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Abstract
Organochlorine pesticides (OCPs) are ubiquitous contaminants with high bioaccumulation and persistence in the environment;
they can have adverse effects in humans and animals. This study examined residual concentrations in water, sediments, and fishes
as well as the association between the health risks of OCPs and fish consumption in the Taiwanese population. Various water and
sediment samples from Taiwanese aquaculture and fish samples from different sources were collected and analyzed through gas
chromatography tandem mass spectrometry to determine the concentrations of 20 OCPs, namely, aldrin; cis-chlordane; trans-
chlordane; dieldrin; endrin; alpha-endosulfan; beta-endosulfan; heptachlor; hexachlorobenzene; alpha-hexachlorocyclohexane;
beta-hexachlorocyclohexane; lindane; mirex; pentachlorobenzene; o,p′-dichlorodiphenyltrichloroethane (DDT); p,p′-DDT; and
DDT metabolites (o,p’-dichlorodiphenyldichloroethane [DDD]; p,p’-DDD; o,p’-dichlorodiphenyldichloroethylene [DDE]; and
p,p’-DDE). None of the analyzed samples was positive for OCP contamination, suggesting no new input pollution from the land
through washing into Taiwanese aquaculture environments. However, OCP residues were detected in fishes caught along the
coast, namely, skipjack tuna and bigeye barracuda, and in imported fishes, such as codfish and salmon. DDTwas the predominant
pesticide. The contamination pattern of persistent organic pollutants was as follows: dieldrin > cis-chlordane > hexachlorobenzene,
with average concentrations ranging from 0.09 to 2.74 ng/g. The risk was assessed in terms of the estimated daily intake (EDI) for
potential adverse indices; the EDI of OCP residues was lower than 1% of the acceptable daily intake established by the Food and
Agriculture Organization of the UnitedNations andWorld Health Organization. The assessed risk was negligible and considered to
be at a safe level, suggesting no association between fish consumption and risks to human health in Taiwan. However, a continuous
monitoring program for OCP residues in fishes is necessary to further assess the possible effects on human health.
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Introduction

Persistent organochlorine pesticides (OCPs), such as aldrin,
chlordane, dieldrin, endrin, and dichlorodiphenyltrichloroethane

(DDT), are ubiquitous contaminants in the environment and
toxic compounds of global concern. OCPs are typically persis-
tent organic pollutants (POPs) and are characterized by high
persistence, bioaccumulation through food webs, and long-
range global transport (Chou et al., 2003). Because these com-
pounds are lipophilic and hydrophobic in nature, they
bioaccumulate in living and dead materials, specifically in ma-
rine organisms (Hellou et al. 1993). The application and produc-
tion of these pesticides have been banned in most countries;
however, some developing countries still use them, owing to
their lower cost and ease of management during production. In
Taiwan, OCPs were widely used from the 1950s to the 1980s,
and since the 1970s, the Taiwanese government has banned the
agricultural production and use of POPs—briefly, that of endrin
in 1971, DDT in 1973, aldrin and dieldrin in 1975, and endo-
sulfan in 2014. To date, all OCPs listed as POPs by the Persistent
Organic Pollutants Review Committee under the Stockholm
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Convention are prohibited by agricultural and environmental
sanitarians. However, various OCP residues have still been de-
tected in sediments (Chang and Doong, 2006; Doong et al.
2008), water (Gbeddy et al., 2015; Ibigbami et al. 2015), aquatic
species (Chou et al., 2003), and livestock and poultry products
(Tsai, 2010) in Taiwan.

In recent decades, aquatic ecosystems have been widely
contaminated by OCPs of agricultural and industrial origins
(Ballesteros et al., 2014). Eventually, POPs may accumulate
in the human body through the consumption of contaminated
aquatic organisms, drinking water, and agricultural supple-
ments. Moreover, marine animals, owing to their low capability
tometabolize POPs, typically accumulate higher concentrations
of POPs than do terrestrial animals (Martí et al., 2010). Notably,
POPs can cause various adverse health effects in humans and
animals, such as endocrine disruption, neurotoxic and carcino-
genic effects, and reproductive and developmental disturbances
(Martí et al., 2010; Zhang et al., 2014). Fish are a favorable
indicator of toxic agents in aquatic environments because of
their direct exposure to water pollutants through the gills and
skin (Oka et al., 2009; Zhang et al., 2014). Therefore, analyses
of pollutants accumulated in fish indicate not only OCPs in the
environment but also those transferred via the trophic chain.

