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Abstract

Following the aggressive invasion of the bivalve, Potamocorbula amurensis, in the San Francisco Bay-Delta in 1986,
selenium contamination in the benthic food web increased. Concentrations in this dominant (exotic) bivalve in North
Bay were three times higher in 1995–1997 than in earlier studies, and 1990 concentrations in benthic predators
(sturgeon and diving ducks) were also higher than in 1986. The contamination was widespread, varied seasonally and
was greater in P. amurensis than in co-occurring and transplanted species. Selenium concentrations in the water
column of the Bay were enriched relative to the Sacramento River but were not as high as observed in many
contaminated aquatic environments. Total Se concentrations in the dissolved phase never exceeded 0.3 �g Se per l in
1995 and 1996; Se concentrations on particulate material ranged from 0.5 to 2.0 �g Se per g dry weight (dw) in the
Bay. Nevertheless, concentrations in P. amurensis reached as high as 20 �g Se per g dw in October 1996. The enriched
concentrations in bivalves (6–20 �g Se per g dw) were widespread throughout North San Francisco Bay in October
1995 and October 1996. Concentrations varied seasonally from 5 to 20 �g Se per g dw, and were highest during the
periods of lowest river inflows and lowest after extended high river inflows. Transplanted bivalves (oysters, mussels
or clams) were not effective indicators of either the degree of Se contamination in P. amurensis or the seasonal
increases in contamination in the resident benthos. Se is a potent environmental toxin that threatens higher trophic
level species because of its reproductive toxicity and efficient food web transfer. Bivalves concentrate selenium
effectively because they bioaccumulate the element strongly and lose it slowly; and they are a direct link in the
exposure of predaceous benthivore species. Biological invasions of estuaries are increasing worldwide. Changes in
ecological structure and function are well known in response to invasions. This study shows that changes in processes
such as cycling and effects of contaminants can accompany such invasions. © 2002 Published by Elsevier Science
B.V.
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1. Introduction

Selenium is an environmental toxicant that has
been responsible for adverse reproductive effects
and local extinctions of fish and birds in cooling
reservoirs of coal-fired power plants (Lemly,
1985), wetlands receiving agricultural drainage
(Presser and Ohlendorf, 1987; Skorupa, 1998) and
river ecosystems draining seleniferous agricultural
lands (e.g. the Colorado River and its tributaries;
Hamilton, 1999). Although selenium is nutrition-
ally essential, the window is narrow between es-
sential concentrations in food and concentrations
that cause adverse effects (Hodson and Hilton,
1983). Selenium becomes a reproductive toxin at
slightly enriched concentrations because it substi-
tutes for sulfur in the tertiary structures of
proteins and thereby causes deformities in em-
bryos or inhibition of the hatchability of eggs (e.g.
Stadtman, 1974; Diplock, 1976; Skorupa, 1998).

Assessment of selenium effects in aquatic sys-
tems is complicated by the differing bioavailabil-
ity of its several oxidation states (VI, selenate; IV,
selenite; O, elemental selenium; -II, selenide) and
the occurrence of organic or inorganic forms
within an oxidation state (Cutter and Bruland,
1984; Cutter, 1989). Biogeochemical conversion of
dissolved Se to particulate forms is also compli-
cated. Organic selenide is produced by plants
(such as phytoplankton) or other primary produc-
ers (Wrench, 1978; Wrench and Measures, 1982)
after uptake of selenite or selenate. Particulate
elemental selenium is produced via dissimilatory
reduction of selenate or selenite by bacteria
(Oremland et al., 1990). Particulate selenium is a
critically important phase because diet is the pri-
mary route of selenium exposure for invertebrates
and other animals (Lemly, 1985; Luoma et al.,
1992). Bivalves are especially effective bioaccumu-
lators of selenium because they assimilate almost
all the selenium they ingest with particulate mate-
rial (e.g. from phytoplankton; Luoma et al., 1992)
and they lose the element slowly (rate constants of
loss are 0.01–0.03 per day; Reinfelder et al.,

1997). The selenium bioaccumulated by inverte-
brate consumers like bivalves is efficiently trans-
ferred to their predators upon ingestion and
concentrations can be biomagnified in predator
tissues. Therefore, selenium most seriously threat-
ens upper trophic level birds and fish (Lemly,
1995).

Although predators are the species of greatest
concern with regard to selenium contamination,
they are mobile, impractical to sample in large
numbers, and generally not especially useful for
routine monitoring. Consumer species like
bivalves are practical to sample (Phillips and
Rainbow, 1993), and they integrate the influences
of environmental concentrations, speciation and
transformation of selenium. Bioaccumulated sele-
nium in consumers is the critical link in exposure
of predators. Monitoring contaminant exposure
in a bioindicator is not a substitute for other types
of investigations, but it can help focus more com-
plicated studies of fate and effects (Brown and
Luoma, 1995).

