit
phytoplankton growth rate, needs to be expanded in recognition
of that fact that changes in nutrient stoichiometry fundamentally
affect food quality—from the base to the apex of aquatic food
webs—as well as system biogeochemistry, whether nutrients are
limiting or not (Sterner and Elser, 2002).

The central premise of this article is that alterations in nu-
trient stoichiometry have profound consequences for aquatic
food webs resulting from different organismal needs for differ-
ent nutrients and different abilities to sequester nutrients, and
that biogeochemical feedbacks associated with species assem-
blage changes may shift systems to new stable states. In this
review, 30 years of records of inorganic N and P concentra-
tions, phytoplankton, zooplankton, invertebrates, and fish in the
San Francisco Estuary were examined to interpret ecosystem
changes within the conceptual framework of nutrient dynamics.
The questions addressed in this article are: To what extent do
ecosystems self-assemble as a function of nutrient stoichiome-
try? Does changing nutrient stoichiometry have ecosystem ef-
fects even when nutrients are not at levels normally taken to
be limiting by primary producers? If the food web changes that
have occurred are related to nutrient loads, what are the bio-
logical, physiological, or biogeochemical processes that help to
explain, mechanistically, why such food web changes may have
occurred? And, what are the management implications of such
relationships?

These questions are highly relevant to the issue of cultural
eutrophication, which is one of the most pressing problems af-
fecting both coastal and freshwater ecosystems worldwide (e.g.,
Vitousek et al., 1997a,b; Howarth et al., 2002; Galloway and
Cowling, 2002; Turner et al., 2003; Conley et al., 2009; Doney,
2010). Nutrient pollution is on the rise because of dramatic in-
creases in human population in many regions, and concomitant
increasing demands for energy, increases in N and P fertilizer use
for agriculture, changes in diet that are leading to more meat pro-
duction and animal waste, and expanding aquaculture industries
(e.g., Smil, 2001; Galloway and Cowling, 2002; Galloway et al.,
2002; Howarth et al., 2002; Glibert et al., 2010). Although eu-
trophication is occurring globally, nutrient exports from coastal
watersheds are not evenly distributed (Seitzinger et al., 2002a,
2005; Howarth et al., 2005; Glibert et al., 2006a, 2010), nor is
the export of N and P changing proportionately. Much remains
to be understood about the implications of changes in N:P sup-
plies, globally and regionally for aquatic food webs. Differen-
tiating food web changes due to changes in nutrient loads from
those due to stochastic events has important implications for
restoration and management. A major management implication
stressed here is the importance of co-management of N and P. A
common practice has been to reduce P in point sources without
concomitant reductions in N while overlooking the fact that nu-
trient loading results in large sediment deposits of nutrients that
influence the overall system for an extended period (years) after

loading rates are reduced. Reductions in anthropogenic P loads
can initially result in a decline in phytoplankton biomass, but
the sediment “pump” of stored P replenishes P supplies in the
water column, promoting benthic productivity, which, in turn,
has multiple effects on the food web. If the system additionally
receives N, especially in the form of ammonium (NH+4 ), it can
be expected to shift to undesirable dominant species among pri-
mary producers, with ramifications extending to higher trophic
levels.

Nutrient enrichment interacts with aquatic food web dynam-
ics in complex ways. At the planktonic level, many of these
changes are well understood for phytoplankton. With nutrient
enrichment, biomass may increase without a change in the pro-
portion of the dominant planktonic organisms, but, more com-
monly, as nutrients continue to increase, a shift in plankton
assemblage composition is observed, with large diatoms giving
way to smaller phototrophs, such as cyanobacteria and various
flagellates (e.g., Smayda 1989; Marshall et al., 2003; MacIntyre
et al., 2004; Finkel et al., 2010). Many of these species can be
harmful to higher trophic levels, disrupting normal ecosystem
function. The dominance of such species can result in a failure
of normal predator–prey interactions, which, in turn, enhances
the transfer of nutrients that sustain the harmful algal blooms
at the expense of competing algal species (Irigoien et al., 2005;
Mitra and Flynn, 2006; Sunda et al., 2006). Such changes have
ramifications at all levels of the food web. Increased phyto-
plankton and macroalgal proliferations at high nutrient levels
affect seagrasses and benthic microalgae that compete for light
(Harlin, 1993; Deegan, 2002; Burkholder et al., 2007), altering
the food web structure by changing the habitat needed to sup-
port fish and shellfish. Fundamentally, all aspects of metabolism,
predator–prey interactions, and species success are altered when
a system is stressed by nutrient over-enrichment (Breitburg
et al., 1999; Breitburg 2002).

Adding to the complexity of understanding system and food
web changes due to increased nutrients is the relatively recent
phenomenon of changing stoichiometry of nutrient supplies. In
many parts of the developed world, P reductions have been un-
dertaken (e.g., in sewage effluents and laundry detergents), as
a means to reduce or control algal blooms whereas N loads
often are allowed to remain elevated (Glennie et al., 2002; Eu-
ropean Environment Agency, 2005). Thus, not only have many
systems undergone eutrophication, but many are showing signs
of reversal due to this single nutrient reduction. Nevertheless,
even when many eutrophication symptoms are reduced, such as
hypoxia and algal blooms, the systems only appear to partially
recover (Burkholder, 2001; Burkholder and Glibert, 2011); their
food webs do not appear to return to their pre-eutrophic state.

The San Francisco Estuary, or Bay Delta, California,
USA (Figure 1) is an ideal ecosystem for addressing the
questions posed above. The Bay Delta is one of the largest
estuarine systems on the U.S. Pacific coast, as well as one of
the nation’s largest managed and engineered water systems.
It is the largest source of municipal and agricultural fresh
water in California and is home to economically important
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360 P. M. GLIBERT ET AL.

Figure 1 Map of the San Francisco Estuary and the Sacramento–San Joaquin Bay Delta. The region outlined in the box represents the region where virtually all
of the stations examined in this article were located. The diamond indicates the Sacremento Regional Wastewater Treatment site. Stations D4–D8 represent the
stations where water chemistry data were used for this analysis (color figure available online).

fisheries. From phytoplankton to fish, the food web of this
system has changed significantly over the past several decades
(Alpine and Cloern, 1992; Jassby et al., 2002; Kimmerer,
2004, Kimmerer et al., 2010; Jassby, 2008). The Bay Delta has
been extensively monitored for most biological constituents
since the 1970s, so this is a system rich in data with which
to explore these relationships. It has also been influenced by
major changes in nutrient loads and nutrient composition (e.g.,
Van Nieuwenhuyse, 2007; Dugdale et al., 2007; Jassby, 2008;
Glibert, 2010). N loads have increased substantially since the
mid-1980s, while P loads increased and then declined in the
mid-1990s to levels that approximate earlier conditions.

The Bay Delta is an inverse delta and receives the majority of
its flow from the Sacramento and San Joaquin Rivers (Atwater
et al., 1979; Nichols et al., 1986). The Sacramento River is the
larger river, contributing ∼80% of the freshwater to the system
(Jassby, 2008). The upper reaches drain 61,721 km2, while
the upper San Joaquin River drains 19,030 km2 (Sobota et al.,
2009). Major modifications to the Bay Delta have occurred
over the past century, including drainage of marshes to support
agriculture, installation of dikes to prevent farmland flooding,

expansion and deepening of shipping lanes, and significant
diversion of water to various users throughout the state (Atwater
et al., 1979). The Sacramento and San Joaquin Rivers converge
at the confluence of the delta, then flow into Suisun Bay, San
Pablo Bay, flow ultimately into the Central and South Bays.
River flow has varied about ten-fold in the past decades due
to the effects of prolonged droughts and El Niño – Southern
Oscillation wet years (Jassby, 2008).

The Bay Delta ecosystem has also been significantly modi-
fied by invasive species, including clams, bay grasses, various
species of copepods, and fish over the past several decades
(Carlton et al., 1990; Cohen and Carlton, 1995, 1998; Kim-
merer, 2002). In fact, this system has been characterized as
one of the most heavily invaded estuaries in the world (Cohen
and Carlton, 1995, 1998), with most of these invasions traced
to increased trading with Asia and “discharge of ballast water,
inadvertent or deliberate release of aquarium organisms, delib-
erate introduction for fisheries, and inadvertent release of bait
organisms” (Kimmerer, 2004, p. 8; National Research Coun-
cil of the National Academies [NRC], 2010; Winder et al.,
2011). The Bay Delta has been used as an example of a system
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undergoing “invasion meltdown,” implying that frequent inva-
sions alter habitat and promote additional invasions (Simberloff
and Von Holle, 1999; Simberloff, 2006), perhaps to the “point
of no return.” The extent to which habitat changes related to
nutrient enrichment have contributed to these successful inva-
sions or other food web changes in the Bay Delta has not been
explored, because it was earlier concluded that nutrients were
in excess of phytoplankton demand and therefore not regulating
(Alpine and Cloern, 1992; Cloern and Dufford, 2005).

The fundamental question of whether changes in the food
web are a result of anthropogenic changes, especially changes
in nutrient loads and balance, or whether they are the result
of stochastic events, has more than academic relevance. Many
management questions and actions are directly affected by the
extent to which the factors contributing to the food web changes
can be identified and managed. Several fish, including the delta
smelt (Hypomesus transpacificus) and longfin smelt (Spirinchus
thaleichthys), are on the Federal Endangered Species List or are
considered threatened (Wanger, 2007a,b). Water exports have
been restricted by court order in recent years in an attempt to
restore these species; new habitat is being created with the hope
that it will contribute positively to the restoration of the system;
and major re-engineering of the flow is also being debated for
the coming decades (e.g., Bay Delta Conservation Plan, 2010,
http://baydeltaconservationplan.com/BDCPPlanningProcess/
ReadDraftPlan/ReadDraftPlan copy1.aspx). Costs of these
efforts are estimated in the hundreds of millions to billions of
dollars.

Despite current management efforts, delta smelt have under-
gone further significant population declines in the past decade,
along with longfin smelt, threadfin shad (Dorosoma petenense),
and young-of-the-year striped bass (Morone saxatilis; Rosen-
field and Baxter, 2007; Sommer et al., 2007; Baxter et al. 2010).
Accelerated losses during the past decade have been termed the
pelagic organism decline (POD) (Sommer et al., 2007; Baxter
et al. 2010). Much of the debate about the declines in fish popu-
lations have been centered on the effect of the export pumps that
supply the water to large aqueducts that transport it throughout
the state for municipal and agricultural use.

The complexity of the Bay Delta system—hydrologically
and ecologically—cannot be underestimated. Kimmerer (2004,
p. 12) noted that “complex environments such as estuaries of-
ten seem not to obey general rules, but to respond in specific
ways for which the general literature on estuaries provides little
guidance.” The frequent changes, invasions, and effects of en-
gineering and other management actions complicate these rela-
tionships. This article focuses on nutrient issues that heretofore,
for the most part, have not been emphasized, and it suggests
some general rules by which aquatic ecosystems may respond.
This article develops the hypothesis that nutrient changes under-
lie this complexity. While there have been multiple freshwater
systems to which ecological stoichiometric (Sterner and Elser,
2002) and stable state principles (Scheffer et al., 1993) have
been applied (described in more detail throughout this article),
there have been relatively few examples where these principles

have been applied to estuaries. Recent evidence suggests that
the changes in trophodynamics in the Bay Delta system may be
related to nutrient changes (e.g., Wilkerson et al., 2006; Dugdale
et al., 2007; Van Nieuwenhuyse, 2007; Glibert, 2010). However,
ecosystem changes have not been collectively interpreted in the
conceptual framework of nutrient dynamics. The multiple stres-
sors on fish and the aquatic system in general have been, and are,
the subject of multiple working groups, panels, and a National
Academy Study (NRC, 2010) as the management implications
are far reaching.

This article is written in six parts, bringing to bear the eco-
logical principles of eutrophication (sensu Nixon, 1995; Cloern,
2001), ecological stoichiometry (sensu Sterner and Elser, 2002),
and alternative state theory (sensu Scheffer et al., 1993). Part
I outlines the conceptual overviews of eutrophication, elemen-
tal stoichiometry, nutrient ratios, and alternative stable states
and their inter-relations. Part II probes the long-term nutrient
and organismal changes in the Bay Delta and their ecologi-
cal stoichiometric relationships, beginning with phytoplankton,
then zooplankton, macroinvertebrates, fish, and macrophytes,
along with their trophic interactions. This analysis extends that
of Glibert (2010) with a more comprehensive examination of
the changes in trophic components and their interactions. Part
III considers the complexities of biogeochemical processes and
how they relate to changes in the food web. Biogeochemical
feedbacks provide the mechanisms whereby food web changes
are facilitated when stoichiometry changes. This section exam-
ines apparent relationships between the emergence and produc-
tion of macrophytes, establishment of exotic bivalve molluscs,
and blooms of the toxic cyanobacterium Microcystis aerugi-
nosa. Part IV compares the Bay Delta to selected freshwater
and estuarine ecosystems that have exhibited similar patterns,
and Part V compares the ecological stoichiometric and alternate
stable state interpretations with some prevailing views of system
change in the Bay Delta. Finally, Part VI concludes with a sum-
mary of the implications of these ideas with respect to current
debates and challenges associated with nutrient management,
the development of nutrient criteria, and predictions for system
recovery upon nutrient removal. Directions for further study are
also suggested.

PART I: EUTROPHICATION, ECOLOGICAL
STOICHIOMETRY, NUTRIENT RATIOS, AND
ALTERNATE STABLE STATE THEORY

Eutrophication

Although the term “eutrophication” has been variably defined
(e.g., Nixon, 1995; Richardson and Jørgensen, 1996; Andersen
et al., 2006; Ferriera et al., 2010), central to all definitions is
the concept that the enrichment of water by nutrients causes
an enhanced biomass and/or growth rate of algae which, in
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362 P. M. GLIBERT ET AL.

turn, leads to an undesirable disturbance in the balance of or-
ganisms present in the water and to the quality of the water
body concerned (Burkholder, 2001; Duarte et al., 2008; Glibert
et al., 2010; Burkholder and Glibert, 2011). The effects of eu-
trophication are generally characterized in terms of increased
phytoplankton (chlorophyll a) in the water column, loss of
dissolved oxygen leading to hypoxia or anoxia, loss of sub-
mersed aquatic vegetation (SAV), shifts in species dominance
across trophic levels, and loss of certain fisheries (Hutchin-
son, 1973; Cloern, 2001; Schindler, 2006). Increases in many
harmful algal species have also been associated with eutrophi-
cation (Hallegraeff, 1993; Anderson et al. 2002; Glibert et al.,
2005, 2006a, 2010; Glibert and Burkholder, 2006; Heisler et al.,
2008).

The ecosystem response to eutrophication is a continual pro-
cess rather than a static condition or a trophic state (Hutchinson,
1973; Cloern, 2001; Smayda, 2006). Historically, the concept
of eutrophication was mostly applied to the natural aging of
lakes (Wetzel, 2001); more recently, the terms “accelerated”
or “cultural” eutrophication have been used in recognition of
major human influences (e.g., Burkholder et al., 2006, 2007).
Cloern (2001) suggested three conceptual phases of the under-
standing of eutrophication and its effects in coastal ecosystems.
The first phase considers responses in ecosystems directly re-
lated to changes in nutrient loading, including such changes as
chlorophyll a, primary production, dissolved oxygen, or other
measures of system metabolism. The second phase recognizes
that estuaries act as filters, modulating the responses, in turn
leading to indirect as well as direct effects. Such filters include
system typology (e.g., Kurtz et al., 2006; Madden et al., 2010) as
well as inherent optical properties. The third phase stresses in-
teractive effects of multiple stressors on a system, including con-

taminants, exotic or invasive species, aquaculture development,
climate change, and hydrological changes, and proposes link-
ages to synthetic tools to guide management (Figure 2). Here,
the suggested conceptual Phase III model of Cloern (2001) is
coupled with the ecological stoichiometric framework (Sterner
and Elser, 2002) to further understanding not only of the ef-
fects of nutrient loading, but also the effects of disproportionate
nutrient loading (or nutrient removal).

Ecological Stoichiometry

Ecological stoichiometry provides a framework for “taming”
the complexity of both the direct and the indirect responses of
ecosystems to eutrophication. Ecological, or elemental, stoi-
chiometry relates the organismal needs for different elements
with those of available substrates or, at higher trophic levels,
those of available food. Ecological stoichiometry suggests that
different organisms will dominate under different relative pro-
portions of critical elements (C, N, or P) due to differences in
allocation of C, N, and P in the various structures that form
the biomass of different types of organisms (Sterner and Elser,
2002). As noted by Hall (2009, p. 504), “Ecological stoichiom-
etry formalizes what should be obvious: Organisms interacting
in food webs are composed of different elements, such as C, N,
or P. As a result, energy and nutrient flow through consumer-
resource interactions obey fundamental constraints.”

Thus, ecological stoichiometry is basically a comparison of
nutrient ratios in solution or food and in consumer biomass.
An ecological stoichiometric perspective asks the questions: Do
organisms have an elemental balance reflective of their food
or their available substrates? If not, why not, and what are the
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ecological consequences? The Redfield ratio (Redfield, 1934,
1958), in which organismal C:N:P ratios are assumed to be in the
proportion of 106:16:1 by atoms, is likely the most well-known
stoichiometric relationship. Redfield’s (1934) work indicated
that the N:P ratio of phytoplankton should be approximately
16:1 on a molar basis, and hence, deviations from this ratio
(in both the particulate and the dissolved nutrient pools) have
been interpreted as evidence of limitation. The Redfield ratio
was developed from observations in oligotrophic, pelagic ma-
rine waters, where both phytoplankton biomass and nutrient
concentrations are low and there is minimal interference from
suspended sediments. Changes in this ratio have been compared
to shifts in phytoplankton composition, yielding insights about
the dynamics of nutrient regulation of phytoplankton assem-
blages (e.g., Tilman, 1977; Smayda, 1990; Hodgkiss and Ho,
1997; Hodgkiss, 2001; Heil et al., 2007).

Elemental differences in biomass are found at all levels of
organismal structure across trophic levels, from the subcellular
to the macrocellular structural components (Sterner and Elser,
2002). At the subcellular level, organelles vary in their N:P con-
tent. In particular, ribosomes are high in P relative to N; they
are “the most P rich and lowest N:P organelles in cells” (Sterner
and Elser, 2002, p. 73). Ribosomes are required for growth, and
an increase in ribosomes is required for a cell to have an in-
crease in growth rate. This concept has been well illustrated for
phytoplankton (Geider and LaRoche, 2002; Sterner and Elser,
2002; Quigg et al., 2003; Finkel et al., 2010). Fast-growing cells
have a lower N:P ratio than their more slowly growing counter-
parts. They have proportionately more allocation of resources to
“assembly machinery” (rRNA; high P) than to “acquisition ma-
chinery” (protein; high N) (Elser et al., 2003; Klausmeier et al.,
2004). In contrast, phytoplankton species that can sustain their
metabolism when resources are low—i.e., more slowly growing
cells—have a higher proportion of pigments and proteins with
proportionately higher N:P ratio (Sterner and Elser, 2002; Elser
et al., 2000, Elser, 2006; Arrigo, 2005; Finkel et al., 2010; Fig-
ure 3). Slowly growing cells are also generally, but not always,
larger in size (e.g., Malone, 1981; Kagami and Urabe, 2001;
Finkel et al., 2010). However, slowly growing, nutrient-stressed
phytoplankton may also be capable of short-term “luxury” up-
take of the limiting nutrient in excess of growth, leading to
highly variable N:P ratios under transient conditions (Flynn,
2002); thus, the change in N:P ratio with algal growth rate is not
necessarily a linear function (Ågren, 2004).

The question of whether N:P ratios or individual nutrients
regulate phytoplankton growth has long been debated (e.g.,
Tilman and Kilham, 1976; Tilman, 1977; Bulgakov and Levich,
1999; Reynolds, 1999). Reynolds (1999, p. 29) pointedly asked
the question, “When both [N and P] are ‘not limiting’, . . . how
is it possible for the ratio of growth-saturating resources to in-
fluence the growth?” He then answered this question by stating
(p. 31), “. . .there should be no selective effect, consequential
upon different affinities of storage capabilities for a nutrient
resource, that might distinguish between the potential perfor-
mances of any pair of planktonic algae, so long as the resource

Figure 3 (A) Generalized relationships between the intrinsic growth rate of
organisms and the N:P ratio in the biomass of those organisms. (B) Size de-
pendence (cell volume, µm3) of temperature-corrected growth rate (day−1) for
a range of phytoplankton functional groups: diatoms (♦), dinoflagellates (�),
and other taxonomic groups (•) (a combination of cyanobacteria, chlorophyte,
haptophyte, cryptophytes, and various other groups). Line indicates the least-
squares regression of all data (log µ = −0.06 log V + 0.1; R2 = 0.15). This
figure is reproduced from Finkel et al. (2010), Oxford University Press, with
permission. The data were compiled by T. A. V. Rees.

concentrations are able to saturate the growth demand. If that is
true, then the ratio between the (saturating) concentration of any
of the resources also fails to exert any regulatory significance.”
This statement, which summarizes the prevailing view that
nutrients are non-regulating in the Bay Delta because they are
typically above levels that saturate growth demand, is based on
the notion that growth rate (i.e., productivity) is the only process
by which nutrients impact the ecosystem. Ecological stoichio-
metric theory, on the other hand, recognizes that phytoplankton
nutrient composition is sensitive to available nutrients even
when supplied in excess, and that the nutritional composition of
the phytoplankton can play an important role in selecting and
structuring the upper trophic level organisms. The emphasis is
on the transfer of elements (N and P, as well as C and other ele-
ments) through the food web rather than the rate of production of
organic C.
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364 P. M. GLIBERT ET AL.

Figure 4 Schematic relationships between resource N:P (either dissolved nu-
trients or prey) and consumer N:P. The dashed line in both panels represents the
hypothetical situation in which the consumer N:P matches that of its resource.
(A) Hypothetical situations in which the consumer is either N- or P-enriched rel-
ative to its resource in a constant proportion. (B) Hypothetical situations where
the consumer either partially or strictly regulates its biomass N:P regardless of
the N:P of its resource. The arrows depict the extent to which the excreted or re-
leased nutrients differ in N:P from that of the consumer biomass N:P. Excretion
N:P is expected to be negatively related to substrate N:P when the consumer
N:P is constrained.

Although the Redfield ratio is often used to infer elemental
composition in phytoplankton, the actual elemental composition
of microalgae in culture and phytoplankton in nature is highly
variable (Geider and LaRoche, 2002; Finkel et al., 2010). Due
to the ability of many phytoplankton to take up nutrients in ex-
cess of their growth demands (e.g., Glibert and Goldman, 1981;
Terry et al., 1985), they often follow the “you are what you eat”
model (Sterner and Elser, 2002, p. 16), within reasonable lim-
its (Figure 4A). This has been elegantly demonstrated for many
phytoplankton in culture. For example, it has been shown that the
medium N:P ratio and the cellular N:P ratio of the chlorophyte
Scenedesmus are very similar when grown over a range of N:P
ratios in culture (e.g., Rhee, 1978). Extreme cellular N:P ratios
are observed in cultured cells that have experienced limitation
of either N or P (Rhee, 1978; Goldman et al., 1979; Geider and

LaRoche, 2002) reflecting a non-homeostatic “luxury consump-
tion” response that is characteristic of microalgae (Goldman and
Glibert, 1983). Significantly, under nutrient-replete growth con-
ditions (i.e., saturating ambient concentrations), variation in the
N:P ratio of microalgae can be on the order of three- to four-
fold (5–19 mol N:mol P; Geider and LaRoche, 2002; Finkel
et al., 2010). While it may be difficult in field data to differ-
entiate the extent to which this variation is related to changing
algal species (or taxonomic groups), culture experiments have
clearly demonstrated plasticity in the N:P ratio as a function of
growth condition (e.g., Quigg et al., 2003; Leonardos and Gei-
der, 2004a,b; Finkel et al., 2010). In field comparisons, N and P
stoichiometry in dissolved substrates have compared favorably
with that of particulate matter in some regions (e.g., Glibert
et al., 2006b), but a range of relationships between dissolved
and particulate matter can be observed.The salient point is that
microalgae are not homeostatic with respect to cellular N and P.
Moreover, many phytoplankton species or species groups have
specific adaptations to life under “non-Redfieldian” conditions
(Glibert and Burkholder, 2011).

Thus, while Reynolds (1999) and others have convincingly
explained how individual nutrients, not ratios, regulate the
growth of phytoplankton, their interpretation does not address
how the wide plasticity of cell quotas (sensu Droop, 1973) in
algae under nutrient-saturated conditions alters the elemental
quality of the algal food available to grazers. In other words,
while primary production can constrain secondary production,
N and P availability to the phytoplankton can regulate the types
of organisms found in the upper trophic levels via effects of
elemental composition at the primary producer level (Figure 4).

Compared to algae and other primary producers, heterotrophs
are relatively inflexible in their stoichiometry (McIntyre and
Flecker, 2010). As emphasized by Sterner and Elser (2002, p.
254), “as one ascends the pelagic food web . . . trophic groups
grow increasingly nutrient and especially P rich. . .,” because
there is a greater need for P in skeleton and bone than in skin,
heart, kidney, muscle, or brain. The latter tissues and organs all
have a relatively high N content (Sterner and Elser, 2002). In
aquatic food webs, small fish that have a higher muscle:skeleton
ratio than large fish thus tend to have a higher biomass N:P ratio.
Omnivorous fish, such as the Centrarchidae, are generally larger
than planktivorous fish, have more bone and skeleton, and have
particulary high P content (Sterner and Elser, 2002). Whereas
whole-fish N content generally varies across a relatively small
range (∼8–11%), whole-fish P content tends to vary five-fold,
from ∼1–5% (Sterner and George, 2000; Figure 5).

In addition to the varying elemental requirements of their
macromolecular structures, grazers are able to stabilize their
biomass stoichiometry more than phototrophs, because they
have more excretion and release pathways to eliminate the nutri-
ents that that are not needed. By excreting, egesting, or respiring
what they do not need, an effective feedback develops with re-
spect to the element stoichiometry of their resource or prey
(Figure 4B). A difference between food resource N:P ratios and
consumer N:P ratios becomes established, and when consumers
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Figure 5 Relative N and P content of cyprinid and centrarchid fish. The dashed
lines give three N:P ratios for perspective. Figure is modified and redrawn from
Sterner and George (2000).

ingest nutrient-poor food, their need to dissipate those nutrients
ingested in excess increases (Vanni et al., 2002). Ultimately,
species of grazers that can sequester the nutrient in least supply
relative to their needs, while dissipating what they do not need,
should become the dominant (and, in some cases, the keystone)
species by outcompeting grazers that cannot effectively acquire
what they need and/or dissipate what they do not. As noted
by Sterner and George (2000, p. 127), “Nutrient flux from re-
sources to consumers and then to waste products can be thought
of as a chemical reaction wherein mass must balance” (empha-
sis added). Moreover, as noted by Malzahn et al. (2007, p. 2063)
based on Brett (1993), “stoichiometric needs of secondary con-
sumers and the stoichiometry of prey are normally finely tuned.”
This means that fish, with their relatively inflexible skeletal re-
quirements, have a greater likelihood to be limited by nutrients
than by energy or other factors (McIntyre and Flecker, 2010).
Larger organisms are greater sinks of nutrients than smaller or-
ganisms, and thus, their impacts on nutrients are evident over
longer temporal and spatial scales.

Fish excretion varies in the proportion by which materials
are egested (feces, pseudofeces) and excreted (urine produc-
tion), as well as by the species and their osmotic environment,
with NH+4 excretion typically being more episodic and concen-
trated in saltwater environments and more dilute and continuous
in freshwater environments (e.g., Randall and Wright, 1987).
Schindler and Eby (1997) showed that obligate planktivores are
most likely to recycle nutrients at high N:P ratios. McIntyre
and Flecker (2010, p. 553), in a broad survey, found that “the
N:P ratio of excreted nutrients increased substantially with body
size; on average, large fishes excreted relatively more N than P
compared to smaller counterparts.” Large fish also play a pro-
portionately larger role in nutrient translocation, especially from
benthic to pelagic environments (Vanni, 1996, 2002).

Ecological stoichiometry principles would predict that the
dominant predator, if its biomass N:P ratio is tightly constrained,

should have a biomass N:P ratio that is inversely related to the
N:P ratio of the ambient nutrient pool, and homeostasis from
nutrient recycling will drive the nutrient balance of the system
to be self-sustaining (Figure 4B). Such principles further sug-
gest that biodiversity should be a consequence of stoichiometry,
and that populations should self-stabilize as a result of stoichio-
metric constraints. As summarized by Sterner and Elser (2002,
p. 263), the balance of multiple chemical elements has many
consequences for community dynamics: “Stoichiometry can ei-
ther constrain trophic cascades by diminishing the chances of
success of key species, or be a critical aspect of spectacular
trophic cascades with large shifts in primary producer species
and major shifts in ecosystem nutrient cycling.”

Yet, homeostasis comes at a cost, typically as a reduction in
the rates of growth or reproduction (Boersma, 2000; Boersma
and Kreutzer, 2002; Boersma et al., 2008). The relative balance
of nutrients affects all aspects of behavior (i.e., in meeting nu-
tritional demands), growth rate, fecundity, and ultimately, the
success of different populations (Jeyasingh and Weider, 2005,
2007). Stoichiometry also affects various life stages differently
(Moe et al., 2005, p. 31): “[a]n organism’s requirements for
different elements may vary throughout its life cycle, and thus
certain life stages may be more sensitive than others to varia-
tion in the stoichiometry of its resource.” As a specific example,
there is a greater need for C, N, and P for developing cope-
pod juveniles, but at a later stage, while C is still needed for
metabolism, more P must be allocated to eggs; thus, P-poor food
can disproportionately affect egg production while not affect-
ing survival (Færøvig and Hessen, 2003; Laspoumaderes et al.,
2010).

It must be noted, however, that stoichiometric regulation of
trophic interactions can be modulated when “good food goes
bad” (sensu Mitra and Flynn, 2009). Many attributes of food
can be altered chemically and physiologically, leading to trophic
interactions that would not be anticipated strictly on the basis
of elemental stoichiometry. As examples, production of allelo-
pathic compounds or toxins, or even physical aggregation of
cells, can alter trophic transfer.

Alternate Stable State Theory

The alternate stable state theory was developed to describe
the general state of shallow, productive lakes (Scheffer et al.,
1993, 2003). This theory states that a system will develop a
stable state condition; i.e., homeostasis will prevail until an en-
vironmental change or disturbance occurs. This change alters
the positive reinforcing feedbacks of homeostasis, and the sys-
tem is shifted to a new stable state: hysteresis overcomes home-
ostasis (Scheffer et al., 1993; Scheffer and Carpenter, 2003).
Such shifts can be abrupt (e.g., Tátrai et al., 2009). Communi-
ties may not return to their original state when the disturbance
is removed. Recent interest in stable state theory has occurred
because of efforts to restore macrophyte dominance in systems
that have become dominated by phytoplankton as a consequence
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366 P. M. GLIBERT ET AL.

of increased eutrophication (e.g., Bachmann et al., 1999; Poor,
2010). Thus, the intersection of eutrophication, ecological sto-
ichiometry, and stable state theories addresses the question: To
what extent is ecosystem structure altered when nutrient loads
are altered?

Both direct and indirect interactions among organisms help
to stabilize assemblages (Vanni, 2002). Trophic cascades and
food chain interactions result from predator–prey interactions,
the release of organisms from predation pressure, propagated
effects on both the biotic and abiotic environment, and changes
in availability of substrates, among many other factors. Nutrient
loading (“bottom-up” control) and grazing (“top-down”)
control are ultimately interconnected at several levels. First,
selective grazing alters nutrient regeneration. This has been well
demonstrated at the microbial level. For example, macrozoo-
plankton, such as copepods, can both enhance and reduce the
flow of regenerated N. On the one hand, they release N directly,
but how much and in which form depends on what they ate and
how long ago they ate it (Bidigare, 1983; Miller and Glibert,
1998). Macrozooplankton also graze on both phytoplankton
and microzooplankton, which are consumers and regenerators,
respectively, of N (Caron and Goldman, 1990; Glibert, 1998).
Copepods further stimulate NH+4 regeneration by bacteria
through the release of organic substrates during feeding and
metabolism (Roman et al., 1988; Glibert, 1998) and by preying
on larger microzooplankton that relieve smaller microzooplank-
ton from predation, in turn resulting in higher NH+4 regeneration
(Glibert et al., 1992; Miller and Glibert, 1998; Glibert, 1998).
Similar interactions occur from size-selective predation by
benthic invertebrates or fish (Vanni, 2002). Food web stability
or balance thus depends on interactions at all levels, and factors
that alter the balance of nutrients also alter the balance of
animal-mediated recycling, leading to new relationships that
can affect multiple trophic levels (Vanni, 2002).

A second means by which bottom-up and top-down controls
are interconnected relates to the coupling of the benthic and
pelagic communities. When external nutrient loads (bottom-
up control) are altered, top-down control is affected by the
shift in nutrient dynamics from the water column to the sed-
iment where nutrient reserves are accessed by those organ-
isms capable of doing so. These organisms, in turn, alter the
habitat for grazers. Exemplified by shallow lakes, the typical
stable states are pelagic-phytoplankton-dominated systems and
littoral-macrophyte-dominated systems (Scheffer et al., 2003;
Peckham et al., 2006; Mieczan, 2010). Blindow et al. (1993)
found that systems dominated by macrophytes, such as hydrilla
(Hydrilla verticillata), are in a unique stable state. Shifts from
one state to another have been described as a function of turbid-
ity and light availability (Scheffer et al., 1993), nutrient loading
(McClelland and Valiela, 1998; Meiczan, 2010), toxic ammonia
levels (Van der Heide et al., 2010), and changes in macrophyte
abundance due to mechanical harvesting (Scheffer et al., 2003),
as well as other effects.

Regime shifts represent another way to conceptualize
alternate stable states. Regime shifts due to climate change

and stochastic events, such as storms, are well recognized in
ecological and biogeochemical sciences. Regime shifts also
involve shifts in food webs (e.g., Ives and Carpenter, 2007)
through habitat alteration or species introductions into new
areas. Such regime shifts in species are considered difficult to
predict and model, but clues about regime shifts are provided
in the variance of biomass or chemical constituents of aquatic
ecosystems (Carpenter and Brock, 2006). Regime shifts have
often been illustrated by marble-in-cup diagrams (e.g., Scheffer
et al., 1993, 2001; Amemiya et al., 2007). The likelihood of
an ecosystem (marble) being moved to a new state (new cup)
is a function of system resilience. When the dynamic structure
of the ecosystems is changed, restoration of the original stable
state is much more difficult, if possible. Overall, “disentangling
. . . effects of anthropogenic stressors in human-altered systems
and the potential for other stressors to exacerbate these
effects” (Breitburg, 2002, p. 775) requires a comprehensive,
multi-dimensional view linking nutrients to physiological
responses, trophodynamics and food web structure, and
biogeochemistry.

Summary of Part I

System responses to nutrient loading (eutrophication),
changes in the relative composition of the nutrient pools (eco-
logical stoichiometry), and the extent to which hysteresis over-
comes homeostasis (altered stable states) are all interwoven con-
cepts in nutrient-altered aquatic ecosystems. Trophodynamic in-
teractions are consequences of elemental stoichiometry, physi-
ological adaptation of autotrophs and heterotrophs, and biogeo-
chemical nutrient feedback processes. Food web structure as a
whole is highly stoichiometrically constrained. These principles
are illustrated below for the Bay Delta food web.

PART II: LONG-TERM TRENDS AND ECOLOGICAL
STOICHIOMETRY RELATIONSHIPS WITH THE FOOD
WEB OF THE SAN FRANCISCO ESTUARY

This section begins with a description of the sources of data
that were analyzed, the data analysis approach and terminology,
along with an overview of the long-term trends in freshwater
flow, nutrients, and community structure of the Bay Delta. Then,
ecological principles of stoichiometry relevant to each major
trophic level are described, relating the available Bay Delta
data to those principles. Following Smith (2006), this analysis
is based on annualized data. Annual nutrient means have been
shown to be highly related to chlorophyll a over broad data sets
worldwide (Smith, 2006; Boynton and Kemp, 2008).

The stoichiometry of N and P is emphasized, as these two
important macronutrients have undergone the largest changes
over the past several decades. Silicate (Si(OH)4) is not con-
sidered here because temporal changes in Si(OH)4 have been
smaller than those of N and P over the past several decades. A
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ECOLOGICAL STOICHIOMETRY, BIOGEOCHEMISTRY, AND AQUATIC FOOD WEBS 367

Table 1 Sources of data used in this analysis and the time periods over which data were averaged. Stations identified and not shown in Figure 1 can be found on
the web sites indicated

Parameter Units Data transformation Temporal period averaged Spatial area averaged Source/reference

Water quality
Ambient nutrients mg-N L−1, mg-P

L−1, or µM
Log-transformed Average of all values

March–November
EMP stations D4, D6,

D7, and D8
http://bdat.ca.gov/

Conductivity µmhos/cm Normal No averaging EMP station D24 at Rio
Vista

http://bdat.ca.gov/

pH Normal Average of all values
March–November

EMP Stations D4, D6,
D7, and D8

http://bdat.ca.gov/

Effluent nutrient loads mg-N L−1 or
µM

Normal Monthly or annual Point source discharge Central Valley Regional
Water Quality Control
Board

Phytoplankton
Total chlorophyll a µg L−1 Log-transformed Average of all values

March–November
EMP stations D4, D6,

D7, and D8
http://bdat.ca.gov/

Species composition Cells mL−1 Log-transformed Average of all values
March–November

EMP stations D4, D6,
D7, and D8

http://www.nceas.ucsb.edu/

Zooplankton
Species composition no. m−3 Log-transformed Average of all values

March–November
Stations NZ028,

NZO32, NZ042,
NZ048, NZO54,
NZO60, and NZD06

http://www.nceas.ucsb.edu/

Invertebrates
Mysid shrimp no. m−3 Log-transformed Average of all values

March–November
Stations NZ028,

NZO32, NZ042,
NZ048, NZO54,
NZO60, and NZD06

http://www.nceas.ucsb.edu/

Total crabs no. m−2 Log-transformed Average of all values of
Cancer magister and
Eriocheir sinensis,
March–November

Bay Study stations
427–736, 837

http://www.nceas.ucsb.edu/

Clams count/grab Log-transformed Average of all values of
Corbula amurensis,
March–November

EMP stations D4, D6,
D7, and D8

http://bdat.ca.gov/

Fish
FMWT catch per tow Log-transformed September–December Stations 401–707 and

801–804
http://www.nceas.ucsb.edu/

FMWT index Log-transformed Index covers
September–December
trawls

http://www.dfg.ca.gov/delta/
projects.asp?ProjectID=
FMWT

STN index Log-transformed Index covers June–July
trawls

http://www.dfg.ca.gov/delta/
projects.asp?ProjectID=
TOWNET

FMWT fish length mm Catch weighted average
(reject years with
counts <6)

September–December Stations 401–707 and
801–804

http://bdat.ca.gov/

Beach seine Relative
abundance

Log-transformed September–December http://bdat.ca.gov

Other abiotic parameters
X2 km Normal Average of all values

March–November
Distance of salinity = 2

isohaline from Golden
Gate Bridge

http://www.water.ca.gov/
dayflow/

comprehensive analysis of this nutrient and its relationship to N
and P merits separate analysis.

Data Sources

Publically available databases (mostly 1975–2005) were
used for all analyses of the Bay Delta (Table 1). This sys-
tem has an extensive monitoring program in place that covers

a wide range of parameters, including physical variables, wa-
ter chemistry, phytoplankton, zooplankton, invertebrates, and
fish. Flow data were obtained from the California Depart-
ment of Water Resources day flow record (http://www.water.
ca.gov/dayflow/). All nutrient, chlorophyll a, and phytoplank-
ton data were obtained from the Interagency Ecology Program
Bay Delta and Tributary project data portal (accessed from
http://www.bdat.ca.gov/, now available at http://www.water.ca.
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368 P. M. GLIBERT ET AL.

gov/iep/products/data.cfm). Wastewater effluent data were ob-
tained from the Central Valley California Regional Water Qual-
ity Control Board (2010; http://www.waterboards.ca.gov/ cen-
tralvalley/). Phytoplankton data, available as densities of in-
dividual taxa counts, were grouped into abundant functional
groups: Bacillariophyceae (diatoms), Chlorophyceae (green al-
gae), Cryptophyceae (cryptophytes), Dinophyceae (dinoflagel-
lates), and Cyanophyceae (cyanobacteria). Individual species
identifications are only considered for selected potentially harm-
ful species. Cyanobacteria are underestimated in these long-term
data because the recent expansion of Microcystis (Lehman et al.,
2005, 2008, 2010; Baxa et al., 2010) is not well represented in the
taxa counts. Picocyanobacteria are not included because they are
not routinely enumerated. Zooplankton data were retrieved from
the monthly zooplankton surveys conducted by the California
Department of Fish and Game (http://www.dfg.ca.gov/delta/);
these data do not include microzooplankton. Data on abun-
dance of the invasive clam, Corbula amurensis (formerly Pota-
mocorbula amurensis) were also obtained from the Interagency
Ecological Program database (http://bdat.ca.gov/, now avail-
able at http://www.water.ca.gov/iep/products/data.cfm). Fish
data were provided by the California Department of Fish
and Game (http://www.dfg.ca.gov/delta/). Many of these data
have been compiled by the National Center for Ecologi-
cal Synthesis (NCEAS Project 12192, Ecosystem analysis of
pelagic organism declines in the Upper San Francisco Estuary;
http://www.nceas.ucsb.edu/projects/12192), and these compila-
tions have been used where available. Because of the wide range
of organisms considered here, species are generally referred to
by their genus names or their common names rather than their
species names.

The geographic coverage of the chemical, microbial, and
macroinvertebrate data extends from the confluence of the
Sacramento and San Joaquin Rivers to Suisun Bay, inclusive.
However, the fish indices, such as the fall midwater trawl
(FMWT) Index, may have included catches from higher in the
Sacramento River, the central and southern Delta, and/or the San
Joaquin River above its confluence with the Sacramento River.

All data from other comparative systems were obtained from
literature sources or from the authors’ measurements, described
below.

Data Analysis

Data from the primary growing season (spring to fall) were
averaged for most parameters (Table 1) and compared annually.
All nutrient and abundance data were first tested for normal-
ity and, if found to be skewed, were log-transformed. Nutrient
ratios were not transformed because they were normally dis-
tributed. Bivariate scatterplots were developed between organis-
mal abundance and individual nutrients (total P [TP], phosphate
[PO3−

4 ], and NH+4 or nutrient ratios [dissolved inorganic N:TP
{DIN:TP} and DIN:dissolved inorganic P {DIN:DIP}]), and
Pearson correlations and/or coefficients of determination were
calculated.

Pairwise relationships between biological parameters and nu-
trients and/or nutrient ratios were determined using both the
original data and data that were adjusted for autocorrelation. The
Durbin-Watson test was used to test for autocorrelation (Durbin
and Watson, 1950, 1951). While only some variables displayed
autocorrelation (Durbin Watson D∼2), all relationships among
the data were explored using several approaches. Data were
analyzed as (1) original data (log-transformed if appropriate),
(2) stationarized by trend (pre-whitened), (3) stationarized by
first-difference, and (4) smoothed using a three-year backward
moving average. The reason for applying several approaches
is that different approaches for removing autocorrelation may
lead to different types of errors (e.g., Pyper and Peterman, 1998).
While failure to remove autocorrelation may lead to Type I er-
rors (increased chance of concluding a correlation is significant
when it is not; Jenkins and Watts, 1968), removing autocor-
relation may lead to the opposite—Type II errors (failing to
reject a null hypothesis of no correlation when a correlation
exists; Pyper and Peterman, 1998). This comparison was also
motivated by the concern summarized by Pyper and Peterman
(1998, pp. 2134 and 2136) in their analysis of covariates and
fish, “removing autocorrelation (low-frequency variability) may
limit a researcher’s ability to detect the common effect of some
slowly changing variable on fish population dynamics. . . . By
removing time trends, we are assuming that they are unrelated,
yet there are obvious mechanisms that could produce common
time trends among recruitment data such as trends in environ-
mental variables, habitat degradation, or trends in the abundance
of competitor, prey, or predator species (e.g., Butler, 1991).” By
comparing all approaches here, the relative importance of direc-
tional versus cyclic (or other higher frequency) variability could
be assessed. When correlations are lower for pre-whitened or
first-differenced data compared to the original or smoothed data,
the analysis suggests that low-frequency, slowly changing com-
ponents of variability (i.e., directional changes) are dominant,
whereas when pre-whitened or first-differenced correlations are
greater, higher-frequency components of variability likely are
greater (Pyper and Peterman, 1998). Significance was assessed
at the p <0.05 and 0.01 levels; n was adjusted by parameter and
test to account for parameters with missing data and to account
for autocorrelation in the smoothed data.

Nutrient Ratios and Terminology

Although N:P ratios can be useful in a relative sense, the
same ratio can be obtained from markedly different numerators
and denominators, as long as their proportions remain the same.
Thus, an elevated N:P ratio, suggestive of P limitation, can be
obtained by a depletion in P (true P limitation), or by an increase
in N without a corresponding depletion in (non-limiting) P. The
latter is the case, for example, for the mouth of the Mississippi
River, USA, where elevated N:P ratios have resulted from ex-
cess loading of N rather than from decreasing P (Justic et al.,
1995; Rabalais et al., 1996; Turner and Rabalais, 2004; Dodds,
2006). Nutrient ratios are applied here to illustrate the potential
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ECOLOGICAL STOICHIOMETRY, BIOGEOCHEMISTRY, AND AQUATIC FOOD WEBS 369

stoichiometric regulation of the food web (i.e., through food
quality and biogeochemistry influences) rather than to infer the
potential for nutrient limitation of phytoplankton assemblages.

Most applications of N:P ratios consider only inorganic forms
of N and P. Different ratios may be obtained depending upon the
form(s) specifically included in the ratio (Dodds, 2003, 2009).
The perspective of N or P limitation or availability may be dif-
ferent depending upon whether the N:P ratio is calculated solely
with inorganic forms of N and P, or with both inorganic and or-
ganic forms, or with the particulate fraction only, or with just the
dissolved fractions. For example, on the western Florida shelf,
the mean N:P ratio of the water off the Caloosahatchee River
in May of 2003 was considerably less than Redfield propor-
tions when only inorganic forms of N and P were considered,
leading to a conclusion of an N-limited system, but when the
ratio of organic nutrients were included, the proportions sug-
gested a P-limited system (Heil et al., 2007). Karl et al. (2001)
reported similar findings for the Hawaii time series station. De-
termining whether to include the organic fractions of N and P
(DON and DOP) in such ratios may depend upon the degree to
which the organic fractions are bioavailable to the specific organ-
isms present. Unfortunately, much still is not known about the
bioavailability of most organic N and P constituents (Seitzinger
et al., 2002b; Berman and Bronk, 2003). While nearly all al-
gal species can use all forms of inorganic N and P, their use
of organic nutrients is much more variable. The calculation of
nutrient ratios also changes depending upon whether chemical
interactions with particulate matter are taken into considera-
tion. Nutrients, especially P, interact with particulate matter (via
both adsorption and desorption), and the interactions can result
in deviations in both particulate and dissolved N:P ratios. Dis-
solved inorganic PO3−

4 (=DIP) is equivalent to soluble reactive
phosphate, SRP, but is referred to as PO3−

4 or DIP throughout.
Thus, because different nutrient ratios may give different per-

spectives on nutrient relationships, both DIN:TP and DIN:DIP
were used here. In accordance with recommendations by Dodds

Table 2 Abbreviations and acronyms used throughout the text

DIN Dissolved inorganic nitrogen
DIP Dissolved inorganic phosphorus; used here interchangeably with

phosphate, PO3−
4 ; equivalent to soluble reactive phosphorus

DON Dissolved organic nitrogen
DOP Dissolved organic phosphorus
FMWT Fall midwater trawl fish index
POD Pelagic organism decline; the rapid decline in numerous

planktivorous fish species in the Bay Delta since 1999
SAV Submersed aquatic vegetation
SRP Soluble reactive phosphorus
SRWWTP Sacramento Regional Wastewater Treatment Plant
STN Summer townet fish index
TN Total nitrogen
TP Total phosphorus
WWTP Wastewater treatment plant
X2 In the Bay Delta, the distance from the Golden Gate Bridge at

which salinity is measured to be 2

(2009), DIN:TP can serve as a “reliable surrogate” for total
N:TP (TN:TP), understanding that such a substitute may under-
estimate the true TN:TP.

The most frequently used abbreviations and acronyms used
throughout this review are summarized in Table 2.

Long-Term Trend Overview

The long-term trends in freshwater flow, nutrient loading,
and biota in the Bay Delta have been previously described (e.g.,
Kimmerer et al., 2000; Kimmerer, 2002, 2004; Bennett, 2005;
Jassby, 2008; Glibert, 2010). Here, a brief review is provided for
context, focusing on trends associated with the region between
the confluence of the Sacramento and San Joaquin Rivers to
Suisun Bay. Each nutrient and component of the food web is
described in more detail in subsequent sections.

The early to mid-1980s represented a period of relatively
high flow, whereas the late 1980s represented a period of lower
flow, and the early 1990s had very low flow (Figure 6). Flow

Figure 6 Time course of the change in freshwater outflow from the Bay Delta over time and notations indicating the time of major changes in nutrients and the
food web. The arrows along the top of the graph depict the major time periods that are described in text. The first time period is from the start of the time series up
to the time when the WWTP discharge began. The second time period encompassed the period of major change in N and P. The third time period corresponds to
the “POD.” The text boxes and dashed arrows highlight key events.
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370 P. M. GLIBERT ET AL.

Table 3 Average nutrient concentration (mg L−1), nutrient ratio (wt:wt), and chlorophyll a (µg L−1) for time periods shown and overall percent change in the
parameter from the first to third time period

Time period Ammonium Nitrate + nitrite DIP TP DIN:TP DIN:DIP Chlorophyll a

1975–1986 3.70 17.40 2.19 4.71 4.48 9.63 9.03
1987–1999 4.47 25.79 2.83 4.79 6.31 10.70 2.16
2000–2005 5.36 25.62 2.29 3.81 8.12 13.53 2.40
Percent change 44.9 47.2 4.5 −19.1 81.25 40.5 −73.4

increased in the late 1990s and decreased in the early 2000s,
but this latter period of low flow was not as low as in the early
1990s.

Phytoplankton biomass (as chlorophyll a) was high in the
1970s, often reaching values > 30 µg L−1, but declined sharply
in the mid-1980s following invasion of the exotic clam, Cor-
bula amurensis (Alpine and Cloern, 1992; Kimmerer et al.,
1994; Kimmerer, 2004; Jassby, 2008). Diatom relative abun-
dance also declined in the early 1980s, and dinoflagellates,
cryptophytes, and chlorophytes were generally the dominant
phytoplankton groups in the late 1980s to mid-1990s (Brown,
2010). Cyanobacteria, including Microcystis, increased begin-
ning in the late 1990s through the early 2000s (Lehman et al.,
2005, 2008, 2010).

Dominant copepod species also changed over time. Calanoid
copepods Eurytemora affinis and Acartia clausii were dominant
in the 1970s and early 1980s. The calanoid copepod Sinocalanus
doerrii first appeared in the late 1970s (Orsi et al., 1983).
The calanoid copepod Pseudodiaptomis forbesi, also an ex-
otic species, began increasing a decade later, followed by the
invasive cyclopoid copepod Limnoithona tetraspina (Orsi and
Walter, 1991; Kimmerer, 2004). In the fresher reaches of the Bay
Delta and in years of higher flow, Daphnia magna has also been
an important member of the zooplankton community (Müller-
Solger et al., 2002). The invasive clam Corbula amurensis first
appeared in significant numbers in Suisun Bay in 1987 (Alpine
and Cloern, 1992; Kimmerer et al., 1994; Kimmerer, 2004). It
thus appeared around the same time that the copepod Pseudo-
diaptomis increased in abundance.

Pelagic fish populations changed over the past few decades,
often coincident with changes in the lower trophic levels. Delta
smelt (estimated from both summer townet [STN] or FMWT
indices), as well as longfin smelt, began to decline in ∼1982,
but their declines accelerated beginning in ∼1999, referred to
as the POD period. In contrast, other fish species increased
in numbers over the time series, especially largemouth bass
(Micropterus salmoides) and sunfish (Lepomis spp.). Additional
changes included increases in invasive macrophytes, especially
water hyacinth (Eichhornia crassipes) and Brazilian waterweed
(Egeria densa).

Nutrients

In contrast to conditions in the 1960s and early 1970s when
hypoxia was more frequently noted (Nichols et al., 1986), there
presently are no such widespread “classic” symptoms of eu-

trophication (e.g., Cole and Cloern, 1984; Kimmerer, 2004).
Eutrophication has been thought to have been reduced due to
major changes in sewage discharge (diversions and forms of
nutrients discharged) since the 1970s (Jassby, 2008). However,
localized hypoxia has been reported, as well as increased fre-
quency of cyanobacterial blooms, especially Microcystis aerug-
inosa, within the past decade (Lehman et al., 2005, 2008, 2010).

Both loadings and concentrations of N and P have changed
significantly over time. The extent and timing of these changes
differ not only between N and P, but also between forms of N.
Average DIN concentrations (Figure 7) were relatively invari-
ant for the first years of this time series (1975–1982), but they
increased significantly after 1982, coincident with the increase
in loading of N, especially NH+4 , from the Sacramento Regional
Wastewater Treatment Plant (SRWWTP), which came on line
at that time, consolidating numerous smaller facilities that were

Figure 7 Changes over time in the major inorganic nutrients and inorganic
nutrient ratios (log-transformed data) in the confluence of the Sacremento and
San Joaquin Rivers to Suisun Bay from 1975–2005. Note that different nutrients
changed in different periods of the time course, and thus, the delineation of the
time periods by symbols differs from those of subsequent graphs; these indi-
vidual time periods highlight the periods of major change. For panels showing
total inorganic N (DIN) and TP, the time course highlights 1975–1982 ( ),
1983–1992 (�), and post-1992 (�). For PO3−

4 , DIN:TP, and DIN:DIP, the time
course highlights the periods of 1975–1986 ( ), 1987–1999 (�), and post-1999
(�). For NH+4 , the time course highlights the period of 1975–1982 ( ) and
post-1982 (�). Coefficients of determination (R2) of all time periods are shown;
those indicated in bold are significant at p <0.05, those in bold italic are signif-
icant at p <0.01. Note that in addition to the trends in time periods indicated,
the overall trends in NH+4 (R2 = 0.21, p <0.05), DIN:TP (R2 = 0.65, p <0.01),
and DIN:DIP (R2 = 0.46, p <0.01) were significant.
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ECOLOGICAL STOICHIOMETRY, BIOGEOCHEMISTRY, AND AQUATIC FOOD WEBS 371

Figure 8 Change in concentrations and total loads (NH+4 or TN, � TP, �) and
DIN:TP (molar basis, weight basis, X) over time in the wastewater effluent
of the SRWWTP, located on the Sacramento River.

located upriver (Figures 7 and 8 and Table 3). Both concentra-
tions of effluent discharge and total loads have increased over
time; present-day loads of NH+4 are 12 tonnes day−1 (14 tonnes
TN), corresponding to concentrations in excess of 25 mg L−1

(∼1,800 µM-N; Figure 8).
Concentrations of TP, PO3−

4 , and DIN tracked each other
for the period of 1982–∼1991, but after that, P concentrations
declined, returning to levels approximating those of pre-1982
(Figure 7, Table 3). This decline has been related to the removal
of P from laundry detergents (Glibert, 2010), as well as the loss
of canneries in the region that had used P in their processing
(Van Nieuwenhuyse, 2007). As a consequence of the increased
N loads but decreased P loads (Figure 8), DIN:TP and DIN:DIP
increased over time (Figures 7 and 8).

Phytoplankton

The relative dominance of different phytoplankton groups
has changed over time (Figure 9). Total chlorophyll a declined
abruptly after 1986 (Figure 9). Diatoms dominated from the
start of the time series (1975) to ∼1986, although they were al-
ready in decline by the mid-1980s when dinoflagellates and
cryptophytes were increasing (Glibert, 2010; Brown, 2010).

Figure 9 Change in the concentration of chlorophyll a (log µg L−1) and
abundances of the major classes of eukaryotic phytoplankton and prokaryotic
cyanobacteria (log cells mL−1) over the time course. Coefficients of determina-
tion (R2) are given for each major time period (1975–1986, ; 1987–1999, �;
and post-1999, �). Those coefficients indicated in bold are significant at p <

0.05, and those in bold italics are significant at p < 0.01. The analysis indi-
cates a significant change in abundance over one or more major time periods for
diatoms (Bacillariophyceae), green algae (Chlorophyceae), cryptophytes (Cryp-
tophyceae), dinoflagellates (Dinophyceae), and cyanobacteria. In addition, the
declines in chlorophyll a and diatoms over the entire time course were signifi-
cant (R2= 0.57 and 0.68, p <0.01), as was the increase in dinoflagellates (R2=
0.30, p <0.05).

From 1986–1999, diatoms, chlorophytes, cryptophytes, and
cyanobacteria declined significantly, but dinoflagellate abun-
dance was relatively stable (Figure 9). After 1999, there was
no significant increase in the abundances of crytophytes and
cyanobacteria (Figure 9; but note the above-described underes-
timation of cyanobacteria).

The overall changes in total chlorophyll a or the abundance
of any algal group relative to concentrations of TP or PO3−

4
were not significant when compared as log-transformed data,
but there were significant negative correlations in chlorophyll a,
diatoms (Bacillariophyceae), and green algae (Chlorophyceae)
and increases in cryptophytes and dinoflagellates with TP and/or
PO3−

4 when the data were detrended (Figure 10, Table 4). De-
clines in chlorophyll a, diatoms, and cyanobacteria were sig-
nificantly correlated with the increase in NH+4 concentrations
in both the original and detrended data (Figure 11, Table 4).
When the changes in phytoplankton are considered with respect
to nutrient ratios, not only were the declines in chlorophyll a
and diatoms negatively correlated with DIN:TP and DIN:DIP
ratios in the original and detrended data, but also the increase
in dinoflagellates was positively correlated with DIN:TP ratios
(Figure 12, Table 5). These changes in phytoplankton abundance
are generally consistent with expectations from ecological sto-
ichiometric principles. Diatoms tend to have a lower biomass
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372 P. M. GLIBERT ET AL.

Figure 10 Change in the concentration of chlorophyll a (µg L−1) and abun-
dances of the major classes of phytoplankton (log cells mL−1) over the time
course in relation to TP (mg L−1) (all data were log-transformed). The major
periods are represented by different symbols (1975–1986, ; 1987–1999, �;
and post-1999, �). While these correlations were not significant (p > 0.05),
several significant relationships emerged when the data were detrended (see
Table 4).

N:P ratio than dinoflagellates, especially harmful dinoflagellates
species (Finkel et al., 2010). Low biomass N:P ratios should lead
to higher growth rates, due to the high proportion of P required in
ribosomes and biomass (Sterner and Elser, 2002; Figure 3), and
diatoms generally have higher growth rates than dinoflagellates
(e.g. Harris 1986, and references therein).

Figure 11 As for Figure 10, except in relation to NH+4 (mg L−1) (all data were
log-transformed). The correlations for total chlorophyll a, diatoms (Bacillario-
phyceae), and cyanobacteria were significant for these and/or the detrended data
(p < 0.05; see Table 4).
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Figure 12 As for Figure 10, except in relation to DIN:TP (wt:wt) (abundance
data were log-transformed). The correlations for total chlorophyll a, diatoms
(Bacillariophyceae), and dinoflagellates (Dinophyceae) indicated significant re-
lationships (p <0.05). Note that chlorophyll a and diatoms (Bacillariophyceae)
also showed significant correlations with DIN:DIP (p <0.05; see Table 4).

Zooplankton

Although not included here due to lack of long-term data,
the importance of microzooplankton in the San Francisco food
web is recognized. The trophic link between phytoplankton and
microzooplankton has been demonstrated and may represent an
important mediator of C flow and nutrients to the mesozoo-
plankton (Rollwagen-Bollens et al., 2006, 2011).

The composition of macrozooplankton has changed over
time in the Bay Delta (Figure 13). The calanoid copepods Eu-
rytemora, Sinocalanus, Acartia, and harpacticoid copepods de-
creased from roughly the start of the time series to the early to
mid-1990s, although the decline in Acartia mostly occurred in
the mid-to-late 1990s (Figure 13). The decline in these species,
especially Eurytemora, has been interpreted to be a consequence
of increased grazing after the invasive clam Corbula became es-
tablished (e.g., Alpine and Cloern, 1992; Kimmerer, 2004). The
invasive calanoid copepod Pseudodiaptomus had relatively in-
variant abundances for its first decade in the estuary and then
declined, but it appears to be increasing again. Abundance of
the cyclopoid copepod Limnoithona tetraspina increased signif-
icantly during the mid-1990s, whereas earlier in the time series
a different species of Limnoithona, L. sinensis, was present
(Bouley and Kimmerer, 2006). Overall, the ratio of Eurytemora
affinis/cyclopoid copepods showed a decline in the first part of
the time series, and then a relatively stable ratio of abundances
(Figure 13).

Over time, the abundances of cladocerans Bosmina lon-
girostris and Daphnia sp. were similar to that of Limnoithona
spp., lower in the mid-1980s then rising significantly until the
late 1990s (Figure 13). The mysid macrozooplankter Neomysis
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374 P. M. GLIBERT ET AL.

Table 5 Correlation coefficients (r) for the organisms and nutrient ratios shown

DIN:TP (wt:wt) DIN:DIP (wt:wt)

Three-year Three-year
Original Pre- First- moving Original Pre- First- moving

Organism data whitened differenced average data whitened differenced average

Phytoplankton
Chlorophyll a (µg L−1) −0.76∗∗ −0.40∗ −0.57∗∗ −0.77∗∗ −0.53∗∗ −0.57∗∗ −0.50∗∗
Bacillariophyceae (cells mL−1) −0.53∗∗ −0.58∗ −0.45∗∗ −0.93∗∗ −.63∗∗ −0.45∗∗ −0.72∗∗
Chlorophyceae (cells mL−1) −0.42∗
Cryptophyceae (cells mL−1) −0.41∗
Dinophyceae (cells mL−1) 0.53∗ 0.48∗ 0.49∗ 0.36
Cyanophyceae (cells mL−1) −0.33

Zooplankton
Eurytemora (individual m−3) −0.75∗∗ −0.34 −0.55∗∗ −0.83∗∗ −0.46∗∗ −0.54∗∗ −0.53∗∗
Sinocalanus (individual m−3) −0.42∗ −0.34 0.49∗∗
Acartia (individual m−3) −0.41∗ 0.40∗ −0.60∗∗ −0.45∗∗ 0.40∗ −0.56∗∗
Pseudodiaptomus (individual m−3) −0.66∗∗ −0.64∗∗ −0.80∗∗ −0.62∗∗
Harpacticoids (individual m−3) −0.69∗∗ −0.90∗∗ −0.66∗∗ −0.39 −0.76∗∗
Limnoithona (individual m−3) 0.68∗∗ 0.73∗∗ 0.81∗∗ 0.45∗ 0.88∗∗
Daphnia (individual m−3) −0.35
Bosmina (individual m−3) −0.35 0.44 0.44∗
Neomysis (individual m−3) −0.88∗∗ −0.62∗∗ −0.54∗∗ −0.96∗∗ −0.81∗∗ −0.62∗∗ −0.52∗∗ −0.93∗∗

Invertebrates
Corbula (count/grab) 0.67∗∗ 0.51∗ 0.73∗∗ 0.81∗∗ 0.45∗ 0.56∗
All crabs (individual m−2) 0.53∗∗ 0.48∗ 0.58∗∗ 0.54∗∗
Crangon (individual m−3) −0.76∗∗ −0.49∗∗ −0.43∗ −0.77∗∗ −0.49∗∗
Palaemon (individual m−3) −0.74∗∗ −0.40∗ −0.93∗∗ −0.57∗∗ −0.47∗ −0.76∗∗

Fish
Delta smelt (STN index) −0.41∗ −0.36∗ −0.36∗
Delta smelt (FMWT index) −0.36∗ −0.35
Longfin smelt (FMWT index) −0.65∗∗ −0.60∗∗ −0.64∗∗
Splittail (FMWT index) −0.36 −0.42∗ −0.33 0.38∗
Threadfin shad (FMWT index) 0.64∗ 0.56∗∗ 0.35∗ 0.35∗ 0.60∗∗ 0.50∗∗
Striped bass (FMWT index) −0.73∗∗ −0.86∗∗ −0.58∗∗ −0.77∗∗
Yellowfin goby (FMWT catch per tow) −0.49∗∗ −0.45∗ −0.64∗∗ −0.43∗ 0.34
Starry flounder (FMWT catch per tow) −0.38∗ −0.50∗∗
Crappie (relative abundance) 0.34
Sunfish (relative abundance) 0.63∗∗ 0.77∗∗ 0.73∗∗ 0.42∗ 0.84∗∗
Largemouth bass (relative abundance) 0.46∗ 0.80∗∗ 0.48∗∗ 0.39∗ 0.75∗∗
Silversides (relative abundance) 0.54∗∗ −0.40∗ 0.74∗∗ −0.39∗ −0.40∗ 0.49∗∗

For each nutrient ratio, the first column shows the correlations of the original data (organism data log-transformed), the second column shows the correlations
of the trend stationary data, the third column shows the correlations of the difference stationary data, and the fourth column shows the correlations of the data
transformed as three-year backward moving averages. The correlations are for the entire time series. Only values for p <0.10 are shown; values that are significant
at p <0.05 are indicated by ∗, and those significant at p <0.01 are indicated by ∗∗. Negative correlations are highlighted in blue, and positive correlations are
highlighted in pink (p <0.05 [lighter shade] and 0.01 [darker shade] only).

mercedis was abundant in the early years but declined signif-
icantly from the mid-1980s to 1999 (Figure 13; Winder and
Jassby, 2010). From 2000 to 2005, Neomysis began to increase
in abundance once again (Figure 13).

In relation to TP and PO3−
4 concentrations, Limnoithona,

Daphnia, and Bosmina were negatively correlated in the original
data, and Eurytemora and Pseuodiaptomus were also correlated
in the detrended data (Figure 14, Table 4). In contrast, Acartia
abundance was significantly positively correlated with TP and
PO3−

4 concentrations (Figure 14, Table 4). For Daphnia, this
relationship is consistent with recent modeling efforts that show
that maximum Daphnia growth occurs in the range of ∼20–40

µg L−1 TP and declines with increasing TP (Persson et al., 2007;
Park and Goldman, 2008).

In relation to NH+4 , the abundances of Eurytemora,
Sinocalanus, Pseudodiaptomis, harpacticoids, Daphnia,
Bosmina, and Neomysis were significantly negatively corre-
lated, while those of Acartia (detrended analysis only) and
Limnoithona were positively correlated (Figure 15, Table 4).
Thus, when zooplankton abundances were examined in relation
to DIN:TP and DIN:DIP ratios, many of the relationships
were highly significant (Figure 16, Table 5). Of particular note
are the overall significant declines in Eurytemora, Acartia,
Pseudodiaptomis, and Neomysis in relation to increasing
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Figure 13 Change in the abundance of the major groups or taxa of zooplankton
(as individuals m−3 and as the ratio of Eurytemora affinis/cyclopoids) over time
(all data were log-transformed). Coefficients of determination (R2) are given
for each major time period (1975–1986, ; 1987–1999, �; and post-1999, �).
Those indicated in bold are significant at p <0.05, and those indicated in bold
italic are significant at p < 0.01. The analysis indicates significant changes over
a major time period for most taxa. Among the significant negative relationships
over the entire time period (1975–2005) were the declines in Eurytemora (R2=
0.65, p < 0.01), Neomysis (R2 = 0.83, p < 0.01), and the Eurytemora affinis/
cylopoid ratio (R2 = 0.65, p < 0.01).

