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ABSTRACT
Strategies for endangered species conservation 
may have different outcomes depending on the 
habitat context in which they are implemented. 
Understanding these context-dependent effects 
can help optimize and target management 
efforts. In this analysis, we investigate how 
environmental and food-web conditions 
interactively affect condition and foraging 
of Delta Smelt (Hypomesus transpacificus), an 
endangered fish endemic to the San Francisco 
Estuary (the estuary). Food limitation, in terms 
of pelagic zooplankton availability, is considered 

a main factor that contributes to the decline 
in Delta Smelt abundance. Our overarching 
objective was to examine whether the effect of 
zooplankton on Delta Smelt depended on habitat 
context. Specifically, we hypothesized that 
zooplankton would less positively affect Delta 
Smelt condition—as measured by hepatosomatic 
index (HSI)—and foraging success in areas with 
nearby tidal wetlands, because these adjacent 
habitats may provide access to prey items 
from the epibenthos and fringing vegetation. 
In contrast, in regions with limited proximity 
to wetlands, we hypothesized that Delta Smelt 
would rely more on pelagic prey, which would 
manifest as a more positive effect of zooplankton 
on body condition and foraging success for Delta 
Smelt. Using models that accounted for habitat 
in multiple ways, we found little evidence that 
zooplankton and habitat interactively influenced 
Delta Smelt condition or gut fullness. Rather, the 
influence of zooplankton on HSI and gut fullness 
was generally positive across habitat contexts. 
Given the well-documented food limitation 
in the estuary, promoting the availability of 
pelagic zooplankton is a rational, albeit complex, 
management aim. Furthermore, our results 
suggest that efforts to increase zooplankton would 
broadly benefit Delta Smelt across a wide range of 
habitat contexts.
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INTRODUCTION
Ecological relationships can vary depending on 
local environmental conditions, and this context 
dependence has implications for conservation 
(Catford et al. 2022). For instance, the net effects 
of managing local stressors can depend on the 
context of stressors at larger spatial scales (Brown 
et al. 2013). As an illustrative example, marine 
reserves may have the largest conservation effect 
on sensitive species if they occur in refuges 
from climate warming (Brown et al. 2013). In a 
similar vein, the outcomes of habitat restoration 
for threatened species may depend on other 
environmental conditions (e.g., physiological 
stress imposed by poor water quality, competition 
or predation pressure from invasive species). 
Moreover, the capacity for management is finite, 
so resources must be strategically allocated to 
maximize conservation outcomes (Cote et al. 
2016). Understanding how environmental factors 
interact to influence target species can help 
optimize conservation and management actions, 
in addition to better understanding their basic 
ecology.

The Delta Smelt (Hypomesus transpacificus) is a 
fish endemic to the Sacramento–San Joaquin 
Delta and San Francisco Estuary (hereafter the 
estuary), which is a physically, politically, and 
hydrodynamically complex ecosystem. The 
population of Delta Smelt has sharply declined 
and is nearly extinct in the wild (Moyle et al. 
2016), to the point that annual supplementation 
of the wild population with hatchery-raised 
fish began in December 2021 (Hung et al. 2022). 
Population reductions of Delta Smelt and other 
pelagic fishes in the estuary are thought to 
be caused by a variety of proximate factors, 
including low recruitment, habitat and water 
quality degradation, increased mortality, and 
food limitation (Sommer et al. 2007; Moyle 
et al. 2016). Currently, substantial effort and 
resources are being invested in conservation and 
supplementation of Delta Smelt. Understanding 

the factors that influence Delta Smelt health and 
condition under a variety of ecological contexts 
is fundamental to informing which management 
strategies may have the most positive 
conservation outcomes.

Here we focus on food limitation as a key factor 
linked to the imperiled status of Delta Smelt. 
Pelagic zooplankton are a critical prey resource 
for Delta Smelt (Slater and Baxter 2014; Slater 
et al. 2019), but zooplankton abundance has 
declined across the estuary (Winder and Jassby 
2011; Cloern and Jassby 2012) and has remained 
consistently low since around 1990 (Hammock, 
Moose, et al. 2019; Bashevkin et al. 2022). Given 
the uncertainties and expense of management 
actions, it is critical to understand whether 
alleviation of food limitation may affect Delta 
Smelt differently across habitat contexts. For 
example, in highly channelized, relatively 
homogeneous areas such as the Sacramento River 
Deepwater Ship Channel (DWSC), zooplankton 
may be particularly beneficial to Delta Smelt if 
the species is highly dependent on prey in the 
water column. In Suisun Marsh, in contrast, 
Delta Smelt may depend less on prey within the 
water column if they forage along adjacent tidal 
wetlands, the proximity of which correlates 
with foraging success of Delta Smelt (Hammock, 
Hartman et al. 2019). Understanding the possible 
context dependence of the relationship between 
zooplankton abundance and Delta Smelt could 
guide managers in deciding how, where, and 
when to focus actions to bolster bottom-up 
pathways of the pelagic food web.

In our analysis we consider whether zooplankton 
abundance affects Delta Smelt condition and 
foraging success differently across habitat 
contexts. We characterize habitat with three 
related variables within the estuary (salinity, 
tidal wetland proximity, and region), and we 
hypothesized that there would be an interactive 
effect between zooplankton biomass and 
each of these habitat variables on Delta Smelt 
condition and foraging success. Specifically, we 
hypothesized that the effect of total zooplankton 
biomass would be more positive in freshwater 
habitats (which are generally more channelized), 
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in habitats with limited proximity to tidal 
wetlands, and that the effect of zooplankton 
would vary regionally, depending on the extent 
of tidal wetlands in each (e.g., in the DWSC, 
zooplankton biomass would have a strongly 
positive influence). In contrast, we hypothesized 
that zooplankton would less positively affect 
Delta Smelt in brackish habitats, habitats adjacent 
to tidal wetlands, and regions more influenced 
by tidal wetlands (such as Suisun Marsh). The 
proposed mechanism is the same in each context: 
in habitats with greater tidal wetland influence, 
fish may forage within or along tidal wetlands, 
making them less dependent on zooplankton 
for food. In more channelized habitat, fish may 
depend more on zooplankton, because wetlands 
(and any associated prey) are less accessible.

METHODS
Dataset
We analyzed condition and foraging success 
of Delta Smelt collected from August 2011 
to September 2020 from the estuary. In 
considering Delta Smelt condition, we examined 
hepatosomatic index (HSI):

	 HSI = (liver wt) × (total body wt) –1 × 100	 Eq 1

HSI reflects short-term energy reserves available 
to fishes (Mehner and Wieser 1994; Peragón et al. 
1999; De Pedro et al. 2003), and is sensitive to food 
limitation in Delta Smelt, responding to fasting 
within 4 days at 16 °C (Hammock et al. 2020). To 
assess Delta Smelt foraging success, we examined 
gut fullness:

	Gut fullness = (gut content wt) × (total body wt) –1 × 100	 Eq 2

Gut fullness provides a snapshot of material 
ingested by fish; however, it does not necessarily 
correlate with prey quality, nor does it indicate 
what will be assimilated as fish tissue. Both 
the California Department of Fish and Wildlife 
(CDFW) and the US Fish and Wildlife Service 
(USFWS) collected Delta Smelt. The CDFW 
conducts several long-term fish-monitoring fish 
surveys—namely, the Summer Townet (STN), the 
Fall Midwater Trawl (FMWT), and the Spring 

Kodiak Trawl (SKT) —two of which collect 
zooplankton concurrently (the STN and FMWT). 
After a sharp decline in the abundance of Delta 
Smelt in the wild, more intensive sampling 
carried out by USFWS was initiated in December 
2016 (i.e., Enhanced Delta Smelt Monitoring; 
EDSM). Beginning in 2017, the consulting 
company ICF began conducting surveys to 
complement the EDSM sampling by collecting 
zooplankton, phytoplankton, and water-quality 
samples. Sampling by ICF does not completely 
overlap with EDSM surveys; it occurred from 
September to November in 2017–2018 and from 
April to November in 2019–2020 (Schultz and 
Kalmback 2023).

