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Abstract
In 2016, a massive bloom of the chain-forming diatom Aulacoseira granulata occurred in the upper San Francisco Estuary,
California, with chlorophyll concentrations up to 75 μg Chl L−1. In this study, quantitative PCR was used to investigate
consumption of the bloom organism by the numerically dominant zooplankter Pseudodiaptomus forbesi (Copepoda:
Calanoida) and to estimate the contribution of the bloom to egg production. Copepods were collected on four transects during
May and June 2016; egg production rates were somewhat elevated above previous rates measured in the estuary. Ingestion of
A. granulata was highest on the first sampling day, just after the peak of the bloom, ranging from 175 to 945 cells copepod−1

day−1. One month later ingestion rates dropped to 0–130 cells copepod−1 day−1, despite continued dominance of A. granulata in
the plankton. Ingestion of A. granulata provided from 0 to 21% (median 1%) of the estimated daily carbon required for growth
and reproduction of P. forbesi. Although the copepods probably obtained nutrition from a microbial food web stimulated by the
bloom, monitoring data showed little demographic response to this bloom. Thus, a massive diatom bloom in an unproductive
estuary provided only a minor stimulus through an abundant consumer to the pelagic food web.

Keywords Foodweb . qPCR . Phytoplankton bloom

Introduction

Globally, productive fisheries have been linked to high bio-
mass of large phytoplankton cells, principally diatoms, in es-
tuarine and marine waters (Ryther 1969; Nixon 1988; Houde
and Rutherford 1993; Woodworth-Jefcoats and Wren 2020).
Phytoplankton blooms are common features of estuaries glob-
ally, arising through a variety of triggers generally involving
resources becoming non-limiting followed by a rapid shift to a
state where growth rates exceed mortality (Carstensen et al.

2015). In estuaries and some coastal waters, the timing and
magnitude of blooms is highly variable (Cloern and Jassby
2008), and the fate of biomass produced during blooms varies
with bloom timing and the responses of benthic and pelagic
grazers (Ziemann et al. 1991; Conley and Malone 1992). The
transfer of bloom-produced energy to higher pelagic trophic
levels can also depend on the size and species identity of the
mesozooplankton grazers (Runge 1985), and much of this
energy may be routed through alternative pathways such as
benthic and microzooplankton grazing (Cushing 1989;
Kimmerer et al. 1994; Calbet et al. 2008; Lonsdale et al.
2009).

Diatom blooms, particularly those in the spring, can pro-
vide critical support for secondary production and growth of
larval fishes (Ryther 1969; Turner 1984a; Mann 1993).
However, the nutritional adequacy of diatoms for grazers re-
mains in dispute despite decades of investigations (Irigoien
et al. 2002; Ianora and Miralto 2010). Several decades of
research have revealed immense complexity and nuance in
diatom-copepod interactions and engendered intense dis-
agreements. Diatoms are only one of many plankton that
may sharply increase their biomass in response to favorable
conditions (Barber and Hiscock 2006). Some diatoms produce
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toxic substances that interfere with zooplankton reproduction
by suppressing egg hatching (Ianora et al. 1996; Ban et al.
1997; Miralto et al. 1999; Ianora and Miralto 2010), or they
may be nutritionally inadequate to support reproduction
(Jones and Flynn 2005). However, experiments on copepods
feeding in 12 diatom-rich areas showed no relationship be-
tween egg-hatching success and diatom biomass or its propor-
tion of total phytoplankton biomass (Irigoien et al. 2002).
Laboratory experiments show the effects of diatoms as a food
source vary among copepod species, diatom species, and even
different clones of the same diatom species (Ianora et al. 1995;
Ask et al. 2006; Dutz et al. 2008; Amin et al. 2011; Lauritano
et al. 2012). Thus, the suitability of diatoms in supporting
copepod reproduction depends on many factors, may be spe-
cies specific, and cannot be deduced without a very specific
experimental approach.

In spring–summer of 2016 an exceptional diatom bloom
occurred in the freshwater to brackish regions of the northern
San Francisco Estuary (SFE), which are otherwise unproduc-
tive (Schraga et al. 2018). This bloom, produced by the chain-
forming centric diatom Aulacoseira granulata (Syn.Melosira
granulata; Guiry and Guiry 2019), persisted from March to
September. Chlorophyll concentrations throughout the north-
ern estuary exceeded 20 μg Chl L−1, at the 99th percentile of
measurements during 1988–2015 (Interagency Ecological
Program 2020; Orsi and Mecum 1986).

Aulacoseira granulata is a cosmopolitan species found in
waters with high concentrations of silica and phosphorus
(Kilham 1971; Kilham et al. 1986; Guiry and Guiry 2019).
Cells of A. granulata are 4–17 μm in diameter and up to
20 μm in length, while chains are up to 10 mm long. This
species can be heavily silicified (Goldman and Horne 1983;
Takano et al. 2004), and copepods can have difficulty con-
suming diatoms with thick frustules (Liu et al. 2016; Pančić
et al. 2019). Aulacoseira granulata can form a resting stage in
suboptimal conditions, remain viable for decades (Sicko-
Goad et al. 1986), and survive through anoxic conditions
(Lashaway and Carrick 2010). Blooms of A. granulata may
also be stimulated allelopathically by exposure to another spe-
cies. In a eutrophic river, growth ofA. granulatawas preceded
by a bloom of the chlorophyte Gloeocystis planctonica and
laboratory experiments confirmed the stimulation of
A. granulata growth by G. planctonica-treated media
(Poister et al. 2015).

The literature is inconsistent on consumption of
A. granulata by zooplankton and its suitability to support
secondary production. Chain-forming diatoms like
A. granulata are often consumed by copepods at higher rates
than single cells (Richman and Rogers 1969; Meyer et al.
2002), presumably due to greater ability of copepods to detect
and handle large chains. Fecundity and egg-hatching success
of the copepod Eurytemora affinis declined when they were
fed A. (as Melosira) granulata (Ban et al. 1997), suggesting

that it may not provide adequate nutrition as a sole food source
(Jones and Flynn 2005) or may inhibit secondary production
in some other way. Aulacoseira granulata was eaten at high
rates by the copepod Eudiaptomus japonicus in Lake Biwa,
Japan, despite low in situ abundance of the diatom (Kagami
et al. 2002), whereas grazing on this diatom was not detected
by mixed zooplankton in an Andean lake (Queimalinos et al.
1998). Aulacoseira granulata’s nutritional sufficiency for
zooplankton is unknown, but prior research suggests that nu-
tritional quality may not influence copepod feeding rates on
diatoms as much as cell size, silica content, and chain length
of the diatom species (Meyer et al. 2002; Bjærke et al. 2015;
Liu et al. 2016).

