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1. The Low Salinity Zone and the Effects of Stressors 

Take Home Points: 

• There has been significant recent progress in understanding the physics, chemistry, and 
biology of the low salinity zone (LSZ). 

• The key mechanisms for LSZ effects and their relative importance remain elusive. For this 
reason, it continues to be difficult to identify the relative importance of LSZ position (i.e. 
flow) management in relation to other stressors. 

• Key adverse changes to the ecosystem include:  contaminant inputs (e.g. ammonia, 
pesticides), long-term decreases in the sediment load (i.e. turbidity), the proliferation of 
invasive species including SAV and predators, harmful algal blooms, and a radical 
change in the food web. 

• The evidence suggests that many of the pelagic resources of the low salinity zone have 
declined substantially, although responses in 2011 and early 2012 suggest that there is 
still some resilience. 

• FLaSH results from 2011 and early 2012 showed improved delta smelt numbers, but the 
relative contribution of higher flow in fall 2011 remains inconclusive. 

• Areas outside of the low salinity zone (e.g. North Delta complex) including Liberty Island 
and Cache Slough are much more important than previously understood. 

• Many of these factors affecting the ecosystem are difficult to manage. 

Suggested near- to long-term actions:  

• Continued research to examine the mechanisms by which these factors affect aquatic 
species and their habitat. 

• Implement regulations to decrease loading of key contaminants. 
• Develop response plans for specific changes such as invasive species (see below) 
• Continued research to examine the mechanisms by which flow may affect aquatic 

species. 
• While much remains to be learned, there appears to be enough information to justify 

large scale restoration projects if an adaptive management approach is used. 



 
 

2 
 

Summary of New Information: 

One of the challenges in describing the low salinity zone (LSZ) is that it requires an 
understanding of not only the physical, chemical, and biological factors that influence the 
region, but also how these factors change inland to seaward.  For the purposes of this 
discussion, we have chosen to organize the new information about the LSZ and regional 
stressors based on the basic Pelagic Organism Decline (POD) model (Sommer et al. 2007; Baxter 
et al. 2010).  The specific areas covered in this summary include:  1) fish abundance; 2) habitat; 
3) top-down effects (predation, entrainment); and 4) bottom up (food) effects.  For each we 
describe some of the new information gathered since 2009 and provide information about the 
degree to which each may be linked to the LSZ.   Much of the background information for each 
of these topics is available in Baxter et al. (2010). 

1.1 Fish Abundance and Distribution 

The decline of the pelagic fishes of the upper San Francisco estuary has been well-documented 
(Sommer et al. 2007; Baxter et al. 2010; Thomson et al. 2010). As noted in Baxter et al (2010), 
one of the concerns is that chronically low abundance of species like delta smelt may create a 
negative feedback loop (i.e. Allee effects), that can lead to a “downward spiral” in the 
population.  In other words, populations lose resiliency and therefore cannot respond to 
favorable conditions.  New research related to the distribution and abundance of pelagic fishes 
of the LSZ includes the following:  

1.1.1 Reponses of delta smelt in 2011 and early 2012 suggest that the species maintains 
some resilience 

One of the initial findings of the 2011 FLaSH studies was that delta smelt abundance increased 
substantially in 2011.  Moreover, the initial results from the 2012 DFG 20 mm survey suggest 
that improved adult numbers in fall 2011 may have contributed to one of the best juvenile 
spring indices of the past decade. The subsequent 2012 Summer Townet Index was not as high 
as 2011, but is at least higher than all other indices since 2004. This indicates that the species 
still maintains some ability to respond to favorable conditions.   

Level of certainty of this information: HIGH. 

Relevance to the LSZ:  The improved abundance of delta smelt in 2011 was remarkable, 
but the relative role of flow remains unclear.  Multiple factors may have benefited delta 
smelt including flow, moderate temperatures, high turbidity, and improved food supply. 
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1.1.2 Part of the declines can be explained by shifts in fish distribution 

Current abundance trends rely on long-term surveys in geographically fixed locations.  
However, there is new evidence that catch in these surveys is affected by shifts in distribution 
away from the core channels where sampling occurs.  For example, Baxter et al. (2010) show 
that longfin smelt have shifted their abundance seaward.  Historically, large numbers of longfin 
smelt remained in Suisun Bay in the LSZ through summer.  In recent years there is strong 
evidence that the species has shifted to more saline and deeper habitat.  Moreover, recent 
otolith work by Hobbs et al. (2010) indicates the survival of young smelt can be affected by 
their distribution along the axis of the estuary.  It is possible that delta smelt may have 
exhibited the opposite distributional response to longfin smelt.  As described in Sommer et al. 
(2011a) and Sommer and Mejia (In review), large numbers of delta smelt occur in the Cache 
Slough Complex and the Deep Water Ship Channel, well upstream of the LSZ.  Unfortunately, 
there are insufficient long-term data from these channels to determine whether use of these 
freshwater habitats has increased in recent years.  In addition to the longitudinal shifts 
described for the two smelts, there is good evidence that at least one of the pelagic fishes has 
undergone a lateral shift in distribution.  Sommer et al. (2011b) found that the longitudinal 
distribution of young striped bass has not changed in relation to the LSZ; however, there has 
been a lateral shift towards inshore habitat.   

 
Level of certainty of this information: MODERATE. 
 
Relevance to the LSZ:  These studies indicate that the current long term trawls in the 
channels and shoals of the LSZ underestimate the distribution and abundance of the 
smelts and juvenile striped bass.  This does not mean, however, that the distribution 
shifts fully explains the POD.  The declines in these fishes are too extreme to be fully 
explained by the apparent moderate distribution shifts.  In addition, the evidence that 
these fishes are increasingly rare in some of the main channels of the LSZ is cause for 
concern.  It is unclear if the distribution shifts are a result of active behavioral choices, or 
an apparent change caused by higher mortality in the LSZ channels.  Regardless, a 
current hypothesis is that LSZ channels have become less suitable as a result of a decline 
in food supply (Sommer et al. 2011b). 
 

1.1.3 Importance of the Cache Slough Complex for delta smelt 

A key recent finding is that delta smelt heavily use the Cache Slough Complex, a region located 
far outside the LSZ (Sommer et al. 2011a; Sommer and Mejia, In review).  At least some delta 
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smelt occur year-round in the region.   Although it is unclear what percentage of the population 
occurs in this region, survey data suggests that this area can seasonally support the majority of 
the delta smelt catch. These findings were relatively unexpected as there had previously been a 
general assumption that delta smelt leave the north Delta after larval stage (Sommer et al. 
2011a).  Moreover, flooded islands were generally considered poor-quality habitat for delta 
smelt in other parts of the Delta (e.g. Grimaldo et al. 2004; Nobriga et al. 2005), yet results from 
the USFWS beach seine and larval fish surveys show consistent use of Liberty Island and 
Sacramento Deep Water Ship Channel, two major features of the Cache Slough Complex 
(Sommer eta 2011a; Sommer and Mejia, In review).   

Level of certainty of this information:  HIGH 

Relevance to the LSZ:  These results suggest that management of delta smelt should 
consider not just the LSZ, but also outside areas.   

1.2  Habitat 

Defining the “habitat” of pelagic fishes in the estuary presents special challenges since it 
represents a combination of fixed geographical features as well as the water that moves across 
the landscape in response to tides and inflow.  For the purposes of this report, we focus on 
some of the new evidence about physical, chemical, and biological conditions that support 
pelagic fishes such as delta smelt. We emphasize that this does not mean that this report 
assumes that habitat is the primary driver of pelagic fish populations.  To the contrary, there is 
substantial evidence that delta smelt are controlled by a complex set of multiple interacting 
factors (Sommer et al. 2007; Baxter et al. 2010; MacNally et al. 2010; Sommer and Mejia, In 
review).  Nonetheless, it is clear that aquatic habitats in the Delta have changed substantially 
since the mid-1850s by increasing urbanization, dam and levee construction, wetland diking 
and draining, water diversions, and contaminant inputs (Atwater 1985; Baxter et al. 2010).  
Highlights of new research in this area include the points summarized below.  

1.2.1 Continued evidence that the distribution of delta smelt and other species are affected by 
location of LSZ 

It is well-understood that higher flow levels shift the LSZ downstream, as commonly 
represented by X2, the distance of the 2 psu salinity isohaline from the Golden Gate Bridge 
(Jassby et al. 1995; Kimmerer 2002). However, there have been upstream shifts in the LSZ 
during fall (Feyrer et al. 2007), when the issue has become most controversial.  As expected in 
an estuary, the distributions of many organisms are affected by the position of the LSZ (Jassby 
et al. 1995; Dege and Brown 2004; Feyrer et al. 2007).  
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Studies since 2009 continue to show that salinity is an important driver of fish distribution.  
Kimmerer et al. (2009), Feyrer et al. (2010), and Sommer and Mejia (In review) have used 
Generalized Additive Modeling (GAM) to demonstrate that the distributions of many fishes of 
the estuary are strongly associated with salinity.  This finding is consistent with Sommer et al. 
(2011a), who found that the center of distribution of delta smelt is strongly associated with the 
LSZ as indexed by X2 (although there is an understanding that many of the fish occur outside of 
the LSZ at locations such as Cache Slough Complex).  Similarly, Sommer et al. (2011b) showed 
that the center of distribution for juvenile striped bass is largely driven by the position of the 
LSZ as indexed by X2.  The effects are not limited to fishes as there is evidence from Peterson 
and Vayssieres (2010) that annual patterns in benthic communities are driven, in part, by 
salinity.  Note, however, that there are no long-term trends in the salinity of the upper estuary 
for many months of the year (Jassby et al. 1995; Enright and Culberson 2010).  

Level of certainty of this information: HIGH. 

Relevance to the LSZ:  These findings support the idea that the LSZ is a biologically 
important area in the estuary for several fishes, even though their habitat is not 
restricted to the LSZ (e.g. see 1.1.3).  While the effects of LSZ on abundance are unclear 
for some species and seasons, the association between the center of distribution of 
estuarine organisms and LSZ position is reasonably well-understood. 

1.2.2. The results of Fall Low Salinity Habitat studies (FLaSH) remain inconclusive 

One of the most ambitious new research efforts is the Fall Low Salinity Habitat (FLaSH) 
program.  FLaSH is a multi-agency study in response to the 2008 OCAP Delta Smelt Biological 
Opinion’s (BO) Reasonable and Prudent Alternative that called for “adaptive management” of 
fall flows in wetter water years (USFWS 2008).  The basic hypothesis of the RPA is that the LSZ 
(salinity 1-6 ppt) may have greater benefits when its geographic location is further downstream 
(seaward) during fall.  A suite of studies were initiated by Interagency Ecological Program (IEP) 
in 2011 to examine the response of the upper estuary to increased flows during fall of that year 
(USBR 2012).  A draft report summarizing the results of the 2011 studies has been prepared and 
is currently undergoing peer review, so it is currently not available or citable.  Nonetheless, 
some of the basic results have been discussed at the recent 2012 IEP Annual Workshop.  
Highlights of the talks included the following: 

• IEP was able to mobilize a major study program to take advantage of higher fall flows in 
2011. 

