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a  b  s  t  r  a  c  t

Total  mercury  (THg)  and  methylmercury  (MeHg)  concentrations  were  determined  in  four  species  of
marine  caged  carnivorous  fish,  one  species  of herbivorous  fish  and three  types  of  fish  feeds  (dried  pellet
feed,  forage  fish  and  fish  viscera),  collected  from  five  cage  sites  in  the  rural  areas  along  Fujian  coast-
line,  China.  For  the  carnivorous  fish,  the  concentrations  of  THg  and  MeHg  ranged  from  0.03  to  0.31  �g/g
and  from  0.02  to 0.30  �g/g on  wet  weight  basis,  respectively.  The  concentrations  were  lower  for  the
herbivorous  fish  with  both  within  the range  of  0.01–0.03  �g/g.  Out  of  the  three  tested  fish feeds,  tuna
viscera  contained  the  highest  level  of  mercury  (0.20  �g/g  THg  and  0.13 �g/g MeHg),  with  pellet  feed
containing  the lowest  level  (0.05  �g/g  THg  and  0.01  �g/g MeHg).  The  calculated  trophic  transfer  fac-
tor  of  MeHg  was  the  highest  (12–64)  for  fish  fed  on  pellet  feeds,  and  was  the  lowest  for  fish fed  on
iomagnification
table isotope
isk assessment

tuna  viscera.  A  significant  relationship  was  found  between  Hg  concentrations  in  caged  fish  and  in fish
feeds,  thus  Hg  was  primarily  accumulated  from  the  diet.  Furthermore,  the  stable  isotope  �15N  was  pos-
itively  correlated  with  the  Hg  concentration  in  two  caged  sites,  indicating  that  �15N may  be  a suitable
tool  for  tracking  mercury  in  caged  fish.  We  conclude  that  fish  farming  may  be a  good  way  of  reduc-
ing  the  human  exposure  to  Hg  because  mercury  levels  can  be  carefully  controlled  in such farming
systems.
. Introduction

Over the past decades, marine fish farming along the coast-
ine of China has been experiencing a dramatic growth due to
oth domestic and foreign demands. The southern Fujian province
as witnessed an unprecedented growth in its marine caged fish

ndustry, with the farmed fish generally including species such as
he red seabream (Pagrus major),  the black seabream (Acanthopa-
rus schlegelii), the Japanese seabass (Lateolabrax japonicus), the
ed drum (Sciaenops ocellatus), the yellow croaker (Larimichthys
roceus) and the grouper (Epinephelus spp.). Farming of these fish
pecies requires low investment and easy routine farming man-
gement. As a result of fish farming, the fish feed industry has also
rown dramatically in the region. Almost all the caged marine fish
n this area are carnivorous fish that can grow rapidly with high
ommercial values.

In practice, the farmers generally feed the farmed fish with two

ifferent types of feed. One type is the forage fish or trash fish
any small fish that has little value as a food fish) such as the
nchovy or clupeids. Moreover, tuna viscera and squid viscera as the
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byproducts from seafood processing are also used as feed for caged
fish [1,2], which can increase the palatability of feeding for these
carnivorous fish [3,4]. Another type is the dried artificial feed pel-
let produced by animal feed factories. The diet composition (fresh
fish and artificial feed) of caged fish varies due to the instability
of the raw material supply. Recently, Hardy and Lee [5] concluded
that the challenges for the aquaculture industry in the 21st century
include not only the large quantity needed to meet the increas-
ing demand but also maintaining the seafood quality to prevent
mercury contamination.

Due to the biomagnification of mercury (mainly MeHg) in
marine fish, there is now a considerable concern regarding the
safety of fish consumption. Mercury can build up in certain edi-
ble freshwater and marine fish as a result of trophic transfer, and
food has been implied as the dominant pathway for mercury uptake
in fish [6,7]. In fish, the dominant form of accumulated mercury
is MeHg, and the highest concentration of mercury is commonly
found in fish occupying the top trophic levels, as well as in larger
and older fish [8]. Bioaccumulation of mercury in fish through
dietary exposure and trophic transfer are the dominant processes
defining the exposure to the fish itself and to human health from
fish consumption. Previous studies have reported mercury con-

tamination in Fujian coastal areas [8–10].  There have been some
reports of total mercury (THg, ranging from 0.003 to 1.34 �g/g)
in economic marine fish from estuary and coastal waters in
China [10–12].

dx.doi.org/10.1016/j.jhazmat.2011.11.021
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wwang@ust.hk
dx.doi.org/10.1016/j.jhazmat.2011.11.021
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The consumption of marine fish is recommended because they
re good nutritional sources of omega-3 fatty acids associated
ith health benefits. MeHg is a form of mercury that is easily

bsorbed through the gastrointestinal tract with an efficiency of
0–95% [13]. Thus, although the consumption of marine fish is
eneficial, it can also present a risk to humans [14–17].  Many coun-
ries are concerned with the health risk of mercury in edible fish.
uman health issues from MeHg contamination in fish have been
ddressed by the World Health Organization (WHO), the UN Food
nd Agriculture Organization (FAO), the US Environmental Protec-
ion Agency (EPA), the US Food and Drug Administration (FDA), and
ther organizations in several countries [18–20].  These agencies
ave issued threshold guidance for fish consumers to limit their
eHg exposure from fish consumption. However, there has not

een any report of mercury concentration in marine caged fish from
ujian, which now probably hosts one of the largest fish farms in
hina [21].

