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Abstract—Selenium uptake from food (assimilation efficiency) and dissolved phase (influx rate) as well as loss kinetics (efflux
rate) were compared between two bivalves, Corbicula fluminea and Potamocorbula amurensis. The effects of salinity and tem-
perature on these kinetic parameters for both clam species also were evaluated. The Asiatic clam, C. fluminea, more efficiently
assimilated Se associated with algae (66—87%) than Se associated with oxic sediments (20—37%). However, no consistent difference
was found between Se assimilation efficiencies from both food types (19-60%) for P. amurensis. The temperature and salinity had
a minor influence on the Se assimilation from ingested food. However, the effects of temperature and salinity were more evident
in the uptake from dissolved sources. The influx rate of Se(IV) increased by threefold with the increase of temperature from 5 to
21°C for C. fluminea. The increase of salinity from 4 to 20 psu decreased the uptake rate constant (k) of Sein P. amurensis from
0.011 to 0.005 L/g/h, whereas salinity change (0—8 psu) had a negligible effect on the Se influx rate of C. fluminea. The Se influx
rate of P. amurensis decreased by half with the 3.5-fold increase in tissue dry weight. The rate constant of loss was greater for P.
amurensis (0.029/d at 8 psu) than for C. fluminea (0.014/d at O psu and 0.01/d at 8 psu). A bioenergetic model suggests that dietary
uptake is the dominant pathway for Se bioaccumulation in the two clams in San Francisco Bay and that interspecies differences

in Se bioaccumulation can be explained by differences in food ingestion rates.

K eywor ds—Selenium Bioaccumulation

INTRODUCTION

Selenium is an essential element for most organisms, but
at relatively low environmental concentrations, it may cause
severe reproductive toxicity, including impaired egg hatch-
ability and embryo deformities, especially to upper-trophic-
level organisms [1-3]. The difference between essential and
potentially hazardous Se concentrations is relatively narrow
[4]. The chemical speciation of Se is particularly important,
because the biotic and abiotic reactivity of Se are functions of
its chemical form [5]. Selenium exhibits complex biogeo-
chemical cycling, with several oxidation states in aquatic en-
vironments [selenate (Seb+), selenite (Set*), elemental Se (Se°),
and reduced organoselenide (Se?-)]. Bioaccumulation of Se
occurs primarily from the base of food chains, where micro-
organisms transform dissolved selenite and selenate (to alesser
extent) into organoselenide within the cells. Organoselenide
isthen transferred via the food chain and is often biomagnified
to upper-trophic-level invertebrates [4,6,7]. Therefore, under-
standing the physicochemical and biological factors influenc-
ing the transfer of Se from the base of the food chain to
herbivorous organisms is essential for the assessment of Se
bioaccumulation and its potential effects on upper-trophic-lev-
el organisms [3].

Selenium has been introduced to North San Francisco Bay
(SFB; USA) from agricultural drainage systemsaswell asfrom
the effluent of oil refineries [5]. Various bivalve species have
been employed to monitor Se bioavailability in North SFB and
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Bioenergetic model

Corbicula fluminea Potamocorbula amurensis

have displayed awide range of spatial and temporal variations
in tissue Se concentrations. For example, tissue Se concentra-
tions in the Asian clam, Potamocorbula amurensis, were the
highest among the bivalves in the North SFB and varied both
spatially (6-20 p.g/g) and seasonaly (5-20 ng/g) [8]. The
greatest Se concentrations in the clams occurred during low-
water-flow years near the Carquinez Strait; tissue concentra-
tionsin P. amurensis often exceeded dietary thresholds (~10
wng/g) for adverse reproductive effects in predators, such as
fish and waterfowl, because of prey consumption [1]. For this
reason, P. amurensis, the dominant bivalve in SFB, poses a
potential threat to upper-trophic-level organisms, including
sturgeon, Dungeness crab, and diving ducks [8]. However, it
is not understood why P. amurensis bioaccumul ate Se far more
than other bivalves, such as Corbicula fluminea, which coexist
with P. amurensis at the same site [5].

