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Abstract

Drivers of phytoplankton and zooplankton dynamics vary spatially and

temporally in estuaries due to variation in hydrodynamic exchange and resi-

dence time, complicating efforts to understand controls on food web produc-

tivity. We conducted approximately monthly (2012–2019; n = 74) longitudinal

sampling at 10 fixed stations along a freshwater tidal terminal channel in the

San Francisco Estuary, California, characterized by seaward to landward gra-

dients in water residence time, turbidity, nutrient concentrations, and plank-

ton community composition. We used multivariate autoregressive state space

(MARSS) models to quantify environmental (abiotic) and biotic controls on

phytoplankton and mesozooplankton biomass. The importance of specific abi-

otic drivers (e.g., water temperature, turbidity, nutrients) and trophic interac-

tions differed significantly among hydrodynamic exchange zones with

different mean residence times. Abiotic drivers explained more variation in

phytoplankton and zooplankton dynamics than a model including only tro-

phic interactions, but individual phytoplankton–zooplankton interactions

explained more variation than individual abiotic drivers. Interactions between

zooplankton and phytoplankton were strongest in landward reaches with the

longest residence times and the highest zooplankton biomass. Interactions

between cryptophytes and both copepods and cladocerans were stronger than

interactions between bacillariophytes (diatoms) and zooplankton taxa, despite

contributing less biovolume in all but the most landward reaches. Our results

demonstrate that trophic interactions and their relative strengths vary in a

hydrodynamic context, contributing to food web heterogeneity within estuar-

ies at spatial scales smaller than the freshwater to marine transition.
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INTRODUCTION

Estuaries are among the most productive aquatic ecosys-
tems (Hoellein et al., 2013; Winder et al., 2017). However,
hydrologic alterations, land conversion, agricultural and
urban pollution, fisheries exploitation, species invasions,
and climate warming have severely impacted many of the
world’s estuaries (Kennish, 2002), with negative conse-
quences for food web productivity and biodiversity (Lotze
et al., 2006). In some highly impacted estuaries, phyto-
plankton production has increased to detrimental levels
that promote hypoxia or anoxia (Howarth et al., 2011), or
has shifted toward non-nutritious or harmful species
(Paerl et al., 2010). In others, phytoplankton productivity
has decreased (e.g., the San Francisco Estuary; Jassby
et al., 2002; Kimmerer et al., 2012), causing changes to
food web structure and declines in zooplankton and pelagic
fishes (Sommer et al., 2007; Winder & Jassby, 2011).
Anthropogenic stressors tend to occur simultaneously and
affect both “bottom-up” and “top-down” processes (Lotze &
Milewski, 2004), complicating efforts to understand changes
to pelagic food webs in estuaries.

Drivers of phytoplankton and zooplankton productiv-
ity and biomass are inherently difficult to quantify in
estuaries, where inter-annual and seasonal variability in
environmental conditions overlay spring-neap and daily
variation caused by tidal hydrodynamics. Interactions
among tidal forces, morphology, and freshwater inputs
generate spatial variation in water exchange rates and
the distribution of dissolved and suspended constituents,
including phytoplankton and zooplankton. For example,
estuarine turbidity maxima created by density-driven cur-
rents are often sites of chlorophyll a accumulation and
high zooplankton productivity, despite light-limitation of
in situ primary production (Lapierre & Frenette, 2008;
Lee et al., 2012). In estuarine terminal channels and
sloughs, variation in tidal forcing and tidal excursion
length creates distinct hydrodynamic zones with different
water exchange rates (Stumpner, Burau, & Forrest, 2020),
while tidal asymmetry produces variation in turbidity
(e.g., light availability) and nutrient concentrations
(Feyrer et al., 2017; Loken et al., 2022), all of which can
potentially influence phytoplankton productivity.

In addition to affecting primary production rates,
spatio-temporal variation in hydrodynamics, inflows, and
residence time (i.e., how long a water parcel remains
within a water body before exiting; Monsen et al., 2002)
structure phytoplankton and zooplankton community
composition (Suzuki et al., 2013; Valdes-Weaver et al.,
2006), and control biomass accumulation in estuaries and
rivers (Bum & Pick, 1996; Pace et al., 1992). For example,
the Upper Mississippi River exhibits lateral differences in
phytoplankton biomass and community composition

between main channels and backwaters related to
residence time and associated factors (e.g., turbidity;
Manier et al., 2021; Jankowski et al., 2021). In the Frazier
River estuary, short residence times caused by spring
snowmelt discharge and exacerbated by channelization
reduced zooplankton biomass and altered species compo-
sition relative to adjacent slough habitats (Breckenridge
et al., 2015). Such variation in the community composi-
tion of producers and consumers can influence the
trophic efficiency of pelagic food webs (Dickman et al.,
2008) and food quality for predators such as fishes
(Winder & Jassby, 2011).

Though many estuaries are considered primarily
“bottom-up” systems, in which phytoplankton biomass is
limited by abiotic controls on primary production
(Cloern, 1987), some estuaries or estuarine habitats exhibit
top-down control on phytoplankton biomass (e.g., control
by grazing; Tan et al., 2004; Thompson et al., 2008; Wetz
et al., 2011). Phytoplankton dynamics respond to combina-
tions of abiotic and biotic drivers, with the relative impor-
tance of each changing spatially and across seasons
(Guinder et al., 2017). Trophic linkages between phyto-
plankton and zooplankton are stronger in long-residence
time estuarine habitats, such as terminal channels, than
in more dynamic environments (Young, Feyrer, et al.,
2021). However, we still lack a complete understanding of
how hydrodynamic complexity dictates the relative impor-
tance of abiotic and biotic controls on pelagic food webs in
estuaries.

Bottom-up and top-down drivers of phytoplankton and
zooplankton dynamics vary spatially within estuaries and
other aquatic systems; therefore, approaches accounting
for spatial variation are necessary to understand food web
processes. Though long-term trends and inter-annual vari-
ation in phytoplankton and zooplankton community
composition and biomass have been related to discrete dis-
turbances such as species introductions or hydrologic
extremes (Dexter et al., 2020; Harding et al., 2016; Kratina
et al., 2014), spatially distributed time series with the tem-
poral resolution and length to capture seasonal and
inter-annual variation, as well as the taxonomic resolution
to quantify trophic interactions, remain rare in estuarine
ecosystems, though they are commonly collected by lake
monitoring programs (Hampton et al., 2019). Time series
modeling has been successfully applied in freshwater and
marine ecosystems to quantify abiotic and biotic controls
on food web dynamics at bi-weekly to monthly time scales
(Dexter et al., 2020; Griffiths et al., 2016; Hampton
et al., 2006; Walsh et al., 2018), but to our knowledge this
approach has not yet been used in estuaries.

Our goal was to characterize how hydrodynamic
processes (e.g., water exchange) mediates drivers of
temporal variation in phytoplankton and zooplankton
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biomass in the northern Sacramento-San Joaquin River
Delta (hereafter, the “Delta”), a freshwater tidal portion
of the San Francisco Estuary (SFE). Understanding
these dynamics in the SFE is necessary to quantify food
availability for threatened native fishes such as the Delta
Smelt (Hypomesus transpacificus), the health and fitness
of which are positively correlated with chlorophyll a
and zooplankton biomass (Hammock et al., 2021). We
conducted longitudinal sampling along a terminal

channel in the north Delta (Figure 1), characterized
by spatial gradients in water residence time (Downing
et al., 2016; Stumpner, Burau, & Forrest, 2020),
turbidity (Feyrer et al., 2017), and nutrient concentra-
tions (Loken et al., 2022). The morphological simplic-
ity and stable spatial gradients present within the
study channel allowed us to test for the effects of
water exchange and residence time on drivers of
plankton biomass.

F I GURE 1 (A) Location of sampling stations (designated by channel markers; CM) within each hydrodynamic exchange zone (HE,

high exchange; LE, low exchange; NE, no exchange). (B–G) Turbidity (Nephelometric Turbidity Units [NTU]), nitrate concentration

(mg N L−1), ammonium (mg N L−1), phosphate (mg P L−1), chlorophyll a (μg L−1), and total zooplankton biomass (μg dw L−1) at each

sampling station, including all sampling dates (2012–2019). Sampling stations on the x-axes are ordered from seaward to landward

(CM 16–84), and gray vertical lines denote site groupings based on hydrodynamic exchange zones.

