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ABSTRACT
Zooplankton density and community composition 
in estuaries can be affected by variation in 
freshwater inputs, with important implications 
for higher trophic levels. In the San Francisco 
Estuary, management agencies have initiated 
autumn flow augmentations in the form of 
changes to reservoir releases or to exported water 
from the South Delta to increase and improve 
available habitat for endangered Delta Smelt, 
Hypomesus transpacificus, during the season when 
their body condition most influences fecundity. 
Autumn flow augmentation only occurs in years 
with higher precipitation, effectively moving 
the Low-Salinity Zone (LSZ) downstream to key 
foraging habitats for Delta Smelt in Suisun Bay 
and Suisun Marsh. To assess whether augmented 
flow enhanced prey resources for Delta Smelt, 
we compared autumn zooplankton abundance, 

biomass, spatial distribution, and community 
composition in years when flow was augmented 
(2017, 2019) with reference years when flow was 
not augmented (2018, 2020). In augmented years, 
we detected higher total zooplankton abundance 
and altered community composition in Suisun 
Bay and Suisun Marsh. Increased freshwater 
in these regions was associated with higher 
abundance of Pseudodiaptomus forbesi, a preferred 
prey of Delta Smelt, while species associated 
with higher salinities—Acartiella sinensis and 
Tortanus dextrilobatus—were less abundant. 
Thus, autumn flow augmentations can influence 
foraging habitat and prey availability for Delta 
Smelt, underscoring the complex responses of 
estuarine zooplankton communities to changes 
in response to flow and salinity regimes. This 
study is management- relevant because it shows 
that important Delta Smelt prey items increase 
in downstream regions when X2 is lower. 
Whether that results in a response in Delta Smelt 
abundance remains to be seen.
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INTRODUCTION
Tidal estuaries are highly dynamic, productive 
environments that provide critical habitat for 
many ecologically and economically important 
species (Johnston et al. 2002; Kimmerer 2004; 
Ray 2005; Barbier et al. 2011; Sheaves et al. 2015). 
Biotic interactions at the tidal interface of fresh 
and marine waters shape estuarine planktonic 
prey communities, which in turn influence 
habitat suitability for estuarine fishes (Kimmerer 
2002b; Jassby 2008; Ziegler et al. 2019; Connelly et 
al. 2020). For example, zooplankton availability 
as prey for fishes in the Columbia River estuary 
was dominated by relationships with season, flow, 
and salinity (Bottom and Jones 1990; Connelly et 
al. 2020). Such effects of river flows can interact 
with physical habitat and biota in complex ways. 
In the Skeena River estuary in British Columbia, 
calanoid copepod abundance was positively 
correlated with salinity but that of harpacticoid 
copepods was linked to eelgrass habitat (Arbeider 
et al. 2019). Consequently, changes in flow 
regime can affect zooplankton composition as 
well as overall abundance. In tidal estuaries 
with managed freshwater flows, understanding 
this dynamic environment is critical for 
developing water-management strategies that 
can effectively protect estuarine and diadromous 
fishes (Peterson 2003). These strategies will be 
increasingly important with climate change, 
which will continue to affect marine and 
freshwater ecosystems independently, thereby 
compounding the effect of flow management on 
estuaries (Lotze et al. 2006; Barbier et al. 2011; 
Elliott and Whitfield 2011; Gillanders et al. 2011). 

The San Francisco Estuary (henceforth “the 
estuary”) is one of the largest estuaries on 
the west coast of North America, and it has 
undergone anthropogenic alterations that have 
changed the ecological community (Nichols et 
al. 1986). Its watershed extends from the Sierra 
Nevada Mountain range to the Pacific Ocean at 
the Golden Gate Bridge, an area that covers over 
150,000 square kilometers and nearly 40% of the 
state of California. Within the estuary, Suisun 
Bay and Suisun Marsh, situated just west of 
the confluence of the Sacramento–San Joaquin 
Delta (the Delta), form the largest tidal marsh on 

the US West coast (Figure 1). Freshwater from 
natural runoff and reservoir releases flows into 
the Delta. Flows out of the Delta (outflow), which 
is itself a complex and highly managed water-
conveyance system, are controlled by diversions 
at two pumping stations in its southern extent. 
In addition to an altered hydrology (Kimmerer 
2008; Grimaldo et al. 2021), the estuary and Delta’s 
pelagic fish and zooplankton community has 
been affected by loss of tidal wetland (Nichols 
et al. 1986; Brown 2003; Whipple et al. 2012) and 
introductions of non-native prey, competitors, and 
predators (Alpine and Cloern 1992; Winder and 
Jassby 2011). 

