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RESEARCH

Years of Drought and Salt: Decreasing Flows
Determine the Distribution of Zooplankton Resources

in the San Francisco Estuary

Arthur Barros*!, Rosemary Hartman 2, Samuel M. Bashevkin 3, Christina E. Burdi 2

ABSTRACT

The San Francisco Estuary (estuary) and the
Sacramento-San Joaquin Delta (the Delta)

in California face significant challenges in
managing water resources during extended
droughts. Zooplankton are a vital trophic link
between phytoplankton producers and higher-
level consumers such as predatory zooplankton
and fish. However, there is still much to

be learned about what drives zooplankton
abundance and how they respond to drastic
changes in environmental conditions, such as
droughts. We found that during drought years
zooplankton abundance and distribution changes
varied for examined taxa. Significant declines in
the abundance of Daphnia spp. and the copepod
Pseudodiaptomus forbesi occurred in the Suisun
Marsh and Suisun Bay regions. In contrast,
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abundance of the non-native copepod Limnoithona
tetraspina increased in Suisun Marsh and the
South-Central Delta during those same drought
conditions. Salinity is a strong determinant of

the presence and abundance of the studied taxa,
and we showed that changes in the distribution of
salinity as a result of low outflow conditions were
an important factor in the regional abundance of
zooplankton. Because of the expected increase in
the frequency and severity of regional droughts,
understanding how these conditions affect
zooplankton in the estuary will benefit scientists
and resource managers who aim to improve
conditions for native fishes.

KEY WORDS
zooplankton, drought, copepods, mysids,
cladocera, salinity

INTRODUCTION

Extended droughts present a significant
challenge in managing water resources available
to the San Francisco Estuary (estuary). There
have been documented declines of many fish
species of concern, correlated with decreases

in freshwater outflow in the estuary (Kimmerer
2002; SWRCB 2017), but the mechanisms behind
these declines are often poorly understood.

As the primary consumers of phytoplankton,
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zooplankton facilitate a vital trophic link between
phytoplankton producers and higher-level
consumers. In this region, zooplankton are a key
food source for several important fish species,
notably Delta Smelt (Hypomesus transpacificus)
(Slater and Baxter 2014; Slater et al. 2019), Longfin
Smelt (Spirinchus thaleichthys) (Barros et al.

2022; Jungbluth et al. 2021), juvenile Chinook
Salmon (Oncorhynchus tshawytscha) (Goertler

et al. 2018; Tiffan et al. 2014), and the larval
stages of other fishes (Hunter 1981). Because

of their importance in fish diets, zooplankton
have been studied extensively. However, more
knowledge is needed to understand what drives
zooplankton abundance and how they respond to
environmental conditions (Hartman et al. 2021).
One key question is how zooplankton respond to
extremes such as high- and low-outflow years.

This paper is one of a series produced by the
Interagency Ecological Program (IEP) Drought
Synthesis Team (Hartman, Stumpner et al., this
issue), which formed in 2021 in response to the
critically dry water year. The team analyzed how
drought affected a broad suite of environmental
parameters, including hydrology, water quality,
phytoplankton, invertebrates, and fish. While
there is no single agreed-upon definition for
“drought,” droughts in California generally occur
when there are multiple years of low precipitation
and a resulting water supply shortage (CDWR
2020). In this series, the authors define “drought”
as 2 or more consecutive years with a Sacramento
Valley Water Year Hydrological Index (SVI)
classifications of “Below Normal”, “Dry,” or
“Critical,” similar to the delineation in Mahardja
et al. (2021). “Wet” years are defined as 2 or

more consecutive years with a SVI classification
of “Above Normal” or “Wet.” Each paper in

this edited volume can stand alone, but many

of the papers refer to each other and provide
complementary information.

Zooplankton have been monitored regularly
in the estuary since 1972, when the California
Department of Fish and Wildlife (CDFW)
Environmental Monitoring Program (EMP)

Zooplankton Survey began (Bashevkin et al. 2022).

Long-term monitoring has enabled the detection
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of key changes in the zooplankton community—
most notably, the significant decrease in
zooplankton abundance coinciding with the
introduction and spread of the invasive clam,
Potamocorbula amurensis, in the mid-1980s (Carlton
et al. 1990; Kimmerer et al. 1994). In addition, the
introduction of several non-native zooplankton
species (e.g., the cyclopoid copepod Limnoithona
tetraspina, the calanoid copepod Pseudodiaptomus
forbesi, and the mysid Hyperacanthomysis
longirostris) has resulted in drastic shifts in
community composition (Winder and Jassby
2011). Declines in zooplankton abundance and
changes in community composition have been
linked to major declines in the pelagic fishes

of the estuary known as the “Pelagic Organism
Decline” (Winder and Jassby 2011; Brown et

al. 2016; Moyle et al. 2016). Increases in the
occurrence of drought conditions (Diffenbaugh et
al. 2015) could compound stressors in an already
heavily disturbed ecosystem.