DIN:TP or DIN:DIP ratios (Figure 16), as well as the increases
in Limnoithona (Figure 16).

These changes in zooplankton composition are consistent
with ecological stoichiometric principles that predict that con-
sumers that successfully sequester the nutrient in least supply
relative to their needs should dominate and, in so doing, may
stabilize at a new stable state. Calanoid copepods generally have
a high N:P ratio of their biomass, ∼20–35 by atoms, whereas
Daphnia and cyclopoid copepods have N:P ratios much closer
to Redfield atomic ratios (Walve and Larsson, 1999; Sterner and
Elser, 2002). Calanoid copepods thus generally retain N while
excreting nutrients in a lower N:P ratio than their biomass (i.e.,
they release proportionately more P), while cyclopoid cope-
pods and cladocerans have a high P requirement in biomass
and, therefore, excrete nutrients in a higher N:P ratio than their
biomass (i.e., they release proportionately more N; Hessen,
1997; Sterner and Elser, 2002; Figure 17). In direct measure-
ments under a range of conditions, NH+4 excretion measure-
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Figure 14 Change in the abundance of the major groups or taxa of zooplankton
(as individuals m−3 and as the ratio of Eurytemora/cyclopoids) over the time
course in relation to TP (mg L−1) (all data log-transformed). The major periods
are represented by different symbols (1975–1986, ; 1987–1999, �; and post-
1999, �). The correlations for all taxa and groups except the harpacticoids were
significant (p <0.05) for these and/or the detrended data (see Table 4).

ments of the calanoid copepod Acartia tonsa have been very
low, consistent with relative retention of N by these animals
(Checkley and Miller, 1988; Miller and Glibert, 1998).

Studies from whole-lake experimentation suggest that the
N:P ratio is linked to alterations in zooplankton size, compo-
sition, and growth rate, as those animals with increased RNA
allocation will grow at higher rates due to increased protein syn-
thesis rates (Sterner and Elser, 2002). Similar findings were re-
ported from annual studies in the Baltic Sea (Walve and Larsson,
1999). Hassett et al. (1997) compared the ecological stoichio-
metric constraints on zooplankton in 31 lakes and 21 marine
systems, and their data were strongly suggestive of stoichio-
metric controls, especially P constraints in the lake systems. In
their comparison, the most pronounced nutrient deficiency was
found in systems that lacked large piscivores, i.e., those domi-
nated by the planktonic food web. In a laboratory study where
Acartia tonsa was fed diatoms grown on different N concentra-
tions, Kiørboe (1989) confirmed that this zooplankter changes
its feeding rate in response to phytoplankton of different chem-
ical composition—thus, in response to food quality.
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Figure 15 As for Figure 14, except in relation to NH+4 (mg L−1) (all data
were log-transformed). All correlations for all taxa and groups and for the
ratio of Eurytemora:cyclopoids were significant (p <0.05) for these and/or the
detrended data (see Table 4).

Macroinvertebrates

Major changes in macroinvertebrate composition and abun-
dance have occurred in the Bay Delta over the past sev-
eral decades. Most significant is the appearance of the inva-
sive clam Corbula amurensis. Crabs (including Cancer mag-
ister–Dungeness and Eriocheir sinensis–Chinese mitten) have
also changed over time, with significant increases in the
years before the mid-1980s, then a period of highly vari-
able abundance, followed by declines post-1999 (Figure 18).
Shrimp (Crangon franciscorum–crangonid, Crangon nigri-
cauda–blacktail, and Palaemon macrodactylus–Oriental) either
showed no change or modest declines prior to 1999, followed by
more substantial declines in recent years (Figure 18). Corbula
abundances were positively correlated with TP and PO3−

4 in the
detrended data (Table 4). The abundances of Corbula and the
crab species were significantly positively correlated with NH+4
concentrations, while abundances of the shrimp taxa were nega-
tively correlated with NH+4 (Figure 18, Table 4). Consequently,
the changes overall in Corbula and crabs were positively cor-
related with DIN:TP ratios, while changes in shrimp were neg-
atively correlated with DIN:TP or DIN:DIP ratios (Figure 18,
Table 5).
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Figure 16 As for Figure 14, except in relation to DIN:TP (wt:wt) (abundance
data were log-transformed). All correlations for all taxa and groups were sig-
nificant (p <0.05) for these and/or the detrended data. Note that the correlations
for Eurytemora, Sinocalanus, Acartia, harpacticoids, Limnoithona, Bosmina,
and Neomysis with DIN:DIP were also significant (p <0.05) for these and/or
the detrended data (see Table 4).

Stoichiometric interpretation of these relationships suggests
that Corbula may tolerate elevated NH+4 levels and may release
higher proportions of N than P, whereas shrimp appear to se-
quester N or are inhibited by elevated NH+4 concentrations and
may release higher relative proportions of P.

Fish Composition

The changes in fish community composition have also been
significant. Many of these changes have previously been at-
tributed to invasive species introductions, some intentional and
some accidental. Among those identified as invasive are “large-
mouth bass, white and black crappie, bluegill, threadfin shad,
striped bass, inland silversides, white catfish, black and brown
bullhead, and common carp” (Moyle, 2002, p. 31).

As described above, many of the planktivorous fish are in
decline (Figure 19). Among these are delta smelt and threadfin
shad, which feed on copepods generally in open waters, and
longfin smelt, which are more likely to feed on copepods

reviews in fisheries science vol. 19 4 2011
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Figure 17 Conceptual diagram of the ecological stoichiometric relationship between different phytoplankton and zooplankton genera. The x-axis represents the
biomass N:P of the organisms. The wide arrow represents ingestion of the phototrophs by the grazer; the lighter arrow represents nutrient regeneration in the
grazer’s excretions. Note that the stoichiometry of the regenerated nutrients differs with zooplankton taxon and the N:P ratio of the food on which they graze (color
figure available online).
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Figure 18 Change in the abundance of Corbula amurensis (individuals m−2), crabs (Cancer magister and Eriocheir sinensis, individuals m−2), shrimp (Crangon
franciscorum, Crangon nigricauda, and Palaemon macrodactylus, FMWT catch per tow) over the time course and in relation to TP, NH+4 , and DIN:TP ratios (all
data except DIN:TP log-transformed). Coefficients of determination (R2) are given for each major time period (1975–1986, ; 1987–1999, �; and post-1999,
�) over the time course. Those indicated in bold are significant at p <0.05, those in bold italics are significant at p <0.01. The analysis indicates a significant
change in abundance of the “crabs” grouping over the first major time period and declines in the shrimp species in the third time period. In addition, over the entire
time course (1975–2005), the changes in Crangon sp. and Palaemon sp. were significant (R2 = 0.51 and 0.65, p <0.01, respectively). The relationships between
changes in Corbula, “all crabs,” and Palaemon and TP were significant (p <0.05), as were all species and NH+4 and DIN:TP for these and/or the detrended data
(see Table 4).
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Figure 19 Change in the abundance of major fishes (all data were log-
transformed) over the time course. Delta smelt are shown for the STN and
FMWT indices. Longfin smelt, splittail, threadfin shad, and striped bass are
shown for the FMWT index. Yellowfin goby and starry flounder are FMWT catch
per tow. Inland silversides, crappie, sunfish, and largemouth bass are shown as
relative abundance based on the beach seine data. Coefficients of determination
(R2) are given for each major time period (1975–1986, ; 1987–1999, �; and
post-1999, �). Those indicated in bold are significant at p <0.05, those in bold
italics are significant at p <0.01. The analysis indicates significant changes over
one or more major time periods for 9 of the 12 taxa. Although changes were
not significant for individual time periods for striped bass, they were significant
for the entire time course (R2 = 0.671, p <0.01). Several other species also had
significant changes over the entire time course.

and opossum shrimp (Neomysis) in brackish regions (Moyle,
2002). Inland silversides have similar feeding strategies to smelt
(Moyle, 2002). Delta smelt are found from Suisun Bay to the
northwest delta and the lower Sacramento River (Moyle, 2002).
They preferentially feed on the calanoid copepod Eurytemora,
although the calanoid copepod Pseudodiaptomis has increased
in importance in their diet. Increased spring mortality has been
linked to the decline in their food availability (Moyle, 2002;
Kimmerer, 2004).

Striped bass were introduced in the late 1900s (Moyle, 2002).
While successful in the early 20th century, the young of the
year (which dominate the FMWT index) have declined since
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Figure 20 Change in the abundance of major fishes over the time course in
relation to TP (mg L−1) (all data were log-transformed). Abundances are as
described in Figure 21. The major periods are represented by different symbols
(1975–1986, ; 1987–1999, �; and post-1999, �). The correlations for delta
smelt (STN but not FMWT), longfin smelt, crappie, sunfish, and largemouth
bass were significant in these data, and for threadfin shad and starry founder in
the detrended data (p <0.05; see Table 4).

the early 1980s (Figure 19). Prevailing thoughts on the reasons
for this decline include, “(1) climatic factors, (2) south Delta
pumps, (3) other [water] diversions, (4) pollutants, (5) reduced
estuarine productivity, (6) invasions by alien species, and (7)
exploitation” (Moyle, 2002, p. 369). Among the many factors
thought to be related to the decline in delta smelt is the invasion
of silversides, which share much of the same diet and habitat
(Bennett and Moyle, 1996).

Among the omnivorous fish in the Bay Delta are striped
bass, white catfish (Ameiurus catus), channel catfish (Ictalurus
punctatus), and largemouth bass. Crappie (Pomoxis sp.); sunfish
and largemouth bass increased significantly in the same years
(Figure 19). For many fish, as well, the mid-1980s was also a
period of rapid or abrupt change.

Several of the changes in fish abundance were directly and
significantly correlated with TP or PO3−

4 concentrations (Fig-
ure 20, Table 4). Specifically, delta smelt (STN index) was
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Figure 21 As for Figure 20, except in relation to NH+4 (mg L−1) (all data
were log-transformed). The correlations for all fish except delta smelt FMWT,
splittail, threadfin shad, crappie, and sunfish were significant (p <0.05) in these
and/or the detrended data (see Table 4).

positively correlated with TP, while abundances of longfin smelt,
splittail, starry flounder, crappie, sunfish, and largemouth bass
were significantly negatively correlated with TP and/or PO3−

4
in the original and detrended data. The abundances of longfin
smelt, striped bass, and yellowfin goby were significantly nega-
tively correlated with NH+4 concentrations, while those of inland
silversides were positively correlated (Figure 21, Table 4). Thus,
overall, delta smelt (STN index), longfin smelt, striped bass,
and yellowfin goby were negatively correlated with DIN:TP or
DIN:DIP ratios, while threadfin shad, sunfish, and largemouth
bass were positively correlated with DIN:TP or DIN:DIP ratios
(Figure 22, Table 5).

These trends also support the premise that nutrient stoi-
chiometry propagates up the food chain (cf., Malzahn et al.,
2007, 2010; Boersma et al., 2008). Ecological stoichiometry
theory predicts that systems that shift from low to high N:P
ratios should sustain shifts from planktivores to piscivores or
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Figure 22 As for Figure 20, except in relation to DIN:TP ratio (wt:wt) (all
abundance data were log-transformed). The correlations for all fish except crap-
pie were significant (p <0.05) in these and/or the detrended data. Note that most
of these correlations were also significant for DIN:DIP as well (see Table 4).

omnivores (Sterner and Elser, 2002). The abundances of om-
nivores or piscivores (crappie, sunfish, largemouth bass) were
negatively related to TP concentrations; they have a higher P de-
mand and seemingly can sequester this nutrient more efficiently.
The planktivores, with a lower P demand, are apparently less
efficient at sequestering P and generally showed either no re-
lationship with P or evidence of a positive relationship with P,
especially in the latter years of the time series. Planktivorous
fish and calanoid copepods have similar relationships with N:P
ratios, whereas omnivorous fish have relationships with N:P
ratios that are more similar to those of cyclopoid copepods (Ta-
ble 5). Sequestration of P in the biomass of the omnivorous
fish (with more skeleton and bones) would lead to them being
proportionately more abundant when P is less available in the
water column.

These findings are consistent with Hendrixson et al. (2007),
who showed that the plankivorous fish, less capable of
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sequestering P, were the most susceptible to P limitation.
Hendrixson et al. (2007) also found that bluegills (Lepomis
macrochirus) only varied in their P content by ∼1% when fish
from numerous sites were compared, underscoring strong stoi-
chiometric control. Grazing on P-limited copepods, such as the
calanoids or harpacticoids, is considered to enhance P limita-
tion at the level of the planktivores (Boersma et al., 2008). In
studies in which nutrients, light, and food chain length were
manipulated, the phytoplankton assemblage under low nutrient
conditions shifted primarily of cyanobacteria and chlorophytes
(“intermediate-” to “poor-quality” food) compared to propor-
tionately more cryptophytes and diatoms under high nutrients
(“high-quality” food), and fish body C and P also varied ac-
cordingly (Dickman et al., 2008). Vanni et al. (2002) examined
the stoichiometry of 28 species of fish and amphibians, and
their data suggested that elemental stoichiometric controls were
strongest when consumers ingested nutrient-poor items, such
as nutrient-limited algae or detritus. The effects were weaker
when consumers ingested multiple food items, including other
animals that were apparently more nutrient-rich.

The analyses described here have not considered stoichio-
metric requirements of larvae or seasonal changes. Larvae would
be expected to have relatively high P demands due to their high
growth rates (Boersma, 2008) and to the shift in resource allo-
cation from muscle growth to bone and fin rays (Malzahn et al.
2007). Boersma et al.’s (2008, p. 484) review specifically noted
the potential mismatch between food quality and larval growth:
“Larval fish growth typically follows the population increase
of herbivorous zooplankton, which succeeds the spring bloom
of phytoplankton . . . if for some reason the tight coupling of
these dynamics becomes less . . . it could well be that the larval
fish is faced with herbivorous zooplankton that is feeding on
late-bloom phytoplankters rather than early bloom ones. Feed-
ing on late-bloom algae automatically implies that the nutrient
conditions of these algae are more depleted with respect to P
and N and thus these zooplankters are a food source of subopti-
mal quality for larval fish.” Experimentally, nutrient limitation
of larval fish has been demonstrated; P-limited tri-trophic food
chains had greater effects on fish larval condition than did N-
limited food chains (Malzahn et al., 2007). The trajectory of
changes in phytoplankton and zooplankton in the Bay Delta
over decades as well as with season are consistent with such
an effect.

Fish Size

There are many reasons for changes in fish size over time
and within individual fish species, and a large variation in
body size is frequently observed for a given life history stage
(Krebs, 2008). Among the reasons is the availability of ade-
quate nutrition relative to biomass demands. When nutrition
is adequate, organisms should grow faster and should reach
a larger size. Furthermore, body N:P should decline with an-
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Figure 23 Change in fish length as a function of TP (mg L−1; log-transformed)
and DIN:TP (wt:wt). Coefficients of determination (R2) are given for the entire
data set only (symbols as in Figure 19). Those indicated by bold are significant
at p <0.05, those by bold italic are significant at p <0.01. The correlations for
length versus TP indicate significant relationships for longfin smelt and Amer-
ican shad; the correlations for length versus DIN:TP ratio indicate significant
relationships for delta smelt (FMWT) and American shad.

imal size due to the higher P demand of larger organisms
(Davis and Boyd, 1978). However, there have been variable
reports of relationships between fish size and N:P. In a study
of bluegills (Lepomis macrochirus), higher percentages of P
and lower percentages of N were found in larger-sized fish
(Davis and Boyd, 1978). On the other hand, Sterner and George
(2000) found weak relationships for cyprinids, and Tanner et
al. (2000) observed weak relationships for 20 fish taxa in Lake
Superior.

Several fish species of the San Francisco Bay Delta showed
strong correlations between their size and either TP concentra-
tions or DIN:TP ratios (Figure 23). Longfin smelt and American
shad increased significantly in length with increasing TP, while
delta smelt and American shad decreased significantly in re-
lation to DIN:TP ratios (Figure 23). Glibert (2010) previously
reported that the size of delta smelt decreased when the zoo-
plankton composition changed from Eurytemora dominance to
Pseudodiaptomus dominance. The data for American shad, an
anadromous species, are based on the FMWT surveys, which
would capture the early life stages. This would suggest that early
feeding is an important determinant of the ultimate size the fish
attain.

Trophic Interactions

Comparisons of responses to nutrients across trophic groups
provide clues to answering the following questions posed in this

reviews in fisheries science vol. 19 4 2011

D
ow

nl
oa

de
d 

by
 [

U
ni

v 
of

 M
d 

L
ib

/D
 W

in
ds

or
],

 [
Pa

tr
ic

ia
 G

lib
er

t]
 a

t 0
6:

43
 1

7 
O

ct
ob

er
 2

01
1 



ECOLOGICAL STOICHIOMETRY, BIOGEOCHEMISTRY, AND AQUATIC FOOD WEBS 381

analysis, namely: To what extent do ecosystems self-assemble
in a manner consistent with nutrient stoichiometry? and Does
changing stoichiometry have ecosystem effects even when nutri-
ents are not at levels normally taken to be limiting? Such rela-
tionships were explored here by comparing several key species
in relation to other organisms across the nutrient-time gradient.

Diatom abundance varied positively with total chlorophyll a,
most zooplankton, Crangon and Palaemon abundance, delta
smelt (STN), longfin smelt, and striped bass in the origi-
nal and the smoothed data (Table 6). In contrast, dinoflag-
ellates, Limnoithona, the “all crabs” grouping and sunfish,
largemouth bass, and silversides varied negatively with total
diatom abundance (Table 6). Most of the same relationships
also held when associations with Eurytemora were compared
(Table 6). It is noteworthy that similar associations between di-
atoms Eurytemora and Neomysis and smelt were also observed
in the St. Lawrence River estuarine transition zone (Winkler
et al., 2003).

Several negative correlations were found between dinoflag-
ellate abundances and higher trophic levels (Table 6). Delta
smelt (STN and FMWT) and longfin smelt were negatively cor-
related with dinoflagellates. Starry flounder (Platichthys stel-
latus) also declined as dinoflagellates increased (Table 6). The
dominant dinoflagellate taxon was Peridinium, some species
of which have been shown to have allelopathic properties that
can adversely affect fish (Rengefors and Legrand, 2001, 2007).
It is noteworthy that for many algal flagellates, production of
bioactive substances increases under P stress (Granéli et al.,
1998; John and Flynn, 2002). Most of the correlations between
trophic groups were greater for the original and the smoothed
data compared to the detrended data. These findings are consis-
tent with the idea that detrending removed a “common mech-
anism influencing [these] data series” (Pyper and Peterman,
1998, pg. 2136). The common mechanism is suggested to be
nutrients.

Overall, the Bay Delta food web at the beginning
(1975–1986) and end (1999–2005) of the time course shows
correspondence with the ratio of the major types of copepods,
Eurytemora affinis/cyclopoids (Figure 24). These time periods
had similar freshwater flow; thus, salinity tolerances should not
have been a major factor in food web structuring. When Eury-
temora were abundant in the early years, the system had higher
relative abundances of planktivores (delta smelt, longfin smelt,
yellowfin goby). In the later years when cyclopoids became
dominant, there was a shift to a more omnivore-dominated com-
munity (sunfish, largemouth bass).

Macrophytes

With progressive eutrophication, increased algal production
generally occurs at the expense of seagrasses and SAV (Har-
lin, 1993; Wetzel, 2001; Burkholder et al., 2007 and refer-
ences therein). Excess N causes native seagrass loss (Burkholder

et al., 1992; Short and Burdick, 1996); for example, a nearly
complete loss of eelgrass (Zostera marina L.) was reported
when land-based N loading exceeded 100 kg ha−1 yr−1 across
many systems surveyed (Latimer and Rego, 2010). On the other
hand, as nutrient stoichiometry changes, other macrophytes
can proliferate (Burkholder et al., 1994, 2007 and references
therein).

The macrophyte community of the Bay Delta has changed
considerably over the past several decades. Native SAV has
largely been replaced by invasive submersed and floating
vegetation, including Egeria densa and water hyacinth (Eich-
hornia crassipes) (Lund et al., 2007; Santos et al., 2011).
Although these changes have disproportionately occurred
in the freshwater reaches of the Bay Delta, including the
confluence, they potentially have large effects on the entire
ecosystem. Water hyacinth apparently was introduced over a
century ago (Finlayson, 1983; Gopal, 1987) but has increased
in abundance mostly in the past several decades (Finlayson,
1983; Toft et al., 2003). By the early 1980s, water hyacinth
covered ∼22% of the waterways, in the Bay Delta (Finlayson,
1983). Water hyacinth grows rapidly and has been described
to create habitat somewhat similar to the native pennywort
(Toft et al., 2003). Although structurally the habitat may be
similar, the food web is not. In the Bay Delta, regions heavily
overgrown by water hyacinth have been shown to have different
epiphytic amphipod species and also a distinctly different
fish–invertebrate food web compared to that supported by
native pennywort (Toft et al., 2003). Overgrowth of water
hyacinth has led to major efforts to control its spread because
it blocks waterways. In the late 1990s, chemical control of
more than 900 ha of hyacinth in the Bay Delta cost approx-
imately $1,000,000 (California Department of Boating and
Waterways [CDBW], 1998; Toft et al., 2003; Anderson, 2003;
www.dbw.ca.gov/Environmental/EgeriaDensaGenifo.aspx),
but chemical control has been found not to be a cost-effective
mitigation strategy (Khanna et al., 2009).

The first appearance of Egeria in the Bay Delta is thought to
have been in the 1960s, but it increased significantly during the
1980s (Jassby and Cloern, 2000) and even more in the 1990s
after a major drought (Anderson, 1999). Although estimated to
contribute ≤ 10% of the Bay Delta productivity (Jassby and
Cloern, 2000), it has been estimated to cover more than∼2,400
ha of area in varying densities (Anderson, 1999, 2003; Hestir
et al., 2008, 2010). Of more than 800 sites sampled in 2007
and 2008 in the central delta, Egeria was found in > 50% of the
samples, about half of which were monospecific patches (Santos
et al., 2011). Moreover, in the same study, more than 60% of the
waterways were covered with submersed plant canopy, most of
which, especially in summer, was Egeria (Santos et al., 2011).
This species appears to be well adapted to thrive in an altered
nutrient and light regime. Under relatively low light, it develops
apical shoots more rapidly than under high light, allowing it
to reach more light-rich surface waters faster (Rodrigues and
Thomaz, 2010).
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Egeria has been identified as an “ecological engineer”
(Yarrow et al., 2009; sensu Jones et al., 1994). As its cov-
erage increases, it affects nutrients via uptake, decreases tur-
bidity by sediment trapping, increases light availability, and
is also thought to positively affect zooplankton by providing
a refuge from predation (Figure 25). As these beds trap sed-
iments, they also alter water flow (Gacia and Duarte, 2001;

Wetzel, 2001). In the Bay Delta, decreased turbidity has been
noted in macrophyte areas (Hestir et al., 2010). Higher abun-
dance of macro-suspension feeders, including bivalve molluscs,
also generally occurs in vegetated areas. As summarized by
Marba et al. (2006), this is due to “enhanced rates of recruitment
within canopies (Duggins et al., 1990; Boström and Bonsdorff,
2000), shelter from predation (Peterson and Heck, 2001) and
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384 P. M. GLIBERT ET AL.

Figure 25 Schematic depiction of Egeria densa as an “ecosystem engineer.”
As Egeria increases, turbidity decreases, and light increases, Also, nutrients
are taken up by the plants (but may be mobilized from the sediment; see text).
Zooplankton increases due to the ability to find refuge from predation, but
phytoplankton decrease due to zooplankton grazing. Figure reproduced from
Yarrow et al. (2009) with permission.

high abundance of food availability.” The extent to which inva-
sive, structurally complex species alter habitat—and therefore
food webs—is a function not only of their biomass, but also
the extent to which they replace other structurally complex sub-
mersed macrophyte species or add new structure to an otherwise
more open habitat (Martin and Valentine, 2010).

Macrophyte beds provide habitat for largemouth bass. These
fish nest among the submersed vegetation (Moyle, 2002). In
the Bay Delta, largemouth bass are increasing (Figure 19), and
this increase has been linked to the habitat provided by beds
of Egeria (Conrad et al., 2010). Brown and Michniuk (2007)
documented an increase in alien centrarchids in macrophyte
habitats in recent years as well, compared to surveys of decades
past. From a stoichiometric viewpoint, Egeria biomass differs
from that of the dominant fish that thrive in these beds; published
stoichiometry data of Egeria suggest a plant that has a high N:P
content (Yarrow et al., 2009), while the dominant fish would be
expected to have a low biomass N:P ratio.

Summary of Part II

Patterns in the abundance of various members of the aquatic
community in the Bay Delta, from phytoplankton and macro-
phytes to zooplankton, invertebrates, and fish follow trends pre-
dicted by ecological stoichiometry theory. Members of differ-
ent trophic levels were found to have different correlations with
N and P, as did taxa within trophic levels. These patterns are
consistent with the general premise that the fish community
becomes proportionately more P-rich with increasing levels of
consumers (Sterner and Elser, 2002). The patterns are also con-
sistent with the increased development of a benthic food web
following reduction in P loading. The comparisons of trends in
taxa based on original versus detrended data illustrates that the

most significant relationships with nutrients were robust even
when autocorrelation was removed (an expected result since
most parameters did not have significant autocorrelation).

PART III: ECOLOGICAL STOICHIOMETRY AND
BIOGEOCHEMICAL INTERACTIONS

Ecological stoichiometric principles, and the data described
above, suggest that there is a negative relationship between am-
bient levels of P in the environment and the abundance of pis-
civorous or omnivorous fish. As described above, such fish have
higher metabolic and structural demands for P in their biomass
than do smaller, more planktivorous fish and, thus, may be more
efficient at sequestering the needed element. However, these
large fish increased when P loads were reduced, leading to ele-
vated N:P in the water column. The question arises: What is the
source of the P that supports these fish? These organisms may be
efficient at sequestering the needed element, but it must be avail-
able in order to be taken up. The related questions are thus: To
what extent are nutrient biogeochemical processes altered when
the stoichiometry of land-based sources changes? What nutrient
feedbacks may help to sustain an altered ecosystem structure?
From a stoichiometric perspective, altered biogeochemical path-
ways serve to provide the mechanism whereby nutrient dynam-
ics supporting trophodynamics are changed. A stoichiometric
perspective also suggests that altered biogeochemical pathways
may shift environments so as to make them more conducive to
the success of different species, some of which may be invasive.
The hypothesis posed here is that through alterations in nutrient
loads and resulting biogeochemical changes, the Bay Delta be-
came a conducive environment for the invasion of Egeria and,
in turn, Corbula and Microcystis.

Years of nutrient loading may result in large sediment reser-
voirs of nutrients for a considerable time (years) after the rate
of loading is reduced (Chapra and Canale, 1991; Wetzel, 2001;
Carpenter, 2005). Sediment chemistry measurements in estu-
aries show that concentrations of nutrients in the sediments
are significantly higher than in the water column. Sediments
represent enormous stores of both P and N; porewater NH+4
concentrations have been documented to reach up to 1 mM ( =
14 mg L−1) and PO3−

4 more than 50 µM ( = 1.6 mg L−1) in
a wide range of environments (e.g., Udy and Dennison, 1997;
Touchette and Burkholder, 2000 and references therein; Figure
26). In the Bay Delta, where P has been measured in the upper
few cm of sediment, concentrations were 5–10 µmol g−1 in the
confluence region but significantly higher in the more freshwa-
ter sites when samples were collected in fall of 2001 (Nilsen
and Delaney, 2005). Locked in sediments as mineral or strongly
adsorbed species, much of the P is not biologically available. In
freshwater systems (Carlton and Wetzel, 1988; Wetzel, 2001) as
well as marine habitats, several biogeochemical and chemical
processes mobilize this P, making it available for organismal
uptake. These abiotic and biotic processes are described below,

reviews in fisheries science vol. 19 4 2011
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Figure 26 Pore water profiles of PO3−
4 and NH+4 from May 2004 at Freestone

Point on the Potomac River, Chesapeake Bay, USA. This figure illustrates the
main characteristics of Potomac River pore water chemistry. Data are from
Bailey et al. (2006).

followed by a description of the interactions of altered geochem-
ical and biogeochemical processes as they affect the food web.

Abiotic Release of P from Saltwater Intrusion

In non-calcareous freshwater sediments, P is most often
bound to iron oxyhydroxides (FeOOH) (Compton et al., 2000;
Jordan et al. 2008). The FeOOH-bound P may be delivered
to estuaries with transport of suspended solids, or it may be-
come adsorbed to particulates when P is discharged from other
sources, such as from point source discharges. When this bound
P meets saline or/and sulfate-rich water, either from transport
down-estuary or from salt intrusion to sediments, the formation
of iron sulfide minerals releases P to the overlying water (Caraco
et al., 1989; Jordan et al., 2008; Lehtoranta et al., 2009). The
sulfides produced in saline sediments preferentially bind with
the Fe, releasing P and precipitating Fe(II); this has been termed
the iron conveyer belt (Jordan et al., 2008). A simplified repre-
sentation of the net process is

FeOOH(s) · H2PO−4 (ads)+H2S→ FeS (s)+H2PO−4 (aq),

(1)

where (s) refers to solid phase, (ads) refers to adsorbed, and
(aq) refers to aqueous. In freshwater, FeOOH-bound P may be
released under anoxic conditions, but the cycle of Fe binding of
P begins anew when oxygen is encountered again (Carignan and
Flett, 1981). In the Bay Delta, high concentrations of Fe-bound
P in sediments have been reported (Nilsen and Delaney, 2005).

This “iron conveyor belt” has been demonstrated in studies
of P fluxes in the Patuxent River Estuary, a tributary of Chesa-
peake Bay (Jordan et al., 2008). There, Fe-bound P was found to
decline with increasing salinity. Furthermore, highest concen-
trations of dissolved P in river transects were found in the region
of the river where salinity ranged from∼2–4. When PO3−

4 con-
centrations for the Bay Delta are plotted as a function of specific
conductance for all data available in the 30-year record for a sta-
tion just outside Suisun Bay (Figure 27), an increase can clearly

250

100

150

200

sp
ha

te
 (µ

g 
L-1

)

0

50

10 100 1,000 10,000 100,000

Ph
os

Specific conductance
Figure 27 Relationship between the concentration of PO3−

4 (µg L−1) and the
specific conductance (µmhos cm−1). Data shown are bimonthly averages for
the time series for station D8 located near Suisun Bay. The arrow indicates the
conductance approximately equal to a salinity of 2.

be seen. Thus, as salinity moves inland, more P is released from
the sediments. The drier the season or year, the more P should
flux from the sediment; the wetter the season or year, the smaller
this flux.

In Tomales Bay, California, USA, Chambers et al. (1995)
estimated that release of PO3−

4 from Fe-bound P was ∼12% of
the benthic flux of P in sediments that were sulfide rich. In the
Patuxent Estuary, release from iron oxides was estimated to con-
tribute∼30% of dissolved PO3−

4 to the estuary, with point source
discharges contributing another 50–60%. The contribution
of this flux is highest in summer when rates of SO4

−2 and Fe(III)
reduction are highest (Boynton et al., 1995, 2008; Jordan et al.,
2008).

Salinity has an opposite effect on N fluxes compared to P
fluxes. Whereas P flux rates are higher in saltwater, rates of
NH+4 flux are higher in freshwater (Jordan et al., 2008 and refer-
ences therein), and this can accentuate the discrepancy between
N:P ratios along the salinity gradient. Consistent with this idea,
one study was conducted on benthic fluxes of nutrients in the
upper Bay Delta in late summer, and rates of PO3−

4 efflux ranged
from insignificant to∼0.06 mmole m−2d−1, considerably lower
than rates previously found for the more saline reaches of the
estuary and considerably lower than those of NH+4 (Kuwabara
et al., 2009). Comparisons of the NH+4 : PO3−

4 ratio along the
salinity gradient of four sub-estuaries of the Chesapeake Bay
(Patuxent, Potomac, Choptank, and Bush Rivers) revealed a
common switch from molar ratios >16 to <16 as salinity in-
creased, with a major breakpoint in the salinity range of 1–4
(Hartzell and Jordan, 2010). Seitzinger et al. (1988) suggested
that lower denitrification efficiencies in saltwater compared to
freshwater arise, at least in part, due to decreased adsorption of
NH+4 at higher ionic strengths, which leads to poor efficiency of
nitrification. Regardless of salinity, the supply of labile organic
matter to sediment remains a key determinant of sediment N
fluxes.

reviews in fisheries science vol. 19 4 2011
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386 P. M. GLIBERT ET AL.

Biota-Mediated P and N Fluxes

Abiotic processes are significant, but they are not the only
pathways by which P and N may be mobilized into solution.
Macrophytes such as Egeria take up nutrients from the sedi-
ment and the water column; the relative importance of these
two sources depends on the ambient concentrations in each
(Moeller et al., 1988; Wetzel, 2001; Feijoo et al., 2002). Egeria
has a high N:P content (Yarrow et al., 2009) and has the phys-
iological capability to balance its N demand by water-column
uptake and its P demand by sediment uptake in waters with high
N:P ratios. Classic work by Barko and Smart (1980) showed
that PO3−

4 turnover in the interstitial water increased 1,000-
fold in sediments supporting Eurasian milfoil or Egeria growth.
Egeria, and the related invasive macrophyte hydrilla, can attain
high biomass levels and very high growth rates. In dense, pro-
ductive stands, the environment for these two submersed plants
can become limited by free CO2, but both species have well-
developed C-concentrating mechanisms (Bowes, 1987; Bowes
and Salvucci, 1989; Lara et al., 2002; Pierini and Thomaz, 2004).
In a (relatively) closed system, CO2 (aq) depletion during pho-
tosynthesis increases pH, and the dissolved inorganic C system
shifts toward increased dominance of HCO3

−:

CO2+H2O↔ H2CO3 ↔ HCO−3 +H+ ↔ CO2−
3 +2H+ (2)

Hydrilla and Egeria are able to use HCO3
− efficiently with the

consequence of elevating the pH of the surrounding water. In
fact, hydrilla, while capable of growing well across a pH of
5–9, has a ten-fold higher growth rate at pH 9 than in lower
pH conditions (Spencer and Bowes, 1986; Bowes, 1987). Thus,
the elevated pH from high productivity has a positive effect on
growth rate of these plants. Conversely, low pH and/or increases
in sulfate, which also reacts with HCO3

−, have been shown to
be detrimental to Egeria (Mulsow and Grandjean, 2006).

Although measurements of pH for the Suisun Bay region
have not been taken regularly over the time series of interest,
long-term general trends in pH at a range of stations in the Bay
Delta show similar patterns, including an increase since the mid-
1990s (Figures 28A,B). High-frequency measurements show a
diel oscillation with late-day pH elevations during the summer
growing season (Figure 28C), and pH values > 10 have been
recorded in the western Delta (Lindemuth, 2010).

As pH increases, the fundamental physical–chemical rela-
tionships related to P adsorption–desorption change. Enhance-
ment of sediment P release under elevated water-column pH
conditions has been observed in eutrophic lakes (i.e., Ander-
sen, 1974; Drake and Heaney, 1987; Jensen and Andersen,
1992; Xie et al. 2003) and tidal freshwater/oligohaline estuaries
(Seitzinger, 1991). For example, PO3−

4 flux from the sediment in
the Potomac River increased from <5 µmol m−2 h−1 to nearly
30 µmol m−2 h−1 in <24 hr when the pH increased from 7.8 to
9.5 (Figure 29). The effect of pH 10.5 is far greater, however,
as PO3−

4 efflux increased to > 100 µmol m−2 h−1 in 24 hr and
continued to increase to > 160 µmol m−2 h−1 when these high
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pH values were sustained for 100 hr (Figure 29). Organisms
that can tolerate high pH and high NH+4 (such as Egeria) thus
form the base of the food web in these stands. In turn, their
metabolism affects the availability of benthic PO3−

4 . Rates of
release of P from Egeria stands in Arkansas, USA, have been
estimated to range from 0.13 to 0.36 µM L−1 d−1 for a stand
corresponding to 132 cm2 of plant area and a density of 788 g
m−2 (Arnott and Vanni, 1996, based on data from Barko and
Smart, 1980).

In summary, benthic sources of P are mobilized and can
support the food web through two important mechanisms: salt
intrusion resulting in localized abiotic exchange, and elevated
pH resulting from highly productive macrophyte communities.
Increased production in Egeria stands, which promote increased
pH over diel cycles, may provide an important mechanism
whereby P becomes available, and this can, in turn, fuel other
components of the benthic food web.

Altered Biogeochemical Processes and Effects under
Conditions of High Benthic Primary Productivity

Several other biogeochemical pathways are altered when pH
is elevated due to highly productive benthic macrophytes under
such conditions: First, elevated pH resulting from high produc-
tivity by macrophytes affects the biogeochemical cycling of N,
including the chemistry of NH+4 -NH3 and processes such as ni-
trification, denitrification, and dissimilatory NO3

− reduction to
NH+4 (e.g., Huesemann et al., 2002; Kemp et al., 2005). The
form of NH+4 -NH3 is a function of pH based on the reaction

NH3+H2O
Kb←→NH+4 +OH−, (3)

where Kb is the equilibrium constant (Bange, 2008). At ele-
vated pH, the proportion of NH3 to �(NH3 + NH+4 ) increases;
the salinity dependence of Kb results in an increase in the pro-
portion of NH3 at lower pH under freshwater conditions than
under brackish/marine conditions. Moreover, at high pH, direct
volatilization of NH3 from Egeria has been observed (Reddy
et al., 1987).

Elevated pH also alters bacterial metabolism (Tank et al.,
2009). Both bacterial production and respiration can be neg-
atively affected by alkaline pH resulting from high rates of
macrophyte photosynthesis, which, in turn, affects C cycling
and energy flow and reduces rates of remineralization (Tank
et al., 2009). The bacteria Nitrosomonas and Nitrobacter are
inhibited by NH3, and their inhibition, in turn, reduces nitrifi-
cation. Without nitrification, elevated NH+4 and NH3 are sus-
tained (Russo, 1985; Kemp et al., 2005). Increasing NH+4 shifts
aquatic communities to dominance by phototrophs with higher
NH+4 tolerance, for example, dinoflagellates and macrophytes
such as Egeria. As NH+4 increases, organisms that tolerate it in-
crease; as primary production increases, pH increases, and the
equilibrium shifts to NH3. Feedback inhibition of the food web
may occur due to the toxic effects of NH3. There are multiple
physiological effects to exposure to high NH3 levels. Shrimp,

for example, alter their ability to osmoregulate, with the degree
of disruption a function of both concentration and exposure time
(Lin et al., 1993). Values of pH > 9.7 have also been found to be
lethal for some shrimp species (Shaw, 1981). Toxic effects of un-
ionized NH3 on fish are multi-faceted and can include damage
to the gill epithelium, stimulation of glycolysis and suppression
of the Krebs cycle, uncoupling of oxidative phosphorylation and
inhibition of ATP production, disruption of osmoregulation and
effects on liver and kidneys, and suppression of the immune sys-
tem, leading to susceptibility to infection (Tomasso et al., 1980;
Alabaster and Lloyd, 1982; Russo, 1985; Adams and Bealing,
1994; Camargo and Alonso, 2006). Collectively, these effects
can lead to reduced feeding activity, fecundity, and survivorship
(Alonso and Camargo, 2004).

Toxic effects of NH+4 and NH3 on the common calanoid cope-
pods, Eurytemora and Pseudodiaptomus, have been reported in
the Bay Delta (Flores et al., 2010). For example, Pseudodiap-
tomus reproduction rates are negatively affected, as are nauplii
and juvenile growth rates (Flores et al., 2010). Both taxa are
negatively correlated with NH+4 in the long-term data (Table
4). Suppression of productivity and reduction in the proportion
of primary productivity and bacterial productivity have been
reported for other N-hypersaturated systems as well (Waiser
et al., 2011), and such impacted systems have been identi-
fied as significant sites of ecological change (Brooks et al.,
2006).

Macrophyte production can also alter the biogeochemistry
of calcification by increasing the pH, and macrophytes alter
sediment CaCO3 dissolution rates through aerobic respiration
(Burdige and Zimmerman, 2002). The pK of calcium carbonate
is 7.9. As the pH rises, the reaction

Ca(HCO3)2 ↔ CaCO3+H2CO3 (4)

is driven to the right, thus increasing calcification. In macro-
phyte communities, calcifying fauna often represent the dom-
inant epibiota (Marba et al., 2006). These fauna are preferred
sources of food for fish, such as sunfish (e.g., Werner and Hall,
1979; Schramm and Jirka, 1989; Toft et al., 2003). Larger or-
ganisms with more bone also have a greater need for Ca than
do smaller organisms; shad, for example, increase their Ca in
biomass from 1 to 6% when their length increases from 20 to
120 mm (Pilati and Vanni, 2007).

In addition to changes in availability of epiphytic biota, bi-
valve molluscs are important calcifiers. The precipitation of
CaCO3, a complex process in bivalves, requires significant PO3−

4
as well as Ca2+ (Asana and Ito, 1956). TP requirements in shell-
fish are high (Asano and Ito, 1956); in fact, in a comparison of
net incorporation rates of P in fish and shellfish, those of the
shellfish were higher (Asana and Ito, 1956). Concentrations of
Ca+2 in sediment porewater in areas occupied by clams would
be expected to be much higher than in sediments where clams
are not abundant. In addition to metabolic fluxes, shell disso-
lution from dead clams can contribute to such concentrations
and help to sustain elevated Ca+2 concentrations in a positive
feedback.
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Figure 30 Annual abundance of Corbula amurensis (log of individuals m−2)
at stations located from the confluence to Suisun Bay in relation to mean annual
average pH. Coefficient of determination (R2) was significant at p <0.01.

As shown above, in the Bay Delta, there is a strong long-
term correlation between water-column DIN:TP ratios (and
DIN:PO3−

4 ratios) and abundance of the clam Corbula (Fig-
ure 18, Table 5) (Glibert, 2010). There is also a strong long-
term positive relationship between pH and Corbula abun-
dance (Figure 30). This species invaded the Bay Delta in
1987 at the start of a several-year drought (Alpine and Cloern,
1992; Kimmerer, 2004). Some freshwater bivalves appear to be
particularly well adapted to sustain drought and dry periods,
and such adaptations relate, as well, to Ca metabolism. Corbula
spp. burrows a few centimeters into the sediment, with at least a
portion of its siphon remaining in the water column. This animal
has a pelagic larval stage that is typically in the water column for
several weeks in spring, and it accelerates rates of calcification
in summer when temperature and pH are elevated (Hrs-Brenko,
2006).

Biological and Biogeochemical Feedbacks and Microcystis
Abundance

Positive feedback mechanisms thus exist between macro-
phyte production, pH, nutrient efflux, and calcification. Addi-
tional positive feedback interactions between clam production,
excretion, altered biogeochemical processes, and nutrient accu-
mulation help to explain why shifts in algal assemblage compo-
sition occur when clams are abundant (Glibert, 2010). Although
cyanobacteria increased in abundance in the mid-1980s, the
abundance of Microcystis has escalated significantly in the past
decade (Lehman et al., 2005, 2008, 2010). To what extent might
the increase in Microcystis in the Bay Delta be a consequence
of such positive feedbacks?

Numerous studies have suggested a linkage between the
increased prevalence of cyanobacteria blooms and either re-
duced stocks of planktivorous fish (e.g., Reinertsen et al., 1986;
Hessen, 1997) or increases in invasive bivalve molluscs (e.g.,
Bykova et al., 2006). Both trophic cascade effects and altered
nutrient cycling from changes in nutrient release have been
thought to be the linking mechanisms. Nutrient loading can
interact with resource removal through trophic cascading. De-

pletion of large grazers (including invertebrates) results in de-
creased predation on macro- and microzooplankton, leading to
reductions in microzooplankton populations and increases in
algal blooms in the nutrient-enriched environment (Merrell and
Stoecker, 1998; Stibor et al., 2004; Vadstein et al., 2004). In
cyanobacteria-dominated reservoirs in Australia, a trophic link
between mesozooplankton and Cylindrospermopsis has been
suggested (Ying et al., 2010). Mesozooplankton preferentially
consume algae other than Cylindrospermopsis, in turn releasing
P that is rapidly taken up by the cyanobacteria. This phenomenon
may be germane with respect to increases in Microcystis blooms,
not only in the Bay Delta but also in many other systems af-
fected by invasive species. Microcystis is also a superior algal
competitor under elevated pH; like Egeria, it has highly effective
C-concentrating mechanisms, allowing it to sustain photosyn-
thesis when other algae become C-limited (Jähnichen et al.,
2007 and references therein).

Links between zebra mussels and Microcystis have been ex-
amined in various systems (discussed below; Sarnelle et al.,
2005), and these findings may be analogous to the relationship
between invasive clams and Microcystis in the Bay Delta. Excre-
tion is significantly higher by zebra mussels than by crustacean
zooplankton (Conroy et al., 2005). Ecological stoichiometric
principles have been examined with respect to zebra mussel in-
vasions of lakes in Sweden (Naddafi et al., 2009). While nutrient
stoichiometry was not directly linked to mussel fitness, zebra
mussels tolerated low P, and their stoichiometry was altered by
both food quantity and quality.

Toxin production by Microcystis provides yet another pos-
itive feedback. Cyanotoxins, such as microcystins, appear
to adversely affect growth and development of daphnids,
with offspring of toxin-exposed daphnids showing decreased
growth and survival even if they were subsequently raised in
microcystin-free conditions (Dao et al., 2010; Ortiz-Rodrı́guez
and Wiegand, 2010). Wang et al. (2010) showed that Micro-
cystis developed in experimental systems when zooplankton
were included, but not in enclosures where zooplankton were
removed prior to the experiment. Microcystis blooms in lakes
typically occur when small-sized zooplankton dominate (Allan,
1977; Edmondson and Litt, 1982; Wang et al., 2010). The ef-
fect of microcystins on Daphnia in the Bay Delta has not been
examined, but in laboratory experiments with copepods, more
detrimental effects have been observed on Eurytemora than on
Pseudodiaptomus (Ger et al., 2010).

Various studies have related increasing N and increasing N:P
ratios to increased toxicity of Microcystis. In the Daechung
Reservoir, Korea, Microcystis toxicity was related not only to
an increase in N in the water but also to cellular N content
(Oh et al., 2001). In P-limited chemostats, Oh et al. (2000) ob-
served that while Microcystis growth declined as P limitation
increased, more microcystins were produced. In addition, the
more toxic form, microcystin-LR, was produced compared to
microcystin-RR (Figure 31). Excess N has also been related
to microcystin production under controlled culture conditions
(e.g., Lee et al., 2000; Vézie et al., 2002; Downing et al., 2005;
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ECOLOGICAL STOICHIOMETRY, BIOGEOCHEMISTRY, AND AQUATIC FOOD WEBS 389

Figure 31 (A) Relationship between the N:P atomic ratios and the concentrations of different microcystin toxins (MC-LR, MC-RR, and MC-[LR + RR]) of
Microcystis aeruginosa grown in laboratory P-limited cultures. (B) The microcystin-production rate (•) and microcystin content (◦) of M. aeruginosa at each
growth rate in laboratory P-limited cultures. Figure reproduced from Oh et al. (2000) with permission.

Van de Waal et al., 2009). In the Philippines, increased Micro-
cystis was associated with high N loading but not P loading, and
its cellular P content (cell quota) was low (Baldia et al., 2007). In
the Huron River, Michigan, USA, Microcystis has been associ-
ated with molar water-column N:P ratios ranging from 40 to 80
(Lehman, 2007). Similar relationships were reported for a field
survey of Hirosawa-no-ike Pond, Kyoto, Japan; the strongest
correlations between microcystins and nutrients were found at
high concentrations of NO3

− and NH+4 , and seasonal bloom
maxima occurred at high water-column N:P ratios ranging from
40–90 (Ha et al., 2009). In both field studies and in culture,
the molar cellular N:P ratio of Microcystis has varied from∼10
to more than 30 (Tsukada et al., 2006). Thus, both abundance
and toxicity of Microcystis appear to be enhanced under high
water-column N:P ratios. This would suggest that Microcystis,
unlike many phytoplankton, does not follow the “you are what
you eat” stoichiometric model (Sterner and Elser, 2002, p. 16),
but instead functions stoichiometrically more like a heterotroph,
in this case, sequestering P and potentially releasing excess N
in the form of the toxin microcystin. It may also have the ca-
pability to reduce its P requirement by lipid substitution, as
shown for other cyanobacteria (Van Mooey et al., 2009). From
its C-concentrating capability (Jähnichen et al., 2007) to its P
metabolism and its tolerance and/or preference for NH+4 , Mi-
crocystis appears well adapted to the present environment of the
Bay Delta where pH values fluctuate and can become elevated
on episodic bases and where N:P ratios have increased over
time.

Broad surveys have been undertaken to assess relationships
between cyanobacteria and water-column N:P ratios. Some
of these have included all cyanobacteria (including the N2-
fixing species), others only Microcystis. For example, Down-
ing et al. (2001) examined data from 99 lakes from around
the world and reported that TP or TN were better predictors
of cyanobacteria than N:P ratios. Others have shown that low

N:P ratios can favor cyanobacteria (e.g., Smith, 1983; Stahl-
Delbanco et al., 2003). Microcystis can tolerate elevated N:P
ratios, and thus, its dominance under high N:P ratios may also
reflect the decline in other species that lack such tolerance.
Cyanobacteria do not have to grow faster at elevated N:P than
at lower N:P values to become abundant; they merely have
to grow faster than competing species groups (Glibert, 2010).
Clearly, there is great plasticity in the ability of cyanobacteria to
grow in a wide range of environments, including elevated N:P
environments.

Summary of Part III

Conceptually, the relationships examined between changes
in pH and altered salinity and the major biogeochemical pro-
cesses are summarized in Figure 32, while the changes over
time and the shift in dominant biogeochemical processes are
depicted in Figure 33. While the interactions among the biogeo-
chemistry and biology and their changes over time are complex,
the important point is the interconnectedness of these relation-
ships. Changes in external nutrient loads can drive changes in
internal ecosystem biogeochemistry and, in turn, trophodynam-
ics. This analysis suggests that increasing dominance over time
of macrophytes, clams, and Microcystis, along with more om-
nivorous fish that are fueled by a benthic food web, are not a
result of stochastic events (random invasions) but, rather, are
related to a cascade of changes in biogeochemistry resulting
from changes in nutrient loading over time as a major driver.
This analysis supports the premise that reductions in P loading
from external sources drive aquatic systems toward increased
importance of sediment dynamics and toward the sediments
as a major source of P. The food webs that are supported are
different from those supported when the water column is the
major source of P; they are benthic-dominated. Macrophytes,
such as Egeria, and phytoplankton, such as Microcystis, are
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390 P. M. GLIBERT ET AL.

Figure 32 Conceptual diagram of the effect of altered pH and altered salinity on the processes of exchange of PO3−
4 and NH+4 from the sediment to the water

column. With a rise in pH, or a shift to higher salinity, the sediment flux of NH+4 and PO4
3– increases via the mechanisms described in text. pH also alters the

equilibrium between NH+4 and NH3, leading to higher NH3 at high pHs (color figure available online).

physiologically well adapted to these altered nutrient and pH
regimes. The communities of bivalves and fish change accord-
ingly.

PART IV: COMPARATIVE ECOSYSTEMS

Many systems show commonalities with respect to impacts
of eutrophication (reviewed by Cloern, 2001). The changes over
time in the Bay Delta have been described as uniquely complex,
driven primarily by the wide range in effects of invasive species
and alterations in habitat (e.g., Alpine and Cloern, 1992; Ben-
nett and Moyle, 1996; Cohen and Carlton, 1998; Kimmerer,
2004). This notion of unique complexity for the Bay Delta is
not supported, however, by the following comparison with other
aquatic systems undergoing stoichiometric changes in nutrient
loads. Here, comparisons of other ecosystems are made with
the Bay Delta in terms of (1) changes in state from a system
with high chlorophyll a and high pelagic productivity to one
dominated by macrophytes when P was reduced; (2) invasions
of bivalves following P removal; (3) associations between high
macrophyte production, invasive bivalves, piscivorous fish, and
Microcystis growth, and/or (4) reductions in invasive species
following targeted nutrient reduction measures. These compar-
isons illustrate a similarity in the timing of P reductions and the
susceptibility of these systems to invasions by macrophytes and
bivalves.

Lake Washington

A classic example of a system that has sustained shifts to
new stable states following P removal is Lake Washington. This

large, deep lake is surrounded by the city of Seattle, Washing-
ton, USA, and was historically degraded by major inputs of
secondary-treatment sewage from the 1940s to the early 1960s
(Edmondson, 1996). In the 1960s, Seattle and the surrounding
communities adopted zero sewage discharge policies for the lake
(except for combined sewer overflows; Krebs, 2008). Diverting
most sewage away from Lake Washington caused N:P ratios to
increase (Figure 34). By 1970, phytoplankton growth had de-
creased to levels that had not been seen since the early 1950s,
including a major decline of the filamentous cyanobacterium
Planktothrix (Oscillatoria) rubescens that had bloomed in the
P-rich conditions (Edmondson and Lehman, 1981; Hampton
et al., 2006). Zooplankters such as “keystone herbivores” Daph-
nia spp. became increasingly abundant (Edmondson and Litt,
1982; Winder and Schindler, 2004a,b), while their major preda-
tor, the macrozooplankter Neomysis mercedes, declined rapidly
(Eggers et al., 1978; Edmondson and Litt, 1982). Longfin smelt
were abundant in the early 1960s but also declined (Hamp-
ton et al., 2006). Although the food web interactions are com-
plex in this lake (Hampton et al., 2006), and other influences
such as climate change have been linked to these changes
(Winder and Schindler, 2004a,b), the declines in chlorophyll
a and Neomysis, as well as the increase in Daphnia following P
removal and N:P increases, are consistent with those of the Bay
Delta.

Potomac River, Chesapeake Bay

The Potomac River has undergone many similar changes
to those in the San Francisco Estuary (Figure 35, Table 7),
some of which differ from those of the Chesapeake Bay as a
whole, since the Potomac is most directly influenced by nutrient
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ECOLOGICAL STOICHIOMETRY, BIOGEOCHEMISTRY, AND AQUATIC FOOD WEBS 391

Figure 33 Conceptual depiction of the change over time in major nutrients, flow, dominant biogeochemical processes, and the food web of the Bay Delta.
The first panel represents the period from 1975 to ∼1982 when flow was low, and diatoms and Eurytemora were the dominant phytoplankton and zooplankton,
respectively, and smelt were common. The second panel represents the period from ∼1982–1986 when flow was high, and NH+4 was increasing. During this
period, the food web began to change. Under very low flow conditions, depicted by the third panel and representing ∼1987–1995, the NH+4 load was high, but
PO3−

4 began to decrease. The food web also began to change significantly, with changes in the dominant phytoplankton and zooplankton, increasing abundance of
macrophytes, increased importance of sediment nutrient processes, and increase in piscivores. Finally, post-1995, NH+4 loads remain high, while PO3−

4 loads are
proportionately low. Sediment biogeochemical processes are of increasing importance in nutrient processing, macrophyte production is important, and omnivorous
fish have increased. At the microbial level, Microcystis is more common and the zooplankton is dominated by cyclopoids, e.g., Limnoithona (color figure available
online).
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Figure 34 Comparative nutrient and food web relationships for Lake Wash-
ington: (A) change in N:P ratio (�; wt:wt) and change in algal biomass (�;
chlorophyll a, µg L−1) as a function of time, (B) relationship between the abun-
dance of Daphnia and Bosmina (number L−1) and TP loading (103 kg yr−1),
and (C) relationship between Neomysis abundance (relative abundance) and the
N:P ratio of the total nutrient load. Data were compiled from Edmondson and
Lehman (1981), Edmondson and Litt (1982), Krebs (2008), and Eggers et al.
(1978).

loading from a major sewage treatment plant compared to the
more diffuse nutrient sources that affect the broader Chesapeake
Bay. This river has been heavily impacted by nutrient inputs for
over a century, with cyanobacterial blooms evident by the 1930s
(Krogmann et al., 1986). Nutrient inputs to the Potomac have
been strongly affected by management actions (Table 7), starting
with treatment that removed 75% of point-source P loading
by 1976 and with a P detergent ban, so that there was a total
decrease of more than 95% from peak P levels (Jaworski and
Romano, 1999). Nitrification was added to the treatment plant
processing in the early to mid-1980s, resulting in decreased

NH+4 loading; from the early 1990s to the present, effluent loads
of NH+4 decreased more than 50% (Jaworski and Romano, 1999;
Jaworski et al., 2007).

When N:P ratios increased in the late 1970s, chlorophyll a
declined and SAV increased. Hydrilla, also an invasive species
for this river, expanded its range shortly after P removal, and
this correlated with a decrease in water-column chlorophyll a
(Rybicki and Landwehr, 2007; Ruhl and Rybicki, 2010; Fig-
ure 35B). The extent of hydrilla coverage was directly re-
lated to the N:P ratios of the effluent (Figure 35C). After the
nitrification–denitrification system had been installed at that
treatment plant several years later, the relative abundance of this
exotic species declined, while the abundance of native grasses
and vegetation increased (Ruhl and Rybicki, 2010).

An invasion by Corbicula fluminea was first noted in the
mid-1970s in the Potomac River. Its abundance peaked in the
late 1980s, exceeding 2,500 individuals m−2 (Dresler and Cory,
1980; Phelps, 1994). Its peak occurred when the N:P of all
loads was increasing. Its abundance subsequently declined, co-
incident with efforts to remove N from effluent and a decline
in N:P (Phelps, 1994; Cummins et al., 2010; Figure 35A). Its
presence in the 1980s was associated with declines in phy-
toplankton abundance due to the grazing pressure it imposed
(Cohen et al., 1984). Microcystis, which had been a major
component of the phytoplankton assemblage in the 1960s, de-
clined in abundance with the installation of more advanced
sewage treatment in the 1970s. However, over time, Micro-
cystis returned. The percent of samples collected over time,
in which > 10% of the phytoplankton cells were Microcys-
tis, was also highly correlated with the N:P ratio in the total
load of nutrients to the river (Tango et al., unpublished data;
Figure 35D).

Fish composition also changed over time, and some of
these changes can be related to nutrient stoichiometry. Bay an-
chovies decreased, and both spottail shiners and largemouth
bass increased (http://www.dnr.state.md.us/fisheries/juvindex/

Table 7 Time line of changes in the Potomac River sub-estuary; most wastewater is discharged from the Blue Plains Facility

Years Environmental change References

1900–1970 P discharges from WWTP increase, peaking at ∼4.0·106 kg y−1 (100 kg m−2 y−1); dissolved oxygen
reaches minima ∼1940

Jaworski and Romano (1999)

Late 1970s With tertiary treatment and a P detergent ban, WWTP discharges of P decrease to 1.0·106 kg y−1 by
1976;

Jaworski and Romano (1999)

Corbicula fluminea invades river, with variable but often high abundance until the early 1990s Phelps (1994)
Early-to-mid 1980s Nitrification added to WWTP leads NO3

− discharge rather than NH+4 ; large upswing in surface water
dissolved oxygen

Jaworski et al. (2007); Ruhl
and Rybicki (2010)

1983–1991 Secondary drop in WWTP discharge of P to <0.1 ·106 kg by 1986; Jaworski and Romano (1999);
SAV resurgence in the Potomac occurs, peaking with ∼2000 ha of coverage dominated by Hydrilla

verticillata
Rybicki and Landwehr (2007)

1984–1986 Fish surveys suggest doubling of large- and smallmouth bass with increasing SAV US EPA (1993)
1986–present SAV coverage decreases below peak levels, with low coverage in the mid-1990s and a resurgence in the

early 2000s
Orth et al. (2010)

Early 1990s N loading from WWTP peaks at > 1·107 kg y−1 Jaworski and Romano (1999);
Mid-1990s to present N loading from WWTP decreases about 50% due to nitrification/denitrification process Jaworski et al. 2007

Corbula fluminea abundances decline significantly
Construction initiated at WWTP to reduce N loading by another 50% by 2014 Cummins et al. (2010)
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Figure 35 Comparative nutrient and food web relationships for the Potomac
River. (A) Change in N:P ratio of all loads (�) and of the wastewater effluent
only (�) as a function of time from the mid-1960s to 2005. Indicated also on
the time course is the first appearance of the invasive Corbicula fluminea clams,
as well as its maximum abundance and the time when they began to decline.
Data were derived from Dresler and Cory (1980), Jaworski et al. (2007), and
Cummins et al. (2010). (B) Change in abundance of SAV, in this case domi-
nated by Hydrilla (�), and the change in chlorophyll a in the water column
(�). Data were derived from Jaworski et al. (2007). (C) Relationship between
the abundance of SAV (dominated by Hydrilla) and the N:P in the wastewater
effluent. Data derived from Jaworski et al. (2007). (D) Relationship between
the frequency of occurrence of water column samples enriched with > 10%
Microcystis (by cell count) and the N:P in the total nutrient load. Microcystis
data are courtesy of P. Tango from Maryland Department of Natural Resources
monitoring program data (unpublished data); nutrient data are from Jaworski
et al. (2007). (E) Abundance of Bay anchovy (log relative abundance as ge-
ometric mean catch per haul) as a function of N:P of the total nutrient load.
(F) Abundance of spottail shiner (log relative abundance as geometric mean
catch per haul) as a function of N:P in the effluent. Fish data from panels E
and F are from Maryland Department of Natural Resources, Fisheries Service
(http://www.dnr.state.md.us/fisheries/) and nutrient data are from Jaworski et al.
(2007). (G) Ratio of pelagic:demersal fish as a function of the N:P ratio in the ef-
fluent. Fish data are from Kemp et al. (2005) and www.noaa.chesapeakebay.net,
and nutrient data are from Jaworski et al. (2007).

index.asp#Indices) in proportion to N:P ratios that reflected
changes in either total nutrient loads or effluent (Figures 35E,F).
Overall, the ratio of pelagic:demersal fish declined (Kemp et al.,
2005; www.noaa.chesapeakebay.net), and these changes related
to the N:P ratio in the effluent (Jaworski et al., 2007; Figure
35G).

Hudson River

Point source nutrient loading to the Hudson has been con-
tentious for many decades (Brosnan et al., 2006). Secondary
treatment plants were constructed in the 1980s, and N loads
decreased by ∼30%. Compared to the 1970s, reductions in P
by ∼60% were achieved by the 1990s through secondary treat-
ment and P removal from detergents. The ratio of N:P loads
from all sources to the Hudson also increased from the early
1970s to the mid-1990s (Howarth et al., 2006). The exception
to these nutrient trends is the lower Hudson, where loads of
both N and P increased due to the Ocean Dumping Ban Act
of 1988, which required several municipalities to cease ocean
disposal, and from New York City’s use of a P-based buffer
to reduce pipe corrosion (O’Shea and Brosnan, 2000; Brosnan
et al., 2006). The TN and TP loads to the Hudson are now about
43 × 103 tonnes N yr−1 and 4.8 × 103 tonnes P yr−1, of which
53% of the N and 77% of the P are from point source discharges
(Howarth et al., 2006).

The Hudson, like the Bay Delta, has been heavily impacted
by invasive species. Zebra mussels were first detected in the
Hudson in 1991 and were well established by 1992 when P
reductions had been implemented (Strayer, 2006). Their impact
on the chlorophyll a and zooplankton populations of the river
was large, and planktivorous fish soon became food limited
(Caraco et al., 1997; Pace et al., 1998; Strayer, 2006). Average
May–October chlorophyll a dropped from ∼20 to ∼4 µg L−1

after 1993 (Cole and Caraco, 2006). Like the Bay Delta, the
common copepods in the Hudson now include two cyclopoids,
in this case Diacyclops bicuspidatus thomasi and Halicyclops
sp. (Pace and Lonsdale, 2006). The small estuarine invasive clam
Rangia was first detected in 1988 and has spread significantly
since that time (Strayer, 2006).

Increases in largemouth bass and bluegills have been ob-
served since nutrients have changed, and, analogous to the Bay
Delta, the length of American shad has decreased since P re-
moval and zebra mussel invasion (Stanne et al., 2007). There
have also been large increases in water chestnut (Eleocharis
dulcis), an aggressive macrophyte that was first observed in the
Hudson in the 1930s. It has especially increased during recent
decades, with “larger beds reaching 10–100 hectares in extent”
(Strayer, 2006, p. 302). In these dense beds, oxygen depletion
occurs (Caraco and Cole, 2002). Microcystis is now a concern in
the Hudson River as well (Fernald et al., 2007). It had been prob-
lematic years earlier, but disappeared from the river soon after
zebra mussels invaded (Smith et al., 1998). Laboratory studies
indicated that it was preferentially grazed by the mussels (Baker
et al., 1998; Baker and Levinton, 2003). However, these blooms

reviews in fisheries science vol. 19 4 2011

D
ow

nl
oa

de
d 

by
 [

U
ni

v 
of

 M
d 

L
ib

/D
 W

in
ds

or
],

 [
Pa

tr
ic

ia
 G

lib
er

t]
 a

t 0
6:

43
 1

7 
O

ct
ob

er
 2

01
1 



394 P. M. GLIBERT ET AL.

have returned; by 2005, Microcystis contributed more than 45%
of the total summer algal biomass (Fernald et al., 2007). Recent
reports have linked these blooms to increased temperature (e.g.,
Fernald et al., 2007), but the pattern is also consistent with an
altered biogeochemical pathway of nutrient cycling following
the increased dominance of both macrophytes and zebra mus-
sels. Temperature may be a necessary condition, but it is not a
sufficient explanation of changes in this species over time.

European Lakes and Estuaries

In the Ebro River Estuary, where an 18-year time series of
nutrients and biota has been examined, significant changes in
the food web have occurred as nutrient loadings have changed.
From the mid-1980s to the mid-1990s, P loading rates were
consistently high, and NH+4 loading increased. Both decreased
precipitously in the mid-1990s (Ibáñez et al., 2008). For P,
this drop was from ∼2.8 kt y−1 to <0.5 tonnes y−1. How-
ever, TN load did not decrease to the same extent because
NO3

−+NO2
− loads were not reduced. Consequently, mean val-

ues of DIN:DIP increased over four-fold from the early 1990s
to the mid-2000s. Total water-column chlorophyll a declined by
∼ten-fold, macrophyte production increased, sediment retention
and transparency increased, and invasive bivalves increased, in-
cluding Dreissena polymorpha and Corbicula fluminea (Ibáñez
et al., 2008). These changes were attributed to the reduction in
P loads (Ibáñez et al., 2008). In the Dutch Delta, Lake Veere
provides another example of system change upon PO4

3– re-
moval; when PO3−

4 was reduced, following the restoration of
exchange with the tidal marine eastern Scheldt, there was an in-
crease in bivalves among other ecosystem changes (Wijnhoven
et al., 2010).

