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Concentrations of persistent halogenated hydrocarbons
(PHHs) were determined in 13 consumer fish species (a total
of 390 individuals) collected from a major fish-farming
region of China. The potential health risks of PHHs associated
with consumption of fish from China was also systematically
assessed regionally and globally. In all fish samples,
DDTs, HCHs, PCBs, and PBDEs were the predominant
PHH residues, with the median levels (ranges) being 6.0 (0.14-
698.9), 0.50 (0.13-24.06), 0.10 (<0.02-7.65), and 0.15
(<0.0012-3.85) ng/g wet weight, respectively. The upper-
bound (90th percentile) values of estimated daily intakes
of DDT, HCHs, PCBs, and PBDEs via fish consumption were
45.5, 1.35, 0.46, and 0.30 ng/kg bw/d (urban), and 15.9,
0.47, 0.16, and 0.10 ng/kg bw/d (rural). Globally, the upper-
bound outflows via fishery exportation of DDT, HCHs,
PCBs, and PBDEs were 185, 5.51, 1.86, and 1.22 kg, respectively,
in 2005. Japan was the largest recipient of PHHs, followed
by Korea and the United States. Fish consumption
assessments indicated that consumption of freshwater
farmed and wild marine fish generally does not subject
consumers to significant health risk as far as PHHs are
concerned, while limited consumption of seawater farmed
fish is advised.

Introduction
Global fish production has grown impressively, with the
average per capita supply doubling from 8 kg in 1950 to 16.2
kg in 2002 (live weight equivalent) (1). Overall, fish provided
more than 2.6 billion people with at least 20% of the average
per capita animal protein consumption (1). Many studies
indicated that fish were good sources of proteins, n-3
polyunsaturated fatty acids, which were beneficial for human
health. Balanced against this, however, are potential health
risks associated with consumption of contaminated fish (2,
3).

Currently, China (mainland) has the largest fishery
production in the world with an output of 44.3 million metric
tons in 2002, accounting for 33.3% of the total global

production. China has overtaken Thailand to become the
world’s largest exporter of fishery products since 2002 (1).
The main exporting destinations include Japan, Korea, the
United States, Germany, Canada, Hong Kong, and Russia,
etc. Despite the increasingly important impact of China’s
fishery products on the global population, the state of fish
contamination by persistent halogenated hydrocarbons
(PHHs) and associated human health risk have not been
systematically assessed in China.

This study aimed to determine the levels of PHHs,
including organochlorine pesticides (OCPs), polychlorinated
biphenyls (PCBs), and polybrominated diphenyl ethers
(PBDEs), in typical consumer fish of China, assess potential
health risks associated with fish consumption, estimate the
outflows of PHHs from China to its global trade partners,
and provide preliminary advisories on consumption of fish
from China. Sampling was conducted in Guangdong Province
of South China (Figure S1; “S” designates figure and tables
in the Supporting Information), where the fishery production
reached 6.65 million metric tons in 2004, representing 13.6%
of the total output in China, and ranked No. 2 among all the
provinces in the country (4). As a result, fish collected from
this region are sufficiently representative of the overall fish
output and exportation from China.

Materials and Methods
Sample Collection. A total of 390 fish individuals were
randomly collected between November 2004 and January
2005, from local markets in 11 coastal cities of Guangdong
Province, one of the economically fastest growing and typical
fishery-producing regions in China (Figure S1). The sampled
species include seven freshwater farmed fish (tilapia (Tilapia),
grass carp (Ctenopharyngodon idellus), bighead carp (Aris-
tichthys nobilis), bluntsnout bream (Megalobrama am-
blycephala), largemouth bass (Micropterus salmoides), man-
darin fish (Siniperca chuatsi), and northern snakehead
(Ophicephalus argus)), three seawater farmed fish (red drum
(Sciaenops ocellatus), snubnose pompano (Trachinotus
blochii), and crimson snapper (Lutjanus erythopterus)), and
three wild marine fish (hairtail (Trichiurus lepturu), golden
thread (Nemipterus virgatus), and common mullet (Mugil
cephalus)). To ensure sufficient statistical power for data
analysis, approximately 30 individuals were collected for each
species. Such a number of samples ensure that the error
associated with a comparison of analyte distribution in
different species is approximately 10% with a 90% confidence
interval (5), which is expected to be within the analytical
error. After transport to laboratory, they were stored at -20
°C until chemical analysis.