San Francisco Bay, the largest estuary on the
west coast of North America, is formed by the
confluence of the Sacramento River and the San
Joaquin River. The North Bay extends from the
confluence of the two rivers to the Golden Gate,
and is comprised of Suisun Bay toward the rivers,
an intermediate, large and shallow San Pablo Bay,
and Central Bay seaward (Fig. 1). The largest
water management system in the world can divert
30% of the Sacramento River during high flows
and 60% during the low flow season before it
reaches the Bay (for agriculture and drinking
water; Nichols et al., 1986). Nearly all of the San
Joaquin River is recycled southward for agricul-
tural/urban uses by the water management sys-
tem, during most months, especially in dry years.
Wide seasonal and year-to-year changes in fresh-
water inflow are linked to precipitation and water
management (Nichols et al., 1986). Seasonal and
year-to-year differences in river inflows control
hydraulic residence times in Suisun Bay, the salin-
ity gradient, and distributions of dissolved and
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particulate constituents like selenium (Largier,
1996; Monismith et al., 1996; Nichols et al., 1986).

San Francisco Bay is one of the few estuaries in
which selenium contamination has been studied
(Cutter, 1989; Johns et al., 1988). In the 1980s
concentrations of selenium in birds, fish (White et
al., 1988; Urquhart and Regalado, 1991) and in-
vertebrates (Johns et al., 1988) in the Bay were
high enough to be of concern (Luoma et al.,
1992), despite relatively low concentrations of se-
lenium in water (Cutter, 1989). Refineries were the
predominant source of selenium during this pe-
riod, especially during the season of low river
discharge (Cutter and San Diego-McGlone, 1990).
Saline soils rich in selenium are common in the
western San Joaquin Valley (SJV). Release of
selenium is accelerated by irrigation of those soils
and disposal of irrigation drainage has contami-
nated ground water, wetlands and riverine habi-
tats in the SJV (Presser and Ohlendorf, 1987).
Selenium contamination in the San Joaquin River
is well known (Presser and Ohlendorf, 1987); and
San Joaquin River inputs could be a source of
selenium when waters from that river reach the
Bay. The selenium studies of the 1980s showed
little input from this source, but those studies
were conducted during a prolonged drought when

little runoff from the San Joaquin River reached
the Bay.

The purpose of the present paper is to contrast
Se contamination in the water column and in
bivalves between the mid-1980s and 1995–1997.
Two changes have occurred in the intervening
period that could affect Se cycling in the Bay.
First, beginning in the mid-1980s, an invading
species of bivalve, Potamocorbula amurensis, be-
came the predominant benthic macroinvertebrate
in the Bay (Carlton et al., 1990). Biological inva-
sions of estuaries have become an increasing
problem worldwide and are known to change
community structure and function (Cohen and
Carlton, 1998; Carlton and Geller, 1993). P.
amurensis is a voracious feeder that has essentially
eliminated the standing stock of phytoplankton
from the water column of the Suisun Bay (Cloern,
1996). The result has been an increase in energy
available to the benthic food web and a decrease
in energy available to the water column food web
(J. Thompson, USGS, personal communication).
Second, greater than normal precipitation and
high river runoff occurred during this study pe-
riod (May 1995–November 1997), in contrast to
the periods of drought that characterized earlier
study periods. This could result in more selenium

Fig. 1. Shoal (S) and Channel (C) sites sampled in North San Francisco Bay for P. amurensis in May 1995, October 1995 and
October 1996.
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entering the Bay from the agricultural runoff than
occurred previously.Our study investigates several
questions:
� have selenium concentrations in the predomi-

nant benthos changed after the invasion of P.
amurensis?

� Are the seasonal and spatial patterns of sele-
nium contamination different from those
recorded earlier?

� Is selenium contamination focused in specific
habitats where the element might be expected
to accumulate (shallow waters vs. adjacency to
marshes vs. deeper channel waters)?

� Is selenium uptake by P. amurensis different
than in co-occurring species or experimentally
transplanted species?

2. Experimental design

Four experiments were conducted to evaluate
the implications of the invasion and the status of
selenium contamination. To establish a reliable
baseline of Se concentrations in the bivalves and
evaluate seasonal variability, samples were col-
lected near monthly from October 1995 through
November 1997 at the station nearest Carquinez
Strait (USGS 8.1), traditionally the most Se-con-
taminated reach of the Bay-Delta. Additional sites
were added to resolve the spatial distribution of
selenium enrichment in the bivalves. In October
1995, P. amurensis were collected from five loca-
tions in the tidal reaches of the Napa River and
one site toward the river mouthes from Carquinez
Strait (USGS 6.1). The Napa River meets the Bay
at Carquinez Strait, where Se concentrations have
been highest. In October it is expected that the
Napa River and the Bay exchange water in both
directions throughout the sampling area (D.
Schoelhammer, USGS, personal communication).
Twenty-four sites were sampled in October 1996
to compare contamination in San Pablo and Su-
isun Bays and to compare deeper water sites (four
stations) to shallow sites (20 stations) adjacent to
different marshes. Finally, to evaluate if trans-
planted bivalves yielded results typical of the na-
tive community, P. amurensis were collected in
May 1995, October 1995 and October 1996 from