A bioenergetic-based kinetic model has been developed to
delineate the relative importance of uptake pathways and to
quantify the effects of biological and environmental variables
on the metal bioaccumulation in various indicator species [9—
11]. For example, with this approach, Luoma et al. [9] dem-
onstrated that 98% of Se in the benthic clam, Macoma bal-
thica, could be explained by accumulation via ingestion of
contaminated particles with minor contributions from dis-
solved sources. Furthermore, this modeling approach can be
applied to explain different levels of tissue metal concentra-
tions in different species from the same environment. To com-
pare metal bioaccumulation among different animal species,
estimation of some fundamental physiological parameters spe-
cific for each species is required.
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Enriched Se in bivalves often occurs in the upper reach of
North SFB near Carquinez Straight, where physicochemical
conditions, such as salinity and temperature, vary dynamically
over time and space. Therefore, to assess the risk of Se con-
tamination in SFB, a quantitative understanding must be de-
veloped regarding how external environmental factors and in-
ternal biological factors, such as body size and assimilation
process, affect Se bioaccumulation in the bivalves, an impor-
tant food source for aquatic dependent wildlife [9,12].

The present study compared biokinetic parameters for Se
uptake from food (assimilation efficiency [AE]) and dissolved
phase (influx rate) as well as loss (efflux rate) between two
bivalves, P. amurensis and C. fluminea. Additionally, AEs
from ingested particles were compared between Se associated
with fresh algae and sediments. The influences of salinity and
temperature on these kinetic parameters also were eval uated.
The acquired biokinetic parameters were incorporated into a
dynamic, multipathway bioaccumulation model to predict tis-
sue Se levels between the two clam species and to compare
those predictions with the levels observed in SFB. These two
invasive species coexist in SFB, process a large volume of
water and particles, concentrate Se at high concentrations, and
serve as important food sources for benthivorous predators.
These two clams have been employed in numerous biomon-
itoring and ecotoxicological studies [3,8,13,14].

MATERIALS AND METHODS
Experimental animals

The Asiatic clam, C. fluminea (shell size, 18-22 mm), was
collected from a local freshwater stream located in San Jose
(CA, USA), and the estuarine clam, P. amurensis (12—20 mm),
was collected from a site in North SFB (U.S. Geological Sur-
vey Station 8) [13], approximately one week before each ex-
periment. On returning to the laboratory, the clams were grad-
ually acclimated to the experimental salinity (0, 4, or 8 psu
for C. fluminea and 4, 8, or 20 psu for P. amurensis) and
temperature (5, 13, or 21°C for both species). The clams were
fed diatoms (Phaeodactylum tricornutum) during the accli-
mation period. The artificial freshwater media (0 psu) were
prepared using the Fraquil recipe [14], and the saline media
(4, 8, and 20 psu) were made by diluting (pore size, 0.45 pm)
natural seawater (35 psu; collected from Long Marine Labo-
ratory, University of California, Santa Cruz, CA, USA) with
the freshwater media in appropriate ratios. The experimental
salinity was chosen for each clam’s optimal salinity range.

Radiolabeled food

Radiolabeled algae was prepared by adding 37 kBq of ra-
dioactive ®Se (Na,-*Se0,) to a 1-L flask containing seed cul-
ture of the diatom P. tricornutum and was maintained at 20°C
for 7 d. The culture media was 12-psu seawater enriched with
f/2 nutrients (N, B Si, vitamins, and trace metals) modified
from that described by Guillard [15]. The spiked radioactive
Se concentration (0.04 nM) was two orders of magnitude lower
than that observed in SFB waters. The surface oxidized sed-
iments (<63 wm), collected from the same stream where C.
fluminea were sampled, were resuspended and equilibrated
with 37 kBq of ®Se in 1 L of media at 0, 4, 8, or 20 psu.
These media were shaken periodically and maintained at 20°C
in the dark for 10 d.

The radiolabeled algae or sediments were filtered on poly-
carbonate membrane filters (pore size, 0.45 pm) and rinsed
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three times with unlabeled media. The filtered particles were
then resuspended in the unlabeled media for feeding experi-
ments with the appropriate salinity and temperature. Some of
the radiolabeled media with their labeled algae were saved for
later radiolabeling of the clams to measure the efflux rate.

Uptake from food

The AE of clams for Se from ingested algae or sediments
was estimated using a previously established pul se-chase pro-
cedure [9,16]. The effect of salinity on Se AE for C. fluminea
(0, 4, or 8 psu) or P. amurensis (4, 8, or 20 psu) was aways
evaluated at 13°C. The effect of temperature on Se AE (5, 13,
and 21°C) for C. fluminea and P. amurensis was evaluated in
freshwater media and in 20-psu seawater, respectively. Ad-
ditionally, C. fluminea were fed two types of food mixtures
(radiolabeled algae mixed with unlabeled sediment or radio-
labeled sediment mixed with unlabeled algae) in freshwater
media at 13°C. These treatments were included to determine
whether the presence of different food types would influence
the AE for Se of each food.

