SAN FRANCISCO
ESTUARY & WATERSHED

Sponsored by the Delta Stewardship Council and UC Davis Institute of the Environment

RESEARCH

Dry Me a River: Ecological Effects of Drought
in the Upper San Francisco Estuary

Rosemary Hartman*', Elizabeth B. Stumpner', David H. Bosworth', Amanda Maguire', Christina E. Burdi"2, Interagency Ecological Program Drought Synthesis Team

ABSTRACT

Droughts have major effects on estuaries
because freshwater entry is one of the defining
features of an estuary, and freshwater flow

is an important variable that determines the
interannual change in the environment. In the
upper San Francisco Estuary (the Sacramento-
San Joaquin Delta, Suisun Bay, and Suisun
Marsh), the Mediterranean climate includes
frequent multi-year droughts. To assess ecosystem
responses to droughts in the upper estuary,

the Interagency Ecological Program Drought
Synthesis Team assembled a set of flow, water
quality, chlorophyll, zooplankton, and fish data
from 1975 to 2021 to test for differences between
multi-year droughts and multi-year wet periods
and tested for linear relationships between each
variable and the Sacramento Valley Hydrologic
Index (see definitions and relationships as
outlined in Appendix A). Our models showed
droughts decreased Delta outflow, project exports,
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zooplankton in Suisun Bay, and some fish
species. We also found that droughts increased
water clarity, salinity, nutrients, chlorophyll in
the South Delta, zooplankton in the South Delta,
and water residence time. Although our analyses
only tested correlations, we hypothesized that
most of the food-web responses could be traced
to increased residence time, decreased transport
rates, or both. However, some responses may
have been caused by secondary effects, including
shifts in salinity gradients, regional changes in
water quality, or differences in top-down effects
of increased predation and grazing rates. With
increased frequency of droughts in the future,
this increasingly low-outflow, warming, clearing
estuary—which is invaded by non-native species
and has low pelagic fish production—is rapidly
becoming the new “normal.”
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INTRODUCTION

California’s San Francisco Estuary (hereafter,
estuary), including the Sacramento-San Joaquin
River Delta (hereafter, Delta) is a hub of water
supply and economic activity. This watershed
supplies water to approximately 30 million
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people and irrigates more than 6 million acres
of farmland across California (Gartrell et al.
2022). However, the estuary is also home to

a diverse array of native fishes and wildlife
species that evolved in a highly variable climate
(Hanak et al. 2012). This Mediterranean climate
is characterized by hot, dry summers and cool,
wet winters with little to no rainfall for 6 to 9
months of the year (Andrew and Sauquet 2017).
This region also has high interannual variability
in rainfall, with average precipitation varying
from a low of 23.8 cm in 1924 to a high of 105.8 cm
in 2017, usually driven by a few large storms
each year (Dettinger 2011). This high variability
leads to floods and multi-year droughts that
result in substantial year-to-year changes in the
aquatic community and changes in the ability of
managers to provide water for consumptive use.
Droughts in the estuary are frequent, affect all
aspects of the ecosystem, and often drive conflict
between human and environmental uses.

As a result of California’s high interannual
variation in precipitation and well-developed
water storage and conveyance infrastructure, a
single dry year does not necessarily constitute

a drought. Droughts may be classified based

on meteorology (a period of low precipitation),
hydrology (period of low in-stream flows), or
sociology (a shortage of water supply for human
use). While there is no agreed-upon definition for
“drought,” droughts in California generally consist
of multiple consecutive years of low precipitation
resulting in a water supply shortage (CDWR 2020).
Similar to Mahardja et al. (2021), in this paper

we define “drought” as 2 or more consecutive
years with a Sacramento Valley Hydrologic Index
(hereafter, Sacramento Valley Index) of Below
Normal, Dry, or Critical (see “Sacramento Valley
Index Calculation” in Appendix A). We compared
multi-year drought periods to multi-year wet
periods (consecutive years of a Sacramento Valley
Index classification of Wet or Above Normal) and
“neutral” periods, which are neither part of a
drought period nor wet period.

Previous droughts in recent history include the
dry periods of 1929-1937, 1944-1950, 1959-1962,
1976-1977, 1987-1992, 2001-2002, 2007-2010,
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and 2012-2016 (Figure 1). In contrast, no wet
periods have occurred in the past 20 years, the
most recent being 1995-2000 (Figure 1). In pre-
historical periods, tree-ring analysis shows
droughts lasting decades to hundreds of years
(Stine 1994). Climate change could bring increased
frequency of major floods and droughts, which
will stress California’s environment and economy
(Swain et al. 2018). The 2020-2022 drought, during
which this study was conducted, resulted in
record low stream flows, groundwater reserves,
and reservoir levels, which resulted in extremely
dry soils, and inadequate water supply for wildlife
and human demands.

The influence of annual freshwater flow on water
quality, productivity, and fishes of the estuary

is relatively well-studied, though predicted
responses frequently have high uncertainty.
There are well-established relationships between
freshwater flow and population levels of certain
biota, most notably the Longfin Smelt (Spirinchus
thaleichthys) which has increased abundance and
recruitment during high-flow conditions (Nobriga
and Rosenfield 2016; Kimmerer and Gross 2022)
and the copepod Pseudodiaptomus forbesi, which
increases in abundance in downstream regions
during high-flow conditions (Kimmerer, Ignoffo
et al. 2018).

Multi-year droughts have received less study than
low seasonal or annual outflow. The 2012-2016
drought provided the impetus for a number

of studies and reports that gave us a basis for
predictions of major ecosystem changes expected
during a drought (Lehman et al. 2017; Jabusch et
al. 2018; Singer et al. 2020; Mahardja et al. 2021),
but droughts are related to complex combinations
of physical, chemical, and biological changes
that are difficult to capture in detailed statistical
models. To fill this gap, the Interagency
Ecological Program (IEP) Drought Synthesis
Team was formed in 2021 in response to the
extremely dry water year. The team analyzed the
relationship between drought and a broad suite
of environmental parameters, from hydrology to
water quality, to phytoplankton, to invertebrates,
to fishes. This paper, one of a series that came out
of the project, is a synthesis of all the parameters
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Figure1 Water year indices for the Sacramento Valley from 1905 to 2022. Periods classified as “drought periods” (consecutive Dry, Critical, and Below
Normal years) are highlighted by yellow bars below the x-axis. Periods classified as "wet periods” (consecutive Wet and Above Normal years) are
highlighted with blue bars below the x-axis. “Neutral” periods (neither drought nor wet period) are highlighted in green below the x-axis.

analyzed by the IEP Drought Synthesis Team.
Each paper in this series can stand alone, but
many of the papers refer to each other and
provide complementary information.

The IEP Drought Synthesis Team developed a
conceptual model of the effects of drought on
the ecosystem of the Delta, Suisun Bay, and
Suisun Marsh (together the “upper estuary”)
(Figure 2), as predicted by the wealth of literature
on how flow affects the ecosystem. We tested
for correlations between ecosystem drivers that
change during droughts, intermediate drivers
that are directly affected by the major drivers,
and ecosystem responses across the regions

of the estuary. In many cases these analyses
confirm that the relationships between flow
and environmental factors previously tested

by other research hold for muti-year droughts
as well. Our analyses focused on correlations
between variables, not mechanisms behind the
correlations; however, our conceptual model

presents a framework for the hypothesized
mechanisms that connect prolonged decreases in
flow with ecosystem change.