Taiwan’s geographical and archipelagic characteristics, par-
ticularly its subtropical location and temperate climate, render it
ideal for culturing fish, shrimp, shellfish, and amphibians
(Chang et al., 2016). The average annual revenue from aquacul-
ture reached USD 11 billion between 2011 and 2015 (Chang,
2017). However, limited to land use, aquatic farms are close to
agricultural areas and human residential sites. Several OCPs
were formerly used as insecticides for controlling crop ectopar-
asites, introducing pesticides into the water and soil and conse-
quently contaminating aquaculture products (Doong et al.,
2008; Tsai, 2010). Such a breeding approach is susceptible to
OCP residues, necessitating the monitoring of persistent agents
for their prevention and treatment. Therefore, this study clarified
the concentrations and accumulation levels of OCPs in fishes
from different sources, including those cultured in inland
Taiwan, caught in the offshore zone, and imported from other
countries. OCPs in Taiwanese aquaculture environments were
determined through water and sediment sample collection and
analyses. Moreover, we estimated the effects of exposure to
these OCPs on the health of the Taiwanese population by deter-
mining the estimated daily intake (EDI) of these contaminants
through seafood consumption.

Materials and methods

Samples

Fish samples were collected from Taiwanese aquafarms, fish-
ing ports (catch from the offshore zone), or supermarkets

(fishes imported from Norway, Canada, and Iceland) between
January 2013 and December 2014. In total, 95 samples (31
from aquafarms, 32 from the offshore zone, and 32 imported)
were collected (Supplementary Fig.1). The aquafarm samples
comprised 12 tilapia, 10 milkfish, and 9 perch. These fishes
are bred on a large scale in Taiwan (Fisheries Agency of
Taiwan, 2016). The samples from fishing ports comprised
one each of cobia, gray mullet, blue mackerel, and yellowfin
tuna; two each of beltfish and yellow seabream; three each of
bigeye barracuda, marlin, brindle grouper, and skipjack tuna;
five dolphin fish; and seven white-tipped mackerel. These
species are caught at a high frequency along the Taiwanese
coast. The import samples comprised 16 codfish and 16 salm-
on; these fishes are consumed at high rates in Taiwan.

To more comprehensively understand the pollutant behav-
ior in the aquatic system, contaminant levels in surface water as
well as surface bottom sediments (0–5 cm) were analyzed.
Thirty samples of surface waters (n = 15) and surface bottom
sediments (n = 15) were collected from the same Taiwanese
aquafarms that served as the sources for the aforementioned
15 local species of fish. Furthermore, the water samples were
collected in 1-L clean, amber glass bottles for physicochemical
and contaminant analyses andwere immediately transported to
the laboratory (4 °C). The sediment samples were collected
with a steel corer; these samples were air-dried at room tem-
perature until they reached a constant weight. All fish and
sediment samples were stored at − 20 °C in sealed glass con-
tainers until analyses were conducted.

Chemicals and reagents

A total of 20 OCP analytical standards, namely, aldrin
(99.0%); cis-chlordane (99.7%); trans-chlordane
(99.0%); heptachlor (99.5%); hexachlorobenzene
(99.7%); alpha-hexachlorocyclohexane (99.5%); beta-
hexachlorocyclohexane (98.5%); lindane (99.7%); mirex
(99.0%); o,p’-DDD (99.5%); p,p’-DDD (99.0%); o,p’-
DDE (97 . 5% ) ; p ,p ’ -DDE (98 . 5%) ; o ,p ’ -DDT
(99.5%);and p,p’-DDT (98.5%), were purchased from
Dr. Ehrenstorfer GmbH (Ausburg, Germany). Dieldrin
(99.5%) and endrin (99.5%) were obtained from Chem
Service Inc. (West Chester, PA, USA). Alpha-endosulfan
(99.0%) and beta-endosulfan (99.0%) were obtained from
RdH Laborchemikalien GmbH (Seelze, Germany).
Pentachlorobenzene (99.9%) was obtained from Sigma-
Aldrich (St. Louis, MO, USA). We determined the con-
centrations of ΣDDTs, which had been detected as DDT
and DDT’s metabolites.

