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Abstract

Total arsenic (As) and its compounds were determined in liver, kidney, muscle, and stomach contents of green turtles (Chelonia

mydas). Total As concentrations in the muscle were higher than those in the kidney and liver. Arsenobetaine (AB) was the predominant
compound in all the three tissues and its levels were positively correlated with total As concentrations. This indicates that AB greatly
contributes to As accumulation in green turtles. Higher concentrations of remaining As in the sample after extraction were detected
in the liver, implying that lipid-soluble or protein bound As compounds accumulate in the liver of green turtles. Total As levels in tissues
showed significant negative correlations with standard carapace length. The size-dependence of As accumulation in green turtles may be
related to their feeding habit, shifting from carnivore to herbivore at different growth stages. Concentrations of AB and dimethylarsinic
acid (DMA) were low in the stomach contents but high in the tissues, implying bioaccumulation of these arsenicals in green turtles.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well known that arsenic (As) exists in various chem-
ical forms in the marine environment, and its bioavailabil-
ity and toxicity depend on speciation. Thus, chemical
analysis of As compounds is needed to understand the
behavior or risk of As in the marine environment.
Although concentrations of As in marine animals and sea
algae are comparable, speciation of As is greatly different
between both phyla: in marine animals, arsenobetaine
(AB) is the predominant As compound, while the major
As form in sea algae is arsenoribosides (arsenosugars)
(Francesconi and Edmonds, 1993, 1997). Furthermore,
arsenocholine (AC), tetramethylarsonium ion (TETRA),
trimethylarsine oxide (TMAO), dimethylarsinic acid
(DMA), monomethylarsonic acid (MMA), As[V], and
As[III] are also detected in marine animals as minor As
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species (Francesconi and Edmonds, 1993, 1997). On the
other hand, studies regarding As speciation in high-order
marine animals such as marine mammals and sea birds,
especially sea turtles, are still lacking.

Sea turtles are widely distributed from tropical to tem-
perate waters in the world. Green turtles (Chelonia mydas)
inhabit Japanese coastal waters (Kamezaki and Matsui,
1997). Some studies have addressed accumulation of con-
taminants such as trace elements and organic pollutants
in green turtles because of the concern on their decreased
population by chemical contamination (Aguirre et al.,
1994; Gordon et al., 1998; McKenzie et al., 1999; Miao
et al., 2001; Lam et al., 2004). Our previous studies have
reported accumulation features of trace elements including
As in green turtles (Saeki et al., 2000; Sakai et al., 2000a,b;
Anan et al., 2001; Kubota et al., 2002a, 2003a,b; Fujihara
et al., 2003). However, limited data are available on As spe-
ciation in green turtles and the sample size in the previous
studies was small (n = 5) (Kubota et al., 2002a, 2003a,b;
Fujihara et al., 2003). In the present study, total As and
its compounds were determined in liver, kidney, and
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muscle of 20 green turtles collected from Ishigaki Island,
Okinawa, Japan to understand the accumulation of As.
Also, stomach contents were analyzed to make clear the
bioaccumulation of As in green turtles.

2. Materials and methods

2.1. Sample details

Green turtles (n = 20) from Ishigaki Island, Okinawa,
Japan in November 2000 and January 2005 were caught
by fishermen under permission for commercial use and sci-
entific. Standard carapace length (SCL) along a straight
line, carapace width (CW), and body weight (BW) were
measured and sex was confirmed before dissection
(females, n = 17 and males, n = 3). The means of SCL,
CW, and BW were 43.4 cm (range: 38.6–53.4 cm),
37.2 cm (33.0–43.9 cm), and 10.2 kg (3.3–19.8 kg), respec-
tively. Kidney (n = 10), liver (n = 20), muscle (n = 20),
and stomach contents (n = 3) were collected and were kept
at �80 �C in the Environmental Specimen Bank (es-
BANK) for global monitoring at Center for Marine Envi-
ronmental Studies (CMES), Ehime University, Japan
(Tanabe, 2006) until chemical analyses.

2.2. Analysis of total As

Analysis of total As concentration was conducted fol-
lowing the method of Kubota et al. (2001) with a slight
modification. Kidney, liver, muscle, and stomach contents
were freeze-dried and uniformly homogenized. About
0.05–0.15 g of freeze-dried tissue was digested with acid
mixture (HNO3:H2SO4:HClO4 = 5 ml:5 ml:10 ml) by heat-
ing at over 300 �C. Total As concentration was measured
by a hydride generation (HVG-1 Hydride System, Shima-
dzu, Kyoto, Japan) – atomic absorption spectrometry
(AA680, Shimadzu, Kyoto, Japan) (HG-AAS). Accuracy
of these analyses was checked by using a standard reference
material, dogfish muscle (DORM2) provided by National
Research Council Canada (NRCC). The precision of this
procedure was more than 95% for total As concentration.