Sample Preparation and Extraction. Materials used in
sample preparation and instrumental analysis are described
in detail in the Supporting Information. About 20 g (wet
weight) of skin-off fish muscle was taken, homogenized,
freeze-dried, and ground into fine powder. After spiking with
the surrogate standards of 2,4,5,6-tetrachloro-m-xylene
(TMX), PCB 67, PCB 191, PCB 209, and 13C-PCB 141, each
was Soxhlet extracted with a 1:1 (v:v) acetone/hexane mixture
for 48 h. Lipid content was determined gravimetrically using
20% of the extract. The remaining extract was applied to the
head of a gel permeation chromatography column, packed
with 40 g of SX-3 “Bio-Beads” (Bio-Rad Laboratories, Her-
cules, CA) in a 50 cm × 2.5 cm i.d. glass column with a PTFE
stopcock. The column was eluted with 1:1 dichloromethane/
hexane (v:v) for lipid removal. The fraction from 90 to 280
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mL was collected and concentrated to 4 mL by a TurboVap
II evaporator (Zymark, Hopkinton, MA). For analysis of OCPs,
2 mL of extract was purified on a 10 mm i.d. silica/alumina
column packed, from the bottom to top, with neutral alumina
(6 cm, 3% deactivated) and neutral silica gel (12 cm, 3%
deactivated). The first fraction was eluted with 5 mL hexane
and discarded. The second fraction was eluted with 80 mL
of dichloromethane/hexane (3:7 in volume) and collected.
For PCBs and PBDEs, the remaining 2 mL extract was cleaned
on a 10 mm i.d. silica/alumina column packed, from the
bottom to top, with neutral alumina (6 cm, 3% deactivated),
neutral silica gel (2 cm, 3% deactivated), 25% sodium
hydroxide silica (5 cm), neutral silica gel (2 cm, 3% deacti-
vated), and 50% sulfuric acid silica (6 cm). The PCBs and
PBDEs mixtures were eluted with 70 mL of dichloromethane/
hexane (1:1 in volume). Both extracts were further concen-
trated to 100 µL under a gentle stream of N2. Finally, the
internal standards (PCB 82 for OCPs, PCB 24 and PCB 189
for PCBs, and 13C-PCB 208 for PBDEs) were added before
instrumental analysis.

Instrumental Analysis. The detailed analytical and quan-
tification procedures are presented in the Supporting In-
formation. Briefly, OCPs and PCBs were quantified with a
Hewlett-Packard (HP) 5890 gas chromatograph (GC) coupled
to a 5972 mass spectrometer (MS) and a Varian 3800 GC
interfaced with a Saturn 2000 MS, respectively, in the selective
ion monitoring (SIM) mode. Injection of 1-uL samples was
conducted manually on the HP GC/MS and automated with
a Varian CP-8410 autosampler, both in the splitless mode.
For PCBs, a total of 70 chromatographic peaks containing
112 individual or coeluting congeners (designated as do-
mains) were quantified by a secondary Aroclor mixture of
1242/1248/1254/1260 (1:1:1:1). The concentration of PCBs
was defined as the sum of the concentrations of individual
congeners and domains. For PBDEs, the detailed procedure
was described elsewhere (6). With a signal/noise ratio better
than 3, the wet-weight-based limit of detection (LOD; all
normalized to wet weight except where indicated) for most
OCPs (except for endrin and endosulfan for which the LOD
was 25 pg/g) ranged from 10 to 20 pg/g. The LODs varied
from 1.2 to 2.5 pg/g for all tri- to hepta- BDEs congeners (the
LOD for BDE 209 was 100 pg/g). The LODs for individual
PCB congeners varied from 20 to 40 pg/g.