ECOLOGICAL MONOGRAPHS 3 of 23
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We asked three questions: (1) Do environmental
drivers of phytoplankton and (2) zooplankton biomass
vary along a spatial gradient in water exchange and
water residence time? and (3) Do trophic interactions
between zooplankton and phytoplankton vary across these
gradients? We used multivariate autoregressive state space
(MARSS; Holmes et al., 2012) models to investigate phyto-
plankton and zooplankton dynamics at a monthly time
scale and to explicitly test for spatial variation in drivers
and trophic interactions.

METHODS

Study system

We conducted our study in the northern Delta, a freshwa-
ter tidal portion of the SFE, a large and highly altered estu-
ary on the Pacific coast of North America. Widespread
conversion of wetlands to agricultural production, water
diversions, and channel alterations, and successive species
invasions have resulted in dramatic declines in phyto-
plankton productivity and pelagic organism biomass
throughout the SFE and Delta (Sommer et al., 2007).
Historically, the Delta contained extensive tidal wetlands
and terminal sloughs, most of which have been converted
to agricultural land or rock-hardened channels (Whipple
et al., 2012). The few remaining shallow water habitats
sustain relatively high phytoplankton and zooplankton
densities relative to the greater Delta (Montgomery et al.,
2017; Stumpner, Bergamaschi, et al., 2020), as well as small
populations of endangered native fishes (Sommer &
Mejia, 2013).

Our study sites were located in a terminal channel
formed by the upper portions of the Sacramento River
Deep Water Ship Channel (DWSC; Figure 1A), which
connects the West Sacramento Port to the Sacramento
River and San Francisco Bay/Pacific Ocean. The 69 km
long channel has a width of ~150 m, depth of ~10 m, and
has one set of non-operational ships locks at its northern
terminus. The channel is tidally forced and functionally
resembles a large, morphologically homogenous dead-end
slough with minimal net flow (Feyrer et al., 2017).

We sampled at 10 fixed sites along the DWSC, identi-
fied by channel marker (CM) number, to characterize
water quality parameters and plankton community com-
position and biomass (Figure 1; depths 9.8–12.8 m).
Study sites were located in three distinct hydrodynamic
zones: the no-exchange zone (NE), where waters are
trapped in the upper, landward section of the DWSC
(above CM 70); a zone of mixing and high turbidity in
the mid-zone (CM62–CM66; low-exchange = LE); and
the seaward zone that experiences tidal exchange each

day (below CM62; high exchange zone = HE; Stumpner,
Burau, & Forrest, 2020). These contrasting hydrodynamic
conditions create a strong gradient in water residence
time, water quality, and food resources across sites
(Stumpner, Burau, & Forrest, 2020; Young, Feyrer, et al.,
2021). Water residence time is ~1 day in the HE zone,
>7 days in the LE zone, and several weeks to months in the
NE zone (Stumpner, Burau, & Forrest, 2020).

Sample collection and processing

We collected water chemistry and plankton samples at
each station approximately monthly from April 2012
until September 2019 (74 sampling dates). Two YSI 6600
probes were used to collect field measurements of tem-
perature and specific conductance. Turbidity was mea-
sured in the field on samples collected from 1 m depth
using a Hach 2100P turbidimeter.

Two 1-L water chemistry samples were collected at
1 m depth using a submerged water pumping system and
stored in acid-washed HDPE bottles for laboratory ana-
lyses. A 500 mL water sample for phytoplankton identifi-
cation and biovolume quantification was collected at 1-m
depth and preserved in 3% Lugol’s solution (final concen-
tration). Zooplankton samples were collected by vertical
tow using a 150-μm mesh zooplankton net with a
retrieval rate of ~0.33 m s−1. The 150-μm mesh size was
selected to avoid complications from high suspended sed-
iment concentrations that frequently occur at some sam-
pling sites, but as a result, smaller life stages (nauplii,
early copepodites) and microzooplankton were not sam-
pled effectively (Kayfetz et al., 2020). Zooplankton
samples were preserved in a 2% final concentration of
Lugol’s solution.

Sample processing was initiated within 24 h of collection
time. A subsample was filtered through a pre-rinsed 0.2 μm
polycarbonate membrane (Millipore) for quantification of
soluble reactive phosphorus (SR-PO4), nitrate-N (NO3-N) +
nitrite-N (NO2-N), and ammonium (NH4-N). SR-PO4 was
determined using the ammonium molybdate spectrophoto-
metric method (limit of detection (LOD) ~0.005 mg L P−1;
Clesceri et al., 1998). The vanadium chloride method
was used to spectroscopically determine NO3 + NO2-N
(LOD =0.01 mg L−1; Doane & Horwath, 2003). As NO3-N
constituted >95% of the combined NO3 + NO2-N concentra-
tion, we report the NO3 + NO2-N concentration as NO3-N in
this study. NH4-N was determined spectroscopically with
the Berthelot reaction, using a salicylate analog of indophe-
nol blue (LOD ~ 0.010 mg L−1; Forster, 1995). Dissolved Si
was determined using the molybdate-reactive spectroscopic
method (SM4500-SiO2 C; MRL = 0.5 mg L−1; Clesceri
et al., 1998).

4 of 23 SMITS ET AL.
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Chlorophyll a concentrations were determined from
duplicate samples collected on Whatman GF/F filters,
following methods in Clesceri et al. (1998). Samples were
filtered in the field using low vacuum and stored on ice
until storage in a −20�C freezer. Samples were extracted
in 90% ethanol, and filters were freeze dried but not
ground (Sartory & Grobbelaar, 1984). Samples were ana-
lyzed by fluorometric determination with the limit of
detection dependent on the volume of water filtered
(200–1000 mL, generally 0.5 μg L−1).

Phytoplankton identification and enumeration were
performed using standard membrane filtration (McNabb,
1960). A Leica DMLB compound microscope was used
for random field counts of at least 300 natural units and
taxa were identified to the lowest possible taxonomic
level. Cell biovolumes were quantified on a per milliliter
basis (Hillebrand et al., 1999). In order to assess
spatial and temporal variation in food quality for
mesozooplankton, cyanobacteria or other taxa capable
of producing toxins, for example, Microcystis, Anabaena,
Planktothrix, Peridinium, and long-filament-forming
taxa such as Melosira and Aulacoseira, were classified
as “low” quality (Galloway & Winder, 2015; Jungbluth
et al., 2021). All other phytoplankton taxa were classi-
fied as “high” quality.

Zooplankton abundance and identification were mea-
sured on three 1-mL aliquots using a Wilovert inverted
microscope at 100× with a target tally of 200–400 specimens.
Biomass estimates were based on established length/width
relationships (Dumont et al., 1975; Lawrence et al.,
1987; McCauley, 1984).

On five dates between June 2012 and October 2015,
we collected samples for water isotopes (δ18O-H2O and
δ2H-H2O) at each station to characterize spatial patterns
in water residence time (Downing et al., 2016). Samples
were collected into 2-mL glass vials, overfilled for ~15 s
using a peristaltic pump, and capped without headspace.
Vials for δ18O-H2O and δ2H-H2O were analyzed at the
Stable Isotope Facility at the University of California-Davis
using a laser water isotope analyzer. Stable isotopic compo-
sition of oxygen and hydrogen are reported in the text
using delta (δ) notation,

δ18O or δ2H ‰ð Þ¼ Rsample

Rstandard

� �
− 1

� �
×1000, ð1Þ

where Rsample and Rstandard are ratios of heavy to light
isotopes (18O:16O or 2H:1H) in samples and Vienna
Standard Mean Ocean Water (VSMOW), respectively.
Analytical precision was ±0.2‰ for δ18O and ±1‰ for
δ2H. A more enriched (less negative) value indicates
longer water residence time (greater water age) and
more evaporation.

Quantifying hydrodynamic conditions

Since hydrodynamic processes can affect constituents over
short (hours to days) to long (weeks–months) timescales
we used several metrics that vary over longer timescales to
more closely align with the time scale (monthly) of sample
collection. Tidally averaged discharge (hourly; cubic feet
per second) was obtained from two United States
Geological Survey (USGS) monitoring stations, one near
Cache Slough in the HE zone (CM 45, USGS 11455350)
and one within the DWSC (CM 54; USGS 11455335; US
Geological Survey, 2021). Tidally-averaged discharge at
CM 45 was used as a metric of seasonal hydrology for sites
in the HE zone—when high flow events through the Yolo
Bypass were excluded, it was highly correlated (R = 0.81)
with Sacramento River discharge at Freeport (USGS
11447650). In the landward LE and NE zones, we used dis-
charge at CM 54 to capture variation in flow conditions
(no gauges exist within the NE zone).

