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Abstract

This study surveyed the total arsenic (As) and As species contents in clams (Meretrix lusoria) farmed in areas of hyperendemic black-
foot disease (BFD) in southwestern Taiwan. Total As and As species in sediment and pond water were also analyzed to examine the
bioaccumulation of As in clams in their exposure environment. Moreover, potential carcinogenic risks associated with the ingestion
of As in aquacultural clams were evaluated probabilistically. The average total As contents in medium-sized and small clams were
7.62 and 10.71 lg/g (dry wt), respectively. The content of the As species in this study was approximately 61% of the total As content.
The other unquantified As species are possibly arsenocholine, arsenosugar and arsenolipid. The average ratios of inorganic As contents
to total As contents in clams ranged from 12.3% to 14.0% which are much higher than that found in the farmed oyster (Crassostrea

gigas), indicating that humans may expose to larger quantities of inorganic As by ingesting the same amount of clam as oyster. Using
different ingestion rates derived by the average consumption method and the questionnaire method, the estimated risks to human health
associated with consuming clams from the BFD area ranging from slightly to largely exceed the standard target risk. Based on the esti-
mation of the TR model, a 0.18 g/day-person of the safe ingestion rate of clams in the BFD region is recommended.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Clams (Meretrix lusoria) are favored species of edible
shellfish in Taiwan. They are mainly cultured in plain areas
of southwestern Taiwan. In the past few decades, blackfoot
disease (BFD) prevailed in this region (Fig. 1) (Tseng,
1977). Extensive epidemiological evidence has proven that
drinking groundwater with a high arsenic (As) content is
0045-6535/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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strongly associated with the occurrence of BFD (Ch’i and
Blackwell, 1968). Recently, very few inhabitants in this
region have drunk well water directly, but large amounts
of groundwater have been utilized to farm fish and shellfish
(Liao and Ling, 2003). Aquatic animals farmed in this
region bioaccumulate large quantities of As. Numerous
As species are present in aquatic organisms; they include
arsenobetaine (AsB), monomethylarsonic acid (MMA),
dimethylarsinic acid (DMA), arsenite (As(III)) and arse-
nate (As(V)). Inorganic As species are more toxic than
methyl As species (Oremland and Stotlz, 2003). The US
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Fig. 1. Locations of the study site and BFD region.
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EPA (1988) used the uptake of inorganic As by various sea-
food species to determine potential risks to human health.
In recent years, several studies have assessed the risk of
cancer associated with consuming aquatic products in
coastal regions of southwestern Taiwan (Han et al., 2000;
Liao and Ling, 2003; Liu et al., 2005, 2006).

Clams live at the interface between sandy sediment and
water. Sediment in farmed ponds is full of organic material
and can adsorb large quantities of heavy metals (Baudri-
mont et al., 2005), including As. Furthermore, clams are
a sediment-dwelling animal and are cultivated in a semi-
salty aquatic environment. Seawater and groundwater are
primary water resources in the farmed ponds. In the plain
area of southwestern Taiwan, groundwater generally con-
tains high level of As (Jang et al., 2006). When farmers
pumped the groundwater to cultivate clams, the pond
water and sediment were As-polluted. Hence, the clams
bioaccumulated As from sediment and pond water. Many
studies have indicated that the inorganic As level in clams
exceeds those in other bivalves, such as oysters, scallops
and others (Edmonds and Francesconi, 1993; Lai et al.,
1999; Munoz et al., 1999, 2000). Clams and oysters in Tai-
wan represented 76.4% of the shellfish offered for sale in
2003. From 1994 to 2003, the number of clams as a per-
centage of the number of shellfish offered for sale increased
from 32.6% to 43.9% while that of oysters declined from
41.4% to 32.4%. However, previous investigations on this
region have ignored the As content in clams and their
potential risk to human health (Taiwan COA, 2003).

