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Most benthic crustaceans with restricted mobility live

on benthic chippings. However, they frequently come in

contact with bed mud which is often the final destination

of various pollutants and, therefore, contains the highest

concentrations when compared with any other medium

in an aqueous environment (Chapman, 1989; Chapman

et al., 1998). It follows that, since heavy metal accumu-

lation in benthic crustaceans generally reflects the status
of the pollution of an environment (Dixit and Witcomb,

1983; Rainbow, 1990, 1996), concentrations observed

can be an indicator of heavy metal pollution (e.g. Uthe

et al., 1986, 1987; Chou and Uthe, 1993; Park and Pres-

ley, 1997; Sanders et al., 1998; Chou et al., 2000; Mac-

Farlane et al., 2000).

In the family of Portunidae, the rock crab Thalamita

crenata is the largest among the 17 species of the genera
Thalamita found in Taiwan. It is one of the most widely-

eaten crabs in the bayou areas of the country (Huang

and Yu, 1997). Their main habitat, at a depth of 1–

5 m, is tideland with reef and bedload. Typically, these

benthic crustaceans can be traced to tideways that can

be reached by seawater. Owing to their predominance

in Dapeng Bay, and their wide distribution in the bayou

areas of Taiwan, T. crenata has long been believed to be
a good bioindicator of such environments. However, for

biomonitoring purposes, two biological factors, namely

body size and gender, need to be evaluated before any

decision as to their indicator potential can be confirmed

(Rainbow, 1996). In addition, establishing baseline data

is essential before selecting an ideal bioindicator. With

this in mind, we determined the metal concentrations

in T. crenata prior to Dapeng Bay being designated as

a national park, and in so doing, we investigated and
determined the best method for future biomonitoring.

Dapeng Bay, located at Donggang (Tungkung), Ping-

tong county, in southwestern Taiwan, has a water depth

of 3–5 m and covers an area of 532 ha. It is a traditional

agricultural and aquacultural area, with rice paddies and

various ponds for the culture of grass shrimp, grouper

and eel, among others. With a population density of ap-

prox. 1500/km2 (2.5 times greater than the national aver-
age), the Bay receives a substantial amount of local

domestic as well as aquaculture wastewater. In addition,

by 2001, oyster farming prevailed over the entire surface

waters of the Bay. With only a single opening in the

north, the water exchange is poor in the inner southern

part of the Bay. By and large, salinity, pH, DO and

BOD are being maintained at acceptable levels, namely

29–32, 7.6–8.6, 4–11 mg O2/L and 1.6–2 mg/L, respec-
tively. The Zn, Cu, Cd, Pb, As and Se concentrations

of the water have been determined as 4–20.1, 2–6,

<0.1–0.7, <1–8, 1–4 and 1–2 lg/L, respectively. In

addition, the Mn, Zn, Cr, Cu, Pb, Ni, Co, As, Se, Cd,

Ag and Hg concentrations of the sediments are
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873 ± 565, 124 ± 29, 58 ± 15, 47 ± 19, 42 ± 12, 41 ± 4.2,

15.7 ± 2.2, 10 ± 2.2, 1.07 ± 0.66, 0.24 ± 0.29, 0.19 ± 0.06

and 0.113 ± 0.03 mg/kg dry wt., respectively, values
which are considered low. In comparison with various

contaminated lagoons and estuarine areas of coastal

southwestern Taiwan, Dapeng Bay is an area that is

under considerably less industrial development.

Rock crabs, Thalamita crenata, were captured with a

net set near the mouth of the bay, where the water qual-

ity is the best (Fig. 1). In total, five batches of samples

were collected in September and November of 1999,
and in March, May and June of 2000. Once the crabs

were brought back from the field, they were frozen at

�20 �C until further treatment.

