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Abstract We examined growth and egg production
rates of Pseudodiaptomus forbesi (Copepoda: Cala-
noida) in the northern San Francisco Estuary (SFE),
California, USA. Data from several earlier studies
were combined with new data to assess the responses
of these vital rates to environmental factors. We
measured 118 growth rates of early copepodites (C1-
C3) and 191 egg production rates (EPRs) during
spring—autumn of 10 years between 2006 and 2018.
Samples were taken from four habitat types: brackish
open water, fresh open water, wetland, and tidal
channel. Growth rates averaged 0.21 d™' (range
0-0.53 d™ "), while EPR averaged 2.4 eggs 9~ ' d™'
(range 011 eggs @' d™'). Mass-specific EPR of
females averaged about 20% of copepodite growth
rate, meaning that specific egg production rate is not a
suitable proxy for specific growth rate of this species.
A rectangular hyperbola predicted 24% of the varia-
tion in growth rate from chlorophyll concentration and
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19% of the variation in EPR (28% with habitat type as
a covariate). Most of the chlorophyll values were
below levels where growth rate or EPR approach their
maxima. Lipid composition in a subset of samples
gave no better prediction of growth rate than chloro-
phyll and was unrelated to EPR. Growth and repro-
duction of P. forbesi were food-limited most of the
time, particularly in the open-water habitats. Despite
high variability, these measurements make clear that
the chronically low primary production in the northern
SFE imposes limits on the food web supporting
declining fish populations.

Keywords Pseudodiaptomus forbesi - Copepod -
Growth rate - Egg production rate - Chlorophyll a -
Estuaries

Introduction

Understanding the responses of copepod productivity
to fluctuations in available food resources is a key
objective of copepod ecology. Copepod productivity
can be represented by specific growth rate—the rate at
which consumed organic matter is converted to mass
of nauplii or copepodites—or by mass-specific egg
production of adult females. Growth rate estimates are
labor-intensive and enlist several widely used meth-
ods, each requiring various assumptions (Kobari et al.
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2019). Egg production rate (EPR) estimates, in
contrast, can be obtained through brief experiments
(White and Roman 1992) or by the egg-ratio method
for sac-spawning species (Edmondson et al. 1962).
Measurements of copepod growth and reproductive
rates provide information on energy flow and sec-
ondary production and are key components of popu-
lation dynamics.

If growth rate and weight-specific egg production
rate (SEPR) were equivalent measures of copepod
growth, researchers could estimate the parameters of
copepod production using relatively inexpensive
measurements of egg production (Runge and Roff
2000). Corkett and McLaren (1978) and Sekiguchi
et al. (1980) determined that SEPRs of Pseudocalanus
spp. and Acartia hudsonica, respectively, were equiv-
alent to growth rates of copepodites with saturating
food concentrations. This equivalence has been
extended to food-limited conditions in laboratory
experiments (Berggreen et al. 1988), but several field
investigations have found growth and SEPR to be
divergent (Peterson et al. 1991; Richardson and
Verheye 1998; Calbet et al. 2000), especially where
copepods are food limited (Hirst and Bunker 2003).

Growth and reproduction of copepods are often
food limited in oceanic, coastal, and estuarine envi-
ronments (Kleppel et al. 1996; Kimmel 2012). Hirst
and Bunker (2003) assembled growth rates and SEPR
from a large number of studies and modeled the
relationships of these vital rates to temperature, body
weight, and food indices (primarily chlorophyll a).
These analyses included mostly broadcast spawners
that shed their eggs freely into the water column.
Fewer data were available for sac spawners, which are
often the numerically dominant copepods in estuarine
and freshwater environments and therefore important
in the diets of planktivorous fish (Kigrboe 1998). The
dynamics of sac spawners, therefore, is critical to
understanding trophic transfer within these ecosys-
tems. However, our understanding of trophic dynam-
ics in estuaries is largely location-specific, limiting the
development of general paradigms on biological
processes (Cloern and Jassby 2010).

Estuaries are frequently regarded as productive
areas for pelagic species (Sheaves et al. 2014), and
many are eutrophic (Nixon 1986). A recent global
synthesis of primary productivity in estuaries, how-
ever, shows strong variability in phytoplankton pro-
duction among regions, seasons, and years (Cloern
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et al. 2014). Many estuaries are more accurately
characterized as mesotrophic (100300 g C m™2yr ')
or even oligotrophic (< 100 g C m™2 yr '), a cate-
gory that includes the northern San Francisco Estuary
(Cloern et al. 2014). Like many estuaries, the San
Francisco Estuary is also degraded by human activities
such as land modifications, contamination, over-
harvest, and introductions of non-native species, all
of which may contribute to variability in primary
production (Nichols et al. 1986; Cloern and Jassby
2010).

Low primary productivity in the nutrient-replete
northern San Francisco Estuary (SFE) has been
attributed to a combination of high turbidity and
benthic grazing (Alpine and Cloern 1992). Primary
productivity declined sharply in 1987 when the non-
native clam Potamocorbula amurensis became estab-
lished in brackish to saline regions (Alpine and Cloern
1992; Cloern and Jassby 2012). Introductions of
copepods and mysids have completely altered the
zooplankton assemblages in this region and may have
reduced foodweb efficiency which, together with
reduced primary productivity, now limit the availabil-
ity of food for declining pelagic fishes (Sommer et al.
2007; York et al. 2014). Understanding how copepod
productivity responds to resource limitation is there-
fore essential for understanding the availability of
copepods as nutrition for pelagic fishes in the SFE.

Two of the copepod species introduced to the SFE
are of the sac-spawning, demersal genus Pseudodiap-
tomus (Walter 1987; Orsi and Walter 1991). Pseudo-
diaptomus marinus, first detected in the SFE in 1986,
is a marine copepod first described in Japan that has
spread throughout the northern hemisphere (e.g.,
Brylinski et al. 2012). Pseudodiaptomus forbesi, a
brackish-water copepod originally from mainland
Asia, was first detected in the SFE in 1987 and is
abundant in brackish to freshwater regions of the SFE.
Adults and copepodites of P. forbesi have a flexible
pattern of vertical migration; in deep, turbid areas they
migrate in synchrony with the tides resulting in
retention (Kimmerer et al. 2002; 2014a), while in
areas where light penetrates to the bottom they are
demersal, remaining on the bottom by day (Kimmerer
and Slaughter 2016). This species is omnivorous,
consuming diatoms, flagellates, and ciliates (Bouley
and Kimmerer 2006; Bowen et al. 2015; Kayfetz and
Kimmerer 2017) as well as cyanobacteria including
the toxic cyanobacterium Microcystis aeruginosa (Ger
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et al. 2018; Holmes and Kimmerer submitted). Since
its introduction, P. forbesi has been the most abundant
calanoid copepod in the northern SFE (Orsi and
Walter 1991; Kayfetz and Kimmerer 2017). After
1993, though, its distribution shifted eastward toward
fresh water and it is now uncommon at salinities
greater than 2 (Kayfetz and Kimmerer 2017), probably
as a result of increased predation mortality to nauplii
(Kayfetz and Kimmerer 2017; Kimmerer et al. 2019).

We synthesized data on growth rate and EPR of P.
forbesi from published studies conducted during
2006-2016 with new data from 2017 and 2018. The
objective of this synthesis was to investigate vital rates
across a broader range of environmental conditions
than had been encountered in any individual study.
Each of the studies had different objectives and
designs, but all collected data on chlorophyll a con-
centration (hereafter “Chl a”) and in most cases both
growth and egg production rates. We analyzed these
data: 1) to broaden the data available to analyze the
responses of P. forbesi copepodite growth and EPR to
Chl a as a measure of productivity of the pelagic food
web; 2) to determine if SEPR was useful as a proxy for
copepodite growth in this species; and 3) to determine
whether variation in vital rates among habitats of the
northern SFE was due simply to variation in food
supply as represented by Chl a, or to other character-
istics of these habitats.

