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Summary 31 
 32 
California’s severe drought and the near disappearance of the Delta smelt highlight the 33 
challenge of managing freshwater flows for the benefit of fishes in the Sacramento-San 34 
Joaquin Delta. Understanding the dependencies of fishes on water flows is central to 35 
understanding how the Delta ecosystem functions and key to achieving the state’s 36 
coequal goals of “providing a more reliable water supply for California and protecting, 37 
restoring and enhancing the Delta ecosystem”. The economic and ecological costs of 38 
scientific uncertainty in water management controversies are significant.  39 
 40 
The state of science on fishes and flows in the Delta is reasonably robust and well-41 
reviewed. Retrospective analyses show that at least some fish populations are affected by 42 
some flows, but fish and flow relationships have often not been causally explained or 43 
quantified adequately to make testable predictions on how specific management decisions 44 
on flows will affect the magnitude or sometimes even the direction of changes in fish 45 
populations. Improved understanding of the relationships between flows and fishes is 46 
critical for effective adaptive management, identifying uncertainty and risks and for 47 
creating specific outcome expectations. 48 
 49 
The scientific challenges to providing a flow regime that benefits fishes (or minimizes the 50 
harm) while providing water reliability are well recognized; 51 
 52 

• The Delta ecosystem has experienced considerable changes and is still evolving. 53 
The current Delta bears little resemblance to the pre-development Delta in terms 54 
of its water flow regime, habitat structure, and fish communities. Non-native 55 
fishes now predominate in the Delta. Pervasive changes to the ecosystem make it 56 
difficult to delineate habitat needs of specific native fishes now living in a 57 
transformed habitat.   58 

 59 
• Flows in the Delta are spatially and temporally complex. Their effects on fishes 60 

may be direct or indirect through the influence of flows on other environmental 61 
factors, all of which vary among species and life stages within a species. Flow 62 
effects are confounded by other drivers of fish production in the ecosystem.  63 

 64 
• Many agencies are involved in fish and flow decisions and scientific efforts to 65 

support management.  66 
 67 
As part of its legal mandate to review Delta scientific programs in support of adaptive 68 
management, the Delta Independent Science Board (Science Board) has chosen to 69 
broadly examine the science focused on the effects of water flows on Delta fish 70 
populations.  This report offers specific recommendations (below) on strategic science 71 
needs to improve understanding of underlying processes to benefit adaptive management, 72 
and to enhance collaboration and communication among institutions, scientists and 73 
managers on this important topic.  74 
 75 
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Expand integrative science approaches and focus on mechanisms. Improved 76 
understanding of the causal relationships between flows and fishes is critical for effective 77 
adaptive management, identifying and reducing uncertainty and risks and for creating 78 
specific outcome expectations for management actions. Enhanced research focused on 79 
mechanisms is a well-recognized need for effective ecosystem-level adaptive 80 
management for the Delta (e.g. Mast 2015, Monismith 2014) and was highlighted by the 81 
2012 NRC Report that concluded “only a synthetic, analytical approach to understanding 82 
the effects of suites of environmental factors (stressors) on the ecosystem and its 83 
components is likely to provide important insights that can lead to enhancement of the 84 
Delta and its species.” 85 
 86 
To develop specific science priorities requires the development of a comprehensive, 87 
strategic, integrative, and well-planned scientific approach driven by management 88 
questions and focused on processes, drivers, and predictions. The overarching question 89 
should be: What are the essential requirements of a fish species for population production 90 
and how does flow change those features? Adaptive science that is flexible and 91 
responsive to knowledge-gap identification can provide a more effective means to 92 
improve management capabilities. Research strategies that strengthen interagency and 93 
cross-disciplinary interactions can speed and solidify scientific developments and 94 
applicability. Effects of flows and other drivers on fishes need to be examined from the 95 
perspective of direct and indirect effects on essential fish production processes and vital 96 
rates (i.e., growth rates, reproduction success, mortality rates, and migrations/transport). 97 
.  98 
Link quantitative fish and hydrodynamic models. The next step requires the 99 
development of a comprehensive, mechanistic modeling framework that can be used to 100 
help identify information gaps, key drivers and appropriate time and space scales and to 101 
guide scientific collaboration. A specific collaborative effort is needed to develop a 3-D 102 
open-sourced hydrodynamic water-quality model that can be more widely adopted and 103 
integrated with generic and species-specific models of fish growth, movement, mortality, 104 
and reproduction. This modeling effort should form the framework for integrating 105 
interagency and interdisciplinary science activities and priorities, help define major gaps 106 
in information and monitoring needs, and be targeted towards decision support. 107 
 108 
Some steps forward should include developing a comprehensive modeling framework 109 
across major agencies and programs. Hydrodynamic modelers must meet directly with 110 
fish experts to define essential model parameters and needed time and space scales. The 111 
goal should be to design a detailed 3-D model that will include a generic fish model. A 112 
well-led standing working group of both hydrodynamic and fish modelers as well as 113 
lower food-web modelers should carry this effort forward and provide linkages to other 114 
ongoing modeling efforts. Significant progress can be accomplished in the short term.  115 
 116 
Link time and space scales to causal mechanisms. A focus on mechanisms will likely 117 
require a closer consideration of time, space and parameter scales most relevant to 118 
biological processes. Models for water management developed with time and space 119 
(depth, width, and time variation) scales appropriate for water management questions 120 
may not be useful to answer fish and ecosystem questions. Flow variability in time and 121 
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space has important biological consequences that are often not captured in mean monthly 122 
flow values or annual population estimates.  123 
 124 
Monitor vital rates. Monitoring is done to estimate ecosystem conditions or to assess the 125 
consequences of specific management actions. A focused program is needed to monitor 126 
expected first-order responses by which flows affect fishes, linked to the modeling efforts 127 
and time and space scales described above. Rate responses, such as growth rates, more 128 
rapidly reflect response to changing conditions and give more certain and causal insights 129 
than annual indices of population size.  130 
 131 
Broaden species focus. The comprehensive research on salmon and smelt needs to 132 
expand to other native species, as well as non-native species that now dominate fish 133 
populations in the Delta. Little is known about the impact of flows on many of these 134 
other species and they likely have important food-web relationships to threatened or 135 
endangered species.  136 
 137 
Promote timely synthesis of research. Agencies must recognize the importance of, and 138 
the need for, a routine practice of research synthesis and the importance of getting 139 
information out in a timely way. This requires higher management expectations for 140 
timely and insightful science and more staff time and resources.  141 
 142 
Enhance national and international connections. The problems faced in the Delta are 143 
not unique. Agency scientists need access to the wealth of knowledge and thinking from 144 
other ecosystems through regular access to the scientific literature and additional 145 
opportunities for travel to conferences and workshops. 146 
 147 
Develop stable, long-term commitment and improved coordination. Improved cross-148 
disciplinary understanding is needed between ecologists and hydrologists, and across 149 
agencies that have different missions and priorities to better appreciate the constraints 150 
under which all work. A comprehensive scientific framework and implementation plan is 151 
needed to guide these advances (see recommendation 1). Long-term commitment and 152 
continued coordination are needed for science that addresses such contentious and 153 
fundamental issues.                        154 
 155 
Overall, the specific recommendations in this report can be achieved with a targeted, 156 
purposeful effort. These recommendations are broader than just suggesting the 157 
development of another model. The mechanistic modeling approach should serve as a 158 
framework to integrate interactions of scientists and agencies working on water flows 159 
with those working on fishes and lower food webs. The goals would be to develop 160 
decision-support tools and data, guide monitoring and data collection, and specific 161 
scientific studies to fill major information gaps, and identify important time and space 162 
scales. Models can be improved through an adaptive, iterative, and evaluation process 163 
that tests management scenarios and explores the full range of possible outcomes.  164 
 165 
  166 
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Introduction and Management Needs 207 
 208 
California’s ongoing four-year drought has brought renewed focus to the practical and 209 
scientific problems of managing flows for both fishes and water supply. When one-acre-210 
ft. of water is worth $1000 or more, even significantly small amounts of water can affect 211 
millions of dollars in water supply.  At the same 212 
time, the abundance of the endangered delta smelt in 213 
the Sacramento-San Joaquin Delta (hereafter, Delta) 214 
has reached an all-time low, triggering newspaper 215 
headlines that signal the near extinction of this 216 
critical indicator species. The economic and 217 
ecological costs of scientific uncertainty on the 218 
relationship of fishes and flows in water 219 
management controversies are significant.  220 
 221 
Understanding the dependencies of fishes on water flows is central to understanding the 222 
Delta ecosystem and key to achieving the state’s coequal goals of “providing a more 223 
reliable water supply for California and protecting, restoring and enhancing the Delta 224 
ecosystem” (Water Code 85054). ‘Water flows’ are key to management decisions on 225 
water supply, and ‘fishes’ are the key indicator of the Delta ecosystem’s health and a 226 
major driver of ecosystem policies formulation. The relationships between both fishes 227 
and flows drive state and federal policy, related regulatory and management decisions, 228 
and have consequently been central to legal arguments and judicial decisions.  229 
 230 
Since water flows are a defining process of the Delta, as in river ecosystems worldwide, 231 
scientific interest in this topic is keen. Water flow has been dubbed the ‘master’ 232 
ecological variable in the Delta (e.g., Mount et al. 2012), not because of the precise way 233 
in which flows affect fishes, but because of the pervasive influence of flows on so many 234 
other variables in the Delta ecosystem. Water managers have considerable influence on 235 
flows into the Delta through reservoir releases and exports. People have come far in 236 
“mastering” water flows within the limits of climate-controlled water abundance and 237 
scarcity. Using this mastery to reach the coequal goals of water reliability and protecting 238 
the Delta’s ecosystems requires improved knowledge of the relationship of water flows to 239 
fishes. 240 
 241 
A robust body of scientific research has explored how water flows in the Delta and 242 
elsewhere affect fishes. The state of our scientific understanding of these processes in the 243 
Delta have been examined extensively in the scientific literature and through targeted 244 
reviews including two reports by the National Research Council linking water 245 
management and threatened and endangered fishes (NRC 2010; 2012) and the 246 
assessments of “Delta Outflows and Related Stressors” (Reed et al. 2014) and “Interior 247 
Delta Flows and Related Stressors” (Monismith et al. 2014). Other reports have focused 248 
on specific fish species (e.g., MAST 2015), groups of fish species (Baxter et al. 2010), 249 
specific issues such as entrainment (Grimaldo et al. 2009, Anderson et al. 2015) or 250 
assessments of new water transport systems (BDCP 2014). These reviews highlight the 251 
complexity of the problem and the challenges of defining the relative role of flows and 252 