Delta Smelt, Hypomesus transpacificus, is a native 
fish that has been at the forefront of water-
resource management concerns because of its 
decline in abundance (USFWS 2019). Delta Smelt 
are a small-bodied, annual, planktivorous species, 
which live in cool, turbid waters (Moyle et al. 
2016). The most common phenotype of larval 
Delta Smelt is semi-anadromous, hatching in 
the spring and early summer (March through 
June) in the freshwater Delta, and moving into 
brackish waters (0.5 to 6 practical salinity units 
[psu]), during the summer and fall (July through 
December). Depending on flow conditions during 
summer and fall, this brackish zone can be as far 
west as Suisun Bay and Suisun Marsh, or at the 
confluence of the Sacramento and San Joaquin 
rivers, or even further upstream. There, Delta 
Smelt grow and mature on once-abundant food 
resources, before reaching spawning condition 
in the early winter, when they move back into 
the fresher water of the Delta to spawn during 
January through March (Bennett 2005; Moyle 
et al. 2016). There are also less common Delta 
Smelt phenotypes that complete their life cycle 
entirely in either brackish or fresh water (Hobbs 
et al. 2019). Regardless of the specific life-history 
pathway, the decline of Delta Smelt may have 
resulted from a reduction in freshwater flow 
and associated changes in the estuary’s salinity 
regime that shape zooplankton abundance and 
community composition (Moyle et al. 2018). 
Consequently, targeted flow augmentations— 
by managing reservoir releases or export 
water pumped from the South Delta—increase 
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net freshwater outflow from the Delta to the 
estuary to improve habitat quality and increase 
zooplankton prey availability at time-periods 
critical for Delta Smelt. 

Increased food availability in autumn is 
correlated with higher survival of pre-spawning 
Delta Smelt (Rose et al. 2013a, 2013b; FLOAT-
MAST 2015). Consequently, augmented outflow 
during autumn months of years classified as wet 
or above normal, based on a Sacramento Valley 
Index water year type (USFWS 2008), are intended 
to allow Delta Smelt improved access to estuarine 
foraging areas. Delta Smelt preferentially 
reside in areas where salinity is less than 6 psu, 
concurrent with the position of a standard metric 
known as X2, which represents the distance 
(in km) from the Golden Gate Bridge to where 
salinity is a tidally averaged isohaline of 2 psu 

(Jassby et al. 1995). In these augmented years, 
outflow in September and October maintained 
X2 near 80 km, thereby expanding the low-
salinity environment for Delta Smelt downstream 
to estuarine habitats in Suisun Bay and Suisun 
Marsh, where most Delta Smelt historically 
occurred (Feyrer et al. 2007, 2011; Merz et al. 2011; 
Bever et al. 2016; Hendrix et al. 2023). Outflow 
augmentation is also hypothesized to change 
environmental conditions within the targeted 
regions by increasing material fluxes of sediment, 
nutrients, and chlorophyll-a, which can benefit 
Delta Smelt via lower trophic levels (Kimmerer et 
al. 2002b; Brown et al. 2014).

The scarcity of Delta Smelt makes it challenging, 
if not impossible, to observe  their foraging 
habitat use directly. Instead, we focused on 
understanding how dynamic habitats and 

Figure 1  Map of sampling locations (points) for each target region (polygons) in the San Francisco Estuary across four years. Red lines and values 
represent the location of the mean X2 line (km) for augmented (blue) and reference (yellow) years. The red square in the inset map depicts the extent of the 
study area in California.
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hydrology influence zooplankton communities in 
areas where Delta Smelt were known to occur.

Delta Smelt occupy estuarine channel habitats 
(Sommer and Mejia 2013), which can provide 
thermally stratified, deep, cold-water refuges in 
summer (Mahardja et al. 2022) but foraging, as 
indicated by higher stomach fullness, tends to 
occur closer to shallow, tidal wetlands (Hammock 
et al. 2019). Zooplankton undergo a diurnal 
vertical migration in response to tidal exchange 
(also known as vertical tidal migration), moving 
upward in the water column on the flood tide, 
enabling them to maintain position in the 
estuary (Kimmerer et al. 1998, 2002b). Increased 
outflows can alter zooplankton assemblages, 
affecting foraging habitat for estuarine fishes 
(Jassby et al. 1995; Kimmerer et al. 1998; 
Kimmerer 2002a; Cloern 2007). Understanding 
trends in distribution and relative abundance of 
zooplankton in this tidal estuary-marsh complex 
is important because of the ecological role of 
zooplankton in supporting estuarine fishes, 
especially those that are experiencing widespread 
population declines (Kimmerer et al. 2019; 
Hartman et al. 2021).

Delta Smelt inhabit a highly dynamic environment, 
displaying a wide response to various 
environmental conditions, but, as a result of their 

current low abundance, it is difficult to validate 
population responses to environmental changes 
(Hobbs et al. 2017). Our objective was to examine 
the effects of autumn flow augmentation during 
wet or above-normal water years on zooplankton 
communities in the estuary, as a proxy for how 
this targeted action could potentially affect Delta 
Smelt foraging opportunities. We compared 
environmental variables within the estuary and 
Delta, as well as autumn zooplankton assemblages 
that have historically comprised the prey base of 
Delta Smelt, to compare the effect of years with 
flow augmentation (2017, 2019) to reference years 
(2018 and 2020), when no flow augmentation 
occurred. 