Studies have yet to examine how extended
droughts affect the distribution and abundance

of zooplankton in the estuary, though there

have been a few that focused on the relationship
between zooplankton and outflow. Historically,
the abundance of several important zooplankton
species, such as Neomysis mercedis, was positively
correlated with outflow (Jassby et al. 1995;
Kimmerer 2002). However, not all species show this
relationship (e.g., Eurytemora affinis was negatively
correlated with outflow [Kimmerer 2002]), or

the relationship has changed over time (e.g., the
abundance of N. mercedis decreased with flow
before 1987 and increased with flow afterwards
[Kimmerer 2002], or it can vary by region [Bollens
et al. 2011; Kimmerer et al. 2018b]).

During Drought years, freshwater outflows
decrease drastically, and understanding the
effect on the zooplankton community is key to
understanding how water-management decisions
affect zooplankton abundance. One possible
mechanism for how reduced outflow in drought
years can affect zooplankton is through shifts

in the location of the estuary’s low-salinity zone
(LSZ), which is defined by the EMP as the region
where salinity at the bottom of the water column



is between 1 and 6 ppt. Before the invasion of the
clam P. amurensis, positioning of the LSZ in the
shallower areas of Suisun Bay (Figure 1) during
spring and summer led to higher productivity

as a result of higher water residence time and
turbulent mixing, which reduces transport of
phytoplankton seaward (Cloern et al. 1983). An
alternative hypothesis for how outflow affected
phytoplankton dynamics in Suisun was that
during prolonged low outflow periods, increased
salinity would promote higher benthic grazing
from marine bivalves (Nichols 1985). Management
decisions including upstream reservoir releases
and the amount of water pumped out of the

Delta by state and federal water projects can

also profoundly affect the location of the LSZ in
the estuary (MacWilliams et al. 2015). Increased
freshwater exports, in combination with the
invasive clam P. amurensis, have led to significant
declines in pelagic phytoplankton biomass
(Hammock et al. 2019). Since the invasion,
chlorophyll concentration in Suisun Bay has
dropped dramatically (Cloern 2019; Hammock

et al. 2019), and Suisun now typically has lower
chlorophyll concentrations than upstream regions
in the Central and South Delta (Jassby 2008;
Bosworth et al., this issue). Because of this decline
in phytoplankton and zooplankton biomass,

fish communities in the Suisun region now rely
on transport of high densities of freshwater
copepods, such as P. forbesi, from upstream to
subsidize the food web (Kimmerer et al. 2018a;
Kimmerer et al. 2018b).

The environmental conditions in each location—
such as salinity, turbidity, dissolved oxygen,

and temperature—can determine zooplankton
presence. The distribution and abundance of
many zooplankton species are strongly correlated
to salinity gradients across the estuary (Ambler
et al. 1985; Rollwagen-Bollens et al. 2011; Bollens
et al. 2014), though inter-specific interactions may
also control zooplankton distributions (Kayfetz
and Kimmerer 2017). While many environmental
and biological factors interact to influence
zooplankton distribution, the salinity gradient is
the factor that changes most dramatically during
droughts (Hutton et al. 2017; Bosworth et al., this
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issue), so it is the most likely cause of zooplankton
shifts during droughts.

Most zooplankton move with prevailing currents,
although some taxa can use vertical migration

to exploit vertical gradients in current speed

and direction to position themselves in the
estuary (Kimmerer et al. 1998). When seasonal
abundances decrease in a particular geographic
region of the estuary, it could represent either
local changes in zooplankton production, changes
to predation pressure and other mortality factors,
or changes to transport of zooplankton from one
region to another. For example, spatial subsidies
of freshwater zooplankton from the Delta to
Suisun Bay and Suisun Marsh are reduced during
low-flow conditions (Kimmerer et al. 2018a;
Kimmerer et al. 2019).

To better understand how years of drought affect
zooplankton in the estuary, we examined three
questions in relation to four of the most abundant
taxa in the study area.

1. Do zooplankton taxon abundances change
regionally between Drought and Wet years?

2. To what extent does salinity drive the
presence and abundance of each taxon?

3. Do Drought years affect the abundance of
each taxon within their primary salinity zone
(the salinity zone in which they are the most
abundant)?

METHODS

Target Taxa

We used four abundant target taxa in our
analysis: the mysid Hyperacanthomysis longirostris,
the calanoid copepod Pseudodiaptomus forbesi, the
cyclopoid copepod Limnoithona tetraspina, and the
cladoceran Daphnia spp.