This study elucidates total As and As species contents in
clams farmed in the BFD hyperendemic areas of southwest-
ern Taiwan. Total As and As species in sediment and pond
water also were analyzed to investigate bioaccumulation in
clams in their natural environment. The total As and inor-
ganic As contents in clams were compared with those in
oysters presented in our previous study (Liu et al., 2006).
The potential health risks associated with ingesting As con-
tents in aquacultured clams were evaluated probabilisti-
cally. The data enabled the administrators to estimate
human As dietary intakes, and provided a reference for
acceptable daily intakes for the Food and Agricultural
Organization (FAO) as well as the World Health Organiza-
tion (WHO), so as to assess potential health hazards.
2. Material and methods

2.1. Sampling and analysis

Forty-seven clam samples were collected from 13 aqua-
cultural ponds in the Putai county from December 2001 to
March 2002 (Fig. 1). Each single clam represents an indi-
vidual sample. Additionally, two pond water samples,
two pond sediment samples and four clam samples (two
from each pond) were collected from two aquaculture
ponds to estimate the bio-concentration factor of total
As content in clams from sediment and pond water in
Putai. Sediment was extracted from the middle of the
ponds 5 cm below the bottom. The water samples were col-
lected in polyethylene containers, cleaned in 10% nitric acid
and then rinsed using deionized water. Samples of clams,
sediment and pond water from each pond were placed in
polyethylene bags, and all were kept at 4 �C during trans-
portation to the laboratory.

Total As and As species concentrations were deter-
mined. The procedures of analyzing As(III), As(V),
MMA, DMA and AsB in all samples followed closely those
used in our previous studies (Huang et al., 2003; Liu et al.,
2006). However, only 26 clam samples were analyzed for
AsB content. The AsB assay method was modified from
that of Alberti et al. (1995), Dagnac et al. (1999) and
Geiszinger et al. (1998). Our previous studies reported in
detail the analytical procedures (Huang et al., 2003).

The accuracy of the procedure was validated by the
analysis of the standard reference material (SRM) BCR
627 tuna tissue. The total As and DMA concentrations
of SRM were 4.9 ± 0.2 mg/kg and 1.8 ± 0.1 lmol/kg, con-
sistent with the certified values of 4.8 ± 0.3 mg/kg and
2.0 ± 0.3 lmol/kg, respectively. The instrument detection
limits of total As, As(III), As(V), MMA, DMA and AsB
were 0.2, 0.4, 0.2, 0.4, 0.3 and 0.49 lg/l, respectively. Sam-
ples were spiked with As species to determine the rate of
recovery in every extraction step and laboratory procedure.
Extraction recovery rates of As(III), As(V), MMA, DMA
and AsB were 102.7 ± 4.7%, 104.1 ± 6.8%, 104.7 ± 6.5%,
98.0 ± 7.1% and 97.7 ± 6.4%, respectively. Laboratory
procedure recovery rates of total As, As(III), As(V),
MMA, DMA and AsB were 103.2 ± 7.1%, 100.7 ± 3.8%,
97.2 ± 4.0%, 104.9 ± 4.6%, 97.2 ± 4.0% and 97.9 ± 4.7%,
respectively. Both extraction recovery rates and laboratory
procedure recovery rates fell within the standard limits of
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90–110%. A coefficient of variation (CV%) was applied to
test the reliability and was less than 5% for all experiments.

Boyden (1977) demonstrated that the accumulation of
trace elements depends on their size. Growth dilution in
mussels ( }Unl}u and Fowler, 1979) is such that the clam sam-
ples were divided into small (clam muscle <3 g wet wt) and
medium-sized (clam muscle P3 g and <5 g wet wt). The
numbers of small and medium-sized clam samples were
13 and 34, respectively. Analysis-of-variance (ANOVA)
was adopted to identify statistical differences between total
As and individual As species contents in clams based on the
figure factor.