•	 First, we expected that environmental 
variables—such as turbidity, chlorophyll-a 
and nutrients—would increase in response to 
higher outflow, and that temperature, salinity, 
and ammonium would decrease in augmented 
years (Table 1). 

•	 Second, we expected that zooplankton 
abundance and biomass would increase 
in Suisun Bay and Suisun Marsh, and 
that community composition would favor 
freshwater zooplankton species under flow 
augmentation. 

Table 1  Predictions and results for the effect of increased outflow on environmental variables during managed flow augmentations within the estuary 
and Delta. Environmental variables in italics indicate agreement between prediction and results.

Environmental variable Prediction Results Source

Temperature Decrease No significant change Schultz et al. 2019

Turbidity Increase Increase for Suisun Bay and Marsh Brown et al. 2014

Salinity Decrease Decrease for Lower Sacramento, Suisun Bay and Marsh Brown et al. 2014

Chlorophyll a Increase Decrease for Lower Sacramento, Suisun Bay and Marsh Brown et al. 2014

Nitrate Increase No significant change Brown et al. 2014

Ammonium Decrease No significant change Brown et al. 2014

Phosphate Increase Increase for Sacramento Shipping Channel, Suisun Bay Heidel et al. 2006

Dissolved Organic Carbon Decrease Decrease in Sacramento Shipping Channel, Lower 
Sacramento and Suisun Bay

Downing et al. 2009

Zooplankton Abundance Increase Increase for Suisun Bay Brown et al. 2014,  
Schultz et al. 2019

Zooplankton Biomass Increase Decrease for Suisun Bay Brown et al. 2014,  
Schultz et al. 2019
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•	 Third, we expected that zooplankton 
abundance and biomass would increase in 
shoals, where lower water velocity makes 
it easier for them to maintain position and 
where more food is retained, relative to 
channels under augmented conditions. 

MATERIALS AND METHODS
Site Selection
We focused our study on the upper estuary 
where net outflow determines the position of 
low-salinity habitat (0.5 to 6 psu) that juvenile 
and sub-adult Delta Smelt occupy in higher 
densities than elsewhere in the estuary (Merz 
et al. 2011). Sampling locations were selected 
using a generalized random tessellated stratified 
(GRTS) sampling design across the upper estuary 
(Stevens Jr and Olsen 2004; Starcevich et al. 
2016), focusing on five target regions: the Cache 
Slough Complex; the Sacramento Deep Water 
Ship Channel (DWSC); the lower Sacramento 
River; Suisun Bay; and Suisun Marsh (Figure 1). 
Sampling was conducted during autumn 
(September through November). Three stations in 
each region were sampled in tandem with the US 
Fish and Wildlife Service’s Enhanced Delta Smelt 
Monitoring (EDSM) program (USFWS 2022). Each 
week, three new GRTS stations per region were 
selected and sampled. In 2017, sampling occurred 
on a biweekly basis; in 2018, sampling occurred 
weekly. In 2019 and 2020, paired sampling with 
EDSM extended, so that weekly sampling began in 
April and ended in November, but since the focus 
of this study is on autumn habitat conditions, only 
samples from September through November were 
used in this analysis. 

Sampling Methods
At each of the 15 sampling stations, we conducted 
individual fixed-depth tows in three habitat types 
when present: the surface of channels, deep 
within channels (> 6 m), and on shoals (< 3 m), 
following methods in Schultz et al. (2019). We 
identified zooplankton samples using methods 
described in the Interagency Ecological Program’s 
(IEP’s) Environmental Monitoring Program 
(Kayfetz et al. 2020), except that we used 10 aliquot 
counts instead of 20 to account for higher sample 

densities that result from larger-volume nets, as 
described in (Schultz et al. 2019). We identified 
all organisms to the lowest possible taxonomic 
level, and we further separated zooplankton 
by life stage, hereafter referred to as taxa. Prey 
taxa noted in this study were confirmed in a gut 
content survey of Delta Smelt collected between 
2011 and 2017 from September to November by 
Slater et al. (2019).

We took spot measurements of temperature (°C), 
turbidity (NTU), salinity (psu), dissolved oxygen 
(DO; mg L-1), and chlorophyll-a (mg L-1) for each 
habitat type using an EXO-2 multiparameter 
sonde (YSI, Yellow Springs, Ohio USA) before 
each zooplankton tow. Chlorophyll-a serves as a 
proxy for phytoplankton biomass, which is grazed 
down by zooplankton such as Pseudodiaptomus 
forbesi, an important prey for Delta Smelt (Kayfetz 
and Kimmerer 2017). We filtered water samples 
by vacuum pressure at < 10 mm Hg through 
47-mm-diameter, 0.2-µm polycarbonate filters at 
each site at the surface. The UC Davis Ecosystem 
Ecology and Limnology Lab later analyzed the 
water samples using colorimetric assays for 
ammonium (NH4

+, mg L–1), nitrate (NO3
–, mg 

L–1), and phosphorous (PO4
3–, mg L–1) (Murphy 

and Riley 1962; Verdouw et al. 1978; Doane and 
Horwáth 2003). Dissolved organic carbon (DOC, 
mg L–1) was analyzed by high-temperature 
catalytic oxidation (Bird et al. 2003). We obtained 
the computed net Delta outflow index (outflow) 
and estimated X2 values from the Dayflow 
program (CDWR 2022).