Thirty P. amurensis (13.3 = 0.5 mm; mean * standard
deviation) or C. fluminea (18.4 = 0.5 mm) were introduced
into each of the feeding chambers containing resuspended ra-
dioactive food in appropriate media. The clams were alowed
to ingest radioactive food for approximately 2 h. Following
the radioactive feeding, the clams were randomly divided into
eight groups, each composed of three clams, and the radio-
activity of each group was measured. Four groups of clams
were dissected immediately to determine the ratio of radio-
activity between shells and soft tissue, and the remaining four
groups of clams were depurated for 48 h in appropriate un-
labeled media with unlabeled food. Clams in the depuration
chambers were separated from feces by the meshed screen to
minimize the ingestion of feces. During the 48-h depuration
periods, radioactivity remaining in the clams and egested ra-
dioactivity in feces were periodically determined. The depu-
rated clams were dissected for the determination of radioac-
tivity in tissues and shells.

During the feeding of resuspended radiolabeled food, ra-
dioactive Se could be released from the food particles into the
media. To estimate Se uptake from this source, additional
groups of clams were exposed for 2 h to the filtered (pore size,
0.45 um) feeding media that had been used previously for
pulse-chase feeding experiments. The contribution of dis-
solved Sereleased from food particles generally wasnegligible
(<2%) compared to the total assimilated Se from food.

Uptake from dissolved phase

To determine the influence of selenite concentration on in-
flux rate, both clam specieswere exposed to arange of nominal
Se concentrations (0.02, 0.1, 0.5, 1.5, and 10 pg/L for C.
fluminea and 0.09, 0.13, 0.43, 1.1, 3.5, and 10.3 p.g/L for P.
amurensis). Experimental medium was prepared by adding
appropriate amounts of stable selenite solution (1,000 mg/L)
to 2 L of filtered (pore size, 0.45 pm) water. Radioactive "*Se
was added as atracer of stable selenite; each container received
74 kBg of ™Se as Na,-"*SeO, dissolved in weak acid. The pH
of the experimental media was adjusted to 8.0 by the addition
of adequate amounts of 0.1 N NaOH solution.

The effect of salinity on the Se influx rate for C. fluminea
(0, 4, or 8 psu) or P. amurensis (4, 8, or 20 psu) was evaluated
at 13°C. The effect of temperature (5, 13, and 21°C) was eval-
uated only for C. fluminea in freshwater media. A reduced
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number of Se exposure concentrationswas used for some treat-
ments because of the logistical limitations of the radioactive
experiment. Five replicates of three similar-sized C. fluminea
(19.1 = 1.2 mm) and P. amurensis (16.6 = 1.5 mm) were
used for each experimental treatment. Additionally, the effect
of clam size (13.1 + 0.4, 15.3 = 0.9, 17.8 = 0.6, and 19.6 +
0.5 mm) on the Se influx rate was evaluated only for P. amu-
rensis in 20-psu media at 13°C.

The clams were exposed to the Se-labeled media for 6 h
under the respective experimental conditions. Radioactivity in
experimental media was monitored periodically by sampling
2 ml of the exposure media; the radioactivity always changed
by less than 10%. The clams were removed from the media
after the exposure and rinsed with unlabeled water, and the
radioactivity in the clam tissues and shells was determined.

Efflux of assimilated metal

To determine the physiological turnover rate (efflux rate)
of Se assimilated in clam tissues, both clam species were ex-
posed to radiolabeled food (algae and sediment) and media
for 6 d and then depurated for 21 d. Corbicula fluminea (18.8
+ 0.4 mm) was radiolabeled and depurated in freshwater (0
psu) or seawater (8 psu) at 13°C, and P. amurensis (11.7 =
0.4 mm) was depurated only in seawater (8 psu) at 13°C.
Following the 6-d exposure, clams were removed from the
aquarium and rinsed with filtered water. The clamswere placed
in a large depuration chamber containing 20 L of unlabeled
media and maintained for 21 d. During the depuration periods,
radioactivity of whole-body and tissue/shell partitioning was
determined periodically. The temporal changes in the radio-
activity of soft tissue were estimated by multiplying whole-
clam radioactivity by the ratio of tissue to shell radioactivity
obtained from clams [17].

Radioactivity measurement

Radioactivity was determined using a gamma counter
equipped with a 3-inch, well-type, Nal crystal detector (1480
Wizard; Wallac, Turku, Finland). Photon emissions of "Se
were determined at 244 keV. The counting timesfor all samples
were 2 min. Propagated counting errors were less than 5%.
All measured radioactivity was corrected for counting effi-
ciency and decay and then expressed in terms of unit dry
weight of soft tissue.

