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The purpose of this study is to conduct a long-term site-specific risk assessment for zinc (Zn) susceptibil-
ity of bivalves, green mussel Perna viridis and hard clam Ruditapes philippinarum, based on published
experimental data by linking the biologically-based damage assessment model with the subcellular
partitioning concept. A comprehensive risk modeling framework was developed to predict susceptibility
probability of two bivalve species exposed to waterborne Zn. The results indicated that P. viridis
accumulates more Zn toxicity, whereas both toxic potency and the recovery rate of Zn are higher for R.
philippinarum. We found that negative linear correlations exist in elimination–recovery and
elimination–detoxification relationships, whereas a positive linear correlation was observed in recov-
ery–detoxification relationships for bivalves exposed to waterborne Zn. Simulation results showed that
the spatial differences of susceptibility primarily resulted from the variation of waterborne Zn concentra-
tion under field conditions. We found that R. philippinarum is more susceptible of Zn than P. viridis under
the same exposure condition. Results also suggested that Zn posed no significant susceptibility risk to
two bivalve species in Taiwan. We suggested that these two species can be used to biomonitor the water
quality on Taiwan coastal areas.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Zinc (Zn) is an essential micronutrient for almost all aquatic
organisms. This transition metal is responsible for many biochem-
ical processes including regulatory, structural, and enzymatic func-
tions (Tsai et al., 2006). Within its optimal range of concentration,
Zn plays a critical role in growth, physiology, and development for
aquatic organisms (Sappal et al., 2009). If waterborne Zn levels are
elevated, however, toxicity can occur and have severe effects on
the health of aquatic organisms. The primary toxic actions of Zn
are its disturbance of normal enzymatic activities, depletion of glu-
tathione, and substitution for essential metals such as calcium
(Tsai et al., 2006). Typical concentrations of Zn in unpolluted
waters range from 0.02 to 5 lg L�1 (Luoma and Rainbow, 2008).
Due to intensive human activities (e.g., mining, disposal of batter-
ies, and use of fertilizers), however, Zn has been found at high lev-
ll rights reserved.
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els in some aquatic ecosystems. For instance, previous
investigations indicated that maximum Zn concentrations were
ranged from 60 to 130 lg L�1 in contaminated aquacultural waters
in different areas in Taiwan (Lee et al., 1996). Consequently, Zn
contamination in aquatic ecosystems has been received increasing
attention worldwide in recent years.

For the water quality management purpose, it is important to
be able to continuously, real-time monitor contaminant levels in
aquatic ecosystems. Bivalves such as clams and mussels are con-
sidered ideal candidates for biominitoring contaminants in aquatic
ecosystems due to their wide distribution, extensive population,
sedentary nature, and the ability to accumulate contaminants (Liao
et al., 2005). Recently, there have been extensive studies focused
on the establishment of biological early warning systems by con-
tinuously tracking the physiological or behavioral changes of bi-
valves in response to the occurrence of metals in the aquatic
environment (Liao et al., 2008; 2009). However, little is known
on the mechanisms of metal uptake by bivalves and the subse-
quent effect associated with metal exposure.

The process of accumulation of waterborne metals by aquatic
organisms is defined as bioaccumulation. The bioconcentration
factor (BCF), which relates the concentration of metals in water
and coping mechanism to enhance long-term site-specific risk assessment
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to their concentration in aquatic organisms at equilibrium, is gen-
erally used to estimate the propensity to accumulate metals in the
organism (Liao et al., 2003). Over the past decade, the BCF has been
extensively studied by the biokinetic model that incorporates
aqueous uptake and efflux. The biokinetic parameters, including
uptake and elimination rate constants, are known to be affected
by several environmental and physiological factors such as dis-
solved metal concentration, salinity, and the body size and sex of
the organisms (Chong and Wang, 2001; Shi and Wang, 2004; Wang
and Rainbow, 2006). The whole body burden obtained from the
biokinetic model is then used to construct the dose–response rela-
tionship and to predict the toxic effect based on the toxicokinetic/
toxicodynamic model.