Data Analysis	
Two measures of the zooplankton community 
were designated as response variables: 
abundance by volume (count m-3) and biomass 
by volume (µg m-3), herein referred to as 
abundance and biomass, respectively. Biomass 
of mesozooplankton (zooplankton 0.2 to 20 
mm TL) was calculated by multiplying species-
specific grams of carbon by the abundance 
value as outlined in Kayfetz et al. (2020) and 
using the dataset from Kimmerer et al. (2011, 
unreferenced, see “Notes”). While biomass and 
abundance were highly correlated in our study 
(Pearson’s R value of 0.91), both values were 

https://doi.org/10.15447/sfews.2023v21iss2art1
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used in analyses because these measurements 
can provide different information about food 
availability that can reflect changes in seasons 
(Atkinson et al. 2012), different life stages (Coyle 
and Pinchuk 2003), or reductions in body size 
(Cremona et al. 2020). Water-quality variables 
(temperature, turbidity, salinity, chlorophyll-a, 
nitrate, ammonium, phosphate, dissolved organic 
carbon), water year type, taxa, zooplankton 
abundance and biomass, and habitats were each 
compared across sampling sites during reference 
and augmented years using a non-parametric 
Kruskal-Wallis test (H stat) followed by a Dunn’s 
multiple pairwise comparison. Dunn’s tests 
were conducted with Bonferroni corrections for 
multiple comparisons of all covariates. 

Non-metric multi-dimensional scaling (NMDS) 
ordinations were constructed using samples 
that were square-root-transformed, followed by 
Wisconsin double standardization to equalize 
emphasis of dominant sites and dominant taxa 
on the ordination space before calculating the 
Bray-Curtis dissimilarity matrix (‘metaMDS’) 
from the vegan package (Bray and Curtis 1957; 
Oksanen et al. 2022). Rare taxa (i.e., found in five 
or fewer sites) were removed from the analysis. 
A two-dimensional solution was selected as 
the final solution for all ordinations because it 
reduced solution stress below 0.16. The influence 

of environmental covariates was examined by 
fitting vectors to the ordination spaces using the 
function ènvfit̀  from the vegan package (Oksanen 
et al. 2022). 

The degree of dissimilarity of abundance and 
biomass between mesozooplankton in reference 
and augmented years was analyzed with 
Similarity Percentage (simper vegan package, 
Oksanen et al. 2022), in R version 3.5.3 (R Core 
Team 2020), with permutations following Clarke 
(1993) and Oksanen et al. (2022). 

RESULTS
We analyzed a total of 1,401 samples from 
2017 to 2020, across five regions, with three 
stations per region per week, each containing 
up to three habitat types per station (Table 2). 
Sampling extended from the northern terminus 
of the Sacramento DWSC, south and seaward to 
Carquinez Straits on the western edge of Suisun 
Bay (Figure 1; Table 2).

Physical Environment across Augmented and Reference 
Years
The position of X2 was more seaward in 
augmented years than in reference years: 
mean ± SD 75.7 ± 2.01 km vs. 85.3 ± 0.06 km, 
respectively (CDWR 2022). This 9.6-km difference 

Table 2  Number of samples taken for each of three habitats (channel surface, channel deep, and shoal) in each of five regions during years with varying 
hydrologic conditions

Regions

Cache Slough Sacramento DWSC Lower Sacramento River Suisun Bay Suisun Marsh

2017 (augmented)
 

Channel surface 11 19 10 34 6

Channel deep 5 18 12 32 6

Shoal 2 0 5 30 4

2018 (reference)

Channel surface 26 28 30 35 20

Channel deep 16 27 28 32 16

Shoal 5 1 7 24 23

2019 (augmented)

Channel surface 39 37 39 38 35

Channel deep 25 37 38 36 29

Shoal 6 3 9 33 20

2020 (reference)

Channel surface 33 37 33 44 25

Channel deep 27 36 33 45 20

Shoal 12 22 32 33 33
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in mean X2 moved the LSZ from the downstream 
area of the lower Sacramento River in reference 
years to within Suisun Bay in augmented years 
(Figure 1). During augmented years, outflow 
rapidly decreased during the summer months to 
levels comparable to outflow in 2018, a reference 
year, before increasing from August through 
October (Figure 2). Environmental conditions 
differed in Suisun Bay and Suisun Marsh; years 
with augmented flow had increased turbidity, 
lower salinity, and lower values of chlorophyll-a, 
DOC, and phosphate than in other years 
(Figure 3). However, temperature, nitrate, and 
ammonium did not significantly vary within the 
same region between reference and augmented 
years.