Chromatography-grade acetonitrile (ACN), acetone, di-
chloromethane, petroleum ether, and n-hexane were pur-
chased fromMerck (Darmstadt, Germany). Reagent-grade an-
hydrous sodium sulfate and sodium chloride (NaCl) were pur-
chased from Sigma-Aldrich. Florisil solid-phase extraction
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(SPE) cartridges were obtained from JT Baker (Phillipsburg,
NJ, USA). Quick easy cheap effective rugged safe
(QuEChERS) extraction salt packet (Agilent SampliQ
QuEChERS EN extraction kit, p/n 5982-5650; mixture con-
taining 4 g of anhydrous magnesium sulfate, 1 g of NaCl, 1 g
of sodium citrate, and 0.5 g of citric acid disodium salt) and
15-ml QuEChERS cleanup tubes (Agilent SampliQ
QuEChERS EN fatty dispersive-SPE kit, p/n 5982-5156)
were purchased from Agilent Technologies (Wilmington,
DE, USA).

Instruments and analysis of GC/MS-MS

To analyze the herbicides, gas chromatography tandem mass
spectrometry (GC/MS-MS) was performed on a GC system
(Bruker 450-GC, Bruker Instruments, Sunnyvale, CA, USA)
and a mass spectrometer (320-MS, Bruker Instruments)
coupled with an Agilent JW Scientific VF-5MS capillary col-
umn (0.25 mm × 30 cm × 0.25 μm, Agilent Technologies,
Santa Clara, CA, USA). The GC/MS-MS analyses were per-
formed in positive and negative electron-impact ionization
(EI) interface modes. Helium was used as the carrier gas in
the Bruker gas chromatograph mass spectrometer at a constant
flow rate of 1 mL/min. The injector and detector temperatures
were set to 280 and 250 °C, respectively. The oven tempera-
ture was set at 90 °C, initially maintained isothermal for 2 min,
subsequently increased to 300 °C at the rate of 7 °C/min, and
finally maintained constant at 300 °C for 4 min. The transfer
line and source temperature were set at 280 and 250 °C, re-
spectively. The injection volume in the splitless mode was
1.0 μL. In the collision chamber (second quadrupole), these
ions were collision-activated with argon at 1.5 mTorr.

Preparation of standard solutions

Stock solutions of individual pesticide standards were pre-
pared by accurately weighing 100 mg of each analyte and
dissolving them in 100 mL of acetone, ACN, or MeOH, de-
pending on the solubility of analytes, in volumetric flasks.
Working standard mixtures were prepared by combining each
type of stock solution and diluting it to 1 mg/L. All solutions
were stored at − 20 °C and brought to room temperature be-
fore each use. Using these working standard solutions, a series
of calibration standards were prepared by serial dilution with-
in the range of 0.5–500 ng/mL.

Extraction procedure and analysis

For detecting OCP residues in water, each sample was obtain-
ed and cleaned according to a modified version of the method
reported by Li et al. (2003). Briefly, 50 mL of water sample
was added into a flask containing 50 mL of acetone, 12.5 mL
of 10% NaCl, and 37.5 mL of petroleum ether, before

extraction with 50 mL of dichloromethane. Both organic
layers were combined and dehydrated with 20 g of anhydrous
sodium sulfate. The anhydrous organic phase was evaporated
to dryness, and the residue was dissolved with 2 mL of n-
hexane. Furthermore, 1 mL of sample solution was cleaned
using a Florisil SPE cartridge. After elution with 15 mL n-
hexane/dichloromethane (1:5, v/v), the collection was purged
with N2 to dryness, and the residue was redissolved with
1.0 mL n-hexane for OCP analysis.