three sites near those used in bivalve transplants
by the San Francisco Bay Regional Monitoring
Program (RMP; Fig. 1). These sites were in Griz-
zly Bay, Carquinez Strait (USGS 8.1) and San
Pablo Bay-Pinole Point (USGS 12.5).

3. Methods

Resident clams (P. amurensis) were collected
from the subtidal zone with a Van Veen grab and
1 or 2 mm sieves. Channel depths ranged from 8
to 20 m. The subtidal sites adjacent to marshes in
Honker Bay and the Napa River (Fig. 1) were
located in the shallows at an average depth of 1–3
m. Clams were also collected intertidally at low
tide with a shovel, sieve and bucket. Between 60
and 120 clams of all sizes were collected at each
time and each site and placed into containers of
water collected at the site. The clams were kept in
this ambient water in a constant temperature
room at 10 °C to depurate for 48 h, as previous
studies showed a residence time of material in the
gut of P. amurensis to be approximately 24 h
(Decho and Luoma, 1991). Clams from each site
were separated into size classes of 1 mm difference
and similar sized individuals were composited.
Samples of larger numbers of individuals were
necessary for smaller size classes in order to ob-
tain enough mass for analysis. Soft tissues were
dissected from the shell and tissues. Each com-
posite was then lyophilized and homogenized.
Mean concentrations characteristic of a site at a
particular time were determined from analyses of
three replicate composite samples each containing
20–60 individuals (each composite contained at
least 250 mg dry weight (dw) soft tissue).

Selenium in the bivalves was determined by
hydride atomic absorption spectrophotometry.
Selenium subsamples were digested in concen-
trated nitric and perchloric acids at 200 °C, re-
constituted in hydrochloric acid, and then stored
until analysis. All glassware and field collection
apparatus were acid washed, thoroughly rinsed in
ultra-clean deionized water, dried in a dust-free
positive pressure environment, sealed and stored
in a dust free cabinet. Quality control was main-
tained by frequent analysis of blanks, analysis of



R.G. Lin�ille et al. / Aquatic Toxicology 57 (2002) 51–64 55

National Institute of Standards and Technology
standard reference materials (tissues and sedi-
ments) with each analytical run, and internal com-
parisons with prepared quality control standards.
Analyses of National Institute of Technical Stan-
dards (NITS) reference materials (oyster tissue,
San Joaquin soils) were within an acceptable
range of certified values reported by NITS (data
in Luoma and Linville, 1996).

Water and particulate samples were collected in
June 1995 and October 1996 using methodologies
described earlier (Cutter, 1989). Pre-cleaned teflon
Go-Flo sampling bottles were used to obtain wa-
ter 1 m below the surface. The water was filtered
through pre-cleaned and pre-weighed 0.45 �m
Nucleopore membrane filters into 1 l linear
polyethylene bottles and acidified to pH 1.5 with
HCl. Filters were carefully folded, placed in
polyehtylene vials and immediately frozen. Total
dissolved selenium was determined by boiling a 4
M HCl acidified sample with potassium persulfate
solution for 1 h; then analyzing as a selenite
sample by selective generation of hydrogen sele-
nide, liquid nitrogen-cooled trapping, and atomic
absorption detection (0.01 mol l−1 detection
limit). The standard additions method of calibra-
tion was used to ensure accuracy and all determi-
nations were made in triplicate. Particulate
selenium determinations were made using diges-
tion procedures described by Cutter (1985) and
procedures for reducing iron concentrations de-
scribed by Cutter (1989). Filters were dried at
40 °C, re-weighed, then digested using a three
step nitric-perchloric acid digestion. After iron
removal by passage through an anion exchange
resin, the digest was analyzed as a total selenium
sample.