2.3. Analysis of As compounds

Arsenic compounds were extracted by methanol/Milli-Q
water (9:1 v/v) from powdered freeze-dried samples (0.05–
0.15 g) (Kubota et al., 2002a). Supernatant was concen-
trated until methanol was evaporated. After evaporation,
samples were diluted by Milli-Q water and then filtered
by a 0.20 lm filter. Arsenic that was remaining in the sam-
ple after extraction (residue As) was measured by HG-AAS
after acid digestion mentioned above. A Hamilton PRP-
X100 anion-exchange column (Hamilton, Reno, NV,
USA; NH4H2PO4 buffer, pH 6.0) and a Supelcosil LC-
SCX cation-exchange column (Supelco, Bellefonte, PA,
USA; pyridine buffer, pH 2.6) were used to separate the
As compounds. As internal standards, Rb and Rh were
added to both mobile phases to monitor analytical interfer-
ence. Eight As compounds (AB, AC, TETRA, TMAO,
DMA, MMA, As[III], and As[V]) were measured by a
high-performance liquid chromatography (HPLC; Shima-
dzu, LC10A Series, Kyoto, Japan)/inductively coupled
plasma mass spectrometry (ICP-MS; HP4500, Hewlett–
Packard, Avondale, PA, USA) (HPLC/ICP-MS). Results
of accuracy for As compounds in this study were in general
agreement with the NRCC and other studies (Goessler
et al., 1998; Mattusch and Wennrich, 1998; Kuehnelt
et al., 1997; Kubota et al., 2002a). In this study, the concen-
trations of As compounds were represented in units of lg
As/g dry wt. The sum of eight As species and residual As
was shown as RAs.

2.4. Analysis of statistics

One half of the value of the respective limit of detection
was substituted for those values below the limit of detec-
tion and was used in statistical analyses. Variables with less
than 50% of detection rates were not used in this study. All
available data was tested by Kolmogorov–Smirnov’s one
sample test and by drawing a histogram, and was con-
firmed to be normal distribution. Pearson’s correlation
coefficients and regression analyses were used to assess
the strength of the association between As levels and
SCL and between concentrations of As compounds.
Tukey–Kramer method, along with one-factor ANOVA,
was conducted to detect differences in concentrations of
As in kidney, muscle, and liver. A p value of less than
0.05 was considered to indicate statistical significance in
this study. StatView (version 5.0 for windows, SAS� Insti-
tute, Cary, NC, USA) and SPSS (version 12.0 for windows,
SPSS Japan, Tokyo, Japan) were used for all statistical
analyses in this study.

3. Results and discussion

3.1. Total As in tissues

Total As concentrations in the muscle, kidney, and liver
of green turtles are shown in Fig. 1 and Table 1. Arsenic was
detected in all the tissues of green turtles and its levels were
0.94–165 lg/g dry wt. Although concentrations of As in
kidney and liver were comparable (p > 0.05), remarkably
high accumulation of As was observed in muscle compared
to kidney (p < 0.05) and liver (p < 0.05). Previous studies on
As in sea turtles also reported relatively high accumulation
of As in the muscle (Saeki et al., 2000; Storelli and Marcot-
rigiano, 2000; Agusa et al., in press). On the other hand,
concentrations of As in muscles were lower than those in
liver or kidney of marine mammals (Muir et al., 1988; Ebi-
suda et al., 2002; Kubota et al., 2005) and sea birds (Kubota
et al., 2002b). Therefore, high concentrations in the muscle
of green turtles might indicate species-specific accumulation
of As (for more discussion, see Agusa et al., in press). Con-
centrations of As in muscle and kidney showed a positive
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Fig. 1. (a) Concentrations (mean and SD) of total As and (b) compositions (mean) of As compounds (arsenobetaine, AB; arsenocholine, AC;
trimethylarsine oxide, TMAO; dimethylarsinic acid, DMA; arsenite, As[III]; As in residue of the tissues after extraction; residue) in muscle, kidney, and
liver of green turtles. Concentrations with the same letter are not significantly different at p < 0.05.