CONCEPTUAL MODEL

Drivers

We hypothesized that the main driver during
drought periods is reduced freshwater flow, which
directly results in increased water residence time
and decreased transport. Freshwater flow is also
how resource managers can alter conditions in
the Delta for beneficial uses, although managers
are limited in how much they can control flow
(Schoellhamer et al. 2016; Hutton et al. 2019;).

In the upper estuary, tidal flow, rather than
freshwater inflow, is the main determinant of
water velocity and transport (Schoellhamer et

al. 2016; Hutton et al. 2019). However, reduced
freshwater flow will also increase water residence
time (Hammock et al. 2019), alter transport
between naturally connected hydrological
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Figure 2  The conceptual model for how drought impacts the ecosystem of the upper estuary. This model provided the framework for hypothesized
relationships between drought and ecosystem change. Decreases in flow and increases in air temperature drove changes to water quality, nutrients, and
habitat, which, when distributed across different areas of the estuary resulted in different ecological outcomes.

habitats (Keeley et al. 2022), and reduce transport
between terrestrial and aquatic systems (Saleh
and Domagalski 2015; Weston et al. 2015).

We also hypothesized that water temperature
would increase during droughts. This is especially
true for the most recent droughts (2012-2016

and 2020-2022), as climate change effects

have increased temperatures in recent years
(Bashevkin, Mahardja et al. 2022). While air
temperature is considered the primary driver

of water temperature in the Delta (Vroom et al.
2017), researchers have also identified a negative
correlation between flow and water temperature
(Nobriga et al. 2021; Bashevkin and Mahardja
2022).

Intermediate Drivers

We hypothesized that changes to flow and the
resulting changes to transport and residence
time would affect many biogeochemical and
physiological processes in the estuary. We

hypothesized that decreased flow would cause an
increase in salinity (as described in Andrews et al.
2017; Ghalambor et al. 2021).

We hypothesized that increased residence
time would cause an increase in water clarity
as sediment drops out of the water (Livsey

et al. 2021). In some regions, with sufficient
light and nutrients, higher residence time may
allow greater phytoplankton and zooplankton
production (Glibert et al. 2014), though in other
regions increased residence time will allow
increased time for benthic grazing to reduce
biomass (Lucas and Thompson 2012).

We hypothesized that decreased transport would
cause a decrease in inputs of nutrients and
sediment from upstream regions (Domagalski
and Saleh 2015; Saleh and Domagalski 2015; Stern
et al. 2020), as well as a decrease in connectivity
between upstream and downstream habitat,
increasing the time taken for organisms to move



to suitable habitat (Hance et al. 2022) and dividing
populations separated by high-salinity areas
(Feyrer et al. 2010).

We hypothesized that increased air temperature
and water temperature would result in increased
productivity and growth rates (Lehman et al.
2008; Paerl and Huisman 2008; Gearty et al. 2021),
but also increased predation and grazing rates
(Nobriga et al. 2021; Zierdt Smith et al. 2023),

and in some cases may exceed species’ optimal
temperatures (Brown et al. 2016; Yanagitsuru et
al. 2021).

Spatial Variability

We divided the upper estuary into five regions
based on their salinity regimes, hydrologic
influences, and hypothesized differences in
response to droughts (Figure 3). Suisun Marsh,
an area of extensive tidal and managed wetlands
with little direct freshwater input, has been
considered important native fish habitat because
of its complex channel network, high turbidity
(low water clarity), and high productivity (Moyle
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et al. 2013; Moyle et al. 2014). Suisun Bay, an

area of extensive shoals and high turbidity,

was also historically productive native fish and
invertebrate habitat (Jassby et al. 1995; Carlson
and Matern 2000; Hanak et al. 2012; Bever et al.
2016). The confluence of the Sacramento and San
Joaquin rivers (confluence) is dominated by deep,
armored channels, but there are also wetland
islands such as Brown’s Island and Sherman Lake
(Figure 3). The South-Central Delta is a large
network of small, interconnected channels lined
by rip-rap and dominated by relatively slow-
moving, warm, clear water even during wetter
years, and is therefore considered poor habitat for
pelagic fishes such as Delta Smelt, Longfin Smelt,
Threadfin Shad, and American Shad (Stompe et
al. 2023). The North Delta is influenced by the
Sacramento River and the Yolo Bypass flows,

and tends to have lower temperatures, higher
turbidity, and higher native fish populations
(Hanak et al. 2012; Bashevkin, Mahardja, et al.
2022; Stompe et al. 2023).
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Figure 3 Map of the upper estuary delineating regions
used in analysis, important rivers and islands, Central Valley
Project (CVP) water export facility, State Water Project (SWP)
water export facility, the Stockton Wastewater Treatment Plant
(WWTP), the Sacramento WWTP, and major cities. Blue arrows
represent major flow parameters (not to scale). Regions were
chosen based on similar salinity regimes and hydrologic
influences.
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Drought Responses

We developed hypotheses for how populations

of major classes of organisms would react

to ecosystem changes across these regions.
Changes in salinity alter the available habitat for
estuarine species adapted to a specific salinity
range (Kimmerer et al. 2013; Sommer and Mejia
2013; Hammock et al. 2015). Brackish-water
species such as jellyfish and clams will shift
their distribution further upstream, causing
increased grazing pressure in the confluence
(Crauder et al. 2016; Hartman, Twardochleb et

al., this issue). Increased residence time, water
clarity, and water temperature may result in
phytoplankton blooms in the South Delta, but
increased benthic and zooplankton grazing rates
and decreased downstream transport may cause
overall decreases in Suisun Bay and Marsh. Lack
of appropriate salinity, turbidity, and temperature
may cause a decrease in resident fish populations
(Mahardja et al. 2021), while decreased
connectivity may decrease native migratory fish
survival (Hance et al. 2022). Conversely, higher
temperatures can favor some fish species, such as
introduced Threadfin Shad (Feyrer et al. 2007).

To test our conceptual model of drought effects,
the IEP Drought Synthesis Team put together

an integrated dataset of the major ecological
metrics in the upper estuary and tested how they
responded to drought periods. We also compared
multi-year drought periods to the linear effect of
flow within a given year to see whether multi-year
droughts have different properties from overall
flow effects.

Research Questions
« How does the ecosystem of the upper estuary
respond to multi-year droughts?

« How does the effect of multi-year droughts
differ from the effect of flow in a particular
year?

« What correlations in ecosystem responses to
droughts may indicate causal relationships?
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METHODS

Drought Determination

To determine when drought periods occurred over
the historical record, we used the Sacramento
Valley Hydrological Index and associated
classifications to define water-year types, with

the water year beginning on October 1st of the
previous year and ending on September 30th.
This index is based on modeled unimpaired flow
in the major rivers of the Sacramento Valley, and
each year is classified as “Critical,” “Dry,” “Below
Normal,” “Above Normal,” or “Wet,” depending

on the index value (see Appendix A for details on
index calculation and classification). The indices
and associated classifications for 1975 to 2021
were downloaded from the California Department
of Water Resources website (CDWR 2022).