Normalized tidal amplitude was computed as a mea-
sure of tidal strength that varies from spring-neap
(~14 days) to yearly timescales. During periods of higher
tidal amplitude (normalized values greater than 1) water
parcels are subject to stronger mixing and longer trans-
port, decreasing water residence time. During periods of
lower tidal amplitude (normalized values less than 1)
water parcels will have less transport and mixing, with
commensurately longer water residence time. Normalized
tidal amplitude was estimated for each discrete sampling
event. Discharge (15 min frequency) at CM 45 and
CM 54 was used for the normalized tidal amplitude calcu-
lation. Because the discharge time series at CM45 ended
prior to the end of the study, we substituted discharge at
CM 41 (USGS 11455385) for the four missing dates
(May–August 2019). For each discharge signal (Q) the tid-
ally filtered discharge (<Q>) was computed using a Godin
filter (Godin, 1972), and the tidal discharge (Q0) was com-
puted as Q0 = Q − <Q>. The Q0 signal was then used to
compute the tidal amplitude by finding the outer enve-
lopes (or tidal maxima) using a 30-h. moving window. The
tidal amplitude is the difference between the upper and
lower envelope, which was then normalized by median
tidal amplitude over the length of the record.

We used tidal excursion length to assign fixed sam-
pling stations to each of the three hydrodynamic zones
(HE, LE, or NE) on each sampling date, and designated
final site groupings based on a combination of hydrody-
namic and environmental characteristics. Exchange
zones were defined based on estimates of tidal excursion
from the mouth of the DWSC using methods developed
in Stumpner, Burau, and Forrest (2020) and Young,
Feyrer, et al. (2021), and are a proxy for water residence
time. The tidal excursion from the mouth of the DWSC
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was estimated using water velocity data at CM 54, which
was then corrected by a scaling factor of 1.54 based on
comparison to drifters that traveled up the channel over
a course of a single flood tide. Corrected water velocity
was then integrated over each tidal period (~25 h) contin-
uously over the length of the record to provide an esti-
mate of the distance traveled along the DWSC. The
distance traveled along the channel defines the upper
boundary of the HE zone. The range of tidal excursions,
over a month, was used to bound the LE zone. As a
result, the boundaries of the HE and LE zones varied
based on the tides, and the boundary of the LE zone also
varied on monthly timescales due to the variation in the
range of tidal excursions across spring-neap cycles.

For stations that switched zones between sampling
dates (CM 56, CM 62), group assignment was based on
both the proportion of sampling dates the site fell within
each zone, as well as by comparing average water quality
parameters with nearby stations. CM 56 fell within the
HE zone on 57% of sampling dates, within the LE zone
on 39% of sampling dates, and the NE zone on 4% of
dates, and it was therefore grouped with stations in the
HE zone. CM 62 fell within the LE zone on 39% of sam-
pling dates and within the NE on 56% of sampling dates,
but was assigned to the LE group based on its high mean
turbidity. Although CM 66 technically fell within the NE
zone, we assigned it to the LE zone based on its high
turbidity.

Seasonal phenology

We assessed seasonal trends in environmental variables
and plankton biomass in each hydrodynamic zone by
fitting generalized additive mixed models (GAMM’s) to
the data, using the “mgcv” package in R (Wood, 2022).
We fitted each variable to month of year (1–12) using
cyclic cubic regression smoothers, and we assessed spatial
(i.e., among-zone) differences in seasonality by including
a random effect of hydrodynamic zone for the seasonal
trend.

Time series analysis

For use in times series models, species-level phyto-
plankton biovolume (μm3 L−1) or mesozooplankton
biomass (μg dry weight L−1) were summed according
to the following taxonomic divisions, which represent
the dominant taxa in our study system: Bacillariophyta,
Chlorophyta, and Cryptophyta (phytoplankton;
Appendix S1: Figure S1), and Copepoda and Cladocera
(zooplankton; Appendix S1:Figure S2). Phytoplankton

and zooplankton time series were aggregated by month.
We used mean values for months with multiple sam-
pling events. Monthly biovolume or biomass data were
log-transformed. For taxa with zero biovolume or biomass
at a given site and month, zeroes were replaced with ½ the
lowest value prior to log-transformation. Chlorophytes
had zero biovolume in 12% of 880 total sampling events
(sites × dates), cryptophytes in 1%, and cladocerans in 6%.

Environmental variables that were included as
covariates (predictors) in time series models were aggre-
gated to monthly values, as for plankton data. In addition
to variables measured at each station during discrete
sampling events, we used tidally-averaged discharge and
normalized tidal amplitude at CM 45 (for stations within
the HE zone) and CM 54 (stations within the LE and NE
zones) to characterize temporal variation in flow and
tidal strength. For these two variables (discharge, tidal
amplitude), on a given sampling date, sites within hydro-
dynamic zones therefore had identical values. For
tidally-averaged discharge, hourly data were reduced to
monthly means In MARSS models, covariates cannot
contain missing values, so we used linear interpolation to
fill gaps in all covariate time series except for discharge
and tidal amplitude (19 of 88 monthly values). Finally, all
response variables (log-transformed phytoplankton or
zooplankton biomass) and covariate time series were
standardized by mean and variance (z-scored) prior to
modeling to facilitate model comparison and interpreta-
tion across sites and taxa.

MARSS models are state-space extensions of multi-
variate autoregressive (MAR) models (Ives et al., 2003),
allowing for estimation of both process and observational
error, and they are robust to missing observations in
response variables (Holmes et al., 2012). MAR models
simultaneously quantify interaction strengths among taxa
as well as the sensitivity of each taxon to environmental
covariates (drivers; Ives et al., 2003). We used MARSS
models to quantify relationships between environmental
drivers and phytoplankton or zooplankton biomass and
to determine how these relationships varied among
hydrodynamic zones within the DWSC (Questions 1–2).
We also quantified the relative importance of environ-
mental drivers and trophic interactions on phytoplankton
and zooplankton biomass (Question 3). MARSS models
are described by two parts. The first, a process model,
describes changes in the true, but unobserved, states of
nature over time:

xt ¼Bxt−1 +Cct−h +wt, ð2Þ

xt is a j × 1 vector of phytoplankton biovolume or zoo-
plankton biomass at time t for each of the stations;
j = 20–50 time series depending on the number of taxa
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in the model (e.g., phytoplankton, zooplankton, or both).
The diagonal elements of the j × j matrix B determine
the degree of mean-reversion of each state process
(i.e., density dependence). We allowed each phytoplank-
ton and zooplankton taxon to have a unique estimate of
mean reversion. The off-diagonal elements of B contain
estimates for species interactions (ex., effect of species A
on species B’s per-capita growth rate). The j × k matrix
C contains the effects of environmental drivers (covariates)
measured at time t − h (h = 0 for this analysis), which are
contained in the k × 1 vector ct−h, where k is the number
of covariate time series. The j × 1 vector wt contains pro-
cess errors, which are distributed as a multivariate
normal with mean vector 0 and covariance matrix Q.
Following preliminary modeling, we structured Q to allow
taxon-specific variance and covariance.

The second part of a state-space model is the observa-
tion equation, which relates the observed data to the
unobserved state processes:

yt ¼Zxt + vt: ð3Þ

The i × 1 vector yt contains the observed phytoplankton
biovolume or zooplankton biomass (logged, z-scored) at
time t; i = 20–50. The matrix Z maps each of the
observed time series onto each of the hidden states in
xt—in this analysis we assume plankton dynamics at
each station behave as independent processes; thus, Z is
an identity matrix, and yt and xt have the same dimen-
sions. The i × 1 vector vt contains the observation errors,
which are distributed as a multivariate normal with
mean vector 0 and covariance matrix R. We assumed

observation error differed between phytoplankton and
zooplankton, but that within each group, observation
error was equal across all sites because sampling was
done consistently.

We tested three sets ofMARSSmodels: the first set inves-
tigates environmental drivers of monthly phytoplankton
biovolume (Model 1), the second set investigates environ-
mental drivers of monthly zooplankton biomass (Model 2),
and the third set investigates phytoplankton–zooplankton
trophic interactions (Model 3). For Model 1, we tested for
effects of the following environmental drivers on phyto-
plankton: turbidity (Nephelometric Turbidity Units [NTU]),
water temperature (�C), normalized tidal amplitude, tidally
averaged discharge (cfs), nitrate (mg N L−1), and phosphate
(mg P L−1). For Model 2, we tested for effects of turbidity,
water temperature, normalized tidal amplitude, tidally aver-
aged discharge, total phytoplankton biovolume (μm3 L−1),
and chlorophyll a (μg L−1). For Model 3, we only included
environmental drivers that significantly improved model fit
to the plankton data in Models 1 and 2. Due to the large
number of estimated model parameters, we did not test for
interactive effects of environmental drivers. For each set of
models, we explicitly testedwhether effects of environmental
drivers or species interactions differed among taxa and spa-
tially among the three hydrodynamic zones, by modifying
elements within the B and C matrices in Equation 2. We
includemore detail for each set ofmodels below.