Recently, numerous studies highlight the importance of apply-
ing subcellular partitioning of metals within the organism, instead
of whole body burden, to link metal bioaccumulation to the poten-
tial biological effects (Wang and Rainbow, 2006; Martin et al.,
2007; Kamunde, 2009). Within this concept, it is generally sug-
gested that the accumulated metal can approximately be divided
into two subcellular pools: (i) metabolically active pool (MAP,
including organelles, microsomes, and heat-labile proteins), and
(ii) metabolically detoxified pool (MDP, including metallothio-
nein-like proteins and metal-rich granules). The metal accumu-
lated in MDP is presumed to be of no toxicological effect,
whereas adverse physiological consequence is associated with
the metal levels in MAP. Therefore, coupling of the biokinetic mod-
el and the subcellular partitioning concept can enhance our ability
to better characterize the mechanism of metal bioaccumulation as
well as to predict toxicological effects of the metal on aquatic
organisms.

Despite the importance of subcellular concept, studies on the
relationship between intracellular metal concentration and toxico-
logical consequence are still limited. The damage assessment mod-
el (DAM), derived by consideration of the bioconcentration,
damage accumulation, and damage recovery process, has been
used to describe the mode of toxic action of contaminants binding
to the target site (Lee et al., 2002; Ashauer et al., 2007). In the DAM,
hazard is assumed to accumulate in proportion to the cumulative
damage level associated with body residue at the site of action
for aquatic organisms. Therefore, the DAM provides a more com-
prehensive framework which may be applied to predict hazardous
effect based on the subcellular metal compartmentalization in
aquatic organisms.

From the perspective of ecotoxicology, a combination of the
bioaccumulation and coping mechanism can enhance our ability
to better predict the susceptibility of aquatic organisms for real
field exposure. In practice, an integration among bioaccumula-
tion, subcellular partitioning, and hazard accumulation, which
takes both physiological parameters of aquatic organisms and
geochemistry parameters of ambient water into consideration,
is of potential utility to develop and refine ambient water quality
criteria (AWQC). Therefore, it is necessary to link the subcellular
concept with the biologically-based DAM to quantify the interac-
tions among metal stressors, receptors, and metal regulation
of organisms under a broad range of metal stress-driven
environment.

The purpose of this study is to conduct a long-term site-specific
risk assessment for Zn susceptibility of bivalves based on published
experimental data by linking the biologically-based DAM with the
subcellular concept. Two species of saltwater bivalves, the green
mussel Perna viridis and the hard clam Ruditapes philippinarum,
are chosen as model organisms because of their high production
and economic importance in Taiwan aquaculture industry. Fur-
thermore, these two species can be employed to biomonitor the
water quality on Taiwan coastal areas because of their wide distri-
bution in these regions.
Please cite this article in press as: Chen, B.-C., et al. Combining bioaccumulation
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2. Materials and methods

2.1. Model development

There are three consecutive steps involved in modeling suscep-
tibility probability of bivalves exposed to waterborne Zn: (i) the
internalization of waterborne Zn to bivalves, (ii) the subcellular
distribution of Zn within bivalves, and (iii) the hazardous effects
caused by Zn accumulated in MAP. In the present study, a first-
order one-compartment bioaccumulation model was employed
to estimate whole body burden of bivalves exposed to waterborne
Zn. The Zn accumulated was then divided into two subcellular
pools: MAP and MDP. Finally, proportion of accumulated Zn in
the potentially sensitive subcellular compartment (i.e., MAP) was
adopted to represent physiological response of bivalves by DAM.
In addition, steady-state conditions were considered throughout
the model derivation to reflect the long-term exposures experi-
enced in the field circumstance. The overall methodology used to
predict the susceptibility of bivalves exposed to waterborne Zn
and the subsequent site-specific risk assessment was depicted in
Fig. 1.