Pseudodiaptomus forbesi is a member of a large genus of
demersal copepods common in temperate to tropical estuarine
and coastal waters (Walter 1987). Pseudodiaptomus forbesi
was introduced to the SFE in 1987, probably in ballast water,
and became abundant in 1988 (Orsi andWalter 1991). During
late spring through autumn it is distributed throughout tidal
freshwater and into brackish water (Kayfetz and Kimmerer
2017). Since its introduction, P. forbesi has been the most
common food item consumed by planktivorous fish in this
region (Nobriga 2002; Bryant and Arnold 2007; Slater and
Baxter 2014). It consumes foods typical of grazing calanoid
copepods, including diatoms, ciliates, and various flagellates
(Bowen et al. 2015; Kayfetz and Kimmerer 2017), though
cyanobacteria can be an important food source (Holmes
2018) and these copepods will eat the toxigenic Microcystis
aeruginosa (Ger et al. 2018).

We capitalized on the bloom in the SFE to measure con-
sumption of Aulacoseira by Pseudodiaptomus forbesi, the
numerically dominant mesozooplankton species in the upper
SFE. In a rapid-response study, we collected zooplankton in
the field, determined abundance and reproductive rate, and
used molecular analysis to quantify the bloom organism in
the gut contents of copepods collected in and out of bloom
areas. We then assessed the contribution of this consumption
to the growth and reproduction of this copepod, using decades
of monitoring and research for context.

Methods

Study Site

The San Francisco Estuary (SFE) is the largest estuary on the
west coast of the United States, with a watershed area of ~
200,000 km2. The estuary has two main branches, the low-
flow South San Francisco Bay and the river-dominated north-
ern estuary linking Central San Francisco, San Pablo, and
Suisun Bays and the California Delta (Fig. 1). Tides in the
estuary are mixed diurnal and semidiurnal with a mean tidal
range of ~ 1.25 m. The climate in the region is Mediterranean,
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with warm dry summers and cool wet winters. Freshwater
flow through the estuary during 2016 was at the median of
years 1980–2019, but 2016 was preceded by a 4-year drought
with annual freshwater flows in 2014 and 2015 ranking 3rd
and 8th of 40 years (https://data.cnra.ca.gov/dataset/dayflow,
accessed 12 April 2020).

Our study focused on the northern estuary from the broad,
shallow Suisun Bay (Station 1) up the deep, narrow tidal
channel of the Sacramento River (stations 2 and 3), into the
Cache Slough complex (stations 4–6; Fig. 1). Cache Slough
links the Sacramento River to the flooded Liberty Island, the
Sacramento Deep Water Ship Channel, and the Yolo Bypass,
a seasonal floodplain. During high-flow periods in winter the
Yolo Bypass and Cache Slough area are often flooded, while
in summer these areas are reduced to narrow tidal riparian
channels and freshwater wetlands.

Field Collection

Sampling was conducted on the Research Vessel Mary
Landsteiner (US Geological Survey) on four dates in May
and June 2016 to sample the extent of the bloom at six sites
along the Sacramento River, from Suisun Bay to the Cache
Slough complex (Fig. 1, Table S1). Sampling was conducted

during the daytime, largely during ebb tide (Table 1). Salinity
and temperature were recorded with a thermosalinograph
(Sea-Bird Scientific SB45), at each station. Surface water for
chlorophyll a analysis was collected in a 1-liter Nalgene bottle
which was stored in a dark cooler until analysis.

Two zooplankton samples, one each for abundance and for
molecular analysis, were collected at each station by gentle
subsurface tows using a 150-μm mesh, 0.5-m-diameter ring
net, fitted with a General Oceanics flowmeter with a low-
speed rotor (Model 2030R). Pseudodiaptomus forbesi
copepodites and adults migrate vertically on a tidal cycle in
deeper channels, but is generally abundant through the water
column on both flood and ebb (Kimmerer et al. 1998). This
species is also demersal in shallow, clear waters (Kimmerer
and Slaughter 2016). A previous study at station 5, the
shallowest station, showed day/night differences in abundance
of adult females in the 4-m water column (Kimmerer et al.
2018), but the mean proportions of P. forbesi females that
were ovigerous did not differ between day and night during
the three surveys of that study (Kimmerer unpublished). Thus,
we are confident that our daytime sampling was unbiased with
regard to the proportion of females that were ovigerous and,
therefore, the egg production rate.

Volumes sampled were 1.7–12 m3 for abundance and 1.2–
5.7 m3 for molecular analysis. Samples for microscopic anal-
ysis were preserved in ~4% v/v formaldehyde. Samples for
molecular analysis were concentrated on a sieve, preserved
with 95% non-denatured ethanol (EtOH), and stored in a −
20 °C freezer until they were processed. All molecular sam-
ples received an ethanol exchange within 24 h of collection.

Monitoring Data

The SFE is rich in monitoring and other programs that pro-
vided valuable background information for our study. The
U.S. Geological Survey (USGS) maintains continuous moni-
toring stations for chlorophyll fluorescence at 17 fixed stations
across the upper San Francisco Estuary (U.S. Geological
Survey 2020). We used data on fluorescence calibrated to
chlorophyll concentration from nine stations across the range
of our sampling stations (Fig. 1; Table S1). We also obtained
chlorophyll data from discrete samples taken in the larger
estuarine channels in our sampling region by the USGS
(Cloern and Jassby 2012) and the California Interagency
Ecological Program (IEP; Orsi and Mecum 1986; Sommer
et al. 2007) for an analysis of how chlorophyll in 2016 com-
pared to the prior three years. The additional USGS samples
included all relevant stations from eastern Suisun Bay to Rio
Vista (stations not shown; see U.S. Geological Survey 2020;
Fig. 2 in Cloern and Jassby 2012). Interagency Ecological
Program long-term monitoring stations used for this analysis
include all frequently sampled stations in Suisun Bay and the
south-central Delta (Fig. 1 in Kimmerer et al. 2019), and two

Fig. 1 Study area with sampling stations (black circles) visited during
May–June 2016. Gray squares overlapping with black circles represent
locations of USGS continuous-monitoring stations at many of our sample
sites including Liberty Island (Station 5), Cache SloughComplex (Station
4), Decker Island (Station 3), and Mallard Island (Station 2), while single
gray squares are USGS monitoring sites used for environmental data
surrounding our study sites (LIS, TOE, DWS, LCT, RVB, ANH;
USGS designations are noted in Table S1). The Deep Water Ship
Channel (Station 6) and Snag Island (Station 1) were also sampled in
the current study but did not overlap closely with USGS monitoring sites
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stations defined by salinity of ~ 1 and 4. In addition, 36 phy-
toplankton samples were collected throughout the bloom pe-
riod and analyzed for phytoplankton identification, abun-
dance, and biovolume by BSA Environmental, Inc. These
were used to determine the proportion of biovolume made
up by Aulacoseira spp.