Each batch of rock crabs was sorted by gender, and

the length and width of carapaces were measured. They

were then further divided into three groups, large-

sized (male > 70 mm, female > 60 mm), medium-sized

(male = 60–70 mm, female = 60–50 mm) and small-sized
(male < 60 mm, female < 50 mm), based on the width of

the carapace. The crabs were dissected under partially

thawed conditions. The tissues of the hepatopancreas,

claw and body flesh were pooled separately on the basis

of gender and size group (Chen, 2002; Chen and Chen,

2001). The homogenized tissue samples were put into

50 mL white plastic cans that had been acid-washed.

The samples were then stored at below �20 �C awaiting
further analysis. Samples were pooled to provide the re-

quired 1 g (flesh wt.) of hepatopancreas and 4 g (flesh

wt.) of claw and body flesh for the analyses performed

in duplicate.

In this research, a total of 276 rock crabs, 140 females

and 136 males, were captured. After pre-treatment, 46-

and 51-pooled samples consisting of 16-hepatopancreas,

15-claw flesh and 15-body flesh samples, and 17-hepato-

pancreas, 17-claw flesh and 17-body flesh samples were

obtained from the female and male crabs, respectively.

Samples were digested following the method estab-

lished in this laboratory (Chen and Chen, 2001; Blake,

1980; UNEP, 1996). The samples were weighed into

50 mL conical flasks. Nitric acid (10 mL; Merck,
HNO3 65%, GR for analysis) was added for digestion.

A heater (Newlab, HP-141) was used to digest the sam-

ples, and the mixture was heated to 120 �C for at least

2 h, and the excess acid evaporated. Finally, the diges-

tive fluid was filtered into a 25 mL volumetric flask

and was made up to volume using double distilled water

(Chen, 2002; Chen and Chen, 2001). A portion of each

sample was dried to estimate the dry weight. The per-
centage of the three tissues was determined as hepato-

pancreas = 25.5%, claw flesh = 20.8% and body

flesh = 21.1%. Conversion factors of 4 and 5 were used

for the hepatopancreas and the flesh, respectively, to

transform the flesh weight basis data to dry weight.

Copper, Fe, Mn and Zn were measured using a Hit-

achi, Z-5000 AAS. Cadmium, Co and Se were measured

by ICP-MS (Perkin-Elmer, Elan-5000) at the High
Value Instruments Center of National Sun Yat-sen

University.

Two blank samples, which only contained acid, were

added to each batch to check for any possible contami-

nation during the sample digestion. Synchronously,

duplicates of the international standard samples, includ-

ing DORM-2 and TORT-2, were analysed to verify

accuracy and precision. Recovery rates were within
100 ± 15%, except for Cd in DORM-2 (Table 1).

For the statistical analyses, two-way ANOVA and

Duncan�s multiple range tests were conducted to assess

the differences in metal concentrations with regard to

gender and the type of tissue (SAS, 1988). In addition,

Multi-Dimensional Scaling (MDS) and Principal Com-

ponents Analysis (PCA) were used to analyse the differ-

ence in the metal concentration based on gender and the
type of tissue (Clarke and Gorley, 2001).

Bioaccumulation patterns of the seven elements in the

three tissues varied, depending on the type of tissue and

the gender. In both the female and male crabs, the order

of metal concentrations in the hepatopancreas was the

same: Fe > Zn > Cu > Mn = Se > Cd > Co; however,

this order changed in the claw and body flesh where

much higher concentrations of Mn were found in the fe-
males (Zn > Cu > Mn = Fe > Se > Cd > Co) than in the

males (Zn > Cu > Fe = Mn > Se > Cd > Co) (Table 2).

Metal concentrations may be altered when crabs

encounter an excessive input of pollutants (Chou

et al., 1987, 2000). However, a natural physiological

demand may alter the order of the metal richness by

gender, such as Cd and Zn in female brown shrimp,

Penaeus californiensis (Paez-Osuna and Tron-Mayen,
1995). It is very common for metal concentrations in

the hepatopancreas to be higher than those in other

Fig. 1. Map showing the sampling site.
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tissues, because of that organ�s detoxification function.

