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ABSTRACT: The potential toxicity of elevated selenium (Se) concentrations in aquatic ecosystems has stimulated ef-
forts to measure Se concentrations in benthos, nekton, and waterfowl in San Francisco Bay (SF Bay). In September 1998,
we initiated a 14 mo field study to determine the concentration of Se in SF Bay zooplankton, which play a major role
in the Bay food web, but which have not previously been studied with respect to Se. Monthly vertical plankton tows were
collected at several stations throughout SF Bay, and zooplankton were separated into two operationally defined size
classes for Se analyses: 73-2,000 pm, and 22,000 pm. Selenium values ranged 1.02-6.07 g Se g~! dry weight. No spatial
differences in zooplankton Se concentrations were found. However, there were inter- and intra-annual differences. Zoo-
plankton Se concentrations were enriched in the North Bay in Fall 1999 when compared to other seasons and locations
within and outside SF Bay. The abundance and biovolume of the zooplankton community varied spatially between
stations, but not seasonally within each station. Smaller herbivorous-omnivorous zooplankton had higher Se concentra-
tions than larger omnivorous-carnivorous zooplankton. Selenium concentrations in zooplankton were negatively corre-
lated with the proportion of total copepod biovolume comprising the large carnivorous copepod Tortanus dextrilobatus,
but positively correlated with the proportion of copepod biovolume comprising smaller copepods of the family Oithon-

idae, suggesting an important role of trophic level and size in regulating zooplankton Se concentrations.

Introduction

Selenium (Se) has been an element of concern
in aquatic environments for many years due to its
potential toxicity. Like most other elements, Se en-
ters aquatic environments from natural and an-
thropogenic sources and, at elevated concentra-
tions, causes toxicity (Cumbie and Van Horn 1978;
Garrett and Inman 1984; Ohlendorf et al. 1986;
Lemly 1996). Se toxicity and bioaccumulation is
complicated due to its multiple oxidation forms,
each of which displays different chemical and tox-
icological properties (Lemly 1996). Se can also un-
dergo transformation between inorganic and or-
ganic forms, thereby affecting bioavailability and
toxicity (Besser et al. 1993; Maier et al. 1993). Sel-
enite (SelV, SeO,2") and selenate (SeVI, SeO,?"),
are the inorganic forms of dissolved Se, with sele-
nite shown to be the most bioavailable form for
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phytoplankton uptake (Hu et al. 1997), a necessary
first step in the trophic transfer of Se. Most studies
addressing Se bioaccumulation have found that
lower trophic levels such as phytoplankton and
bacteria bioaccumulate dissolved Se, and higher
trophic levels (i.e., zooplankton and fish) accu-
mulate Se through ingestion (Luoma et al. 1992;
Lemly 1993; Bowie et al. 1996; Thomas et al. 1999).

San Francisco Bay (SF Bay) is an excellent en-
vironment in which to study the trophic transfer
of Se given the history of Se contamination and
foodweb toxicity in the California Central Valley
and Kesterson Reservoir (Ohlendorf et al. 1986;
Luoma and Phillips 1988). The potential for ad-
verse ecological effects from Se have been report-
ed over the past 20 years in SF Bay (Luoma 1997;
Thomas et al. 1999), and the impact of this ele-
ment on the SF Bay-Delta foodweb-ecosystem is still
under investigation. Past research showed elevated
concentrations of dissolved and particulate Se and
anthropogenic influences on dissolved Se specia-
tion (Cutter 1989; Cutter and San Diego-McGlone
1990), as well as high Se exposures in benthos



(Johns et al. 1988; Linville et al. 2002), some fish
(White et al. 1988), and certain species of water-
fowl (Urquhart and Regalado 1991). Phytoplank-
ton readily accumulate dissolved Se (Wrench 1978;
Price et al. 1987; Harrison et al. 1988; Baines and
Fisher 2001), and the resultant particulate organic
Se has been shown to be efficiently assimilated by
the bivalves Macoma balthica and Potamocorbula amu-
rensis (Luoma et al. 1992; Schlekat et al. 2000). In-
deed, this efficient assimilation and slow loss may
contribute to the especially high (10-20 pg g~ ! dry
weight) Se concentrations exhibited by P. amurensis
in SF Bay (Schlekat et al. unpublished data). These
concentrations are potentially problematic to con-
sumers of P. amurensis (e.g., diving ducks and stur-
geon) because they exceed threshold toxicity for a
food source (Skorupa 1998).

While upper and lower trophic level organisms
and benthic bivalves have been the center of Se
studies, little is known about the accumulation by
lower level pelagic consumers such as zooplankton.
Zooplankton are an integral part of estuarine and
coastal food webs since they are a food source for
many juvenile and adult fish (Meng and Orsi
1991), and they could also be a dietary source of
Se. Most ecological studies of SF Bay zooplankton
have focused on the upper estuary (e.g., Orsi and
Mecum 1986; Kimmerer and Orsi 1996; Kimmerer
et al. 1998), with the exception of two studies (Am-
bler et al. 1985; Bollens et al. 1999); much less is
known about the lower, more saline reaches of the
Bay. The trophic transfer of Se from phytoplank-
ton to zooplankton to upper trophic level organ-
isms has been addressed for freshwater systems in
laboratory studies (Fisher and Reinfelder 1991;
Besser et al. 1993), but the role of zooplankton in
Se dynamics is poorly understood for estuarine sys-
tems such as SF Bay.