In another example of the relationship between P reduction
and zebra mussels, a study of the recovery of eutrophication
in Lake Velume, The Netherlands, showed that zebra mussels
expanded following P reduction (Ibelings et al., 2007). The ze-
bra mussels in turn, like the macrophytes, further structured the
food web, including fish. Lakes in southern Sweden have shown
similar patterns; Lake Krankesjön shifted to a clear state when
P was reduced, with a concomitant expansion of pondweed and
piscivorous fish, while Lake Tåkern sustained a reduction in sub-
mersed vegetation and an increase in phytoplankton chlorophyll
a when nutrients, especially P, increased (Blindow et al., 2006;
Hargeby et al., 2007). Zebra mussels were also highly associ-
ated with Microcystis abundance in 47 sites in lakes in northern
Ireland, and all of these lakes had toxic blooms (Mooney et al.,
2010).

Summary of Part IV

The Bay Delta data and the other systems considered here
which are undergoing similar changes in nutrient stoichiome-
try have had a similar general trajectory of responses (Table
8). While all of the systems described above have undergone
complex changes, largely a result of direct management ac-
tions, there are many parallels with respect to organism domi-
nance after P removal. While invading species such as hydrilla
and Egeria, and many bivalve molluscs do well across a range
of system types, the commonality of the increased frequency
of invasion around the time P was removed throughout much
of the United States and Europe raises interesting questions
about cause-and-effect related to altered nutrient stoichiometry.
Moreover, the physiology of the resident organisms and bio-
geochemical pathways lend support to the premise that similar

Table 8 Descriptive comparison of major food web changes in comparative systems after reduction of P from the system and the associated increase in the
disolved N:P ratio; further details of all of these changes are described more fully in the text

San Francisco Estuary Lake Washington Potomac River Hudson River Ebro River

Phytoplankton
Change in Chl:a Decrease Decrease Decrease Decrease Decrease
Change in Microcystis
occurrence

Increase Decrease Initial decrease, then
resurgence

Initial decrease, then
resurgence

Zooplankton
Change in species
group

Increase in cyclopoids and
cladocerans

Increase in cyclopoids
and cladocerans

Increase in cyclopoids
and cladocerans

Increase in cyclopoids
and cladocerans

Decrease in Neomysis Decrease in Neomysis
Fish

Change in dominant
feeding strategy

Decrease in planktivores:
piscivores

Decrease in
planktivores:
detritivores

Decrease in planktivores

Bivalves
Change in dominant
species

Increase in Corbula Increase in Corbicula,
Rangia

Increase in Dreissena,
Rangia

Increase in Dreissena,
Corbicula

Submersed vegetation
Change in abundance Increase Increase Increase Increase
Dominant species Egeria, Eichornia Hydrilla Hydrilla, Eleocharis Hydrilla

Blank entries are those for which insufficient data are available to evaluate.
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trophic structure, including the appearance of Microcystis, in
many of these systems has resulted from similar nutrient dy-
namics. Biogeochemistry, and food web interactions that both
modify and result from changes in stoichiometry and the rela-
tive abilities of different types of organisms to either sequester
nutrients and/or to tolerate nutrients that are in excess (e.g.,
NH+4 ).

PART V: ECOLOGICAL STOICHIOMETRY AND
PREVAILING VIEWPOINTS

The interpretation of changes in the food web structure of
the Bay Delta as a function of stoichiometric changes in nutri-
ents seems at odds with prevailing perspectives of how this
system has become stressed over time. Nixon and Buckley
(2002), in a general review of the relationships between nu-
trient loadings and fish production, discussed the evolution of
the concept of linking nutrients to fish and tracked how this
concept generally fell out of favor. Among the reasons cited
was the recognition that “the last 100 years of marine research
revealed a much richer and more complex marine environment
than anyone working in the 1900 could have imagined, ulti-
mately leading to the conclusion by Micheli (1999) that there
is “. . .virtually no link between nutrient delivery or availabil-
ity and secondary production in marine coastal waters” (Nixon
and Buckley, 2002, p. 784). This “rich complexity” of effects
has led to a range of interpretations about changes in the food
web in the Bay Delta, most of which have not involved nutrient
control.

With respect to the Bay Delta ecosystem, the possibility of
bottom-up control of fish populations in the Bay Delta has been
largely dismissed for several reasons: most nutrients are at lev-
els that saturate phytoplankton growth; phytoplankton growth
is considered to be regulated primarily by light limitation (Cole
and Cloern, 1984); NH+4 is generally a preferred form of N for
phytoplankton uptake (McCarthy et al. 1977; Millero, 2006;
Jassby, 2008); the pH of the receiving waters is generally in
the range that prevents formation of toxic NH3 (Jassby, 2008);
and NH+4 levels are typically below the criteria considered by
the U.S. Environmental Protection Agency (2009) to be toxic
to sensitive aquatic life, such as freshwater molluscs. In addi-
tion, some analyses of nutrient effects have considered only TN
or TP and chlorophyll a, rather than nutrient form and phyto-
plankton composition (e.g., Jassby, 2008). As a consequence,
relationships between nutrients, production, or food web effects
have been obscured or ambiguous (Jassby, 2008). Moreover,
because many physical, chemical, and biological factors poten-
tially influence and modify other factors, the system as a whole
is considered highly complex, and this conclusion has been un-
derscored by several prior efforts (Bennett and Moyle, 1996;
Sommer et al., 2007; Mac Nally et al., 2010; Thompson et al.,
2010).

Prevailing views about changes in the Bay Delta food web
emphasize invasive species, light limitation of primary produc-

tion, food limitation, alteration in flows (including export pump-
ing), alterations in habitat, and climate change (both temperature
and hydrologic changes) as major stressors (Linville et al., 2002;
Davis et al., 2003; Lehman, 2004; Lehman et al., 2005; Bennett,
2005; Sommer et al., 2007; Jassby, 2008; Baxter et al., 2010;
Winder et al., 2011). The effects of climate are recognized to act
synergistically with many stressors in the Bay Delta and else-
where (e.g., Lehman, 2000; Burkholder et al., 2006, Paerl et al.,
2006; Cloern et al., 2007; Paerl and Scott, 2010, Winder et al.,
2011). Where nutrients have been considered to be important
in the food web changes over the past decades, the emphasis
has been on understanding the potential inhibition of primary
production and the decline in diatoms associated with elevated
levels of NH+4 (e.g., Wilkerson et al., 2006; Dugdale et al.,
2007) rather than on nutrient limition or nutrient stoichiometry.
Both the prevailing and the stoichiometric viewpoints under-
score that the system is stressed and complex. The prevailing
views related to limiting factors, nutrients, flow, and habitat al-
teration are examined below in comparison to stoichiometric
interpretations.

Light Limitation of Primary Producers

Dissolved nutrients generally have been perceived to play, at
most, a minor role in controlling the succession of biota in the
Bay Delta over the last 30 years, and primary production is con-
sidered to be mainly controlled by light. These generalizations
stem from modeling studies of phytoplankton productivity as ap-
plied to the San Francisco Estuary (Cloern et al., 1995; Cloern,
1999; Jassby et al., 2002). The results of the models indicated
that over much of the estuary, particularly the upper estuary, am-
bient nutrient concentrations over the last ∼30 years generally
were well in excess of the demand for those nutrients, given the
available light in the water column to drive photosynthesis; i.e.,
the phytoplankton were strongly light-limited and not nutrient-
limited for growth. Models were developed (Cloern et al., 1995;
Cloern 1999) to simulate phytoplankton primary productivity
in the San Francisco Bay Estuary based on the availability
of resources (light and nutrients) in the system and empirical
“physiological” relationships. The influence of nutrients was
formulated using assumptions of uptake kinetics with respect
to ambient concentrations and an interactive term with light
harvesting to account for photoacclimative changes in chloro-
phyll a:C (Chl:C) ratios under different nutrient stress levels.
The models were parameterized using mean relationships from
large datasets (Cloern, 1999). Importantly, however, the wide
plasticity in nutrient uptake kinetics among species and within
species under varying growth conditions was not considered
(e.g., Rhee, 1973; Burmaster and Chisholm, 1979; Gotham and
Rhee, 1981; Goldman and Glibert, 1982, 1983; Morel, 1987).
A subsequent model developed by Jassby et al. (2002), which
did not include a nutrient term, exhibited good fidelity with
independent productivity measurements, suggesting to the au-
thors that primary productivity was independent of nutrients in
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396 P. M. GLIBERT ET AL.

the system. Therefore, the models were taken as substantially
accurate in the context of distinguishing light from nutrient lim-
itation of C production by the phytoplankton.

The fundamental assumption in these models is that primary
production is the principal factor that links phytoplankton to the
grazer community and upper trophic levels. This conventional
approach for determining the amount of energy (as reduced
C) that would be available to upper trophic levels unfortunately
ignores the transfer of elements other than C. In marked contrast
and as developed herein, ecological stoichiometry dictates that
it is the processing and transfer of all elements, especially N and
P, through the phytoplankton assemblage that drives the fitness
of species at higher trophic levels (Sterner and Elser, 2002;
Allen and Gillooly, 2009; Schoo et al., 2010; Malzahn et al.,
2010). No insight into these aspects of community response
can be drawn from the existing C-based primary production
models. As illustrated in the analyses above, nutrients that are
at levels normally taken to be saturating or near-saturating can
influence the elemental composition of the phytoplankton (food
quality) and, therefore, differentially affect the transfer of N and
P to upper trophic levels via trophic transfer and via altered
biogeochemical dynamics.

Potential Inhibition of Diatoms by NH+
4

The effect of NH+4 on diatom production has received con-
siderable recent attention in the Bay Delta (e.g., Wilkerson et al.,
2006; Dugdale et al., 2007; Van Nieuwenhuyse, 2007; Jassby,
2008; Glibert, 2010). Many algae, especially those that are N-
limited, prefer NH+4 as an N source because it is already in
reduced form and thus more easily assimilated (Harris, 1986;
McCarthy et al., 1995, 1977). However, some diatoms physio-
logically prefer, and in some cases require, nitrate (NO3

−) over
NH+4 (Lomas and Glibert, 1999). This phenomenon is accen-
tuated when the cells are in a state of energy imbalance, such
as might be experienced under varying light regimes; for these
cells, NO3

−may also be used in maintaining the cellular energy
balance in addition to providing a nutrient (Lomas and Glibert,
1999). In San Francisco Bay, Wilkerson et al. (2006) and Dug-
dale et al. (2007), based on enclosure experiments, reported that
diatoms grew only after NH+4 concentrations were drawn down
to <4 µM (0.056 mg L−1).

An interesting “natural test” of the potential inhibition of
diatoms by NH+4 occurred during summer 2010, when such
inhibition was “relaxed” because discharge of NH+4 from the
SRWWTP was ∼15% lower than in the immediate prior years
(R. Dugdale, personal communication). The decreased NH+4
loads coincided with a spring diatom bloom that was observed in
Suisun Bay for the first time in many years. Moreover, consistent
with the trophic interactions seen in the long-term data, in spring
2010, Eurytemora density was 3.1-fold higher than in 2009, and
increases were also noted in Pseudodiaptomus density and in
the 2010 FMWT index of delta smelt abundance.

Food Limitation

Food limitation has been invoked by numerous researchers
as key to the decline in the Bay Delta food web over time
(Bennett and Moyle, 1996; Jassby et al., 2002, 2003). Total pro-
ductivity has been estimated to be comparatively low relative
to other estuaries, and detritus appears to be an important food
supplement for grazers (e.g., Müller-Solger et al., 2002). How-
ever, from a stoichiometric perspective, detritus, which is high
in C, may result in metabolic costs to consumers, including al-
tered metabolic rate and growth rate (Plath and Boersma, 2001;
Hessen and Andersen, 2008). Detritivores consume the least
nutritionally balanced foods and, thus, have lower growth rates
than their planktivorous or piscivorous counterparts (Sterner
and Elser, 2002). In keeping with this notion for the Bay Delta,
Sobczak et al. (2005) found that while detritus may support a
significant fraction of the heterotrophic metabolism of the sys-
tem, it did not seem to support pelagic food webs, leading to
higher trophic levels. Disposal of excess C appears to have major
impacts on organismal fitness and, like the other stoichiometric
concepts explained above, can affect ecological interactions at
the ecosystem level (Hessen and Andersen, 2008).

Variations in Flow and Habitat Suitability

Of considerable interest to resource managers in the Bay
Delta are the effects of hydrologic changes on pelagic fish (e.g.,
Nichols et al., 1986; Jassby et al., 1995; Kimmerer, 2002; Moyle
et al., 2010). The question of relationships between hydrology
and biodiversity are also of importance in many systems (e.g.,
Ferreira et al., 2005). In the Bay Delta, flow is rigorously man-
aged and measured by the location where salinity is equal to 2,
measured as the distance from the Golden Gate Bridge (“X2”;
Jassby et al., 1995; Kimmerer, 2004). X2 is therefore considered
to be a proxy for outflow.

Strong bi-variate, correlative relationships have been re-
ported between X2 and chlorophyll a, Eurytemora, Acartia,
rotifers, mysids, clams bay shrimp, and various fish species, in-
cluding longfin smelt, splittail, and starry flounder (Kimmerer,
2002; Winder et al., 2011). Interestingly, many of these rela-
tionships were noted to change after 1987 (Kimmerer, 2002).
This has been thought to be due to the drought that began in the
1980s and which may have changed habitat suitability, espe-
cially allowing more invasive organisms (Winder et al., 2011).
The change after 1987 also corresponds with the change in nutri-
ent loading. X2 is strongly correlated with PO3−

4 , TP, and NH+4
(Figure 36). For comparison with nutrient relationships, the re-
lationships between the parameters studied here and X2 have
been calculated using the same approaches (Table 9). For all or-
ganisms (with the exception of Acartia, for which strong corre-
lations were observed with X2-Table 9), i.e., Eurytemora, Pseu-
dodiaptomus, Daphnia, Bosmina, Corbula, Crangon, longfin
smelt, splittail, striped bass, starry founder, crappie, sunfish,
and largemouth bass, equal or more significant correlations were

reviews in fisheries science vol. 19 4 2011

D
ow

nl
oa

de
d 

by
 [

U
ni

v 
of

 M
d 

L
ib

/D
 W

in
ds

or
],

 [
Pa

tr
ic

ia
 G

lib
er

t]
 a

t 0
6:

43
 1

7 
O

ct
ob

er
 2

01
1 



ECOLOGICAL STOICHIOMETRY, BIOGEOCHEMISTRY, AND AQUATIC FOOD WEBS 397

-0.4
1 )

R² = 0.592

-1.2

-1

-0.8

-0.6

Lo
g 

TP
 (m

g 
L-1

)

R² = 0.162

R² = 0.884

-1.2

-0.8

-0.4

og
 P

O
43-

(m
g 

L-1

R² = 0.527

-1.6

L

R² = 0.297

-1.2

-1

-0.8

H 4
+

(m
g 

L-1
)

R² = 0.284

-1.6

-1.4

Lo
g 

N
H

t:w
t)

R² = 0.0094

5

R² 0 285

DI
N

:T
P 

(w
t

1

2

3

40 50 60 70 80 90 100

R² = 0.285

0 2500 5000 7500 10000

X2 Habitat Index

Figure 36 Comparison of the relationships between TP, PO3−
4 , NH+4 , and the

DIN:TP ratio versus X2 (the isohaline where salinity= 2, measured as distance
(km) from the Golden Gate Bridge) and versus the habitat index (defined by
salinity, temperature, and turbidity relationships; Feyrer et al., 2010) for the
time course from 1975–2005. Coefficients of determination (R2) are given for
the entire dataset. Those indicated in bold are significant at p <0.05, those in bold
italics are significant at p <0.01. The analysis indicates significant relationships
between X2 and TP, PO3−

4 , and NH+4 concentrations and significant relationships
between the habitat index and PO4

3−, NH+4 , and the DIN:TP ratio.

observed with nutrients or nutrient ratios (Tables 4 and 5). That
strong relationships between some organism changes and X2
are found is without question; however, the strong relationships
between nutrients and X2 leads to uncertainty as to whether
salinity (or flow) or nutrients are the controlling variables. Fur-
thermore, when calculated as pre-whitened or differenced data,
versus the original or smoothed data, more correlations were
significant, suggesting that higher frequency time scale changes
may be a component of this variability (Pyper and Peterman,
1998). This contrasts with the nutrient relationships, for which
many relationships were stronger in the original or smoothed
data, suggesting that longer-term variability (i.e., unidirectional
trends) is important.

A relationship has also been developed between X2 and a
habitat index for delta smelt, an index that uses salinity, tur-
bidity, and temperature to define the spatial distribution of
habitat suitability. This index explained 26% of the variabil-
ity in delta smelt over the past three decades (Feyrer et al.,
2010). This habitat index, like X2, is highly correlated with
nutrients (Figure 36). As shown here, TP explained at least as

much of the variability in delta smelt as did the habitat index
(Table 4), and dinoflagellate abundance explained even more
(Table 6).

Moyle et al. (2010) suggested that variability and disturbance
are required to re-establish native fish populations. They argued
that the changes over time in fish populations are the result of
“an altered physical environment in which the Delta has become
simplified into a channelized conveyance system to support ex-
port of fresh water from and through the Estuary during summer
and to reduce freshwater outflows at other times of year. Suisun
Bay and Suisun Marsh have become essentially a brackish water
system, while San Francisco Bay has become more consistently
a marine system, as shown by fish distributions” (Moyle et al.,
2010). This notion is based on the premise that when distur-
bance is low, the system moves to a new equilibrium, where
those species whose competitive abilities are low may be lost
(Moyle et al., 2010, citing Krebs, 2008). Interestingly, in aquatic
systems, homeostasis tends to dampen the effects of physical
disturbance (Krebs, 2008). Moyle et al. (2010) did acknowl-
edge that water quality is important in multiple ways, that their
analysis is highly speculative, that freshwater brings many of the
nutrients required to fertilize the food web, and that excessive
nutrients (including effluent) from large treatment plants need
to be addressed.

Summary of Part V

The response of the system to nutrients sets in motion a cas-
cade of interacting effects. Thus, to varying degrees, nutrients,
flow, X2, invasive species, and warming or hydrologic changes
are all related to the observed changes in the food web (e.g.,
Kimmerer, 2002; Winder et al., 2011), and it is not surprising
that some of these relationships are statistically significant. Yet,
all of these relationships can also be explained by a stoichiomet-
ric model. Using stoichiometry, the trajectory of responses to
changing nutrients over time provides a new interpretation for
the decline in pelagic fish species in recent years, the POD. The
current conceptual understanding is based on a “multi-stressor
hypothesis” that relates a complex interplay of stressors, rang-
ing from predation and water exports (top-down control), to
prior abundance levels (life history and density-dependent ef-
fects), to changes in the physical and chemical environment,
to changes in food availability and quality, that combine to
form an overall stress on certain populations (Sommer et al.,
2007; Baxter et al., 2010). In contrast, the stoichiometric in-
terpretation argues that many of these factors and changes are
linked and may be sequential, with nutrient changes being a
major driver (Figure 37). Nutrient changes, and the biochemical
changes that follow as a consequence, alter the environment,
potentially making it more conducive to invasive species, and
differential nutrient metabolism and homeostasis drives the sys-
tem away from planktivores to omnivores or piscivores as N:P
changes.
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398 P. M. GLIBERT ET AL.

Table 9 Correlation coefficients (r) for various organisms shown and X2

X2 (km)

Original data Pre-whitened First-differenced Three-year moving average

Organism
Phytoplankton

Chlorophyll a (µg L−1) −0.70∗∗
Bacillariophyceae (cells mL−1) −0.58∗∗ −0.58∗∗
Chlorophyceae (cells mL−1) 0.45∗
Cryptophyceae (cells mL−1)
Dinophyceae (cells mL−1) 0.37
Cyanobacteria (cells mL−1)

Zooplankton
Eurytemora (individual m−3) −0.52∗∗ −0.43∗
Sinocalanus (individual m−3) −0.56∗∗ −0.69∗∗
Acartia (individual m−3) 0.57∗∗ 0.57∗∗ 0.62∗∗ 0.40∗
Pseudodiaptomus (individual m−3) −0.58∗∗ −0.81∗∗
Harpacticoids (individual m−3)
Limnoithona (individual m−3) −0.38 −0.59∗∗ −0.49
Daphnia (individual m−3) −0.76∗∗ −0.75∗∗ −0.79∗∗ −0.79∗∗
Bosmina (individual m−3) −0.87∗∗ −0.85∗∗ −0.50∗∗ −0.87∗∗
Neomysis (individual m−3) −0.49∗∗

Invertebrates
Corbula (count/grab) 0.70∗∗ 0.57∗
All crabs (individual m−2) 0.41 0.58∗∗
Crangon (individual m−3) −0.52∗∗ −0.48∗∗
Palaemon (individual m−3)

Fish
Delta smelt (STN index)
Delta smelt (FMWT index) −0.35
Longfin smelt (FMWT index) −0.71∗∗ −0.80∗∗ −0.67∗∗
Splittail (FMWT index) −0.57∗∗ −0.55∗∗ −0.47∗ −0.65∗∗
Threadfin shad (FMWT index) −0.42∗
Striped bass (FMWT index) −0.34∗ −0.46∗
Yellowfin goby (FMWT catch per tow) −0.51∗∗
Starry flounder (FMWT catch per tow) −0.36∗ −0.41∗ −0.42∗
Crappie (relative abundance) −0.60∗∗ −0.66∗∗ −0.79∗∗
Sunfish (relative abundance) −0.47∗∗ −0.58∗∗ −0.36∗ −0.51∗
Largemouth bass (relative abundance) −0.47∗ −0.59∗∗ −0.44∗
Silversides (relative abundance) 0.38∗

All organism parameters were log-transformed. For each data series, the first column shows the correlations of the original data (log-transformed), the second
column shows the correlations of the trend stationary data, the third column show the correlations of the difference stationary data, and the fourth column shows
the correlations of the data transformed as three-year backward moving averages. The correlations are for the entire time series. Only values for p <0.10 are
shown; values that are significant at p <0.05 are indicated by ∗, and those significant at p <0.01 are indicated by ∗∗. Negative correlations are highlighted in blue,
and positive correlations are highlighted in pink (p <0.05 [lighter shade] and 0.01 [darker shade] only).

PART VI: CONCLUSIONS, IMPLICATIONS AND
RECOMMENDATIONS

Conclusions

Eutrophication, ecological stoichiometry, and alternate sta-
ble state theories can be combined to form unifying framework
for understanding the complexity of responses, not only in the
Bay Delta but also, more generally, in many comparative sys-
tems. This interpretation does not negate the importance of eco-
logical invasions, habitat changes, multiple stressors, and food
web complexities, but it adds a mechanism to those interpre-
tations through biogeochemistry and organismal stoichiometry.
Ecological stoichiometry affects systems by setting elemental

constraints on the growth of organisms. This, in turn, affects
food quality and the relationships between predators and prey.
The biota modify the environment through nutrient regeneration,
which differs from species to species based on their elemental
requirements and nutrient sources. Growth also modifies the
physical and chemical environment through pH changes, habi-
tat alteration, light environment, and substrate, among other
factors. An overarching driver is the importance of bottom-up
control. Top-down control can be considered as a secondary ef-
fect, that is, a consequence of altered nutrients; the composition
of the grazers changes in relation to stoichiometric constraints.
In the Bay Delta, evidence is clear that top-down grazing of
phytoplankton by Corbula exerts a strong control on phyto-
plankton biomass, as is also the case for other systems, such
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ECOLOGICAL STOICHIOMETRY, BIOGEOCHEMISTRY, AND AQUATIC FOOD WEBS 399

as the Potomac and the Hudson, when invaded by bivalve mol-
luscs. However, the arguments presented here make the case
that bottom-up control contributed to the all-important condi-
tions that allowed Corbula to become a dominant regulator of
phytoplankton production. Winder et al. (2011) suggested that
such a niche for Corbula opened up due to climate change
and its effect on hydrology. Prior interpretations, emphasizing
stochastic invasions largely via ballast water exchange, imply
that the invasive event was the ultimate cause of the change
in top-down control of phytoplankton. The ecological stoichio-
metric interpretation does not preclude strong top-down control
of selected component organisms, nor ballast water exchange
as the mechanism of introduction. The distinction is that, at the
overall ecosystem level, the structuring of species is affected
by alterations in nutrients and ecosystem biogeochemistry. This
interpretation is consistent with Ware and Thompson’s (2005)
insights from a broad survey of the relative contributions of
bottom-up versus top-down factors that potentially control fish
catch in the coastal waters of the western United States; they,
too, reported that bottom-up factors were more important.

The similarity in responses of the comparative systems de-
scribed here supports the need for a new phase of understanding

of nutrient loading impacts. In Cloern’s (2001) Phase III model
of eutrophication, interactions of multiple stressors and nutrients
resulted in complex interactions and changes in plankton and
benthic communities (Figure 2). Described here are several com-
mon responses of complex aquatic ecosystems to increased or
sustained N loading and concomitant P reductions (Figure 38).
These commonalities, including reduced levels of chlorophyll
a, increased SAV (particularly rooted macrophyte) growth, and
a shift in dominance to large omnivorous/piscivorous fish, have
been, in some cases, interpreted as oligotrophication (e.g., An-
derson et al., 2005; Collos et al., 2009). However, an additional
feature that these ecosystems have in common is susceptibility
to invasive species, particularly bivalve molluscs. Systems in
which either N or P, but not both, are controlled are in a unique
trophic state, neither eutrophic nor oligotrophic; they have been
forced into a state of stoichiotrophic change or imbalance.
Specific trophic responses, based on stoichiometric constraints,
can be predicted for stoichiotrophically imbalanced systems.
Moreover, stoichiometric regulation can be important for food
web dynamics, even when changes in these nutrients and their
ratios are not widely divergent from Redfield proportions – that
is, whether N or P are limiting, or not.

Change in plankton community, diatom 
decline and dinoflagellate increase,

dominant zooplankton change

Prior 
abundance

Food availability 
and quality

Preda�on and 
water export 

effects

Fish 
abundance &

“POD”

Mul�ple Factors Interpreta�on

StoichiometryInterpreta�on

Increase in N:P stoichiometry
due to altered nutrient loads

Establishment of new stable state, 
shi� in plank�vore to piscivore ra�o; 

cyanobacterial blooms

Change in biogeochemistry; 
environment conducive to invasives,
from macrophytes to zooplankton to 

bivalves

Further accelera�on in nutrient change and 
in plank�vore/piscivore ra�o

Increased suscep�bility of plank�vores
to nutrient stress,  food limita�on, 

preda�on and other stressors due to 
nutrient limita�on;

“POD”

Physical and 
chemical 

environment, 
including 
nutrients

Figure 37 Comparison between the conceptual understanding of the factors related to the Pelagic Organic Decline (POD) as described by Sommer et al. (2007)
and the conceptual understanding described in this analysis.
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400 P. M. GLIBERT ET AL.

Figure 38 Generalized trajectory of responses for systems impacted by im-
balances in N:P stoichiometry where P loads have been reduced and N loads
have been increasing.

The trajectory of ecosystem responses in the Bay Delta, il-
lustrated here, suggests that as nutrient stoichiometry changed
over time and the system shifted from high flow to low flow back
to high flow, it did not return to the same condition (e.g., Figure
33). The likely reason for this failure to return to its historic con-
dition is the reservoir of P in sediments and the potential for this
reservoir to be mobilized under varying flow conditions. Nutri-
ent enrichment can destabilize the dynamics of consumers, the
“paradox of enrichment” (Naddafi et al., 2009), and this appears
to have occurred in the Bay Delta in a manner similar to other
systems. Thus, while complex, the Bay Delta is not uniquely
complex among estuaries or, indeed, among aquatic ecosystems,
as suggested by Kimmerer (2004). When flow returned to high
levels after the mid-1980s drought, bivalves and other organisms
had become established, and the biogeochemistry of the system
was altered relative to pre-drought conditions. A new stable
state had emerged, setting in place the conditions that accel-
erated further ecosystem change. The new condition no longer
provided the same relationships between fish abundance and
flow as had the earlier condition; nutrient effects overwhelmed
flow effects. Nutrients may thus provide a mechanism whereby
“invasional meltdown” can be accelerated (Simberloff and Von
Holle, 1999).

The analysis here extends that of Glibert (2010), who also
examined both N:P ratios and NH+4 and their effects on the
food web in the Bay Delta using cumulative sums of vari-

ability analyses (CUSUM; e.g., Page, 1954) applied to nutri-
ent changes and major trophic components. As background,
CUSUM-transformed relationships compare the accumulation
of a quantity over time; CUSUM is, in effect, a low-pass filter
for time series analysis. Correlations of CUSUM-transformed
variables, or double-mass curve analysis (e.g., Kohler, 1949;
Searcy and Hardison, 1960), allows the pattern of change in two
variables to be compared, recognizing that such comparisons im-
prove the signal-to-noise ratio and associated change points. In
ecology, the application of single-mass (CUSUM) and double-
mass analysis has been increasing, and the CUSUM approach
has been identified as an important tool in regime change anal-
ysis (Andersen et al., 2008). Comparison of CUSUM curves
allowed visualization of how long different components of the
food web exhibited similar trends relative to their long-term
means (Glibert, 2010).

Based on CUSUM analysis, Glibert (2010) conceptual-
ized three different major food webs over time: a diatom-
Eurytemora-delta smelt period prior to 1982, a mixed
phytoplankton (cryptophytes-green algae-other flagellates)-
Pseudodiaptomus-bass-shad period from 1982 to ∼2000, and a
cyanobacteria-Limnoithona-silverside-largemouth bass-sunfish
period post-2000. CUSUM comparative curves provide visually
accentuated patterns, allowing interpretations of commonalities
in the timing of shifts in variables. Both sets of analyses (this
study and Glibert, 2010) showed strong correlations between
changes in the food web and nutrients. Both also demonstrated
changes in fish populations as a function of DIN:DIP and NH+4
and in relation to Eurytemora abundance, and both identified
the timing of these changes. The stoichiometric and biogeo-
chemical constraints presented in this review provide plausible
mechanisms for why these food webs changed as they did.
Comparisons across systems have provided evidence of com-
monalities in changes in food webs when nutrient stoichiometry
is altered.

A central conclusion of this analysis is that P control, with-
out concomitant N control, has unintended consequences. As
seen for the Bay Delta here and in previous analyses (Van
Nieuwenhuyse, 2007) and in the comparative systems described
above, P reductions can result in a decline in chlorophyll a.
Where cyanobacterial blooms previously had been problematic,
they declined initially, as in the Potomac River. However, once
benthic primary producers take hold, and their productivity in-
creases, the sediment “pump” of stored P begins to provide
this nutrient in sufficient quantities that organisms, such as di-
noflagellates, or cyanobacteria, such as Microcystis, can become
established or re-established. If the system also receives N in
the form of NH+4 , only organisms that can tolerate high con-
centrations of NH+4 are apparently able to thrive—including,
for the Bay Delta, certain macrophytes, bivalves, cyanobac-
teria, cyclopoids, and omnivorous/piscivorous fish. Thus, it is
the interplay of P sequestration and NH+4 tolerance that con-
tributes to shifts to new dominants; this interplay is clearly il-
lustrated in the strong positive or negative correlations of many
species at all trophic levels with DIN:TP or DIN:DIP (Table 5).
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ECOLOGICAL STOICHIOMETRY, BIOGEOCHEMISTRY, AND AQUATIC FOOD WEBS 401

Those organisms that can successfully sequester P will become
dominant when P reductions are made, because the sediment
will continue to provide this nutrient. Once the sediment P pump
has become established, the system can be viewed as having
reached a tipping point, wherein further P reductions likely will
only exacerbate the problem. Key among these associations is
the NH+4 sensitivity of diatoms, which are strongly associated
with the success of many species (Table 6). Their decline has
consequences for the food web at many levels.

Two management strategies are envisioned for systems un-
dergoing ecosystem changes associated with stoichiotrophic im-
balance: either increase the P load or decrease the N load. In-
creasing P—for systems that are rich in N—risks pushing the
system toward a classical eutrophied condition, with concomi-
tant increased hypoxia/anoxia and unfavorable changes in the
benthic community. Reductions in N (especially NH+4 ) will al-
low organisms, from diatoms to fish, that cannot withstand high
NH+4 (and/or that are outcompeted by NH+4 -tolerant organisms,
such as various harmful dinoflagellates and cyanobacteria) to
compete. The challenge for resource managers is how to recog-
nize when such a tipping point has occurred and when aggres-
sive P reductions would therefore be counter-productive. This
conclusion contradicts some authors, such as Carpenter (2008)
and Schindler et al. (2008), who view P reductions as the sole
solution to eutrophication, but supports that of Fisher et al.
(1992), Hagy et al., (2004), Burkholder et al. (2006), Howarth
and Paerl (2008), Conley et al. (2009), and Paerl (2009), who
view both N and P controls to be necessary. Control of P works
to a point but appears not to be able to overcome the bio-
geochemical “pumping” of P from P-laden sediments into the
overlying water. Initial responses, such as chlorophyll a and
bloom reductions in response to P control, may give resource
managers a false sense of success; once the threshold of bio-
geochemical control has been crossed, more P control is not
the solution. The same biogeochemical regulation of P release
supporting cyanobacterial blooms in the Baltic Sea has been
reported, where it has been strongly emphasized that “During
longer time scales, reductions in external phosphorus load may
reduce cyanobacterial blooms; however, on shorter time scales
the internal phosphorus loading from the sediment can counter-
act external phosphorus reductions” (Vahtera et al., 2007, p. 1).

Interestingly, in 2010, additional P reduction measures, i.e.,
removal of P from dishwashing detergents, were taken in Cal-
ifornia. Stoichiometric and biogeochemical regulation would
suggest that N control is much more imperative. New require-
ments for effluent removal from the major wastewater treatment
plant (WWTP) on the Sacramento River call for reductions
in N loading from the current 14 to 8 tonnes day−1 (2.2 mg
L−1 NH+4 + 10 mg L−1 NO3

−; permitted up to 181 mgd) in
the coming decade through implementation of nitrification and
denitrification (Central Valley Regional Water Quality Control
Board, 2010). This biological nutrient removal would result in a
significant decrease in effluent DIN:TP ratios. Riverine N:P is
not expected to change to this extreme, however, due to other nu-
trient loading sources (Sobota et al., 2009). Inasmuch as P levels

are approximately what they were in the early 1970s when the
food web supported such fishes as abundant delta smelt, it is N
that must be reduced, rather than P that should be increased, to
achieve the desired balance and food web restoration.

In further support of N reduction, restoration efforts in the
Potomac are showing evidence of reduction in exotic species and
a return of native vegetation following the reduction in waste-
water N (Ruhl and Rybicki, 2010). Similarly, a 57% reduction
in N loading in Tampa Bay between the 1980s and 2002 led to
extensive recovery of native seagrasses, and a similar recovery
was observed for Sarasota Bay following a 46% reduction in its
N loading (Johansson and Greening, 2000; Tomasko et al., 2005;
Ralph et al., 2006). Elemental stoichiometry provides the theory,
and the Potomac River and Tampa Bay provide examples, that
the Bay Delta’s food web will likely be altered favorably under
the projected nutrient regime of the Bay Delta once N controls
have been enacted.

Broader Implications

A number of broader implications emerge from this analysis.

(1) The patterns in invasions of species in the Bay Delta and
the comparative systems described herein are generally
supportive of the emerging concept that invasions are not
strictly stochastic events; rather, environmental changes in-
teract with vectors of invasion to enhance their success (e.g.,
Hobbs, 2000; Kolar and Lodge, 2001). There have been nu-
merous other examples where ecosystem disturbance has
been associated with the opportunity for species to colonize
following new introductions and/or for latent populations
to expand (Hobbs and Huenneke, 1992; Hobbs, 2000). That
the pattern of trophic cascades is similar in systems ranging
from the Bay Delta to the Potomac River and elsewhere is
evidence of the similar paths that systems undergo in bio-
geochemistry and biological interactions when nutrients are
altered. Changes in land use, nutrient loading, and climate-
related changes have all been associated with successful
species invasions (Carlton, 2000; Winder et al., 2011). To
this list, the interacting effects of P reductions and static or
increasing N loads are an important addition.

(2) There has been much debate about nutrient regulation and
limitation, most recently in a set of papers about the poten-
tial importance of N versus P in estuaries (Schindler et al.,
2008; Schindler and Hecky, 2008; Howarth and Paerl, 2008;
Carpenter, 2008; Conley et al., 2009). Schindler argued that
P is the limiting nutrient in lakes, and therefore, eutrophi-
cation can be controlled by controlling that nutrient. Others
have argued for the need for control of both nutrients in estu-
arine and freshwater systems (e.g., Fisher et al., 1992; Paerl
et al., 2004; Burkholder et al., 2006; Howarth and Marino,
2006; Howarth and Paerl, 2008; Conley et al., 2009; Paerl,
2009). The synthesis provided here bears on this argument
in several ways. In many estuarine systems, N is no longer
the limiting nutrient; it is the excess of N loading that is
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402 P. M. GLIBERT ET AL.

of concern, not its lack of supply. Reductions in P have
indeed reduced chlorophyll a levels in many systems, and
this change in phytoplankton biomass has frequently been
referred to as oligotrophication. Moreover, the shift to an
alternate stable state does not a priori mean that the sys-
tem is returned to its natural, un-eutrophied state, because
that system may be much more susceptible to invasions of
non-indigenous species. While individual species and pro-
cesses respond to single nutrients, the relative proportion
of N and P collectively alters metabolism, species compo-
sition, and food webs. Nutrient ratios may not effectively
structure phytoplankton communities (with the exception of
N2-fixing cyanobacteria favored when N:P ratios are low),
but they exert a strong regulatory control on food webs,
biogeochemistry, and ecosystem structure as a whole.

(3) In what has become a much-referenced study in a very short
period of time, Duarte et al. (2008) discussed the pathways
of return of an ecosystem following nutrient removal—the
“Return to Neverland” (sensu the children’s story of Peter
Pan and Wendy). They surveyed the literature for systems
that have undergone nutrient loading and nutrient reductions
to determine if there were common patterns. The trajecto-
ries of response were complex and varied. Duarte et al.
attributed this to “shifting baselines,” recognizing that sys-
tems have changed due to invasions, extinctions, overfish-
ing, climate change, and other factors; thus, any expectation
that the system will return to what it was decades before
is a flawed assumption. They did not, however, differen-
tiate those systems where stoichiometry had been altered.
Despite the difficulty in predicting exactly how individual
systems will respond, Duarte et al. (2008, p. 6) underscored
that “efforts to reduce nutrient inputs to eutrophied coastal
ecosystems have indeed delivered important benefits by ei-
ther leading to an improved status of coastal ecosystems or
preventing damages and risks associated to further eutroph-
ication.” A stoichiometric perspective may aid the under-
standing of how systems can actually return to a new—or
altered—stable state.

(4) Global change patterns suggest that acidification of the
oceans and its effects on physiology and biodiversity is
a major emerging issue (e.g., Fabry et al., 2008; Hen-
driks et al., 2010; Kroeker et al., 2010; Vézina and Hoegh-
Guldberg, 2008 and references therein). Shown here, as well
as in many other reports (Pedersen and Hansen, 2003a,b;
Søderberg and Hansen, 2007), highly productive aquatic
systems are, instead, sustaining alkalinification. As sug-
gested here, alkalinification may be another consequence
of altered N:P ratios and the comparative ability of macro-
phytes to thrive under these conditions. The consequences
for biogeochemical and related trophic dynamic changes at
high pH are as large as those at reduced pH values. The
range of pH fluctuations under highly productive systems,
up to several pH units, is much higher than what is occurring
and expected under acidification. There is a pressing need
to better understand effects of variable pH must be better

understood across the range of environmentally relevant pH
values, including the alkaline range.

(5) One of the most common “currencies” of trophodynamic
studies is C. Many studies normalize rates or mass to C.
When food quality (i.e., nutritional content) is linked to
food web outcome, however, feedback effects and nutrient
biogeochemical processes also play large roles in species
success. The findings here suggest that strengthened insights
may be gained by use of additional denominators—that P
and N “currency” yields insights not found with C “cur-
rency.” While productivity is a function of C, community
composition is more strongly linked to N and P. Concep-
tualizing all change as a function of C transfer and pro-
ductivity can lead to a flawed conclusion that productiv-
ity, biomass, and species composition are all regulated by
a single element (McIntyre and Flecker, 2010). Similarly,
many trophic interactions, such as, for example, rates of
growth or fecundity, are interpreted in the context of the
requirements by grazers for acquisition of particular fatty
acids, as a measure of the food quality of algae (e.g., Ågren
et al., 1990; Coutteau and Sorgeloos, 1997; Weers and Gu-
lati, 1997; Brett and Müller-Navarra, 1997). Some diatom
species produce certain highly unsaturated fatty acids that
are essential for zooplankton reproduction (reviewed by
Kilham et al., 1997), while flagellates generally produce
different fatty acids than diatoms (Olsen, 1999). Moreover,
some cyanobacteria greatly reduce their phospholipid con-
tent in relation to P stress (Van Mooey et al., 2009), while
some green algae have been shown to have higher lipid con-
tent under P limitation (e.g., Kilham et al., 1997). Cellular
biochemical constituents are strongly influenced by the ele-
mental composition of the cells, and relationships between
these indices of food quality and elemental stoichiometry
should be explored.

(6) Cyanobacteria may do well at both ends of the Redfield
spectrum. Most of the previous focus on P reductions has
been based on the assumption that N limitation will lead
to cyanobacterial blooms, because many cyanobacterial
species are capable of N2 fixation; thus, if N-limiting con-
ditions do not occur, cyanobacteria blooms may be reduced
or avoided (e.g., Downing et al., 2001). However, Microcys-
tis often occurs in high N:P ambient conditions, making it
an enigmatic bloom former under the prevailing assump-
tion that high N:P will drive the ecosystem away from
cyanobacteria. Its success apparently is a function of its
ability to either efficiently garner its requisite P or reduce
its P requirement. Stoichiometric homeostasis (Figure 4)
may be yet another explanation for release of nutrient-rich
(or, in some cases, C-rich) toxins, not only by Microcys-
tis but potentially by other harmful algal species, such as
dinoflagellates.

(7) Various indices and metrics have been developed to mea-
sure eutrophication status (e.g., Llansó et al., 2003; Corbett
et al., 2005; Buchanan et al., 2005; Lacouture et al., 2006;
Bricker et al., 2008; Williams et al., 2010; US EPA, 2009).
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However, virtually all of these indices are measures of the
classic symptoms of eutrophication—increase in chloro-
phyll a, decline in SAV, extent of hypoxia, or harmful algal
blooms (HABs). There are as yet no quantitative indices
for the impacts of altered stoichiometry. Application of the
traditional eutrophication indices will lead to the erroneous
conclusion that these systems are not nutrient stressed. A
new suite of indicators needs to be developed to more ac-
curately characterize these systems. Such indicators will
need to vary, depending on which end of the stoichiomet-
ric continuum a system may lie. For systems with high
N:P ratios, these indicators could include extent of cover-
age of SAV by invasive macrophytes, decline in chlorophyll
a, extent of cyanobacteria blooms, bivalve invasions, pisci-
vore/planktivore abundance, calanoid/cyclopoid ratios, and
sediment release of P and N, as examples.

(8) The alternate stable states that have been documented here
and in comparative systems should be considered in light of
additional societal considerations about which state is pre-
ferred. The Bay Delta management arena has coped with
societal implications of water use with regard to protections
of an endangered species. Shown here is a dichotomy of
stable states of fish communities. If stoichiometry is indeed
an important regulator of trophodynamics, to save the delta
smelt (i.e., to restore large populations of it) will require
that the system be adjusted to have many characteristics of
a more classically defined eutrophic system, with higher
chlorophyll a levels, higher turbidity, less benthic vegeta-
tion, and fewer largemouth bass. Most coastal communities
that are coping with systems in altered stable states are
attempting to shift to a system with more piscivores, not
fewer, and clearer conditions, not more turbid water.

(9) Regulation of a single nutrient without recognition of the
role of nutrient stoichiometry simply serves to displace in
space the impacts of eutrophication (Fisher et al., 1992;
Hagy et al., 2004; Paerl et al. 2004). While production and
chlorophyll a biomass may be held in check in the river or es-
tuary due to P limitation, N is displaced downstream where
it eventually intercepts adequate levels of P to form blooms,
either in the estuarine reach of the system—or even offshore
(Figure 39). Such an effect has been documented for the
Neuse River Estuary, the mesohaline reach of Chesapeake
Bay, and the southern Baltic Sea in the Sweden archipelago
region; eutrophication effects increased in these systems
when P reduction, but not N reduction, was imposed up-
stream (Fisher et al., 1992; Paerl et al., 2004). Many marine
HABs are increasing (Anderson et al., 2002; Glibert et al.,
2005; Heisler et al., 2008), and increasingly these changes
are being related to nutrient changes, even for those species
that were previously thought to be unrelated to nutrient
pollution (Burkholder et al., 2008). For example, the clas-
sic “red tide” former, Noctiluca scintillans, was recently
found to be associated with offshore transport of excess N,
mediated through N cycling and trophic transfer (Harrison
et al., 2011). Thus, in a transect from an N-impacted river to

the sea, stoichiometric proportions change significantly, and
when P is controlled upstream, algal blooms are displaced
either downstream or offshore. Dilution does not solve the
problem, it just displaces it.

Recommendations for Further Study

While compelling, the ecological stoichiometric model raises
many questions that need further analysis in the San Francisco
Estuary. The synthesis provided herein is based on a reconstruc-
tion of biogeochemical and trophic interactions based on his-
torical data and basic knowledge of biogeochemical processes
and organismal physiology. Using comparative systems, it was
shown that similar dynamics have developed in other systems
affected by similar stressors. However, regulation of the food
web by nutrient controls is directly testable, and there is much
that needs to be explored to test these relationships directly.

In 1985, Cloern and Nichols outlined a number of research
questions regarding the importance of nutrients and nutrient
processes that were understudied in the San Francisco Estuar-
ine system. Although progress has been made on some of these
issues, many remain. These include, “sediment dynamics and
transport, primary production of benthic microalgae, virtually
all aspects of microbial ecology and biogeochemistry, the nature
and role of microzooplankton, sources and fates of toxic con-
taminants (particularly organic compounds), nutrient budgets,
and riverine inputs of organic material” (Cloern and Nichols,
1985, p. 236).

In 2011, many of the same research questions can be outlined,
including:

(1) What are the dynamics of sediment nutrient fluxes, and how
do they vary spatially and seasonally within the Bay Delta?
How do they vary with freshwater flow?

(2) What are the dynamics of the organic sources of nutrients,
and how does their stoichiometry compare to the inorganic
forms presented here? How do they vary spatially and tem-
porally? How do they contribute to the nutrition of the pri-
mary producers?

(3) How do rooted versus floating invasive macrophytes differ
in their alteration of biogeochemical fluxes of nutrients, and
how does this vary with nutrient stoichiometry? How does
the metabolism of these plants compare to that of native
vegetation?

(4) To what extent are bacteria and microzooplankton stoichio-
metrically constrained, and how do their changes relate to
water column nutrient stoichiometry?

(5) What is the biomass stoichiometry of the fishes of the Bay
Delta? Do fish of varying species change in growth rate and
size in relation to varying quality of nutrients in their diet?

(6) Do stoichiometric changes or changes in flow (or salinity)
have a greater effect on fish metabolism/macroinvertebrate
metabolism?

reviews in fisheries science vol. 19 4 2011

D
ow

nl
oa

de
d 

by
 [

U
ni

v 
of

 M
d 

L
ib

/D
 W

in
ds

or
],

 [
Pa

tr
ic

ia
 G

lib
er

t]
 a

t 0
6:

43
 1

7 
O

ct
ob

er
 2

01
1 



404 P. M. GLIBERT ET AL.

Figure 39 Conceptual diagram of a generalized estuary affected by high NH+4 loading from a point source discharge but with reduced P loads. The immediate
impact zone has the potential to have strong negative impacts on organisms, either through direct toxicity or indirect inhibition effects. As the NH+4 moves
downstream, processes such as nitrification (depicted as an arrow from NH+4 to NO3

−) may convert substantial amounts of N from NH+4 to NO3
−. If macrophytes

are common in this reach of the system, recycling of P from the sediment may result in increased P availability, although numerous organisms may effectively
take this up and sequester this P. Moving further downstream into the brackish estuarine zone, nitrification may continue, resulting in increased availability of
NO3

− relative to NH+4 . Together with P release from the sediments, and/or with inputs of P from oceanic sources, blooms of diatoms or other algae may occur
in this region, and the excessive production may result in hypoxia, seagrass loss, etc. The effectiveness of the estuarine filter (sensu Cloern 2001) will depend on
the size of the estuarine, residence time, depth, and many other factors. When N loading is very high, it will not all be effectively taken up in the riverine and
estuarine segments and will be exported offshore. The export may be in the form of dissolved (inorganic or organic) or particulate N. When sufficient P is available
in offshore sources, additional blooms may develop. A succession of blooms may also occur, with increasing importance of mixotrophic dinoflagellates expected
in such a progression (color figure available online).

(7) How does the stoichiometry of the invasive fauna compare
with that of native species?

(8) What are the synergistic effects of stoichiometric changes
in ambient nutrients and other stressors on the Bay
Delta food web, such as changes in temperature, pH, or
light?

Answers to these questions, attainable through studies in con-
trolled laboratory or mesocosm settings or field measurements,
would greatly advance understanding about the factors control-
ling the food web of San Francisco Estuary and would also
advance the knowledge base and tools for managers to make
informed decisions regarding the future of the Bay Delta.
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NOTE ADDED IN PROOF

Sobota et al. (2011) have estimated multiple sources of P
inputs to the Bay Delta based on spatially explicit information on
fertilizer, livestock, agriculture and human population. Human
sewage was the dominant source in the Upper Sacramento. They
underscore that more biogeochemical information on P sources
and export is needed for this system.

Sobota, D.J., J.A. Harrison, and R.A. Dahlgren. Linking dis-
solved and particulate phosphorus export in rivers draining Cal-
ifornia’s Central Valley with anthropogenic sources at the re-
gional scale. J. Environ. Qual., 40: doi:10.2134/jeq2011.0010
(2011).
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Caiola, N. Cid, H. Hampel, R. Sánchez, and R. Trobajo. Changes
in dissolved nutrients in the lower Ebro River: Causes and conse-
quences. Limnetica, 27: 131–142 (2008).

Ibelings, B. W., R. Portielje, E. H. R. R. Lammens, R. Noordhuis,
M. S. van denBerg, W. Joosse, and M. L. Meijer. Resilience of
alternative stable states during the recovery of shallow lakes from
eutrophication: Lake Veluwe as a case study. Ecosystems, 10: 4–16
(2007).

reviews in fisheries science vol. 19 4 2011

D
ow

nl
oa

de
d 

by
 [

U
ni

v 
of

 M
d 

L
ib

/D
 W

in
ds

or
],

 [
Pa

tr
ic

ia
 G

lib
er

t]
 a

t 0
6:

43
 1

7 
O

ct
ob

er
 2

01
1 



ECOLOGICAL STOICHIOMETRY, BIOGEOCHEMISTRY, AND AQUATIC FOOD WEBS 411

Irigoien, X., K. J. Flynn, and R. P. Harris. Phytoplankton blooms: A
‘loophole’ in microzooplankton grazing impact? J. Plankton Res.,
27: 313–321 (2005).

Ives, A. R., and S. R. Carpenter. Stability and diversity of ecosystems.
Science, 317: 58–62 (2007).

Jähnichen, S., T. Ihle, T. Petzoldt, and J. Benndorf. Impact of inor-
ganic carbon availability on microcystin production by Microcystis
aeruginosa PCC7806. Appl. Environ. Microbiol., 73: 6994–7002
(2007).

Jassby, A. Phytoplankton in the upper San Francisco Estuary: Re-
cent biomass trends, their causes and their trophic significance. San
Francisco Estuary and Watershed Science. Available from eschol-
arship.org/uc/item/71h077r1 (2008).

Jassby, A. D., and J. E. Cloern. Organic matter sources and rehabili-
tation of the Sacramento-San Joaquin Delta (California, USA). Aq.
Conservation: Mar. Freshwater Ecosys., 10: 323–352 (2000).

Jassby, A. D., J. E. Cloern, and B. E. Cole. Annual primary produc-
tion: Patterns and mechanisms of change in a nutrient-rich tidal
ecosystem. Limnol. Oceanogr., 47: 698–712 (2002).

Jassby, A. D., J. E. Cloern, and A. Müller-Solger. Phytoplankton fuels
Delta food web. Calif. Agric., 57: 104–109 (2003).

Jassby, A. D., W. J. Kimmerer, S. G. Monismith, C. Armor, J. E.
Cloern, T. M. Powell, J. R. Scubel, and T. J. Vendlindski. Isohaline
position as a habitat indicator for estuarine populations. Ecol. Appl.,
5: 272–289 (1995).

Jaworski, N. A., and W. D. Romano. A historical analysis of eutrophica-
tion in the Potomac Estuary. In: Tidal Potomac Integrative Analysis
Project (Buchanan, C., Ed.). Washington, DC: ICPRB, 268 (1999).

Jaworski, N. A., W. D. Romano, and C. Buchanan. The Potomac River
Basin and its estuary: Landscape loadings and water quality trends
1895–2005. Available from www.PotomacRiver.org (2007).

Jenkins, G. M., and D. G. Watts. Spectral Analysis and Its Applications.
Holden-Day, San Francisco, CA (1968).

Jensen, H. S., and F. O. Andersen. Importance of temperature, nitrate,
and pH for phosphate release from sediments of four shallow, eu-
trophic lakes. Limnol. Oceanogr., 39: 577–589 (1992).

Jeyasingh, P. D., and L. J. Weider. Phosphorus availability medi-
ates plasticity in life-history traits and predator-prey interactions
in Daphnia. Ecol. Lett., 8: 1021–1028 (2005).

Jeyasingh, P. D., and L. J. Weider. Fundamental links between genes
and elements: evolutionary implications of ecological stoichiometry.
Mol. Ecol., 16: 4649–4661 (2007).

Johansson, J. O. R., and H. S. Greening. Seagrass restoration in
Tampa Bay: A resource-based approach to estuarine management,
pp. 279–293. In: Seagrasses: Monitoring, Ecology, Physiology and
Management (Borton, S. A., Ed.). New York: CRC Press (2000).

John, E. H., and K. J. Flynn. Modelling changes in paralytic shellfish
toxin content of dinoflagellates in response to nitrogen and phos-
phorus supply. Mar. Ecol. Prog. Ser., 225: 147–160 (2002).

Jones, C., J. Lawton, and M. Shachak. Organisms as ecosystem engi-
neers. Oikos, 69: 373–386 (1994).

Jordan, T. E., J. C. Cornwell, W. R. Boynton, and J. T. Anderson.
Changes in phosphorus biogeochemistry along an estuarine salinity
gradient: the iron conveyer belt. Limnol. Oceanogr., 53: 172–184
(2008).

Justic, D., N. N. Rabalais, R. E. Turner, and Q. Dortch. Changes in
nutrient structure of river-dominated coastal waters: Stoichiometric
nutrient balance and its consequences. Estuar. Coast. Shelf Sci., 40:
339–356 (1995).

Kagami, M., and J. Urabe. Phytoplankton growth rate as a function of
cell size: An experimental test in Lake Biwa. Limnology, 2: 111–117
(2001).

Karl, D. M., K. M. Björkman, J. E. Dore, L. Fujieki, D. V. Hebel, T.
Houlihan, R. M. Letelier, and L. M. Tupas. Ecological nitrogen-
to-phosphorus stoichiometry at station ALOHA. Deep-Sea Res. 48:
1529–1566 (2001).

Kemp, W. M., W. R. Boynton, J. E. Adolf, D. F. Boesch, W. C. Boicourt,
G. Brush, J. C. Cornwell, T. R. Fisher, P. M. Glibert, J. D. Hagy, L. W.
Harding, E. D. Houde, D. G. Kimmel, W. D. Miller, R. I. E. Newell,
M. R. Roman, E. M. Smith, and J. C. Stevenson. Eutrophication in
Chesapeake Bay: Historical trends and ecological interactions. Mar.
Ecol. Prog. Ser., 303: 1–29 (2005).

Khanna, S., M. J. Santos, and S. Ustin. Synergistic effects of disturbance
and control in the decline of Eichhornia crassipes in the Sacramento-
San Joaquin Delta. American Geophysical Union Annual Meeting
(Abstract). San Francisco, CA. December 14-18 (2009).

Kilham, S. S., D. A. Kreeger, C. E. Goulden, and S. G. Lynn. Effects of
nutrient limitation on biochemical constituents of Ankistrodesmus
falcatus. Freshw. Biol., 38: 591–596 (1997).

Kimmerer, W. J. Effects of freshwater flow on abundance of estuarine
organisms: Physical effects or trophic linkages? Mar. Ecol. Prog.
Ser., 243: 39–55 (2002).

Kimmerer, W. J. Open water processes of the San Francisco Es-
tuary: From physical forcing to biological responses. San Fran-
cisco Estuary and Watershed Sci., 2. Available from escholar-
ship.org/uc/item/9bp499mv (2004).

Kimmerer, W. J., J. H. Cowan, Jr., L. W. Miller, and K. A. Rose. Anal-
ysis of an estuarine striped bass population: Influence of density-
dependent mortality between metamorphosis and recruitment. Can,
J. Fish. Aq. Sci. 57: 478–486 (2000).

Kimmerer, W. J., E. Gartside, and J. J. Orsi. Predation by an introduced
clam as the probable cause of substantial declines in zooplankton in
San Francisco Bay. Mar. Ecol. Prog. Ser., 113: 81–93 (1994).

Kimmerer, W., A. Parker, J. Thompson, G. McManus, J. York, A.
Gould, V. Greene, U. Lidstrom, A. Slaughter, and T. Ignoffo. The
pelagic food web of the upper San Francisco Estuary: Changing con-
ditions and changing understanding. Bay-Delta Science Conference
(Abstract). September 27–29, Sacramento, CA (2010).

Kiørboe, T. Phytoplankton growth rate and nitrogen content: Implica-
tions for feeding and fecundity in a herbivorous copepod. Mar. Ecol.
Prog. Ser., 55: 229–234 (1989).

Klausmeier, C. A., E. Litchman, T. Daufresne, and S. A. Levin. Optimal
N:P stoichiometry of phytoplankton. Nature, 429: 171–174 (2004).

Kohler, M. A. Double-mass analysis for testing the consistency of
records and for making adjustments. Bull. Amer. Meteorol. Soc. 30:
188–189 (1949).

Kolar, C., and D. M. Lodge. Progress in invasion biology: Predicting
invaders. Trends Ecol. Evol., 16: 199–204 (2001).

Krebs, C. An Ecological World View. Berkeley, CA: University of
California Press. 574 pp. (2008).

Kroeker, K. J., R. L. Kordas, R. M. Crimm, and G. G. Singh. Review
and synthesis: Meta-analysis reveals negative yet variable effects of
ocean acidification on marine organisms. Ecol. Lett. 13: 1490–1434
(2010).

Krogmann, D. W., R. Butalla, and J. Sprinkle. Blooms of cyanobacteria
on the Potomac River. Plant Physiol., 80: 667–671 (1986).

Kuwabara, J. S., B. R. Topping, F. Parchaso, A. C. Engelstad, and
V. E. Greene. Benthic flux of nutrients and trace metals in the

reviews in fisheries science vol. 19 4 2011

D
ow

nl
oa

de
d 

by
 [

U
ni

v 
of

 M
d 

L
ib

/D
 W

in
ds

or
],

 [
Pa

tr
ic

ia
 G

lib
er

t]
 a

t 0
6:

43
 1

7 
O

ct
ob

er
 2

01
1 



412 P. M. GLIBERT ET AL.

northern component of San Francisco Bay, California. U.S. Geo-
logical Survey Open-File Report 2009–1286, 14 pp. Available from
http://www.usgs.gov/.(2009).

Kurtz, J., N. Detenbach, V. D. Engle, K. Ho, L. M. Smith, S. J. Jordan,
and D. Campbell. Classifying coastal waters: Current necessity and
historical perspective. Estuaries Coasts, 29: 107–123 (2006).

Lacouture, R. V., J. M. Johnson, C. Buchanan, and H. G. Mar-
shall. Phytoplankton index of biotic integrity for Chesapeake
Bay and its tidal tributaries. Estuaries Coasts, 29: 598–616
(2006).

Lara, M. V., P. Casati, and C. S. Andreo. CO2-concentrating mecha-
nisms in Egeria dense, a submersed aquatic plant. Physiol. Plan-
tarum, 115: 487–495 (2002).

Laspoumaderes, C., B. Modenutti, and E. Balseiro. Herbivory versus
omnivory: Linking homeostasis and elemental imbalance in copepod
development. J. Plankton Res. 32: 1573–1582 (2010).

Latimer, J. S., and S. A. Rego. Empirical relationship between eelgrass
extent and predicted watershed-derived nitrogen loading for shal-
low New England estuaries. Estuar. Coastal Shelf Sci. 90: 223–240
(2010).

Lee, S. J., M.-H. Jang, H.-S. Kim, B.-D. Yoon, and H.-M. Oh. Vari-
ation on microcystin content of Microcystis aeruginosa relative to
medium N:P ratio and growth stage. J. Appl. Microbiol., 89: 323–329
(2000).

Lehman, P. W. 2000. Phytoplankton, carbon, cell diameter and species
composition in the low salinity zone of northern San Francisco Bay
Estuary. Estuaries, 23: 216–230.

Lehman, E. Seasonal occurrence and toxicity of Microcystis in im-
poundments of the Huron River, Michigan, USA. Water Res., 41:
795–802 (2007).

Lehman, P. W. The influence of climate on mechanistic pathways that
affect lower food web production in northern San Francisco Bay
Estuary. Limnol. Oceanogr., 27: 311–324 (2004).

Lehman, P. W., G. Boyer, C. Hall, S. Walker, and K. Gehrts. Distribution
and toxicity of a new colonial Microcystis aeruginosa bloom in the
San Francisco Bay Estuary, California. Hydrobiologia, 541: 87–99
(2005).

Lehman, P. W., G. Boyer, M. Stachwell, and S. Walker. The influence
of environmental conditions on seasonal variation of Microcystis
abundance and microcystins concentration in San Francisco Estuary.
Hydrobiologia, 600: 187–204 (2008).

Lehman, P. W., S. J. The, G. L. Boyer, M. L. Nobriga, E. Bass, and
C. Hogle. Initial impacts of Microcystis aeruginosa blooms on the
aquatic food web in the San Francisco Estuary. Hydrobiologia, 637:
229–248 (2010).

Lehtoranta, J., P. Ekholm, and H. Pitkänen. Coastal eutrophication
thresholds: A matter of sediment microbial processes. Ambio, 38:
303–308 (2009).

Leonardos, N., and R. J. Geider. Responses of elemental and biochem-
ical composition of Chaetoceros muelleri to growth under varying
light and nitrate:phosphate supply ratios and their influence on crit-
ical N:P. Limnol. Oceanogr., 49: 2105–2114 (2004a).

Leonardos, N., and R. J. Geider. Effects of nitrate:phosphate supply
ratio and irradiance on the C:N:P stoichiometry of Chaetoceros
muelleri. Eur. J. Phycol., 39: 173–180 (2004b).

Lin, H.-P., P. Thuet, J. P. Trilles, R. Mounet-Guillaume, and G. Char-
mantier. Effects of ammonia on survival and osmoregulation of vari-
ous development stages of the shrimp Penaeus japonicus. Mar. Biol.,
117: 591–598 (1993).

Lindemuth, T. Linking nutrients to severe Delta eutrophication,
2009/2010 findings. Bay-Delta Science Conference (Abstract),
September 27–29, Sacramento, CA (2010).

Linville, R. G., S. N. Luoma, L. Cutter, and G. A. Cutter. Increased se-
lenium threat as a result of invasion of the exotic bivalve Potamocor-
bula amurensis into the San Francisco Bay Delta. Aquat. Toxicol.,
57: 1–2 (2002).
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Ståhl-Delbanco, A., L.-A. Hansson, and M. Gyllström. Recruitment of
resting stages may induce blooms of Microcystis at low N:P ratios.
J. Plankton Res., 25: 1099–1106 (2003).

Stanne, S. P., R. G. Panetta, and B. E. Forist. The Hudson: An Illustrated
Guide to the Living River. New Brunswick, NJ: Rivergate Books
(2007).

Sterner, R. W., and J. J. Elser. Ecological Stoichiometry: The Biology of
Elements from Molecules to the Biosphere. Princeton, NJ: Princeton
University Press. 439 pp. (2002).

Sterner, R. W., and N. B. George. Carbon, nitrogen, and phosphorus
stoichiometry of cyprinid fishes. Ecology, 81: 127–140 (2000).

Stibor, H., O. Vadstein, S. Diehl, A. Glezleichter, T. Hansen, F.
Hantzsche, A. Katechalis, K. Loseth, C. Peters, W. Roederer, M.
Sandow, L. Sundt-Hansen, and Y. Olsen. Copepods act as a switch
between alternative trophic cascades in marine pelagic food webs.
Ecol. Lett., 7: 321–328 (2004).

Strayer, D. L. Alien species in the Hudson River Estuary, pp. 296–312.
In: The Hudson River Estuary (Levinton, J. S., and J. R. Waldman,
Eds.). New York, NY: Cambridge University Press (2006).
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PUBLIC WATER AGENCIES 
SLDMWA/SWC 

DELTA OUTFLOWS AND OTHER 
STRESSORS 



Key Points 

• Regulation of flow should be considered as part of a 
comprehensive set of actions intended to restore Delta 
ecosystem functions; 
 

• Need reasonable certainty that additional flow would provide 
targeted ecosystem functions given highly altered system and 
limited availability of water resources serving competing 
beneficial uses;  
 

• Aspects of the science regarding outflow are uncertain and in 
dispute.   
 

• Significant resources are being invested in science to reduce 
uncertainties, resolve disagreements, and identify future 
conservation measures.   
 

2 
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Outflow 

Exports 

Consumptive Use 

Environmental Context: 
Highly Altered System 
 
*Additional alterations  
  have occurred which are 
  not depicted.  
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In the highly altered Bay-Delta ecosystem, functions may not 
be improved with reservoir releases through leveed, 
riprapped channels. A suite of restoration approaches can 
restore habitat functions.   
 
 
 

Need Reasonable Certainty That Changing Outflow Will 
Provide Targeted Ecosystem Functions 
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There is no long-term annual 
trend  in outflow. 
 
Significant outflow variability  
continues to exist due to climatic 
variability.   

Fall X2 position does not 
resemble dry conditions 
regardless of water year type. 
   
Rather, CVP-SWP operations 
augment the position of X2 
following drier springs to 
resemble wetter conditions. 
 

Disagreements About How Outflows Have Changed Over Time   
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Analyses suggests that current annual outflow is about the 
same as pre-development outflow. 

Disagreement About  
How Outflows Have Changed Since Predevelopment   
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Analyses suggests that current annual outflow is about the 
same as pre-development outflow. 
The unimpaired outflow calculation does not accurately 
represent pre-development outflow. 
 

Disagreement About  
How Outflows Have Changed Since Predevelopment   
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Critical Reviews of Statistical Analyses Highlight  
Uncertainties (Delta Smelt)   

Statistical outcomes that vary 
widely depending on years of 
data and techniques used 
should be given weak 
consideration.  

1970 - 2013 

Peer reviews have raised  
questions about analyses 
underlying Fall X2 RPA. 