Quality Assurance/Quality Control. For each batch of 20
fish samples, a procedural blank, a spiked blank, a matrix
spiking sample, a matrix spiking duplicate, and a standard
reference material (NIST SRM1946) were processed. The
spiked samples contained 21 OCPs (R-HCH, â-HCH, γ-HCH,
δ-HCH, heptachlor, heptachlor epoxide, aldrin, dieldrin,
endrin, endrin ketone, endrin aldehydes, o,p′-DDT, o,p′-DDE,
o,p′-DDD, p,p′-DDT, p,p′-DDE, p,p′-DDD, endosulfan I,
ensosulfan II, endosulfan sulfate, and methoxychlor) and 11
PBDE congeners (BDE 28, 47, 66, 85, 99, 100, 138, 153, 154,
183, and 209). Recoveries of 21 OCPs and 11 PBDEs in these
spiked samples were 86.3 ( 18.4% and 87.2 ( 19.0%,
respectively. The surrogate recoveries of TMX, PCB 67, PCB
191, 13C-PCB 141, and PCB 209 were 55.3 ( 11.1%, 83.2 (
12.5%, 89.8 ( 11.0%, 81.8 ( 17.3%, and 84.8 ( 18.4%,
respectively. Only low concentrations of OCPs, PCBs, and
BDE-47 were detected in procedural blanks. Hence, blank
values were not subtracted from the sample measurements.
Reported concentrations were not surrogate recovery cor-
rected.

Data Analysis. For samples with contaminant concentra-
tions below detection limits, zero was used for the calcula-
tions. All PHH data were examined using a nonparametric
test (Kolmogorov-Smironov Z) before ANOVA analyses (SPSS
v 13.0). The detailed procedures for estimated daily intakes
(EDIs) and risk-based fish consumption advisories are
presented in the Supporting Information.

Results and Discussion
Levels of PHH Contamination. Preliminary analysis indi-
cated that DDTs (sum of o,p′-DDT, o,p′-DDE, o,p′-DDD, p,p′-
DDT, p,p′-DDE, and p,p′-DDD), HCHs (sum of R-HCH,
â-HCH, γ-HCH, and δ-HCH), PCBs, and PBDEs (sum of BDE
28, 47, 66, 85, 99, 100, 138, 153, 154, and 183) were the
predominant and ubiquitous PHH residues in the fish
samples (Figure 1). The occurrence frequencies for other
OCP compounds, such as heptachlor, heptachlor epoxide,
aldrin, dieldrin, endosulfan (I), endosulfan sulfate, endrin,
endrin aldehyde, and methoxychlor, were 1%, 9%, 2%, 3%,
4%, 2%, 2%, 26%, and 5%, respectively. No endosulfan (II)
or endrin ketone were detected. Therefore, only the data of
DDTs, HCHs, PCBs, and PBDEs were reported herein. The
50th and 90th percentile concentrations were used as the
mean and upper-bound values for comparison and assess-
ments.

The concentration ranges of DDTs, HCHs, PCBs, and
PBDEs were 0.14-698.9, 0.13-24.06, <0.02-7.65, and
<0.0012-3.85 ng/g (all normalized to wet weight except
where indicated), respectively, when all fish species were
considered. Detailed concentration data of PHHs are given
in Table S1. It is worthwhile to note that the concentrations
of all analytes varied widely with individual fish samples. A
large variability of analyte concentrations within the same
species was also evident (Figure 2). A recent study by Domingo
et al. (7) obtained generally narrower concentration ranges
in marine species with three composite samples (20 indi-
viduals per composite) for each species, but large variabilities
remained in a few species. Clearly, the occurrence and

FIGURE 1. Concentrations (ng/g wet weight; pg/g for PBDEs) of 13
PHHs determined in fish samples of China. The numbers in
parentheses are the numbers of samples containing detectable
analytes.
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distribution of PHHs were highly variable even in fish
collected from a relatively small region. In any sampling effort
of a regional or global scale with limited sample numbers,
large error can therefore be expected especially if samples
representing the highest or lowest end of the concentration
range were unintentionally collected. Occurrence of indi-
vidual PHH groups and comparison with those in edible fish
from other countries or regions are detailed below.