4. Results and discussion

4.1. Ri�er discharge

River discharges could influence allochthonous
inputs of selenium from the San Joaquin River.
Probably more important are the inflows from the
Sacramento River, which has very low selenium
concentrations and dilutes enriched Se inputs to

Fig. 2. Daily river discharge into San Francisco Bay, deter-
mined as net delta outflow at Chipps Island in Suisun Bay,
between 1 January 1994 and 30 November 1997, as m3 s−1.

the Bay (Cutter, 1989). The Mediterranean cli-
mate of the area drives a seasonal cycle in river
discharge and causes large year-to-year variability
in discharge. Nearly all precipitation occurs in the
watershed between approximately November and
April. The early flow is trapped in dams and
snowfall; the highest river flows typically occur
from January through approximately June, fol-
lowed by low river flows through the rest of the
year (Fig. 2). Interannual differences also reflect
differences in precipitation. The period of record
for the present study, 1995–1997, was character-
ized by high peak river inflows and, especially in
1995, a prolonged period of elevated river dis-
charge. Previous studies of selenium in San Fran-
cisco Bay occurred between 1976 and 1977 and
1986 and1990. Both were periods of prolonged
drought, except for a flood in April 1986. Fig. 2
contrasts the patterns of river discharge in 1995–
1997 to a typical drought year (1994) when both
the magnitude and the period of high river dis-
charges are reduced (also see hydrograph in Johns
et al., 1988).

4.2. Selenium in the water column

Fig. 3(a) compares total dissolved selenium
concentrations in estuarine transects from June
1995 to October 1996, with concentrations deter-
mined by the same methods in September 1986
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(Cutter, 1989). All values are plotted as a function
of salinity. Arrows depict the location of Car-
quinez Strait in each transect. Selenium concen-
trations in the Bay in 1995–1996 exceeded those
in the Sacramento River, as in previous studies
(0.065�0.022 �g Se per l; Cutter and San Diego-
McGlone, 1990). The highest concentration in the
Bay was 0.29 �g l−1. Within the Bay-Delta the
concentrations at most stations followed the order
June 1995�October 1996�September 1986, but
the differences among the three transects were
small, and appear to fall with the range of varia-
tion defined by Cutter and San Diego-McGlone
(1990). The shape of the October 1996 transect
differed from that in September 1986 because of
elevated selenium concentrations at the upstream-
most station, perhaps indicating some San
Joaquin input. Total dissolved Se concentrations

were low compared with the USEPA water qual-
ity standard of 5 �g Se per l (Environmental
Protection Agency, 1992).

Particulate selenium is the variable most likely
to ultimately determine selenium bioavailability
(Luoma et al., 1992). Concentrations of selenium
on suspended particulate material were deter-
mined only in October 1996, during the present
study. Particulate selenium was uniformly higher
in Oct 1996 than in the estuarine transect con-
ducted in September 1986 (Cutter, 1989; Fig.
3(b)). The highest concentration was observed in
the river station in October 1996 (nearly 8 �g g−1

dw), again indicating particulate selenium inputs
from the San Joaquin River were possible (subse-
quent studies have not found these high values,
however; Cutter et al., unpublished data).

4.3. Selenium in P. amurensis

4.3.1. Spatial �ariability
Among the stations that were sampled in May

1995, selenium concentrations in soft tissues of P.
amurensis ranged from 3.7�0.7 to 7.1�0.3 �g Se
per g dw (Table 1). Se concentrations were higher
in P. amurensis from the Carquinez Strait (7.1 �g
Se per g dw), than (P�0.01) in the shallows of
Suisun Bay (3.9 �g Se per g dw) and San Pablo
Bay (3.7 �g Se per g dw). The latter two sites were
not statistically different. Concentrations in Octo-
ber 1995 were higher than in May 1995. Se in P.
amurensis from Carquinez Strait (15.4 �g Se per g
dw) and Suisun Bay (14.5 �g Se per g dw) were
not statistically different; but both were higher
than Se concentrations in San Pablo Bay (11.6 �g
Se per g dw; P�0.05; Table 1). Concentrations
were also elevated in the tidal Napa River com-
pared with May concentrations in the North Bay.

Concentrations of Se in P. amurensis in October
1996 were similar to October 1995 (Table 1; Fig.
4). The range of mean Se concentrations in P.
amurensis was 6.9–8.7 �g Se per g dw in San
Pablo Bay, and 5.9–20 �g Se per g dw in Suisun
Bay. The greatest enrichment was observed in the
Carquinez Strait (20.0 �g Se per g dw). Higher
concentrations were observed toward the rivers, at
stations S1–S6, compared with other shallow wa-
ter locations in Suisun Bay or San Pablo Bay

Fig. 3. (a) Dissolved Se concentrations (�g Se per l) as a
function of salinity, determined in transects across the salinity
gradient of North San Francisco Bay in September 1986
(Cutter, 1989), June 1995 and October 1996. (b) Concentra-
tions of particulate Se (�g Se per g dw) as a function of salinity
determined in transects across the salinity gradient of North
San Francisco Bay in September 1986 (Cutter, 1989) and
October 1996.
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Table 1
Selenium concentrations in �g g−1 dw in P. amurensis at 29 locations in North San Francisco Bay (Fig. 1) in May 1995, October
1995, and October 1996

Site Se (�g g−1 dry) Standard deviation (S.D.) Sample composites

May 1995
Grizzly Bay 0.83.9 5

3.78.1 (Carq. Straits) 0.7 3
0.37.1 3San Pablo Bay-Pinole Pt.