Hyperacanthomysis longirostris, formerly described
as Acanthomysis bowmani (Modlin and Orsi 1997),
is a mysid shrimp native to the Ariake Sea in
Japan (Suzuki et al. 2009). It was first documented
in the estuary in 1993, where it was most likely

https://doi.org/1015447/sfews.2024v22iss1art3
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introduced via ballast water (Modlin and Orsi
1997). After its introduction, H. longirostris
quickly became the most abundant mysid in the
estuary, replacing the native mysid, Neomysis
mercedis, as the dominant catch in the CDFW
EMP Zooplankton Survey and Fall Midwater
Trawl mysid trawls (Avila and Hartman 2020;
Barros 2021; Burdi et al. 2022). Hyperacanthomysis
longirostris is found throughout the upper estuary,
at higher temperatures and salinities than N.
mercedis, and is smaller at maturity than the
native N. mercedis. (Avila and Hartman 2020).
Hyperacanthomysis longirostris abundance is
usually highest in the summer (June-August),
with lower abundances in fall, winter, and spring
(Barros 2021). This species is relatively under-
studied in the estuary; however, it has been
shown to play an important role in fish diets,
particularly Longfin Smelt (Lojakovic Burris et al.
2022).

The introduced calanoid copepod P. forbesi was
first detected in 1988, and quickly became the
most abundant calanoid in the upper estuary,
generally replacing the once abundant E. affinis
as the primary copepod prey of the endangered
Delta Smelt (Moyle 1992; Slater and Baxter 2014;
Slater et al. 2019). The introduction of another
species in 1993, the predatory calanoid copepod
Acartiella sinensis, is hypothesized to have
narrowed the range of P. forbesi away from the
LSZ and toward the freshwater zone of the upper
estuary because of its predation on P. forbesi
nauplii. (Slaughter et al. 2016; Kayfetz and
Kimmerer 2017).

Limnoithona tetraspina is a brackish water
cyclopoid copepod that was also introduced in
1993 (Orsi and Ohtsuka 1999), and rapidly became
the most abundant copepod in the LSZ, especially
during summer and fall (Bouley and Kimmerer
2006). Because of their high abundance, the

total biomass of L. tetraspina in the estuary is
similar to that of the larger calanoids Eurytemora
affinis and P. forbesi combined, despite individual
L. tetraspina being approximately one-tenth the
mass (Bouley and Kimmerer 2006). Because of

its small size, L. tetraspina could be important

to larval fishes, especially during their earliest,
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pre-larval stage (CDFW Diet Study unpublished
data, see “Notes”; Sullivan et al. 2016; Jungbluth
et al. 2021). However, because of the small size

of L. tetraspina, older and larger fishes would
have to eat more of them (>1,000 individuals) to
achieve the same biomass intake (CDFW Diet
Study unpublished data, see “Notes”; Slater et

al. 2019). Despite L. tetraspina being the most
abundant copepod in the estuary, Delta Smelt
select against or do not select for it (Slater and
Baxter 2014; Sullivan et al. 2016), and it is only
found in low amounts in Longfin Smelt diets
(Jungbluth et al. 2021). This is possibly because of
the copepod’s ability to avoid visual predators as
a result of their small size and ability to remain
relatively motionless in the water column (Bouley
and Kimmerer 2006). Limnoithona tetraspina’s

low energetic demand and predator avoidance
behavior is likely what has contributed to its
success in this region (Bouley and Kimmerer 2006;
Gould and Kimmerer 2010).

Daphnia spp. is a globally distributed genus of
cladocerans, primarily found in freshwater.
Cladocerans (mostly Daphnia spp. and the
smaller-bodied Bosmina spp.) historically
dominated zooplankton biomass in the freshwater
reaches of the estuary, but have declined by

6% per year from 1972 to 2008 (Winder and
Jassby 2011). Daphnia spp. have increased
abundance in off-channel (floodplain and rice
field) habitats (Corline et al. 2021) and in the
summer to late-fall months (Turner 1966). They
are omnivorous, feeding on microplankton (e.g.,
ciliates) and phytoplankton (Gifford et al. 2007),
but tend to provide lower nitrogen and fatty acid
concentrations to fish predators compared to
copepods (Kratina and Winder 2015). Daphnia spp.
and other cladocerans make up a large portion

of diets for fishes including Chinook Salmon
(Goertler et al. 2018) and Delta Smelt (Slater et al.
2019), especially during wet years and seasons.

Study Area

This study focused on the upper San Francisco
Estuary, limited by Carquinez Strait to the west,
and the South-Central Delta to the east (Figure 1).
This includes the regions of Suisun Bay, Suisun
Marsh, the confluence of the Sacramento and
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Figure1 Map of sampling regions and stations (red dots) with the dashed line representing in-river distance from the farthest up-river station to the
Golden Gate Bridge. RKM values represent distance in river kilometers to the Golden Gate Bridge.