 

Results of recent statistical 
analyses regarding relationships 
between abundance and Fall X2 
are inconclusive. 
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Feyrer et al. 2011 did not find 
significant relationship between 
abundance and Fall X2.  Instead, they 
developed a habitat index and related 
it to X2 and abundance.       
 
New analyses suggest habitat factor 
driving relationship between smelt 
presence/absence is Secchi depth not 
Fall X2. 

New Analysis Suggests New Perspective (Delta Smelt)  

1967-2012 

 
1967-2012 
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Current FMWT:X2 relationship 
suggests large outflows achieve only  
small short-term abundance increases 

Different sampling surveys 
suggest different abundance  
trajectories. 

New Analyses Suggest New Perspective (Longfin smelt)  
 

1967-1987: Pre-clam 
1988—2002 :Post-clam 
2003-2011: Post POD 
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Correlation is not necessarily  
causation.  
 
Informed decision making requires 
an understanding of the life history 
and underlying mechanisms. 

New Analyses Suggest New Perspective (Longfin smelt)  
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Decreases in primary production 
and changes in phytoplankton 
community composition  
associated with high NH4  
and increasing N:P. 

Source control is preferable 
to dilution using outflow  
(See, Dugdale et al. 2012). 
   
Flow can help dilute NH4 but 
does not change ratios. 

Possible explanation: changes 
in nutrient loads and ratios. 

System Complex: Multiple Hypotheses Regarding System Change  
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Changes in speciation 
 
 

A Variety of Factors are Changing in the Delta 

Increases in predators Increases in toxic blue-green algae 



Science Investigations To Address Uncertainties 

Survey Inefficiencies: FWS initiated process to investigate 
survey inefficiencies to determine better ways to estimate 
delta smelt abundance and distribution 
 
Longfin smelt studies: DFW, SWC and other collaborators have 
identified a suite of studies that will expand current 
understanding of longfin smelt distribution, abundance, 
abundance trends, spawning locations, and the relationship 
between Delta outflow and longfin smelt abundance. 
 
Outflow and salinity trend studies: The PWAs, SFEI, UCD, and 
CSU San Luis Obispo are evaluating outflow and salinity under 
“natural” or pre-development conditions. 
 
CSAMP: Collaborative process developing study plans to 
evaluate the relationship between fall outflow and subsequent 
abundance of delta smelt and efficacy of Fall X2 action.  

14 



Restoration Actions To Improve Ecosystem 

Bay Delta Conservation Plan: BDCP will restore 
thousands of acres of habitat, undertake a suite of 
measures to address other stressors, and embark on a 
long-term investigation and adaptive management plan 
to address issues such as outflow, predation, 
contaminants, and restoration of natural processes.  
 
SRCSD Wastewater Treatment Plant Upgrade: Nutrient 
loading and its effect on the food web and the Delta 
environment being addressed through wastewater 
treatment plan upgrade. 
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Conclusion 

• Regulation of flow should be considered as part of comprehensive set 
of actions intended to restore Delta ecosystem functions; 
 

• Need reasonable certainty that additional flow would provide targeted 
ecosystem functions given highly altered system and limited 
availability of water resources serving competing beneficial uses;  
 

• Aspects of the science regarding outflow are uncertain and in dispute.   
 

• Significant resources are being invested in science to reduce 
uncertainties, resolve disagreements, and identify future conservation 
measures. 
 

 
**Supporting  materials available at Bay Delta Live: 
http://www.baydeltalive.com/projects/5840  

http://www.baydeltalive.com/projects/5840
http://www.baydeltalive.com/projects/5840
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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 





































 

1 
 

Report	Submission	to	
	

STATE	WATER	RESOURCES	CONTROL	BOARD	
	
	
By	
	

Robert	J.	Latour,	Ph.D	
Consultant	to	Sacramento	Valley	Water	Users	Group	and	

Northern	California	Water	Assocation	
	
		

	
Data	Analyses	in	Relation	to	Water	Flow	for	Fishes	in	the	Sacramento‐San	Joaquin	Delta	

Ecosystem		
	
	
	
	
	
	
	
	
________________________________	
Robert	J.	Latour,	Ph.D	
Consultant	
	
	
	
	

September	14,	2012	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

Public Workshop (10/1-2/12)
Bay-Delta Workshop 2

Deadline: 9/14/12 by 12 noon 

9-14-12



 

2 
 

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	



 

8 
 

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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Publications

∗ Indicates my graduate student; † Indicates graduate student collaboration

1. Gauthier, D.T., R.J. Latour, H.D. Gaff, W.K. Vogelbein. In press. Mycobacte-
riosis in striped bass (Morone saxatilis). For: Northeast Atlantic Coast Striped
Bass Fisheries Management. M. Armstrong and P. Perra, eds.

2. †Balazik, M.T., S.P. McIninch, G.C. Garman, and R.J. Latour. 2012. Age and
growth of Atlantic sturgeon (Acipenser oxyrinchus oxyrinchus) in the James River,
Virginia, 1997-2011. Transactions of the American Fisheries Society 141:1074-
1080.

3. Latour, R.J., E.J. Hilton, ∗P.D. Lynch, T.D. Tuckey, B.E. Watkins, and J.E.
Olney. 2012. Evaluating the current status of American shad (Alosa sapidissima)
stocks in three Virginia rivers. Marine and Coastal Fisheries: Dynamics, Manage-
ment, and Ecosystem Science 4:302-311.

4. ∗Lynch, P.D., K.W. Shertzer, and R.J. Latour. 2012. Estimating relative abun-
dance of highly migratory bycatch species. Fisheries Research 125-126:27-39.

5. Latour, R.J., D.T. Gauthier, J. Gartland, C.F. Bonzek, ∗K.A. McNamee, and
W.K. Vogelbein. 2012. Impacts of mycobacteriosis on the growth of striped bass
(Morone saxatilis) in Chesapeake Bay. Canadian Journal of Fisheries and Aquatic
Sciences 69:247-258.

6. ∗Buchheister, A. and R.J. Latour. 2011. Trophic ecology of summer flounder
in Chesapeake Bay inferred from stomach content and stable isotope analyses.
Transactions of the American Fisheries Society 140:1240-1254.

7. †Schloesser, R.W., M.C. Fabrizio, R.J. Latour, G.C. Garman, B. Greenlee, M.
Groves, and J. Gartland. 2011. Ecological Role of Blue Catfish in Chesapeake
Bay Communities and Implications for Management. In P. Michaletz and V.
Travnichek, eds., Conservation, ecology, and management of worldwide catfish
populations and habitats. American Fisheries Society, Bethesda, MD.

8. ∗Horodysky, A.Z., R.W. Brill, P.G. Bushnell, J.A. Musick, and R.J. Latour.
2011. Comparative metabolic rates of common western Atlantic Ocean sciaenid
fishes. Journal of Fish Biology 79:235-255.

9. ∗Lynch, P.D., J.E. Graves, and R.J. Latour. 2011. Challenges in the assessment
and management of highly migratory bycatch species: a case study of the Atlantic
marlins. Pages 197-226 in W.W. Taylor, A.J. Lynch, and M.G. Schechter, edi-
tors. Sustainable fisheries: multi-level approaches to a global problem. American
Fisheries Society, Bethesda, Maryland.

10. ∗Lynch, P.D., M.J. Brush, and R.J. Latour. 2011. Simulated short-term impacts
of the Atlantic menhaden reduction fishery on Chesapeake Bay water quality.
North American Journal of Fisheries Management 31:70-78.

11. Frisk, M.G., T.J. Miller, R.J. Latour, and S.J.D. Martell. 2011. Assessing
biomass gains from marsh restoration in Delaware Bay using Ecopath with Ecosim.
Ecological Modeling 222:190-200.
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12. Gauthier, D.T., K.S. Reece, J. Xiao, M.W. Rhodes, H.I. Kator, R.J. Latour,
C.F. Bonzek, J.M. Hoenig, and W.K. Vogelbein. 2010. Quantitative PCR assay
for Mycobacterium pseudoshottsii and Mycobacterium shottsii and application to
environmental samples and fishes from Chesapeake Bay, USA. Applied and Envi-
ronmental Microbiology 76:6171-6179.

13. Garrison, L.P, J.S. Link, D.P. Kilduff, M.D. Cieri, B. Muffley, D. Vaughan, A.
Sharov, B. Mahmoudi, and R.J. Latour. 2010. An expansion of the MSVPA
approach for quantifying predator-prey interactions in exploited fish communities.
ICES Journal of Marine Science 67:856-870.

14. ∗Horodysky, A.Z., R.W. Brill, E.J. Warrent, J.A. Musick, and R.J. Latour. 2010.
Comparative visual function in four piscivorous fishes inhabiting Chesapeake Bay.
Journal of Experimental Biology 213:1751-1761.

15. ∗Buchheister, A. and R.J. Latour. 2010. Turnover rates and fractionations of
δ13C and δ15N in tissues of a migratory coastal predator, summer flounder (Par-
alichthys dentatus). Canadian Journal of Fisheries and Aquatic Sciences 67:445-
461.

16. ∗Lynch, P.D., M.J. Brush, E.D. Condon, and R.J. Latour. 2010. Net removal
of nitrogen through ingestion of phytoplankton by Atlantic menhaden (Brevoortia
tyrannus) in Chesapeake Bay. Marine Ecological Progress Series 401:195-209.

17. Graves, J.E., ∗A.Z. Horodysky, and R.J. Latour. 2009. Use of pop-up satellite
archival tag technology to study postrelease survival of and habitat utilization by
estuarine and coastal fishes: an application to striped bass (Morone saxatilis).
Fishery Bulletin 107:373-383.

18. †Hoffman, J.C., C.F. Bonzek, and R.J. Latour. 2009. Estimation of bottom trawl
catch efficiency for two demersal fishes, the Atlantic croaker and white perch, in
Chesapeake Bay. Marine and Coastal Fisheries: Dynamics, Management, and
Ecosystem Science 1:255-269.

19. ∗Horodysky, A.Z., R.W. Brill, E.J. Warrent, J.A. Musick, and R.J. Latour. 2008.
Comparative visual function in five sciaenid fishes inhabiting Chesapeake Bay.
Journal of Experimental Biology 211:3601-3612.

20. Gauthier, D.T., R.J. Latour, D. Heisey, C.F. Bonzek, J. Gartland, E.J. Burge,
W.K. Vogelbein. 2008. Mycobacteriosis is associated with mortality in wild
striped bass (Morone saxatilis) from Chesapeake Bay, USA. Ecological Applica-
tions 18:1718-1727.

21. ∗Horodysky, A.Z., R.W. Brill, M.L. Fine, J.A. Musick, and R.J. Latour. 2008.
Acoustic pressure and particle motion thresholds in six sciaenid fishes. Journal of
Experimental Biology 211:1504-1511.

22. Hoenig, J.M., R.J. Latour, and J.E. Olney. 2008. Estimating stock composition
of American shad in Virginia using mark-recovery data. North American Journal
of Fisheries Management 28:507-515.

23. Latour, R.J., J. Gartland, C.F. Bonzek, and R.A. Johnson. 2008. The trophic
dynamics of summer flounder (Paralichthys dentatus) in Chesapeake Bay. Fishery
Bulletin 106:47-57.
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24. †Horodysky, A.Z., D.W. Kerstetter, R.J. Latour, and J.E. Graves. 2007. Habi-
tat utilization and vertical movements of white marlin (Tetrapturus albidus) re-
leased from commercial and recreational fishing gears in the western North Atlantic
Ocean: inferences from short-duration pop-up archival satellite tags (PSATs).
Fisheries Oceanography 16:240-256.

25. †Jiang, H., K.H. Pollock, C. Brownie, J.M. Hoenig, R.J. Latour, B.K. Wells, and
J.E. Hightower. 2007. Tag return models for catch-and-release fisheries: striped
bass natural mortality estimates change with age and calendar year. North Amer-
ican Journal of Fisheries Management 27:387-396.

26. Olney, J.E., R.J. Latour, B.E. Watkins, and D.G. Clarke. 2006. Migratory
behavior of American shad (Alosa sapidissima) in the York River, Virginia with
implications for estimating in-river exploitation from tag-recovery data. Transac-
tions of the American Fisheries Society 135:889-896.

27. Gartland, J., R.J. Latour, A.D. Halvorson, and H.M. Austin. 2006. Diet compo-
sition of young-of-the-year bluefish (Pomatomus saltatrix ) in the lower Chesapeake
Bay and the coastal ocean of Virginia. Transactions of the American Fisheries So-
ciety 135:371-378.

28. Lipcius, R.M. and R.J. Latour. 2006. Food web interactions and modeling.
Pages 103-144 in Chesapeake Bay Fisheries Ecosystem Advisory Panel (National
Oceanic and Atmospheric Administration Chesapeake Bay Office). Fisheries ecosys-
tem planning for Chesapeake Bay. American Fisheries Society, Trends in Fisheries
Science and Management 3, Bethesda, Maryland.

29. †Goldman, K.J., S.D. Anderson, R.J. Latour, and J.A. Musick. 2004. Homeothermy
in adult salmon sharks, Lamna ditropis. Environmental Biology of Fishes 71:403-
411.

30. Simpfendorfer, C.A , R. Bonfil, and R.J. Latour. 2004. Mortality estimation. In
Elasmobranch Fisheries Management Techniques. J.A Musick and R. Bonfil (eds.).
Joint publication between the Asia-Pacific Economic Cooperation (APEC), Inter-
national Union for the Protection of Nature (IUCN), and the Virginia Institute of
Marine Science (VIMS).

31. Latour, R.J. 2004. Tagging methods and associated data analysis. In Elas-
mobranch Fisheries Management Techniques. J.A Musick and R. Bonfil (eds.).
Joint publication between the Asia-Pacific Economic Cooperation (APEC), Inter-
national Union for the Protection of Nature (IUCN), and the Virginia Institute of
Marine Science (VIMS).

32. Latour, R.J., J.M. Hoenig, D.A. Hepworth, and S.D Frusher. 2003. A novel tag-
recovery model with two size classes for estimating fishing and natural mortality,
with implications for the southern rock lobster (Jasus edwardsii) in Tasmania,
Australia. ICES Journal of Marine Science 60:1075-1085.

33. Latour, R.J., M.J. Brush, and C.F. Bonzek. 2003. Toward ecosystem-based
fisheries management: strategies for multispecies modeling and associated data
requirements. Fisheries 28:10-22.

34. Welsh, S.A., A. Kahnle, B. Versak, and R.J. Latour. 2003. Use of tag data to
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compare growth rates of Atlantic Coast striped bass. Fisheries Management and
Ecology 10:289-294.

35. Latour, R.J., J.M. Hoenig, and K.H. Pollock. 2002. Properties of the residuals
from two tag-recovery models. Fishery Bulletin 100:856-860.

36. Latour, R.J., K.H. Pollock, C.A. Wenner, and J.M. Hoenig. 2001. Estimates of
instantaneous rates of fishing and natural mortality for red drum in South Carolina
waters. North American Journal of Fisheries Management 21:733-744.

37. Latour, R.J., J.M. Hoenig, J.E. Olney, and K.H. Pollock. 2001. Diagnostics
for multiyear tagging models with application to Atlantic striped bass (Morone
saxatilis). Canadian Journal of Fisheries and Aquatic Sciences 58:1716-1726.

38. Latour, R.J., J.M. Hoenig, J.E. Olney, and K.H. Pollock. 2001. A simple test for
nonmixing in multiyear tagging studies: application to striped bass tagged in the
Rappahannock River, Virginia. Transactions of the American Fisheries Society
130:848-856.

Work in progress

∗ Indicates my graduate student; † Indicates graduate student collaboration

1. ∗Sweetman, C.J., T.T. Sutton, M. Vecchione, and R.J. Latour. In review. Distri-
bution of Bathylagus euryops (Teleostei: Bathylagidae) along the Northern Mid-
Atlantic Ridge. Deep-Sea Research I.

2. ∗Sobocinski, K.L., J.J. Orth, M.C. Fabrizio, and R.J. Latour. In review. His-
torical comparison of fish community structure in lower Chesapeake Bay seagrass
habitats. Estuaries and Coasts.

3. ∗Buchheister, A, C.F. Bonzek, J. Gartland, and R.J. Latour. In review. Patterns
and drivers of the demersal fish community of Chesapeake Bay. Marine Ecological
Progress Series.

4. ∗Sweetman, C.J., T.T. Sutton, M. Vecchione, and R.J. Latour. Feeding ecology
of Bathylagus euryops (Teleostei: Bathylagidae) along the Northern Mid-Atlantic
Ridge. Target journal: Marine Ecological Progress Series.

5. ∗Wor, C., E.N. Brooks, and R.J. Latour. Evaluating the impact of stock structure
uncertainty in stock assessments of sailfish in the Atlantic Ocean. Target journal:
Fisheries Research.

6. †Funkey, C.P., R.J. Latour, and D.A. Bronk. Abiotic Release of low molecular
weight nitrogen from wastewater treatment plant effluent organic nitrogen. Target
journal: Environmental Science & Technology.

Other publications

Hilton, E.J., G.D. Johnson, E.D. Houde, and R.J. Latour. 2011. Obituary, John Edward
Olney, Sr. (1947-2010). Copeia 2011:332-341.
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Vaughan, D., J. Brust, M. Cieri, R.J. Latour, B. Mahmoudi, J. McNamee, G. Nesslage, A.
Sharov, J. Smith, and E. Williams. 2011. The 2011 Atlantic Menhaden Stock Assess-
ment for Peer Review. Atlantic States Marine Fisheries Commission Stock Assessment
Report No. 10-02.

Christensen, V., A. Beattie, C. Buchanan, H. Ma, S.J.D. Martell, R.J. Latour, D. Preik-
shot, M.B. Sigrist, J.H. Uphoff, C.J. Walters, R.J. Wood, and H. Townsend. 2009.
Fisheries Ecosystem Model of the Chesapeake Bay: Methodology, Parameterization
and Model Explanation. U.S. Dep. Commerce, NOAA Tech. Memo. NMFS-F/SPO-
106, 146 p.

Kilduff, P., J. Carmichael, and R.J. Latour. 2009. Guide to Fisheries Science and Stock
Assessment. Publication of the Atlantic States Marine Fisheries Commission.

Bonzek, C.F., E.D. Houde, S. Giordano, R.J. Latour, T.J. Miller, and K.G. Sellner. 2007.
Baywide and Coordinated Chesapeake Bay Fish Stock Monitoring. CRC Publication
07-163, Edgewater, MD. 70 p.

Grants

Jun 2012 - May 2014. Virginia Sea Grant. Ecosystem analysis of nearshore U.S. east coast
fisheries $99.974. Co-PI two-investigator project (student fellowship).

Jan 2012 - Dec 2013. Virginia Environmental Endowment. Climate change and the fisheries
food web in the Chesapeake Bay and coastal Atlantic Ocean. $87,000. Lead PI on
multi-investigator project.

Jan 2012 - Dec 2012. Recreational and Commercial Fisheries Advisory Board of the Virginia
Marine Resources Commission. Survey design for adult Atlantic menhaden along the
U.S. east coast. $55,373. Lead PI on multi-investigator project.

Sep 2011 - Aug 2014. Estimating population size and survival rates of blue catfish in
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
4th International Billfish Symposium in Avalon, Santa Catalina Island, CA. November
2005.

Latour, R.J., J.F. Walter III, A.Z. Horodysky, J.E. Graves and D.W. Kerstetter. A
simulation of sampling frequency and transmission percentage for PSATs: application
to white marlin. Talk at the 4th International Billfish Symposium in Avalon, Santa
Catalina Island, CA. November 2005.
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Brush, M.J. and R.J. Latour. Coupling top-down, multispecies fisheries models to sim-
plified nutrient-plankton models in support of nutrient and multispecies management
in Chesapeake Bay. Talk at the 18th Biennial Conference of the Estuarine Research
Federation in Norfolk, VA. October 2005.

Latour, R.J., J. Gartland, and C.F. Bonzek. Do the stomach contents of striped bass and
weakfish suggest localized depletion of Atlantic menhaden in Chesapeake Bay? Talk
at the 18th Biennial Conference of the Estuarine Research Federation in Norfolk, VA.
October 2005.

van Montfrans, J., D.M. Combs, and R.J. Latour. Fish predation impacts on juvenile
blue crabs in Chesapeake Bay seagrass beds. Talk at the 18th Biennial Conference of
the Estuarine Research Federation in Norfolk, VA. October 2005.

Bonzek, C.F., R.J. Latour, and J. Gartland. Examining the influence of spatial and
temporal diet variability on estimates of predator consumption in a dynamic estuary.
Talk at the 135th American Fisheries Society Annual Meeting in Anchorage, AK.
September 2005.

Goldman, K.J., S.D. Anderson, R.J. Latour, and J.A. Musick. Endothermy and ther-
moregulation in the salmon shark, Lamna ditropis. Talk at the 135th American Fish-
eries Society Annual Meeting in Anchorage, AK. September 2005.

∗Horodysky, A.Z., D.J. Parthree, J.A. Musick, and R.J. Latour. Trophic interactions of
Atlantic croaker and spot in Chesapeake Bay. Talk at the 135th American Fisheries
Society Annual Meeting in Anchorage, AK. September 2005.

Latour, R.J., J. Gartland, and C.F. Bonzek. Do the stomach contents of striped bass and
weakfish suggest localized depletion of Atlantic menhaden in Chesapeake Bay? Talk at
the 135th American Fisheries Society Annual Meeting in Anchorage, AK. September
2005.

∗Horodysky, A.Z., R.J. Latour, J.A Musick, B. Deffenbaugh, and R.W. Brill. Hearing
abilities of sciaenid fishes determined via auditory brainstem response using a novel
echo-cancellation algorithm. Talk at the Joint Meeting of Ichthyologists and Herpetol-
ogists in Tampa, FL. July 2005.

Latour, R.J., J.M. Hoenig, W.S. Hearn, and K.H. Pollock. A framework for estimating
natural mortality. Talk at the ASMFC Natural Mortality Workshop in Baltimore, MD.
April 2005.

Hoenig, J.M., R.J. Latour, and P.W. Sadler. What’s wrong with my tagging study? An
investigation of heterogeneity. Talk at the 134th American Fisheries Society Annual
Meeting in Madison, WI. August 2004.

Latour, R.J., J. Gartland, and C.F. Bonzek. Abundance, distribution, age-structure, and
diet composition of weakfish (Cynoscion regalis) in Chesapeake Bay. Talk at the 134th
American Fisheries Society Annual Meeting in Madison, WI. August 2004.
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Pollock, K.H., J. Honghua, J.M. Hoenig, and R.J. Latour. Incorporating catch and release
fishing into age-dependent tag return models. Talk at the 134th American Fisheries
Society Annual Meeting in Madison, WI. August 2004.

Brush, M.J. and R.J. Latour. Multispecies modeling of Atlantic menhaden and its preda-
tors in Chesapeake Bay II: coupling species-specific bioenergetics models. Talk at
the 133rd American Fisheries Society Annual Meeting in Quebec City, PQ, Canada.
August 2003.

Latour, R.J., M.J. Brush, and A. Beattie. Multispecies modeling of Atlantic menhaden
and its predators in Chesapeake Bay I: An Ecopath with Ecosim (EwE) approach.
Talk at the 133rd American Fisheries Society Annual Meeting in Quebec City, PQ,
Canada. August 2003.

Latour, R.J., J.E. Olney, B.A. Versak, S.A. Welsh, H. T. Hornick, and R.E. Harris, Jr.
Mortality estimates of coastally migrating striped bass of Chesapeake Bay origin. Talk
at the 132nd American Fisheries Society Annual Meeting in Baltimore, MD. August
2002.

Latour, R.J., J.E. Olney, B.A. Versak, H. T. Hornick, and R.E. Harris, Jr. Estimates
of fishing mortality for striped bass resident to Chesapeake Bay. Talk at the 132nd
American Fisheries Society Annual Meeting in Baltimore, MD. August 2002.

Latour, R.J., J.M. Hoenig, J.E. Olney, and K.H. Pollock. Diagnostics for multiyear
tagging models - tests for lack of complete mixing and examination of patterns in
residuals. Talk at the 131st American Fisheries Society Annual Meeting in Phoenix,
AZ. August 2001.

Latour, R.J., K.H. Pollock, C.A. Wenner, and J.M. Hoenig. Estimates of fishing and
natural mortality rates for South Carolina red drum. Talk at the 129nd American
Fisheries Society Annual Meeting in Phoenix, AZ. August 1999.

September, 2012
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Longfin smelt: spatial dynamics and ontogeny in the San 
Francisco Estuary, California

Joseph e. merz*, paul s. Bergman, Jenny F. melgo, anD sCott hamilton

Cramer Fish Sciences, 13300 New Airport Road, Auburn, CA 95602, USA (JEM, JFM, PSB)

Center for California Water Resources Policy and Management, 1017 L Street #474, 
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We utilized recently available sampling data (~1959-2012) from the 
Interagency Ecological Program and regional monitoring programs to 
provide a comprehensive description of the range and temporal and 
geographic distribution of longfin smelt (Spirinchus thaleichthys) by life 
stage within the San Francisco Estuary, California (Estuary).  Within 22 
sampling regions, we identified 357,538 survey events at 1,203 monitoring 
stations.  A total of 1,035,183 longfin smelt (LFS) were observed at 643 
stations (53%) in an area from Central San Francisco Bay (Tiburon) in 
the west, to Colusa on the Sacramento (Sacramento Valley region) in 
the north, Lathrop on the San Joaquin River (border of South Delta and 
San Joaquin River regions) to the east and South San Francisco Bay 
(Dumbarton Bridge) to the south, an area of approximately 137,500 ha.  We 
found that LFS were frequently observed across a relatively large portion 
of their range, including East San Pablo Bay north into Suisun Marsh 
down through Grizzly Bay and all four regions of Suisun Bay through the 
Confluence to the Lower Sacramento River region.  Unlike juvenile LFS, 
whose locations fluctuate between the bays and Suisun Marsh in relation 
to the low salinity zone, adults during the spawning period appeared to 
be not only in these locations but also in upper Delta reaches and also 
into San Francisco Bay, likely indicating that LFS spawning habitat may 
extend further upstream and downstream than LFS rearing habitat. The 
anadromous life stage declined in spring and mid-summer but increased 
throughout fall months across all areas, suggesting immigration and 
emigration through the Estuary.  Longfin smelt appeared to migrate 
completely out of the lower rivers by July but some adults consistently 
remained in downstream Estuary areas, suggesting not all individuals 
demonstrate marine migration.  This comprehensive data review provides 
managers and scientists an improved depiction of the spatial and temporal 
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extent of LFS throughout its range within the Estuary and lends itself to 
future population analysis and restoration planning for this species.

Key words:  Longfin smelt, San Francisco Estuary, distribution, Spirinchus 
thaleichthys, spatial analysis, life stage, observed presence

________________________________________________________________________

The longfin smelt (Spirinchus thaleichthys) is a small (i.e., 90–110 mm standard 
length [SL] at maturity), semelparous, pelagic fish that has been observed in estuaries of 
the  North American Pacific Coast, from Prince William Sound, Alaska to Monterey Bay, 
California with landlocked populations occurring in Lake Washington, Washington and 
Harrison Lake, British Columbia (McAllister 1963, Dryfoos 1965, Moulton 1979, Chigbu 
and Sibley 1994, Chigbu et al. 1998, Chigbu and Sibley 1998, Baxter 1999, Moyle 2002, 
Rosenfield and Baxter 2007). In California, the longfin smelt inhabits the San Francisco 
Estuary (Estuary), Humbodlt Bay, and Eel, Klamath and Smith rivers (Baxter 1999, CDFW 
2009). According to Dryfoos (1965), the San Francisco Estuary (San Francisco Bay and 
Sacramento-San Joaquin River Delta) population has been considered the largest and 
southernmost self-sustaining population along the U.S. Pacific Coast, and has been considered 
to be genetically isolated from other populations (McAllister 1963, Moyle 2002).  Once one 
of the most abundant species observed in Estuary surveys (Moyle et al. 2011), the Estuary 
longfin smelt (LFS) population has experienced dramatic declines over several decades 
(Rosenfield and Baxter 2007, Sommer et al. 2007, Baxter et al. 2008, Thomson et al. 2010), 
resulting in its March 2009 inclusion in the list of threatened pelagic fish species under the 
California Endangered Species Act (CDFW 2009).

A number of studies have investigated LFS distribution, habitat, and life history 
characteristics within the Estuary (Baxter 1999, Dege and Brown 2004, Hobbs et al. 2006, 
CDFW 2009, Moyle 2002, Matern et al. 2002, Rosenfield and Baxter 2007, Kimmerer et al. 
2009, MacNally et al. 2010, Thomson et al. 2010). However, most of what has been learned 
about LFS (e.g., growth and in-river residence times) comes from other locations across its 
range, most often from Lake Washington (Dryfoos 1965, Eggers et al. 1978, Moulton 1979, 
Chigbu 1993, Chigbu and Sibley 1994a, 1994b, Chigbu and Sibley 1998, Chigbu et al. 1998, 
Chigbu 2000, Chigbu and Sibley 2002). Potential factors associated with abundance changes 
in  Estuary fish species include stock-recruitment effects, increased mortality rates, reduced 
prey availability, overall shifts in fish assemblage composition (Feyrer et al. 2003, Sommer 
et al. 2007), and altered location of the 2 ppt isohaline in spring (known as “X2”; Thomson 
et al. 2010).  Furthermore, the cascading impacts of aquatic species invasions can change 
food webs and make management actions for native fish more difficult (Feyrer et al. 2003).

Rosenfield and Baxter (2007) assessed the Estuary LFS population and addressed 
questions about distribution patterns and population dynamics. They used data from three 
long-term aquatic sampling programs of the California Department of Fish and Wildlife 
(CDFW; formerly California Department of Fish and Game) (i.e., Fall Midwater Trawl 
[FMWT], Bay Study Midwater Trawl [BMWT] and Otter Trawl [BOT]) and the University 
of California, Davis’s Suisun Marsh survey that captured LFS from upstream of the 
Sacramento and San Joaquin River confluence to San Francisco Bay, to assess distribution 
and abundance, and tested for  differences in abundance during pre-drought (1975–1986), 
drought (1987–1994) and post-drought (1995–2007) periods. Rosenfield and Baxter (2007) 
indicated significant declines in LFS abundance among these time periods, supporting their 
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hypothesis that the Estuary’s capacity to maintain pelagic fish species has been reduced over 
the past three decades. These results provide critically important information on distribution 
and abundance dynamics for LFS within the Estuary.  However, questions remain about 
the full geographical extent and frequency of occurrence within the Estuary of each LFS 
life stage.  

A full spatial depiction of where and when LFS are observed is vital to our 
understanding of critical management issues, including identifying important regions for 
each life stage, and potential opportunities for population conservation. In addition, when 
planning a conservation strategy for species protection and restoration, the spatial distribution 
of each population is required under federal and state statutes (Tracy et al. 2004, Carroll et 
al. 2006, Merz et al. 2011). Finally, considering data in a life stage-specific context provides 
for future assessment of stage-specific effects, supporting more practical and informative 
evaluations of specific cause–effect relationships, and will permit quantifying relationships 
between specific life stage transitions and environmental parameters (Merz et al. 2013). 
Interactive maps of some monitoring programs from CDFW have been publicly available 
for individually captured and monitored fish species, including LFS distribution within 
the Estuary (see http://www.dfg.ca.gov/delta). However, to our knowledge, no effort has 
been made to map LFS spatial range and distribution by life stages using available Estuary 
sampling data. The goal of this paper is to provide a comprehensive description of the range 
and temporal and geographic distribution of LFS by life stage within the Estuary.

Methods

Study area.—The San Francisco Estuary is the largest urbanized estuary 
(approximately 1,235 km2) on the west coast of the United States (Lehman 2004, Oros 
and Ross 2005) (Figure 1). It consists of a series of basins with three distinct segments 
that drain an area of approximately 163,000 km2 (40% of California’s surface area): the 
Delta, Suisun Bay, and San Francisco Bay (van Geen and Luoma 1999, Sommer et al. 
2007). The uppermost region of the Estuary is the delta of the Sacramento and San Joaquin 
rivers (Delta), a complex and meandering network of tidal channels around leveed islands 
(Moyle 2002, Kimmerer 2004). These two rivers narrow and converge before connecting 
with Suisun Bay, a large, shallow and highly productive expanse of brackish water that 
is strongly influenced by ebb and flood tides. Adjacent to Suisun Bay, Suisun Marsh, the 
largest contiguous brackish water wetland in the Estuary, provides a fish nursery area and 
habitat for migratory birds (Moyle 2002, Sommer et al. 2007). Suisun Bay is connected 
to San Pablo Bay — a northern extension of San Francisco Bay — through a long narrow 
channel called the Carquinez Strait. During high outflow years, the San Francisco Bay’s 
salinity levels can be somewhat diluted by freshwater allowing freshwater fishes to move 
into tributary streams (Moyle 2002).

To qualitatively describe the spatial distribution of LFS, we delineated the Estuary 
into 22 regions (Figure 1, Table 1). These regions were South San Francisco Bay (1); Central 
San Francisco Bay (2); West San Pablo Bay (3); East San Pablo Bay (4); Lower Napa River 
(5); Upper Napa River (6); Carquinez Strait (7); Suisun Bay Southwest (8); Suisun Bay 
Northwest (9); Suisun Bay Southeast (10); Suisun Bay Northeast (11); Grizzly Bay (12); 
Suisun Marsh (13); Confluence (14); Lower Sacramento River (15); Upper Sacramento River 
(16); Cache Slough and Ship Channel (17); Lower San Joaquin River (18); East Delta (19); 
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Figure 1.—A map of the San Francisco Estuary, California, and the 22 regions identified in this paper. 
Dashed lines indicate the estuary’s regional delineations, which was based on the physical habitat and flow 
characteristics as well as physical landmarks (Kimmerer 2009, Merz et al. 2011).
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South Delta (20); Upper San Joaquin River (21); and Sacramento Valley (22).  Delineation of 
Estuary regions was based on physical habitat, flow characteristics, and physical landmarks 
described in Kimmerer (2009) and Merz et al. (2011). 

Monitoring data.—We synthesized all available information on Estuary fish 
monitoring surveys from the 1960s through 2012. These data were obtained directly from 
governmental and non-governmental entities, published and unpublished papers or reports, 
and through publicly available online databases of different surveys (i.e., http://www.
water.ca.gov/iep/products/data.cfm). All data were reviewed and classified into either the 
Interagency Ecological Program (IEP) or the Regional Monitoring Program (RMP). 

Interagency Ecological Program (IEP).—The Interagency Ecological Program 
(IEP) is a consortium of federal and state agencies that conducts long-term biological and 
ecological monitoring for use in Estuary management (Table 1). These monitoring surveys 
were from the United States Fish and Wildlife Service (USFWS) for Chinook salmon and 
pelagic organism decline (POD) species; CDFW for 20-mm plankton-net (20mm), Smelt 
Larval Survey (SLS),  Spring Kodiak trawl (Kodiak), Fall midwater trawl (FMWT), Summer 
tow net, North Bay Aqueduct, Fish Salvage, San Francisco Bay Study’s midwater trawl 
and Bay otter trawl (BOT), and San Francisco plankton net (Bay Plankton); and,California 
Department of Water Resources (CDWR) and the University of California Davis (UCD) 
for the Suisun Marsh monitoring. The IEP monitoring program is conducted using different 
sampling periods (e.g., biweekly, monthly), during different seasons and sampling frequency 
(e.g., Fall midwater trawl, Spring Kodiak trawl, Summer Tow Net), and on some occasions 
at a varying number of stations (i.e., supplemental stations are sometimes added for special 
study, or changes occurred depending on funding). Explicit, detailed descriptions for each 
IEP monitoring survey are available at the IEP website (http://www.water.ca.gov/iep/
products/data.cfm).

Regional Monitoring Program (RMP).—Surveys conducted on a smaller 
geographic scale of the Estuary, and oftentimes in a shorter time period compared to the 
IEP surveys were classified in this study as RMP surveys (Table 1). The RMP surveys were 
carried out by various research institutions and governmental entities, and for a variety of 
project purposes (e.g. fish community survey, distribution and abundance, fish monitoring, 
floodplain monitoring).  We summarized the number of sampling stations within each of 
the 22 identified regions, and identified the percentage of regions sampled by each survey  
(Table 2).

Observed geographic extent.—We utilized IEP and RMP survey records to identify 
the geographical extent of LFS within the Estuary. Following the approach of Merz et al. 
(2011) in developing the extent range of delta smelt (Hypomesus transpacificus) we used 
ArcGIS version 10 (ESRI, Redlands, CA) to plot all surveyed stations from the different 
monitoring programs from the 1960s through 2012 (Figure 2). If LFS were detected at 
least once at any given monitoring station, the species was designated as present at that 
site; otherwise the site was designated as “not observed” (Figure 2). We then developed a 
boundary around the stations where LFS were detected using a 1-km buffer (Merz et al. 
2011, Graham and Hijmans 2006). We also calculated the total surface area of all waters 
within the range where LFS were observed using the ArcGIS 10 geoprocessing calculation 
tool (http://www.esri.com/software/arcgis/arcgis10).  Note that the LFS geographical extent 
developed in this study did not consider the species to be absent if LFS were not observed, 
because of the lack of information on detection probability and different sampling frequencies 
for each survey gear type (Merz et al. 2011, Pearce and Boyce 2006). 
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Figure 2.—The geographical extent range and observations of longfin smelt at monitoring stations of Interagency 
Ecological Program (IEP) survey and Regional Monitoring Program (RMP) surveys. Circles indicate IEP stations 
where longfin smelt were observed (closed) or not observed (open). Triangles indicate RMP stations where longfin 
smelt where observed (closed) or not observed (open). The dark gray represents the observed longfin smelt range 
in the San Francisco Estuary, California.
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Life stage determinations.—We delineated life stages based on month and fish-size 
(Table 3, Figure 3). We adapted LFS life-stage definitions and monthly cut-offs established 
by DRERIP (Delta Regional Ecosystem Restoration Implementation Plan; Rosenfeld 2010).  
LFS life stages used in this study are larva, juvenile, sub-adult, anadromous, and adult 
(Table 3, Figure 3).  Unlike DRERIP (Rosenfield 2010), we defined an anadromous stage 
to highlight the LFS migratory period (Rosenfield and Baxter 2007), and defined an adult 
life stage instead of “sexually mature adult” due to unavailability of sexual maturation data 
to differentiate premature versus mature LFS.  We also did not evaluate the egg life stage 
as there are no Bay-Delta surveys (e.g., plankton net) that monitor LFS eggs.  Because the 

Figure 3.—Life cycle of longfin smelt, adapted from the Delta Regional Ecosystem Restoration 
Implementation Plan (DRERIP) Conceptual Models.  Available at: http://www.dfg.ca.gov/erp/cm_list.asp

LFS life cycle spans 3 calendar years, we used the monthly fork length criteria defined by 
Baxter (1999) to separate LFS of each age (years 1, 2, or 3; Table 4). The only modification 
of Baxter’s (1999) criteria is the addition of a maximum length cutoff of 15 mm for larva, 
which is the length at which yolk-sac resorption and fin formation are nearly complete 
(Wang 1991; Table 4).  
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During the first year of life, LFS transition from egg (December–April; Rosenfield 
2010) to free-floating, endogenously nourished larva (January–June; Rosenfield 2010), to 
juvenile when the first major growth period occurs (April–October; Moyle 2002), and to sub-
adult when growth slows during winter months prior to anadromous migration (November–
December; Moyle 2002).  Unlike DRERIP (Rosenfield 2010), which describes the juvenile 
stage as extending until the end of the first year of life, we cut off the life stage in October, 
at the end of the first major growth period as described by Moyle (2002).   Additionally, 
instead of the sub-adult stage extending from the beginning of the second year of life to 
maturation (Rosenfield 2010), we defined the sub-adult period as the winter, slow-growth 
period between the juvenile and anadromous life stages.

The second and third years of life begin with the slow-growth period of sub-
adults continuing into spring (January–April; Moyle 2002).   Next, a portion of the LFS 
population undertakes an anadromous migration (emigration) towards the ocean, followed 
by return upstream migration (immigration) during March–January (Rosenfield and Baxter 
2007), while remaining LFS continue to rear in the Estuary.  This summer and fall period 
encompasses the second major LFS growth period (Moyle 2002).  Finally, the LFS adult 
life stage encompasses the spawning period during December–May (Rosenfield 2010; 
Moyle 2002).  

Frequency of detection. —Because each type of gear selectively captures different 
LFS life stages and is deployed in different seasons, we used data from six IEP monitoring 
surveys (Bay Plankton, 20mm, SLS, BOT, Kodiak trawl, and FMWT)  to examine LFS 
spatial distribution across life stages within the Estuary (Table 3).  For each life stage, only 
data from each gear type that fell within delineated months for that life stage were used 
(Table 3). We used LFS catch data for years 1980 to 2011 for all surveys except for 20mm, 
SLS and Kodiak, where sampling started in 1995, 2009 and 2002 respectively (Table 3). 
We included only sampling stations that were consistently surveyed, as determined by 
identifying stations that were sampled >90% of the time across all years (Merz et al. 2011).

The average annual LFS detection frequency at consistently surveyed stations for 
each life stage (except anadromous stage) in each region was calculated as 

Plrpy =  (Slrpy/ Nrpy) * 100

 Year 1   Year 2   Year 3    

Life Stage (s) Month FL (mm)1 Life Stage (s) Month FL (mm) Life Stage (s) Month FL (mm) 
Larva Jan <16 Sub-adult Jan 40-89 Anadromous, Adult Jan >89a 
Larva Feb <16 Sub-adult  Feb 42-92 Adult Feb >92 
Larva Mar <16 Sub-adult, Anadromous Mar 46-952 Adult Mar >95 
Larva, Juvenile Apr <16, 16-51 Sub-adult, Anadromous Apr 52-992 Adult Apr >99 
Larva, Juvenile May <16, 16-58 Anadromous May 59-104 Adult May >104 
Larva, Juvenile Jun <16, 16-66 Anadromous Jun 67-107     
Juvenile Jul <71 Anadromous Jul 71-110     
Juvenile Aug <75 Anadromous Aug 75-113     
Juvenile Sep <80 Anadromous Sep 80-116     
Juvenile Oct <83 Anadromous Oct 83-119     
Sub-adult Nov <85 Anadromous Nov 85-122     
Sub-adult Dec <87 Anadromous, Adult Dec 87-1242

              
1 FL = Fork length 
2 Length range applied to both life stages 

table 4.—Length (mm) delineations of longfin smelt by year, life stage, and month used in frequency of detection 
analyses. Monthly length cut-offs from Baxter (1999), except for 16-mm cutoff for larva used to separate larvae 
and juveniles.  San Francisco Estuary, California.
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where  Plrpy represents the percent of unique numbers of sampling events in which the life 
stage l LFS were captured in each region r during time period p and year y; Slrpy represents 
the number of sampling events in a region r when the life stage l LFS were captured during 
time period p and year y; and, Nrpy represents the total number of sampling events from 
region r during time period p and year y. Next, the average annual frequency of observation 
for LFS by life stage and region was calculated as a simple average over all years. Results 
from LFS detection frequencies by life stage (except anadromous stage) and region were 
mapped using ArcGIS 10.  

Because a portion of the Estuary LFS population migrates during the anadromous 
life stage, detection frequency was calculated monthly within regions to better depict LFS 
migratory movements. Similar methods employed for the other life stages were used to 
calculate detection frequency for the anadromous life stage, except time period p was 
monthly, and regions r were grouped into four areas (Lower Rivers, Suisun, East Bay, 
and West Bay) to better visualize anadromous behavior. Lower Rivers covers all regions 
from Sacramento Valley downstream to the Lower Sacramento River and San Joaquin 
River regions, Suisun covers the Confluence and all Suisun Bay regions, East Bay covers 
Carquinez Straight downstream to East San Pablo Bay, and West Bay covers the West San 
Pablo Bay and San Francisco Bay regions.

results

Within the 22 Estuary regions, we identified 357,538 survey events (a sampling 
event at a given location and time) at 1,203 monitoring stations. Of these, 343,482 (96%) 
were from IEP and 14,056 (4%) were from regional monitoring programs (Table 1). The 
program or survey with the single greatest number of monitoring stations was the Chinook 
and POD (276), followed by the SF Bay Study (188), FMWT (161), Suisun Marsh surveys 
(93), 20mm Survey (67), and Spring Kodiak Trawl (53) (Table 2). A total of 1,035,183 LFS 
were observed at 620 of the 980 (63%) IEP monitoring stations and at 23 of the 223 (10%) 
regional monitoring stations identified in this study. 

Observed geographic extent.—LFS were observed in all 22 regions covering an 
area of about 137,500 ha (Figure 2). Observations occurred as far west as Tiburon in Central 
San Francisco Bay, north as far as the town of Colusa on the Sacramento River (Sacramento 
Valley region), east as far as Lathrop on the San Joaquin River (border of South Delta and 
San Joaquin River regions), and south as far as the Dumbarton Bridge in South San Francisco 
Bay. Tributary observations included the Napa and Petaluma rivers, Cache Slough, and the 
Mokelumne River to the east.  LFS were also observed in seasonally-inundated habitat of 
the Yolo Bypass.

No single IEP monitoring program sampled all 22 regions (Table 2) that make up 
the observed extent of LFS range, and three regions had no IEP sampling. The Chinook 
and POD surveys had the highest coverage (95% of regions each). The FMWT and SF Bay 
surveys covered 86% of the regions each, while coverage among the other IEP surveys 
ranged from 5 to 82%.   Each RMP survey typically covered less than 4% of the observed 
extended range.

  Distribution by life stage.— For all life stages, LFS were observed most frequently 
throughout a relatively large portion of their range – from East San Pablo Bay north into 
Suisun Marsh down through Grizzly Bay, and all four regions of Suisun Bay through the 
Confluence (Figure 4, Figure 5). In addition to being frequently detected in the central 
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Figure 4.—Average annual frequency of longfin smelt detection (%) for larvae and adult lifestages by region 
and Interagency Ecological Program survey type. The percent of sampling events where longfin smelt was 
observed over the total number of sampling events within a region.  Regions where the percent frequency of 
detection for a given life stage was zero is indicated by no data column/bar being present in the bar graph.  
Regions that were not sampled for a given life stage are indicated by a data column/bar suspended slightly 
below the x-axis. Y-axis ticks indicate percent frequencies of 0, 25, 50, 75 and 100 percent.  
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Figure 5.—Average annual frequency of longfin smelt detection (%) for juvenile and sub-adult life stages 
by region and Interagency Ecological Program survey type. The percent of sampling events where longfin 
smelt was observed over the total number of sampling events within a region.  Regions where the percent 
frequency of detection for a given life stage was zero is indicated by no data column/bar being present 
in the bar graph.  Regions that were not sampled for a given life stage are indicated by a data column/bar 
suspended slightly below the x-axis. Y-axis ticks indicate percent frequencies of 0, 25, 50, 75 and 100 percent.
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regions (from Carquinez Straight upstream to the Confluence), adult and larvae were both 
detected relatively frequently upstream of the Confluence (Figure 4, Table 5). Larvae 
were detected greater than 73% of the time in the Lower Sacramento, Upper Sacramento, 
Cache Slough and Ship Channel, and Lower San Joaquin regions, and greater than 31% 
of the time in the East Delta and South Delta regions during the SLS (Figure 4, Table 5).  
Although detected at a much lower frequency across all regions than larvae, adults were 
also detected in South San Francisco Bay, upstream in Cache Slough and Ship Channel, 
and Upper Sacramento regions.  

Unlike adult and larval life stages, juvenile and sub-adult life stages were not 
frequently detected upstream of the Confluence, and instead were more frequently detected 
in the most downstream Bay regions (Figure 5, Table 5). During BOT sampling, juveniles 
and sub-adults were detected in greater than 32% of sampling events in both San Pablo Bay 
regions and Central San Francisco Bay. Sub-adults were also detected at a relatively high 
frequency (86.6%) in the South San Francisco Bay during BOT sampling (Figure 5, Table 5).

During the anadromous life stage, LFS exhibited declining average frequency of 
detection during the spring months and into mid-summer, followed by increasing average 
detection frequency throughout the fall months across all Estuary areas during BOT sampling 
(Figure 6). The lowest average detection frequencies for each area occurred at successively 

Figure 6 .—Average annual 
frequency of longfin smelt 
detection (%) for the anadromous 
life stage by month and area for 
the years 1980–2011.  Frequency 
of detection was calculated as the 
percent of sampling events where 
longfin smelt were observed over 
the total number of sampling 
events within an area. Lower 
Rivers covers all regions from 
Sacramento Valley downstream 
to the Lower Sacramento and 
San Joaquin River regions, 
Suisun covers the Confluence 
and all Suisun Bay regions, East 
Bay covers Carquinez Straight 
downstream to East San Pablo 
Bay, and West Bay covers West 
San Pablo Bay and San Francisco 
Bay regions.
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later months moving downstream (Lower Rivers = July, Suisun = August, East and West 
Bay = September), possibly indicating downstream emigration through each Estuary area.  
Although LFS appeared to migrate completely out of the Lower Rivers area with an average 
detection frequency of zero being observed in July, monthly average detection frequencies 
did not drop below 2% for any Estuary area downstream.

discussion

Observed geographic extent.—Effective conservation programs typically require 
a description of a species’ geographical distribution or use of habitats (Pearce and Boyce 
2006). Examples include reserve design (Araujo & Williams 2000), population viability 
analysis (Boyce et al. 1994; Akcakaya et al. 2004) and species or resource management 
(Johnson et al. 2004). Techniques characterizing geographical distributions by relating 
observed occurrence localities to environmental data have been widely applied across a 
range of biogeographical analyses (Guisan and Thuiller 2005). A general description of LFS 
distribution by occurrence was described by Moyle (2002), Rosenfield and Baxter (2007), 
and Rosenfield (2010); all indicated that during the LFS life cycle, it used the entire Estuary 
from the freshwater Sacramento-San Joaquin Delta downstream to South San Francisco 
Bay, and out into coastal marine waters.  Regarding the extent of LFS range, those fish have 
been observed in a considerable portion of the western Delta, and upstream of the Feather 
River confluence with the Sacramento River, and the San Joaquin River to its confluence 
with the Tuolumne River.  

Similar to the treatment of delta smelt by Merz et al. (2011), we utilized recently 
available data from the 20-mm and Kodiak, and Chinook and POD surveys together with 
other IEP and regional monitoring programs to provide information on areas of the Estuary 
where identified LFS life stages have been observed. While our study found similar extent 
of LFS distribution within the Estuary when compared with Moyle (2002), Rosenfield and 
Baxter (2007), and Rosenfield (2010), we observed the range of LFS extending further 
north on the Sacramento River, in the Petaluma River to the west, and extensions upstream 
on the Napa River and northern Suisun Marsh, covering an estimated area of 137,500 
ha. Observations at the most upstream sampling stations in the Napa and Petaluma rivers 
indicated that the extent of LFS distribution in these locations remains unknown. Expanding 
research into these watersheds may provide insight into habitat management and future 
restoration for native estuarine fish assemblages including LFS (Gewant and Bollens 2012).

Distribution by life stage.— We found that LFS were frequently observed across a 
relatively large portion of their range, including East San Pablo Bay north into Suisun Marsh 
down through Grizzly Bay, and all four regions of Suisun Bay through the Confluence to 
the Lower Sacramento River region. Furthermore, we were able to identify regions such as 
Suisun Marsh and San Pablo Bay where the frequency of occurrence was relatively high 
in each life stage, suggesting a continuous Estuary presence. As with other anadromous 
species, it is likely that the mosaic of Estuary habitats provides benefits to LFS at various 
stages during their life history and development (Simenstad et al. 2000, Able 2005).

  Identifying nursery habitats is important to conservation, as these habitats 
disproportionately contribute individuals to adult populations of a species (Hobbs et al. 
2010). Longfin smelt are anadromous, and are known to spawn in freshwater and then move 
seaward for rearing. Longfin smelt have been collected in the Gulf of Farallones (Baxter 
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1999, CDFW 2009) and spawning has been documented in freshwater Estuary tributaries 
(USFWS 1996). Previous research has indicated a specific “low salinity zone” of the Estuary 
that serves as nursery habitat for various species (Jassby et al. 1995); in particular, the Suisun 
Bay has been identified as critical nursery habitat providing ideal LFS feeding and growing 
conditons (Hobbs et al. 2006). By utilizing all available survey data at once, we developed 
maps that provide evidence of a widespread rearing zone extending across the Estuary and 
spanning San Pablo and San Francisco bays as far upstream as the Lower Sacramento River 
and Lower San Joaquin River regions. 

We found that both adult and larval LFS were detected relatively frequently in the 
uppermost regions of the Estuary (upstream of Confluence), unlike the juvenile and sub-
adult life stages, likely indicating that LFS spawning habitat extends further upstream into 
freshwater areas than LFS rearing habitat. Unlike juvenile LFS, whose locations fluctuate 
between the bays and Suisun Marsh in relation to the low salinity zone (Dege and Brown 
2004; Bennett et al. 2002), spawning adults appear to be not only in these locations but 
also to disperse into upper Delta reaches and into San Francisco Bay as well. However, 
adult presence in the San Francisco Bay during the spawning period likely relates to years 
with high Delta inflows, when low salinity habitat shifted westward.  Spawning of LFS in 
high salinity habitat is unlikely, as such an occurrence would be maladaptive due to the low 
tolerance of LFS larvae to high salinity (Baxter 2009).  Kimmerer et al. (2009) found larvae 
and juveniles most abundant at 2 ppt, and declined rapidly as salinity increased to 15 ppt.

Similar to findings of Rosenfield and Baxter (2007), we found evidence of LFS 
exhibiting anadromous behavior during their second year of life. The relative detection 
frequency of sub-adult LFS declined throughout the spring and summer months, possibly 
indicating a marine migration outside of the sampling area. A subsequent increase in LFS 
detection frequency during their second fall and winter indicates a migration back into the 
sampling area prior to the spring spawning season. This is consistent with an observation 
by Moyle (2002) that LFS gradually migrate upstream during fall and winter, as yearlings 
prepare for spawning. Rosenfield and Baxter (2007) also observed a decrease in LFS 
detection frequency and distribution after their first winter (sub-adults), followed by an 
increase during the second winter (adults). Although these results indicate that the marine 
residency of LFS is relatively brief (up to 6 to 8 months), annual variability in the duration of 
marine migrations remains unknown, as do the factors affecting timing of immigration and 
emigration (Rosenfield and Baxter 2007). There also appears to be a portion of sub-adults 
that do not fully leave the Estuary, suggesting a diversity in life-history strategies.  A better 
understanding of the potential benefits of anadromy verses Estuary residency, interaction of 
Estuary LFS with other populations, and environmental mechanisms behind LFS anadromy 
appears relevant to the long-term management of this population.   

Although each of the current Estuary sampling protocols suffered from one or more 
notable shortcomings (Bennett 2005), existing data can be explored to offer groundwork for 
understanding Estuary fisheries resources and specifically LFS geographic range by life stage. 
A better understanding of LFS spatial distribution informs conservation efforts by serving as 
an illustration of habitat use. Restoration strategies must include an understanding of habitat 
functions to effectively contribute to LFS recovery within the Estuary. There is a specific 
need for strategic planning in rehabilitation efforts. Some researchers have approached the 
question of relative influence of biological and physical factors on population abundance 
and the impact to conservation, and suggested mechanisms of population recovery (Mace 
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et al. 2010). Researchers interested in developing a self-sustaining system have argued for 
the recovery of key processes that maintain habitat conditions (Beechie et al. 2010).  

Understanding that critical differences exist in Estuary habitat value for each life 
stage among sites and time periods supports the use of spatial analysis in Estuary conservation 
and restoration planning. Exploring existing LFS data from various studies and databases, 
and making additional investigations into population demographics (i.e., timing or location 
of declines), environmental factors demonstrating the greatest influence on population 
abundance (e.g., temperature, water quality, prey density, etc.), and affinity analyses to 
assess habitat preference would provide a solid basis to address key issues. Longfin smelt 
are vulnerable to a large number of environmental stressors within the Estuary (Moyle 
2002; Baxter et al. 2008; Healey et al. 2008) and individual stressors may have more or 
less significance for a species or population based on the manifestation of the stressor and 
proximity to that species (Tong 2001, Armor et al. 2005). Therefore, further investigations 
using an affinity analysis are warranted to understand more about life stage-specific key 
habitat attributes.  

In this study, we have demonstrated the extent of LFS range is greater than 
previously reported (Rosenfield and Baxter 2007). We have provided additional information 
on distribution and detection frequencies of the Estuary population of LFS by life stage and 
season to support conservation planning by identifying areas to focus further study. While this 
analysis documents Estuary areas utilized by LFS, more work is needed to better understand 
the relationship between mapped spatial distribution and habitat use and productivity. 

Long-term average distributional patterns are affected by inter-annual population 
shifts (e.g., eggs and larvae as per Dege and Brown 2004).  Sampling program duration 
may further affect the percentage of detections at specific sites.  Additionally, if the 
population range has shifted over time, then sampling that occurred only in recent years 
(e.g. in the northern Delta as the Bay Study sampling program expanded) might reveal a 
different pattern than if all the sampling localities in this study had been monitored over 50 
years.  This suggests further investigation into LFS population abundance by life stage and 
season is warranted, in particular investigations of the relationship between abundance and 
environmental factors within the Estuary.  

According to Merz et al (2013), difficulty in assessing management effectiveness 
for anadromous fishes arises from several factors. First, anadromous life cycles are often 
complex and encompass both freshwater and marine ecosystems. Second, from a monitoring 
perspective, time series of counts at any one life stage reflect cumulative effects of freshwater, 
estuarine, and marine factors over the full life cycle, thereby complicating the ability to 
measure population responses to specific factors. Third, complex interactions of factors, 
which range from stream flow and temperature to large-scale and long-term shifts in marine 
conditions, occur. Because of these confounding factors, resource managers have not been 
successful in evaluating the effectiveness of managment actions that use the traditional 
method of quantifying abundance at single life stages in isolation. An alternative is to 
consider survival rates, life history variability, and the health (e.g., size, fecundity, disease) 
of a species that transitions between each life stage within the habitats that they occupy. 
Providing a spatial context for each life-stage of LFS, as we have done here, may facilitate 
our understanding of how Estuary habitats contribute to different life cycle stages and, 
thus, the effectiveness of management actions in improving population performance in 
the face of extrinsic constraints. Continued LFS investigations that focus on identifying, 
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protecting, and enhancing aquatic habitats of the highest value contribute to Estuary science 
and management, and provide a basis for future conservation and restoration.
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Executive Summary 

The State Water Contractors and the San Luis & Delta-Mendota Water Authority (Public 
Water Agencies or PWAs) have conducted a technical assessment of the status and trends 
of eight fishes of concern in the Sacramento-San Joaquin Delta (Delta or estuary). In the 
ongoing workshops, the State Water Resources Control Board (State Water Board) has and 
will continue to receive information regarding the scientific and technical basis for 
potential changes to the 2006 Water Quality Control Plan for the Bay-Delta. This 
presentation has been prepared to help inform the second of those workshops on Bay-
Delta Fishery Resources. This document addresses fish species other than salmonids, which 
are described in a companion submission. 

These workshops provide an opportunity for the State Water Board to consider the wealth 
of scientific information that has been developed since it completed the review of the 2006 
Bay-Delta Plan and since it released the 2010 Flow Criteria Report. 

This submittal assesses the available scientific information on the multiple stressors 
affecting the Bay-Delta ecosystem and population-level effects on key fish species. An 
assessment of available scientific information reveals a high degree of uncertainty as to 
whether Delta through flows, particularly in the form of reservoir releases and export 
curtailments, affect the abundance of two key fish species, longfin smelt and delta smelt.  
Conversely, it is fairly well accepted that changes in food resources, in terms of quality and 
quantity, have likely impacted delta and longfin smelt abundances, and the best available 
information indicates that these changes have been caused by changes in nutrient loadings. 
Increasing water temperatures, changes in turbidity, and predation have also likely 
affected the abundance of the two smelt species. While these stressors are not controllable 
with reservoir releases or export curtailments, there are other actions that could be taken, 
including physical habitat restoration and pollution control. 

Longfin Smelt 

A brief summary of factors the State Water Board should consider when evaluating the 
need for Delta through flows for longfin smelt include: 

 Their abundance index decline (based on the FMWT) is closely tied to food web 
changes. Invasion and establishment of the Amur River clam, Potamocorbula 
amurensis, and increases in the concentration of ammonium and changes in the 
ratios of key nutrients are the primary cause of detrimental changes to the food web 
in the upper estuary. 
 

 There are a number of factors besides the Amur River clam abundances and 
nutrients that have statistically significant relationships with longfin smelt 
abundance. They include winter-spring outflow, water clarity, and tributary flows. 
Water clarity and tributary flows, and other factors, correlate as well or better than 
winter-spring outflow. 
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 The longfin smelt’s full geographic range in the estuary should be considered. The 
Bay Study demonstrates that longfin smelt are found in significant numbers far 
downstream of the low-salinity zone in San Pablo, Central, and South bays in the 
winter and spring. The Fall Midwater Trawl does not sample longfin smelt’s full 
geographic range, although it does cover the region where most longfin smelt are 
found in the fall. Catch data from this survey do not well represent longfin smelt that 
are in deeper waters and the survey area is getting deeper. 
 

 While some longfin smelt are entrained and salvaged by water project operations, 
they are found infrequently and at very small percentages of the total population in 
the Delta in areas where the threat of entrainment may be high. 

Delta smelt 

A brief summary of factors the State Water Board should consider when evaluating the 
need for Delta through flows for delta smelt include: 

 Four life cycle or multi-variable analyses of delta smelt abundance and potential 
stressors have recently been published (MacNally et al. 2010; Thomson et al. 2010; 
Maunder and Deriso 2011; Miller et al. 2012). These latter two studies show food 
resource availability to be a significant driver of delta smelt abundance. Thomson et 
al. (2010) found weak effects of water clarity and winter exports on delta smelt. 
MacNally et al. (2010) identified weak effects of predator abundance (largemouth 
bass) and stronger effects of warmer summer temperatures and duration of water 
temperatures suitable for spawning. Maunder and Deriso (2011) found that water 
temperature, prey density, and predators explained the recent decline in delta smelt 
abundance. And, Miller et al. (2012) found that prey density strongly predicted delta 
smelt abundance, while water temperature and predators were weakly associated 
with abundance.  None of these models indicate that X2 position in the fall months 
affects delta smelt abundance. 
 

 Delta smelt do not have a statistically significant relationship between species 
abundance and low salinity zone volume or winter-spring, summer, or fall outflow. 
 

 Feyrer et al. (2011) proposed a statistically significant relationship between species 
abundance and an index of habitat quality in the fall. Because the equation contains 
an induced correlation, the index of habitat quality cannot be relied upon as a 
predictor of abundance for delta smelt. Initial analyses suggest the relationship 
between abundance and the habitat index is not significant. Stated differently, 
because the index of habitat quality is also a measure of abundance, the relationship 
provides no support for the importance of the habitat quality index. Irrespective of 
whether the habitat index equation has a statistically significant relationship with 
abundance, the fall X2 conceptual model has several deficiencies: 
 

o Data analysis did not include Cache Slough abundance data; 
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o Studies ultimately focused on a single variable; 
 

o Four life cycle or multi-variable models independently reached the same 
conclusion: the position of X2 in the fall months has no statistically 
significant effect on species abundance; 
 

o Suisun Bay is not currently as productive as it once was; 
 

o It is unclear that delta smelt are distributed in relation to the low-salinity 
zone; 
 

o A complete analysis establishing that the position of X2 can serve as a 
surrogate for delta smelt habitat needs to be conducted; 
 

o Based on the high flows in 2011, the low Summer Townet Survey results for 
2012 would not have been predicted by the fall X2 conceptual model; 
 

o X2 position has not been trending upstream in the fall. 

Other Pelagic Organisms 

A brief summary of factors the State Water Board should consider when evaluating the 
need for Delta through flows for other pelagic species include: 

 Green sturgeon: There is currently little or no scientific basis that any specific 
action, such as further modifications of water project operations, will produce 
negligible, limited, or substantial benefits. Due to a fundamental lack of information 
on the status of green sturgeon and the factors that limit its numbers, additional 
research is an essential prerequisite to the identification of additional actions. 

 
 Splittail: No flow-related actions are supported by the scientific literature. The 

literature supports actions intended to increase the availability of floodplain rearing 
and spawning habitat for splittail and other fishes, including physical modifications 
to the Fremont Weir and Yolo Bypass to manage the timing, frequency, and duration 
of inundation of the Yolo Bypass with gravity flow from the Sacrament River, and to 
improve upstream fish passage past barriers that include Fremont and Lisbon weirs. 
 

 Starry flounder: Based on the Bay Study Otter Trawl data from the past three 
decades, starry flounder is not experiencing a decline in abundance in the San 
Francisco estuary. There is no scientific justification for the SWRCB to take any 
further actions to maintain the abundance of the fish. 
 

 American shad: American shad is a bay fish that spawns upstream in larger rivers; it 
is not an estuarine fish. Its weak relationship with the location of X2 in the Delta is 
likely an artifact of physical circumstances that co-vary with inter-year variation in 
Delta through flows. Similar to Chinook salmon, the use of the Delta by American 
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shad is primarily a just-passing-through phenomenon on directional downstream 
migration to salt waters. The scientific literature does not support additional flow-
based action. 
 

 Northern anchovy:  The central stock of northern anchovy is not experiencing a 
decline. 
 

 Striped bass: In spite of the effects of density dependence during their young 
juvenile stage, sufficient numbers of age-0 fish appear to be recruiting into the adult 
population. Likewise, recreational catch, the California Department of Fish and 
Game’s (CDFG) designated beneficial use for striped bass, has not declined. 
 

 California bay shrimp: Based on the Bay Study Otter Trawl data, California bay 
shrimp is not experiencing a decline. There is no reason to believe that further 
actions are needed to maintain its abundance. 
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1.0 Longfin Smelt 
 

1.1 Introduction and Summary 

A brief summary of factors the State Water Board should consider when evaluating the 
need for Delta through flows for longfin smelt include: 

 Their abundance index decline (based on the FMWT) is closely tied to food web 
changes. Invasion and establishment of the Amur River clam, increases in the 
concentration of ammonium, and changes in the ratios of key nutrients are the 
primary cause of detrimental changes to the food web in the upper estuary. 
 

 There are a number of factors besides the Amur River clam abundances and 
nutrients that have statistically significant relationships with longfin smelt 
abundance. They include winter-spring outflow, water clarity, and tributary flows. 
Water clarity and tributary flows, and other factors, correlate as well or better than 
winter-spring outflow. 
 

 The longfin smelt’s full geographic range in the estuary should be considered. The 
Bay Study demonstrates that longfin smelt are found in significant numbers far 
downstream of the low-salinity zone in San Pablo, Central, and South bays in the 
winter and spring. The Fall Midwater Trawl does not sample longfin smelt’s full 
geographic range, although it does cover the region where most longfin smelt are 
found in the fall. Catch data from this survey do not well represent longfin smelt that 
are in deeper waters and the survey area is getting deeper. 
 

 While some longfin smelt are entrained and salvaged by water project operations, 
they are found infrequently and at very small percentages of the total population in 
areas of the Delta where the threat of entrainment may be high. 
 