Table 1
Concentrations (mean and range, lg/g dry wt) of total As in tissues of green turtles from various locations

Location Muscle Kidney Liver References

Ishigaki Island, Japan (n = 20) 61.6 (11.2–165) 16.5 (4.6–44.3) 5.3 (0.9–9.7) This study
Ishigaki Island, Japan (n = 5) 4.0 (2.7–7.7) Fujihara et al. (2003)a

Yaeyama Islands, Japan (n = 19) 24.1 (2.58–74.9) 5.72 (0.15–9.99) 1.76 (0.44–5.34) Saeki et al. (2000)
Yaeyama Islands, Japan (n = 5) 3.65 Kubota et al. (2003b)
Hawaian Islands (n = 13) (<2.0–22.7) (<2.0–21.3) Aguirre et al. (1994)a

Moreton Bay, Australia (n = 23) 0.63 (0.00–2.30) 0.87 (0.13–2.47) Gordon et al. (1998)a

South China Sea (Adults, n = 3) 14.61 19.57 Lam et al. (2004)
South China Sea (Juvenile, n = 2) 14.45 6.97 4.65 Lam et al. (2004)

a Wet weight concentration was converted to dry weight concentration assuming that moisture content was 70%.
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correlation (r = 0.831, p < 0.01). However, there were no
significant correlations (p > 0.05) between total As levels
in liver and muscle, and liver and kidney.

3.2. As compounds in tissues

Compositions of As compounds in muscle, kidney,
and liver of green turtles are shown in Fig. 1. Arsenobe-
taine was major As compound in the three tissues, espe-
cially in muscle (more than 97% to RAs). Concentrations
of AB were the highest in the muscle (p < 0.05). A posi-
tive linear correlation between concentrations of AB and
RAs was observed in all tissues (R2 = 0.998, p < 0.001,
[RAs] = 1.0 � [AB] + 1.5) (Fig. 2). Also, tissues of green
turtles with higher concentrations of RAs contained
higher percentages of AB (Fig. 2). These results suggest
that AB largely contributes to the accumulation of As
in green turtles and this was consistent with previous
studies conducted in marine mammals and sea birds
(Fujihara et al., 2003, 2004; Kubota et al., 2003b). Simi-
lar to results of total As, positive correlation between
concentrations of AB in muscle and kidney was found
(r = 0.932, p < 0.001), but not for liver–muscle and
liver–kidney. These results were different from the obser-
vations in black-footed albatrosses (Fujihara et al., 2004),
black-tailed gulls (Kubota et al., 2002b), and ringed seals
(Ebisuda et al., 2002) which showed positive correlations
among AB concentrations in muscle, kidney, and liver.
Therefore, tissue distribution of AB in green turtles might
be different from that in other higher trophic marine ani-
mals such as marine mammals and sea birds.

For other arsenicals, DMA was detected in muscle, kid-
ney, and liver (Fig. 1) and the levels were the highest in kid-
ney (p < 0.05). In muscle and liver, concentrations of DMA
showed positive correlations with those of RAs (muscle:
r = 0.630, p < 0.05; liver: r = 0.615, p < 0.05), indicating
that DMA also influences As accumulation in green turtles
although the contribution is less than AB. Arsenocholine
levels were high in the kidney but not detected in liver
and muscle of almost all specimens. Although the levels
were low, As[III] was detected in all the three tissues.
Concentrations of TETRA, TMAO, MMA, and As[V]
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were quite low or below detection limits in this study.
Therefore, these compounds are not considered in further
discussion.

In this study, significant concentrations of As were
detected in residue of the tissues after methanol/water
extraction (Fig. 1) and the levels were remarkably high in
the liver (p < 0.05). Lipid-soluble As compounds and triva-
lent As compounds which bind to proteins may exist in this
fraction (Francesconi et al., 1994; Styblo et al., 1996). It is
known that trivalent arsenicals such as As[III], methylar-
sonous acid, and dimethylarsinous acid have high toxicity
and show high affinity with –SH groups in proteins. Espe-
cially, cytotoxicity or genotoxicity of trivalent organic
arsenicals are known to be higher than other As species
(Petrick et al., 2000; Styblo et al., 2000; Mass et al.,
2001). Further studies on identification of As compounds
in the residue fraction and assessment of the toxicological
impacts in green turtles are required.
3.3. Regional difference in As concentrations