• The results of the 2011 studies remain inconclusive for several reasons:  
o The primary results are from just a single year (statistically this means “n = 1”). 
o Many of the 2011 investigations have not yet been completed. 
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o This report hasn’t yet been peer-reviewed. 
o It is difficult to separate what was observed in fall 2011 from the relatively good 

conditions throughout the rest of the year (e.g. high flow, low temperature, new 
spring OMR flow regulation). 

o Some of the results contradicted initial predictions of the study. 
• In addition to relatively high numbers of delta smelt in fall 2011, growth rates (both 

apparent and based on otoliths) were also high compared to previous years. 
• There was a rare fall phytoplankton bloom that occurred near Rio Vista (upstream of the 

FLaSH prediction for a bloom in the LSZ). Initial studies showed that the bloom was 
composed mostly of diatoms, and that an important source of productivity for the 
bloom may have been Cache Slough Complex. 

• High flow conditions in 2011 led to a reduction in spring Potamocorbula biomass and 
grazing rates. 

Level of certainty for this information: LOW. 

Relevance to the LSZ:  These studies are highly relevant since the target region is the LSZ.  
Additional information should be available later in the year. However, the fact that the 
study was conducted in just a single year means that no definitive answers will be available 
for some time.   A suite of studies over the next several years should help to progressively 
reduce uncertainty. 

1.2 3  It continues to be difficult to separate the relative importance of the LSZ position from 
the effects of multiple interacting factors 

Because of the complexity of the San Francisco estuary and the suite of potential management 
tools, it would be helpful to be able to identify the relative importance of different stressors 
that affect the biota of the LSZ.   Conceptual models at least provide an accounting of the major 
categories of stressors and suggest ways in which they interact.  Some of the available tools 
include the previously-described basic conceptual model for the POD (Sommer et al. 2007), 
species models for delta smelt, longfin smelt, striped bass, and threadfin shad (Baxter et al. 
2010), a regime shift model (Baxter et al. 2010), and an adaptive management model for how 
biota may respond to changing management of the LSZ during fall (BOR 2011).  The existence of 
these models does not, however, mean that they are necessarily accurate.  Indeed, all of these 
models were developed to generate testable hypotheses for research and management.   

Even with good conceptual models, it is challenging to identify the key stressors for a given 
species, time period, and location.  Nonetheless, scientists and managers are fortunate to have 
multi-decade IEP databases that can at least be used for exploratory data analyses.  Two such 
efforts were recently completed by IEP using a team of local and outside scientists organized 
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through the National Center for Ecological Synthesis and Analysis (Thomson et al. 2010; Mac 
Nally et al. 2010).  Some of the highlights of the two studies included the following: 

Thomson et al. (2010) – Bayesian change point analysis 

• Turbidity and winter exports were important factors associated with annual fall 
abundance of delta smelt 

• For longfin smelt, the long-term population trend was associated with turbidity and 
spring X2. 

• Age-0 striped bass was associated with turbidity and an autocorrelation with abundance 
in previous years. 

• There was weak evidence for winter and spring exports and calanoid copepod 
abundance being important for long-term trends in threadfin shad. 

• For all four species, these factors analyzed could not account for the POD decline 
beginning around 2000. 

Mac Nally et al. (2010) – Multiple autoregressive analysis (MAR). 

• MAR modeling confirmed that 28 of 54 proposed relationships between the four POD 
fishes and abiotic and biological factors play a role in driving fish abundance trends.  

• High values of spring X2 (i.e. lower flows) were negatively associated with abundances 
of longfin smelt, as well as the biomass of calanoid copepods and mysids.  

• Food web factors were somewhat important.  
• Some evidence for export effects on delta smelt (negative effects of high winter exports) 

and threadfin shad (negative effects of high spring exports).  

In addition, the National Research Council (2012a) was recently given the task of examining the 
relative importance of different stressors and their potential for management actions.  The 
panel’s high-profile findings were very clear that excessive focus on single stressors was not 
fruitful. Key findings include: 

•  “The large number of stressors, their effects and interactions lead to the conclusion 
that efforts to eliminate any one stressor are unlikely to reverse declines in listed 
species.” 

• “Opportunities exist to mitigate or reverse the effects of many stressors.” 
• “Continued effects analyses, modeling, and monitoring are necessary to ensure actions 

taken to rehabilitate the ecosystem are cost-effective.” 
 
Level of certainty of this Information:  
HIGH that a focus on a single stressor will not reverse species declines.  
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MODERATE-HIGH that opportunities exist to improve conditions for fishes. 
 
Relevance to the LSZ:  Management of resources is most effective when the relative 
“bang for buck” for prospective actions is understood. However, it is clear that there are 
multiple interacting stressors, the effects of which cannot be readily separated.  This is 
understandable given that the whole range of stressors must be considered in the 
context of the whole suite of target species, seasonal and annual variation, spatial 
variation, and a constantly changing landscape and biota.  Indeed, the recent review by 
the National Research Council (NRC 2012a) indicated that it was not feasible to separate 
the relative importance of stressors. For this reason, it continues to be difficult to 
identify the relative importance of LSZ position (i.e. flow) management in relation to 
other stressors. 

1.2.4 More information is available about the habitat needs of delta smelt 

In addition to specific studies (described above and below), three new synthesis and review 
documents continue to build the knowledge base for some of the habitat requirements of delta 
smelt.  These include a recent draft Delta Smelt Habitat White Paper (Sommer and Mejia, In 
review), the 2010 POD Work Plan (Baxter et al. 2010), and the BDCP effects analysis (BDCP 
2012a).  Much of the relevant information in Baxter et al. (2010) is contained in a special 
section about habitat.  For the BDCP effects analysis, the most relevant sections are found in 
Appendix C, Flow, Passage, and Salinity: 

• The first part of the document contains an Executive Summary along with summary tables 
broken out by river (reach), Yolo bypass, and the Delta showing a comparison of the 
proposed project to existing biological conditions (EBC) under two estimates of climate 
change: early long term (ELT) and late long term (LLT).   

• Delta Smelt Fall Abiotic Habitat Index discussion (Section C.4.4.7) starts on C.4-67 with 
related discussion (including adjusted estimates to incorporate proposed restoration) to 
C.4-73.   

• Conclusions (Section C.6) summarizes regional flow changes.   
• Delta outflow (Section C.6.1.2.12) starts on p. C.6-5 with subsequent salinity, turbidity, 

temperature and dissolved oxygen sections. 
 

Some of the key findings from the three documents include the following: 

• Key factors for delta smelt habitat include high turbidities (>12 ntu) and moderate 
temperatures (7-25oC). 

• Delta smelt do not appear to have strong substrate preferences, but sandy shoals may 
be important for spawning.   
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• The evidence to date suggests that delta smelt generally require at least moderately 
tidal habitats. 

• Delta smelt also occur in a wide range of channel sizes, although they seem to be rarer 
in small channels (<15 m wide).   

• Some evidence that open water habitat adjacent to long residence time areas (e.g. tidal 
marsh, shoal, low order channels) may be favorable.  

• Other desirable features of delta smelt habitat include high calanoid copepod densities, 
and low levels of submerged aquatic vegetation and the toxic algae Microcystis. 

• Key adverse changes to the ecosystem include:  contaminants, long-term decreases in 
turbidity, the proliferation of invasive species including SAV and predators, harmful algal 
blooms, and a radical change in the food web. 

Level of certainty for this information: MODERATE. 

Relevance to the LSZ:  These reviews summarize the best available information about 
the habitat requirements of delta smelt, whose core distribution occupies the LSZ.  They 
also include new information that management of delta smelt should include regions 
outside the LSZ such as Cache Slough Complex.   

1.2.5 There have been important long-term and recent changes to physical habitat in the 
estuary 

The San Francisco Estuary has been an area of importance to humans for centuries.  Beginning 
in the California Gold Rush in the mid-1800s and subsequent rapid population growth, 
exploitation of resources accelerated rapidly (Baxter et al. 2010).  Some of the most important 
changes include wetlands diking and draining, levee and dam construction, urbanization, water 
diversions, and extensive species introductions (Nichols et al. 1986).  Many of these changes 
have been well-documented in previous reports and publications, so they will not be discussed 
in detail here.    

One new study of interest is Brown and Bauer (2009), which describes some of the long-term 
changes in hydrology in relation to the life history of several of the major fishes.  While the 
long-term decline in sediment load to the estuary is well-documented (Wright and 
Schoellhamer 2004), recent research suggests that there was a sudden clearing (i.e. reduction 
in turbidity) of the estuary around 1999 (Schoellhamer 2011).  

 Level of certainty of this information: HIGH. 

Relevance to the LSZ:  The historical loss of habitat and alterations of the estuary remain 
an ongoing issue for the LSZ.  Suisun Bay continues to be one of the most turbid regions 
of the estuary because of strongly interacting tidal and riverine flows, bathymetric 
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complexity, and high wind speeds, which resuspend erodible sediments in the region’s 
large and open shallow bays.  However, the long-term decline in sediments and 
apparent acceleration of clearing is of grave concern because most of the POD fishes 
prefer turbid water. 

1.2.6 The proliferation of SAV has degraded habitat for pelagic fishes 

Historically, tidal wetlands were an important habitat for native fishes in the Delta, as they 
provided productive and physically complex areas that served as nurseries for juveniles (Brown 
2003). While land reclamation was a primary cause of the loss of this habitat, remaining 
wetlands of the Delta today are threatened by non-native species. In recent decades, shallow-
water areas in the Delta have seen the proliferation of Brazilian waterweed (Egeria densa), and 
other non-native aquatic plants (Brown and Michniuk 2007). The influx of vegetation has made 
the areas largely unsuitable for native fish species that prefer open-water habitat, such as delta 
smelt (Brown 2003). Furthermore, dense aquatic vegetation has brought increased densities of 
non-native predators, such as largemouth bass (Brown and Michniuk 2007). However, the 
extent to which vegetation-associated predators have an impact on the populations of pelagic 
fishes is not clear. 

Recent work has increased our understanding of how Egeria and other non-natives work to 
dominate the shallow-water community. Peak growth during fall months allows Egeria to 
persist through the winter and have higher biomass than other aquatic plants the following 
spring (Santos et al. 2011). In addition, Egeria and other non-native aquatic plants have 
morphological and physiological traits that give them a competitive advantage over native 
species (Santos et al. 2012). Dense stands of Egeria may act to decrease exchange between 
shallow water, shoreline habitats and pelagic areas. Indeed, recent evidence suggests that food 
webs in these habitats are largely segregated (Grimaldo et al. 2009a).  

Egeria densa may have also affected the broader ecosystem by limiting sediment resuspension 
and thus contributing to increased water clarity in the Delta, which degrades habitat for pelagic 
fishes that rely on turbidity for efficient feeding and predator avoidance. Even after statistically 
controlling for reduced sediment input into the system, there is still a negative and significant 
relationship between turbidity and submerged plant cover (Hestir 2010). Annual maximum 
water velocities in excess of 0.49 m/s appear to help limit the establishment of submerged 
vegetation (Hestir 2010). 

The Department of Boating and Waterways initiated an Egeria densa control program in 2001, 
using herbicides. The program has been moderately successful in Frank’s Tract, and other areas 
that typically experience heavy boat traffic (DBW 2009); however, we don’t know if the 
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reduction in Egeria by this program reduces coverage to the extent that it can limit the effects 
that the plant has on the overall Delta ecosystem. 