In this study, we specifically quantified the THg and MeHg in
arine caged fish collected from five marine fish cage sites in

ujian province. Mercury concentrations in five species from dif-
erent rural cage sites (from the south to the north of Fujian’s
oastal waters) were compared. Moreover, the stable isotopes of
arbon (�13C) and nitrogen (�15N) were used as a tool to track the
rophic position of the caged fish. Human risk assessments of mer-
ury for average Chinese people consuming cage-reared fish were
erformed. We  focused our study on the caged fish farm mainly
ecause of its very unique system in fish feed practice, thus the
iomagnification of Hg may  be very different from what is nat-

rally observed in wild fish populations. We  also examined the
ifference in Hg bioaccumulation in caged fish fed on different fish
eeds.

Fig. 1. Sampling sites of caged fish alon
Materials 203– 204 (2012) 13– 21

2. Materials and methods

2.1. Fish samples

In June 2009, five marine fish species, including the red
seabream (P. major),  the red drum (S. ocellatus), the black seabream
(A. schlegelii), the Japanese seabass (L. japonicus), and the rabbit-
fish (Siganus fuscessens),  were collected from five fish cages along
the Fujian coastline. Fish feeds including the dried pellet feed and
fresh feeds (forage fish and fish viscera) were also sampled to mon-
itor the mercury sources in the caged fish culture. The farming
in Fujian marine caged fish generally used these fish diets. The
forage fish included a variety of small fish such as anchovy and
clupeids, while the commercial dried pellets were prepared from
fish meal, bean meal, corn or wheat gluten, squid viscera meal,
fish oil, and scarp of seed Agro byproducts. The sampling stations
from south to north were Dongshan (23◦44.539′N, 117◦31.081′E),
Xiamen Bay (24◦21.353′N, 118◦04.342′E), Xinghua (25◦18.335′N,
119◦14.303′E), Fuqing (25◦41.169′N, 119◦35.167′E), and Luoyuan
(26◦21.615′N, 119◦43.163′E) (Fig. 1). Ten market-sized fish for each
species were sampled from each cage station (approximately 500 g
for red seabream, 800 g for red drum, 1000–1200 g for seabass,
400 g for black seabream and 100 g for rabbit fish, Table 1). L. japon-
icus and A. schlegelii were not available at the Dongshan cage site. S.
fuscessens was available only at the Dongshan and Xiamen Bay cage
sites. Only the Xiamen Bay site was  sampled for all five fish species.
No gender difference was  considered in this study. Fish of simi-
lar size were collected to minimize any potential influence of fish

size on mercury concentration. Dorsal fish muscle tissues (white
muscle) were dissected with clean stainless steel knife and washed
with deionized water and then placed in clean ziplock plastic bags

g the coastline of Fujian province.
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Table 1
The weight, length, THg, MeHg, percentage of total Hg as MeHg, and �13C and �15N values in caged fish from Fujian waters. For the statistical analysis of mercury and stable isotope, different letters indicate significant differences
between  sampling sites (p < 0.01). Data are mean ± SD.

Fish species Weight (kg) Length (cm) THg (�g/g ww)  THg (range) MeHg (�g/g ww)  MeHg  (range) %MeHg % Moisture ı13C (‰) ı15N (‰)

Red seabream
Dongshan (n = 10) 0.68 ± 0.07 31.9 ± 2.5 0.25 ± 0.03b 0.21–0.31 0.23 ± 0.05b 0.16–0.30 92.8 ± 22.1 71.2 ± 1.5 −16.8 ± 0.4b 13.3 ± 0.3b

Xiamen (n = 10) 0.50 ± 0.07 29.7 ± 1.5 0.06 ± 0.01a 0.05–0.07 0.05 ± 0.02a 0.03–0.09 85.5 ± 31.0 76.4 ± 1.3 −15.5 ± 0.2d 13.8 ± 0.1bc

Xinghua (n = 10) 0.35 ± 0.07 26.2 ± 1.4 0.08 ± 0.01a 0.06–0.09 0.07 ± 0.01a 0.06–0.08 87.7 ± 9.3 74.0 ± 1.0 −17.7 ± 0.1a 11.9 ± 0.3a