Models 1 and 2: We first fitted single-covariate models
and compared them with a no-covariate null model. We
compared three different structures of C in Equation 2
(see Table 1), corresponding to the following hypotheses:
(1) all phytoplankton (or zooplankton) taxa across all

TAB L E 1 Details of multivariate autoregressive state space (MARSS) model structure for Model 1 (drivers of phytoplankton), Model 2

(drivers of zooplankton), and Model 3 (phytoplankton–zooplankton interactions).

Model name Model version Taxa
Time
series

B: Diagonal
terms

B: Off-diagonal
terms

C: Estimates per
covariate

Model 1
(Phytoplankton drivers)

Shared 3 30 3 0 1

Taxon specific 3 30 3 0 3

Taxon + zone specific 3 30 3 0 9

Model 2
(Zooplankton drivers)

Shared 2 20 2 0 1

Taxon specific 2 20 2 0 2

Taxon + zone specific 2 20 2 0 6

Model 3
(Phytoplankton–zooplankton

interactions)

No interaction 5 50 5 0 9; 15

Taxon specific 5 50 5 12 9; 15

Taxon + zone specific 5 50 5 36 9; 15

Note: For each model version we report the no. taxa included in the model, the total no. observed time series (no. sites x no. taxa), and the structure of the
B and C matrices (see Equation 2). For B, we report the no. unique diagonal (i.e., mean reversion) and off-diagonal (i.e., species interactions) terms that were

estimated. For C, we report the no. unique parameter estimates per covariate. Notes: Q, R, and Z structures did not differ among model versions. The
dimensions of B and C did not vary among model versions, only the no. unique matrix elements differed. For Model 3, the no. of unique parameter estimates
per covariate differed between covariates (9 vs. 15) because we assumed that phosphate and nitrate affected only phytoplankton taxa; thus, we did not estimate
effects of these covariates for zooplankton.
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sites share a common relationship with the environmen-
tal drivers (“shared”), (2) each taxon has a unique rela-
tionship with environmental drivers (“taxon-specific”),
and (3) each taxon within each hydrodynamic zone has a
unique relationship with the environmental drivers
(“taxon + zone specific”). In the “shared” version of each
model, a single covariate effect is estimated for all the
observed time series. In the “taxon-specific” model ver-
sion, all the observed time series for a given taxon (across
all 10 sites) share the same covariate effect estimate. In
the “taxon + zone specific” model version, for each
taxon, all the sites within each hydrodynamic zone share
the same covariate effect estimate (Table 1). Following
the single-covariate modeling, we fitted models with mul-
tiple environmental covariates as follows: only covariates
that significantly improved model fit relative to the
no-covariate null model were included in multiple-covariate
models. We started with the covariate that most improved
model fit and successively included additional covariates if
doing so significantly improved model fits compared to the
simpler model. For all versions of Models 1 and 2, we esti-
mated the degree of mean reversion (diagonal elements
of B, see Table 1) for each taxon, but we did not include
interactions between taxa (off-diagonal elements ofB).

Model 3: For the zooplankton-phytoplankton species
interaction models, we first fitted no-covariate models
with three different structures of B in Equation 2
(see Table 1), corresponding to the following hypotheses:
no interactions between zooplankton and phytoplankton
(“no interactions,” e.g., off-diagonal elements of B are
zero), unique interactions between each zooplankton
and phytoplankton taxon (“taxon-specific”), and unique
interactions between each zooplankton and phytoplank-
ton taxon in each hydrodynamic zone (“taxon + zone
specific”). We did not include competitive interactions
between different zooplankton or phytoplankton taxa
in models. After determining the best structure of B,
we constructed a final model by including the set of
covariates that best explained phytoplankton and zoo-
plankton dynamics in Models 1 and 2.

Models were fit to the data using maximum likeli-
hood via an expectation–maximization algorithm run
for 5000 iterations, using the “MARSS” package

(Holmes et al., 2018) for the R software (R Core Team,
2020). We compared model fits using Akaike’s informa-
tion criterion adjusted for small sample size (AICc;
Burnham & Anderson, 2002). A difference in AICc

(ΔAICc) > 5 between models suggests moderate support
for the model with the lower AICc; ΔAICc > 10 shows
strong support. For the best-fitting model in each set, we
calculated “one-step-ahead” conditional R 2 for each
phytoplankton and zooplankton time series, defined as
the proportion of variation from time t − 1 to t that can
be explained by the model (as in Walsh et al., 2018).

RESULTS

Spatial and seasonal patterns in chemistry
and plankton biomass

Spatial patterns in water isotopes, water temperature,
specific conductance, turbidity, nutrient concentrations,
and phytoplankton and zooplankton biomass reflected
changes in hydrodynamic exchange and water residence
time along the DWSC (Figure 1; Table 2). Both δ18O-H2O
and δ2H-H2O were more enriched in the landward
reaches (Table 2; Appendix S1: Figure S3), consistent
with longer residence time and greater evaporation
(Downing et al., 2016). Surface water temperatures were
slightly but significantly warmer in the NE zone relative
to seaward reaches (+2�C, F2,717 = 12.37, p < 0.001,
Table 2). Specific conductance increased significantly
from seaward to landward stations (F2,717 = 112.1,
p < 0.001; HE: 356 ± 742 μS cm−1, LE: 555 ± 150, NE:
952 ± 145), reflecting greater water residence time and
evaporation (Lenoch et al., 2021; Stumpner, Burau, &
Forrest, 2020). Turbidity was significantly higher in the
LE zone than the HE or NE zones (F2,717 = 38.5,
p < 0.001), but was frequently high in adjacent stations
(CM 56, 70; Figure 1).

Nitrate concentrations were significantly lower in the
NE zone than in the HE or LE zones (F2,717 = 165.2,
p < 0.001). Ammonium concentrations were significantly
lower in the LE and NE zones than in the HE zone
(F2,717 = 481.6, p < 0.001). Phosphate concentrations

TAB L E 2 Environmental conditions, water chemistry, and plankton biovolume or biomass in each hydrodynamic exchange zone

during the study period (2012–2019, 74 sampling dates).

Zone

δ2H-H2O

(‰)

δ18O-H2O

(‰)

Temp

(�C)
Turb

(NTU)

NO3

(mg N L−1)

NH4

(mg N L−1)

PO4

(mg P L−1)

SiO2

(mg Si L−1)

Cond

(μs cm−1)

Chl a

(μg L−1)

Phyto

(109 μm3 L−1)

Zoop

(μg dw L−1)

HE −73.4 (2.8) −10.1 (0.5) 17.3 (4.6) 21.9 (29.8) 0.32 (0.17) 0.14 (0.08) 0.06 (0.02) 7.45 (1.09) 356.2 (742.8) 2.4 (3.3) 1.91 (4.45) 12.63 (14.08)

LE −60.5 (3.9) −7.8 (0.8) 18.1 (4.8) 33.1 (17.4) 0.30 (0.18) 0.02 (0.01) 0.10 (0.02) 7.46 (0.83) 555.5 (150.8) 3.5 (2.1) 1.19 (1.94) 26.29 (25.06)

NE −50.8 (3.5) −6.0 (0.8) 19.3 (5.4) 14.0 (10.3) 0.11 (0.12) 0.02 (0.01) 0.10 (0.02) 7.48 (0.59) 953.0 (145.2) 4.9 (3.9) 1.07 (2.03) 63.69 (67.03)

Note: Means (and standard deviations) are reported for each hydrodynamic zone (HE, high exchange; LE, low exchange; NE, no exchange).

Abbreviations: Chl a, chlorophyll a; Cond, specific conductance; Phyto, phytoplankton; Temp, temperature; Turb, turbidity; Zoop, zooplankton.

8 of 23 SMITS ET AL.

 15577015, 2023, 2, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecm

.1567, W
iley O

nline L
ibrary on [11/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



were significantly higher in landward reaches compared
with the HE zone (F2,717 = 270.6, p < 0.001). Silica con-
centrations did not vary spatially (F2,717 = 0.04, p > 0.5).
Chlorophyll a concentrations increased significantly from
seaward to landward reaches (F2,717 = 38.89, p < 0.001),
whereas total phytoplankton biovolume decreased
(F2,717 = 5.56, p < 0.01). Zooplankton biomass increased
from seaward to landward reaches (F2,717 = 101.6, p < 0.01).