2.1.1. Bioaccumulation model
In the present study, the rate of change of Zn concentration in

bivalves, Cb(t) (lg g�1), is assumed to follow a first-order one-com-
partment model

dCbðtÞ
dt

¼ ku � Cw � ke � CbðtÞ; ð1Þ

where Cw is the dissolved Zn concentration in water (lg mL�1), t is
the exposure duration (d), ku is the uptake rate constant of Zn in bi-
valves (mL g�1 d�1), and ke is the elimination rate constant (d�1).
The steady-state bioconcentration factor of bivalves, BCF, can be
calculated by definition as

BCF ¼ Cbð1Þ=Cw ¼ ku=ke; ð2Þ

where Cb(1) is the steady-state Zn concentration in bivalves. There-
fore, BCF can be viewed as a multiplier which can relate external
concentration in environmental medium to internal concentration
in organisms.

2.1.2. Zinc compartmentalization within bivalve
The steady-state Zn concentration in bivalves estimated from

Eq. (2) is divided into two subcellular pools: MAP and MDP.
According to the concept proposed by Croteau and Luoma (2009),
toxic effects result from the excess of metal influx over the com-
bined rates of elimination and detoxification. The critical value at
which metal influx begins to exceed the combined rates is referred
to as metal influx threshold (MIT). The hypothesis of MIT is that the
net metal accumulation must have gone into the MAP to suffice for
MAP demands (Luoma and Rainbow, 2008). Thus, the external me-
tal uptake in MAP of aquatic organisms exceeds the MAP influx
threshold, the metal will loss and detoxification will be triggered.
From the perspective of MIT, the detoxification rate can be esti-
mated as

kd ¼
ku � Cw

CMAP;C
� ke; ð3Þ

where kd is the detoxification rate constant (d�1), CMAP,C is the metal
concentration in metabolically active pool (MAP) in control group
(lg g�1). It is suggested that the detoxification and elimination rate
constants characterize the proportion of metal accumulated in the
MAP relative to MDP, which depends on whether the metal plays
an essential role in metabolism (Croteau and Luoma, 2009).
and coping mechanism to enhance long-term site-specific risk assessment
here.2011.03.019
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Fig. 1. Schematic representation of computational algorithm to predict the susceptibility of bivalve exposed to waterborne zinc and the site-specific susceptibility risk
assessment.
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2.1.3. Modeling susceptibility probability
To model the susceptibility probability of bivalves exposed to

waterborne Zn, the DAM proposed by Lee et al. (2002) is firstly em-
ployed to calculate the steady-state cumulative damage (D(1)) as
Dð1Þ ¼ ka � BCF � Cw � k�1
r ; ð4Þ
where ka is the damage accumulation rate constant (g lg�1 d�1), kr

is the damage recovery rate constant (d�1). In the DAM concept, the
damage recovery rate constant is crucial for characterizing all pro-
cesses leading to recovery such as repair mechanisms on a cellular
Please cite this article in press as: Chen, B.-C., et al. Combining bioaccumulation
for zinc susceptibility of bivalves. Chemosphere (2011), doi:10.1016/j.chemosp
scale or adaption of the physiology and other compensating pro-
cesses (Ashauer et al., 2007).

Secondly, a killing rate constant, kk (g lg�1 d�1), is introduced to
relate the internal damage accumulation to the steady-state cumu-
lative hazard (H(1)) as

Hð1Þ ¼ ðkk=kaÞ � Dð1Þ: ð5Þ

It is suggested that the killing rate constant can reflect the toxic
potency of the metal on the organisms and can be calculated as
ln 2/(DE,50/ka) where DE,50 is the cumulative damage for 50% effect
(–) (Lee et al., 2002; Ashauer et al., 2007). Therefore, the steady-
state, concentration-dependent susceptibility S(Cw) can be derived
and coping mechanism to enhance long-term site-specific risk assessment
here.2011.03.019

http://dx.doi.org/10.1016/j.chemosphere.2011.03.019


Table 1
Input parameters and parameter estimations for the damage assessment model
(DAM) fitted to % zinc in MT of P. viridis and R. philippinarum.