Data analysis

The AE was calculated using two independent methods
[16]. Thefirst value (AE,) was calculated by dividing the final
tissue radioactivities (A;) remaining at t = 48 h by the initial
ingested activities (A,) estimated from the whole-body radio-
activity at t = 0, corrected for the activity partitioned on the
shell:

AE; (%) = (A — Aix)/(Ao — Auis)-100 1)

where A is the radioactivity in soft tissue of the clams ex-
posed to filtered feeding media. The A, term was necessary
to correct radioactivity obtained from dissolved Se released
from radiolabeled food during feeding experiments. The sec-
ond value (AE,) was estimated by dividing the final tissue
activities (A;) by the sum of final tissue radioactivity (A;) and
radioactivity depurated as feces (A during the 48-h de-
puration in clean media

AE; (%) = (A = Adss)/(Areces T Ar — Auiss) 1100 (2)
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where the initial amount of ingested particles is assumed to
be the sum of A and A.

The Se influx rates from dissolved sources can be ex-
pressed as

ly = k,Ct, (3)

where |,, is the metal influx rate (ng/g/d), C, is the Se con-
centration in water (ng/L), b (power coefficient) is the slope
of the log—og relationship between |, and C,,, and k, (L/g/d)
is considered to be the rate constant for uptake from the dis-
solved source if the slope (b) is close to one.

The physiological turnover rates of assimilated Se in clam
tissue were described by a first-order exponential function:

R = Rye @

where R, is the fraction of Se retained in clam tissue at day t,
R, is constant, k. is the rate constant of loss, and t is time (d).
Because the slope (k.) is changed during the depuration, a
multicompartment model can be applied.

Multipathway bioaccumulation model

A dynamic multipathway bioaccumulation model was used
to evaluate the influence of geochemical and biological factors
on Se bioaccumulation and to compare the tissue Se concen-
trations observed in the C. fluminea and P. amurensis from
SFB. Tissue Se in the clams was evaluated using the first-
order, multipathway bioaccumulation model [18]:

dC,/dt = k,.C, + (AEIR-C) — (k. + 9)-C, 5)

where C, is the tissue Se concentration in the clams at time't,
k, is the rate constant of Se uptake from dissolved phase, C,
is Se concentration in dissolved phase, AE is Se AE, IR is
food ingestion rate, C; is Se concentration in food, k. is the
rate constant of loss, and g is the growth rate constant. At
steady state, Equation 5 can be simplified to predict steady-
state tissue Se concentrations (C,):
_ k,C, + (AE:IR-C)

Ca,s - ke + g (6)

Unless otherwise noted, statistical significance was set at a =
0.05. Dry weight—based concentrations were used for all tissue
data. Statistica® (StatSoft, Tulsa, OK, USA) was used for all
statistical analyses (Student’s t test, one-way analysis of var-
iance test and regression analysis).

RESULTS
Assimilation from dietary source

The difference between AE results calculated by different
methods (AE, and AE,) was always less than 20% for both
clam species. The difference between the AE, and AE, data
was not significant for P. amurensis. Some AE, data for C.
fluminea, however, were significantly higher than AE, data(p
< 0.05), although the differences were mostly less than 10%.
The mean of AE, and AE, was used for comparison and model
calculation in the present study (Fig. 1).

Corbicula fluminea assimilated Se more efficiently from
algal food than from sediment particles, regardiess of tem-
perature and salinity (Fig. 1). Generally, salinity and temper-
ature did not significantly influence the Se AE (%) in C. flu-
minea. The only exception to this was that the AE from algae
at 8 psu was significantly lower than that at O or 4 psu. The
AE of Se by P. amurensis was mostly within 52 to 61%
regardless of food type, temperature, and salinity. The excep-
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Fig. 1. Comparison of mean assimilation efficiencies of Se by Cor-
bicula fluminea and Potamocorbula amurensis fed algae or oxic sed-
iment at three different salinities (0, 4, and 8 psu) and a fixed tem-
perature (13°C) or at three different temperatures (5, 13, and 21°C)
at afixed salinity (O psu for C. fluminea and 20 psu for P. amurensis).
Error bar indicates the standard deviation (n = 4).

tion was that P. amurensis assimilated Se significantly less
from ingested sediments in media at 4 psu than the last of the
treatments. From the algal food, C. fluminea assimilated Se
with higher efficiency (70-90%) than did P. amurensis (51—
57%), whereas the two clams did not show consistent differ-
ences in Se AEs from sediment particles (Fig. 1). The AEs of
Se in food mixtures (radiolabeled algae mixed with unlabeled
sediment or radiolabel ed sediment mixed with unlabeled algae)
for C. fluminea were not significantly different from Se AEs
of the radiolabeled food type without an unlabeled counter
food type (data not shown).