There are many factors that could influence Se
concentrations in zooplankton in SF Bay, including
proximity to Se sources and hydrodynamics. Se
sources to SF Bay include the Sacramento and San
Joaquin Rivers. The Sacramento River has low con-
centrations of total dissolved Se (~ 0.9 nM, Cutter
1989; Cutter and San Diego-McGlone 1990). An
order of magnitude higher levels of Se are found
in the San Joaquin River (Cutter and San Diego-
McGlone 1990; Cutter unpublished data), which
drains the naturally high seleniferous soils of the
Southern Central Valley (Lemly 1993; Thomas et
al. 1999). This river rarely flows into SF Bay due to
municipal and agricultural withdrawals (Cutter
and San Diego-McGlone 1990). Oil refineries lo-
cated around Carquinez Strait are another source
of Se to SF Bay (Cutter 1989; Cutter and San Di-
ego-McGlone 1990). Interestingly, Se concentra-
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tions in clams are greatest in this region (Linville
et al. 2002).

Biological factors could also influence Se con-
centrations in zooplankton, including body size,
species, and trophic status (Liu et al. 1987; Goede
et al. 1993). For example, Brugmann and Hen-
nings (1994) found differences in Se accumulation
between different zooplankton species and differ-
ent life stages of the same species. Previous studies
have demonstrated that zooplankton accumulate
Se primarily through ingestion of particle-associ-
ated Se rather than from the dissolved state (Wang
and Fisher 1998). It is also possible that the feed-
ing habits of zooplankton (e.g., herbivores versus
carnivores) could influence their Se concentra-
tions.

The overall objective of this study was to deter-
mine the spatial (1-60 km) and temporal (seasonal
and interannual) variability of Se concentrations in
SF Bay zooplankton. More specifically, we studied
effects of: proximity to Se sources, variation in
freshwater flows, and variation in zooplankton
composition, including size, structure, and trophic
level.

Materials and Methods
STUDY SITES

SF Bay is the largest estuary in western North
America with a surface area of 1,240 km? and an
average depth of 6.1 m (Conomos 1979). It is com-
posed of three general regions: the South, Central,
and North Bays, with the latter comprised of San
Pablo Bay, Carquinez Strait, and Suisun Bay (Fig.
1). The North and South Bay have distinct circu-
lation patterns, salinity distributions, and biologi-
cal communities (Ambler et al. 1985; Peterson et
al. 1985; Walters et al. 1985). Two major rivers en-
ter SF Bay through the North Bay: the Sacramento
and San Joaquin Rivers. During the rainy season
(Winter and Spring) freshwater discharge from the
Sacramento River is high, ranging from 1,000—
10,000 m?* s7!, and during the dry season (late
Summer and Fall) river flows range from 100-500
m?® s7! (Ambler et al. 1985). In contrast to the
North Bay, the South Bay has no large direct
source of freshwater and is therefore considered
lagoon-like.

FIELD SAMPLING

Zooplankton were sampled on the R/V Polaris at
6 fixed locations throughout SF Bay (Fig. 1) during
monthly cruises, September 1998-November 1999.
These sites are part of the U. S. Geological Survey’s
long-term regional water quality monitoring pro-
gram (see website: www.sfbay.wr.usgs.gov/access/
wqdata). Due to time constraints, only two samples
were collected at each station on each date. Zoo-
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Fig. 1. Zooplankton sampling stations in San Francisco Bay
and North Bay (inset).

plankton samples were taken using a 73 wm mesh,
0.5 m-diameter ring net fitted with General Ocean-
ics flowmeter for volume calculations. Two vertical
tows from within 1-2 m of the bottom to the sur-
face were collected at each station: one for zoo-
plankton Se determinations, and one for analysis
of zooplankton species composition. In October
1999, one sample was taken outside of SF Bay in
the Gulf of the Farallones, just west of the Golden
Gate Bridge during peak flood tide.

Species composition samples were immediately
rinsed and preserved in 5% Formalin-seawater so-
lution. Although all zooplankton sampled <2,000
pm were combined for Se analysis, live samples for
Se determinations were immediately separated
into 4 operationally-defined size classes: 73-250
pm, 250-500 pm, 500-2,000 wm, and =2,000 pm.
Each size fraction was placed in separate 1 L glass
jars filled with filtered (73 pm) seawater for 2 h to
allow for gut depuration and to allow detritus and
phytoplankton to settle out. For samples contain-
ing high amounts of detritus or phytoplankton,
zooplankton were isolated by phototaxis and were
removed with a widebore pipette. Following isola-
tion, zooplankton were rinsed with seawater (salin-
ity = 10) and filtered over a 73 pm sieve. Low sa-

linity seawater was used to minimize the salt con-
tent of zooplankton samples, however Se digests
were also analyzed for Na* to correct for salt con-
tent. After rinsing, samples were stored in 5 ml
glass vials at —4°C. Due to the amount of biomass
required for selenium analyses (=15 mg dry
weight), zooplankton samples were combined, be-
fore freezing, into two size classes: 73-2000 pm
and =2,000 pm. Wet weights of the 73-250, 250-
500, and 500-2,000 wm size classes were measured
before they were combined.

Since the size fractionated monthly zooplankton
samples were combined at each station, we con-
ducted a smaller scale study in the North Bay in
February and October 1999 to address whether dif-
ferent sized zooplankton accumulate different
amounts of Se. The area from eastern San Pablo
Bay to western Carquinez Strait was chosen be-
cause of its proximity to oil refineries and potential
for elevated Se concentrations. Zooplankton sam-
ples were collected on a grid of 6 stations within 2
km of United States Geological Survey Station 12
(Station Se-1 to 6; Fig. 1). Sampling and handling
procedures were identical to the monthly sam-
pling, but due to the shallow depths (3.0 * 0.3 m)
and high biomass requirement, 10-min horizontal
surface tows were conducted at each station. At Sta-
tion Se-2, located in the main shipping channel,
an oblique tow was conducted for 10 min. Samples
were collected, isolated, and sorted as described
earlier.