Materials and methods
Study area

The San Francisco Estuary includes (from west to east,
i.e., seaward to landward) the open waters of San
Francisco and San Pablo Bays, Carquinez Strait, and
Suisun Bay, and the California Delta (Delta) formed
by the confluence of the Sacramento and San Joaquin
Rivers (Fig. 1). The Delta is a network of tidal sloughs
and channels mostly confined between engineered
levees that protect islands and mainland areas largely
used for agriculture. Tidal flows vary across regions,
from ~ 12,000 m> s in Carquinez Strait, between
1800 and 5900 m® s~ ' at the eastern end of Suisun
Bay, to approximately 60 m> s~" in the Cache Slough
Complex of the northern Delta (Kimmerer 2004;
Morgan-King and Schoellhamer 2013). Monthly mean
freshwater flow from the Delta into Suisun Bay (“net

Delta outflow,” hereafter “outflow”) during
1980-2019 ranged from 50 to 7600 m?>s™', with
highest flows occurring during winter—spring (https://
data.cnra.ca.gov/dataset/dayflow, accessed July 3,
2020).

In the northern Delta, the Yolo Bypass is a partially
leveed floodplain built to protect the city of Sacra-
mento from winter floods (Fig. 1). The Yolo Bypass
has flooded in more than 60% of winters since its
creation in the early 1930s, providing important
spawning and rearing habitat for native fishes (Som-
mer et al. 2001). During the summer—autumn dry
season, the Yolo Bypass is confined to a narrow
(<50 m wide) and shallow (< 5 m deep) tidal
channel connected to the Cache Slough Complex
(CSC) (Morgan-King and Schoellhamer 2013; Frant-
zich et al. 2018). The CSC is a tidal wetland
comprising a network of turbid backwater channels
and marshes that are rare elsewhere in the Delta
(Whipple et al. 2012). During summer—autumn, water
within the wetland and tidal channel is warmer, has
longer residence times, and periodically has greater
phytoplankton biomass than in adjacent open-water
regions (Schemel et al. 2004; Gross et al. 2019).

We categorized our sampling and analyses into four
habitat types: (1) brackish open water (salinity
0.5-6.8), which includes samples collected in Car-
quinez Strait, Suisun Bay and the tidal brackish
reaches of the Sacramento and San Joaquin Rivers; (2)
fresh open water (salinity < 0.5), which includes
samples collected in Suisun Bay, and the tidal fresh
Sacramento and San Joaquin Rivers; (3) the restored
and remnant wetlands of the Cache Slough Complex
(wetland); and (4) the perennial tidal channel (tidal
channel) forming the eastern boundary of the Yolo
Bypass floodplain (Fig. 1).

Field sampling and vital rate estimates

We collected samples during ten years from 2006 to
2018 from late spring to autumn (Tables 1, 2). Not all
habitats were sampled in all years or months, and the
wetland and tidal-channel habitats were sampled only
in 2015-2018. We measured water temperature,
salinity, turbidity, Secchi depth, and water depth,
and collected site water for Chl a at each station
(Fig. 2). Sometimes EPR and growth rate were
measured on different days, and at other times only
growth rate or EPR was measured (Table 2).
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Fig.1 Map of northern San Francisco Estuary, from Carquinez
Strait to the northwestern California Delta. Sampling locations
are identified by habitat type: open water (drawn line), wetland
(filled triangle) and tidal channel (diamond). Dashed box

Temperature and salinity were measured using a
Seabird SBE-19 CTD, handheld YSI Model 30, or
handheld Hydrolab Sonde Quanta conductivity meter.
Turbidity in some programs was measured with the
Seabird SBE-19 or estimated from long-term moni-
toring data (see below) on turbidity (nephelometric
turbidity units, NTU) and the inverse of Secchi depth
(m) with a generalized linear model having an identity
link and variance proportional to the mean squared
[turbidity = — 1.27 + (1/Secchi) (7.93 £+ 0.05), N =
12787]. Surface water was collected in 2-L. Nalgene
polycarbonate bottles and immediately placed in a
dark cooler containing wet ice for transport to the EOS
Center (37.8895°N, 122.4470°W). At the laboratory,
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indicates the estuarine transition zone of sampling where fresh
and brackish open-water habitats converge (package ggmap in
R, Kahle and Wickham 2013)

usually within 3 h from water collection, we filtered
three replicate samples of site water onto 25-mm-
diameter GF/F filters (Whatman, nominal pore size
0.7 um) and three onto 25-mm-diameter 5-pm poly-
carbonate filters (GE Water and Process Technolo-
gies). Filters were stored in the dark at — 20 °C until
analyzed. Pigments were extracted from the filters in
90% (v/v) acetone in the dark at — 20 °C for 24 h, and
fluorescence was measured with a Turner Designs
10-AU benchtop fluorometer calibrated annually with
Chl a (Turner Designs) (Arar and Collins 1997). We
report mean Chl a and mean Chl @ > 5 pm of 3 filters
of each type from one water sample collected at each
site. During 2015-2016, we used Chl a data on GF/F
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Table 1 Summary of P. forbesi growth-rate incubations (N = 118) conducted during 2006-2018

Years Months Habitat Method Incubation type

2006-2007* May-Jul Open water AC mass 4-L Cubitainers® in outdoor water bath

2010-2012° Aug—Oct Open water Molt rate 175-mL bottles, plankton wheel, constant-temperature room

2015¢ Jun, Jul, Oct Wetland AC volume 4-L Cubitainers®, in situ moored floating raft

2015-2018¢ Jul-Oct Open water; tidal channel AC volume 2015-2017: 4-L Cubitainers®, in situ moored floating raft;
2018: 2-L bottles, plankton wheel, indoor water bath

2017-2018 Sep—Nov Open water AC volume 2017: 2-L bottles, plankton wheel, constant-temperature room;
2018: 2-L bottles, plankton wheel, indoor water bath

2018 Aug, Sep Wetland AC volume 2-L bottles, plankton wheel, indoor water bath

Methods for measuring growth: artificial cohort (AC), using direct carbon measurements (mass, N = 12) or volume converted to
carbon (volume, N = 84) using empirically derived volume-to-carbon calibration of copepodite life stages; molt rate (N = 22), using

stage durations determined in the laboratory from field-collected copepods along with carbon mass by stage

“Kimmerer et al. 2014b
PKimmerer et al. 2018b
“Kimmerer et al. 2018a
dOwens et al. 2019 (2015-2017 only)

filters only collected by the Department of Water
Resources (DWR; Frantzich et al. 2018); samples
taken in 2017-2018 by our laboratory were closely
correlated with those taken by DWR at the same times
and places (slope = 1.0, r = 0.97, 62 df).

During sampling in the tidal channel in 2017 and
2018, we also collected samples for analysis of lipid
content of particulate matter as a measure of food
quality. Details of methods are provided by Owens
et al. (2019). Briefly, we filtered 800 mL (median;
range 325-1500, depending on particulate concentra-
tion) whole-water samples onto pre-combusted
47-mm-diameter GF/F filters and shipped the frozen
(— 80 °C) filters on dry ice to the Memorial Univer-
sity of Newfoundland Aquatic Research Cluster for
analysis. Filters were ground in chloroform—methanol,
and lipid classes were analyzed using Chromarod thin-
layer chromatography with latroscan flame-ionization
detection calibrated with standards for each lipid class
from Sigma-Aldrich (Parrish 2013). Individual lipid
compounds were identified and quantified using
capillary gas chromatography with flame-ionization
detection (Parrish 2013). Here, we use long-chain
essential fatty acids (LCEFA), calculated as the sum of
eicosapentaenoic acid (EPA), arachidonic acid
(ARA), and docosahexaenoic acid (DHA), as a
percentage of total fatty acids (Galloway and Winder
2015; Owens et al. 2019). The 2018 samples were

delayed during shipment and reached room tempera-
ture for several days before analysis and were
somewhat degraded (see Results).

We completed 118 growth-rate experiments with P.
forbesi under conditions and using methods that varied
among studies (Table 1). We examined residuals from
the statistical models that best fit the data (see below)
for evidence that these differences affected our
interpretations but found none, though note that
differences among habitats could be partly due to
these differences in methods. Most growth-rate sub-
samples were incubated in a constant-temperature
room or water bath set to the ambient (i.e., site or
collection) temperature. During 2015-2017 at the
wetland and tidal-channel sites, incubation containers
were placed in plastic netting suspended below a raft
moored in an energetic tidal stream near the collection
site (Kimmerer et al. 2018a; Owens et al. 2019).