San Joaquin rivers (confluence), and the South-
Central Delta. One defining characteristic of most
estuaries is their wide salinity range, which varies
depending on the amount of fresh water entering
the estuary from upstream sources (Kimmerer
2004). In the summer and fall, especially during
Drought years, brackish water >2 ppt salinity

can extend above the confluence. However,
during Wet years with especially high outflows,
the brackish water zone can be pushed further
downstream, into Suisun Bay and Suisun Marsh.

Biomass Calculations

We downloaded zooplankton abundance
(organisms m3) data for the CDFW EMP
Zooplankton Survey using the 'zooper' package
(https.//github.com/InteragencyEcologicalProgram/
zooper), an R package that synthesizes
zooplankton data from multiple monitoring
surveys (Bashevkin et al. 2022). We used
abundance data from either the macro (500- to
505-um mesh net tow), meso (150- to 160-um
mesh net tow), or micro (pumped into a

43-um mesh net) gears, depending on which

gear sampled each taxon most efficiently
(Kayfetz et al. 2020). We then calculated adult
biomass (carbon weight, ug m3) utilizing

the conversions in Bashevkin et al (2022) for
mesozooplankton (P. forbesi and Daphnia spp.) and
microzooplankton (L. tetraspina), and the biomass
for macrozooplankton (H. longirostris) using
length-to-weight equations (Burdi et al. 2022). We
focused on data from 1994 to 2021 since that is
when all the examined taxa were present in the
estuary and excluded winter months (December
through February) because of inconsistent
historical winter sampling. Sampling stations
were assigned to regions (Suisun Marsh, Suisun
Bay, the confluence, the North Delta, and the
South-Central Delta using the 'deltamapr' package
(Bashevkin 2021). Data from the North Delta

were subsequently excluded because of lack of
consistent long-term zooplankton sampling in the
region.

https://doi.org/1015447/sfews.2024v22iss1art3


https://github.com/InteragencyEcologicalProgram/zooper
https://doi.org/10.15447/sfews.2024v22iss1art3

SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

VOLUME 22 ISSUE 1, ARTICLE 3

ak
o

Sacramento Valley Index
[4)]

o

N
3

N

& Year Class
/‘ .‘11

o

T
o

S

T
A\‘\

AARNNNY

s

W

s TS

@/@«@«@«ﬁm

2

s

'

Figure 2 Water years classified as “Drought,’ “Normal," or “Wet" based on the Sacramento Valley Water Year Hydrologic Index (SVI). “Drought periods” are

2010 2020

identified as having multiple years in a row with an SVI classification of Dry, Below Normal, or Critical; “wet periods” as having multiple years in a row with

an SVI of Wet or Above Normal.

We downloaded SVI classifications from the
California Department of Water Resources

Data Exchange Center (https://cdec.water.ca.gov/
reportapp/javareports?name=WSIHIST). We applied
the term “drought periods” when multiple years
in a row were classified as Dry, Below Normal,
or Critical based on the SVI. We applied the
term “wet periods” to multiple years in a row
classified as Wet or Above Normal based on the
SVI (Figure 2). For this paper, we only compared
drought periods and wet periods. Years that

did not fall into either category (i.e., “neutral”
periods) did not have consecutive years of either
type and were not included in analysis. It is
important to note that drought indices are based
on annual precipitation in the watershed, whereas
the actual effects in the estuary are related to
seasonal inflow. The link between inflow and
precipitation is almost entirely human-managed
since most of the Delta inflow originates from
reservoir releases (Kimmerer 2004; Brown and
Bauer 2010). Thus, the effects we may attribute
to drought indices actually reflect the effects of
drought management, rather than the result of
natural variability.

Modeling

To analyze regional abundance differences
between Drought and Wet years, we averaged
biomass data for each of the four study taxa for
each region and year. Because of the abundance
of all taxa examined being highest during

the warmer months (Barros 2021), our yearly
averages only included samples collected from
May through November of each year. Then,

for each taxon and region combination, we
conducted analysis of variance on the natural log-
transformed yearly biomass averages for Drought
years vs. Wet years.

To examine the effect of salinity on biomass,
generalized additive models (GAMs) were fit for
sample-level biomass and salinity data using the
'mgcv R' package (v1.8-34; Wood 2011). GAMs
allow the use of smoothers that can model
non-linear relationships (“splines”) between a
response and a predictor variable while making
no assumptions about the shape of the curve.
Splines are constructed from a number of
component basis functions, and the number

of component basis functions (k) controls the
complexity of the smooth (the “wiggliness”

of the curve). Thus, splines with higher basis
dimensions are allowed to produce more wiggly
curve shapes, while lower basis dimensions

are constrained to smoother curve shapes. The
number of basis functions was set to the default
for salinity, and 5 for month, since each dataset
contained data from 6 months.