The economic and ecological 
costs of scientific uncertainty 
on the relationship of fishes 
and flows in water 
management controversies are 
significant. 
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other environmental drivers in a dynamic ecosystem 253 
such as the Delta. The state of science on fishes and 254 
flows in the Delta is reasonably robust and well-255 
reviewed (see references cited above). Retrospective 256 
analyses show that at least some fish populations are 257 
affected by some flows, but fish and flow relationships 258 
have often not been causally explained or quantified 259 
adequately to make quantitative predictions on how 260 
management decisions on flows will affect the 261 
magnitude or sometimes even the direction of changes 262 
in fish populations. Improved understanding of the causal relationships between flows 263 
and fishes is critical for effective adaptive management, identifying uncertainty and risks 264 
and for creating specific outcome expectations. 265 
 266 
The Delta Independent Science Board (Science Board) is mandated in the Delta Reform 267 
Act, to “… provide oversight of the scientific research, monitoring, and assessment 268 
programs that support adaptive management of the Delta through periodic reviews of 269 
each of those programs….” In partial fulfillment of that responsibility, the Science Board 270 
has fully reviewed the state of the science on the effects of flows on fishes in the Delta in 271 
an effort to make specific recommendations on strategic science needs to reduce the 272 
scientific uncertainty associated with predicting outcomes of management decisions and 273 
to enhance scientific collaboration and communication pertinent to fishes and flows in the 274 
context of other drivers. The full review process is described in Appendix A. 275 
 276 
  277 
 278 

Scientific Challenges  279 
 280 
The scientific challenges to determining a flow regime that benefits fishes or minimizes 281 
the harm to them and, at the same time, provides water reliability are well recognized; 282 
 283 

• The Delta ecosystem has experienced considerable changes and is still evolving. 284 
The current Delta bears little resemblance to the pre-development Delta in terms 285 
of its water flow regime, habitat structure, and fish communities. Pervasive 286 
changes to the ecosystem make it difficult to delineate habitat needs of specific 287 
native fishes now living in transformed habitats Non-native fishes and other 288 
invaders now predominate the Delta and food webs are likely disrupted. 289 

 290 
• Flows in the Delta are spatially and temporally complex. Their effects on fishes 291 

may be direct or indirect through the influence of flows on other environmental 292 
factors, all of which differ among species and life stages within a species. Flow 293 
effects are confounded by other drivers of fish production in the ecosystem. 294 

 295 
• Many agencies are involved in fish and flow decisions and scientific efforts to 296 

support management.  297 
 298 

Improved understanding of 
the causal relationships 
between flows and fishes is 
critical for effective 
adaptive management, 
identifying uncertainty and 
risks and for creating 
specific outcome 
expectations.  
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These issues are briefly reviewed below. 299 
 300 
Delta as an Evolving Place  301 
 302 
The Delta ecosystem has experienced considerable changes and is still evolving. The 303 
current Delta bears little resemblance to the pre-development Delta in terms of its water 304 
flow regime, habitat structure, and fish communities (e.g., Nichols et al. 1986, Bennett 305 
and Moyle 1996, Moyle and Light 1996, Moyle 2002, Lund et al 2010, Whipple et al. 306 
2012). Pervasive changes to the ecosystem make it difficult to delineate critical habitat 307 
needs of specific native fishes now living in transformed habitats.   308 
 309 
Land development has greatly altered the Delta’s 310 
geometry and its hydrologic system of water flow 311 
channels, flow volumes, and flow dynamics. 312 
Marshes were diked and drained for farming, dams 313 
were built upstream to store water, and large 314 
pumping diversions were constructed that moved 315 
water in unnatural ways. Collectively, these changes 316 
have transformed flow pathways and dynamics, 317 
altered sediment and organic matter supply (Canuel 318 
et al. 2009), and destroyed or limited access to 319 
extensive fish habitats. 320 
 321 
Historical flow conditions in the Delta had more marsh area, more dynamic flow and 322 
salinity regimes, higher turbidity, and more seasonally and tidally inundated wetlands 323 
(Moyle 2002, Baxter et al. 2010, Whipple et al. 2012). Over 98% of marshes have been 324 
lost, and the inundation frequency has decreased (Whipple et al. 2012). Historically, the 325 
flow regime in the Delta was extremely variable and influenced by the seasons, rainfall, 326 
and snowmelt (Moyle 2002, Whipple et al. 2012). Channels of the historical Delta were 327 
dominated by the tides, and its large capacity for flood attenuation was due to the wide 328 
tidal channels, low banks, and broad wetland plain (Whipple et al. 2012).  329 
 330 
Currently, water flows in the Delta are driven primarily by the tides, with additional 331 
significant contributions of freshwater inflows (affected by major upstream releases and 332 
diversions), local Delta inflows downstream, pumped diversions within the Delta, 333 
groundwater pumping, evaporation, precipitation, and consumptive uses including those 334 
for local agriculture. Tidal flows dominate the western Delta, where instantaneous 335 
channel flows of hundreds of thousands of cubic feet per second are overwhelmingly 336 
driven by tides.  Farther upstream, tidal effects diminish, but have some importance as far 337 
upstream as Sacramento (on the Sacramento River) and upstream of Stockton (on the San 338 
Joaquin River).  The California State Water Project (SWP) and federal Central Valley 339 
Project (CVP) pump water from the southern Delta, drawing on large amounts of fresher 340 
and higher quality Sacramento River water through the Delta Cross Channel and 341 
Georgiana Slough, down to the lowest parts of the Mokelumne River, and then up Old 342 
and Middle Rivers (which reverses these river flows at times), and into the south Delta 343 
pumping plants (Jackson and Paterson 1977, Monsen et al. 2007, Lund et al. 2010). To 344 

The Delta ecosystem has 
experienced considerable 
changes and is still evolving. 
The current Delta bears little 
resemblance to the pre-
development Delta in terms of 
its water flow regime, habitat 
structure, and fish 
communities. 
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facilitate water exports from the Delta and maintain water quality for in-Delta diverters, 345 
most of the Delta is maintained as a freshwater system, supported by many structures 346 
(i.e., dams, gates, levees, etc.) and water operations (Jackson and Paterson 1977, Moyle 347 
2002, Lund et al. 2010).  348 
 349 
The Delta is now a simplified system of leveed islands, perennial freshwater-maintained 350 
channels with reduced outflow, less variability in salinity (in western areas), and altered 351 
channel morphology. Overall changes to annual total freshwater inflows and their 352 
seasonal patterns are illustrated in Figure 1. Upstream diversions for irrigation and cities 353 
have reduced inflows (somewhat counteracted by reductions in evapotranspiration from 354 
lost seasonal wetlands upstream).  The regulation of streams by reservoirs and the highly 355 
seasonal patterns of upstream water diversions have made major changes to the 356 
seasonality of inflows, including increased inflows during the summer and reduced peak 357 
flows in winter and spring.  358 
 359 
 360 

 361 
 362 
Figure 1. Changes in Delta flow patterns. The Y axis is the average flow in million acre 363 
feet per month (Fleenor et al. 2010). (Note: Unimpaired flow does not account for 364 
upstream natural evapotranspiration under pre-development conditions.) 365 
 366 
Other major changes have also affected the Delta ecosystem.  These include: large 367 
influxes of sediment from hydraulic and placer mining, changes in land-use patterns, 368 
increases in nutrient loading and pollutants, commercial and recreational fisheries, and 369 
many introduced and invasive species of flora and fauna. The broader San Francisco Bay 370 
estuary is one of the most modified and invaded ecosystems in the world and changes in 371 
food webs are well documented. (Cohen and Carlton 1998, Moyle and Bennett 2008).  372 
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 373 
Not surprisingly, the species composition of the fish 374 
community and abundances of individual species 375 
have changed markedly over the past century, in 376 
response to changes in the ecosystem described 377 
above as well as deliberate introductions (e.g. 378 
striped bass, American shad). Currently over 30 fish 379 
species are common in the Delta (Moyle and 380 
Bennett 2008). This composition has shifted from 381 
dominant numbers of native fishes to today’s 382 
dominance of non-native species with low numbers 383 
of natives (Moyle et al. 1986, Brown 2000, Marchetti and Moyle 2001, Moyle 2002, 384 
Feyrer and Healey 2003, Brown and Michniuk 2007).  For example, Feyrer and Healey 385 
(2003) sampled fishes in the southern Delta from 1992-1999 and found that native 386 
species made up 8 out of 33 fish taxa and less than 0.5% of the total number of fishes 387 
sampled. Feyrer (2004) sampled fish larvae in the southern Delta from 1990-1995 and 388 
found that 98% of the fishes caught were nonnative species. Countless studies draw the 389 
same conclusions: native species in the Delta have declined substantially and nonnative 390 
species have become dominant in most of the Delta, particularly in the southern Delta. 391 
Several native species have been listed as endangered or threatened (Feyrer et al. 2007). 392 
 393 
Interannual extremes of climate such as the current drought also affect flows and 394 
regulatory restrictions on flows. Substantial future changes in Delta flow volumes, 395 
pathways, and dynamics are expected. Engineering changes and enhanced adaptive 396 
management actions are being considered that include water flow management (e.g., 397 
operation of channel gates, pumping, reservoir releases, water diversions), wetland 398 
habitat restoration, and planned permanent and seasonal flooding. The Delta also will be 399 
subjected to interannual variations in water supply through changes in the patterns of 400 
precipitation and evaporation, sea level rise caused by climate change, continued growth 401 
of the human population and increased urbanization, changes in land-use, and extreme 402 
events such as droughts, floods, or levee failures. New species invasions are likely. The 403 
need to understand and predict how these evolving changes in habitat will affect fishes 404 
will become even more important.  405 
 406 
 407 
Species-specific responses 408 
 409 
Different species and different life stages within a 410 
species differ in their habitat requirements and their 411 
resilience/vulnerability to habitat changes and 412 
stressors.  Therefore, the response of ‘fishes’ to ‘flow’ 413 
will be species- and life-stage specific. The status of 414 
selected, native Delta fish populations has been used 415 
to indicate the health of the Delta’s ecosystem. The 416 
endangered Delta smelt and Chinook salmon have 417 
been studied most (e.g. MAST 2015, add reference). The effects of flows on fishes are 418 

The species in the Delta fish 
community has changed 
markedly in the past century 
in response to ecosystem 
changes and deliberate 
introductions. Non-native 
species now predominate in 
most regions of the Delta.  