Our objective required examining the 
relationships between zooplankton availability 
and the condition and foraging success of Delta 
Smelt. Thus, we restricted our dataset to Delta 
Smelt that were collected with a complementary 
zooplankton tow, such that our observations 
were coupled in time and space. Accordingly, 
the dataset included fish from STN and FMWT 
surveys, which collect zooplankton and fish 
samples concurrently at a subset of survey 
sites. Similarly, we only included fish collected 
by EDSM trawls that had an accompanying 
zooplankton tow from the same date and station. 
Thus, our analysis focuses on juvenile through 
sub-adult fish and does not include the more 
mature fish collected during spring, which lack 
concurrently collected zooplankton data (e.g., 
during the SKT). Details on collection methods 
for Delta Smelt and zooplankton are described 
elsewhere (Feyrer et al. 2007; Sommer and Mejia 
2013; Damon et al. 2016; Kayfetz et al. 2020; 
Bashevkin et al. 2022; White and Baxter 2022).

Immediately after collection, fish were wrapped 
in labeled aluminum foil, flash-frozen in liquid 
nitrogen kept on each boat, and later transferred 
to the University of California–Davis. At UC Davis, 
fork length and body weight were recorded, and 
specimens were dissected (see Teh et al. 2016 
for details). The liver and gut were excised, and 
the liver was weighed. The gut was preserved in 
ethanol and transferred to the CDFW Diet Study 
Laboratory where gut contents were identified and 
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counted, and gut content weight was estimated 
(see Slater and Baxter 2014; Slater et al 2019).

Zooplankton data from tows collected during 
the STN and FMWT surveys were downloaded 
using the ‘zooper ’ R package (Bashevkin et al. 
2022; Bashevkin, Hartman, Alstad, et al. 2023; 
Bashevkin, Hartman, Thomas, et al. 2023). The 
“catch per unit effort” data (CPUE or catch m-3) 
were converted to “biomass per unit effort” 
(BPUE; µg C m–3) using taxon-specific conversion 
factors (Kayfetz et al. 2020; Burdi et al. 2021).

Response Variables
Our analysis consisted of six linear models with 
Gaussian distributions, in which either HSI 
or gut fullness was the response variable (for 
each response variable there were three models 
using one of three habitat predictor variables). 
We aggregated fish data by averaging to the 
station–date level to match the resolution of the 
zooplankton data. For HSI, 174 observations 
from 74 stations (each with observations on 1 to 
19 different dates) had corresponding data for 
zooplankton. However, a small subset of these 
lacked certain habitat data (n = 7), such that 
sample size varied slightly among our models. 
The EDSM samples at randomly selected station 
locations, so each station location is only sampled 
once. Of the 74 stations, 47 were these stations 
sampled once by EDSM.

For gut fullness, data aggregated to the station–
date level were available for 136 observations. 
Gut fullness values were arcsine-square-root-
transformed to improve normality of residuals. 
Model assumptions were checked by examining 
plots of residuals (Pierce and Shafer 1986). 
Delta Smelt are visual predators, so gut fullness 
increases with time of day (Hobbs et al. 2006; 
Hammock et al. 2017). We adjusted for this effect 
by linearly regressing transformed fullness 
against time-of-day; we then subtracted the 
time-of-day slope coefficient times the time-of- 
collection from each fullness observation, and 
added the product of that slope times the average 
hour of collection across the dataset. That is, we 
used the following equation to adjust each gut 
fullness value for time of collection:

	 AGFi =  GFi – b [Timei ] + b [mean (Time)]	 Eq 3

where AGFi is adjusted stomach fullness for 
the ith fish, GFi is the transformed stomach 
fullness value for the ith fish, b is the slope 
parameter of the regression for transformed 
stomach fullness~time of day, Timei is the time 
of collection for the ith fish, and mean(Time) is 
the average time across the dataset. We use these 
time-adjusted, arcsine-square-root-transformed 
gut fullness data in our analysis, but we simply 
refer to these data as gut fullness. In figures that 
depict gut fullness, arcsine-square-root values are 
plotted, but to improve interpretability we back-
transform the axis labels so that they show gut 
fullness percentages.

Predictor Variables
The six models were created using an a priori 
hypothesis testing framework in which “habitat” 
was specified in three different ways to assess 
the hypothesis that zooplankton would interact 
with habitat to influence HSI and gut fullness. 
Each model included zooplankton biomass 
and season—known predictors of HSI—and gut 
fullness for Delta Smelt. Zooplankton biomass 
had a right-skewed distribution, so we used 
ln-transformed zooplankton biomass in our 
models. In terms of season, HSI of wild Delta 
Smelt is lowest in fall (Hammock et al. 2022). 
Additionally, seasonal effects can be habitat-
dependent (e.g., salinity by season interaction), 
with fuller guts being observed in freshwater 
habitat in the summer but in brackish habitats 
in the fall (Hammock et al. 2017). Furthermore, 
zooplankton abundance and composition can 
shift seasonally throughout the estuary (Ambler 
et al. 1985). For example, two calanoid copepod 
species that are important prey for Delta Smelt 
(Slater and Baxter 2014) show contrasting seasonal 
patterns in abundance, with Pseudodiaptomus 
forbesi being abundant in summer–fall, and 
Eurytemora carolleeae (formerly E. affinis; 
Jungbluth et al. 2020) being abundant in the 
winter–spring and rare in summer–fall (Durand 
2010; Merz et al. 2016). Thus, seasonal effects 
on Delta Smelt condition and foraging success 
may act indirectly through their effects on the 
zooplankton community. We include season as a 
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categorical variable (summer or fall using a cutoff 
of 31 August, which corresponds to the transition 
from the STN to the FMWT). In supplemental 
analyses, we examine seasonal patterns in 
zooplankton biomass, HSI, and gut fullness using 
the datasets specific to our study—and compare 
the results to previously published studies (see 
Appendix A).

In addition to zooplankton and season, each 
model included one term that characterized 
habitat; this was either:

•	 a categorical salinity variable (freshwater or 
brackish, based on a salinity cutoff of 0.55 
[measured during the trawl from which each 
fish was collected]; Hammock et al. 2017);

•	 a categorical wetland prevalence (low, 
medium, high; cutoffs were based on the 
distributions of wetland area within a 2-km 
radius of the station; Figure 1; justification in 
Hammock, Hartman et al. 2019); or

•	 a categorical variable for five regions of the 
estuary (Cache Slough, the Confluence, Suisun 
Bay, Suisun Marsh, and the DWSC; Figure 2), 
which encompass much of the recent 
distribution of Delta Smelt (Moyle et al. 2016).

Salinity was categorized as fresh or brackish to 
improve interpretability of potential interactions. 
In addition, a previous analysis found that 
categorizing salinity into two categories 
produced fish condition models with lower 
AICc than a continuous salinity variable or one 
with more categories (Hammock et al. 2021). 
Similarly, tidal wetland area was categorized to 
improve interpretability of possible interactions 
with zooplankton biomass. Wetland category 
thresholds were based on a histogram of sites 
(Figure 1). Categorization of our study sites 
reveals that our habitat characterizations are 
interrelated (Figure 3); for example, all sites in 
the Cache Slough and the DWSC region were 
freshwater, while all but one site from Suisun Bay 
and Suisun Marsh were brackish. Additionally, 
brackish habitats were generally associated 
with more abundant wetland habitat (Figure 3; 

Hammock, Hartman et al. 2019). Thus, although 
our hypothesis most specifically focused on 
tidal wetlands, the related habitat variables—
salinity and region—were also included to test 
the hypothesis more broadly (i.e., to exhaustively 
test the hypothesis that zooplankton effects 
depend on habitat context [wetlands, salinity, 
and region]). Finally, all models included an 
interaction term between zooplankton biomass 
and the habitat variable, the primary parameter 
of interest in this study. Thus, the six models were 
in this form:

	HSI or gut fullness ~ zoop + habitat + season + zoop × habitat

where “habitat” was “salinity,” “region,” or “tidal 
wetland area.”