Level of certainty for this information: MODERATE 
 
Relevance to the LSZ: When the LSZ overlaps with the distribution of Egeria densa 
(prevalent as far west as Sherman Island), shallow-water habitat for open-water species, 
such as delta smelt, will be extremely limited. While it is understood that lower flow 
conditions results in an upstream shift of the center of distribution of LSZ fishes, the 
relative effects on predation risk from non-native predators such as largemouth bass is 
unknown. 

1.2.7 Increasing evidence that ammonia inputs are a concern for the food web 

The effects of increased ammonia concentrations on the Sacramento-San Joaquin Delta and 
Suisun Bay have been the point of considerable research and regulatory review.  Ammonia 
loading has been increasing substantially (Jassby 2008) over the last several decades. 
Coincidentally, primary production and standing chlorophyll a levels associated with 
phytoplankton are among the lowest of all the major estuaries in the world (Jassby et al. 2002; 
Cloern and Jassby 2008; Jassby 2008).  

The downward trend in the abundance and productivity of algae over the last several decades 
has been coupled with the general shift in the phytoplankton community composition from 
diatoms toward less desirable cyanobacteria (“blue-green algae”) and flagellates (Lehman 1998, 
2000a,b; Jassby 2008; Brown 2010) as predicted for an ammonia rich system (Dugdale et al. 
2007).   Diatoms are assumed to be more nutritious to primary consumers like zooplankton 
than flagellates and blue-green algae and this reduction in algal food availability or its quality is 
a “bottom up” effect, one of the four factors hypothesized to contribute to the POD (Sommer 
et al. 2007; Baxter et al. 2010).  

Studies over the past two decades provide evidence that ammonium-induced suppression of 
nitrate uptake prevents spring diatom blooms from developing when conditions are otherwise 
favorable. It has been observed that spring diatom blooms only occur in years when ambient 
ammonium is below levels reported to inhibit nitrate uptake and algal production. Focused 
monitoring in spring 2010 detected two diatom blooms in Suisun Bay (Foe et al. 2010). Both 
occurred when ammonium was below the nitrate uptake “shutdown” level (0.056 mg/L). At 
times when ammonium levels in Suisun Bay were above this threshold, no blooms were 
observed.  

There are also concerns that current ammonium levels may suppress diatom growth along the 
axis of the estuary (Wilkerson et al. 2006) including the Delta upstream from Suisun Bay. 
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Results from two recent studies (Parker et al. 2010 a,b) indicate that ammonium levels in the 
river downstream of the Sacramento Regional Water Treatment Plant (SRWTP) were high 
enough to suppress nitrate uptake in algae. Additionally, primary production and chlorophyll 
levels peaked above the SRWTP and again in San Pablo Bay, consistent with the earlier 
observations near the LSZ that ammonia concentrations suppress algal primary production (Foe 
et al. 2010).  

Glibert (2010) has examined whether nutrient loading changes and food web responses were 
linked. The study found that there was a measureable change in the ratio of nitrogen to 
phosphorous (the N:P ratio) in the Delta, an increase in total N loading, a decrease in total P 
loading, and a change in the dominant form of nitrogen from nitrate to total ammonia. Glibert 
(2010) observed that changes in nutrient concentrations were correlated with changes 
observed in the Delta’s food web and that these changes may be related to the POD.  Not only 
was the increase in ammonium loads from wastewater discharge in the upper Sacramento 
River common to all of these loads and ratios, but so was the timing of these changes.  

Although there is no direct evidence of ammonia effects on higher trophic levels, food 
limitation has been a frequent concern in the estuary.  Slaughter and Kimmerer (2010) 
observed lower reproductive rates and lower growth rates of the copepod, Acartia sp., in the 
LSZ compared to taxa in other areas of the estuary. They conclude that “the combination of low 
primary production and the long and inefficient food web have likely contributed to the 
declines of pelagic fish.” Other recent evidence suggests that delta smelt are food-limited based 
on analyses of their liver glycogen levels (Bennett et al. 2008). Additionally, evidence exists of 
food limitation in longfin smelt (Rosenfield and Baxter 2007; CDFG 2009). 

Regarding toxicity to fish, un-ionized ammonia levels in the Delta appear to be too low to cause 
acute mortality to delta smelt and other fish species (Werner et al. 2009), though studies 
support the potential for chronic effects.  One such study reported that exposure of delta smelt 
to ammonia results in cell membrane destabilization, potentially affecting membrane 
permeability, enhancing uptake and thus synergistic effects of multiple-contaminant exposure 
(Connon 2011). Toxicity to copepods was observed in work completed by Teh et al. (2011). In 
this study there was reduced recruitment of new adults of P. forbesi and nauplii survival was 
negatively associated with concentrations that have been exceeded in measurements taken at 
Rio Vista (0.36 mg N/L and 0.38 mg N/L) (Teh et al. 2011). 

In summary, there is evidence that ammonia levels currently occurring in the Sacramento River 
have disrupted the historical concentrations and forms of nitrogen in the Bay- Delta system. 
This shift has transformed the downstream Delta from a nitrate to an ammonia dominated 
system, and that may have detrimental effects on biological productivity in the LSZ. Although 
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total biomass of zooplankton has not changed substantially in the delta smelt summer habitat, 
the new species composition may be less beneficial to pelagic fishes (Baxter et al. 2008).  

Based on some of the latest information, the most recent NPDES permit for the SRWTP 
(December 2010) has more stringent effluent limits for ammonia and requires a 20-fold 
ammonia reduction in the daily maximum concentration (from 45 to 2 parts per million) and a 
13-fold reduction in the average monthly concentration (24 to 1.8 parts per million). When 
implemented, the new limits are expected to reduce ammonium concentrations below values 
thought to inhibit nitrate uptake by diatoms at all locations in the Delta and Suisun Bay and 
high chlorophyll a concentrations characteristic of the pre-SRWTP should occur more 
frequently during spring if the low ammonium conditions are restored to Suisun Bay.  

Level of certainty of this information: Moderate 

Relevance to the LSZ:  Elevated ammonia concentrations in the vicinity of the low 
salinity zone have been shown to reduce primary productivity and chlorophyll 
production.  These levels may limit diatom blooms potentially resulting in a reduction in 
food for pelagic fishes.   While flow increases may affect ammonia levels in the estuary, 
the mechanism is via dilution rather than a change in total loading, the ultimate issue. 

1.2.8 Pesticide inputs remain a major concern, but their effects remain unclear 

The current state of knowledge about the effects of contaminants on delta smelt and other 
pelagic fishes has recently been summarized by Brooks et al. (2011) as part of the IEP POD 
effort. The available evidence indicates that although acute contaminant toxicity is not a likely 
cause for the population declines, sublethal stress from multiple factors including pesticides, 
metals, nutrient-rich effluents, and toxic algal blooms all degrade the habitat of fishes such as 
delta smelt.   

The specific  effects of pesticides are not well understood, although effects may be substantial 
given that agricultural, commercial, and urban purchases of pesticides within the Delta and the 
upstream watershed averaged 21 million kg annually from 1990 to 2007 (Brooks et al. 2011).   
Intermittent toxicity has been reported for Hyalella azteca, a common invertebrate bioassay 
species (Weston and Lydy 2010; Werner et al. 2010).  Of particular concern is the increase in 
pyrethroid use (Brooks et al. 2011), which has been shown to be fairly toxic (Brander et al. 
2009). 

Toxicity may be a key issue for fishes as sublethal contaminant exposure can impair immune 
function and swimming ability of delta smelt (Connon et al. 2011) and pesticides show sublethal 
toxicity in surrogate species (Beggel 2010).  Delta smelt distribution is known to overlap with 
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several key contaminants (Kuivila and Moon 2004; Brooks et al. 2011) and effects can be 
substantial depending on the level of exposure (Connon et al. 2010).   

Level of certainty of this information: LOW. 

Relevance to the LSZ:  The new research doesn’t provide specific insight into the 
possible linkages between the LSZ and contaminant exposure.  Nonetheless, the body of 
knowledge continues to point to contaminants as a key background stressor that must 
be considered in efforts to manage and recover imperiled fishes of the upper San 
Francisco estuary. 

1.2.9 Harmful algal blooms may be having substantial effects on the ecosystem 

In recent years, blooms of cyanobacteria (“blue green algae”), particularly the toxin-producing 
Microcystis, have become a regular occurrence in the estuary (Lehman et al. 2005).  Blooms of 
other cyanobacteria such as Anabaena and Aphanizomenon also have increased, and can co-
occur with Microcystis (Baxa et al. 2010).  These taxa can also produce toxins, but it is unknown 
if the specific varieties in the estuary are toxin-producers.  Toxin-producing strains of 
Microcystis have been documented in the estuary (Lehman et al. 2010a, Baxa et al. 2010), and 
both toxic and non-toxic strains have been shown to have detrimental effects to zooplankton 
and fish (Deng et al. 2010; Ger et al. 2010a; Ger et al. 2010b; Lehman et al. 2010a).  
Additionally, the strain of Microcystis in the estuary is genetically distinct from other strains, 
and may represent a brackish water ecotype that is adapted to higher salinities and low light 
levels (Moisander et al. 2009).  Though cyanobacterial blooms are generally highest upstream 
of the LSZ, high flows can transport blooms to downstream areas (Lehman et al. 2005). 

Level of certainty of this information: MODERATE 
 
Relevance to the LSZ:  Blooms of potentially harmful cyanobacteria have become regular 
occurrences in the estuary, particularly in upstream areas of the Delta.  Blooms can be 
transported downstream by high flows, where they may impact the LSZ via the foodweb 
and toxin production (Lehman et al. 2010a).  However, since cyanobacterial blooms 
tend to be most common in upstream areas, it's likely that the greatest effects on 
zooplankton and fish will occur in these areas.  But because some cyanobacteria can 
tolerate brackish water, the LSZ may still experience harmful algal blooms. 
 

1.3 Top-Down Effects 

Within the upper San Francisco Estuary, predation and entrainment in water diversion facilities 
are considered major sources of mortality for fishes (Sommer et al. 2007; Baxter et al. 2010).  
While predation is a natural component of healthy ecosystems, abrupt changes to the physical 
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environment or community structure (e.g. via species introductions) can unbalance established 
predator-prey relationships.  In extreme cases, introduced species have contributed to the local 
extirpation of native prey (e.g. thicktail chub, Moyle 2002) and predators (e.g. Sacramento 
perch, Crain and Moyle 2011).  The two most abundant introduced predatory fishes in the Delta 
are striped bass and largemouth bass, and numerous studies on both species have led to recent 
insights into the role of food limitation (Nobriga 2009), dietary overlap and native prey 
consumption (Nobriga and Feyrer 2007), and population trends relative to biotic habitat 
changes (Nobriga et al. 2005, Brown and Michniuk 2007, Baxter et al. 2010).  Additional work 
incorporating new genetic tools has begun to shed light on predation of early life stages of delta 
smelt as well (Baerwald et al. 2011, Baerwald et al. 2012).  Aside from consumption by 
predatory fishes, another significant source of mortality in the Delta is entrainment into water 
diversion facilities, especially losses at the SWP and CVP.  While well-studied for salmonids 
(Kimmerer 2008, Clark et al. 2009), the interplay between entrainment and predation remains 
poorly understood for other species of concern.  As such, the total number of fish impacted by 
both diversion facilities is far larger than the number salvaged, and thus salvage has been 
determined to be inadequate for gauging entrainment levels (Baxter et al. 2010). 

