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Abstract Zooplankton are an important trophic link and a
key food source for many larval fish species in estuarine
ecosystems. The present study documents temporal and
spatial zooplankton dynamics in Suisun Bay and the
Sacramento—San Joaquin Delta—the landward portion of
the San Francisco Estuary (California, USA)—over a 37-
year period (1972-2008). The zooplankton community
experienced major changes in species composition, largely
associated with direct and indirect effects of introductions
of non-native bivalve and zooplankton species. A major
clam invasion and many subsequent changes in zooplank-
ton abundance and composition coincided with an extended
drought and accompanying low-flow/high-salinity condi-
tions during 1987-1994. In the downstream mesohaline
region, the historically abundant calanoid copepods and
rotifers have declined significantly, but their biomass has
been compensated to some extent by the introduced
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cyclopoid Limnothoina tetraspina. The more upstream
estuary has also experienced long-term declining biomass
trends, particularly of cladocerans and rotifers, although
calanoid copepods have increased since the early 1990s due
to the introduced Pseudodiaptomus spp. In addition, mysid
biomass has dropped significantly throughout the estuary.
Shifts in zooplankton species composition have also been
accompanied by an observed decrease in mean zooplankton
size and an inferred decrease in zooplankton food quality.
These changes in the biomass, size, and possibly chemical
composition of the zooplankton community imply major
alterations in pelagic food web processes, including a drop
in prey quantity and quality for foraging fish and an
increase in the importance of the microbial food web for
higher trophic levels.

Keywords Zooplankton - Sacramento—San Joaquin Delta -
Trophic interactions - Carbon biomass - Invasion -
Copepods - Mysids - Limnoithona

Introduction

Water quality and fish production have declined in many
estuaries over the last decades (Houde and Rutherford 1993;
Sommer et al. 2007; Petersen et al. 2008; Paerl et al. 2010)
as a result of multiple interacting stressors, one of which is
reduced zooplankton productivity that provides forage for
higher trophic levels (Kierboe and Nielsen 1994; Verity and
Smetacek 1996). Estuarine zooplankton is characterized by
large abundance fluctuations, often associated with flow,
salinity, and temperature changes driven by weather and
climate (Kimmel and Roman 2004; Costello et al. 2006;
Allen et al. 2008). Estuaries are also susceptible to invasion
by non-indigenous species owing to exposure to extensive
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transport vectors (Cohen and Carlton 1998), which can
greatly modify species composition and biotic interactions
that result in remarkable abundance changes (Bouley and
Kimmerer 2006). Long-term time series of biological
variables now enable us to characterize estuarine zooplank-
ton dynamics and their potential impact on upper trophic
levels; yet, there have been few formal studies that describe
decadal-scale trajectories of the total zooplankton communi-
ties in these systems (but see Zervoudaki et al. 2009; Verity
and Borkman 2010).

Decreased prey availability has been hypothesized as a
cause of long-term population declines of many pelagic
fishes in Suisun Bay and the Sacramento—San Joaquin
Delta, a complex of tidal waterways forming the landward
portion of the San Francisco Estuary (California, USA).
Declines of delta smelt (Hypomesus transpacificus), longfin
smelt (Spirinchus thaleichthys), striped bass (Morone
saxatilis), and threadfin shad (Dorosoma petenense; Feyrer
et al. 2007; Sommer et al. 2007) were caused mainly by
poor survival and growth of larval and juvenile fish
(Bennett and Moyle 1996), which prey primarily on
zooplankton (Moyle 2002; Kimmerer 2006). The decadal-
scale fish decline coincided with declines in phytoplankton
and native zooplankton production, suggesting that zoo-
plankton availability and quality played a key factor for fish
recruitment (Jassby et al. 2002; Sobczak et al. 2002;
Kimmerer 2004; Bouley and Kimmerer 2006; Cloern
2007). Substantial changes in zooplankton species compo-
sition and identification of species abundance trends have
been described in the past for this estuary (Kimmerer and
Orsi 1996; Orsi and Ohtsuka 1999; Kimmerer 2004;
Bouley and Kimmerer 2006), and causal linkages for the
decline in some native zooplankton species have been
identified (Kimmerer 2005). Reduced production at multi-
ple trophic levels also indicates that the capacity of the
Delta to support fisheries may have significantly declined
over the last three decades (Baxter et al. 2007; Cloern
2007).

The biota of this estuary was strongly shaped by
various species invasions (Cohen and Carlton 1998). The
suspension-feeding clam Corbula amurensis spread
throughout the entire Delta after its introduction in 1986
(Nichols et al. 1990; Alpine and Cloern 1992) and largely
suppressed phytoplankton production, although phyto-
plankton has rebounded in the upstream region since
1996 (Jassby 2008). The phytoplankton decline was
accompanied by a shift in species composition from a
diatom-dominated community to a higher proportion of
chlorophytes, flagellates, and cyanobacteria (Lehman
2000). Substantial changes in zooplankton abundances
and species composition due to numerous species inva-
sions also occurred over the last decades of the twentieth
century (Orsi and Ohtsuka 1999). The sampling period
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before 1990, even before the clam invasion, was charac-
terized by declines in many zooplankton species in this
estuary, including rotifers, cladocerans, copepods, and
mysids (Kimmerer et al. 1994; Cloern 2007). Declines
since the clam invasion have been attributed mainly to
clam predation and reduced phytoplankton availability
(Kimmerer et al. 2005). Zooplankton abundance declines
have been compensated by the introduction of the cyclo-
poid copepod Limnoithona tetraspina in the early 1990s,
which has become the numerically dominant copepod
species (Bouley and Kimmerer 2006). The proliferation of
C. amurensis and many subsequent changes in plankton
abundance and composition coincided with an extended
drought and accompanying low-flow/high-salinity condi-
tions during 1987-1994.