Zooplankton Abundance, Biomass, and Distribution
Zooplankton mean abundance tended to be 
higher in augmented than reference years in all 
regions, but only significantly so in Suisun Bay 
(Figure 4, p < 0.05). Zooplankton mean biomass 
was lower in augmented years in Suisun Marsh. 
The Sacramento DWSC and Cache Slough 

generally had the highest regional zooplankton 
abundance and biomass.

Zooplankton Community Composition
Non-metric multi-dimensional scaling (NMDS) 
revealed that in augmented years, zooplankton 
communities became more homogenous, and the 
Suisun Bay community more strongly overlapped 
with those of the lower Sacramento River, 
Sacramento DWSC, and Cache Slough. Regionally, 
communities differed most strongly along a 
salinity gradient (Figure 5). 

The three species driving community patterns 
among regions and across reference and 
augmented years were Pseudodiaptomus forbesi, 
Acartiella sinensis, and Tortanus dextrilobatus 
(Figure 6). P. forbesi adults and copepodites 
contributed the most to dissimilarity between 
reference and augmented years. P. forbesi was 
the dominant species in the lower Sacramento 
River, Sacramento DWSC, and Cache Slough 
(Figure 7). P. forbesi was a smaller component of 
the community in Suisun Bay and Suisun Marsh, 

Figure 2  Outflow from June through January for years 2017-2020. Blue lines represent augmented years 2017 and 2019; yellow and orange lines represent 
reference years 2018 and 2020. 

https://doi.org/10.15447/sfews.2023v21iss2art1
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Figure 3  Differences in water quality within five regions of the estuary for years with variable flow. All values are on the log + 1 scale to aid in 
visualization. The same lowercase letters indicate that no significant differences were observed between regions or flow types as determined by Dunn’s 
multiple comparison post-hoc test (p-value > 0.05, see Table 3). Nitrate, ammonium, phosphate, and dissolved organic carbon were taken only in surface 
waters; the other water-quality metrics were taken across all habitat types. Abbreviations: CS-Cache Slough, SSC-Sacramento Deep Water Ship Channel, 
LS-Lower Sacramento River, SB-Suisun Bay, SM-Suisun Marsh.
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Table 3  Kruskal-Wallis Rank Sum test results for water quality variables, total abundance, total biomass, for five regions and in habitats within regional 
subsets in the northern San Francisco Estuary during the 4 years of varying hydrology. Abbreviations: CS-Cache Slough, SSC- Sacramento DWSC, LSR-
Lower Sacramento River, SB-Suisun Bay, SM-Suisun Marsh.

Predictor variables Response variable Subset Chi-squared statistic DF p-value Figure number

Region, year type Temperature 27.2 9 <0.05 Figure 3

Region, year type Turbidity 485.4 9 <0.05

Region, year type Salinity 1126.9 9 <0.05

Region, year type Chlorophyll-a 598.5 9 <0.05

Region, year type Nitrate 135.7 9 <0.05

Region, year type Ammonium 84.4 9 <0.05

Region, year type Phosphate 162.2 9 <0.05

Region, year type Dissolved organic carbon 171.3 9 <0.05

Region, year type Total abundance 219.6 9  <0.05 Figure 4

Region, year type Total biomass 183.47 9 <0.05

Region, year type Total abundance SM 13.3 5 <0.05 Figure 8

Habitat, year type Total abundance SB 24.2 5 <0.05

Habitat, year type Total abundance LS 47.5 5 <0.05

Habitat, year type Total abundance SSC 38.9 5 <0.05

Habitat, year type Total abundance CS 7.6 5 0.18

Habitat, year type Total biomass SM 34.9 5 <0.05

Habitat, year type Total biomass SB 66.2 5 <0.05

Habitat, year type Total biomass LS 67.4 5 <0.05

Habitat, year type Total biomass SSC 60.1 5 <0.05

Habitat, year type Total biomass CS 16.0 5 <0.05

Figure 4  Mean and standard error for total abundance (top row) 
and total biomass (bottom row) for five regions within the estuary 
in years with varying hydrology. Lowercase shared letters indicate 
no significant differences were observed between regions as 
determined by Dunn’s multiple comparison post-hoc test (p-value 
> 0.05, see Table 3). Group membership is comparable across 
hydrology types, not between metrics. Abbreviations: CS-Cache 
Slough, SSC-Sacramento Deep Water Ship Channel, LS-Lower 
Sacramento River, SB-Suisun Bay, SM-Suisun Marsh.