Actual flows in the upper estuary (as opposed to
unimpaired runoff) are highly dependent upon
water management that includes dam operations,
exports and diversions, and environmental

flows (Hutton et al. 2017; Durand et al. 2020).

To visualize the effect of water management

on the relationship between precipitation and
flow from the Delta on an annual time-step, we
compared a linear model of Delta outflow versus
the Sacramento Valley Hydrological Index (as
described above) with a generalized additive
(non-linear) model. Annual average Delta outflow
was modeled as a smooth function of annual
Sacramento Valley Hydrological Index using the
gam function from the 'mgcev' package in R (Wood
2017). Daily Delta outflow was modeled by the
CDWR’s Dayflow model (described below under
Environmental Data Collection).

We assigned 2 or more years in a row that were
classified as “Critical,” “Dry,” or “Below Normal”
as “drought periods,” 2 or more years in a row
that were classified as “Above Normal” or “Wet”
as “wet periods,” and periods that switched from
Dry to Wet as “neutral periods.” It is important
to recognize that “neutral” periods can contain
extremely wet and extremely dry years, but they
do not contain multiple consecutive Wet years or
multiple consecutive Dry years.



Residence Time

To estimate residence time (the length of time a
particle of water remains in the upper estuary),
we replicated the methods used by Hammock et
al. (2019). In brief, we obtained monthly residence
times for the Sacramento and San Joaquin river
corridors from Hammock et al. (2019) for 1991,
1996, 1998, 2005, and 2009 and then fit statistical
models of residence time versus inflow, project
exports, and in-Delta agricultural diversions,
then used the best model to predicted residence
time for all years not modeled by Hammock et al.
(2019) (See Appendix A for more information).

Environmental Data Compilation

We developed an integrated dataset of
environmental parameters derived from IEP
long-term monitoring datasets from 1975 to 2021
(Table 1). Data from these surveys were averaged
by region (Figure 3), and season (with Winter
including December, January, February; Spring
including March, April, May; Summer including
June, July, August; and Fall including September,
October, November). This seasonal definition
meant that the “Fall” season straddled 2 water
years. Because ecological conditions in the

Fall are usually more dependent on conditions
from the previous winter-spring than any early
Fall rain, we adjusted the water year to begin

on December 1 of the previous year and end

on November 30, instead of October 1 through
September 30. However, we still used the water-
year index assigned to the water year from
October through September. We then took the
regional average across seasons for chlorophyll
and zooplankton biomass to get a single data point
for each region and year. For other variables,

we averaged across both season and region to
get a single data point for the entire year. Some
variables (such as Delta outflow) did not have a
regional component, and some variables (such
as the fish indices) used established summary
methods instead of regional averages (See Table 3
for details).

Delta Outflow, and SWP and CVP Water Exports

Net Delta Outflow Index and combined water
exports from the State Water Project (SWP)
and Central Valley Project (CVP) came from
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the CDWR’s Dayflow model (CDWR 2002). (See
Appendix A for data sources and how outflow
is calculated.) All data are published annually
after input data have undergone quality-control
procedures on the California Natural Resources
Agency Open Data Portal’.

Water Quality, Nutrients and Chlorophyll

Water temperature, salinity, Secchi depth,
dissolved ammonium, dissolved nitrate + nitrite,
dissolved orthophosphate, and chlorophyll-a
were assembled as for Bosworth et al. (this issue).
In brief, data from 16 monitoring surveys were
integrated into a discrete water-quality dataset
available on the Environmental Data Initiative
repository (Bashevkin et al. 2023). This dataset
contains water quality, nutrient, and chlorophyll
data collected by long-term monitoring surveys
that sample approximately monthly at locations
throughout the upper estuary. We obtained data
collected by 12 surveys that have at least 20 years
of data between 1975 and 2021 within our study
area in the upper estuary (Figure 3). All water-
temperature and salinity measurements were
typically collected at a depth of 1 meter, and the
nutrient and chlorophyll samples were collected
at various depths less than 5 m from the surface.
For more information on data-collection methods,
refer to the metadata in Bashevkin et al. (2023).

To ensure spatial and temporal balance across the
dataset, we selected only one sample per station
per day, and restricted the dataset to include sub-
regions that had data for at least 35 out of the

47 years for all four seasons. Sub-regions were
defined by polygons from the 'deltamapr' package
in R (Bashevkin 2021). Before aggregating the
nutrient and chlorophyll data, we substituted the
values below the reporting limit with simulated
values between zero and the reporting limit based
on a uniform distribution. We ran one simulation
for each parameter and set a seed before running
the simulation to ensure reproducibility. For more
information on data cleaning and aggregation, see
Bosworth et al. (this issue).

1. https://data.cnra.ca.gov/dataset/dayflow/resource/776b90ca-67 3e-
4b56-8cf3-ec26792708¢3
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Table1 Metrics and data sources

Metric Dataset used Summary method Definition

Net Delta Outflow Davflow Annual average Model estimate of net flow past Chipps Island, in cubic feet
Index (Outflow) y 9 per second (cfs). (CDWR 2002).

Project Exports Dayflow Annual average Average State Water Project and Central Valley Project

export rate in cfs.

Residence Time

Model based on
Hammock et al. (2019)

Monthly average

Number of days for 90% of particles to exit the estuary

Temperature

Integrated |IEP dataset
(Bashevkin et al. 2023)

Annual average

Water temperature as measured within one meter below
the surface at discrete stations sampled by IEP’s long-term
monitoring programs.

Secchi Depth

Integrated IEP dataset
(Bashevkin et al. 2023)

Annual average

Secchi depth in cm at discrete stations sampled by IEP's
long-term monitoring programs.

Integrated IEP dataset

Salinity (practical salinity units), converted from measured

(Bashevkin et al. 2023)

log-transformed

Salinity (Bashevkin et al. 2023) Annual average specific conductance at discrete stations sampled by IEP’s
' long-term monitoring programs.
Dissolved nitrate + nitrite, dissolved ammonium, and
. Integrated |IEP dataset . . X
Nutrients (Bashevkin et al. 2023) Annual average dissolved orthophosphate concentrations in the water as
' measured by EMP and USGS discrete monitoring programs.
Chlorophyll Integrated |IEP dataset- Regional average, | Chlorophyll-a concentration as measured by EMP, NCRO,

and USGS discrete monitoring programs.

Zooplankton

Environmental Monitoring
Program (Bashevkin,
Hartman, et al. 2022)

Regional average,
log-transformed

Total biomass of zooplankton per cubic meter of water
(BPUE) for taxa most important to pelagic fishes from
Environmental Monitoring Program.

Delta Smelt

CDFW's Fall Midwater

Annual index,

Annual population index as calculated by the FMWT survey.