Because of the high frequency of zero abundances
in our dataset, we ran two different GAMs for
each taxon. The first model for each taxon was


https://cdec.water.ca.gov/reportapp/javareports?name=WSIHIST

a presence/absence binomial GAM, while the
second model was a biomass negative-binomial
GAM, using only samples that had the target
taxon present. For all taxa, the binomial model
was:

m1 : Presence ~ f(salinity) + f(year type) Eq1

where the response variable is the presence of
the target zooplankton taxon and the predictor
variables are smooth functions of the salinity
measured during sampling and the water year
type (Drought or Wet). For all the taxa except
Daphnia spp., the second model was:

m2 : In(BPUE) ~ f(salinity) + f(month) + f(year type) Eq 2

where the response variable was the natural log
of the biomass and the predictor variables are
smooth functions of the salinity, month, and

year type. Month was included as a predictor
variable because zooplankton biomass varies with
seasonal cycles.

Because of regional differences in the abundance
of Daphnia between the Sacramento and San
Joaquin rivers (i.e., geographic variability
unattributable to salinity), we included station as
a random effect in its abundance model:

mZ2 Daphnia spp. : In(BPUE) f(salinity) + f(month) +
flyear type) + (1station) Eq3

For each taxon, we generated model predictions
for each of the two models, multiplied together,
and plotted with 95% confidence intervals to
visualize trends. To visualize and check the
dispersion and deviance of residuals, as well as
the dispersion of response against fitted values,
we generated diagnostic plots using the “gam.
check()” call from the 'mgcv' package.

To determine how drought may affect
zooplankton biomass, we first calculated each
taxon’s primary salinity zone, or the range of
salinity values in which the taxon was most
abundant. If significant changes in biomass
occurred within that salinity range between
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Drought years and Wet years, we could conclude
that something other than expansion or
contraction of their primary salinity zone in

the estuary was driving variation in biomass
between year types. Using the 'hdrcde' R package
(Hyndman et al. 2021) we calculated the highest-
density regions, encompassing 80% of the
predicted density under the model predictions
for each taxa to determine their primary salinity
zone. Since year type was included as a factor in
the model, we calculated separate sets of primary
salinity zones for drought and wet periods. To
reconcile these into one primary salinity zone
for each taxa, we averaged the salinity zone
boundaries across Wet and Dry years.

We used an ANOVA to test for significant
differences in mean monthly biomass within
the taxon’s primary salinity range between
Drought and Wet years. Finally, we plotted the
distribution of each taxon’s primary salinity zone
across the estuary during Dry and Wet years

to further examine how these zones changed
across the estuary. The geographic distribution
of the primary salinity zone for each taxon is
limited by the extent of the study, which extends
from Carquinez Strait to just outside the Port of
Stockton (Figure 1).

RESULTS

Regional Drought Effects

We found several regional differences in
zooplankton biomass between Drought and

Wet years (Figure 3), but not for all taxa and not
across all regions. The abundance of Daphnia spp.
decreased in Suisun Marsh (-89.7%) and Suisun
Bay (-93.3%) during Drought years but did not
change in the upstream regions. The abundance
of L. tetraspina increased in Suisun Marsh
(208.5%) and the confluence (102.8%), and the
mysid H. longirostris also increased in biomass
density in the confluence (110.1%) during Drought
years. The calanoid copepod P. forbesi increased in
abundance during Drought years in the upstream
regions (South-Central = 64.2%) but decreased in
the downstream regions (Suisun Marsh =-67.4%,
Suisun Bay = -73.7%).

https://doi.org/1015447/sfews.2024v22iss1art3
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Figure 3 Changes in average annual biomass for target taxa and each analyzed region. Percent change shown represents the average change in
biomass from Wet to Drought years. Red shading represents an increase, blue shading represents a decrease in abundance.

Salinity as a Driver

Salinity was an important factor in predicting
the presence and abundance of all taxa in the
study area, though it did not explain the majority
of the variation (Table 1). For the studied taxa,
salinity had the greatest effect on Daphnia spp.
presence (adjusted r2 = 0.239), likely because of
Daphnia’s restriction to a narrow freshwater range
(Figure 4). The presence of P. forbesi had a weaker
correlation with salinity (adjusted r2 = 0.030)

and had a wider distribution from freshwater

(<1 ppt) through the LSZ. However, its highest

abundances were in the freshwater regions. Both
H. longirostris and L. tetraspina had a wide salinity
range correlated with higher abundances that
stretched across the LSZ, with L. tetraspina having
consistently high abundances up to 12.8 ppt.

