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ABSTRACT: Arsenic is a potent human carcinogen of skin, lung, and urinary bladder. Freshwater clam
Corbicula fluminea is a commercially important native species in Taiwan. C. fluminea is also a suitable bio-
monitoring test organism. Little is known, however, about the actual effects of arsenic on C. fluminea. The
objectives of this study were to provide information on the acute toxicity and bioaccumulation kinetics of
arsenic in C. fluminea. We carried out a 14-day exposure experiment to obtain bioaccumulation parame-
ters. Uptake was very rapid when C. fluminea was first exposed and then slightly decayed during the
uptake phase of the experiment and an uptake rate constant of 1.718 + 6.70 (mean = SE) mL g_1 d-’
was estimated. The elimination of arsenic from C. fluminea obeyed first-order depuration kinetics (r =
0.85, p < 0.05) with a calculated half-life of 6.80 days. The derived bioaccumulation factor of 16.84 sug-
gests that arsenic has a high potential for bioaccumulation in C. fluminea. This had important implications
for dietary exposure of arsenic to humans who eat contaminated clams, because the soft tissue usually
constitutes the majority of tissue consumed. The 96-h LC50 value was estimated to be 20.74 (95% ClI:
11.74-30.79) mg L™ ' obtained from a 7-day acute toxicity bioassay. We also kinetically linked an acute
toxicity model and a Hill sigmoid model to reconstruct an internal effect concentration based dose-
response profile to assess the effect of soft tissue arsenic burden on the C. fluminea mortality. This result
could be used to support the establishment of an ecological risk assessment to prevent possible ecosys-
tem and human health consequences. © 2008 Wiley Periodicals, Inc. Environ Toxicol 23: 702-711, 2008.
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INTRODUCTION

The freshwater clams Corbicula fluminea are appreciated
for their delicacy and are generally used as an ingredient of
soup in Taiwan. Many food products and health drinks con-
taining the freshwater clam extract are now available on the
market with a widely varying ornithine (Uchisawa et al.,
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2004). Recently, it has been reported that ornithine pro-
motes the secretion of the growth hormone and builds mus-
cle (Bucci et al., 1990; Davenport et al., 1990).

Ornithine is thus attractive as an ingredient of dietary
supplements. Wu and Shiau (2002) indicated that a fresh-
water clam or hard clam extract (or referred to as clam
essence) contained more ornithine than those in a chicken
or beef essence. This evidence makes the freshwater C. flu-
minea commercially important and has a high market
value to Taiwan’s aquaculture (http://www.fa.gov.tw) with
wide farming distribution in the western (Chunghua, Yun-
lin, Chaiyi, and Tainan) and eastern (Hualien) coastal
areas.
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However, the coastal regions of Taiwan where the clam
farms are situated, are subjected to contaminated discharges
from rivers. Hung et al. (2001) analyzed the correlations
among the trace metal concentrations in bivalves, water, and
sediments collected in these areas and indicated that signifi-
cant correlations were found between bivalves and water-
borne metals of copper (Cu), cadmium (Cd), plumbum (Pb),
and zinc (Zn). Therefore, if waterborne metals are elevated,
pollutant-induced changes in the mobility can occur, which
has potential risks on the health of clam, resulting in severe
economic losses nationwide due to bans on harvesting of con-
taminated clam and the need for costly monitoring programs.

Lin et al. (2001, 2005), Liao et al. (2003), Huang et al.
(2003), and Liu et al. (2005, 2006, 2007) have conducted a
long-term investigation during 1998-2007 in blackfoot disease
(BFD)-endemic areas of Taiwan. They indicated that arsenic
was detected in many farm fish and shellfish ponds. Taken to-
gether, they reported that arsenic concentrations in aquaculture
waters ranged from 40 to 900 ug L™, whereas arsenic levels
in fish (tilapia Oreochomis mossanbicus, milkfish Chanos cha-
nos, and large-scale mullet Liza macrolepis) and shellfish
(hard clam Meretrix lusoria and oyster Crassostrea gigas)
ranged from 1 to 350 and 4 to 23 ug g~ ' dry wt, respectively.

Ingested inorganic arsenic that was known to have
adverse health effects were thought to contribute to some
complex diseases such as skin lesions, diabetes, cardiovas-
cular disease, and cancers of several organs (lung, bladder,
kidney) in arseniasis-endemic area in southwestern and
northeastern Taiwan (Smith et al., 2002; Hsurh et al., 2003;
Chen et al., 2005; Chiou et al., 2005; Navas-Acien et al.,
2005; Lamm et al., 2006).

At present, data on the actual effects of arsenic on C. flu-
minea are limited. Little is known about the bioaccumula-
tion kinetics of arsenic in C. fluminea. The objectives of
this study were to provide information on the acute toxicity
and bioaccumulation kinetics of arsenic in C. fluminea. We
also kinetically linked an acute toxicity model and a Hill
sigmoid model to assess the effect of soft tissue arsenic bur-
den on the C. fluminea mortality.

Specifically, we carried out two experiments with C. flu-
minea. One experiment involved conduction of a 14-day ex-
posure experiment to obtain bioaccumulation parameters.
The second experiment conducted a 7-day acute toxicity bio-
assay to derive dose-response relationships between mortality
effect and equilibrium arsenic levels in soft tissue of C. flumi-
nea. Information on uptake and depuration kinetics could
contribute to human and ecological risk assessment and fate
and transport modeling of arsenic in freshwater bivalves.

MATERIALS AND METHODS

Acclimation

We collected 140 C. fluminea from clam farms situated at
Hualien of eastern Taiwan with a mean shell length of 27.6 =

2.4 mm (mean * SD) and a mean body weight of 6.19 *
0.86 g wet wt. Before any experiments, tested clams
were acclimated in the synthetic water obtained from Hua-
lien clam farms under the laboratory conditions for at least
3 weeks to rescue clams behavior such as burrowing and
siphon retraction. The water was air-equilibrated by bub-
bling, with an artificial photoperiod (day: 10:00-22:00 and
night: 22:00-10:00). Seventy clams were hatched per tank
(indoor rectangular fiberglass aquaria measuring 45 X 21
X 26 cm?), containing 15 L of water in a flow-through cir-
culation system. The tested clams were continuously fed by
a pump during the acclimation period with the cultured
algae Platymonas sp.