In most of our studies (Table 1), we used a modified
version of the artificial cohort (AC) method to estimate
growth rates (Kimmerer and McKinnon 1987; Kim-
merer et al. 2007). For the AC method, live copepods
were collected by gentle sub-surface tows with a
150-pm mesh, 0.5-m-diameter ring net. We gently
transferred copepods from the cod end of the net to a
20-L insulated cooler filled with 35-pum-filtered site
water. The copepod assemblage was size-fractionated
by gentle reverse filtration through nylon mesh filters

@ Springer
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Table 2 Summary of methods and flow conditions for P. forbesi egg production rate (EPR) samples (N = 191)

Years Months  Habitat Timing Net mesh size (um)  Tow type Net outflow (m® s!)
Mean Range
20062007  May-Jul Open water Same date Vertical 2006: 645  290-1000
2007: 213 152-266
2010-2012° Aug—Oct Open water ~?2 d apart Vertical 2010: 161 155-167
2011: 313 251-346
2012: 133 127-138
2016° May, Jun  Open water; wetland EPR only Horizontal, 1 min 2016: 272 200-344
2015-2018 Jul-Oct Open water; tidal channel ~ Same date 150 Horizontal, 3-5 min  2015: 132 127-137
2016: 185  147-234
2017: 453 273-796
2018: 159  141-172
2017-2018 Sep—Nov ~ Open water Same date Vertical 2017: 296  256-366
2018: 157  142-172
2018 Aug, Sep  Wetland ~1 d apart Horizontal, 1 min 2018: 163 163

“Timing” column indicates when EPR samples were taken in relation to growth-rate samples. All net tows with 0.5-m-diameter ring
net; vertical tows to 10 m depth, or 1 m from bottom; horizontal tows just below water surface (max depth ~ 0.5-1 m). Mean and
range of outflow are for months in which sampling took place in each habitat (https://data.cnra.ca.gov/dataset/dayflow)

“Kimmerer et al. 2014b
PKimmerer et al. 2018b
“Jungbluth et al. 2020

to obtain the size range 200-224 pum, approximately
the size expected for C1-C3 P. forbesi copepodites.
Subsamples from this artificial cohort were taken to
obtain ~ 30-40 copepods L' and transferred alter-
nately to incubation containers and to jars for preser-
vation. Containers were either 2-L square PETG
Nalgene bottles or 4-L Cubitainers® filled with
35-um-filtered surface water from the site. Samples
in containers were incubated for 1-4 days depending
on temperature. Initial and incubated samples were
preserved in 2% (final conc.) glutaraldehyde which
minimizes change in mass or volume during preser-
vation (Kimmerer and McKinnon 1986).

Copepod carbon for calculating growth rates was
measured in one of two ways—directly and from
volumes of individual copepods. In 20062007, all
copepods from each growth-rate subsample were dried
and analyzed for particulate carbon with an elemental
analyzer (method called “AC mass,” Table 1; Kim-
merer et al. 2014b). Thereafter, we used image
analysis (Alcaraz et al. 2003) to estimate volume of
each copepod which was calibrated to carbon.
Aliquots of preserved samples were examined, and
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all P. forbesi were transferred to a Petri dish, and this
process was repeated to obtain a total of at least 30
copepods. Copepods were measured using a Spot Idea
S8APO digital camera mounted to a Leica M125
dissecting microscope, and ImagelJ software was used
to estimate volume (mm®) of each copepod, which was
converted to carbon mass (“AC volume,” Table 1)
using an empirical volume/carbon calibration for P.
forbesi with a prediction error of 14% (Kimmerer et al.
2018a; Owens et al. 2019). For both AC mass and AC
volume, growth rate was calculated as the slope of In
(carbon) versus time of incubation with a linear model
over the entire incubation period. In 93 growth-rate
measurements, we terminated some replicate incuba-
tion samples at intermediate time points as a check on
linearity. These were analyzed using a linear model
with an additional parameter for a change in slope
after the first incubation interval. In nine of these 93
measurements, growth rates changed during the incu-
bation period, so for these growth rate was determined
only over the first incubation interval (1 or 2 d).
During 2010-2012, we used the modified molt-rate
method to determine growth rates (Hirst et al. 2014;
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Fig. 2 Environmental conditions by habitat (symbols) in SFE
during sampling for growth rate and egg production estimates,
2006-2018. Each data point gives the mean and 95% confidence
intervals around the mean for all samples taken during each
year; some confidence intervals fall within the height of the
symbol. Points have been moved slightly in the x direction to
make all points visible: a concentration of chlorophyll
a collected on GF/F filters and b on 5-pum filters; ¢ temperature;
d salinity (Practical Salinity Scale); e turbidity

Kimmerer et al. 2018b). Live copepods were collected
and handled as for the AC method. In the laboratory,
we pipetted individual copepods into 175-mL bottles
filled with 35-um-filtered site water. Bottles were
placed on a plankton wheel rotating at 1 rpm in a
constant-temperature room for 48 h. At the end of
each incubation, bottles were filtered onto a 35-um
mesh screen and copepods were transferred to 20-mL
glass vials, stained with Chlorazol Black E, and
preserved with 4% (final conc.) formaldehyde. Pre-
served samples were later examined for the presence
of a stained copepod and at least one exuvia. A
development-rate index was estimated as the ratio of
the fraction of copepods that molted to the expected
fraction from laboratory experiments, adjusted to field
temperatures. Growth rate was calculated as the
product of laboratory-determined growth rate adjusted
to field temperature and this development-rate index.
To account for the uncertainties in laboratory growth
and development and count data, we calculated the

development-rate index and growth rate using Baye-
sian hierarchical models (Kimmerer et al. 2018b).

We estimated 191 EPRs of P. forbesi. Live
copepods were collected with 0.5-m-diameter plank-
ton nets with some variation in mesh sizes and
methods (Table 2). Cod-end contents were immedi-
ately transferred to sample jars and preserved in 4%
(final conc.) buffered formaldehyde. Egg production
rates were estimated using the egg-ratio method
(Edmondson et al. 1962) with egg development time
calculated from ambient (i.e., site or collection)
temperature using an equation in Sullivan and Kim-
merer (2013). In the laboratory, one or more repre-
sentative subsamples were taken and all adult P.
forbesi females were identified as either ovigerous or
non-ovigerous. Egg sacs attached to females were
removed and eggs counted from at least 30 ovigerous
females, or all females in the subsample, and loose egg
sacs identified as those of P. forbesi were dissected and
their eggs were counted. The mean number of eggs per
sac in the sample was used to extrapolate to any
additional ovigerous females in the subsample. The
egg ratio was calculated by dividing the sum of all
eggs by the sum of all females in the subsample (or
sample). Data used here were restricted to samples
with at least 20 total females (median 126, maximum
838) to minimize the effect of high relative error in
low counts.

Most of our field sampling for growth rate and EPR
occurred at the same location and time, but because of
logistical constraints some samples for growth rate
and EPR were collected on different dates and
somewhat different locations (Table 2). In
2010-2012, EPR samples were collected ~ 2 d
before or after growth-rate incubations were initiated
and we linked growth rate to mean egg production
rates from three or four EPR stations near the growth-
rate collection sites (Table 2; Table 1 in Kimmerer
et al. 2018b). In 2018, we initiated growth-rate
incubations 1 d before EPR samples were collected
at the same locations. For these samples, we linked
growth and EPRs as if they had been collected on the
same day and location to allow for comparison with
our other studies.

Specific egg production rate (SEPR) was calculated
using EPR and the ratio of egg carbon to female carbon
(Kimmerer et al. 2014b, 2018b). We used reported
summertime female carbon content (4 pg C per
female, Kimmerer et al. 2018b) and calculated mean
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egg carbon content from mean egg diameter (97 pm,
Kimmerer et al. 2014b) and a carbon/volume ratio of
0.13 pg C um ™ (Kigrboe and Sabatini 1995; Uye and
Sano 1995), so that SEPR = EPR x 0.015. Female
size can be inversely related to temperature (McLaren
1965), but we did not determine female size for all
adult copepods in our analyses. The inter-quartile
range of temperature for all samples used in our
analyses was < 9 °C, and we expect any error asso-
ciated with using mean female size to calculate SEPR
to be small.