OCPs from the sediment samples were extracted in accor-
dance with a modified version of the protocol recommended
by the Taiwan Environmental Protection Administration
(EPA) (2016a). Briefly, 20 g of soil sample was mixed with
20 g of anhydrous sodium sulfate. The samples were then
Soxhlet-extracted with 120 mL of acetone/dichloromethane
(1:1, v/v) in a 180 °C water bath for 3 h for extraction. The
extracts were collected and filtered through 0.2-μm
polyvinylidene fluoride filter (Whatman, Maidstone, UK)
and then evaporated to dryness. Finally, the resultant dry ex-
tract was reconstituted in 1 mL of acetone and n-hexane and
introduced into an autosampler vial for GC/MS-MS analysis.

OCP residues in fishes were analyzed according to the
QuEChERS extraction procedure developed by the European
Committee for Standardization (Shen et al., 2013). Each sample
(10 g) was weighed into a 50-mL centrifuge tube, and 10 mL of
ACN was added to it. The mixture was vigorously vortexed for
1 min, and QuEChERS extraction salt was added. Furthermore,
the mixture was vigorously vortexed for 1 min and centrifuged
at 3000×g for 5 min. After vigorous vortexing for 1 min, ap-
proximately 6 mL of the crude ACN extract was removed and
transferred into QuEChERS cleanup tubes. The ACN layer was
vigorously vortexed for 2 min and centrifuged for 5 min at
3000×g. Thereafter, 1 mL of the extracted solution was near
completely dried in a nitrogen evaporator at 40 °C. Finally, the
residue was redissolved with 1 mL of n-hexane/acetone (1:1,
v/v), filtered through a 0.2-μm filter membrane, and introduced
into an autosampler vial for GC/MS-MS analysis.

Quality assurance and validation

The proposed method was validated through estimation of re-
coveries, repeatability, linearity range, and limits of quantifica-
tion (LOQs) (Shen et al., 2013). To determine the recoveries
and repeatability, blank samples were spiked in triplicate with a
standard mixture of analytes at two concentrations (lower and
higher, 5 and 50 ng/g, respectively) for OCP analysis. These
samples were extracted and treated according to a previously
described protocol (Li et al., 2003; Shen et al., 2013;
Environmental Protection Administration, Taiwan 2016b).
The recoveries and repeatability (expressed as the percentage
of relative standard deviation) of OCPs ranged from 70 to
107% (repeatability range 1–20%) in water samples, 67–
112% (repeatability range 1–18%) in sediment samples, and

Environ Sci Pollut Res (2018) 25:7699–7708 7701



70–119% (repeatability range 2–15%) in fish samples
(Supplementary Table 1). Linearity was evaluated through
matrix-matched calibration by using blank sample extracts
and by adding the corresponding amount of the working solu-
tion with the target compounds at a concentration of 2–500 ng/
mL. The high linearity and reproducibility of calibration curves
revealed that our analytical matrix-matched calibration
achieved good correlation coefficients (R-squares) of > 0.990.
The LOQs were determined to be the analyte concentrations
that yielded peak signals of three and ten times the background
noise from the chromatogram. The LOQs of dieldrin and endrin
were 0.2 ng/mL in water samples and 4 ng/g in fish samples.
Compared with these chemicals, other OCPs were confirmed
by lower LOQs (0.1 ng/mL in water samples and 2 ng/g in fish
samples). Moreover, the LOQ of the sediment samples in all
OCP analytes was 0.3 ng/g (Supplementary Table 1); those
samples with lower concentrations than these LOQs were con-
sidered undetectable. These LOQs of water and sediment sam-
ples for analyzing the residues of OCPs met the official certifi-
cation requirement of the Taiwan EPA that the LOQs of envi-
ronmental matrixes be below 5 ng/g for OCP residual analyses
(Environmental Protection Administration, Taiwan 2016b).

Estimated daily intake

To assess human exposure to pesticide residues in fishes, the
EDI was estimated from the residual concentrations of the
analyzed OCPs and was compared with the acceptable daily
intake (ADIs) values established by the Food and Agriculture
Organization of the United Nations (FAO)/World Health
Organization (WHO). The EDI was calculated using the fol-
lowing equation: EDI (ng/kg/day) = (daily fish consumption
[g/day]) × (mean OCP concentration [ng/g])/(human body
weight [kg]) (Takazawa et al., 2008). The daily fish consump-
tion values for Taiwanese men and women (91.5 and 68.9 g,

respectively) were obtained from the National Nutrition and
Health Survey conducted by the Ministry of Health and
Welfare (Wu et al., 1999). We used 60 kg as the mean
Taiwanese body weight (Wu et al., 1999) and calculated the
EDI based on the mean concentrations of OCP residues. The
maximum EDI was derived from the maximum residues.