Acclimated water conditions were as follows: Temperature
= 24.26°C £ 1.26°C, pH = 7.96 = 0.14, DO = 8.3 = 0.28
mg L™, salinity = 0.10, and turbidity = 22.88 + 0.13. Water
ionic compositions were Ca’" = 24.8 mg L™ !, Mg*>" =
10mgL ', Na" =49mgL ", K" =27mgL ', H" =
721, NH,” = 026 mg L™', CI” = 7.6 mg L™', NO; =
0.047 mg L™!, and NO; = 0.318 mg L~ '. No mortality
was observed during acclimation. Ionic components in
water samples were measured followed by Standard Meth-
ods (APHA, 2005).

Exposure Experiment

The present laboratory study was designed to examine the
accumulation ability of arsenic in the soft tissue of C. flumi-
nea. We conducted the exposure experiment from June 10
to 23, 2007. The clams were acclimatized for 2 weeks
before they were exposed to arsenic. We used sodium
arsenite (NaAsO,) (SIGMA, Taiwan; purity >90%) as the
arsenic chemical. The arsenic contaminated level was
determined by a preliminary test of exposing C. fluminea to
different arsenic concentrations of 0, 2, 5, 10, 25, 50, 100,
200, 500, and 1000 mg L™, Here we used median lethal
tolerance concentration (LT50) defining the median inter-
nal/external no-effect concentration to determine the expo-
sure dosage used in exposure experiment (Kooijman,
1998). We found that LT50 of C. fluminea exposed to con-
centrations at <5 mg L™ " arsenic was longer than 21 days.
Therefore, we conducted an uptake experiment in arsenic
concentration of 5 mg L™' for 7 days and then transferred
to clean water and reared for 7 days of depuration. Mortal-
ity was less than 5% during the exposure experiment. The
arsenic concentrations used in this experiment were nearly
20 to 50 times higher than that of the environmental condi-
tions to produce high arsenic level in soft tissue of
C. fluminea.

The entire arsenic solution was replaced daily in each
tank to avoid the regression of ambient water quality. We
checked the water level in each aquarium every 6 h and
refilled with distilled water to keep levels constant. The
tested clams were not fed during the exposure experiment.

Environmental Toxicology DOI 10.1002/tox
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To analyze arsenic uptake by the clams, five clams were
sequentially removed from each two tanks at daily basis.
Each removed clam was individually wrapped in a plastic
bag and stored frozen. Dissections were performed on a
clean bench on defrozen material using a titanium knife
and Teflon forceps. The frozen soft tissue of clam were
dehydrated in an oven (105°C) for 24 h and grounded into
fine powder. Aliquots of dry soft tissue powder weighing
100 mg were placed into a 250-mL beaker. Nitric acid
(SIGMA, Taiwan, purity = 65%, 10 mL) was added and
then covered with a glass for an overnight digestion.

After the initial digestion, the beaker was heated in a
water bath at 95°C for 2—4 h to reduce the total volume to
3 mL. This volume of solution was transferred to a volu-
metric flask (50 mL). The rinsed solution (5 mL of 0.01 N
of HNOj3) for the watch glass was also added to the flask.
The flask was then filled with 0.01 N of HNOj to dilute to a
25 mL of final solution with double deionized water. After
filtration, this 25 mL solution was transferred to test tubes
for arsenic analysis.

Acute Toxicity Bioassays

Laboratory static bioassays were conducted to determine
the 12-, 24-, 48-, 72-, and 96-h external median lethal con-
centration (LC50) values for C. fluminea exposed to ar-
senic. The experimental design and calculations for the
acute toxicity were based on well-known procedures given
by Finney (1978) and Sparks (2000). Ten C. fluminea were
randomly selected and transferred into each test aquarium
(22 X 15 X 18 cm3) containing 5 L of water where arsenic
was administrated as single dose. The sodium arsenite
(NaAsO,) stock solution was prepared with deionized
water. The nominal concentrations of arsenic tested were 0
(control), 2, 5, 10, 25, 50, 100, and 200 mg Lfl, whereas
the measured arsenic concentrations were 1.5 * 0.1, 3.6 =
0.1,7.2 = 04, 165 = 05,47 = 6,74 = 6, and 143.5 =
3.5 mg L', respectively. The rather great differences
between measured and nominal concentrations might be
explained by the purity of sodium arsenite and nitric acid
used to prepare and analyze the tested arsenic nominal con-
centrations. Gross mortality of clam to each concentration
were recorded every 30 min for the first 24 h and every 1 h
thereafter to the end of the experiment, and the dead clam
being removed every 0.5-1 h. Clam was not fed throughout
the test. Control and each test concentrations were con-
ducted in two replicate tanks. The water quality manage-
ment protocol was the same as deployed in the exposure
experiments. No mortality occurred in the control.

Chemical and Data Analysis

A Perkin-Elmer Model 5100PC atomic absorption spec-
trometer (Perkins-Elmer, Shelton, CT) equipped with an
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HGA-300 graphite furnace atomizer was used to analyze
arsenic. Analytical quality control was achieved by digest-
ing and analyzing identical amounts of rehydrated (90%
H,0O) standard reference materials (dogfish muscle,
DORM-2; NRC-CNRC, Canada). Recovery rate was 95.3%
+ 2.6%, and the levels of detection were 0.62 g As L™
for water samples and 0.05 ug As g ' for soft tissue
samples.