Long-term monitoring data

We obtained zooplankton abundance data from a long-
term monitoring program to provide context for our
vital rate estimates. The California Interagency Eco-
logical Program (IEP) has maintained a zooplankton
monitoring program since 1972, collecting monthly
samples throughout larger channels in the northern
SFE (Environmental Monitoring Program, Orsi and
Mecum 1986; Winder and Jassby 2011). To ensure the
wetland habitat was represented, we also obtained P.
forbesi abundance data from the spring 20-mm fish-
monitoring program run by California Fish and
Wildlife (CDFW) for IEP (Dege and Brown 2004).
Complete data sets are available from CDFW (https://
portal.edirepository.org/nis/mapbrowse?scope=
edi&identifier=539 accessed January 17, 2021), and
methods are outlined in the Supplement. Adult Pseu-
dodiaptomus in these samples were identified to spe-
cies, and copepodites to genus; since P. marinus adults
were rare in all of our samples, we assumed all
copepodites were P. forbesi. Neither of these moni-
toring programs collected samples in the tidal channel
so we used our own copepod abundance data from
2015 to 2018. Previous studies have demonstrated
similar abundance patterns between the IEP monitor-
ing program and our sampling (Kimmerer et al.
2014b, 2018a).

After merging the monitoring data sets, we calcu-
lated mean abundance by year and habitat for late
spring—autumn (May—Oct). The abundance data had a
roughly log-normal distribution with some zeros, so
we calculated geometric means after adding 10 to each
value.
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Statistical analyses

The analyses in this study were necessarily limited by
the use of data from different studies collected for
different purposes and in different locations, years,
and months. Formal statistical tests are unwarranted
for this data set, especially given the trend in the
scientific literature away from formal testing and
toward fitting models and estimating their parameters
(e.g., Wasserstein and Lazar 2016; Smith 2020).
Therefore, we developed statistical models and esti-
mated their parameters, being mindful of the incom-
plete design of the data set. Our default approach was
to use all the data available and to examine the effects
of alternative models graphically and with statistics
including the Akaike information criterion (AIC,
Akaike 1974). Model fits were examined using
standard diagnostic procedures such as normal prob-
ability plots. Analysis and model fitting were done in
R version 4.2 (R Core Team 2020). Functions used
included Im and nls for linear and nonlinear models,
glm for generalized linear models, ggplot2 v. 3.3.2
(Wickham 2016) and patchwork v. 1.1.1 (Pederson
2020) for graphics, and predictNLS (propagate pack-
age v. 1.0-6, Spiess 2018) for predicting output from
nls with error bands. Parameters for all fitted models
are listed in Table 3.

A linear model was used to determine the relation-
ship between the log of growth rate of P. forbesi and
ambient temperature. To allow for comparison of
growth rates conducted at different temperatures, we
adjusted to a common temperature of 22 °C using the
exponential fit for egg development time to temper-
ature from Sullivan and Kimmerer (2013). This
temperature was used in a laboratory estimate of
maximum growth rate (Kimmerer et al 2018b) and is
typical of the study area during summer. Temperature-
adjusted growth rates were related to SEPR using a
geometric mean regression (Ricker 1973), suit-
able when both variables are determined with sub-
stantial error. Error terms presented throughout the
text and figures refer to 95% confidence intervals of
the mean unless stated otherwise.

Laboratory experiments measuring growth of
Calanus pacificus and Pseudocalanus spp. by Vidal
(1980) and EPR of Paracalanus parvus by Checkley
(1980) showed saturating hyperbolic responses to food
concentration. We determined the relationships of P.
forbesi copepodite growth rate and SEPR to Chl a by


https://portal.edirepository.org/nis/mapbrowse?scope=edi&identifier=539
https://portal.edirepository.org/nis/mapbrowse?scope=edi&identifier=539
https://portal.edirepository.org/nis/mapbrowse?scope=edi&identifier=539

Aquat Ecol (2021) 55:825-848

833

fitting data to a rectangular hyperbola identical to a
type II functional response for feeding:

g= C(gmax)/(c + Kg) (1)
E = C(Emax)/(c + Ke) (2)

where g is growth rate (d_l), E is EPR (eggs 9_1 d_l),
Zgmax and E;,, are maximum growth rate and EPR,
respectively, Cis Chla (ugL™"), and K, and K, are the
half-saturation constants of growth and EPR, respec-
tively. An alternative set of models was fitted in which
the maxima could vary among habitats:

g = C (gna[h])/ (C + Ky) (3)

E= C(Emax[h])/(c + Ke) (4)

where gn.x[#] and E..[h] are the maxima for each
coefficient that vary among the four habitats /. Alter-
native models were also tried in which the K values or
both parameters were allowed to vary with habitat, but
they fit the data no better than the models in Eqns. 1-4.
These models assume that Chl a was measured with
relative errors smaller than those of the response
variables. We took analytical replicates, but because
of time constraints we did not take true replicates for
Chl a. We obtained a measure of uncertainty in Chl
a concentration using continuous in situ monitoring
data from several stations near our sampling locations
(Jungbluth et al. 2020) and estimated a coefficient of
variation of ~ 10% using those data (see Supple-
ment). This is small compared to the variation in
growth or egg production rates, so we ignored it for
fitting but used it in displaying model predictions.
We compared the fits of Egs. 1 and 2 with those
from three alternative models with the same data: a
nonlinear model identical to those in Egs. 1 and 2 but
with an intercept term, a linear model with no intercept
under the assumption that growth was zero when food
concentration was zero, and a constant model. Using
AIC, we found that the hyperbolic models without
intercept were superior to the alternatives for both
growth rate and EPR (not shown). This also satisfied
our expectation that growth rate and SEPR should be
near zero when Chl a was zero and reach a plateau at
high Chl a. To assess the effect of habitat, we fit
alternative models in Egs. 3 and 4 and compared them
with corresponding simpler models using AIC and
other diagnostics. Finally, residuals from the best-
fitting models (Eqgs. 1-4) were plotted against the

remaining environmental variables to determine if
they contributed to variation in growth or EPR.

During 2017 and 2018 in the tidal channel, growth
and egg production rates were analyzed for responses
to the percent of LCEFA in fatty acids using rectan-
gular hyperbolas as in Eqs. 1 and 2 with LCEFA %
substituted for Chl a (Owens et al. 2019). To account
for thermal degradation of samples taken in 2018, we
included year as a covariate, but comparison of models
with and without year using AIC showed that year did
not improve the fit. Moreover, an analysis of covari-
ance of LCEFA % with Chl a as predictor and year as a
factor revealed that predicted LCEFA % was lower by
1.4 £ 1.3% in 2018 than in 2017, further suggesting
that the effect of degradation on these results was
minor.

Results

Mean annual freshwater flow into the San Francisco
Estuary (net outflow) by water year (November—
October) ranged from 169 to 1940 m® s~'. The years
2006, 2011, and 2017 were wet (> 1000 m® s™'), but
summer flows were generally low (Table 2). Environ-
mental conditions varied by year and among habitats
(Fig. 2). In 2016 a widespread bloom of the diatom
Aulacoseira sp. elevated Chl a in all freshwater areas
and to some extent in brackish water (Fig. 2a, b). In
other years, the highest Chl a values were mostly in the
tidal channel while the open-water areas generally had
Chl a <5 ug L™'. Chlorophyll larger than 5 pm
comprised half of total Chl @ on average, and this
fraction did not differ among habitats when they were
sampled in the same year (Fig. Sla). Total Chl a was
linearly related to Chl @ > 5 pum with a slope of
1.14 &+ 0.09 and an intercept of 1.6 & 0.5 pg Chl
aL™' (Fig. S1b, Table 3). Temperature was not highly
variable among habitats or years (Fig. 2c), and salinity
was above 1 only in the brackish habitat (Fig. 2d).
Median turbidity was highest in the tidal channel, and
brackish open water was usually more turbid than
fresh open water (Fig. 2e).