GAMM’s fit to month of year showed distinct seasonal
patterns in most environmental variables within the DWSC
(Figure 2), though seasonal phenology also varied among
zones (e.g., discharge, turbidity, ammonium), and some
variables lacked distinct seasonality (e.g., phosphate).
Tidally averaged discharge in the HE zone was highest in
winter, reflecting the seasonal hydrology of the Sacramento
River, whereas discharge had no distinct seasonality in the

F I GURE 2 Left column: Generalized additive mixed models (GAMM’s) of environmental variables fitted to month in each

hydrodynamic zone (solid lines; HE, high exchange; LE, low exchange; NE, no exchange) with 95% confidence intervals (CI) (gray shaded

areas). Tidally averaged discharge from CM45 is shown for the HE zone, and CM 54 for the LE zone. Right column: Seasonal GAMM’s of
chlorophyll a concentration (μg L−1), phytoplankton biovolume (109 μm3 L−1; bacill, Bacillariophyta; crypt, Cryptophyta; chlor, Chlorophyta)

or zooplankton biomass (units μg dw L−1; clad, Cladocera; cop, Copepoda) for each hydrodynamic zone. y-axis scales differ between panels.
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landward reaches. Similarly, turbidity in the HE and LE
zones was high in winter and low in summer but lacked
seasonality in the NE zone. Water temperatures were
highest in the summer (June–August), following annual
patterns in solar radiation and air temperature. Nitrate con-
centrations were lower in summer than in other seasons.
Chlorophyll a concentrations were generally lowest in win-
ter (December–February), but seasonal patterns differed
among zones at other times of year.

Phytoplankton community composition

Phytoplankton community composition varied spatially,
shifting from predominantly bacillariophytes (diatoms) in
the HE and LE zones to predominantly cryptophytes in the
landward NE zone (Figure 3A; Appendix S1: Figure S4).
Chlorophytes contributed a minor proportion of total
biovolume except in the NE zone. On average, cyanophytes,
pyrrophytes, euglenophytes, and chrysophytes were minor
components of community composition in all zones
(combined <10% of total biovolume). GAMM’s fit to month

of year showed differences in seasonality among
phytoplankton taxa and between hydrodynamic zones
(Figure 2). Bacillariophyte biovolume in the HE zone had
distinct peaks in spring, summer, and autumn but lacked
seasonality in the other two zones. Seasonal patterns in
cryptophyte or chlorophyte biovolume were also spatially
variable; neither had significant seasonal trends in the HE
zone, but seasonal trends differed between the LE and NE
zones (Figure 2).

In HE zone, bacillariophytes were the dominant phyto-
plankton taxon (mean 83% of total biovolume across all sam-
ples, n = 74 sampling dates), with cryptophytes making up
11%, chlorophytes 2%, cyanophytes 2%, and less than 1%
each for pyrrophytes, euglenophytes, and chrysophytes. The
most frequently detected bacillariophyte species in the HE
zone were Cocconeis placentula and Synedra ulna (detection
frequency 98%, 99%), but Entomoneis sp., Melosira varians,
and Aulacoseira granulata had the highest median
biovolumes when present (only species detected on>25 dates
are reported; Appendix S1: Table S1). The most commonly
detected cryptophytes in the HE were Rhodomonas sp.
(59% detection frequency) and Cryptomonas sp. (53%),

F I GURE 3 Biovolume or biomass of dominant phytoplankton (A) and zooplankton (B) taxa at each sampling station. Stations are

ordered from seaward to landward, as in Figure 1. bacill, Bacillariophyta; chlor, Chlorophyta; clad, Cladocera; cop, Copepoda; crypt,

Cryptophyta.
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which also had the highest median biovolumes, and
Chlorella sp. was the only chlorophyte detected consistently
(33% detection frequency).

In the LE zone, bacillariophytes were dominant (59% of
total biovolume), but cryptophyte and chlorophyte
biovolumes were relatively higher (33%, 5%) than in the HE
zone. The most frequently detected bacillariophyte species
were Cocconeis placentula (95% detection frequency),
Thalassiosira sp. (68%), and Synedra ulna (59%), whereas
the species with the highest median biovolumes when pre-
sent were Thalassiosira sp. and Aulacoseira granulata.
The most commonly detected cryptophytes in the LE zone
were Rhodomonas sp. (detection frequency 57%), and
Cryptomonas erosa (39%)—in addition to these species,
Plagioselmis nannoplanctica had the highest median
biovolume when present. The most frequently detected
chlorophytes were Chlamydomonas sp. (34%) and Chlorella
sp. (20%), and these species also had the highest median
biovolumes when present.

In the NE zone, cryptophytes were the dominant taxa
(53% of total biovolume), followed by bacillariophytes
(27%), and chlorophytes (12%). The most frequently
detected cryptophytes were Cryptomonas sp. (67%
detection frequency), Cryptomonas erosa (60%), and
Rhodomonas sp. (64%), while the species with highest
median biovolumes when detected were Rhodomonas sp.,
Rhodomonas lacustris, and Plagioselmis nannoplanctica.
Similar to the LE zone, the most frequently detected
bacillariophytes in the NE zone were Cocconeis placentula
(89% detection frequency), Thalassiosira sp. (68%), and
Synedra ulna (39%), whereas the species with highest
median biovolumes when present were Thalassiosira sp.,
Cyclotella meneghiniana, and Aulacoseira sp. The most
frequently detected and highest biovolume chlorophytes
were Chlamydomonas sp. (77% detection frequency),
Chlorella sp. (32%), and Chlamydomonas globosa (31%).

The proportion of total phytoplankton biovolume made
up by species classified as “low quality” was higher in the
HE zone than in the landward zones (Appendix S1:
Figure S5). Low quality species made up 22% of total phyto-
plankton biovolume, on average, in the HE zone, 7% in the
LE zone, and 1% in the NE zone. Low quality phytoplank-
ton were primarily bacillariophytes (Aulacoseira sp.,
Melosira varians), though occasionally cyanobacteria
(Anabaena sp., Aphanizomenon sp., Microcystis sp.) or
pyrrophytes (Peridinium sp.) contributed a large proportion
of total phytoplankton biovolume (Appendix S1: Figure S5).

Zooplankton community composition

Copepods dominated zooplankton biomass throughout the
DWSC (>75% of total biomass across all sampling dates),

but cladocerans were a relatively greater proportion of
the total biomass in the landward NE zone (mean 23%)
than in the HE and LE zones (13% and 5% respectively;
Figure 3B; Appendix S1: Figure S4). All other taxa made
up less than 5% of total biomass in all three zones
(Rotifera, Ostracoda, Gastropoda, Bivalvia, Cnidaria).
The seasonal phenology of zooplankton biomass differed
between copepods and cladocerans, with copepods
tending to attain high biomass earlier in spring than cla-
docerans (April–May; Figure 2). Within taxa, phenology
also differed between zones (Figure 2). Copepods in the
HE zone peaked in early summer (June, July), whereas
copepod biomass increased earlier, in spring in the LE
and NE zones (March–April), and remained elevated
throughout summer. Cladoceran biomass in the HE and
LE zones had no distinct seasonal pattern, whereas cla-
docerans in the NE zone increased in spring and
remained high throughout summer (April–August).

In the HE zone, the most frequently detected and
highest biomass copepod species were the calanoid cope-
pods Pseudodiaptomus forbesii and Sinocalanus doerri
(89% detection frequency for both species; Appendix S1:
Table S2). The most common cladoceran species were
Bosmina longirostris (97% detection frequency) and
Chydorus sphaericus (61%), though when present, Daphnia
sp. had the highest median biomass. The only commonly
detected rotifer was Asplanchna sp. (>25 sampling dates,
38% detection frequency).

In the LE zone, the calanoid copepod species
Sinocalanus doerri (100%) and Pseudodiaptomus forbesii
(93%), were most frequently detected and had the highest
median biomass. The most commonly detected cladoc-
eran species was Diaphanosoma brachyurum (46% detec-
tion frequency).

In the NE zone, as in the HE and LE zones, calanoid
copepods Sinocalanus doerri and Pseudodiaptomus
forbesii remained the most commonly detected copepod
species (72%, 64%). Bosmina longirostris (95%) and
Diaphanosoma brachyurum (75%) were the most fre-
quently detected cladoceran species, but Diaphanosoma
brachyurum, Daphnia sp., and Daphnia parvula had the
highest median biomass when present.