Statistical significance was determined based 
on α = 0.05. Results are reported from type-III 
F-tests unless noted. In some situations (e.g., an 
over-parameterized model), the significance of 

Figure 1   Distribution of the abundance of tidal wetland within a 2-km 
radius of each station included in our study (n = 74). Stations include 
those surveyed by the CDFW (STN and FMWT) and USFWS (EDSM 
surveys). The vertical lines indicate the thresholds used to categorize 
stations into “low, “medium,” and “high” wetland categories.

https://doi.org/10.15447/sfews.2025v23iss4art5
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Figure 2  Map of the Sacramento–San Joaquin Delta and San 
Francisco Estuary. The recent range of Delta Smelt is divided 
into the five regions depicted, including the Sacramento River 
Deepwater Ship Channel (DWSC), Cache Slough (C. Slough), the 
Confluence (Conf.), Suisun Bay (S. Bay), and Suisun Marsh (S. 
Marsh). Note that boundaries are not necessarily geographically 
accurate and were selected to maximize sample size. For 
example, several Delta Smelt from the Carquinez Strait (strait just 
west of Suisun Bay) were lumped into Suisun Bay.

Figure 3  Habitat categorizations for each station (n = 74) 
included in our study. Colors indicate the assigned region for 
each station. Shapes indicate the agency associated with the 
station. Size of points indicate the number of dates on which 
the station was sampled (note: USFWS stations are sampled 
a single time). Stations to the left of the vertical line (salinity 
< 0.55) were classified as freshwater, and those to the right 
as brackish; x-axis is shown on a ln-scale to show spread of 
the freshwater sites. The horizontal lines depict the thresholds 
used to classify stations as “low,” “medium,” or “high” wetland 
abundance.
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a main effect can depend on the inclusion of a 
non-significant interaction effect. Thus, we also 
report type-II F-test results if the interpretation 
of a main effect differed compared to that from 
a type-III F-test. F-tests were performed with 
the ‘car ’ package (Fox and Weisberg 2019). All 
analyses were conducted in R version 4.2.1 (R 
Core Team c2022).

RESULTS
Similar to previous studies, (1) meso-zooplankton 
biomass was 2.9-fold higher in freshwater than 
in brackish water in summer, and 1.9-fold higher 
in freshwater in fall (Figure A1); (2) HSI declined 
from summer into fall in both freshwater and 
brackish water by 1.3-fold for both fresh and 
brackish habitats (Figure A2); and (3) gut fullness 
declined in freshwater from summer into fall 
but showed the opposite trend in brackish water 
(Figure A3). Our analysis of zooplankton biomass 
showed muted seasonal effects (Figure A1) 
compared to previous studies which analyzed 
zooplankton abundance (e.g., Hammock et al. 
2017). However, a gradual temporal decline in 
meso-zooplankton biomass generally occurred 
in fall (Figure A4), while HSI declined abruptly 
from summer into fall in both freshwater and 
brackish habitat (Figure A4; Hammock et al. 
2017, 2022). Additional details are in the results 
in Appendix A, and each of these effects are 
accounted for in the models below.

HSI Models
We examined the influence of zooplankton 
biomass on Delta Smelt HSI in various habitat 
contexts. The adjusted R2 of the HSI models 
ranged from 0.21 to 0.29 (Table 1).

In the model that included salinity as the habitat 
variable, the zooplankton by salinity interaction 
effect was non-significant (Table 1A, Figure 4). 
The main effect of zooplankton biomass on 
HSI was non-significant in the type III F-test 
(Table 1A), but results from a type II F-test—which 
does not consider (in this case, non-significant) 
interaction effects—supported a positive effect 
of zooplankton biomass, regardless of salinity 
(F = 5.4, p = 0.021; Figure 4). HSI values were 

significantly lower in fall compared to summer 
(Table 1A; Figure 4). Overall, we found no support 
for zooplankton having a more positive effect on 
HSI in freshwater than in brackish habitat, as 
hypothesized.

In the model that included wetland prevalence 
as our habitat variable, the zooplankton by 
wetland interaction was statistically significant 
(Table 1B; Figure 5). Specifically, zooplankton 
biomass had an overall positive effect on HSI, 
with the effect being most positive in sites in the 
“medium” wetland category (Figure 5). The range 
of the zooplankton predictor was notably wider 
for the medium wetland sites, because both the 
minimum and maximum observed zooplankton 
biomass values occurred in this category. To 
evaluate whether these points were unduly 
influencing the results, we re-ran the model 
without these two points. While the trend was 
slightly muted without these points (i.e., higher 
p-values), the zooplankton by wetland interaction 
remained statistically significant (F = 3.89, 
p = 0.022; Figure A5). HSI was lower in fall than 

Table 1  Effects of zooplankton biomass, habitat, and seasonality on 
hepatosomatic index (HSI). Results are shown for three separate models. 
Each model had a variable that represented habitat: salinity, wetland 
prevalence, or region—all of which are categorical variables. Results are 
from type-III F-tests.

Model 
sample 

size Predictor F p-value Adj. R2

A n = 174

Zooplankton 2.15 0.145 0.21

Salinity 0.11 0.744

Season 33.36 <0.001

Zooplankton × Salinity 0.14 0.706

B n = 167

Zooplankton 0.35 0.553 0.29

Wetland 4.14 0.018

Season 32.21 <0.001

Zooplankton × Wetland 4.88 0.009

C n = 167

Zooplankton 4.52 0.035 0.23

Region 1.19 0.316

Season 28.79 <0.001

Zooplankton × Region 1.21 0.310

https://doi.org/10.15447/sfews.2025v23iss4art5
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BPUE (µg C m-3)
Figure 4  Hepatosomatic index (HSI) shown as a function of zooplankton biomass (BPUE; log-scale), salinity, and season. Lines show model fits with 
shaded regions showing 95% confidence intervals.

BPUE (µg C m-3)
Figure 5  Hepatosomatic index (HSI) shown as a function of zooplankton biomass (BPUE; log-scale), season, and wetland abundance. Lines show model 
fits with shaded regions showing 95% confidence intervals.
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in summer (Table 1B, Figure 5). Overall, results 
suggest that the magnitude of the zooplankton 
effect on HSI depended on wetland prevalence, 
but in a non-linear fashion (i.e., effect was most 
positive in the “medium” category).

Lastly, in the model that included region as the 
habitat variable, the zooplankton by region 
interaction term was non-significant (Table 1C; 
Figure 6). Zooplankton biomass positively affected 
HSI (Table 1C; Figure 6). Like the previous two 
models, season significantly affected HSI, with 
lower HSI in fall (Table 1C, Figures 6A and 6B). 
Overall, we found that the effect of zooplankton 
on HSI was generally positive and not statistically 
dependent on region of the estuary (i.e., overlap 
in the parameter estimates for each region; 
Figure 6C).

Gut Fullness Models
Models for gut fullness had relatively low fit, with 
adjusted R2 ranging from 0.07 to 0.1 (Table 2). 
In the three gut fullness models across habitat 
contexts, we did not detect a statistical interaction 
between zooplankton biomass and habitat 
(salinity, wetland, or region; Table 2;  
Figures 7–9). In the model using wetland 

prevalence as the habitat variable, there was a 
positive effect of zooplankton biomass on gut 
fullness (Table 2B; Figure 8). For the models 
using salinity and region, the main effect of 
zooplankton was not significant for type-III tests 
(Tables 2A, 2C), but was for type-II tests (for 
salinity: F = 10.00, p = 0.002, Figure 7; for region: 
F = 7.23, p = 0.008; Figure 9). Thus, gut fullness 
increased with the biomass of zooplankton in the 
water column, and this effect was independent of 
habitat characteristics.

DISCUSSION
We aimed to understand whether local habitat 
characteristics influence the apparent effect of 
pelagic zooplankton availability on Delta Smelt 
condition and foraging success. Our hypothesis 
that zooplankton would more positively affect 
Delta Smelt condition and foraging in regions 
dominated by freshwater habitat and low 
wetland abundance was not supported. Overall, 
zooplankton biomass showed a positive effect on 
HSI and gut fullness, nearly regardless of habitat 
context. These results suggest that foraging and 
condition for juvenile through sub-adult Delta 

BPUE (µg C m-3)

Figure 6  Panels A and B shows hepatosomatic index (HSI) as a function of zooplankton biomass (BPUE; log-scale), season, and region. Lines show 
model fits with shaded regions showing 95% confidence intervals. Panel C shows the parameter estimates from the model for each region.
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Smelt would generally benefit from increased 
zooplankton biomass throughout its range.