Habitat requirements 
differ across species and 
life stages within a 
species. Flows favorable 
to one species may be 
unfavorable to another. 
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often discussed in relation to annual measures of (relative) population abundance. In an 419 
ecosystem, fish abundance (total population level at a point in time) is determined by a 420 
combination of reproductive success, individual growth rates at different life stages, and 421 
mortality rates. The rates of these processes are driven by physical, chemical, and 422 
biological habitat conditions; and the mechanistic relationships are often complex.  423 
 424 
 425 
Multiple Drivers 426 
 427 
Flow is but one potential factor affecting fishes. Five major drivers are considered as 428 
agents of change in any given ecosystem. These are habitat alteration and loss, resource 429 
use and exploitation, invasive species, pollution, and climate. All of these drivers have 430 
played a role in the Delta and affected fishes. Separating the influence of flow from a 431 
myriad of other factors in the Delta is confounded by: 1) the action of many drivers over 432 
long time periods, 2) system complexity, 3) complexities in functional relationships, and 433 
4) a narrow focus of research on a few species and relatively little on other important 434 
species or processes (e.g., predation, food webs, behavior in migration corridors).  435 
 436 
Specific reasons for the  declines in abundances of native species remain unclear but are 437 
likely caused by multiple drivers (or stressors) and the 438 
interactions of these drivers (Bennett and Moyle 1996, 439 
Moyle 2002, Feyrer and Healey 2003, Brown and 440 
Michniuk 2007, Feyrer et al. 2007, Moyle and Bennett 441 
2008, Hanak et al. 2013). The NRC (2010) report 442 
concluded that “Nobody disagrees that engineering 443 
changes, the introduction of many exotic species, the 444 
addition of contaminants to the system and the general 445 
effects of an increasing human population have 446 
contributed to the fishes decline”, but the relative 447 
contributions of these drivers and the significance of their interactions are inadequately 448 
known. The role of multiple stressors in the Delta has been discussed in previous reviews 449 
by Mount et al. (2012), NRC (2010, 2012), Hanak et al. (2013), Reed et al. (2014), and 450 
Monismith et al. (2014). 451 
 452 
It is almost impossible to assess how flows affected fishes historically in the Delta 453 
because the ecosystem has undergone and is still experiencing dramatic alterations in 454 
habitat, species composition and interactions, channel morphology, and water quality. 455 
These factors interact in complex ways, so relating changes in one driver alone (i.e., 456 
managed flow) to changes in abundance of one or more species is challenging.  Statistical 457 
correlations can support specific hypotheses. Several studies support the hypothesis that 458 
changes in historical flows (e.g., wet years and dry years,) affected fish population 459 
abundances.  460 
 461 
 462 
 463 
 464 

Fish abundance is driven by 
many factors that may or may 
not be influenced by water 
flows. The relative 
contributions of these drivers 
and the significance of their 
interactions are inadequately 
known. 
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Direct and Indirect Effects of Flows 465 
 466 
Many conceptual models illustrate the interdependencies of natural and managed flow 467 
processes for Delta fish resources, and a simplified diagram is shown in Figure 2.  A 468 
more detailed perspective is presented in Appendix B. A conceptual approach that 469 
delineates the factors affecting fish production illustrates the scientific challenges and 470 
helps identify gaps in our understanding. Flows can affect fishes through multiple direct 471 
and indirect (i.e., proximate and ultimate) pathways. Direct effects largely include 472 
physical transport and alteration of migratory pathways. Indirect effects include the 473 
impact of flows on biotic and abiotic factors in the ecosystem that, in turn, affect fish 474 
growth, reproduction, and mortality and ultimately fish population size. 475 
 476 
Water flows generally define and shape a delta and ‘flow’ is used in different ways, often 477 
without explicit definition. “Flow” commonly is used by water managers to be an amount 478 
or volume of water. To assess how freshwater ‘flow’ affects fishes, explicit definitions of 479 
components of flow better reflect the potential processes that affect fishes (as also 480 
suggested by Monismith et al. 2014). 481 

 482 
 483 
 484 
 485 
Figure 2. Simplified diagram of how flows affect fish populations directly and indirectly, 486 
interacting with other drivers. 487 
 488 
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In simple terms, flow (Q) is a rate that defines the total volume of water moving through 489 
a given cross-section of the river per unit time ([ft3 or m3] / sec).  Q is the product of 490 
water velocity (averaged over the flow’s cross sectional area) and the channel’s cross 491 
sectional area. Fishes cannot detect flow per se because they do not know the width and 492 
depth of the channel. Thus the relevant parameters of a ‘flow’ for fishes are the local 493 
water velocity, duration, direction, pathway, timing, rate of change, and intensity of 494 
turbulence. Flows can have high or low velocity in different locations depending on 495 
channel morphology, be irregular in time (e.g., seasonality of precipitation), intermittent 496 
(e.g., floods), change regularly (e.g., tides), and have a particular direction. Water flows 497 
in the Delta are complex, and are the combined result of tidal movements, freshwater 498 
inflows, return flows, diversions, precipitation, evaporation, drainage, and water exports.  499 
 500 
At any point in the Delta, the flow regime (volume, average velocity, depth/volume, 501 
unsteadiness, flow direction at different locations) is determined by a combination of 502 
natural processes and management decisions (historic or operational). Current conditions 503 
of land-use and cover, channel morphology, dams, and levees set the hydrologic 504 
framework. Precipitation, evaporation, basin runoff, snowmelt and tides are natural 505 
processes that affect the flow regime which can be modified through management 506 
decisions on storage and release of water from reservoirs, exports, consumptive uses, and 507 
diversions. The current California drought is an extreme example of how natural 508 
processes can drive flow dynamics and affect the management of water and ecosystems. 509 
  510 
Flows can directly impact fishes by affecting fish movements. Understanding the 511 
coupling of water motion to fish movements is a key aspect of fishes and flows research. 512 
Overall flow dynamics directly affect fish movement by defining pathways and 513 
restricting movements (e.g. dams), providing upstream homing (e.g., olfactory) cues to 514 
direct fish migrations to spawning grounds, providing currents through which fishes must 515 
swim, and through passive transport downstream. Fishes that evolved in an ecosystem 516 
with characteristic flow dynamics may use those flow 517 
dynamics as part of their life history strategy, so, changes in 518 
flows may trigger migrations, or seasonal flooding may cue 519 
spawning activity. Water velocity, which is directly perceived 520 
by fishes, affects migration rates for some fishes because fishes 521 
can drift with currents or must swim against currents to reach 522 
reproductive areas (Mesick 2001, Nislow et al. 2004, 523 
Nobriga et al. 2006, del Rosario et al. 2013). High river flows 524 
can increase energy expenditures to maintain position or to swim upstream (Rand et al. 525 
2006, Martins et al. 2012). Artificial changes in these flows could disrupt normal 526 
migratory cues and behavior or cause larval or juvenile fishes to drift to unsuitable 527 
habitats or to entrainment locations (e.g. Bennett and Moyle 1996). For example, 528 
pumping for water exports alters Delta-wide hydrodynamics and may draw fishes 529 
towards export facilities and away from more productive or safe habitat areas (Jackson 530 
and Paterson 1977, Herbold and Moyle 1989, Monsen et al. 2007, Kimmerer 2008, 531 
Kimmerer and Nobriga 2008). Pump entrainment has been implicated in the decline of 532 
fishes in the Bay-Delta system, especially the Delta smelt (Kimmerer 2008, Baxter et al. 533 
2010, Anderson et al. 2015).  534 