SPECIES IDENTIFICATION

Zooplankton were identified by microscopic
analysis. Subsamples (approximately 1% of the to-
tal volume) were removed from each sample with
a Stempel pipette and examined under a dissect-
ing microscope (Leica MZ6). Zooplankton were
identified to 16 different taxonomic groups, of
which copepods were identified to the species level
when possible. Zooplankton abundance (number
m~3) was calculated for each taxon within each
sample.

Total biovolume estimates were calculated for
zooplankton in each size class (73-250 pwm, 250—
500 pm and 500-2,000 pm), which involved cal-
culating an average biovolume per species and size
(n = 20) and multiplying by the total number of
individuals. Each zooplankton taxon was assigned
a 3-dimensional shape and the volume was calcu-
lated. For example, copepod volumes were calcu-
lated using the equation for oblate spheroids;
where volume = 4/3 @ X r? X 1, where r = spher-
oid radius (semi-minor axis) and I = spheroid
length (semi-major axis). Copepod nauplii and tin-
tinnids were considered spheres and their volumes
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TABLE 1. Summary of samples pooled for spatial (1-60 km) and temporal (seasonal and interannual) ANOVAs.

Spatial Analyses

Temporal Analyses

All Sampling Dates
(September 1, 1998-November 10, 1999

Fall 1998
(September 1-November 9)

Spring 1999
(March 9-May 7)
n

Fall 1999
(September 1-November 10)

Stations n n n
6 8 2 2 3

9 9 1 3 3
12 13 3 3 3
13 13 3 3 3
17 7 0 2 3
27 11 2 3 3

were calculated accordingly. All other zooplankton
were considered cylinders.

SELENIUM DETERMINATIONS

Selenium tissue concentrations were determined
using the oxidative digest and selective hydride
generation atomic absorption spectroscopy (AAS)
methods in Cutter (1985). Zooplankton (stored at
—4°C for = 6 mo) were dried at 40°C, weighed,
and subsequently digested using a 3-step nitric-
perchloric acid reflux procedure. After evapora-
tion of the nitric acid, the residue was redissolved
in 4M HCI and stored until final Se analysis. To
determine Se concentrations, 1-2 ml aliquots of
digest solution were diluted to 40 ml with distilled
water in a 400 ml glass beaker to which Teflon boil-
ing stones, 0.5 ml of 2% (w/v) persulfate solution,
and 22 ml concentrated HCl were added. The
beaker was covered with a watch glass, and the so-
lution brought to a boil for 30 min, with the heat
being reduced to the minimum capable of sustain-
ing boiling. After cooling overnight, the samples
were analyzed using the hydride generation pro-
cedure described by Cutter (1978). The standard
additions method of calibration was used to ensure
accuracy, and all determinations were made in trip-
licate to establish precision. In addition to the stan-
dard addition method, accuracy was verified using
the digestion and determination of Se in National
Institute of Standards and Technology (NIST) Oys-
ter Tissue with each group of 10 samples. All sam-
ple weights were corrected for salt content by mea-
suring Na concentrations using flame AAS.

STATISTICAL ANALYSES

Before statistical analyses, data were checked for
normality and homogeneity of variances. Having
only one sample at each station on each date ne-
cessitated the pooling of data, over time and space,
to allow for statistical analysis (Table 1). A one-way
analysis of variance (ANOVA) was used to test spa-
tial differences in zooplankton Se concentrations
between stations, where all samples collected at a
given station over the study period were pooled.
One-way ANOVA was also used to test for differ-

ences between size classes, where we pooled sam-
ples from the smaller scale North Bay zooplankton
sampling. A two-way ANOVA was also used to test
for differences in zooplankton Se concentrations
among stations and seasons. Due to the marked
seasonal differences in SF Bay river flow (Walters
et al. 1985), we pooled samples collected at a given
station over a given season with Spring (high flow)
being defined as March, April, and May, and Fall
(low flow) defined as September, October, and No-
vember. In cases where ANOVA results were sig-
nificant, Tukey’s studentized range test was used to
make multiple comparisons among means at the
95% confidence level. Arcsine transformations
were applied to percent biovolume and percent
wet weight data to ensure normality.

To test for similarities in zooplankton abun-
dance and biovolume within stations, seasons, and
size classes, Kendall’s coefficient of concordance
(W), a nonparametric multisample rank-correla-
tion statistic was used. When concordance results
were significant (i.e., samples were similar) for a
given station over the period of the study, season
or size class, we pooled sampling dates for that sta-
tion and season. Kendall’s W ranges from 0 (no
association) to 1 (perfect association). Kendall’s
Tau rank correlations were used to look for differ-
ences in zooplankton abundance and biovolume
between pairs of stations, seasons or size classes. In
terms of either abundance or biovolume, a lack of
significant correlation was interpreted as an ab-
sence of concordance indicating a substantial dif-
ference in zooplankton communities. Although al-
ternatives to concordance and rank correlations
for community analysis have been suggested (e.g.,
Jumars 1980; Ghent 1982), these analyses are still
commonly used in community ecology (e.g.,
Brown-Peterson et al. 1993; Turner et al. 1995;
Farnsworth and Ellison 1996; Bengtsson et al.
1997; Tolimieri et al. 1998. ) Specifically, correla-
tion analysis was considered a conservative ap-
proach for our study due to the relatively low num-
ber of taxa (n = 10) used, i.e., we avoided the
problem of rare taxa leading to significant results
(see Herbold 1984; Rahel et al. 1984; Grossman et
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Fig. 2. Se concentrations (mean = SE) in 73-2,000 wm size

fraction of SF Bay zooplankton during Fall 1998, Spring 1999
and Fall 1999. No samples were collected from the Central Bay
(Station 17) during Fall 1998.

al. 1985). All statistical analyses were completed
with SPSS 9.0 (Norusis 1999). Variation of the
mean is presented as standard error unless other-
wise indicated.