We used data on zooplankton abundance, also obtained
from the IEP (Orsi and Mecum 1986), to determine if
P. forbesi responded demographically to the bloom. The
abundance of P. forbesi has followed a predictable pattern
since its introduction, with a rapid spring increase followed
by a plateau in summer and a gradual decline in autumn.
Higher-than-average freshwater flow in winter depresses
abundance and delays the spring increase, whereas the sum-
mer plateau is unaffected by interannual variability in flow
(Kimmerer et al. 2017). Therefore, we focused this analysis
on summer. The principal assumption was that any demo-
graphic response should be reflected in markedly higher abun-
dance in 2016 than in other years, provided abundance in the
preceding winter is accounted for. To obtain samples repre-
sentative of the population, we used data from all stations at

salinity < 1 (Practical Salinity Units) from 1994 through 2018
(20 total stations), then compared the pattern of seasonal abun-
dance in 2016with those in other years. To assess the response
of the planktonic food web we also estimated total biomass of
all post-naupliar copepods for the same region and time pe-
riods, using previously determined carbon masses (e.g.,
Kimmerer 2006; Kimmerer et al. 2017).

Laboratory Analyses

Samples were processed in the EOS Center laboratory at
Tiburon, California. Duplicate subsamples of the water for
chlorophyll a measurements were filtered onto GF/F (glass
fiber filters; Whatman®, ~ 0.7 μm) or 5-μm Nuclepore® fil-
ters, or concentrated on a 20-μm nylon mesh sieve and back-
washed onto a GF/F filter. We adjusted sample volumes de-
pending on the amount of particulate matter: GF/F samples
were 30–100 ml, 5-μm samples were 37–70 ml, and 20-μm
samples were 100–200 ml. The 5-μm size fraction captures
most particles on which copepods can feed efficiently, which
would also include many single Aulacoseira cells (broken or

Table 1 Sampling dates and corresponding event numbers, site names,
site numbers, sampling times, tidal stage (National Ocean and
Atmospheric Administration, US Geological Survey tidal gauges), and
environmental data where zooplankton samples were collected for our

study. Environmental data collected at each station includes surface
water temperature (°C), salinity (practical salinity units), and > 20 μm
chlorophyll a mean and standard deviation (s.d.) (μg Chl L−1)

Event Date Site no. Name Time Tide Temp (°C) Salinity Chl a (μg L−1) Chl a s.d.

I 20 May 2016 1 Snag Island 1500 Ebb 19.1 3.6 5.5 1

2 Mallard Island 1415 Flood 19.3 1.9 14.3 –

3 Decker Island 1255 Flood 20 0.1 7.3 0.1

4 Cache Slough 1135 Peak ebb 19.2 0.1 5.3 1.6

5 Liberty Island 900 Ebb 18.8 0.1 4.1 0.5

6 Deep Water Ship Channel 1010 Ebb 20 0.1 8.2 0.8

II 25 May 2016 1 Snag Island 950 Ebb 18.6 3.0 0.5 0.2

2 Mallard Island 1115 Peak ebb 18.8 0.7 4.9 1.5

3 Decker Island 1310 Peak ebb 18.8 0.1 2.2 1.1

4 Cache Slough 1425 Peak ebb 18.2 0.1 5 0.8

5 Liberty Island 1618 Flood 18.8 0.1 3.9 3.4

6 Deep Water Ship Channel 1519 Flood 20.3 0.1 2.5 0.1

III 9 June 2016 2 Mallard Island 1100 Ebb 20 2.2 1.3 0.6

3 Decker Island 1300 Ebb 21.8 0.1 2.2 0.5

4 Cache Slough 1420 Ebb 21.4 0.1 7.9 0.3

5 Liberty Island 1555 Flood 20.9 0.1 7.3 1.7

6 Deep Water Ship Channel 1525 Peak ebb 22.6 0.1 0.3 0

IV 28 June 2016 1 Snag Island 1320 Ebb 23.3 5.4 0.4 0.1

2 Mallard Island 1240 Ebb 22.7 3.5 – –

3 Decker Island 1125 Ebb 22.9 0.1 18.2 1

4 Cache Slough 838 Flood 23 0.1 6.9 0.9

5 Liberty Island 1015 Flood 23.4 0.1 9.7 1.5

6 Deep Water Ship Channel 935 Flood 23.2 0.1 9.7 0.6
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isolated cells < 20μm), and the 20-μm fraction should include
most of the Aulacoseira chains and little else, since the phy-
toplankton assemblage was dominated by Aulacoseira spp.
chains at the time of our study. We extracted filters in 90%
acetone and measured fluorescence using a Turner Designs
10-AU benchtop fluorometer calibrated with pure chlorophyll
(Arar and Collins 1997). The samples were acidified with
10% hydrochloric acid.

Quantitative subsamples of preserved zooplankton samples
were taken with a Stempel pipette, poured into a plastic tray,
and counted under a dissecting microscope. We identified all
organisms to the lowest feasible taxonomic level, and cope-
pods to male, female with or without eggs, and copepodites.
Nauplii were not counted. Our target for counting was 200
P. forbesi individuals or 1,000 total organisms, and actual
counts were 159–1048 P. forbesi and 528–1078 organisms
not including abundant rotifers.

For each sample, eggs were counted from up to 30 random-
ly selected ovigerous females of P. forbesi and in any loose
egg sacs that were identifiable as those of P. forbesi (0–10%,
median 0%, mean 3% of total eggs counted). The product of
total ovigerous females in a sample times mean eggs per sac
was added to the number in loose sacs, and that was divided
by the total number of females to get the egg ratio for that
sample. The egg production rate was determined by the egg
ratio method (Edmondson et al. 1962) using a relationship of
egg development time to temperature (Sullivan and Kimmerer

2013). There were > 30 total females in all but two samples:
event I station 2 and event 4 station 2, which each had one and
two ovigerous females, and nine and 13 non-ovigerous fe-
males, respectively. Egg production rates were placed in a
longer-term context using a rectangular hyperbola previously
fit to egg production rates measured in various studies in the
northern estuary from 2006 through 2018, including this study
(Gearty 2020):

E ¼ C Smaxð Þ= C þ Kð Þ: ð1Þ

where E is egg production rate and Smax is the maximum
egg production rate (both eggs ♀−1 day−1), and C is chloro-
phyll concentration and K is half-saturation constant (both μg
Chl L−1). Fitted parameters with 95% confidence limits were
Smax = 3.6 ± 0.8 eggs♀−1 day−1 and K = 3.4 ± 2.0 μg Chl L−1

with a residual standard error of 4.6 eggs ♀−1 day−1.