The lone interaction detected in our study was 
between wetland prevalence and zooplankton 
biomass on HSI. This interaction was somewhat 
counter-intuitive, because zooplankton exerted 
the most positive influence on HSI at a moderate 
level of wetlands. Thus, the direction of the 
interaction was not aligned with our hypothesis, 
in which we predicted that zooplankton biomass 
would most strongly affect HSI at sites with 
limited proximity to wetlands. The effect 
of zooplankton biomass on HSI was nearly 
indistinguishable between sites with low and 
high wetland proximity. Perhaps the most 
plausible explanation is that the interaction is 
a statistical artifact, possibly from low sample 
size or variability of the data. The interaction 
did not follow the a priori hypothesis that higher 
zooplankton densities would most benefit the 
condition of Delta Smelt in channelized habitat. 

Table 2  Effects of zooplankton biomass, habitat, and seasonality on gut 
fullness. Results are shown for three separate models. Each model had a 
variable that represented habitat: salinity, wetland prevalence, or region—
all of which are categorical variables. Results are from type-III F-tests.

Model 
sample 

size Predictor F p-value Adj. R2

A n = 136

Zooplankton 2.45 0.120 0.07

Salinity 1.22 0.271

Season 3.19 0.077

Zooplankton × Salinity 1.09 0.297

B n = 136

Zooplankton 10.18 0.002 0.10

Wetland 0.81 0.446

Season 3.08 0.082

Zooplankton × Wetland 0.49 0.613

C n = 136

Zooplankton 0.34 0.559 0.07

Region 0.52 0.724

Season 2.96 0.088

Zooplankton × Region 0.55 0.699

BPUE (µg C m-3)
Figure 7  Gut fullness shown as a function of zooplankton biomass (BPUE; log-scale), salinity, and season. Lines show model fits with shaded regions 
showing 95% confidence intervals. Gut fullness data are shown as arcsine-square-root-transformed (as in the analysis), with  y-axis ticks showing back-
transformed values for reference.
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BPUE (µg C m-3)

BPUE (µg C m-3)
Figure 9   Gut fullness shown as a function of zooplankton biomass (BPUE; log-scale), season, and region. Lines show model fits with shaded regions 
showing 95% confidence intervals. Gut fullness data are shown as arcsine-square-root-transformed (as in the analysis), with y-axis ticks showing back-
transformed values for reference.

Figure 8  Gut fullness shown as a function of zooplankton biomass (BPUE; log-scale), season, and wetland abundance. Lines show model fits with 
shaded regions showing 95% confidence intervals. Gut fullness data are shown as arcsine-square-root-transformed (as in the analysis), with y-axis ticks 
showing back-transformed values for reference.

https://doi.org/10.15447/sfews.2025v23iss4art5
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Moreover, the gut fullness results showed that 
zooplankton density improved foraging success 
regardless of tidal wetland influence, so the 
mechanism by which we expected tidal wetlands 
to improve juvenile through sub-adult Delta Smelt 
HSI was not supported.

In all HSI models, Delta Smelt condition was lower 
in fall than in summer. This fall decline in HSI 
is also consistent across a wide range of water-
year conditions (Hammock et al. 2022). Higher 
HSI in summer is somewhat surprising given the 
relative frequency of warm water temperatures in 
summer, which would be expected to depress HSI 
under food-limited conditions, e.g., Heidinger and 
Crawford (1977). Water temperatures over 21 °C 
are common, particularly in freshwater habitats, 
and Delta Smelt tend to experience thermal 
stress around 20 °C to 21 °C (Moyle et al. 2016). 
Thus, higher HSI values in summer occur despite 
somewhat sub-optimal abiotic conditions and 
may relate to relatively abundant zooplankton in 
summer in freshwater (Appendix A). Lusardi et al. 
(2020) described similar results with Coho Salmon 
(Oncorhynchus kisutch) growing quickly at water 
temperatures generally considered sub-optimal 
for the species, showing that abundant prey can 
offset negative effects of high water temperatures 
in the wild.

That is not to say that prey were sufficiently 
abundant for Delta Smelt in summer in 
freshwater. We detected a positive relationship 
between HSI and gut fullness with increasing 
zooplankton density in freshwater (Figure 7), 
implying that the population would have eaten 
more and had better condition had the prey 
density been higher (e.g., Silva–Castiglioni et al. 
2016; Hammock et al. 2020). The seasonal decline 
in Delta Smelt HSI may be partly attributed to 
resource limitation; although, we only observed 
a decline in zooplankton biomass in freshwater 
habitats (see Appendix A, but note that this effect 
was non-significant). Additionally, HSI appears 
to decline more abruptly from summer to fall 
compared to zooplankton biomass (which shows 
a more gradual decline; Figure A4), suggesting 
that resource limitation is not the reason for the 
rapid decline in HSI in fall. Another possibility is 

that some amount of survivorship bias may occur 
in the summer, where only Delta Smelt with high 
HSI survive through this period of peak water 
temperature. A recent life-cycle analysis for Delta 
Smelt indicates that summertime survival had 
a strong influence on the species’ population 
trajectory over recent decades (Polansky et al. 
2024). Our study does not identify the specific 
mechanism(s) that drives the strong seasonal 
effect on HSI, but identifying this factor should 
improve understanding of the environmental 
controls on Delta Smelt condition.

We found that gut fullness was positively 
related to zooplankton biomass across habitats. 
The consistent lack of an interaction in our 
gut fullness models—regardless of the habitat 
variable—suggests that juvenile through sub-adult 
Delta Smelt forage on pelagic prey, regardless 
of habitat context. Interestingly, this positive 
effect of zooplankton on foraging success was 
observed despite substantial spatial differences 
in zooplankton community composition (Winder 
and Jassby 2011) and resulting composition of prey 
in the Delta Smelt gut contents across habitats 
(Slater et al. 2019). Additionally, Delta Smelt 
consume larger prey items that are not targeted 
by meso-zooplankton sampling (e.g., mysids, 
amphipods, larval fish) in both brackish and 
freshwater habitats (Slater et al. 2019). In short, 
despite the zooplankton tows that contained 
different prey assemblages across habitats, 
juvenile through sub-adult Delta Smelt seemed 
to consume prey biomass in relation to the 
prevalence of zooplankton in the water column.

Previous studies have suggested the importance 
of non-zooplankton prey items for Delta Smelt, 
particularly in areas with prevalent tidal 
wetlands (Hammock, Hartman, et al. 2019a). 
However, in our study we did not observe direct 
benefits of wetland proximity on gut fullness. 
Hammock, Hartman, et al. (2019) attribute 60% 
of the positive effect of tidal wetlands on gut 
fullness to predation on larval fish. The analysis 
in Hammock, Hartman, et al. (2019) included 69 
Delta Smelt—mostly collected during winter and 
spring—with larval fish in their guts; however, 
in our study, larval fish were found in the gut 
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contents of only five fish (out of approximately 
500 individuals). Thus, an important caveat of 
our study is its exclusion of adult fish collected 
in January through May (because no concurrent 
zooplankton tows were collected during the 
SKT), such that we cannot infer the importance 
of wetland proximity for foraging of adult fish. 
Larger-bodied adult Delta Smelt are more likely 
to forage on larval fish than are the juveniles 
and sub-adults that dominate in summer and fall 
(Slater et al. 2019), and many larval fish rear in 
tidal wetlands (Baltz et al. 1993; Beck et al. 2001; 
Grimaldo et al. 2017). In addition, Hammock, 
Hartman, et al. (2019) conducted their analysis 
of the effect of tidal wetland area on gut fullness 
at the individual fish level. Thus, their sample 
size was much larger (n = 1,380) compared to 
the current study, which was conducted at the 
station–date level (n = 136). Thus, our study does 
not refute the association between tidal wetlands 
and Delta Smelt foraging success and condition, 
but suggests that tidal wetlands may be more 
important for adult foraging than for younger 
life stages. It is also worth noting that we found 
overall low fit for the gut fullness models, which 
indicates we were missing important predictors of 
gut fullness for juvenile to sub-adult Delta Smelt.