The LC50 values were determined using mean assayed
arsenic concentrations and cumulative mortality and then
estimated by maximum likelihood estimates of linear func-
tions relating log arsenic concentration to probity transfor-
mations of percent mortality (Finney, 1978). All of the
observations were used in probit analysis (USEPA Probit
Analysis Program, Version 1.5).

Uptake and depuration rate constants were determined
by fitting the integrated form of the kinetic rate equation to
concentration data for constant arsenic exposure, using non-
linear regression (Chou et al., 2006),

k ,
Co(f) = Cp(t = 0)e ™ + k—‘cwe*kofu —e®h, (1)
2

where Cy, is the time-dependent arsenic concentration in the
soft tissue of clam (ug g~ ' dry wt), Cy(r = 0) is initial concen-
tration of arsenic in clam soft tissue (ug g~ ' dry wt), the k; is
the clam uptake rate constant (mL g~ ' d™ "), k» is the depura-
tion rate of arsenic (d_l), ko is the dilution rate of water ar-
senic concentration to clam (d 1), C,, is the dissolved arsenic
concentration in the water (mg L™ "), 7 is the time in day. Here
we defined the dilution rate as a rate constant describing the
reducing rate of arsenic accumulation level when C. fluminea
exposed to arsenic at a valve closing status.

Typically, the first-order one-compartment model
assumes that &, is not a function of arsenic concentration in
soft tissue. Therefore, k, is often determined by depurating
contaminated organisms in uncontaminated water and
determining k, directly in that test organism. Thus after the
clams were transferred to clean water tank, the depuration
rate constant could be estimated by the linear regression of
log-transformed soft tissue arsenic concentrations on depu-
ration time (days) as In Cy(f) = InCy(t = T) — kyt where T
is the time when depuration begins.

Depuration half-life (¢,,) was calculated as In2/k,. The
bioconcentration factor (BCF) can be calculated as BCF =
ky/k,, representing the net accumulation ability that is the
result of the competition between uptake and depuration
processes. An inherent assumption in a first-order, diffu-
sion-based bioaccumulation model is that the rate constants
are independent of concentration of chemical in water or
organism and duration of exposure (Cho et al., 2003; Cla-
son et al., 2003).

Here we employed a biologically based damage assess-
ment model (DAM) (Lee et al., 2002; Tsai et al., 2006) to
describe LC50(7) profile of arsenic in C. fluminea as a
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function of few constants and variables that were verified
with acute toxicity data,

DL50//k,

LCSO(I) = e—kr/ _ (,szz 1 — ekt
( Rt & )

BCF !, (2)

where k, is the damage accumulation rate (g ug~ ' d ™), k.
is the damage recovery rate constant (d '), and DL50/k, is
a coefficient that reflects the compound equivalent toxic
damage level required for 50% mortality (ug~ ' d g~ ).

DAM was employed in this study because DAM depicts
the modes of action including rapid reversible binding to
the target site as well as to those that act with irreversible
binding. Lee et al. (2002) indicated that the existing well-
established acute toxicity models, the critical body residue
(CBR) and the critical area under the curve (CAUC) mod-
els, are extreme cases of the DAM. The CAUC model (see
Appendix) could be applied to depict the acute toxicity and
to estimate incipient LC50s and internal effect concentra-
tions (IECs) of waterborne chemicals in organisms. The
CBR acute toxicity model could be directly derived from
CAUC model (see Appendix).

Based on the acute toxicity test, mortality functions can
be estimated from observed mortality in exposure regimes
where mortality was an increasing function of arsenic con-
centration in water. Therefore, we used mortality as an end-
point to investigate the arsenic effect on C. fluminea. Here
we employed a log-logistic model to fit the mortality data
to derive the dose-response relationship by nonlinear
regression analysis,

Mmax

M(l‘, Cw) = LCs00)\ "’
1 + Cy

3)

where M(t, Cy,) is the exposure time- and water arsenic con-
centration-dependent mortality (%), M.« 1S the maximum
mortality, and the exponent 7 is a fitted Hill coefficient or
slope of the toxicity curve which is a measure of coopera-
tivity. This model is equivalent to the sigmoid E,,,x model
used in pharmacology and first proposed by Hill (1910).

We reconstructed an IEC-based dose-response model to
describe the relationships between mortality and arsenic
level in soft tissue of C. fluminea by appropriately trans-
forming Eq. 3 as,

Mmax

M(Cb)ZW,

)

where CL50(00) is the equilibrium internal lethal body bur-
den at the site of action that causes 50% mortality and can
be derived from DAM as ¢ approaches infinity (Lee et al.,
2002),

DL50/k,

CLSO(I) = g—k;r _ (,—sz 1 — e—kri
( A=k T &

(1 = e™). (5
)

An IEC-based time-mortality profile thus can be derived
by substituting Eqs. 1 and 5 into Eq. 4 represented as func-
tions of accumulation parameters (k, and BCF) and biologi-
cal parameters (DL50/k, and k) associated with varied
waterborne arsenic concentrations,

Mmax

- 1 cLso()\" (6)
+ ( Co(1) )

M(7)

We employed the function of nonlinear regression of the
TableCurve 2D (Version 5, AISN Software, Mapleton, OR)
package to perform all curve fittings. Statistical significance
was judged by p values less than 0.05. A Monte Carlo tech-
nique was performed to generate 2.5- and 97.5-percentiles
as the 95% confidence interval (CI) for all fitted models.
We employed Crystal Ball® software (Version 2000.2,
Decisionerring, Denver, CO) to implement the Monte Carlo
simulation.

RESULTS

LC50 Data and Bioaccumulation Parameters

Table I gives the selected time intervals of 12-, 24-, 48-,
72-, and 96-h LC50 values with 95% CI for C. fluminea
exposed to arsenic. LC50 values decreased progressively as
the duration of exposure increased. A limited number of
studies have investigated arsenic toxicity to freshwater
C. fluminea. Our results, however, indicate that the 96-h
LC50 value of arsenic to C. fluminea was estimated to be
20.74 (95% CI: 11.74-30.79) mg L~ !, which is lower than
that of arsenic to farm tilapia Oreochromis mossambicus
(28.68; 95% CI 24.92-32.44 mg L") (Liao et al., 2003)
and higher than that of juvenile milkfish Chanos chanos
(7.29; 95% CI 3.10-10.47 mg L™ ") (Chou et al., 2006) in
BFD-endemic areas.