Results

OCP residues in water and sediment samples
from aquafarms

OCP concentrations in the water samples did not show any
peak signals on the chromatogram. However, in a sediment
sample from a tilapia culture, the concentration of p,p′-DDD
was 0.96 ng/g, which was lower than the LOQ. Thus, no
considerable levels of OCP compounds were obtained in the
present study.

OCP residues in various fish samples

Table 1 presents the violation rates and detection compounds
of OCP residues in different fish sample sources. The samples
from aquafarms did not contain OCPs. However, the rate of
positive banned OCPs in the samples from the offshore zone
was 6.25% (violation in 2 of 32 samples). One sample each of
bigeye barracuda and skipjack tuna was positive for DDTs,
including p,p′-DDD; p,p′-DDE; and p,p′-DDT. Moreover, vi-
olations were detected in 3 (2 codfish and one salmon) of the
32 imported fish samples, at a rate of 9.38%. One codfish was
multiresidual for cis-chlordane, DDTs (p,p′-DDD; p,p′-DDE;
and p,p′-DDT), and hexachlorobenzene. Another codfish
sample was multiresidual for cis-chlordane and hexachloro-
benzene. Conversely, a salmon sample contained p,p′-DDD

Table 1 Violation rates and residues of OCPs in fish samples collected between January 2013 and December 2014

Sampling source Surveyed
samples

No. of violated
samples

Residual fishes (no.) Violated
ration (%)

Residual OCPs

Aquafarms 31 0 0 0 0

Catching (offshore zone) 32 2 Bigeye barracuda (1)a,
skipjack tuna (1)a

6.25 DDTs

Importing 32 3 Codfish (2)b,c, salmon (1)d 9.38 Cis-chlordane, DDTs, dieldrin,
hexachlorobenzene

Total 95 5 5.26 Cis-chlordane, DDTs, dieldrin,
dexachlorobenzene

a The multiresidues of DDTs (p,p′-DDD; p,p′-DDE; and p,p′-DDT) were detected in one sample of bigeye barracuda and skipjack tuna
b The multiresidues of cis-chlordane, DDTs (p,p′-DDD; p,p′-DDE; and p,p′-DDT), dieldrin, and hexachlorobenzene were detected in one sample of
codfish
c The multiresidues of cis-chlordane and hexachlorobenzene were detected in one sample of codfish
d The multiresidues of DDTs (p,p′-DDD; and p,p′-DDE) and dieldrin were detected in one sample of salmon
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and p,p′-DDE. Overall, 5.26% of all fish samples contained
detectable residues of OCPs, and the violation rate was lower
than 10% for all samples and different sampling sources.

Detection levels and rates of OCP residues in all
samples

Among the 20 analyzed pesticides, cis-chlordane, DDTs, and
hexachlorobenzene were detected in the fish samples
(Table 2). The predominant residues were DDTs, (p,p′-DDD;
p,p′-DDE; and p,p′-DDT). In all fish samples, the highest
detection rate was of p,p′-DDD and p,p′-DDE (4.21%),
followed by detectable residues of p,p′-DDT (3.16%). The
levels of p,p′-DDD; p,p′-DDE; and p,p′-DDT were 2.51–
34.04, 5.07–51.76, and 7.26–78.41 ng/g, respectively.
Moreover, the average concentrations (derived from all sam-
ples, including detected and undetected samples) of p,p′-
DDD; p,p′-DDE; and p,p′-DDT were 0.59, 1.10, and
1.06 ng/g, respectively. Cis-chlordane, dieldrin, and

hexachlorobenzene, followed by DDTs, were the minor de-
tectable residues, with a detection rate of 2.11%. The present
results revealed that the rates of cis-chlordane, dieldrin, and
hexachlorobenzene residues were 4.76–5.75, 4.61–6.82, and
2.03–7.04 ng/g, respectively. Moreover, the average concen-
trations of cis-chlordane, dieldrin, and hexachlorobenzene
were approximately 0.11, 0.12, and 0.09 ng/g, respectively.
Altogether, the maximum detection levels ofΣDDTs were as
high as 164.22 ng/g, and the maximum average concentration
was 2.74 ng/g at a higher detection rate (4.21%).