P. viridis R. philippinarum

Input parameter
ku (mL g�1 d�1) 637a 234a

ke (d�1) 0.050 0.019
CMAP,C (lg g�1) 71.33 36
Parameter estimates
kk (g mg�1 d�1) 0.025 0.13
kr (d�1) 0.19 0.40

a Adopted from Chong and Wang (2001).
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directly from an exponential relationship of cumulative hazard as
(Lee et al., 2002; Ashauer et al., 2007)

SðCwÞ ¼ 1� expð�Hð1ÞÞ ¼ 1� expð�kk � BCF � Cw � k�1
r Þ: ð6Þ

Lastly, the site-specific susceptibility probability of bivalves ex-
posed to waterborne Zn can be calculated by a joint probability
function as

PðSðCwÞÞ ¼ PðCwÞ � PðSðCwÞjCwÞ; ð7Þ

where P(S(Cw)) represents the probability risk estimate of water-
borne Zn exposure-associated susceptibility, P(Cw) stands for the
probability density function of waterborne Zn concentration, and
P(S(Cw)|Cw) is the conditional probability.

2.2. Model parameterization

2.2.1. Biokinetic and geochemical parameters
In the present study, uptake rate constants of P. viridis and R.

philippinarum exposed to waterborne Zn were adapted from the
experimental data published by Chong and Wang (2001). Briefly,
the two bivalve species were collected from Tung Chung Bay and
Tolo Harbor in Hong Kong. The size classes of the bivalve species
were well controlled and similar (shell length: 3–4 cm of P. viridis
and 2–4 cm of R. philippinarum; dry tissue weight: 0.07–0.35 g of P.
viridis and 0.15–0.4 g of R. philippinarum), and therefore the accu-
mulative capacity were not affected by the body size. To account
for the uncertainty/variability of BCF in the field, the uptake and
elimination rate constants proposed by several previous works
(i.e., Chong and Wang, 2001; Blackmore and Wang, 2002; Shi
and Wang, 2004) were pooled together to determine the probabil-
ity distribution of BCF. Elimination rate constants of the bivalves
can then be estimated by Eq. (2). Three coastal zones with known
water chemistries at Toucheng, Kouhu, and Pingtung, which lo-
cated respectively in the north, central, and south areas of Taiwan,
were selected to implement the proposed model.

2.2.2. Subcellular fractionation and toxicodynamic parameters
To determine Zn subcellular fractionation, data from the subcel-

lular Zn partitioning proposed by Blackmore and Wang (2002) and
Ng and Wang (2004) were summed into MAP (organelles and heat-
sensitive proteins) and MDP (metal-rich granules and metallothio-
nein-like proteins). Proportion of accumulated Zn in the MAP was
then employed in Eq. (3) to calculate the detoxification rate con-
stant. The damage recovery rate constant was obtained by fitting
the exponential term in Eq. (6) to the Zn proportions in metallothi-
onein-like proteins of P. viridis and R. philippinarum under various
exposure concentrations. Subsequently, the killing rate constant
can also be estimated by known values of the damage accumula-
tion rate, ka, and the cumulative damage for 50% effect, DE,50, ob-
tained from the above-mentioned fitting results.

2.3. Data analysis and model simulation

Table Curve 2D (Version 5.0, AISN Software Inc., Mapleton, OR,
USA) was used to fit the published data to obtain the optimal sta-
tistical models. The level of significance was set at p < 0.05. A
Monte Carlo simulation was performed to obtain 2.5th- and
97.5th- percentiles as the 95% confidence interval (CI) for all fitted
models. Crystal Ball� software (Version 2000.2, Decisioneering,
Inc., Denver, Colorado, USA) was employed to implement the
Monte Carlo simulation.