In the uptake phase, the accumulation was very rapid
when C. fluminea was first exposed and then slightly

TABLE I. LC50 values (mean with 95% CI) of C. fluminea
exposed to arsenic for selected time intervals

Time (h) LC50 (mg LY
12 215.15 (156.34-309.92)
24 104.10 (77.45-140.84)
48 35.79 (22.72-52.78)
72 26.79 (16.11-39.74)
9 20.74 (11.74-30.79)

Environmental Toxicology DOI 10.1002/tox
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TABLE Il. Bioaccumulation parameters (mean = SE)
for arsenic to soft tissue of freshwater clam
C. fluminea estimated from 14-day exposure experiment
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Fig. 1. Exposure experiment. (A) Uptake and (B) depuration
kinetics of arsenic by freshwater clam C. fluminea exposed
to 5 mg L' for 7 days and another 7 days for elimination.
Error bar denotes the standard deviation from mean (n = 5).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

decayed, indicating the requirement of extensive time peri-
ods for an equilibrium state to be reached [Fig. 1(A)]. A
similar trend [Fig. 1(B)] was observed for the depuration
process. Thorsen et al. (2007) indicated that uptake in
bivalve generally was very rapid when the bivalve was first
exposed and then leveled off; suggesting that bivalve some-
times required extensive time periods for an equilibrium
state to be reached.

Figure 1 also shows high values of the standard devia-
tion. This may be due to the small amounts of clam tissues
and limited sample sizes (n = 5) we analyzed, and conse-
quently, the variability in final outcomes obtained from the
chemical analyses was significant. Table II summarizes the
experimentally determined bioaccumulation parameters in
Eq. 1 describing the arsenic bioaccumulation process in
soft tissue of C. fluminea exposed to arsenic. A simple,
well-established,  one-compartment uptake-depuration
model in Eq. 1 was thus fitted by the nonlinear technique to
the 14 days exposure data with a relative high coefficient of
determination (rz) of 0.81 (Table II). Estimates of depura-
tion rate constant k, was also determined from the depura-

Environmental Toxicology DOI 10.1002/tox

Uptake Phase Depuration Phase
ky (mL g~ 'd™h? 1.718 = 6.70
ky (dH? 0392 = 1.76 0.102 + 0.007
ko (d™ 1 0.263 + 0.33
BCF (mL g~ ")° 438 16.84
fiy2 (d)° 1.78 6.80
2 0.81 0.85

#Uptake rate constant (k,), depuration rate constant (k,), and dilution
rate (ko) estimated from Eq. 1, whereas at depuration phase k, estimated
using the model In concentration = @ + b (time) fitted to depuration con-
centration data.

" Equilibrium bioaccumulation factor calculated from the equation:
BCF = ky/k, in that BCF of depuration phase (16.84) is calculated as the
ratio of uptake rate constant (k) from uptake phase to depuration rate con-
stant (k,) obtained from depuration phase.

“Depuration half-life calculated from In2/k,.

dCoefficient of determination.
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Fig. 2. Acute toxicity modeling. (A) Optimal fit of damage
assessment model (DAM) to LC50(f) data. (B) Fitted dose-
response curves by Hill sigmoid model demonstrating the
relationships between exposure time-specific water arsenic
concentration and mortality of C. fluminea. Error bar denotes
the standard deviation from mean (n = 10). [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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tion phase with a 7% of 0.85. All of these regressions were
significant (p < 0.05).

Our results show that the uptake rate constant (k;) and
depuration constant (k,) were estimated to be 1.718 % 6.70
mL g 'd 'and 0.392 + 1.76 d” ' in uptake phase, whereas
in depuration phase k, was estimated to be 0.102 = 0.007
d! (Table II). The dilution rate of water arsenic concentra-
tion to clam (ko) was also estimated to be 0.263 + 0.33 d”".
The BCF of C. fluminea soft tissue in uptake phase (4.38)
was less than that of the depuration phase (16.84) (Table II).
BCF values were all greater than 1, indicating the potential
to accumulate arsenic when C. fluminea exposed to a given
waterborne arsenic concentration.

The depuration half-life in uptake phase (1.78 d) was
less than that in depuration phase (6.80 d), indicating that it
will take a longer time to eliminate arsenic in depuration
process. These bioaccumulation parameters not only can
describe the uptake-depuration ability of C. fluminea, but
also can be further used to predict the dose-response rela-
tionships between mortality and steady-state arsenic levels
in water or in C. fluminea.

Fitting DAM to LC50 Data
and Dose-Response Profile

The optimal fit of DAM to the LC50(¢) data (Table I) is
illustrated in Figure 2(A). The input parameters used were
soft tissue k, = 0.39 d~ ! and BCF = 4.38 mL g_l, result-
ing in the estimated parameters DL50/k, and &, of 25.94 mg
d™' g ' and 3.62 d”!, respectively. A good quality of fit
for the DAM was found (* = 0.97, p < 0.05).

An external effect concentration (EEC)-based dose-
response relationship between mortality and water arsenic
concentration was derived using Hill model (Eq. 3) by non-
linear regression [Fig. 2(B)]. Generally, Figure 2(B) indi-
cates that all fitting performances were robust with an aver-
age r* of 0.99 with the fitted Hill coefficients (1) ranging
from 1.89 to 3.19. Particularly, the optimal fits of Eq. 3 to
the observed percent mortality of C. fluminea versus water-
borne arsenic concentration of the 96-h acute toxicity test
resulted in the estimated Hill coefficient n = 1.89 (r2 =
0.99, p < 0.05).