1.2 Life history 

The longfin smelt, Spirinchus thaleichthys, is a small (90–110 mm standard length at 
maturity) fish that usually has a 2-year life cycle (Moyle 2002). Historically, populations of 
longfin smelt in California have been present in the San Francisco estuary, Humboldt Bay, 
the Eel River estuary, and the Klamath River estuary (Moyle 2002). In the Bay-Delta, it is an 
anadromous species that spends its life in salt water except for spawning, when it seeks out 
lower salinity water. It is frequently referred to as a pelagic fish (that is, it lives in open 
waters), but it is encountered in shallow water circumstances and spawns along shorelines 
where fresher water meets the estuary (see, e.g., Sommer et al. 2007; Baxter et al. 2010). 
An examination of the available survey data suggests that a significant fraction of age-2 
longfin smelt reside near the bottom (Figure 1). Age-0 and age-1 longfin smelt are almost 
always found at greater densities deeper in the water-column (Rosenfield and Baxter 2007; 
Rosenfield 2010). 
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According to some monitoring surveys, the longfin smelt is among the native species in the 
San Francisco estuary that have declined dramatically over the past decade and a half (see, 
e.g., Baxter 1999; Moyle 2002), with a recent rapid collapse coincident with the POD 
(Baxter et al. 2010). Despite this decline, they have been, and may continue to be, among 

the most abundant resident 
pelagic or demersal fish 
species in the estuary (Dege 
and Brown 2004; Sommer 
et al. 2007). 

As adults mature and 
prepare to spawn, most 
often from December 
through February, they 
make generally short-
distance, brief spawning 
runs into fresher water 
where spawning takes place 
over a sand substrate 
(Baxter et al. 2009). Hobbs 
et al. (2010) examined 
otoliths and isotopic 
signatures and determined 
that the salinity preference 
of larval longfin smelt is 
broad (from 0-15 ppt), with 
frequent occurrence in 
fresher water salinities (~1-
3 ppt) and in brackish 
waters (>5 ppt). Baxter et al. 
(2010) reports that 
“nursery habitats” cover a 
wide salinity range from 0.1-
18 ppt. 

Moyle (2002) reported that 
spawning by longfin smelt in 

the Delta occurs below Medford Island in the San Joaquin River and below Rio Vista on the 
Sacramento River. The western extent of spawning habitat in the Delta was previously 
thought to be in upper Suisun Bay around Pittsburg and in Montezuma Slough in Suisun 
Marsh (Moyle 2002); however, the 20-mm Survey has found large numbers of larval 
longfin smelt in the Napa River. The conclusions of Moyle (2002) are contradicted by more 
recent published material. As presented by Leidy (2007) and Rosenfield (2010), other 
watercourses tributary to San Pablo Bay (e.g., the Petaluma River and Sonoma Creek) and 
South Bay (e.g., Coyote Creek) may also provide spawning habitat (there are currently no 
regular fish monitoring programs on those tributary streams), suggesting they are not 
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Figure 1. Bay Study Otter Trawl (boxes) and Midwater Trawl (circles) 
catch per unit effort. Age-0 and age-1 fish catch is greater in the Otter 
Trawl, which samples near the bottom, than the Midwater Trawl, 
indicating that many fish are more demersal than pelagic. Age-2 fish are 
more pelagic. Otter Trawl CPUE converted to the same units as the 
Midwater Trawl. Data from the California Department of Fish and Game’s 
Bay Study. 
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exclusively dependent on the Suisun Bay region or the low-salinity zone for rearing. The 
upper end of the spawning habitat in the Delta is in the region of the confluence of the 
Sacramento and San Joaquin rivers, although the 20-mm Survey records small numbers of 
longfin smelt as far upstream on the Sacramento River as the Cache Slough region and east 
into the central estuary; however, these represent a very small percentage of their 
distribution (e.g., Baxter et al. 2009 characterizes upstream spawning as sporadic and 
rare). Larvae are found in salinities up to 15 ppt (Hobbs et al. 2010) and juveniles inhabit 
most of the estuary seaward of about 2 psu (Kimmerer 2002). 

1.3 Abundance and Distribution of Longfin Smelt 

Rosenfield and Baxter (2007) and Baxter et al. (2009) document that the range of longfin 
smelt extends into San Francisco Bay. The available data show the primary geographic 
range of the San Francisco estuary population of longfin smelt extends from the lower 
Sacramento River confluence downstream through Suisun, San Pablo, and Central bays, and 
even in South Bay and the near-ocean. Small fractions of the population can be found as far 
upstream as the American River, the lower San Joaquin River, and various other interior 
portions of the Delta, Suisun Marsh, and Cache Slough (Figure 2). In every life stage and in 
every year, most of the population(s) is located in north San Francisco, San Pablo, and 
Suisun bays. Suisun and San Pablo bays show consistently more frequent longfin smelt 
occurrences compared with other regions, suggesting those waters serve as potential 
nursery areas (Figure 3A, 3B, 3C). In contrast, the Delta surveys have shown irregular and 
small occurrences, suggesting habitats upstream of Suisun Bay may be of lesser quality, or 
are only utilized under certain circumstances.  

The data reflected in Figures 2, 3A, 3B, and 3C suggest that longfin smelt are not tightly 
associated with a particular salinity or the estuary’s low-salinity zone,  which is consistent 
with Kimmerer (2004) and Baxter et al. (2010). 

Baxter et al. (2010) reported on a general shift in where longfin smelt are captured in the 
water column. The ratio of catch in the water column to catch at the bottom declined 
sharply during the POD years and has remained low, suggesting a shift in habitat use 
toward the bottom. Through the entire period of record, summer-fall longfin smelt (mostly 
age-0) catches in the Bay Study Midwater Trawl generally exceeded those in the Otter 
Trawl in Suisun Bay and the west Delta, whereas from San Pablo Bay downstream the 
reverse was true. During the POD years, coincident with the sharp drop in the Bay Study 
Midwater to Otter Trawl catch ratio, relative Otter Trawl catches by embayment shifted 
downstream and the greatest proportion occurred in Central Bay. Thus, both historical and 
recent downstream shifts in habitat use seem to have occurred, in addition to the recent 
shift toward the bottom indicated by the Bay Study Midwater:Otter Trawl ratio decline. 
These shifts downstream and toward the bottom further suggest that the pelagic feeding 
environment of the upper estuary has declined and that the longfin smelt response 
occurred in stages. Also, such shifts undoubtedly affected longfin smelt abundance as 
indexed by midwater trawls (FMWT and Bay Study Midwater Trawl) and contributed in 
part to the declines observed in their respective abundance indices. All of this suggests that 
there is some uncertainty in the results of the trawl data.
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Figure 2. Extent of Interagency Ecological Program monitoring stations. The Fall Midwater Trawl does not extend into 
Central and South Bays while the Bay Study trawls do. The Bay Study trawls demonstrate that longfin smelt’s known 
range in the estuary extends into these bays. From Gray et al. (in prep). 
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Schoellhamer (2011) notes that the estuary overall is in an erosion state, with its main 
channels deepening. Such changes in the Delta’s bathymetry could further affect the 
monitoring catch of longfin smelt. The midwater trawls (Bay Study and FMWT) sample to a 
depth of 10-12 m because of gear limitations. Many of the estuary’s main channels now 
exceed this depth (see Bay Study and FMWT data at http://www.dfg.ca.gov/delta/). 
Approximately one-third of the Bay Study stations now exceed 12 m in depth. Thus, at 
many stations the midwater trawls are no longer sampling the deepest stratum of the 
water, even as longfin smelt catch has been shifting towards the bottom. 

1.4 Environmental Factors Affecting Longfin Smelt 

1.4.1 Food Resources 

Food resources utilized by fishes of concern have declined in the low-salinity zone and 
upstream on the Sacramento River (Jassby et al. 2002; Kimmerer 2004). Nixon (1988) 
reports a strong relationship between production at the base of the food web (primary 
production) and production of fish (fishery yield), providing an explanation for the low 
fishery production in the Bay-Delta estuary. USFWS (2012) links changes in primary 
production caused in part by the invasion and establishment of the Amur River clam to 
longfin smelt population dynamics. Glibert et al. (2011) links changes in primary 
production to unbalanced nutrient ratios, a change that likely created conditions 
supportive of the Amur River clam’s invasion. While other factors may also be at work, the 

Figure 3A. Spring distribution of longfin smelt in the Bay-Delta system based on catch per unit effort. (A) Age-0 fish. 
Note, the dark shaded circles represent 90% of the effort adjusted catch (major catch) and the light circles indicates the 
<9% effort adjusted catch (minor catch). Longfin smelt are found far below the low-salinity zone, especially in San Pablo 
Bay. From Gray et al. (in prep). 

B 

A 
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hypothesis that changes in primary production are a strong driver of longfin smelt declines 
is plausible. 

Juvenile longfin smelt feed primarily on calanoid copepods, especially Eurytemora affinis, 
whereas older juveniles and adults feed principally on opossum shrimpand Acanthomysis 
spp. shrimp, when available (Hobbs et al. 2006; Slater 2008; Rosenfield 2010). E. affinis is 
important to age-0 longfin smelt in the spring. In summer and early fall, larger longfin 
smelt switch to N. mercedis (Slater 2008). In later fall, amphipods become regionally more 
important.  Opossum shrimp has declined substantially in the estuary since the early 1970s   
(Orsi and Mecum 1996); when opossum shrimp are less abundant, adult longfin smelt 
return to feeding primarily on copepods and amphipods (Feyrer et al. 2003; Hobbs et al. 
2006; USFWS 2012). It is widely accepted that food resources preferred by native fishes 
have suffered a major decline in the Delta (Kimmerer 2002; Moyle 2002; Rosenfield and 
Baxter 2007), being replaced by smaller, less nutritious taxa (Lehman 2000; Lehman et al. 
2005; Lehman et al. 2010; Jassby et al. 2002; Sommer et al. 2007; Glibert et al. 2011; 
Winder and Jassby 2010). 

Invasion of the estuary by the Amur River clam, P. amurensis, led to a sharp decline in the 
abundance of E. affinis, N. mercedis, and other mysids in the Suisun Bay region (Orsi and 

Figure 3B. Spring distribution of age-1 longfin smelt in the Bay-Delta system based on catch per unit effort. Note: the 
dark shaded circles represent 90% of the effort adjusted catch (major catch) and the light circles indicates the <9% 
effort adjusted catch (minor catch). Age-1 longfin smelt are found throughout San Francisco Bay and west of the low-
salinity zone. From Gray et al. (in prep). 
 

B 



Bay-Delta Fisheries Resources: Pelagic Organisms 
 

September 14, 2012   Longfin Smelt (Spirinchus thaleichthys) · 11 

 

  

 

Mecum 1996). After examining a number of potential causes of the opossum shrimp 
decline, Orsi and  Mecum concluded that food limitation caused by grazing of the Amur 
River clam is the most probable cause. A factor leading to their conclusion is that, after 
1984, the percent of large mysids (>11 mm) declined and was very low from 1988 to 1993. 
Orsi and Mecum concluded that so long as P. amurensis remains abundant in Suisun Bay, 
the abundance of N. mercedis is likely to also remain low. Additionally, the introduction and 
population increase of two Asian mysids in 1992 may compete with N. mercedis for 
resources (Orsi and Mecum 1996). According to Glibert et al. (2011), changes in nutrient 
forms and ratios may have played a role in the successful invasion by and establishment of 
the Amur River clam.  

In addition to the food limiting effects of the Amur River clam, E. affinis and the opossum 
shrimp also suffered further declines because of unbalanced nutrient ratios that favor 
smaller, less nutritious taxa (Lehman 2000; Lehman et al. 2005; Lehman et al. 2010; Jassby 
et al. 2002; Sommer et al. 2007; Winder and Jassby 2010; Glibert et al. 2011; Glibert 2012). 

Figure 3C. Spring distribution of age-2 longfin smelt in the Bay-Delta system based on catch per unit effort. Note: the 
dark shaded circles represent 90% of the effort adjusted catch (major catch) and the light circles indicates the <9% 
effort adjusted catch (minor catch). Adult longfin smelt are found throughout the estuary. From Gray et al. (in prep). 
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 A manifestation of the imbalance in the nitrogen:phosphorus ratio may have created 
conditions favorable for invasion by the Amur River clam (Glibert et al. 2011). A detailed 
discussion of the current condition of the estuary’s food web is found in the PWA’s 
submittal, Ecosystem Changes to the Bay-Delta Estuary: A Technical Assessment of Available 
Scientific Information, dated 16 August 2012. 

A potential response by fishes to reduced food supplies in a region is to move to more 
favorable areas without such limitations, if possible. A change in distribution from areas of 
low food availability to more productive areas may have occurred, as Baxter et al. (2010) 
notes that shifts in distribution away from habitats sampled by the Fall Midwater Trawl 
may explain some of the decline in longfin smelt in the FMWT abundance index, just as it 
has for striped bass (Sommer et al. 2011) and northern anchovy (Kimmerer 2006). 

Reduced abundance is not observed in the Bay Study Otter Trawl (Baxter et al. 2010), 
which samples down through San Pablo, Central, and South bays (see Figure 1); these 
regions have not experienced as severe a drop in chlorophyll-a as seen in Suisun Bay and 
the Delta (Kimmerer 2004). 

1.4.2 Entrainment 

Grimaldo et al. (2009) stated: “There is considerable concern about the number of fish 
entrained at the export facilities. Unlike the X2-fish relationships, there is no direct evidence 
that entrainment affects population-level responses of fish.” Likewise, Baxter et al. (2010) 
acknowledged that the effects of entrainment on the longfin smelt population was 
unknown. Except for 2002, when an unusual number of longfin smelt were salvaged, 
entrainment by the water projects has been very low. USFWS (2012) reported the total 
number of spawning age longfin smelt salvaged at both pumps between 1993 and 2007 
was 1,133 (an average of 87 fish per year). Baxter et al. 2009 characterizes upstream 
spawning, which may increase the likelihood that larval longfin smelt could be entrained, 
as sporadic and rare. 

Rosenfield (2010) hypothesized that the water projects may entrain significant numbers of 
larval longfin smelt in low outflow years and immediately after the spawning period.1 Using 
particle tracking models and distributional assumptions, Baxter et al. (2009) estimated that 
larval entrainment at the water projects might be 2-10% of the total larval population. 
Table 2 of Baxter et al. (2009) indicates that entrainment of larval longfin smelt can reach 
the tens of thousands, and may have reached over a million fish in 2002; however, Table 2 
of Baxter et al. (2009) is based at least partially on prescreen losses of juvenile Chinook 
salmon, delta smelt, striped bass, and steelhead trout (see Baxter et al. 2009, Appendix B). 
As these species have not been verified as appropriate surrogates for juvenile or adult 
longfin smelt for the purpose of estimating entrainment, Baxter et al.’s (2009) estimates 
are uncertain. And, based on the 20-mm Survey, which does not survey the entire range of 
longfin smelt, only small numbers of larval-juvenile longfin smelt are found in the sub-
region of the Delta in which the pumps are located, indicating that entrainment of larvae is 

                                                        
1  Fish less than 20-mm are not efficiently captured by the salvage facilities and are not counted in 
salvage surveys. 
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expected to be low. As previously mentioned and as demonstrated by Figures 3A-3C, in 
every life stage and in every year the bulk of the longfin smelt population is located in 
Central, San Pablo and Suisun bays (Figure 4). 

 

 
Baxter et al. (2009) also used particle tracking model runs to estimate the potential for 
entrainment of larval longfin smelt. Seven particle injection points were chosen, most of 
which were in the interior Delta and up to the Cache Slough region, areas which are outside 
the typical distribution of longfin smelt. Each of the insertion points introduced 5,000 
particles, even though Baxter et al. (2009) characterizes upstream spawning as sporadic 
and rare. This casts further uncertainty on Baxter et al.’s (2009) conclusions on longfin 
smelt entrainment. 

The importance of entrainment by the CVP and SWP pumping plants us further questioned 
by the data which show  that far more longfin smelt are caught as bycatch – a form of 
entrainment – in small bay shrimp trawl fishery and bait fishing (anchovies and sardines) 
operations in South San Francisco Bay, San Pablo Bay, and Carquinez Strait (CDFG 2009). 
The California Department of Fish and Game estimated the total longfin smelt bycatch from 
shrimping in 1989 and 1990 at 15,539 fish, and in 2004 at 18,815-30,574 fish. Even though 
the bay shrimp trawl industry has declined since 2004, it continues to entrain longfin smelt 
at levels greater than those attributed to the water projects (USFWS (2012). 

1.5 Reasons for Caution Regarding Flow Relationships 

Numerous sources have described the positive correlation between winter-spring estuary 
outflow and longfin smelt abundance (see, e.g., Stevens and Miller 1983; Jassby et al. 1995; 
Kimmerer 2002, 2004; Kimmerer et al. 2009). However, the biological mechanism(s) of the 
spring X2:longfin smelt abundance relationship remains unknown (Kimmerer et al. 2009; 
Baxter et al. 2010), even though considerable research efforts have been undertaken since 
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Figure 4. Percent frequency of detection of age-0 longfin smelt by region. “X” indicates no sampling and “0” indicates 
sampling but no longfin smelt observed. Data were from BMWT = Bay Study Midwater Trawl; BOT = Bay Study 
Otter Trawl; Kodiak = Spring Kodiak Trawl. 
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1995 to better understand the causal mechanisms underlying the relationship (see, e.g., 
Sommer et al. 2007; MacNally et al. 2010; Rosenfield 2010; Thomson et al. 2010). Without 
an understanding of the causal mechanisms, significant uncertainty exists with any 
management action that is based on outflow:abundance relationships. 

The Jassby et al. (1995) study, which was the basis for the X2 standard adopted by the 
SWRCB in D-1641, cautioned: “What are the causal mechanisms underlying these 
[salinity:organism] relationships? A variety of potential mechanisms deserves detailed 
consideration that is beyond the scope of this study…” and “In certain cases, variables 
correlated with X, or net Delta outflow are thought to be important causal factors. These 
correlations may not persist into the future if the estuary is managed in a different fashion, 
and the utility of X, as a predictor may no longer hold.” Kimmerer (2002), which reevaluated 
the Jassby et al. (1995) X2:organism relationships and attempted to identify mechanisms of 
effect, acknowledged: “The current state of knowledge about flow effects does not provide 
adequate support to decision making. The salinity standard is a crude tool that could possibly 
be made more effective. Major changes in configuration of the Delta or regional climate could 
result in unanticipated changes in flow response of the estuarine ecosystem. Reductions in 
export flow are inadequately supported by evidence, evidence, and there is little 
understanding of population-level effects of entrainment in export pumping facilities. The 
effectiveness of export reductions using environmental water has not been put in a 
population-level context or compared with alternative actions in the watersheds. All of these 
problems are shortfalls of knowledge that can be addressed through a program of research 
coupled with experimental manipulation of some aspects of freshwater flow.” Kimmerer et al. 
(2009), which again examined X2:habitat relationships for several estuarine organisms, 
concluded that longfin smelt are not among the fish species whose habitat area were 
shown to benefit from increased seasonal flows through the Delta. 

Not only does the scientific literature question the reliance on flow:abundance 
relationships, but consideration of the relationship of other factors and abundance raises 
additional uncertainty. While longfin smelt abundance based on the FMWT is correlated 
with winter-spring X2, it is also strongly and directly correlated with ammonium (Glibert 
2010; Glibert et al. 2011), nutrients (Glibert et al. 2011), food resources (especially mysid 
shrimp; Chigbu et al. 1998), Secchi depth, and winter-spring Napa River flows. (See Figure 
5.) Importantly, at least some of these other relationships have direct causal mechanisms.  
That is, the scientific literature explains the direct impacts of food resources (caused by 
ammonium and nutrients) and/or the effect of nutrient ratios on primary productivity and 
speciation. 

Another area of uncertainty regarding the statistical relationship between outflow and 
abundance is due to the specific survey data used. Jassby et al. (1995) examined the 
relationship between the location of the X2 isohaline in the winter:spring and the 
abundance of longfin smelt based on the Fall Midwater Trawl. As previously discussed, the 
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Fall Midwater Trawl misses much of the range of longfin smelt (see Figure 2, Figures 3A-
3C). 

Another area of caution relates to differences in efficiencies between the fish monitoring 
surveys. The Fall Midwater Trawl is conducted from September-December using a large net 
towed mid-channel and obliquely from the bottom to the surface. It primarily samples age-
0 longfin smelt. Gear limitations prevent the nets from sampling deeper than 
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approximately 10-12 m; many monitoring stations now exceed 10-12 m in depth. The Bay 
Study Otter Trawl is conducted throughout the year using a net designed to travel along the 
channel bottom picking up demersal organisms (although there may be some residual 
sampling of other water depths as the net is lowered and raised to the surface) (see state 
Department of Fish and Game’s website for a description of trawl gear). The Bay Study 
Otter Trawl and its related Midwater Trawl samples the area covered by the FMWT and 
also downstream (see Figure 2). The Bay Study is the only one that covers the Central and 
South Bays, the downstream range of longfin smelt in the estuary. 

The differences in the fish monitoring surveys can be illustrated by examining the post-
1987 period (Figure 6). Much of the longfin smelt population decline appears to have 
occurred shortly after 1987 (see, e.g., Jassby et al. 1995; Kimmerer et al. 2009), with only 
moderate declines since then. The Bay Study Midwater Trawl and FMWT indicate a 
continued but slower rate of decline since approximately 2000, while the Bay Study Otter 
Trawl indicates a level or slightly rising trend. In addition, it appears that as Secchi depth 
decreases (turbidity increases) the Otter Trawl catch increases and the Fall Midwater 
Trawl decreases. The fact that the Bay Study Midwater Trawl, FMWT, and Otter Trawl 
present a different picture of historical trends indicates there is still uncertainty regarding 
longfin smelt’s true population status. And, the average depth of the estuary’s bays has 
been increasing over time (Jaffe et al. 1998; Cappiella et al. 1999). The estuary is in an 
erosion stage, resulting in deepening channels (Schoellhamer 2011). In addition, the 
efficiency of the midwater trawls may have decreased over time as the channels have 
eroded. 
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2.0 Delta Smelt 

2.1 Introduction and Summary 

A brief summary of factors the State Water Board should consider when evaluating the 
need for Delta through flows for delta smelt include: 

 Four life cycle or multi-variable analyses of delta smelt abundance and potential 
stressors have recently been published (MacNally et al. 2010; Thomson et al. 2010; 
Maunder and Deriso 2011; Miller et al. 2012). These latter two studies show food 
resource availability to be a significant driver of delta smelt abundance. Thomson et 
al. (2010) found weak effects of water clarity and winter exports on delta smelt. 
MacNally et al. (2010) identified weak effects of predator abundance (largemouth 
bass) and stronger effects of warmer summer temperatures and duration of water 
temperatures suitable for spawning. Maunder and Deriso (2011) found that water 
temperature, prey density, and predators explained the recent decline in delta smelt 
abundance. And, Miller et al. (2012) found that prey density strongly predicted delta 
smelt abundance, while water temperature and predators were weakly associated 
with abundance.  None of these models indicate that X2 position in the fall months 
affects delta smelt abundance. 
 

 Delta smelt do not have a statistically significant relationship between species 
abundance and low-salinity zone volume, winter-spring, summer, or fall outflow. 
 

 Feyrer et al. (2011) proposed a statistically significant relationship between species 
abundance and an index of habitat quality in the fall. Because the equation contains 
an induced correlation, the index of habitat quality cannot be relied upon as a 
predictor of delta smelt abundance. Initial analyses suggest the relationship 
between abundance and the habitat index is not significant. Stated differently, 
because the index of habitat quality is also a measure of abundance, the relationship 
provides no support for the importance of the habitat quality index. Irrespective of 
whether the habitat index equation has a statistically significant relationship with 
abundance, the fall X2 conceptual model has several deficiencies: 
 

o Data analysis did not include Cache Slough abundance data; 
 

o Studies ultimately focused on a single variable; 
 

o Four life cycle or multi-variable models independently reached the same 
conclusion: the position of X2 in the fall months has no statistically 
significant effect on species abundance; 
 

o Suisun Bay is not currently as productive as it once was; 
 

o It is unclear that delta smelt are distributed in relation to the low-salinity 
zone; 
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o A complete analysis establishing that the position of X2 can serve as a 

surrogate for delta smelt habitat needs to be conducted; 
 

o Based on the high flows in 2011, the low Summer Townet Survey results for 
2012 would not have been predicted by the fall X2 conceptual model; 
 

o X2 position has not been trending upstream in the fall. 
 

2.2 Delta Smelt Biology 

The delta smelt, Hypomesus transpacificus, is a small, almost transparent, euryhaline fish 
species with a mostly annual life cycle. Most adults die following spawning in the spring, 
but a few survive a second year (Moyle et al. 1992; Bennett 2005). Young delta smelt 
emerge in the late winter or early spring, grow rapidly during summer, and reach 
adulthood in the fall months (Moyle 2002). 

Water temperatures over about 25°C are lethal and can constrain delta smelt habitat, 
especially during summer and early fall (Swanson et al. 2000). The fish has been found as 
far west as San Pablo Bay and as far upstream on the Sacramento River as the confluence 
between the Sacramento and Feather rivers (Merz et al. 2011). In most years, the bulk of 
the population is distributed from Grizzly Bay to the Cache Slough region (Merz et al. 
2011). In recent years, monitoring catch in the Cache Slough region, including the 
Sacramento Deep Water Ship Channel, has demonstrated that this region is vitally 
important to the population. 

2.3 Delta Smelt Habitat 

Habitat for a species is generally defined as a geographic area that supports the physical 
(abiotic) and biological (biotic) resources upon which a species depends. For analytical 
purposes and for assessing effects, this approach has not been used by the fishery agencies; 
rather, the location of X2, or the volume of water in the low-salinity zone, has been used to 
measure habitat changes. Therefore, instead of considering the full range of habitat 
features that delta smelt utilize, the fishery agencies have generally only looked at one –  X2 
position. If a habitat surrogate such as X2 position is to be used, there needs to be an 
accompanying analysis explaining why that single factor accurately predicts changes in the 
array of habitat features that define species habitat. 

Part of the difficulty in defining habitat for delta smelt is that there is limited research on 
the habitats that delta smelt prefer, as well as a comprehensive understanding of why smelt 
are distributed as they are, with a large segment of the population occurring in 
comparatively fresh water year round. There is also much that still needs to be learned 
about how delta smelt use their environment at various life stages (e.g., whether delta 
smelt migrate, their mobility at various life stages, habitat preferences, etc.).  

There are a variety of researchers investigating the habitat needs and preferences of delta 
smelt.  This research includes work by Hamilton and Murphy. Their work may provide an 
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operational description of habitat. The Hamilton and Murphy habitat affinity analysis 
covers multiple life stages of the delta smelt drawn from time-series data from four trawl 
surveys, and data on environmental attributes taken from throughout the distribution of 
the fish. Ranges of conditions acceptable to delta smelt for each of seven environmental 
attributes were identified. Low turbidity and high water temperatures render a large 
portion of the estuary seasonally unacceptable to delta smelt. Within areas that experience 
largely acceptable water quality conditions, patterns of delta smelt occurrences indicate 
that habitat occurs where deep channels adjoin shallow-water circumstances and extensive 
patches of emergent vegetation. Habitat suitability indices show that favored 
environmental circumstances vary with life stages, and delta smelt move as they mature to 
access suitable areas with environmental attributes in acceptable ranges. Areas that exhibit 
highest geometrically weighted average HSI values for environmental attributes are 
displayed on maps, and can be viewed as representing potential priority target areas for 
habitat restoration efforts. 

Hamilton and Murphy (in prep) describe habitat for delta smelt as: 

“…areas in the northern and central estuary that are characterized by complex 
bathymetry, with deep channels close to shallows and shorelines, with little 
submerged vegetation, but immediately bounded by extensive tidal or freshwater 
marshlands. Such situations appear to contribute to local production of diatom-rich 
phytoplankton communities that support calanoid copepods, in particular 
Eurytemora and Pseudodioptomus, and some cyclopoid zooplankton, which are 
frequent in the diets of delta smelt. The fish demonstrates affinities for waters that 
experience salinity in the range of 200-8000 EC, a water transparency (Secchi 
depth) less than 50 cm, and temperatures below 22 degrees Celsius, with preferred 
conditions varying somewhat with life stage. Before spawning, delta smelt initiate a 
diffuse landward dispersal to fresher-water circumstances, and while little is known 
about the microhabitat conditions required for successful spawning, preferred 
substrates may include clean cobble or sandy surfaces to which eggs are adhered. 
Delta smelt frequently are found in open water situations, but less so during 
spawning. Where pre-spawning delta smelt must disperse greater distances to 
spawning areas, intervening areas of the estuary, including some areas with 
conditions less suitable for delta smelt, are included as habitat.”  

Sommer and Mejia (in review) largely corroborates the habitat preference findings of 
Hamilton and Murphy (in prep), although Sommer and Mejia did not perform affinity or 
similar habitat preference analyses. 

While not the definitive work, Hamilton and Murphy (in prep) does provide an initial 
framework for further study regarding delta smelt habitat preferences. Future habitat 
restoration projects should consider the design elements proposed by Hamilton and 
Murphy, thereby testing their habitat models as part of a practical experiment that will 
assist in defining delta smelt habitat. 
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2.4 Environmental Factors Affecting Delta Smelt 

There are four delta smelt life cycle analyses that have been published, each evaluating the 
available data with the intention of learning more about the environmental stressors 
driving delta smelt abundance. Each model was created independently of the others and as 
a result the approaches and data sets used in each analysis differ. The results of these 
analyses provide insight into the drivers of delta smelt abundance, particularly where there 
is substantial agreement between the models. The models generally agree that food 
resources are important, as well as temperature and predation. Fall X2 position was not 
identified as a driver of abundance. 

2.4.1 Nutrients 

Recent analyses have demonstrated inhibitory effects of ammonium on the nitrogen uptake 
and productivity of phytoplankton (Wilkerson et al. 2006; Dugdale et al. 2007; Brooks et al. 
2012; Parker et al. 2012a, 2012b) and the effects of an altered N:P ratio on community 
structure (Glibert 2010; Glibert et al. 2011; Glibert 2012). Both of these effects occur in the 
Delta, particularly in Suisun Bay, where previously large springtime blooms of 
phytoplankton occurred but which are currently rare. Evidence that the Delta suffers from 
the long-term consequences of changes in nutrient forms and ratios is found in the decline 
of diatoms and dominance of flagellates and cyanobacteria (Brown 2009; Glibert et al. 
2011). Major changes in the estuary’s food web have lowered its carrying capacity for 
higher trophic levels (Kimmerer et al. 2000). Changes in nutrient forms and ratios offer a 
plausible biological mechanism for trophic changes (Glibert 2010; Glibert et al. 2011). 
Evidence of glycogen depletion demonstrates that delta smelt in at least some regions of 
the estuary are food limited (Bennett 2005; Bennett et al. 2008). A decline in average 
length at age is further evidence for food shortages (Sweetnam 1999; Bennett 2005). 
Glibert et al. (2011) found a relationship between phosphorus and length at age, suggesting 
a stoichiometric explanation. (See expanded discussion of nutrients in PWA submittal for 
ecosystem change and low salinity zone workshop and presentation by Dr. Patricia 
Glibert.) 

2.4.2 Declines in Primary Productivity 

Significant changes to the estuary’s food web have occurred, particularly when the Amur 
River clam became abundant after 1987 (Carlton et al. 1990; Alpine and Cloern 1992; 
Kimmerer et al. 1994; Feyrer et al. 2003; Kimmerer 2006; Feyrer et al. 2007; Greene et al 
2011). Kimmerer et al. (1994) reported a 69 percent drop in chlorophyll concentration 
after the Amur River clam became abundant. Because it consumes diatoms and copepod 
nauplii, P. amurensis has played a role in the restructuring of the plankton community in 
the estuary (Carlton et al. 1990; Kimmerer et al. 1994). Greene et al. (2011) found that P. 
amurensis also feeds heavily on microzooplankton (e.g., ciliates), which are a food resource 
for macrozooplankton (e.g., copepods). As a result, the Amur River clam may disrupt the 
link between these trophic levels (Greene et al. 2011). 

The Amur River clam has a wide tolerance for salinity, being found in the full range of bay 
salinities (<1 to 33‰) (Carlton et al. 1990). The euryhaline Asiatic bivalve Corbicula 
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fluminea invaded the estuary in the 1940s. On average, it has been more abundant in the 
central Delta and Suisun Bay regions after wet years, while the Amur River clam has been 
more abundant, mostly in the Suisun Bay region, in dry years (Peterson and Vayssières 
2010). This fact has significant implications to species recovery, since it is likely that 
changes in salinity simply shifts the dominant benthic bivalve community from one species 
to another (Peterson and Vayssières 2010). 

A second driver of change to the estuary’s food web came into play when increasing 
anthropogenic discharges of nitrogen were coupled with reductions in phosphorus loading 
in the estuary (Van Nieuwenhuyse 2007; Glibert et al. 2011). Changes in nutrient forms and 
ratios caused stoichiometric changes in lower trophic levels, away from a diatom-based 
food web and toward a less efficient bacterial food web (Glibert 2010; Glibert et al. 2011). 
According to Glibert (2010), the decline in diatoms, which began in 1982, is highly 
correlated with the increase in ammonium loading. (Delta smelt abundances experienced a 
step change in 1981-1982 (Kimmerer et al. 2009)). Diatoms prefer – and, under some 
conditions, physiologically require – nitrate over ammonium, unlike many other algae 
which preferentially use ammonium over other nitrogen forms. As nitrate became less 
available relative to ammonium in Suisun Bay, a competitive advantage shifted to 
phytoplankton taxa that can more efficiently use reduced forms of nitrogen. Among the 
phytoplankton groups that replaced diatoms in the estuary, cyanobacteria and many 
flagellates show a preference for chemically reduced forms of nitrogen (Berg et al. 2001; 
Glibert et al. 2004, 2006; Brown 2009). 

Today, the Suisun Bay region is dominated by cyanobacteria and flagellates (Brown 2009).  
Observed changes in zooplankton composition are consistent with ecological 
stoichiometric principles, which predict that consumers that successfully sequester the 
nutrient in lesser supply relative to their needs should dominate and, in so doing, may 
stabilize at a new stable state (Glibert et al. 2011). Ecological stoichiometry theory predicts 
that systems that shift from low to high nitrogen-to-phosphorus ratios should sustain shifts 
from planktivores to piscivores or omnivores (Sterner and Elser 2002). As mentioned 
previously and in the PWAs’ submittal, Ecosystem Changes to the Bay-Delta Estuary: A 
Technical Assessment of Available Scientific Information, dated 16 August 2012, this is 
clearly what has happened in the Delta. Glibert et al. (2011) reviews several other estuaries 
where nutrient changes have caused similar effects on estuarine biota. 

Combined, the effect on the estuary’s food web has been severe – its apparent carrying 
capacity for multiple desired fish species has been reduced as the effects of an altered food 
web have cascaded upward to higher trophic levels (Kimmerer et al. 2000). Additional 
Delta through flows are unlikely to affect abundance of invasive bivalves, which shift their 
location in the estuary depending on salinity. Glibert (2010) points out that the current 
strategy of salinity management will likely show little beneficial effect on phytoplankton, 
zooplankton, or fish. 

2.4.3 Predation 

Predation may be an important stressor effecting delta smelt abundance. Maunder and 
Deriso (2011) found that predation was one of the main variables explaining variations in 
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delta smelt abundance, but MacNally et al. (2010) and Miller et al. (2012) described weaker 
effects of predation. It is known that striped bass prey on delta smelt due to their 
ubiquitous distribution in the estuary (Nobriga and Feyrer 2007), although it is uncommon 
in the gut contents of striped bass (Bennett 2005). Inland silversides Menidia berrylina are 
usually collected in areas where delta smelt spawn and may prey on their eggs and larvae 
(USFWS 1996; Bennett and Moyle 1996; Bennett 2005). Additionally, inland silversides 
may compete with juvenile and adult delta smelt for resources (Bennett 1996; 2005).  
Bennett and Moyle (1996) describe a negative relationship between silverside abundance 
and delta smelt abundance, particularly in dry years. Using qPCR genetic techniques, 
Cavallo et al. (2011) found DNA from delta smelt in the digestive tracts of 37% of the inland 
silversides collected during a Spring Kodiak Trawl survey. Further qPCR research confirms 
that inland silversides are a significant predator on delta smelt (UCD 2012). The chameleon 
goby Tridentiger trigonocephalus and yellowfin goby Acanthogobius flavimanus may also 
prey on delta smelt eggs and larvae and interfere with recovery of the species (USFWS 
1996). 

Although inland silversides were found to be the most prolific predator on delta smelt, 
ongoing predation research at U.C. Davis reveals that a greater number of species are now 
known to prey on delta smelt, including Chinook salmon, Siberian shrimp Exopalaemon, 
perch and sunfish, largemouth bass, Sacramento pikeminnow, and threadfin shad. 
Predators were caught both in near-shore and open waters (UCD 2012). 

2.4.4 Water Temperatures 

Water temperature was identified by Maunder and Deriso (2011) as a significant 
determinant of delta smelt abundance. The results of Maunder and Deriso (2011) suggest 
water temperatures throughout the estuary are becoming less hospitable for delta smelt. 
MacNally et al. (2010) found lesser effects of warmer summer temperatures and duration 
of water temperatures during spawning. Bennett (2005) noted that longer spawning 
periods in cooler years can produce more cohorts and on average higher numbers of adult 
delta smelt. In particular, warmer summer water temperatures have made the south Delta, 
especially the San Joaquin region, inhospitable for delta smelt (Nobriga et al. 2008).  
Indeed, since 1978, the Summer Townet Survey has experienced near-zero catches of delta 
smelt in the San Joaquin region (Nobriga et al 2008). Nobriga et al. (2008) found that 
summer water temperature acted somewhat like a switch, with capture probability 
decreasing abruptly at about 24oC. Wagner et al. (2011) predict that climate change will 
increase the number of days above delta smelt’s thermal maxima (especially along the 
Sacramento River) and may influence a shift to earlier spawning; however, as presented in 
the PWAs’ submittal, Ecosystem Changes to the Bay-Delta Estuary: A Technical Assessment of 
Available Scientific Information, dated 16 August 2012, the scientific literature supports a 
conclusion that reservoir releases do not influence water temperatures in the Delta or 
downstream. 

Water temperatures throughout most of the estuary are governed to a great extent by air 
temperature (Kimmerer 2004; Jassby 2008; Cloern et al. 2011). Therefore, while climate 
change models predict that water temperatures will continue to increase, reservoir 
releases are unable to moderate Delta water temperatures. 



Bay-Delta Fisheries Resources: Pelagic Organisms 

 

September 14, 2012  Delta Smelt (Hypomesus transpacificus) · 25 

2.4.5 Entrainment 

While Maunder and Deriso (2011) noted entrainment of adult delta smelt as weakly related 
to its abundance2, numerous scientific articles reference the potential deleterious effects of 
entrainment in water operations facilities on delta smelt (Moyle 2002; Dege and Brown 
2004; Bennett 2005; Kimmerer 2008). Kimmerer (2008) is the only article that attempts to 
quantify these effects. Kimmerer estimated that entrainment losses may be 0-40 percent of 
the population throughout the winter and spring, but entrainment effects on year-over-
year abundance were found to be small and dwarfed by the 50-fold variation in summer-
fall survival. Miller (2011) discusses several upward biases in Kimmerer’s (2008) analyses 
for delta smelt.  Kimmerer (2011) responded to Miller (2011) and adjusted his estimates 
down. Grimaldo et al. (2009) acknowledge that there is no evidence of entrainment effects 
on the population of delta smelt.  

In its delta smelt BiOp, FWS undertook an analysis of raw salvage data to justify controls on 
water project operations to limit reverse flows in Old and Middle Rivers (OMR). There have 
been criticisms of the FWS’ OMR analysis, including a concern with the FWS’s failure to 
normalize the data. The FWS has since addressed this specific concern by normalizing its 
data in its recent submittal to the State Board for the ecosystem change and low salinity 
zone workshop. Other analysis, however, have showed that the FWS’ OMR approach is not 
necessarily the best way to management SWP-CVP project operations to avoid large delta 
smelt entrainment events. More specifically, Deriso (2011) demonstrated that entrainment 
of spawning adults can be predicted by including three-day turbidity averages into the 
trigger for OMR flow. Incorporation of the three-day turbidity averages provides an 
equivalent level of protection at far less water cost than the FWS’s analysis. In essence, the 
largest entrainment effects are avoided, consistent with Kimmerer’s (2008) contention that 
entrainment effects are episodic, and with Grimaldo et al. (2009), which found that delta 
smelt salvage happens within days of first flush turbidity events. 

FWS’ submission, Technical Staff Comments to the State Water Resources Control Board re: 
the Comprehensive (Phase 2) Review and Update to the Bay-Delta Plan, dated 16 August 
2012, contains substantial information on entrainment and the influence of turbidity on 
entrainment. Its annual salvage vs. OMR graphs (USFWS submittal, Figures 5-8, pp. 8-11) 
indicate that only in 1996, 1999, and 2004 does a discernible pattern exist; however, there 
is not agreement among the graphs on the level of negative OMR flow that induces higher 
levels of entrainment. In fact, in 2004 the pattern suggests that strongly positive OMR flow 
induces higher entrainment. USFWS concludes that there is no particular OMR flow that 
assures entrainment will or will not occur (USFWS submittal, p. 6, 11). The Deriso (2011) 
OMR and turbidity trigger analysis is not countermanded by USFWS’s submission. 

USFWS’s submission critiques the Maunder and Deriso (2011) life cycle model results on 
entrainment effects, suggesting it corroborates the Kimmerer (2008, 2011) contention that 
entrainment effects may be sporadically significant. USFWS failed to note that the 
entrainment estimates used in Maunder and Deriso (2011) are based on Kimmerer’s 2008 

                                                        
2 Thomson et al. (2010) found winter exports to be a weak predictor of delta smelt abundance. 
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paper and extrapolations thereof.  Therefore any interpretation USFWS makes about 
sporadic significance is really a conclusion based on Kimmerer’s (2008, 2011) work. 

USFWS correctly notes that Kimmerer (2008, 2011) assumes no compensatory density-
dependent effects for his entire sequence of years from 1980-2006. This assumption is 
questionable given that delta smelt abundance was recorded at very high levels during the 
1990s. If density dependence exists at high abundance, then several successive high 
abundance years would effectively “reset” the clock and erase any effect of past abundance 
patterns. Even ignoring this problem, there are other issues with the Kimmerer (2008) 
analysis. If the population is at a low level of abundance, then with conventional stock 
production models, such as the Ricker recruitment model, it is true that substantive 
compensatory density-dependence is unlikely to be occurring; however, it is also true that 
natural survival is maximized at a low level of abundance. The long-term equilibrium 
reduction in a population due to a constant annual mortality (e.g., entrainment) is 
dependent on the maximum intrinsic rate of growth. For example, in a Ricker model, 
expressed as B(t+1) = B(t)(1-F)exp(a-b*B(t)), the percent reduction in equilibrium 
abundance due to a given constant annual mortality “F” is equal to –ln(1-F)/a (Lawson and 
Hilborn 1985). The parameter “a” is the maximum intrinsic rate of growth. Note that the 
long-term equilibrium abundance does not depend on initial population size. 

If one were to fit a Ricker stock production model (which incorporates density-
dependence) to the years of data analyzed by Kimmerer (2008, 2011) then one would be 
able to extract the “a” parameter estimate  and use the formula provided above to calculate 
the long-term equilibrium population reduction for a given assumed average entrainment 
loss. Deriso (2009) did such an exercise using Ricker model parameters obtained by 
applying the Ricker model to 1987-2006 data (Deriso 2009, Appendix 1) to obtain the 
estimate a=0.92. Taking the same average entrainment loss of 10% as used by Kimmerer 
(2008, 2011), the long-term equilibrium abundance is calculated to be just 11% lower than 
if no entrainment occurred. This is far less than the 10-fold reduction in abundance 
estimated by Kimmerer (2008, 2011). 

USFWS also failed to note that, according to Maunder and Deriso (2011), even with no 
entrainment the population of delta smelt would have been predicted to decline to a very 
low level of abundance. As stated in Maunder and Deriso (2011): “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 coefficient and the juvenile entrainment coefficient is 
zero, or the alternative model, in which both the juvenile and adult entrainment coefficients 
are set to one.” 

USFWS’s submittal (p. 30) references Kimmerer (2008) to support its contention that the 
agreement between Kimmerer’s entrainment estimates and particle tracking model (PTM) 
simulations based on the 20-mm Survey demonstrates that PTM provides a reliable 
estimate of entrainment for fish inhabiting the San Joaquin River and south Delta. 
Kimmerer’s (2008) results are certainly not evidence that PTM accurately predicts 
entrainment. As Kimmerer (2008, p. 22-23) himself wrote: “The variation in annual loss was 
related to flow conditions …, but this relationship is tautological, since Old and Middle River 
flow was used explicitly in the calculations,” and “The relationship of proportional loss to Old 
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and Middle River flow (by assumption) and inflow and export flow guarantees a relationship 
with X2.” That the PTM tracks OMR flow and Kimmerer’s (2008) estimates also track OMR 
flow is by no means validation for the use of PTM as a predictor of entrainment.  

The fact that the delta smelt decline can be explained by environmental covariates and not 
entrainment is shown in Figure 7 of Maunder and Deriso (2011), reproduced below as 
Figure 7, where the “alternative model” (right panel) which does not contain entrainment 
clearly demonstrates. 

 

 

2.4.6 Water Clarity 

Thomson et al. (2010) found that changes in water clarity weakly predicted delta smelt 
abundance. Researchers infer that because delta smelt are thought to have poor vision, 
turbid water improves visual acuity when seeking out prey (Boehloert and Morgan 1985 in 
Lindberg et al. 2000; Baskerville-Bridges et al. 2004) and provides some protection from 
predators (Moyle 2002). Delta smelt appear to prefer turbid waters during all life stages. 

It is widely acknowledged that turbidity levels in the estuary have declined.  One important 
causal factor is depletion of the erodible sediment pool by the late 1990s (Schoellhamer 
2011). Evidence of depletion is seen in the 36% step decrease in suspended sediment 
concentration beginning in 1999 (Figure 8). 
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Figure 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 (black lines) and a Beverton-Holt stock-
recruitment relationship (gray lines) 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) (right panels). 
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Schoellhamer (2011) describes 
riprapping of the banks of the 
lower Sacramento River and 
sediment trapping behind the 
rim dams and in flood control 
bypasses as contributors to the 
decreased sediment supply to 
the estuary, and notes that the 
sediment threshold that was 
crossed in 1999 is coincident 
with the POD decline that 
occurred immediately 

thereafter.  Delta smelt require 
turbid water for successful 
feeding and predator avoidance 
(Boehloert and Morgan 1985 in 

Lindberg et al. 2000; Moyle 2002; Baskerville-Bridges et al. 2004). 

Phytoplankton also contribute to turbidity levels. Numerous references in the scientific 
literature point to filtering of the water column by the Amur River clam P. amurensis 
leading to reduction of phytoplankton standing stock (see, e.g., Carlton et al. 1990; Alpine 
and Cloern 1992; Feyrer et al. 2003; Kimmerer 2006; Greene et al 2011). While 
phytoplankton is usually only a small component of suspended particulate matter in the 
Bay-Delta and northern San Francisco Bay (Cloern 1987; Jassby et al. 2002), invasion by 
the Amur River clam P. amurensis contributed to water clarity of the Suisun Bay region. 
Analysis of the available data shows that chlorophyll and turbidity levels tracked each 
other in the summer and fall prior to 1987 (Figure 9). 

Absent an erodible sediment pool, the main contributors to turbidity are wind-wave 
sediment resuspension and rainfall runoff from the watersheds below reservoirs.  Wind-
wave resuspension is greatest in spring and summer (Schoellhamer 2011) while rainfall 
runoff is limited primarily to the rainy season. Turbidity pulses are associated with rainfall 
runoff events (Grimaldo et al. 2009). 

Figure 8. Suspended sediment concentration, mid-depth, Point San 
Pablo. The vertical dashed line indicates when the step decrease 
occurred. From Schoellhamer (2011). The decline in suspended 
sediment is obvious starting in 1999. 
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Resuspension is a major source of turbidity levels in both San Pablo and Suisun Bay during 
the summer, due to reliable onshore winds (Ruhl and Shoellhamer 2004; Ganju et al. 2009; 
Ganju et al. 2011). The erodible sediment supply is greater in the shallows than in the 
deeper channels, resulting in greater resuspension in these areas (Ruhl and Schoellhamer 
2004). Unlike the Suisun Bay region, which is in an erosion phase (depletion of sediment), 
the Cache Slough region is in a depositional phase (accrual of sediment) (Morgan-King 
2012 IEP Science Workshop). The Cache Slough complex is a backwater region with dead-
end channels that trap sediments. The broad shallows are subject to wind-wave 
resuspension, keeping the region’s turbidity at levels satisfactory for delta smelt during all 
life stages. 

2.4.7 Physical Habitat 

Hamilton and Murphy (in prep) examined seven environmental attributes and six life 
stages for selection by delta smelt and found that its habitat includes areas characterized 
by complex bathymetry (with deep channels close to shallows and shorelines), with little 
submerged vegetation, but immediately bounded by tidal or freshwater marshlands (which 
appear to contribute to local production of diatom-rich phytoplankton communities that 
support adequate levels of delta smelt prey). And, they found that the full array of physical 
and biotic attributes necessary to consistently support delta smelt, set in spatial context 
with necessary adjacency and adequate temporal availability, is found in relatively limited 
areas of the contemporary estuary. Candidate areas for restoration of large emergent 
wetlands include eastern Montezuma Slough, the Sacramento River below Isleton, and the 
Cache Slough area. Furthermore, it appears that habitat conditions in areas in north Bay 
and Montezuma Slough could be improved with channel modifications, and increasing the 
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Figure 9. Historical trends in turbidity (black line), diatom density (red line), and chlorophyll-a (blue line) for 
Suisun Bay stations D4, D6, D7, D8. Turbidity and both diatom density and chlorophyll-a tracked fairly well until 
1988. The pattern has become more divergent since then. 
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availability of areas of shallow water in Grizzly Bay, Suisun Bay, and some stretches of the 
Sacramento River could improve habitat in those areas for young delta smelt. 

Less than five percent of the Bay-Delta’s historical wetlands and marshlands remain (TBI 
1998; Brown 2003). Historically, larger river channels were intermittently connected to 
nearby intertidal wetlands by a series of distributary channels that occasionally joined the 
river channels. Diking of distributary channels and conversion of wetlands to agriculture 
(and, to a lesser extent, urban and suburban development) eliminated most of the 
connecting distributary channels. The loss of the historical wetlands resulted in significant 
reductions in allochthonous carbon loading (e.g., from soil and plant material) in the 
estuary (TBI 1998). Increasing the areal extent of wetlands has the potential to restore at 
least some of the supply of allochthonous (soil generated) carbon (TBI 1998), which is an 
important nutrient for the lower trophic levels of the food web. Recognizing the need for 
additional wetlands habitat, the Bay Delta Conservation Plan anticipates the creation of a 
significant area of wetlands (BDCP 2012). 

2.4.8.1 Conceptual Model Suggesting a Relationship Between the Low-Salinity 
Zone and Delta Smelt Abundance 

The only X2 (low-salinity zone) conceptual model being discussed in recent years relates to 
a potential relationship between delta smelt abundance and X2 in the fall months. Until 
perhaps very recently, delta smelt conceptual models have not included spring X2. This has 
likely been the case because delta smelt are not one of the species with a known abundance 
relationship with winter-spring outflow (see, e.g., Jassby et al. 1995; Kimmerer 2002; 
Kimmerer et al. 2009), and because the current Delta Plan already contains spring outflow 
requirements. To a certain extent, the conceptual models may have changed very recently 
with the review of the results of the Fall Low-Salinity Habitat (FLaSH) studies, which has 
resulted in a suggestion that X2 location is biologically important to delta smelt all year, 
and thereby de-emphasizing fall as a season with special biological meaning. It is 
premature to consider whether a new conceptual model of a year-round X2 should be 
considered because the FLaSH study results are preliminary and largely inconclusive 
(FLaSH, 2012, p. 2). Irrespective of the preliminary FLaSH results, the fishery agencies have 
thus far only proposed an X2 in the fall months for delta smelt, so that is the only season 
addressed in detail in this analysis. 

The conceptual model regarding fall X2 is described in three papers: Feyrer et al. (2007), 
Feyrer et al. (2008), and Feyrer et al. (2011). Feyrer et al. 2008 is unpublished but it is 
relevant to the discussion because a preliminary draft was considered SWRCB Flow Report. 

There is new information relating to the fall X2 conceptual model that raises substantial 
questions about certain statements contained in the SWRCB Flow Report in the following 
areas: (1) “[t]he amount of habitat available to delta smelt is controlled by freshwater flow 
and how that flow affects the position of X2 (emphasis added);” (2) there is a demonstrated 
relationship between fall X2 position and abundance; and (3) the quantity of “habitat” that 
becomes available to delta smelt when fall X2 is positioned at particular geographic 
locations provides abundance benefits. (SWRCB Flow Report, pp. 108-110). These 
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statements do not accurately reflect the current state of the science, and would have to be 
highly qualified and labeled as uncertain and requiring further investigation. 

  The areas of concern and uncertainty can be summarized as follows: 

2.4.8.1.1 The Current Data Does Not Support a Direct Relationship Between the 
Location of X2 in the Fall and Delta Smelt Abundance 

Feyrer et al. (2007) investigated the relationship between certain water quality variables 
(salinity, turbidity and temperature) and delta smelt occurrence (distribution). Feyrer et al. 
(2007) also used a stock recruit model to examine the effect of those water quality 
variables on abundance between the pre-adult stage (FMWT) and subsequent juvenile 
stage (TNS). The fish abundance data was divided into two separate time periods – 1968-
1986 and 1987-2004. For 1987-2004 (but not 1968-1986), incorporating either salinity 
alone, or salinity in combination with turbidity, improved the fit of the model and explained 
more of the variance in the data set (Feyrer et al. 2007, pp. 727-728). Using Akaike’s 
Information Criteria, the model with the water quality covariates was preferred. 

Feyrer et al. (2008) sought to expand upon the analysis in Feyrer et al. (2007) by chaining 
together a series of modeled relationships, ultimately linking fall X2 position with 
abundance. This modeling chained together: (1) water quality variables and 
presence/absence (or occurrence) of smelt; (2) probabilities of occurrence and 
quantitative measures of suitable abiotic habitat; (3) suitable abiotic habitat area and X2 
position; and (4) suitable abiotic habitat (or X2) and subsequent abundance from pre-
adults (FMWT) to juveniles (TNS) the following year (see also Delta Smelt BiOp, pp. 235-
236, 268 (Figure E-22)). Feyrer et al. (2008) also developed several future outflow/fall X2 
scenarios and modeled the effects of those different scenarios on projected smelt 
abundance. 

The Feyrer et al. (2008) unpublished manuscript was substantially modified and evolved 
into the Feyrer et al. (2011) article, which was subsequently published. The statistical 
analysis in Feyrer et al. 2008 had been the subject of quite a bit of scientific debate, which 
included a critical review in the March 2010 National Research Council Report. The data 
analysis of fall X2 position and abundance in Feyrer et al. (2008) was ultimately dropped 
from the Feyrer et al. (2011) article. 

This discussion of Feyrer et al. 2007 and 2008 is particularly relevant to these State Water 
Board proceedings because the SWRCB Flow Report contains the above-described analysis 
that Feyrer et al. subsequently modified. 

2.4.8.1.2 There is Uncertainty Associated With the Method Used to Develop the Fall 
“Habitat Index” 

The revised Feyrer et al. (2008) analysis is contained in Feyrer et al.  (2011). This revised 
analysis linked together multiple relationships, e.g., water quality variables and 
presence/absence of delta smelt, probability of occurrence and a habitat index, and the 
habitat index and the average location of X2 in the fall months. The relationship that is 
proposed in Feyrer et al. (2011) is not a direct relationship between X2 and abundance, as 
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was proposed in Feyrer et al. (2008) (unpublished); it is a relationship between abundance 
and a habitat index. Feyrer et al. (2011) uses this abundance-habitat index relationship to 
support the premise that delta smelt habitat carrying capacity has declined as a result of 
changing X2 position in the fall.  Feyrer et al. (2011) concluded that the habitat index was 
reduced from 1967 through 2008, and under certain future development and climate 
scenarios.  There are several uncertainties associated with the analysis as presented in 
Feyrer et al. 2011. 

2.4.8.1.2.1 Data Analysis Is Circular 

The relationship between X2 and abundance in Feyrer et al. (2011) depends on a 
correlation between Feyrer et al.’s habitat index and FMWT abundance. This correlation is 
graphically shown in Figure 2C of Feyrer et al. (2011); however, this correlation appears to 
be an induced correlation. The habitat index was constructed using FMWT abundance data 
and then the habitat index was correlated against FMWT abundance. Consequently, both 
the X and the Y axes of the graph use a common data set. When the same data are being 
compared on both axes, some degree of statistical correlation will be induced. 

The habitat index:FMWT correlation should therefore be evaluated in light of the potential 
for induced correlation. Dr. Ken Burnham has estimated that the induced correlation could 
lead to a baseline correlation of R2=0.56. Feyrer’s habitat index:FMWT correlation has an 
R2=0.51, which suggests that the correlation between the habitat index and FMWT could be 
almost entirely induced. 

2.4.8.1.2.2 Data Analysis Did Not Include Cache Slough Abundance Data 

Feyrer et al.’s (2011) analyses did not include the delta smelt residing wholly in freshwater 
in the Cache Slough region. The FMWT did not begin sampling in the Cache Slough region 
until 2009. Feyrer et al.’s water quality:presence/absence analyses were all done using 
FMWT data before that survey began sampling in the Cache Slough region (Feyrer et al. 
2007 used FMWT data up to 2004; Feyrer et al. 2008 used data up to 2006; Feyrer et al. 
(2011) used data up to 2008). Since the Feyrer et al. conceptual model is that salinity is the 
driver of delta smelt distribution, not using the data from fresher areas, particularly the 
Cache Slough region where a large segment of the population reside, may have affected the 
results of the data analysis.  

Delta smelt inhabit the Cache Slough region year-round; their presence there is not a 
sampling artifact (Sommer et al. 2011; Delta Science Program Science News, April 2010).   

The size of the delta smelt population in the Cache Slough region is substantial, comprising 
as much as 42% of the current monitoring catch since 2005 (Sommer et al. 2009; Huggett 
2010). Sommer et al. (2009) also noted that delta smelt in the Cache Slough region are “a 
fairly substantial portion of the population as about 42% of the Spring Kodiak Trawl delta 
smelt catch during March-May since 2005 was in the Cache Slough complex”. Hamilton et 
al. (in press)recognized that the data suggest that the delta smelt population in Cache 
Slough may be a separate subunit of the population, and that current fish abundance 
surveys may not be sampling the full range of the species. Nearly 60% of the delta smelt 
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captured in the 2011 Summer Townet Survey were collected in the Cache Slough Complex. 
(Osborn 2012). 

2.4.8.1.2.3 The Feyrer et al. Studies Focused on Abiotic Variables 

The Feyrer et al. analyses only consider three abiotic variables – salinity and turbidity 
(Secchi depth) – and excluded all of the other abiotic and biotic variables that make up a 
species’ habitat and affect its abundance. The Feyrer et al. (2007) article acknowledged that 
biotic variables such as predation, food supply, and competition played a major role in 
distribution and habitat of smelt, but these variables were not included in the analysis. 

2.4.8.1.2.4 Life Cycle Modeling Shows That the Location of Fall X2 Has No 
Significant Effect on Delta Smelt Abundance 

Several life cycle or multi-variable models have been conducted to try to explain the 
abundance patterns of delta smelt, including the fall season. 

Thomson et al. (2010) used change-point analysis to investigate step changes in nearly two 
dozen candidate environmental factors which they surmised might have corresponded 
with the dramatic drop in delta smelt numbers that was sustained for much of the past 
decade, including the mean location of X2 in the fall months. No signal of effects on delta 
smelt from the location of X2 in the fall months was identified.  

MacNally et al. (2010) used multivariate autoregressive modeling to evaluate 54 fish-
environmental factor relationships, including the factors considered by Thomson et al., and 
found generally weak relationships, but enhanced signals from food availability and the 
position of the low-salinity zone in the spring.  

Maunder and Deriso (2011) used a multistage life-cycle model that varied levels of 
presumptive density dependence to consider environmental factors acting on delta smelt 
abundance and found a substantive deterministic relationship to be the availability of the 
fish’s food resources. The location of X2 in the fall months was not found to be a predictor 
of delta smelt abundance.  

The environmental data in that study were shared in a multi-variable regression analysis 
by Miller et al. (2012), who asserted that their specification of environmental variables was 
spatially and temporally rectified to better reflect within-Delta patterns of environmental 
variation. They found food availability to be a major signal and predation and entrainment 
to be minor signals, with overarching effects from density dependence.  

Like Thomson et al., none of the latter three studies found evidence of a relationship 
between the location of X2 in the estuary in the fall months and delta smelt abundance. 
There is no evidence that can be drawn from those studies of environmental stressors to 
support the link between the location of X2 in the estuary in the fall months and trends in 
delta smelt population numbers. 

Because the location of the low-salinity zone in the estuary has only a weak spatial 
relationship with the extent and quality of delta smelt habitat (NRC 2012), and because 
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there is no established connection between the location of the low-salinity zone in the 
estuary and the abundance of delta smelt (Thomson et al. 2010; MacNally et al. 2010; 
Maunder and Deriso 2011; Miller et al. 2012), the central premise of the fall X2 conceptual 
model has not been supported. Therefore, the two critical assertions of the Feyrer papers – 
that the location of the low-salinity zone in the estuary is linked to delta smelt population 
size (or performance or production) and that the extent of the low-salinity zone 
functionally represents the extent of habitat for delta smelt – deserve closer examination. 

2.4.8.1.2.5 The Conceptual Model Suggesting a Biological Rationale for Locating 
the Position of X2 near Suisun Bay Has Not Been Sufficiently 
Investigated 

The fall X2 conceptual model is based on the idea that the action will redistribute delta 
smelt downstream into Suisun Bay, thereby increasing opportunities for feeding and 
rearing (USFWS 2008). This model further contemplates that the redistribution of delta 
smelt downstream into Suisun Bay in the fall months will reduce the vulnerability of the 
fish to predation (USBR 2011). Available data do not support the conceptual model. The  
data do not reflect a relationship between the location of X2 in the Sacramento-San Joaquin 
Delta and the population dynamics of delta smelt or the location and extent of the low-
salinity zone and the extent of suitable habitat for the delta smelt. 
 
The conceptual model suggesting that Suisun Bay is the optimum habitat for delta smelt is 
contrary to an earlier conceptual model that Suisun Bay is a poor habitat area for delta 
smelt (the so-called “bad Suisun Bay” model). The bad Suisun Bay model became one of 
two conceptual models favored several years ago (Jones and Stokes 2006; Armor et al 
2007; House Committee on Resources 2007). It also appeared in the Interagency Ecological 
Program’s 2006-2007 POD work plan and its 2005 POD synthesis report. The conceptual 
model recognized that non-native species are causing detrimental changes to the Suisun 
Bay food web. Among those, the Amur River clam has had the largest known effect, greatly 
reducing primary production (see PWA submittal, Ecosystem Changes to the Bay-Delta 
Estuary: A Technical Assessment of Available Scientific Information, dated 16 August 2012, 
pp. 2-20). Introductions of various zooplanktons eaten by young fishes have further 
changed the pathways from primary production to fish (Baxter et al. 2010; Gould and 
Kimmerer 2010). Due to these known changes, and possibly others, the bad Suisun Bay 
conceptual model posits that Suisun Bay is a less suitable nursery than it used to be. The 
current fall X2 conceptual model based on work by Feyrer et al. (2007, 2011) does not 
consider food availability or quality. The PWAs’ submittal, Ecosystem Changes to the Bay-
Delta Estuary: A Technical Assessment of Available Scientific Information, dated 16 August 
2012, pp. 2-2 to 2-42, describes changes to the Delta’s and the low-salinity zone’s food web 
and how these have cascaded from primary productivity to higher trophic levels. 
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2.4.8.1.2.6 The Conceptual Model Suggesting That the Low-Salinity Zone Should 
Be Located in Any Particular Location is Based on the Model That 
Delta Smelt Distribution Changes in Relation to the Low-Salinity Zone 

The monitoring data does not necessarily support the conceptual model that delta smelt 
are distributed in relation to the low-salinity zone or that the delta smelt population’s 
distribution can be changed by moving the low-salinity zone downstream. 

Distributional data demonstrate that delta smelt inhabit areas of the estuary that are 
characterized by a wide range of salinity from freshwater to 10 psu and higher. Further, a 
recent affinity analysis3 (Hamilton and Murphy in prep) finds that the species is not limited 
by salinity and flows to the areas it occupies. Rather, other environmental factors define 
delta smelt habitat and the survival and future recovery of the species in the estuary. Delta 
smelt are found across the entire northern delta, in far western portions of Grizzly and 
Suisun bays that are characterized by higher salinity conditions, and east to areas beyond 
Cache Slough where tidal exchanges give way to fresh water on the lower Sacramento River 
(Merz et al. 2011). Survey returns for multiple life stages of delta smelt have now been 
analyzed with time-series data drawn from a collection of environmental factors in an 
effort to provide guidance to habitat conservation planning (Hamilton and Murphy in 
prep). Those analyses offer contingent explanations for patterns of delta smelt presence 
and absence in specific areas, and they show that delta smelt have the ability to seek out 
habitat and maintain presence in suitable locations across a wide range of salinity 
conditions and the broadest fluctuating seasonal flow scenarios. Delta smelt habitat 
requirements (more exactly, the physical and biotic conditions required for delta smelt 
presence) are multi-dimensional and for some environmental attributes of the Delta vary 
with life stage, reflecting the fact that smaller, younger fish have different resource needs 
and ecological tolerances than larger, more mature fish, and spawning fish seek out areas 
of the Delta not used by juveniles and pre-spawning adults. Maps of the distribution of 
delta smelt in the estuary offer insights into delta smelt habitat requirements that are 
salient to planning for restoration of habitat for the species (Figure 10). Larval and juvenile 
fish are found throughout the Sacramento River, while pre-spawning and spawning fish are 
found in fresher water circumstances, such as Suisun Marsh, Cache Slough, and portions of 
the lower Sacramento River. 

Broad parts of the estuary exhibit salinity conditions that are acceptable for delta smelt in 
all water years and under all contemporary flow regimes (Sommer and Mejia in review).  
But, while salinity and flows have negligible contributions to delta smelt habitat suitability, 
the same distribution   data indicate that large portions of the estuary are frequently 
unsuitable for delta smelt, particularly in the south and southeast Delta, where summer 
and fall water conditions can be too warm and too clear, and hence are unoccupied by delta 
smelt (Nobriga et al. 2008). 

                                                        
3 Affinity analysis in the biological sciences is widely used to examine habitat and species relationships (see, 
e.g., Deri et al. 2010). It is a data analysis and data mining technique that discovers co-occurrence 
relationships among activities performed by (or recorded about) specific individuals or groups. In general, 
this can be applied to any process where agents can be uniquely identified and information about their 
activities can be recorded. 
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2.4.8.1.2.7 Before X2 Can Be Used as a Surrogate for Delta Smelt Habitat Analyses 
Are Needed That Establish the Appropriateness of Using a Surrogate 

While Feyrer et al. (2007) noted that “other factors,” including several biotic and abiotic 
factors noted above, contribute to delta smelt habitat, and the delta smelt biological 
opinion recognized that multiple resources and other environmental factors contribute to 
the survival and recovery of delta smelt, the location of X2 in the estuary in the fall months 

Figure 10. Distribution of delta smelt across all regular fish monitoring surveys. From Merz et al. (2011), based on 
presence/absence of delta smelt. In all surveys, delta smelt are found across a broad range of the estuary. 
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is nonetheless used as a “surrogate” for delta smelt habitat for purposes of water 
management planning (USBR 2011). Because the extent of open waters is greater in 
western, downstream areas of the estuary, when X2 is located in those downstream areas 
the low-salinity zone is more expansive; hence, according to Feyrer et al. (2011) more 
habitat is available to support delta smelt. But, cannot justify using a surrogate for delta 
smelt habitat, rather than considering the full range of delta smelt habitat factors, until an 
analysis has been completed that supports using a surrogate.  