October 1995
1.4 36.1 14.5
1.015.4 38.1 (Carq. Straits)

11.612.5 (San Pablo) 1.1 5
Napa 1 12.5 1.0 3

n/a15.3 1Napa 2
14.1Napa 3 0.5 3

0.9Napa 4 314.0
0.712.7 2Napa 5

12.6Napa 6 0.8 5

October 1996
4.1 1.011.0 7
6.1 16.8 1.6 5
8.1 (Carq. Straits) 20.0 1.4 4

2.18.7 412.5 (San Pablo)
9.6S1 0.2 2

0.19.2 2S2
7.5S3 0.1 2

0.0S4 210.0
0.48.9 5S5

10.3S6 0.8 2
5.9S7 1.6 4

0.36.1 2S8
8.2S9 0.7 4
6.7S10 0.2 3

0.37.3 4S11
0.3S12 28.3
0.58.1 2S13

8.1S14 0.7 3
1.2S15 36.9
0.37.5 3S16

7.9S17 0.7 2

Each sample composite included approximately 20–60 individual P. amurensis, and �250 mg dw soft tissue. Napa River stations
are numbered North-to-South ascending. Stations S1–S17 are in shallow water.

(P�0.001; Table 1; Fig. 4). Like dissolved and
particulate concentrations in October 1996, the
higher concentrations toward the rivers in P.
amurensis could have reflected inputs from the
San Joaquin River.

Thus all three samplings of bivalves indicate
that Se concentrations in P. amurensis are en-
riched compared with background concentrations

typical of bivalves (�3 �g Se per g; Johns et al.,
1988) and that enrichment is widespread through
North San Francisco Bay. Concentrations varied
nearly 4-fold among sites. The observation of the
highest concentrations near Carquinez Strait is
consistent with past studies (Cutter, 1989; Johns
et al., 1988) and the previously identified refinery
source of Se input. Dilution of contamination (i.e.



R.G. Lin�ille et al. / Aquatic Toxicology 57 (2002) 51–6458

Fig. 4. Map showing distribution of mean Se concentrations in P. amurensis (�g Se per g dw) at 20 locations in Suisun and San
Pablo Bays, in North San Francisco Bay, in October 1996. Standard deviations (S.D.) are shown in Table 1. Site codes are shown
in Fig. 1.

the lowest concentrations in P. amurensis) near
the eastward marshes in Suisun Bay and the west-
ern-most shallows of San Pablo Bay are consis-
tent with dilution away from the refineries.
Sources and mixing appeared to be more impor-
tant than shallow versus deep-water habitat, de-
spite the possibility that selenium is trapped in
shallow wetlands. Some riverine input is also pos-
sible. Long residence times and complicated,
tidally driven circulation patterns (Burau et al., in
prep.) probably contribute to the somewhat com-
plicated pattern of the contamination in P.
amurensis in Suisun and San Pablo Bay during
periods of low river inflow.

4.4. Temporal �ariability

Selenium concentrations in P. amurensis from
Carquinez St. varied as much as three-fold sea-
sonally between May 1995 and November 1997
(Fig. 5). The lowest concentrations were observed
in May 1995 (7.1�0.3 �g Se per g dw) and May
1997 (6.2�0.2 �g Se per g dw). Concentrations
were highest in October 1995 to February 1996
(15.4�1.0 �g g−1–18.9�0.4 �g Se per g dw),
October 1996 (20�1.4 �g Se per g dw), and

November 1997 (15.3�3.4 �g Se per g dw). The
larger standard deviations in the four samples in
late 1997 are probably the result of employing
fewer individual animals per composite.

The seasonal pattern of selenium in P. amuren-
sis from Carquinez Strait coincided with seasonal
changes in river inflows. The lowest concentra-
tions always occurred after episodes of highest
river inflows and shortest hydraulic residence

Fig. 5. Mean and S.D. of Se concentrations in P amurensis (�g
Se per g dw) at site C8.1 as determined at near monthly
intervals between May 1995 and November 1997.
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times. The greatest increase in Se occurred after
prolonged periods of low flow, as hydraulic resi-
dence times increased. Increased Se bioaccumula-
tion with increased residence times has been
reported in other systems (Lemly, 1998). In con-
trast, Johns et al. (1988) did not observe strong
seasonality in concentrations of Se in Corbicula
fluminea in Suisun Bay, in the mid-1980s. One
important difference was that that study did not
include periods of river inflows as high or as
prolonged as those occurring in 1995–1997.