Drought and Salinity Zones

Daphnia spp. had the smallest primary range of
salinity, with the highest abundances in salinities
below 0.9 ppt (Figure 5). Pseudodiaptomus forbesi
was also most abundant in fresher water up to

3.5 ppt. Both L. tetraspina and H. longirostris had



Table 1

Model outputs for the relationship between biomass per unit

effort (biomass), salinity, and year type for each taxon

H. longirostris

Formula: presence ~ s(salinity) + s(Year Type)

Coefficient P value R-sq
Drought 0.179 0.026
Salinity <0.001
H. longirostris Formula: bi'?Tg?i ~s(s$zgljr.}?'¥l )+ s(month,
Coefficient P value R-sq
Drought <0.001 0.083
Salinity <0.001
Month <0.001
Daphnia Formula: presence ~ s(salinity) + s(Year Type)
Coefficient P value R-sq
Drought <0.001 0.239
Salinity <0.001
S o s
Coefficient P value R-sq
Drought 0.214 0.184
Salinity <0.001
Month <0.001
Station <0.001
P. forbesi Formula: presence ~ s(salinity) + s(Year Type)
Coefficient P value R-sq
Drought 0.01 0.03
Salinity <0.001
PYrarbes Formula: bLo;ng)si —S (sé:::i%i,tgg; s(month,
Coefficient P value R-sq
Drought 0.0985 0.188
Salinity <0.001
Month <0.001
L. tetraspina Formula: presence ~ s(salinity) + s(Year Type)
Coefficient P value R-sq
Drought 0.008 0.0275
Salinity <0.001

L. tetraspina

Formula: biomass ~ s(salinity) + s(month,
k = 5) + s(Year Type)

Coefficient P value R-sq
Drought 0.145 0.343
Salinity <0.001
Month <0.001
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their highest abundances in the brackish regions,
while being found across a wide range of salinity
values (L. tetraspina 1.4 to 12.6 ppt; H. longirostris
0.8 to 8.7 ppt).

Within their primary salinity zone, both

L. tetraspina and H. longirostris were affected

by drought, but in different ways. L. tetraspina
increased in abundance an average of 62% during
Drought years, while H. longirostris average
biomass decreased by 30% (Table 2, Figure 6).
Drought had no significant effect on the average
annual biomass of the other two taxa within their
primary salinity range.

The primary salinity zones of both Daphnia spp.
and P. forbesi moved upriver during Drought years,
shifting out of Suisun Bay and Marsh and into the
confluence and South-Central Delta (Figure 6).
Limnoithona tetraspina and H. longirostris had little
change in their primary salinity zones, which
stayed around the Suisun region during both Wet
and Drought years.

DISCUSSION

To answer questions about how increasing
severity and frequency of drought conditions may
influence zooplankton species in the estuary, we
examined how the distribution and abundance

of four taxa changed during periods of drought.
While initial analysis of the effects of drought on
zooplankton abundance did not show changes

at an estuary-wide level (IEP Drought Synthesis
2023), analysis at the regional level did show
important effects. To further investigate the
relationship between drought and zooplankton
abundance, we narrowed our focus to specific key
zooplankton taxa, their abundance correlation

to salinity, and how that potentially fluctuated
between Drought and Wet years.

Regional Changes to Abundance

We did not see a change in abundance for

our examined taxa during Drought years on

an estuary-wide scale (IEP Drought Synthesis
2023); however, all four taxa did have changes
in abundance at the regional scale. Daphnia spp.
saw decreases in abundance downstream in the

https://doi.org/1015447/sfews.2024v22iss1art3
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Figure 4 Model predictions for the effect of salinity on combined predictions from the presence/absence and abundance models (i.e., predicted
probability of presence was multiplied by predicted abundance given presence) for all four taxa. Vertical red dashed lines indicate the minima and maxima
of the highest-density region that encompassed 80% of the predicted density.
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Figure 5 Boxplots of each taxon's average annual biomass within their primary salinity zone for Drought and Wet years

Table2 ANOVA model (log (biomass + 1) ~ Drought) outputs and Tukey
Honestly Significant Difference (HSD) comparisons of biomass between
Drought and Wet years within the primary salinity zone for each taxon

Primary salinity W-D Tukey
Taxon zone ANOVA F value P value
H. longirostris 0.8-8.7 ppt 5.579 0.020
Daphnia 0.1-0.9 ppt 1725 0191
P. forbesi 01-3.5 ppt 2145 0145
L. tetraspina 1.4-12.6 ppt 22120 <0.001
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Suisun Marsh and Suisun Bay regions (Figure 3).
The abundance of P. forbesi also decreased
downstream, although it also increased in
abundance upstream in the South-Central Delta
during Drought years (Figure 3). L. tetraspina and
H. longirostris only increased in abundance during
Drought years, specifically in Suisun Marsh

and the confluence (Figure 3). The increased
density of H. longirostris during Drought years
contrasts with the native N. mercedis, which
decreased during Dry years (Siegfried et al. 1979).
However, this relationship of N. mercedis with
drought was quantified before the introduction

https://doi.org/1015447/sfews.2024v22iss1art3
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Dispersion of taxa's primary salinity zone
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Figure 6 Spatial distribution of each taxon's primary salinity zone for Drought and Wet years. Vertical dashed lines represent the up- and down-stream
extents of the study area. X-axis represents river kilometer (RKM) distance from the Golden Gate bridge. The red dashed lines represent the variable range
of RKM distribution for that taxon's upper primary salinity limit (Figure 4) across years, and the blue solid lines represent the range of RKM distribution for
that taxon's lower primary salinity limit across years. Refer to Figure 1for geographic distribution based on RKM.

of H. longirostris, when N. mercedis was the most
abundant mysid in the estuary (Siegfried et al.
1979).