2.2. Human health risk assessment

The Risk Assessment Forum (US EPA, 1988) re-evalu-
ated the carcinogenicity associated with ingesting inorganic
As. The method for estimating the target cancer risk (TR)
is supported in the US EPA Region III Risk-Based Con-
centration Table (US EPA, 2006). The risk associated with
the carcinogenic effects of inorganic As is expressed as the
excess probability of contracting cancer over a lifetime of
70 years. The model for estimating the target cancer risks
(lifetime cancer risk) is as follows (US EPA, 1988, 1989,
2006).

TR ¼ EFr� EDtot� SFI�MCSinorg � CPSo

BWa�ATc
� 10�3

ð1Þ
where TR represents the target cancer risk or the risk of
cancer over a lifetime; EFr is the exposure frequency (350
days/year); EDtot is the exposure duration (30 years);
SFI is the ingested mass of the edible portion of clam
(g/day); MCSinorg is the concentration of inorganic As spe-
cies in the edible portion of clam (lg/g) wet wt; CPSo is the
oral carcinogenic potency slope of inorganic arsenic (risk
per mg/kg/day) (1.5 (mg/kg/day)�1); BWa is the body
weight of a Taiwanese adult (59.4 kg) (Taiwan DOH,
2006). An averaging time of 365 days/year for 76 years
(ATc = 76 · 365 days) was used to characterize the life
time exposure of a Taiwanese in the calculation of cancer
risk (Taiwan DOS, 2004). The mean ratio of edible clam
muscle weight to total weight in this experiment was 0.2.
According to the Taiwanese Food Supply and Utilization
Annual Report in 2003 (Taiwan COA, 2003), 31480 ton
of clam were produced and 5 ton were exported. The
Taiwanese population over the age of 4 years was 21.23
million in 2003 (Taiwan DOH, 2003). Consequently, the
ingestion rate of edible portions of clam derived from the
average consumption method was 0.812 g/day-person.
For comparison, the daily ingestion rates of shell fish
4–14.5 g /day-person obtained from a questionnaire survey
by Shih (2001) were also included to evaluate the TRs. The
average water content in the clam samples was 83%, which
value was adopted to convert the dry weight to wet weight
of inorganic As concentrations in clams. This work treated
MCSinorg in Eq. (1) probabilistically. The above analytical
data were used to evaluate the potential risk of cancer
in humans due to the consumption of clams in the BFD
hyperendemic area. An estimated TR value of exceeding
one millionth is typically considered to pose a potential
threat to human health and an unacceptable risk.

2.3. Uncertainty analysis

The uncertainties associated with the exposure assump-
tions will be formally treated through the adoption of a
Monte Carlo (MC) analysis (US EPA, 2001). Rather than
using a deterministic approach, the range of possible values
for each assumption will be defined by a probability density
function and combined to give an overall likelihood of the
probability of a certain exposure being encountered.
@Risk (Version4.5, Professional Edition, Palisade Crop.)
software was used to analyze statistically the measured
concentrations of inorganic As species in clams and to esti-
mate parameters for the distribution of inorganic As spe-
cies. A Kolmogorov–Smirnov (K–S) test was performed
to determine the probability distributions that best fitted
MCSinorg. Then, the MC technique was employed to gener-
ate the distribution of inorganic As contents in clams from
the determined best-fit distributions of inorganic As con-
centrations. The resulting risk-based concentrations are
compared to the literature-derived values to assess whether
calculated concentrations pose an unacceptable risk of
toxic effects.

3. Results and discussion

3.1. Total As and As species contents in clams

Table 1 presents mean and standard deviations of total
As and various As species contents in clams. Fig. 2 shows
their distributions using a box-and-whiskers plot. The
mean total As content in all clams was 8.48 lg/g (dry wt)
and the total As contents in the samples varied widely.
The total As and As(V) contents in the small clams
significantly exceeded those in the medium-sized clams
(p 6 0.05). The As species analyzed herein represents
approximately 61% of the total As contents in the clams.
The other unquantified As species made up 39% of the
total As concentration in clam are possibly arsenocholine,
arsenosugar and arsenolipid. The AsB content in clams
exceeded that of the other As species in the study.
The As(III) content in the clams was the second highest.
The MMA and DMA contents are low. Notably, the mean
ratio of inorganic As content to total As content in clams
was 13.5% and varied highly in the medium-sized clams.