4.5. Comparison to historic concentrations in
bi�al�es

The selenium concentrations in P. amurensis in
Suisun and San Pablo Bay are considerably
higher than found in bivalves, in general, in un-
contaminated estuaries in Northern California
(1.7–3.1 �g Se per g dw, Johns et al., 1988; White
et al., 1988). Data from P. amurensis itself is not
available from uncontaminated estuaries. Concen-
trations in P. amurensis are also higher than in
earlier studies from the Bay. Selenium exposures
in the bivalves Mytilus edulis and C. fluminea were
studied near Carquinez Strait in 1975 and 1984–
1986, respectively (Risebrough, 1977; Johns et al.,
1988). Risebrough et al. (1977) reported a mean
concentration of 8�3 �g Se per g dw in trans-
planted M. edulis from four sites near Carquinez
Strait and concentrations of 10–11.4 �g Se per g
dw in bivalves deployed directly in Carquinez
Strait. These were some of the highest concentra-
tions in the Bay at that time. Johns et al. (1988)
sampled resident Corbicula amurensis at near
monthly intervals from a station toward the rivers
from Carquinez Strait (the most seaward popula-
tion of Corbicula present in Suisun Bay at the
time). In 67 samples they found a mean concen-
tration of 6�3 �g Se per g dw in the clams.
Mean selenium concentrations in P. amurensis
among all the samples reported above (15�3 �g
Se per g dw) were higher than found previously in
either M. edulis or C. fluminea. The dominant
bivalve in Suisun Bay changed from C. fluminea
in 1985-86 to P. amurensis after the invasion of
the latter species (Carlton et al., 1990; Nichols et
al., 1990), so an increase in the exposure of ben-

thic predators to Se is likely if they consumed the
invasive bivalve.

4.6. Comparison to monitoring with co-occurring
and transplanted bi�al�es

Some species possess characteristics that en-
hance their bioaccumulation of contaminants.
High assimilation efficiencies of selenium are typi-
cal of most marine organisms (Reinfelder et al.,
1997; Wang and Fisher, 1999). But some species
(copepods are an example) lose selenium rapidly
(�0.15 per day) compared with other elements
(Wang and Fisher, 1998), whereas loss rates from
bivalves are slow (0.01–0.03 per day; Luoma et
al., 1992; Reinfelder et al., 1997). Efficient assimi-
lation and slow loss means that bivalves have
generally strong capabilities to bioaccumulate se-
lenium in their tissues (Reinfelder et al., 1997). P.
amurensis is an unusually voracious filter feeder, it
has an unusually short gut residence time (Decho
and Luoma, 1991) and it utilizes a variety of food
sources. All of these traits could enhance its abil-
ity to bioaccumulate Se, even compared with
other bivalves.

Direct comparisons with co-occurring species
are difficult with P. amurensis, because it tends to
replace other bivalves and consumer organisms
(Nichols et al., 1990). In June 1997 we found P.
amurensis from a Carquinez Strait mudflat had
12.9�1.2 �g Se per g dw and a co-occurring
population of M. balthica contained 3.7�0.1 �g
Se per g dw. But this was only one coincident
sampling. A comparison of P. amurensis with C.
fluminea toward the rivers in Suisun Bay found
similar concentrations in both species in October
1996, but sample sizes were very small. Conclusive
determination of any special bioaccumulative
characteristics of P. amurensis await further com-
parisons with co-occurring species and compara-
tive kinetic studies.

An alternative approach is to compare Se
bioaccumulation in P. amurensis with values in
transplanted bivalves used to monitor the Bay. In
the RMP of the San Francisco Estuarine Institute
(SFEI, 1995, 1996), bivalves are transplanted for
90–100 days then contaminant uptake is com-
pared with concentrations observed before the
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Table 2
Comparison of selenium concentrations in transplant and resident species in North Bay in May 1995, October 1995 and October
1996

Species:Change in condition indexSpeciesSite Se (�g g−1 dry) Se (�g g−1 dry)
residenttransplant [TF−To](TF−To)

May 1995
C. flumineaGrizzly Bay 0.018 1.4 [−0.3] P. amurensis 3.9�0.8
C. gigas −0.022 6.2 [4.6]Napa R. P. amurensis 7.1�0.3

(Carquinez)
C. gigas 0.006 5.4 [3.8]San Pablo P. amurensis 3.7�0.7

Bay-Pinole Pt.