EDIs of OCPs in fish samples on Taiwanese adults

The EDIs extrapolated from the average levels of OCP resi-
dues obtained for chlordane, dieldrin, DDTs, and hexachloro-
benzene were 0.17, 0.18, 4.18, and 0.15 ng/kg body weight/
day, respectively, in Taiwanese men and 0.13, 0.14, 3.15, and
0.12 ng/kg body weight/day, respectively, in Taiwanese wom-
en (Table 3). As shown in Table 3, these EDI values were

Table 2 Detection levels and
rates of OCPs in fish samples
(n = 95) collected between
January 2013 andDecember 2014

OCPs Minimuma

(ng/g)
Maximuma

(ng/g)
Averageb

(ng/g)
No. of samples with residue
and detected levels (ng/g)

Detection
ratio (%)

Cis-chlordane 4.76 5.75 0.11 2

– 1 codfish 4.76

– 1 codfish 5.75

2.11

Dieldrin 4.61 6.82 0.12 2

– 1 salmon 4.61

– 1 codfish 6.82

2.11

ΣDDTs 7.58 164.22 2.74 4

– 1 salmon 7.58

– 1 bigeye barracuda 33.40

– 1 codfish 46.94

– 1 skipjack tuna 164.22

4.21

p,p’-DDD 2.51 34.04 0.59 4

– 1 salmon 2.51

– 1 bigeye barracuda 6.80

– 1 codfish 10.61

– 1 skipjack tuna 34.04

4.21

p,p’-DDE 5.07 51.76 1.10 4

– 1 salmon 5.07

– 1 bigeye barracuda15.21

– 1 codfish 29.07

– 1 skipjack tuna 51.76

4.21

p,p’-DDT 7.26 78.41 1.06 3

– 1 codfish 7.26

– 1 bigeye barracuda11.39

– 1 skipjack tuna 78.41

3.16

Hexachlorobenzene 2.03 7.04 0.09 2

– 1 codfish 2.03

– 1 codfish 7.04

2.11

a Estimated from the detected residual levels
b Estimated from all samples, including detected and undetected samples
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much lower than the ADIs of chlordane, dieldrin, and DDTs
recommended by the FAO/WHO joint meeting on pesticide
residue (Yohannes et al. 2014). Contrastingly, the ADI of
hexachlorobenzene was withdrawn in 1978 by the FAO/
WHO. Therefore, the EDI of hexachlorobenzene in our study
was lower than the ADI of this compound suggested by the
FAO/WHO in 1975 (Stuetz et al., 2001)]. For Taiwanese men
and women, the EDI values in the percentage of ADI for OCP
residues were lower by 0.2%. Altogether, fish consumption
resulted in the highest risk of exposure to dieldrin, with ADIs
of 0.18 and 0.14% for male and female adults, respectively.

Discussion

In the present study, 20 banned OCPs, namely, aldrin; alpha-
endosulfan; beta-endosulfan; alpha-hexachlorocyclohexane;
beta-hexachlorocyclohexane; cis-chlordane; trans-chlordane;
o,p′-DDD; p,p′-DDD; o,p′-DDE; p,p′-DDE; o,p′-DDT; p,p′-
DDT; dieldrin; endrin; heptachlor; hexachlorobenzene; lin-
dane; mirex; and pentachlorobenzene, were analyzed in 95
fish samples collected from different sources in Taiwan.
Moreover, to confirm their presence in the environmental ma-
trixes, water and sediment samples from the aquaculture areas
in Taiwan were analyzed. The Taiwan Food and Drug
Administration (TFDA) does not specify recommended max-
imum residue limits (MRLs) for OCPs in fishes. Therefore,
the present study detected residues of these banned com-
pounds in fishes, which was sufficient to confirm the presence
of the substances.