Understanding the 
coupling of water 
motion to fish 
movements is a key 
aspect of fishes and 
flows research. 
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 535 
Perhaps the key impact of flows on fishes is through the 536 
influence of flows on other environmental factors. In 537 
river ecosystems and the Delta, water flows have 538 
pervasive effects on physical, biological, and chemical 539 
aspects of habitat that drive biological processes and fish 540 
vital rates (e.g., physiology and behavior) (Bunn and 541 
Arthington 2002 in Australia; Baxter et al. 2010) Flow 542 
rates can directly affect water temperature, salinity, 543 
depth, oxygen concentration, food supply, chemical 544 
concentrations, turbidity, and sediment load e.g. Wagner et al. 2011, Arismendi et al. 545 
2012, Anderson et al. 2013, Walters and Post 2011). These directly affect fish vital rates 546 
and other biological factors that affect fish production. For example, temperature affects 547 
fish growth rates and mortality directly, but also indirectly, because temperature affects 548 
predation rates and thus predation-induced mortality.  As another example, flows can 549 
affect residence time which can affect phytoplankton production or even phytoplankton 550 
clearance by sedentary invasive mussels. In addition, these flow-related factors “co-vary” 551 
with one another, and their effects on fish growth, mortality, and reproduction are not 552 
static. Rather, they change under different circumstances and ecosystem conditions. 553 
Understanding the quantitative relationships of these drivers to fish growth rates, 554 
reproductive success, and survival, and understanding how the flow regime affects these 555 
drivers is important to making informed management decisions and predicting the 556 
consequences of these decisions. 557 
 558 
Hydrodynamic computer models have been developed to simulate Delta flow regimes so 559 
the flow implications of management decisions are reasonably well understood. Yet, 560 
understanding flow regimes is insufficient, as local nuances of flow sensitively determine 561 
the local response of fishes and collectively the overall behavior of fishes. Science should 562 
be able to assess how particular changes in flows affect a change in a habitat feature and 563 
how that change in habitat affects fish vital rates. Since flow can affect several habitat 564 
features, the final result will depend on cumulative impacts.  565 
 566 
Drivers other than flow also can affect fishes directly or through changes in the 567 
biological, chemical, or physical habitat. Fundamental drivers in all ecosystems are 568 
habitat alterations, pollution, climate, resource use (e.g. fishing) and invasive species. For 569 
example, temperature also is driven by prevailing weather conditions, food levels can be 570 
affected by invasive species such as filtering by clams, predation risk is a function of 571 
predator densities and availability of alternative prey, and fishing will cause fish 572 
mortality.  Anadromous species spend only part of their life in the Delta, so their 573 
abundance will also be influenced by ocean conditions.  The strength of these effects on 574 
fish production will differ among species and with prevailing conditions but cannot be 575 
ignored in population assessments. 576 
 577 
 578 
 579 
 580 
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Challenges in the Organization of Management and Science  581 
 582 
Many state and federal agencies are involved in 583 
decisions related to water flows and to fishes. Most 584 
of these agencies also conduct or fund science to 585 
support their management actions or required 586 
authorizations. A key scientific challenge is that 587 
decision-making on water flows and fisheries 588 
management are made by different agencies, and 589 
agency science aligns with agency priorities and 590 
mandates. Most science and models developed for 591 
water management may not be appropriate in time 592 
(e.g., water releases, timing of exports), space (e.g., 593 
local entrainment, diversions) or parameter level for 594 
models needed to understand fish production driven by growth, reproduction, survival, 595 
and transport.  596 
 597 
The central management challenge is encompassed in the state’s co-equal goals for the 598 
Delta. How do decisions on water reliability affect fishes? Legal requirements also focus 599 
on threatened or endangered species where much of the science has been done. Key 600 
management challenges include: 1) fish abundances are affected by various interrelated 601 
factors that are poorly quantified, and 2) many separate agencies and programs have 602 
responsibilities for different aspects of the issue (Table 1). Agencies that manage fish 603 
populations in the Delta include the California Department of Fish and Wildlife (CDFW), 604 
and the federal National Oceanic and Atmospheric Administration (NOAA) National 605 
Marine Fisheries Service, the U.S. Fish and Wildlife Service (FWS), and the federal 606 
Environmental Protection Agency.  Their strongest authorities lie in federal and state 607 
Endangered Species Acts.  The State Water Resources Control Board (SWRCB) has 608 
discretionary authority under state and federally delegated clean water legislation, as well 609 
as state constitutional and water rights authorities, to balance reasonable use of water 610 
resources. Flow management and model development are largely designed to improve 611 
water reliability for cities and agriculture. However, flow management in the Delta serves 612 
several, sometimes competing, purposes that are often overseen by different agencies.  613 
For example, high flows, which provide the greatest access to floodplain habitat, are 614 
limited for flood control by the Division of Flood Management of California Department 615 
of Water Resources (DWR), the US Army Corps of Engineers (COE), and numerous 616 
local levee districts. Fish habitat in Suisun Marsh, Yolo Bypass, the northeastern Delta, 617 
and the lower San Joaquin River is severely restricted by the need for effective flood 618 
management in these regions.  Flows in the interior Delta are affected by reservoir 619 
releases into the Delta, on both the Sacramento and San Joaquin rivers, the operation of 620 
gates and pumps by the federal CVP (operated by the US Bureau of Reclamation 621 
[USBR]) and California’s SWP  (operated within DWR), and decisions of the SWRCB, 622 
which has water rights and water quality regulation authority.  Local water diversions 623 
also have some effect on flows and water quality within the Delta. The myriad agencies 624 
with differing mandates makes the challenges for maintaining flows that support a variety 625 
of native fish populations difficult. 626 
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 627 
Table 1. Governmental agencies involvement in Delta fish and flows 628 
Level of 
government 

Primary fish management 
responsibility 

Primary flow management responsibility 

Federal NOAA, FWS, USEPA USBR, COE 
State CDFW, SWRCB, DSC DWR, SWRCB, DSC 
Local  Local water diverters, individuals, counties 
 629 
Over several decades, the Delta scientific community has made substantial strides in 630 
understanding this complex ecosystem. As with most large ecosystems, the scientific 631 
effort is scattered among mission-oriented state and federal agencies, academic 632 
institutions, private consultants, and NGOs. Science communication is fostered through 633 
scientific conferences (e.g., the Bay-Delta Science Conference), meetings, workshops, 634 
newsletters, websites and peer-reviewed publications (e.g., San Francisco Estuary and 635 
Watershed Science). The Delta Science Program has helped increase the rigor and 636 
number of scientific reviews, provided a forum for reasoned scientific debate, and led in 637 
developing a unified science plan for the Delta.  Examples of successful interdisciplinary 638 
collaboration and synthesis of research in the Delta have been the result of excellent 639 
leadership and willing participants.   640 
 641 
All relevant state and federal agencies have some scientific activities and responsibilities 642 
in the Delta, although not all are relevant to fishes and flow.  Some of the largest local 643 
water agencies and university scientists also have their own science programs or 644 
participate in the joint science program of the federal and state water contractors.  There 645 
have been several successful models of interagency science collaboration in the Delta. 646 
For instance, the Interagency Ecological Program (IEP) is a longstanding effort of federal 647 
and state agencies to have a combined biological monitoring and research program on the 648 
Delta. The California Water and Environmental Modeling Forum promotes exchange of 649 
information and discussion on California water modeling issues. The Management 650 
Analysis and Synthesis Team (MAST, 2015) have completed a comprehensive 651 
conceptual model of the Delta Smelt, and there have been some successful attempts to 652 
connect hydrologic and fish models (e.g., Rose et al. 2013a, 2013b).  However, a 653 
comprehensive, focused, and strategic framework for scientific research linking water 654 
flow to the complex processes influencing fishes is lacking. 655 
 656 
 657 
 658 

Recommendations on Strategic Science Needs 659 
 660 
Improving scientific understanding of fishes 661 
and flows, and bringing this knowledge into 662 
useful decision-support for adaptive 663 
management has clear urgency and value.  664 
 665 
The Workshop reports by Reed et al. (2014) 666 
and Monismith et al (2014) clearly lay out a 667 
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series of management-critical questions related to water management and effects on 668 
fishes. The reports also identify scientific gaps in our information on these topics. Among 669 
these, the Science Board concurs that management decisions could be improved with 670 
more robust forecasts of outcomes, greater understanding of the conditional impacts of 671 
other drivers on fishes and quantitative assessments of the combined effects of flows on 672 
other parts of the physical and biological ecosystems as they relate to fishes. The Science 673 
Board recommends the following actions to address the near- and long-term scientific 674 
challenges related to management of flows relative to fishes. 675 
 676 
 677 
1.  Expand integrative science approaches and focus on mechanisms 678 
 679 
Improved understanding of the causal relationships between flows and fishes is critical 680 
for effective adaptive management, identifying and reducing uncertainty and risks and for 681 
creating specific outcome expectations for management actions. Enhanced research 682 
focused on mechanisms is a well-recognized need for effective ecosystem-level adaptive 683 
management for the Delta (e.g. Mast 2015, Monismith 2014) and was highlighted by the 684 
2012 NRC Report that concluded “only a synthetic, 685 
analytical approach to understanding the effects of 686 
suites of environmental factors (stressors) on the 687 
ecosystem and its components is likely to provide 688 
important insights that can lead to enhancement of the 689 
Delta and its species.” 690 
 691 
To develop specific science priorities requires the 692 
development of a comprehensive, strategic, integrative, 693 
and well-planned scientific approach driven by 694 
management questions and focused on processes, 695 
drivers, and predictions. The overarching question 696 
should be: What are the essential requirements of a fish 697 
species for population production and how does flow change those features? Adaptive 698 
science that is flexible and responsive to knowledge-gap identification can provide a 699 
more effective means to improve management capabilities. Research strategies that 700 
strengthen interagency and cross-disciplinary interactions can speed and solidify 701 
scientific developments and applicability.  702 
 703 
Effects of flows and other drivers on fishes need to be 704 
examined from the perspective of direct and indirect 705 
effects on essential fish production processes and vital 706 
rates (i.e., growth rates, reproduction success, mortality 707 
rates, and migrations/transport). Increased focus on 708 
measurable rate processes (e.g., individual fish growth 709 
rates) can complement annual population levels that 710 
integrate all factors affecting fishes.  711 
 712 
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A better understanding of the mechanistic responses to environmental drivers/conditions 713 
will improve quantitative predictions. Strategic scientific efforts should focus on: 714 
 715 

• Understanding how the time and space dynamics of water flow affect fish 716 
movement through passive transport, active swimming (with or against flow 717 
direction), and as triggers that cue migrations or spawning. Fish movement cues, 718 
swimming ability, and behavior are critical to understanding how flow aids or 719 
disrupts life history strategies. For example, better understanding of 720 
hydrodynamics (flow fields) and fish behavior at channel junctions could help 721 
keep migrating salmon from the interior Delta, thereby reducing mortality. 722 
  723 

• Understanding how flow velocities, depths, and dynamics affect key physical and 724 
biological habitats important to fishes.  725 

 726 
• Quantifying how fish vital rates (growth rate, reproductive success and mortality 727 

rate) are affected by the interaction of biotic and abiotic conditions in the 728 
environment and how these interactions translate into population abundances. 729 