Fuqing (n = 10) 0.53 ± 0.10 30.9 ± 1.3 0.07 ± 0.01a 0.06–0.08 0.06 ± 0.01a 0.05–0.07 86.5 ± 5.2 75.6 ± 1.4 −15.7 ± 0.3cd 13.8 ± 0.5bc

Luoyuan (n = 10) 0.76 ± 0.06 34.5 ± 1.2 0.06 ± 0.01a 0.05–0.08 0.06 ± 0.01a 0.04–0.08 89.0 ± 12.5 76.0 ± 0.5 −16.1 ± 0.5c 14.1 ± 0.2c

Black seabream
Xiamen (n = 10) 0.36 ± 0.04 26.7 ± 1.4 0.21 ± 0.01c 0.19–0.27 0.20 ± 0.05c 0.11–0.27 95.8 ± 17.6 77.3 ± 1.1 −16.8 ± 0.6ns 14.3 ± 0.4ab

Xinghua (n = 10) 0.21 ± 0.04 21.7 ± 1.1 0.16 ± 0.01b 0.12–0.21 0.15 ± 0.02b 0.12–0.17 91.1 ± 6.9 77.4 ± 0.4 −16.0 ± 0.6ns 14.6 ± 0.3b

Fuqing (n = 10) 0.27 ± 0.05 23.2 ± 1.5 0.18 ± 0.03b 0.13–0.21 0.16 ± 0.01b 0.13–0.18 91.6 ± 9.9 74.7 ± 0.8 −15.5 ± 0.3ns 13.7 ± 0.5a

Luoyuan (n = 10) 0.58 ± 0.08 29.8 ± 1.1 0.10 ± 0.01a 0.09–0.12 0.09 ± 0.03a 0.03–0.13 85.9 ± 21.7 74.9 ± 0.5 −15.9 ± 0.3ns 13.7 ± 0.6a

Seabass
Xiamen (n = 10) 0.55 ± 0.11 38.7 ± 2.7 0.10 ± 0.02b 0.08–0.13 0.09 ± 0.03b 0.05–0.17 93.2 ± 20.8 81.4 ± 1.4 −16.9 ± 0.4a 14.7 ± 0.3
Xinghua  (n = 10) 1.46 ± 0.16 43.2 ± 3.8 0.09 ± 0.03b 0.06–0.13 0.08 ± 0.02b 0.06–0.10 90.8 ± 9.9 77.4 ± 1.6 −16.7 ± 0.2ab 14.6 ± 0.3
Fuqing  (n = 10) 2.21 ± 0.36 45.0 ± 3.7 0.09 ± 0.00ab 0.08–0.09 0.07 ± 0.01ab 0.05–0.08 80.7 ± 8.2 74.7 ± 0.8 −16.1 ± 0.7b 14.5 ± 0.4
Luoyuan  (n = 10) 1.01 ± 0.15 45.7 ± 2.3 0.07 ± 0.01a 0.06–0.08 0.05 ± 0.01a 0.04–0.07 79.7 ± 16.5 75.1 ± 0.8 −16.0 ± 4.3b 14.5 ± 0.3

Red  drum
Dongshan (n = 6) 0.76 ± 0.23 41.7 ± 4.5 0.11 ± 0.01d 0.10–0.13 0.09 ± 0.02c 0.07–0.12 82.9 ± 8.6ab 77.5 ± 0.7 −15.1 ± 0.2b 14.8 ± 0.1b

Xiamen (n = 10) 0.58 ± 0.13 37.6 ± 2.7 0.04 ± 0.004a 0.03–0.04 0.04 ± 0.01a 0.02–0.05 98.2 ± 20.7b 78.1 ± 1.0 −17.7 ± 0.3a 14.2 ± 0.2a

Xinghua (n = 10) 1.04 ± 0.24 44.6 ± 3.5 0.06 ± 0.01b 0.05–0.07 0.05 ± 0.01ab 0.04–0.06 89.5 ± 5.6ab 76.3 ± 0.7 −15.3 ± 0.4b 14.1 ± 0.2a

Fuqing (n = 10) 0.76 ± 0.09 39.6 ± 1.9 0.06 ± 0.01b 0.05–0.07 0.05 ± 0.004ab 0.04–0.06 84.5 ± 7.0ab 76.2 ± 0.9 −15.5 ± 0.5b 13.9 ± 0.2a

Luoyuan (n = 10) 0.85 ± 0.12 41.7 ± 1.7 0.09 ± 0.02c 0.07–0.13 0.06 ± 0.03b 0.02–0.12 72.4 ± 24.2a 69.7 ± 3.1 −15.2 ± 0.5b 14.7 ± 0.4b