An ecological indicator or management surrogate is an environmental attribute that 
responds to relevant ecological conditions in a manner similar to a target species or its 
habitat, where direct data for the species or its habitat are too difficult, inconvenient, or 
expensive to gather (see Landres et al. 1988; Caro 2010). Default to inference from 
indicators or surrogates in natural resources management has intuitive appeal, particularly 
in the case of delta smelt, given its elusive behavior and residence in turbid waters that 
obscure its interactions with its environment, making it especially difficult to observe or 
census. It is standard practice for wildlife and fisheries managers to determine whether the 
presence of an indicator or surrogate accurately predicts the presence of the target before 
employing such planning proxies in management practice (Caro et al. 2005; Wenger 2008). 
The published literature cautions against using a surrogate without proper analysis 
establishing the appropriateness of the practice (Landres et al. 1988; Noon et al. 2005; 
Cushman et al. 2010). 

There are three criteria that an ecological indicator must fulfill to establish its validity, and 
ultimately its utility, for use as a surrogate that can represent habitat for a species in the 
context of conservation planning: 

1) the indicator must spatially and temporally occur over much of the geographic 
range of the target species and the distribution of its habitat; 

2) there must be an ecological mechanism by which the indicator controls or affects 
the distribution or abundance of the species, or extent or condition of its habitat; 

3) the status of the indicator must be anticipatory of changes in the status of the 
species or its habitat; that is, a measurable change in the indicator will predict 
changes in population numbers or habitat conditions that can be averted by 
management action.  

(consistent with Hunsaker et al. 1990; Dale and Beyeler 2001; Niemi and McDonald 2004.) 

Use of the location of X2 in the fall months as an indicator of the extent of habitat for delta 
smelt does not satisfy the above criterion.  An effective surrogate measure for delta smelt 
habitat must exhibit a high degree of spatial and temporal overlap with the distribution of 
delta smelt. Delta smelt can be found at salinities substantially greater than 10 psu, as 
much as five times the X2 concentration and well outside the 0.5-6 psu range often used to 
describe the low-salinity zone (see, e.g., Baxter et al. 2010). Moreover, delta smelt are found 
in substantial numbers in near-freshwater portions of the estuary in upstream areas 
unaffected by the location of the X2 isohaline. Furthermore, large portions of the estuary 
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that experience X2 and near-X2 conditions are not occupied by delta smelt in the fall 
months and have not been occupied during most of the past decade. Those areas appear 
not to be suitable for delta smelt, either because of inadequate turbidity conditions or 
seasonally excessive temperatures (Hamilton and Murphy, in prep.); hence, despite 
acceptable salinities, those extensive areas do not serve as habitat for delta smelt. 
Accordingly, on the one hand, the low-salinity zone, as described in the biological opinion, 
does not include significant areas of delta smelt habitat and, on the other hand, much of the 
low-salinity zone frequently does not support delta smelt. It therefore cannot be said that 
the low-salinity zone serves as “core habitat” area for the species, as suggested by Feyrer et 
al. (2007, 2011). 

2.4.8.1.2.8 Summer Townet Survey for 2012 Would Not Have Been Predicted by 
the Feyrer et al. (2007) Equation 

The Feyrer et al. (2007) fall X2 model is based on a predictive stock-recruit relationship 
between the FMWT of one year and the succeeding Summer Townet Survey, with the 
average location of X2 in the fall months used as a covariate (USFWS 2008, 2011). Using the 
Feyrer et al. model, the average position of X2 in the fall months of 2011 would be expected 
to produce a Summer Townet Survey index in 2012 of 7.99. The recently published 
Summer Townet Survey index for delta smelt is 0.9, which is far lower than would be 
predicted by Feyrer et al. (2007). That the prediction is off by an order of magnitude does 
not necessarily invalidate the fall X2 hypothesis; however, it does suggest that something 
else is contributing to delta smelt abundance. In addition, it raises significant uncertainty 
with respect to the utility of the fall X2 hypothesis for management purposes. 

2.4.8.1.2.9 Fall X2 Has Not Been Trending Upstream 

The fall X2 conceptual model is premised on a belief that there has been a continual 
increase in salinity (i.e., X2 moving upstream or east) since 1967; however, the years 
selected for the analysis influenced the results. By choosing the years 1967-2004, the 
agencies compared a very wet period to a very dry period. Whenever specific years within 
the hydrological record are selected for analysis, it is important to account for hydrology to 
avoid interpreting results that are purely hydrology driven as a change in water 
consumption. 

As explained by Dr. Paul Hutton during the PWAs’ oral presentation on ecosystem changes 
and the low-salinity zone on 16 August 2012, a statistically significant long term (water 
years 1922-2011) trend in X2 position shows that the Delta has been getting fresher in 
September. X2 position does not show a statistically significant long term trend upward or 
downward in October. Dr. Hutton noted that, although fall X2 position has been higher in 
recent decades, it is comparable with conditions observed prior to construction of Shasta 
Dam. It is possible that higher fall X2 positions in recent decades correspond to deepening 
of the estuary’s main channels due to erosion, which would increase gravitational 
circulation allowing higher salinity bay waters to intrude farther into the Delta. 

B 
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2.4.8.1.2.10 Summer X2 Conceptual Model Has Not Been Investigated and the 
Preliminary Data Does Not Suggest That Summer Has Particular 
Biological Importance 

The California Department of Fish and Game’s submittal, Written Information Responsive to 
the Workshop Questions for the Bay-Delta Workshop 1 - Ecosystem Changes and Low Salinity 
Zone, dated 16 August 2012, suggests that the State Water Board consider flow objectives 
for summer as well as fall. If scientific information emerges during the process of updating 
the Bay-Delta Plan indicating that summer low-salinity zone position is important to 
juvenile survival (p. 3), it should be noted that Nobriga et al. (2008), the only published 
study testing a summer X2 conceptual model, performed essentially the same analysis as 
Feyrer et al. (2007) except using the Summer Townet Survey rather than the FMWT. As a 
result, many of the same uncertain methodological approaches that are made by Feyrer et 
al. (2007) are repeated in Nobriga et al. (2008), including but not limited to use of X2 as an 
unverified surrogate of delta smelt habitat, induced correlation, and using a limited number 
of abiotic and biotic characteristics of actual delta smelt habitat. To its credit, Nobriga et al. 
(2008) did not limit its analysis to the post-1987 period. Nobriga et al. (2008) performed 
spatial (entire upper estuary and three regions) linear regression analyses of salinity, 
Secchi depth, and water temperature against relative abundance of delta smelt using the 
Summer Townet Survey; however, salinity was not found to be a significant predictor for 
any region either in terms of its predictive power (R2-value) or level of statistical 
significance (p-value). Therefore, Nobriga et al. (2008) offers little guidance to the State 
Water Board in considering modifications to the Bay-Delta Plan. 
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3.0 Other Pelagic Organisms 

This chapter addresses additional fishes and other pelagic organisms. For each of the 
species, there is considerable uncertainty as to whether additional reservoir releases or 
Delta through flows can achieve desired ecological functions. For some species, available 
survey data suggests that additional flow-based actions are unsupported. 

A brief summary of factors the State Water Board should consider when evaluating the 
need for Delta through flows for other pelagic organisms include: 

 Green sturgeon: There is currently little or no scientific basis that any specific 
action, such as further modifications of water project operations, will produce 
negligible, limited, or substantial benefits. Due to a fundamental lack of information 
and the status of green sturgeon and the factors that limit its numbers, additional 
research is an essential prerequisite to the identification of additional actions. 

 
 Splittail: No flow-related actions are supported by the scientific literature. The 

literature supports actions intended to increase the availability of floodplain rearing 
and spawning habitat for splittail and other fishes, including physical modifications 
to the Fremont Weir and Yolo Bypass to manage the timing, frequency, and duration 
of inundation of the Yolo Bypass with gravity flow from the Sacrament River, and to 
improve upstream fish passage past barriers that include Fremont and Lisbon weirs. 
 

 Starry flounder: Based on the Bay Study Otter Trawl data from the past three 
decades, starry flounder is not experiencing a decline in abundance in the San 
Francisco estuary. There is no scientific justification for the State Water Board to 
take any further actions to maintain the abundance of the fish. 
 

 American shad: American shad is a bay fish that spawns upstream in larger rivers; it 
is not an estuarine fish. Its weak relationship with the position of X2 in the Delta is 
likely an artifact of physical circumstances that co-vary with inter-year variation in 
Delta through flows. Similar to Chinook salmon, the use of the Delta by American 
shad is primarily a just-passing-through phenomenon on directional downstream 
migration to salt waters. The scientific literature does not support additional flow-
based actions. 
 

 Northern anchovy:  The central stock of northern anchovy is not experiencing a 
decline. 
 

 Striped bass: In spite of the effects of density dependence during their young 
juvenile stage, sufficient numbers of age-0 fish appear to be recruiting into the adult 
population. Likewise, recreational catch, the CDFG’s designated beneficial use for 
striped bass, has not declined. 
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California bay shrimp: Based on the Bay Study Otter Trawl data, California bay shrimp is 
not experiencing a decline. There is no reason to believe that further actions are needed to 
maintain its abundance. 
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3.1 Green Sturgeon 
 

3.2 Summary and Introduction 

The green sturgeon is an anadromous species that spawns in the main stem of the 
Sacramento and Feather rivers, and matures over the first few years of life in the 
Sacramento-San Joaquin Delta prior to emigrating to the ocean and large coastal bays 
where it spends most of its life (Beamesderfer et al. 2007). The more numerous white 
sturgeon, Acipenser transmontanus, is also present in the system. 

Green sturgeon in the San Francisco estuary were listed on April 7, 2006, as threatened 
under the Endangered Species Act (ESA) by the National Marine Fisheries Service (NMFS) 
(71 FR 17757).  The listing includes only the southern distinct population segment (DPS), 
which includes only the single Central Valley population. Green sturgeon from the northern 
DPS, occurring in coastal California and Oregon rivers from the Eel to the Umpqua, was not 
listed under the ESA. 

Information on the historical and current distribution and status of green sturgeon in 
California’s Central Valley is sparse. These fish were listed due to: (1) the concentration of 
spawning into one river system, which serves to increase the risk of catastrophic events 
causing extinction; (2) apparent loss of spawning habitat due to migration barriers; (3) 
suspected small population size (acknowledging a general lack of population data); and (4) 
exposure to a variety of direct and indirect risk factors related to widespread ecosystem 
alteration and suspected loss of habitat. 

Critical Habitat was formally designated by NMFS on September 3, 2008, in freshwater, 
marine, and coastal bay and estuary areas inhabited by green sturgeon (73 FR 52084). In 
fresh water, those include the Sacramento River upstream to Keswick Dam, the Yolo and 
Sutter bypasses, the lower Feather and Yuba rivers, and the Sacramento-San Joaquin Delta. 
Coastal marine waters included areas within 110 m depth from (and including) Monterey 
Bay north to the U.S.-Canada border. Coastal bays and estuaries included San Francisco, San 
Pablo, Suisun bays, and seven additional bays or estuaries between Humboldt Bay, 
California and Grays Harbor, Washington. 

NMFS has convened a green sturgeon recovery team and is in the process of developing a 
formal recovery plan; however, specific measures for conservation and recovery of this 
species have not yet been articulated. 

3.3 Green Sturgeon Biology 

Green sturgeon, Acipenser medirostris, are an ancient but elusive species that spend most of 
their lives in marine waters along the continental shelf from northern California to 
southern Canada (Moyle 2002). Like all sturgeon, they are long-lived and reach large sizes. 
Ages of 60-70 years are likely and sizes up to eight feet and 400 pounds have been 
recorded. Sexual maturity typically occurs at 15 to 25 years of age and four to five feet in 
length. Green sturgeon are bottom-oriented feeders and eat a variety of invertebrates and 
fish. 
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Spawning occurs at specific sites in the main stem Sacramento River between Hamilton 
City (mile 199) and Keswick Dam (mile 301). Adults are occasionally observed in the 
Feather River and spawning was documented there in 2011. Moyle et al. (1992) surmised 
that spawning may take place or once did in the lower San Joaquin River; however, there is 
currently no direct evidence of green sturgeon occurrences or spawning in the San Joaquin 
River upstream from the Delta (Adams et al. 2002; Beamesderfer et al. 2004, 2007). 

Only a portion of the adult population spawns in any year, but green sturgeon return to 
spawn in the Sacramento River every year (see Figure 11). Due to their large size, female 
sturgeon are very fecund and can produce large numbers of offspring under favorable 
conditions. The success of spawning and subsequent survival varies considerably from 
year-to-year due to environmental conditions. The long sturgeon life span is adapted to 
accommodate episodic recruitment; green sturgeon abundance appears to fluctuate over 
time in response to intervals of high and low recruitment. 

 

The Delta and other areas, including San Francisco, San Pablo, and Suisun bays, provide 
important rearing habitat for juveniles and sub-adults, and areas through which sub-adults 
and adults migrate (Adams et al. 2002; NMFS 2009). 

3.4 Environmental Factors Affecting Green Sturgeon 

Factors currently limiting green sturgeon status are poorly understood. While a variety of 
potential limitations have been identified, the population-scale impacts of specific factors 
have not been quantified. Known or suspected limiting factors identified by NMFS (Adams 
et al. 2002, 2007; NMFS 2005, 2008) include: 

 

Figure 11. The green sturgeon life cycle. From Beamesderfer et al. (2007). 
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3.4.1 Impassable Dams 

Upstream migration is blocked at Keswick and Shasta dams on the Sacramento River and 
the Fish Barrier and Oroville dams on the Feather River. Areas upstream from these 
barriers are believed to have historically supported green sturgeon spawning (Mora et al. 
2009). 

3.4.2 Migration Barriers 

A number of structures may impede upstream migration of adults under certain conditions. 
Red Bluff Diversion Dam historically blocked migration during the irrigation season when 
control gates were in place; however, 2011 was the last year of gate operation. Adults can 
be attracted into the Yolo Bypass in high flow years and may become stranded below the 
Fremont Weir. The Delta Cross Channel gates may impede passage under certain 
conditions. Shanghai Bench and the Sunset Pumps diversion appear to impede passage in 
the lower Feather River under low-flow conditions. 

3.4.3 Fishing Impacts 

Because of their long life span and delayed maturation, sturgeon are very susceptible to 
overfishing. California sturgeon populations collapsed due to unregulated commercial 
fishing prior to 1900; numbers gradually increased over the next century. Sport fisheries 
for green sturgeon in California and commercial fisheries for green sturgeon in Oregon and 
Washington have been closed following listing. Fish are still subject to incidental handling 
in various fresh water and marine, sport and commercial fisheries, and illegal harvest 
occurs in fresh water during spawning migrations. 

3.4.4 Water Diversions 

Entrainment and impingement by water diversions has been identified as a threat, but the 
degree to which those factors affect the abundance of green sturgeon or the continued 
existence of the Southern DPS remains uncertain (71 FR 17757). Variable numbers of 
juvenile sturgeon are seen in fish salvage at the CVP Tracy and SWP Skinner Fish Collection 
Facilities in some years (Figure 12). Salvage estimates of green sturgeon numbered in the 
hundreds or thousands until the 1980s, but have averaged fewer than 100 green sturgeon 
per year since that time. 

3.4.5 Flow and Temperature Effects 

Insufficient flow and high water temperatures were identified by NMFS as risk factors but 
specific information on the significance of these factors to green sturgeon abundance and 
the continued existence of the species is lacking (NMFS 2009). Water temperatures of less 
than 20°C (68°F) are required for successful spawning and egg incubation (Beamesderfer 
et al. 2007 and references therein). Unfavorable temperatures for spawning and egg 
incubation were historically documented downstream from Shasta Dam, but have been 
ameliorated by temperature controls. Recruitment of white sturgeon in some populations 
has been correlated to stream flows during spring (Duke et al. 1999). Attempts to regulate 
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flows to 

improve recruitment of white sturgeon in Pacific Northwest populations have been 
unsuccessful. The mechanism(s) by which flow affects green sturgeon is unclear. 

3.4.5 Ecosystem Changes 

Large-scale ecological changes in the Delta ecosystem have resulted from a combination of 
physical landscape changes, food web alteration,  and exotic species introductions. NMFS 
has identified exotic species as potential risk factors, and speculated on predation by 
striped bass. The net impact of multiple ecosystem changes on green sturgeon is uncertain 
and likely complex. Notably, the point at which the food web in the estuary was 
substantially modified by the proliferation of the Amur River clam coincided with the 
decline in green sturgeon juveniles as indexed by water-project salvage numbers, 
suggesting that ecosystem changes could have a significant impact upon population 
abundance. 
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Figure 12. Estimated annual salvage of green sturgeon at State Water Project (SWP) and federal Central Valley 
Project (CVP) fish facilities in the South Delta. Data from California Department of Fish and Game. 
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4.0 Sacramento Splittail 
 
4.1 Introduction and Summary 

Meng and Moyle (1995) concluded that the geographic range of splittail had been reduced 
to a fraction of its former extent; attributing this to a loss of low-salinity habitat in Suisun 
Bay and Suisun Marsh. Based on Meng and Moyle (1995) and other sources, the USFWS 
took action to list the splittail as a threatened species in 1999. Since then, it has been 
determined that splittail’s range is greater than was previously thought (USFWS 2010). 
Subsequent wet years with significant floodplain inundation events caused its abundance 
to rebound, leading to a remanding of its threatened status in 2003, and eventual reversal 
of its listing under the federal Endangered Species Act in 2010. 

Entrainment of splittail in the fish collection facilities increases in hydrologically wet years 
when floodplain inundation events result in a spike in population size and decreases during 
hydrologically dry years when recruitment is low (Sommer et al. 2007). No evidence is 
available that indicates that water project operations have a significant effect on splittail 
population size and trends (Sommer et al. 2007). 

The abundance of age-0 splittail has not shown a discernible change in either adult or 
juvenile abundance after 1987, the point at which the food web in the estuary was 
substantially modified by the proliferation of the Amur River clam P. amurensis (Sommer et 
al. 1997; Kimmerer 2002). 

No flow-related actions are supported by the scientific literature. The literature supports 
actions intended to increase the frequency and persistence of Yolo Bypass inundation. 

4.2 Sacramento Splittail Biology 

Sacramento splittail, Pogonichthys macrolepidotus, is a native cyprinid that can live 8-10 
years (Moyle 2002). Splittail are physiologically hardy and able to tolerate a relatively wide 
range of temperature, salinity, and dissolved oxygen levels (Young and Cech 1996), 
including a broad tolerance for salinities of 10-18 psu, which avails them to slow moving 
sections of rivers and sloughs in the Delta (Moyle 2002; Moyle et al. 2004). Their range 
encompasses much of the Delta tributaries below the major rim dams, the lower Napa 
River, and the lower Petaluma River, where a self-sustaining population apparently exists 
(Moyle 2002; Sommer et al. 2007, 2010). The Sutter and Yolo Bypasses are apparently 
important spawning areas (Moyle 2002). In the Delta, they are most abundant in the north 
and west when populations are low, but are more evenly distributed in years in which they 
realize high reproductive success. The opossum shrimp N. mercedis is an important food 
resource for splittail, although after the invasion of the Amur River clam their diet has 
increasingly focused on bivalves and amphipods (Sommer et al. 2007). While on 
floodplains, aquatic invertebrates, such as chironomid midge larvae, make up the largest 
portion of their diet (USFWS 2010). 

Splittail use inundated floodplains in spring as spawning habitats (Sommer et al. 1997; 
Moyle 2002), requiring flooded vegetation for both spawning and rearing. Strong year 
classes are associated with wet-year inundation events (Sommer et al. 2007), with the 
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abundance of age-0 fish being relatively low during dry years (Figure 13). Floodplain 
inundation represents the primary factor that determines spawning success (Sommer et al. 
1997). When the combined flow of Sutter Bypass and the Sacramento and Feather rivers 
raises water levels at Fremont Weir to an elevation of 32.8 feet (which typically occurs 
when combined total flow from these sources surpasses 55,000 cfs), flows begin to enter 
Yolo Bypass (BDCP 2012). Adults begin a gradual upstream migration towards spawning 
areas sometime between late November and late January (Moyle et al 2004). As floodplains 
drain down, a downstream dispersal phenomenon occurs. 

4.3 Environmental Factors Affecting Sacramento Splittail 

The most significant factor predicting splittail abundance is the availability of inundated 
floodplain over a sufficient amount of time to allow for successful spawning and rearing. 
Feyrer et al. (2006) noted that manipulating flows entering Yolo Bypass, such that 
floodplain inundation is maximized during January-June, might provide the greatest overall 
benefit for splittail, especially in relatively dry years when overall production is lowest. 
Inundation for at least a month appears to be necessary for a strong year class of splittail 
(Sommer et al. 1997). 
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Figure 13. Age-0 splittail (>24 mm FL) abundance and distribution based on U.S. Fish and Wildlife Service 
beach seine survey, 1978-1982, 1992-2002. Data are mean catch per haul by region for May and June. Regions 
follow Sommer et al. (1997), except for those upstream of the Delta: (1) lower Sacramento River 
(“LowSac.R”—Feather River [river kilometer 129] to American River [river kilometer 97]); (2) middle 
Sacramento River (“MidSac.R.”—Butte Creek [river kilometer 222] to Knights Landing [river kilometer 145]); 
and (3) Upper Sacramento River (“UppSac.R.”—Ord Bend [river kilometer 296] to Colusa State Park [river 
kilometer 239]). Sampling in the latter three regions began in 1981. From Sommer et al. (2007). 
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5.0 Starry Flounder 
 

5.1 Introduction and Summary 

Since 2002, the starry flounder abundance index has been from 300-500. Based on the Bay 
Study Otter Trawl data from the past three decades, starry flounder is not experiencing a 
decline in abundance in the San Francisco estuary. There is no scientific justification for the 
SWRCB to take any further actions to maintain the abundance of the fish. 

5.2 Starry Flounder Biology 

Starry flounder, Platichthys stellatus, is a flatfish found along the Pacific Coast from Santa 
Barbara County northward to the Alaskan Peninsula (Wang 1986). In the Bay-Delta estuary 
it is one of the most common flatfish found (Wang 1986).  It is a fish of San Francisco Bay 
that can survive in fresh water – it has been observed in San Luis Reservoir, arriving there 
via transport in the California Aqueduct or San Luis Canal (Moyle 2002) – making some use 
of the lower Delta for rearing of young. Spawning occurs in late fall and early spring 
months in shallow coastal waters or tidal sloughs (e.g., Elkhorn Slough) (Wang 1986). 
Young juveniles apparently are pelagic, gradually settling on the bottom by the end of April. 
While in the estuary, young fish eat amphipods and copepods (Moyle 2002). 

The Bay Study Otter Trawl is the best monitoring survey for detecting starry flounder, 
because the Otter Trawl monitors the bottom of the water column. The Otter Trawl 
indicates that starry flounder exhibit periods of dramatic variation in abundance in San 
Francisco Bay (see Figure 14), which may be cyclical – although anomalies in survey 
returns that result from gear-related sampling phenomena may affect returns. 

5.3 Environmental Factors Affecting Starry Flounder 

Starry flounder spend little of their lives in the estuary. Since their diet while in the estuary 
consists of amphipods and copepods, reductions in the abundance of these food resources 
could reduce numbers there. The damage already done to the ecosystem’s food web by the 
invasive Amur River clam is well documented (see, e.g., Carlton et al. 1990; Alpine and 
Cloern 1992; Kimmerer et al. 1994; Feyrer et al. 2003; Kimmerer 2006; Greene et al 2011). 
Kimmerer et al. (1994) reported a 69 percent drop in chlorophyll concentration after the 
Amur River clam became abundant. Greene et al. (2011) found that P. amurensis feeds 
heavily on microzooplankton (e.g., ciliates), which are a food resource for 
macrozooplankton (e.g., copepods). As a result, the Amur River clam may disrupt links 
between these trophic levels (Greene et al. 2011). 

In the 1980s, increasing anthropogenic discharges of nitrogen were coupled with 
reductions in phosphorus loading in the estuary (Van Nieuwenhuyse 2007; Glibert et al. 
2011). Changes in nutrient forms and ratios caused stoichiometric changes in lower trophic 
levels, away from a diatom-based food web and toward a less efficient bacterial food web 
(Glibert 2010; Glibert et al. 2011). According to Glibert (2010), the decline in diatoms, 
which began in 1982, is highly correlated with the increase in ammonium loading. Diatoms 
prefer and, under some conditions, physiologically require, nitrate over ammonium. As 
nitrate became less available relative to ammonium in Suisun Bay, a competitive advantage 
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shifted to phytoplankton taxa that can more efficiently use reduced forms of nitrogen (Berg 
et al. 2001; Glibert et al. 2004, 2006; Brown 2009). Among the phytoplankton groups that 
replaced diatoms in the estuary, cyanobacteria and many flagellates, phytoplankton groups 
that do not support key food web linkages, show a preference for chemically reduced forms 
of nitrogen. Today the Suisun Bay region is dominated by cyanobacteria and flagellates 
(Brown 2009). These changes in phytoplankton composition are consistent with ecological 
stoichiometric principles, which predict that consumers that successfully sequester the 
nutrient in lowest supply relative to their needs should dominate and, in so doing, may 
stabilize at a new stable state (Glibert et al. 2011). 

Combined, the effect on the estuary’s food web has been severe – its carrying capacity has 
been reduced as the effects of an altered lower food web have cascaded upward (Kimmerer 
et al. 2000). Importantly, flows apparently do not alter estuarine nutrient ratios; 
accordingly, Glibert (2010) states that the current strategy of salinity management will 
likely show little beneficial effect on phytoplankton, zooplankton, or fish. Rather, regulation 
of effluent nitrogen discharge through nitrification and denitrification offers an alternative 
management strategy with a track record of success in other estuaries (see the PWA 
presentation on ecosystem changes and the low-salinity zone, Ecosystem Changes to the 
Bay-Delta Estuary: A Technical Assessment of Available Scientific Information, pp. 2-23 to 2-
39). 
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Figure 14. Annual abundance of age-0 starry flounder. Data from Bay Study Otter Trawl. Figure from IEP 
Newsletter, 2012(1), p. 24. Starry flounder appear to undergo cyclic abundances. 
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6.0 American Shad 
 

6.1 Introduction and Summary 

American shad is not an estuarine species. It spawns and rears to adulthood in areas above 
the estuary in the open waters of larger rivers (Moyle 2002). Variation in population 
numbers drawn from the Fall Midwater Trawl index indicates that through-Delta flows do 
not determine American shad population dynamics. 

6.2 American Shad Biology 

The American shad, Alosa sapidissima, is an anadromous fish that was intentionally 
introduced into California in the late 1880s. They are found along the Atlantic seaboard 
from Labrador to Florida and are one of the most abundant anadromous fish on the east 
coast. Since its introduction in California, it has become an important sport fish in the San 
Francisco estuary. American shad range from Alaska to Mexico and use major rivers 
between British Columbia and the Sacramento-San Joaquin watershed for spawning (Moyle 
2002). 

At age-3 to age-5, American shad migrate from the ocean into freshwater reaches of the 
Sacramento and San Joaquin rivers during March-May, with peak migration occurring in 
May (Stevens et al. 1987). American shad spawn in open waters and do not often move up 
into the lesser tributaries of the large rivers that they ascend. The major spawning run in 
California occurs in the Sacramento River up to Red Bluff and in the adjoining American, 
Feather, and Yuba rivers, with lesser use of the Mokelumne, Cosumnes, and Stanislaus 
rivers and the Delta (Moyle 2002). Spawning takes place from May-July (Stevens et al. 
1987). American shad are not semalparous (spawn only once and then die) like salmon; 
they will return annually up to seven years of age to spawn (Stevens et al. 1987), although 
the majority of spawners are first-time participants (Moyle et al. 2002). The young migrate 
seaward through the estuary from June through December (Stevens 1966). It is 
hypothesized that river flows affect the distribution of first time spawners, with numbers 
of newly mature adults spawning in rivers proportional to flows at the time of arrival 
(Stevens et al. 1987), with spawning taking place in the main channels of the rivers and 
flows washing negatively buoyant eggs downstream. 

The lower Feather River and the Sacramento River from Colusa to the northern estuary 
provide the major summer nursery areas for larvae and juveniles, although there is some 
evidence that at least some American shad spawn in the estuary itself (Stevens 1966) – 
note that American shad juveniles can tolerate an abrupt switch to sea water (Moyle 2002). 

Flows are hypothesized to affect the downstream transport of young, with wet years 
moving the location of the concentration of young and their nursery area further 
downstream (Stevens et al. 1987); however, it is unclear how enhanced flows provide 
benefits to the American shad population. Out migration of young American shad through 
the estuary occurs June-November (Stevens 1966). During migration to the ocean, young 
fish feed upon zooplankton, including copepods, mysids, and cladocerans, as well as 
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amphipods (Stevens 1966; Moyle 2002). Most American shad migrate to the ocean by the 
end of their first year, but some remain in the estuary (Stevens et al. 1987; Moyle 2002). 

Year-class strength correlates positively with river flow during the April-June spawning 
and nursery period (Stevens and Miller 1983.) Age-0 American shad exhibit a weak 
abundance relationship with the location of the X2 isohaline in the estuary (Kimmerer 
2002). After 1987, the relationship changed such that abundance increased per unit flow 
(Kimmerer 2002; Kimmerer 2009); the X2 location versus abundance relationship has 
remained intact in recent years (Kimmerer et al. 2009.) In addition, Kimmerer et al. (2009) 
found that American shad exhibit a relationship with salinity and water depth that 
appeared consistent with its relationship of abundance to X2 location; that is, slopes for 
abundance versus X2 and salinity and depth versus X2 are similar, which provides some 
support for the idea that increasing the extent of areas of specific salinity and depth could 
explain the X2-abundance relationship for the species. Stevens and Miller (1983) 
hypothesized that the apparent general effect of high flow on all of the species they 
examined, including American shad, is to increase the extent and quality of nursery areas, 
thereby more widely dispersing young fish, thus reducing density-dependent mortality. 

6.3 Environmental Factors Affecting American Shad 

An examination of the annual abundance index for American shad indicates the 
population’s fresh water residency undergoes wide swings, with nearly biennial peaks and 
troughs (Figure 15). As shown by Figure 15, low index values experienced from 2007-2011 
are not unusually low when compared to early to mid-1970s returns. For water flows to 
produce such an effect, alternating extreme events producing boom-or-bust conditions 
would have to occur. Such has not been the case. More likely, cycling numbers of American 
shad may be an artifact of the timing of American shad’s movements through the estuary in 
relation to the Fall Midwater Trawl. Stevens and Miller (1983) acknowledged that the Fall 
Midwater Trawl index is affected by imprecision in data derived from generalized sampling 
techniques that are not designed to accommodate species-specific ecological phenomena. 

While Kimmerer et al. (2009) found that American shad exhibit an abundance relationship 
with X2 location in the Delta, the relationship is weak, which indicates little support for the 
idea that increasing habitat by moving X2 downstream will benefit American shad. Stevens 
and Miller (1983) suggest that American shad abundance is affected by estuary inflows. 
That is consistent with Moyle (2002), who reported that shad are able to adjust the timing 
of their spawning runs to the timing of river outflows. The biennial nature of the Fall 
Midwater Trawl abundance index for American shad belies a substantive influence of flows 
and instead suggests that American shad, as a long-lived species, can choose their spawning 
years to correspond with wet years. 
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Figure 15. Annual index of American shad abundance. Data from Fall Midwater Trawl. 
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7.0 Northern Anchovy 
 

7.1 Introduction and Summary 

The northern anchovy is abundant off the coast of California and is ecologically and 
economically important in the coastal waters of southern California. Three stocks of 
northern anchovy have been identified -- northern, central and southern. California fishery 
harvests are taken from the central stock, which ranges from northern Baja to San 
Francisco. Management of northern anchovy is shared by the Pacific Fishery Management 
Council and the National Marine Fisheries Service. Data do not indicate that the northern 
anchovy is experiencing a decline. 

7.2 Northern Anchovy Biology 

In the winter, northern anchovy, Engraulis mordax, usually move to deeper water offshore, 
and in the spring they return to inshore shallow waters. Spawning is mostly within 60 
miles of the coast, although it has been recorded up to 300 miles offshore. Anchovies stay 
near the bottom in the daytime and come to the surface at night. They spawn mostly in the 
ocean at depths less than 10 meters, at water temperatures of 12-15oC (Kucas 1986). 
Anchovies spawn throughout the year, although most spawn in winter and spring (Kucas 
1986). While the northern anchovy diet consists of zooplankton, phytoplankton, and fish, it 
is primarily a planktivore (Kucas 1986; Kimmerer 2006). 

7.3 Environmental Factors Affecting Northern Anchovy 

The response of northern anchovy to changed conditions in the estuary is noteworthy; its 
recent  shift in distribution appears to have been a direct behavioral response to reduced 
food. Prior to invasion by the Amur River clam, summer-long phytoplankton blooms were 
common. In 1987, the clam eliminated these blooms, leading to a redistribution of northern 
anchovy toward higher salinity, reducing its summer abundance in the low-salinity zone by 
94% (Kimmerer 2006). 

The decline in anchovies in the estuary’s low-salinity zone, but not in areas of higher 
salinity, occurred in striking coincidence with the decline in chlorophyll-a. The bulk of the 
northern anchovy population, before the recent decline was documented, occurred at high 
salinity – 95% of the catch before 1987 occurred at >10 psu salinity (Kimmerer 2006). 
Hence, their declines in the low-salinity zone most likely occurred directly in response to 
declines in food availability, since there has been no long-term change in the distribution of 
the low-salinity zone within the estuary in the spring. Furthermore, chlorophyll-a 
concentrations did not change appreciably in San Pablo Bay (Kimmerer 2004), a higher-
salinity region where anchovy abundances have remained high. 

Kimmerer (2006) explored several possible explanations for the dramatic and rapid 
decline in northern anchovy in the low-salinity zone in 1987 and thereafter, including 
climate variability and biomass, catch, or abundance of northern anchovy on the California 
coast, and concluded that the most parsimonious explanation for the decline in anchovy 
abundance in the low-salinity zone is as a direct or indirect response to the decline in 
chlorophyll-a. 



Bay-Delta Fisheries Resources: Pelagic Organisms 

 

56  Other Pelagic Organisms September 14, 2012 

 

The shift of the population away from a region that had become inhospitable is not 
surprising. In the lower Hudson River, several open-water fish species shifted seaward 
following a reduction in chlorophyll concentration due to the introduced zebra mussel 
Dreissena polymorpha (Strayer et al. 2004 in Kimmerer 2006). Similar behavioral shifts of 
northern anchovy in apparent response to chlorophyll concentration (or its covariates) 
have been noted off Baja California (Robinson 2004 in Kimmerer 2006). Behavioral shifts 
in the geographic position of populations in response to food availability is a simpler 
explanation for observed phenomena that recognizes the ability of animals to move from 
unfavorable to favorable locations. 
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8.0 Striped Bass 
 

8.1 Introduction and Summary 

Striped bass are a non-native species. 

8.2 Striped Bass Biology 

Striped bass, Morone saxatilis, were deliberately introduced in California from the East 
Coast, where they are found from the Gulf of St. Lawrence to Alabama. The initial 
introduction took place in 1879, when 132 fingerling bass were brought to California by 
rail from the Navesink River in New Jersey and released near Martinez. Fish from this lot 
were caught within a year near Sausalito, Alameda, and Monterey, and others were caught 
occasionally at scattered locations for several years afterwards. There was much concern 
by the Fish and Game Commission that such a small number of bass might fail to establish 
the species, so a second introduction of about 300 striped bass was made into lower Suisun 
Bay in 1882. 

In a few years, striped bass were being caught in California in large numbers. By 1889, only 
a decade after the first lot of eastern fish had been released, bass were being commercially 
harvested and sold in San Francisco markets. In another decade, the commercial net catch 
was averaging well over a million pounds a year. In the belief that it would enhance the 
sport fishery, in 1935 the Fish and Game Commission declared striped bass to be a game 
fish and all commercial fishing for striped bass was halted. 

Striped bass have been monitored more extensively than perhaps any other Bay-Delta fish. 
The Fall Midwater Trawl was designed to determine the relative abundance and 
distribution of age-0 striped bass in the estuary. It has sampled portions of the estuary 
annually since 1967 (with the exceptions of 1974 and 1979). Currently, it samples 122 
stations each month from September to December, and a subset of these data is used to 
calculate an annual abundance index. The 122 stations range from San Pablo Bay upstream 
to Stockton on the San Joaquin River, Hood on the Sacramento River, and the Sacramento 
Deep Water Ship Channel in the upper estuary. Oblique tows from bottom to top are 
conducted at each of the stations. 

8.3 Environmental Factors Affecting Striped Bass 

The FMWT Index for age-0 striped bass shows a dramatic and persistent decline starting in 
1987 (Figure 16). Bioenergetic modeling provides evidence that major changes to the 
estuarine food web are primarily responsible for the decline (Nobriga 2009). Kimmerer et 
al. (2000) also suggests a decline in the estuary’s carrying capacity due to food limitation. 
Feyrer et al. (2003) noted a major decline in mysid abundance caused by the invasion of 
the Amur River clam as a cause of the decline in striped bass abundance and a switch to 
piscivory by earlier age classes. Bryant and Arnold (2007) suggest the most significant 
impact of food limitation occurs during first-feeding by larvae in the spring, since Summer 
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Townet Survey data indicates that striped bass diets have adjusted to changes in the 
summer food availability. 

At least part of the decline in age-0 striped bass abundance can be explained by an 
apparent long-term distributional shift away from channels, which are sampled by the 
FMWT, toward shoal areas, which are not (Schroeter 2008; Sommer et al. 2011). Therefore, 
at least part of the decline in the FMWT Index is attributed to under-sampling of striped 
bass habitat. Reduced food availability in pelagic habitat caused by the invasion of the 
Amur River clam is hypothesized by Sommer et al. (2011) to be the major cause of the 
distributional shift. Glibert et al. (2011) found that both ammonium levels and nutrient 
ratios explained the variation in age-0 striped bass abundance as measured by the FMWT. 

A decline in the number of age-0 striped bass would manifest itself as reduced recruitment 
(Kolhorst 1999), but the overall population of adult striped bass has not shown a decline 
since 1987 (Figure 17), nor has the population of sub-adult fish (Figure 18). Striped bass 
have a wide-ranging diet, consuming copepods, planktonic crustaceans (e.g., Daphnia spp.), 
cladocerans, mysids, amphipods, small fishes, and other prey (Bryant and Arnold 2007). 
Only age-0 fish have a more constrained diet (they are non-piscivorous at smaller sizes). 
The fact that neither sub-adult nor adult striped bass numbers have declined over decades 
suggests that the number of age-0 fish recruiting to the adult population is sufficient to 
ensure a robust and apparently sustaining population. Recreational catches of striped bass 
also have not declined from the early 1980s (see Figure 17). An apparent surge in 
recreational catch happened in the late 1990s, but without a subsequent pattern. 

Kimmerer (2002) found that survival of striped bass from eggs to 38 mm is increased as 
the location of the X2 isohaline shifts downstream in the estuary. Given that age-1 through 
age-6 fish have not experienced overall declines in numbers, little is gained from a 
population perspective by shifting X2 downstream. Density dependence offers an 
explanatory mechanism whereby the number of age-0 striped bass is delinked from the 
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            Figure 16. Fall Midwater Trawl index for striped bass. 
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number of older fish. Kimmerer et al. (2000) found a density-dependent survival 
bottleneck during the first three to four months of life, and offered as reasonable 
candidates for causation density dependence, food limitation, cannibalism, response of 
predators, and migration. The study identified food limitation as the most likely candidate.  
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Figure 17. Population abundance estimates of adult striped bass (age-3 to age-6). Data from Loboschefsky 
et al. (2012) 1969-2004; 2005-2010 (gray bars) estimated using the same methods as Loboschefsky et al. 
2012. Catch per unit effort (dashed line) from California Department of Fish and Game, 
http://nrm.dfg.ca.gov/documents/ContextDocs.aspx?cat=R3-StripedBassStudy. 

Figure 18. Population abundance estimates of sub-adult striped bass (age-1 and age-2). From Loboschefsky 
et al. (2012) Figure 3. 
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Contaminants may also explain some of the decline in striped bass abundance. Ostrach et 
al. (2008) examined maternal transfer of contaminants in striped bass and reported: “The 
results from this study clearly demonstrate that xenobiotics are adversely affecting early-life-
stage striped bass in the San Francisco Estuary and need to be considered as one of multiple 
stressors affecting the continuing population decline.” Ostrach et al. (2008) further 
concluded: “Our results indicate that pesticides not in use for decades, such as DDT and its 
degradation products, are still persistent in the estuary and are being made bioavailable by 
recycling through the food chain to apex predators. Furthermore, our results show that these 
contaminants are being transferred to their progeny in biologically relevant levels.” 

Further analysis found results consistent with the earlier studies (Ostrach et al. 2009). In 
addition, Sommer (2008) reported that the sex ratio of young of the year striped bass in the 
Delta is heavily skewed toward male (90:10 male:female). While the cause of this skewed 
sex ratio is unknown at this time, exposure to endocrine disrupting chemicals cannot be 
ruled out. 
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9.0 California Bay Shrimp 
 

9.1 Introduction and Summary 

A relationship between the location of the X2 isohaline in the estuary and California bay 
shrimp abundance has continued without change after invasion of the Amur River clam in 
1986 (Kimmerer et al. 2009). No known mechanism of effect has been identified for how 
California bay shrimp respond to estuarine flows, but it is hypothesized to be increased 
passive upstream transport of juvenile shrimp by strong bottom currents due to 
gravitational circulation (Siegfried 1989; Moyle 2002). 

Glibert et al. (2011) found that bay shrimp abundance, as measured by the FMWT, was 
related to nutrients as well as to the location of X2, leading to uncertainty as to whether 
salinity (a proxy for through-Delta flow) or nutrients are the controlling variable. 

9.2 California Bay Shrimp Biology 

California bay shrimp, Crangon franciscorum, occurs in coastal bays along the Pacific Coast 
of North America from southeastern Alaska to at least San Diego, CA (Wang 1986). Two 
other closely related shrimp also exist in the Bay-Delta, the black shrimp Crangon 
nigricauda and the blue-spotted shrimp Crangon nigromaculata. Both of these prefer 
higher salinity water and are not associated with the eastern reach of the estuary and the 
Delta. Adult California bay shrimp feed on bay bottoms on crustaceans, polychaetes, 
mollusks, foraminiferans, and plant material. Amphipods are the most frequently ingested 
(Wang 1986; Siegfried 1989). Crangon shrimp live for approximately two years. They are 
an important food resource of the principal sport and commercial fisheries of Pacific Coast 
estuaries (Wang 1986). A bait fishery accounts for a small annual harvest. 

Bay shrimp spawn in bay waters and may spawn multiple times (Wang 1986). The larvae 
are initially found in near-surface waters of the bay, while later stage larvae are associated 
with the bottom of the water column. This places them in favorable position for dispersal 
up-estuary by gravitational circulation. Their abundance commonly peaks in spring and 
summer in low-salinity waters (Wang 1986). As the juveniles mature, they move to higher 
salinity waters. By fall the late-juveniles move back out into bay waters, apparently related 
to reproduction. Annual abundance of bay shrimp has been linked to the volume of through 
flows to San Francisco Bay (Wang 1986; Kimmerer et al. 2009). 

The distribution of the opossum shrimp is associated with the distribution of bay shrimp in 
the estuary; its density is greater in locations where mysids are abundant (Siegfried 1980). 
The abundances of early and mid-stage bay shrimp larvae in the estuary – the only stages 
using the upper estuary – are negatively correlated with estuary through flow (Kimmerer 
et al. 2009). In years of high freshwater outflow, a larger proportion of the reproductive 
population moves from bays to the near-shore coastal area, resulting in more larvae 
hatched outside the bays (Siegfried 1986), but with no apparent reduction in overall 
population size(s) as a result of diminished flows. 
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9.3 Environmental Factors Affecting California Bay Shrimp 

Organochlorine pesticide toxicity to bay shrimp has been reported (Wang 1986 and 
references therein). Its lethal threshold was estimated to be 100 ppb, while sub-lethal 
effects include increased physical activity, and decreased feeding and molting rates (Wang 
1986). 

The relationship between bay shrimp and the opossum shrimp (N. mercedis) suggests a 
more important effect. The effect of the invasive Amur River clam on N. mercedis 
abundance is well documented in the literature; Glibert et al. (2011) found that nutrient 
forms and ratios predicted N. mercedis abundances better than the location of X2 in the 
estaury (Figure 19). Flows do not alter the nutrient ratios. Glibert (2010) points out that 
the current strategy of salinity management will likely show little beneficial effect on 
phytoplankton, zooplankton, or fish. Rather, regulation of effluent nitrogen discharge 
through nitrification and denitrification offers an alternative management strategy with a 
history of success in other estuaries (see PWA submittal Ecosystem Changes to the Bay-
Delta Estuary: A Technical Assessment of Available Scientific Information, pp. 2-28 to 2-39). 
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Figure 19. Change in abundance of California bay 
shrimp over time in relation to (A) spring X2 
location, (B) ammonium, (C) nitrogen:phosphorus 
ratio. Abundance data is log transformed. 1975-1986 
(circles); 1987-1999 (diamonds); post-1999 
(squares). (A) from Kimmerer et al. (2009) Figure 3; 
(B) and (C) from Glibert et al. (2011) Figure 16. 
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Review: Ecological Change 

• Food Web 

• Physical Landscape 

• Water Temperature 

• Turbidity 

• Changes in Water Flows 
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Today’s Science Presentation 

• Salmon 

• Pelagic Fish 
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Salmon Presentation Outline 

• Relationships between flow and salmon 
survival 

– Dr. Chuck Hanson 

• Integration of scientific information and 
decisionmaking 

– Steve Cramer 
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Next up: 
 Dr. Chuck Hanson, Hanson Environmental 
 Dr. Steve Cramer, Cramer Fish Sciences 
 Salmon technical presentation 

  



 
 

Fisheries Resources:    
A Technical Assessment of  

Available Scientific Information  
Regarding Salmonids 

 
 

State Water Resources Control Board 

Phase II Comprehensive Review of the Bay-Delta Plan 

Workshop 2: Fisheries Resources 

October 1-3, 2012 

 

Objective:  Provide a scientific basis for identifying potential 
recommendations based on opportunities and constraints of alternative 
management strategies. 

Submitted by: 
State Water Contractors, Inc. 
San Luis & Delta-Mendota Water Authority 



Presentation Organization  

• Flow Functions and Reservoir Releases 

• Stressors 

• River Flow and Survival 

• River Flow and Juvenile Migration Rates 

• Water Temperature Management 

• Effect of Exports on Survival  

• Tidal Hydrodynamics and Flow 

• Ocean Conditions 

• Lifecycle Models 

• Summary 
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Predation 

 
 

 Spawning 
and Rearing 

Habitat 

In-Delta 
Temperature 

Turbidity 

Water 
Diversions 

Land-Water 
Interface 

Minimal 
results 

without 
physical 

improvements 

Weak and variable 
change in juvenile 

survival  
 

No population 
level effects 

 

Reservoir 
Releases 



Cross section through a natural (historic) Sacramento River channel 
showing the change in habitat as a function of changes in river flow. 
 

Changes in habitat can be a function of changes 
in river flow 



Cross-section through a channelized reach of the Sacramento River 
showing change in habitat as a function of changes in river flow. 

25,000 CFS 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

15,000 CFS 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Flow functions are diminished in altered 
channel 



Multiple interacting variables affect salmonid 
populations 

• Predation 

• Water temperature 

• Quality of spawning and rearing habitat 

• Water diversions 

• Channelization 

• Reduced access to floodplains and wetlands  

• Ocean rearing conditions 

• Ocean harvest   

 
 

 



Survival of juvenile San Joaquin River fall-run 
salmon has declined substantially in recent years 

Survival in 2006 was 5% 
despite  

high flows in the San 
Joaquin River 

Data from VAMP studies: SJRGA 2006 



Abundance of non-native predators has increased 
substantially in recent years in the Delta 

Source:  Conrad et al. 2010a 



Source: Michel 2010 

Mortality rates of juvenile Chinook salmon are 
high 

Reach 



Juvenile Salmon Survival is Weakly 
Correlated with Sacramento River Flow 

Sacramento River (60 day average cfs)
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Coefficients:
Intercept =	0.14
Slope = 	4.22e-6
r ²	 = 0.17

Weak Relationship,  
Highly Uncertain 

Sacramento River 60-day average cfs, 1980-2001 

 

 

Juvenile salmon survival is weakly correlated with 
Sacramento River flow 

 



Estimates of smolt survival (+/- 2 Standard Errors) from Mossdale to Jersey Point during the VAMP 
between 1994 to 2006 using coded wire tagged fish. Years with the physical Head of Old River Barrier installed are 
denoted with B and are in 1994, 1997 and 2000-2004. The black line is the estimate of survival between Mossdale 
and Chipps Island in 2010 using acoustic tag technology and removing predator-type detections. (Brandes et al., 2008 and SJRG, 2011). 

Low survival in 2005 and 2006 in San Joaquin 
River was not related to flow 



A poor relationship was observed between 
Sacramento River flow during juvenile migration in 

2006 and 2009 and subsequent adult abundance 

  2006 2009 

Average January-May 

Sacramento River flow 

during juvenile migration  
62,000 cfs 15,500 cfs 

PFMC Estimated Adult 

Chinook salmon 

abundance 2.5 years later 

  

(assuming 3-year generation 

period) 

53,000  

adult salmon 

819,000  

adult salmon 



• Fish size has significant effect on juvenile  
salmon survival 
 

• Survival rates are higher for Sacramento River 
and lower for migration via interior Delta 
 

• Non-physical barriers appear to reduce 
juvenile salmonid migration into interior Delta 

Size and migration route effect juvenile salmon 
survival 



 Significant salmonid research is underway 

 Ongoing research will: 
 - Improve understanding of juvenile reach-specific survival  
 - Improve understanding of effects of river flow and tides on       

migration route  
 - Reduce uncertainty from earlier studies 



• Increased flow alone will not reduce duration of juvenile 
migration or vulnerability to predation 

Juvenile salmon migration rate is independent 
of Sacramento river flow 

Source: 1980-2001  
USFWS unpub. Data 



• Increased flow alone will not reduce duration of juvenile 
migration or vulnerability to predation 

Juvenile salmon migration rate is independent 
of Sacramento River flow 

Source: 1980-2001  
USFWS unpub. Data 



• Increased flow alone will not reduce duration of juvenile 
migration or vulnerability to predation 

Juvenile salmon migration rate is independent 
of Sacramento River flow 

Source: DWR DAYFLOW  



Water temperature management within 
reservoirs is critical to maintaining suitable 

spawning and rearing habitat 

• Release of cold water from reservoirs 
maintains cool temperatures immediately 
downstream 
 

• Water temperature increases downstream--
eventually equilibrates with air temperature 
 

• Reservoir releases have no effect on instream 
water temperatures for most of the lower 
reaches of the Sacramento and San Joaquin 
Rivers and the Delta. 



Juvenile salmon survival through the Delta  
is independent of SWP/CVP export rate 

• Survival largely independent of 
export:inflow ratio and OMR reverse flows. 
 

• Salmon survival during Delta migration is 
not significantly related to SWP and CVP 
export rate. 

 

 



Salmon salvage at SWP-CVP facilities is extremely 
small percentage of juvenile outmigrants 

1994-2007: 3.6 million tagged smolts 
 

– Released in Battle Creek and Sacramento River 
upstream of the RBDD 

– Juvenile Chinook salmon were marked with an 
adipose fin clip and coded wire tag 

– Releases included fall-run, winter-run, spring-run, 
and late fall-run juvenile salmon 
 

0.1% (0.0% to 0.5%) salvaged at SWP-CVP pumping 
plants 



There is no relationship between smolt survival  
and SWP-CVP export rate 

Coefficients 
Intercept = 0.34 
Slope = -9.33e-6 
r² = 0.01 



Tides dominate hydrodynamics in the Delta  

• Sub-daily tidal flows are a major factor 
affecting migration route selection 
 

• Tidal flows overwhelm inflows in the western 
Delta (tidal flow frequently is approximately 
10 times greater that Delta inflow)  
 

• Increasing Delta inflow or outflows would not 
significantly affect salmonid migration rates 



2012 Acoustic Tag Monitoring 

Source: 2012 Stipulation Study 



2012 Acoustic Tag Monitoring 

Source: 2012 Stipulation Study 

OMR 

Flows 
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34% 

Stockton 

Prisoners Point 



2012 Acoustic Tag Monitoring 

Source: 2012 Stipulation Study 

 

 
OMR 

Flows 

Greater 

Than  

-4000 cfs 

Percent of Tagged 

Juvenile Steelhead 

Detected at Sites 9 & 11: 

39% 

Stockton 

Prisoners Point 



Integrating best available science: 
 

• Accounting for all the variables 
 

• Discerning what matters most 
 

• Discovering balanced solutions to competing 
needs 

 



Sacramento Index (SI) of Fall Chinook Abundance 

Source:  Pacific Fisheries Management Council. 2012.   Preseason report 1 for 2012 ocean salmon fishery regulations 

High variation 

Stock Collapse 



Ocean factors caused collapse of Chinook runs in 
2008-2009 

NMFS Analysis 



Ocean harvest has large impact 
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80-90% of adults 

~40% of adults 

Source:  PMFC 2012 CV Chinook Salmon 



Application of lifecycle models 





Finding science solutions: 

• Rely on recent studies with best technologies 
 

• Beware of correlated explanatory variables 
 

• Accumulate factor effects across all life stages  
 

• Express effects in adult equivalents  
 

• Use temporally and spatially explicit life-cycle 
models to compare management scenarios  



 SCIENTIFIC FINDINGS THAT SUPPORT RECOMMENDATIONS: 
• Majority of natural flow functions cannot be replicated through reservoir releases 
• Large changes in flow produce small, uncertain changes in juvenile survival 
• Increases in flow may adversely impact reservoir cold water reserves and 

carryover storage 
• Salmon survival largely independent of pumping rates at CVP/SWP Delta Facilities 
• Ocean conditions, ocean harvest, and predation have large influences on survival 

and abundance of salmonids 
• Juvenile salmon mortality of 75% or more upstream of the Delta is high compared 

to other large-river systems 
RECOMMENDED FOCUS FOR STATE BOARD: 
• Protect cold water pool to maintain suitable temperatures for spawning and 

rearing 
• Support creation, restoration and conservation of floodplain and other habitats 
• Support use of non-physical barriers and other mechanisms to decrease salmonid 

migration into the Interior Delta 
 

Summary: 



Today’s Science Presentation 

• Salmon 

• Pelagic Fish 
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Key Points for Delta smelt 

• Life cycle modeling indicates that key drivers are food, 
temperature, and predation 

 

• Nutrients are important drivers of food web productivity 
  

• No statistical foundation supporting a relationship between X2 
and Delta smelt abundance in any season 
 

• Neither low salinity zone nor X2 define habitat 
 

• Entrainment does not drive abundance.  Operations sensitive 
to OMR and turbidity have successfully ended large 
entrainment events. 
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Key Points for Longfin Smelt 
 

43 

• There is no demonstrated mechanism to explain the 
longfin FMWT: X2 correlation. 
 

• Even if outflow per se increased abundance, the 
increases would be very small. 
 

• Many factors other than flows are correlated with 
longfin smelt abundance.  The most plausible causal 
mechanism for longfin abundance is food supply and 
ultimately nutrient patterns. 
 

• Different longfin surveys show different long-term 
abundance trajectories. 
 



Pelagic Presentation Outline 

• Lifecycle Modeling; Entrainment 

– Dr. Richard Deriso 

• Fall X2 and Delta smelt abundance 

– Dr. Noble Hendrix 

• Outflow and Longfin smelt abundance  

– David Fullerton 

• Ammonium inhibition and the foodweb 

– Dr. Richard Dugdale 
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Next up: Dr. Richard Deriso, IATTC 
Life cycle model and delta smelt entrainment 
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Life Cycle Modeling 

• A life cycle model is a 
common tool used to 
analyze species 
population decline 

 

• Life cycle model 
results may provide 
essential information 
to future species 
management actions 
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Maunder & Deriso   
Life Cycle Model Specifics 

 

• Represents all life cycle stages of smelt (larval, 
juvenile, adult) and how population 
abundance changes between stages 
 

• Allows multiple factors or covariates to 
influence survival and stock-recruit 
relationships 
 

• Data spans 1972-2010 
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Model Conclusions 
• Food abundance, temperature, predator abundance, 

and density dependence are the most critical factors 
impacting the Delta smelt population 
 

• Entrainment from water export operations is NOT an 
important factor impacting smelt population growth 
rate 

• Fall X2 is NOT an important factor impacting smelt 
population growth rate 

• Efforts should be focused on addressing 
environmental conditions affecting the species, such 
as food supply 

 

 
 



Results of recent modeling efforts  

49 

MacNally et al. 
(2010) 
 

Thomson et al. 
(2010) 

Maunder and 
Deriso (2011) 

Miller et al. 
(2012) 

Factors with statistically significant effects 

Predator 
abundance 

Predator 
abundance 

Predator 
abundance 

Summer 
temperatures 

Water 
temperatures 

Water 
temperatures 

Prey density Prey density 

Duration of 
water 
temperatures 
suitable for 
spawning 

Water clarity 

Winter exports 
Bold italic = Strong effect 
Regular = Weak effect 

Results of Recent Modeling Efforts 



Results of recent modeling efforts  
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MacNally et al. 
(2010) 
 

Thomson et al. 
(2010) 

Maunder and 
Deriso (2011) 

Miller et al. 
(2012) 

Factors without statistically significant effects 

Spring X2 Spring X2 Spring X2 Spring X2 

Fall X2 Fall X2 Fall X2 Fall X2 

Juvenile 
entrainment 

Juvenile 
entrainment 

Adult 
entrainment 

Adult 
entrainment 

Silverside 
abundance 

Water clarity 

Results of Recent Modeling Efforts 



Impact analysis: entrainment 
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 Management of Adult Smelt 
Entrainment 



Turbidity Can be Used  
to Manage Entrainment 

• Data show historic relationship between 
turbidity, OMR flow, and adult smelt 
entrainment 
 

• Developed mathematical model as a function of 
turbidity at Clifton Court and OMR flow 
 

• Model predicts adult salvage rates and when 
large entrainment events have occurred 



Delta Smelt salvage rate as influenced by OMR 
and Clifton Court turbidity 

 



Three-Day Turbidity OMR Model Predictions 
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• Entrainment does not appear to affect 
Delta smelt abundance patterns 

• Entrainment levels are related to OMR 
and turbidity levels 

 

Conclusions 
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Next up: Dr. Noble Hendrix, QEDA Consulting LLC 
Delta smelt habitat and abundance 



Fall X2 and Delta smelt 
abundance 

Dr. Noble Hendrix 

 
QEDA Consulting, LLC  

10/2/12 
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Correlation between delta smelt 
FMWT Index and  Concurrent Fall X2 



X2 
“Habitat 
Index” 

FMWT Index 

 Correlation  Correlation 
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• Hypothesis of Feyrer et al. (2011): 

– X2 influences Delta smelt “Habitat Index” 

– Delta smelt “Habitat Index” influences Delta smelt 
abundance 

– Therefore, X2 influences Delta smelt abundance 



X2 
“Habitat 
Index” 

FMWT Index 

X2 influences “Habitat Index” 
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Using two measures of salinity (X2 and EC) 
assures X2 will correlate with “Habitat Index” 

Delta Outflow  

X2 “Habitat Index” 

Salinity Field 

Correlation 
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Conductivity 

Turbidity 

Secchi 
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Other “Habitat Indices” fit the FMWT 
presence/absence data better 

Model % Variation 
explained 

Correlation 
with X2 

Top EC and Secchi 17.8% -0.86 
 

Longitude & Date 18.4% -0.48 
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Low Salinity Zone and Estuarine 
Habitat 

The low salinity zone (LSZ) is not equivalent to estuarine 
habitat. Estuarine habitat encompasses the range from 
0 to 35 ppt salinity and the LSZ is just one part of the 
overall gradient.  Other gradients and important 
aspects of habitat in this estuary include:  salinity, 
temperature, turbidity, food supply, predation, 
connectivity, geometry, variability [in time and space]. 

 

  - USEPA Technical Workshop Summary 

    



X2 
“Habitat 
Index” 

FMWT Index 

“Habitat Index” influences abundance 
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Construction of two indices from the 
same catch data ensures correlation 

FMWT  
catches 

FMWT 
Abundance  

Index 
“Habitat Index” 

Modeled 
probability of 

presence 

Abundance Data 
Presence/ 

Absence Data 

GAM 

Index 
calculations 

Index 
calculations  
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Correlation 



Salinity as a 
function of 

flow 

X2 
“Habitat 
Index” 

FMWT Catch 
Data 

FMWT Index 

Induced 
Correlation 

Induced 
Correlation 

Result: Chain of Induced Correlations 
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Feyrer et al. (2011) showed that despite being based on 
presence or absence of delta smelt, their resultant habitat 
index was correlated with the FMWT abundance index… 
However, this is an expected outcome because delta smelt 
abundance and presence-absence are correlated. The point 
in showing this association was to demonstrate that 
although the linkage is variable and inherently based on a 
circular argument (because catch was used to define habitat 
suitability), there is nonetheless a correlation between the 
FMWT indices and the habitat indices, which are nonlinearly 
related to fall X2. 

USFWS Workshop #1 page 46.  

What USFWS Says About Induced 
Correlation 



Conclusions 

• The circularity means that comparing the 
“habitat index” to the FMWT abundance will 
be meaningless – the “habitat index” is 
essentially being compared to itself 

• The “habitat index” should reflect the spatial 
patterns in observed smelt distribution  
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Next up: David Fullerton, MWD 
Longfin smelt 



Longfin:X2 Relationship 

Expert Panel Presentation, Workshop 1 



The FMWT: Flow relationship is now 
nearly flat 
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Flow:Abundance Relationships 
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Longfin FMWT v Napa River Flow 
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Source: DWR Source: USGS 
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Water Depth, Secchi 
Depth :Abundance 

Relationships 
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Nutrients/Food:Abundance  Relationships 
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From Bay Institute presentation at Workshop 1, slide 7 
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From Gray et al. (in prep).  
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From Gray et al. (in prep).  



From Kimmerer’s presentation at Workshop 1, slide 20. 
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Shifts on Longfin Distribution over Time 



Water Depths Over Time in the FMWT 
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Key Points for Longfin Smelt 
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• There is no demonstrated mechanism to explain the 
longfin FMWT: X2 correlation. 
 

• Even if outflow per se increased abundance, the 
increases would be very small. 
 

• Many factors other than flows are correlated with 
longfin smelt abundance.  The most plausible causal 
mechanism for longfin abundance is food supply and 
ultimately nutrient patterns. 
 

• Different longfin surveys show different long-term 
abundance trajectories. 
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Next up: Dr. Richard Dugdale, SFSU 
 





Background: The Ammonium 

Paradox 

Paradigm: Excess nutrient loads cause phyto-
plankton blooms (production) and may result in 
cultural eutrophication; degraded aesthetics, low 
DO, HABs.  
  

Empirical evidence: In the northern SFE and other 
systems, excess NH4 may result in low phyto-
plankton production; cultural oligotrophication, 
(decreased algal biomass and altered 
phytoplankton community).  



Background: The Link Between 

Phytoplankton and Fish Yield 



Background: Long Term Trends in 

Ammonium and Phytoplankton 

Chl-a decline due to 

benthic grazing… 

but decline predates 

clams. 

Spring blooms in 2000 and 

2010 cannot be explained 

by clams. 
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Increasing contribution by NH4    

Glibert, 2010 

Background: Nutrients Alter 

Foodwebs 



Background: Ammonium Interferes 

with Phytoplankton Nitrate Physiology  
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Dugdale et al 2007 NH4 > 4μmol L-1 
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substantially 
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Background: Ammonium Reduces 

Phytoplankton Biomass 
USGS monitoring 

shows that NH4 

>4μmol L-1 is not 

associated with 

chl-a. 

Chl-a associated 

with low NH4 and 

high NO3. 

J. Cloern, USGS 
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Suisun Bay 

In the northern SFE NO3 is 

the largest pool (ca. 75%) 

of nitrogen. Most N NOT 

used by phytoplankton 
Suisun Bay 

Background: Ammonium and 

Nitrate in the SFE 

NITRATE 

AMMONIUM 

1 μmol N L-1  =  1μg chl-a L-1 

If phytoplankton use all N 

(e.g. in a culture flask) 

then the initial N conc. is 

predictive of the final chl-

a  

4 μmol L-1 



upstream 

downstream 

What Can Anomalous Blooms Tell Us 

About Controls on Phytoplankton 

Growth? 



upstream 

downstream 

What Can Anomalous Blooms Tell Us 

About Controls on Phytoplankton 

Growth? 

2010 phytoplankton bloom when 

NH4 < 4 µmol L-1 



2010 vs. 2009: What Contributed to the 

Lower NH4 in 2010? 

Flow rate 2010 was >50% 
compared to 2009 
 

Decreased NH4 discharge at 
WWTP in April 2010 

Conc. / Washout Criteria Loading Criteria 

April Effluent 

Discharge, 

tons N d-1 

2009 15.54 

2010 14.42 



Consequences of the 2010 Bloom on 

the Pelagic Food Web 

Phytoplankton 

increase 10-

fold. 

Zooplankton 

increase 9-fold 

over 2009 

Delta smelt (70%) and 

longfin smelt (194%) 

increased (FMWT 

survey) 



River Flow and NH4 Discharge Control 

Spring Phytoplankton Blooms in the 

Northern SFE 

X 
NH4 load must not 

exceed capacity of 

phytoplankton to 

assimilate NH4 (or 

NH4. will increase) 

NH4 must be ≤ 4 

µmol L-1 to enable 

phytoplankton NO3 

uptake 

River flow, must 

not exceed the 

phytoplankton 

growth rate to 

avoid “washout”. 

Loading Criterion 

Conc. Criterion 

Dilution Criterion 



1.Loading Criterion requires phytoplankton NH4 

uptake > 1.58 mmol m-2 d-1 (unlikely) 

(Suisun uptake rates range from a mean 

of 0.88 to max of 2.02 mmol m-2 d-1 ) 

 

2.Concentration Criterion requires river flow 

>825 m3 s-1 (29,000 cfs) 

 

3.Washout Criterion requires river flow at 

Suisun Bay <1100 m3 s-1 (39,000 cfs) 

 
  

Criteria Values for Suisun Bay with Present Day 
NH4 Loading of 15 tons NH4-N d-1 



What Does this Mean for Managing 

Nutrients and Flow in the Estuary? 