1.3.1 Increases in the abundance of key non-native predators may have important effects on 
native species’ populations, but the magnitude of these effects are unknown  

Largemouth bass:  Concurrent with the spread of an introduced aquatic plant, Egeria densa, the 
population of largemouth bass, an invasive piscivore, also increased dramatically. This 
population expansion was likely facilitated by an increase in rearing habitat for juvenile 
largemouth bass provided by more vegetation cover (Nobriga 2009). The increased abundance 
of largemouth bass is important because they have been known to alter the abundances of 
their main prey items in other systems (Mittelbach et al. 1995). In the Delta, largemouth bass 
are efficient predators in the littoral zone, and relative to striped bass and Sacramento 
pikeminnow, are the most frequent predators of other fishes, and have the highest incidence of 
predation on native fish species (Nobriga and Feyrer, 2007).  

However, the actual impact of largemouth bass on native species, particularly species of 
concern such as Chinook salmon and delta smelt, is unknown. As the mobility of largemouth 
bass is limited and their distribution is restricted to nearshore freshwater habitats, they may 
have very little overlap with pelagic species. However, recent evidence from studies on delta 
smelt migration have shown that delta smelt will move into nearshore areas during ebb tides, 
in order to maintain their upstream migration progress (Bennett and Burau, unpublished data). 
This nearshore movement may bring delta smelt into close proximity with largemouth bass and 
Egeria densa and increase the chances of predation. However, the delta smelt migration period 
typically occurs during winter months, when largemouth bass metabolic rates are low and they 
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may not be actively foraging. Furthermore, diet composition studies on largemouth bass have 
revealed only limited consumption of native species of concern, such as Chinook salmon, delta 
smelt, and Sacramento splittail (Nobriga and Feyrer 2007). Thus, while studies have clearly 
shown a relatively recent increase in largemouth bass, we don’t have clear evidence that this 
change has had a significant effect on the populations of key native fishes. 

Mississippi silverside:  In addition to the population expansion of largemouth bass, Mississippi 
silversides have been established in the estuary since the mid 1970s (Moyle 2002). Like delta 
smelt, silversides are a small, slender-bodied fish that generally occupies open-water habitat; 
however, they are tolerant of broader ranges of temperature and salinity. In a pilot effort to 
determine whether they predate upon delta smelt larvae, a genetic assay has been developed 
to detect delta smelt DNA in stomach contents of putative predators (Baerwald et al. 2011). 
Initial studies have confirmed that silversides indeed consume delta smelt larvae, and that 
predation may be more common in channel, offshore habitats (Baerwald et al. in press). 
However, as with largemouth bass, studies to date have not demonstrated a population-level 
effect of predation by Mississippi silversides on delta smelt or other native fish species. 
Furthermore, more work is necessary to understand how predation rates vary with both 
stationary (location, bathymetry) and physical (turbidity, temperature, salinity, etc.) aspects of 
habitat. Finally, the habitat requirements and population dynamics of Mississippi silversides in 
the Delta have yet to be determined to understand the extent of their overlap with delta smelt 
or other species of concern. 

Striped bass:  Research also continues to examine the potential effects of the apex predator in 
the LSZ, striped bass.  New studies by Loboschefsky et al. (2012) help to address this issue by 
modeling consumption by striped bass.  The results show that predation by sub-adult and adult 
striped bass is substantial, and varies based on population size.  Although the modeling 
suggested that predation rates were high around the onset of the POD, it is not yet known if 
predation is an important contributor to trends in pelagic fishes.  The studies by Loboschefsky 
et al. (2012) represent simulations of overall consumption that do not account for resources 
outside of the estuary (e.g. Pacific Ocean) or attempt to evaluate consumption for rare species 
like delta and longfin smelts.  

Level of certainty of this information: LOW 
 

Relevance to the LSZ: When the LSZ overlaps with the distribution of Egeria densa 
and largemouth bass, pelagic fish species such as delta smelt will be in closer 
proximity with inshore predators. More studies are necessary to understand how 
Mississippi silverside populations may vary with respect to the location of the LSZ. 
The modeling studies on striped bass don’t evaluate predation losses in specific 
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regions such as the LSZ, but nonetheless provide perspective on the magnitude of 
predation.  Additional work is needed to examine how variation in predation rates 
by these fishes may affect the biota of the LSZ. 

 
1.3.2 While export losses remain an ongoing management concern particularly during 

periods of high entrainment, there is no strong evidence that entrainment is a major 
recent driver of populations of fishes that occur in the LSZ 

The water diversions that are of most concern for fishes in the estuary are the SWP and CVP 
export facilities, Antioch and Pittsburg power plants, and within-Delta agricultural diversions 
(Sommer et al. 2007). Of these, the operations of agricultural diversions are the least likely to 
have had an effect on the POD species because there is no evidence that there has been a 
substantial change in operations during the past decade (Baxter et al. 2010).  With respect to 
the SWP and CVP water diversions, new studies by Grimaldo et al. (2009b) provide insight into 
the environmental factors that affect salvage, a count of fish at the water project screens that is 
considered an index of overall entrainment losses.   Grimaldo et al. (2009b) found that adult 
delta smelt entrainment increased following first flush (first winter rain events) when turbidity 
increased. Adult delta smelt losses may also be higher during periods when flows in two south 
Delta channels, Old and Middle Rivers (OMR), are most negative (“reverse flows”).  There was 
also evidence of an interaction of OMR flow with LSZ position (as indexed by X2), suggesting 
that the distribution of the population in relation to the LSZ prior to migration can be 
important, but only if OMR flows are negative following first flush events (Baxter et al. 2010).  

While export losses remain an ongoing management concern particularly during periods of high 
entrainment (Kimmerer 2008; Baxter et al. 2010), there is no strong evidence that entrainment 
is a major recent driver of populations of fishes that occur in the LSZ.  Thomson et al. (2010) 
found that turbidity (discussed as water clarity in that paper) and winter exports were 
associated with the long-term trend in fall midwater trawl abundance of delta smelt, but could 
not explain the recent step-decline in abundance during the POD, which began in the early 
2000s. Similarly, there was no evidence that exports explained long-term abundance trends in 
two other LSZ fishes, longfin smelt and young striped bass. In a multiple autoregressive analysis 
of the same data, Mac Nally et al. (2010) found some evidence for export effects on delta smelt 
and threadfin shad, but other factors had stronger effects on the suite of POD that inhabit the 
LSZ (Baxter et al. 2010). These results suggest that entrainment losses from exports did not play 
a major role in the POD.  It is important to note that these studies do not mean that exports did 
not contribute to the POD since the analyses did not include larval entrainment and the 
cumulative effects of entrainment of multiple life stages, or the possible importance of episodic 
events (Baxter et al. 2010). 
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Level of certainty of this information: MODERATE. 

Relevance to the LSZ:  Since most entrainment losses occur well upstream of the LSZ, the 
location of the LSZ may have little direct effect on these types of losses.  One as yet 
untested hypothesis is possible that fall LSZ position may affect the pre-migration 
distribution of delta smelt, which may in turn affect the subsequent migration pathway 
and exposure to water diversion (Grimaldo et al. 2009b; USBR 2012).  New studies are 
needed to test this hypothesis.  Entrainment risks may be much different for power 
plants, which are located in or near the LSZ (USBR 2012). However, these facilities have 
been operated infrequently in recent years, so major effects seem dubious. 
 

1.4  Bottom Up Effects 

A well-documented issue is that the upper San Francisco estuary has experienced extensive 
changes to its food web (Baxter et al. 2010).  Higher trophic level production in the open waters 
of the Delta and Suisun regions is fueled largely by phytoplankton production (Sobczak et al. 
2002), but the region has low phytoplankton production and biomass (Cloern and Jassby 2008), 
and has shown extreme declines (Jassby et al. 2002).  Key groups of zooplankton have likewise 
declined in abundance and biomass, with sharpest changes among calanoid copepods, a 
primary prey for early life stages of pelagic fishes (Kimmerer and Orsi 1996).   The invasion and 
establishment of the clam Potamocorbula amurensis in the late 1980s was followed by a series 
of major changes in consumers, which likely negatively influenced pelagic fish production 
(Kimmerer 2002). For example, the clam invasion was followed by a major step-decline in the 
abundance of the copepod Eurytemora affinis possibly due to predation by Potamocorbula 
amurensis (Kimmerer et al. 1994) or a reduction in phytoplankton, its food supply (Baxter et al. 
2010).  

1.4.1 Further evidence of long-term changes in the phytoplankton community  

Analyses of long-term monitoring data from 1975 to 1993 showed a shift from a diatom-
dominated community to a flagellate-dominated community, particularly in Suisun Bay 
(Lehman 2000).  More recent analyses showed this trend continuing through 2009, at least for 
downstream areas (Brown 2009, 2010a).  However, some upstream areas still had substantial 
numbers of diatoms, particularly in the south Delta (Brown et al. 2009; Brown et al. 2010a; 
Brown et al. 2010b; Brown et al. 2011; Brown 2010, DWR unpublished data).  There were also 
large diatom blooms in Suisun Bay and the LSZ in 2010 in spring and summer (Brown 2011; 
Brown et al. 2011), similar to blooms seen annually before the introduction of Potamocorbula 
amurensis.   These diatom blooms occurred again in spring and fall 2011, though in much lower 
numbers compared to 2010 (DWR unpublished data).  However, the species in the 2010-2011 
blooms were not the same as those in the historical blooms; the recent blooms have been 



 
 

19 
 

dominated by benthic or chain-forming taxa (e.g. Entomoneis or Melosira, respectively).  
Historic blooms were generally dominated by single-celled planktonic diatoms (e.g. 
Thalassiosira and Skeletonema). 

Also, some flagellate groups such as cryptophytes are considered good food sources for 
zooplankton (Kugrens and Clay 2003), so a shift in the phytoplankton community from diatoms 
to cryptophytes is not necessarily a loss of food quality.  However, changes in the 
phytoplankton community are likely to have effects on higher trophic levels due to the feeding 
selectivity of zooplankton.  The most common copepod in the estuary, Limnoithona tetraspina, 
was shown to feed exclusively on ciliates and flagellates, and did not consume diatoms at all 
(Bouley and Kimmerer 2006).  Two other copepods that are important prey items for fish 
(Eurytemora affinis and Pseudodiaptomus forbesi) fed on flagellates and ciliates, but also 
consumed diatoms (Bouley and Kimmerer 2006). Additionally, a change to a cyanobacteria-
dominated phytoplankton community would be a decline in food quality, as cyanobacteria are 
considered poor food for zooplankton (Ger et al. 2010a, Ger et al. 2010b).  The 2011 spring 
diatom blooms in Suisun Bay and the LSZ were followed by large cyanobacterial blooms in the 
fall (DWR unpublished data).  How the diatom and cyanobacterial blooms affected zooplankton 
and fish production in 2011 is still unclear. 

Level of certainty of this information: MODERATE 
 
Relevance to the LSZ:  The LSZ has been shown to be an important habitat for 
zooplankton and fish (Jassby et al. 1995), so changes in the phytoplankton 
community in this region are likely to have effects on higher trophic levels.  
However, these effects could be positive or negative, if the shift in the 
phytoplankton community is to higher (e.g cryptophytes) or lower (e.g. 
cyanobacteria) quality food.  The importance of food quality for zooplankton has 
been documented (Bouley and Kimmerer 2006; Ger et al. 2010b).  Historically the 
LSZ was dominated by diatoms, and though diatom blooms have occurred again 
recently, they are not the same taxa that occurred historically.  The effect of this 
change among diatom taxa on higher trophic levels is not well understood, and 
needs further exploration. 