Rabbitfish
Dongshan (n = 10) 0.08 ± 0.00 16.7 ± 0.5 0.02 ± 0.004b 0.01–0.03 0.01 ± 0.002a 0.007–0.01 58.6 ± 23.2a 69.1 ± 0.7 −20.9 ± 0.4a 9.3 ± 0.5a

Xiamen (n = 10) 0.10 ± 0.03 17.7 ± 1.5 0.02 ± 0.002a 0.01–0.02 0.02 ± 0.004b 0.01–0.03 88.0 ± 10.7b 77.7 ± 2.5 −17.7 ± 0.4b 11.7 ± 0.6b



1 rdous 

a
S
b
a
a
y
T
U

2

2

t
t
p
d
p
m
p
c
2
f
s
1
c
1
5
t
d
a
c
t
s
w
p
t
c
t
w
w
c
b

2

m
w
2
g
p
u
a
w
a
b
a
e
M
w
o
o
l
a
fi

6 S. Onsanit et al. / Journal of Haza

nd kept in ice box before being transported back to the laboratory.
tainless steel knife was washed three times with deionized water
etween samples to avoid cross contamination. The fish were kept
t −80 ◦C and all chemical analysis was completed within 3 months
fter the sampling. All the sample preparation and mercury anal-
sis were conducted in the Hong Kong University of Science and
echnology, while the stable isotopes were analyzed in Xiamen
niversity.

.2. Chemical analysis

.2.1. THg analysis
All the glasswares used for sampling and standard prepara-

ion had been soaked in 4 N HCl for several days, then rinsed four
imes with deionized distilled water and dried at 80 ◦C for 24 h
rior to use. Total Hg concentrations in the fish and fish diet were
etermined by the method of EPA 7474 [22]. Fish muscle sam-
les were freeze-dried for 48 h and the average moisture of fish
uscles was calculated (Table 1). 20 mg  of freeze-dried fish sam-

le and fish diets powder were added into the digesting bottles
ontaining 1 ml  of ultrapure HNO3 (65%) at room temperature for

 h. The samples were then digested at 80 ◦C in a heating block
or 6 h until the sample became clear. After cooling, the volume of
ample was adjusted to 5 ml  by adding deionized distilled water. A
-ml diluted sample was removed and added with 0.5 ml  of con-
entrated HCl and 0.4 ml  of bromide/bromate solution (containing
.39 g of potassium bromate and 5.95 g of potassium bromide in
00 ml)  to adjust the volume to 10 ml.  A series of standard solu-
ions (from standard stock, 0.1354 g of mercury chloride in 75 ml  of
eionized water) and sample solutions were analyzed with a THg
nalyzer (CETAC® Quick trace M-8000 Cold Vapor Atomic Fluores-
ence mercury analyzer). A standard reference material (mussel
issue, IAEA 142) was used simultaneously for tissue digestion. The
pike recoveries of THg from the standard tissues were 97–108%,
hich were within the acceptable range (90–110%) [23]. All sam-
les were run in batches (30 samples), including two blanks and
hree duplicates of standard reference sample which were used to
orrect for background Hg levels and to calculate the method detec-
ion limits (2–10 ng/g). The concentrations of THg in fish tissues
ere expressed as �g/g wet weight or �g/g dry weight, with a wet
eight/dry weight ratio of 4.0 for the fish muscle tissues. The con-

entrations of THg in dried fish feeds were expressed on dry weight
asis.

.2.2. MeHg analysis
Protocols for MeHg analysis in fish tissues and fish diets were

odified from USEPA method 1630 [24]. Dried samples (15–20 mg)
ere placed in 8-mL transparent vials, and added with 1.5 mL  of

5% (w/v) KOH methanol solution. The mixed solution was shaken
ently and then digested at 85 ◦C for 3–4 h. The solution was then
laced under room temperature for several hours and the final vol-
me  was adjusted to 3 mL  with methanol prior to analysis. After
dding 0.5 mL  of citrate buffer, the digested samples were added
ith 50 �L of sodium tetraethylborate and the volatile MeHg was

nalyzed with a methylmercury analyzer (methylmercury analysis
y distillation, aqueous ethylation, purge and trap, and cold vapor
tomic fluorescence spectrometry). Again, the mussel standard ref-
rence material (IAEA 142) was digested concurrently, and the
eHg recovery for the standard materials was found to be 94–117%,
hich was within the acceptable range (80–120%) [23]. Each batch

f MeHg sample running included two blanks, three duplicates

f standard materials, and 30 samples, with method detection
imit for MeHg analysis of 1–5 ng/g. Finally, MeHg was  expressed
s �g/g wet weight for fish tissues and dry weight for dried
sh diets.
Materials 203– 204 (2012) 13– 21