Results

SPATIAL PATTERNS IN ZOOPLANKTON
SE CONCENTRATIONS

Mean Se concentrations in all zooplankton size
classes (73-2,000 wm) and over all collection pe-
riods ranged from 2.5 £ 1.5 pg g ! at Station 6 to
35 = 1.5 pg g ! at Station 9 in Carquinez Strait.
Se concentrations were not different among sta-
tions (ANOVA: F, ., = 0.483, p = 0.787, n = 8 to
13). The one sample taken in the Gulf of the Far-
allones in October 1999 had a Se concentration of
2.1 pg g~!, which was lower than Se concentrations
found in SF Bay during the same period (4.5 * 0.8
pg g7l df = 17, p < 0.05).

TEMPORAL PATTERNS IN ZOOPLANKTON
SE CONCENTRATIONS

Average Spring Se concentrations were 1.9 * 0.7
g g74 30-60% lower than average Fall Se concen-
trations (3.6 = 1.5 pg g ). There was no differ-
ence in Se concentrations between stations, but
temporal differences were found between Fall
1998 and Fall 1999 and between Spring and Fall
1999 (ANOVA: F, s = 56.311, p < 0.001; Fig. 2).
There was considerable interannual variability,
with Se concentrations ranging from 1.0 pg g™! in
Fall 1998 to 6.1 pg g ! in Fall 1999. Selenium con-
centrations in Fall 1998 and Spring 1999 were sim-
ilar.
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Fig. 3. Se concentration (mean * SE) in North SF Bay zoo-
plankton (73-2,000 wm) and Delta outflow index August 1998—
December 1999.

HYDRODYNAMICS OF SF BAY VERSUS SELENIUM

The high flow period of 1998-1999 was normal
compared with the previous 16-yr mean. In con-
trast, SF Bay experienced exceptionally high river
flows in 1997-1998, due to an El Nino event, when
the Delta Outflow Index (DOI: the total volume of
water discharged through the SF Bay watershed;
http://iep.water.ca.gov/dayflow/) exceeded 9,000
m?® s~! (Fig. 3). The peak outflow also occurred in
late February 1999 and tapered off during the
summer and fall, a typical profile of Sacramento
River discharge (Cloern and Nichols 1985).

The highest Se concentrations in zooplankton
coincided with the period of lowest freshwater flow
(Fall 1999). We tested whether Se concentrations
in zooplankton were related to river flow (analo-
gous to water residence time; Linville et al. 2002)
by attempting to correlate DOI and zooplankton
Se concentrations. Only Stations 6—-13 in the North
Bay were included because the Central Bay is in-
fluenced by tidal flow and its proximity to the
Golden Gate, while the South Bay is mostly en-
closed and has no large direct source of freshwater
(Cloern and Nichols 1985; Walters et al. 1985; Cut-
ter 1989). Zooplankton Se concentrations were
quite variable during episodes of high freshwater
input, resulting in a non significant correlation (r?
= 0.016, p = 0.695, n = 12; Fig. 3).

SELENIUM IN SIZE FRACTIONATED ZOOPLANKTON

For samples collected during the smaller scale
North Bay zooplankton sampling in February and
October 1999, Se concentrations in size classes
< 2,000 pm were similar (Fig. 4). Differences in
Se concentrations occurred between 73-250 pwm
(3.5 %09 pgg ") and = 2,000 wm size classes (1.7
+ 0.7 ug g ), as well as between 250-500 pm (3.1
* 0.3 pg g ) and = 2,000 pm (ANOVA: F; 5 =
6.301, p = 0.004; mean * SE, n = 4-6). Zooplank-
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ton = 2,000 pum were absent from samples collect-
ed in October 1999, and those found in February
1999 were mostly larval herring.

Occasionally, zooplankton = 2,000 pum were
caught in the plankton net during the monthly
field sampling, and these were analyzed for Se.
Mean Se concentrations in the 73-2,000 pm size
class (2.6 = 0.7 pg g~!') were greater than Se con-
centrations in the = 2,000 wm size class, (1.5 = 0.7
png g 1) in 6 of 9 occasions (#test, df = 8, p < 0.01).
Zooplankton = 2,000 pm included isopods (Syni-
dotea sp.), mysids (Acanthomysis bowmani), and
shrimp (Crangon franciscorum) and had Se concen-
trations of 1.1 * 0.5 pg g7, 1.4 £ 0.3 g g, and
1.2 = 0.3 pg g7, respectively (mean * SE, n = 2—
7). To test the relationship between zooplankton
Se and size fraction, total Se was compared to the
proportion of total wet weight of zooplankton in
each size class, and was found to be positively cor-
related in the 73-250 pm size class (r? = 0.09, p
= 0.022, n = 57; Fig. 5a) and nearly significant yet
negatively correlated in the 500-2,000 pm size
class (r> = 0.06, p = 0.088, n = 48; Fig. 5b).

ANNUAL ZOOPLANKTON COMMUNITY COMPOSITION

The 16 different taxonomic groups of zooplank-
ton identified consisted of copepods (Acartia spp.,
Acartiella  sinensis, Oithonidae, Paracalanus spp.,
Pseudodiaptomus spp., Tortanus dextrilobatus, Harpac-
ticoida, copepod nauplii), protozoans (tintinnids),
and other miscellaneous zooplankton (amphipods,
flatworm larvae, isopods, larvaceans, larval fish,
mysids, and polycheate larvae).