Uptake from dissolved phase

The influx rate of Se (V) increased with the increase in
the selenite concentrations in media. The slopes (b) in all the
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relationships between the log Se influx rate into clam tissues
and the log selenite concentration in media (Egn. 3) were close
to one (Table 1). Therefore, we assumed that the selenite influx
rates in both clams increased linearly with the exposure con-
centration and estimated the uptake rate constants (k,) from
Equation 3 (Table 1). The influx rate constant (k,) of Sein C.
fluminea increased by fourfold as temperature increased from
5 to 21°C (Table 1). However, the salinity change (0—8 psu)
did not significantly influence the Se influx to clam tissues or
partitioning to the shell in C. fluminea (data not shown). In
contrast, the k, in P. amurensis decreased by approximately
half with an increase of salinity from 4 to 20 psu (Table 1).
The amount of adsorbed Se on the shells of P. amurensis
decreased by 30%, with the increase of salinity from 4 to 20
psu being consistent with tissue data (data not shown). The k,
values of Se in P. amurensis were 5.8- and 3.3-fold higher
than that in C. fluminea at 4 and 8 psu, respectively (Table
1). Body size significantly influenced the Se influx in P. amu-
rensis; the k, for Se influx in P. amurensis decreased by half
as the mean shell length increased from 13.1 to 19.6 mm (Table
1).

Efflux of assimilated Se

The clams defecated most of the unassimilated radioactive
particles from digestive tracts within the 2-d depuration period
in the assimilation experiment. Therefore, the radioactivity | ost
from the clams after the 2-d depuration was considered to be
“physiologically turned over’” Se. Theseinitial loss data were
excluded when calculating the k.. The patterns of Se efflux
over time could be described by afirst-order exponential func-
tion with two-compartment loss models for both C. fluminea
and P. amurensis (Fig. 2). The efflux wasfast during theinitial
7-d depuration and but slowed thereafter in both species. The
rate constant of Se efflux (k) from the slowly exchanging
compartment for P. amurensis in seawater at 8 psu and 13°C
was 4.6-fold the k. for respective C. fluminea. The Se efflux
rate in C. fluminea decreased by half as the salinity increased
from 0 to 8 psu (Fig. 2).

Biokinetic model results

A simple bioaccumulation model was used to evaluate the
relative importance of Se uptake from dissolved and dietary
sources and to explain the interspecies differences in Se bio-

Table 1. Equations describing Se(IV) uptake by Corbicula fluminea and Potamocorbula amurensis from dissolved sources

Temperature (°C) Salinity (psu) Shell size (mm) Equation k., r2

C. fluminea
5 0 195+ 11 l,, = 0.0010-C{®© 0.0010 0.999
13 0 191+ 12 I, = 0.0029-C}% 0.0029 0.996
21 0 189 = 1.2 I, = 0.0040-C9 0.0040 0.999
13 0 191+ 12 I, = 0.0029-C}% 0.0029 0.999
13 4 19.0 = 1.2 I, = 0.0019-C{®© 0.0019 0.996
13 8 19.0 = 05 I, = 0.0025-C9% 0.0025 0.999

P. amurensis
13 4 16.7 = 1.3 l, = 0.0110-C%% 0.0110 0.999
13 8 16.7 = 1.6 I, = 0.0084-C9% 0.0084 0.998
13 20 164 + 1.6 I, = 0.0048-C%% 0.0048 0.999
13 8 132 = 05 I, = 0.0112-C9% 0.0112 0.996
13 8 157 = 1.0 l, = 0.0091-C%*% 0.0091 0.995
13 8 18.0 = 0.5 I, = 0.0078-C9% 0.0078 0.998
13 8 19.7 = 05 l,, = 0.0066-C g% 0.0066 0.997

aRegression equations are based on log-transformed data relating metal influx rate (l,,) to dissolved Se concentration (C,,). Uptake rate constants

(k,) were determined using the methods described in the text.
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Fig. 2. Retention of bioaccumulated Se in Corbicula fluminea (C.f.)
in media at 0 or 8 psu and Potamocorbula amurensis (P.a.) in media
at 8 psu. The physiological turnover rates of assimilated Se in clam
tissues was described by R = Ri-e*t (t < 5d) and Ryetet (t > 5
d). The term R, represents the fast-exchanging pool and the term R,
the slow-exchanging one. Error bar indicates the standard deviation
(n = 4). (See Eqgn. 4 for the definition of the parameters.)