More recent precipitous population declines in the Delta
pelagic fishes since 2000 have created a new urgency for
understanding zooplankton community changes (Feyrer et
al. 2007; Sommer et al. 2007). In addition to updating the
zooplankton species records, we need to understand their
implications for the quantity and, to the extent possible,
quality of total zooplankton carbon, the primary prey for
larval fish. In the present study, we investigate zooplankton
community dynamics over the last 37 years in the upper
San Francisco Estuary and discuss the long-term and more
recent behaviors in the context of environmental changes
that occurred over the corresponding time periods. This is
one of the longest, most complete estuarine zooplankton
records available for the characterization of zooplankton
community variability. We examine changes in total
biomass, community composition, and size structure in
different regions of the Delta, all of which we use to infer
changes in the food supply to higher trophic levels,
including the pelagic fishes currently at risk.

Material and Methods
Site Description

The San Francisco (SF) Estuary is the largest estuary on the
US Pacific coast and provides important ecosystem services
to the state of California, including drinking water for over
22 million people, irrigation water for one of the world’s
most productive agricultural centers, and open water habitat
for 750 plant and animal species (CALFED 2001).
Freshwater inputs are dominated by the Sacramento and
San Joaquin Rivers, which provided on average 84% and
12%, respectively, of the freshwater during 1969-2005
(IEP 2006); smaller tributaries contributed the remaining
inflow. Flow rates exhibit considerable seasonal and annual
variation and reflect wet winters and dry summers linked to
large-scale climate oscillations. River flow in turn drives
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large fluctuations in the distribution of salinity, suspended
particles, nutrients, and biota (Cloern and Nichols 1985;
Jassby and Cloern 2000; Jassby et al. 2002)

The present study focuses on the upper SF Estuary (i.e.,
the Sacramento—San Joaquin Delta, an inverted river delta,
plus Suisun Bay) which is a heterogeneous environment of
tidal freshwater habitats, including channels, sloughs,
shallow lakes, and estuarine embayments comprising about
2.7x10® m* of open water habitat in the Delta (Jassby and
Cloern 2000) and 1.0x10® m? in Suisun Bay (Jassby et al.
1993). Allochthonous sources (mostly river inputs) account
for an average of about 85% of the annual organic matter
supply to the Delta; in contrast, internal primary production
within the system accounts for about 15%. Autochthonous
primary production is dominated by phytoplankton, while
production by macrophytes and benthic algae is relatively
small (Jassby and Cloern 2000). Allochthonous sources
probably account for an even higher proportion in Suisun
Bay (Jassby et al. 1993). This turbid nutrient-rich estuary is
a low-productive system with a mean annual primary
production in the Delta of about 70 gCm 2 (Jassby et al.
2002).

Data Collection
Sampling

Data included in this study were collected at discrete
sampling sites ranging from Suisun Bay to the upstream
central Delta (Fig. 1) during high slack tide by the
California Department of Fish and Game as part of the
Interagency Ecological Program for the San Francisco
Estuary (IEP). Samples were collected twice monthly from
April to October and monthly in March and November
between 1972 and 1993, and afterwards at a monthly
interval year-round. Sampling stations are in tidal river
habitat channels (and a few tidal marsh slough sites) that
are well mixed with depths between about 3 and 15 m.

Water Quality Variables

Temperature and electrical conductivity were measured at
every sampling event. Surface electrical conductivity was
converted to salinity using the Practical Salinity Scale 1978 in
the range of 2-42 (Fofonoff and Millard 1983) and the
extension by Hill et al. (1986) for salinities below 2. Starting
in 1976, chlorophyll a (Chl-a) was measured from water
samples collected at a depth of 1 m at each sampling station.
Chl-a concentration was determined by spectrophotometric
analysis after acetone extraction of particles collected onto
Gelman Type A/E glass fiber filters. Historical mean daily flow
rates for the upper SF Estuary are obtained with Dayflow, a
software accounting package to estimate historical hydrology

(IEP 2006). In the present study, we included estimated total
inflow (the sum of all observed river and floodplain flows to
the Delta), exports (the sum of all exports and diversions/
transfers), and outflow (after correcting total inflow for
exports, net precipitation, and within-Delta water diversions).

Zooplankton

Large-sized zooplankton were collected using a Clarke-
Bumpus net (154-um mesh size) and smaller-sized organ-
isms including rotifers, Limnoithona spp., Oithona spp.,
harpacticoids, and nauplii from pumped water through a
64-um mesh with a pump of 15-Lmin""' capacity. Pumped
water was collected in a carboy and approximately 1.7 L
sampled for analysis. Mysid species were collected with a
conical net of 505-um mesh size. Zooplankton were
sampled from bottom-to-surface using oblique 10-min net
tows or pumped water from discrete water depths (bottom,
midwater, surface). At least 200 organisms were counted
per sample (for details, see Orsi and Mecum 1986), and
organisms were identified to species or genus level
(taxonomic categories are listed in the Electronic Supple-
mentary Material (ESM) Table S1). Copepods were
classified to adult and copepodite life stages, abundant
calanoid nauplii were identified to species, and the
remaining were lumped together in a separate group.
Micro- and mesozooplankton densities were converted to
dry weight from literature-derived weight—length regres-
sions (Dumont et al. 1975; Lonsdale and Coull 1977,
Durbin and Durbin 1978; Pauli 1989; Kimmerer 2006;
Almeda et al. 2010) or direct measurements of dry weight
and assuming a carbon-to-dry weight ratio of 42% for
copepods and 45% for the remaining taxa. Mysid size was
measured for 100 (or maximum available if <100)
randomly picked individuals per sampling date and dry
weight estimated from length—weight regression equations
obtained for Neomysis mercedis and Acanthomysis bow-
mani (unpublished results from J. Orsi, California Depart-
ment of Fish and Game, Stockton). For the remaining
species, the length—weight relation of N. mercedis was
used. A carbon-to-dry weight ratio of 40% was assumed to
estimate mysid biomass (Uye 1982).