Overall, zooplankton biomass tended to 
positively affect Delta Smelt HSI and gut 
fullness across habitats. These results have 
relatively straightforward—albeit difficult to 
implement—management implications. That is, 
any management actions to increase zooplankton 
biomass should benefit Delta Smelt condition and 
foraging (Kimmerer and Rose 2018). Accounting 
for such food-web interactions has been 
recognized as a valuable management approach 
in fish conservation (Naman et al. 2022). Both 
HSI and foraging success eventually correlate 
with fitness in fishes (e.g., Brooker et al. 2013; 
Rodgveller 2019), so increasing zooplankton 
abundance is expected to aid the recovery of 
the population. However, one disconcerting 
possibility is that increasing zooplankton 
abundance may also benefit exotic predators 
(e.g., Mississippi Silverside [Menidia audens], 
Largemouth Bass [Micropterus salmoides]; Schreier 
et al. 2016) and competitors (e.g., Wakasagi 

[Hypomesus nipponensis]; Davis et al. 2022), 
potentially dampening or offsetting the positive 
effect of increased zooplankton. In addition, 
zooplankton taxa vary in nutritional composition 
(Kratina and Winder 2015), and an increase in 
total biomass could be from less nutritional or 
smaller prey (e.g., the cyclopoid Limnoithona) as 
opposed to larger and more nutritious prey (e.g., 
the calanoid copepod P. forbesi or E. carolleeae). 
So, despite increasing total zooplankton biomass, 
varying nutritional composition could affect 
Delta Smelt differently. Thus, other management 
actions targeted specifically for Delta Smelt—
such as increasing turbidity or population 
supplementation—may be beneficial to the 
species, (Feyrer et al. 2007; Schreier et al. 2016; 
Hung et al. 2022; Pasparakis et al. 2023).

Despite these straightforward management 
implications for Delta Smelt, manipulating the 
productivity of the pelagic food web in the estuary 
is inherently challenging (Durand 2015). There is 
strong evidence for both bottom-up (Kimmerer 
et al. 2005; Gearty et al. 2021; Rogers et al. 2024) 
and top-down control of zooplankton (e.g., 
invasive clam consumption of nauplii; Kimmerer 
et al. 1994; Kimmerer and Lougee 2015). A single 
management action may also have contrasting 
results in different regions of the estuary. For 
example, increased periods of flow may decrease 
phytoplankton availability for zooplankton in 
the uppermost areas of the estuary (by reducing 
residence time; Delesalle and Sournia 1992; 
Hartman et al. 2024), while high flows may 
increase export of phytoplankton to downstream 
areas such as Suisun Bay (Jassby 2008; Kimmerer, 
Ignoffo, Kayfetz et all. 2018; Hassrick et al. 2023; 
Barros et al. 2024). Increased phytoplankton is 
associated with greater zooplankton biomass on 
annual time-scales in the estuary (Rogers et al. 
2024), but increasing phytoplankton estuary-wide 
would likely require reducing grazing by clams 
and increasing residence time (Hammock, Moose, 
et al. 2019)—a politically difficult proposition. 
Tidal wetlands are associated with improved 
foraging success for Delta Smelt, but they are not 
considered significant sources of zooplankton 
for nearby channels (i.e., the Outwelling 
Hypothesis, Herbold et al. 2014), and can even be 

https://doi.org/10.15447/sfews.2025v23iss4art5


SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

14

VOLUME 23 ISSUE 4, ARTICLE 5

sinks (Kimmerer et al. 2018; Yelton et al. 2022). 
Consequently, management of zooplankton—with 
the goal of supporting Delta Smelt populations in 
a bottom-up manner—appears to simply require a 
higher density of zooplankton across the estuary.

ACKNOWLEDGMENTS
We are grateful to the CDFW, USFWS, and 
ICF field crews who collected the fish and 
zooplankton samples that made this work 
possible. We also thank the Aquatic Health 
Program staff for help dissecting the fish. 
The study was funded by Reclamation grants 
R17AC00129 and R22AC00392. The findings and 
conclusions of this study are those of the authors 
and do not necessarily represent the views of the 
US Bureau of Reclamation, USFWS, or CDFW.

REFERENCES
Ambler J, Cloern JE, Hutchinson A. 1985. Seasonal 

cycles of zooplankton from San Francisco Bay. 
In: Cloern JE, Nichols FH, editors. Temporal 
dynamics of an estuary. Developments in 
hydrology. Volume 30. Dordrecht: Springer. 
[accessed 2025 Sep 25];129:177–197.  
https://doi.org/10.1007/978-94-009-5528-8_11

Baltz DM, Rakocinski C, Fleeger JW. 1993. 
Microhabitat use by marsh-edge fishes in a 
Louisiana estuary. Environ Biol Fish. [accessed 
2025 Sep 25];36(2):109–126.  
https://doi.org/10.1007/BF00002790

Barros A, Hartman R, Bashevkin S, Burdi C. 2024. 
Years of drought and salt; decreasing flows 
determine the distribution of zooplankton 
resources in the estuary. San Franc Estuary 
Watershed Sci. [accessed 2025 Sep 25];22(1).  
https://doi.org/10.15447/sfews.2024v22iss1art3

Bashevkin SM, Hartman R, Alstad K, Pien C. 
2023. 'zooper': an R package to download and 
integrate zooplankton datasets from the upper 
San Francisco Estuary. [accessed 2025 Sep 25]. 
Available from: https://zenodo.org/records/7641064

Bashevkin SM, Hartman R, Thomas M, Barros A, 
Burdi C, Hennessy A, Tempel T, Kayfetz K, 
Alstad K, Pien C. 2023. Interagency Ecological 
Program: Zooplankton abundance in the Upper 
San Francisco Estuary from 1972–2021, an 
integration of 7 long-term monitoring programs. 
Version 4. Environmental Data Initiative. 
[accessed 2025 Sep 25]. Available from: https://
portal.edirepository.org/nis/mapbrowse?scope=edi&id
entifier=539

Bashevkin SM, Hartman R, Thomas M, Barros A, 
Burdi CE, Hennessy A, Tempel T, Kayfetz K. 
2022. Five decades (1972–2020) of zooplankton 
monitoring in the upper San Francisco Estuary. 
PLOS ONE. [accessed 2025 Sep 25];17:e0265402. 
https://doi.org/10.1371/journal.pone.0265402

Beck MW, Heck Jr KL, Able KW, Childers DL, 
Eggleston DB, Gillanders BM, Halpern B, Hays CG, 
Hoshino K, Minello TJ. 2001. The identification, 
conservation, and management of estuarine 
and marine nurseries for fish and invertebrates: 
a better understanding of the habitats that 
serve as nurseries for marine species and the 
factors that create site-specific variability in 
nursery quality will improve conservation 
and management of these areas. Bioscience. 
[accessed 2025 Sep 25];51:633–641. https://doi.
org/10.1641/0006-3568(2001)051[0633:TICAMO]2.0.
CO;2

Brooker RM, Jones GP, Munday PL. 2013. Prey 
selectivity affects reproductive success of a 
corallivorous reef fish. Oecologia [accessed 2025 
Sep 25];172:409–416.  
https://doi.org/10.1007/s00442-012-2521-7

Brown CJ, Saunders MI, Possingham HP, 
Richardson AJ. 2013. Managing for interactions 
between local and global stressors of ecosystems. 
PLOS ONE. [accessed 2025 Sep 25];8: 0065765.  
https://doi.org/10.1371/journal.pone.0065765

Burdi CE, Slater SB, Bippus TL, Jimenez JA. 2021. 
Mysid and amphipod length–weight relationships 
in the San Francisco Estuary. IEP Newsletter. 
[accessed 2025 Sep 25];40:15–25. Available from: 
https://cadwr.app.box.com/s/3fo2sh8hnyx5rv6btmu2y
dsqif12zp4l

Catford JA, Wilson JRU, Pyšek P, Hulme PE, 
Duncan RP. 2022. Addressing context dependence 
in ecology. Trends Ecol Evol. [accessed 2025 
Sep 25];37:158–170. 
https://doi.org/10.1016/j.tree.2021.09.007

https://doi.org/10.1007/978-94-009-5528-8_11
https://doi.org/10.1007/BF00002790
https://doi.org/10.15447/sfews.2024v22iss1art3
https://zenodo.org/records/7641064
https://portal.edirepository.org/nis/mapbrowse?scope=edi&identifier=539
https://doi.org/10.1371/journal.pone.0265402
https://doi.org/10.1641/0006-3568(2001)051[0633:TICAMO]2.0.CO;2
https://doi.org/10.1007/s00442-012-2521-7
https://doi.org/10.1371/journal.pone.0065765
https://cadwr.app.box.com/s/3fo2sh8hnyx5rv6btmu2ydsqif12zp4l
https://doi.org/10.1016/j.tree.2021.09.007