https://doi.org/10.15447/sfews.2023v21iss2art1
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but in augmented years, P. forbesi increased in 
abundance and biomass. A. sinensis was rarely 
found in the lowest-salinity regions of the 
Sacramento DWSC and Cache Slough and was 
most abundant in Suisun Bay and Suisun Marsh 
(Figure 7). Its abundance and biomass decreased 
in Suisun Bay and Suisun Marsh in augmented 
years and increased in the lower Sacramento 
River region in reference years. T. dextrilobatus 
is a larger-sized calanoid copepod species 
and—similar to the increased presence of A. 
sinensis—contributed more to dissimilarity in 
biomass than abundance (Figures 6 and 7), which 
in turn influenced significantly higher biomass 
observed in Suisun Marsh during reference years. 
T. dextrilobatus was only observed in Suisun Bay 

Figure 5  NMDS ordinations depicting differences in 58 lower trophic 
taxa abundance across five regions in reference (top) and augmented 
(bottom) years in the San Francisco Estuary (stress = 0.16). Arrows 
indicate direction with positive change for water-quality variables. Taxa 
names are in gray, and asterisks preceding names indicate known prey 
items for Delta Smelt in the fall. Abbreviated taxa names are defined as 
follows, where life stages are indicated by adult (a), copepodites (c), and 
nauplii (n): ASA- Acartiella sinensis (a), ASC- A. sinensis (c), BAN- Barnacle 
(n), BOL- Bosmina longirostris, CYC- Cyclopoid (c), EAC- Eurytemora affinis 
(c), LSA- Limnoithona sinensis (a), LTC- Limnoithona tetraspina (c), PFA- 
Pseudodiaptomus forbesi (a), PFC- P. forbesi (c), PSN- Pseudodiaptomus 
(n).

Figure 6  Average contribution to dissimilarity between lower trophic 
community abundance (top) and biomass (bottom) during reference and 
augmented years. A cut-off of 90% cumulative dissimilarity is shown. 
Taxa with higher abundance/biomass in augmented years are white; 
those with higher abundance/biomass in reference years are black. 
Asterisks preceding the names of taxa indicate known Delta Smelt fall 
prey items. Life stages are indicated for adult (a), copepodite (c), and 
nauplii (n). 
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and Suisun Marsh, and infrequently in the lower 
Sacramento River, and it decreased in abundance 
and biomass in augmented years (Figure 7). 

Differences in Zooplankton Abundance, Biomass, and 
Community by Habitat Type
Overall, zooplankton abundance was consistent 
among habitat types and across years with 
reference and augmented flows (Figure 8). 
Zooplankton biomass and abundance followed 
similar patterns with few exceptions, one of 
which was lower biomass in the shoal habitat 
of Suisun Marsh in augmented years. Among 
habitats within a region and across reference and 
augmented years, biomass was higher in deep 
channels compared to surface and shoal habitats 
in the lower Sacramento River, Suisun Bay, 
and Suisun Marsh. There was no difference in 
biomass across habitats in Suisun Marsh during 
reference years. 

DISCUSSION
During augmented years, the position of X2 
moved 9.6 km seaward into Suisun Bay and Suisun 
Marsh. Decreased salinity in this area resulted 
in a more freshwater zooplankton community in 
which the Delta Smelt’s most frequently consumed 
prey species, P. forbesi (Slater et al. 2019), 
was more abundant. Simultaneously, species 
typically found in higher salinity—A. sinensis and 
T. dextrilobatus—and therefore less frequently 
consumed by Delta Smelt, became less abundant. 
It remains unclear whether the increase in 
P. forbesi in the Suisun Bay and Suisun Marsh 
region gives Delta Smelt a sufficient foraging 
benefit to enhance survival, growth, and 
reproductive potential.

Mechanistic explanations for why Delta Smelt 
abundance may not respond to increased prey 
abundance are varied and complex. Most 

Figure 7  Mean abundance (left) and biomass (right) for zooplankton taxa in reference and augmented years. Proportion of total shown on top; counts are 
on bottom. 
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importantly, variation in abundance of organisms 
as a function of flow does not appear to occur 
through upward trophic transfer (Jassby et al. 
1995; Kimmerer 2002a). Recent work reinforces 
the idea that food-web interactions are not a 
linear chain as postulated by Brandt (1901) in 
the “agricultural model,” connecting flow to 
phytoplankton to zooplankton, and so on to Delta 
Smelt. Rather, they are a network complicated 
by species invasions that rearrange food-web 
interactions (Mac Nally et al. 2010; Thomson et 
al. 2010) that can be observed by clam grazing 
(Kimmerer et al. 1994) and food-web responses 

after the introduction of predatory copepods to 
the upper estuary (Kratina et al. 2014), shifting 
distributions of northern anchovies out of the LSZ 
(Kimmerer 2006), and creating a dependence on 
subsidies of copepods from freshwater sources 
(Kimmerer et al. 2019). All considered, there is 
little reason to believe that nutrient enrichment 
alone increases secondary production in 
estuarine systems (sensu lato Nixon et al. 1986) 
because trophic dynamics have fundamentally 
altered the feeding environment for Delta 
Smelt in ways that the effect of overbite clam, 

Figure 8  Box plots for log-transformed total abundance 
(individuals per m3), log-transformed total biomass (µg C per 
m3) for habitats in each region across reference and augmented 
years. The same letter indicates groups that do not significantly 
differ (p-value > 0.05, Table 3) which is only comparable within a 
region. Abbreviations: CS-Cache Slough, SSC-Sacramento Deep 
Water Ship Channel, LSR-Lower Sacramento River, SB-Suisun 
Bay, SM-Suisun Marsh. 
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Potamocorbula amerensis, invasions (Kimmerer 
2002a) alone cannot explain. 