Data Analysis

In the present study, we confine the analysis to 13 stations that
have been sampled continuously over the sampling period
between 1972 and 2008, except stations M10 and S42, which
started in 1974 (Fig. 1). The stations were divided into two
almost equal groups based on their distance along the
upstream—downstream axis of the estuary (station 74 was
assigned to the downstream group). These groupings also
correspond closely to two subregions that can be identified
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Fig. 1 Map of the upper San 122%0"

121°30'

Francisco Estuary consisting
of Suisun Bay and the
Sacramento—San Joaquin Delta.
Zooplankton sampling stations
included in the present study
and the two subregions (suisun,
delta) are highlighted. Suisun
sampling stations include S42,
32, 28, 48, 54, 60, and 74,
delta stations 64, D16, 86,
D28, M10, and 92

Drainage

lap
location

“—,_ CALIFORNIA

subre

38°00'

'suis

\
N—

Zooplankton stations
[] sampled since 1972

sampled since 1974 '
A P I \ Sacramento

) River

un'
gion

San Joaquin
River

by (rotated) principal component analysis of the abundances
of L. tetraspina, the dominant species that started prolifer-
ating in the estuary in 1993 (the methods are as described by
Jassby et al. 2002). ESM Figure S1 shows the component
coefficients for the two rotated principal components and, in
particular, the consistency with the station groupings. Only
station 64 has an ambiguous affiliation, and we kept it with
the upstream group to balance the data set as much as
possible. Data from the stations in each subregion were
averaged for a regional representation of the data. Because
the division occurs near the confluence of the Sacramento
and San Joaquin rivers and the boundary between the Delta
and Suisun Bay, we refer to the downstream as the “suisun
subregion” and the upstream as the “delta subregion” (Fig. 1).

The food web of the estuary experienced major shifts
over the course of the sampling period. Especially, abrupt
food web changes related to the invasion of the clam C.
amurensis and several zooplankters occurred between 1987
and 1994 (Orsi and Ohtsuka 1999; Kimmerer 2002) and
correspond to an extended drought period. Therefore, we
sometimes choose to contrast values for the period 1972—
1986 and 1995-2008 to highlight differences between the
earlier and later portions of the sampling program and
correspond to the years before (pre-drought) and after (post-
drought) the extended drought. The latter period was further
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separated into two time periods that correspond approxi-
mately with the abrupt decline of several pelagic fishes in
2002 (Sommer et al. 2007; Thomson et al. 2010).

Annual averages were calculated from March through
November and trend statistics calculated by aggregating
stations within a region (see Fig. 1) by their mean for each
station and month. The long-term trend estimate for each
variable was then calculated as the linear slope and statistical
significance of the slope was determined using the seasonal
Kendall (for monthly data) or Mann—Kendall (for annualized
data) test (Helsel and Hirsch 1992). Slopes were expressed
as percent per year by dividing by the long-term mean of the
variable. To avoid type I error, a threshold p value of 0.005
was considered to help compensate for serial correlation
among months or among years in the time series. Calcu-
lations and tests were carried out in the R software
environment 2.10.0 (R Development Core Team 2009).

Results
Long-Term Trends in Water Quality

Characteristic of the Mediterranean climate, inflows to the
Delta are highly seasonal and peak during the winter
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months (Fig. 2). Water outflow from the Delta reflects
water inflow to the Delta, neither of which shows a long-
term trend throughout the zooplankton sampling program
(p>0.3). However, river inflow and outflow do exhibit high
interannual variability, ranging from annual average inflows
of 226 up to 2930 m’s ™' during the dry and wet El-Nifio-
Southern Oscillation years of 1977 and 1983, respectively.
An extended drought period occurred during 1987-1994
with low water inflow and outflow (averaging 490 and
268 m’s ™' for inflow and outflow, respectively). Export
rates increased significantly at 1% year ' (p<0.001)
between 1972 and 2008.

Water salinity varies widely within the system, ranging
from limnetic to sporadic oligohaline conditions in the
upstream delta to mesohaline conditions in the downstream
suisun subregion (Fig. 3). In the upstream delta subregion,
annual averaged salinity was 0.33+0.04 (SE) over the
sampling period and in suisun 4.4+0.43. Salinity varied
greatly among years and seasons, reflecting freshwater
inflow to the Delta, and was generally low in spring and
increased in summer and fall (Fig. 3). High interannual
salinity fluctuations were observed especially in the down-
stream suisun subregion, ranging from 0.2 to 11.6. Salinity
was elevated during the dry water years from 1987 to 1994
(Fig. 3). On an annual basis, salinity exhibited only a weak
positive trend in suisun and no trend in the delta during
1972-2008 (Table 1). But salinity did increase significantly
in both subregions during 1995-2008 (Table 1).

Chl-a concentration dropped significantly in both sub-
regions in the mid-1980s and has remained at a relatively
low level since then, particularly in suisun (Fig. 4).
Regional declining trends ranged from —2.7% to —6.2%
per year (Table 1) and were strongest in suisun over the
entire sampling period. Chl-a increased in the delta
subregion after 1996, but concentrations were still below
values prior to 1986. Before 1986, annual average Chl-a
concentrations for the two subregions ranged from 3.6 to
10.4 pg L', with highest values in the suisun subregion.

Since 1995, annual averages ranged from 2.7 to 4.3 ug L',
with highest values in the delta subregion (Table 2).

Long-Term Trends in Zooplankton
Contribution of Major Taxa to Zooplankton Biomass

The zooplankton community showed major changes over
the course of the sampling period, in species composition
and total abundance (Figs. 5, 6, 7, and 8). Total zooplank-
ton biomass showed high interannual variability and
significant declining trends within both regions (Table 1).
In suisun, total zooplankton biomass declined between
1972 and 1994 from about 30 to 10 ug C L™" and recovered
thereafter to about 20 ug C L™'; in the delta subregion,
zooplankton biomass dropped from approximately
60 ug C L' in the 1970s to 20 pg C L' after the early
1980s (Fig. 5a).