Model simulations were carried out by introducing the bioaccu-
mulation parameters, the killing rate constant, the damage recov-
ery rate constant, and the field data of waterborne Zn
Please cite this article in press as: Chen, B.-C., et al. Combining bioaccumulation
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concentration into Eqs. (6) and (7) to assess the site-specific risk
for Zn susceptibility of bivalves P. viridis and R. philippinarum.
3. Results

3.1. Toxicokinetics and subcellular compartmentalization

The biokinetic parameters and the subcellular fractionation of P.
viridis and R. philippinarum exposed to waterborne Zn were sum-
marized in Table 1. The best-fitted probability distribution of BCF
for P. viridis and R. philippinarum was determined to be LN
(12 820 mL g�1, 1.79) and LN (12 210 mL g�1, 1.59), respectively
(Fig. 2A and B). Very high BCF values with order of magnitude
104 have found for both species, indicating that a process of bioac-
cumulation of Zn occurred in the water-bivalve system. The Zn
concentration in MAP for P. viridis (71.33 lg g�1) was double than
that for R. philippinarum (36 lg g�1), suggesting that P. viridis accu-
mulates more Zn toxicity. The killing rate constant, kk, and the
damage recovery rate constant, kr, could then be estimated to be
0.025 g mg�1 d�1 and 0.19 d�1 for P. viridis (r2 = 0.91), and
0.13 g mg�1 d�1 and 0.40 d�1 for R. philippinarum (r2 = 0.98),
respectively (Table 1). These results indicated that both toxic po-
tency and the speed of recovery of Zn are higher for R. philippina-
rum than P. viridis (Fig. 2C and D).

3.2. Linkages between bioaccumulation and coping mechanism

The probability distribution of elimination rate constant, ob-
tained from dividing the uptake rate constant by BCF distribution,
was LN (0.04 d�1, 1.79) and LN (0.02 d�1, 1.41) for P. viridis and R.
philippinarum, respectively (Fig. 3A, D). The elimination rate con-
stant with known probability distribution was then introduced
into Eq. (3) to determine the detoxification rate constant of Zn
for bivalves. The resulting distribution of detoxification rate con-
stant was LN (0.93 d�1, 1.77) for P. viridis and LN (0.67 d�1, 1.79)
for R. philippinarum, respectively (Fig. 3B, E).

To represent the relationship between elimination and detoxifi-
cation mechanism, the joint distributions showing the quantitative
linkages between ke and kd for P. viridis and R. philippinarum ex-
posed to waterborne Zn ranged from 0 to 250 lg L�1 were given
in Fig. 3C, F. The results revealed (i) negative linear correlations be-
tween ke and kd for both species under constant exposure concen-
tration; (ii) detoxification rate constant is larger for P. viridis than R.
philippinarum at a given elimination rate constant; and (iii) both ke

and kd increase with increasing waterborne Zn concentration.
To further explore the substantial interaction among bioaccu-

mulation, detoxification, and subcellular distribution, the correla-
tion between three key parameters in bioaccumulation and
coping mechanism (i.e., ke, kr, kd) were also determined under a
fixed exposure concentration (50 lg L�1), as depicted in Fig. 4.
These results showed that negative linear correlations exist for
ke–kr and ke–kd relationships, whereas a positive linear correlation
and coping mechanism to enhance long-term site-specific risk assessment
here.2011.03.019
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Fig. 2. (A, B) Probability distribution of bioconcentration factor (BCF) for P. viridis and R. philippinarum exposed to waterborne zinc. (C, D) Optimal fits of %zinc in MT applied
by DAM-based safety function for P. viridis and R. philippinarum exposed to waterborne zinc.
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was observed for kr–kd relationships for bivalves exposed to water-
borne Zn. Therefore, an increase in the Zn proportion accumulated
in the MDP could result in a higher recovery rate for bivalves. In
addition, the two key parameters in coping mechanism can be
determined from the experiment-derived bioaccumulation param-
eter by the ke–kr and ke–kd relationships as depicted in Fig. 4.