 
1.4.2 Further evidence of extreme changes to the zooplankton community  

Zooplankton community composition and species abundance in the low salinity zone are well- 
documented since at least the early 1970s and recent analyses show a clear pattern in the mid- 
to late-1980s of decreasing zooplankton biomass density that paralleled the decline in the 
quantity and quality of phytoplankton, an important food for zooplankton (Winder and Jassby 
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2011). In the same time period, there was a nearly 10-fold drop in the biomass density of 
mysids (Winder and Jassby 2011).  Although overall zooplankton biomass remains low, 
increases in the relative abundance of copepod species that can flourish under conditions of 
low phytoplankton productivity (Limnoithona tetraspina) or food quality (Pseudodiaptomus 
genus) suggest a direct “bottom-up” influence of the changing phytoplankton community on 
the zooplankton community (Gould and Kimmerer 2010; Winder and Jassby 2011). An 
additional concern is that some of the new copepod species may be more resistant to fish 
predation (Gould and Kimmerer 2010).  The introduction of the filter-feeding overbite clam, 
Potacorbula amurensis, is largely credited with changes in the phytoplankton community 
through direct predation (Alpine and Cloern 1992; Kimmerer et al. 1994; Jassby et al. 2002), and 
probably had a similar impact on the zooplankton community, thereby limiting zooplankton 
biomass both directly through predation on early zooplankton life stages and indirectly by 
competing for shared phytoplankton food resources.  

Level of certainty of this Information: HIGH that the zooplankton community 
continues to change. 
 
Relevance to the LSZ:  The decline in zooplankton total biomass was characterized by 
reductions in zooplankton species that are important prey items for fish and an 
increase in the relative abundance of zooplankton that are more resistant to fish 
predation (Gould and Kimmerer 2010; Winder and Jassby 2011). The drop in 
zooplankton biomass density occurred in the late 1980s, suggesting it was not the 
primary driver of the pelagic fish decline that occurred a decade later in the early 
2000s. However, both the reduction in total zooplankton and mysid biomass and the 
shift to predation-resistant species reduced food availability for pelagic fish in the 
LSZ, and was likely a contributing factor in the fish decline, as well as a continuing 
factor limiting recovery of these fishes. 

 
1.4.3 Evidence of further changes in the benthic community 

Benthic community composition and abundances have been well-documented in the LSZ since 
the late 1970’s. The benthic community in the LSZ underwent a significant change in the late 
1980’s with the invasion of the clam Potamocorbula amurensis, however, benthic assemblages 
have been mostly stable since the establishment of P. amurensis (Peterson and Vayssières 
2010).  P. amurensis is a voracious filter feeder, and its high abundances in parts of the upper 
estuary have produced trophic consequences exhibited at all levels of the food web (e.g., 
bacteria – Werner and Hollibaugh 1993, Hollibaugh and Wong 1996; phytoplankton –Alpine and 
Cloern 1992, Jassby et al. 2002; zooplankton – Kimmerer et al. 1994, Kimmerer and  Orsi 1996, 
Orsi and Mecum 1996, Winder and Jassby 2010; fishes – Feyrer et al. 2003, Stewart et al. 2004).  
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Peterson and Vayssières (2010) examined benthic assemblage response to hydrologic variability 
and found that in years of hydrologic extremes benthic assemblages shifted with salinity, 
moving down-estuary in years with high outflow, and up estuary during years with low outflow. 
The strong influence of salinity on the benthic community in the upper estuary is reflected in 
benthic monitoring data, particularly with respect to P. amurensis abundances.  In the spring 
and summer of 2011, a year with high outflows, P. amurensis abundances in Grizzly and Suisun 
Bays were very low relative to the spring and summer of 2009 and 2010, years with lower 
outflows (Brown et al. 2010; Fuller 2011; Fuller 2012; DWR unpublished data). However, 
following increases in salinity in Suisun and Grizzly Bays in the fall of 2011, clam abundances 
increased substantially in this area (DWR unpublished data). 

Level of certainty of this information: HIGH that P. amurensis significantly changed 
the benthic community in the LSZ and HIGH that the benthic community shifts up or 
downstream with changes in salinity.  

Relevance to the LSZ: Primary production lost to invasive bivalve grazing is likely a 
key factor limiting productivity in the estuary, and abundances of P. amurensis are 
typically high in the LSZ.  It is important to understand the impacts of fluctuating 
salinities on P. amurensis populations.   

1.4.4 Additional major changes in the food web 

The Siberian prawn Exopalaemon modestus was first detected in the San Francisco Estuary in 
2000, and was likely introduced during the 1990s (Brown and Hieb in review).  It became 
established in the upper estuary by 2002--based on data from multiple sampling programs, 
highest numbers occurred from 2002 through 2004.  Numbers decreased dramatically after 
2004, and the population in the estuary appears to have become be more stabile.  However, 
this may be due to a shift in the population upstream, rather than an actual decrease in shrimp.  
E. modestus is a freshwater species; unlike other caridean shrimp species in the estuary, it does 
not need brackish water to reproduce.  However, it tolerates brackish water, and is regularly 
observed in Suisun Bay by DFG's Bay Study survey, the only monitoring program that routinely 
samples caridean shrimp in the estuary.  Other than Bay Study, most records of E. modestus in 
the estuary are as bycatch from gears not designed to capture caridean shrimp.  Also, the Bay 
Study does not target shallow habitats (less than 3 m), and does not sample all freshwater 
areas.  Hence, the full population and distribution of E. modestus in the estuary are unknown.  
However, because it is a freshwater species, the bulk of the population is likely centered 
upstream of the LSZ.  Because of its tolerance of brackish water, it is likely to have a regular 
presence in Suisun Bay and the LSZ.  High flow events may also flush large numbers of shrimp 
downstream to this area. 
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Level of certainty of this information: LOW 
 
Relevance to the LSZ: The Siberian prawn Exopalaemon modestus became established in 
the estuary by 2002; any effects on the POD or LSZ are unknown because other than 
DFG's Bay Study, little monitoring is done for this species in the LSZ.  However, it is 
regularly caught in Suisun Bay, and has tolerance for brackish water.  Additional work 
needs to be done to study the effects of E. modestus in the LSZ. 

 
1.4.5 Identification of food web “hot spots” in other regions 

Much of the food web monitoring in the upper San Francisco Estuary has focused on the central 
Delta, LSZ and Suisun Bay, with particular emphasis on channels.  These studies have led to a 
greater understanding of spatial and temporal variability in production (Lehman and Smith 
1991) and documentation of successive invasions of the estuary (Baxter et al. 2010; Winder and 
Jassby 2010).  In recent years, there has been an increasing recognition of the importance of 
peripheral areas.  For example, studies by Schemel et al. (2003), Sommer et al. (2004), and 
Lehman et al. (2008) indicate that seasonal floodplain may be an important input of primary 
and secondary production to the estuary.  This relative importance of peripheral “hot spots” 
continues to grow based on new work showing high production in tidal wetlands. Schroeter 
(2008) showed that smaller channels of Suisun Marsh contain relatively high levels of 
invertebrates, which may help to explain the occurrence of large numbers of young striped 
bass.  More recently, Lehman et al. (2010b) studied Liberty Island, the “newest” large habitat in 
the Delta.  This large area of tidal wetlands was formed by a flood event in 1997 that inundated 
the island, leading to the formation of open water and emergent marsh.    Their studies 
revealed that exports of organic and inorganic production from Liberty Island vary tidally and 
seasonally.   

Level of certainty of this Information: LOW-MODERATE. 
 
Relevance to the LSZ:  There is substantial new evidence that regions outside of the 
LSZ are much more important than previously understood.  Hence, effective 
management of the estuary must consider not only the LSZ, but also peripheral 
habitats that provide fish habitat and serve as “food banks” for the estuary. 
 

2 Effects of Invasive Species 

Take Home Points: 

• Invasive species are already having severe effects on the aquatic ecosystem. 
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Suggested Short Term and Long Term Actions: 

• Efforts to deal with invasive species should include:  detailed monitoring; prevention 
programs; and response plans. 

Introductions of invasive species have completely altered not only the biota of the estuary, but 
the very landscape.  The high level of species invasions and associated impacts have been 
discussed extensively by previous studies such as Cohen and Carleton (1998) and Matern et al. 
(2002).  The results of much of the new research were described above, including the following 
studies.   

General Species Effects: 

Baxter et al. (2010); BDCP Effects Analysis (BDCP 2012b)  

Harmful Algal Blooms:  

Lehman et al. (2010); Baxa et al. (2010); Deng et al.(2010); Ger et al. (2010a,b); Moisander et al. 
(2009)   

Benthos: 

Peterson and Vayssieres (2010); Brown et al. (2010a); Fuller (2011); Fuller (2012) 

Zooplankton: 

Gould and Kimmerer (2010); Winder and Jassby (2010) 

SAV and the inshore fish community:  

Grimaldo et al. (2009a); Santos et al. (2011; 2012); Hestir (2010) 

Pelagic Fishes: 

Threadfin Shad--Feyrer et al. (2009) 

Striped bass—Loboschefsky et al. (2012); Sommer et al. (2011b) 

POD Fishes-- MacNally et al. (2010); Thomson et al. (2010) 

The latest studies continue to show that the effects of these species are extensive and severe.  
Studies such as Baxter et al. (2010) and Moyle et al. (2008) suggest that changes in salinity 
variation may affect the persistence of some invasives.  Similarly, Glibert et al. (2011) and 
Baxter et al. (2010) hypothesize that nutrient inputs can alter the phytoplankton community 
towards harmful or less-nutritious types, which may in turn affect the zooplankton community.    
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Level of certainty of this Information:   
HIGH that invasive species are undermining the aquatic ecosystem in the Bay-Delta 
and will continue to do so in the future. 
LOW in our ability to predict future changes to the ecosystem from invasive species.  
See below for possible approaches to deal with uncertainty. 
 
Relevance to the LSZ:  There is good evidence that the response of some of the POD 
fishes to flow has become muted in recent years (Kimmerer 2002; Sommer et al. 
2007; Baxter et al. 2010).  This does not mean that there is no longer a community 
response to flow; rather, there is less “bang for buck” as compared to the historical 
response to higher flow conditions.  As described in Kimmerer et al. (2002) and 
Baxter et al. (2010), invasive species appear to be a major reason for this change.  
Indeed, Baxter et al. (2010) suggest that there has been a major regime shift in the 
ecosystem that may be difficult to reverse.  If true, current management of the LSZ 
(e.g. spring X2) may still contribute to modest variation in the abundance of 
estuarine fishes, but the ecosystem will show little major improvement without 
large and bold actions to shift away from the current ecological regime.   

 

3 Effects of Climate Change 

Take Home Points: 

• Ongoing changes in climate mean that past climate and hydrology alone are unlikely to 
be good predictors of future conditions. 

• The vulnerabilities of the current system will be exacerbated by climate change—we 
need to improve our planning for it and take actions that improve the system’s resilience 
to expected changes.    