accumulation between C. fluminea and P. amurensisin North
SFB. The biological and geochemical parameters used for the
model calculations are summarized in Table 2. The mean Se
concentrations in water and suspended particles in North SFB
measured in 1996 were used for C,, (0.18 pg/L) and C; (2.0
wra/g) [8,19]. All dissolved Se was assumed to be selenite.
Because the k,, AE, and k. values for C. fluminea and P.
amurensis were variable depending on environmental condi-
tions, the mean values determined in the present study were
used for model calculation, as noted above. Because published
growth rates for these clams are not available, the growth rate
of the clams was assumed to be 0.005/d. A range of ingestion
rates was used for the model calculation.

The results of the model suggest that the relative contri-
bution (%) of dissolved Se to total Se bioaccumulation in C.
fluminea and P. amurensis would be less than 3% (Fig. 3).
The contribution from dissolved sources decreases with in-
gestion rates. The predicted total concentrations of Se in P.
amurensis and C. fluminea increased with the ingestion rate
and were greater with ingestion of algal diets than with oxi-
dized surface sediments (Fig. 3).

Table 2. Various mean parameters used for the bioaccumulation

models of Potamocorbula amurensis and Corbicula fluminea and the

ranges of tissue Se concentrations observed for the clams from sites
located in North San Francisco Bay, USA®

P. amurensis  C. fluminea
Se conen. in water (pg/L) 0.18 0.18
Se concn. in sediment (g/g) 2.0 2.0
k, (L/g/d) 0.009 0.0025
AE-sediment (%) 36 29
AE-algae (%) 54 81
ke (/d) 0.023 0.006
Growth rate constant (/d) 0.005 0.005
Ingestion rate (/d) 0.1-1.0 0.01-0.1
Tissue Se concentrations (mg/kg) 3.9-20.0 1448

alinville et a. [8]. AE = assimilation efficiency of Se.
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Fig. 3. Fraction of tissue Se obtained from dissolved sources (%) or
predicted tissue Se concentration (mg/kg) in Corbicula fluminea and
Potamocorbula amurensis as a function of ingestion rate (IR; /d).
Tissue Sewas predicted when average diets of the clamswereassumed
to be algae (solid line) or oxidized sediments (dotted line). Vertical
bar represents a range of observed tissue Se concentrations (.g/g) in
both clam species from San Francisco Bay, USA [8]. See Table 2 for
the physiological and geochemical parameters used for the model
estimation. The terms AE-algae and AE-sed indicate assimilation ef-
ficiency of Se associated with algae and sediment particles, respec-
tively.

DISCUSSION
Assimilation from dietary source

The high Se AEsin C. fluminea and P. amurensis observed
in the present study are consistent with those in previous stud-
ies (see, e.g., [9]), which demonstrated that Se is highly bio-
available from ingested particles to invertebrates. The AEs of
Sein algal food for the two clam species were comparable to
those reported in previous studies with other clams (50—90%
in M. balthica, P. amurensis, and Ruditapes philippinarum),
mussels (48-84% in Mytilus edulis and Dreissena polymor-
pha), oysters (52—-74% in Crassostrea rivularis and Saccos-
trea glomerata), bivalve larvae (>97%), marine copepods
(73-97%), and barnacles (79%) [9,10,12,20-24]. Similarly,
the lower AE of Se from ingested oxic sediment particles also
has been reported in other bivalve species, including M. bal-
thica (21-27%), C. rivularis (26%), and M. edulis (14—27%)
[24,25]. The reduced bioavailability from ingested inorganic
particles compared to algal-rich particles has been reported for
other metals in various marine invertebrates [17,26].

The bioavailability of Se in sediment particles could be
significantly altered by changes in Se speciation within sedi-
ment particles. The present study used bulk oxidized surface
sediment for the measurement of Se AE. Schlekat et al. [12]
reported that P. amurensis assimilated Se from ingested oxic
sediment with significantly higher efficiency than from an-
aerobic sediments. Those authors further demonstrated that
chemical or biological reduction of Se(VI) in anoxic sediment
to elemental Se dramatically reduced the Se AE in P. amu-
rensis to nearly 3%. The chemical species of Se in anaerobic
sediments include elemental Se, organoselenium, and sele-
noanions [12]. Therefore, the bioavailability of Se in contam-
inated sediment could have significant temporal and spatial
variability depending on the redox cycles of Se speciation.