3.3. Site-specific susceptibility probability

The probability distribution of waterborne Zn concentration at
Toucheng, Kouhu, and Pingtung was shown in Fig. 5A, C, and E,
respectively. The simulation results of the site-specific susceptibil-
ity probability of P. viridis and R. philippinarum exposed to water-
borne Zn were presented in Fig. 5B, D, and F. The probability that
50% or more of susceptibility of P. viridis population affected by
waterborne Zn (risk = 0.5) was 0.19, 0.07, and 0.004 for Toucheng,
Kouhu, and Pingtung, respectively. For R. philippinarum, the 50%
exceedence risk of susceptibility was 0.39, 0.19, and 0.01 for
Toucheng, Kouhu, and Pingtung, respectively. These results
showed that, for both P. viridis and R. philippinarum, the suscepti-
bility of Zn to bivalves in selected coastal areas was highest at
Toucheng, followed by Kouhu and Pingtung. This may primary re-
sulted from the spatial variation of waterborne Zn concentration
among the three studied sites. Furthermore, the results also indi-
cated that R. philippinarum is more susceptible of Zn than P. viridis
under the same exposure condition. The results may due in part to
R. philippinarum have slower elimination rate and higher killing
rate compared to those for P. viridis (Table 1).

4. Discussion

4.1. Metal influx threshold and detoxification

Based on subcellular partitioning concept, the proportion of me-
tal accumulated in the MAP, rather than the total metal accumu-
lated in target sites, directly correlates with induced toxicity of
the organisms. Therefore, analysis of the subcellular distributions
allows us to better delineate the biokinetics for regulating and
metabolizing the toxicity caused by accumulated metal. Here we
linked the MIT approach proposed by Croteau and Luoma (2009)
with subcellular partitioning concept to quantify biokinetic param-
Please cite this article in press as: Chen, B.-C., et al. Combining bioaccumulation
for zinc susceptibility of bivalves. Chemosphere (2011), doi:10.1016/j.chemosp
eters under different exposure scenarios. Results showed that the
detoxification rate (kd) increases with increasing waterborne Zn
concentration (Fig. 3), yet negatively correlates with the elimina-
tion rate (Fig. 4A and G). These results matched the inherent
assumption of MIT that a toxicity threshold exists for an organism
exposed to a particular metal. The combined rate of elimination
and detoxification of the metal thus should be constant for an
organism. Buchwalter et al. (2008) also found a negative correla-
tion between the elimination rate constant and the proportion of
Cd bound to the detoxification fraction in aquatic insects, implying
that the detoxification mechanism complements the elimination
capacity of the organism.

The toxicity threshold highly depends on whether the metal is
essential for the exposed organism or not. Croteau and Luoma
(2009) proposed that the threshold of metal influx was apparently
observed in Cu than that in Ni and Cd, indicating that organisms have
to assimilate sufficient amount of Cu to meet physiologically meta-
bolic requirements. Although Ni is also essential for aquatic organ-
isms, the amount for normal metabolic needs is less for Ni than Cu.

Zinc is an essential element for bivalves. Therefore, the amount
for keeping physiological metabolism of Zn is supposed to be sim-
ilar to Cu. In this study, we modified the MIT concept to estimate
the ability of detoxification for bivalve exposed to waterborne
Zn. Results showed that kd can be estimated based on the flux rate
of the metal from MAP to MDP, conforming that the modified MIT
concept with subcellular partitioning could be used to explore the
truly effective bioaccumulation.