2.2.3. Stable isotope analysis
Homogenized samples (fish muscles and fish diets) were dried

at 60 ◦C for 24 h and ground into powder with a mortar and pes-
tle. In this study, lipid fraction in the samples was removed by
solvent extraction (the ratio of chloroform to methanol was  2:1),
and the residues were centrifuged using a microcentrifuge tube at
6000 rpm and dried at room temperature and later at 60 ◦C for 24 h.
Removing the lipids can eliminate the bias of �13C measurements
but the solvent extraction can also alter the �15N values. However,
previous study showed that such removal can only increase the
�15N value by approximately 0.8‰ for the fish muscle tissues [25].
Thus, we did not correct the �15N values due to lipid removal in this
study. The powder sample (1 mg)  was packed into 4 × 6 mm tin cap-
sules for stable isotope analysis. The stable isotope ratios of N (�15N)
and C (�13C) were measured with an isotope ratio mass spectrom-
eter (IRMS, Thermo Finnigan®, Bremen, Germany). The �13C and
�15N values were expressed as the deviation from the standards in
parts per thousand (‰) according to the following equation:

ıX (‰) =
[(

Rsample

Rstandard

)
− 1

]
× 1000

where X = 13C or 15N and R is the corresponding ratio 13C/12C
or 15N/14N. Atmosphere nitrogen and the Pee Dee belemnite
(PDB) were used as the isotope standards for N and C, respec-
tively, in the calculation. In-house standards [oxalic acids (IAEA-C8,
�13C = −18.3 ± 0.2‰)  and KNO3 (IAEA-N3, �15N = 4.7 ± 0.2‰)]  were
used in the actual measurements. The standards were used after
every six sample measurements. Analytical precisions were less
than 0.2‰ for C and N isotopic ratios [26–28].

2.3. Data statistical analysis

The total Hg, MeHg, percentage of MeHg, and �13C and �15N iso-
topes in the tissue of five species of marine caged fish and among
the different caged sites were tested for any significant difference
by one-way ANOVA and post hoc Tukey tests using the SPSS pack-
age (version 16.0, SPSS Inc., Chicago, IL, USA). Trophic transfer factor
(TTF) was calculated as the ratio of MeHg concentrations in caged
fish and in its diets. The TTFs of MeHg among the different caged
sites were also tested by one-way ANOVA and post hoc Tukey test.
Simple linear regression analysis was  performed for mercury in
fish tissues and in fish feeds, and for logarithm of mercury (THg
and MeHg) residues and natural stable isotope (�15N) to test the
site-specific trophic transfer in edible fish.

2.4. Human risk assessment analysis

The human risk assessment for Chinese people was conducted
using the reference daily dosage (RfD, 0.1 �g/kg bw/day) previously
established by the USEPA [29]. The estimated daily intake (EDI, in
�g/kg bw/day) can be calculated from the following equation [2]:

EDI = Cfish ×
[

dcfish

bw

]

where Cfish = average Hg concentration in fish muscle (�g/g wet
weight), dcfish = daily fish consumption (g/day) per capita for Chi-
nese people (3 g/person/day as recorded by the FAO) [30], and
bw = the average body weight (kg) of the target population. The
average Chinese body weight based on 158,666 Chinese from all
provinces was 58.1 kg [31]. The hazard quotient (HQ) is a ratio of
the exposure estimate to an effect concentration of residues consid-

ered to represent a safe environmental dose, and can be calculated
by the following equation:

HQ = EDIs
RfDs
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There would be no obvious risk if the HQ is less than 1 [2].

. Results and discussion

.1. Mercury in fish diets

Fish feed is the main source of mercury for the caged fish. Three
ypes of caged fish feeds were collected, including fresh feeds (tuna
iscera from the Dongshan cage site and forage fish from the Xia-
en  Bay, Fuqing and Luoyuan cage sites) and dried pellet feeds

from the Xiamen and Xinghua cage sites). In Xiamen Bay cage site,
he farmed fish were raised on both forage fish and dried pellet
eeds. The amount of feeds varied by fish species and by season.

THg and MeHg concentrations in fish feeds were analyzed based
n dry weight (Fig. 2). The highest THg and the highest MeHg
ound in feeds were 0.20 ± 0.02 and 0.13 ± 0.03 �g/g, respectively,
or fresh feed (tuna viscera) from Dongshan. The forage fish (the
nchovy and clupeids) from Luoyuan contained the second high-
st concentration of THg and MeHg, where were 0.15 ± 0.01 and
.07 ± 0.01 �g/g respectively. For the dried pellet feeds, the concen-
ration of THg was higher in the batch from Xinghua than that from
iamen, but the MeHg concentrations were comparable between

hese two cages. Our results are similar to those of Liang et al. [31]
ho found that mercury levels in forage fish were higher than those

n feed pellet.
Dried feeds are mainly composed of raw plant materials (soy-

ean meal, corn gluten meal and wheat), fish meal, fish oil and
endered marine animal products (e.g., squid viscera meal). Fish
eal and fish oil are typically produced from short-lived small

elagic fish, such as anchovies, sardines, capelin and menhaden,
one of which were likely to contain high levels of mercury con-
amination. In our study, the percentage of MeHg was 65% for
he fresh tuna viscera from Dongshan, and 48%, 44% and 23% for
he forage fish from Luoyuan, Fuqing and Xiamen, respectively. In
revious studies, total mercury and methylmercury in tuna fish
ere reported to be high in the liver (0.27–3.5 �g/g for THg, and