Estuarine invertebrates experience a wide range of salinity
and temperature fluctuations. Changes in salinity and temper-
ature may alter various biological (e.g., metabolic rate, water
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permeability of gut epithelium, and enzymatic activity) and
physicochemical processes (e.g., partitioning of metalsto food
particles and water viscosity). Very few studies have been
conducted to evaluate the influence of salinity or temperature
on metal AE [21,26,27]. These studies generally have shown
that the effects of salinity and temperature on metal AE were
minor, unpredictable, or inconsistent among studies. For ex-
ample, unpublished data showed that AEs of Cd, Cr, and Zn
associated with algal and sediment diets in C. fluminea were
influenced neither by temperature nor by salinity (B.G. Lee,
unpublished data). Consistent with previous studies, temper-
ature did not have a significant influence on Se AEs for either
of the clams in any case, and a significant effect of salinity
was observed only in afew cases. In contrast, their influences
on the dissolved Se uptake rate were much greater, as discussed
below.

Uptake from dissolved sources

The Seinflux rate constant (k,) in C. fluminea (0.001-0.003
L/g/d) was quite low, and that in P. amurensis (0.005-0.011
L/g/d) was within the variability among the values determined
for other bivalves, such as M. balthica, M. edulis, C. rivularis,
and D. polymorpha, in previous studies [9-11,24]. Lee et al.
[17] suggested that greater Cd, Cr(VI), and Zn influx in P.
amurensis than in M. balthica was probably caused by dif-
ferences in the clearance rates of the two bivalves. Similarly,
Wang [28] reported that the mean influx rate constant of Cd,
Cr(VI), and Se in three bivalves (Perna viridis, Septifer vir-
gatus, and R. philippinarum) was strongly related to the clear-
ance rate of bivalves. Because the clearance rates for P. amu-
rensis were approximately 10-fold the rates for C. fluminea
[29-31], the interspecific difference of dissolved Se uptake
between C. fluminea and P. amurensis could be explained by
the differences in clearance rates. The interspecific differences
in the metal influx rates also may be related to factors other
than clearance rate, including species-specific gill surface area,
metabolic rate, or permeability of gill epithelium to dissolved
elements [32,33]. However, most of these factors (with the
possible exception of the permeability of gill epithelium) could
covary with each other and seem to be related to the body size
of each animal species.

Theincreased metal influx rate at higher temperatures often
was explained by the increased metabolic rate. The increase
in k, values of Sefor C. fluminea with a temperature increase
from 5°C (0.001 L/g/d) to 21°C (0.0033 L/g/d) corresponds to
a Q,, value (the factor by which the metabolic rate differs for
a temperature interval of 10°C) of two, which is typical for
metabolic response of organisms. Similarly, our unpublished
results reported that the k, for Cd, Cr(V1), and Zn uptake by
C. fluminea increased significantly with water temperature (see
above).

The effect of salinity on the Se uptake ratein P. amurensis
is consistent with the general observation that influx rates of
metals in estuarine invertebrates are inversely related to sa-
linity [17,33]. No apparent explanation is available for why
Se uptakein C. flumenia did not respond to changesin salinity.
In general, the influence of salinity variation on bioaccumu-
lation is more complex than the influence of temperature or
size, because salinity can affect not only physiological pro-
cesses of exposed animals but also geochemical partitioning,
ionic strength, and speciation of elements [34,35]. The anionic
Se used in the present study might not change its speciation
over the range of salinity employed. Similarly, Lee et al. [17]
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reported an influx rate measurement of waterborne Cr(V1),
another element that presents in an anionic form and does not
change speciation with a change in salinity; the influx rate of
Cr(VI) in the bivalves P. amurensis and M. balthica increased
inversely with salinity. These results collectively suggest that
in low-salinity waters, processes other than speciation change
were responsible for the high influx of both Se(1V) and Cr(VI)
in P. amurensis. We speculate that a reduced concentration of
competitive anions in seawater (e.g., SO5~) for binding/trans-
port sites of SeO%~ on the gill surface and/or increased water
permeability in gill epithelium caused by salinity reduction
were the probable cause of the increased rate of Se uptake
[36]. In fact, approximately 30% more Se adsorbed on the
shells at 4 psu than at 20 psu after exposure to waterborne Se,
indirectly suggesting that fewer competing anionswere present
at lower salinity [37]. Alternatively, the greater Se(1V) uptake
at lower salinity may be related to a Na-SO, transporter [38].
At low salinities, when the organism is hyper-regulating, this
transporter may be significantly up-regulated to facilitate Na
uptake. In turn, this would result in increased uptake of SO,
(or Se, assuming transport on the same carrier).