By linking the concept of subcellular partition of the accumu-
lated metal with the MIT approach, the proposed methodology is
useful not only for quantifying the detoxification ability of exposed
organisms, but also for providing a more mechanistic-based frame-
work to assess metal-specific and species-specific toxicity. Due to
the limitation of subcellular partitioning data, the predicted kd va-
lue would be of high uncertainty and variability. More experiments
are needed to delineate the mechanisms involved in the subcellu-
lar partitioning between MAP and MDP of Zn in bivalves.
4.2. Site- and species-specific susceptibility

The physiological traits of bivalve are induced by metal toxic ef-
fects, relating to metal bioaccumulation, subcellular partitioning,
and coping mechanism to enhance long-term site-specific risk assessment
here.2011.03.019
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Fig. 3. (A) Lognormal probability distribution of elimination rate constant (ke) varied with waterborne zinc 0–250 lg L�1 for P. viridis and (D) R. philippinarum. (B) Lognormal
probability distribution of detoxification rate constant (kd) varied with waterborne zinc 0–250 lg L�1 for P. viridis and (E) R. philippinarum. (C) The joint distribution showing
the quantitative relationship between ke and kd varied with waterborne zinc 0–250 lg L�1 for P. viridis and (F) R. philippinarum.
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and biological characteristics. Therefore, variations in susceptibil-
ity are mainly due to the in situ water qualities and the interspecies
differences of the organisms therein. In this study, critical param-
eters such as uptake (ku), elimination (ke), killing (kk), and damage
recovery (kr) rate constants play the key roles in determining the
susceptibility of green mussel P. viridis and marine clam R. philipp-
inarum exposed to waterborne Zn. The results showed that the sus-
ceptibility risks of R. philippinarum in coastal regions at Toucheng,
Kouhu, and Pingtung were more significant than those of P. viridis.
Yet both of these aquatic species have similar positive accumulated
Zn capacities. Tang et al. (2009) indicated that metal elimination
capacity was a major determinant of toxicokinetics in P. viridis.
The results of this study met this principle. Published data regard-
ing Zn elimination rate constant data of bivalves (Chong and Wang,
2001; Blackmore and Wang, 2002; Shi and Wang, 2004) revealed
that P. viridis had a higher elimination rate (ranging from 0.029
to 0.076 d�1) than that of R. philippinarum (ranging from 0.023 to
Please cite this article in press as: Chen, B.-C., et al. Combining bioaccumulation
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0.026 d�1). The low susceptibility risk was found in P. viridis, even
though the uptake ability of P. viridis (65–234 mL g�1 d�1) is higher
than that of R. philippinarum (637 mL g�1 d�1) (Chong and Wang,
2001; Shi and Wang, 2004).

Previous studies indicated that P. viridis triggered the regulatory
mechanism to maintain physiological metal content to be nearly
100 lg g�1 accumulation level in tissue when exposed to 100–
300 lg L�1 waterborne Zn (Chan, 1988; Tang et al., 2009). It seems
reasonable for this study to conclude that green mussel experi-
enced positive bioregulation because of the slightly low killing le-
vel (0.025 g mg�1 d�1) with high elimination ability and safe
susceptibility levels when exposed 10–250 lg L�1 waterborne Zn.
Tang et al. (2009) measured Zn concentration in water and bivalve
tissue in southern Taiwan, resulting in the bioconcentration factor
of 5304–8871 mL g�1 which was smaller than that in Hong Kong
with an average BCF of 12 000 mL g�1. The results suggested that
Zn posed no significant susceptibility risk to both bivalve species
and coping mechanism to enhance long-term site-specific risk assessment
here.2011.03.019
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Fig. 4. (A, G; B, H; C, I) Relationship between ke and kd, kd and kr, ke and kr in P. viridis and R. philippinarum exposed to 50 lg L�1 waterborne zinc, respectively. (D, J; E, K; F, L)
Probability distribution of ke, kd and kr in P. viridis and R. philippinarum, respectively.
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in Taiwan (Chong and Wang, 2001; Blackmore and Wang, 2002;
Shi and Wang, 2004).