Rotifers showed a declining trend in both subregions
(Table 1) and decreased from an annual average of
approximately 10 and 15 pg C L' in the 1970s to 1 and
4 pg C L' after 1990, or between —7.4% and —6.1% per
year, respectively. Similarly, cladocerans declined signifi-
cantly in both subregions: from 27 to 6 pug C L' in the
delta and from 1.2 to 0.2 pg C L' in suisun. Calanoids
declined in suisun from 14 to 4 ug C L', but increased in
the delta subregion from 4 to 8 ug C L™" in the 1970s and
after 1990. In addition, cyclopoids showed a significant
increasing trend in the downstream suisun subregion from
0.4 ug C L' in the 1970s to 4 pug C L™ after 1990. In
contrast, cyclopoids declined in the delta from an annual
average in the 1970s of 4 to 1 pug C L' after 1990 and
nauplii from 2.9 to 1.7 ug C L™' (Fig. 5a and Table 1).

The contribution of rotifers to total micro- and mesozoo-
plankton biomass declined considerably in both subregions
over the sampling period. Whereas rotifers contributed more
than 25% prior to 1987, they made up <7% of zooplankton
biomass after 1994 in suisun (Fig. 5 and Table 2). In the delta,
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Fig. 3 Annual average salinity by
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the rotifer contribution declined from 25% to 18%. Clado-
cerans showed similar strong declines, particularly in the
upstream subregion (Table 2); at the upper estuary-wide
scale, their contribution declined almost twofold. In addition,
the proportion of micro- and mesozooplankton biomass
accounted for by calanoids decreased by about half in suisun
in recent years compared to the years before 1987. However,
this taxonomic group showed a regional increase in the delta
from 12% to 37% of micro- and mesozooplankton biomass.
The regional decline of rotifers, cladocerans, and calanoids
was counterbalanced by an increase in cyclopoids in suisun.
In this subregion, cyclopoids comprised <2% of zooplankton
biomass before 1987 but contributed more than 24% after
1994, and the proportion of nauplii increased from <18% to
more than 28% over the same time period (Fig. 5 and
Table 2). Even though species of this ontogenetic life stage

1975198019851990199520002005 197519801985 1990 199520002005

Year

were only identified for abundant calanoid species, it can be
assumed that the majority of nauplii were L. tetraspina
species as this species dominated copepod abundance after
1994 and calanoids decreased in this subregion.

Long-Term Trends of Zooplankton Species Composition

The dominant copepod species were essentially replaced by
newly introduced species over the 37-year study period.
Trend statistics of zooplankton species biomass are shown
in Table 3. During the period 1972-1986, calanoid biomass
was mainly dominated by Eurytemora spp., Acartia spp.,
and Diaptomidae species, reaching highest values in suisun
with annual average biomass up to 4.9, 1.9, and
34 ug C L' and densities of 1,632, 619, and 3,296 indi-
viduals per cubic meter, respectively (Fig. 6). During this

Table 1 Trends in chlorophyll a concentration (ug L"), salinity, and biomass of major zooplankton taxonomic groups (ug C L") in the upper
San Francisco Estuary by subregion (see Fig. 1) for the periods 1972-2008 and 1995-2008

Variables “Suisun” (1972-2008) “Suisun” (1995-2008) “Delta” (1972-2008) “Delta” (1995-2008)
Trends P Trends P Trends p Trends p
(%per year) (%per year) (%per year) (Yper year)
Chlorophyll a —6.2 <0.001 1.6 0.16 -2.7 <0.001 1.3 0.40
Salinity 0.6 0.02 5.6 <0.001 —0.8 0.71 4.3 <0.001
Rotifera -74 <0.001 0.0 0.10 —6.1 <0.001 1.7 0.40
Cladocera -7.2 <0.001 —-10.0 0.07 -55 <0.001 8.7 0.01
Calanoida —4.6 <0.001 -3.2 0.02 2.5 <0.001 1.9 0.20
Cyclopoida 8.6 <0.001 6.8 <0.001 -5.1 <0.001 3.2 0.34
Harpacticoida -0.2 0.71 -5.6 0.01 1.4 0.77 —-11.5 0.10
Nauplii 0.4 0.61 6.8 <0.001 -2.1 <0.001 4.2 <0.001
Total zooplankton -2.3 <0.001 1.9 <0.001 -3.4 <0.001 2.9 0.18
(excluding mysids)
Mysids =81 <0.001 0.9 0.10 -7.8 <0.001 —4.1 0.19

Trends are shown as percent change per year; significant trends (p<0.005 for this study) are shown in italics
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time period, Sinocalanus spp. also reached relatively high
values after its introduction in 1978, up to 1.8 pug C L'
biomass and densities of 602 individuals per cubic meter in
the delta subregion. In contrast, during 1995-2008, biomass
of these species dropped below 0.9 pg C L' in both
subregions, and the introduced Pseudodiaptomus forbesi
and Acartiella spp. dominated the calanoid community
throughout the upper SF Estuary (Fig. 6), reaching highest
values in the delta subregion with average abundances of
5,888 individuals per cubic meter and biomass of
6.9 ug C L', Acartiella spp. was more abundant in the
downstream subregion, reaching values up to 491 individ-
uals per cubic meter and biomass of 0.7 pg C L', In

addition, Tortanus spp. appeared in suisun in 1993 and
displayed abundances of 103 individuals per cubic meter
and biomass of 0.2 pug C L', but appeared only
sporadically in the upstream delta subregion.

Cyclopoids experienced not only a shift in species
composition but also a significant increase in abundance
and biomass in suisun (Fig. 6). The increasing trend is a
result of the success of L. tetraspina since its introduction
in 1993 (Orsi and Ohtsuka 1999). This cyclopoid reached
annual-averaged densities of up to 57,900 individuals per
cubic meter in suisun (Fig. 6), outnumbering copepod
densities observed in the upper estuary throughout the last
decades. However, due to its small size (length 0.5 mm),
biomass of this species was on average only about
42 pug C L7 This species and its congener L. sinensis
reached moderate densities of about 8,056 individuals per
cubic meter and biomass of 0.5 ug C L' in the upstream
delta subregion. To a lesser extent, the increase in cyclo-
poids was also due to Oithona davisae in the downstream
subregion (Table 3) where it reached abundances of up to
870 individuals per cubic meter and biomass of
0.02 ug C L. Coincident with the increase in cyclopoids,
the ratio of nauplii to adult copepod abundance was
lowered to 5+0.7 (SD) compared to the historical ratio of
11+4 in suisun. This ratio also declined at about the same
rate in the upstream delta subregion in the late 1980s,
synchronous with the increase of Pseudodiaptomus spp.
and clam (C. amurensis) expansion.