Environmental drivers of phytoplankton
(Model 1)

Turbidity, phosphate, and water temperature were the
three abiotic drivers that most improved model fits to
the log-phytoplankton data (ΔAICc > 20 relative to
no-covariate model), followed by discharge, nitrate, and
tidal amplitude (ΔAICc > 5). Including nitrate or tidal
amplitude as covariates only slightly improved model fit
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relative to the no-covariate model (ΔAICc > 2). For all
single-covariate models, “taxon + zone specific” effects of
environmental drivers were the best C structure, compared
with “taxon-specific” or “shared,” though for nitrate and
tidal amplitude, support for zone-specific effects was weak
(ΔAICc > 2). The best-fitting multiple-covariate model
included all covariates (AICc = 5089; ΔAICc > 70 com-
pared to no-covariate model; see Appendix S1: Table S3 for
parameter estimates and standard errors), though this
model was not significantly better than a model lacking
nitrate and tidal amplitude (ΔAICc < 4 between models).

The effects of environmental drivers differed both
among taxa and among the hydrodynamic zones
(Figure 4, estimates are from best-fitting multiple-covariate
model). Bacillariophyte biovolume was positively associ-
ated with turbidity and discharge in all zones and nega-
tively associated with phosphate concentration in the HE
and LE zones. In the NE zone, bacillariophyte biovolume
was negatively associated with nitrate concentration.
Water temperature and tidal amplitude did not have signif-
icant effects on bacillariophytes in any zone.

Cryptophytes, like bacillariophytes, were positively
associated with discharge and negatively associated with
phosphate, though effects were only significant in the
NE zone (Figure 4 row 2). Unlike bacillariophytes,
cryptophytes were negatively associated with turbidity
(HE zone only) and positively associated with water tem-
perature (LE zone). Cryptophytes were the only taxa that
showed a significant (negative) relationship with tidal
amplitude, but only within the NE zone.

Chlorophytes had positive associations with water
temperature (all zones) and nitrate concentrations (HE,
NE) and negative associations with phosphate (HE, NE;
Figure 4 row 3). Chlorophyte biovolume was not signifi-
cantly related to turbidity or discharge. Similar to
bacillariophytes, tidal amplitude had a positive effect on
chlorophytes, but only in the HE zone.

Even for the best fitting model, conditional R2 (one
step ahead) was low for all three phytoplankton taxa: envi-
ronmental covariates best explained temporal dynamics of
chlorophytes (among-site mean 37%; among-site range
23%–47%), followed by cryptophytes (21%; 15%–28%) and
bacillariophytes (15%; 7%–24%).

Environmental drivers of zooplankton
(Model 2)

When included as single covariates, water temperature, tur-
bidity, and discharge were the drivers that most improved
model fit to the zooplankton data (ΔAICc > 40), followed
by tidal amplitude and chlorophyll a (ΔAICc > 5).
Including total phytoplankton biovolume (logged) did not

significantly improve model fit relative to the no-covariate
model (ΔAICc < 2). For all covariate models, “taxon +
zone specific” effects of environmental drivers were the
best C structure. The best-fitting multiple covariate model
included all covariates except for total phytoplankton
biovolume and tidal amplitude (AICc = 3143;ΔAICc > 300
relative to no-covariatemodel).

Warm water temperatures were associated with
greater zooplankton biomass, though the strength of the
effect differed among zones for each taxon (Figure 4;
Appendix S1: Table S4). Higher turbidity was associated
with lower copepod biomass (Figure 4 row 5), whereas
cladoceran biomass was not related to turbidity.
Discharge had a generally negative effect on zooplankton
across zones, though the effect was stronger for cladoc-
erans than copepods. Chlorophyll was negatively associ-
ated with cladoceran biomass in the HE and LE zones,
but weakly positively associated with both cladoceran
and copepod biomass in the NE zone. Tidal amplitude
had a positive effect on cladocerans in the LE and NE
zones, but no effect in the HE zone, whereas copepods
showed the opposite—greater tidal amplitude was nega-
tively associated with copepod biomass in the LE and NE
zones. Conditional R2 (one step ahead) for the best
multiple-covariate model was similar for copepods
(among-site mean 39%; among-site range 15%–67%) and
cladocerans (32%; 9%–46%).

Phytoplankton–zooplankton interactions
(Model 3)

There was strong support in the data for trophic
interactions between zooplankton and phytoplankton
(ΔAICc > 40 compared to the “no interactions” null model,
Table 3), and interaction strengths between pairs of taxa
varied significantly among the three hydrodynamic zones
(Figure 5; Table 3; ΔAICc > 150 compared to species inter-
action model lacking spatial variation). Cryptophytes had
strong positive associations with both cladocerans and
copepods, whereas bacillariophytes and chlorophytes had
weak or no bottom-up effects on either zooplankton taxa,
and occasionally had negative effects (Appendix S1:
Table S5). In general, cladocerans had stronger negative
associations with phytoplankton than did copepods. The
strength of top-down interactions between cladocerans and
phytoplankton increased in the landward direction, concur-
rently with increases in water residence time and cladoc-
eran biomass (Figure 3B): cladocerans had strong negative
effects on all three phytoplankton taxa in the NE zone, a
negative effect on cryptophytes in the LE zone, but no
effect on phytoplankton in the HE zone. Copepods had a
negative but non-significant effect on bacillariophytes in
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F I GURE 4 Standardized effects (with 95% CI; x-axes) of environmental covariates (y-axes) on the dominant

phytoplankton and zooplankton taxa (rows; bacill, Bacillariophyta; crypt, Cryptophyta; chlor, Chlorophyta; clad, Cladocera;

cop, Copepoda) in each hydrodynamic zone (columns; HE, high exchange; LE, low exchange; NE, no exchange). CI that

span zero imply a non-significant effect. Only covariates that significantly improved model fits relative to a no-covariate

null model are shown. Effects are the maximum likelihood estimates from the best-fitting multiple-covariate phytoplankton or

zooplankton model (Models 1 and 2). Point colors correspond to taxa and point symbols correspond to hydrodynamic zones.
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the HE zone, and a weak negative effect on chlorophytes in
the LE zone, but had positive effects on phytoplankton
biovolume in the NE zone.

Conditional R2 (one step ahead) for the best
species-interactionmodel was greatest for copepods (among-
site mean 45%; among-site range 22%–73%; Appendix S1:
Table S6; Appendix S1: Figure S6), cladocerans
(31%; 6%–52%), and chlorophytes (34%; 21%–47%), and
least for cryptophytes (20%; 8%–35%) and bacillar-
iophytes (18%; 8%–32%). Including species interactions
in models with covariates increased one-step-ahead
R 2 more for zooplankton time series than for phyto-
plankton (+10% vs. +2% average increase in R 2). Within
each taxonomic group, including species interactions
improved R2 more in sites within the NE zone than in the
LE or HE zones. Within each taxonomic group, conditional
R2 varied among sites across the DWSC (Appendix S1:
Figure S6). Conditional R2 for copepod time series was
highest in the HE zone and declined in the landward direc-
tion, whereas for cladocerans, R2 was lowest near the transi-
tion from the HE zone to the LE zone (CM 44, 56, 62). R2 for
cryptophyte and chlorophyte time series showed slight
spatial variation along the DWSC, but R2 was uniformly low
for bacillariophytes regardless of location.

DISCUSSION

Overview

Few estuarine studies explicitly consider how spatial vari-
ation in residence time mediates effects of both biotic
and abiotic drivers of phytoplankton and zooplankton
biomass. We showed that controls on zooplankton and
phytoplankton biomass in a tidal freshwater portion of
the SFE varied significantly among habitats structured by
hydrodynamics and differed between taxonomic groups

(Figures 4 and 5). Spatial variation in water exchange
and water residence time, turbidity, nutrient concentra-
tions, and plankton community composition resulted in
different temporal drivers of zooplankton and phyto-
plankton biomass among habitats. A model with only
abiotic drivers explained more variation in phytoplank-
ton and zooplankton dynamics than a model including
only trophic interactions (Table 3); however, individual
phytoplankton–zooplankton interactions were generally
larger than effects of most abiotic drivers when all were
included in the same model. Interactions between zoo-
plankton and phytoplankton were strongest in landward
reaches with the longest residence times (weeks to
months; Stumpner, Burau, & Forrest, 2020) and the
highest zooplankton biomass (Figure 1, Table 2), but
were also taxon-specific.