DDTs. Overall, the concentrations of DDTs were 1-2
orders of magnitude higher than those of HCHs, PCBs, and
PBDEs (Table S1). In addition, all 390 samples contained
detectable DDTs, indicating that these pollutants were
ubiquitous in the biosphere of China. This resulted from the
large production and widespread usage of DDTs in China
from the 1950s to 1983 (8). The median concentration (6.0
ng/g wet weight or 352 ng/g lipid weight) of DDTs in all fish
species was lower than those reported by Kannan et al. (Table
S2). Mean concentrations as high as 28, 26, and 22 ng/g were
reported in fish from Indonesia, Vietnam, and Australia,
respectively (9). Darnerud et al. (10) reported a mean

concentration of 7.02 ng/g in fish from Swedish markets,
which was comparable to our median concentration. Jacobs
et al. (11) reported a maximal concentration of 249.5 ng/g
(lipid weight) in fish from European markets, which was lower
than our median concentration (352 ng/g lipid weight). On
the other hand, the maximum concentrations of DDTs in
individual samples were higher than those from other regions
of China and other countries in Asia, Oceania, America,
Europe, and Africa. This may suggest the presence of current
point sources of DDTs in the study areas, which may include
intermittent production of DDT mixtures to satisfy export
demand and the manufacture and use of dicofol technical
products known to contain a large amount of DDT residues
(12).

HCHs. The general concentration range of HCHs (0.13-
24.06 ng/g) was wider than those reported in Dalian (0.15-
4.25 ng/g), Tianjin (0.35-0.54 ng/g), Shanghai (0.044-2.64)
(13), and Zhoushan (<0.1 ng/g) (14) areas of China (Table
S3). Compared with those obtained from other countries,
our median value (0.50 ng/g) was similar to those from

FIGURE 2. Concentrations (ng/g lipid weight) of DDTs, HCHs, PCBs, and PBDEs in (I) seven species of freshwater farmed fish, (II) three
species of seawater farmed fish, and (III) three species of wild marine fish. The numbers of individuals for different species are given
in parentheses. The horizontal lines represent 10th, 50th, and 90th percentiles, and the boxes represent 25th and 75th percentiles. Outliers
are shown as individual points.
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Sweden (0.96 ng/g) (10), Thailand (0.82 ng/g), Australia (0.34
ng/g), Indonesia (0.73 ng/g), and Korea (0.94 ng/g), but was
much lower than those found in India (28 ng/g) and Vietnam
(1.8 ng/g) (9) (Table S3). Also, the median concentration of
HCHs (34.82 ng/g lipid weight) from the present study was
lower than those in biota from the Danube Delta, Romania
(mean concentration of 181 ng/g lipid weight) (15) and in
fish from Turkey (16), but was higher than those in salmon
from European markets (11).

PCBs. PCBs were detectable in 57% (221 individuals out
of 390) of the samples analyzed, with a concentration range
(<0.02-7.65 ng/g) comparable to those reported in Dalian
(1.11-8.04 ng/g), Tianjin (1.26-5.60 ng/g) and Shanghai
(0.83-11.4 ng/g) (13) and wider than those obtained in
Zhoushan (0.24-1.4 ng/g) (14) (Table S4). Our median
concentration of PCBs (0.10 ng/g wet weight or 5.67 ng/g
lipid weight) was much lower than those reported in fish
from Salton Sea, CA (30.21 ng/g) (17), Marmara, Turkey
(253.08 ng/g lipid wt) (16), Sweden (9.58 ng/g) (10), Australia
(55 ng/g), and Korea (23 ng/g) (9) (Table S4). These results
supported an early suggestion (18) that production and/or
usage of PCBs was relatively modest in China.

PBDEs. The range of PBDEs (<1.2-3850 pg/g or 118-
69410 pg/g lipid wt) was within the range in fish from Canada
(1.3-5500 pg/g) (19), but wider than the range obtained in
Japan (79-547 pg/g) (20) and the Danube Delta, Romania
(<0.1-14300 pg/g lipid wt) (15) (Table S5). The overall PBDE
levels, with a median concentration of 153 pg/g or 9706 pg/g
lipid wt, in consumer fish of China were clearly lower than
those reported in market-purchased fish from the United
States (median concentration 1735 pg/g) (21), Spain (mean
concentration 564 pg/g) (7), and Sweden (mean concentra-
tion 634 pg/g) (10), and in salmon from Southern Chile (1460
pg/g) (22) (Table S5). However, the maximum concentration
of PBDEs observed in the present study was higher than
those from other countries (except for Canada), likely due
to the presence of hot spots in the study area.