15

DECEMBER  2025

https://doi.org/10.15447/sfews.2025v23iss4art5

Cloern JE, Jassby AD. 2012. Drivers of change in 
estuarine-coastal ecosystems: discoveries from 
four decades of study in San Francisco Bay. Rev 
Geophys. [accessed 2025 Sep 25];50:1–33.  
https://doi.org/10.1029/2012rg000397

Cote IM, Darling ES, Brown CJ. 2016. Interactions 
among ecosystem stressors and their importance 
in conservation. Proc Roy Soc B—Biol Sci. 
[accessed 2025 Sep 25];283.  
https://doi.org/10.1098/rspb.2015.2592

Damon LJ, Slater SB, Baxter RD, Fujimura RW. 2016. 
Fecundity and reproductive potential of wild 
female Delta Smelt in the upper San Francisco 
Estuary, California. Cal Fish Game. [accessed 
2025 Sep 25];102:188–210. Available from: https://
coveredactions.deltacouncil.ca.gov/services/download.
ashx?u=acb3b944-6c15-4149-8a68-a53eb15212cd

Davis BE, Adams JB, Lewis LS, Hobbs JA, 
Ikemiyagi N, Johnston C, Mitchell L, Shakya A, 
Schreier B, Mahardja B. 2022. Wakasagi in the 
San Francisco Bay–Delta watershed: comparative 
trends in distribution and life-history traits with 
Native Delta smelt. San Franc Estuary Watershed 
Sci. [accessed 2025 Sep 25];20.  
https://doi.org/10.15447/sfews.2022v20iss3art2

Davis BE, Hammock BG, Kwan N, Pien C, Bell H, 
Hartman R, Baerwald MR, Schreier B, Gille D, 
Acuña S, et al. 2024. Insights from a year of 
field deployments inform the conservation of 
an endangered estuarine fish. Conserv Physiol. 
[accessed 2025 Sep 25];12:coae088.  
https://doi.org/10.1093/conphys/coae088

De Pedro N, Delgado MJ, Gancedo B, Alonso–
Bedate M. 2003. Changes in glucose, glycogen, 
thyroid activity and hypothalamic catecholamines 
in tench by starvation and refeeding. J Comp 
Physiol B. [accessed 2025 Sep 25];173:475–481. 
https://doi.org/10.1007/s00360-003-0355-7

Delesalle B, Sournia A. 1992. Residence time 
of water and phytoplankton biomass in coral 
reef lagoons. Cont Shelf Res [accessed 2025 
Sep 25];12:939–949. 
https://doi.org/10.1016/0278-4343(92)90053-m

Durand JR. 2010. Determinants of seasonal 
abundance in key zooplankton of the San 
Francisco Estuary. Thesis. [San Francisco 
(CA)]: San Francisco State University. [accessed 
2025 Sep 25]. 63 p. Available from: https://
www.researchgate.net/publication/235350656_
Determinants_of_seasonal_abundance_in_key_
zooplankton_in_the_San_Francisco_Estuary

Durand J. 2015. A conceptual model of the aquatic 
food web of the upper San Francisco Estuary. 
San Franc Estuary Watershed Sci [accessed 2025 
Sep 25];13. Available from: https://escholarship.
org/content/qt0gw2884c/qt0gw2884c_noSplash_
d43e3908d30ced3df2cad511e0852be8.pdf

Feyrer F, Nobriga ML, Sommer TR. 2007. 
Multidecadal trends for three declining fish 
species: habitat patterns and mechanisms in the 
San Francisco Estuary, California, USA. Canadian 
J Fish Aquat Sci. [accessed 2025 Sep 25];64:723–734. 
https://doi.org/10.1139/f07-048

Fox J, Weisberg S. 2019. An {R} companion to applied 
regression. 3rd ed. Thousand Oaks (CA): Sage. 
607 p. Available from:  
https://www.john-fox.ca/Companion/downloads.html

Gearty AJ, Ignoffo TR, Slaughter AM, Kimmerer WJ. 
2021. Growth and reproductive rates of the 
dominant copepod Pseudodiaptomus forbesi in 
response to environmental factors and habitat 
type in the northern San Francisco Estuary. Aquat 
Ecol. [accessed 2025 Sep 25];55(3):825–848.  
https://doi.org/10.1007/s10452-021-09863-4

Grimaldo L, Feyrer F, Burns J, Maniscalco D. 2017. 
Sampling uncharted waters: examining rearing 
habitat of larval Longfin Smelt (Spirinchus 
thaleichthys) in the upper San Francisco Estuary. 
Estuaries Coasts. [accessed 2025 Sep 25];1–14. 
https://doi.org/10.1007/s12237-017-0255-9

Hammock BG, Hartman R, Dahlgren RA, 
Johnston C, Kurobe T, Lehman PW, Lewis LS, 
Van Nieuwenhuyse E, Ramírez–Duarte WF, 
Schultz AA, et al. 2022. Patterns and predictors of 
condition indices in a critically endangered fish. 
Hydrobiologia. [accessed 2025 Sep 25];849:675–695. 
https://doi.org/10.1007/s10750-021-04738-z

Hammock BG, Hartman R, Slater SB, Hennessy A, 
Teh SJ. 2019a. Tidal wetlands associated with 
foraging success of Delta Smelt. Estuaries Coasts. 
[accessed 2025 Sep 25];42:857–867.  
https://doi.org/10.1007/s12237-019-00521-5

https://doi.org/10.15447/sfews.2025v23iss4art5
https://doi.org/10.1029/2012rg000397
https://doi.org/10.1098/rspb.2015.2592
https://coveredactions.deltacouncil.ca.gov/services/download.ashx?u=acb3b944-6c15-4149-8a68-a53eb15212cd
https://doi.org/10.1093/conphys/coae088
https://doi.org/10.1007/s00360-003-0355-7
https://doi.org/10.1016/0278-4343(92)90053-m
https://www.researchgate.net/publication/235350656_Determinants_of_seasonal_abundance_in_key_zooplankton_in_the_San_Francisco_Estuary
https://escholarship.org/content/qt0gw2884c/qt0gw2884c_noSplash_d43e3908d30ced3df2cad511e0852be8.pdf
https://doi.org/10.1139/f07-048
https://www.john-fox.ca/Companion/downloads.html
https://doi.org/10.1007/s10452-021-09863-4
https://doi.org/10.1007/s12237-017-0255-9
https://doi.org/10.1007/s10750-021-04738-z
https://doi.org/10.1007/s12237-019-00521-5
https://doi.org/10.15447/sfews.2022v20iss3art2


SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

16

VOLUME 23 ISSUE 4, ARTICLE 5

Hammock BG, Moose SP, Sandoval Solis S. 
Goharian E, Teh SJ. 2019b. Hydrodynamic 
modeling coupled with long-term field data 
provide evidence for suppression of phytoplankton 
by invasive clams and freshwater exports in the 
San Francisco Estuary. Environ Manage. [accessed 
2025 Sep 25];63:703–717.  
https://doi.org/10.1007/s00267-019-01159-6

Hammock BG, Ramírez–Duarte WF, Garcia PAT, 
Schultz AA, Avendano LI, Hung T–C, White JR, 
Bong Y–T, Teh SJ. 2020. The health and condition 
responses of Delta Smelt to fasting: a time 
series experiment. PLOS ONE. [accessed 2025 
Sep 25];15:0239358.  
https://doi.org/10.1371/journal.pone.0239358

Hammock BG, Slater SB, Baxter RD, Fangue NA, 
Cocherell D, Hennessy A, Kurobe T, Tai CY, Teh SJ. 
2017. Foraging and metabolic consequences of 
semi-anadromy for an endangered estuarine fish. 
PLOS ONE. [accessed 2025 Sep 25];12:0173497. 
https://doi.org/10.1371/journal.pone.0173497