This study also investigated the relationship between As
content and environment, including pond water and sedi-
ment. Table 2 presents total As and inorganic As contents
in sediment, pond water and clams in two farmed ponds.
The analyzed results reveal that high As content in sedi-
ment and pond water significantly enhance the bioaccumu-
lation of As in clams. However, the As bioaccumulation in



Table 1
Statistics concerning total As and various As species contents in clams

As species Concentration (mean ± SD (lg/g) dry wt)

Medium-size (34)a Small (13) All samples (47)

As(III) 0.93 ± 0.64 1.03 ± 0.71 0.96 ± 0.65
As(V) 0.13 ± 0.17* 0.28 ± 0.25* 0.17 ± 0.21
DMA 0.09 ± 0.10 0.09 ± 0.10 0.09 ± 0.10
MMA 0.17 ± 0.25 0.12 ± 0.15 0.15 ± 0.23
AsB 1.94 ± 1.09 (19)a 2.02 ± 0.60 (7)a 1.96 ± 0.97 (26)a

Inorganic Asb 1.06 ± 0.74 1.31 ± 0.90 1.13 ± 0.79
Total As 7.62 ± 4.10* 10.71 ± 6.10* 8.48 ± 4.87
Inorganic

As/total
As (%)

14.0 ± 27.01 12.13 ± 6.82 13.50 ± 6.94

Organic
Asc/total
As (%)

48.25 ± 16.74 44.85 ± 16.43 47.33 ± 16.40

a The number inside the parenthesis denotes the sample number.
b Inorganic As is the summation of As(III) and As(V).
c Organic As is the summation of DMA, MMA and AsB.
* p value 60.05.
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Fig. 2. Distributions of concentrations of total As and various As species
in clams.

Table 2
Concentrations of total As and inorganic As in sediment, pond water and
clams (in dry wt)

Pond no. Total As

Sediment (lg/g) Pond water (mg/l) Clam (lg/g)

#1 19.69 0.040 14.55, 12.03
#2 45.60 0.097 18.51, 15.96

BCFa

#1 0.74, 0.61 363.8, 300.8
#2 0.41, 0.35 190.8, 164.5

As(III)

#1 1.08 ND 1.67, 1.80
#2 0.59 ND 1.73, 1.28

As(V)

#1 15.0 0.035 0.46, 0.58
#2 41.8 0.082 0.52, 0.27

a BCF = (total As contents in clams)/(total As contents in sediment or
pond water).
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farmed clams is not linearly related to the exposure envi-
ronment. Table 2 presents the bio-concentration factor
(BCF) of total As content in clams from sediment and
pond water. The BCF from sediment ranges from 0.74 to
0.35 and the BCF from pond water ranges from 363.8 to
164.5. The BCF at an equilibrium, of internal biota concen-
tration to exposure concentration, describes partitioning
between exposure medium (water and sediment in this
study) and clam. Few BCF measurements are available
and the mechanisms that involve adsorption/desorption
in sediment are complex. Accordingly, the inter relation-
ship of As content in clams to that in sediment and pond
water is unable to be determined. McGeer et al. (2003)
found an inverse relationship between BCF and the con-
centrations of metals in the aquatic environment. Addi-
tionally, the metal BCFs derived from sediment studies
tend to be orders of magnitude lower that those from aqua-
tic (McGeer et al., 2003). In our results, the ratios of BCF
derived from pond water and sediment of two ponds are
492.3 and 467.5, respectively. The present study also
reveals that exposure to an environment with high As
results in low BCF and vice versa. The adoption of BCF
as an indicator of the long-term hazard potential was due
to the sparse data on the chronic toxicity of As for clam.
As such, BCF is of most value when limited data are avail-
able (OECD, 2001).