Occurrence of PHHs in Different Fish Species. Aqua-
culture has become a dominant practice in China’s fish
production since the early 1980s, as reliance on wild fish
stocks cannot meet the growing demand. In 2004, the output
from freshwater and seawater farming accounted for more
than 65% of the total fish production, compared to 26% in
1978 (4). Figure 2 shows the concentration levels of PHHs in
various fish species, which were log-normally distributed as
determined by Kolmogorov-Smironov Z nonparametric test
(P > 0.01). ANOVA analyses were conducted to compare the
contaminant levels in freshwater farmed, seawater farmed,
and wild marine fish. Freshwater and seawater farmed fish
were taken as a single type when farmed and wild fish were
compared. The PHHs were significantly more concentrated
in farmed fish as a group than in wild fish. This was consistent
with the results obtained in previous studies (23). Additionally,
levels of DDTs and PBDEs in seawater farmed fish were
significantly higher than those in freshwater farmed fish.
However, HCHs concentrations were significantly lower in
seawater farmed fish than in freshwater farmed fish. Fur-
thermore, seawater farmed fish contained significantly higher
concentrations of DDTs, PCBs, and PBDEs but lower
concentrations of HCHs than wild marine fish. Freshwater
farmed fish also contained significantly higher concentrations
of HCHs and PBDEs, but lower DDTs concentrations than
wild marine fish. These results indicated that seawater farmed
fish accumulated more DDTs, PBDEs, and PCBs than
freshwater farmed fish and wild marine fish. This probably
reflected the impact of contaminant discharge from the Pearl
River Delta of southern China on the coastal environment
where most seawater farmed fish are raised (24, 25).

The different pattern with HCHs compared to those with
other PHHs may be contributed to the manner of usage of

HCHs in China. Technical HCHs were banned in 1983 by the
Chinese government, and in 1991 technical HCHs were
replaced by a purified active isomer γ-HCH, known as lindane
(26). As a result, HCHs levels have declined dramatically in
foodstuffs (27) and biota (28) over the past two decades
because of the low persistency, high biodegradability, and
moderate volatility with HCHs compared to DDTs (27).
Typically, seawater farmed fish are cultured in intertidal
zones, small bays, and shallow seas, while freshwater farmed
fish are raised in ponds, lakes, reservoirs, and river channels
close to agricultural areas. Freshwater farmed fish may be
more easily influenced than seawater farmed fish and marine
wild fish by HCHs residues residing in agricultural areas.

Human Exposure. Potential health risks from exposure
to PHHs were assessed using two criteria. The first criterion
was the maximum residue level (MRL), the concentration of
a pesticide allowable in agriculture products, or maximum
level (ML) for other chemicals. In 2005, China reestablished
MRLs of 0.5 and 0.1 mg/kg for DDTs and HCHs, respectively,
and a ML of 2.0 mg/kg for PCBs in fishery products (29, 30).
Currently no MRL is available for PBDEs. In the fish samples
analyzed in the present study, the mean and upper-bound
concentrations (Table S1) of DDTs, HCHs, and PCBs were
all well below the respective MRLs or MLs. Also, no fish
samples contained higher contaminant levels than the action
levels and tolerances for DDTs (5.0 mg/kg) and PCBs (2.0
mg/kg) developed by the U.S. Food and Drug Administration
(U.S. FDA) (31). However, two fish samples contain higher
DDTs levels than the MRL, and 13.8% of the samples contain
DDTs at levels higher than the maximum admissible
concentration (0.05 mg/kg wet weight) established by the
Europe Union for human consumption (32).