Smaller zooplankton (73-2,000 wm) in SF Bay
were comprised mostly of calanoid and cyclopoid
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Fig. 5. Se concentrations versus wet weight of SF Bay zoo-
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(B). The former correlation is significant (r* = 0.09, p = 0.022)
and shows a positive relationship, whereas the latter shows a
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copepods and tintinnids (Fig. 6). Tintinnids and
copepods in the family Oithonidae, which includ-
ed the non-indigenous copepods Oithona davisae
and Limnoithona tetraspina, were the most abundant
zooplankton (30-50%). Although O. davisaeand L.
tetraspina are small (< 500 pm), they constituted a
majority of the biovolume (10-60%) in most of our
zooplankton samples, especially in the 73-250 wm
size class. Acartia spp. occurred at every station and
increased in abundance from North to South SF
Bay (increasing station numbers), comprising the
majority of the biovolume (50-60%) in the Central
and South Bays. In contrast, the copepod T. dextri-
lobatus was more abundant in the North Bay com-
pared to the South Bay.

On an annual scale, zooplankton communities
in terms of both rank order of abundance (W =
0.64-0.79, p < 0.001) and biovolume (W = 0.45-
0.60, p = 0.001) were concordant at a given station
over the study period. On a spatial scale, when Sta-
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Fig. 6. Annual mean abundance (# m %) and mean % bio-
volume of zooplankton in San Francisco Bay November 1998-
October 1999 (n = 6 to 9 at each station). Error bars represent
standard error of mean for total zooplankton abundance.

tions 6 and 9 were compared to all other stations,
zooplankton communities (rank order of abun-
dance and biovolume) were different (Table 2). In
addition, zooplankton communities in terms of
rank order of biovolume were different between
Stations 12 and 27 and between Stations 13 and
17. Thus, on an annual basis, zooplankton com-
munity composition were similar within each sta-
tion over time, but there were differences between
stations which were not adjacent to one another.

SEASONAL ZOOPLANKTON COMMUNITY COMPOSITION

Seasonal comparisons showed zooplankton
abundance was greater in Fall 1999 compared to
Fall 1998 and Spring 1999 (Fig. 7). In addition,
Oithonidae comprised a larger fraction of the bio-
volume in the North Bay during Fall 1999 (75%)
than in either Fall 1998 (48%) or Spring 1999

Fall 1998 Spring 1999 Fall 1999
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Fig. 7. Mean abundance (# m~?) and mean % biovolume of
zooplankton in San Francisco Bay for Fall 1998, Spring 1999,
and Fall 1999 (n = 1 to 3 for each station). Error bars represent
standard error of mean for total zooplankton abundance per
season at each station. Due to the scale of abundance, error
bars are presented when standard errors > 5 X 103

(45%; Fig. 7). Zooplankton communities showed
concordance, in terms of both rank order of abun-
dance (W = 0.67-0.99, p < 0.05) and biovolume
(W = 0.64-0.99, p = 0.05), at a given station over
a given season for 12 of the 16 comparisons. Ken-
dall’s 7au rank correlations showed zooplankton
communities were different at Station 6 between
seasons (Fall 1998 versus Spring 1999 and Spring
1999 versus Fall 1999), but there was no interan-
nual variability (i.e., no difference between Fall
1998 and Fall 1999 (Table 3). In contrast, zoo-
plankton communities, in terms of abundance,
were similar in Fall and Spring and between 1998
and 1999 at all other stations. While there was no
seasonal or interannual variability in zooplankton
communities in terms of rank order of abundance
at different stations, there were seasonal differenc-
es in terms of rank order of biovolume at Station
6, 13, 17, and 27.

TABLE 2. Kendall’s Tau rank correlation coefficients (., n = 10) of SF Bay zooplankton (73-2,000 wm; November 1998-October
1999) between stations for mean abundance (no. m %) and mean % biovolume. ** p < 0.01 and * p < 0.05. Bold indicates a significant

difference in abundance or biovolume.

Station 9 12 13 17 27
Abundance 6 0.864** 0.386 0.341 0.180 0.270
9 0.523% 0.477 0.315 0.405
12 0.9327%* 0.719%* 0.854%*
13 0.719%* 0.944*
17 0.733%*
% Biovolume 6 0.636%* 0.322 0.295 —0.023 0.135
9 0.598%* 0.477 0.159 0.135
12 0.644* 0.552%* 0.341
13 0.409 0.494*
17 0.539%
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TABLE 3. Kendall’s Tau rank correlation coefficients (g, n = 10) of SF Bay zooplankton (73-2,000 um) of mean abundance (#
m~?) and mean % biovolume between Fall 1998, Spring 1999, and Fall 1999. ** p < 0.01 and * p < 0.05. nd = no data. Bold indicates

a significant difference in abundance or biovolume.

Season 6

9

12

13

17

27

Abundance Fall 1998 versus Spring 1999 0.110 0.744%* 0.698%* 0.698%* nd 0.744
Spring 1999 versus Fall 1999 0.286 0.605%* 0.768%* 0.675%* 0.706%* 0.756%*
Fall 1998 versus Fall 1999 0.686* 0.762%* 0.614%* 0.750%* nd 0.790%*
% Biovolume  Fall 1998 versus Spring 1999 0.183 0.636%* 0.542% 0.419 nd 0.541%
Spring 1999 versus Fall 1999 0.229 0.558%* 0.6997%* 0.460 0.452 0.443
Fall 1998 versus Fall 1999 0.652% 0.848%%* 0.744%% 0.729%* nd 0.619*
ZOOPLANKTON COMMUNITY COMPOSITION OF Discussion

NORTH BAY S1ZE FRACTIONATED SAMPLES

During the size fractionation study, copepods in
the family Oithonidae were the most abundant
zooplankton comprising 64-87% of the biovolume
in the 73-250 pm size class during February and
October 1999 (Table 4). Oithonidae, as well as
Acartia spp., Eurytemora spp., and 1. dextrilobatus,
comprised most of the biovolume in the 250-500
pwm and 500-2,000 pm size classes. In both Feb-
ruary and October 1999, concordance was high for
both rank order of abundance and biovolume in
a given size class over all stations (W = 0.60-0.92,
p < 0.001). Rank correlations revealed differences
in community composition between size classes in
both February and October 1999 (Table 5).