 730 
 731 
 732 
2.  Link quantitative fish and hydrodynamic models 733 
 734 
The next step requires the development of a 735 
comprehensive, mechanistic modeling 736 
framework that can be used to help identify 737 
information gaps, key drivers and appropriate 738 
time and space scales and to guide scientific 739 
collaboration. A major collaborative effort is needed to develop a 3-D open-sourced 740 
hydrodynamic water-quality model that can be more widely adopted and integrated with 741 
generic and species-specific models of fish growth, movement, mortality, and 742 
reproduction. This model should be developed from the perspective of fish habitat 743 
requirements and management decision needs and should be developed jointly by 744 
hydrodynamic and fish modelers. Such a modeling framework should catalyze 745 
interagency and interdisciplinary science collaboration and directions, help define major 746 
gaps in information and monitoring needs, and be targeted towards decision support. 747 
Such a model needs a home that can provide continuous maintenance, upgrades and 748 
support for the users. 749 
 750 
Modeling water management for the purposes of 751 
understanding its effects on fishes will require, a 752 
more fish-centric approach for modeling flows.  To 753 
be relevant for modeling effects on fishes, 754 
hydrodynamic models will need to be more related 755 
to the habitat (biological, chemical, physical) 756 
requirements for fish species and the proximal 757 
causes that affect fish reproduction, mortality and 758 

A major collaborative effort is 
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individual growth rates. For example, fish growth is determined directly through a 759 
balance of the difference between energy intake (consumption) and energy expenditure 760 
(metabolic costs) plus waste products (egestion and excretion). Key factors affecting 761 
energy expenditure are activity levels of the fishes, temperature, oxygen and salinity. Fish 762 
consumption rates are also affected by temperature, salinity, oxygen level and prey 763 
availability (prey density, detectability, catchability). Prey density can be affected by the 764 
presence of competitors, prey production dynamics and the prey’s habitat requirements. 765 
Factors that directly affect fish growth can be affected by changes in flows (e.g. 766 
Arnekleiv et al. 2006, Davidson et al, 2010, Nislow et al. 2004, Rose et al. 2014, Fiechter 767 
et al. 2015)) 768 
 769 
This recommendation is consistent with the conclusions drawn in the 2010 National 770 
Research Council (NRC) Report that stated: “the agencies have not developed a 771 
comprehensive modeling strategy that includes the development of new models (e.g. life-772 
cycle and movement models that link behavior and hydrology),” 773 
 774 
Modeling capabilities and ecosystem understanding in the Delta is well established, 775 
making development of such a predictive approach possible, and 3-D models are being 776 
increasingly used for the Delta. Three-dimensional hydrodynamic water quality models 777 
have been used successfully in other systems to examine fish production processes (e.g., 778 
the Chesapeake Bay, Dalyander and Cerco 2010). The hydrodynamic model should 779 
capture both natural processes and water management drivers of the flow regime. A key 780 
difference being proposed here is that the water quality hydrodynamic models be 781 
developed for the purpose of a mechanistic evaluation of biological processes. Parameter 782 
scale, time scale, and space scale should be relevant for fishes.  783 
 784 
The development of a generalized fish model that can be parameterized for different fish 785 
species (e.g., Wisconsin Bioenergetics model) and for different water management 786 
decisions is needed to forecast expected consequences and timelines for adaptive 787 
management strategies. The life cycle models developed for species such as the Delta 788 
smelt (Rose et al, 2014, MAST 2015) and salmonids (Rose et al. 2011, Hendrix et al. 789 
2014) provide a solid foundation for this process. 790 
 791 
A modeling effect focused specifically on a mechanistic evaluation of how changes in 792 
fish affect fish production dynamics will provide an operational tool for adaptive 793 
management and decision forecasts.  Such modeling will require components of regional 794 
climate (hydrology), hydrodynamics, water quality, food 795 
availability, and physiological and habitat requirements 796 
at various fish life stages across different fish species. 797 
Regional hydrologic models predict variability of 798 
precipitation, snow and melt conditions, temperatures, 799 
sea level rise, and changes in land use; and they can be 800 
integrated with climate modeling outputs to predict the 801 
future. Hydrodynamic water quality models need to deal 802 
with such fish-critical habitat variables as water 803 
temperature, velocity, and turbidity General fish vital 804 
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rate models can be developed (or borrowed) based on fish physiology and behavior and 805 
parameterized separately for each species and life stage. Physiological models deal with 806 
constraints imposed by water temperature, water quality (e.g., hypoxia), swimming 807 
abilities, and cover types (e.g., root wads, large boulders, shallow water, and vegetation). 808 
Currently, available models used in the Delta appear to use only a subset of these without 809 
adequate coupling of critical variables. Model applications should also examine species 810 
or ecosystem tipping points and thresholds as well as cumulative impacts.  811 
 812 
The Science Board recognizes the value of one and two-dimensional models that are also 813 
used for riverine ecosystem studies, but some important physical processes are eliminated 814 
in simplification. For example, 2D models eliminate the effects of vertical and horizontal 815 
density driven motions, and hence the gravitational circulation (Lucas et al. 2002; Chua 816 
and Fringer 2011). Baroclinic circulation is critical in determining fish recruitment and 817 
X2-fish relationships (Monismith et al. 2002). Even inclusion of nonhydrostatic dynamics 818 
may not predict the baroclinic circulation accurately because of the dependence of salt 819 
mixing on the turbulence (vertical mixing) models used in the 3D modeling system. 820 
Appropriate turbulence models for Delta hydrodynamics for both shallow and deeper 821 
regions is a topic that needs further research. 822 
 823 
Although 3D and 2D hydrodynamic models produce detailed profiles of hydrodynamic 824 
parameters, for computational convenience some of the important parameters are 825 
removed from the governing equations. A clear example is omission of the temperature 826 
equations while retaining salinity, reflecting the assumption that the dynamical 827 
(buoyancy) effects are dominated by salinity. Yet, temperature is a key variable for 828 
determining fish habitat quality (Cloern et al. 2011), spawning (Bennett 2005), and 829 
mortality and growth (Feyrer e al. 2007). Water temperature is also affected by air 830 
temperature and wind mixing, which are usually omitted in water flow models although it 831 
is be possible to include them in through parameterizations. Temperature should be 832 
included in models developed for fish-flow studies. 833 
 834 
Greater use of individual-based models of fishes in a spatially-explicit context can yield 835 
spatially, temporally and life-stage specific information on fish vital rates, especially 836 
when linked to 3-D hydrodynamic models (e.g., Dalyander and Cerco 2010, Rose 2000, 837 
Grimm and Railsback 2005, Rose et al. 2013, Stillman et al. 2015). The most direct effect 838 
of flows on fishes is through its influence on fish movement (Figure 2) and the can be 839 
modeled. Individual-based models can follow movement and resultant growth, and 840 
survival of a large number of individuals and have been effective when coupled with a 841 
hydrodynamic model (e.g., Hook et al. 2007, Beletsky et al. 2008, DeAngelis and Grimm 842 
2014, Rose et al 2014.). The basic modeling framework can be scaled to different species 843 
by changing movement rules and fish bioenergetic parameters.  844 
 845 
Overall, such a modeling framework can help 846 
assess the potential responses of different species 847 
of fish to management actions, habitat restoration 848 
efforts, and different climate conditions. After 849 
initial development, continuing development must 850 
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include model improvements and obtaining high resolution benchmark data sets for 851 
characteristic flow regimes.  Improved indices of ecosystem status and management 852 
action set-points will have traceable drivers. Subsequently, reduced (parsimonious) 853 
models may be valuable for management support.  All such modeling development must 854 
be done in the context of assessing uncertainty, hypothesis-based parameter testing, 855 
evaluation of parameter sensitivity and continued communication between model 856 
developers, model users, managers and monitoring programs. Long term sustenance of 857 
viable models should be ensured. 858 
 859 
Some specific steps forward are needed to develop a comprehensive modeling framework 860 
across major agencies and programs. Hydrodynamic modelers must work directly with 861 
fish and lower food web experts as well as decision-makers so essential model 862 
parameters and necessary time and space scales are employed. An initial workshop 863 
should describe the detailed framework and implementation plan for development of the 864 
3-D model that will include a generic fish model. A suitable taxonomy may identify the 865 
model version and application information. Synthesis will help solidify conclusions and 866 
interactions. Formation of a firmly-led standing working group including both 867 
hydrodynamic and fish and food modelers from agencies, academia and consulting 868 
should carry this effort forward and provide linkages to other ongoing modeling efforts 869 
(e.g. California Water and Environmental Modeling Forum, Interagency Ecological 870 
Program), other intra-agency modeling efforts and academic developments. 871 
 872 
3.  Link time and space scales to causal mechanisms 873 
 874 
A focus on mechanisms will likely require a closer 875 
consideration of time, space and parameter scales most 876 
relevant to biological processes. Models for water 877 
management that were developed for water management 878 
questions may not be appropriate to answer fish and 879 
ecosystem management questions that may require higher 880 
temporal and spatial resolution, although progress has been made to link water and fish 881 
models (e.g., Rose et al 2013a, 2013b). Water-management models can provide useful 882 
inputs to more detailed hydrodynamics models via model nesting, pointing to the need for 883 
a comprehensive modeling framework that can serve diverse modeling needs of Delta 884 
environmental management, including fish.  Space-time flow variability has important 885 
biological consequences that are not necessarily captured in mean monthly flow values or 886 
in annual population estimates because of the many drivers operating in this system. 887 
 888 
Flows that affect a particular life stage of a fish species may have consequences in later 889 
life stages. Of particular importance is the metabolic cost of growth, which deals with 890 
energy partition between life support (maintain metabolism) and growth, for which the 891 
energy exerted against the flow is important (Rombough 1994). The relevant time scales 892 
to deal with fish processes are often shorter (sometimes on the order of hours) than 893 
particular life stages. Modeling of fish-flow relationships should be conducted at space-894 
time scales compatible with resolving the characteristics of flow and fish. For fish, the 895 
possible spatial scales are tens of meters horizontally to resolve habitat variability, with 896 
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time scales of an hour or so, representing migration and exposure to environment. For 897 
example, fish growth rates can change daily based on daily changes in temperature, and a 898 
1 ºC change in temperature can be significant, particularly near thresholds. For flow, 899 
similar horizontal scales are expected to be suitable, with vertical delineation and 900 
boundaries with resolution on the order of meters. Because of higher frequency variation 901 
of salinity and associated factors, flow models ought to be able to resolve variations on 902 
the order of hours. The sensitivity of fish behavior to salinity and temperature depends on 903 
the species and life stage, among other factors, and the models should be able to resolve 904 
salinity gradients for optimal nursery habitats for fish species (Hobbs et al. 2006). Timing 905 
of flow management and monitoring should reflect major mechanisms that affect fish 906 
health across an entire year. Fish responses should be measured at the time and space 907 
scales of expected responses (e.g., fish movements and fish growth rates might respond 908 
rapidly to changes in flow). This requires time integration of models with environmental 909 
conditions and drivers can be incorporated through hydrodynamic models. 910 
 911 
4.  Monitor vital rates 912 
 913 
Monitoring is done to measure the conditions or health of 914 
an ecosystem and to examine the consequences of 915 
specific management actions. A specifically designed 916 
program is needed to monitor expected first-order 917 
responses by which flows affect fishes, linked to the 918 
modeling efforts and time and space scales described 919 
above. Monitoring should focus more on factors having 920 
immediate effects on fishes and be used to calibrate and 921 
test models. Monitoring should be coordinated with water 922 
quality monitoring and water flow monitoring and 923 
perhaps use an integrated data framework. 924 
 925 
Rate responses, such as growth rate, more rapidly reflect response to changing conditions 926 
and give more certain and causal insights than annual indices of population size which 927 
integrate across multiple drivers. Monitoring that only estimates fish population 928 
abundances is insufficient, error-prone, and expensive. Additional monitoring for more 929 
mechanistically related characteristics, such as growth rates, might provide improved and 930 
more relevant information for ecosystem management. Techniques such as measuring 931 
bioelectrical impedance have shown promise for measuring short-term responses of fish 932 
to food availability (Calderone et al. 2012). Monitoring should be undertaken with the 933 
aim of understanding major mechanisms (e.g., growth rates, movement and migrations). 934 
Field studies on fish growth rates have given major insights into the mechanisms behind 935 
successful fish habitats on seasonal floodplains for the Delta (Sommer et al. 2001; 936 
Jeffries et al. 2008). Acoustic tagging studies have been valuable to assess fish 937 
movements and would be strengthened if linked with hypotheses driven by 938 
hydrodynamic models with particle tracking capabilities. Integrating mobile multibeam 939 
acoustics with pelagic trawl surveys could strengthen assessments since they can provide 940 
detailed measures of fish distributions across environmental gradients. Similarly, 941 
monitoring of fish populations should be targeted to factors likely to respond to changes 942 
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in flow (e.g., growth rates, movement).  The lack of integrative, coherent, centralized, 943 
and quality controlled/assured monitoring data and the lack of a modeling and question-944 
driven framework that links fish modeling to water quality and flow monitoring hinders 945 
synthesis.  946 
 947 
 948 
5.  Broaden species focus.  949 
 950 
Much research in the Delta has been understandably 951 
focused on salmon and smelt although significant work 952 
has also been done on other native species such as the 953 
green sturgeon and steelhead and non-natives such as 954 
the striped bass. Nonnative species dominate fish 955 
biomass in much of the Delta and have disrupted 956 
historic food webs. Ecologically important species of 957 
fish are often those that dominate the ecosystem and or 958 
play key roles in the food web. Little is known about the impact of flows on these species 959 
and their relationships to threatened or endangered species. For instance, flow rates and 960 
volumes may affect nutrient concentration as well as retention time and thus the relative 961 
efficiently of phytoplankton filtering by invasive clams. More generally, little is known 962 
about predator and competitor distribution and abundance, the influence of flow on 963 
predators and predation rates, and predator impact. A multispecies framework that 964 
incorporates food web connections has been adopted elsewhere and should be considered 965 
here, particularly given the threat of new invaders. For example, the Chesapeake Bay 966 
formally adopted multispecies management goals as part of the Chesapeake Bay 2000 967 
Agreement. A 3-D model can be parameterized for different fish species to advance this 968 
understanding. 969 
 970 
 971 
 972 
 973 
6.  Promote timely synthesis of research  974 
 975 
Considerable research has addressed aspects of the impacts of flows on fishes, but 976 
synthesis of this research has been limited, particularly in the context of integration of 977 
physical and biological processes and for developing adaptive management scenarios and 978 
adaptive science as well. Agencies must recognize the importance of, and the need for, a 979 
routine interdisciplinary synthesis and the importance of getting information out in a 980 
timely way. This requires more staff time and resources.  Agency policies are needed that 981 
(1) attract and retain the next generation of agency scientists capable of doing synthesis; 982 
(2) enable some productive scientists to remain as scientists when promoted rather than 983 
becoming managers, because these are the likely leaders of synthesis efforts; (3) provide 984 
synthesis teams with adequate resources to complete their work in a time frame useful for 985 
decision-makers and to reward cross-disciplinary, multi-authored scientific efforts, and 986 
(4) ensure the maintenance and upgrading, as necessary, of sophisticated models and 987 
essential databases focusing specifically on the Delta. An overall scientific and modeling 988 
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approach specifically targeted on the mechanistic understanding of how flows affect 989 
fishes could provide an organizing framework and forum for regular interagency and 990 
interdisciplinary synthesis. 991 
 992 
7.  Enhance national and international connections   993 
 994 
The problems faced in the Delta are not 995 
unique, and there is a wealth of knowledge 996 
from other ecosystems to which agency 997 
scientists need access through enhanced access 998 
to the recent scientific literature and 999 
opportunities for travel to conferences and 1000 
workshops. Large U.S. ecosystems heavily 1001 
impacted by population growth, changes in 1002 
land use, and multiple stressors include the Great Lakes, Chesapeake Bay, Mississippi 1003 
Delta, the Everglades, Columbia River, and Puget Sound. The scientists and managers in 1004 
these ecosystems are addressing many of the same issues Delta scientists and managers 1005 
face.  Although nominally similar habitat can differ greatly in stressors and dominant 1006 
mechanisms (e.g., low productivity ecosystems and those impaired by nutrient 1007 
enrichment), comparisons can yield important insights and shared tools (Malone et al. 1008 
1999).  1009 
 1010 
It is especially important that state and federal scientists have access to national and 1011 
international scientific journals.  This might be accomplished with a high level agreement 1012 
between the State and/or Federal governments and the large library system of the 1013 
University of California.  1014 
 1015 
8.  Develop stable long-term commitment and improved coordination 1016 
 1017 
Improved cross-disciplinary understanding is needed between ecologists, hydrologists, 1018 
and hydrodynamic modelers and across agencies having different missions and priorities 1019 
to better understand the constraints under which all work.  A comprehensive scientific 1020 
framework and implementation plan will help guide these advances (see recommendation 1021 
1). Long-term commitment is needed for science that addresses contentious and 1022 
fundamental issues that span traditional agency and disciplinary lines. A management 1023 
focus on a single controllable feature (e.g., flows) may miss many underlying ecological 1024 
processes and management opportunities, so funding and coordination are needed for 1025 
more integrative programs. Monitoring, research, and adaptive management focused on 1026 
management-relevant mechanistic understanding, should be incorporated into studies.  1027 
This has been effective elsewhere (e.g., the Alaska Pollock industry is a well-regulated 1028 
fishery based on a good scientific understanding of the species, which was achieved 1029 
because scientific research on the species was well funded).  A decadal modeling effort is 1030 
needed, with tiered sophistication, parsimonious models for expeditious decision making 1031 
and comprehensive models for detailed studies.  1032 
 1033 