Hartman R, Stumpner EB, Bosworth DH, Maguire A, 
Burdi CE, Drought Synthesis Team, Interagency 
Ecological Program. 2024. Dry me a river: 
ecological effects of drought in the upper San 
Francisco Estuary. San Franc Estuary Watershed 
Sci. [accessed 2025 Sep 25];22.  
https://doi.org/10.15447/sfews.2024v22iss1art5

Hassrick JL, Korman J, Kimmerer WJ, Gross ES, 
Grimaldo LF, Lee C, Schultz AA. 2023. 
Freshwater flow affects subsidies of a copepod 
(Pseudodiaptomus forbesi) to low-salinity food webs 
in the upper San Francisco Estuary. Estuaries 
Coasts. [accessed 2025 Sep 25];46: 450–462.  
https://doi.org/10.1007/s12237-022-01142-1

Heidinger RC, Crawford SD. 1977. Effect of 
temperature and feeding rate on the liver–somatic 
index of the Largemouth Bass, Micropterus 
salmoides. J Fish Res Board Canada. [accessed 2025 
Sep 25];34:633–638.  
https://doi.org/10.1139/f77-099

Herbold B, Baltz DM, Brown L, Grossinger R, 
Kimmerer W, Lehman P, Simenstad CS, 
Wilcox C, Nobriga M. 2014. The role of tidal 
marsh restoration in fish management in the San 
Francisco Estuary. San Franc Estuary Watershed 
Sci. [accessed 2025 Sep 25];12.  
https://doi.org/10.15447/sfews.2014v12iss1art1

Hobbs JA, Bennett WA, Burton JE. 2006. Assessing 
nursery habitat quality for native smelts 
(Osmeridae) in the low-salinity zone of the San 
Francisco estuary. J Fish Biol. [accessed 2025 
Sep 25];69:907–922.  
https://doi.org/10.1111/j.1095-8649.2006.01176.x

Hung T–C, Hammock BG, Sandford M, Stillway M, 
Park M, Lindberg JC, Teh SJ. 2022. Temperature 
and salinity preferences of endangered Delta 
Smelt (Hypomesus transpacificus, Actinopterygii, 
Osmeridae). Sci Rep. [accessed 2025 
Sep 25];12:16558.  
https://doi.org/10.1038/s41598-022-20934-w

Jassby AD. 2008. Phytoplankton in the upper San 
Francisco Estuary: recent biomass trends, their 
causes, and their trophic significance. San Franc 
Estuary Watershed Sci. [accessed 2025 Sep 25];6. 
https://doi.org/10.15447/sfews.2008v6iss1art2

Jungbluth MJ, Burns J, Grimaldo L, Slaughter A, 
Katla A, Kimmerer W. 2021. Feeding habits and 
novel prey of larval fishes in the northern San 
Francisco Estuary. Environ DNA. [accessed 2025 
Sep 25];3:1059–1080. https://doi.org/10.1002/edn3.226

Kayfetz K, Bashevkin SM, Thomas M, Hartman R, 
Burdi CE, Hennessy A, Tempel T, Barros A. 2020. 
Zooplankton integrated dataset metadata report. 
[accessed 2025 Sep 25]. Interagency Ecological 
Program Technical Report #93. Sacramento 
(CA): California Department of Water Resources. 
69 p. Available from: https://cadwr.app.box.com/v/
InteragencyEcologicalProgram/file/740033644278

Kimmerer W, Ignoffo TR, Bemowski B, Modéran J, 
Holmes A, Bergamaschi B. 2018. Zooplankton 
dynamics in the Cache Slough complex of the 
upper San Francisco Estuary. San Franc Estuary 
Watershed Sci. [accessed 2025 Sep 25];16. 
https://doi.org/10.15447/sfews.2018v16iss3art4

Kimmerer WJ, Ferm N, Nicolini MH, Peñalva C. 
2005. Chronic food limitation of egg production 
in populations of copepods of the genus Acartia 
in the San Francisco Estuary. Estuaries. [accessed 
2025 Sep 25];28:541–550.  
https://doi.org/10.1007/bf02696065

Kimmerer WJ, Gartside E, Orsi JJ. 1994. Predation 
by an introduced clam as the likely cause of 
substantial declines in zooplankton of San 
Francisco Bay. Mar Ecol Prog Ser. [accessed 2025 
Sep 25];113:81–93.  
https://doi.org/10.3354/meps113081

https://doi.org/10.1007/s00267-019-01159-6
https://doi.org/10.1371/journal.pone.0239358
https://doi.org/10.1371/journal.pone.0173497
https://doi.org/10.15447/sfews.2024v22iss1art5
https://doi.org/10.1007/s12237-022-01142-1
https://doi.org/10.1139/f77-099
https://doi.org/10.15447/sfews.2014v12iss1art1
https://doi.org/10.1111/j.1095-8649.2006.01176.x
https://doi.org/10.1038/s41598-022-20934-w
https://doi.org/10.15447/sfews.2008v6iss1art2
https://doi.org/10.1002/edn3.226
https://cadwr.app.box.com/v/InteragencyEcologicalProgram/file/740033644278
https://doi.org/10.15447/sfews.2018v16iss3art4
https://doi.org/10.1007/bf02696065
https://doi.org/10.3354/meps113081


17

DECEMBER  2025

https://doi.org/10.15447/sfews.2025v23iss4art5

Kimmerer WJ, Ignoffo TR, Kayfetz KR, 
Slaughter AM. 2018. Effects of freshwater flow and 
phytoplankton biomass on growth, reproduction, 
and spatial subsidies of the estuarine 
copepod Pseudodiaptomus forbesi. Hydrobiologia. 
[accessed 2025 Sep 25];807(1):113–130.  
https://doi.org/10.1007/s10750-017-3385-y

Kimmerer WJ, Lougee L. 2015. Bivalve grazing 
causes substantial mortality to an estuarine 
copepod population. J Exp Mar Biol Ecol. 
[accessed 2025 Sep 25];473:53–63. 
https://doi.org/10.1016/j.jembe.2015.08.005

Kimmerer WJ, Rose KA. 2018. Individual-based 
modeling of Delta Smelt population dynamics in 
the upper San Francisco Estuary III. Effects of 
entrainment mortality and changes in prey. Trans 
Am Fish Soc. [accessed 2025 Sep 25];147(1):223–243 
https://doi.org/10.1002/tafs.10015

Kratina P, Winder M. 2015. Biotic invasions can 
alter nutritional composition of zooplankton 
communities. Oikos [accessed 2025 
Sep 25];124:1337–1345.  
https://doi.org/10.1111/oik.02240

Lusardi RA, Hammock BG, Jeffres CA, Dahlgren RA, 
Kiernan JD. 2020. Oversummer growth and 
survival of juvenile Coho Salmon (Oncorhynchus 
kisutch) across a natural gradient of stream 
water temperature and prey availability: an in 
situ enclosure experiment. Can J Fish Aquat Sci. 
[accessed 2025 Sep 25];77:413–424. 
https://doi.org/10.1139/cjfas-2018-0484

Mehner T, Wieser W. 1994. Energetics and 
metabolic correlates of starvation in juvenile 
perch (Perca fluviatilis). J Fish Biol. [accessed 2025 
Sep 25];45:325–333. 
https://doi.org/10.1006/jfbi.1994.1131

Merz JE, Bergman PS, Simonis, JL, Delaney D, 
Pierson, J, Anders P. 2016. Long-term seasonal 
trends in the prey community of Delta Smelt 
(Hypomesus transpacificus) within the Sacramento–
San Joaquin Delta, California. Estuaries 
Coasts [accessed 2025 Sep 25];39:1526–1536.  
https://doi.org/10.1007/s12237-016-0097-x

Moyle PB, Brown LR, Durand JR, Hobbs JA. 2016. 
Delta smelt: life history and decline of a once-
abundant species in the San Francisco estuary. 
San Franc Estuary Watershed Sci [accessed 2025 
Sep 25];14.  
https://doi.org/10.15447/sfews.2016v14iss2art6

Naman SM, White SM, Bellmore JR, McHugh PA, 
Kaylor MJ, Baxter CV, Danehy RJ, Naiman RJ, 
Puls AL. 2022. Food web perspectives and methods 
for riverine fish conservation. Wiley Interdiscip 
Rev: Water [accessed 2025 Sep 25];9(4):e1590.  
https://doi.org/10.1002/wat2.1590