To understand regional difference in As levels, concen-
trations of total As in the present study were compared
to those from other locations (Table 1). Concentrations
of total As in muscle, kidney, and liver of green turtles in
this study were higher or comparable to those in other
regions (Aguirre et al., 1994; Gordon et al., 1998; Saeki
et al., 2000; Fujihara et al., 2003; Kubota et al., 2003b)
except for the result on liver by Lam et al. (2004). Total
As levels in kidney and liver of green turtles from Australia
(Gordon et al., 1998) were much lower than those in this
study and other studies. It has been reported that mean
concentrations of As in seawater from Pacific Ocean and
South Australia were 1.8 lg/l (1.6–2.1 lg/l) and 1.3 lg/l
(1.1–1.6 lg/l) (WHO, 2001), respectively, suggesting non-
significant regional difference in background As levels in
seawater. Therefore, the different composition of prey
may be associated with As accumulation in green turtles
from each location. Indeed, based on analyses of the stom-
ach contents, Bjorndal (1997) has shown that feeding habit
of green turtles may be different in each habitat.

On the contrary in studies on total As accumulation,
there were few available data on As speciation in green tur-
tles. Fujihara et al. (2003) and Kubota et al. (2003b) have
reported accumulation features of As compounds in liver
of green turtles from Yaeyama and Ishigaki Islands, Japan
and the results showed that AB was the predominant spe-
cies of As. Relatively high concentrations of residual As in
liver of green turtles were observed in their studies (Fujiha-
ra et al., 2003; Kubota et al., 2003b). Hepatic concentration
and composition of As compounds in this study were sim-
ilar to those in previous studies (Fujihara et al., 2003;
Kubota et al., 2003b).
3.4. Size-dependent accumulation of As

Since there is no method to determine age of green tur-
tles, biological information such as SCL, CW, and BW
were used as indicators of growth stages. Positive correla-
tions were observed among SCL, CW, and BW,
(p < 0.001, respectively) and thus we used SCL as a repre-
sentative indicator of age. A significant negative correla-
tion was found between total As concentrations in liver
and SCL of green turtles (p < 0.01, R2 = 0.321, [Total
As] = 6.8 � 108 � [SCL]�5.0) (Fig. 3). Furthermore, rela-
tionship between muscular total As levels and SCL was
negative but not statistically significant (p > 0.05). For kid-
ney, no clear correlation was found, possibly due to the
small sample size (n = 10). Negative correlation between
total As concentrations and SCL was also found in green
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786 T. Agusa et al. / Marine Pollution Bulletin 57 (2008) 782–789
turtles from Yaeyama, Japan (Saeki et al., 2000). The vari-
ations of trace element accumulation with growth are influ-
enced by various factors such as metabolic and feeding
rates, reproductive stage, and growth dilution of the ele-
ments (Langston and Spence, 1995). For green turtles,
the growth-dependent variation in As concentrations might
be partially influenced by changes in feeding habit with
growth stage. Juveniles of green turtles are carnivorous,
while adults are herbivorous (Bjorndal, 1997). Predomi-
nant compounds of As were AB in zooplankton and arse-
nosugars in algae, while total As concentrations in both the
organisms were similar (Francesconi and Edmonds, 1993).
Although AB is easily absorbed through the digestive tract
(Vahter et al., 1983; Yamauchi et al., 1986), absorption effi-
ciencies of arsenosugars are low (Shiomi et al., 1990). Sakai
et al. (2000b) also reported that concentrations of Cd in
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green turtles decreased with SCL and explained this as a
result of different feeding habits between juveniles and
adults; zooplankton, which is a primary diet for juveniles,
contains much higher Cd concentrations than sea plants,
the diet of adult green turtles. Therefore, growth-depen-
dent decrease of total As concentrations in green turtles
may be influenced by the change in prey items with growth.