Shifts with Salinity

Our modeling showed that salinity affected the
presence and abundance of the four taxa we
investigated (Figure 4). This is supported by
prior research in the estuary that showed similar
relationships between other zooplankton species
and salinity (Ambler et al 1985; Orsi and Mecum
1986). Both H. longirostris and L. tetraspina had
high probability of presence and high abundance
within a wide range of salinity values that
spanned the LSZ, while Daphnia spp. and P. forbesi
were both limited to the upper, more freshwater
reaches of the estuary. This aligns with previous

research showing that H. longirostris and

L. tetraspina are present across a broad range
of salinity (Bouley and Kimmerer 2006; Avila
and Hartman 2020), while Daphnia spp. is more
restricted to freshwater (Gongalves et al. 2007;
Kayfetz and Kimmerer 2017).

During Drought years, when freshwater flows are
low, the primary salinity zone of P. forbesi shifts
upstream of Suisun Bay and Marsh (Figure 6). The
lack of a change in biomass of P. forbesi within
their primary salinity zone (Figure 6), coupled
with the observed regional changes, suggests

that the highest densities of this taxa shift up and
down the estuary along with the salinity gradient.
Kimmerer et al. (2018b) found a similar trend
with a correlation between P. forbesi abundance



and flow in Suisun during periods of high
freshwater flow, but no correlation between flow
and abundance in more consistently freshwater
regions. While the upstream shift in the primary
salinity zone of P. forbesi is correlated with its
decreased abundance in Suisun Bay and Suisun
Marsh and the confluence during Drought years,
other factors may also have contributed. One
potential mechanism for decreased abundance

of P. forbesi and other zooplankton taxa in Suisun
Bay and Suisun Marsh is the presence of the

clam P. amurensis (Winder et al. 2011; Crauder

et al. 2016), which both competes with the
mesozooplankton for microplankton prey (Alpine
and Cloern 1992), and also consumes the nauplius
larvae of copepods (Kimmerer et al. 1994).
Kimmerer et al. (2014) found that P. forbesi is food-
limited in the LSZ in both Wet and Dry years, and
both abundance and grazing rates of P. amurensis
increase during Drought years (Hartman,
Twardochleb et al., this issue), putting greater
strain on the limited food supply for copepods.

Our examination showed that when flows

are low in Drought years, the distribution of
Daphnia spp. within the estuary is limited to
upstream areas. Similar to P. forbesi, the primary
salinity zone of Daphnia spp. narrowed within
our study region during Drought years, resulting
in a significant decrease in their abundance
downstream. Orsi and Mecum (1986) found that
Daphnia spp. abundance was positively correlated
with chlorophyll, negatively correlated with
salinity, and unrelated to flow. Chlorophyll in the
South Delta increases during droughts, but the
region is far enough upstream to see little change
in salinity (Bosworth et al., this issue) so we
expected increases in Daphnia spp. abundance.
However, the expected increases in Daphnia spp.
abundance did not occur in the South Delta
during Drought years (Figure 3).

Unlike P. forbesi and Daphnia spp., L. tetraspina
and H. longirostris abundance in the estuary did
not significantly decrease during drought. H.
longirostris did trend toward decreasing during
droughts in three regions, but significantly
increased during droughts in the confluence.

L. tetraspina increased during droughts in all
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regions, but the change was only significant for
the confluence and Suisun Marsh regions. When
we examined changes in zooplankton abundance
within only their primary salinity zones, L.
tetraspina was the only one of our study taxa that
showed an increase in abundance (~35% increase)
during Drought years. Hyperacanthomysis
longirostris saw the reverse effect, with abundance
decreasing within its primary salinity zone during
Drought years. Relatively little research has been
conducted on H. longirostris to date, but they
appear to have a greater temperature tolerance
and smaller size at maturity than native mysids
such as N. mercedis, resulting in an advantage over
the native species (Avila and Hartman 2020). Like
L. tetraspina, H. longirostris was more abundant

in brackish water (Avila and Hartman 2020),
compared to P. forbesi and Daphnia spp.

While prior research suggests salinity is one

of the most important drivers of zooplankton
distribution in the estuary, many other factors—
including temperature, turbidity, food supply, and
inter-specific interactions—may also influence
zooplankton distribution and abundance (
Kimmerer and Lougee 2015; Merz et al. 2016;
Kayfetz and Kimmerer 2017). Although a full
analysis of these factors is beyond the scope of
this current study, future analyses may find other
drought-driven changes in the ecosystem that
alter zooplankton populations.