IEC-Based Dose-Response Profile

A clear IEC-based dose-response relationship between inter-
nal arsenic concentration and mortality was reconstructed
[Fig. 3(A)] by Eq. 4 with a 10 000 iteration of Monte Carlo
simulation providing a knowledgeable uncertainty of 95%
CI. The CL50(¢) value for soft tissue of C. fluminea would
reach equilibrium after 30 days of simulation with the equi-
librium values of 50 ug g_1 dry wt [Fig. 3(B)]. The IEC50
and IEC10 that caused 50 and 10% responses, respectively,
for the soft tissue of C. fluminea were estimated to be 93.65
(95% C1 32.97-154.33) and 22.28 (95% CI 10.31-48.25) ug

g ! dry wt. The United States Environmental Protection
Agency (USEPA, 2000) recommended that IEC10 could be
used as a surrogate threshold of regulatory endpoint in eco-
logical risk assessment.

The predicted mortalities never reached 80% when C.
fluminea exposed to waterborne arsenic less than 50 mg
Lfl, which was agreed well with the data from acute toxic-
ity bioassays [Fig. 3(C)]. When C. fluminea were exposed
to arsenic greater than 200 mg L', the predicted mortality
was slightly less than the observed values and reached
100% maximum mortality after day 4 [Fig. 3(C)].

DISCUSSION

Comparison of Existing Acute Toxicity Models

DAM assumes that death occurs when the cumulative dam-
age reaches a critical level, assuming that damage is pro-
portional to the accumulated residue and damage recovery
is proportional to the cumulative damage when damage is
reversible (Lee et al., 2002). The time-dependent LC50
data were determined by both a damage recovery rate and
an elimination rate, suggesting that the critical cumulative
damage was the determinant of the time-concentration
response relationship. The CL50(¢) value decreased initially
and then slowly increased to a steady-state condition with
the extension of duration, revealing that C. fluminea was ca-
pable of regulating arsenic toxicity by way of internal regu-
lation mechanisms. Our results show that the predicted con-
centration-specific time-mortality profiles were notably
agreed satisfactory with the observations; although some
predictions were underestimated during initial time span
exposure scenarios.

The proposed DAM is similar to that of DEBtox model
(Bedaux and Kooijman, 1994; Widianarko and van Straa-
len, 1996). DEBtox model relates survivorship to toxicoki-
netics by assuming that the probability of dying, i.e., the
hazard rate, is related to the concentration of the toxicant in
the organism. DEBtox models have also been extensively
applied in the fields of ecological risk assessment (Pery
et al., 2001; Bonnoment et al., 2002). Based on toxicologi-
cal principles, the mechanisms through which the dose at
the target site elicits the ultimate adverse response were
described by pharmacodynamic (PD) scheme and referred
to as the action of the effect dose at the target site. Verhaar
et al. (1999) and Legierse et al. (1999) have developed a
PD-based model, the CAUC model, to describe time course
of LC50 data for chemicals which act through the irreversi-
ble interaction between chemical and receptors.

Here we compared the predictability of three existing
acute toxicity models based on our LC50 data of C. flumi-
nea exposed to arsenic. Our results indicate that DAM was
the best model (> = 0.98, RMSE = 9.47 mg L™ ") than
those of CAUC (+* = 0.97, RMSE = 17.76 mg L") and
CBR (* = 0.86, RMSE = 44.70 mg L") models to

Environmental Toxicology DOI 10.1002/tox
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Fig. 3. Internal effect concentration based dose-response
profile. (A) Reconstructed dose-response curve demonstrat-
ing the relationship between arsenic burden in soft tissue
and mortality of C. fluminea. (B) DAM predicted internal le-
thal body burden of arsenic that causes 50% mortality. (C)
Prediction of time-mortality profiles of C. fluminea exposed
to waterborne arsenic ranging from 50 to 500 mg L. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

describe the LC50(¢)-time relationship in a more accurate
way [Fig. 4(A,B)] based on present estimated bioaccumula-
tion parameters (Table III). The DAM-predicted CL50(c0)
was estimated to be 21.41 mg L ! (Table III). On the other
hand, the predicted equilibrium CL50 values ranged from
93.90 to 95.74 ug g~ ' dry wt [Fig. 4(C), Table III].

Verhaar et al. (1999) pointed out that the bioaccumula-
tion parameter k, should be interpreted on the basis of the
first-order bioaccumulation model. The fit of a model might
be strongly determined by the input parameters. Therefore,
the uncertainties in the k, value, which is an input parame-
ter in the three toxicity models (Table III), affect the valida-
tion of the models. The experimental LC50 data support the
validity of the three models, despite the uncertainties in the
input parameter k. Our study suggests that using the
DAM-based acute toxicity model with biological parame-
ters estimated from the LC50(¢) data can predict the time-
mortality profile accurately and comparable with traditional
PD-based CAUC model. Therefore, to describe and predict
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Fig. 4. Acute toxicity model predictability comparisons. (A)
A comparison of the predictability of LC50(¢) curve by three
acute toxicity models (DAM, CAUC, and CBR). (B) Model
verification justified by root mean squared error (RMSE) var-
ied by three toxicity models. (C) Predicted internal lethal
body burden of arsenic in soft tissue of C. fluminea that
causes 50% mortality by three acute toxicity models. Error
bar denotes the standard deviation from mean (n = 10).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

toxicity dynamics, two different types of experiments are
needed to be conducted using the same treatment levels at
the same time, including bioassays for (i) gathering the

TABLE lll. Input parameters and parameter estimates
for three acute toxicity models (CBR, CAUC,
and DAM) comparisons

Parameter CBR CAUC DAM
Input
kr(d™h 0.39 0.39 0.39
BCF (mL g™ ) 438 438 438
Estimate
DL50/k, (ugd g™ h - - 25.94
k(d™h - - 3.62
LC50(00) (ug mL ™1 21.83 26.83 21.41
CL50(c0) (ug g~ ' dry wt) 95.72 95.74 93.90
" 0.86 0.97 0.98
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time-to-death data at a given exposure level and (ii) expo-
sure experiments to estimate bioaccumulation parameters
(McLeod et al., 2007).