Traw! indices log-transformed

Longfin Smelt CDFWS Fall e D IEES Annual population index as calculated by the FMWT survey.
Trawl indices log-transformed

Striped Bass, CDFWS Fall Midwater Annual index, Annual population index as calculated by the FMWT survey.

age-0 Trawl indices log-transformed

American Shad CDFWS Fall ST D ESS Annual population index as calculated by the FMWT survey.
Trawl indices log-transformed

Salmon Cohort
Replacement Rate

GrandTab (see Azat 2021)

Annual index

Average of the annual cohort replacement rate for Central
Valley spring-run Chinook Salmon, and Central Valley fall-
run Chinook Salmon.

Zooplankton

Zooplankton data were collated as for Barros

et al. (this issue). In brief, zooplankton Catch
Per Unit Effort (CPUE, organisms m™3) data for
the Environmental Monitoring Program were
downloaded using the 'zooper' package, an R
package that synthesizes zooplankton data from
multiple IEP studies (Bashevkin, Hartman, et
al. 2022). We used CPUE data from either the
macronet (500- to 505-um mesh), mesonet (150-
to 60-um mesh), or micronet (43-um mesh),
depending on which net sampled each taxon most
efficiently. We focused on dominant taxa that
are most frequently found in the diets of Delta

Smelt and Longfin Smelt: the cladocerans Bosmina
longirostris, Daphnia sp., Diaphanosoma sp.;

the copepods Acartia sp., Acartiella sinensis,
Eurytemora affinis (adults and copepodites),
Limnoithona tetraspina (adults), Pseudodiaptomus
forbesi (adults and copepodites), Tortanus sp.
(adults), and the mysids Hyperacanthomysis
longirostris, Neomysis kadiakensis, and Neomysis
mercedis. We then calculated biomass per unit
effort (BPUE, mg C m™3) utilizing the conversions
in Bashevkin et al. (2022) for meso and micro
zooplankton (copepods and cladocerans) and
the BPUE for macro zooplankton (mysids) using
length to weight equations (Burdi et al. 2021)



for the years of 1975 to 2021. BPUE converts the
zooplankton data into a “common currency”
relevant to estuarine productivity and food
availability for fish consumers. We excluded
winter months (December through February)
because of inconsistent historical winter sampling
and excluded data from the North Delta region
because of the lack of consistent long-term
zooplankton sampling in the region.

Fall Midwater Trawl Indices

Data on population abundance of pelagic fishes
(age-0 Striped Bass (Morone saxatilis), American
Shad (Alosa sapidissima), Delta Smelt (Hypomesus
transpacificus), Longfin Smelt (Spirinchus
thaleichthys), and Threadfin Shad (Dorosoma
petenense), came from the Fall Midwater Trawl
Survey (FMWT) conducted by the California
Department of Fish and Wildlife (CDFW) (White
2021). Annual abundance indices were obtained
from the CDFW website (https:/filelib.wildlife.
ca.gov/Public/TownetFallMidwaterTrawl/). The
FMWT conducts stepped-oblique trawls at 100
index stations throughout the upper estuary once
per month in September, October, November, and
December of each year. The annual index for each
species is calculated based on weighted catches
from each of 17 areas over the 4-month sampling
period (September through December). Details
for the calculations, as well as the complete catch
data from this program, are available from the
CDFW website.

Salmon Cohort Replacement Rate

The combined cohort replacement rates for
fall-run Central Valley Chinook Salmon and
spring-run Central Valley Chinook Salmon
(Oncorhynchus tshawytscha) were calculated

as described in Appendix A). In brief, CDFW
calculates annual escapement data based on
watershed-wide surveys for salmon throughout
their life cycle (Grandtab; Azat 2021). This dataset
can be used to estimate a particular returning
year class’s contribution to the population’s
overall abundance. Year-over-year escapement
can be used to calculate a population’s “cohort
replacement rate” (CRR), which is the measure

of the number of spawners produced by the
parental generation of spawners 3 years prior (see
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Appendix A for details). We calculated the CRR
for spring-run and fall-run Chinook Salmon and
looked for effects of drought or water-year index
on CRR for the year that the cohort out-migrated.

Data Analysis
Once data were organized and summarized, we
modeled the effect of droughts in two ways:

1. To look for effects of extended, multi-year
droughts, we performed a linear model on
each metric that compared annual averages
for drought periods versus wet periods. We
calculated the effect size using the partial
Cohen’s F for the ‘Drought’ term in each
model using the 'effectsize' package in R (Ben-
Shachar et al. 2023). Because the FMWT fish
indices have experienced a long-term decline
over time, and depend on the number of
spawners, we included year and the previous
year’s population index as terms in the model.

2. To test for a linear effect of flow, we
performed a linear model on the annual
average for each metric versus the Sacramento
Valley Index. Year and the previous year’s
population size were included as terms in
the models of FMWT species. Analyses were
performed using the Im function in R (R Core
Team 2022).

When necessary, data were natural-log
transformed to meet assumptions of normality
and homogeneity of variance (see Table 3 for
transformations). In preliminary analyses,
chlorophyll and zooplankton both showed major
differences in response to flow and drought
periods in different regions of the upper estuary,
so we calculated annual averages by region
instead of estuary-wide for these analyses. There
were insufficient chlorophyll data to analyze

the Suisun Marsh region, and insufficient
zooplankton data to analyze the North region,

so these were omitted from the analyses. We
performed all analyses using the Im function in
R, followed by the anova function for FMWT fish
analyses (R Core Team 2022).

https://doi.org/1015447/sfews.2024v22isslart5
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RESULTS

Residence Time

The best model as ranked by Akaike information
criterion, with a correction for small sample sizes
(AICc) for residence time on the San Joaquin River
included San Joaquin River Flow, Agricultural
Diversions, water exports, the interaction of
Agricultural Diversions and River Flow, and the
interaction of project exports and River Flow (see
Table 2). The best model as ranked by AICc for
residence time on the Sacramento River included
Sacramento River Flow, project exports, and the
interactions between Sacramento River Flow and
project exports (Table 2).

Looking across time from 1975 to 2021, our
statistical model of residence time predicts higher
residence time during drought periods, with the
peak residence time occurring after several dry
years in a row (Figures 4, 5, and 6). The years of
1977 (second year of the 1976-1977 drought), 1992
(end of the 1987-1992 drought), 2009 (toward the
end of the 2006-2010 drought), and 2015 (toward
the end of the 2012-2016 drought) had particularly
high residence times on both the Sacramento and
San Joaquin rivers.

Flow and Water Quality Metrics

Net Delta outflow decreased significantly during
drought periods, with one of the largest effect
sizes of any parameter we analyzed (Figure 5
and 6, Table 3). It also had a strong positive
relationship with the Sacramento Valley Index
(Figure 8). A linear regression of Sacramento

VOLUME 22 ISSUE 1, ARTICLE 5

Valley Index (based on unimpaired runoff)
versus Delta outflow (which is highly managed)
on an annual time-step fit very closely (R? = 0.92,
Figure 9); however, a non-linear fit was slightly
better (R? = 0.97, Figure 9), because of relatively
small changes in Delta outflow per change in
the Sacramento Valley Index at very low outflow
levels.