Differences in pelagic communities and food web struc-
ture among estuaries are often driven by regional variation
in climate and watershed processes, as well as the degree of
anthropogenic influence (Don�azar-Aramendía et al., 2019;
McClelland&Valiela, 1998; Park&Marshall, 2000), whereas
variation within estuaries is often attributed to longitudinal
salinity gradients (Vinagre & Costa, 2014). Though numer-
ous studies have characterized variability in physical and
chemical drivers of community structure, our results demon-
strate that trophic interactions and their relative strengths
vary with water residence time, contributing to foodweb het-
erogeneity within estuaries at spatial scales smaller than the
freshwater to marine transition. Consequently, food web
studies may benefit from accounting for smaller-scale hydro-
dynamic variation within pelagic habitats of estuaries—the
concept of “exchange zones” as we have used here is a useful
one for defining pelagic habitats in terminal channels and
sloughs (Stumpner, Burau, & Forrest, 2020). Characterizing
trophic interactions in the context of hydrodynamic variabil-
ity will facilitate comparisons across estuaries, because
among-estuary patterns in food web structure may be
obscured by high within-estuary variation (França et al.,
2011; Ghosh&Bhadury, 2019; Pihl et al., 2002).

Biomass, community composition, and
trophic interactions linked to
hydrodynamics

The residence time of aquatic ecosystems, which is related
to water exchange rate, controls both bottom up and top
down food-web processes, leading to complex relationships
with plankton biomass (Lucas & Thompson, 2012). Long
residence times in aquatic habitats can either promote
phytoplankton biomass by increasing production and
retention (Glibert, Dugdale, et al., 2014; Howarth et al.,
2000; Stumpner, Bergamaschi, et al., 2020), or decrease

TAB L E 3 The six considered species-interaction model

versions (Model 3; n = 3450), the number of estimated model

parameters (k), Akaike information criterion for small sample sizes

(AICc), and the difference in AICc compared with the best-fitting

model (ΔAICc).

Model version k AICc ΔAICc

Taxon + zone-specific
interactions + covariates

116 8145 0

Taxon-specific interactions + covariates 92 8208 63

No interactions + covariates 80 8250 105

Taxon + zone-specific interactions 53 8388 243

Taxon-specific interactions 29 8572 427

No interactions 17 8614 469
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F I GURE 5 Standardized effects (with 95% CI; x-axes) of phytoplankton on zooplankton (“bottom-up effects”; green) and
zooplankton on phytoplankton (“top-down”; brown) in each hydrodynamic zone (A–C). Black shapes show negative effects of

phytoplankton on zooplankton or positive effects of zooplankton on phytoplankton (“other”). Point shapes correspond to

hydrodynamic zones as in previous figures. 95% CI spanning zero suggest that estimates of species interactions are

non-significant—non-significant effects are shown in gray. Y-axis labels show all estimated interactions (“taxa1-taxa2” refers to

the effect of taxa 1 on taxa 2; bacill, bacillariophyta; crypt, Cryptophyta; chlor, Chlorophyta; clad, Cladocera; cop, Copepoda).

Effects are maximum likelihood estimates from the best-fitting species-interaction model with covariates (Model 3). HE, high

exchange; LE, low exchange; NE, no exchange.
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phytoplankton biomass by enhancing zooplankton or
benthic grazing (and biomass; Kimmerer & Thompson,
2014; Pace et al., 1992) or particle settling (Lucas et al.,
2009). Positive associations between residence time and
phytoplankton biomass have been observed in the SFE and
other estuaries (Gameiro et al., 2004; Schuchardt &
Schirmer, 1991; Stumpner, Burau, & Forrest, 2020).
However, we measured lower phytoplankton biovolume in
the landward habitats (Table 2), and our models showed
increasingly strong top-down control by zooplankton in
landward areas with longer residence times (Figure 5). The
decrease in phytoplankton biovolume we observed from
seaward to landward reaches, concurrent with increased
light availability (lower turbidity), decreased dissolved
inorganic N, and increased zooplankton biomass
(Figure 1C,D,G), suggest both high phytoplankton produc-
tivity (Loken et al., 2022) and strong top-down control by
zooplankton in landward reaches.While inmany estuarine
habitats mesozooplankton biomass or grazing rates are
likely too low for top-down control of phytoplankton
(Lionard et al., 2005; Lopez et al., 2006), terminal channels
with long residence times and high zooplankton densities
may prove an exception (Montgomery et al., 2017; Young,
Feyrer, et al., 2021; Young, Howe, et al., 2021).

In addition to controlling biomass, residence time influ-
ences phytoplankton and zooplankton community compo-
sition in estuaries and rivers, with important implications
for pelagic food webs. Long residence times favor motile
phytoplankton taxa (ex., cryptophytes) that can maintain
their position within the euphotic zone, over larger cells
prone to settling (ex., centric diatoms), which thrive in tur-
bid, turbulent systems due to rapid growth rates and toler-
ance for low light (Reynolds & Descy, 1996). We observed
a seaward to landward shift from diatoms to flagellated
cryptophytes concomitant with increasing residence time
(Figure 3A), matching previous findings within the SFE
(Stumpner, Bergamaschi, et al., 2020). Similar shifts in
phytoplankton communities associated with residence
time occur in large rivers, for example between main chan-
nels and backwaters (Manier et al., 2021). Several estua-
rine studies, including ours, have shown increases in
cladoceran biomass corresponding to longer mean resi-
dence time (Montgomery et al., 2017; Young, Feyrer,
et al., 2021). These spatial differences in both producer and
grazer communities could generate spatial differences in
food web structure and trophic efficiency across habitats.

Importance of specific trophic interactions

The importance of specific zooplankton–phytoplankton
interactions in our models, coupled with weak associa-
tions between zooplankton and chlorophyll a or total

phytoplankton biovolume, suggest that quantifying
resource availability within pelagic food webs in estuaries
may require sample collection or sensor measurements
that distinguish among algal taxa. Cryptophytes had posi-
tive effects on both cladocerans and copepods in all zones
(Figure 5), despite making up a smaller proportion of total
biovolume than bacillariophytes in all but the NE zone.
In contrast, bacillariophytes had only weak positive,
or even negative, effects on zooplankton, despite a general
focus on diatoms as preferred food resources for selective
zooplankton grazers such as copepods (Irigoien et al.,
2002). A positive effect of cryptophytes on zooplankton has
been observed in freshwater environments (ex., Lake
Washington, Hampton et al., 2006), and has been ascribed
to their high nutritional value and fatty acid content
(Brett & Müller-Navarra, 1997; Galloway & Winder, 2015).
The lack of significant positive effects of bacillariophytes
on zooplankton in our study may in part reflect the
coarse taxonomic grouping in our models. Low-quality
bacillariophytes such as the chain-forming Aulacoseira
granulata were occasionally dominant within the HE zone
(Appendix S1: Figure S5); thus, grouping these with higher
quality species may have obscured trophic relationships
with zooplankton. Blooms of A. granulata were observed
throughout the Delta during summer of 2016, including
within our own dataset, yet these blooms were not associ-
ated with increases in the dominant calanoid copepod
Pseudodiaptomus forbesi (Jungbluth et al., 2021). The lack
of positive, bottom-up interactions between chlorophytes
and zooplankton is more understandable—chlorophytes
were always a minor component of total biovolume and
exhibited more extreme temporal variation (less mean
reversion, diagonal elements of B close to 1), suggesting
they are an ephemeral resource for grazers. Chlorophytes,
which tend to have higher chlorophyll:carbon ratios than
bacillariophytes (Deblois et al., 2013), were more domi-
nant in the landward reaches (Figure 3A), which may
explain why chlorophyll a increased from seaward to
landward, whereas both bacillariophyte and total phyto-
plankton biovolume decreased (Table 2, Figures 1, 3).
Chlorophyll a concentration was a poor predictor of
zooplankton biomass (Figure 4), highlighting its limita-
tions as a proxy of food availability for pelagic grazers
(Kimmerer et al., 2018).

Cladocerans appear to be more important grazers
than copepods on all three phytoplankton taxa in the
landward reaches of the DWSC (Figure 5), potentially
reflecting differences in feeding rates or feeding mode
(Sommer & Sommer, 2006). In feeding experiments, cla-
docerans have higher grazing rates on phytoplankton
than copepods (Gifford et al., 2007), though rates depend
on phytoplankton cell size. Copepods generally select
for larger phytoplankton cells than do filter-feeding
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cladocerans (Sommer & Sommer, 2006); thus, the lack of
top-down effects of copepods on bacillariophytes was
somewhat surprising. However, we may have under-
estimated direct top-down effects of copepods on phyto-
plankton, because nauplii, early copepodites, and smaller
cyclopoid copepods such as Limnoithona tetraspina were
not effectively sampled by our zooplankton net.