Conclusions 1034 

The problems faced in the Delta 
are not unique. Agency 
scientists need better 
opportunities to assess results 
and thinking from other 
estuaries. 



 

25 
 

 1035 
The Delta science program is mature and robust. Thus, the specific recommendations in 1036 
this report can be achieved with a targeted, purposeful effort. The mechanistic modeling 1037 
framework should be used as a catalyst to bridge interactions of scientists and agencies 1038 
working on water flows to those working on fishes and lower food webs. The goals 1039 
would be to develop decision-support tools and associated data frameworks, guide 1040 
monitoring programs to fill major information gaps, and identify important time and 1041 
space scales. Models can be improved through an adaptive, iterative, and evaluation 1042 
process that tests management scenarios and explores the full range of possible outcomes.  1043 
 1044 
Additional recommendations that apply to all of the science being done in the Delta have 1045 
been identified in other DISB reports, workshop panels, and the National Research 1046 
Council. They include: consideration of environmental uncertainty; coordination of 1047 
scientific research with planned management decisions, including adaptive management; 1048 
use of risk analyses; recognition of the importance of long-term sustained research; and 1049 
the need to buffer science from politics and activism.  The Delta Science Plan has 1050 
incorporated many of these recommendations and, if wisely and firmly implemented, 1051 
should provide a framework for science that establishes research priorities and recognizes 1052 
the essential role of long-term, sustained research that is not driven to ineffectiveness by 1053 
short-term crises. A targeted mechanistic focus on the effects of flows on fishes may 1054 
provide a way forward to lessen uncertainties for management. 1055 
 1056 

Acknowledgements 1057 
 1058 
The Science Board thanks the scientists from federal, state, academic, and private 1059 
institutions (Appendix A) who provided their time and candid input to the process. We 1060 
are impressed by the dedication, enthusiasm, openness and knowledge of the 1061 
interviewees and appreciate the scientific and institutional challenges they face. The 1062 
Science Board also thanks Jennifer Bigman, a California State Sea Grant Fellow with the 1063 
Delta Science Program for her assistance in the literature review and preparation of this 1064 
report. This work was supported by the Delta Stewardship Council as part of their 1065 
support to the Independent Science Board. 1066 
 1067 
  1068 



 

26 
 

References (Incomplete) 1069 
 1070 
Alexander, C.A.D., Robinson, D.C.E., F. Poulsen, F. (2014). Application of the 1071 

Ecological Flows Tool to Complement Water Planning Efforts in the Delta & 1072 
Sacramento River: Multi-Species effects analysis & Ecological Flow Criteria. 1073 
Final Report to The Nature Conservancy. Chico, California. 1074 