Based on the three criteria, the most effective 

management action is to reduce the NH4 discharge 

: • This addresses the loading criterion  

and the concentration criterion 

(which increases the flow/nutrient 

“window”) and both increase the 

probability of bloom formation. 

 

• Increasing flow alone will improve 

Concentration Criterion but will not 

influence Loading Criterion and 

will quickly exceed the Washout 

Criterion 

 



END 
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•Salmon 
•Delta smelt 
•Longfin smelt 
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Spatial and temporal patterns of vertical
distribution for three planktivorous fishes in Lake
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Abstract – We sampled three limnetic fish species: juvenile sockeye salmon (Oncorhynchus nerka), three-spine
stickleback (Gasterosteus aculeatus) and longfin smelt (Spirinchus thaleichthys) in Lake Washington to quantify
species-specific patterns of diel vertical migration (DVM). Catch-per-unit-effort data analysed from 15 years of
midwater trawling documented seasonal and diel differences in vertical distributions for each species. These results
were consistent with the hypothesis that the patterns of DVM in Lake Washington were affected by life history, size
and morphology. Sockeye salmon showed clear DVM in spring but essentially no DVM in fall, remaining in deep
water, whereas three-spine sticklebacks were prevalent at the surface at night in both seasons. In fall, distribution
patterns may be explained by differences in thermal performance (e.g., sticklebacks favouring warm water), but the
patterns were also consistent with inter-specific differences in predation risk. Younger sockeye salmon and longfin
smelt were present in greater proportions higher in the water column during dusk and night periods than older
conspecifics. Compared with sockeye salmon, the greater use by three-spine sticklebacks of surface waters throughout
the diel cycle during weak thermal stratification in spring was consistent with the hypothesis that sticklebacks’
armour reduces predation risk, but use of this warmer, metabolically beneficial stratum may also have promoted
growth. This study illustrates variation in the vertical distribution of three sympatric planktivores and offers broader
implications for the DVM phenomenon and applied lake ecology.

Key words: diel vertical migration; temperature; predator avoidance; planktivores

Introduction

Fish need to feed, but foraging is seldom the only
factor, and often not the primary factor, affecting their
movements and distribution. Conflicts with reproduc-
tion, predator avoidance and optimisation of physio-
logical conditions often limit foraging in time and
space (Eggers 1978; Coutant 1985, 1987; Clark &
Levy 1988; Appenzeller & Leggett 1995; Beauchamp
et al. 1997). The costs and benefits of foraging in a

given area vary among species as a function of life
history and among individuals as a function of size or
other attributes that make them vulnerable to predation
(Levy 1990). The vertical distribution of pelagic fishes
can serve as a model for the study of such trade-offs
(Clark & Levy 1988; Scheuerell & Schindler 2003;
Hardiman et al. 2004; Jensen et al. 2006; Gjelland
et al. 2009). Zooplankton densities are often higher in
the epilimnion, but planktivorous fishes are more
vulnerable to visual predators there than in deeper,
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darker waters where zooplankton are less abundant
and detectable. In addition to vertical gradients in food
availability and predation risk, vertical temperature
gradients differentially affect the metabolic rates of
predators and prey, further complicating the trade-offs
associated with depth (Magnuson et al. 1979; Brandt
et al. 1980; Wurtsbaugh & Neverman 1988). As
foraging opportunities and predation risk vary with
light levels over the 24-h period, planktivores often
show diel vertical migrations (DVM).

Although temperature influences should be second-
ary to feeding and predation risk during daylight and
crepuscular periods, thermal constraints could still be
expressed as avoidance of temperatures that were
stressful or detrimental to growth when the thermal
experience of an individual is averaged over an entire
diel cycle. At night, low light levels should inhibit
feeding by both planktivorous and piscivorous fishes,
so planktivores should occupy depths most beneficial
for growth, unencumbered by the need to feed or avoid
predators, although clear lakes under either high moon
light (Luecke & Wurtsbaugh 1993) or excessive urban
light pollution (Mazur & Beauchamp 2006; Kitano
et al. 2008) may be exceptions to this pattern. Thermal
optima vary among species (Coutant 1977; Magnuson
et al. 1979), and the different DVM patterns of
sympatric coregonids were best explained by differ-
ences in thermal ecology (Mehner et al. 2010).
Temperatures above and below the optimum limit
growth, but the limitation is generally more severe at
incrementally warmer than cooler temperatures
(Magnuson et al. 1979). The optimal temperature for
growth also shifts to cooler temperatures for larger fish
and at lower daily energy intake rates (Beauchamp
2009). These features of physiology suggest that DVM
patterns should vary seasonally as a lake stratifies and
mixes and as prey availability changes, but this
seasonal shift was not observed in two coregonid
species (Mehner et al. 2007).

Many fishes show DVM, but the patterns may differ
among or within species in a given lake (e.g., Piet &
Guruge 1997; Stockwell et al. 2010). Species less
vulnerable to predation might be expected to spend
more time feeding in profitable epilimnetic waters.
The DVM patterns of two coregonids in Lake Superior
revealed this pattern, as larger-bodied cisco had a
shallower DVM than smaller kiyi (Stockwell et al.
2010). Moreover, fish of the same species may differ
in the extent or timing of movement as a function of
body size (Levy 1991). For example, a model
indicated that older kokanee (nonanadromous sockeye
salmon, Oncorhynchus nerka) tend to feed at and
migrate to deeper depths than younger smaller fish in
reservoirs where abundant large piscivorous lake trout
Salvelinus namaycush imposed significant predation
risk to all sizes of kokanee (Stockwell & Johnson

1999; Johnson & Martinez 2000). The opposite pattern
was observed in lakes containing less abundant and
smaller piscivores, presenting less predation risk for
larger kokanee (Levy 1991).

Diel vertical migration of juvenile sockeye salmon
has been closely studied in lakes around the Pacific
Rim. These fish enter lakes in spring at a size of
ca. 28 mm after emerging from gravel nests in streams
or lake beaches (Quinn 2005), and they feed chiefly on
zooplankton in the limnetic zone. They prey on large
zooplankton if available (Eggers 1982) and display
DVM to balance their foraging needs with predator
avoidance (Eggers 1978; Clark & Levy 1988; Scheue-
rell & Schindler 2003). Predator avoidance, prey
distribution and temperature all affect the timing of
movement and depth distribution (Brett 1971; Clark &
Levy 1988; Levy 1990, 1991; Beauchamp et al.
1997). Because salmonids and their predators are
primarily visual foragers, feeding should be confined
to daylight and crepuscular periods, and their vertical
distribution should be influenced by trade-offs
between predation risk and the profitability of feeding
at any given depth.

Lake Washington, in Washington State, USA,
serves as a model body of water for comparative
work on DVM. The lake’s thermal regime and
zooplankton community are well studied (Arhonditsis
et al. 2004; Winder & Schindler 2004; Hampton et al.
2006a,b; Winder et al. 2009), as is the basic biology of
the major planktivores (Chigbu 2000; Beauchamp
et al. 2004). The lake has a narrow littoral zone and so
the limnetic zone is the primary habitat, dominated by
three planktivorous fishes native to the region (juve-
nile sockeye salmon, three-spine stickleback Gaster-
osteus aculeatus and longfin smelt Spirinchus
thaleichthys), and two native midwater piscivores
(cutthroat trout, O. clarki, and northern pikeminnow,
Ptychocheilus oregonensis). Densities of Daphnia spp.
are significantly higher in the upper 10 m of the water
column than at deeper depths during both thermally
stratified and destratified seasons (Edmondson & Litt
1982); therefore, the DVM patterns of the different
planktivores determine their access to zooplankton.

The overall objectives of this study were to
(i) quantify variation in planktivore catch-per-unit-
effort (CPUE) related to season, diel period and depth
and (ii) evaluate whether the diel vertical distributions
of planktivores are similar among species and size
classes of fish in Lake Washington. We predicted that
the armoured species (three-spine stickleback) would
exhibit shallower distributions throughout the diel
cycle than the un-armoured species (longfin smelt and
sockeye salmon) because they may be more willing to
accept predation risk. Additionally, we expected to
observe shallower distributions throughout the diel
cycle for the shorter-lived longfin smelt than the
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longer-lived and potentially more risk-averse, sockeye
salmon. With respect to bioenergetic responses, we
predicted that all three species should exhibit similar
vertical distribution patterns during the cooler, weakly
stratified period in April, but that juvenile sockeye
salmon would occupy deeper, cooler strata than three-
spine sticklebacks during the warmer fall stratification
period. The range of near-optimal temperatures for
juvenile sockeye salmon (‡90% maximum growth rate
when food is unlimited at 8.0–19.5 �C; Beauchamp
2009) occurs over a cooler and broader range than the
warmer, narrower range for three-spine sticklebacks
(‡90% maximum growth rate when food is unlimited
at 19.0–22.5 �C; Lefébure et al. 2011). Thermal
optima are unknown longfin smelt, but the species is
distributed farther to the south than sockeye salmon
(i.e., to the Sacramento River), suggesting that they are
more tolerant of warmer water. With respect to size
within species, we evaluated the alternative hypothe-
ses that (a) larger fish would forage more cautiously
(i.e., move up in the water column later and be deeper
overall) because they are already large and so have
less to gain energetically, or (b) they would forage less
cautiously because their larger size makes them less
vulnerable to gape-limited visual predators.

Methods

Study site

Lake Washington is 32.2 km long, averages 2.5 km
wide and has a maximum depth of 66 m. Thermal
stratification in the lake begins in March and April, is
fully established by late June–early July and persists
through October, after which decreasing temperatures
and wind destratify the lake through winter. From
1998 to 2010, surface temperatures (0–2 m) in April
(spring) averaged 11.0 �C and bottom temperatures
(52–54 m) averaged 7.3 �C (Fig. 1). October (fall)
temperatures averaged 15.4 �C at the surface and
8.4 �C at the bottom. Dissolved oxygen levels during
our study remained >5 mgÆl)1 throughout the water
column, except in some years during August–Novem-
ber when localised benthic levels of 3–5 mgÆl)1 were
recorded at 50–60 m depths (King County Department
of Natural Resources, WA, unpublished data).

The primary crustacean zooplankton species in the
lake include the cladoceran Daphnia pulicaria and the
copepods Cyclops bicuspidatus, Leptodiaptomus ash-
landi and Epischura nevadensis. D. pulicaria typically
achieve moderate to high densities (5–35 organisms
per l) from mid-May through November but are often
below detection levels during winter and early spring
(Hampton et al. 2006a,b). Copepod densities during
winter and early spring are highly variable among
years with either C. bicuspidatus or L. ashlandi pre-

dominating in the zooplankton assemblage (4–
30 organisms per l for the predominant species;
Beauchamp et al. 2004; Winder et al. 2009). In
general, the dominant zooplankton (i.e., D. pulicaria)
do not vertically migrate and are most dense in the
upper 10 m of the water column and very scarce
below 20 m, regardless of season (Edmondson & Litt
1982).

Fish sampling

From 1997 to 2011, sampling was conducted in the
central basin of Lake Washington, east of Sand Point
in water ca. 50 m deep from 14 to 26 April and 11 to
29 October. These months incorporate several ecolog-
ical patterns. In April, juvenile sockeye salmon are
present in two age classes, age-0 [fry, ca. 30–50 mm
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Deep

Fig. 1. Spring (April, solid diamonds) and fall (October, open
squares) water temperature profiles from the sampling site in Lake
Washington in a typical year (2005). Rectangles indicate the modal
depth bins where fish were sampled.
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fork length (FL)] and age-1 (fish ca. 110–130 mm FL
that will migrate to sea later that spring; Fig. 2).
Longfin smelt are present as age-1 fish (ca. 60–90 mm
FL), because the age-2 fish have already spawned in
rivers and died by this time of year while young-of-
the-year have not yet recruited to the lake. In October,
age-0 sockeye salmon (ca. 100–120 mm FL) are the
only age class present, but both age-0 (ca. 40–60 mm
FL) and age-1 (90–110 mm FL; Fig. 2) longfin smelt
are present. Catches of limnetic three-spine stickle-
backs are low in April because they breed in the
littoral zone in late spring, but they are vulnerable to
trawling in fall. In addition to these fish community
dynamics, April and October present contrasts in
thermal regime (cooler and weakly stratified in April;
warmer and strongly stratified in October (Fig. 1))
without dramatic differences in overall prey availabil-
ity. Zooplankton sampling from 25 m to the surface in
the afternoon and at night on each date when fish were
sampled revealed mean densities of 17.2 organisms

L)1 in spring and 13.3 in fall. The dominant taxa were
D. pulicaria, C. bicuspidatus, Bosmina sp., Epischura
sp. and L. ashlandi (T.P. Quinn, unpublished data).
D. pulicaria were proportionally less abundant in
April, although this varied among years. Independent
sampling farther south in the lake revealed similar
patterns. The mean depth-stratified densities (±2 SE)
of edible crustacean zooplankton during 2000–2007
were the following: 32.6 ± 20.0 l)1 in 0–10 m and
19.6 ± 8.9 l)1 in 10–20 m during April (1% Daphnia)
versus 16.4 ± 3.6 l)1 in 0–10 m and 11.3 ± 2.1 l)1 in
10–20 m during October (31–38% Daphnia;
D.E. Schindler, University of Washington, unpub-
lished data).

Fish were captured using a Kvichak midwater trawl
from 1997 to 2011, deployed for 15 min at three
depths from mid-afternoon to night (Table 1). The net,
held open by two horizontal metal bars, had a
2.5 m · 2.5 m cross-section and mesh decreasing
from 76- to 2-mm knotless mesh in the cod end. Diel
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Fig. 2. Length frequency histograms for the
three planktivore species sampled in Lake
Washington in spring (April) and fall
(October), pooling all samples from 1997 to
2011.
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periods were categorised as day (before sunset), dusk
(sunset to 1.5 h after sunset) and night (>1.5 h after
sunset). Trawl depths were categorised as shallow (6–
15 m), intermediate (20–38 m) and deep (38–54 m;
depths shown in Fig. 1). Thermal exposure for fish
averaged 9.5–12.0 �C in spring versus 15.5 �C in fall
at shallow depths, 9.5 �C in spring versus 10–12 �C in
fall at intermediate depths, and 8.5 �C in spring versus
9.0 �C in fall at deep depths. All captured fishes were
counted in the field and measured to the nearest
millimetre (FL) except in 2 years, when very large
catches of age-0 longfin smelt were subsampled for
length.

Catch analysis

To examine the general patterns in planktivore distri-
bution, we calculated the mean number of fish caught
per minute trawled across years for discrete
depth · diel · season sampling cells. Catch data were
normalised in this manner to account for slight
variation in tow time and differences in effort across
sampling cells (Table 1). We used generalised linear
models (GLMs) to determine the relative importance
of depth, diel period and season in explaining variation
in planktivore CPUE for individual species. Model
parameter coefficients were used to support species-
specific patterns in diel vertical distribution. We then
examined the CPUE data graphically, to describe
differences in diel vertical distribution patterns among
species and ages.

Many tows caught no fish; therefore, we used a
delta approach to model CPUE because it is appro-
priate for zero-inflated data (Helser et al. 2004;
Maunder & Punt 2004). CPUE was modelled as a
function of environmental variables in a two-stage
process. First, the probability of capturing a species
(i.e., frequency of occurrence in tows) was estimated
using a GLM with a binomial error distribution. Then,
the CPUE for nonzero tows was modelled using a
negative binomial GLM with a log-link function.
Thus, the overall CPUE may be determined as the
product of the probability of a nonzero catch and the

expected CPUE, given that the catch was nonzero.
Models were fit separately to data for the three species.
Age-0 and age-1 fish were combined in the analyses
due to small sample sizes for individual age classes;
however, we present graphical summaries of age-
specific diel vertical distributions (Fig. 3).

Eight GLMs were evaluated for each species,
including the null model (intercept only) and all
possible combinations of three discrete predictor
variables: depth (shallow, intermediate and deep); diel
period (day, dusk and night); and season (fall and
spring). Models provided reasonably good fits to the
data; estimated dispersion parameters ranged from
0.60 to 1.43, indicating little evidence of over- or
under-dispersion (Helser et al. 2004). Additionally,
diagnostic plots of deviance residuals versus fitted
values from the full models showed constant variance,
and half-normal plots of the residuals showed no
outliers (Faraway 2006).

For each stage of the analytical process described
earlier, we compared the eight candidate models using
Akaike’s information criteria, bias-corrected for small
sample size (AICc), which balances model complexity
(number of estimated parameters) with the goodness
of fit, as determined by likelihood (Burnham &
Anderson 2002). The DAICc was calculated for each
model as its AICc minus the lowest AICc across all

Table 1. Midwater trawl effort from 1997 to 2011, expressed as minutes
towed (numbers of tows in parentheses) categorised by season, depth and
period of the day.

Season Depth category

Total trawl minutes (N tows)

Day Dusk Night

Spring Shallow 679 (46) 317 (21) 151 (10)
Intermediate 668 (45) 245 (16) 73 (5)
Deep 811 (54) 226 (15) 105 (7)

Fall Shallow 200 (14) 75 (5) 276 (19)
Intermediate 247 (17) 46 (3) 293 (20)
Deep 285 (20) 86 (6) 237 (16) 0.00 0.25 0.50 0.75

Shallow

Intermediate

Deep

Age-0
Age-1

0.00 0.25 0.50 0.75 0.00 0.25 0.50 0.75

Spring
sockeye
 salmon

Day Dusk Night

0.00 0.25 0.50 0.75

Shallow

Intermediate

Deep

Age-0
Age-1

Proportional CPUE
0.00 0.25 0.50 0.75 0.00 0.25 0.50 0.75

Fall
longfin
smelt

Day Dusk Night

Fig. 3. Diel vertical distributions of age-0 and age-1 sockeye
salmon in the spring (top) and longfin smelt in the fall (bottom).
Catch-per-unit-effort (CPUE, NÆmin)1) was standardised by the
total CPUE for each age class · diel period.
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models; by convention, models with DAICc within
two of the minimum AICc are classified as performing
equivalently to the best approximating model (Burnham
& Anderson 2002). We calculated the Akaike weight
(wi) for each model, interpreted as the weight of
evidence (probability) that model i is the best approx-
imating model from among the set of candidate
models (Johnson & Omland 2004). As wi approaches
one, the weight of evidence in favour of model i
increases (Burnham & Anderson 2002). The relative
importance of each predictor variable j (wj) was
estimated by summing wi across all models in the set
that included variable j; the closer wj is to 1, the more
important the variable in predicting the response
across all models (Burnham & Anderson 2002).

Results

Longfin smelt were the most abundant species caught
by midwater trawling during spring and fall sampling
periods (71.7% of all fish caught), followed by three-
spine stickleback (18.6%) and sockeye salmon (9.7%).
Season, depth and diel period were important predic-
tors of frequency of occurrence and density (nonzero
CPUE) for all three species, based on their inclusion in
the set of best approximating models (Table 2). For all
species, observed spatial–temporal patterns in CPUE
(Figs 4 and 5) were supported by coefficient values
from best-fit models; coefficient estimates from the
full models indicate the magnitude and direction of the
effect of each parameter on planktivore CPUE
(Table 3). For example, slope coefficients estimated
from the full model for sockeye (Table 3) increased
from day to night periods; this mirrors the graphical
trend in sockeye CPUE (Fig. 4). Qualitative differ-
ences in patterns of age-specific CPUE were apparent
in spring for sockeye salmon and in fall for longfin
smelt. Generally, younger fish were caught in larger
proportions higher in the water column during dusk
and night periods than older conspecifics (Fig. 3).

Juvenile sockeye salmon demonstrated a seasonal
shift in diel vertical distribution patterns. During
spring, CPUE was highest in deep water during the
day, intermediate depths at dusk and shallow depths at
night (Fig. 4), whereas in the fall the highest CPUE
was in deep water across all diel periods (Fig. 5). In
both seasons, the frequency of occurrence and density
increased dramatically from afternoon to dusk and
night. Variation in sockeye salmon occurrence was
related strongly to season, depth and diel period
(wj = 1.0); however, diel period and depth were more
important than season in dictating the density of
sockeye (Table 4). Sockeye salmon were encountered
less frequently in fall surveys than in the spring but
were captured in similar densities (nonzero CPUE)
across seasons (Table 3).

Variation in longfin smelt occurrence and density
were related strongly to season and diel period
(wj = 0.91–1.00) and, to a lesser extent, depth
(wj = 0.53–1.0; Table 4). Longfin smelt demonstrated
distinct DVM patterns during both spring and fall,
with CPUE increasing in intermediate and shallow
depths from day to night periods (Figs 4 and 5). Smelt
were encountered more frequently and captured in
higher densities in fall than in spring (Table 3).

Depth and diel period were more important than
season in dictating the occurrence and density of three-
spine stickleback (Table 4). The highest densities of
three-spine stickleback occurred in shallow depths
during all diel periods in the spring (Fig. 4) and at
night in the fall, but they were captured in very low
densities at all depths during daylight and dusk in the
fall (Fig. 5).

Table 2. Diagnostic statistics for generalised linear models describing the
relationships between catch-per-unit-effort (CPUE) and environmental fac-
tors. CPUE was modelled using a two-stage process, first estimating the
probability of capturing a species (a) and then modelling the CPUE given that
the species was caught (b). AICc is Akaike’s information criteria bias-
corrected for small sample size, DAICc is the AICc for each model minus the
lowest AICc from all possible models, and wi is the model Akaike weight.

(a) Frequency of
occurrence

(b) CPUE, nonzero
tows

AICc DAICc wi AICc DAICc wi

Sockeye salmon
Model parameters

Depth + Diel + Season
(full model)

332.0 0.0 1.00 821.9 2.2 0.22

Depth + Diel 367.1 35.0 0.00 819.7 0.0 0.67
Depth + Season 423.8 91.7 0.00 838.2 18.6 0.00
Depth 431.5 99.5 0.00 849.2 29.5 0.00
Diel + Season 380.6 48.6 0.00 825.4 5.7 0.04
Diel 406.4 74.4 0.00 824.1 4.4 0.07
Season 449.0 116.9 0.00 844.9 25.2 0.00
Intercept (null model) 455.2 123.2 0.00 853.1 33.4 0.00

Longfin smelt
Model parameters

Depth + Diel + Season
(Full model)

303.0 0.0 0.98 1821.1 0.0 0.47

Depth + Diel 310.9 8.0 0.02 1834.3 13.3 0.00
Depth + Season 404.6 101.6 0.00 1825.1 4.1 0.06
Depth 431.2 128.2 0.00 1854.9 33.9 0.00
Diel + Season 349.3 46.3 0.00 1821.2 0.1 0.44
Diel 357.2 54.2 0.00 1832.3 11.3 0.00
Season 428.4 125.4 0.00 1826.3 5.3 0.03
Intercept (Null model) 453.8 150.8 0.00 1855.4 34.3 0.00

Three-spine stickleback
Model parameters

Depth + Diel + Season
(Full model)

416.3 0.9 0.29 1028.0 2.0 0.26

Depth + Diel 415.4 0.0 0.46 1026.0 0.0 0.70
Depth + Season 464.6 49.3 0.00 1032.2 6.2 0.03
Depth 464.1 48.7 0.00 1034.6 8.6 0.01
Diel + Season 418.6 3.2 0.09 1062.6 36.6 0.00
Diel 417.5 2.1 0.16 1063.3 37.3 0.00
Season 463.6 48.3 0.00 1074.5 48.5 0.00
Intercept (null model) 463.1 47.7 0.00 1076.6 50.6 0.00
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In summary, CPUE data provided evidence of
DVM from deep water during the day to shallow water
at night for all planktivores, but the strength of this
distributional pattern and consistency between seasons
varied among species. Sockeye salmon demonstrated a
strong DVM during the spring, but remained at highest
densities in deep water across diel periods during the

fall. Longfin smelt exhibited DVM in both seasons and
were more evenly distributed throughout the water
column at night than the other species. Three-spine
stickleback also showed increasing densities in shal-
low waters from day to night periods during both
seasons, but were generally more abundant in shallow
water across all diel periods.

Fig. 4. Spring (April) depth distribution of
sockeye salmon, longfin smelt and three-
spine stickleback during day, dusk and night
periods. Mean catch-per-unit-effort (CPUE,
NÆmin)1) is shown for all sampling years
combined (1997–2011).

Fig. 5. Fall (October) depth distribution of
sockeye salmon, longfin smelt and three-
spine stickleback during day, dusk and night
periods. Mean catch-per-unit-effort (CPUE,
NÆmin)1) is shown for all sampling years
combined (1997–2011).
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Discussion

Midwater trawl data from Lake Washington demon-
strated species-specific variation in the vertical distri-
bution patterns of three planktivores across season and
diel periods. The three species differed from each
other, and in general, the hypotheses proposed for
species-specific variation in DVM were supported.
The DVM indicated by the sockeye salmon data was
consistent with that of prior work on Lake Washington
(Eggers 1978) and elsewhere (Levy 1987; Scheuerell

& Schindler 2003) on this species. Sockeye salmon
reside in lakes for the first year or two of their lives,
followed by migration to sea for the majority of their
growth prior to return for spawning. In general, they
grow slowly, as indicated by their smaller size at age
when leaving freshwater compared with coho salmon,
O. kisutch, a stream-rearing species, and smaller size
for their age at sea than other Pacific salmon (Quinn
2005). In Lake Washington, age-0 sockeye salmon
feed and grow much slower during their first months
in the lake (Beauchamp et al. 2004) than sympatric
lake-rearing Chinook salmon (Koehler et al. 2006).
Where sympatric with pink salmon, O. gorbuscha, in
lakes, sockeye salmon grow slower as well (Robins
et al. 2005), and they seem to be generally unaggres-
sive and risk-averse (Hoar 1954; Hutchison & Iwata
1997). Their nocturnal use of surface waters during
spring was advantageous for growth, given the size
and feeding rates exhibited by age-0 sockeye and to a
lesser degree for the age-1 smolts (Beauchamp et al.
2004). In contrast, their strong avoidance of shallow
strata during fall, when growth was insensitive to the
range of temperatures available in deep (�9 �C)
through shallow (ca. 15–16 �C) depths (Beauchamp
2009), was more consistent with predator avoidance.

There is less information on DVM by three-spine
sticklebacks than by sockeye salmon, but DVM was
reported in the Baltic Sea by Jurvelius et al. (1996)
and Iliamna Lake, Alaska, by Quinn et al. (2012). In
Alaska, significant numbers of sticklebacks were
caught at the surface during the day, and their vertical
shift in distribution was relatively subtle. In contrast,
daytime catch rates of sockeye salmon at that lake
were negligible compared with night-time catches
(T.P. Quinn, unpublished data). Compared with sock-
eye salmon, three-spine sticklebacks are armoured
(though still subject to predation from birds and fishes;
Kitano et al. 2008), have a 1-year lifespan in Lake
Washington (Eggers et al. 1978), and warmer optimal
temperature for growth (Lefébure et al. 2011). During
both spring and fall, the shallow stratum offered higher
growth benefits for three-spine sticklebacks than either
the intermediate or deep strata. These features likely
all contributed to their greater proximity to the surface.
Longfin smelt appeared to be intermediate between
sockeye salmon and three-spine sticklebacks in their
use of the epilimnion and extent of DVM. Like
sockeye salmon, they lack defensive structures and are
readily consumed by cutthroat trout in the lake
(Beauchamp et al. 1992; Nowak et al. 2004), but their
lifespan is much shorter, typically maturing at age-2
(Moulton 1974; Chigbu 2000).

Our age-specific samples of sockeye salmon in
spring and longfin smelt in fall were insufficient for
the rigorous statistical comparisons needed to test the
two hypotheses concerning size effects on DVM, so

Table 3. Parameter estimates from generalised linear models describing the
(a) frequency of occurrence and (b) nonzero catch-per-unit-effort (CPUE) for
three species. Coefficients (SE) are shown for the full model
(Diel + Depth + Season).

(a) Frequency of
occurrence

(b) CPUE,
nonzero tows

Sockeye salmon (full model)
Intercept )1.05 (0.41) )1.04 (0.21)
Season: Oct )2.16 (0.41) 0.01 (0.24)
Diel: Day )2.62 (0.40) )0.93 (0.24)
Diel: Night 0.69 (0.46) 0.47 (0.23)
Depth: Shallow )1.54 (0.38) 0.44 (0.27)
Depth: Deep 0.99 (0.33) 0.64 (0.21)

Longfin smelt (full model)
Intercept )1.02 (0.44) )0.22 (0.23)
Season: Oct 1.05 (0.34) 0.83 (0.20)
Diel: Day )2.77 (0.43) 0.21 (0.24)
Diel: Night 0.93 (0.65) 0.74 (0.26)
Depth: Shallow )0.99 (0.38) 0.52 (0.25)
Depth: Deep 1.52 (0.36) 0.33 (0.22)

Three-spine stickleback (Full model)
Intercept )2.28 (0.32) )0.64 (0.26)
Season: Oct )0.30 (0.28) )0.14 (0.25)
Diel: Day )1.38 (0.30) )0.04 (0.27)
Diel: Night 0.69 (0.39) 0.86 (0.30)
Depth: Shallow )0.11 (0.30) 0.84 (0.26)
Depth: Deep 0.57 (0.30) )0.85 (0.26)

Table 4. Parameter Akaike weights (wj) calculated from all candidate
generalised linear models, describing the relationships between catch-per-
unit-effort (CPUE) in biannual trawl surveys and environmental factors. CPUE
was modelled using a two-stage process, first estimating the probability of
capturing a species (a) and then modelling the CPUE given that the species
was caught (b).

(a) Frequency of
occurrence

(b) CPUE, nonzero
tows

Parameter wj wj

Sockeye salmon
Depth 1.00 0.89
Diel 1.00 1.00
Season 1.00 0.26

Longfin smelt
Depth 1.00 0.53
Diel 1.00 0.91
Season 0.98 1.00

Three-spine stickleback
Depth 0.75 1.00
Diel 1.00 0.96
Season 0.38 0.29
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these results should be interpreted cautiously.
However, the general patterns (Fig. 3) indicated
greater proximity to the surface among the young-of-
the-year, especially in longfin smelt. These fish would
be more vulnerable to predation on the basis of size
than the yearlings, and the use of the surface waters
suggests that foraging to achieve growth was more
important than predation risk. However, two features
of the biology of smelt complicate this interpretation.
First, the young-of-the-year are nearly transparent and
so may be less vulnerable to visual predators than
might be expected based on the size alone. In addition,
the larger smelt feed more heavily on Neomysis than
do smaller smelt (Chigbu and Sibley 1998), and
Neomysis are closely associated with the bottom
during the day, whereas zooplankton are primarily in
the epilimnion. This difference in the locations of focal
prey may also affect the vertical distributions of the
age groups. Recently, Busch & Mehner (2012)
reported earlier and more rapid ascent at dusk by
smaller coregonids compared to larger ones, so the
size-specific DVM patterns we saw may be genuine
but further sampling is needed.

For all three species across all depths and seasons,
there was a large disparity in CPUE among diel
periods (lowest during daylight, intermediate at dusk
and highest at night). Although light-mediated gear
avoidance likely contributed to this disparity, this
pattern was also observed in unbiased seasonal and
diel hydroacoustic surveys (Beauchamp et al. 1999;
Mazur & Beauchamp 2006). This disparity could be
explained by schooling or a strong benthic association
during daylight followed by partial or full dispersal
into the water column at dusk and night. Our net was
not designed to sample on the bottom, so close
proximity to the bottom would greatly reduce vulner-
ability to the gear. Daylight schooling can be difficult
to detect, much less quantify, by either small midwater
trawls or narrow beam hydroacoustics. Nonetheless,
occasional schools have been detected in the upper
10 m of the lake during hydroacoustic surveys in
October (Mazur 2004; D.A. Beauchamp, unpublished
data), and a single catch of nearly 17,000 three-spine
sticklebacks was encountered when fishing at 15 m
during daylight in October 2001 as well (Overman
et al. 2006).

The seasonal and diel vertical distribution patterns
of the three planktivores may reflect trade-offs
between antipredation behaviour and bioenergetic
benefits from behavioural thermoregulation. The low
densities of nonschooling planktivores in the upper
water column during daylight in both seasons, except
for the armoured three-spine sticklebacks in spring,
suggested that predator avoidance was a high priority
during high-light periods. The depth distribution
patterns during dusk were often intermediate between

day and night periods and could reflect either a critical
feeding period during an antipredation window (e.g.,
Eggers 1978; Clark & Levy 1988; Scheuerell &
Schindler 2003) or simply a transition from daylight to
nocturnal distributions. Strong crepuscular feeding
peaks were reported for longfin smelt (Dryfoos 1965)
and juvenile sockeye salmon (Doble & Eggers 1978)
in Lake Washington during the 1960s and early 1970s,
before the emergence of Daphnia as the predominant
zooplankter in the mid-1970s.

The depth distributions at night likely reflected
thermoregulation, because darkness should minimise
predation risk and inhibit feeding by the planktivores.
The juvenile sockeye salmon moved into the epilim-
nion at night in spring, where the warmer temperatures
offered a bioenergetic growth benefit. However, when
the thermal benefit was neutral in fall, they remained
in deep water at night. In contrast, the epilimnetic
temperatures during both spring and fall were bene-
ficial for growth of three-spine stickleback, and
presumably for longfin smelt, and the highest catches
of both species were in shallow depths at night during
both seasons. Although little is known about the
thermal preferences of longfin smelt, their optimal
temperature is likely higher than for sockeye salmon,
based on the much more southerly range of anadro-
mous populations (Scott & Crossman 1973) and their
generally shallower distribution in stratified lakes
(Enzenhofer & Hume 1989; Chigbu et al. 1998).
During peak thermal stratification in July–September,
the 18–23 �C average epilimnetic temperatures in
Lake Washington (Arhonditsis et al. 2004) would
markedly reduce the growth of sockeye salmon, but
optimise the growth of three-spine stickleback and
possibly of longfin smelt.

The seasonal differences in DVM among species
have implications for their vulnerability visually
feeding limnetic predators. Using telemetry data on
cutthroat trout (Nowak & Quinn 2002) and hydroa-
coustic data on nonschooling planktivores, a visual
detection foraging model predicted that in spring, most
predator–prey encounters would occur in the upper
12 m during all diel periods but rates were highest at
dusk in the upper 6 m (Mazur & Beauchamp 2006). In
fall, most predator–prey encounters would occur in the
upper 21 m of the water column during all diel
periods, with slightly higher maximum encounter rates
in the upper 6 m at night (Mazur & Beauchamp 2006).
These predicted encounter rates suggest that the
planktivores were only vulnerable to predation in
the shallow stratum. Thus in April, a larger fraction of
the three-spine stickleback population was vulnerable
to encounters with predators than in fall, followed by
longfin smelt, and then sockeye salmon. In October,
these species displayed the same ordering in terms of
predicted encounter rates with predators, but sockeye
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salmon were much less vulnerable than in the spring.
Indeed, during 1995–2000, juvenile sockeye salmon
represented larger fractions of the limnetic cutthroat
trout diets in spring than in the fall, whereas longfin
smelt contributed less to trout diets in spring than in
fall, and sticklebacks contributed considerably less
during any season for data spanning 1984–2000
(Beauchamp et al. 1992; Nowak et al. 2004). Follow-
ing the recent fivefold increase in three-spine stickle-
backs (Overman & Beauchamp 2006; Overman et al.
2006), they represented larger fractions of cutthroat
trout diets (but low prey electivity indices) during
spring and fall, while similar patterns in seasonal
contributions by the other species persisted
(D.A. Beauchamp, unpublished data).

In addition to the patterns documented by this study
for the three planktivore species in Lake Washington,
it offers broader implications for the DVM phenom-
enon and applied lake ecology. As noted by Piet &
Guruge (1997), vertical distribution and DVM affect
many aspects of community ecology in lakes, includ-
ing the influences of non-native species. Assessment
of these ecological interactions is greatly complicated
by the variation in species-specific DVM patterns with
season and size, and changing community composi-
tion at different trophic levels as species invade lakes
and cascading effects occur. Lake Washington has had
a particularly interesting and well-studied history of
sequential effects of natural and human-related pro-
cesses (Edmondson 1994; Winder et al. 2009), but it is
certainly not unique. Modelling efforts directed at the
conservation of species at risk and control of unwanted
invasive species may hinge in part on complex trophic
interactions affected by DVM patterns.
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Field, laboratory, and data analyses to investigate the distribution and abundance of 
Longfin Smelt in the San-Francisco Estuary 

 
Final Study Plan 
January 6, 2014 

 
Principal Investigators:  Jim Hobbs (UCD), Dave Fullerton (SWC) and Chuck Hanson (Hanson 
Environmental, Inc.), Bob Fujimura (DFW) 
 
Collaborators:  Ted Sommer and Louise Conrad (DWR); Randy Baxter (DFW).   
 
Background 
 

The State Water Contractors (SWC), the California Department of Fish and Wildlife 
(CDFW), and collaborators have identified a suite of studies that would expand our current 
understanding of Longfin Smelt distribution, abundance, abundance trends, spawning 
location(s), and the relationship between Delta outflow and Longfin Smelt abundance (e.g. 
Kimmerer 2002). 
 

This document serves as an overview of the range of proposed studies to be conducted by 
UC Davis researchers and other contractors to address new observations and data analyses 
regarding the population biology of Longfin Smelt in the San Francisco Estuary, and how it may 
pertain to current management of the species. A conceptual model for our current understanding 
of Longfin Smelt biology and life cycle in the San Francisco Estuary is presented. As a result of 
recent observations and data analyses pertaining to the conceptual model, eight study questions 
were derived to further explore these new observations. This study plan describes the approach 
for addressing each of these 8 study questions during an initial pilot year of research. After initial 
pilot field studies and analyses are conducted, the study questions will be refined with newly 
gained knowledge. Field research is planned for 6 of the 8 study questions for up to five years, 
while follow-up field research to address the final two study questions may be conducted if 
deemed worthwhile by the Longfin Smelt Technical Team (described below), and if the studies 
are feasible given resources of the Interagency Ecological Program (IEP). The array of study 
elements included in these investigations may increase or be refined based on subsequent 
collaborative discussions with various experts.  Towards that end, we propose the formation of a 
new IEP Project Work Team (PWT) to help guide the study in coordination with the Longfin 
Smelt Technical Team.  The IEP PWT will provide a collaborative basis for reviewing and 
obtaining feedback from the broader scientific community about study plans and results of 
analyses from these and other investigations, and assist in identifying further areas of 
investigation and refining the study design of this research in future years. The Longfin Smelt 
Technical Team will work collaboratively with the IEP PWT to determine project direction and 



Longfin Smelt San Francisco Estuary Study Plan: Pilot Year 1. January 6, 2014                                                        
Page 2 
 

implement and coordinate the suite of studies. As additional necessary investigations are 
identified (e.g., for the final two study questions posed in this study plan), detailed study plans 
(e.g., experimental design, specific methods, staffing, resource needs, logistics and coordination 
with other studies and CDFW monitoring activities) will be distributed for IEP review.  
 
 
Problem statement 
 

Two IEP surveys identify different Longfin Smelt distribution and abundance patterns 
based on different sampling methods. Since the mid-1980s, data from the Fall Midwater Trawl 
(FMWT, which samples the upper 35-40 ft of the water column) suggest severe declines in 
species abundance (MacNally et al. 2010), while data from the San Francisco Bay Study otter 
trawl (which only samples the bottom meter of the water column) suggest only moderate 
declines in species abundance. With respect to distribution, the FMWT data since the mid-1980s 
indicates that the population geographic distribution is much more heavily weighted toward 
Suisun Bay and the Delta while the otter trawl indicates that the Longfin Smelt population is 
more centralized in the San Francisco Bay below Carquinez Strait (Rosenfield and Baxter 2007; 
CDFW unpublished data).  The ability of the FMWT and otter trawl surveys to accurately 
characterize species density and distribution may be influenced by several factors, including 
environmental variables such as turbidity, survey station depth, and the behavior of the fish (e.g., 
diel movements of Longfin Smelt).  

 
Furthermore, preliminary results from exploratory surveys conducted as part of other 

monitoring programs have shown evidence that Longfin Smelt use tributaries to northern, 
central, and south Bay as spawning habitat; however, the frequency (e.g. wet vs dry years) and 
magnitude of the contribution of tributary spawning to adult abundance and year class strength is 
currently unknown, as these areas are not included in routine monitoring work.  Evidence of 
successful spawning by Longfin Smelt has been reported as part of expanded 20 mm smelt 
surveys in the lower Napa River as well as observations of pre-spawning adult Longfin Smelt 
associated with South Bay Salt Pond restoration monitoring (Hobbs et al. 2012).  Moreover, 
Longfin Smelt likely use ocean habitat for rearing during a portion of their life cycle (Rosenfield 
and Baxter (2007), but the timing and magnitude of offshore use is very poorly understood.  
 

As recently described by Cowin and Bonham (2013), a more complete understanding of 
the geographic extent of the population at each life stage and how various factors may influence 
monitoring results is needed to inform more effective management and protection of the species, 
including habitat restoration and water project operations. In a broad context, this understanding 
is critically important to management for activities under the Ecosystem Restoration Program, 
and design and implementation of the Bay Delta Conservation Plan.  
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In this study plan, we develop a series of special studies, designed to enhance our 
understanding of (a) distribution of Longfin Smelt reproduction and relative contribution of 
geographic areas used for spawning to overall abundance; (b) the influence of environmental 
factors, such as hydrology, on the distribution of reproduction; and (c) the influence of time of 
day, water transparency, or tidal fluctuation on catch of Longfin Smelt in various IEP surveys.   
 
Objectives 
 

The overarching goal of this new set of proposed Longfin Smelt studies is to provide 
additional information about Longfin Smelt that is expected to improve management and 
protection of this species in the San Francisco Estuary. Generally, these studies aim to enhance 
our knowledge of the life history and ecology of Longfin Smelt and to refine our understanding 
of the drivers of population distribution, and abundance, including the relationship between 
freshwater outflow and the abundance of Longfin Smelt.  We separate our specific study 
objectives into two broad categories: (1) Longfin Smelt distribution and regional contribution to 
overall abundance; and (2) Longfin Smelt vertical migration behavior.  

 
The first general goal (detailed by Objectives 1 – 4, below) is to investigate Longfin 

Smelt distribution and quantify the relative contribution of geographic areas used for spawning 
to overall population abundance. Since most Bay tributaries are not sampled by current long-
term surveys, a key question is to determine if Longfin Smelt spawn and recruit in Bay 
tributaries; and if so, whether they do so in appreciable numbers to have an effect on overall 
species abundance. Sampling of tributaries to San Francisco and San Pablo Bays (Bay 
tributaries) not previously monitored by IEP-DFW for adult and larval stages of Longfin Smelt 
will thus enhance our knowledge of the distribution of the species.  Furthermore, analysis of 
otolith geochemical signatures from Bay tributary fish and fish collected by DFW abundance 
index surveys  will provide for an assessment of the contribution of different geographical areas 
and salinity zones to the recruited juvenile and adult populations.  Conducting this research 
during both wet and dry years will allow us to understand how freshwater inflow into and 
outflow from the estuary and its tributaries may influence tributary use and the contribution of 
Bay tributary spawning to the population abundance index.   

 
In addition to improving our understanding of Longfin Smelt distribution in the Estuary, 

a second overall objective of this work (detailed in Objectives #5-7)  is to evaluate movements of 
Longfin Smelt in the water column with respect to changes in environmental conditions (e.g. diel 
and tidal cycles, turbidity, seasons, regions). Conducting research on the effects of environmental 
conditions (e.g., diel and tidal variation, turbidity, seasonal changes) should improve our 
understanding and interpretation of monitoring survey results from the FMWT and Bay Study. 
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Specifically, the proposed study’s primary objectives are as follows: 
 
Longfin Smelt distribution and regional contribution to overall abundance:  
 

1. Quantify the relative abundance of early life stages and adult Longfin Smelt in Bay 
tributaries (e.g. Napa River, Sonoma Creek, Petaluma River, Alameda Creek and 
Coyote Creek) during the spawning and rearing seasons occurring during wet and dry 
years. 
 

2. Determine if geochemical signatures of Bay tributaries vary to the extent that otolith 
geochemistry could be used to determine the relative contribution of Bay tributaries 
to recruited juvenile and adult fish collected in IEP-DFW surveys in the San 
Francisco Bay.  
 

3. Determine the extent to which initial rearing in different salinity zones and 
geographic areas contribute to the Longfin Smelt population and compare these 
contributions between wet and dry years. 

 
4. Determine if geochemical signatures of the ocean environment can inform the extent 

to which Longfin Smelt use the near-shore ocean environment using otolith 
geochemical signatures.   

 

Longfin Smelt vertical migration behavior 
 

5. Determine the extent to which Longfin Smelt exhibit regular vertical movements 
within the water column during the day-night cycle, and whether these behaviors vary 
among different regions of the estuary or seasonally.  

 
6. Determine the relationship between water transparency and the Longfin Smelt catch 

in the Bay Study MWT and otter trawl surveys.   
 

7. Determine whether changes may be needed in current Longfin Smelt survey index 
calculation methods, and whether the new information provides better insight into the 
proper formulation of quantitative population estimates.  
 

Conceptual model  
 

The current conceptual model of the Longfin Smelt basic population biology and potential 
factors associated with their decline in abundance is presented in Figure A.  A much more 
detailed conceptual model is available in Rosenfield (2010).  Key aspects of the life history 
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relevant to the proposed investigation are described below along with new analyses of existing 
data and new surveys being conducted by DFW and UCD. 
 

 
Figure A. Life cycle conceptual model of SF Bay with spawning only occurring in Suisun Bay 
and the Delta. 
 
General life-cycle  
 

Longfin Smelt have been found to utilize a variety of habitats including, freshwater, low-
salinity, brackish and near shore ocean habitats throughout their 2-3 year life-cycle.  Larvae 
occur in freshwater to brackish habitats, whereas juveniles and sub-adults can be found 
throughout San Francisco Bay including nearshore marine  areas with salinities greater than 30-
ppt.  It appears that juvenile and adult Longfin Smelt are sensitive to warmer water conditions in 
the late summer-early fall,  either residing in deep, cool, bay channel habitats or, marine habitats, 
potentially outside San Francisco Bay in the fall (Rosenfield and Baxter 2007). There also 
appears to be a movement to the ocean during the second summer (1+ year olds) of life; 
however, the frequency and magnitude of the contribution of ocean rearing or ocean conditions 
to the adult population is unknown. Our current knowledge regarding spawning habitat is based 
on observations of increased catch in DFW surveys and a spawning run of adults observed in the 
Delta near the confluence of the Sacramento and San Joaquin rivers starting around December 
(Rosenfield and Baxter 2007).  Spawning is known to occur in freshwaters upstream of the 
confluence of the Sacramento and San Joaquin rivers; however, recent evidence suggests that 
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some Longfin Smelt may utilize low-salinity habitats and other Bay tributaries to spawn, 
particularly during wet years.  Significant numbers of Longfin Smelt post-larvae have been 
observed in the IEP-DFW 20-mm Survey in the Napa River.  Moreover, salt pond restoration 
monitoring in   lower South SF Bay has observed a high frequency of occurrence of adult 
Longfin Smelt and mysid shrimp, that migrate into the restoration area in late fall and remain 
there during the spawning season, including ripe fish(Hobbs et al 2012), (Figure B).  
 
 

 
Figure B.  Left; Longfin Smelt (black dots and line, frequency of occurrence among 12-15 
monthly otter trawls conducted  over  three years in Lower South Bay) and the ranked abundance 
of mysid shrimp (colored dots and lines).  Right; 3 year classes of Longfin Smelt collected with a 
restoration pond on Coyote Creek. Note the top fish was in reproductive condition.  (n = 229 
individuals for 42 trawls up through spring of 2012) 
 
Reproductive biology of Longfin Smelt: comparison between Lake Washington and Bay-Delta 
populations 
 

Longfin Smelt, an important forage fish to larger piscivorous  fishes, is distributed from 
San Francisco Bay to Alaska (Hart 1980).  Information on the various aspects of the biology and 
ecology of the species has been documented based mainly on what is known about the 
populations in San Francisco Bay (e.g. Kimmerer 2002; Moyle 2002; CDFG 2009; see also 
review by Robinson and Greenfield 2011) and Lake Washington (Moulton 1970,1974; Dryfoos 
1965; Traynor, 1973; Chigbu and Sibley 1994a,b, 1998a,b; Chigbu et al. 1998, Sibley and 
Chigbu 1994).  Nevertheless, the two systems are different: the population in San Francisco Bay 
is anadromous whereas - the Lake Washington population is currently believed to be land-
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locked, but it connected to Puget Sound historically.  This major difference may have important 
implications with regard to the life history and reproduction of the species.   
 

Lake Washington and the associated tributaries in which Longfin Smelt spawn are 
freshwater (< 1 ppt) hence, the smelt eggs, larvae, juveniles and adults are not exposed to 
brackish water conditions.  In contrast, smelt in the San Francisco Bay Delta system are believed 
to spawn in tidal freshwater environments (Robinson and Greenfield 2011).  The larval stages 
are thereafter transported into brackish water areas where they are most abundant at low 
salinities (< 2 ppt), although they have been captured at higher salinities at relatively low 
numbers (Kimmerer 2002),  perhaps because larval mortality increases with increasing salinity 
(Hobbs et al. 2010).   
 

Information is scarce on the reproductive biology of Longfin Smelt, especially in the San 
Francisco Bay where the migratory and spawning behavior of the adults and characteristics of 
the microhabitats in which they spawn are unknown.  In Lake Washington, Dryfoos (1965) and 
Moulton (1970, 1974) noted that Longfin Smelt mature and spawn after two years between 
January and May in tributaries (May Creek, Coal Creek, Juanita Creek, Cedar River) that flow 
into Lake Washington, although most spawning occurs in the Cedar River, the largest of the 
tributaries.  Few, if any of the Longfin Smelt survive until the following year after spawning.  In 
the San Francisco Estuary, adult Longfin Smelt may migrate short distances upstream into the 
lower tidal reaches of the Sacramento and San Joaquin rivers during the winter as water 
temperatures decline below 18 ºC (mature smelt generally migrate upstream during December-
February; CDFG 2009) and spawn in the late winter-early spring (December-March).  In Lake 
Washington, spawning migrations and subsequent spawning takes place at night (Moulton 1974).  
Migration from Lake Washington into rivers and creeks to spawn occurs such that males precede 
the females in their peak migration times.  Temperature during the spawning run of Lake 
Washington smelt is 5.6 to 6.7 oC. In San Francisco Estuary it is higher and ranges from 7 – 14.5 
oC (Moyle 2002). 
 

Longfin Smelt eggs are adhesive and tend to attach to the surface of any substrate with 
which they first come in contact soon after fertilization.  In the Lake Washington tributaries, 
eggs were collected from a variety of substrates, but mostly at sites with some sand and a 
significant proportion of the eggs were attached to sand grains.  A preliminary experiment 
conducted to evaluate spawning substrate preference in the San Francisco Estuary showed that 
Longfin Smelt preferred sandy to gravel substrates (Martz et al. 1996).  Longfin Smelt eggs have 
not been collected in the Bay-Delta system. The egg development time of Longfin Smelt in Lake 
Washington varies depending on the temperature, ranging from 25 days (9.6-10.6 oC, Moulton 
1970 to and 40 days at 7 oC (Dryfoos 1965).     
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Egg sampling in Lake Washington conducted in the Cedar River (Sibley and Brocksmith 
1996; Martz et al. 1996) indicated egg presence up to 1200 m upstream from the river mouth, 
peaking at that 300 - 600 m.  No eggs were collected above 1200 m from the river mouth.  Water 
depths at which the highest densities of eggs were found did not exceed 1 m, and the water 
velocities were less than 0.6 m/s; usually between 0.3 and 0.55 m/s.  There are many areas in the 
San Francisco Bay and its tributaries (e.g. Coyote Creek, Petaluma River, Napa River) with 
environmental characteristics similar to those in which Longfin Smelt are known to spawn in 
Lake Washington tributaries, but detailed systematic sampling has not been conducted to 
determine the extent to which Longfin Smelt utilize such areas to spawn.  The Longfin Smelt in 
the San Francisco Bay may therefore not only be spawning at the boundaries of brackish and 
fresh water in deeper channels as has been previously hypothesized (see CDFG 2009; Robinson 
and Greenfield 2011), but may in fact be utilizing shallow brackish and freshwater tributary 
areas with flow and substrate characteristics similar to those described above for Lake 
Washington tributaries.   
 

Observations suggesting that Longfin Smelt may also utilize Bay tributaries to spawn and 
rear include the following: (1) The San Francisco Bay Study (DFW) has observed post-larval 
stages in South San Francisco Bay during extreme wet years in the 1980s (Baxter et al. 1999); 
observing a length frequency trend that suggested Longfin Smelt successfully spawned in South 
Bay tributaries with smaller fish being found in lower South Bay (south of the Dumbarton 
Bridge), near Coyote Creek and larger fish in the mid (between the Dumbarton and San Mateo 
Bridges) and upper South Bay (north of the San Mateo Bridge) (R. Baxter, unpublished SF Bay 
Study data). (2) Recent monitoring studies of newly restored shallow salt pond habitats  in lower 
South Bay have detected adult Longfin Smelt during the spawning season, even observing a few 
ripe individuals (Hobbs et al 2012).  The relative contribution of Longfin Smelt spawning in 
these different geographical areas is unknown.  However, studies by Hobbs et al. (2010) at least 
suggest that there may be differences in the relative contribution of different salinity zones (e.g. 
<1 ppt; 1-6 ppt;  >6ppt).  
 

The broad distribution of adult Longfin Smelt, further supporting the idea of highly 
dispersed spawning is illustrated by Merz et al., in review, Figure C.  These spawning age adult 
Longfin Smelt are distributed up and down the Bay.   
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Figure C. Spawning age Longfin Smelt distribution (December-May). 
 
Distribution of Longfin Smelt within the water column. 
 

Longfin Smelt exhibit a daily vertical migration behavior in Lake Washington (Quinn et 
al. 2012; Figure D). Given this evidence from another population, we hypothesize that adult 
Longfin Smelt in the San Francisco Bay also engage in a daily vertical migration pattern. 
Evidence for this behavior in the San Francisco estuary has been observed in juvenile Longfin 
Smelt in Suisun Bay (Bennett el al. 2002); however, this phenomenon has not been investigated 
in existing IEP survey datasets, nor have directed field studies been carried out for adults.   
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Figure D.  Diel vertical distribution of age 0 and age 1 Longfin Smelt (lower panel) in Lake 
Washington during fall surveys (Source: Figure 3, Quinn et al. 2012)  
 
Relationship between Longfin Smelt abundance-Delta Outflow and Salinity 
 

The abundance index of age-0 Longfin Smelt has been found to be positively related to 
freshwater outflow during the winter to spring period (Kimmerer et al., 2002a,b).  
Therelationship of age-0 Longfin Smelt abundance and outflow has been robust over two 
different periods in which the abundance of Longfin Smelt sharply declined.  The first decline in 
abundance occurred in 1986 after the introduction of the Asian clam Potamocorbula amurensis, 
and a second decline occurred in the early 2000s, when several pelagic species declined 
simultaneously and was termed the “pelagic organism decline (POD)” (Sommer et al. 2007; Fish 
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et al., 2009; Thomson et al. 2010) (Figure E). The second step change in abundance was detected 
in FMWT and Bay Study MWT catch; however, this change was not observed in the Bay Study 
otter trawl (Figures E, F). The reduction in Longfin Smelt FMWT abundance index after 1987 
has been attributed to the reduction in upper estuary productivity — which declined to very low 
levels by the mid-1990s (Jassby et al. 1995, 2002; Kimmerer and Orsi 1996; Orsi and Mecum 
1996; Kimmerer 2002). However, the mechanism resulting in the more recent decline in Longfin 
Smelt production remains to be determined (MacNally et al. 2010, Thomson et al. 2010).  
Several competing hypothesis exist for the decline of Longfin Smelt abundance measured by the 
FMWT and Bay Study MWT, and are consistent with those proposed for the POD, including 
reduced food abundance, increased export mortality, predation and poor water quality (Baxter et 
al 2008).  A potential hypothesis for the discrepancy of the FWMT, Bay MWT with the Bay 
Study otter trawl is that the difference in the Longfin Smelt abundance index trends are the result 
of changes in the vertical migration behavior associated with increased water clarity  

 
 

 



Longfin Smelt San Francisco Estuary Study Plan: Pilot Year 1. January 6, 2014                                                        
Page 12 
 

Figure E.  Relationships of indices of Longfin Smelt abundance and Delta outflow (Source: 
Figure 3, Fish et al., 2009). 

 
Figure F. Longfin Smelt FMWT Index and Bay Study Otter Trawl Index since 1980.  FMWT 
Index values have declines by nearly two orders of magnitude while Bay Study Otter Trawl 
values have declined by a little more than 50%. 
 
Gaps in our understanding of the biology of Longfin Smelt 
 
 Through our collaborative efforts to better understand the biology of Longfin Smelt and 
the potential factors associated with decline in abundance, we have advanced our understanding 
of the species.  However we have identified several major data gaps that preclude our ability 
properly manage the species and assess the different factors associated with the abundance of the 
fish.  The data gaps are primarily associated with recent observations of the spatial distribution of 
the Longfin Smelt from existing monitoring surveys and new surveys being conducted in 
habitats not currently sampled by ongoing long-term monitoring programs.  The objectives, 
questions and hypothesis put forth in this study plan are intended to directly address these data 
gaps, and provide managers with a better understanding of the biology of the species. A second, 
related, goal is to explore factors that may be associated with the ability of current survey 
methods to catch Longfin Smelt and thus monitor population trends.   
 
Research Questions and Hypotheses 
 
Longfin Smelt distribution and regional contribution to overall abundance:  
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1. Do Longfin Smelt spawn in Bay tributaries?   
 

a. Ho :  Longfin Smelt will not be found to spawn in Bay tributaries  
 
Ha :  Longfin Smelt will be found to spawn in Bay tributaries   
 

2. If spawning occurs in Bay tributaries, are there substantial differences in production 
during wet versus dry years?  
 

a. Ho : The magnitude of Longfin Smelt production in Bay tributaries does not vary 
by water year type.   
 

b. Ha : The magnitude of Longfin Smelt production in Bay tributaries is substantially 
higher in wet years.   

 
3. Is Longfin Smelt larval production in Bay tributaries sufficient to influence the 

abundance indices of YOY and adult (age 1+) Longfin Smelt captured by DFW surveys 
in the estuary?  How does the contribution of Bay tributary spawning to year class 
strength vary in response to variation in hydrologic conditions (e.g., wet vs. dry years, 
etc.)?  
 

a. Ho : Larval production in Bay tributaries does not influence the abundance index 
of YOY and/or adult Longfin Smelt.   
 

b. Ha1 : Larval production in Bay tributaries does influence the abundance index of 
YOY and adult Longfin Smelt.   
 

c. Ha2 : The magnitude of tributary spawning and the survival of Longfin Smelt 
spawned in Bay tributaries (i.e., contribution of tributary spawning to population 
abundance of juveniles and adults) varies among years in response to hydrologic 
conditions.   
 

4. Will Bay tributaries have unique geochemical signatures that allow identification of 
regional geographic areas of production (e.g., differentiate production in Bay tributaries 
from Sacramento and San Joaquin river production) and, under the best case scenario, 
have geochemical signatures that would allow differentiation of production among 
individual tributaries?  
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a. Ho : Geochemical signatures will not differ among the Sacramento and San 
Joaquin rivers and Bay tributaries. 
 

b. Ha : Geochemical signatures will be sufficiently different to discriminate between 
the Sacramento and San Joaquin rivers and Bay tributaries and possibly among 
individual Bay tributaries.   
 

5. If geochemical signatures are discernible among geographical areas and salinity zones, 
what is the relative contribution of larvae rearing in different geographical areas and 
salinity zones to the YOY and adult (age 1+) population? 
 

a. Ho:  Most Longfin Smelt production originates from upstream areas, specifically 
the low salinity zone of the Sacramento and San Joaquin rivers. 
 

b. Ha:  Bay and Bay tributary production is a major contributor to the Longfin Smelt 
population. 
 

6. Will geochemical signatures of the Bay differ from the nearshore marine coastal waters 
such that fish moving into or out of San Francisco Bay could be identified? 
 

a. Ho : Geochemical signatures of Longfin Smelt in San Francisco Bay will not 
differ from the nearshore coastal environment. 
 

b. Ha : Geochemical signatures of Longfin Smelt in San Francisco Bay will be 
significantly  different from the nearshore coastal environment.  

 
 
Longfin Smelt vertical migration behavior. 

 
7. Do Longfin Smelt undergo a diel (daily) or tidal migration in the water column? If 

present, does this behavior vary regionally (i.e., in central San Francisco Bay vs. Suisun 
Bay)? 
 

a. H0: Longfin Smelt do not exhibit any diel or tidal vertical migration 
behavior: catch in the upper part of the water column (as measured by 
FMWT and Bay MWT) and deeper waters (as measured by the Bay otter 
trawl) do not vary between night and day, or over tidal cycles. 

b. Ha1:  Longfin Smelt do exhibit diel or tidal vertical migration behavior: 
catch in the upper part of the water column (as measured by FMWT and 
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Bay MWT) and deeper waters (as measured by the Bay otter trawl) varies 
between night and day, or over tidal cycles, or both.  

c. Ha2:  Longfin Smelt diel or tidal vertical migration behavior varies 
between regions of the estuary.  

8. Is Longfin Smelt catch affected by water transparency? 

a. H0: Water transparency does not influence MWT or otter trawl catch of 
Longfin Smelt. 

b. Ha:  Longfin Smelt catch in the upper part of the water column (as 
measured by FMWT and Bay MWT) and deeper waters (as measured by 
the Bay otter trawl) varies with water transparency, with decreased catch 
in the upper water column at high levels of water clarity. This effect of 
water transparency would result in variation in the catch ratio of BWT:OT 
across water clarity levels. 

 
Project Approach 
 
Longfin Smelt distribution and regional contribution to overall abundance: (Questions #1 – 6) 
 
 This multi-year study would determine if adult and larval Longfin Smelt occur in Bay 
tributaries and if so, the abundance of Longfin Smelt spawning and successfully rearing in San 
Francisco Bay tributaries outside of what is thought to be primary spawning grounds at the 
confluence of the Sacramento and San Joaquin rivers and Delta. The multi-year study design is 
intended to test hypotheses regarding Bay tributary use by Longfin Smelt between wet and dry 
years.  The specific research questions, study designs and associated hypotheses in this study 
plan are largely exploratory in nature and thus we anticipate taking an adaptive approach to the 
overall study, with the first year of the study designed to determine optimal sampling sites for 
each of the Bay tributaries, compare different gear types (UCD vs. DFW), and investigate the 
efficacy of otolith geochemistry to distinguish different habitats. and potentially different 
tributaries.  During year one, significant input from the newly formed IEP PWT and Technical 
Team will be sought to refine study questions and design appropriate approaches and methods, 
thus the study plan is intended to be flexible in specific question and approaches, yet will seek to 
address the overarching study objectives.   
 
Year One Study Plan 
 

To get a better understanding of the potential contribution of Bay tributaries to the 
population, reconnaissance of several Bay tributaries including the Napa River and adjacent 
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restored salt ponds, Sonoma Creek and the Petaluma River in San Pablo Bay; Alameda Creek in 
South Bay and Coyote Creek in Lower South Bay and adjacent restored salt ponds.  
Reconnaissance will involve determining specific stations within each Bay tributary, determining 
safe access points, clearing of debris and other obstructions, mapping of habitat and 
quantification of available habitat and water volumes for expanding catch for abundance 
estimates and comparing difference gear types to determine the most effect sampling approach.  
We will also explore the utility of otolith geochemistry to detect Bay tributary derived fish 
among the recruited juvenile and adult populations to assess the degree to which Bay tributary 
spawning contributes to juvenile and adult abundance. Lastly we will expand on the otolith 
geochemistry approach  and investigate the potential to use otolith geochemistry  to estimate the 
proportion of Longfin Smelt that use nearshore ocean environments (rather than staying in the 
Bay) for the summer-fall period and if adultsindividuals could overwinter in the ocean.   

 
Using our established data on the geochemistry of the Sacramento-San Joaquin Delta and 

Napa Rivers (Hobbs 2010) and new geochemistry data collected in the initial year of this study, 
we will determine the degree to which we can reliably distinguish different habitats and 
tributaries, and determine our ability to quantify Longfin Smelt spawning and rearing in Bay 
tributaries and address questions regarding Bay tributary contributions to fall and winter indices 
of adult and juvenile Longfin Smelt abundance.  The following tasks and methods are derived 
from existing experience in sampling shallow Bay tributaries. Again,the study is proposed as a 
multi-year effort to assess our tools to =determine the contribution of different geographical 
areas and salinity zones across different water year types to the abundance of recruited juvenile 
and adult Longfin Smelt.  Ideally, these studies would be at least a 5-year effort; however the 
timeline would depend on future climate conditions, and could potentially be completed in less 
than 5 years. In the first year, reconnaissance will be conducted to establish specific sampling 
locations in South Bay tributaries under the environmental conditions of the study year. Given 
varying field challenges in different water conditions, specific sites and gears may be subject to 
change across water year types.  Otolith geochemistry methods from Year 1 will be expanded to 
determine the reliability of such signatures in different hydrologic conditions. The multi-year 
effort would allow the evaluation of the effects of different water year types (e.g. hydrologic 
conditions in the tributaries during the spawning/early rearing period) on smelt reproduction, and 
to follow individual cohorts to adulthood.  

 
These studies would be initiated in Year 1 of the research program and would continue 

potentially through Year 5 depending on results of initial sampling and analyses and hydrologic 
conditions that occur during the spawning and early larval rearing period each year. A general 
timeline for sampling and reporting is provided in Table 1. All progress and final reports will be 
provided to both the IEP PWT and the Longfin Smelt Technical Team. 
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Longfin Smelt Vertical Migration Behavior (Questions #7-8) 
 
  A second set of studies will examine the degree to which Longfin Smelt behavior, and 
thus their catchability by survey nets, may be affected by factors such as turbidity, tidal cycles, 
and any diel movements of Longfin Smelt.  Such behaviors could substantially influence the 
interpretation of long-term data sets such as the FMWT.  The initial effort will focus on 
evaluating existing FMWT and Bay Study data sets to examine whether there is evidence of 
substantial variability in fish catch related to the environmental variables of interest.  Results of 
the analysis of existing monitoring data from the FMWT, Bay Study, and other data sources have 
the potential to identify sources of variability of abundance indices that could affect the 
interpretation of long-term trends in indices of abundance.  If relationships are detected and they 
are of sufficient magnitude to influence data interpretation, then field studies will be planned to 
further quantify the results. Once additional field studies are identified, the IEP PWT will detail 
the study objectives, methods, and projected take of Longfin Smelt in a separate study plan that 
will be reviewed by  newly created Longfin Smelt PWT and Technical Team, and subsequently 
by the IEP Management Team.  
 

Based on initial analyses and logistical planning efforts, the additional studies proposed 
would attempt to directly address the potential effects of diel, tidal, and turbidity on variation in 
Longfin Smelt catch.  Currently, we anticipate that any additional field effort would occur during 
the fall months (September-December to coincide with FMWT sampling or other times as 
appropriate, identified during refinement of the study design and study plan development) at 
designated locations using the Bay Study MWT and otter trawls during the day and during the 
night.  Sampling locations will be chosen to reflect the wide geographic distribution observed for 
Longfin Smelt and will include one or more stations in the lower Sacramento River near 
Sherman Island, one or more stations in Suisun Bay channel, one or more stations in San Pablo 
Bay, and one or more stations in central San Francisco Bay.   