4.3. Implications

One of the major challenges in aquatic risk assessment is
improving our predictive power of adverse effects caused by real-
istic exposure conditions. Traditionally, ambient water quality
Please cite this article in press as: Chen, B.-C., et al. Combining bioaccumulation
for zinc susceptibility of bivalves. Chemosphere (2011), doi:10.1016/j.chemosp
criteria (AWQC) or permit limits were derived from a series of tox-
icity bioassays based on the total external concentration concept.
To characterize the dose–response relationship more precisely,
some approaches including water effect ratio, biotic ligand model,
free ion activity model, and biokinetic model have been developed
and used in the last decade to delineate the bioavailability and bio-
accumulation mechanisms involved in the metal transport pro-
cesses from external concentration in water to whole body
and coping mechanism to enhance long-term site-specific risk assessment
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Fig. 5. Site-specific probability distribution of waterborne zinc concentration for cultural farms located at (A) Toucheng, (C) Kouhu, and (E) Anping in Taiwan. (B, D, F)
Predicted site-specific susceptibility risk assessments in P. viridis and R. philippinarum cultural farms of Toucheng, Kouhu, and Anping, respectively.
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burden in organisms (De Schamphelaere and Janssen, 2002; Mor-
gan and Wood, 2004; Bielmyer et al., 2007; Luoma and Rainbow,
2008; Chen et al., 2009).

Based on the receptor theory in toxicology, some studies have
switched the whole body burden to target organ concentration
by physiologically-based pharmacokinetic model to further clarify
the dose–response relationship (Ling et al., 2005; Clewell et al.,
2008). Nowadays, new techniques make it possible to directly re-
late the physiological toxic effects to the subcellular partitioning
of xenobiotics in organisms. Subcellular partitioning model is sug-
gested by some recent studies to predict metal toxicity more accu-
rately since it considers the eternal distribution of metals
Please cite this article in press as: Chen, B.-C., et al. Combining bioaccumulation
for zinc susceptibility of bivalves. Chemosphere (2011), doi:10.1016/j.chemosp
inside the organisms (Wang and Rainbow, 2006; Pan and Wang,
2008).

In this study, we developed a mechanistic model, by coupling
the bioaccumulation and coping mechanisms, to predict site-spe-
cific susceptibility probability of bivalves exposed to waterborne
Zn in selected coastal areas in Taiwan. We believe that the method-
ology established herein can be employed to better assess the haz-
ardous effects of aquatic organisms associated with metal
exposure and, moreover, to refine the existing water quality crite-
ria for the protection of aquatic species.

Recently, He et al. (2010) extended the subcellular partitioning
concept to study the correlation between bioaccessibility and
and coping mechanism to enhance long-term site-specific risk assessment
here.2011.03.019
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subcellular fractionation of metals in marine fish, and suggested
that the subcellular distribution should be considered to better as-
sess human health risk associated with seafood consumption. In
the present study, the correlations among elimination, detoxifica-
tion, and recovery abilities of bivalves under Zn stress were well
established, which enables us to calculate the values of kr and %
detoxified in MDP by the experiment-determined biokinetic
parameter, ke. Therefore, the framework conducted here could pro-
vide valuable information and useful tools not only in the trophic
transfer of metals along aquatic food chain, but also in the subse-
quent human health risk assessments.

5. Conclusions

In the present study, a comprehensive risk modeling frame-
work was developed to predict susceptibility probability of two
bivalve species exposed to waterborne Zn. Estimation of the
biokinetic and toxicokinetic parameters in derived models indi-
cated that P. viridis accumulates more Zn toxicity, whereas both
toxic potency and the recovery rate of Zn are higher for R. philipp-
inarum. Simulation results showed that the spatial differences of
susceptibility primarily resulted from the variation of waterborne
Zn concentration under field conditions. Furthermore, R. philippin-
arum is more susceptible of Zn than P. viridis under the same
exposure condition. Finally, the results of this study also sug-
gested that Zn posed no significant susceptibility risk to two bi-
valve species in Taiwan.
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