Aulacoseira-Specific Primers

To determine the DNA identity of the bloom-forming organ-
ism for species-specific primer design, we sequenced the
bloom organism from an ethanol-preserved zooplankton sam-
ple taken at a station where the bloom was evident; few other
phytoplankton taxa would have been collected in a towed
150 μmmesh net. We isolated 1 mL of algae from the sample
and removed non-algal debris under a microscope. Ethanol
was removed by vacuum centrifugation and the DNA was
extracted following the DNeasy Blood and Tissue Kit
(Qiagen; Total DNA from Animal Tissues spin-column pro-
tocol) with the following minor modifications: 3 μL of carrier
RNA was added during the lysis step to increase recovery of
DNA, and at the final step samples were eluted using 200 μL
of nuclease-free water. All DNA extracts were stored in a -20
°C freezer until analysis.

General 18S rRNA primers 960F (Gast et al. 2004) and
18SCom1R (Zhang et al. 2005) (Integrated DNA
Technologies) were used to amplify and sequence a 350-bp
region of DNA from the algal DNA extracts. PCR reactions
were run in 25 μL total volume, including 2.5 μL 10× buffer,
0.5 μL of 10 mM dNTPs, 2 μL of MgCl (25 mM), 0.5 μL of
each primer, 1 μL bovine serum albumin (BSA; Ambion),
0.12 μL Taq Polymerase (New England Biolabs) and 16.88
μL nuclease-free water. PCR reactions were run with the fol-
lowing thermal cycling conditions (Bio-Rad S1000 Thermal
Cycler): Initial denaturation at 94 °C for 3 min, followed by 33
cycles of denaturation at 94 °C for 1 min, annealing at 57.8 °C
for 1 min, and extension at 72 °C for 1 min, with a final
extension step at 72 °C for 1 min. PCR products were cleaned
(ExoSAP-IT, Affymetrix), ligated, cloned, and sequenced
using standard protocols (ABI 3500 Perkin-Elmer capillary
sequencer; BigDye v3.1). Resultant DNA sequences were
compared to those in the Genbank database using blast-n.

Fig. 2 Chlorophyll a time series from continuous-monitoring stations
from January through October 2016. Abbreviated station names show
the stations in approximate order from north (Lisbon Weir, top) to south-
west (Mallard Slough, bottom; see Fig. 1 and Table S1). All plots are
scaled from 0 to 40 μg Chl L−1 and horizontal lines show zero values,
shifted upward for each station by 40 μg Chl L−1. Vertical lines indicate
sampling events I–IV. Colors are only to aid separation of plot lines

Estuaries and Coasts

Author's personal copy



While there were no 100% matches in the Genbank database
for the DNA sequences obtained, the closest hits were to dia-
tom species, primarily Aulacoseira granulata, and other
Aulacoseira species including A. nyassensis and A. ambigua
(> 98% identity, 100% query coverage).

We designed a set of genus-specific primers to target a 158-
bp region of the 18S rRNA gene from all Aulacoseira spp.
with known 18S rRNA gene sequences based on the above
results and alignment (Geneious v.11.1.2) with non-target
species from the NCBI Genbank database. These
Aulacoseira-specific primers are Aula18S_599F (5′–
ATCTCTGCCCTCCTTGGTTG–3′) and Aula 18S_735R
(5′–CAACGAAATAGTGCCAAAACCC–3′). We verified
amplification of the target species using concentrates of
Aulacoseira spp. from our zooplankton samples, tested
against P. forbesi DNA to ensure non-amplification, and ver-
ified that our primers did not amplify a range of cultured algae
including Cryptomonas, Cyclotella, Chlamydamonas, and
Melosira sp.

Quantification of Aulacoseira Ingestion

For quantitative PCR (qPCR) analysis of Aulacoseira inges-
tion, groups of adult female P. forbesi were sorted from each
ethanol-preserved zooplankton sample and cleaned of exter-
nal debris, then rinsed with fresh ethanol three times to min-
imize any contamination from externally attached phytoplank-
ton. We isolated five replicate subsamples of five copepods
each from each sample, omitting sampling event III at stations
1 and 5 and sampling event IV at stations 1 and 3 which
contained too few females. Each subsample was transferred
into Buffer ATL while minimizing ethanol transfer and
ground with a sterile pestle to rupture copepod exoskeletons.
Total DNA was extracted using the DNeasy kit as described
above, with an overnight incubation at 56 °C to maximize
DNA lysis from copepod guts.

Aulacoseira was quantified from each DNA extract by
qPCR. To generate a standard curve for qPCR, A. granulata
cells were isolated from a concentrated, preserved zooplank-
ton sample and diluted to a concentration of 10,000 cells
mL−1. This sample was extracted as described above, and
ten-fold serial dilutions of this extract (50–0.005 cell μL−1)
were used in a standard curve for qPCR estimation of
A. granulata cell numbers in copepod guts.

Quantitative PCR reactions to quantify A. granulata in co-
pepods were run on an Applied Biosystems 7300 Real-Time
PCR System. Triplicate qPCR reactions for each sample and
standard were run with a 20 μL total volume, which included
10 μL of PowerUP SYBR Green master mix (Applied
Biosystems), 0.75 μL each of Aulacoseira forward and re-
verse primer (10 μm concentration), 2 μL of BSA, 1.5 μL
of PCR-grade water, and 5 μL of the template. Thermal cy-
cling conditions included polymerase activation of 50 °C for

2 min and denaturation at 95 °C for 2 min, followed by 40
cycles of denaturation at 95 °C for 15 s, annealing at 52 °C for
15 s, and extension of 72 °C for 1 min. A melting curve
analysis was performed at the end of each qPCR run.

To verify the presence of and estimate the abundance of
Aulacoseira cells in the guts of P. forbesi, a tissue-digestion
method was used to visually count and measure diatom frus-
tules in the guts of individual copepods (Mayama et al. 2006).
Briefly, individual adult female P. forbesiwere isolated from a
subset of samples rates taken on May 25, 2016, that had a
range of estimated ingestion rates: stations 5 (high ingestion
rate, n = 5), 4 (high, n = 1), 3 (medium, n = 1), and 1 (low, n =
3). Adult female P. forbesi individuals were sorted from each
ethanol-preserved zooplankton sample and cleaned of exter-
nal debris, then rinsed with fresh ethanol three times to min-
imize any contamination from externally attached phytoplank-
ton. Each cleaned copepod was transferred individually into
1.5-mLmicrocentrifuge tubes, and 250-μL liquid drain clean-
er (Drano™) was added. Tubes were incubated for 20 min
with intermittent vortexing. To rinse, deionized water was
added to each tube which was then vortexed to mix and cen-
trifuged at 3000 RPM for 3 min. Then the fluid was gently
poured off and the sample was rinsed three times with deion-
ized water. Finally, a permanent slide was prepared using
ZRAX high refractive index mounting medium. A slide was
also made with field-collected Aulacoseira to view intact
cells. Each slide was scanned under an inverted microscope
at × 40 total magnification for diatom frustules and pieces of
diatoms. Whole Aulacoseira frustules were counted and
pieces of frustules were measured. If pieces were in a cluster,
the area of the cluster was measured, and it was noted if there
were one or multiple layers in the cluster. The number of cells
in each single adult female copepod was estimated by calcu-
lating the area of frustule pieces on the slide divided by the
surface area of a single whole cell.