Project exports also experienced large decreases
during drought periods and a strong positive
relationship with the Sacramento Valley Index
(Figures 5, 6, and 8; Table 3), though the effect
size was not as large as for outflow (Cohen’s F of
-0.93 and -2.9, respectively; Table 3).

Residence time on the Sacramento River
significantly increased during drought periods
and had a significant, negative relationship with
the Sacramento Valley Index (Figures 5, 6 and 8;
Table 3). Residence time on the San Joaquin River
also had a significant, negative relationship with
the Sacramento Valley Index, but the increase

in residence time during drought periods was
not significant (p = 0.076), and the effect size was
smaller (Cohen’s F of 0.63 and 2.5, respectively;
Figure 6).

Annual average salinity, measured by IEP
surveys, increased significantly during

drought periods and had a significant negative
relationship with the Sacramento Valley Index
(Figures 5, 6 and 8; Table 3). Secchi depth and
temperature also increased significantly during

Table 2 Results of top-ranked models for San Joaquin River and Sacramento River residence times

River Term Estimate SE t value p value

San Joaquin (Intercept) 2.870 01470 19.52 <0.0001
San Joaquin River Flow -0.279 0.0316 -8.83 << 0.0001
San Joaquin Ag Diversions -0.0047 0.0018 -2.58 0.0114

San Joaquin Exports -0.0049 0.0009 -5.70 <0.0001
San Joaquin River Flow:Exports 0.0008 0.0002 416 0.0001
San Joaquin River Flow:Ag Diversions 0.0010 0.0004 2.33 0.0219
Sacramento (Intercept) 4,821 01970 24.47 <0.0001
Sacramento River Flow -1.278 0.0714 -17.89 <0.0001
Sacramento Exports -0.0034 0.0013 -2.69 0.0085
Sacramento River Flow:Exports 0.0014 0.0005 3.07 0.0028
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Figure 4 Predicted annual average residence time (days) for particles inserted at Sacramento (on the Sacramento River, top panel) or at Stockton on the
San Joaquin River (lower panel). Drought periods are shown in yellow, wet periods in blue, and neutral periods in green.

drought periods and had a significant negative
relationship with the Sacramento Valley Index
(Figures 5, 6 and 8; Table 3).

All nutrients (ammonium, orthophosphate,

and nitrate+ nitrite) had significant negative
relationships with the Sacramento Valley Index,
and orthophosphate and nitrate + nitrite also
had significant increases during drought periods
(Figures 5, 6 and 8; Table 3). Ammonium showed
a trend toward increases during drought periods,

11

but it was not statistically significant (Figures 5, 6
and 8; Table 3).

Biological Metrics

Both chlorophyll and total zooplankton biomass
failed to show clear relationships with drought
periods or the Sacramento Valley Index when
examined on an estuary-wide scale (data

not shown); however; they did have strong
relationships with the Sacramento Valley

Index and drought periods when examined

on a regional scale (Figure 7). In the South-

https://doi.org/1015447/sfews.2024v22isslart5
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Central Delta, both chlorophyll and zooplankton
increased significantly during drought periods
and had a significant negative relationship with
the Sacramento Valley Index, though this effect
was stronger for zooplankton than chlorophyll
(Figures 5, 6 and 8; Table 3). In Suisun Bay,
zooplankton decreased significantly during
drought periods and had a significant positive
relationship with the Sacramento Valley Index.
Chlorophyll showed trends in the same direction

12

as zooplankton, but these were not significant
(Figures 5, 6 and 8; Table 3). There were no
significant relationships between chlorophyll
or zooplankton and drought periods or the
Sacramento Valley Index in the Suisun Marsh,
confluence, and North Delta, with the trend
varying by region.

All of the pelagic fishes showed decreasing trends
in abundance during droughts (Figures 5 and 6;
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period.

Table 3, Table A2); however, only Longfin Smelt
and Striped Bass had statistically significant
decreases once the long-term population trends
were taken into account (Table A2). Longfin
Smelt, Striped Bass, and American Shad also
had significant positive relationships with

the Sacramento Valley Index after long-term
population trends were taken into account,
whereas Delta Smelt and Threadfin Shad did not
(Figure 8; Table 3, Table A2).

The cohort replacement rates for both salmon
runs showed trends toward lower CRR when
juveniles out-migrated during drought periods,
but the trends were not statistically significant
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(Figures 5 and 6; Table 3). Spring-run Chinook
Salmon—but not fall-run—had a significant
positive relationship with the Sacramento Valley
Index in the year of out-migration (Figure 8;
Table 3).

DISCUSSION

Freshwater flow into the estuary is one of the
most important variables that determines
interannual changes in the environment, and we
identified many responses to multi-year droughts
that most likely stem from changes to flow. Our
models support our hypothesis that drought
periods decreased inflow and increased estuarine

https://doi.org/1015447/sfews.2024v22isslart5
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Figure 7 Map of zooplankton and chlorophyll drought period response across regions of the upper estuary. The Suisun Marsh region for chlorophyll, and
the North region for zooplankton were omitted due to insufficient data.
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Table 3  Ecological metrics, units, transformations (Trans), and regression parameters for regressions of metrics compared with the annual Sacramento
Valley Index and the categorical Drought or Wet classification. FMWT indices also included the effect of year and the previous year's FMWT index (see
Table A2). Negative Drought versus Wet model estimators indicate decreases during wet periods.