The second criterion was the acceptable daily intakes
(ADIs) and provisional tolerable daily intakes (PTDIs) rec-
ommended by the Food and Agriculture Organization and
World Health Organization (FAO/WHO) to assess human
exposure to target contaminants over a lifetime without
appreciable health risk, expressed as ng/kg body weight/day
(ng/kg bw/d) assuming a typical body weight of 60 kg (33).
The per capita fish consumption values were 34.19 g for urban
and 12.30 g for rural residents (assuming 365 days a year),
respectively, reported by the Chinese government/organiza-
tions (4). Using the PHHs data from the present study, we
calculated EDIs of PHHs via fish consumption. As shown in
Table 1, the mean values of EDIs (EDI50) of DDTs for urban
and rural residents of China were 3.66 and 1.27, while the
upper-bound values (EDI90) were 45.5 and 15.9 ng/kg bw/d,
respectively. All these values were far below the PTDIs for
DDTs (10 000 ng/kg bw/d) (33). EDI50 values of HCHs were
0.30 and 0.11 ng/kg bw/d, respectively, for urban and rural
residents, and EDI90 values were 1.35 and 0.47 ng/kg bw/d,
also well below the ADIs for γ-HCH (5000 ng/kg bw/d) (33).
No ADIs were available for PCBs and PBDEs. The EDI50 values
were 0.06 and 0.02 ng/kg bw/d and the EDI90 values were
0.46 and 0.16 ng/kg bw/d for PCBs, whereas the EDI50 values
for PBDEs were 0.09 and 0.03 ng/kg bw/d and the EDI90

values were 0.30 and 0.10 ng/kg bw/d. Geographically
speaking, residents in costal regions, such as Shanghai,
Hainan, Zhejiang, Guangdong, and Fujian, were subject to
greater exposure to PHHs than those living in the inland
regions (Figure S1). Furthermore, the maximum EDI90 among
all regions of China was 52.9 ng/kg bw/d for DDTs, whereas
it was 1.63 ng/kg bw/d for HCHs. These were all much lower
than the PTDIs (for DDTs) or ADIs (for HCHs) (Table S6).

Outflows of PHHs from China. In 2005, China (mainland)
exported a total of 2.48 million metric tons of fishery products
(including fish and seafood products) (34). Importation
occurred into Asia, Europe, North America, South America,
Africa, and Oceania. Japan, Korea, and the United States
were the largest recipients, accounting for 25.9, 20.8, and
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16.1%, respectively, of the total. Using the mean concentra-
tion values, the mean outflows of DDTs, HCHs, PCBs, and
PBDEs from China to the globe were about 14.9, 1.24, 0.25,
and 0.37 kg (Table S7). The corresponding upper-bound
outflows were 185, 5.51, 1.86, and 1.22 kg, respectively, in
2005. Japan accepted the largest upper-bound outflows of
DDTs, HCHs, PCBs, and PBDEs at 48.0, 1.43, 0.48, and 0.32
kg, respectively, followed by Korea at 38.6, 1.15, 0.39, and
0.25 kg. The United States ranked third at 29.7, 0.88, 0.30,
and 0.20 kg. Based on these estimates and the populations
of the importing countries or regions (35), exposure to PHHs
via consumption of fish from China can be estimated. As
shown in Table 1, the residents of Macau were subject to the
highest exposure to PHHs in association with consumption
of fish from China, followed by those of Hong Kong, Poland,
Sweden, Korea, and Japan. By contrast, the residents of Africa
and South America were subject to the least exposure to
PHHs.

Advisories on Fish Consumption. Generally, most hu-
mans are simultaneously exposed to a suite of contaminants
(e.g., DDTs, HCHs, PCBs, heavy metals, and endocrine-
disrupting chemicals). The U.S. Environmental Protection
Agency developed a risk-based approach (31) to multiple
chemical exposure for assessing carcinogenic and noncar-
cinogenic effects caused by DDTs, HCHs, and PCBs. Here
we used this approach with an acceptable risk level of 1 in
100,000 to derive consumption advisories for consumer fish
of China. The mean and upper-bound concentrations of
DDTs, HCHs, and PCBs in this study and the corresponding
cancer slope factor for carcinogenic effects were used to
calculate species-specific consumption limits expressed as
number of fish meals per month. The cancer slope factor
developed for γ-HCH was used for HCHs. PBDEs were not
included in the calculation due to the lack of toxicity data.
The risk-based meal consumption limits for the fish species
and PHHs under consideration (Figure 3) suggested that