ZOOPLANKTON SPECIES-RELATED
SE CONCENTRATIONS

Given the potential for zooplankton species to
accumulate different amounts of Se, we examined
whether the Se concentration in different size frac-
tions was correlated with the abundance and bio-
mass of certain taxa. Of the individual zooplankton
taxa identified, only 7. dextrilobatus and Oithonidae
showed correlations between Se concentrations
and the percent of the total zooplankton commu-
nity (by biovolume) that they comprised (Fig. 8).
T. dextrilobatus were mostly found in the 500-2,000
pm size class, while Oithonidae were found in the
size classes <500 pm. Zooplankton Se concentra-
tions were positively correlated with percent bio-
volume of Oithonidae (r* = 0.11, p = 0.012, n =
59; Fig. 8a), and negatively correlated with percent
biovolume of T. dextrilobatus (r* = 0.20, p = 0.027,
n = 25; Fig. 8b), although only a small proportion
of variance was explained. However, correlations
were very strong where testable within a single sta-
tion (Station 9 in Carquinez Strait; i.e., Oithoni-
dae: r2 = 0.91, p < 0.001, n = 9; Fig. 9a; 1. dextri-
lobatus: v> = 0.89, p = 0.002, n = 7; Fig. 9b). Sta-
tion 9 was the station with the highest mean Se
concentrations in zooplankton.

To our knowledge, this study is the first to closely
examine Se concentrations of zooplankton in an
estuarine system. From September 1998 to Novem-
ber 1999, SF Bay zooplankton Se concentrations
varied 1-6 pg g~ ! dry weight. With the data col-
lected, it is possible to address how several factors
could contribute to this variability, including vary-
ing Se inputs, varying freshwater inflows, and zoo-
plankton population characteristics (i.e., body size,
community structure, and diet-trophic level).

INFLUENCE OF SE INPUTS ON ZOOPLANKTON
SE CONCENTRATIONS

Average zooplankton Se concentrations from
this study are similar to other systems (none of
which are considered to be contaminated with Se;
Table 6). Se concentrations in SF Bay zooplankton
in Fall 1999 were higher than reported from else-
where except for one sample, indicating that SF
Bay zooplankton may periodically be enriched in
Se. Moreover, the highest concentrations occurred
in Fall 1999 at Station 9 in Carquinez Strait.

As mentioned earlier, dissolved Se levels are
highest in Suisun Bay and Carquinez Strait because
of their proximity to both riverine and oil refinery
sources (Cutter unpublished data). However, refin-
ery inputs have declined over the past 13 yr, with
a significant decrease in the most bioavailable form
of Se, selenite, with the peak in particulate Se con-
centrations being far less pronounced in Carqui-
nez Strait compared to 1986 (Cutter 1989; Doblin
unpublished data). But despite decreasing dis-
solved Se input into the SF Bay, in Fall 1999, the
highest zooplankton Se concentrations coincided
with elevated concentrations of particulate Se
(North Bay average = 0.74 = 0.25 pg g~! [mean
= SD]) in November 1999 compared to 0.57 *
0.23 pg g ' in October 1998; Doblin unpublished
data) and in bivalves (Luoma unpublished data).
Several lines of data indicate that Se enrichment
may still occur in this region, at least during some
times of the year, and zooplankton reflect that en-
richment. This suggests that samples of zooplank-
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TABLE 4. Mean (SE) abundance (# m *) and mean (SE) % biovolume of zooplankton in San Pablo Bay in February and October

1999. T = trace (=0.5%).

February 1999

October 1999

Size (wm)  >2,000 500-2,000 250-500 73-250 500-2,000 250-500 73-250
Abundance
Copepoda
Acartia spp. 0 7 (5) 50 (20) 30 (10) Op 30 (10) 30 (10)
Acartiella sinensis 0 1 (0.2) 2 (1) 0 0 0 0
Lurytemora spp. 0 8 (3) 80 (60) 170 (150) O 0 0
Harpacticoida 0 0 40 (10) 20 (10) 0 Op 1(1)
Oithonidae 0 2 (1) 330 (120) 4,070 (2,220) Op 200 (130) 2,060 (690)
Paracalanus spp. 0 Op 2 (2) 0 O 2 (1) 1 (1)
Pseudodiaptomus spp. 0 2 (1) 10 (10) 2 (2) 0 2 (2) 0
Tortanus dextrilobatus 0 3 (2) 1 (1) 0 1 (0.4) 4 (2) 0
Copepod nauplii 0 0 20 (10) 4,364 (1,634) 0 3 (2) 800 (230)
Other
Larval fish O 0 0 0 0 0 0
Polychaete larvae 0 5 (3) 140 (50) 100 (50) Op 1 (0.3) 1(1)
Tintinnids 0 0 0.0 50 (20) 0 0 20 (10)
Miscellaneous zooplankton 0 Op 0.0 0 Oy 0 0
n 4 6 6 6 6 4 6
% Biovolume
Copepoda
Acartia spp. 0 7 (3) 22 (8) 8 (4) 54 (2) 33 (6) 9 (2)
Acartiella sinensis 0 2 (1) 2 (2) 0 0 0 0
Eurytemora spp. 0 49 (15) 39 (13) 15 (8) 1 (1) 0 0
Harpacticoida 0 0 3 (1) 1 (1) 0 Op Op
Oithonidae 0 1 (0.4) 16 (5) 64 (5) 1(1) 27 (10) 87 (2)
Paracalanus spp. 0 0 Op 0 O 1 (0.3) Op
Pseudodiaptomus spp. 0 2 (1) 5 (3) Or 0 2 (2) 0
Tortanus dextrilobatus 0 32 (15) 4 (4) 0 43 (6) 37 (7) 0
Copepod nauplii 0 0 Or 8 (3) 0 0 3 (1)
Other
Larval fish 97 (3) 0 0 0 0 0 0
Polychaete larvae 0 1 (0.4) 9 (3) 2 (1) 0 O Op
Tintinnids 0 0 0 Op 0
Miscellaneous zooplankton 0 1 (1) 0 0 Op 0 0
n 4 6 6 6 6 4