Interannual patterns of abundance of P. forbesi
copepodites and adults were similar in all habitats
studied except in the tidal channel (Fig. 3). Pseudo-
diaptomus forbesi was more abundant in fresh open
water than in brackish open water, except in wet years
2006, 2011, and 2017 (Fig. 3a, b). Copepodites were
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Table 3 Parameters of best statistical models for growth (g) and egg production rate (EPR)

Response Figure =~ Model Predictors Coefficients Residual SE  Variance explained N
Growth 4 Log-linear Temperature Ln(g) = — 3.8 + 0.45 25% 115
(0.105 £+ 0.034) T
Growth at 22 °C 5 Eq. 1 Chl Zmax = 0.37 £ 0.055 0.09 24% 118
K, = 1.6 (0.9, 2.6)
5 Eq. 3 Chl, habitat  gpaxg = 0.32 £ 0.08 0.09 29% 118
Zmaxr = 0.28 £ 0.07
Zmaxw = 0.38 £ 0.09
Emaxt = 0.35 £ 0.02
K, =1.1(05, 2.0)
8a Eq. 1 Chl > 5 pum  gmax = 0.24 £ 0.035 0.09 3% 118
K, =0.1(0, 0.3)
Not Eq. 3 Chl > 5 um,  guaxg = 0.25 £ 0.05 0.09 13% 118
shown habitat Zmaxk = 0.21 £ 0.04
Emaxw = 0.31 £ 0.07
Emaxt = 0.25 £ 0.04
K, =0.1 (0, 0.3)
Growth at 15 °C - Eq. 1 Chl Zmax = 0.16 £ 0.02 0.04 24% 118
K, = 1.6 (0.9, 2.6)
Growth residual ~ S4 Linear Salinity Slope = — 0.002 £ 0.02 - - 118
Secchi, cm Slope = — 0.0002 £ 0.0003 - - 84
Depth, m Slope = — 0.002 £ 0.005 - - 68
Turbidity, Slope = 0.001 + 0.001 0.1 2% 94
NTU
Egg production 7 Eq. 2 Chl Enax =41+ 05 1.5 19% 191
K. =39 (2.1, 6.6)
7 Eq. 4 Chl, habitat  Ejp =3.3 £ 1.1 1.4 28% 191
Enaxp =35+ 1.0
Enaxw = 8.0 £ 2.1
Emaxr = 3.6 £ 0.9
K. =29 (15,5.0)
Not Eq. 2 Chl>5um E;nw=32£09 1.6 11% 168
shown K. = 1.1 (04, 2.1)
8b Eq. 4 Chl > 5 pum, E;upg =2.6£0.8 1.5 24% 168
habitat Epaxe = 2.7 £ 0.7
Epaxw = 72 £ 1.9
Enaxr =28 £ 1.0
K.=0.7(03, 1.4)
Egg production S5 Linear Salinity Slope = — 0.003 £ 0.02 - - 191
residual Secchi, cm  Slope = — 0.00006 + 0.003 — - 167
Depth, m Slope = — 0.01 + 0.06 - - 137
Turbidity, Slope = 0.005 £ 0.01 - - 185
NTU
Growth 9 Geometric  SEPR Slope =52 £ 1.3 - R =029 92
mean

Intercept = 0.09 + 0.03
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Table 3 continued

Response Figure =~ Model Predictors Coefficients Residual SE  Variance explained N
Growth at 22 °C  10a Eq. 1 mod LCEFA% Zmax = 0.37 £ 0.26 0.08 16% 34
vs. lipids and K, =4.2 (04, 16)
chlorophyll 10b Eq. | Chl Zmax = 0.29 £ 0.07 0.08 20% 34
K, =1.0(02, 2.4)

Egg production 10c Eq. 2 LCEFA% No fit - - 31
vs. lipids and 104 Eq. 2 Chl Emax = 7 (3, 93) 1.6 32% 31
chlorophyll K. = 14 (4, 338)

Chlorophyll size - Linear Habitat Brackish = 0.58 + 0.06 0.28 NA 251

model Fresh = 0.54 + 0.05
Wetland = 0.50 £ 0.14
Tidal = 0.51 £+ 0.09
S1b Linear Chl > 5 um  Slope = 1.14 £ 0.09 29 0.75 214
model Intercept = 1.6 & 0.5

Coefficients are given with confidence intervals, in parentheses if asymmetrical. Subscripts for coefficients are first letters of habitats:

brackish open water, fresh open water, wetland, and tidal channel

generally more abundant in the wetland and tidal
channel than in the brackish and fresh open waters
(Fig. 3). In the tidal channel, sampled only from 2015
to 2018, copepodite abundance averaged ~ 35-fold
higher than adult abundance (Fig. 3d).
Pseudodiaptomus forbesi growth rates averaged
0.21 £ 0.05 d™" across all sampling events and
habitats (Table 4) and were positively related to
temperature with a slope similar to that used to adjust
growth rates to a common temperature of 22 °C
(Fig. 4; see Table 3 for parameters of all fitted
relationships). Unadjusted growth rates did not differ
between the brackish and fresh open-water habitats
when both were sampled, but were generally higher in
the wetland and tidal-channel habitats than in the
open-water habitats (Fig. S2a). Seasonal patterns in
growth rate were not strong, though there was a
general decline toward the end of the year, mainly a
response to temperature (Fig. S3a). The model for
growth rate adjusted to 22 °C as a function of whole
Chla (Eq. 1, Fig. 5, thin lines, Table 3) explained 24%
of the variance. One value from the wetland and one
from the tidal channel exceeded the laboratory-
derived maximum growth rate (~ 0.51 d~'). Equa-
tion 3 (Fig. 5 thick lines, Table 3) fit slightly better
than Eq. 1 (AIC difference of 3), but that difference
was influenced by the single high growth rate in the
wetland and the single high Chl a in the fresh open-
water site; without those two data points the difference

in AIC was negligible at 0.8. Because of the high
influence of the two data points, the unavoidable
covariance between K, and g, and the limited
overlap among sample periods for habitats, we used
the simpler model (Eq. 1) to represent the relationship
of growth rate to Chl a. Residuals from Eq. 1 had no
apparent relationship to environmental variables
(Table 3, Fig. S4).

Pseudodiaptomus forbesi egg ratios (eggs 27)
showed no relationship to temperature (Fig. 6). Egg
production rate averaged 2.0 eggs 9" d™! across all
sampling events and habitats and reached a maximum
of 11 eggs 97" d~" (Table 5). Egg production rates had
no apparent trend over years and were similar among
habitats when more than one was sampled (Fig S2b); a
downward trend through the seasons was mainly due
to changes in temperature (Fig. S3b). A rectangular
hyperbola between EPR and Chl a (Eq. 2) explained
only 19% of the variance in EPR, which was improved
by adding habitat as a covariate (Eq. 4, Fig. 7,
Table 3). The habitat effect was largely due to the
elevated EPR in the wetland (Fig. 7c), which was
based on only seven data points from two years
(Table 2). Residuals from Eq. 4 had no apparent
relationship to environmental variables (Table 3,
Fig. S5).

Using Chl a > 5 pm as a predictor in place of
whole Chl a did not improve the fits either for growth
rate adjusted to 22 °C or EPR (Fig. 8, Table 3). The fit
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Fig. 3 Pseudodiaptomus forbesi abundance in SFE during late
spring—autumn (year days 120-304), 2006-2018. Adults are
filled diamonds; copepodites are inverted triangles. Abundance
values are plotted as volumetric means plus 10 with error bars
representing 95% confidence intervals. The y-axes are logarith-
mic scale. Abundance data from IEP long-term zooplankton
monitoring program (a brackish open water; b fresh open
water), CDFW spring 20-mm fish survey (¢ wetland), and
Owens et al. (2019) (2015-2017) (d tidal channel). Horizontal
dashed line drawn at 1000 m ™ to compare habitats

for growth rate was exceptionally poor, explaining
only ~ 3% of the variance using Eq. 1 and 13% using
Eq. 3 (Table 3). The fits for EPR using Chl a > 5 pm
were better than those for growth whether using Eqs. 2
or 4 (Table 3), but still explained less of the variance
than did either Eqgs. 2 or 4 using whole Chl a. Regard-
less of the equation, the half-saturation constants K,
and K, were much lower for Chl @ > 5 um than for
whole Chl a (Table 3).

All estimates of SEPR were well below the
laboratory-derived maximum copepodite growth rate
of ~ 0.51 d~ !, and SEPR was lower than growth rate
when compared pairwise except for one pair in which
growth rate was negative with large error bars (Fig. 9).
Growth rate and SEPR were weakly correlated and a
geometric mean regression of growth rate on SEPR
gave a slope of 5.2 and an intercept of 0.09 d™'
(Fig. 9, Table 3). Thus, SEPR was positively related to
growth rate, but the intercept implied copepods grew
at 0.09 d~' even when SEPR was zero (Fig. 9).