• Expected major changes include flooding of delta islands from sea level rise, associated 
salinity increases in the delta, earlier snowmelt runoff and changes in hydrology, and 
increased temperature.  

• Temperature increases are a particular concern for sensitive species such as delta smelt. 

Suggested Short Term Actions: 

• New management actions should not assume that long-term historical hydrology (e.g. 
unimpaired flow) applies to current conditions.  Recent conditions and climate modeling 
may provide a better indication of what to expect in the near-term. 
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• Regulatory thresholds should be established with consideration of changes in climate 
and hydrology that have already occurred and that are projected to occur in the future. 

Suggested Long Term Actions:  

• Programs to improve and protect ecosystem conditions will be most likely to meet their 
objectives if they are designed to function within altered climatic conditions rather than 
today's climate and hydrology. For example, delta planning efforts such as BDCP are 
being designed to function under a range of future climate conditions—not just the 
conditions that exist today. 

• Similar planning is needed for many other aspects of Delta management. 

Climate change represents one of the greatest challenges to the management of the resources 
of the estuary.  Three major effects include alteration of runoff patterns and precipitation, sea 
level rise, and temperature increases.  Studies to date already demonstrate a trend toward 
more Sierra Nevada precipitation falling as rain and less falling as snow (Roos 1987; 1991 cited 
in Baxter et al. 2010; Knowles and Cayan 2002; 2004), increasing the likelihood of flooding and 
reducing our flexibility to seasonally store water.  Precipitation is also expected to become more 
variable, with more extreme wet and dry conditions. In turn, altered hydrographs affect fish life 
history, which is usually tied to historical runoff patterns (Moyle 2002; Brown and Bauer 2009).  
Sea level, the second major effect, has been rising since the end of the last ice age and shows a 
significant acceleration in the past several decades (NRC 2012b).  Sea level rise is known to 
cause increase salinity intrusion, which is expected to force the LSZ inland.   As described above, 
changes in the position of the LSZ (e.g. X2) have the effect of shifting the distribution and 
habitat of delta fishes.  Similarly, sea level rise is expected to increase the likelihood of levee 
failures (Mount and Twiss 2005), an additional factor that is expected to change the geographic 
location of the LSZ and its general bathymetry (Lund et al. 2007; 2008).  Perhaps the greatest 
threat to the fishes of the Bay-Delta is the predicted warmer air temperatures in the region 
(Dettinger 2005). Although water temperatures do not currently have a strong detectable 
influence on the distributions of POD fishes (Feyrer et al. 2007), this variable is of extreme 
concern for sensitive species such as delta smelt (Swanson et al. 2000; Nobriga et al. 2008).  
Some of the most recent literature is summarized below. 

3.1 Continued evidence that runoff patterns and precipitation will change 

One of the most comprehensive studies to date is an investigation by Cloern et al. (2011), who 
used a series of linked models under two contrasting scenarios of climate change (high and 
moderate warming).  Their studies confirmed major changes to hydrology, habitat quality, 
salinity, precipitation, runoff, and snowmelt contribution to runoff over the 21st century.  They 
concluded that subsequent changes to the biological community are inevitable.   
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BDCP (2012c) provides a detailed modeling and analysis of current and expected future delta 
hydrology with current infrastructure, ecological conditions, and operations and with proposed 
improvements in infrastructure, ecological restoration, and proposed future operations1.  These 
modeling studies include estimates of future flow patterns and associated species effects.  
Changes in monthly and annual runoff under projected climate conditions modeled for the 
BDCP studies, reflect a general trend of snowpack runoff shifting from spring and early summer 
to rainfall runoff in the winter months.  Because this shifts results in additional runoff entering 
the major multi-purpose reservoirs in the Delta watershed (Shasta, Oroville, Folsom, Millerton) 
during months that these reservoirs are operated for flood protection, there is limited ability to 
store the runoff and much of it would have to be released and would not be available later in 
the year when it is needed. Thus, these changes in snowpack accumulation and snowmelt 
runoff result in differences in downstream flows and Delta inflows, and have implications for 
project operations.  Projected shifts in the timing and volume of flow entering and exiting the 
Delta has broad ecological impacts including potential alteration to biologically relevant 
transport flows, migration cues and timing, as well as availability of and access to habitat.  
Furthermore, these projected shifts in runoff patterns will impact different species to different 
degrees. 

In addition to the shifts in runoff patterns, total precipitation is also expected to become more 
variable with both more intense storm events and more frequent drier periods and prolonged 
droughts. The frequency of atmospheric river storm events will increase resulting in greater 
flood magnitudes (Dettinger, 2011). These events will put additional stress on Delta levees, 
contributing to an increase in levee breaches and failure, which as discussed above can change 
the geographic location of the LSZ and its general bathymetry (Lund et al. 2007; 2008).  At the 
same time as storms are getting more frequent and extreme, the overall average annual 
precipitation in both Central and Southern California is expected to decrease by the mid to late 
21st century.   Half of the projections of future climate change show that the 30-year average 
precipitation will decline by more than 10 percent below the historical average by late century 
(CCCC, 2012). Drier conditions and an increasing frequency of drought, including prolonged 
droughts, will contribute to increased water temperatures, greater salinity intrusion, reduced 
water quality and changes in location of the LSZ. 
 
Feyrer et al. (2010) developed a model to predict delta smelt habitat quality in response to 
changes in X2 based on simulated future hydrology. Data from several scenarios of climate 
change showed reduced habitat suitability as a result of salinity intrusion (Feyrer et al. 2010).  
These and other climate-related changes have also been discussed in Baxter et al. (2010) and 
Sommer and Mejia (In review). 

                                                           
1 A summary of the methodology used by BDCP to develop projections of future climate change and use those 
projections for the effects analysis of the proposed project and alternatives is described in “Climate Change 
Characterization and Analysis in California Water Resources Planning Studies” (Khan and Schwarz, 2010). 

http://www.water.ca.gov/climatechange/docs/DWR_CCCStudy_FinalReport_Dec23.pdf
http://www.water.ca.gov/climatechange/docs/DWR_CCCStudy_FinalReport_Dec23.pdf
http://www.water.ca.gov/climatechange/docs/DWR_CCCStudy_FinalReport_Dec23.pdf
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Level of certainty of this Information:  
MODERATE-HIGH that future runoff conditions will be different. 
LOW-MODERATE for the specific responses of the biota. 

 
Relevance to the LSZ:  Changes in runoff amount and/or timing that affect the area 
of the LSZ are highly likely.  Operational management to protect this habitat will 
become more constrained as runoff timing shifts earlier and conflicts with flood 
control operations at multi-use facilities.  Future efforts to protect LSZ habitat could 
have increasingly large trade-offs with other system benefits.  

3.2  Continued evidence that sea level rise will have substantial effects 

Rising mean sea level is expected as a result of global warming. As much as 167 cm (66 inches) 
of sea level rise is projected for the California coast and Delta region by 2100 (NRC 2012b).  In 
2012, the National Research Council (NRC) conducted an exhaustive review of existing global 
sea level rise science and projections and produced a definitive study of sea level rise 
projections for the west coast of the United States.  While several other reports and journal 
articles have been issued which provide projections of global sea level rise (IPCC 2007; Vermeer 
and Rahmstorf 2009; Pfeffer et al. 2008; Rahmstorf 2007) this is the first comprehensive study 
for the west coast of the United States which accounts for local land surface movements and 
ocean current effects that may result in sea level rise values for California that deviate from 
global values.  Table 1 below provides NRC (2012b) projections for sea level rise values for the 
California coast in the Delta region.  Projections of sea level rise used in the analysis conducted 
for BDCP discussed above and below are within the range of potential sea level rise projected 
by NRC (2012b).  
 
 

Table 1. Sea Level Rise Projections for San Francisco and Delta Region 2030, 2050, and 2100 

  
2030 2050 2100 

  
Projection Range Projection  Range Projection Range 

Projected Sea Level 
Rise at San Francisco 

cm 14.4 ± 5.0     4.3–29.7  28.0 ± 9.2 12.3–60.8 
91.9 ± 
25.5 

42.4–
166.4 

in 5.7±2 1.7-11.7 11±3.6 4.84-23.9 36.2±10 16.7-65.5 
Source: NRC, 2012b, projected sea levels are increases from values for the year 2000 

A rising sea level will impact the Delta in two important ways: 1) increase the risk of 
overtopping and other forms of levee failure and 2) increased saline/brackish tidal pressure, 
which if not counteracted by increases in freshwater outflows will lead to increased salinity 
intrusion and higher salinity levels in the Delta.   

Higher sea levels increase the risk of levee failure by producing higher hydrostatic loads against 
levees and by increasing internal seepage gradients.  Most of the land in the Delta is below sea 
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level as a consequence of ongoing subsidence.  Rising sea levels would place more pressure on 
the Delta’s already fragile levee system, and as a consequence could increase the risk of levee 
breaches.  Broad areas of the Delta are highly susceptible to inundation (Knowles 2010). 
Moreover, economic considerations may reduce the likelihood of repairing such failures, given 
economic considerations (Suddeth et al. 2010).  High water events such as storm surges and 
seasonal high tides could further increase the risks of levee failure. Since sea level rise increases 
the mean sea level, it raises not just the level of the highest sea stands but also increases the 
amount of time that levees are exposed to higher sea stands as described below.   

Cloern et al. (2011) evaluated the extent to which extreme water levels might increase in the 
future. As indicated in Figure 1, both scenarios result in marked increases in the frequency of 
extreme water heights 1.41 m or above mean sea level.  Historically, sea levels have only 
exceed 1.4 m for approximately 8 hours per decade in San Francisco Bay, Cloern et al. (2011) 
project that sea levels in 2050 will exceed 1.41 m 1,200 to 2,000 hours per decade and by the 
end of century will exceed 1.41 m 15,000 to 30,000 hours per decade (note that the “Hours per 
decade” scale in Figure 1 is logarithmic).  Although the projected increase in water heights 
addressed in the cited study was modeled for the San Francisco Bay, it correlates to increased, 
though somewhat attenuated, water heights within the Delta. 

 
Source: Cloern et al. (2011), Sceanrio A reflects higher climate change and scenario B reflects less climate change 

Figure 1.  Increases in Duration of High Water in the Bay-Delta System 

Higher sea levels also increase the hydrostatic pressure of sea water flowing in from the Pacific 
Ocean and San Francisco Bay.  This higher pressure can increase salinity in the Delta’s inland 
waterways if not counter acted by increased outflows of freshwater. Greater inflows to the 
Delta of freshwater would likely be achieved by releasing greater amounts of water from 
upstream reservoirs.  This would reduce the amount of water available for other uses as this 
additional water would end up as Delta outflow to the ocean.  However, even if freshwater 
inflows to the Delta were increased to counteract the effect of sea level rise, increased salinity 
intrusion could still occur in deeper more stratified channels by increasing density driven-flows 
(Fleenor et al. 2008).  Conversely, if freshwater inflows were not increased to counteract higher 



 
 

29 
 

sea levels, additional saline water would flow deeper into the Delta and would increase the 
salinity in areas of the Delta that are already brackish. The X2 position would move inland.    