Despite knowledge of how invasions of non-native 
species have fundamentally altered networks 
of biotic interactions, conventional thought 
continues to be that flow augmentation alters 
environmental conditions, which could indirectly 
work in ways that can benefit Delta Smelt 
(Table 1). For example, increased turbidity from 
sediment loading during high flows was observed 
in the Suisun Bay and Suisun Marsh during 
augmented years and might benefit Delta Smelt 
by making them less visible to predators (Ferrari 
et al. 2014; Moyle et al. 2016). It may also improve 
foraging efficiency by creating a backdrop against 
which prey movement can be detected from 
suspended particles (Hasenbein et al. 2013; Moyle 
et al. 2016). However, high turbidity also inhibits 
zooplankton from feeding on phytoplankton and 
reduces survival and egg production in copepods 
(Sellner and Bundy 1987; Gasparini and Castelt 
1997; Kang 2012). 

While some environmental variables changed 
as predicted during augmented years, other 
variables such as nutrients and chlorophyll-a 
did not increase as predicted. Decreased water 
residence time and increased advection reduces 
chlorophyll-a production, thereby potentially 
reducing available biomass for herbivores 
(Jassby et al. 2002; Kimmerer 2004; Wan et al. 
2013). On the other hand, the phytoplankton 
community in an augmented year (2017) was 
higher in nutritionally valuable diatoms, whereas 
the reference year (2018) was dominated by less 
nutritious taxa (Brett and Müller-Navarra 1997; 
Kalmbach et al. 2021). A higher proportion of 
nutritionally favorable diatoms may make up for 
lower overall phytoplankton biomass, particularly 
if there are benefits to herbivorous zooplankton 
such as P. forbesi, which selectively consume 
diatoms in other systems (Bowen et al. 2015).

Salinity is an important—if not the most 
important—driver of differences in zooplankton 
communities in tidal estuaries (Laprise and 
Dodson 1994; Hall and Burns 2002; Gao et al. 2008; 
Bollens et al. 2014). The San Francisco Estuary 

is no exception, and zooplankton communities 
segregate most clearly along a longitudinal 
salinity gradient (Kimmerer 2004; Bollens et 
al. 2014). Therefore, it is not surprising that a 
change in salinity (indexed by X2) from flow 
augmentation is the primary factor that explains 
differences in zooplankton communities in Suisun 
Bay and Suisun Marsh relative to reference years. 
In benthic assemblages across multiple flow 
regimes, salinity was the main factor that drove 
alterations in species assemblages (Peterson 
and Vayssieres 2010). Osmotic tolerance limits 
can restrict the range of zooplankton in more 
saline water (Schallenberg et al. 2003; Svetlichny 
and Hubareva 2014). When salinity tolerances of 
predators, competitors, and prey overlap, changes 
in these ecological interactions can also influence 
the range in which a given zooplankton species is 
observed (Kayfetz and Kimmerer 2017). 

The increase of P. forbesi abundance in Suisun 
Bay during augmented years is best explained 
by upstream subsidies from highly abundant 
freshwater sources into Suisun Bay and Marsh 
(Kimmerer et al. 2018b, 2019; Hassrick et al. 2023). 
While P. forbesi may appear to be a freshwater 
species, historically, its distribution extended 
into higher-salinity regions. However, the 
overbite clam, an invasive species first detected 
in 1986, severely reduced phytoplankton and 
zooplankton in Suisun Bay (Alpine and Cloern 
1992; Greene et al. 2011; Kimmerer and Thompson 
2014; Hammock et al. 2019). The invasion 
continued with A. sinensis, a predatory copepod 
first detected in 1993 (Orsi and Ohtsuka 1999). 
These invasives are both brackish species, and 
since their introduction, the population center 
of P. forbesi has shifted further upstream away 
from Suisun Bay and Suisun Marsh (Kayfetz 
and Kimmerer 2017). When flow augmentation 
shifts X2 over Suisun Bay and Suisun Marsh, 
it effectively limits the range of A. sinensis 
(Slaughter et al. 2016; Kayfetz and Kimmerer 
2017). Large outflow events in the spring can 
limit P. amurensis recruitment, and stress adults 
enough to reduce grazing in autumn (Thompson 
and Parchaso 2010; Perry and Wells 2021; FLOAT-
MAST 2022). This could indirectly benefit P. forbesi 
during augmented years when their realized 
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niches less strongly overlap with overbite clams 
and predatory copepods.