 1075 
Anderson, J.J., Cowan, J.H., Monsen, N.E. Stevens, D.L. and Wright, S (2015). 1076 

Independent review panel report of the collaborative adapative management team 1077 
(CAMT) proposed investigations on understanding population effects and factors 1078 
that affect entrainment of Delta Smelt at State Water Project and Central Valley. 1079 
Delta Science Program.  1080 

 1081 
Baxter, R., Bruer, R., Brown, L., Conrad, L., Feyrer, F., Fong, S., Gehrts, K., Grimaldo, 1082 
 L., Herbold, B., Hrodey, P., Muller-Solger, A., Sommer, T., Souza, K. (2010). 1083 
 Interagency Ecological Program Pelagic Organism Decline Work Plan and 1084 
 Synthesis of Results, 259 pgs. 1085 
 1086 
BDCP 2014 1087 
 1088 
Beletsky et al. 2008 1089 
 1090 
Bennett, W. A. (2005) Critical assessment of the delta smelt population in the San 1091 

Francisco Estuary, California." San Francisco Estuary and Watershed Science 3, 1092 
no. 2 (2005). 1093 

 1094 
Bennett, W. A., & Moyle, P. B. (1996). Where have all the fishes gone?: interactive 1095 
 factors producing fish declines in the Sacramento-San Joaquin estuary. pages 1096 
 519-542 in San Francisco Bay: The Ecosystem. San Francisco, California: 1097 
 California Academy of Sciences.  1098 
 1099 
Brown, L. R. (2000). Fish communities and their associations with environmental 1100 
 variables, lower San Joaquin River drainage, California. Environmental Biology 1101 
 of Fishes, 57:251-269. 1102 
 1103 
Brown, L. R., & Michniuk, D. (2007). Littoral fish assemblages of the alien-dominated 1104 
 Sacramento-San Joaquin Delta, California, 1980–1983 and 2001–2003. Estuaries 1105 
 and Coasts, 30(1), 186-200. 1106 
 1107 
Bunn, S. E., & Arthington, A. H. (2002). Basic principles and ecological consequences of 1108 

altered flow regimes for aquatic biodiversity. Environmental management, 30(4), 1109 
 492-507. 1110 

 1111 
Calderone, E.M., MacLean, S.A.  and Sharack, B. (2012). Evaluation of bioelectrical 1112 

impedance analysis and Fulton’s condition factor as nonlethal techniques for 1113 
estimating short-term responses in postsmelt Atlantic Salmon (Salmo salar) to 1114 



 

27 
 

food availability. Fishery Bull. 110(2): 257-270. 1115 
 1116 
Canuel et al. (2009) Changes in sediment and organic carbon accumulation in a highly-1117 

disturbed ecosystem: The Sacramento-San Joaquin River Delta (California, USA) 1118 
Marine Pollution Bulletin 59:154–163. 1119 

 1120 
Cloern, J. E., Knowles, N. Brown, L.R., Cayan, D., Dettinger,  M.D., Morgan, T.L., 1121 

Schoellhamer, D.H. et al. (2011) "Projected evolution of California's San 1122 
Francisco Bay-Delta-River system in a century of climate change." PloS one 6, 1123 
no. 9 (2011): e24465. 1124 

 1125 
Chua, V. P., and Fringer, O.B.  (2011) "Sensitivity analysis of three-dimensional salinity 1126 

simulations in North San Francisco Bay using the unstructured-grid SUNTANS 1127 
model." Ocean Modelling 39, no. 3 (2011): 332-350. 1128 

 1129 
Cohen, A. N., and James T. Carlton, J.T. (1998). "Accelerating invasion rate in a highly 1130 

invaded estuary." Science 279, no. 5350 (1998): 555-558. 1131 
 1132 
Cowen, R.K., Kamazima, M, Lwiza, M., Sponaugle, S., Paris, C.B., & Donald B. Olson, 1133 

D.B. (2000) Title? Science 287 (5454), 857-859.  1134 
 1135 
Dalyander, P.S., and C.F. Cerco (2010). Integration of a Fish Bioenergetics Model into a 1136 

Spatially Explicit Water Quality Model: Application to Menhaden in Chesapeake 1137 
Bay. Eco. Model. 221 (16), 1922-1933. 1138 

 1139 
DeAngelis, D.L. and V. Grimm. (2014) Individual-based models in ecology after four 1140 

decades. F1000 Prime Reports 6:39. 1141 
 1142 
del Rosario, R. B., Redler, Y. J., Newman, K., Brandes, P. L., Sommer, T., Reece, K., & 1143 
 Vincik, R. (2013). Migration Patterns of Juvenile Winter-run-sized Chinook 1144 
 Salmon through the Sacramento–San Joaquin Delta. San Francisco Estuary and 1145 
 Watershed Science, 11(1). 1146 
 1147 
Feyrer, F. (2004). Ecological segregation of native and alien larval fish assemblages in 1148 
 the southern Sacramento-San Joaquin Delta. In American Fisheries Society 1149 
 Symposium (pp. 67-80). American Fisheries Society. 1150 
 1151 
Feyrer, F., & Healey, M. P. (2003). Fish community structure and environmental 1152 
 correlates in the highly altered southern Sacramento-San Joaquin 1153 
 Delta. Environmental Biology of Fishes, 66(2), 123-132. 1154 
 1155 
Feyrer, F., Nobriga, M. L., & Sommer, T. R. (2007). Multidecadal trends for three 1156 
 declining fish species: habitat patterns and mechanisms in the San Francisco 1157 
 Estuary, California, USA. Canadian Journal of Fisheries and Aquatic 1158 
 Sciences, 64(4), 723-734. 1159 
 1160 



 

28 
 

Fleener, W., Bennett, W., Moyle, P. and Lund, J. (2010). On developing prescriptions for 1161 
freshwater flows to sustain desirable fishes in the Sacramento-San Joaquin Delta. 1162 

 1163 
Grimaldo, L. F., Sommer, T., Van Ark,N., Jones, G., Holland, E., Moyle, P.B., Herbold, 1164 

B., and Smith, P. "Factors affecting fish entrainment into massive water 1165 
diversions in a tidal freshwater estuary: can fish losses be managed?" North 1166 
American Journal of Fisheries Management 29, no. 5 (2009): 1253-1270. 1167 

 1168 
Grimm and Railsback 2005 1169 
 1170 
Gross, E. S., MacWilliams, M.L., and Kimmerer, W.J. (2009) "Three-dimensional 1171 

modeling of tidal hydrodynamics in the San Francisco Estuary." San Francisco 1172 
Estuary and Watershed Science 7, no. 2  1173 

 1174 
Hanak, E., J. Lund, J. Durand, W. Fleenor, B. Gray, J. Medellín-Azuara , J. Mount, P. 1175 

Moyle, C. Phillips, and B. Thompson, Stress Relief: Prescriptions for a Healthier 1176 
Delta Ecosystem, Public Policy Institute of California, San Francisco, CA, 32 pp., 1177 
April 2013. 1178 

 1179 
Herbold, B., & Moyle, P. B. (1989). The Ecology of the Sacramento-San Joaquin Delta: 1180 
 a Community Profile (No. FWS-85 (7.22)). CALIFORNIA UNIV DAVIS. 1181 
 1182 
Hobbs, J. A., Bennett, W.A., and Burton, J.E. (2006) "Assessing nursery habitat quality 1183 

for native smelts (Osmeridae) in the low‐salinity zone of the San Francisco 1184 
estuary." Journal of Fish Biology 69, no. 3 (2006): 907-922. 1185 

 1186 
Hook et al. 2007 1187 
 1188 
Jackson, T. W. and Paterson, A.M. (1977). The Sacramento-San Joaquin Delta: The 1189 
 evolution and implementation of water policy: An historical perspective. Water 1190 
 Resources Center Technical Completion Report W-501. 192 pgs. 1191 
 1192 
Jassby, A. D., Cloern, J. E. and Cole, B.E. (2002) Annual primary production: patterns 1193 

and mechanisms of change in a nutrient-rich tidal ecosystem. Limnology and 1194 
Oceanography 47:698–712. 1195 

 1196 
Jeffres, C.A., J.J. Opperman, and P.B. Moyle (2008), “Ephemeral floodplain habitats 1197 

provide best growth conditions for juvenile Chinook salmon in a California river,” 1198 
Environmental Biology of Fishes, Vol. 83, Issue 4, pp 449-458. 1199 

 1200 
Kimmerer, W. J. (2008). Losses of Sacramento River Chinook salmon and delta smelt to 1201 

entrainment in water diversions in the Sacramento-San Joaquin Delta. San 1202 
Francisco Estuary and Watershed Science, 6(2). 1203 

 1204 
Kimmerer, W. J., and Nobriga, M. L. (2008). Investigating particle transport and fate in 1205 
 the Sacramento-San Joaquin Delta using a particle tracking model.San Francisco 1206 
 Estuary and Watershed Science, 6(1). 1207 

http://www.ppic.org/main/publication.asp?i=1051
http://www.ppic.org/main/publication.asp?i=1051
http://link.springer.com/article/10.1007/s10641-008-9367-1
http://link.springer.com/article/10.1007/s10641-008-9367-1


 

29 
 

 1208 
Lucas, L. V., Cloern, J.E., Thompson, J. K. and Monsen. N.E. (2002) "Functional 1209 

variability of habitats within the Sacramento-San Joaquin Delta: Restoration 1210 
implications." Ecological Applications 12, no. 5 (2002): 1528-1547. 1211 

 1212 
Lund, J., Hanak,E., Fleenor, W., Bennett, W., Howitt,R., Mount, J. and P. Moyle, P. 1213 

(2010) Comparing Futures for the Sacramento– San Joaquin Delta . Berkeley, 1214 
CA: University of California Press and Public Policy Institute of California 1215 