ton composited by size provide an indicator of the
Se exposure to pelagic consumers, consistent with
other indicators of contamination.

the DOI) could also be an important factor in ex-
plaining the variability found in zooplankton Se
concentrations. Mechanistically, there are reasons
to expect inflow to be important seasonally and,
perhaps, among years. For instance, the difference
in hydrodynamics between low flow and high flow
periods within SF Bay causes definitive changes in
temperature, salinity, and suspended particulate

INFLUENCE OF FRESHWATER INPUTS ON
ZOOPLANKTON SE CONCENTRATION

Since Se inputs are closely linked to flow, varying
freshwater inflow to the SF Bay (as measured by

TABLE 5. Kendall’s T rank correlation coefficients (1, n = 13) of North Bay zooplankton between size class in February and October
1999 for mean abundance (# m~?) and mean % biovolume. ** p < 0.01 and * p < 0.05. nd = no data because zooplankton =2,000
pm were not present in October 1999 samples. Bold indicates a significant difference in abundance or biovolume.

February 1999 October 1999

Size (pm) 250-500 500-2,000 =2,000 250-500 500-2,000 =2,000
Abundance 73-250 0.588%* 0.114 —0.405 0.386 —0.016 nd
250-500 0.327 —0.482 0.356 nd
500-2,000 —0.246 nd
% Biovolume 73-250 0.532% 0.029 —0.405 0.236 0.070 nd
250-500 0.463* —0.482 0.503% nd
500-2,000 —0.098 nd
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Se concentration versus % biovolume of copepods in
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Fig. 9.
Carquinez

from SF Bay. A. Oithonidae (r? = 0.105, p = 0.012). B. Tortanus

dextrilobatus (r?> = 0.204, p = 0.027)

0.909, p <

0.001). B. Tortanus dextrilobatus (r* = 0.893, p < 0.001).

TABLE 6. Published reports of Se concentrations in marine zooplankton. * = also included detritus and phytoplankton.

[SC]dug g!
Sample Location Collection Method Zooplankton Species (Mczfnv‘]:) SD) n Reference
Adriatic Sea Net tow (200 pm) Mixed 3.5 * 1.1 45 Kosta et al. (1978)
Baltic Sea Net tow (200 pm) Mixed 1.4 = 1.5 72 Brugmann and Hennings (1994)
Baltic Sea Net tow (200 pm) Mixed 2.8 £ 0.3 16 Brugmann and Hennings (1994)
China (Xiamen Bay) Net tow (500 pm) Copepods (Labidocera eu- 3.1 1 Liu et al. (1987)
chaeta and Centropages
tenuiremis, dominants)
China (Xiamen Bay) Net tow (500 wm) Copepods (Tortanus der- 3.0 1 Liu etal. (1987)
Junginii, dominant)
China (Xiamen Bay) Net tow (5,000 pm) Copepods (Corycaeus, 6.3 1 Liu et al. (1987)
Hapracticus, nauplii)
Mediterranean Sea Net tow (53 wm)  Oithona spp. 0.6 1 Boisson and Romeo (1996)
Mediterranean Sea Net tow (65 pm)  Mixed* 2.7 Fowler and Benayoun (1976)
Mediterranean Sea Net tow (65 wm)  Mysid (Meganyctiphanes 3.5 1 Fowler and Benayoun (1976)
norvegica)
Gulf of the Farallones Net tow (73 wm)  Mixed 2.1 1 This study
San Francisco Bay (Fall 1998) Net tow (73 wm)  Mixed 2.1 £ 1.2 11 This study
San Francisco Bay (Spring 1999) Net tow (73 pm) Mixed 1.9 £ 0.7 16 This study
San Francisco Bay (Fall 1999) Net tow (73 wm)  Mixed 4.5 £ 0.8 18 This study
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matter (Cloern and Nichols 1985). As also seen in
this study, intra-annual differences in hydrodynam-
ics caused by such events as an El Nino can have
an even greater influence on the physical charac-
teristics of SF Bay’s water column.

Understanding how the changes in hydrodynam-
ics affect Se concentrations is challenging. For in-
stance, there was no statistical correlation between
inflow (i.e., DOI) and Se concentrations in zoo-
plankton. This data set (one high flow and two low
flow periods) is probably inadequate to evaluate
such complex interactions, especially since the first
low flow period could be called an intermediate
flow period with flooding in early 1998 and pro-
longed high flow through the fall (see Fig. 3)
caused by an El Nino event. Zooplankton Se con-
centrations were highest during the typical low
flow period (Fall 1999; Fig. 3), when water resi-
dence time in SF Bay increases, and dissolved and
particulate Se concentrations are at a maximum
(Cutter and San Diego-McGlone 1990; Doblin un-
published data). Particulate Se concentrations
were found to be significantly higher in Fall of
1999 than in Fall 1998 and Spring 1999, which
could help explain why zooplankton Se concentra-
tions in Fall 1999 were higher then the other sam-
pling periods (see previous discussion; Doblin un-
published data). Se concentrations in SF Bay bi-
valves have also been found to be highest during
low flow periods and decline during high flow pe-
riods, which has been attributed to declining Se
concentrations after the seasonal peak in inflow
(Linville et al. 2002). Longer water residence times
might contribute to this seasonal increase in Se by
providing greater opportunity for dissolved Se to
be accumulated by phytoplankton and bacteria,
making particulate Se available to consumer organ-
isms (Luoma et al. 1992; Schlekat et al. 2000).