Cladocerans dominated in the upstream limnetic part of
the estuary and appeared only sporadically in the down-
stream subregion (Fig. 7). Bosmina spp. and Daphnia spp.
were the dominant representatives of this group: Bosmina
spp. annual-averaged abundances and biomass were

Table 2 Chlorophyll a concentration (ug L") and biomass (g C L") of major zooplankton taxonomic groups (standard error) in the upper San
Francisco Estuary by subregion (see Fig. 1) for the periods 1972—-1986, 1995-2001, and 2002—2008, respectively

Variable “Suisun” “Delta”

1972-1986 1995-2001 2002-2008 1972-1986 1995-2001 2002-2008
Chlorophyll a 10.4+1.1 2.6+0.4 2.7+0.2 7.7+0.6 4.0+0.5 4.4+0.4
Rotifera 7.8+1.3 1.3+0.3 1.2+0.4 11.142.6 3.1+0.3 4.5+0.7
Cladocera 1.1£0.4 0.2+0.1 0.1+0.0 20.1+3.1 3.4+0.5 7.8+1.7
Calanoida 11.4+1.3 4.6+0.6 3.8+0.4 4.0+0.6 6.9+0.6 8.3+0.8
Cyclopoida 0.4+0.1 3.6+0.6 5.7+0.5 2.7+0.8 1.0+0.2 1.3+0.2
Harpacticoida 3.0+0.4 3.6+0.6 2.4+0.2 0.8+0.1 2.4+0.8 0.6+0.1
Nauplii 4.9+0.5 4.0+1.5 6.5+1.2 2.9+0.3 1.4+0.2 1.9+0.3
Total zooplankton excluding mysids 28.6+2.3 17.4+1.4 19.6+1.2 41.5+£5.8 18.3+1.5 24.4£2.8
Mysids 18.1+2.5 1.2+0.3 0.5+0.2 5.6+1.0 0.6+0.2 0.2+0.1

This division allows contrasting the first (1972—-1986) and second (1995-2008) parts of the sampling period, excluding transition years of the
1987-1994 drought as well as equal-length periods before (1995-2001) and after (2002—2008) the abrupt decline of several pelagic fishes in the

early 2000s
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Fig. 5 Annual average zooplankton biomass (excluding mysids) by
subregion (see Fig. 1) in the upper San Francisco Estuary between
1972 and 2008. a Annual averages of major taxonomic groups by

5,709 individuals per cubic meter and 8.6 ug C L™ from
1972 to 1986 and Daphnia spp. 1,245 individuals per cubic
meter and 10 pg C L™, respectively (Fig. 7; see ESM Fig.
S2A for densities). Both taxa experienced a significant
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Fig. 6 Annual averaged abundances (a) and biomass (b) of copepod
species by subregion (see Fig. 1) in the upper San Francisco Estuary
between 1972 and 2008. Other calanoids include Acartiella spp.,
Tortanus spp., immature Diaptomidae, and unidentified calanoid
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decline on the order of about —6% per year (Table 3). After
1994, values dropped to 1,222 individuals per cubic meter
and 1.8 ug C L™ for Bosmina spp. and to 300 individuals
per cubic meter and 2.4 pug C L™ for Daphnia spp.
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vernalis, and unidentified cyclopoid species. The genus Limnoithona
was dominated by L. tetraspina. Top panels represent the “suisun” and
bottom panels the “delta” subregion
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Fig. 7 Annual average biomass of cladoceran species by subregion
(see Fig. 1) in the upper San Francisco Estuary between 1972 and
2008. Other Cladocera include unidentified cladocerans. Top panel
represents the “suisun” and bottom panel the “delta” subregion

Keratella spp. and Polyarthra spp. dominated the rotifer
community in the freshwater delta subregion, whereas
Synchaeta spp. dominated in the higher salinity region of
suisun (Fig. 8; see ESM Fig. S2B for densities). Keratella
spp. and Polyarthra spp. reached averaged abundances of
15,000 individuals per cubic meter and biomass of
2.4 pg C L' in the delta subregion. Polyarthra spp. was
the only rotifer species that did not exhibit a significant
declining trend over the sampling period (Table 3). In
contrast, Synchaeta spp. showed a strong decline through-
out the upper SF Estuary at a rate of —6.0% to —4.9%per
year (Table 3). Their strongest decline was observed in
suisun where abundances dropped to approximately 20%
after 1994 compared to the time period 1972—-1986 when
they reached values up to 44,000 individuals per cubic
meter and biomass of 2.9 ug C L' (Fig. 8).

Major changes occurred also within the mysid community
at the end of 1980. Mysid biomass was in general highest in
the higher salinity subregion of suisun compared to the
upstream delta. Overall biomass declined rapidly throughout
the upper SF Estuary between the periods 1972—-1986 and
1995-2008, from regional annual averages of approximately
96 individuals per cubic meter or 18 ug C L™ to values below
16 individuals per cubic meter or 1.1 pg C L™" in suisun and
from 5.5 to 0.4 ug C L™" in the delta (Fig. 9; see ESM Fig.
S2C for densities). In addition to the strong decline in mysid
biomass, species composition changed in the early 1990s.
The native N. mercedis was replaced largely by the
introduced species Hyperacanthomysis longirostris, which
dominated the community thereafter. Overall, N. mercedis
declined at a rate of about “9%per year and H. longirostris
increased at about the same rate (Table 3). Other introduced
mysid species remained relatively scarce (Fig. 9).