It is therefore accepted as a general rule, that for crusta-

ceans, heavy metal concentrations in the hepatopancreas

are higher than those in the body flesh (Mortimer, 2000;
Paez-Osuna and Tron-Mayen, 1995). In the present

study, the results generally follow the same pattern for

most of the elements (two-way ANOVA, p < 0.05).

However, the concentrations of Zn in the claw flesh

were similar to those in the hepatopancreas (two-way

ANOVA, p > 0.05) (Table 2).

Except for Zn, which showed significantly higher me-

tal concentrations in the claw flesh compared to body
flesh (two-way ANOVA, p < 0.05), the elements showed

no statistically significant differences between claw and

body flesh, although a slightly elevated metal concentra-

tion in the claw versus the body flesh was found for of

Table 2

Metal concentrations (mg/kg flesh wt.) in the three types of tissue of female and male rock crabs, Thalamita crenata, in Dapeng Bay, southwestern

Taiwan

Tissue/gender n Cd Co Cu Fe Mn Se Zn

Hepatopancreas Mean 0.839a+ 0.712a* 32.4a 80.6a 21.0a* 1.865a* 57.2a**

Female 16 SD 0.336 0.184 11.9 24.7 22.4 0.417 14.5

Min 0.359 0.450 17.9 40.3 4.8 1.095 37.8

Max 1.544 1.096 57.9 125.9 96.9 2.741 89.6

Mean 0.580a 0.536a 31.2a 65.2a 7.99a 1.485a 38.1a

Male 17 SD 0.352 0.172 18.4 22.6 4.65 0.394 12.8

Min 0.341 0.312 13.3 29.6 3.00 0.789 19.2

Max 1.843 0.964 97.8 121.0 19.68 2.552 66.6

Claw flesh Mean 0.045b 0.016b 11.66b 5.24b+ 6.13b* 0.679b 47.4a+

Female 15 SD 0.016 0.007 2.00 1.77 2.51 0.114 4.9

Min 0.020 0.005 5.60 2.04 1.81 0.459 41.4

Max 0.090 0.036 14.70 9.83 11.50 0.892 57.1

Mean 0.042b 0.013b 10.84b 3.75b 2.93b 0.622b 43.6a

Male 17 SD 0.019 0.007 1.59 1.29 2.57 0.132 4.0

Min 0.019 0.005 8.11 2.12 0.81 0.366 38.8

Max 0.095 0.029 13.22 6.81 11.00 0.849 54.8

Body flesh Mean 0.037b 0.028b* 9.29b 4.31b 5.28b*** 0.542b 29.2b

Female 15 SD 0.011 0.009 1.79 0.88 1.80 0.091 5.9

Min 0.019 0.010 6.60 2.44 2.20 0.410 12.4

Max 0.057 0.051 13.03 5.55 8.86 0.713 36.6

Mean 0.041b 0.019b 7.96b 3.86b 2.20b 0.518b 32.0b

Male 17 SD 0.014 0.010 2.50 0.90 1.05 0.102 5.5

Min 0.018 0.003 4.94 2.21 0.90 0.355 25.2

Max 0.073 0.043 12.43 5.68 4.69 0.740 48.9

The a and b mark the results of Duncan�s multiple range tests for the differences of the tissues in different elements. The marks, +, *, ** and *** beside

the mean values indicate significance levels, p < 0.05, p < 0.01, p < 0.001 and p < 0.0001, respectively, between gender.