Ecological and Management Implications

The decline of many pelagic zooplankton
species has resulted in the limitation of food
resources for many fish species (Sommer et al.
2007). Management decisions that will increase
zooplankton require a better understanding of
the factors that affect low pelagic biomass in the
estuary (Brown et al. 2016). Our study has shown
that drought—and the related changes to the
distribution of salinity—affects the abundance
of key zooplankton resources in regions of the
estuary that are important for native fishes.

Spatial overlap of predators and their prey—
also known as the spatial match-mismatch
hypothesis—is an important factor that drives
recruitment strength, which can be affected
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by climate conditions and climate change
(Durant et al. 2007). Changes in the abundance
of zooplankton in specific regions of the

estuary during Drought years could affect their
availability to the fish that reside in those areas.
Both P. forbesi and Daphnia spp. are important
food items to age-0 Delta Smelt and juvenile
salmon in the estuary (Slater and Baxter 2014;
Sturrock et al. 2022)—fish which have historically
utilized Suisun Bay and Suisun Marsh as rearing
habitat (Merz et al. 2011). Drought conditions that
result in the shifting of important prey such as

P. forbesi and Daphnia spp. upriver, and into the
South-Central Delta, where salmon and smelt are
found less frequently (Buchanan et al. 2018; Merz
et al. 2011), can result in a mismatch between the
fish and the prey they need to be successful.

Even though the abundance of L. tetraspina
increased in Suisun Marsh during Drought years
(Figure 3), its high occurrence in the LSZ does not
necessarily mean it can sustain fish populations.
Because of its small size and therefore low
nutritional value, fishes have to eat more of
them to achieve the same biomass intake. Even
though it now accounts for 95% of the adult
copepod abundance and roughly 35% of copepod
biomass in the LSZ (Merz et al. 2016; Barros 2021),
it is not selected for by age-0 Delta Smelt (Slater
and Baxter 2014; Slater et al. 2019), and appears
to be selected against by larval Longfin Smelt
(Jungbluth et al. 2021).

While both L. tetraspina and H. longirostris

saw regional increases in abundance during
Drought years, this may not correlate to an
ability to replace other zooplankton prey that
decline during drought. The varying importance
and quality of different zooplankton taxa as
food resources means that overall patterns of
total zooplankton biomass in the estuary may
not be as useful as taxon-specific patterns

when considering how drought affects food
abundance for fishes. The relationship between
drought, salinity, and the regional abundance of
ecologically important zooplankton taxa outlined
in this research helps properly inform potential
management actions.
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Understanding how the abundance of these

four zooplankton taxa interact with salinity

and drought conditions can facilitate effective
management efforts that aim to increase the
abundance of food resources for fishes. When
considering the release of hatchery and cultured
fishes, it is important to have an understanding of
the abundance patterns of zooplankton resources
to ensure sufficient food supply (Beauchamp

et al. 2004). If hatchery fish are released into
Suisun Marsh or Suisun Bay during a Drought
year, they will find a decreased abundance of
important food items like Daphnia spp. and P.
forbesi, which have shifted upstream with the
distribution of freshwater. This is particularly
important to keep in mind because salmonid
release sites are frequently moved downstream
during dry years (Sturrock et al. 2019), and Delta
Smelt experimental releases are currently being
planned at a variety of sites in the upper estuary
(USFWS 2020). Of course moving the release of
these fishes to the South-Central Delta during
droughts, where prey are more abundant, may
also be counter-productive because this region

is typically hotter and can produce toxic algal
blooms (Lehman et al. 2017). Managers can
incorporate the findings of this paper to guide
decision-making on the timing and location of
fish releases to try and maximize the zooplankton
prey available to the released fish.

CONCLUSIONS

Managed increases in freshwater outflow through
the estuary are an important action that could
improve ecosystem productivity and populations
of listed fish species (Sommer 2020). When
considering flow management as a method to
try to increase food abundance for fish, it is
important to account for how the flows will drive
the distribution of salinity in the estuary. During
drought conditions, will releases be enough to
cause changes in the salinity field to increase
abundance of important zooplankton taxa in
target regions? If the flow actions do manage to
shift salinity downstream, and increase target
zooplankton abundance, do they correlate

with a decrease in other potentially important
upstream areas? Outcomes can be taxon- and



region-specific, so it is necessary for managers to
be specific about what results they are aiming to
achieve—and where. Our study builds upon the
knowledge of the relation between zooplankton
and salinity distribution in the estuary (Orsi and
Mecum 1986) by incorporating the changes in
salinity distribution during Drought years and
that distributions relationship to the regional
abundance of zooplankton.
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