Data Analysis

For each triplicate qPCRmeasurement, replicates with a cycle
threshold (Ct) standard deviation (SD of Ct) value greater than
0.5 were considered outliers and excluded from further anal-
ysis. Only samples with Ct values within the lowest accept-
able quantification standard (0.005 cell μL−1) were included
in the analysis, and all others were considered as lacking target
DNA.

We divided the estimates of Aulacoseira cells per copepod
by an assumed gut residence time of 30 min (Durbin et al.
2012) to obtain ingestion rates in cells per day. We estimated
the mean carbon biomass of an Aulacoseira cell by measuring
30 individual cells and applying the calculation for carbon
from the volume of a cylindrical diatom (Menden-Deuer and
Lessard 2000), giving a mean of 35 pg C cell−1. This was then
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used to calculate the carbon content of ingested Aulacoseira
cells.

To place ingestion in a bioenergetic context, we estimated
the daily ingestion of carbon per copepod necessary to support
observed reproductive rates, then estimated the daily percent-
age of that carbon provided through direct consumption of
Aulacoseira as

C% ¼ 100 I E
C P

ð2Þ

where C% is the percent of carbon required for egg pro-
duction that is provided by consuming Aulacoseira, I is the
ingestion rate of Aulacoseira (μg C day−1), E is gross growth
efficiency of 0.30 (Straile 1997),C is carbon per egg (0.06 μg,
Kimmerer et al. 2014), and P is egg production rate (eggs♀−1

day−1).

Results

The Bloom

Chlorophyll fluorescence underwent a series of ~ 8 peaks
throughout spring and summer (Fig. 2). The bloom, defined
here as above background levels of roughly 5 μg L−1, appar-
ently began in the Cache Slough Complex around 14 March,
increasing in concentration daily and reaching a peak of 74 μg
Chl L−1 at station 4 on 21Mar 2016. The bloom encompassed
much of the northern estuary by 22 Mar 2016, with a peak of
35 and 51 μg Chl L−1 at USGS stations LIS and TOE
(Table S1) in the Yolo Bypass on 23 March, which dimin-
ished in amplitude at stations further south. A more persistent
bloom then arose at station 5 on Liberty Island (Fig. 1) with a
maximum of 37 μg Chl L−1 on 7 May, and blooms occurred
across much of the estuary south of station 5 with generally
decreasing amplitude and some delay in timing. A series of
smaller blooms followed through June to August (Fig. 2).
From March through September, the mean chlorophyll con-
centration in all sampling stations was 8 μg Chl L−1.

We were unable to begin sampling until 20May 2016, near
the end of the second large chlorophyll peak (Fig. 2).
Nevertheless, many of our zooplankton samples were awash
with Aulacoseira chains, and chlorophyll concentrations in
our samples ranged from 2μg Chl L−1 outside the bloom areas
to 37 μg Chl L−1, with a median of 10 μg Chl L−1 (Fig. 3).
Two routine monitoring programs found similar ranges of
chlorophyll from April to August in the larger estuarine chan-
nels (Fig. 3).

We confirmed by microscopy that over the course of the
study the dominant bloom organism in the size range > 20 μm
continued to be Aulacoseira spp. at the core sampling stations
(2–5). Samples from the bloom period analyzed for diatom

biovolume showed that wherever biovolume rose to bloom
levels (>5 μg L−1), it was dominated by Aulacoseira spp.
(Fig. S1a), with a median proportion of 89% of total diatom
biovolume in 34 total samples (Fig. S1b). Cells of this genus
were identified in 33 samples as A. granulata, with four sam-
ples containing diatoms identified as one of three other species
(A. lirata, A. islandica, A. italica), and 22 samples in which
Aulacoseira sp. was reported. Other phytoplankton taxa were
present, and in most cases constituted only a small proportion
of the total biovolume and abundance (Fig. S2a, b).
Cyanobacteria were highly abundant at stations 3 and 5
throughout the study, but the cells were small and contributed
very little to the total biovolume.

We put seasonal patterns of copepod abundance in the
context of the bloom pattern to try to detect responses of
P. forbesi to the bloom (Fig. 4). Bloom patterns were obtained
from four continuous monitoring stations (Fig. 4a) closest to
the center of the population for this copepod, in the central
Delta (Fig. 1). Abundance of adult P. forbesi (Fig. 4b)
throughout the Delta followed a similar seasonal trajectory
to those seen in other years from 1994 to 2018, except that
abundance in 2016 was higher in January–April than in other
years, mostly before the bloom. From May on, abundance of
P. forbesi adults was not markedly different in 2016 from that
in other years. A similar overall pattern held for copepodites
except for low values in Februrary (Fig. 4c).

Copepod egg production rates responded to bloom condi-
tions, but with a lot of scatter (Fig. 5). Egg production was
linearly related to chlorophyll in the > 20-μm size fraction,
which was essentially all Aulacoseira biomass (Fig. 5a). Egg
production rates frequently exceeded values predicted by a
rectangular hyperbola previously fit to a larger set of data on
egg production rate vs. total chlorophyll (Fig. 5b).

Fig. 3 Chlorophyll data (log scale) from discrete samples taken in 2016
by the USGS monitoring program (squares), the Interagency Ecological
Program (circles), and our sampling transects (triangles), together with a
loess curve fit to data on chlorophyll concentration vs. day from USGS
data taken during pre-bloom years 2013–2015, with 95% confidence
interval (shaded, N = 230). Colors indicate regions: red for the Cache
Slough area, blue for the remainder of the Delta, and black for Suisun Bay
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Copepod Gut Content Analysis

Sequencing of qPCR products verified amplification of
A. granulata (100% identity, 100% query coverage) in the
guts of the copepods. Quantitative PCR analysis of
P. forbesi indicated that feeding on A. granulata was relative-
ly high early in the study and declined over time, with an
earlier decline ofA. granulata in the guts in the more southerly
areas (stations 1–4) than at northerly sites (Fig. 6). During the
first sampling event, on 20 May, the mean of replicate mea-
surements ranged from 4.4–13.2 cells copepod−1, while 5
days later, the means ranged from 0.2–11.6 cells copepod−1,
and on 9 June and 28 June the means ranged from 0.1–1.8
cells copepod−1.