OCPs may be washed in runoff from the land into water
sources and be retained in these environmental matrixes be-
cause of their high affinity for soil (Fu et al., 2003). In aqua-
culture areas, OCPs may be carried from marine sediments by
rainfall, causing significant water pollution in tropical and
subtropical countries (Abdullah, 1995; Chau, 2006). The rel-
evance of the sediment phase in the fate and accumulation of
contaminants is established in environmental monitoring.
Here, our analyses of surface sediments in the 30 samples
showed no significant residual concentrations. Few studies
have analyzed OCP residues in agricultural ecosystems,

particularly aquafarm soils in Asian countries. Studies have
reported the concentrations of various POPs in marine sedi-
ments in China (Fu et al., 2003; Chau, 2006; Zhang et al.,
2014; Cui et al., 2015), India (Sarkar et al., 2008), Vietnam
(Minh et al., 2007), Malaysia (Ibrahim, 2007), Indonesia and
Thailand (Todd et al., 2010), and Japan (Kim et al., 2007). The
POPs were determined to be chlordane, dieldrin, endrin, hexa-
chlorocyclohexane, hexachlorobenzene, heptachlor, lindane,
and DDTs (DDT and its metabolites, DDD and DDE). In
addition, Taiwan’s river sediment concentrations displayed a
rapid decrease from 1973 to 1976, but although there were
variations among rivers, the sediment concentrations of aldrin,
dieldrin, DDT, DDE, hexachlorocyclohexane, and lindane
were the predominant pesticides (at part-per-billion levels) in
2000 (Wang and Liu, 2000; Doong et al. 2008). Notably, p,p′-
DDD was detected in one sediment sample in this study, al-
though its residual level was lower than the LOQ of DDD.
Therefore, p,p′-DDD in the sediment of Taiwan’s aquatic en-
vironment may have been associated with DDTcontamination
during the early 1970s because of its past use or residues
deposited by water through runoff and erosion.

In general, the levels of OCP residues in water are lower
than those in sediments, as observed in the present results,
because of water drift or surface runoff; this affects the abun-
dance and diversity of distribution and causes complex effects
in ecosystems (Barni et al., 2016). Studies have reported OCP
residues in Taiwan’s rivers from two surveys conducted dur-
ing 1973–1976 (Ku, 1979) and 1998–1999 (Wang and Liu
2000). These studies reported that the rivers were affected
by dieldrin, DDTs, endrin, lindane, and heptachlor, but the
OCP level in water was relatively low (< 0.02 ng/g). The
detection rate (8.33%) of a survey conducted in 1998–1999
was lower than that of one conducted in 1973–1976 (>
25.0%). Although organochlorine insecticide mean concentra-
tions in river water were detected from 1973 to 1976, the
residual levels have rarely been detected and have declined
since the 1990s (Wang and Liu, 2000; Doong et al. 2008; Tsai
2010). This finding is in concordance with those of other
studies reporting aldrin, dieldrin, DDTs, endrin, heptachlor,
and chlordane as the predominant residues (Zhang et al.,
2003; Zhang et al., 2014; Gbeddy et al., 2015; Ibigbami

Table 3 Estimated dietary intake
of OCP residues in Taiwanese
adults

OCPs EDI (ng/kg body weight/day) EDI (%) of ADI ADI (FAO/WHO, ng/kg
body weight/day)

Male Female Male Female

Chlordane 0.17 0.13 0.03 0.03 0.5

Dieldrin 0.18 0.14 0.18 0.14 0.1

ΣDDTs 4.18 3.15 0.04 0.03 10

Hexachlorobenzene 0.15 0.12 0.03 0.02 0.6a

a The ADI of 0.0006 mg/kg body weight for hexachlorobenzene established by the FAO/WHO, 2009 was
withdrawn in 1978
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et al. 2015; Barni et al., 2016). However, no studies have
directly investigated OCP contamination in water from
Taiwanese aquafarms. Therefore, the results of these surveys,
in addition to the present findings, revealed that OCP residues
in water bodies decreased from the 1970s to 2010s. However,
the present study indicated no significant OCP contamination
in the aquafarm waterbodies and showed that the banned
OCPs may be present in trace levels and below the LOQs of
the analyzed method. Thus, future studies must enhance the
LOQ in water matrixes. Furthermore, the ecological risk of
OCPs in the Taiwanese aquatic environment is negligible.