Sacramento Valley Index model

Drought versus Wet model

Metric Units Trans Intercept Slope R? P value Estimate P value Cohen’s F
Delta Outflow CFS None | -26667 6475.32 0.92 <0.0001¢ | 37012 <0.0001°¢ -1.453
Sacramento residence time days None 60.87 -3.53 0.71 <0.0001¢ | -22.69 <0.0001°¢ 1599
f’eas? df:ge“it?me days | None | 7709 -3.23 016 0.0033° [ -16.08 0.076 0.318
Project water exports CFS None | 4286.5 293.50 0.25 0.0004¢ | 1638.5 0.0142 -0.465
Temperature © None 17.32 -0125 0.41 <0.0001¢ | -0.828 0.0001°¢ 0.782
Salinity PSU None 4,051 -0.271 0.83 <0.0001°¢ -1728 <0.0001°¢ 1.599
Secchi Depth cm None 88.79 -2.851 0.23 0.0002¢ | -24.29 <0.0001°¢ 0.875
Ammonium mg L In(x) -1.986 -0.035 0.09 003742 | -0.207 0141 0.271
Nitrate + Nitrite mg L1 In(x) -0.695 -0.040 0.34 <0.0001° | -0.241 0.001P 0.663
Orthophosphate mg L In(x) -2186 -0.057 0.48 <0.0001¢ | -0.329 0.0002¢ 0.768
Chlorophyll Suisun Bay pg L1 | In(x) 0.804 0.040 0.04 0177 0.291 0129 -0.280
Chlorophyll confluence pg L1 In(x) 1185 0.0018 <0.0001 09362 | -0104 0.552 0108
Chlorophyll North pg L1 | In(x) 0.691 0.0047 0.001 0.8348 0032 0.861 -0032
Chlorophyll South-Central pg L7 In(x) 2787 -0.079 017 0.004P -0.518 0.0162 0.456
Zooplankton confluence pg m-3 In(x) 8.78 0.01 0.003 0.7162 0.016 0.928 -0.017
Zooplankton South-Central pg m-3 In(x) 10.68 -018 0.390 <0.0001¢ | -0.916 0.0033P 0.582
Zooplankton Suisun Bay pgm=3 | In(x) 788 013 0.30 0.0001® | 0.650 0.0097° | -0.505
Zooplankton Suisun Marsh pg m-3 In(x) am 0.01 0.004 06793 | -0017 0.937 0.015
American Shad FMWT Index | unitless In(x) 5.71 018 0.30 <0.0001°¢ 0.644 0.056 -0.752
Threadfin Shad FWMT Index | unitless In(x) 63.6 0.001 0.65 0.97 0.320 0.412 -0.841
Delta Smelt FMWT Index unitless | In(x+1) | 78.4 0.059 0.87 016 0.422 0157 -1192
Longfin Smelt FMWT Index unitless In(x) 110 0.37 0.73 <0.0001°¢ 0.685 <0.0001¢ | -1380
E,tvlris\‘f? EZS:; age-0 unitless | In(x) | 147 o1 0.84 0,032 0.644 00142 | 1242
Spring-Run Chinook CRR unitless none 0.321 014 0.10 0.0322 0.443 0154 -0.267
Fall-Run Chinook CRR unitless | none 0.963 0.01 0.01 0.486 0.074 0.808 -0.045

a. Significant at the p < 0.05 level.

b. Significant at p < 0.01 level.

c. Significant at the p < 0.001 level.

residence time, aligning with previous studies
of flow variation and residence time (Kimmerer
and Nobriga 2008 and references therein).
Decreased inflow and increased residence time

were correlated with predictable changes in some
parameters, whereas other parameters changed

in very location-specific or species-specific
ways, requiring a deeper understanding of how
the ecosystem components interrelate. While
we did not measure transport rates directly,

we hypothesized transport of water—as well as
sediment, nutrients, plankton, and fish—to be one
of the major drivers behind drought effects, and
changes to connectivity and transport explain
many of these effects on the estuary.

Flow

Flow parameters decreased during drought
periods; however, these effects were not
always linear. At an annual time-step, mean

15
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Figure 8 Linear regressions of various ecological parameters versus Sacramento Valley Index. Parameters are log-transformed where necessary to meet
assumptions of normality. Significant relationships shown in solid black, non-significant in dashed grey. Units, transformations, and regression parameters
are listed in Table 3.

Delta outflow was highly correlated with the decreased precipitation, most likely as a result
Sacramento Valley Index, but the non-linear of water management. Allowing Delta outflow to
model had a better fit (Figure 9). In Critical years, decrease linearly with inflows and precipitation
the model shows that Delta outflow continues to increases the risk of salinity intrusion (Gartrell
be maintained at a minimum flow, despite the et al. 2022); therefore, water managers alter
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Figure 9  Annual mean net Delta outflow versus Sacramento Valley Index modeled with (A) a linear model and (B) a generalized additive model. Both
models are statistically significant (p < 0.0001) with 2 indicated on the graph.

reservoir release timing and export rates to
maintain a minimum Delta outflow and to protect
water quality (CDWR 2020; Durand et al. 2020;
Ghalambor et al. 2021).

On an intra-annual basis there is a greater
disconnect in this relationship. Multiple studies
have described a “flattening” of the hydrograph
over the course of the year, by managing lower
peak flows in the spring and higher flows in

the summer (Kondolf and Batalla 2005; Moyle
and Mount 2007; Zimmerman et al. 2018). Water
management can mitigate some drought effects
(Kondolf and Batalla 2005), but it can also
exacerbate some drought effects when human
and environmental needs are in conflict and
further reduce streamflow (Van Loon et al. 2022).
Bosworth et al. (this issue) reported that peak
Sacramento River inflows shifted during drought
periods compared to wet periods. During wet
years more inflow occurred earlier in the year

as a management response to flood risk, while

in drought periods a higher percentage of inflow
occurred later in the season as a result of (1) peak
demand occurring later in the season (Lund 2016),
(2) the need to maintain cold water pools below

17

dams for fish survival (Anderson et al. 2022 and
references therein; Hassrick et al. 2022), (3) the
prioritization of reservoir recharge (Bosworth
et al., this issue), and (4) the need to maintain
salinity standards throughout the summer
(Hutton et al. 2017).

The effect size of Drought on project exports was
lower than the drought effect size for other flow
parameters (Figure 6; Table 3), and the linear
model of project exports versus the Sacramento
Valley Index did not fit as well (Table 3; Figure 8).
There was significantly less variation across water
year types in project exports than in outflow. This
is likely from the relatively narrow range between
the minimum health and safety water-supply
requirements that limit the minimum export rates
and the maximum capacity of the export pumps
(Gartrell et al. 2022).

Decreased Delta outflow and project exports
during drought periods increased residence
time and allowed salinity to move upstream,
but the effect size for Drought is much more
pronounced for particles released on the
Sacramento River than the San Joaquin River

https://doi.org/1015447/sfews.2024v22isslart5
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(Figures 5 and 6). Similarly, the linear relationship
between Sacramento residence time and the
Sacramento Valley Index results in a much
higher R? than for the San Joaquin residence
time model (R? = 0.71 versus 0.16; Figure 8). In
our model, project exports were also a factor in
Sacramento residence time, but water exports
did not have a strong relationship with drought
periods or the Sacramento Valley Index (Figure 8).
CVP and SWP water exports, together with

the timing of upstream reservoir releases for
flood management, temperature, and salinity
requirements, may contribute to the unexplained
variance between the Sacramento Valley Index
and Sacramento River residence time. Kimmerer
and Nobriga (2008) used a particle-tracking model
under many different flow scenarios and also
found that residence time varies with location,
and project exports had a major influence on
residence time in the South Delta and along the
San Joaquin river corridor. The correlation of
CVP and SWP water exports and San Joaquin
residence time may be the combined effects of
the geographic locations of the CVP and SWP,

the lower inflows of the San Joaquin, and the
unimpaired flow requirements for fish passage
(SWRCB 2018). The San Joaquin flows are lower
than the Sacramento’s, with a higher proportion
of diversions along the length of the river (USEPA
2022), and a higher ratio of storage capacity to
flow (Kondolf and Batalla 2005), all contributing
to the different responses of residence time to
drought periods between the two rivers.