 
The analyses of existing datasets will start in Year 1.  Based on results of the initial data 

analysis, further experimental field studies to collect specific data (e.g., day vs. night collections 
with the MWT and otter trawl) may be conducted beginning in year 2 of the study. A general 
timeline for initial analyses, sampling, and reporting is provided in Table 1. All progress and 
final reports will be provided to both the Longfin Smelt PWT and the Longfin Smelt Technical 
Team. 
 
 
Description of Tasks 
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Task 1: Adult Fish Sampling in Bay Tributaries (Principal Investigator:  James Hobbs, UC 
Davis) 
 
Year 1: Reconnaissance Sampling 
 
The UC Davis research group will base fish sampling in Bay tributaries for this project on recent 
experience gained conducting the ongoing South Bay Salt Pond Restoration Fish Monitoring 
Program as well as many other fish surveys in the estuary and elsewhere. For this project, we 
will sample Sonoma Creek, Petaluma River, Alameda Creek and Coyote Creek, and potentially 
other areas if deemed likely to be sites of Longfin Smelt spawning by the Longfin Smelt PWT 
and Technical Team. During the first year, adult sampling will be conducted to find regions with 
the highest likelihood of finding adult and larval Longfin Smelt. This will be considered the pilot 
project year.  Sampling will occur during the months of January-February, when fish are most 
likely to be ripe and ready to spawn.  This will not provide evidence of successful spawning; 
however, it will allow us to target locations where the probability of finding larvae is high for 
larval sampling, rather than taking a shot-gun approach and sampling all locations over many 
months with a larval plankton net, creating a large volume of plankton to sort and larval fish to 
identify. The goal of this approach is to increase efficiency and reduce costs.   
 
Years 2-4 
 

Based on the pilot year results, we will determine a sampling design for the following 
four years of the project that will maximize success of locating adult and larval Longfin Smelt 
during the spawning season.  Larval sampling is described below. With full funding of this 
project, we propose that adult Longfin Smelt sampling occur monthly from October to March 
using a four-seam otter trawl with a 1.5 m X 4.3 m mouth opening, a length of 5.3 m, and a mesh 
size of 35-mm stretch in the body and 6-mm stretch in the cod end.  To sample shallow waters 
(less than 1.5-m), we will run a trawl behind a medium sized boat (we currently use a 26-ft 
Bayrunner modified for trawling). A 16-ft shallow bottom tracker boat will be used to tow a 
small four-seam otter trawl with a mouth size of 2.44 m x 0.75 m, a length of 3 m, a mesh size of 
32-mm stretch in the body and 6-mm stretch in the cod end.  Paired samples using the two 
collection methods will be made periodically during the study to determine comparative gear 
collection efficiency.  Preliminary side-by side comparisons have been conducted in Coyote 
Creek as part of the South Bay Salt Pond Restoration Fish Monitoring Program (Hobbs 
unpublished data), with some mixed results. In general, however, the smaller net scales in 
volume to the larger net.  In addition, larger, slower moving fish have been caught with the 
smaller trawl, but large mobile species like striped bass may be able to avoid the small net.  We 
have caught similar numbers of adult Longfin Smelt with the smaller trawl compared to the 
larger trawl. In three years of trawling in the Alviso-Coyote Creek complex we have conducted 
42 trawls from Oct to March that have netted a total of 229 adult longfin smelt.   
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Within each tributary, otter trawl stations will be stratified by salinity (1-3ppt, 4-6ppt and 

~12-ppt) where spawning staged Longfin Smelt have been found historically.  A total of 2-3 
replicate trawls will be made per stations per Bay tributary on a monthly basis in the initial pilot 
year of the investigation. Up to 100 adult longfin smelt from each Bay tributary will be archived 
for otolith analysis.   

 
Based on results of initial trawl replication and take permissions, modifications to 

sampling frequency and locations will occur for subsequent years.  Along with otter trawl 
sampling, longitudinal profiles of water quality with be conducted at each site using a Hydrolab 
5S, connected to a Trimble GPS unit to record a gradient of water quality parameters associated 
with adult fish catch (occupancy).  Water samples will also be collected from the various 
tributaries sampled for use in developing a baseline for determining the potential for unique 
geochemical signatures on both a regional scale and tributary-specific scale for comparison with 
collected otoliths. 
 
Representative samples of adult Longfin Smelt will also be collected as part of routine Bay 
Study sampling.  Longfin Smelt adults collected from a variety of locations represented by Bay 
Study sampling locations will be used to assess geochemical signatures.  The initial phase of the 
otolith assessment of adult Longfin Smelt will include a target sample size of 100 adults for 
analysis.  Sample sizes will be refined based on results of initial analyses. 
 
 
Task 2: Larval Fish Sampling (Principal Investigators:  James Hobbs, UC Davis; Bob Fujimura, 
DFW) 
 
Task 2a: 

DFW currently conducts a Smelt Larval Survey (SLS) in winter and early spring 
(January-March) using a ski-mounted plankton net in the upper San Francisco Estuary1 . Such 
gear is too large for sampling smaller Bay tributaries, so a smaller diameter net is proposed to be 
used for routine larval collections in the small and shallow tributaries.  As part of developing the 
comparative baseline for this study, the smaller net will be used in parallel with the standard 
DFW SLS sampling nets to assess comparative collection efficiency.  For the DFW portion of 
Task 2, the DFW SLS study will extend larval smelt sampling into the lower reaches of the Napa 
River and conduct a single ichthyoplankton tow at 10 stations biweekly beginning in early 
January and ending late March.  Expansion of the DFW larval smelt surveys into the Napa River 
provides the opportunity to develop estimates of larval density and abundance for the Napa River 
to compare with similar estimates for the upper Estuary, as well as to conduct a series of paired 
sample collections to develop the data necessary to allow a comparison of relative densities in 
                                                            
1 http://www.dfg.ca.gov/delta/projects.asp?ProjectID=SLS 
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Bay tributaries to other locations sampled by the SLS.  These paired samples will be collected in 
February and March during two of the biweekly surveys conducted by the DFW SLS during the 
first year both studies conduct fieldwork; based on results additional samples may be required.  
Samples collected during this paired sampling will be preserved in 10% buffered formalin to 
facilitate fish size comparisons between gear types. 
 
Task 2b: 
Year 1: Pilot Project 

For the UC Davis portion of Task 2, in addition to the side-by-side gear efficiency 
testing, several additional Bay tributaries will be sampled for larval Longfin Smelt including 
Sonoma Creek, Petaluma River, Alameda Creek and Coyote Creek.  In the pilot year, only 
tributaries where adults were observed will be sampled from January to March bi-weekly.   
 

Larval fish will be sampled using a replicate DFW SLS net if possible with our current 
boat otherwise we will use our standard a 0.75-m diameter x 3-m length, 505 μm mesh, General 
Oceanics plankton net with a 1-L cod end jar with 250-micron mesh bottom.  The net will be 
towed by a 26-ft Bayrunner , in an oblique fashion for 10-minutes starting at the bottom of the 
water column and bringing the net up 1/5 of the depth every 1 minute. Water volume sampled 
will be determined with a General Oceanics flow meter, recording serial numbers before and 
after each tow and using the General Oceanics algorithm to calculate volume of water sampled2.  
Three replicate tows will be conducted at freshwater sites and where available at sites having 
salinities of 1-3ppt, 4-6ppt and ~12-ppt.  The contents of the sample will be washed into the cod-
end jar and preserved in 95% ETOH or 10% buffered formalin, so that otoliths could be used 
from collected samples, and labeled accordingly.  Water quality vertical profiles will be 
measured with a YSI-6000 water quality meter for electrical conductivity, salinity, water 
temperature, dissolved oxygen and pH.   
 

Larval fish will be separated from detritus and other organisms under a class 100 fume 
hood and stored in 25-mL glass vials with fresh 95% ETOH.  Larvae will be identified to the 
lowest taxonomic level, enumerated and measured for length to the nearest 0.1mm under a stereo 
microscope fit with an ocular micrometer.  Fish identification will follow the dichotomous key 
and taxonomic features using the “Tracy Fish Facility Studies: Fishes of the Sacramento-San 
Joaquin River Delta and Adjacent Waters, California, A Guide to the Early Life-History, Volume 
44-Special Publications, December 2010”.  All larval fish will be reported in units of fish per 
1,000 cubic meters of water sampled to be consistent with DFW smelt survey results.   Data for 
the detections of Longfin Smelt larvae and post-larvae will be reported to DFW within 5 
business days to ensure the required sampling frequency is conducted.  

                                                            
2 http://www.environmental-expert.com/products/model-2030-flowmeter-17301 

http://www.environmental-expert.com/products/model-2030-flowmeter-17301
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Figure G. RV Triakis with zooplankton net and otter trawl deck over the motor.  

 
 
Task 3:  Otolith Geochemistry (Principal Investigator:  James Hobbs, UC Davis) 
 

Using the unique geological properties of watersheds and tributaries to the San Francisco 
Bay and the Central Valley measurements will be made of the chemical elements and isotopic 
ratios of many trace and minor elements from various tributaries sampled and compared to 
otolith geochemistry signals.   Dr. Hobbs’ UC Davis research group has been conducting this 
research for over 10 years and has created a geochemistry “road map” of the San Francisco Bay 
to distinguish different tributaries that serve as natal origins for several native species, including 
Splittail, Delta Smelt and Longfin Smelt (Hobbs et al 2005, 2007, 2010, Feyrer et al 2007).  
Using laser ablation inductively coupled plasma mass spectrometry (ICPMS) and multi-collector 
ICPMS, measurements can be made of the chemical composition of fish otoliths to less than 
weekly resolution in some species (e.g. Delta Smelt).  Thus far, the Hobbs lab at UC Davis has 
been able to reliably identify natal origins of Central Valley and the Napa-Petaluma stock of 
Splittail, natal origins and life history of Delta Smelt, and the salinity history of Longfin Smelt 
(Figure H).  Research to date on Longfin Smelt has shown the ability to definitively show that 
individuals surviving to the adult stage and returning to the spawning grounds of the 
Sacramento-San Joaquin confluence were derived from fish that had reared in the low-salinity 
zone (1-3ppt).  Hobbs has also compared retrospectively the rearing areas of successful recruits 
to the distribution of Longfin Smelt larvae collected in the 20-mm survey and has shown that a 
large proportion of fish that reared in salinities greater than 6-ppt did not return as adults to the 
confluence spawning grounds; presumably they did not survive.   
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Figure H.  Longfin Smelt otolith with a 40 μm laser spot on the natal core.   
 
 

In this study, we propose that the initial “road map” of geochemistry further developed 
by the Hobbs lab be expanded to include additional Bay tributaries where Longfin Smelt may 
spawn and rear as larvae (e.g. Coyote Creek in South Bay).  Using facilities at UC Davis (The 
Interdisciplinary Center for Plasma Mass Spectrometry; http://icpms.ucdavis.edu/), it is proposed 
that up to 52 trace and minor elements be measured using the Agilent 7500ce, in addition to 
measurements of the isotopes of several elements that can further be used to help resolve 
differences in the geochemical signatures among tributaries, including strontium isotopes and 
lead isotopes.  In addition, it is proposed that the project quantify the isotopic composition of 
oxygen, carbon, nitrogen and sulfur at the UC Davis Stable Isotope Facility 
(http://stableisotopefacility.ucdavis.edu/).   Details of the proposed analytic methods for these 
geochemical measurements have been reported in previous publications (Hobbs et al. 2005, 
2007, 2010, Feyrer et al. 2007 and at the UC Davis ICPMS website).  

 
 

Natal Tributary Origin 
 

Year 1: Pilot Project 
 

Water samples from Bay tributaries will be collected by UC Davis in triplicate in each 
salinity zone sampled during the spawning and larval rearing periods (January-March).  Otoliths 
from larval and adult Longfin Smelt from tributary collections during the pilot year (up to 100 
per lifestage and tributary) will be extracted and polished for laser ablation geochemistry 
analysis to determine Bay tributary chemical fingerprints.  In addition, otoliths will be aged; 
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daily for larval fish and annual for adult fish.  These analyses will also be initially performed on 
approximately 100 juvenile and adult Longfin Smelt collected as part of the routine San 
Francisco Bay Study sampling program.   
 

Results of the initial year of investigation will be critically reviewed by the proposed IEP 
Project Work Team and used to refine the sampling program and otolith analysis in subsequent 
years of this investigation. 
 

As this is a pilot project, a precise estimate of the minimum sample size for larval, and 
adult stage catch, or number of otoliths required to be examined cannot be provided at this time 
and will need to be developed based on initial results and could likely depend on the numbers of 
fish collected in Bay tributaries.  From previous research conducted by UC Davis a minimum 
sample size of at least 25 larval and adult fish, as well as up to 6 water samples per Bay tributary 
would be required to discern unique chemical signatures to have project success.  The targeted 
sample size for this study includes up to 100 juvenile and adult Longfin Smelt collected as part 
of the DFW Bay Study sampling program in addition to the water and larval and adult Longfin 
Smelt collected from the various tributaries sampled. 

 
Adult Ocean Residency  
 

Several studies, including the San Francisco Bay Study and a peer reviewed publications 
(Rosenfield and Baxter 2007), have suggested that adult Longfin Smelt (age 1+) may venture 
outside of the San Francisco Bay proper into the nearshore ocean.  Collections by the San 
Francisco Bay Public Utility Commission, the NOAA Fisheries Ocean Midwater Trawl Survey 
and collections at the Bodega Marine Laboratory in the 1970’s have captured Longfin Smelt in 
the nearshore ocean outside of San Francisco Bay.  The use of otolith geochemistry to determine 
if a fish has resided in the nearshore ocean has been examined by several researchers with 
equivocal results.  The use of several trace and minor element ratios has been useful for 
distinguishing both upwelling hotspots in central and northern California, (e.g. Pt. Reyes, 
Bodega Head vs. Monterey) (Brian Wells unpublished data), and distinguishing Central from 
Southern California (Nishimoto et al 2010).   

          In addition to trace and minor elemental ratios differences between San Francisco Bay and 
the nearshore ocean, other constituents of water could be examined to distinguish nearshore 
habitats from San Francisco Bay.  Rosenfield and Baxter (2007) observed the Longfin Smelt 
abundance significantly decline in the late summer when Bay water temperatures are highest, 
consistent with the thermal tolerance of the species, meanwhile nearshore habitats would be 
several degrees cooler in the summer compared to the Bay due to ocean upwelling of cool, deep, 
nutrient-rich waters which are also comprised of high concentrations of many trace and minor 
elements.  Oxygen isotope ratios have been used for decades to determine the temperature 
history of fish, as the lighter isotope of Oxygen 16O is lost to evaporation in warmer waters 
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relative to the heavier 18O isotope, thus a well-established relationship between water 
temperature and otolith 16O:18O has been established (Devereux I 1967).  Oxygen isotope ratios 
could be used to reconstruct the temperature history of Longfin Smelt and the corresponding 
derived temperatures during the hypothesized ocean phase could be compared to Bay 
temperatures.  This alone may not infer ocean residency; however combined with trace and 
minor element ratios associated with upwelled waters could, in combination provide evidence for 
ocean residency.   

Lastly, the variability of strontium isotope ratios 87Sr:86Sr during the potential ocean 
phase could also be used in combination with the above methods to infer ocean residency.  In our 
research with Longfin Smelt and other migratory species such as Chinook salmon and Steelhead 
in the central valley, we have observed that fish that make ocean migrations, such as Chinook 
salmon, exhibit much less variability of strontium isotope ratios 87Sr:86Sr compared to species 
such as YOY Longfin Smelt or striped bass which rear in San Francisco Bay or make frequent 
movements into different salinity environments.  Thus, variability of the strontium isotope ratios 
in conjunction with other element and isotope ratios could be used in combination to infer ocean 
residency.   

While we may not be able to collect Longfin Smelt in the nearshore ocean, we may be able to 
acquire samples from the NOAA Midwater Trawl Surveys.  We would also examine otoliths of a 
similar species, the night smelt (Spirinchus starksi), Surf Smelt (Hypomesus presiosis) which are 
commonly captured off of Bodega Bay.  Examining these otoliths from species known to reside 
in the ocean could be used as a proxy validation of the suite of element and isotope ratios to infer 
ocean residency. Given the availability, Longfin Smelt could be held in raw seawater at the 
Bodega Marine Laboratory (BML), where ample fish culture facilities exists,  and a long-term 
monitoring of trace and minor elements is conducted in the nearshore environment in front of the 
marine lab.  The flow-through seawater system at BML draws water from the nearshore 
environment and all environmental conditions could be maintained to mimic nearshore ocean 
rearing. The latter possibility of laboratory rearing will be further developed during Years 2-5 of 
the project if deemed worthwhile by the Longfin Smelt PWT and Technical Team.   

 
 
Task 4: Effects of environmental variables on Longfin Smelt behavior and catch (Principal 
Investigators: Data analyses: Dave Fullerton (SWC) and Chuck Hanson (Hanson 
Environmental, Inc.); Follow-up field sampling: Randy Baxter (DFW); Other PIs to be 
determined (e.g. if SmeltCam is used)). 
 

The initial effort (Year 1) would involve an exploratory review of existing data sets to 
determine whether Longfin Smelt catch varies substantially with several environmental 
variables.   Specifically, we would look at the relative catch in concurrent  Bay Study MWT and 
otter trawls, reflecting upper and lower water column catch, respectively.  The general approach 
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will be to look at individual surveys and ratios (e.g. Bay MWT/otter) to examine whether there is 
evidence that total catch or position in the water column varies based on diel, tidal, seasonal, and 
water transparency changes.  The data may be stratified by salinity class and time periods (e.g. 
pre- and post-POD) to provide some degree of standardization.  The initial approach would be 
graphical, but basic statistical models will be applied as appropriate. 
 

Depending on the results of the exploratory analyses and guidance from the proposed IEP 
Project Work Team, field studies may be conducted to provide higher resolution data on fish 
behavior in relation to the environmental variables of interest.  However, experimental sampling 
within the Bay-Delta estuary at night includes a number of logistic and safety concerns.  Given 
these concerns it is recommended that experimental sampling during the day and at night for 
Longfin Smelt be conducted as part of the proposed suite of studies included in this proposal; 
however, it is recommended that initiation of the experimental sampling should be delayed until 
at least the fall of 2015 (Year 2 of the studies).  The one-year delay in initiating these studies 
provides an opportunity to develop a stronger experimental design and experimental sampling 
protocol, and to estimate and obtain approval for take of ESA fishes, as well as time to plan for 
the safe implementation of this sampling effort, while minimizing the potential for impacts of the 
experimental sampling on DFW staff and other fishery sampling programs.   

Although the exact details of a field effort remain to be determined, we provide some 
information about a possible sampling scenario that might be considered.  The likely approach 
would be sampling during the fall months (September-December to coincide with FMWT 
sampling or other times as appropriate in refining the study design and study plan development) 
at designated locations using the Bay Study MWT and otter trawls deployed by the RV Longfin 
during the day and during the night.  In addition, the study may include a geographic component 
such as: one or more stations in the lower Sacramento River near Sherman Island; one or more 
stations in Suisun Bay channel; one or more stations in San Pablo Bay, and; one or more stations 
in central San Francisco Bay.  Stations would be selected to test a range of turbidity levels.  Also, 
the trawls may be deployed at multiple depths at each station to assess variation in vertical 
distribution of smelt within the water column.  Consideration will also be given to using a net 
design that would allow fish collection only at prescribed depths.  An alternative sampling 
design that would be applicable for surveys in San Pablo and San Francisco bays, where the 
greatest majority of Longfin Smelt occur, may be the use of the Smelt-Cam (Feyrer et al. 2013) 
to assess changes in vertical distribution, while reducing the need to collect and harm Longfin 
Smelt.  These additional potential field studies would be designed to be initiated in year 2 or later 
of the research program.  

Task 5:  Project management and reporting 

UC Davis: James Hobbs. 
DFW: Bob Fujimura and Randy Baxter  
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Overall contract and invoice management for Longfin Smelt distribution and abundance 
investigations conducted by UC Davis and DFW will be conducted by UC Davis and DFW 
project personnel associated with each task.  Administrative support will be supplied by the 
Wildlife, Fish and Conservation department at UC Davis.  The lead investigator will manage the 
operations of field and laboratory work.   The lead investigator will be responsible for the 
management and training of staff and student assistants for the study and provide periodic 
performance evaluations according to University of California policy.  The lead investigator will 
also be responsible for the safety of staff in the field.   
 

Project management of the SLS sampling extension into Napa River (Task 2a) is the 
responsibility of Bob Fujimura.  Coordination of this sampling with UC Davis for gear 
comparison will be the responsibility of Randy Baxter, and will be accomplished in part through 
the creation of a Longfin Smelt PWT and Longfin Smelt Technical Team.  Randy Baxter will 
also be responsible for reporting on the density and abundance of Longfin Smelt larvae in Napa 
River in relation to the upper Estuary. 
 

Project management of Longfin Smelt vertical migration investigations would be the 
responsibility of the State Water Contractors (Dave Fullerton, Chuck Hanson) and DFW (Randy 
Baxter).  Contract management and management oversight of the initial analytical investigations 
will be coordinated between the principal parties based on specific tasks and responsibilities.  
Initial analytical efforts and reporting will be the responsibility of Chuck Hanson.  If analyses 
determine that Longfin Smelt catch appears to be related to one or more of the factors listed and 
the variation is substantial enough to influence abundance indices, then additional field sampling 
will be planned and conducted with Randy Baxter as the responsible party of DFW personnel 
and logistics coordination; Dave Fullerton, Randy Baxter and Chuck Hanson for study design, 
data analysis and reporting. 
 
The proposed IEP Longfin Smelt Project Work Team and Longfin Smelt Technical Team will 
provide guidance and assistance for all of the proposed studies, review of analyses and results, 
and assist in identifying refinements or additions to the proposed scope of investigations.    
 
Data analyses 
 
Research Questions 1 (Bay tributary spawning) and 2 (Differences between wet and dry years).   
 

If adult Longfin Smelt are detected in tributary sampling, then the catch-per-unit of effort 
(CPUE) from the otter trawl catch at different Bay tributaries (and potentially other Bay Study 
locations) will be compared using general linear modeling, with environmental variables as 
covariates, such as salinity, temperature, turbidity etc (Question 1).  In addition, variables such as 
freshwater outflow from the Delta or water year type will be assessed to address Question 2. The 
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analysis may also use occupancy modeling because catch is likely to be low and the CPUE data 
not normally distributed.  Occupancy modeling can take frequency of occurrence “occupancy” 
and environmental variables into consideration simultaneously using a maximum likelihood 
approach.  Statistical significance can be assessed by an iterative Markov-Chain Monte Carlo 
simulation of the raw data to provide for a more robust assessment of certainty regarding the 
presence or occupancy and environmental drivers associated with occupancy. 
 
Research Question #3 (Contributions of Bay tributaries to overall population).  

Larval data will be summarized based on density (e.g. #/1,000 m3) within the range of 
lengths effectively captured by both gears (derived from parallel sampling with DFW SLS and 
determination of size-specific collection efficiency of the two sampling nets) and compared to 
SLS samples in upstream areas adjusting for differences in habitat area or volume among 
sampling sites.   Initial comparisons will be based on ANOVA among the different geographical 
locations and study years.  Absolute abundance estimates will be generated based on the volume 
of each geographic area (Newman 2008).  Additional analyses of population abundance based on 
salinity ranges will also be considered to provide a measure of the potential relative contribution 
of different geographic areas to the larval population.  Because the proposed sampling program 
will be coordinated with DFW SLS surveys, density data can be translated into estimated larvae 
present in Suisun Bay and the confluence area (i.e., make direct comparisons of habitat volume 
and area weighted density) and assess the proportional contribution to the larval abundance.  
Regional volume estimates are available based on hydrologic models (Newman 2008; and from 
current modeling work). The contribution of Bay tributaries  
 
Research Questions #3 (contribution of tributaries and regions to juvenile and adult age 
classes), #4 (unique geochemical signals of tributaries), and #5 (regional contributions to 
juvenile and adult age classes).   

Chemical signatures from the study tributaries will be assessed from water samples and 
fish otoliths using a suite of multivariate ordination statistical tools, canonical cluster analysis 
and discriminant function analysis.  Water quality parameters such as water temperature, 
electrical conductivity, and salinity will be included as co-variates in the models to determine the 
cause of unique chemical signatures of Bay tributaries.  The otolith chemistry of recruited 
juvenile and adult fish collected in DFW Bay Study and FMWT sampling and those collected as 
part of the proposed surveys could then be examined to determine the proportional contribution 
of different spawning and rearing areas and regions to the juvenile and adult populations.    A 
maximum likelihood mixed stock model (Hobbs et al. 2007) will initially be used to determine 
the natal source.   
 
Research Question #6 (Ocean Residency).   

Chemical signatures from the Bay and nearshore ocean will be assessed from water 
samples and fish otoliths collected in the Bay by the SF Bay Study, and UCD, and from 
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nearshore samplings by NOAA Fisheries Midwater Trawls and lab validations of fish held at the 
Bodega Marine Laboratory.   Similar statistical approaches (notably discriminant function 
analysis) will be employed as in questions 3-5.   
 
Research Questions #7 (vertical migration with tidal cycle) and #8 (effect of water clarity on 
FMWT, BMWT, and OT).   

Using existing data, graphical and basic statistical analyses will be used to address 
Questions 7 and 8 (influence of time of day, tidal cycle, and water transparency on Longfin 
Smelt catch).  The exact approach to analyses of new field survey data depends on the results of 
the exploratory data analyses, plus the methods developed by the study team.  However, the 
analytical approach of Feyrer et al. (2013), in which models predicting the effect of water quality 
variables on Delta Smelt catch were compared, offers a suggestion of how osmerid data collected 
during fall could be statistically evaluated. 
 
Estimated Take 
 

This study will rely heavily on samples collected from existing IEP sampling programs 
(FMWT, Bay Study, Smelt Larval Survey) and existing take.  Additional take would occur as a 
result of SF Bay tributary sampling.  Take for UC Davis San Francisco Bay tributary sampling 
will be covered under the individual permits for the lead investigator (Hobbs) for SF Bay 
tributary sampling.  The current Memorandum of Understanding between the California 
Department of Fish and Wildlife and U.C. Davis will be amended to include lethal sampling of a 
subsample of pre-spawning adult Longfin Smelt to assess reproductive condition and collect 
otoliths for geochemistry analysis.   
 
Estimated additional ESA take for the expansion to the DFW Smelt Larval Survey is as follows: 
 
Longfin Smelt: larvae – 9,000, juveniles – 20, adults -2.  
 
UCD  
Estimated Longfin Smelt take based on 3 years of preliminary study:  
 
Coyote Creek -100 adults, juveniles 1000 
Napa River – 100 adults, juveniles 2000, Larvae 9000 
Sonoma Creek– 100 adults, juveniles 2000, Larvae 9000 
Petaluma River -10 adults, 100 juveniles, 100 larvae 
Alameda Creek - 20 adults, 200 juveniles, 500 larvae 
 
Salmonids and sturgeon: No take is requested. 
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Delta Smelt: larvae – 10, adults –2. Existing Delta Smelt take coverage for SLS [derived from 
NBA sampling and very high] is sufficient to cover this new work. 
 
UCD  
USFWS Permit to J. Hobbs 5/31/13-5/30/2017 for the Napa River TE97450A-0 50 Adults 150 
larvae/juveniles per year 
 
No take for Delta Smelt will be requested for Sonoma, Petaluma, Alameda, Coyote Creek.  Take 
for Delta Smelt may be required for (this is currently be ascertained by looking at existing data 
from the Suisun Marsh project).  
 
Timeline 
 
The current proposal focuses on the first year, when key methods will be established and 
analyses will be conducted to modify the approach as necessary.  However, the anticipated 
timeline for the full study is relatively long (5+ years) because: 1) a key part of the design is to 
compare results for wet and dry years, which occur at unpredictable frequencies; and 2) 
understanding the sources of Longfin Smelt recruitment will be most effective if there is 
sampling at the larval stage (to determine the initial production areas), followed by  analyses of  
sub-adults and adults  from the same cohort 1-2 years later (to determine which fish recruited to 
the population).  The proposed timeline is provided as Table 1. 
 
 
Feasibility 
 

As noted above, much of the sampling would be based on existing IEP surveys, so other 
field sampling along the same lines (i.e., Napa River sampling) is highly feasible.  The Hobbs 
research group has been successful with proposed techniques in some south Bay tributaries and 
in South Bay salt ponds and embayments, so these can be adapted to other tributaries with some 
advanced reconnaissance.  In particular, Hobbs et al. have a long history of sampling in shallow 
waters of South San Francisco Bay (Coyote Creek and Alviso Slough/Guadalupe River) using 
otter trawling methods developed in Suisun Marsh’s 30+ year monitoring program  (Hobbs et al. 
2012).  In addition, Hobbs et al. have been conducting zooplankton and larval fish sampling in 
South San Francisco Bay. The Hobbs group already holds a Memorandum of Understanding 
with DFW for sampling Longfin Smelt in both Coyote Creek and the Napa River and a federal 
take permit for Delta Smelt in the Napa River. The Hobbs lab would be able to conduct a limited 
amount of work with existing funds; however those efforts would only cover Coyote Creek bi-
monthly and the Napa River for 3 months.  
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Importantly, the proposed timeline depends on the ability to execute contracts to UC 
Davis and DFW supplemental field sampling.  If the contracts cannot be executed very early in 
2014, additional SF Bay tributary sampling may not be possible in winter-spring 2014 and the 
entire study would be delayed by a year.   
 
 
Deliverables   
 

The schedule of reporting for each task is provided in Table 1. All reports will be 
provided to the IEP Longfin Smelt PWT and the Longfin Smelt Technical Teams to be formed in 
Year 1. As the present study design is primarily a pilot project to assess spawning and rearing of 
larvae in Bay tributaries during the first year of what is expected to become a longer-term 
investigation, the primary deliverable from this pilot effort will be a report detailing findings 
from reconnaissance work and a detailed study plan for the remainder of the study.   During 
Years 2 – 4, annual progress reports detailing sampling activities and preliminary findings will 
be submitted for Bay tributary sampling and nearshore ocean rearing (UCD), and Napa River 
sampling (DFW). At the end of Year 4 or in the Winter-Spring of Year 5 (depending on whether 
final sampling efforts take place in Year 3 or Year 4, final reports for each task will be 
completed (Table 1). 

The Napa River larva sampling effort (Task 2a) will result in data added to the current 
SLS database, which will be available via DFW’s FTP site, and a summary report describing the 
density and abundance (absolute estimate for the river reach sampled) for the river compared to 
the upper Estuary for each year of the sampling effort through Year 3.  After Year 3 the utility of 
this work will be re-assessed.  Gear comparison results will be used to establish the size range of 
Longfin Smelt larvae in which both gears are effective, and that range used for comparative 
abundance reporting.  Reports detailing the densities and abundance estimates for Bay tributaries 
in relation to the Napa River and upper Estuary will be provided to the Longfin Smelt PWT and 
Technical Team by fall following sampling (fall Year 4).   

Assessment of Longfin Smelt vertical migrations will initially involve a detailed analysis 
of a Bay Study dataset containing paired MWT and OT samples to determine if catches in the 
MWT are associated with any of the factors listed.  This effort will result in a report providing 
detailed description of the data, data manipulation and analyses conducted, followed by results 
and an assessment of whether vertical movement appeared to occur and if the magnitude was 
such that it could influence abundance indices and additional sampling would be necessary to 
more accurately assess the effect.  This report would be submitted to the Longfin Smelt PWT 
and Technical Teams, and its review and acceptance would initiate discussion of next steps and 
study design for field sampling.  In addition and if necessary, a detailed study plan for field 
studies to investigate Longfin Smelt vertical migration will also be submitted at the end of Year 
1.       
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Assuming that the study is successful, we anticipate that at least two peer-reviewed 
scientific papers would be produced by the study.  Initial papers are most likely to be based on 
methodology (e.g. tributary and oceanic otolith signatures; using estimates of absolute 
abundance to estimate contribution to the larva population), while later publications addressing 
the contribution of Bay tributaries to the adult population would require several years to develop 
meaningful results to describe sources of recruitment. 

 
 
Project Coordination 
 

The study would receive input and guidance from the proposed new IEP Longfin Smelt 
Project Work Team that would be chaired by a DFW team member.  PWTs are open to the 
public, but we expect that at a minimum, the group would include scientists from DFW, DWR, 
UC Davis, and State Water Contractor staff involved in the development of the current proposal, 
as well as other interested agencies and stakeholders. Major changes and additions to the study 
plan, such as field investigation of Longfin Smelt vertical migration, will require development of 
new study plans that will be reviewed by IEP Management and Coordinator Teams. Project 
direction and coordination will be managed by the Longfin Smelt Technical Team that will be 
convened with at least one representative from DWR, SWC, and DFW. 
 
 
Budget 
 

The budget provided in Tables 2a and 2b is an estimate of total costs to conduct the 
proposed study for an initial pilot study year. In summary, the total budget (including CDFW and 
UCD components, as well as IEP in-kind contributions) for Year 1 is approximately $842,708; 
however, given potential budget contingencies for UC Davis (described below in the budget 
justification), the Year 1 budget could increase to $955,641 (Budget Summary table, attached in 
Excel spreadsheet).   

 
This budget is meant to allow for a maximum effort in Bay tributaries at appropriate 

times and potentially other locations depending on information developed from initial testing and 
analyses.  The proposed budget costs are presented separately for each task.  Although there is 
some overlap in the timing of sampling that could reduce labor costs, the proposed budget would 
provide for researchers to be at multiple sites and for extended periods of time to assure detailed 
monitoring occurs in each of the designated of Bay tributaries sampled as part of this 
investigation.  The budget will be refined in future years based on results of the initial year of 
sampling and analyses.   
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While this study will not be formally funded by IEP, it will require substantial in-kind 
contributions from IEP personnel, in the form of consultation and participation in the IEP PWT, 
project management (including potential for contract management), as well as field sampling 
(Task 2b). All foreseeable tasks associated with project management and Task 2b for Year 1 are 
detailed in Table 2. Additional IEP in-kind contributions (guidance, consultation, management, 
and communications) are estimated below. These are maximum time estimates for Year 1, 
assuming IEP personnel are tasked with creating and managing contracts, and will be actively 
involved with guiding the project through coordinating the IEP PWT and Longfin Smelt 
Technical Team. 

 
Dr. Ted Sommer (DWR): approximately $20,000 (10% time) 
Dr. Louise Conrad (DWR): approximately $40,000 (20% time),  
Randy Baxter (DFW): approximately $17,000 based on about 10% time 

Budget Justification for UC Davis portion (Principal Investigator, Dr. James Hobbs, Tasks 
#1-3, 5, Table 2a) 

The proposed budget for salary and benefits includes the lead P.I. Dr. James Hobbs at a 
total of 50% as Dr. Hobbs has other contractual obligations to IEP funded projects with Delta 
Smelt. Additional staff includes 2 Junior Specialists at 50% time in the pilot year, which would 
run from December 2013 to March 2014 for field work, and a Staff Research Associate to serve 
as the lead field biologist, boat captain and to assist with staff management.  We have included 
up to 4 undergraduate assistants to help with field work and set-up and clean-up of field gear 
prior to and post sampling.  The Junior Specialists hired for field work would spend the 
remaining 50% time in the laboratory, sorting and identifying larval fish.  This task will include 
an additional four undergraduates to assist in the picking and sorting of fish larvae for 
enumeration and species identification.  The otolith chemistry task would be conducted by one 
additional Junior Specialists at 100% time and a Graduate Student Researcher at 100% time in 
the summer (3mos) and 50% time during the school year (9mos). This task would begin shortly 
after samples are collected but would extend through the summer and fall for preparation of 
samples for age, growth and otolith chemistry analysis.  We propose to hire one additional Junior 
Specialists that would be dedicated to this task, along with two additional undergraduate 
assistants.  A contingency to sub-contract the larval fish sorting and identification to an outside 
consulting firm would leave the field crew at only 50% for the pilot study.  Dr. Hobbs would 
make up the remaining 50% time with other IEP work, including Delta Smelt otolith work.  
Thus, in total this project would employ 3 fulltime Junior Specialists, 1 Graduate Student 
Researcher, 10 undergraduate assistants, 1 Staff Research Associate at 50% time, and the lead PI 
50% time. 

 
The personnel portion of the proposed budget includes fringe benefits rates for the 

current academic fiscal year which runs from June 30th- to July 1 and would likely span across 
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the start date of the study, thus when the contract is written and a start date is determined the 
budget may change due to small changes in the benefit rates for employees.  Overhead rates for 
both State and Federal overhead are also included.  The Federal overhead rate schedules for the 
next three fiscal years have been submitted to UC Davis with small increases in the rate over the 
next three fiscal years.  The State rate is also subject to change.   
 

The budget provided in Table 2a is for the pilot year of this study, which will scout out 
all potential study sites, determine safety related issues to each site and station.  The costs 
associated with the Year 1 pilot study are best estimates at total costs for each task of the project 
and may change with better information regarding feasibility of study sites, stations within study 
sites, and the number of samples and trawls that can be accomplished in the allotted time per site. 
As Year 1 fieldwork is largely reconnaissance, it is not possible to develop a detailed budget for 
Years 2-5, as it will depend on the location and number of sampling sites to be determined in 
Year 1.    
 

Two budget contingencies are included in the Year 1 study plan: (a) Equipment for Task 
1 (1d in Table 2a): potential need for a new boat and motors; and (b) Larval fish sorting (Task 2 
in Table 2a): it may be necessary to sub-contract of the zooplankton sorting for larval fish, 
enumeration and identification of all larval fish in the sample to Tenera and Associates. Sub-
contracting may not be necessary if use of the proper equipment can be negotiated with the UC 
Davis Center for Watershed Sciences.   
 

Finally, the Hobbs laboratory proposes that the Year 1 pilot study begin survey work on 
December 1 2013 and run through November 30 2014.  This timeframe would require the 
contract to be written with a retroactive start date of December 1.  Additional funds in year 2014-
2015 will be requested to continue the study based on results from Year 1, and with a refined 
study plan.  Lastly, note that the proposed pilot year may occur during the winter following one 
of the driest years on record, while future sampling years may be much wetter hydrologically, 
potentially incurring additional equipment, maintenance, or personnel costs.   
 
Salary and Benefits 

Task 1: Field Sampling (UCD Field Labor, Adult and Larval Longfin Smelt Sampling) 
 
Task description: Conducting field surveys the distribution and abundance of adult and larval 
longfin smelt in the Napa River, Somoma Creek, Petaluma River, Alameda Creek and Coyote 
Creek monthly from December 2013 to March 2014.  All fish data will be recorded and water 
quality transects measured and recorded for each site, with up to 6 stations per site. 

Staff:  
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Lead Scientist Dr. James Hobbs (Assistant Research Scientist II) will spend 10% of his time 
overseeing and training staff for task 1, at a monthly salary $6,508 and benefits rate of 35.7% 
from January 1, 2014 to December 31, 2014. Note benefit rates may increase at the fiscal year 
July 1 2014- May 31, 2015. 

Staff Research Associate II, will spend 25% time at a monthly rate of $3,562, and a benefits rate 
of 0.51% as estimated for the calendar year 2014-2015 from January 1, 2014 to December 31, 
2014. Note benefit rates may increase at the fiscal year July 1 2014- May 31, 2015. 

Jr. Specialist II (A) will spend 50% time at a monthly salary rate of $3,082, and benefits rate of 
35.7% as estimated for the calendar year 2014-2015 from January 1, 2014 to December 31, 
2014. Note benefit rates may increase at the fiscal year July 1 2014- May 31, 2015. 

Jr. Specialist II (B) will spend 50% time at a monthly salary rate of $3,082, and benefits rate of 
35.7% from January 1, 2014 to December 31, 2014. Note benefit rates may increase at the fiscal 
year July 1 2014- May 31, 2015. 

Jr. Specialist I (A) will spend 50% time at a monthly salary rate of $2,890 and a benefits rate of 
35.7 from January 1, 2014 to December 31, 2014. Note benefit rates may increase at the fiscal 
year July 1 2014- May 31, 2015. 

Undergraduate Lab Assistants we will employee 4 undergraduate students for a max of 
10hrs/ week or 25% time @ $9.00/Hr. and a benefits rate of 1.3% from January 1, 2014 to 
December 31, 2014. 

 

Task 2a: Larval Fish Sorting (This budget is for UCD to do the processing) 
 
Task description: sample sorting of plankton for larval fish and identification of larval fish to 
species.   

Staff:  

Lead Scientist Dr. James Hobbs (Assistant Research Scientist II) will spend 10% of his 
time overseeing and training staff for task 2a, at a monthly salary $6,508 and benefits rate of 
35.7% from January 1, 2014 to December 31, 2014. Note benefit rates may increase at the fiscal 
year July 1 2014- May 31, 2015. 

Jr. Specialist II (A) will spend 50% time at a monthly salary rate of $3,082, and benefits 
rate of 35.7% as estimated for the calendar year 2014-2015 from January 1, 2014 to December 
31, 2014. Note benefit rates may increase at the fiscal year July 1 2014- May 31, 2015. 
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Jr. Specialist II (A) will spend 50% time at a monthly salary rate of $3,082, and benefits 
rate of 35.7% from January 1, 2014 to December 31, 2014. Note benefit rates may increase at 
the fiscal year July 1 2014- May 31, 2015. 

Jr. Specialist I (A) will spend 50% of his/her time at a monthly salary rate of $2,890 and a 
benefits rate of 35.7 from January 1, 2014 to December 31, 2014. Note benefit rates may 
increase at the fiscal year July 1 2014- May 31, 2015. 

Undergraduate Lab Assistants we will employee 4 undergraduate students for a max of 
10hrs/ week or 25% time @ $9.00/Hr. and a benefits rate of 1.3% from January 1, 2014 to 
December 31, 2014. 

 
Task 2b: Otolith and Water Geochemistry  
 

Task description: To conduct otolith age, growth and microchemistry to determine natal 
tributary origin for adult and larval longfin smelt and determine migration history/salinity history 
of adult longfin smelt (estuarine or ocean life-history of adults). 

Staff 

Lead Scientist Dr. James Hobbs (Assistant Research Scientist II) will spend 10% of his 
time overseeing and training staff for task 2b, at a monthly salary $6,508 and benefits rate of 
35.7% from January 1, 2014 to December 31, 2014. Note benefit rates may increase at the fiscal 
year July 1 2014- May 31, 2015. 

Graduate Student Researcher II will spend 50% time during the 9 month academic year 
and 100% time during the summer 3 months on task2b at monthly salary of $3,059 (100% time) 
and an annual health insurance benefit rate of $2,994. 

Jr. Specialist II (C) will spend 100% time at a monthly salary rate of $3,082, and benefits 
rate of 35.7% from January 1, 2014 to December 31, 2014. Note benefit rates may increase at 
the fiscal year July 1 2014- May 31, 2015. 

Undergraduate Lab Assistants we will employee 4 undergraduate students for a max of 
10hrs/ week or 25% time @ $9.00/Hr. and a benefits rate of 1.3% from January 1, 2014 to 
December 31, 2014. 

Task 3. Project management and reporting 
 

Task description: This task includes the training of all employees, performance 
evaluation and conducting frequent quality control of data.  Tasks will also include quarterly 
reports to the sponsor, and annual reporting of data and research findings, including oral 
presentations to the sponsor and local scientific meetings and conferences.   
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Lead Scientist Dr. James Hobbs (Assistant Research Scientist II) will spend 10% of his 
time overseeing and training staff for task 3, at a monthly salary $6,508 and benefits rate of 
35.7% from January 1, 2014 to December 31, 2014. Note benefit rates may increase at the fiscal 
year July 1 2014- May 31, 2015. 

Staff Research Associate II, will spend 25% time at a monthly rate of $3,562, and a 
benefits rate of 0.51% as estimated for the calendar year 2014-2015 from January 1, 2014 to 
December 31, 2014. Note benefit rates may increase at the fiscal year July 1 2014- May 31, 
2015. 

Travel 

Task 1: Field Sampling (UCD Field Labor, Adult and Larval Longfin Smelt Sampling) 
 

Travel rates include mileage costs for vehicles, boat gas and maintenance during field 
excursions, not routine maintenance during non-operation hours.  Travel includes lodging and 
food for 4-6 people per site per month, with lodging occurring at distant sites, including Alameda 
Creek, Coyote Creek and the Petaluma River.  We do not anticipate lodging for Sonoma Creek 
and the Napa River, unless surveys are conducted sequentially and travel back to UC Davis does 
not result in added cost savings or is deemed unsafe given the work hours on the water,travel 
times, traffic, and overall safety of the field crew.  

Task 3. Project management and reporting 
 

This task includes travel to local meetings including mileage reimbursement and 
registration for conferences including the Interagency Ecological Program annual meeting and 
the California-Nevada Chapter of the American Fisheries Society.   

Supplies and Expenses 

Task 1: Field Sampling (UCD Field Labor,  Adult and Larval Longfin Smelt Sampling) 
 

Supplies for field work include UC Davis fleet vehicle rentals for field work.  UC Davis 
policy charges fleet rentals as supplies and not as travel.  Field gear includes a replica of the 
California Department of Fish and Wildlife Egg and Larval Survey net, additional 0.5 meter 
plankton nets and a hydraulic winch for towing and retrieving gear.  Funds for replacement parts 
on small boat motor, including purchases of parts less than $5,000.  Routine scheduled 
maintenance to be performed by certified boat mechanics.  Funds for water quality monitoring 
equipment including a YSI 6600 or Hydrolab with probes, calibrations materials.  Boat gas is 
also included as a supply expense.   

Task 2a: Larval Fish Sorting (This budget is for UCD to do the processing) 
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Supplies for lab processing of plankton samples for larval fish removal, storage and 

identification to species.  Supplies costs include lab space rental in the Center for Watershed 
Sciences, where snorkel hood systems have been installed for desktop sorting of formaldehyde 
preserved contents, stereo dissecting microscope rentals from the UC Davis microscope services 
facility,  and the disposal of waste ETOH and formaldehyde with UC Davis Environmental 
Health Services (EH&S).   

Contingency costs for larval fish sorting, enumeration and identification will be as a sub-
contract to Tenera and Associates to perform the task at a cost of $1,000 per sample.  We 
provide a minimum sample size to a total estimate, however the costs are likely to be higher 
given the pilot scale of the sampling to be done. 

Task 2b: Otolith and Water Geochemistry 

Costs include recharge rates for the use of Laser Ablation Multi-collector ICPMS at the 
Center for ICPMS at UC Davis (http://icpms.ucdavis.edu/rates.htm) @ $62/hr. for laser time, 
plus water sample analyses @ $127/sample.  Lab supplies include microscope slides, otolith 
polishing supplies and compound microscope rentals (different type of microscope than task 2a) 
and a new otolith polishing machine. 

Equipment 

Task 1: Field Sampling (UCD Field Labor, Adult and Larval Longfin Smelt Sampling) 
 

Description:  Costs include replacement of our current boat, a 26-Ft Bayrunner purchased 
in 1994 by Dr. Peter Moyle with IEP funds for the Suisun Marsh Project.  This boat in now 
almost 20 years old and has extensive hull damage including many small pinholes from years of 
electrolysis damage and a hole underneath the center console approximately 5-cm in diameter.  
The boat currently is in operable condition; however the integrity of the hull could be 
compromised at any point and the boat would no longer be salvageable.  Funds requested under 
equipment would be used to replace this boat if such an event were to occur, thus we include the 
costs as a contingent to the initial pilot year study plan. 

Replacement for 26-Ft Klamath boat (see figure G).  We have estimated the cost of a 
replacement hull to be $70,000 including tax, licensing and registration fees, depending on the 
specific make and model chosen.  The boat would need to be custom designed to include a 
decking to go over the motor(s) to keep nets from getting tangled in the prop and include 
hydraulic winches to operate the nets.  We would also need to replace the trailer and much of the 
navigation and communications on the boat. These costs, plus fabrication costs, are estimated to 
be an additional $30,000.  We would replace our current motor with two twin Yamaha 115 hp 
motors.  Duel motor systems would provide us with the necessary torque to pull the egg and 

http://icpms.ucdavis.edu/rates.htm
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larval survey net sled.  In addition a second motor would provide us with the extra safety of 
having a second motor in case a motor goes out while on the water.  Several of the study sites are 
far from boat launches and in the case of Alameda Creek the closest access is greater than 10 
miles and on the other side of South Bay.  Crossing South Bay in the winter is extremely 
dangerous, and the added safety of a second motor is important for the safety of the crew.  Two 
Yamaha 115 hp motors would cost approximately $23,000 dollars, plus we would need to 
upgrade the steering system and transom to handle the weight of two motors.  This brings the 
total for replacing the existing boat and motor to $127,000. 

 

Overhead 

The current State overhead rate is 25%, but is subject to increase at the discretion of the 
governor.  Overhead would be to modified total direct cost, which would not include equipment 
costs, which constitute any product with a retail cost exceeding $5,000, or requiring DMV 
registration.   
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Principal Investigator and Affiliation: 
 

James Hobbs, Ph.D., Research scientist III in the Wildlife Fish and Conservation Biology 
Department and consulting research affiliate with the Interdisciplinary Center for Inductively 
Coupled Plasma Mass Spectrometry at UC Davis.  
 
Dr. Hobbs completed his PhD. in Ecology from the University of California, Davis under the 
mentorship of Dr. Peter Moyle and was a Sea Grant-CALFED Post-Doctoral Fellow at the 
University of California, Berkeley under Dr. Lynn Ingram.  His research focuses on several 
elements of fish conservation, restoration and population dynamics. He is a leader in the 
development of otolith microstructure and microchemistry techniques to understand the 
population biology and ecology of commercially important and threatened species. Dr. Hobbs 
has published several articles in peer review literature regarding the application of laser ablation 
inductively coupled plasma mass spectrometry.  Dr. Hobbs has been conducting research in San 
Francisco Bay for over 15 years focusing on native fish ecology and population biology for 
conservation and restoration efforts.  His recent research focuses on the interdependence of fish 
life history and healthy habitats, such as the interplay of habitat characteristics of the north Delta 
and the residency of Delta Smelt in freshwater year round.  He is currently leading the 
monitoring of restored salt ponds in South San Francisco Bay and defining the habitat features 
that result in the restoration of habitats for native fish, including the Longfin Smelt.  
  
 



Longfin Smelt Study Plan Timeline

Year 1 Year 2 Year 3 Year 4 Year 5

Study Elements Leads
Winter-
Spring Summer Fall

Winter-
Spring Summer Fall

Winter-
Spring Summer Fall

Winter-
Spring Summer Fall

Winter-
Spring Summer

1. Lower Bay Spawning Tribuary Use 
(Study Questions 1 - 5) James Hobbs

Larva and Adult Tributary Sampling
pending 
contract x x

Water Chemistry
pending 
contract  if needed if needed

Juvenile and Adult Bay Sampling x x x x?

Prelim Summary of Methods & Results x x x x?

Final Report -- Addressing Hypotheses x? x? x
2. Larva Production in Napa River (Study 
Questions 1-5)

Robert 
Fujimura

Extension of Smelt Larva Survey
pending 
contract x x x?

Gear Efficiency Comparison
pending 
contract x x x?

Prelim Summary of Methods & Results

Final Report -- Addressing Hypotheses x
3. Longfin Smelt Nearshore Ocean 
Rearing (Study Question 6) James Hobbs

Otolith analyses
pending 
contract x

Water Chemistry?
pending 
contract x

Prelim Summary of Methods & Results x

Final Report -- Addressing Hypotheses x

4. Longfin Smelt Vertical Migration 
Behavior (Study Questions 7-8)

David 
Fullerton, 
Chuck Hanson

Bay Study MWT/OT data analyses x x

Refined Study Questions & Study Design x

Design and Take Proposal to IEP MT x

Table 1.  Longfin Smelt study timeline.  Lead persons for each set of tasks will discuss methods and results with the Longfin Smelt Technical Team.  Methods and analyses for future years as needed based on those discussions.  
Data analysis for Element 3 could show that gear efficiency effects are too small to warrant field study in which case this element would be discontinued. Questions marks indicate uncertainty as to whether sampling will be 
needed or if reports will be available, depending on when sampling is completed. For example, sampling in Year 4  may only be necessary in order to collect data on age 1+ fish from a cohort sampled in a previous year (e.g., if 
Year 3 is the only wet year in the dataset, it will be necessary to sample in fall of Year 4 in order to collect data on Age 1+ fish spawned in Year 3). Final reporting tasks will follow the final sampling task by 3-6 months.



Longfin Smelt Study Plan Timeline

Year 1 Year 2 Year 3 Year 4 Year 5

Study Elements Leads
Winter-
Spring Summer Fall

Winter-
Spring Summer Fall

Winter-
Spring Summer Fall

Winter-
Spring Summer Fall

Winter-
Spring Summer

Task 4 (cont'd)

Field Sampling
pending 
contract x? x? x? x? x?

Final Report -- Addressing Hypotheses x? x

5. IEP Project Workteam and Technical 
Team Formation and Discussion All Pis

Formation x? x

Field and Lab Data Review & Discussion x x x x x x x x x

Report Review x x x x x



Longfin Smelt Study Plan Pilot Year 1: Budget Summary

Longfin Smelt Studies Budget Summary for Pilot Year 1.

UC DAVIS1          

(No contingencies)

UC DAVIS1        

(with equipment and 
sub-contracting 
contingencies)

California 
Department of 
Fish & Wildlife

IEP in-kind 
contribution (all 

tasks)
Grand Total

Bay Tributary Sampling, Otolith 
Geochemistry 610,338$               784,439$                 

Napa River Sampling 80,623$             
Study Coordination and 
Management (IEP in-kind)

77,000$              

767,961$           

942,062$           

Grand Total (No UCD contingencies)

Grand Total (with UCD contingencies)



Longfin Smelt Study Plan: UCD Budget (Pilot Year 1)

TASK 1: Field Sampling (UCD Field Labor,  Adult and Larval Longfin Smelt Sampling )
 CONTINGENCY PLANS 

a. personel + fringe Annual Base No Change
Hobbs Lab FTE FTE-Hours/mo Base salary Salary Benefits Dec-Mar (monthly) Dec-Mar (monthly)
P.I. Hobbs 10% 16 78,100.00$             7,810.00$          2,788.17$             10,598.17$                             10,598.17$                             
JS I  (A) 50% 80 34,680.00$             17,340.00$        6,190.38$             23,530.38$                             23,530.38$                             
JS II (A) 50% 80 36,984.00$             18,492.00$        6,601.64$             25,093.64$                             25,093.64$                             
JS II (B) 50% 80 36,984.00$             18,492.00$        6,601.64$             25,093.64$                             25,093.64$                             
SRA II 25% 40 42,744.00$             10,686.00$        5,449.86$             16,135.86$                             16,135.86$                             
Undergraduates1 25% 40 $9 360.00$             5.40$                     365.40$                                  365.40$                                   
Undergraduates2 25% 40 $9 360.00$             5.40$                     365.40$                                  365.40$                                   
Undergraduates3 25% 40 $9 360.00$             5.40$                     365.40$                                  365.40$                                   
Undergraduates4 25% 40 $9 360.00$             5.40$                     365.40$                                  365.40$                                   

101,913.30$                          101,913.30$                           
b. travel

Vehicle rentals Monthly 4 Surveys Dec-Mar (monthly) Dec-Mar (monthly)
Mileage(0.565/mi) $584 2,336.00$             3,504.00$                               3,504.00$                               
Lodging, food $2,500 10,000.00$           17,500.00$                            17,500.00$                             

21,004.00$                            21,004.00$                             
c. supplies and materials

Monthly Total Cost Totals Dec-Mar (monthly) Dec-Mar (monthly)
Fleet Services Truck Rentals 
3/4 ton Van $404 1,616.32$             1,616.32$                               1,616.32$                                
1/2 ton truck $391 1,564.32$             1,564.32$                               1,564.32$                                
Replacement trawl and field gear 10,000.00$           10,000.00$                             10,000.00$                             
Water Sampling Materials, hydrolab and trimble 18,000.00$           18,000.00$                             18,000.00$                             
Boat Maintenance $1,200 4,800.00$             600.00$                                  600.00$                                   
Boat Gas $1,000 4,000.00$             1,500.00$                               1,500.00$                                

33,280.64$                            33,280.64$                             
Total Direct Cost Task 1 156,197.94$                          156,197.94$                           

Table 2a. UC Davis budget for Year 1 (initial pilot year). Costs in subsequent years could  increase or decrease depending on findings from Year 1. 



Longfin Smelt Study Plan: UCD Budget (Pilot Year 1)

d.equipment
For new work boat Est. Costs
26-FT Klamath Boat 100,000.00$                           
2 Yamaha 115 Hp motors (Twin set-up) 27,000.00$                             

Total Equipment Cost 127,000.00$                           

TASK 2a: Larval Fish Sorting (This budget is for UCD to do the processing )

a. personel + fringe Annual Base

Hobbs Lab FTE FTE-Hours/mo Base salary Salary Benefits Dec-Mar (monthly) Dec-Mar (monthly)
P.I. Hobbs 10% 16 78,100.00$             7,810.00$          2,788.17$             10,598.17$                             10,958.17$                             
JS II (A) 50% 80 36,984.00$             18,492.00$        6,601.64$             25,093.64$                             
JS II (B) 50% 80 36,984.00$             18,492.00$        6,601.64$             25,093.64$                             
JS I (A) 50% 80 34,680.00$             17,340.00$        6,190.38$             23,530.38$                             
Undergraduates5 25% 40 $9 360.00$             5.40$                     365.40$                                  
Undergraduates6 25% 40 $9 360.00$             5.40$                     365.40$                                  
Undergraduates7 25% 40 $9 360.00$             5.40$                     365.40$                                  
Undergraduates8 25% 40 $9 360.00$             5.40$                     365.40$                                  

85,777.44$                            10,958.17$                             
c. supplies and materials

Monthly Total Cost Totals Cost per plankton sample
Replacement plankton nets and field gear 5,000.00$             5,000.00$                               1,000.00$                                
Jars 2,500.00$             2,500.00$                               
Formalin, ETOH + waste 5,000.00$             5,000.00$                               
Stereo Dissecting Microscope Rentals 2,000.00$             2,000.00$                               
misc. fume hood space rental gloves, safety equipement, 3,000.00$             3,000.00$                               

$17,500 120,000.00$                           
#samples per si #Site Months Total samples

6 5 4 120
Total Direct Costs Task 2a $103,277.44 130,958.17$                           

 Tenera and Associates sub-
contract for minium 
number of plantkon  
sample analysis, total costs 

   



Longfin Smelt Study Plan: UCD Budget (Pilot Year 1)

TASK 2b: Otolith and Water Geochemistry 
(Water Geochemistry performed at the Center for Inductively Coupled Plasma Mass Spectrometry)
a. personel + fringe Annual Base

Hobbs Lab FTE FTE-Hours/mo Base salary Salary Benefits Totals Contingency Totals
P.I. Hobbs 10% 16 78,100.00$             7,810.00$          2,788.17$             10,598.17$                             10,598.17$                             

GSR II
9 mo 50%, 3 
mo 100% 1200 36,708.00$             22,943.00$        2,994.00$             25,937.00$                             25,937.00$                             

JS II (C) 100% 160 36,984.00$             36,984.00$        13,203.29$           50,187.29$                             50,187.29$                             
Undergraduates9 25% 40 $9 360.00$             5.40$                     365.40$                                  365.40$                                   
Undergraduates10 25% 40 $9 360.00$             5.40$                     365.40$                                  365.40$                                   

87,453.26$                            87,453.26$                             
c. supplies and materials

Analyses at ICPMS and other chemistry labs Totals Oct-Mar (monthly) Contingency Totals
Water chemistry analysis $127/sample 45/samples 5,715.00$             5,715.00$                               5,715.00$                                
Laser ablation otolith analysis (trace elements) 10,000.00$           10,000.00$                             1,000.00$                                
Laser ablation otolith analysis (strontium isotopes) 15,000.00$           15,000.00$                             1,500.00$                                
Otolith stable isotope analysis (Oxygen, Sulfur, Carbon etc.) 10,000.00$                             
Microscope slides, polishing materials and polishing wheel 8,000.00$             8,000.00$                               8,000.00$                                
Compound Microscope Rentals (different micscopes than task 2a) 1,500.00$             500.00$                                  500.00$                                   

$39,215 49,215.00$                             
Total Direct Costs Task 2b 126,668.26$                          136,668.26$                           

d. other 
Graduate student fees note graduate student tuition does not accrue overhead Indirect costs taks 2b 13,109.00$                            13,109.00$                             

TASK 3: Project Management and Reporting
a. personel + fringe Annual Base

Hobbs Lab FTE FTE-Hours/mo Base salary Salary Benefits Annual Annual 
P.I. Hobbs 20% 32 78,100.00$             15,620.00$        5,576.34$             21,196.34$                             21,196.34$                             
SRA II 25% 40 42,744.00$             42,744.00$        21,799.44$           64,543.44$                             64,543.44$                             

85,739.78$                            85,739.78$                             
b. travel

Vehicle rentals Monthly 4 Surveys Dec-Mar (monthly) Dec-Mar (monthly)
local meeting and conferences 500.00$                                  500.00$                                   
conference registrations (includes key staff and students = 12 people; IEP meeting and Cal-Neva AFS conference ) 5,400.00$                               5,400.00$                                

5,900.00$                               5,900.00$                                



Longfin Smelt Study Plan: UCD Budget (Pilot Year 1)

Total Direct Cost 477,783.41$                          642,464.15$                           

Total Cost Per Year 477,783.41$                          642,464.15$                           

     Indirect Cost 2014-2015
State 25% 119,445.85$                          128,866.04$                           
Grad student fees 13,109.00$                            13,109.00$                             

TOTAL DIRECT + INDIRECT
State 25% 610,338.27$                          784,439.18$                           



Longfin Smelt Study Plan: DFW Budget

10/28/13 ld/rwf

PERSONNEL SERVICES

Position Title Incumbent Tier Position # PY's Salary 13/14 14/15* 15/16**
Senior Env Scientist (Sup) Fujimura 1 0.1 $81,300 $8,130 $8,333 $8,496
Environmental Scientists Damon/Adib-Samii 1 Various 0.1 $70,584 $7,058 $7,235 $7,376

Mate Various 1 Various 0.05 $49,440 $2,472 $2,534 $2,583
Senior Lab Assistants Various 1 Various 0.15 $37,464 $5,620 $5,760 $5,872

Salary and Wages 0.4 $23,280 $23,862 $24,328

Salary Savings $0 $0 $0

Net Salary & Wages $23,280 $23,862 $24,328

Temp Help $6,183 $6,338 $6,461

Overtime $1,000 $1,000 $1,000

Staff Benefits T1 0.3733 $8,690 $8,908 $9,081
Temp Help 0.3733 $3,244 $2,366 $2,412

TOTAL PERSONNEL SERVICES $42,398 $42,473 $43,282

OPERATIONS EXPENSES***

General Expenses $640 $653 $666

Travel $520 $530 $541

Training $400 $408 $416

New Napa River SLS Expansion Cost Estimates
2350

New PCA



Longfin Smelt Study Plan: DFW Budget

Rent/Facilities Cost $5,600 $5,712 $5,826

Communication $445 $454 $463

Minor Equipment $1,630 $1,663 $1,696

Nets/Seines $2,900 $2,958 $3,017

Vehicle Operations $2,374 $2,421 $2,470

Boat Operations $2,160 $2,203 $2,247

Uniform Allowances $150 $153 $156

Chemicals $500 $510 $520

Printing $120 $122 $125

Computer Support $330 $337 $343

TOTAL OE&E $17,769 $18,124 $18,487

TOTAL DIRECT COSTS $60,167 $60,597 $61,769

OVERHEAD**** 0.34 $20,457 $20,603 $21,002

TOTAL EXPENSES $80,623 $81,201 $82,771

CONTRACT TOTAL $244,594

****Overhead is the DFW headquarters administrative costs and fees; these rates will vary each year

*Estimated labor agreement increase = +2.5%
**Estimated labor agreement increase = +4.5%
***Estimate cost increase rate = +2.0%/yr



                

 

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 

mailto:lwinternitz@TNC.ORG
mailto:jcain@americanrivers.org
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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	  
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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.	  
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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.	  	  	  



	   27	  

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.	  	  

	  



	   40	  

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.	  	  	  
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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	  



	   66	  

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	  



	   78	  

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	  
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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.	  	  	  
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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	  
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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	  



	   110	  

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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Revised�Administrative�Draft� 1� March�2013
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Table�3.4.1Ͳ1.�Continued�
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Parameter� Criteria�
ͲΨ� ͳ͵ǡʹͶ�

ͺͲΨ� ͳͳǡ͵ͺʹ�

ͻͲΨ� ͻǡͳͺ�

�
x �������������ǡ������������������������������������������������������������������������
�������������������������������������������������������������������������������
��������ǡ������������������������������������������������������������������������
������������������������������������������������������ǡ���������������������������������
�������������������������������������������������������������������������������������
�������������Ǧ��������������������������������Ǥ�

x 	�������ǡ����ǣ�	�����������������������������������������Ǧ��������������������
�����������������������������Ǥ��

x ����������������ǣ���������������Ǥ�

	������������ x ���������ǡ��������ǡ���������ǣ�������������������������͵ǤͶǤͳǤͶǤͶǡ�Decision�Treesǡ�
������������������������������������������������������������������������Ǥ�������������
����ǡ���������������������������������������������������������������	���ȋʹͲͲͺȌ�
�����������������ǡ������������������������������������������������������������Ǧ������
���������������������������������������Ǥ������������������������������������
�������ǡ����������������������������������������������������������������������������
�����������������������������������������Ǧ���������������������������������������������
������������������������������ǡ������������������������ǡ���������������������
������������������������������������������������Ǥ�

x ����������������ǣ���������������Ǥ�

�����������
���������������

x 	�����������������������������������������Ǧ�����������������������������������������
��������Ǥ�

������������
�������������

x �������ǡ���������ǣ�	�����������������ǡͲͲͲ����Ǥ�
x ���ǡ�������ǡ����������ǣ�	�����������������ͷǡͲͲͲ����Ǥ�
x ��������������������ǣ���������ǡ�������������Error!�Reference�source�not�found.Ǥ�

�����������������
������

���������������������ȋ�ǣ�Ȍ�������������ͳ��������������������������������Ǥ��������������
�����������������������ǡ����������������������������������������������������������������
�������������������������������������Ǥ���
�������ͳ�ȋ������������������Ǧ�����������������ȏ���Ȑ����������������������������
�����������ȏ���Ȑ���������Ȍǣ�
x �������������������������������������������������������������������������������������
������������������������������������������������Ǥ�

x ����������������������������������������������������������������������������������
��������������������������������������ǡ������������������ǡ���������������������ǡ�
�������������������ǡ���������������������ǡ����������������������������������ǡ�����
����������������������Ǧ�����������Ǥ�

�������ʹ�ȋ�������������������Ǧ�����������������ȏ���ȐȌǣ�
x ������������������������������������������������������������������������������
���������������������������������������������������������������������������
���������������������������������������������Ǥ�

x �������������������������������������������������������������������	��������ȋ���������
���������������������������������������������Ȍǡ������������������ǡ�����������������
����ǡ��������������������ǡ���������������������ǡ����������������������������������ǡ�
��������������������������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.	  	  	  



	   122	  

	  

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.	  	  
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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
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Q
Q mean

Q Q−
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= ⎜ ⎟− <⎝ ⎠

	  	   	   	   	   	   	   (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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