October 1995
−0.02 4.8 [0.1]C. fluminea P. amurensisGrizzly Bay 14.5�1.4

Napa R. C. gigas −1.04 2.9 [−0.2] P. amurensis 15.4�1.0
(Carquinez)

M. californianus −0.02 2.5 [−0.8]San Pablo Bay- P. amurensis 11.6�1.1
Pinole Pt.

October 1996
−0.038 2.9 [1.3] P. amurensis 8.2�0.7Grizzly Bay C. fluminea

C. gigas −0.089Napa R. 7.2 [2.9] P. amurensis 20�1.4
(Carquinez)

M. californianus −0.039 2.7 [−2.4]San Pablo Bay- P. amurensis 8.7�2.1
Pinole Pt.

For transplanted species the final concentration is presented with the level of bioaccumulation of selenium over deployment period
(TF−To) displayed in brackets. The change in condition index over the period of deployment, a measure of growth (or lack of
feeding), is also presented. ‘Transplant’ data from SFEI, 1995, 1996.

deployment. The RMP employs three different
bivalves, due to differing salinities in the Bay, C.
fluminea is used in Suisun Bay; the oyster Cras-
sostrea gigas is used near Carquinez Strait; and
the mussel Mytilus californianus is used in San
Pablo Bay. Three of the sampling locations used
for P. amurensis were near the above locations
used by the RMP, and the 1995–1996 studies
with P. amurensis were conducted at the same
time as an RMP sampling.

Table 2 shows concentrations of Se in the trans-
plants and the level of bioaccumulation, or lack
thereof, during deployment in May 1995, October
1995 and October 1996. Changes in condition
index over the deployment period are also shown;
and these are compared with concentrations in the
resident P. amurensis at the end of the deployment
period of the transplanted species. Absolute con-
centrations of Se in tissues and patterns of bioac-
cumulation in time and space are compared. The
differences in absolute concentrations were small
in May 1995. But substantial differences were

observed between the deployed bivalves and P.
amurensis in both October 1995 and October
1996. In October 1995, selenium concentrations in
P. amurensis were 11.6–15.4 �g Se per g dw
among the three sites. None of the deployed
species bioaccumulated Se during the deployment
(concentrations were similar to the original popu-
lation) and concentrations ranged from only 2.5
to 4.8 �g Se per g dw (Table 2). A similar result
occurred in October 1996. In that experiment,
bioaccumulation of selenium was observed in C.
gigas but concentrations were less than half those
in P. amurensis at a nearby site. No significant
bioaccumulation occurred in C. fluminea, al-
though the concentration of Se in P. amurensis at
that site was 8.2�0.7 �g Se per g dw. Thus the
seasonal pattern of greatly increased bioaccumu-
lation in October compared with May was clear in
P. amurensis but was not observed in the de-
ployed animals.

The approach used to study bioaccumulation
may be the cause of the differences between Se
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bioaccumulation in P. amurensis and the trans-
plants, C. fluminea, C. gigas or M. californianus.
Phytoplankton blooms in Suisun Bay have essen-
tially disappeared since the P. amurensis invasion,
presumably due to consumption of primary pro-
duction by the invasive bivalve. It is notable that
condition index appeared to decline in all trans-
plants in both October experiments (Table 2).
Reduced condition index after deployment sug-
gests that the deployed bivalves were not feeding
normally in the fall. Uptake from food is the
predominant route of selenium exposure (Luoma
et al., 1992; Wang and Fisher, 1999). Therefore, it
is possible that non-feeding deployed animals
were not exposed to environmental selenium. The
deployed animals gave no indication that high
selenium concentrations were common in the pre-
dominant benthic species in North Bay during the
season of low river inflows. Thus, the transplanted
animals did not provide an accurate picture of
selenium contamination in the estuary, and did
not reach the level of selenium contamination
found in P. amurensis.

4.7. Consequences of high selenium concentrations
in P. amurensis

Bivalves are a critical link for passing selenium
to benthivores because trophic transfer is the pri-
mary route of predator exposure (Lemly, 1985).
The highest concentrations of Se in P. amurensis
are especially significant in that they exceed values
that other studies have shown reduce growth or
cause reproductive damage when ingested in ex-
periments by birds and fish (Hamilton et al., 1990;
Heinz et al., 1989). Teratogenicity, effects on
hatchability of eggs and reduced growth of young
life stages have a threshold of occurrence above
3–10 �g Se per g dw in food in various studies
(Lemly, 1998; Hamilton, 1999; Heinz et al., 1989).
A high frequency of adverse effects is found when
concentrations in food (prey) exceed 10–11 �g Se
per g dw (Skorupa, 1998; Adams et al., 1998). The
highest concentrations in P. amurensis exceed the
latter value by two-fold.

Some of the important resource species in the
North Bay/Delta eat P. amurensis and pre-
sumably other bivalves (sturgeon, diving ducks

such as scoter and scaup, dungeness crab; Carlton
et al., 1990). Earlier studies (White et al., 1988;
Urquhart and Regalado, 1991) showed that these
benthivores were the predators with the highest
selenium concentrations. Average yearly Se con-
centrations in the liver of the diving duck, surf
scoter, ranged from 75 to 200 ug g−1 dw in
1986–1990, a 7- and 14-fold increase from a
reference site (Humboldt Bay). White sturgeon
captured between 1986 and 1990 contained an-
nual average concentrations ranging from about
9–30 ug Se per g dw in liver (n=52); and 7–15
ug Se per g dw in flesh (n=99). In 1986, the
Dungeness crab had an average soft tissue con-
centration of 15 ug Se per g dw, which was a three
fold increase from the reference site (Humboldt
Bay). Predators that fed from the water column
(e.g. striped bass) seemed to have lower selenium
concentrations than the benthivores.