Implications to Biomonitoring and
Environmental Risk Assessment

Our reconstructed dose-response profile in Figure 3(A)
describing the effect of soft tissue arsenic burden on the C.
fluminea mortality was the pivotal result for regulatory pol-
icy in this article. Figure 3(A) therefore can be used to
improve the deviation of environmental quality criteria and
to support the establishment of an ecological risk assess-
ment in the management of toxic metal in aquaculture
systems.

In light of the freshwater bivalve monitoring programs,
the use of C. fluminea as a surrogate species in metal toxic-
ity testing has supported that C. fluminea is a viable indica-
tor of impairment in aquatic ecosystems (Dohery and
Cherry, 1988; Tran et al., 2003, 2004, 2007; Fournier et al.,
2004; Jou and Liao, 2006). Cherry and Soucek (2007) have
also suggested that uses of C. fluminea as an in situ moni-
toring test organism may provide a useful biomonitor to
better understand contaminant bioavailability. Furthermore,
Sebesvari et al. (2005) and Santos et al. (2007) suggested
that C. fluminea was suitable for the monitoring of arsenic.
Therefore, our proposed bioaccumulation models may offer
scientists and engineers with a useful tool to better under-
stand arsenic uptake dynamics and thus better inform risk
assessment and remediation strategies at contaminated
clam farms.

Since natural waters may contain trace metals other than
arsenic at appreciable concentrations, it is possible that
these metals act to increase arsenic bioavailability by com-
petitive interactions with dissolved humic substances. Fur-
ther investigation of these interactions is possible by using
the present information of acute toxicity and uptake and
depuration kinetics of arsenic in C. fluminea associated
with recent developed biotic ligand mode (Paquin et al.,
2002; Niyogi and Wood, 2004) to assess arsenic
bioavailability.

When valve closure behavior in response to waterborne
metals, clam will reduce nutrient uptake activity by closing
their shells to escape toxicant damage and exclude them-
selves from the outside contaminated environment for
maintaining their biotic faculty and increasing their surviv-
ability (Wildridge et al., 1998; Kadar et al., 2001). There-
fore, we may incorporate the valve daily activities in the
clam as a biological endpoint into the clam uptake mecha-
nisms to gain insight into the mechanisms by which the ar-
senic bioavailability to C. fluminea can be reduced. From
the perspective of the aquatic ecosystems, rather than
developing a single-value waterborne metal concentration
for establishing the water quality criteria, it is better to
derive a mechanistic model that explicitly incorporates the

factors controlling bioavailability and bioaccumulation to
enhance predictability for protecting aquatic organisms. In
the future, how to link valve behavioral movement to pre-
dict arsenic bioavailability and bioaccumulation in fresh-
water bivalves is worth the study.

In conclusion, our current results indicate that arsenic
was rapidly taken up and eliminated from C. fluminea soft
tissue in the first exposure period with equilibrium BCF of
nearly 5 in uptake phase and 17 in depuration phase. The
findings suggest that arsenic did bioaccumulate in C. flumi-
nea. This may have important implications for dietary ex-
posure of arsenic to humans who eat contaminated clams,
because the soft tissue usually constitutes the majority of
tissue consumed. To date, arsenic kinetics in different tis-
sues of teleost fish have been well investigated, yet to the
best of our knowledge, no study has been conducted to
determine the acute toxicity and the uptake and depuration
of arsenic in freshwater clam C. fluminea. Therefore, our
results may be critical and pivotal for providing a direct
and quantitative method for evaluation of arsenic that accu-
mulates to hazardous levels in freshwater bivalves. Our
results may also provide regulatory authorities for regula-
tory assessment to prevent possible environmental and
human health risks which we seek to reduce or eliminate.

REFERENCES

APHA. 2005. Standard Methods for the Examination of Water
and Wastewater. Washington, DC: American Public Health
Association.

Bedaux JJM, Kooijman SALM. 1994. Statistical analysis of bioas-
says, based on hazard modeling. Environ Ecol Stat 1:B303—
B314.

Bonnoment V, Duboundin C, Magaud H, Thybaud E, Vindimian
E, Beauzamy B. 2002. Modeling explicitly and mechanistically
median lethal concentration as a function of time for risk assess-
ment. Environ Toxicol Chem 2:2252-2259.

Bucci L, Hickson JF, Pivarnik JM, Wolinsky I, McMahon JC,
Turner SD. 1990. Ornithine ingestion and growth-hormone
release in body builders. Nutr Res 10:239-245.

Chen CJ, Hsu LI, Wang CH, Shih WL, Hsu YH, Tseng MP, Lin
YC, Chou WL, Chen CY, Wang LH, Cheng YC, Chen CL,
Chen SY, Wang YH, Hsueh YM, Chiou HY, Wu MM. 2005.
Biomarkers of exposure, effect, and susceptibility of arsenic-
induced health hazards in Taiwan. Toxicol Appl Pharmacol
206:198-206.

Cherry DS, Soucek DJ. 2007. Gase study: Comparison of Asian
clam (Corbicula fluminea) in situ testing to several nontarget
test organism response to biocidal dosing at a nuclear power
plant. In: Farris JL, van Hassel JH, editors. Freshwater Bivalve
Ecotoxicology. New York: Roca Raton. pp 285-310.

Chiou JM, Wang SL, Chen CJ, Deng CR, Lin W, Tai TY. 2005.
Arsenic ingestion and increased microvascular disease risk: Ob-
servation from the southwestern arseniasis-endemic area in Tai-
wan. Int J Epodemiol 34:936-943.