Table 1

Verification of standard reference materials (SRM, mg/kg dry wt.) of dogfish muscle (DORM-2) and digestive gland of lobster (TORT-2)

SRM n Cd Co Cu Fe Mn Se Zn

DORM-2

Certified value Mean 0.043 0.182 2.34 142 3.66 1.40 25.6

SD 0.008 0.031 0.16 10 0.34 0.09 2.3

Measured value Mean 6 0.053 0.189 2.29 138 3.78 1.40 23.5

SD 0.008 0.011 0.35 4 0.17 0.52 1.2

R% 122 104 98 98 103 100 92

TORT-2

Certified value Mean 26.70 0.510 106 105 13.6 5.63 180

SD 0.60 0.090 10 13 1.2 0.67 6

Measured value Mean 6 28.78 0.579 102 105 13.9 6.27 177

SD 1.58 0.047 2 5 0.4 0.65 5

R% 108 114 96 100 102 111 99
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Cd, Cu and Se (Table 2). Heavy metals have also been

found to be in higher concentrations in claw flesh than

in body flesh for some other crustaceans, such as the

American lobster (Chou, personal communication)

and two species of Taiwanese swimming crabs, Portunus
sanguinolentus and P. pelagicus (Chen, unpublished

data). This may be attributed to the fact that the claw

is a major predatory organ that normally contains more

metallic enzymes.

MDS analysis further confirmed the differences in the

metal compositions among the three different types of

tissue. With only small differences between the metal

concentrations in claws and bodies, flesh in total is sig-
nificantly different from the hepatopancreas when all

seven elements have been integrated (Fig. 2).

Gender difference is not commonly found in crabs

(White and Rainbow, 1987; Swaileh and Adelung,

1995), but in other cases, females contain higher metal

concentrations of particular elements than in males,

such as Cd, Cu, Ni and Zn in brown shrimp, Penaeus

californiensis (Paez-Osuna and Tron-Mayen, 1995), Zn
in Pleoticus muelleri (Jeckel et al., 1996), Fe in fresh-

water river crab, Potamonautes warreni (Sanders et al.,

1998) and Ag in American lobster, Homarus americanus

(Chou et al., 2000). Interestingly, in this study, it was

found that in most cases the metal concentrations in

the hepatopancreas of females were significantly higher

than in males, except for Cu and Fe (Student pair t-test,

p < 0.05) (Table 2). However, such gender differences
were only found for Fe, Mn and Zn concentrations in

the claw flesh, and Co and Mn concentrations in the

body flesh (Student pair t-test, p < 0.05) (Table 2). It is

also notable that Mn concentrations in the three tissues

of females were 2.1–2.6 times higher than those of males.

This is the first time that high Mn concentrations

have been found in females of T. crenata. Mn is an

essential element that serves as an activator of enzyme
systems, and is responsible for the hardness of the shell

of crustaceans (Bryan and Ward, 1965). Since food is the

major uptake route of Mn (Bryan and Ward, 1965), the

higher level of Mn found in female crabs is perhaps due

to a higher intake of an Mn-enriched diet, because of the

females� greater physiological demand during reproduc-

tion (Miramand et al., 1991). Another possibility is that
female rock crabs who carry external fertilized eggs for

at least one month during their reproductive period, de-

mand much more energy during this stage, thus needing

to store more micro-nutrients to meet requirements

(Rainbow, 1996).

In contrast to Mn, Cu was the only element whose

concentrations in any tissue showed no differences be-

tween females and males. In fact that Cu is an essential
element for the blood pigments in crustaceans, and that

its demand does not differ between the sexes, may be one

possible explanation. Most small crustaceans have either

low amounts or no haemocyanin at all, which results in

an increased concentration of Cu in the body as size

increases (White and Rainbow, 1987; Swaileh and

Adelung, 1995). In the present study, the experimental

crabs did not include the juvenile stage of the crab;
therefore, no such trend could be revealed. Nevertheless,

some species of decapods exhibit a different physiologi-

cal demand of Cu that leads male shrimps, Pleoticus

muelleri, to contain higher Cu concentrations in their

digestive glands than females (Jeckel et al., 1996).