Zooplankton Size

The shift in zooplankton species dominance resulted in
significant size changes throughout the upper SF Estuary
(Fig. 10). In suisun, average micro- and mesozooplankton
size declined in the late 1990s from about 0.27 to 0.17 ug
in most recent years (p<0.001). This declining trend
coincided with the increasing dominance of L. tetraspina
in the early 1990s in this region (Figs. 5 and 6 and Table 3).
In contrast, average size increased in the upstream region
from approximately 0.2 to 0.4 pg (p<0.001), which is
likely due to the replacement of rotifers and cladocerans
with larger-sized Pseudodiaptomus species. In addition,
average mysid size showed an abrupt drop from an average
of 5.8 mm in the 1970s and 1980s to about 4.4 mm since
2000 throughout the upper SF Estuary (Fig. 10). This
change occurred in the upstream delta subregion around
1990 and in suisun in the mid 1990s.

Discussion

Long-Term and Abrupt Changes in Zooplankton Biomass
and Species Composition

The present study showed large spatial and temporal changes of
the zooplankton community in the Sacramento—San Joaquin
Delta and Suisun Bay over the last four decades in both
abundances and species composition. Major shifts in the
zooplankton community composition coincided with the
extended drought during 1987-1994 and explosive coloniza-
tion of the invasive clam C. amurensis at the beginning of the
drought (Carlton et al. 1990; Alpine and Cloern 1992). The
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Fig. 8 Annual average biomass of rotifer species by subregion (see
Fig. 1) in the upper San Francisco Estuary between 1972 and 2008.
Other Rotifera include unidentified rotifers. Top panel represents the
“suisun” and bottom panel the “delta” subregion
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Table 3 Trend statistics of zoo-

“Suisun” “Delta”

Trend (% per year) p Trend (% per year) P

plankton species biomass Taxon
(ng C LY in the upper San
Francisco Estuary by subregions
between 1972 and 2008
Copepoda
Acartia spp.

Acartiella spp
Eurytemora spp.
Pseudodiaptomus spp.
Sinocalanus spp.
Tortanus spp.
Other calanoids
Limnoithona spp.
Oithona davisae
Other cyclopoids
Cladocera
Bosmina spp.
Daphnia spp.
Diaphasomona spp.
Other cladocerans
Rotifera
Asplanchna spp.
Keratella spp.
Synchaeta spp.
Trichocerca spp.
Polyarthra spp.
Other rotifers
Mysids
Acanthomysis aspera
Hyperacanthomysis longirosti
Acanthomysis hwanhaiensis
Trends are shown as percent Alienacanthomysis macropsis
change per year; significant
trends (p<0.005 for this study)
are shown in italics

Deltamysis holmquitae
Neomysis kadiakensis

Neomysis mercedis
a . .
Formerly Acanthomysis bowmani

—9.04 <0.001 —8.55 0.57
10.44 <0.001 9.72 <0.001
-9.50 <0.001 -1.18 0.71
5.27 <0.001 6.94 <0.001
—2.55 0.01 -3.05 0.30
10.35 <0.001 8.53 <0.001
-9.49 <0.001 -8.05 <0.001
10.70 <0.001 4.75 <0.001
2.81 <0.001 6.76 -
—1.12 0.004 —7.44 <0.001
—6.30 <0.001 =572 <0.001
—8.27 0.123 —6.26 <0.001
-9.25 - 0.70 0.523
=2.70 0.262 -1.87 0.904
—15.16 <0.001 —0.4617 <0.001
—7.24 <0.001 —7.3997 <0.001
—6.09 <0.001 —3.8733 <0.001
—12.12 <0.001 —12.248 <0.001
—8.23 0.19 —5.4223 0.47
—9.65 <0.001 —5.2815 <0.001
7.61 0.154 - -
9.93 <0.001 9.04 <0.001
14.21 <0.001 - -
7.60 0.030 1.75 0.847
12.20 <0.001 12.05 <0.001
-8.99 <0.001 -8.80 <0.001

rapid expansion of C. amurensis was likely facilitated by a
prolonged period of low river inflow and a short-lived flood
event that disturbed the local benthic community (Nichols et
al. 1990). Concurrent with clam establishment, Chl-a concen-
tration dropped substantially below critical levels for zoo-
plankton growth (Miiller-Solger et al. 2002), and certain
individual zooplankton species and mysids experienced a
significant biomass decline. Mysids, historically a dominant
contributor to the pelagic food web, dropped more than
tenfold and their biomass constituted <4% of total zooplank-
ton after 1994. In the downstream suisun subregion, the
contribution of calanoid and rotifer biomass dropped abruptly
from a historical level of 60% to <30% of total zooplankton
biomass (excluding mysids) in 1992. This decline was
compensated to some extent by the increase of cyclopoids.

@ Springer

In the upstream delta subregion, zooplankton biomass has
remained at a low level since the mid-1980s.

The decline of many zooplankton species and mysids was
likely related to food limitation and predation after the
population expansion of the overbite clam C. amurensis in
the mid 1980s (Fig. 11). Many zooplankton, including
calanoids, rotifers, and mysids, compete with benthic suspen-
sion feeders for phytoplankton (Murrell and Hollibaugh 1998;
Irigoien et al. 2003). The substantial drop in Chl-a concen-
tration below 10 ug L™ after clam expansion suggested that
the zooplankton was food-limited most of the time (Sobczak
et al. 2002; Kimmerer et al. 2005). Reduced food availability
for mysids was further suggested by the decreasing length of
the mysid population as immature mysids depend on
phytoplankton (Siegfried et al. 1979) and mysid growth is a
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Fig. 9 Annual average biomass of mysids species by subregion (see
Fig. 1) in the upper San Francisco Estuary between 1972 and 2008. H.
longirostris was formerly classified as A. canthomysis bowmani; other
mysids species include 4. aspera, A. hwanhaiensis, Alienacanthom-
ysis macropsis, Deltamysis holmquistae, Neomysis kadiakensis, and
unidentified mysids. Top panel represents the “suisun” and bottom
panel the “delta” subregion