Mean P. forbesi ingestion rates, determined from gut con-
tents and assumed digestion times, ranged from 0 at station 2
on 9 June and station 4 on 28 June, to 548 cells copepod−1

day−1 at station 6 on 20May (Fig. 6). The maximum ingestion
rate from an individual measurement was 5118 cells cope-
pod−1 day−1 at station 4 (Cache Slough) on 20 May.

Aulacoseira in gut contents of P. forbesi, and therefore the
calculated ingestion rates, were unrelated to chlorophyll > 20
μm, despite the clear separation of gut-content data between
the first two and last two sampling events (Fig. 7). During the
two earlier sampling events, higher chlorophyll levels were
associated with higher ingestion rates, whereas ingestion rates
in the two later events were nearly zero even at chlorophyll

Fig. 4 Seasonal patterns of phytoplankton and P. forbesi abundance. a
Chlorophyll concentration from four stations in the region of the copepod
samples (stations 2, ANH, 3, RVB, Fig. 1) in 2016, color-coded as in Fig.
3. bAbundance of adult P. forbesi for 1994–2018, with 2016 data shown
as triangles and diamonds representing medians, and all other years as
boxplots showing quartiles (box), whiskers representing themost extreme
value within 1.5 times the inter-quartile range of the box, and outliers as
dots. c As in (b) for P. forbesi copepodites. Data for (b) and (c) from IEP

Fig. 5 Egg production rate ofPseudodiaptomus forbesi vs. aChlorophyll
concentration size-fractionated larger than 20 μm. b Chlorophyll concen-
tration determined with GF/F filters. Shapes and colors of symbols indi-
cate sample events I–IV with (I) 20 May 2016, (II) 25 May 2016, (III) 9
June 2016, and (IV) 28 June 2016. Areas of symbols represent total adult
females counted (10–356). Line in (a) is a least-squares regression line

with points weighted by the total number of females, with 95% confi-
dence bands; EPR = 1.9 + (0.38 ± 0.14) Chl > 20, R2 = 0.23, 19 df. Line in
(b) is a rectangular hyperbola fit to 238 measurements of chlorophyll and
egg production rate of P. forbesi from 2006 through 2018 (Gearty 2020);
parameters are Smax = 3.6 ± 0.8 eggs♀−1 day−1 and K = 3.4 ± 2.0 μg Chl
L−1 with a residual standard error of 4.6 eggs ♀−1 day−1.
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concentrations between 5 and 10 μg L−1 at the three northern
stations (Fig. 7).

Egg production rates of P. forbesi were unrelated to inges-
tion rates of A. granulata (Fig. 8). Moreover, Aulacoseira
carbon contributed only a small percentage to the estimated
carbon required to support the observed egg production rates
(Fig. 9). The median percentage of carbon required was 1%
and the maximum of 21% occurred at a very low egg produc-
tion rate. The apparent inverse relationship of egg production
to the percent of required carbon is a consequence of Eqn. 1
and the lack of relationship between ingestion of Aulacoseira
and egg production rate (Fig. 8).

The tissue digestion assessment to confirm ingestion of
Aulacoseira cells found 0–108 diatom cells copepod−1 across
stations, with a mean of 23 cells copepod−1 overall. While
other diatoms may have been present in the guts at low num-
bers, most of the frustules were from Aulacoseira (>99%). In
the “high” concentration samples (stations 4 and 5), the mean
estimate was 31 Aulacoseira cells copepod−1, with a maxi-
mum of 108, while in the low concentration sample (Station
1) only one of the three copepods contained 47 diatoms esti-
mated from the frustules and fragments, and the single cope-
pod from station 3 contained no diatoms.

Discussion

The egg-production rate of P. forbesi during spring 2016 includ-
ed some unusually high values, with the highest single value and

four individual values among the top 10 of 238 egg production
rates from a variety of studies in the SFE (Gearty 2020). We did
not conduct a formal test of the differences among these studies
because of the temporally limited sampling in this study.
Nevertheless, these results suggest that the reproductive rate of
P. forbesi was at times elevated during this exceptional bloom.

However, our study provides multiple lines of evidence that
reproductive rates of P. forbesi were only partially supported by
ingestion of the diatom A. granulata during the bloom. The
highest mean ingestion rate observed was 946 cells copepod−1

day−1. We calculated that this supplied only ~ 21% of the daily
carbon required for the observed egg production rate in that
sample which, having a very low egg production rate, also had
a relatively low carbon requirement (Fig. 9).Moreover, EPRwas
sometimes high at relatively low-chlorophyll levels (Fig. 5) even
when ingestion of Aulacoseira was low (e.g., Fig. 8, sampling
event IV). While the phytoplankton biovolume in our study was
dominated by Aulacoseira spp. (Fig. S1), ingestion of
A. granulata was unrelated to chlorophyll (either > 20 μm or
total; Fig. 7). Though these results are not unprecedented
(Hogfors et al. 2014), they do indicate a critical need to revise
our view of what supports high copepod reproduction and
growth, even during diatom blooms.

Copepod Diets

It was clear that P. forbesi consumed Aulacoseira, but that
other foods must have been important as well. If copepods
did not get much of their energetic support by consuming

Fig. 6 Estimated number of cells
of Aulacoseira sp. per individual
Pseudodiaptomus forbesi, and
calculated ingestion rate (right
axis), by sample events I–IV and
station. Sample events are (I) 20
May 2016, (II) 25May 2016, (III)
9 June 2016, and (IV) 28
June 2016. Small circles are from
individual qPCR measurements
of 5 copepods sample−1, and
larger triangles are means by
sampling event and station.
Stations are arranged from south-
west (left) to northeast (right): (1)
Snag Island, (2) Mallard Island,
(3) Decker Island, (4) Cache
Slough, (5) Liberty Island, and (6)
Deep Water Ship Channel
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Aulacoseira, what supported the apparent, though ephemeral,
increase in egg production rate? Phytoplankton blooms are
generally accompanied by blooms of bacteria and archaea,
which transform and repackage organic matter produced by
bloom organisms (Buchan et al. 2014). Phytoplankton blooms
are also accompanied by rapid increases in abundance of

microzooplankton grazers, which in turnmay provide the bulk
of the nutrition consumed by copepods (Turner and Granéli
1992). Thus, by increasing the rate of production of labile
organic matter, phytoplankton blooms may support higher
trophic levels through a variety of pathways other than direct
consumption of the bloom organism. This may explain why
egg production in some samples of P. forbesi was elevated in
June 2016 (Fig. 5) after direct consumption of Aulacoseira
had declined (Fig. 6).