Another plausible explanation for the lack of top-down
effects of copepods on phytoplankton is that species such as
P. forbesi, the dominant copepod in our study system, are
omnivorous (York et al., 2014), and may not exert strong
top-down control on phytoplankton if they are consuming
alternative prey sources such as ciliates (Bowen et al., 2015).
In fact, positive associations between copepod and phyto-
plankton biomass, rather than negative top-down associa-
tions, have been shown experimentally and empirically in a
wide range of freshwater andmarine ecosystems (Hampton
et al., 2008; Sommer & Sommer, 2006; Stibor et al., 2004).
Because we did not sample microzooplankton, which often
exert stronger grazing pressure on phytoplankton than
mesozooplankton (Lionard et al., 2005), we cannot directly
estimate these food web linkages. However, significant pos-
itive associations between copepods and phytoplankton in
landward reaches (Figure 5) indicate a well-documented
trophic cascade, wherein copepod predation on microzoo-
plankton releases phytoplankton from grazing pressure
(Armengol et al., 2017; Sommer & Sommer, 2006).

Abiotic drivers of phytoplankton and
zooplankton

Phytoplankton production in estuaries responds to changes
in both light and nutrient availability (Pennock &
Sharp, 1986). The SFE receives high nutrient inputs from
agricultural and urban sources, with nitrogen and phospho-
rus generally above limiting concentrations, yet has lower
primary productivity than many other estuaries worldwide
(Cloern et al., 2014; Jassby et al., 2002). Previous work in the
SFE has demonstrated light limitation of phytoplankton
productivity due to high turbidity (Alpine & Cloern, 1988;
Cloern, 1987), though field studies have shown discrepancies
between productivity predicted by light models compared to
in situ measurements in certain habitats (Parker et al., 2012;
Stumpner, Bergamaschi, et al., 2020). Given this context, we
expected to see negative effects of turbidity on phytoplank-
ton, and only weak effects of nitrate in the landward reaches
of the DWSC where nitrogen concentrations can become
limiting in summer (Loken et al., 2022). However, only
cryptophytes showed the expected negative relationshipwith
turbidity (Figure 4), whereas bacillariophyte biomass was
positively associated with turbidity in all three zones, and
chlorophytes were positively associated in the HE zone. The

positive relationship between turbidity and bacillariophytes
may reflect resuspension of particulate matter, including
large-bodied phytoplankton cells, during turbid conditions
caused by tidal cycles, seasonal hydrology, or ship traffic.
Bacillariophytes are larger and prone to settling out of the
water column, which may explain why their biovolume
increased during periods of higher turbidity. In contrast,
cryptophytes are smaller and flagellated, making them less
dependent on resuspension to remain in the photic zone,
and they had a negative association with turbidity (Figure 4),
potentially because the diminished light availability caused
by higher turbidity was amore important factor.

Effects of nutrient concentrations on phytoplankton
are difficult to interpret at monthly timescale because
phytoplankton growth can vary at much shorter intervals
(hours–days; Lucas et al., 2006). The direction and mag-
nitude of associations between nitrate and phytoplank-
ton biovolume differed among taxa and varied spatially
(Figure 4), whereas phosphate was negatively associated
with all taxa. Negative associations between nitrate or
phosphate and phytoplankton biovolume likely reflect
uptake during growth. Bacillariophytes were negatively
associated with nitrate in the NE zone but had no
associations in the seaward zones where ammonium con-
centrations were highest (Figure 1), potentially reflecting
suppression of nitrate uptake (Dugdale et al., 2007).
Though high ammonium concentrations have been
hypothesized as contributing to declines in bacillariophyte
biomass in the SFE (Glibert, Wilkerson, et al., 2014), in
our study, high ammonium co-occurred with daily tidal
exchange and short residence times in theHE zone, compli-
cating our ability to distinguish among potential mecha-
nisms (Ward & Paerl, 2016). Chlorophytes, in contrast with
bacillariophytes, were positively associated with nitrate
concentration across zones, and nitrate had no significant
association with cryptophytes in any zone. Positive associa-
tions between nitrate and chlorophytes may reflect the fact
that chlorophyte biovolume in the landward reaches is
highest in summer, when dissolved inorganic nitrogen con-
centrations are lower. In situ measurements and incubation
experiments suggest nitrogen-limitation in the landward
reaches of the DWSC during stratified periods of summer
(Loken et al., 2022), but monthly sampling is insufficient to
capture rapid phytoplankton blooms in response to nutrient
inputs (Dugdale et al., 2007) and short-time scale variation
in hydrodynamics (Lenoch et al., 2021). Overall, the associ-
ations of nitrate and phosphate with phytoplankton were
small and frequently non-significant, suggesting that at
seasonal and inter-annual time scales other drivers were
more important.

Water temperature was positively associated with
phytoplankton biovolume, but the relationship was only
significant for chlorophytes and for cryptophytes in the
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LE zone. The positive association between temperature
and chlorophyte biovolume agrees with prior work
demonstrating greater chlorophyte biovolume in the SFE
during drought years with higher water temperatures
(Lehman, 2000). However, seasonal variation in water
temperature was much greater than spatial differences
among sites (Figure 2); therefore, we considered water
temperature a seasonal proxy in our models (Hampton
et al., 2006; Walsh et al., 2018).

While our models supported the hypothesis of both
taxon-specific and habitat-specific drivers of phytoplank-
ton, the combined set of abiotic drivers and trophic interac-
tions explained little temporal variation in phytoplankton
biovolume (Appendix S1: Table S6, Figure S6), particularly
for bacillariophytes. This is likely due to the coarse time-
scale of our sampling relative to phytoplankton doubling
rates (Loken et al., 2022).While other studies in the SFE did
not show substantial variation in primary production rates
or community composition at weekly to biweekly time
scales (Kimmerer et al., 2012), monthly sampling is insuffi-
cient to capture certain bottom-up processes, such as bloom
formation in response to nitrogen inputs or other physical
dynamics such as stratification (Dahm et al., 2016; Dugdale
et al., 2007; Lenoch et al., 2021). To better understand abi-
otic drivers of phytoplankton biomass in estuaries, mea-
surements must more closely match the time-scales at
which phytoplankton respond to their environment.

Of all the examined environmental drivers, water tem-
perature had the strongest and most consistent associa-
tions with zooplankton biomass (Figure 4). However, as
discussed in the previous section, water temperature
was essentially a seasonal proxy—both copepods and
cladoceran biomass displayed seasonality (Figure 2).
Tidally-averaged discharge had negative effects on both
taxa, consistent with observations of decreasing zooplank-
ton biomass in more dynamic environments (Pace
et al., 1992). Turbidity also negatively affected both zoo-
plankton taxa, though effects were small and mechanisms
behind this association are unclear. With the exception of
water temperature, however, individual effects of environ-
mental drivers were smaller than bottom-up effects of phy-
toplankton, especially in the landward reaches. Studies
conducted in the SFE have previously demonstrated tro-
phic interactions as more important controls on zooplank-
ton biomass than abiotic factors (Kratina et al., 2014).

Contribution of long-residence time
habitats to estuarine food web productivity

Many estuaries have sustained severe losses of habitats
such as tidal wetlands and terminal sloughs (Brophy
et al., 2019; Whipple et al., 2012). These estuarine

habitats, characterized by high light availability and lon-
ger residence times, often support higher primary and
secondary productivity than deeper or more turbulent
areas (Ahearn et al., 2006; Bukaveckas et al., 2011),
where phytoplankton are limited by access to the photic
zone and both phytoplankton and zooplankton biomass
is rapidly advected or dispersed (Breckenridge et al.,
2020). Shallow, productive habitats can subsidize adja-
cent areas with lower in situ production (Lopez et al.,
2006). Thus, loss of morphological and hydrodynamic
heterogeneity in estuaries may have negative conse-
quences for pelagic food webs. Though our study was
conducted in a simplified, artificial channel, our results
suggest that terminal estuarine habitats or other habitats
with low exchange can support high zooplankton bio-
mass. In impaired estuaries, both artificial and natural
terminal habitats with long residence times may contrib-
ute high quality food resources to the pelagic food web
(Frantzich et al., 2018), and help sustain imperiled
populations of native fishes subject to food limitation
(Hammock et al., 2021). Future work aimed at under-
standing the contribution of long-residence time habitats
to pelagic food webs, or comparing trophic relationships
across estuaries could prioritize (1) characterizing commu-
nity composition in the context of hydrodynamic varia-
tion; (2) sampling with sufficient taxonomic resolution to
quantify key trophic interactions and responses to abiotic
drivers (Ward & Paerl, 2016), and (3) sampling phyto-
plankton at higher temporal frequency to match time-
scales of responses to abiotic drivers such as nutrients.
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