.1 ± 0.3 �g/g for MeHg, which was 32% of that for THg) [32–35]. In
ontrast, MeHg represented 67–91% of THg in tuna muscle [28,36].
t should be pointed out that the level of MeHg in tuna livers gen-

rally exceeded the threshold level for feed for caged marine fish.
ardy and Lee [5] noted that fish feed composed of the byproducts
f large tuna, marlin, or swordfish may  be the main source of Hg
ontamination in farmed fish.
Materials 203– 204 (2012) 13– 21 17

By comparison, the percentage of MeHg in artificial feed (pel-
lets) was only 21.6% from Xiamen and 17.7% from Xinghua, much
lower than those in tuna viscera and in forage fish. Statistical anal-
ysis of variances for THg and MeHg in feed showed a significant
difference (p < 0.01) among cage sites and feed types (Fig. 2). In
fact, THg in pellet fish feed has previously been found to be very
low (0.02–0.09 �g/g on a dry weight basis) [31,37,38],  similar to
our present measurements.

The raw materials used in commercial fish feeds are subject to
quality control and must meet the food safety standards in terms
of nutritional composition and low levels of toxic residues. Thus,
it is possible to control the nutritional composition and the metal
residues in caged fish farming, whereas wild fish are exposed to
mercury via their prey [5].  Fish farmers generally feed the fish with
pellets and fresh feed. In order to reduce the exposure of farmed
marine fish to contaminants, farming practices and the level of
contamination in fish feeds should be closely monitored, and feed
production should focus on the quality of raw materials.

3.2. Mercury residue in caged fish

The THg and MeHg tissue concentrations in the five caged fish
on a wet  weight basis are shown in Table 1. The red seabreams
were available from all cage sites. The mercury concentrations were
0.05–0.31 �g/g for THg and 0.03–0.30 �g/g for MeHg. The highest
THg and MeHg concentrations of 0.25 �g/g and 0.23 �g/g, respec-
tively, were from Dongshan where the fish was  raised only on fresh
tuna viscera. An average of 86–93% of THg appeared in the form
of MeHg. Again, the highest %MeHg was  found in Dongshan, but
there was  no significant difference among sites. Only about 2% of
farmed red seabream exceeded the safety criterion of 0.30 �g/g ww
established by USEPA [29].

The levels of mercury in caged black seabream were
0.08–0.27 �g/g (THg) and 0.03–0.27 �g/g (MeHg), with an order of
Luoyuan < Xinghua = Fuqing < Xiamen Bay. The percentage of THg
in the form of MeHg was  86–96%. Almost all black seabreams
were under the safety criterion established by USEPA or the gen-
eral requirements for biosafety (0.5 �g/g of MeHg in herbivorous
fish and aquatic products, and 1.0 �g/g in carnivorous fish) estab-
lished by the Chinese government [18]. These concentrations are
in the lower ends of the range measured for wild seabreams, e.g.,
0.10–0.92 �g/g (THg) [39–41]), and 0.13–0.79 �g/g (MeHg) [40,42],
with 88% of THg in the form of MeHg [40].

The THg, MeHg and %MeHg in the Japanese seabass were
0.06–0.13 �g/g, 0.04–0.17 �g/g, and 80–93%, respectively. There
was significant difference among cage sites for THg and MeHg
(p < 0.01), but not for %MeHg. The mean mercury concentrations
were Luoyuan < Fuqing = Xinghua = Xiamen Bay. These concentra-
tions are below the safety thresholds.

Like seabass, the mercury residues in the red drum muscles were
low (0.03–0.13 �g/g for THg, 0.02–0.12 �g/g for MeHg, and 72–98%
THg appearing as MeHg). The mercury residues were Xiamen
Bay < Fuqing = Xinghua < Luoyuan < Dongshan. Red drums collected
from the Dongshan cage site where tuna viscera were used as
the feed had the highest Hg concentrations. By comparison, the
mercury concentrations in wild red drum measured in Texas and
Florida, USA, were within the range of 0.02–3.6 �g/g (THg), with
the highest concentration exceeding the EPA’s safety criterion by
12 times [43,44].