While calanoid copepods are widely considered to feed on
diatoms, particularly in productive systems (Fleming 1939;
Turner 1984b; Koski and Riser 2006), evidence continues to
mount that suggests other prey types can provide greater nu-
trition than diatoms and support higher rates of reproduction
in the field (Kleppel 1993; Nejstgaard et al. 2001). Not only
did our molecular analysis suggest low ingestion rates on
Aulacoseira during our study period, but our tissue digestion
experiment results also show low ingestion rates of any other
species of diatoms present at the time of our study.

Blooms of microzooplankton often coincide with seasonal
diatom blooms (Hansen 1991; Sherr and Sherr 2007) and can
be an important food source for copepods (Sherr and Sherr
2007; Calbet and Saiz 2005; Gifford et al. 2007); however,
only the phytoplankton were quantified in the current study.
The other phytoplankton that contributed the most to
biovolume during our study include the flagellates
Strombomonas sp. (Euglenophyta; stations 3 and 5) and

Fig. 9 Estimated consumption of Aulacoseira sp. as a percentage of
estimated daily carbon requirement (C%, Eqn. 2) for Pseudodiaptomus
forbesi vs. egg production rate. Symbols and numbers as in Fig. 7

Fig. 8 Egg production rate vs. estimated ingestion rates of Aulacoseira
sp. by Pseudodiaptomus forbesi. Symbols and numbers as in Fig. 7

Fig. 7 Cells per copepod (left y-axis) and cells ingested copepod−1 day−1

(right y-axis) vs. chlorophyll concentration > 20 μm for corresponding
sample event number (as in Fig. 5) and locations (numbers, as in Fig. 1)

Estuaries and Coasts

Author's personal copy



Rhodomonas lacustris (Cryptophyta; Station 3) both at sta-
tions along the Sacramento River (Figure S3a, b) where fla-
gellates can be abundant (Kress 2012). Heterotrophic ciliates
can be abundant in the late spring around the downstream
stations (e.g., Bouley and Kimmerer 2006). Calanoid cope-
pods are omnivores, obtaining at least some of their food from
microzooplankton (Bowen et al. 2015; Kayfetz and Kimmerer
2017; Yeh et al. 2020; Yi et al. 2017), plant detritus (Heinle
et al. 1977; Harfmann et al. 2019), and even fungi (Yeh et al.
2020; Yi et al. 2017). Chytrid fungi have been found to be
high-nutrient (e.g., PUFAs and cholesterols) food for other
zooplankton and are implicated in mediating carbon transfer
from diatoms to higher trophic levels (Kagami et al. 2011).
Given the low rate of direct feeding onA. granulata, P. forbesi
must have consumed alternative food during our study, but
additional studies targeting alternative prey in the samples
would be needed to identify what they were.

While we do not have much evidence for other taxa that
contributed to the copepod diet in our study, cyanobacteria
may have been one important food source for P. forbesi on
some sampling dates. In our study cyanobacteria made up
>95% of the total phytoplankton abundance (Fig. S2), but <
5% of the biovolume (Fig. S1 b). Prior work in the Cache
Slough Complex (stations 4–6) has shown high levels of
cyanobacteria DNA and negligible levels of cryptophyte
DNA in the guts of P. forbesi, the opposite of what we ex-
pected based on their respective abundance and presumed
nutritional value (Holmes 2018; Kimmerer et al. 2018).
Other sequencing-based studies have found cyanobacteria
(Synechococcus) to be highly abundant in the guts of
C. finmarchicus (Yeh et al. 2020). Moreover, the growth rate
of P. forbesi was weakly but positively related to
cyanobacterial biovolume in the Yolo Bypass during 2015–
2017 (Owens et al. 2019). Though often considered a poor
food source, cyanobacteria can be ingested by copepods and
can support growth and reproduction (Hogfors et al. 2014;
Engstrom-Ost et al. 2014; Ger et al. 2018). Ingestion of
cyanobacteria may depend on what other prey taxa are avail-
able; in some cases, cyanobacteria seem to be avoided or
rejected by copepods (e.g., Meyer-Harms et al. 1999).
However, copepods may shift phenotypes and develop traits
allowing them to feed on cyanobacteria (Ger et al. 2016).
During periods of high cyanobacteria abundance, it is possible
that P. forbesi may exploit aggregations of cyanobacteria as a
nutritional source or consume them indirectly, such as through
secondary predation (DeMott andMoxter 1991; Sheppard and
Harwood 2005; King et al. 2008).

Variability in Ingestion of Aulacoseira

The highest ingestion rates we observed on A. granulata oc-
curred on the first sampling date, 20 May 2016, during the de-
cline of the bloom, when the maximum percent carbon ingested

was 24% of the daily carbon needs of P. forbesi. Our ingestion
rate estimates were also more variable in earlier stages of the
bloom (evident in sampling event I and II, Fig. 6), which may
reflect heterogeneity in feeding success of individual P. forbesi
on long Aulacoseira chains and individual cells. The decline in
ingestion rates observed over the course of our study started at
the southernmost stations (Fig. 6), which are also the most influ-
enced by tidal flow. Senescent diatom blooms may, however, be
more bioavailable than blooms in the exponential growth phase
(Barofsky et al. 2010; Ray et al. 2016). The observed decline in
ingestion of A. granulata may be due, in part, to changes in
palatability of the diatom over the course of the bloom, or from
prey switching in the later bloom stages.

Our results show that the diatom A. granulata was not the
primary source of food for P. forbesi during the period of the
bloom studied here, despite dominating the phytoplankton
assemblage at all study sites (Fig. S1), though ingestion rates
on A. granulatamay have been higher prior to the start of our
study. The observed lack of a strong relationship between
ingestion of Aulacoseira and chlorophyll levels (Fig 7) is un-
likely to be from a mismatch in volumes or locations sampled,
as both chlorophyll and zooplankton were collected with sur-
face samples. Chlorophyll concentration is also a proxy for
phytoplankton biomass (e.g., Cullen 1982; Fennel and Boss
2003; Jakobsen and Markager 2016) and does not account for
the availability and nutritive value of that biomass to grazers.
Given the overwhelming biovolume of Aulacoseira in the
phytoplankton (Fig. S1), we assume that low consumption
by P. forbesi could reflect the mechanical challenge for this
species to consume this silica-rich diatom (Liu et al. 2016) or
the poor nutritive value of diatoms relative to other potential
prey (Jones and Flynn 2005).