As for iron, another essential element for the physio-

logical needs of a crustacean, a slight trend towards a

higher Fe concentration among females than males
was observed. If the body burden of Fe were the same

among males and females, then the larger size of males

would mean a greater growth dilution effect (Paez-

Osuna and Tron-Mayen, 1995), and this would lead to

slightly lower Fe concentrations in males.

Apart from growth dilution, a higher energy demand,

different dietary preferences, physiological demands and

the development of the ovary also causes female crabs
to have higher concentrations of a particular element

(Chou et al., 1998; Jeckel et al., 1996). The higher levels

of Cd, Co, Se and Zn found in the hepatopancreas, Zn

in the claw flesh and Co in the body flesh of female rock

crabs in Dapeng Bay may be related to all of the factors

mentioned above, and this requires further study for

clarification.

When the metal concentrations in all three types of
tissue were analysed using PCA, male and female crabs

were grouped differently (Fig. 3). PC1 and PC2 only ex-

plained 25.6% and 16.8% of the variations in the eigen-

values of 5.37 and 3.52, respectively. The cumulative

variations in PC5 were 69.0%. In each principle compo-

nent, the major contributors varied, depending upon

both the type of tissue and the element. For PC1, the

four most important contributors, in descending order
were B–Co, B–Mn, H–Se and C–Mn, while for PC2,

they were C–Cd, B–Se, C–Se and B–Cd (Table 3). It

Fig. 2. MDS comparison of metal concentrations in the body flesh (B),

claw flesh (C) and the hepatopancreas (H) of the rock crab, Thalamita

crenata, in Dapeng Bay, southwestern Taiwan.
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Table 3

The result of PCA analysis of metal concentrations (mg/kg flesh wt.) in

the three types of tissues (B = body flesh, H = hepatopancrease and

C = claw flesh) of the female and male rock crabs, Thalamita crenata,

in Dapeng Bay, southwestern Taiwan

Tissue-element PC1 PC2 PC3 PC4 PC5

B–Cd 0.011 �0.312 �0.229 �0.320 0.283

B–Co �0.333 �0.021 0.161 �0.097 0.023

B–Cu �0.150 0.151 0.233 �0.275 �0.116

B–Fe �0.207 0.260 �0.046 �0.064 0.117

B–Mn �0.324 �0.061 0.153 0.232 0.166

B–Se �0.068 0.396 �0.143 �0.180 0.131

B–Zn 0.245 0.054 �0.180 0.071 0.080

H–Cd �0.172 �0.287 �0.444 �0.039 �0.021

H–Co �0.255 �0.282 0.080 0.096 �0.383

H–Cu �0.093 �0.292 �0.171 �0.247 �0.317

H–Fe �0.154 0.216 �0.243 0.063 �0.366

H–Mn 0.012 �0.146 �0.094 0.484 0.245

H–Se �0.311 �0.029 �0.242 0.086 �0.105

H–Zn �0.221 0.135 �0.274 0.308 �0.243

C–Cd �0.122 �0.397 �0.030 �0.274 0.167

C–Co �0.253 �0.130 0.179 0.019 0.217

C–Cu �0.247 0.138 0.154 �0.334 �0.178

C–Fe �0.262 �0.001 0.276 �0.007 0.253

C–Mn �0.305 �0.036 0.149 0.310 0.065

C–Se �0.196 0.329 �0.201 �0.135 0.167

C–Zn �0.202 0.099 �0.400 �0.055 0.355

Fig. 3. PCA graph showing the difference in metal concentrations of

the female and male rock crabs, Thalamita crenata, in Dapeng Bay,

southwestern Taiwan.

Body flesh

0

2

4

6

8

10

40 50 60 70 80
Claw flesh

0
2
4
6
8

10
12
14

40 50 60 70 80

 C
on

ce
nt

ra
tio

n 
( m

g/
kg

 w
et

 w
t.)