 1216 
Malone, T. et al. (eds) (1999)  “Ecosystems at the Land-Sea Margin”  American 1217 

Geophysical Union, 381 pp.  1218 
 1219 
Marchetti, M. P., and Moyle, P. B. (2001). Effects of flow regime on fish assemblages in 1220 

a regulated California stream. Ecological Applications, 11(2), 530-539. 1221 
 1222 
Martins et al. 2012 1223 
 1224 
Management Analysis and Synthesis Team (MAST) (2015) An updated conceptual 1225 

model for delta smelt: our evolving understanding of an estuarine fish  1226 
 1227 
Mesick, C. (2001). The effects of San Joaquin River flows and Delta export rates during 1228 
 October on the number of adult San Joaquin Chinook salmon that stray. Fish 1229 
 Bulletin, 179, 139-161. 1230 
 1231 
Monismith, S., Fabrizio, M., Healey, M., Nestler, J., Rose, K., Van Sickle, J. (2014) 1232 

Workshop on the Interior Delta Flows and Related Stressors Panel Summary 1233 
Report. http://deltacouncil.ca.gov/sites/default/files/documents/files/Int-Flows-1234 
and-Related-Stressors-Report.pdf 1235 

 1236 
Monsen, N. E., Cloern, J.E., and Burau., J.J.  (2007). Effects of Flow  Diversions on 1237 

Water and Habitat Quality: Examples from California’s Highly  Manipulated 1238 
Sacramento-San Joaquin Delta. San Francisco Estuary and  Watershed Science. 1239 
Vol. 5, Issue 3 [July 2007]. Article 2. 1240 

 1241 
Mount, J., Bennett, W., Durand, J., Fleenor, W., Hanak, E., Lund, J., and Moyle, P. 1242 

(2012). Aquatic Ecosystem Stressors in the Sacramento–San Joaquin Delta. San 1243 
Francisco: Public Policy Institute of California. 1244 

 1245 
Moyle, P. B. (2002). Inland Fishes of California. Univ of California Press. 1246 
 1247 
Moyle, P. B. and Bennett, W. A. (2008). “The future of the Delta ecosystem and its 1248 
 fish. Technical Appendix D. Comparing Futures for the Sacramento-San 1249 
 Joaquin Delta.” Public Policy Institute of California. San Francisco, CA., 1-38. 1250 
 1251 
Moyle, P. B., and Light, T. (1996). Biological invasions of fresh water: empirical rules 1252 
 and assembly theory. Biological conservation, 78(1), 149-161. 1253 

http://deltacouncil.ca.gov/sites/default/files/documents/files/Int-Flows-and-Related-Stressors-Report.pdf
http://deltacouncil.ca.gov/sites/default/files/documents/files/Int-Flows-and-Related-Stressors-Report.pdf


 

30 
 

 1254 
Moyle, P. B., Daniels, R. A., Herbold, B., and Baltz, D. M. (1986). Patterns in 1255 
 distribution and abundance of a noncoevolved assemblage of estuarine fishes in 1256 
 California. Fishery Bulletin, 84(1): 105-117. 1257 
 1258 
National Research Council (NRC). (2010) A scientific assessment of alternatives for 1259 

reducing water management effects on threatened and endangered fishes in the 1260 
California’s Bay Delta. Committee on Sustainable Water and Environmental 1261 
Management in the California Bay-Delta. The National Academies Press; 1262 
NationalResearch Council, Washington, 1263 
D.C. http://www.nap.edu/catalog/12881.html 1264 

 1265 
National Research Council.( 2012). Sustainable Water and Environmental Management 1266 

in the California Bay-Delta . Washington, DC: National Academies Press. 1267 
 1268 
Nichols, F. H., Cloern, J. E., Luoma, S. N., and Peterson, D. H. (1986). The modification 1269 

of an estuary. Science, 231:567-573. 1270 
 1271 
Nobriga, M. L., Feyrer, F., & Baxter, R. D. (2006). Aspects of Sacramento pikeminnow 1272 
 biology in nearshore habitats of the Sacramento-San Joaquin Delta, 1273 
 California. Western North American Naturalist, 66(1), 106-114. 1274 
 1275 
Rand, P., Hinch, S.G., Morrison, J., Foreman, M.G.G., MacNutt, M.J., MacDonald, J.S., 1276 

Healey, M.C., Farrell, A.P., and Higgs, D.A. (2006) Effects of river discharge, 1277 
temperature and future climates on energetics and mortality of adult migrating 1278 
Fraser River sockeye salmon. Trans. Amer. Fish. Soc. 135:655-667. 1279 

  1280 
 1281 
Reed, D., Hollibaugh, T., Korman, J., Montagna, P., Peebles, E., Rose, K., and Smith, P.  1282 

(2014) Delta Outflows and Related Stressors Panel Summary 1283 
Report. http://deltacouncil.ca.gov/sites/default/files/documents/files/Item_9_Deni1284 
se_Reed_Presentation.pdf 1285 

 1286 
Rose, K. A. 2000. Why are quantitative relationships between environmental quality and 1287 

fish populations so elusive? Ecological Applications 10(2):367-385.  1288 
 1289 
Rose, K.A., Kimmerer,W.J., Edwards,K. P. and Bennett., W.A. (2013a). Individual-based 1290 

modeling of Delta smelt population dynamics in the Upper San Francisco 1291 
Estuary: I. Model Description and baseline results. Trans. Amer. Fish. Society. 1292 
142 (5): 1238-1259 1293 

 1294 
Rose, K.A., Kimmerer,W.J., Edwards,K. P. and Bennett., W.A. (2013b). Individual-1295 

based modeling of Delta smelt population dynamics in the Upper San Francisco 1296 
Estuary: II. Alternative baselines and good versus bad years. Trans. Amer. Fish. 1297 
Society. 142 (5): 1260-1272 1298 

 1299 

http://www.nap.edu/catalog/12881.html
http://deltacouncil.ca.gov/sites/default/files/documents/files/Item_9_Denise_Reed_Presentation.pdf
http://deltacouncil.ca.gov/sites/default/files/documents/files/Item_9_Denise_Reed_Presentation.pdf


 

31 
 

 1300 
Sommer, T.R., M.L. Nobriga, W.C. Harrell, W. Batham, and W.J. Kimmerer (2001), 1301 

“Floodplain rearing of juvenile chinook salmon: evidence of enhanced growth and 1302 
survival,” Can. J. Fish. Aquat. Sci. 58: 325–333. 1303 

 1304 
Rombough, P. J. "Energy partitioning during fish development: additive or compensatory 1305 

allocation of energy to support growth?." Functional Ecology (1994): 178-186. 1306 
 1307 
Sommer T, Armor C, Baxter R, Breuer R, Brown L, Chotkowski M, Culberson S, Feyrer 1308 

F, Gingras M, Herbold B, Kimmerer W, Mueller-Solger A, Nobriga M, Souza K. 1309 
2007. The collapse of pelagic fishes in the upper San Francisco Estuary. Fisheries 1310 
32:270-277. 1311 

 1312 
Stillman, R.A., Railsback, S.F.,  Giske, J., Berger, U., & Grimm, V. (2015) Making 1313 

predictions in a changing world: The benefits of individual based ecology. 1314 
BioScience 65(2): 140-150. 1315 

Whipple, A. A., Grossinger, R. M., Rankin, D., Standford, B., Askevold, R. A. (2012). 1316 
 Sacramento-San Joaquin Delta Historical Ecology Investigation: Exploring 1317 
 Pattern and Process. Prepared for the CA Dept. of Fish and Wildlife and 1318 
 Ecosystem Restoration Program. A Report of SFEI-ASC’s Hitorical Ecology 1319 
 Program, Publication #6/2, San Francisco Estuary Institute-Aquatic Science 1320 
 Center, Richmond, CA. 1321 

  1322 

http://swrcb2.swrcb.ca.gov/waterrights/water_issues/programs/bay_delta/deltaflow/docs/exhibits/usdoi/spprt_docs/doi_sommer_2001.pdf
http://swrcb2.swrcb.ca.gov/waterrights/water_issues/programs/bay_delta/deltaflow/docs/exhibits/usdoi/spprt_docs/doi_sommer_2001.pdf


 

32 
 

Appendix A: Review process 1323 

The Science Board reviewed many specific articles on fishes and flows in the Delta and 1324 
other ecosystems published in the scientific literature or in extensive reviews including 1325 
the two reports by the National Research Council linking water management and 1326 
threatened and endangered species (NRC 20110, 2012) and other reports on specific fish 1327 
species (e.g. MAST, 2015), groups of fishes (Baxter er al. 2010), specific issues such as 1328 
entrainment (Grimaldo et al. 2009, Anderson et al. 2015) or assessment of new water 1329 
transport systems (BDCP 2014). The Science Board also attended the “Delta Outflows 1330 
and Related Stressors” workshop (February 2014) and the “Interior Delta Flows and 1331 
Related Stressors” workshop (April 2014) conducted by the Delta Science Program for 1332 
the State Water Resources Control Board, and read related panel reports (Reed et al. 1333 
2014, Monismith et al. 2014).  The Science Board also received presentations on this 1334 
topic at Science Board meetings. The Science Board has not tried to duplicate these 1335 
extensive literature reviews, and cited references are intended to be illustrative. 1336 
 1337 
During the initial stages of the review, the Science Board also conducted two sets of 1338 
interviews (on June 17, 2013 and June 11, 2014) with a wide range of interested and 1339 
involved parties (16 individuals) holding a variety of perspectives, and included scientists 1340 
in state and federal agencies, consulting firms, special-interest groups, and academia. The 1341 
purpose of these one hour interviews was to gain an initial, broad perspective on current 1342 
scientific research on the effects of flow on fish populations in the Delta, how that 1343 
research was organized, collaboration mechanisms and key publications on the topic. 1344 
   1345 
A subset of Science Board members undertook the interviews, workshop attendance, and 1346 
literature review and wrote the first drafts of the report. Initial drafts were revised in 1347 
response to comments received from individual Science Board members and the public, 1348 
and the final report was approved by the full Science Board for release on DATE. 1349 
 1350 
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Appendix B: A conceptual diagram of the linkages between 1357 
flows and fishes in the Delta 1358 
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