Ingestion rate estimates based on our tissue digestion ex-
periments were within the range we would expect based on
our qPCR measurements containing five copepods sample−1

assuming the diatom frustules remain in the gut longer than
labile DNA. Copepodsmacerate their prey (Mauchline 1998a)
making the labile organic matter inside, including DNA, more
prone to digestion and degradation. The silica-based diatom
frustules themselves are not digested completely in copepod
guts and remain visible in fecal pellets (e.g., Turner 1984b).
Studies of DNA degradation in copepod guts suggest prey
DNA is digested rapidly (Durbin et al. 2008; Nejstgaard
et al. 2008) and reaches near-zero levels within 30 min of
ingestion (Durbin et al. 2012). While exact gut evacuation
rates for this species are not known, gut evacuation rates in
other calanoid copepod species are largely between 30-60
mins (Mauchline 1998b).

Fate of the Bloom

The bloom injected a massive stimulus in terms of organic
carbon into the northern SFE. We estimated phytoplankton
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gross primary production for station 5 using a model for turbid
estuaries (Jassby 2008). Inputs to the model are chlorophyll
concentration (Fig. 2), with values above 5 μg L−1 denoting
elevated conditions, extinction coefficient which we estimated
from turbidity data obtained from the same station, and inci-
dent photosynthetically active radiation (PAR), estimated as
in Jassby (2008). Estimated gross primary production (GPP)
during 2016 roughly doubled from 180 to 370 mg C m−2

day−1.
Where did the excess productivity go? There is evidence

that even after phytoplankton blooms, particulate organic car-
bon and particulate organic matter in the northern SFE is gen-
erally less labile (i.e., low in PUFAs and higher in saturated
fatty acids) than comparable sites in other estuaries, and thus
may not be readily available to heterotrophic organisms or
higher trophic levels (Canuel 2001). In fact, it is likely that
much of it sank to the bottom and was subsequently buried,
consumed and metabolized by the benthos, or remineralized
by heterotrophic microbes. We did not see evidence of an
immediate life history response by the benthic organisms (bi-
valve larvae, gastropod larvae, others) nor by other pelagic
zooplankton taxa during our study (Fig. S4). There was also
no clear response in the abundance of benthic invertebrates in
2016 at sites around our study region (Palmieri 2020). In the
ocean, heterotrophic bacteria remineralize roughly one-half of
the carbon produced by autotrophs and bacterial production
correlates with chlorophyll a during phytoplankton blooms
(Cole et al. 1988; Ducklow et al. 1993; Buchan et al. 2014).
Thus, it is likely that much of the excess production was
remineralized by bacteria and archaea and respired to CO2,
transferred via microbial biomass up the food web, or cycled
within the microbial loop (Coffin and Sharp 1987).

If we assume that much of this extra productivity eventu-
ally entered the pelagic food web, the response of the pelagic
ecosystem seems paltry. Not only was P. forbesi abundance
unresponsive, but total zooplankton biomass at salinity < 1
was unresponsive to the bloom as well (Fig. S5a). The median
biomass in 2016 was higher than the grand median from the
other years through April, but beginning in May the median
biomass in 2016 was generally consistent with values from
other years. Likewise, median biomass of small fishes at sa-
linity < 1 was generally no higher in 2016 than in previous
years, and inMay, June, and November it was zero (Fig. S5b).

Implications for the Estuary

The upper (northern) San Francisco Estuary has been a high-
nutrient-low-chlorophyll region since the mid-1980s
(Wilkerson et al. 2006); silicate is rarely a limiting nutrient
(Cloern et al. 1983; Kimmerer 2005). Reasons for this situa-
tion are complex (Dahm et al. 2016). This region, notably
Suisun Bay and the western California Delta (Fig. 1), was
once characterized by summer-long diatom blooms with

typical summer chlorophyll values of ~ 20–30 μg L−1

(Alpine and Cloern 1992), and blooms in the southern Delta
were often dominated by diatoms identified as Melosira spp.
(Lehman 1992). The regular occurrence of high-biomass chlo-
rophyll blooms ended abruptly with the 1987 invasion of the
clam Potamocorbula amurensis, which reduced phytoplank-
ton biomass ~ five-fold (Alpine and Cloern 1992), eliminated
summer-long diatom blooms (Kimmerer 2005), and, through
size-selective grazing, reduced the proportion of biomass in
large cells (Kimmerer et al. 2012). Since 1987, summer phy-
toplankton biomass and productivity in brackish regions of the
estuary have been persistently low, with ~ half of the biomass
and productivity in cells smaller than 5 μm (Kimmerer et al.
2012). Occasional, brief blooms have occurred in springs of
some years, which have been attributed to late seasonal devel-
opment of clam populations (Dugdale et al. 2016). An addi-
tional cause proposed for the low phytoplankton biomass is
the nutrient environment which may inhibit rapid growth of
diatoms (Wilkerson et al. 2006; Dugdale et al. 2007).
However, calculated grazing by clams and micro- and
mesozooplankton combined was sufficient to inhibit blooms
most of the time, and phytoplankton growth minus grazing
was positively related to the month-by-month change in chlo-
rophyll concentration (Kimmerer and Thompson 2014).

Low phytoplankton productivity since 1987 has degraded the
food environment for several estuarine fishes (Feyrer et al. 2003).
Abundance of fishes in the deep channels of the estuarine low-
salinity zone declined either immediately or within a few years
after the clam invasion. The fish species that declined included
some that are mainly planktivorous throughout life, e.g., the en-
dangered delta smelt Hypomesus transpacificus (Nobriga 2002;
Slater and Baxter 2014), threatened longfin smelt Spirinchus
thaleichthys (Feyrer et al. 2003), and northern anchovy
Engraulis mordax (Kimmerer 2006), as well as some that are
planktivorous only during early life, such as striped bassMorone
saxatilis (Sommer et al. 2011).

Management of the San Francisco Estuary centers on the
conflict between environmental protection and extraction of
freshwater from the estuary and its watershed for human uses.
This conflict is sharpest for the endangered and declining delta
smelt (Sommer et al. 2007). Delta smelt are heavily dependent
on copepods, notably P. forbesi, which itself has declined in
the main summer habitat of delta smelt as a result of excessive
mortality of nauplii (Kayfetz and Kimmerer 2017; Kimmerer
et al. 2019). Delta smelt are also highly vulnerable to losses
from the population to massive water diversion facilities in the
southern Delta (Kimmerer 2008). Because of the value of the
diverted water, proposals and plans have been growing for
remedial actions to enhance phytoplankton production there-
by stimulating production of food for delta smelt. Our results
suggest that blooms of A. granulata are unlikely to directly
provide the wished-for stimulus to higher trophic levels
through P. forbesi.
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