 

Hepatopancreas

0
4
8

12
16
20
24

40 50 60 70 80

Carapace width (mm)

y = 12.81 - 0.16x
r = 0.6633

y = 16.78 - 0.22x
r  = 0.6325

y = 37.39 - 0.48x
r  = 0.7874

Body flesh

0.00
0.01
0.02
0.03
0.04
0.05
0.06

40 50 60 70 80

y = 0.066 - 0.0008x
r  = 0.6481

Claw flesh

0.00

0.01

0.02

0.03

0.04

40 50 60 70 80
Hepatopancreas

0.0
0.2
0.4
0.6
0.8
1.0
1.2

40 50 60 70 80

y = 0.039 - 0.0004x
r  = 0.5196

y = 1.39 - 0.014x
r  = 0.6245

Mn - female
Mn - male
Co - female
Co - male

Fig. 4. Relationships between carapace width and Mn and Co concentrations in the body flesh, claw flesh and hepatopancreas of the female and

male rock crabs, Thalamita crenata, in Dapeng Bay, southwestern Taiwan.
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seems that, Mn, Se, Co and Cd strongly control the pat-

tern of metal bioaccumulation in female and male rock

crabs.
A decreasing trend, corresponding to an increase in

the width, was found for Mn and Co in the three types

of tissue, as well as for Se in the hepatopancreas (Figs. 4

and 5). The remaining metals and tissues showed no

significant correlations between body size and metal

concentrations. The decreasing trends found in larger

crabs may be explained by the surface absorption effect

(White and Rainbow, 1985, 1987; Sanders et al., 1998)
and the growth of the shell (Bryan and Ward, 1965;

Rainbow, 1990). The surface absorption effect causes

smaller-sized specimens to have a larger surface area

to volume ratio (White and Rainbow, 1985, 1987;

Sanders et al., 1998). Nevertheless, since no crab shells

were included in this study, surface absorption effect

could not be a reasonable explanation. Growth dilution

within the tissues of the male crabs, which had a lower
Mn concentration than females, may be a major factor

to explain such a decreasing trend as well as the growth

of the shell. Since the shell makes up more than 98% of

the total body�s Mn in a crustacean (Bryan and Ward,

1965; Rainbow, 1990), a larger crab contains a larger

ratio of shell to body (Chen, unpublished data), suggest-

ing that as the crab grows, a larger portion of the total

Mn is distributed in the shell and thereby dilutes the Mn
concentrations in the tissues.

The fact that no size effects were found in Cu, Fe and

Zn concentrations is indicative that mature crabs are

able to adjust such physiologically essential elements

and maintain them within a constant range (Rainbow,

1990, 1996). Cu and Fe maintenance in this range is sim-

ilarly unaffected by gender. However, this is not the case

for Zn concentrations, which are indeed affected by
reproductive cycles (Jeckel et al., 1996). As for a non-

essential element, no correlation was found between

body size and Cd concentration. This may well be due

to a lack significant inputs to Dapeng Bay.

Our results are considered to be baseline metal con-

centrations in rock crabs in a traditional agricultural

environment. The concentrations of the essential ele-

ments, Cu, Zn and Fe in the three types of tissue were

in the same order as those which were estimated to rep-

resent the total metabolic requirements of crustaceans,
i.e., Cu = 83.7, Zn = 70.8 and Fe = 27.4 lg/g dry wt.

(White and Rainbow, 1985, 1987). In the case of Mn,

however, our measurements were at least one order of

magnitude higher than the estimated total metabolic

requirements of crustaceans (Mn = 3.9 lg/g dry wt,

White and Rainbow, 1985, 1987). The concentrations

of Cd in the tissues of the rock crab were located in

the lower end of the metal concentrations of various
crabs and shrimps worldwide (Ozretic et al., 1990; Sun

et al., 1986; Phillips et al., 1982).
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In a multiple agent system, agents act autonomously

on behalf of their own interests. These agents have a

high degree of self determination—they decide for them-

selves under what conditions their actions should be
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