Water Quality

Droughts are characterized by warmer
temperatures, increased water clarity, and
increased salinity (Figure 5), as also described by
Bosworth et al. (this issue). These were some of
the strongest effects of drought periods (Figure 6)
and the relationship between Sacramento Valley
Index and salinity was one of the strongest
relationships (Figure 8, R? of 0.82). These
relationships between flow and water quality
have been described in many other studies in
this estuary (Stern et al. 2020; Bashevkin and
Mahardja 2022; Ghalambor et al. 2021) and in
other systems (Baptista et al. 2010; Wetz et al.
2011; Bruesewitz et al. 2013), but in this analysis
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we show that the trends are consistent over
both single Dry years and multi-year droughts.
There have been recent trends toward increased
temperatures in the upper estuary (Bashevkin,
Mahardja, et al. 2022), a long-term increase in
Secchi depth (Hestir et al. 2016; Bosworth et al.,
this issue), and sea level rise that may increase
salinity intrusion (Ghalambor et al. 2021), so
some of the observed trends toward changes
with drought may be the result of more frequent
droughts in recent years.

Concentrations of both orthophosphate and
nitrate + nitrite increased during drought periods
estuary-wide (Figure 5), most likely because of
decreased dilution from inflow. Nutrient loading
to the upper estuary comes from agricultural
runoff, wastewater treatment plants, and—
potentially—groundwater, and is variable across
regions, years, and seasons (Domagalski and
Saleh 2015; Saleh and Domagalski 2015; 2021).
Loading of nutrients may be higher during Wet
years when the influx of water from snowmelt
and storm runoff is higher, increasing transport
of terrestrial nitrogen to the aquatic system
(Saleh and Domagalski 2015). However, despite
increased loading, the additional water flows
will dilute nutrient concentrations. Trends

in nutrient loading differ somewhat between
nitrogen and phosphorus, with a greater
percentage of phosphorus coming from geologic
sources, whereas a greater percentage of N comes
from agriculture and atmospheric deposition
(Saleh and Domagalski 2021). Bosworth et al.
(this issue) found similar trends, though there
were also regional differences, with higher
concentrations of all nutrients in the South Delta,
and a significant effect on ammonium in the
North Delta during drought periods that was not
apparent in the estuary-wide analysis presented
here.

Point sources from wastewater treatment plants
in Sacramento and Stockton are more predictable
and consistent sources of nutrient inputs to the
estuary (Saleh and Domagalski 2015) and will

be concentrated during drier years (Saleh and
Domagalski 2021; Bosworth et al., this issue).
Stockton and Sacramento WWTPs have upgraded



their facilities (2006 and 2021, respectively)

to reduce point source nutrient (ammonium)
loading into the Sacramento and San Joaquin
rivers, with future reduction of nitrate + nitrite in
both facilities in the next few years (Robertson-
Bryan and Ascent Environmental 2019; Rinde et
al. 2020; Senn et al. 2020), so previous patterns
of high nutrients during droughts may shift.
The trend toward higher nutrients contrasts
with other systems where droughts often bring
lower nutrients because of reduced runoff,

as seen in coastal North Carolina (Wetz et al.
2011) and Copano Bay, Texas (Bruesewitz et al.
2013). The high density of irrigated agriculture
in the watershed of the San Francisco Estuary
in comparison to other estuaries (Siebert et al.
2015)—much of which continues to be irrigated
with groundwater even during droughts
(Langridge and Daniels 2017)—may explain this
contrast.

To date there has been little research on the
importance of groundwater to nutrient budgets

in the estuary (but see Richardson et al. 2022).
While groundwater has previously been dismissed
as likely to provide a small source of organic
material in the system (Jassby and Cloern 2000),
other estuaries in California found groundwater
to provide larger contributions of nutrients during
the summer than surface water (Oberdorfer

et al. 1990). Future studies should see whether
groundwater contributions to nutrients in the
estuary are more important than previously
thought, especially since groundwater is used
more frequently for irrigation during droughts
(Langridge and Daniels 2017).

Chlorophyll and Zooplankton

Water-quality responses were predictable based
on changes in flow, but responses further up the
food web were more complex and often varied

by region. Both chlorophyll and zooplankton
increased in density in the South-Central Delta,
while decreasing in Suisun Bay (Figure 7). The
regional differences are most likely caused by the
relative importance of residence time allowing
biomass to increase and top-down control
causing biomass to decrease (similar to responses
explored by Lucas and Thompson 2012).
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This paper looked at the long-term dataset;
therefore, we only examined trends in
chlorophyll-a. However, community composition
of the phytoplankton that contributes to
chlorophyll can have a major effect on the
ecosystem. One such effect is the increasing
frequency of cyanobacterial harmful algal blooms
(cyanoHABs) in recent years (Lehman et al. 2013;
Kudela et al. 2023). In particular, the toxigenic
cyanobacteria Microcystis is more common in
drier years (Lehman et al. 2017; Lehman et al.
2022; Bouma-Gregson et al., this issue). Nutrients
support phytoplankton growth, so when nutrients
increase during drought periods, cyanoHAB
formation can accelerate, outcompeting other
phytoplankton species (diatoms) and causing
extreme water-quality conditions, such as high pH
and low dissolved oxygen (DO) (Bouma-Gregson
et al,, this issue). Increased cyanoHAB occurrence
is a growing concern world-wide (Huisman et al.
2018; Plaas and Paerl 2021), and decreased flow,
increased temperatures, and increased nutrients
have been identified as drivers in many other
systems as well (Wilhelm et al. 2020).

The South-Central Delta typically has some of

the highest water temperatures (Mahardja et al.
2022), the highest water clarity and nutrients
(Bosworth et al., this issue), and is along the San
Joaquin corridor, where residence time is higher
(Figure 4). Together these conditions provide

ideal parameters for phytoplankton blooms. High
phytoplankton uptake rates can reduce available
dissolved nutrient levels in the water, but rarely to
a point of nutrient limitation, except in extreme
cases of large phytoplankton bloom formations
(Bouma-Gregson et al., this issue). Similar blooms
of phytoplankton during drought periods have
been recorded previously in the estuary (Glibert
et al. 2014), as well as low-inflow estuaries on

the coast of Brazil (Barroso et al. 2018) and Texas
(Bruesewitz et al. 2013), but the opposite effect has
also been seen in other estuaries, with reduced
phytoplankton productivity from reduced nutrient
runoff (Wetz et al. 2011).

Decreases to chlorophyll in the Suisun Bay region

are most likely tied to increased abundance and
grazing by the invasive clam, Potamocorbula
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amurensis. This invader, introduced in 1986,

has been linked to the dramatic decline in both
chlorophyll and zooplankton in Suisun Bay in the
past (Greene et al. 2011; Kimmerer and Thompson
2014). P. amurensis also increases in density and
spreads further upstream into the confluence
during drier years (Hartman et al., Twardochleb
this issue), further affecting phytoplankton

and zooplankton biomass (Crauder et al. 2016).

A similar response was seen even before the
invasion of P. amurensis, when shifts in the
distribution of the clam Mya arenaria may have
reduced phytoplankton during the 1976-1977
drought (Nichols 1985). Because P. amurensis

has such a large dampening effect on in situ
production in Suisun Bay, much of the primary
productivity and zooplankton biomass is thought
to come from transport of upstream resources
into the area (Kimmerer, Gross, et al. 2018) and
lower flows reduce connectivity between the
Delta and Suisun Bay, decreasing this subsidy
(Hassrick et al. 2023).