Growth rates determined in the tidal channel and
adjusted to 22 °C had a similar response to LCEFA %

@ Springer

as to Chl a when both were determined (2017 and
2018; Fig. 10a, b, Table 3), and had nearly identical
residual standard errors of 0.08 d~'. A similar model
for egg production rate showed a weak response for
Chl a and no response for LCEFA % (Fig. 10c, d).
Parameter estimates for Chl a in this subset (Table 3)
were consistent with those from the entire data set
(Figs. 5, 7) though with wider confidence intervals
reflecting the smaller sample size. Adding year as a
covariate to the nonlinear models for LCEFA % did
not improve the fits, as determined by AIC.

Discussion

Results from the two earliest studies included in this
paper (Tables 1, 2) showed little to no relationship
between the vital rates of Pseudodiaptomus forbesi
and Chl a in the SFE, partly because of the limited
range of Chl a in those studies (Kimmerer et al.
2014b, 2018b). By combining the results of studies in
a variety of habitats and at times of elevated Chl a, this
study has clarified these relationships.

Using all of the available data, the growth rate of P.
forbesi was described by a hyperbolic function of Chl
a (Fig. 5). Although growth rate was strongly associ-
ated with habitat—chronically low in the open water
and sometimes high in the wetland and tidal channel
(Fig. 5)—nearly all of this spatial variability was
related to differences in Chl a, and only a few data
points hinted at differences among habitats not
explained by Chl a. Moreover, effects of other
covariates were negligible. Chl a predicted EPR
nearly as well as it did growth rate, and the fit was
strengthened with habitat as a covariate (Fig. 7).
Below, we compare Chl a with other proxies for
copepod food, the role of reproductive strategy in
copepod vital rates, and the differences in vital rates
between copepodites and adult females and how those
rates respond to the environment. Last, we explore the
physical and biological processes controlling estuarine
primary productivity and how this variability affects
consumers such as copepods and pelagic fish.

Proxies for copepod food quantity and quality
Chlorophyll a concentration is the most widely used

proxy for food available to copepods (Hirst and
Bunker 2003; Bunker and Hirst 2004). It can be
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Table 4 Pseudodiaptomus forbesi copepodite growth rates in SFE
Years Months Habitat Observed Adjusted growth rate 22 °C
growth rate
Mean £ CI SD (N) Range Mean = CI  SD (N) Range
2006-2007*  May-Jul Open water 0.14 £ 0.04 0.07 (12) - 0.01-0.24 0.16 £ 0.05 0.08 (12) — 0.01-0.28
2010-2012°  Aug—Oct Open water 0.18 £ 0.02 0.04 (22) 0.09-0.24 0.23 £0.03 0.06 (22) 0.09-0.32
2015°¢ Jun, Jul, Oct Wetland 0.35 £ 0.09 0.10 (9) 0.23-0.53 0.30 £ 0.13 0.20 (9) 0.15-0.68
2015-2018  Jul-Oct Open water; 0.27 £ 0.03 0.10 (56) 0.03-0.47 0.27 £ 0.03 0.10 (56) 0.03-0.54
tidal
channel
2017-2018  Sep—Nov Open water 0.12 £ 0.03 0.06 (15) 0.06-0.27 0.18 £ 0.05 0.09 (15) 0.09-0.42
2018 Aug, Sep Wetland 0.19 £ 0.10 0.06 (4) 0.11-0.25 021 £0.11 0.07 (4) 0.12-0.28
All 0.21 £0.05 0.07 (118) — 0.01-0.53 0.22 £ 0.07 0.10 (118) — 0.01-0.68

Means with 95% confidence intervals (CI), standard deviations (SD) and number of experiments (N); ranges are the lowest and
highest values. Last row (“All”) reports statistics across all sampling events, 2006-2018

“Kimmerer et al. 2014b
*Kimmerer et al. 2018b
“Kimmerer et al. 2018a
dOwens et al. 2019 (2015-2017 only)
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Fig. 4 Pseudodiaptomus forbesi copepodite growth rate (d~")
as a function of in situ temperature. Red line is a linear
regression (parameters in Table 3), and shading is 95%
confidence interval for the model’s prediction. Black line is
the relationship of the inverse of egg development time to
temperature (Sullivan and Kimmerer 2013) adjusted to cross the
red line at the median temperature

measured cheaply and rapidly, it is correlated with
phytoplankton primary production (Cole and Cloern
1987) and thereby energy supply to the pelagic food
web (Sobczak et al. 2005), and it is frequently
measured in studies of copepod ecology and energy
flow, allowing comparisons among studies (Hirst and
Bunker 2003).

The limitations of Chl a as a proxy for food of
copepods are apparent in the high variability around
the functions fitting both growth rate and egg produc-
tion rate to Chl a (Figs. 5, 7, and 8). However, there are
both statistical and ecological reasons why pre-
dictability is poor for these field-based measurements.
Statistical impediments to a tight fit include the
preponderance of the data at low Chl a concentrations
(median 3 pg Chl @ L™") which limits resolution of
both parameters, and the uncertainty in Chl a mea-
surements (coefficient of variation ~ 10%) which
induced some uncertainty in the half-saturation
parameters (Figs. 5, 8, Table 3). In addition, growth
rates were measured with a mean coefficient of
variation of 14% of individual measurements and
some highly uncertain values (error bars in Fig. 5).
Finally, the variance—covariance matrix from the fits
of Egs. 1-4 showed that half-saturation constants were
positively correlated with the maximum rates, which
inflates the uncertainty in each parameter. For exam-
ple, r = 0.87 between g« and K, for data in Fig. 5
(correlation not shown). Although the values of these
correlations are not of particular interest, the correla-
tions inflate the uncertainty of both model parameters.
This problem of fitting asymptotic curves is unavoid-
able but has been largely ignored in the literature on
feeding, growth, and EPR.
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Fig. 6 Pseudodiaptomus forbesi female egg ratios in SFE
(2006-2018) as a function of temperature at the collection site

The predictive capacity of Chl a is also subject to
numerous ecological constraints. First, Chl a is a
rather crude proxy for phytoplankton biomass, as the
ratio of Chl a to phytoplankton carbon concentrations
can vary with phytoplankton species, cell sizes,
growth rates, and light levels (Eppley and Sloan
1966; Kigrboe 1993). During the 2006-2007 study
(Table 1), the median ratio of organic carbon
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with g, allowed to vary among habitats (Eq. 3). Shaded area,
95% confidence interval for the model in Eq. 1, assuming that
Chl a is estimated with an error having a standard deviation on
the log scale of 0.1. Parameter values in Table 3

estimated from counts and measurements of phyto-
plankton cells and Chl a in 2007 was about double that
in 2006, and organic carbon was more closely related
than Chl a to primary productivity measured by
incubation with '“C (Kimmerer et al. 2012; Parker
et al. 2012).

Second, copepods generally capture particles larger
than ~ 5-20 pm more efficiently than smaller parti-
cles (Hirst and Bunker 2003). However, the poor fits of
the models using Chl @ > 5 pum (Fig. 8), and the low
half-saturation constants relative to uncertainty in Chl
a measurements, suggest that these curves do not
reflect a growth response to a particular food size
class. Like other copepods (Stoecker and Egloff 1987;
Saiz and Calbet 2011), P. forbesi readily consumes
microzooplankton (Bouley and Kimmerer 2006;
Bowen et al. 2015; Kayfetz and Kimmerer 2017).
Thus, the fits in Figs. 5, 7, and 8 may indicate that Chl
a is more a measure of energy supply to the pelagic
food web which includes both large and small cells,
supporting the copepods directly and through the
unobserved microzooplankton.
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Table 5 Pseudodiaptomus forbesi female egg production rate (EPR) in SFE by individual study
Years Months Habitat EPR (Eggs o~ lah

Mean £ CI SD (N) Range
2006-2007* May-Jul Open water 1.5+ 0.6 1.0 (15) 0.0-3.2
2010-2012° Aug—Oct Open water 1.5+02 0.8 (84) 0.1-3.7
2016° May, Jun Open water 42+ 12 2.5 (20) 0.8-10.6
2015-2018 Jul-Oct Open water; tidal channel 2.1 +0.5 1.7 (56) 0.0-8.3
2017-2018 Sep—Nov Open water 1.1 £0.6 0.9 (12) 0.1-2.7
2018 Aug-Sep Wetland 39 £3.1 204 2.2-6.7
All (2006-2018) 20402 1.6 (191) 0-10.6