Inorganic As(V) species predominate in sediment and
pond water, whereas organic As species predominate in
clams because of methylation in organisms. When ingest-
ing, clams simultaneously suck sediment and pond water
with large amounts of As(V). In the methylation of organ-
isms, As(V) is first transformed to As(III). The As(III) is
present in clams apparently at the beginning of methylation
(Shiomi et al., 1996).

Total As content in clams varies from 0.21 lg/g (wet wt)
to 3.25 lg/g (wet wt) in this work. This range is wider than
that the normal As content in blue mussels obtained
through the monitoring program in Norway (1.3–2.8 lg/g
wet wt) (Airas et al., 2004) and in Mid-Atlantic (USA)
(0.93–1.53 lg/g wet wt) (Greene and Crecelius, 2006).

To compare with our results associated with As species
in oysters (Crassostrea gigas) (Liu et al., 2006), the DMA
content exceeds the As(III) and MMA contents in oysters,
whereas the As(III) content exceeds those of the DMA and
MMA in clams. The inorganic As content in oysters is
1.64% of the total As content, while that in clams is
13.5% of the total As content. Edmonds and Francesconi
(1993), Munoz et al. (1999, 2000) and Li et al. (2003)
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documented a similar situation that inorganic As content
in clams or mussels exceeds those in other bivalve animals,
such as oysters, scallops and others. It is highest in clams.
Farmed oysters generally live in shallow oceans in racks,
far from sediment, whereas clams usually live at the bottom
of a pond with sandy sediment. The large amount of inor-
ganic As in pond sediment directly enters the clams. Addi-
tionally, arsenobetaine is a common metabolism product in
mussels. Arsenobetaine content normally ranges from 1 to
100 lg/g (dry wt) and vary widely (Cullen and Nelson,
1993; Gailer et al., 1995; Larsen, 1995; Súñer et al.,
2002). In our works, the mean ratios of AsB contents to
total As contents in oysters and clams are 49.5% and
41.1%, respectively. Súñer et al. (2002) found that the aver-
age AsB content in clams was 20.2 lg/g (dry wt), which was
approximately 46% of the total As content. The ratio
herein is close to that of Súñer et al. (2002).
3.2. Potential carcinogenic risks to human health by

ingestion

Although the As(V) contents of small clams differ signif-
icantly from that of medium-sized clams, the inorganic As
contents do not differ significantly. Thus, inorganic As data
for both small and medium-sized clams were combined to
evaluate potential risks. The inorganic As content followed
a log-normal distribution as determined by performing a
K–S test, and a geometric average and a geometric stan-
dard deviation were obtained from the log-normal distribu-
tions before an MC simulation was implemented. Five
thousand data on the concentration of inorganic As were
generated by MC simulation based on observed data to
quantify the uncertainty in the evaluated parameters.
Fig. 3 shows the simulated frequency of inorganic As con-
tent in clams. Based on field observations, the inorganic As
content in clams is generally predicted to fall between the
5th and 95th percentiles. Traditionally, the 5th, 25th,
50th, 75th, and 95th percentiles of risk are employed to
assess likelihoods of exceeding risk levels (Han et al.,
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Fig. 3. Simulated 5000 data on inorganic As contents in clams.
2000; Liao and Ling, 2003; Jang et al., 2006). The TRs cal-
culated from the 5th, 25th, 50th, 75th, and 95th percentiles
are 0.28 · 10�6, 0.63 · 10�6, 1.09 · 10�6, 1.93 · 10�6 and
4.52 · 10�6, respectively (Fig. 4). The first two TRs below
one millionth are at a safe level, while the remaining TRs
of over one millionth only slightly exceed the acceptable
risk standard. However, Shih (2001) used questionnaire
method to survey the ingestion rates for adult consumption
of cultured shellfish in Taiwan. The shellfish ingestion rate
ranged from 4 to 14.5 g/day-person. Using 4 and 14.5
g/day-person as the ingestion rates of clam, the 95th per-
centiles of TRs are 22.3 · 10�6 and 80.7 · 10�6, respec-
tively, which largely exceed the accepted risk standard
(10�6).