Environmental Toxicology DOI 10.1002/tox



710 LIAO ET AL.

Cho EA, Bailer AJ, Oris JT. 2003. Effect of methyl tert-butyl ether
on the bioconcentration and photoinduced toxicity of fluoran-
thene in fathead minnow larvae (Pimephales promelas). Envi-
ron Sci Technol 37:1306-1310.

Chou BYH, Liao CM, Lin MC, Cheng HH. 2006. Toxicokinetics/
toxicodynamics of arsenic for farmed juvenile milkfish Chanos
chanos and human consumption risk in BFD-endemic area of
Taiwan. Environ Int 32:552-560.

Clason B, Duquesne S, Liess M, Schulz R, Zauke G-P. 2003. Bio-
accumulation of trace metals in the Antarctic amphipod Para-
moera walkeri (Stebbing 1906): Comparison of two compart-
ment and hyperbolic toxicokinetic models. Aquat Toxicol
65:117-140.

Davenport GM, Boling JA, Schillo KK, Aaron DK. 1990. Nitro-
gen metabolism and somatotropin secretion in lambs receiving
arginine and ornithine via abomasal infusion. J Anim Sci
68:222-232.

Dohery FG, Cherry DS. 1988. Tolerance of the Asiatic clam Cor-
bicula-spp to lethal levels of toxic stressors—A review. Environ
Pollut 51:269-313.

Finney DJ. 1978. Statistical Method in Biological Assay, 3rd edi-
tion. London: Cambridge University Press. p 508.

Fournier E, Tran D, Denison F, Massabuau JC, Garnier-Laplace J.
2004. Valve closure response to uranium exposure for a fresh-
water bivalve (Corbicula fluminea): Quantification of the influ-
ence of pH. Environ Toxicol Chem 23:1108-1114.

Hill AV. 1910. The possible effects of the aggregation of the mol-
ecules of haemoglobin on its dissociation curves. J Physiol
40:4-7.

Hsurh YM, Ko YF, Huang YK, Chen HW, Chiou HY, Huang YL,
Yang MH, Chen CJ. 2003. Determinants of inorganic arsenic
methylation capability among residents of the Lanyang Basin,
Taiwan: Arsenic and selenium exposure and alcohol consump-
tion. Toxicol Lett 137:49-63.

Huang YK, Lin KH, Chen HW, Chang CC, Liu CW, Yang MH,
Hsueh YM. 2003. Arsenic species contents at aquaculture farm
and in farmed mouthbreeder (Oreochromis mossambicus) in
bkackfoot disease hyperendemic areas. Food Chem Toxicol
41:1491-1500.

Hung TC, Meng PJ, Han BC, Chuang A, Huang CC. 2001. Trace
metals in different species of mollusca, water and sediments
from Taiwan coastal area. Chemosphere 44:833-841.

Jou LJ, Liao CM. 2006. A dynamic artificial clam (Corbicula flu-
minea) allows parsimony on-line measurement of waterborne
metals. Environ Pollut 144:172-183.

Kadar E, Salanki J, Jugdaohsingh R, Powell JJ, McCrohan CR,
White KN. 2001. Avoidance responses to aluminium in the fresh-
water bivalve Anodonta cygnea. Aquat Toxicol 55:137-148.

Kooijman SALM. 1998. Process-oriented descriptions of toxic
effects. In: Schuurmann G, Markert B, editors. Ecotoxicology.
New York: Wiley. pp 483-520.

Lamm SH, Engel A, Penn CA, Chen R, Feinleib M. 2006. Arsenic
cancer risk confounder in southwest Taiwan data set. Environ
Health Perspect 114:1077-1082.

Lee JH, Landrum PF, Koh CH. 2002. Prediction of time-depend-
ent PAH toxicity in Hyalella azteca using a damage assessment
model. Environ Sci Technol 36:3131-3138.

Environmental Toxicology DOI 10.1002/tox

Legierse KCHM, Verhaar HIM, de Bruijn JHM, Herman JLM.
1999. Analysis of the time-dependent acute aquatic toxicity of
organophosphorus pesticides: The critical target occupation
model. Environ Sci Technol 33:917-925.

Liao CM, Chen BC, Singh S, Lin MC, Han BC. 2003. Acute tox-
icity and bioaccumulation of arsenic in tilapia Oreochromis
mossambicus from blackfoot disease area in Taiwan. Environ
Toxicol 18:252-259.

Lin MC, Liao CM, Liu CW, Singh S. 2001. Bioaccumulation of
arsenic in aquacultural large-scale mullet Liza macrolepis from
blackfoot disease area in Taiwan. Bull Environ Contam Toxicol
67:91-97.

Lin MC, Lin HY, Cheng HH, Chen YC, Liao CM, Shao KT.
2005. Risk assessment of arsenic exposure from consumption of
cultured milkfish. Chanos chanos (Forsskal), from the arsenic-
contaminated area in Southwestern Taiwan. Bull Environ Con-
tam Toxicol 75:637-644.

Liu CW, Huang FM, Hsueh YM. 2005. Revised cancer risk
assessment of inorganic arsenic upon consumption of tilapia
(Oreochromis mossambicus) from bkackfoot disease hyperen-
demic areas. Bull Environ Contam Toxicol 74:1037-1044.

Liu CW, Liang CP, Huang FM, Hsueh YM. 2006. Assessing the
human health risks from exposure of inorganic arsenic through
oyster (Crassostrea gigas) consumption in Taiwan. Sci Total
Environ 361:57-66.

Liu CW, Liang CP, Lin KH, Jang CS, Wang SW, Huang YK,
Hsueh YM. 2007. Bioaccumulation of arsenic compounds in
aquacultural clams (Meretrix lusoria) and assessment of poten-
tial carcinogenic risk to human health by ingestion. Chemo-
sphere 69:128-134.

McLeod PB, Luoma SN, Luthy RG. 2008. Biodynamic modeling
of PCB uptake by Macoma balthica and Corbicula fluminea
from sediment amended with activated carbon. Environ Sci
Technol 42:484-490.