Chen et al. (2010) evaluated the effect of a 1 to 3 foot increase in sea level rise (with no change 
in Delta inflow hydrology) on Delta water quality and drinking water treatment by modeling 
salinity (and other water quality metrics) at multiple Delta intake locations. Table 2 shows that 
for Banks Pumping Plant, a 1-foot increase in sea level (about the level of increase projected for 
2050) has a minimal impact on salinity at the low end of the impact range.  Salinity increased by 
about 30% for average impacts, and at the high end of impacts salinity nearly doubled.  A 3-foot 
increase in sea level (about the level of increase projected for 2100) would significantly 
diminish water quality with conductance and Bromide concentrations increasing by two to 
three times baseline sea level conditions.  Another study, Fleenor et al. (2008) found similar 
results, predicting that a one-foot sea level rise would increase the annual average salinity 
concentration at the Clifton Court Forebay (which supplies the Banks Pumping Plant) by 
approximately 4 to 26 percent, with even higher concentrations associated with a three-foot 
rise. 

Table 2 
Salinity Levels at the Banks Pumping Plant Associated with Sea Level Rise 

  

Condition 
Conductance (µS cm-1) Bromide (mg L-1) 

Low Average High Low Average High 

Current (2003-2007) 125 355 671 0.03 0.15 0.41 

1-foot Sea Level Rise 126 455 1,166 0.03 0.16 0.85 

3-foot Sea Level Rise 126 741 2,120 0.03 0.50 1.64 

µS cm-1 = microsiemens per centimeter 
mg L-1 = milligrams per liter 
Source: Chen et al. 2010 

Level of certainty of this Information:  
HIGH that sea level rise will increase the risks of levee failure and associated 
seawater intrusion.  
LOW-MODERATE for the specific responses of the biota. 
 
Relevance to the LSZ:  As for runoff patterns (above), changes in sea level that affect 
the LSZ are inevitable.  Efforts to protect this habitat are unlikely to be successful 
unless they include a strong focus on expected future conditions.  
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3.3 Continued evidence that increasing water temperatures will degrade the habitat of key 
Bay-Delta resources 

The general effects of warmer future conditions have recently been reviewed in Baxter et al. 
(2009), BDCP (2012c), and Sommer and Mejia (In review).  Modeling results from the BDCP 
Effects Analysis, which accounted for climate change projections, estimate an annual average 
Delta water temperature increase, in the ~2025 timeframe, ranging from 0.32⁰C to 0.54⁰C and 
0.91⁰C to 1.57⁰C in the ~2060 timeframe.   The increases were variable regionally and 
seasonally, but would cumulatively reduce quantity and quality of habitat for covered aquatic 
species.  Additionally, the results support the conclusion that on average higher temperatures 
would increase the metabolic demand for aquatic species, and could result in a more limited 
spawning period for delta smelt.  Furthermore, the estimates showed an average increase in 
the number of both stressful and lethal temperature-days per year, for endemic Delta species 
such as delta and longfin smelt, as we move into the future.    

The results of Cloern et al. (2011) are particularly disturbing as they evaluate the responses of 
several biological indicators to climate change.  The results suggest that delta smelt and 
Chinook salmon will be highly susceptible to these adverse changes.  The Cloern et al. (2011) 
study incorporates the work of Wagner et al. (2011), who found that the future will include a 
dramatic increase in the number of days with lethal (>25 C degrees) temperatures.   

Level of certainty of this Information:  
HIGH that future temperatures will increase.  
MODERATE-HIGH for the specific responses of the biota. 
 
Relevance to the LSZ:  As for runoff patterns and sea level (above), changes in 
temperature that affect the biota of the LSZ are inevitable.  Efforts to protect this 
habitat are unlikely to be successful unless they include a strong focus on expected 
future conditions.  

3.4 New evidence that ocean patterns affect the resources of the Bay-Delta 

Although the focus of the current review is the LSZ, it is important to consider how global 
conditions may affect the estuary as a whole.  New work by Cloern et al. (2010) suggests that 
broad communities of the lower estuary may be affected by large scale changes in oceanic 
currents.  Like climate, ocean currents are expected to change substantially under future 
conditions. 

Level of certainty of this Information:  
MODERATE that coastal currents affect the resources of the estuary.  
LOW regarding how future changes will affect the responses of LSZ biota. 
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Relevance to the LSZ:  Management of the LSZ should not only consider temporal 
changes (e.g. future climate change), but also the broader geography of the lower 
estuary and its watershed.   

3.5 Additional considerations and recommendations related to climate change 

Past SWRCB actions and analysis of flow criteria and critical flow thresholds have relied on 
streamflow datasets such as the California Central Valley Unimpaired Flow Data (DWR 2006). 
This dataset and others like it document historical flow conditions and provide estimates of 
what flow conditions might have been had the watersheds not been altered by human 
development.  

Use of these historical datasets as an indicator of future flow conditions is based on the 
assumption of hydrologic stationarity. This assumption has been shown to be invalid for at least 
some major Central Valley watersheds (Wang et al. 2011).  Identifiable trends of changing 
hydrology are now visible in observations of historical runoff and all expectations are that these 
trends will continue and are likely to accelerate.  

While historically observed conditions continue to provide highly valuable data for projection of 
future conditions, continued reliance on these observations alone will lead to flawed 
projections of future conditions that could result in over or under regulation of critical 
conditions.  

DWR has attempted to move beyond the assumption of stationarity and analyze the impacts of 
climate change on water resources systems in a number of ways. In 2010, DWR completed a 
comprehensive study of the different approaches it and its partner agencies had taken to 
address climate change in water resources planning studies (Khan and Schwarz, 2010).  The 
study revealed that a number of different approaches had been used and that each had 
strengths and weakness. Since the completion of the 2010 study, DWR has embarked on a 
focused effort to develop an improved approach to addressing climate change.  This process is 
being guided by an independent board of experts drawn from around the country (and Canada) 
and including scientists, engineers, hydrologists, lawyers, and local water managers drawn from 
the academic community, private sector, and government. This board will advise DWR on all 
aspects of the way DWR deals with climate change.  One of their first tasks will be to help DWR 
develop appropriate scenarios of future climate change and procedures for their use in water 
resource planning and management applications. DWR expects that the climate change 
advisory board will have largely completed the task of scenario development by early 2013.  
These scenarios will provide a sound scientific basis for incorporation of changes in historical 
hydrology as a result of climate change and may be extremely helpful in assisting the SWRCB 
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with addressing these changes for regulatory actions. All meetings of the DWR climate change 
advisory board are open to the public and the SWRCB is encouraged to attend these meetings 
to learn more about the effort. (http://www.water.ca.gov/climatechange/cctag.cfm) 

 

4. Dealing with Uncertainty 

Take Home Points: 

• Existing year-to-year precipitation and runoff patterns in California are highly variable. 
• The fact that there is substantial uncertainty about future ecosystem conditions is 

inescapable. 
•  Uncertainty will continue to challenge the balancing of water resources for beneficial 

uses over the near-term and long-term.  
• Operational flexibility and detailed monitoring are critical in being able to respond to 

future changes. 
• Adoption of higher flow requirements will require trade-offs with other beneficial uses of 

water, which will require substantial consideration of the level of certainty when 
reaching a balanced approach to the Bay-Delta Plan.       

Suggested Near- and Long-Term Action: 

• Integrated planning efforts such as the California Water Plan are needed to guide 
resource use in the state. 

• Adaptive management strategies need to be developed for current and future 
operations. 

• Adaptive management will be most successful when implemented in a well-defined, 
multi-party setting, which includes peer review, feedback loops, and a clear decision-
making framework.   

• Conceptual models and hypothesis are critical to guide these efforts. 
• Efforts such as FLaSH and BDCP provide examples of possible near- and longer-term 

science-based management approaches, respectively. 
• Greater operational flexibility as provided by multiple water project intake locations 

would provide greater opportunities for a balanced approach through the adaptive 
management process.  

As discussed in the previous sections, there is still substantial uncertainty about our 
understanding of the LSZ and its biota.  This uncertainty includes both how the system currently 
works, but also how it will function in the future given climate change and continued waves of 

http://www.water.ca.gov/climatechange/cctag.cfm
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species introductions.  Obviously, the high degree of uncertainty creates major challenges for 
resource managers.  Despite the challenges, there are logical approaches to manage for 
uncertainty.  In our role as managers of the State of California’s water resources, DWR has had 
to deal with uncertainty on a regular basis to reliably deliver water for municipal and 
agricultural uses while protecting the ecosystem.  For example, since at least 2006 DWR has 
incorporated climate change into its planning activities.  Here, we describe DWR’s approach to 
dealing with short-term and longer-term uncertainty in water supply.  We also include 
information about how we incorporate scientific information into the decision process.  Our 
hope is that this insight will be useful to SWRCB in its own approach to planning for current and 
future uncertainty. 

4.1 Near-Term Management of Water Resources 

4.1.1 Managing Hydrologic Uncertainty 

California’s hydrology is uniquely variable in the United States.  For most of the country the 
annual standard deviation of precipitation is a small fraction of the mean.  However, in 
California the standard deviation is larger relative to the mean than anywhere else in the 
country.  To a limited extent the large water projects provide a damper on the effects of this 
highly variable annual fluctuation.  Catastrophic flooding effects are greatly reduced in wetter 
years.  Droughts and salt water intrusion are not as severe in drier years due to project 
operations.  However, river flows and Delta outflow conditions continue to vary significantly, on 
an intra-seasonal basis as well as on an annual basis.  “Average” or “typical” hydrology is an 
illusion.   Although historical hydrologic years may share annual volumes that are similar, no 
two years are identical in the monthly distribution.  This exceptional variability adds a 
significantly high level of uncertainty when testing hypotheses based on short term data sets.   

The use of statistical methods as applied to historical information in the form of exceedence 
plots are necessary to estimate expected runoff volumes.   Hydrology is “averaged” and 
“normalized” as a necessary distortion to allow for practical water resource planning and 
management activities.   Conservative estimates of water supply availability must be utilized in 
order to prudently apportion water uses over the course of a year.  Water delivery forecasts 
must be apportioned to the water supply that remains after first meeting all regulatory 
requirements and while considering all physical conveyance and storage limitations of the 
system.   

4.1.2 Ecological and Regulatory Uncertainty 

In addition to the inherent hydrologic uncertainty of the water system, the next greatest source 
of ambiguity is the continuing uncertainty related to the implementation of the latest biological 
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opinions issued by United States Fish and Wildlife Service and the National Marine Fisheries 
Service on the operations of the Central Valley Project and State Water Project. 

The actions within these biological opinions rely heavily on a real-time adaptive approach on 
setting highly variable flow targets within the confines of a range of possibilities.  The process 
for setting these targets is complex and resource intensive.  Interagency groups of scientists, 
engineers, and resource managers collect, process, distribute, and analyze large qualities of 
real-time data on flow, water quality, and fish distributions to inform the decision making 
process. 

Since 2009, both biological opinions were litigated and have been remanded by the lower 
Courts.  Both are currently being reworked and are subject to NEPA analysis.  Because of the 
ongoing uncertainty in the ecological sciences, the final result of these processes are greatly in 
doubt. 

In the interim, the Court adopted an interim remedy order for fall X2 operations in 2011 and 
parties to the litigation have enacted other annual operating agreements for other actions in an 
attempt to provide adequate protection for listed species while minimizing water supply 
impacts and producing experimental data to help inform future management decisions.  These 
alternative actions have varied significantly from those issued in the litigated biological 
opinions.      