3.5. Bioaccumulation of As compounds

Accumulation of As in marine animals is generally
related to consumption of their diets (Maher and Butler,
1988). In this study, AB was the predominant compound
in green turtles as referred to above (Figs. 1 and 2). It is
interesting where AB in green turtles comes from, because
green turtles feed on sea algae, which contains mainly
arsenoribosides as total As (Francesconi and Edmonds,
1993, 1997). Recently, Nischwitz and Pergantis (2005)
detected trace levels of AB in sea algae using a HPLC elec-
trospray tandem mass spectrometry for the first time. In
addition, green turtles may consume some small marine
animals which contain AB together with marine algae
and sea grasses (Bjorndal, 1997). Indeed, AB was detected
in stomach contents of green turtles in this study (Fig. 4).
Therefore, it is considered that green turtles ingest AB
through ingestion of their diet. However, concentrations
of AB detected in stomach contents were low (mean,
0.22 lg/g dry wt), whereas those in muscle (mean,
45.6 lg/g dry wt), kidney (mean, 11.3 lg/g dry wt), and
liver (mean, 2.42 lg/g dry wt) of green turtles were high
compared to marine mammals (Ebisuda et al., 2002;
Kubota et al., 2003a,b, 2005). To understand trophic
transfer efficiency of AB in green turtles, bioaccumulation
factors of AB were calculated as ratios of AB concentra-
tions in tissues (muscle, kidney, and liver) to those in
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stomach contents (Fig. 5). Since data on AB concentrations
in muscle, kidney, liver, and stomach contents are available
for black-footed albatrosses (Fujihara et al., 2004) and
ringed seals (Ebisuda et al., 2002), these bioaccumulation
factors are also shown in Fig. 5 for comparison among
higher-order marine animals. Interestingly, bioaccumula-
tion factors of AB in tissues (210 in muscle, 52 in kidney,
and 11 in liver) of green turtles were above one and were
much higher than those of black-footed albatrosses (2.2
in muscle, 1.7 in kidney, and 1.4 in liver) and ringed seals
(0.2 in muscle, 0.5 in kidney, and 0.6 in liver). It is well
known that ingested AB is rapidly excreted through urine
in rodents and humans (Shiomi, 1994; Vahter, 1994). These
indicate that green turtles may have a specific mechanism
for accumulation of AB; they may effectively absorb AB
in diet and then accumulate AB in the body. Apart from
direct intake of AB, accumulation of AB in green turtles
may also result from transformation of arsenoribosides
by green turtles themselves or by microorganisms in the
intestine. Several pathways of biotransformation of arseno-
ribosides to AB have been suggested in several studies
(Edmonds and Francesconi, 2003; Foster et al., 2006;
Francesconi et al., 1998; Kirby et al., 2005; Shiomi et al.,
1990). On the other hand, AB may be accumulated in
higher-order marine animals including green turtles as an
osmolyte along with glycine betaine, which is a predomi-
nant osmolyte in marine animals because the chemical
structure and properties of AB are similar to those of gly-
cine betaine (Fujihara et al., 2003).

Bioaccumulation factors of AB in muscle, kidney, and
liver of black-footed albatrosses were above one (Fig. 5),
suggesting the bioaccumulation of AB. On the other hand,
lower bioaccumulation factors were observed in ringed
seals (Fig. 5), thus ringed seals might not bioaccumulate
AB through the ingestion of prey items and might rather
excrete AB.

Other As compounds were also detected in stomach con-
tents of green turtles (Fig. 4). Arsenite was detected in
stomach contents at high concentration (mean, 1.71 lg/g
dry wt) (Fig. 4), while concentrations of As[III] in muscle
(mean, 0.04 lg/g dry wt), kidney (mean, 0.15 lg/g dry
wt), and liver (mean, 0.14 lg/g dry wt) were much low
(Figs. 1 and 4). Therefore, green turtles might be exposed
to As[III] from the diet but available to metabolize As[III]
and excrete rapidly from the body. Concentrations of
DMA detected in stomach contents (mean, 0.02 lg/g dry
wt) were lower than those in muscle (mean, 0.09 lg/g dry
wt), kidney (mean, 0.45 lg/g dry wt), and liver (mean,
0.21 lg/g dry wt) (Figs. 1 and 4), and the bioaccumulation
factors (2.2 in muscle, 1.7 in kidney and 1.4 in liver) were
more than one, suggesting that green turtles might bioaccu-
mulate DMA.

In this study, two unknown peaks were detected in the
stomach contents but not in the muscle, kidney, and liver
(Fig. 4). Although these unknown arsenicals in stomach
contents of green turtles might be arsenoribosides, further
analysis is needed to confirm. Biotransformation of arseno-
ribosides to AB has been suggested in previous studies (Shi-
omi et al., 1990; Francesconi et al., 1998; Edmonds and
Francesconi, 2003; Kirby et al., 2005; Foster et al., 2006).
If these unknown arsenicals are identified as arsenoribo-
sides, it may indicate that green turtles or their intestinal
bacteria have capacity to convert arsenoribosides to AB.
In future, measurement of arsenoribosides and verification
of transformation of arsenoribosides are required to under-
stand accumulation mechanism of As, especially AB in
green turtles.
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