Navas-Acien A, Sharrett AR, Silbergeld EK, Schwartz BS, Nach-
man KE, Burke TA, Guallar E. 2005. Arsenic exposure and car-
diovascular disease: A systematic review of the epidemiologic
evidence. Am J Epidemiol 162:1037-1049.

Niyogi S, Wood CM. 2004. Biotic ligand model, a flexible tool for
developing site-specific water quality guidelines for metals.
Environ Sci Technol 38:6177-6192.

Paquin PR, Zoltay V, Winfield RP, Wu KB, Mathew R, Santore
RC, Di Toro DM. 2002. Extension of the biotic ligand model
of acute toxicity to a physiologically-based model of the sur-
vival time of rainbow trout (Oncorhynchus mykiss) exposed to
silver. Comp Biochem Physiol C Toxicol Pharmacol 133:305—
343.

Pery ARR, Bedaux JJIM, Zonneveld C, Kooijman SALM. 2001.
Analysis bioassays with time-varying concentrations. Water
Res 35:3825-3832.

Santos HM, Diniz MS, Costa PM, Peres I, Costa MH, Alves S,
Capelo JL. 2007. Toxicological effects and bioaccumulation in
the freshwater clam (Corbicula fluminea) following exposure to
trivalent arsenic. Environ Toxicol 22:502-509.

Sebesvari Z, Ettwig KF, Emons H. 2005. Biomonitoring of tin and
arsenic in different compartments of a limnic ecosystem with
emphasis on Corbicula fluminea and Dikerogammarus villosus.
J Environ Monit 7:203-207.



ACUTE TOXICITY AND BIOACCUMULATION OF ARSENIC IN CLAM 711

Smith AH, Lopipero PA, Bates MN, Steinmaus CM. 2002. Ar-
senic epidemiology and drinking water standards. Science
296:2145-2146.

Sparks T. 2000. Statistics in Ecotoxicology. New York: Wiley. 320 p.

Thorsen WA, Cope WG, Shea D. 2007. Toxicokinetics of environ-
mental contaminations in freshwater bivalves. In: Farris JL,

van Hassel JH, editors. Freshwater Bivalve Ecotoxicology. New
York: Roca Raton. pp 169-213.

Tran D, Ciret P, Ciutat A, Durrieu G, Massabuau JC. 2003. Esti-
mation of potential and limits of bivalve closure response to
detect contaminants: Application to cadmium. Environ Toxicol
Chem 22:914-920.

Tran D, Fournier E, Durrieu G, Massabuau JC. 2004. Copper
detection in the Asiatic clam Corbicula fluminea: Optimum
valve closure response. Aquat Toxicol 66:333-343.

Tran D, Fournier E, Durrieu G, Massabuau JC. 2007. Inorganic
mercury detection by valve closure response in the freshwater
clam Corbicula fluminea: Integration of time and water metal
concentration changes. Environ Toxicol Chem 26:1545-1551.

Tsai JW, Liao CM, Liao VHC. 2006. A biologically based damage
assessment model to enhance aquacultural water quality man-
agement. Aquaculture 251:280-294.

Uchisawa H, Sato A, Ichita J, Matsue H, Ono T. 2004. Influence
of low-temperature processing of the brackish-water bivalve.
Corbicula japonica, on the ornithine content of its extract. Bio-
sci Biotechnol Biochem 68:1228-1234.

US EPA. 2000. Technical progress report of the implementation
plan for probabilistic ecological assessments: Aquatic systems.
Meeting scheduled for April 6-7. Washington, DC: United
States Environmental Protection Agency.

Verhaar HIM, de Wolf W, Dyer S, Legierse KCHM, Seinen W,
Herman JLM. 1999. An LC50 vs. time model for the aquatic
toxicity of reactive and receptor-mediated compounds. Conse-
quences for bioconcentration kinetics and risk assessment. En-
viron Sci Technol 33:758-763.

Widianarko B, van Straalen N. 1996. Toxicokinetics-based sur-
vival analysis in bioassays using nonpersistent chemicals. Envi-
ron Toxicol Chem 15:402-406.

Wildridge PJ, Werner RG, Doherty FG, Neuhauser EF. 1998.
Acute effects of potassium on filtration rates of adult zebra mus-
sels Dreissena polymorpha. J Great Lakes Res 24:629-636.

Wu HC, Shiau CY. 2002. Proximate composition, free amino
acids and peptides contents in commercial chicken and other
meat essences. J] Food Drug Anal 10:170-177.

APPENDIX: CAUC AND CBR MODELS

On the concept of CAUC model, adverse effect is associ-
ated with a critical amount of irreversible covalenty occu-
pied target site, and the concentration of inhibited mole-
cules in the target tissue is constant (Verhaar et al., 1999).
Legierse et al. (1999) suggested that the critical irreversible
target occupation could be expressed with the CAUC,
which describes the time-integrated concentration of the
molecular inhibition. By employing CAUC model, LC50(¢)
can be determined as (Legierse et al., 1999),

LC50(7)

_AUC ke
" BCF \ket+ ekt — 1

) +LC50(c0), (Al

where AUC is the area under the concentration of toxicant
in organism versus time curve (ug h g~ '). Substitution of
C, in first-order bioaccumulation model (Eq. 1) by LC50(¢)
in Eq. Al and by regarding Cy(¢) as the CL50(¢), leads to
the following expression for CL50(f) as (Legierse et al.,
1999),

cLso() = avc( el = )
- ket + ekt — 1

+BCF(1 — e *)LC50(c0). (A2)

By the assumption of reversible binding in the critical
burden residue (CBR) model, LC50 (#) can also be pre-
dicted from knowledge of the exposure time (), depuration
rate constant (k,), BCF, and CL50 by first-order bioaccu-
mulation model as,

CL50

(A3)

When the exposure time approaches infinity, Eq. A3
gives a relation among LCsq(oc0), CL50, and BCF,

CL50 = LC50(c0)BCF. (A4)
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