Rabbitfish, the only herbivorous fish species in this study, were
available from two  cage sites (Dongshan and Xiamen Bay). In Dong-
shan, this fish was  farmed in the same cage as carnivorous fish and

fed the small tuna viscera scraps and grazed the small seaweeds
that had grown on the cage net. In contrast, they fed on dried pellet
feed prepared from crops in the Xiamen cage. The mean mercury
residues in rabbitfish were 0.01–0.03 �g/g for THg, 0.007–0.03 �g/g
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or MeHg, with 59–88% of THg appearing as MeHg. There was
 significant difference between the two cage sites (p < 0.01). In
revious studies, the Hg concentrations in rabbitfish from Hong
ong, Indonesia, Seychelles and Guam were 0.007–0.05 �g/g (THg),
.007–0.012 �g/g (MeHg), and 64–69% of THg as MeHg [45–47].
he %MeHg displayed a wide range of variation, due possibly to
ifferences in the rearing practices of caged fish.

Overall, the mercury levels in the farmed fish measured in this
tudy were lower than those measured in the same species of wild
sh [26,34,35,48,49]. Such low Hg levels may  have primarily been
ue to the low concentrations of Hg in the fish feeds (except for
he tuna viscera). Previous studies have also suggested that the
educed mercury contamination in farmed tuna was due to the
rowth dilution and the low levels of mercury in fish feed [50].

.3. Relationships between mercury concentrations in feed and in
sh

Fish accumulates mercury mainly through its food. In the
resent study, the correlation of mercury levels in feed and fish tis-
ue was investigated for red seabream and red drum because both
sh species were available in all cage sites (Fig. 3). Both species dis-
layed significant correlations between mercury (THg and MeHg)
oncentrations in fish and in diet. These results strongly suggest
hat Hg levels in the fish were highly dependent on those in the
sh feeds, and thus trophic transfer contributed predominantly to
g accumulation in the fish. Magalhães et al. [40] studied the total
nd MeHg bioaccumulation in eight marine fish species, and simi-
arly found positive correlation between mercury levels in diet and
sh muscle. Based on such significant relationships, an important
onsideration in minimizing the Hg levels in farmed fish is to reduce
he Hg levels in the fish feeds.
The biomagnification is defined as the increase in concentra-
ion between trophic levels, resulting in a trophic transfer factor
TTF) > 1. A TTF < 1 implies a biodilution of metals in the food chain
ransfer [27]. Fig. 5 shows the calculated TTF of Hg in the caged fish.
Fig. 4. The average and standard deviation of stable isotope (�13C and �15N) values
(‰)  in fish feed and caged fishes from each site in Fujian marine cage culture.

The highest TTF of MeHg was  20 for red seabream and 17 for red
drum from Xinghua, 64 for black seabream, 30 for seabass and 8
for rabbitfish from Xiamen Bay. The TTF was significantly higher
(p < 0.01) for caged fish from Xiamen Bay (both fresh and artifi-
cial diets fed fish) and Xinghua where dried pellets were used as
feed than for caged fish from other sites where fresh feed was used
(Dongshan, Fuqing and Luoyuan). Biodilution was  only found for
rabbitfish in Dongshan which was  the only site where MeHg levels
in fish were lower than those in feed.

3.4. Natural isotope compositions of feeds and caged fish

The isotope signatures of feeds collected from the Fujian cage
sites were quite variable. The �13C and �15N values of feeds were
−24.5 to −11.2‰ and 3.6 to 13.4‰,  with mean values of −24.3‰

and 6.1‰ for tuna viscera, −20.8‰ and 7.9‰ for dried pellet feed,
and -15.0‰ and 11.7‰ for forage fish, respectively. The �13C and
�15N values of carnivorous caged fish muscle (red seabream, red
drum, seabass and black seabream) were −17.7 to −15.1‰ and



S. Onsanit et al. / Journal of Hazardous 

cage site

D
on

gs
ha

n 

X
ia

m
en

 (F
F)

X
ia

m
en

 (A
F)

X
in

gh
ua

Fu
qi

ng

Lu
oy

ua
n

T
T

Fs
 o

f M
eH

g

0

25

50

75

100
red seabream
red drum
black seabream
seabass
rabbit fish

a b b b a a

F
c
(

1
r
a
t
fi
d
a

o
u
i
m
r
n
s

a
c
X
(
w
(
t

F
c

ig. 5. Trophic transfer factor (TTF) of MeHg (dry weight basis) in caged fish in Fujian
age sites. The different superscript letters on cage sites show significant differences
p  < 0.01).

1.9 to 14.8‰,  and were −20.9 to −17.7‰ and 9.3 to 11.7‰ for
abbitfish, respectively (Fig. 4). The isotope values of tuna viscera
nd dried pellet feeds were different from those in caged fish, while
hey were similar between the forage fish and caged fish. The forage
sh included anchovy, sardine and clupeids, and the ingredients of
ried pellet feeds consisted mainly of plant products and fish meal
nd fish oil.