Pasparakis CT, Lohroff T, Biefel F, Cocherell DE, 
Carson EW, Hung T–C, Connon RE, Fangue NA, 
Todgham AE. 2023. Effects of turbidity, 
temperature and predation cue on the stress 
response of juvenile Delta Smelt. Conserv Physiol 
[accessed 2025 Sep 25];11:coad036.  
https://doi.org/10.1093/conphys/coad036

Peragón J, Barroso JB, García–Salguero L, Aranda F, 
de la Higuera M, Lupiáñez JA. 1999. Selective 
changes in the protein-turnover rates and nature 
of growth induced in trout liver by long-term 
starvation followed by re-feeding. Mol Cell 
Biochem [accessed 2025 Sep 25];201:1–10.  
https://doi.org/10.1023/a:1006953917697

Pierce DA, Schafer DW. 1986. Residuals in 
generalized linear models. J Am Stat Assoc. 
[accessed 2025 Sep 25];81:977–986. https://www.
tandfonline.com/doi/abs/10.1080/01621459.1986.1047
8361

Polansky L, Mitchell L, Nobriga ML. 2024. 
Identifying minimum freshwater habitat 
conditions for an endangered fish using life cycle 
analysis. Conserv Sci Practice. [accessed 2025 
Sep 25];e13124. https://doi.org/10.1111/csp2.13124

R Core Team. c2022. R: the R project for statistical 
computing. Vienna (Austria): R Foundation for 
Statistical Computing. [accessed 2025 Sep 25]. 
Available from: https://www.R-project.org/

Rodgveller CJ. 2019. The utility of length, age, liver 
condition, and body condition for predicting 
maturity and fecundity of female sablefish. 
Fisheries Res [accessed 2025 Sep 25];216:18–28. 
https://doi.org/10.1016/j.fishres.2019.03.013

Rogers TL, Bashevkin SM, Burdi CE, Colombano DD, 
Dudley PN, Mahardja B, Mitchell L, Perry S, 
Saffarinia P. 2024. Evaluating top-down, bottom-
up, and environmental drivers of pelagic food web 
dynamics along an estuarine gradient. Ecology. 
[accessed 2025 Sep 25];105:e4274.  
https://doi.org/10.1002/ecy.4274

https://doi.org/10.15447/sfews.2025v23iss4art5
https://doi.org/10.1007/s10750-017-3385-y
https://doi.org/10.1016/j.jembe.2015.08.005
https://doi.org/10.1002/tafs.10015
https://doi.org/10.1111/oik.02240
https://doi.org/10.1139/cjfas-2018-0484
https://doi.org/10.1006/jfbi.1994.1131
https://doi.org/10.1007/s12237-016-0097-x
https://doi.org/10.15447/sfews.2016v14iss2art6
https://doi.org/10.1002/wat2.1590
https://doi.org/10.1093/conphys/coad036
https://doi.org/10.1023/a:1006953917697
https://www.tandfonline.com/doi/abs/10.1080/01621459.1986.10478361
https://doi.org/10.1111/csp2.13124
https://www.R-project.org/
https://doi.org/10.1016/j.fishres.2019.03.013
https://doi.org/10.1002/ecy.4274


SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

18

VOLUME 23 ISSUE 4, ARTICLE 5

Schreier BM, Baerwald MR, Conrad JL, Schumer G, 
May B. 2016. Examination of predation on early 
life stage Delta Smelt in the San Francisco estuary 
using DNA diet analysis. Trans Am Fish Soc. 
[accessed 2025 Sep 25];145:723–733. 
https://doi.org/10.1080/00028487.2016.1152299

Schultz AA, Kalmbach AJ. 2023. Directed Outflow 
Project Lower Trophic Study. Ver 4. Environmental 
Data Initiative. [accessed 2025 Sep 25]. https://doi.
org/10.6073/pasta/86a01140eb3bb756ee9f7f8dab8aefc4

Silva–Castiglioni D, Valgas AAN, Machado LD, 
Freitas BS, Oliveira GT. 2016. Effect of 
different starvation and refeeding periods on 
macromolecules in the haemolymph, digestive 
parameters, and reproductive state in Aegla 
platensis (Crustacea, Decapoda, Aeglidae). 
Mar Freshw Behav Physiol [accessed 2025 
Sep 25];49:27–45. 
https://doi.org/10.1080/10236244.2015.1099205

Slater SB, Baxter RD. 2014. Diet, prey selection, and 
body condition of age-0 Delta Smelt, Hypomesus 
transpacificus, in the upper San Francisco Estuary. 
San Franc Estuary Watershed Sci [accessed 2025 
Sep 25];12.  
https://doi.org/10.15447/sfews.2014v12iss3art1

Slater SB, Schultz A, Hammock BG, Hennessy A, 
Burdi C. 2019. Patterns of zooplankton 
consumption by juvenile and adult Delta Smelt 
(Hypomesus transpacificus). In: Schultz A, editor. 
Directed Outflow Project: Technical Report 1. 
Sacramento (CA): Bureau of Reclamation, Mid-
Pacific Region. [accessed 2025 Sep 25];1:9–54. 
Available from: https://sitesreservoirproject.
riptideweb.com/references/REF23/Volume%202/
App11A_Aquatic_Spp_Life_Hist/Schultz%20et%20
al_2019_Directed%20Outflow%20Project%20
Technical%20Report%201.pdf

Sommer T, Armor C, Baxter R, Breuer R, Brown L, 
Chotkowski M, Culberson S, Feyrer F, Gingras M, 
Herbold B, et al. 2007. The collapse of pelagic 
fishes in the upper San Francisco Estuary. 
Fisheries. [accessed 2025 Sep 25];32:270–277. 
https://doi.org/10.1577/1548-8446(2007)32[270:tcopfi]
2.0.co;2

Sommer T, Mejia F. 2013. A place to call home: a 
synthesis of Delta Smelt habitat in the upper San 
Francisco estuary. San Franc Estuary Watershed 
Sci [accessed 2025 Sep 25];11.  
https://doi.org/10.15447/sfews.2013v11iss2art4

Teh SJ, Baxa DV, Hammock BG, Gandhi SA, 
Kurobe T. 2016. A novel and versatile flash-
freezing approach for evaluating the health 
of Delta Smelt. Aquat Toxicol. [accessed 2025 
Sep 25];170:152–161.  
https://doi.org/10.1016/j.aquatox.2015.11.009

White JR, Baxter RD. 2022. Incorporating expanded 
sampling into an alternative abundance index for 
the Fall Midwater Trawl survey. Cal Fish Wildl J. 
[accessed 2025 Sep 25];108:271–272.  
https://doi.org/10.51492/cfwj.108.21

Winder M, Jassby AD. 2011. Shifts in zooplankton 
community structure: implications for food web 
processes in the upper San Francisco Estuary. 
Estuaries Coasts. [accessed 2025 Sep 25];34:675–
690. https://doi.org/10.1007/s12237-010-9342-x

 Yelton R, Slaughter AM, Kimmerer WJ. 2022. Diel 
behaviors of zooplankton interact with tidal 
patterns to drive spatial subsidies in the northern 
San Francisco Estuary. Estuaries Coasts. [accessed 
2025 Sep 25];45:1728–1748.  
http://doi.org/10.1007/s12237-021-01036-8

https://doi.org/10.1080/00028487.2016.1152299
https://doi.org/10.6073/pasta/86a01140eb3bb756ee9f7f8dab8aefc4
https://doi.org/10.1080/10236244.2015.1099205
https://doi.org/10.15447/sfews.2014v12iss3art1
https://sitesreservoirproject.riptideweb.com/references/REF23/Volume%202/App11A_Aquatic_Spp_Life_Hist/Schultz%20et%20al_2019_Directed%20Outflow%20Project%20Technical%20Report%201.pdf
https://doi.org/10.1577/1548-8446(2007)32[270:tcopfi]2.0.co;2
https://doi.org/10.15447/sfews.2013v11iss2art4
https://doi.org/10.1016/j.aquatox.2015.11.009
https://doi.org/10.51492/cfwj.108.21
https://doi.org/10.1007/s12237-010-9342-x
http://doi.org/10.1007/s12237-021-01036-8