function of food supply (Hansson et al. 1990). Moreover,
the replacement of nutritious diatoms with small-sized
flagellates and cyanobacteria (Lehman 2000; Kimmerer
2005) and increasing frequencies of Microcystis aeruginosa
blooms (Lehman et al. 2008a, b) may have intensified the
effect of the overall food limitation for primary consumers in
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Fig. 10 Annual average zooplankton size by subregion (see Fig. 1) in
the upper San Francisco Estuary between 1972 and 2008. a
Mesozooplankton size (in pg), including rotifers, cladocerans, cope-

the upper Estuary (Ger et al. 2010). In addition to
exploitative competition for shared food resources, direct
clam predation on small-sized taxa and early life stages
contributed to the declines in zooplankton. For instance,
direct clam consumption was a major source of mortality for
Eurytemora affinis naupliar stages (Kimmerer et al. 1994)
and likely for other copepod nauplii. Clam consumption
on nauplii is further suggested by the decreasing ratio of
nauplii to adult abundance. Differential survival of adults
and nauplii can also result from food limitation as the
early ontogenetic stages are very sensitive to starvation
and often a bottleneck in copepod development (Kierboe
and Sabatini 1995).

Declines of mysids and many zooplankton species were
to some extent replaced by the establishment of L.
tetraspina after the end of the prolonged drought period
in 1992 (Fig. 11). The rapid expansion indicated that this
invasive species was able to compensate for losses due to
predation and to outcompete other zooplankton taxa. The
success of this group was likely related to multiple
characteristics: low metabolic demand, opportunistic feed-
ing characteristics, and predator avoidance. The taxonomic
group of this species (Oithonidae) is known for its high
reproductive output (Turner 2004 and references within)
and lower metabolic demands compared to calanoids of
equivalent body weight (Castellani et al. 2005), owing to
the low respiration rate and infrequent intermittent move-
ment (Turner 2004). Furthermore, this species is a raptorial
omnivore that feeds upon a wide range of particles and has
the ability to exploit heterotrophic and autotrophic food
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pods, and harpacticoids. b Averaged size of the mysids community. 7op
panels represent the “suisun” and bottom panels the “delta” subregion.
The blue line displays a loess fit + standard error (shaded area)
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Fig. 11 Trophic interactions of the pelagic food web in the upper San
Francisco Estuary at the “suisun” subregion. Arrows indicate major
energy flow based on gut content analysis or literature data. Solid lines
represent strong and dashed lines weak trophic interactions. Box
colors reflect long-term taxa trends: red are increasing taxa, blue
decreasing taxa, and yellow taxa of unknown trends over the last four
decades. Phytoplankton is separated into groups of high (group I; e.g.,
diatoms) and low (group II; e.g., cyanobacteria, chlorophytes) food
quality and/or availability for herbivorous organisms. Biomass trends
for demersal fish and bay shrimp are adapted from Kimmerer (2006)

resources (Bouley and Kimmerer 2006). High bacterial
production in the Delta and the phytoplankton change from
diatoms to small-sized flagellates and cyanobacteria
(Kimmerer 2004; Lehman et al. 2008a, b) likely favored
L. tetraspina because small-sized phytoplankton stimulate
microbial carbon cycling and heterotrophic and mixotro-
phic ciliates are an important diet source to meet the high
biomass of this cyclopoid species (Bouley and Kimmerer
2006; Gifford et al. 2007; Gould and Kimmerer 2010). This
is supported by the fact that L. fetraspina increased after
1994 even at low phytoplankton biomass. L. fetraspina is
also relatively impervious to predation by some fish species
(Bouley and Kimmerer 2006; Gould and Kimmerer 2010),
and mysid declines reduced consumption of copepods.
Furthermore, gelatinous zooplankton, their major predators
in other estuaries, were abundant only occasionally in this
estuary (Kimmerer 2004). Thus, alternate food supplies,
reduced predation pressure, and life history attributes are
likely reasons for the rapid increase and maintenance of
high population biomass of this cyclopoid despite low
primary production.

It can be expected that declines of many zooplankton
species in the upstream delta subregion were caused by the
same mechanism compared to the downstream suisun
subregion, including competitive interactions for food with

@ Springer

introduced clams, clam predation on early zooplankton life
stages, and reduced phytoplankton quality (Kimmerer and
Orsi 1996; Miiller-Solger et al. 2002). This is supported by
parallel changes at several trophic levels in both subregions
in the mid-1980s. In addition, biotic interactions with
introduced zooplankton species were potential factors that
contributed to the strong declines of rotifers and cladocer-
ans in the late 1970s. Declines of native taxa coincided with
the invasion of L. sinensis and Sinocalanus doerrii; the
latter is a carnivorous genus that feeds readily on rotifers,
cladocerans, and nauplii (Hada and Uye 1991). In contrast
to native diaptomids, cladocerans, and rotifers, Pseudo-
diaptomus spp. increased rapidly after its introduction in
1986 in the upstream region of the estuary and represented
a third of the total zooplankton biomass after 1995. This
genus was dominated by P. forbesi, which is an important
prey for foraging fish and replaced E. affinis and S. doerrii
after its establishment (Bryant and Arnold 2007). While the
mechanisms for the successful growth and reproduction of
Pseudodiaptomus spp. in the upstream estuary remain
unknown, the selective feeding mode of this species may
be advantageous in this system dominated by detrital and
mineral particles. It has been shown that this calanoid
selects high-quality phytoplankton (unpublished results
from A. Miiller-Solger, Department of Water Resources,
Sacramento), whereas the less selective E. affinis or filter-
feeding cladocerans may experience feeding interference
with nutritionally inferior phytoplankton and detritus.

These observations indicate that long-term zooplankton
community composition and biomass changes were strong-
ly shaped by biotic interactions related to species invasions.
Alternatively, increasing predation pressure, parasites, or
diseases can cause declines in zooplankton. It is, however,
unlikely that these top-down effects caused the abrupt drop
in mysids and declines of many zooplankton species
because planktivorous fish declined throughout the upper
SF Estuary (Feyrer et al. 2007; Sommer et al. 2007), and
parasites or diseases would be expected to act more species-
specific.