The use of different methods for estimating ingestion
rates may be responsible for the large difference in the
assessed risks. Using an ingestion rate estimated from the
annual production of clams and the population in Taiwan,
such as in this study, Wu et al. (1999) and Jang et al. (2006)
gave an average ingestion rate of seafood. Using a ques-
tionnaire, as done by Shih (2001), Karen et al. (2003), Liao
and Ling (2003) and Liu et al. (2006), can yield a range of
ingestion rates of seafood. The former is an objective
method, but does not yield the variation. The latter is a
subjective method, but provides the information on the
variation. In this study, both average consumption method
and the questionnaire method are used to derive the inges-
tion rates of clams and estimate the corresponding poten-
tial health risks.

Liu et al. (2006) presented risks of 12.6–38.2 · 10�6 at
the 95th percentile associated with the ingestion of inor-
ganic As in oyster in the BFD area. An average ratio of
inorganic As content to total As content in clams,
13.50%, significantly exceeds that of oysters, 1.64%, reveal-
ing that the exposure to inorganic As in clams due to inges-
tion exceeds that in oysters by over eight times. However,
the various ingestion rates of their edible portion influence
the calculation of risks. For example, the risk of cancer
associated with ingesting clams of 0.812 g/day-person is
smaller than that associated with ingesting oysters of
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18.6 g/day-person (4.52 · 10�6 versus 12.6 · 10�6) while
the risk of cancer associated with ingesting clams of
14.5 g/day-person is much higher than that associated with
ingesting oysters of 18.6 g/day-person (80.7 · 10�6 versus
12.6 · 10�6).

If a 95th percentile TR value of 10�6 is an acceptable
risk, then the corresponding recommended daily ingestion
rate of clam can be calculated by Eq. (1). The inorganic
As concentration (mean ± SD) 1.13 ± 0.79 lg/g (dry wt)
in clam is used, and the calculated safe daily ingestion rate
of clam is 0.18 g. This is about one fifteenth of the mass of
clam in a clam soup. Restated people in Taiwan should eat
no more than two times of clam soup per month to have an
acceptable health cancer risk (10�6) from exposure to inor-
ganic arsenic through clam consumption.
4. Conclusions

This work studies total As and As species contents in
clams farmed in BFD hyperendemic areas of southwestern
Taiwan. Average total As contents in medium-sized and
small clams were 7.62 and 10.71 lg/g (dry wt), respectively,
and the As content in clams varied widely. The arsenic spe-
cies considered herein represented around 61% of total As
content. Average ratios of inorganic As content to total
As content in clams ranged from 12.3% to 14.0% and signi-
ficantly exceeded those in oysters, indicating that ingestion
by human beings is responsible for high exposures to As if
a same daily ingestion rate was applicable to both clam
and oyster. The risk assessment input parameters can be var-
ied, either through sensitivity testing or through application
of the probabilistic risk assessment technique, to account for
a variety of circumstances and uncertainties. The results of
the risk assessment indicate that potential carcinogenic risks
associated with consumption of clams from the BFD area
ranging from slightly (4.52 · 10�6) to largely (80.7 · 10�6)
exceed the acceptable target risk. The results reveal that peo-
ple who consume a large quantity of clams farmed in the
BFD region are exposed to a serious threat to their health.
Furthermore, given that the BFD area has numerous types
of seafood contaminated with As, the monitoring safety of
the consumption of seafood is important to establish the
degree to which these risks result from the aquacultural
needs of BFD regions. The results may prompt a new focus
on the consumption of aquacultured fish and shellfish
research in BFD regions by highlighting the life history
and behavioral information most relevant to evaluating a
shellfish’s susceptibility to inorganic As.
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