Means with 95% confidence intervals (CI), standard deviations (SD), and number of estimates (N); ranges are the lowest and highest

values. Last row (“All”) reports mean EPR, CI, and SD, and N across all sampling events

“Kimmerer et al. 2014b
PKimmerer et al. 2018b
“Jungbluth et al. 2020
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Fig. 7 Pseudodiaptomus forbesi female egg production rate
(EPR, left axis) and specific egg production rate (SEPR, right
axis) as a function of whole Chl a by habitat: a brackish open
water; b fresh open water; ¢ wetland; d tidal channel. Lines are

Third, samples for Chl a are taken at time and space
scales that diverge widely from those governing the
vital rates of copepods. For example, we collected
zooplankton at a spatial scale of cubic meters and
phytoplankton at a scale of liters, introducing spatial
uncertainty into estimates of the food environment

rectangular hyperbolas: the thick line was fitted to all data using
Eq. 2, and the thin line was fitted with g, allowed to vary
among habitats (Eq. 4). Parameters in Table 3

actually encountered by the copepods. A temporal
disconnect between measures of food and vital rates
arises both from the time interval between sampling
for growth rate and for Chl a in two of our studies
(Table 2), and from the time needed to convert food to
copepod biomass. For example, female Acartia tonsa
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Fig. 8 Pseudodiaptomus forbesi vital rates as functions of Chl
a > 5 pm: a, copepodite growth rate (d~") adjusted to 22 °C; b,
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data (Eqgs. 1 and 2). Shading as in Fig. 5. Parameters in Table 3.
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a (Figs. 5 and 7)

needed ~ 12 h to convert food to eggs (Tester and
Turner 1990) and females of demersal Pseudodiapto-
mus species integrate over even longer periods
(Fancett and Kimmerer 1985).

Finally, the age structure of the females introduces
bias to the egg production rate estimated by the egg-
ratio method. Pseudodiaptomus forbesi females pro-
duce their first clutch ~ 2 d or more after molting
from copepodite stage 5 (Kimmerer et al. 2018b).
Since young, pre-reproductive females are indistin-
guishable from females that are between clutches, the
egg production rate will be biased low when a large
fraction of the females is pre-reproductive regardless
of the available nutrition. Females may also become
less fecund as they age. Since mortality rate controls
the age structure, Ohman et al. (1996) recommended
correcting calculated egg production rates for mortal-
ity. We lack the data to correct these rates, although
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mortality of female P. forbesi in our study area can be
high (Kimmerer et al. 2019).

Of the above impediments to a good predictive
model of copepod growth and reproduction, the first
two could be improved by the use of better proxies for
food than Chl a. However, there is some inconsistency
among studies using alternative proxies, revealing
subtleties in the description of the foods of copepods.
These subtleties include a divergence in nutritional
requirements between copepodites and adults, as
demonstrated by elevated EPR but not growth of two
copepod species fed a mixed diet instead of a single
phytoplankton species (Koski et al. 2006). Essential
fatty acids and particulate organic carbon and nitrogen
have all shown strong relationships to copepod growth
and EPR (Houde and Roman 1987; Jonasdéttir et al.
1995). EPR of Acartia hudsonica in Long Island
Sound, USA, was highly correlated with fatty acid
composition of the seston (Jonasdottir et al. 1995), and
this relationship was linked to Chl a and abundance of
ciliates. Calanus helgolandicus EPR was also strongly
correlated with fatty acid composition, but not with
Chl a, particulate carbon, or nitrogen (Pond et al.
1996). Our limited results using LCEFA % as a
predictor contrast with the above results, in that the fit
to growth rate was no better than that using Chl a as a
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predictor, and there was no relationship between
LCEFA % and EPR (Fig. 10).

More broadly, nutrition and its support of the
growth of copepods and other aquatic organisms is
more complicated than implied by any single proxy for
food (Anderson and Hessen 1995; Anderson et al.
2020). Correlations among attributes of the food
environment may obscure the strength of relation-
ships, particularly when the attributes are measured to
different degrees of precision. Further, copepod food
is unevenly distributed in aquatic environments,
particularly in estuaries with their gradients and sub-
habitats. In the open waters of the SFE, where Chl
a was almost always low, P. forbesi EPR was
predominantly low (Fig. 7). The wetland and tidal
channel have long residence times (Gross et al. 2019),
isolating these habitats from the open waters. This
spatial decoupling of temporal variability in chloro-
phyll concentration and associated foodweb produc-
tivity allows for accumulation of phytoplankton
biomass, resulting in frequent elevation of copepod
growth rates above those in the open waters.

(b, d). Lines show fits of Egs. 1 or 2 (substituting LCEFA % for
chlorophyll in a and ¢), except that no line could be fitted to data
in panel ¢

Reproduction and growth of sac-spawning
copepods

The two reproductive strategies of copepods, broad-
casting and sac-spawning, affect both copepodite
growth (Liu and Hopcroft 2008) and female repro-
duction: sac-spawning females commonly have higher
egg hatching success and lower egg mortality and
often produce fewer eggs than broadcast spawners
(Kigrboe and Sabatini 1995). Our estimates of EPR for
P. forbesi averaged ~ 2 eggs @~ d~' (Table 5).
Estimates of EPR of other Pseudodiaptomus spp. are
not common. Two Pseudodiaptomus spp. collected
from Westernport Bay, Australia, had an average EPR
of 2 eggs 97" d~! and a maximum of ~ 6 eggs @'
d™! from laboratory experiments (Fancett and Kim-
merer 1985). In the Inland Sea of Japan, P. marinus
EPR averaged 12 eggs ¢~ ' d ™' (Liang and Uye 1997).
In the Kariega Estuary, South Africa, P. hessei EPR
averaged 20 eggs @' d ™' with a maximum of 37 eggs
@' d™" over a full year, among the highest EPR
values reported for any sac-spawning copepod (Noyon
and Froneman 2013).

The sac spawner Eurytemora carolleeae (a member
of the E. affinis complex, Alekseev and Souissi 2011)
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has been abundant in the SFE only during winter—
spring since the introduction of Potamocorbula
amurensis (Kimmerer et al. 2014b). The 2006-2007
study determined growth rate and EPR of E.
carolleeae during late spring, reporting a mean EPR
of only 3 eggs 9" d™', similar to that of P. forbesi in
the same habitats in summer (Kimmerer et al. 2014b).
EPR of E. carolleeae collected from Chesapeake Bay
was not limited by food (Lloyd et al. 2013), and
females cultured in the laboratory had a mean EPR of
38 eggs @' d7' (Devreker et al. 2012). Another
member of the E. affinis species complex collected
from Lake Biwa, Japan and cultured in the laboratory
had an average EPR of 34 eggs @' d~' (Ban 1994).
Combining results for Eurytemora spp. and Pseudo-
diaptomus spp., it is apparent that reproductive
strategy and life history do not fully explain apparent
differences in reproductive rates among sac-spawning
copepod species or populations.

Somatic growth rates of sac-spawning species are
also generally lower than those of broadcast-spawning
species (Hirst and Bunker 2003; Liu and Hopcroft
2008). Using growth rates from the literature on
copepodites of five sac-spawning taxa adjusted to
15 °C, Hirst and Bunker (2003) fitted growth rate to a
rectangular hyperbola with Chl a as predictor and
obtained a maximum growth (gmax) of 0.15 d~!. The
Zgmax Of P. forbesi in our study, determined by fitting
Eq. 1 after adjusting growth rates to 15 °C, was
similar at 0.16 & 0.02 d™" (Table 3). The Chl a at
half-saturation of growth (K,) estimated by Hirst and
Bunker (2003) was 0.02 pg Chl a-L™', much lower
than our estimated K, of 1.6 (0.9, 2.6) ug Chl aL™"at
15 °C (Table 3). This apparent difference in estimated
half-saturation constants suggests that P. forbesi may
be more susceptible to food limitation than other sac-
spawning copepods. Many of the sac-spawning
species included in the analysis by Hirst and Bunker
(2003) were from the genera Oithona and Pseudo-
calanus—the former is an ambush-feeding cyclopoid
that consumes motile prey such as ciliates and
flagellates (Sabatini and Kigrboe 1994), whereas the
latter uses a feeding current to consume both phyto-
plankton and motile prey (Corkett and McLaren
1978). Oithona vital rates may be less comparable to
those of P. forbesi or other calanoid sac spawners
because of Oithona’s behavior as an ambush predator,
and its diet of mainly motile prey may dissociate
growth from phytoplankton biomass. The K,
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estimated by Hirst and Bunker (2003) for three species
of Pseudocalanus combined was 0.8 pg Chl a-L™', a
value much closer to our estimated K, for P. forbesi.
Last, the confidence limits for K, values are typically
wide (e.g., our Table 3 and Table 3 in Hirst and Bunker
2003), largely as a consequence of covariation
between K, and g,,,, as discussed above.