4.1.3 Beneficial Use Trade-Offs 

The regulatory undulations as described in the previous section have resulted in predictable 
and measurable trade-offs with other beneficial uses of water.  To a large extent the allocation 
of resources on a year-to-year basis is a zero sum game.  The adoption of a regulation whose 
intent is to benefit one species will likely have some adverse effect to other species or the 
water supply for agricultural or municipal and industrial users.  When making these decisions it 
would seem prudent to give substantial consideration to the level of certainty regarding the 
potential benefits and costs associated with such changes in order to reach a balanced 
objective.     

4.2 Longer -Term Planning of Water Resources 

Good examples of how DWR addresses uncertainty over the longer-term are the California 
Water Plan and the Bay-Delta Conservation Plan Effects Analysis.  The basic approach taken by 
each of these programs is summarized below. 
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4.2.1 California Water Plan 

Every five years DWR prepares the California Water Plan, a major tool to provide guidance 
toward meeting statewide and regional water challenges. As an example, the 2009 California 
Water Plan Update (CDWR 2009) is made up of three major volumes;  

1) Volume 1 presents a strategic plan for all aspects of water management in California 
with a vision, mission, goals, recommendations, and implementation plan.  

In addition, a chapter in this volume identifies companion State plans that have a direct 
connection with the Water Plan.   The chapter on California Water Today outlines California’s 
extreme and variable resources and details water uses and supplies on a statewide basis. 
Meeting these challenges requires that we account for and reduce uncertainty and risk and that 
our investments make our water management systems, flood protection systems, and 
ecosystems more sustainable. This approach to managing our resources through 2050 is 
outlined in the chapter on Managing an Uncertain Future which describes the basics behind the 
development of scenarios for Update 2009 and some of the statewide drivers, and presents 
three narrative scenarios for conditions through 2050.This approach also requires that the 
water community have improved water resources information and analysis and a chapter 
includes some key actions for making those improvements. 

2)  Volume 2 describes resource management strategies that can help to meet the various 
water management objectives of each region and statewide.  With these strategies and through 
the process of integrated regional water management, regional managers can group and 
implement strategies into response packages, crafting them to provide multiple water and 
resource benefits.  

3) Volume 3 includes a set of 12 regional reports with each describing the wide variety of 
watersheds and water conditions, population and land use, and activities that influence a 
region’s water use and supply reliability. The reports focus on California’s 10 hydrologic regions, 
which correspond to the state’s major water drainage basins, and two important regional areas 
that overlie hydrologic boundaries but encompass communities that share common water 
issues or interests: the Sacramento-San Joaquin River Delta region and the Mountain Counties 
area, which includes the foothills and mountains of the western slope of the Sierra Nevada and 
a portion of the Cascade Range. Each regional booklet includes a water balance summary—
water use and water supply—for years 1998 through 2005 and scenario results that project the 
region’s water needs through year 2050 with the use of three alternative future scenarios and 
12 climate change scenarios. 

The California Water Plan collaboration process is as important as the document it produces. 
DWR improved interagency coordination to provide a statewide perspective on Water Plan 
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issues by creating the California Water Plan Steering Committee. Committee membership 
represents 28 State government agencies with jurisdictions over different aspects of California’s 
water resources and integrates their companion planning documents. In addition, a 47 member 
public advisory committee, expanded regional outreach though a recently formed regional 
forum process, and the formation of a Tribal Advisory Committee assures broad participation in 
plan preparation. 

As described above, managing for an uncertain future is one of the areas of focus for the 
California Water Plan.  Future scenarios can be used to help us better understand the 
implications of future conditions on water management. The Water Plan considers three 
plausible, yet very different, future scenarios as a way to consider uncertainty and risk and to 
improve resource sustainability. One scenario is a projection of current trends. Another 
scenario considers lower population growth and other factors that may require less intensive 
use of resources. A third scenario covers the possibility of more expansive population growth 
and other factors that would result in more intensive use of resources. 

The concept is to not plan for any one given future as in past water plan updates, but to look at 
how each future scenario could be managed. Certain combinations of management strategies, 
or response packages, may prove to be appropriate regardless of the future conditions. This is 
especially true if the response packages have a degree of adaptability to differing conditions 
that may develop. A general description of the scenarios can be found later in this chapter.  

For Update 2009, we evaluated different ways of managing water in California depending on 
different future conditions for different regions of the state. The ultimate goal is to evaluate 
how alternative regional response packages, or combinations of resource management 
strategies from Volume 2, perform under different future conditions. The different future 
conditions are described as future scenarios. Together the response packages and future 
scenarios show what management options could provide for sustainability of resources and 
ways to manage uncertainty and risk at a regional level. 

The Water Plan has made significant improvements to the scenarios by considering the 
potential effect of long-term climate change on future water demands. More work will be 
required in the next Water Plan update to refine this information based on the differing 
conditions and opportunities in the various regions.  

4.2.2 Bay Delta Conservation Plan Effects Analysis 

The Bay Delta Conservation Plan (BDCP 2012c) is another example of DWR’s efforts to 
incorporate climate change into its programs.    As part of DWR’s planning process and the 
development of the BDCP, there was extensive use of climate and operations models to 
examine potential changes under future conditions at two distinct time-frames, approximately 
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2025 (Early Long Term) and 2060 (Late Long Term).  The modeling included several scenarios 
including possible fall flow requirements (see FLaSH below). These points in time were chosen 
to represent important milestones in the course of BDCP and also to provide points along the 
estimated climate change trajectory to investigate changed conditions with important 
ramifications for covered species.  For BDCP planning scenarios, projections of climate change 
were made on the basis of Global Climate Model (GCM) simulations, under a range of future 
emissions scenarios.  These climate projections were used to model expected changes in 
hydrology. Hydrology and air temperature projections together with sea level rise projections 
(12-18 cm for 2025 and 30-60 cm at 2060) were then used to model future SWP and CVP 
operations and Delta conditions using CALSIM II and DSM2. 

Summary results include:  

• high temperature events are expected to become more common upstream of the Delta, 
resulting in stress to covered species and potential degradation in amount and quality of 
rearing habitat;   

• combined effects of rising sea level, greater salinity intrusion and warming Delta waters 
will adversely affect aquatic species covered under State and federal Endangered 
Species Acts and the quality of their habitat.  

4.3 Adaptive Management and the Use of Scientific Information for Management  

Adaptive management is one of the most widely accepted approaches to deal with uncertainty 
in resource management.  Here we describe some examples to illustrate the ways in which 
DWR addresses adaptive management through the use of scientific information.  These large 
scale examples may provide some guidance to the  SWRCB staff and members as they consider 
incorporating adaptive management into SWRCB programs. 

4.3.1 BDCP Decision Tree and Adaptive Management Plan 

Adaptive management is strongly embraced by the Bay Delta Conservation Plan (BDCP) under 
development by DWR, Reclamation, and other Federal and State agencies.  The Conservation 
Strategy put forward by BDCP includes measures to restore habitat, increase productivity, and 
improve flow conditions with a holistic ecosystem approach. Of critical importance for this 
approach is a rigorous, scientifically-based adaptive management and monitoring plan (BDCP 
2012d).   An Adaptive Management Team, including representatives from State and Federal 
resource agencies, IEP, Delta Science Panel, and others, will be responsible for developing and 
managing the monitoring and research program, the science review process, and implementing 
the adaptive management process.    The BDCP adaptive management approach attempts to 
build upon current Delta specific conceptual models, with directed research focused on 
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answering critical questions, informing management decisions, and providing a framework for 
incorporating new understanding.  This approach incorporates the flexibility needed for 
hypothesis testing, comparing effectiveness of alternative conservation measures, and 
responding to unforeseen future ecosystem changes.  A “Decision Tree” approach will begin 
immediately upon approval to proceed with the BDCP ( 10 to 15 years prior to operation of the 
conveyance facility) and be utilized to address the ability of alternative operating criteria, in 
combination with other conservation measures, to meet biological goals and objectives and 
water supply reliability, through the testing of specific scientific hypotheses.  Information 
gained through this process will be used to refine operations and to feed into the broader 
Adaptive Management program and future operations under alternative conveyance.  Similarly, 
information gathered through near-term restoration and monitoring efforts, being developed 
by DWR and others, will be synthesized and used to inform future projects and conservation 
measures.      

4.3.2 Fall Low Salinity Habitat (FLaSH) Adaptive Management Plan    

While DWR has serious reservations about the “Fall Action” in RPA Component 3 of the 2008 
OCAP Delta Smelt Biological Opinion (USFWS 2008) because of its projected high water supply 
costs and low certainty about biological benefits, we have been active in addressing 
uncertainties about the action using a scientific approach and through computer modeling 
analyses.  Our use of modeling analyses for the BDCP included scenarios with and without the 
Fall Action (described above).  In addition, DWR has been a major partner in the Fall Low 
Salinity Habitat (FLaSH) study program developed by IEP.   

The FLaSH Adaptive Management Plan (USBR 2012) included a “Set up” phase which described 
the following: 

• Specific goals and objectives. 
• The organizational process for the program. 
• Conceptual models. 
• Specific predictions about the expected response of the ecosystem to fall flow changes. 
• A science plan for how the predictions will be evaluated through monitoring and 

focused research studies. 

FLaSH also includes an “Iterative Element” that will: 

• Incorporate input from different groups to establish alternatives. 
• Conduct peer reviews of the plan. 
• Conduct annual peer review of the results. 
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As described in Section 1.2.2, the FLaSH study has just completed its first year.  A panel of 
experts is reviewing the results.  Although formal conclusions relating to the results are not 
available, some of the initial results suggest that the responses of the ecosystem to high fall 
2012 flows did not necessarily follow the predictions in the FLaSH Adaptive Management Plan 
(USBR 2012).  Hence, several aspects of the conceptual model need to be reevaluated in order 
to reduce uncertainty about the efficacy of the experimental action.  This information will be 
taken into account in a suite of studies over the next several years, which are intended to 
progressively reduce uncertainty.  

4.3.3 The importance of research and monitoring to reduce uncertainty 

DWR places high value on the use of scientific information to reduce uncertainty.  The range of 
data collected is broad, including hydrologic monitoring, as well as ecological monitoring and 
research. 

Hydrologic Monitoring:  DWR’s management of the state’s water resources depends on a 
sophisticated network of monitoring stations to provide real-time data.  The current monitoring 
network spans the state and includes reservoirs, streams, rivers, canals, and diversions.  The 
type of technology used ranges from simple stage recordings in streams to acoustic doppler 
current profilers that provide detailed measurements of net flows in rivers and tidal channels.  
To maximize the utility of this information to resource managers, much of the data are 
telemetered and are available on the DWR’s California Data Exchange Center 
(http://cdec.water.ca.gov).  

Ecological Research and Monitoring:  One of the most intensive programs supported by DWR is 
the Interagency Ecological Program, a multi-agency effort to monitor and study the Bay-Delta.  
DWR’s contributions include a major portion of the financial support for IEP, management 
support to the IEP Management Team and Coordinators, support staff, laboratories and vessels, 
groups dedicated to applied scientific studies (e.g. http://www.water.ca.gov/aes), and one of 
the most extensive estuarine monitoring programs in the world, the Environmental Monitoring 
Program (EMP--http://www.water.ca.gov/iep/activities/emp.cfm).    
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