Efflux of tissue Se

Physiological turnover rates of assimilated Se were ade-
quately predicted by a two-compartment loss model with fast-
and slow-exchanging pools. This multicompartment |oss pat-
tern may reflect the partitioning of Se in the different organs
and subcellular pools with different loss kinetics. The biolog-
ical half-lives (t,,) for Se in the slow-exchanging component
of C. fluminea (82 d at 0 psu and 169 d at 8 psu) wererelatively
long compared to P. amurensis (30 d) and other bivalves, such
as the freshwater mussel D. polymorpha (20-27 d) [11] and
M. edulis (28—-40 d) [10], but were comparable to Mytilus
galloprovincialis (80 d) [39]. The faster turnover rate of Se
in P. amurensisrelativeto that in C. fluminea might be related
to body size. Mean tissue dry weight of P. amurensis (0.02
g) was sixfold less than that of C. fluminea (0.12 g) in the
present study.

Se bioaccumulation model

The results of modeling suggest that dietary uptake is the
dominant pathway for Se bioaccumulation in C. fluminea and
P. amurensis over a range of biological and environmental
conditions. Similarly, previous studies have reported the dom-
inance of dietary sources for Se bioaccumulation in bivalves
[9,10,24] and other aquatic animals [23,40]. For example, us-
ing a modeling approach similar to that in the present study,
Luoma et al. [9] demonstrated that 99% of the Se bioaccu-
mulation by M. balthica in SFB could be explained by the
dietary uptake pathway.

Tissue Se concentrationsin P. amurensis observed in North
SFB were the highest among the bivalves and ranged from 3.7
to 20 mg/kg [8]. From the same sampling location, tissue Se
concentrations in C. fluminea were much lower than those in
P. amurensis and ranged from 1.4 to 4.8 mg/kg. The present
study attempted to explain why these two clam species display
different levels of Se bioaccumulation even though they are
exposed to similar environmental conditions. Although thein-
flux rate from dissolved Se in P. amurensis is approximately
three- to fivefold greater than those for C. fluminea, uptake
from dissolved sources could not explain the difference in Se
bioaccumulation between the two clam species, because the
uptake from dissolved sources represents less than 3% of total
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Se bioaccumulation. Additionally, the rate constants for loss
in P. amurensis are three- to fivefold greater than those in C.
fluminea. Therefore, the interspecies difference in Se bioac-
cumulation between the two clams likely is caused by the
differences in Se bioaccumulation from dietary sources.

The parameters required for estimation of dietary Se bio-
accumulation are the AE, ingestion rate, and Se concentration
in diets. Because Se concentrations in diets are assumed to be
the same for both clam species and the difference between
AEs for the two clams was less than doubled, it can be de-
termined that the ingestion rate is the only variable that con-
trols Se bioaccumulation from dietary sources. If P. amurensis
were to ingest 0.15 to 0.85 g oxic sediment/g dry weight/d or
0.1 to 0.5 g agae/g dry weight/d, the clam would achieve the
range of Se concentrations observed in the field sites. Simi-
larly, if C. fluminea ingested 0.02 to 0.1 g oxic sediment/g
dry weight/d or 0.005 to 0.035 g algae/g dry weight/d, tissue
Se in the clams would approach the levels observed in field
sites. These ingestion rates of sediment and algae in P. amu-
rensis are 8-fold and from 15- to 20-fold those in C. fluminea,
respectively. To our knowledge, no data have been published
regarding the ingestion rates of these two clams against which
to compare these estimated ingestion rates. The reported clear-
ance rates of P. amurensis [31,32] were all within similar
ranges (100-600 L/g/d) and are 4- to 100-fold greater than
those of C. fluminea determined separately in the present study
(627 L/g/d). The ingestion rate of filter-feeding bivalvesis a
function of the clearance rate and particle concentrations.
Therefore, the greater clearance rate of P. amurensis compared
to C. fluminea could explain, in part, the greater estimated
ingestion rate of P. amurensis required for explaining the in-
terspecies difference of Se bioaccumulation in North SFB.

The biokinetic model approach can be used not only as a
predictive tool for estimating tissue Se bioaccumulation when
external environmental factors change but also as a diagnostic
tool for understanding the various geochemical and biological
processes that affect Se bioaccumulation. The information ac-
quired from the model can be applied to scientific assessment
and management of Se-contaminated environments.
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