Seasonal and intra-annual changes in hydrody-
namics can also effect zooplankton biomass and
species composition through changes in the resi-
dent phytoplankton community and the suspend-
ed particle pool. In SF Bay, changes in phytoplank-
ton community composition and abundance have
been shown to be influenced by freshwater flow via
turbidity and stratification (Cloern 1987). Further-
more, Baines and Fisher (2001) show that Se con-
tent of various phytoplankton species can vary by
2 to 4 orders of magnitude. Changes in phyto-
plankton community composition and abundance
could profoundly influence Se bioaccumulation by
zooplankton, although we have no data to support
this in the SF Bay study.

INFLUENCE OF POPULATION CHARACTERISTICS ON
ZOOPLANKTON SE CONCENTRATION
Similar to results presented here, previous stud-
ies have found higher Se concentrations in smaller

compared to larger invertebrates (Liu et al. 1987;
Goede et al. 1993). The differences found between
the smallest and largest size classes in the smaller
scale North Bay sampling coincided with differenc-
es in community composition, both in terms of
rank order of abundance and biovolume. While
different life stages of the same species were found
in different size classes (<2,000 pm), there were
no zooplankton species found in both the <2,000
pm and =2,000 wm size classes, indicating that dif-
ferences in Se concentrations could be due to dif-
ferent zooplankton species and size. In this study,
it is difficult to determine whether Se concentra-
tions of smaller individuals are different than larg-
er individuals, since monthly zooplankton samples
<2,000 pm were combined before Se analysis, al-
though we have some evidence to indicate that
larger zooplankton species accumulate less Se (Fig.
4).

If there is a size effect on zooplankton Se con-
centration, contributing factors for the association
of higher Se concentrations with smaller sized zoo-
plankton could be size dependence of growth di-
lution, ingestion rate, and species composition. Se-
lenium could have negative allometry if the Se con-
centration in zooplankton is proportional to inges-
tion rate, and the ingestion rate shows negative
allometry. Weight-specific ingestion rates have
been shown to decrease with increasing body mass
in some zooplankton (Dam et al. 1993, 1995).
There could also be differences in Se bioaccumu-
lation between zooplankton in different size classes
(see Schlekat et al unpublished data). For exam-
ple, larval fish (=2,000 pm) have been shown to
assimilate Se less efficiently from their food com-
pared to copepods (<2,000 pm; 29% compared to
70%, respectively; Reinfelder and Fisher 1994).

Over all stations sampled, and especially at Sta-
tion 9 (Carquinez Strait), Se concentrations were
at their highest when the biomass of copepods in
the family Oithonidae was high. Conversely, Se
concentrations were low when the copepod T. dex-
trilobatus biomass was high. Bioaccumulation pro-
cesses, like differences in assimilation efficiencies
(AEs), could combine with differences in food se-
lection to contribute to differences in bioaccumu-
lation of a trace element among species. However,
the correlation found between zooplankton Se
concentration and biovolume of family Oithonidae
and 7. dextrilobatus, especially at Station 9, could be
an artifact of the increase in particulate Se between
Fall 1998 and Fall 1999, in which there was an in-
crease in the biomass of Oithonidae and decrease
in T. dextrilobatus. While this is a possibility, there
is evidence of dietary effects on zooplankton Se
accumulation. For example, laboratory studies
show that Oithonidae Se AEs are more than 6



times greater than juvenile 7. dextrilobatus when fed
diatoms (Schlekat et al. unpublished data). Itis not
known whether adult 7. dextrilobatus have a low Se
AL if fed copepods. Nevertheless, differences in Se
concentrations between these two groups of co-
pepods in the field could be due to their different
Se AEs. Differences in Se concentrations between
size classes of all zooplankton in SF Bay could also
be related to feeding behavior or trophic level. O.
davisae and L. tetraspina, which solely comprise the
family Oithonidae sampled in SF Bay, are omniv-
orous (Paffenhofer 1993), whereas the larger co-
pepod T. dextrilobatus is an obligate carnivore (Orsi
1995). Stable N isotope analyses at Station 12 in
October 1999 have shown the trophic level to in-
crease as zooplankton size class increases from 73—
250 pm to 250-500 pm to 500-2,000 pm (Stewart
unpublished data).

While we did not measure the distribution of Se
within individuals (i.e., between tissue types) or be-
tween groups of zooplankton with different diets,
it does appear likely that carnivorous zooplankton
have lower levels of Se than herbivorous zooplank-
ton. This could be partly because phytoplankton
comprise a richer source of Se than crustacean
prey (Reinfelder and Fisher 1994; Fisher and Rein-
felder 1995). Bioaccumulation is limited in crus-
taceans like zooplankton and amphipods, despite
high AEs, because loss rates of selenium are rapid
(~15-20% per day; Schlekat et al. unpublished
data). The resultant rapid loss rates in both pred-
ators and prey could yield a progressive decline of
Se with trophic level. This is in contrast to the
biomagnification with trophic level that occurs in
bivalve food webs where bivalves have high AEs
and slow loss rates of Se (Luoma et al 1992). One
implication of this is that there could be less Se
available to higher trophic levels (e.g., waterfowl
and fishes) in the pelagic food web compared to
the benthic food web (Schlekat et al. 2002).
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