During wetter years, the freshwater clam
Corbicula fluminea dominates in the confluence,
but has a much lower grazing rate, so it affects
the phytoplankton population less (Crauder et
al. 2016; Kimmerer et al. 2019; Hartman et al.,
this issue). In freshwater areas, C. fluminea is
dominant, allowing chlorophyll and zooplankton
to increase with increased residence time
(Hartman et al., this issue). Although Suisun
Marsh’s salinity may be appropriate for

P. amurensis, the clams are chiefly found in
larger sloughs (Baumsteiger et al. 2017), allowing
smaller dead-end sloughs with high residence
times to reduce the effect of clams on the marsh
ecosystem.

Shifts in salinity over the Suisun Bay will also
shift the distribution of many zooplankters
according to their realized salinity niche,
reducing the abundance of many freshwater
zooplankters in Suisun Bay, Suisun Marsh, and
the confluence (Barros et al., this issue). Barros
et al. (this issue) also showed that the brackish-
water cyclopoid copepod Limnoithona tetraspina
increased in abundance during droughts.
However, these are much smaller than the
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freshwater calanoid copepods and cladocerans,
so the increased abundance has a relatively small
effect on total zooplankton biomass.

Increased zooplankton abundance in the South-
Central Delta region is most likely caused by the
increased phytoplankton and increased residence
time (Barros et al., this issue). Zooplankton
responses to changes in flow are also very taxa
specific, which can be masked by examining
total biomass. For instance, the more brackish
water species (e.g., L. tetraspina) move further
upstream in times of low flow, which can increase
total zooplankton biomass in areas such as the
South-Central Delta region. In western regions,
such as Suisun Bay and Suisun Marsh, low flow
conditions will also decrease the biomass of

less salinity-tolerant species (e.g. Daphnia spp.
and Pseudodiaptomus forbesi), reducing total
zooplankton biomass overall in these areas
(Hassrick et al. 2023; Lee et al. 2023; Barros et al.,
this issue).

Fish

We examined a small number of fish for potential
drought responses, but our findings suggest that
there are diverse responses to drought that may
align with life-history strategies (as suggested by
Mims and Olden [2012]). All the pelagic fishes—
age-0 Striped Bass, American Shad, Delta Smelt,
Longfin Smelt, and Threadfin Shad—showed

a trend toward decreased abundance during
drought periods when compared to wet periods
(Figure 5; Table 3), but this was only significant
for Longfin Smelt and Striped Bass. Similarly,

all fishes showed a trend toward decreases in
abundance at lower Sacramento Valley Index
values, but this was only significant for American
Shad, Longfin Smelt, and Striped Bass (Figure 6;
Table 3). Delta Smelt and Threadfin Shad and,
which did not show significant responses, are
both short-lived freshwater or semi-anadromous
fishes, whereas American Shad, Longfin Smelt,
and Striped Bass, are all longer-lived, fully
anadromous fishes (Moyle 2002). The longer
migration of fully anadromous fishes may

make them more susceptible to drought since
connectivity between freshwater and marine
habitats is reduced, and transport time within



the Delta is increased (Michel et al. 2015; Singer
et al. 2020). Researchers in other systems have
also found that different life-history strategies
may favor some species over others during
droughts. For example, Malone et al. (2022)
found that opportunistic species thrived during
droughts in streams in the eastern US, while
longer-lived species did better during higher-flow
years. Similarly, Mims and Olden (2012) found
that across the US, high flow variability (such as
frequent droughts and floods) generally favors
short-lived, opportunistic species. This aligns
with our finding that the short-lived Threadfin
Shad is not affected by drought periods, and

the previous finding that the opportunistic
Mississippi Silverside does well during droughts
(Mahardja et al. 2016).

For those fish that did experience significant
declines, decreased abundance may have been
caused by the combination of flow, water quality,
and lower trophic effects of the drought period
described above. Higher water temperatures may
narrow spawning windows (Brown et al. 2016),
increase predation (Nobriga et al. 2021), and
approach physiological limits for some species
(Jeffries et al. 2016). Increased water clarity

may increase susceptibility of pelagic fish to
predation (Hasenbein et al. 2013; Ferrari et al.
2014). Higher salinity can limit some fishes’ access
to the rearing-habitat benefits of Suisun Marsh
(e.g., Delta Smelt, Chinook Salmon, and Striped
Bass; Colombano et al. 2020; Sommer et al. 2020),
while increasing access for other species (e.g.
Northern Anchovy; Cloern et al. 2017). Native
pelagic fishes may not be able to take advantage
of the increased zooplankton in the South-
Central Delta because of higher water clarity
(Hestir et al. 2016), higher summer temperatures
(Bashevkin, Mahardja, et al. 2022), increased risk
of entrainment (Kimmerer and Nobriga 2008;
Perry et al. 2015), and increased risk of predation
(Michel et al. 2020). Mahardja et al. (2021) found
a similar trend, with decreases in abundance of
these pelagic fishes during droughts, but recovery
during successive wet years. The steep population
declines seen in pelagic fishes over the last 20

to 30 years (Thomson et al. 2010; Tempel et al.
2021) may relate to droughts dominating the
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past 20 years have been dominated by droughts
(Figure 1), making it difficult to differentiate the
effect of drought from that of long-term decline.

While salmon CRRs did not show a significant
effect from drought periods during the out-
migration year, there was a trend toward

higher CRR during wet periods, and there was

a significant trend to higher spring-run (but not
fall-run) CRR with a higher Sacramento Valley
Index. It was surprising that the relationship was
not stronger since multiple studies have suggested
lower juvenile survival during lower outflow
periods because of increased migration time and
increased temperatures (Hance et al. 2022). Similar
results have been seen in other systems where
droughts greatly decrease salmonid migration
windows, survival probabilities, and habitat
availability (Deitch et al. 2018; Kastl et al. 2022).
The difference between responses in spring-run
Chinook Salmon versus fall-run Chinook Salmon
may be caused by hatchery practices designed to
buffer the population from droughts by increasing
production and transport of juveniles directly

to the estuary or ocean, bypassing areas of high
mortality (Sturrock et al. 2019).

CONCLUSIONS

The IEP Drought Synthesis Team evaluated over
40 years of data and found several important
correlations between droughts and ecological
metrics. Reduced freshwater flow through the
upper estuary was associated with cascading
changes throughout the ecosystem, which

may have been caused by increasing residence
time and decreasing transport. Water clarity
increased, differences between regions of

the estuary increased, and these changes are
also associated with warmer temperatures.

The resulting relatively warm, clear, slow-
moving waters were correlated with changes to
phytoplankton, zooplankton, and fish abundances
and distributions. With an increasing frequency
of droughts as predicted under climate-change
scenarios (Swain et al. 2018; Persad et al. 2020),
and as already seen in recent years (Swain et

al. 2014), this low-outflow, warmer, clearer
estuary invaded by non-native species with low
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pelagic fish production is rapidly becoming

the new “normal.” While this may seem bleak,
understanding the effects of drought is the first
step in developing management and mitigation
methods to mitigate drought’s detrimental effects
on the environment.
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