The �13C and �15N values in this study were similar to those
f commercial feed produced in Australia [51] and dried pellets
sed in Japanese fish farms [52]. The �15N isotopic value generally

ncreased in carnivorous fish and has been employed to determine
etal biomagnification [26,28]. The �13C and �15N ratios for the

abbitfish were clearly different from those determined for the car-
ivorous fish, because this detritivorous fish also grazed the small
eaweeds that had grown on the cage net.

Fig. 6 shows the regression between mercury concentration
nd �15N in marine fish from different sites. There was  signifi-
antly positive linear relationship for THg or MeHg and �15N from
iamen and Xinghua sites, whereas fish from other caged sites
Dongshan, Fuqing, Luoyuan) did not show significant relationship
ith the �15N values. The slopes of the linear regression for THg

0.02) were smaller than those found by Al-Reasi et al. [28] for
he tropical marine food web in the Gulf of Oman. Moreover, the
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slopes for MeHg in caged fish were significantly greater in Xiamen
(p < 0.001) and Xinghua (p < 0.001), indicating a stronger biomag-
nification potential in these two  sites. However, these slopes were
generally smaller than those documented in natural marine food
webs [28]. Unlike wild fish, fish reared in caged culture systems
had no choice but to eat whatever the farmers gave them. The pos-
itive correlation between MeHg and �15N may be used to trace
the dominant diet of caged fish, but such correlations may  also be
dependent on the seasons and the economic values of raw materi-
als, as well as the caged sites. The �13C and �15N isotopic ratios are
generally used to track the importance of a specific carbon source
to a consumer and the trophic levels, respectively, and have been
applied to investigate the Hg transfer in aquatic food webs [53–55].
For short food chain, as in the case of caged fish, the �15N is more
suitable than �13C to clarify the trophic transfer. Previous studies
on aquatic food webs showed that �15N values increased by 3–4‰
per trophic level [53,56–58].

3.5. Assessing the risk of caged marine fish consumption for
Chinese people

Mercury residue in fish is a major safety concern for countries
where large amounts of marine fish are consumed. In this study, the
mean mercury concentrations in fish muscles were used to assess
the risk of consuming caged marine fish for Chinese people. An
average adult Chinese is 58.1 kg in weight [59]. The average daily
consumption rate of marine fish was  3 g/person/day in China [29].
The EDIs of MeHg are shown in Table 2. These calculations show
that the EDIs of five caged fish species were all lower than 0.1 �g/kg
bw/day of the RfD guideline for MeHg established by the US EPA.

The use of RfDs in establishing safe exposures to hazardous
substance is well accepted in toxicology [29]. In addition, the
Agency for Toxic Substance and Disease Registry (ATSDR) evalu-
ated the same literature used by EPA and estimated a minimum
risk level (MRL) of 0.3 �g/kg bw/day for MeHg. In 2003, WHO  rec-
ommended that the provisional tolerable weekly intake of MeHg be
1.6 �g/kg bw/week. This recommendation was made with the preg-
nant woman and developing fetus in mind [60]. According to these
guidelines, MeHg concentrations in caged fish from Fujian waters
did not pose an obvious risk for the average Chinese. Nevertheless,
people living on the east coast of China are likely to consume more
marine fish than people living further from the coast. In Hong Kong,

for example, the estimated daily consumption of marine fish for an
individual is 25 g/day [2].  Liang et al. [31] calculated a weekly MeHg
intake of approximately 0.37 �g/kg from the consumption of cul-
tured fish in Hong Kong. Dickman and Leung [45] noted that the
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Table  2
Daily intake of MeHg through marine fish consumption by people in China; EDIs, estimated daily intakes; RfDs, reference doses of MeHg as established by the US EPA; Hazard
quotient = EDIs/RfDs. If the ratio is <1, there is no obvious risk.

Fish species Average concentration (�g/g ww)  EDIs (�g/kg bw/day) RfDs (�g/kg bw/day) Hazard quotient

Red seabream (P. major) 0.094 0.0049 0.1 0.05
Red  drum (S. ocellatus) 0.057 0.0029 0.1 0.03
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ietary intake of mercury for people in Hong Kong who consumed
sh and shellfish four or more time a week might be as high as
.44 �g/kg/week, which poses a risk to any woman of childbearing
ge [60]. In this study, the calculated EDIs for marine fish consump-
ion were well below the recommended oral RfDs and MRLs.

In conclusion, this study has found that mercury levels in the
ve caged marine fish were mostly lower than the safety criterion.
hree types of fish feeds including tuna viscera, forage fish and pel-
et feed were found to be the sources of mercury accumulation in
he fish. The MeHg TTF was the highest in carnivorous caged fish
aised on pellet feeds. There was a positive correlation between
Hg and MeHg in feeds and in fish. Indeed, cage-reared marine fish
re part of a very short food chain since they are fed directly by
armers.
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