TABLE 1. Estimated Dietary Intakes (EDIs) (ng/kg Body Weight/Day) of PHHs by Residents in Different Regions of China and Other
Countries or Regions (Associated with Chinese Fish)a

DDTs HCHs PCBs PBDEs

country or region EDI50 EDI90 EDI50 EDI90 EDI50 EDI90 EDI50 EDI90

China (urban) 3.66 45.5 0.30 1.35 0.06 0.46 0.09 0.30
China (rural) 1.27 15.9 0.11 0.47 0.02 0.16 0.03 0.10
Hong Kong 5.66 70.4 0.47 2.09 0.09 0.71 0.14 0.46
Macau 7.06 87.9 0.59 2.61 0.12 0.88 0.18 0.58
Taiwan 0.82 10.2 0.07 0.30 0.01 0.10 0.02 0.07
Japan 1.38 17.1 0.11 0.51 0.02 0.17 0.03 0.11
Korea 2.92 36.4 0.24 1.08 0.05 0.37 0.07 0.24
United States 0.37 4.58 0.03 0.14 0.006 0.05 0.009 0.03
Canada 0.36 4.44 0.03 0.13 0.006 0.04 0.009 0.03
Germany 0.35 4.39 0.03 0.13 0.006 0.04 0.009 0.03
United Kingdom 0.15 1.92 0.01 0.06 0.003 0.02 0.004 0.01
Poland 4.95 61.6 0.41 1.83 0.08 0.62 0.12 0.40
Sweden 3.02 37.6 0.25 1.12 0.05 0.38 0.08 0.25
Other Asian countries 0.02 0.29 0.002 0.009 0.0004 0.003 0.0006 0.002
Other European countries 0.11 1.42 0.01 0.04 0.002 0.01 0.003 0.009
Other North American countries 0.09 1.10 0.007 0.03 0.001 0.01 0.002 0.007
South America 0.006 0.08 0.0005 0.002 0.0001 0.0008 0.0002 0.0005
Africa 0.009 0.12 0.0008 0.003 0.0002 0.001 0.0002 0.0008
Oceania 0.21 2.65 0.02 0.08 0.004 0.03 0.005 0.02

a The EDI50 and EDI90 were calculated using the 50th and 90th percentile concentrations of PHHs.

FIGURE 3. Risk-based consumption advisories using the concentration data for DDTs, HCHs, and PCBs for seven species of farmed
freshwater fish, three species of farmed seawater fish, and three species of wild marine fish. The solid red line is a safe fish consumption
threshold, suggesting that the consumption of this species does not require restriction based on the PHHs evaluated (16 meals/month).
The numbers on the green bars are calculated with the 50th percentile concentrations, while the numbers on the yellow bars are calculated
with the 90th percentile concentrations.
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consumption of seawater farmed fish was more likely to raise
health concern than that of wild marine fish or freshwater
farmed fish. If the mean concentrations of PHHs were used,
no restrictive limits should be imposed for freshwater farmed
fish and wild marine fish (i.e., more than 16 meals per month
allowed). Consumption of bighead carp (freshwater farmed)
and golden thread (wild marine) would not result in health
concern even if the upper-bound concentrations of PHHs
were used in the calculation. On the other hand, less than
13 meals (mean) and 4 meals (upper-bound) per month were
allowed for seawater farmed fish. The worst case occurred
with snubnose pompano, a cage-cultured seawater fish,
where no more than one meal per month should be allowed
(Figure 3).

Our results suggested that the concentrations of PHHs in
consumer fish of China were moderate, with the mean and
upper-bound values much lower than the corresponding
MRLs or MLs established by the Chinese government, and
the action levels and tolerances developed by the U.S. FDA.
Regionally and globally, the human daily intakes of DDTs
and HCHs were far below the PTDIs and ADIs recommended
by the FAO/WHO. Intakes of PCBs and PBDEs were also low.
PHHs were more concentrated in farmed fish than wild fish,
particularly marine species. Accordingly more stringent
consumption advisories were desirable for seawater farmed
fish than for wild and freshwater farmed fish. In addition,
further extensive investigations of other toxic substances,
such as heavy metals and endocrine-disrupting chemicals,
are required in Chinese consumer fish.
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(21) Schecter, A.; Päpke, O.; Tung, K. C.; Staskal, D.; Birnbaum, L.
Polybrominated diphenyl ethers contamination of United States
food. Environ. Sci. Technol. 2004, 38, 5306-5311.