Effects of Zooplankton Changes on Fish Recruitment

Alterations of the plankton community likely affected both
the quantity and quality of zooplankton carbon for
planktivorous fish and played an important role in the
long-term decline and the more recent collapse of dominant
pelagic fish species (Bennett and Moyle 1996). While the
long-term decline of diverse fish populations in the upper
SF Estuary coincided with reduced primary and secondary
production (Cloern 2007), our analysis showed that the
sudden drop of many pelagic fishes in 2002 (Sommer et al.
2007; Thomson et al. 2010) was not accompanied by an
equivalent decrease in the quantity of zooplankton carbon.
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Substantial zooplankton and mysid declines occurred in the
mid- to late 1980s, and biomass of both groups remained at
low levels thereafter, without significant changes in the
early 2000s when pelagic fish densities dropped substan-
tially (Table 2). This suggests that changing prey quantity
was not a dominant factor contributing to the recent fish
declines. However, it is suspected that the persistence of an
overall low food supply, combined with changing prey
composition resulting from zooplankton taxonomic shifts,
enhanced food limitations for estuarine-dependent fish
(Fig. 11).

The collapse of mysids was likely a substantial loss of a
nutritious food resource that affected recruitment of many
fish species, such as striped bass (Feyrer and Healey 2003;
Nobriga and Feyrer 2008). Mysids were historically the
preferred prey item for juvenile and adult life stages of this
fish, and likely other fish species, and dietary shifts to
alternate prey may not have fully replaced mysid nutritional
and energetic content (Kimmerer 2000; Nobriga and Feyrer
2008). Furthermore, the shift from a rotifer- and calanoid-
dominated community (Fig. 11) to a cyclopoid-dominated
community was most likely accompanied by a shift in the
nutritional quality of zooplankton carbon for fish because
cyclopoids and calanoids utilize different food sources.
Calanoids prey primarily on highly nutritious phytoplank-
ton (Gifford et al. 2007), such as diatoms and cryptophytes
(Brett and Miiller-Navarra 1997), whereas L. tetraspina
capitalizes mainly on ciliates that prey on bacteria (Bouley
and Kimmerer 2006). Compared to phytoplankton,
bacterial-derived organic matter is a nutritionally
impoverished food resource (Klein Breteler et al. 2004,
Brett et al. 2009) because bacteria lack high-quality lipids
essential for fish larval survival. Although some heterotro-
phic protists are able to upgrade the nutritional value of
bacteria (Martin-Creuzburg et al. 2004), ciliates are gener-
ally incapable of synthesizing essential lipids for copepod
growth (Klein Breteler et al. 2004). However, the biochem-
ical capabilities of ciliates are highly species-specific
(Martin-Creuzburg et al. 2004), and the role of protists as
an intermediary within the food chain for higher trophic
levels remains to be investigated in this estuary. Neverthe-
less, it can be expected that fish benefit by consuming
calanoids as organic matter enters the metazoan food web at
a higher trophic efficiency compared to zooplankton that
feed on the microbial food web (Sobczak et al. 2002). In
addition, a smaller-sized zooplankton community combined
with the dominance of omnivorous cyclopoids implies that
the pelagic food web was largely driven by recycled carbon
after 1994 as small-sized copepods stimulate carbon
recycling through the microbial food web (Havens 1998).
Consequently, the change in zooplankton community
structure was likely accompanied by a shift in the energy
pathway from a phytoplankton-based to a detrital-based

pelagic food web (Klein Breteler et al. 2004; Brett et al.
2009), and the zooplankton biomass increase in suisun after
1993 likely resulted in poorer food quality for fish.
However, the reduced flow of high-quality carbon from
phytoplankton up the food web may not have effects on
community biomass for zooplankton because this dissolved
organic carbon-rich system now supports high biomass of
copepods such as L. tetraspina that can subsist on the
microbial food web.

In addition to reduced food quality, the significant
drop in zooplankton size is another attribute affecting
prey availability for fish. Smaller-sized prey reduce the
catchability of visually oriented planktivores, increasing
handling time and consequently reducing the energetic
intake of fish (Winfield and Townsend 1983). In addition,
the sedentary behavior of L. tetraspina leads to less attack
rates and, combined with the small size, renders them less
susceptible to predation by fish. This small-sized cyclo-
poid comprised only a small proportion of delta smelt’s
diet, a visual predator, despite its abundance (Bouley and
Kimmerer 2006), indicating that this cyclopoid is not a
preferred prey item and probably a dead end energetically
in the upper SF Estuary’s food web (Bouley and Kimmerer
2006). Nauplii, the other abundant small-sized group in
the mesohaline region, can be an important prey source for
larval fish (Turner 2004 and references therein), but the
role of nauplii and their contribution to higher trophic
levels remain unknown in the food web of this estuary.
Overall, combined with the selective feeding mode of fish,
it can be speculated that the dominance of small-sized
cyclopoids reduced prey quality attributes, including
foraging efficiency and the nutritional value of zooplankton
for fish. Low food supply combined with changing food
quality likely translated into reduced growth and survival of
pelagic fish and affected their long-term and more recent
recruitment success.

A remarkable feature of the zooplankton assemblage
throughout the Sacramento—San Joaquin Delta and
Suisun Bay was the displacement of the local fauna with
introduced species, particularly with regard to copepods
and mysids. The timing of introduction coincided with
persistent (multi-year) low-water inflow, particularly with
the beginning or end of droughts that resulted in elevated
salinity. These observations suggest that prolonged
climate anomalies may open a window for non-
indigenous species to establish and eventually displace
the local fauna. The precise mechanisms allowing the
establishment of invasive zooplankton species in this
estuary remain to be investigated. Nevertheless, our study
showed that species invasion resulted in decadal changes
in the zooplankton community composition that strongly
affected secondary production and food quantity and
quality for pelagic consumers in the San Francisco
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Estuary. The unpredictability and strong impacts of these
invasions complicate the long-term management of
estuarine ecosystems.
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