Food-saturated somatic growth rate of P. forbesi in
the laboratory was slightly higher in early copepodite
stages (C1-C3, 0.51 + 0.05 d™ ") than in later stages
(C4-C5,0.45 £ 0.06 d_l, Kimmerer et al. 2018b). In
our study, growth rate of early copepodites in the field
was weakly correlated with, and much higher than,
SEPR (r = 0.28, Fig. 9). These results seem to follow
the general pattern of declining growth rate in later life
stages of calanoid copepods under both food-saturated
and food-limited conditions (Vidal 1980). Although
copepodite growth rate and SEPR can be similar when
neither is food limited (Berggreen et al. 1988; Fryd
etal. 1991), they may diverge under field conditions or
when food is limiting (Peterson et al. 1991; Hopcroft
and Roff 1998; Richardson and Verheye 1998). Five
dominant calanoid copepods in the Skagerrak had an
average copepodite growth rate of 0.27 d~' compared
to an average SEPR of 0.1 d™! (Peterson et al. 1991).
In a tropical system, copepodite growth rates were
higher than SEPR of female copepods with carbon
contents greater than 3.5 pg C per individual (Hop-
croft and Roff 1998). And our results show a wide gap
between somatic growth rate and SEPR (Fig. 9).
These differences may indicate that adult females have
different nutritional needs than copepodites and
therefore may need a more diverse diet to support
egg production than is needed by copepodites for
growth (Koski et al. 2006). In contrast, in the Alboran
Sea with low phytoplankton biomass (< 3 pg Chl
a-L™"), naupliar growth rates of Centropages typicus
were mostly lower than SEPR, suggesting food
limitation in the earliest stages (Calbet et al. 2000).
Altogether, the principal mechanisms that drive the
observed differences between growth rate of develop-
ing life stages and SEPR are related to life history,
physiology, and the way that food limitation affects
individual stages.

Pelagic habitat in estuaries

Estuaries are often considered highly productive
(Ketchum 1967), but the diversity of estuarine systems



Aquat Ecol (2021) 55:825-848

843

and the focus of much research on single estuaries
have limited the development of general paradigms
about pelagic productivity in estuaries. Recent syn-
theses have shown phytoplankton productivity to be
extremely variable within and among estuaries
because of their complex connections to land, ocean,
and atmosphere, interactions between plankton and
benthos, and modification by humans (Cloern and
Jassby 2008, 2010; Cloern et al. 2014). In many
estuaries, high turbidity from land runoff and wind-
wave resuspension attenuates light, restricting the
depth over which net growth of phytoplankton is
possible. Most of the northern SFE is an unproductive
environment where turbidity restricts light available to
support phytoplankton growth in deep channels,
benthic grazing limits accumulation of phytoplankton
biomass, and tidal mixing limits residence time in
productive areas (Cole and Cloern 1987; Lucas and
Thompson 2012; Kimmerer and Thompson 2014).

Shallow areas can be more productive than deep
areas because light penetrates through a greater
fraction of the water column, and water residence
times can be longer than in deep channels. For
example, satellite image data revealed higher Chl
a in the tributaries of Chesapeake Bay than in the main
channels (Abbas et al. 2019). However, the high
surface/volume ratio in shallow areas amplifies the
effect of benthic grazing in constraining blooms
(Lucas and Thompson 2012). In the Cache Slough
Complex of the northern SFE (“wetland,” Fig. 1),
high Chl a values are associated with long water
residence times (Downing et al. 2016; Gross et al.
2019). During winter floods in the Yolo Bypass, short
residence time and high turbidity limit the accumula-
tion of phytoplankton biomass; however, as flood
waters recede, residence times and water clarity
increase, and phytoplankton blooms can occur (Sche-
mel et al. 2004). During the dry season, the Yolo
Bypass is confined to a narrow tidal channel and
phytoplankton can bloom, especially when flow pulses
provide nutrients to sustain growth (Frantzich et al.
2018). Finally, phytoplankton blooms arising in a
tributary channel can elevate phytoplankton biomass
in main channels where conditions are unconducive to
bloom (Jungbluth et al. 2020).

From Egs. 1 and 2, the chlorophyll a concentration
where growth or EPR is 90% of the maximum is 9
times the half-saturation constant K. Thisis ~ 16 pg
Chl a-L ™! for growth, which was exceeded in 9% of

the measurements, and 26 pg Chl a-L™' for EPR,
which was exceeded in 2% of the measurements. From
long-term monitoring data since 1987, Chl a has
exceeded 16 ug Chl a-L™' infrequently in main
channels of the northern SFE, except in the southeast-
ern Delta where residence time is long (Jassby 2008).
This implies that food limitation of zooplankton is
chronic and persistent in much of the northern estuary,
except in some shallow areas where phytoplankton
biomass may accumulate. Bioassay experiments with
the cladoceran Daphnia magna, using water from sites
in the same general area as our study, showed a strong
relationship of growth rate to Chl a with a half-
saturation constant of ~ 2.5 pg Chl a-L ™" (estimated
from Fig. 3 of Miiller-Solger et al. 2002). By using
cultured bioassay organisms, the researchers elimi-
nated several of the sources of confounding variability
discussed above, but the point of saturation for growth
rate was not very different from that for P. forbesi
(Table 3).

Thus, shallow peripheral habitats may provide
areas of higher zooplankton production that support
foraging by pelagic fishes (Sommer and Mejia 2013;
Hammock et al. 2017). However, in the SFE these
areas are small and their contribution to the overall
productivity of the estuary must also be small (Jassby
and Cloern 2000). These habitats have attracted the
interest of managers who seek ways to reverse
declines in native fishes. Peripheral habitats are the
focus of study for two reasons: 1) to enhance
understanding of food webs supporting fishes of
concern, and 2) as guides for large-scale restoration
projects (Herbold et al. 2014). The endangered delta
smelt Hypomesus transpacificus continues to decline
in abundance, partly because its copepod prey is in
short supply (Sommer and Mejia 2013). Although the
usual spring—autumn habitat of delta smelt is brackish
open water, a contingent of this population occupies
the Cache Slough Complex year-round, possibly
trading off stressful temperature and salinity condi-
tions for higher availability of copepods than in their
brackish habitat (Sommer and Mejia 2013; Hammock
et al. 2017).

Our research shows that copepod vital rates in this
region are often elevated partly because of higher
phytoplankton biomass. The keys to designing large-
scale restoration projects for the purpose of supporting
pelagic fishes are: (1) to establish conditions inhibiting
settlement of benthic grazers and thereby favorable for
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accumulation of phytoplankton biomass (Lucas and
Thompson 2012) supporting higher zooplankton
growth; (2) to create or restore wetlands large enough
to make a substantial contribution to system produc-
tivity; and (3) to establish conditions under which the
fishes of concern can gain access to this food source.

Summary

The copepod P. forbesi is persistently food-limited in
the northern SFE, with periods of high growth and
reproductive rates in response to elevated phytoplank-
ton biomass as indicated by chlorophyll a concentra-
tion. Both growth rate and egg production rate had
positive, saturating responses to Chl a; although
only ~ 1/4 of the variance was explained by the
model fits, a better relationship can probably be
realized only in laboratory studies. Egg production
varied among habitats in its response to Chl a, with
elevated EPR values in the wetland. SEPR was weakly
related to, and much lower than, copepodite growth
rate. Therefore, both measures are required for a full
assessment of copepod productivity. In peripheral
habitats of the SFE, copepod growth and female egg
production were periodically high in response to
elevated phytoplankton biomass, which may support
the use of these habitats by pelagic fishes.
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