If the susceptibility of San Francisco Bay to
invasion by the exotic species P. amurensis (Carl-
ton et al., 1990) caused greater Se contamination
in the benthos, this effect could be passed on to
benthivores. Little data is available to evaluate
selenium concentrations in benthivores after 1990.
But the 5-year Se Verification Study extended
from 1986 through 1990 (Urquhart and Regalado,
1991). P. amurensis was first observed in the Bay
in 1986 and became well established by 1988
(Carlton et al., 1990; Nichols et al., 1990). Annual
mean selenium concentrations in bivalves and two
benthivores, sturgeon and scoter, were collected
simultaneously in that study and in several of the
years between 1986 and 1990. Bivalve selenium
concentrations (not including P. amurensis) and
benthivore concentrations were strongly corre-
lated in that data set (Figs. 6 and 7). The highest
values in benthivores were observed in 1989 and
1990. If the mean concentration of selenium in P.
amurensis was inserted into Fig. 7 at the 1989–
1990 benthivore concentration, the added point is
consistent with changing selenium exposures of
predators. Thus preliminary analysis indicates
that the successful invasion of this new resident of
Suisun Bay could have changed the exposure of at
least some predators in this system.
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5. Conclusions

Invasion of San Francisco Bay by the exotic
bivalve, P. amurensis, resulted in an increase by
threefold of selenium concentrations in the pre-
dominant macrobenthic food in the estuary. Se
concentrations in bivalve-consuming benthivores
in the North Bay appeared to increase between
the time P. amurensis populations were first ob-
served (1986, Carlton et al., 1990) and when it
became established as the predominant benthic
species (�1988–1990; Urquhart and Regalado,
1991). This is of concern because Se is a strong
reproductive toxin for such species, and Se con-
centrations in P. amurensis in fall 1995 and 1996
were in excess of the toxicologic threshold for
adverse effects on such predators. Se-contami-
nated P. amurensis were widespread in Suisun and
San Pablo Bays in 1995 and 1996. Seasonal vari-
ability is an important feature of selenium con-
tamination in P. amurensis, with the highest
concentrations occurring in fall during the period
of longest hydraulic residence times. Transplanted
bivalves were not good surrogate indicators for
exposure and contamination of the resident
bivalve.

Fig. 7. Relationships between Se concentrations in resident
bivalves (data from White et al., 1988; Urquhart and Regal-
ado, 1991; Johns et al., 1988) and either sturgeon flesh or the
flesh of the diving ducks (surf scoter) from North San Fran-
cisco Bay and Humboldt Bay (data from White et al., 1987,
1988, 1989; Urquhart and Regalado, 1991). Predators and
prey were sampled in the same season, year and sub-bay.
Mean Se concentration in P. amurensis at Carquinez in 1995 is
superimposed on each graph to match predator data from
1989–1990, because P. amurensis was probably the primary
food of these predators in 1989–1990.

Fig. 6. Mean and S.D. of Se concentrations (�g Se per g dw)
in three studies of bivalves from in or near Carquinez Strait in
three different decades. ‘Mussels’ were studies of transplanted
M. edulis in 1976 (Risebrough et al., 1977); ‘Corbicula’ repre-
sents mean of 67 samplings of the clam C. fluminea (Johns et
al., 1988) and ‘Potamocorbula’ is the mean of all Carquinez
samples in the present study.

We did not fully disprove the hypothesis that
the invasive species, P. amurensis, is not more
efficient at bioaccumulating selenium than other
bivalves, although some evidence points in that
direction. But this is not the only way an invasive
species can affect the fate and effects of a contam-
inant. The efficient bioaccumulation of Se by
bivalves, in general, and the efficient dietary trans-
fer of Se from bivalves to higher trophic levels
means that an invasion that shifts the structure of
an estuarine community toward dominance by a
bivalve-based benthic food web can enhance ad-
verse effects of selenium in the system, by expand-
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ing the availability of a contaminated food sup-
ply. Whatever the basic mechanism, it seems clear
that the invasion of the non-native bivalve P.
amurensis has resulted in increased bioavailability
of a potent environmental toxin to certain benthi-
vores in San Francisco Bay. Changes in contami-
nant cycling and potential effects are yet another
reason to be concerned by the threat of invasive
species in our estuarine ecosystems (Cohen and
Carlton, 1998; Carlton and Geller, 1993).
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