Arrival of invasive species has transformed the 
food web in the estuary to the detriment of native 
fishes (Kimmerer and Thompson 2014; Kratina 
et al. 2014). In the mid-1980s, the introduction of 
overbite clams caused a cascade of changes that 
coincided with temporal shifts in peak primary 
productivity in response to increased water clarity 
from their ability to efficiently filter the water 
column (Merz et al. 2016). After that, within the 
span of a year in 1993, an invasive and highly 
abundant small-bodied cyclopoid copepod, 
Limnoithona tetraspina, replaced larger calanoid 
copepods, P. forbesi and Eurytemora affinis, in the 
LSZ, accounting for almost 95% of the median 
total adult copepod abundance (Bouley and 
Kimmerer 2006). Juvenile Delta Smelt do not 
readily consume L. tetraspina, perhaps because 
the energetic cost of pursuing, capturing, and 
digesting such a small prey item has questionable 
benefits (Bouley and Kimmerer 2006; Baxter et 
al. 2010; Slater and Baxter 2014). Additionally, 
invasive predatory copepods such as A. sinensis 
are less energy-efficient food for Delta Smelt 
compared to herbivores such as P. forbesi (Kratina 
and Winder 2015). Thus, it is likely that the prey 
community during reference years in Suisun Bay 
and Suisun Marsh did not benefit Delta Smelt.

Zooplankton change their location in the water 
column in response to daily and seasonal 
changes in habitat. In the estuary and Delta, 
zooplankton have been observed to exhibit 
demersal behavior during the daytime to avoid 
predators in low-turbidity areas (Lampert 1989; 
Kimmerer and Slaughter 2016). Zooplankton also 
maintain their position in the estuary by rising 
in the water column during the flood tide and 
sinking back down on the ebb tide (Kimmerer et 
al. 1998, 2002). Although turbidity increased in 
Suisun Bay and Suisun Marsh during augmented 
years, patterns in zooplankton abundance and 
biomass changed little across habitats, suggesting 
that increased turbidity did not alter copepod 
habitat use or their position in the water column. 
Zooplankton biomass tended to be higher in deep 
channels across all regions sampled, compared 

to the surface of channels and shoal habitat. 
Hartman et al. (2022) also found that deep water 
habitat had higher zooplankton abundance 
compared to shallow water sites. While 
zooplankton abundance was not significantly 
higher in channel-deep habitat, biomass differed 
significantly (Figure 8). This may be because adult 
copepods (which have higher biomass) tend to use 
deep habitat, as Yelton et al. (2022) discovered in 
the Cache Slough region. Demersal behavior is 
also primarily observed in adult P. forbesi females, 
which are larger and therefore more vulnerable to 
visual predators (Fancett and Kimmerer 1985).

SUMMARY: MANAGEMENT IMPLICATIONS
The Fall X2 action was a flow augmentation 
intended to increase suitable Delta Smelt habitat 
in Suisun Bay and Suisun Marsh in various ways, 
including a hypothesized increase in zooplankton 
prey resources (Brown et al. 2014). Our results 
suggest that while more nutritious species tend 
to occupy downstream habitat in higher-flow 
conditions, the population of Delta Smelt did 
not increase in response to this shift in food 
resources during and after years with augmented 
flow. High water temperatures during 2017 
may have suppressed recruitment and survival 
(FLOAT-MAST 2020). Another possibility is that 
lower food-web dynamics impart a bottom-
up effect on Delta Smelt through reductions 
in microzooplankton abundance from clam 
predation. The removal of microzooplankton 
may be disrupting the link between bacteria and 
phytoplankton to higher trophic levels (Greene 
et al. 2011). Microzooplankton remain an under-
studied component of the food web in the estuary 
and the Delta even though they are thought to be an 
important source of food for copepods (Gifford et 
al. 2007; Brown et al. 2016). 

Estuary-wide benefits to Delta Smelt from 
reduced clam competition may be confounded 
by increasing frequency of drought conditions 
that could facilitate overbite clam recruitment 
(Crauder et al. 2016; Baumsteiger et al. 2017). 
Studies on the abundance and distribution of 
P. amurensis during augmented years are needed 
to determine how they respond to changes in 
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autumn outflow and the effect of their response 
on the Delta Smelt prey field.

Cache Slough and the Sacramento DWSC had high 
zooplankton abundance and biomass in both 
reference and augmented years. These regions 
can be highly productive, particularly in terminal 
channels (Feyrer et al. 2017; Kimmerer et al. 
2018a), and serve as source populations to Suisun 
Bay and Suisun Marsh (Kimmerer et al. 2019; 
Hassrick et al. 2023). 

CONCLUSION: FUTURE DIRECTIONS 
Continued research into why Cache Slough 
and the Sacramento DWSC have such high 
zooplankton populations, despite being highly 
modified, may provide further insight into the 
effects of the autumn outflow action on habitat-
zooplankton dynamics.
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