(22) Montory, M.; Barra, R. Preliminary data on polybrominated
diphenyl ethers (PBDEs) in farmed fish tissues (Salmo salar)
and fish feed in Southern Chile. Chemosphere 2006, 63, 1252-
1260.

(23) Hites, R. A.; Foran, J. A.; Carpenter, D. O.; Hamilton, M. C.;
Knuth, B. A.; Schwager, S. J. Global assessment of organic
contaminants in farmed salmon. Science 2004, 303, 226-229.

(24) Chau, K. W. Characterization of transboundary POP contami-
nation in aquatic ecosystems of Pearl River delta. Mar. Pollut.
Bull. 2005, 51, 960-965.

(25) Chen, S. J.; Luo, X. J.; Mai, B. X.; Sheng, G. Y.; Fu, J. M.; Zeng,
E. Y. Distribution and mass inventories of polycyclic aromatic
hydrocarbons and organochlorine pesticides in sediments of
the Pearl River Estuary and the northern South China Sea.
Environ. Sci. Technol. 2006, 40, 709-714.

(26) Li, Y. F.; Cai, D. J.; Shan, Z. J.; Zhu, Z. L. Gridded usage inventories
of technical hexachlorocyclohexane and lindane for China with
1/6 latitude by 1/4 longitude resolution. Arch. Environ. Contam.
Toxicol. 2001, 41, 261-266.

(27) Nakata, H.; Kawazoe, M.; Arizono, K.; Abe, S.; Kitano, T.; Shimada,
H.; Li, W.; Ding, X. Organochlorine pesticides and polychlori-
nated biphenyl residues in foodstuffs and human tissues from
China: Status of contamination, historical trend and human
dietary exposure. Arch. Environ. Contam. Toxicol. 2002, 43, 473-
480.

(28) Ramu, K.; Kajiwara, N.; Lam, P. K. S.; Jefferson, T. A.; Zhou, K.;
Tanabe, S. Temporal variation and biomagnification of orga-
nohalogen compounds in finless porpoises (Neophocaena
phocaenoides) from the South China Sea. Environ. Pollut. 2006,
144, 516-523.

1826 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 41, NO. 6, 2007



(29) Ministry of Health of the People’s Republic of China. Maximum
Residue Limits for Pesticides in Food; www.instrument.com.cn/
show/download/shtml/014500.shtml (accessed September 2006).

(30) Ministry of Health of the People’s Republic of China. Maximum
Levels of Contaminants in Foods; www.instrument.com.cn/
show/download/shtml/020604.shtml (accessed September 2006).

(31) U.S. Environmental Protection Agency. Guidance for Assessing
Chemical Contaminant Data for Use in Fish Advisories. Volume
2: Risk Assessment and Fish Consumption Limits; www.epa.gov/
ost/fishadvice/volume2/index.html (accessed September 2006).

(32) Binelli, A.; Provini, A. POPs in edible clams from different Italian
and European markets and possible human health risk. Mar.
Pollut. Bull. 2003, 46, 879-886.

(33) The International Programme on Chemical Safety (IPCS).
Inventory of IPCS and other WHO pesticide evaluations and

summary of toxicological evaluations performed by the Joint
Meeting on Pesticide Residues (JMPR) through 2005; http://
www.who.int/ipcs/publications/jmpr/jmpr_pesticide/en/
index.html (accessed November 2006).

(34) China Society of Fisheries. China Seafood & Fishing Vessels and
Gears Imports and Exports; Beijing, China, 2005.

(35) Xinhua News Agency of China. A Short Introduction to All
Countries in the World; http://www.xinhuanet.com/ziliao/
2003-01/29/content_712506.htm (accessed September 2006).

Received for review September 21, 2006. Revised manuscript
received January 8, 2007. Accepted January 8, 2007.

ES062251Z

VOL. 41, NO. 6, 2007 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 1827