A previous study in Taiwan indicated that OCP residues in
cultured fishes and OCP have a distribution pattern of
DDTs > hexachlorocyclohexane > dieldrin in the 1970s (Jeng
and Sun, 1974) (Supplementary Table 2). Another study con-
ducted between 2001and 2003 had a 22.95% detection rate for
DDTs in marine products from fish farms (Sun et al., 2006).
The order of DDTs was as follows: p,p′-DDD> p,p′-DDE >
p,p′-DDT, suggesting the DDT metabolites, including p,p′-
DDD and p,p′-DDE, were the early major residues of OCPs
in cultured fishes in Taiwan. Similarly, DDT metabolites have
been found to be abundant in cultured fishes in China (Kong
et al., 2005) and Brazil (Botaro et al., 2011). The frequency of
DDT might be expected to be higher in areas where this in-
secticide has been widely used; this compound was largely
withdrawn after the 1970s but is still used for controlling
disease vectors (Roberts et al. 1997; Takazawa et al., 2008).
However, the present result did not detect DDTcontamination
in the fish samples from Taiwanese aquaculture farms.
Altogether, the sediment, water, and farm fish samples report-
ed inadequate OCPs and no bioaccumulation of these com-
pounds in the 2010s. Thus, Taiwan’s contemporary aquacul-
ture environment has been suggested to have relatively fewer
levels of OCP residues compared with those in the 1970s and
early twentieth century. The risk of high levels of OCPs in
various aquatic organisms, such as fishes, in a large area of
Taiwanese aquacultural farms was confirmed to be low.

All 64 locally caught and imported samples, analyzed
through GC/MS-MS, were positive for cis-chlordane, DDTs,
dieldrin, and hexachlorobenzene. The trend of the detected
OCPs was as follows: DDTs > dieldrin > cis-chlordane >
hexachlorobenzene. These compounds are banned for use in
agriculture, environment, public health, and food-producing
animals in Taiwan. DDT and its metabolites were the most
abundant pesticides in fish muscle, particularly in the offshore
catch. Taiwan’s inshore aquaculture farms were considered to
be composed of the surrounding waters of China’s eastern
coast and the path of the Kuroshio Current along the west
coast of Taiwan (Yang. 1975). Because of its availability and
low cost, some aquaculture farmers continue to illegally use
DDT in China; as a result, DDT contamination has been re-
ported in the major estuaries of China’s rivers (Peng et al.
2005; Zhang et al., 2003; Chau 2006; Bao et al., 2012). The

timing of DDT input (i.e., whether it was recent) can be deter-
mined by comparing its concentration and metabolites. The
rate of DDD andDDE to total DDTcan be used as an indicator
of the long-term weathering (> 0.5) or recent introduction (<
0.5) of DDTs into the environment (Jeng and Sun, 1974). In
the present study, the rate of (DDE +DDD)/ΣDDTwas 1.54,
suggesting that the detected DDTs had been in continuous use
over the past decade for agricultural and public health pro-
grams (Muralidharan et al., 2009). The lack of fresh input
might be because of the DDT ban in many developed coun-
tries. Simultaneously, the present study estimated the residues
of two DDT isomers as o,p′-DDT and p,p′-DDT but only
detected p,p′-DDT. The predominance of p,p′-DDT over o,p
′-DDT suggested the nonapplication of dicofol in the catch-
ment areas, because the rate of o,p′-DDT/p,p′-DDT can be
also used to distinguish DDT pollution caused by technical
DDT from that caused by dicofol (Yohannes et al., 2013).

OCP contamination because of cis-chlordane, dieldrin,
DDTs, and hexachlorobenzene was observed in two codfish
and one salmon. Many studies have demonstrated heavy OCP
contamination in codfish from the Baltic Sea (Falandysz,
1986), northern Atlantic sea (Angerhöfer et al., 1999), and
Adriatic Sea (Storelli et al., 2004) as well as in salmon from
northern Japan (Oka et al., 2009), Norway, Maine, Canada,
Norwegian, Alaska, and the Aleutian Islands (Shaw et al.,
2006). In those studies, DDT and its metabolites chlordane,
hexachlorocyclohexane, and hexachlorobenzene were the
most abundant pesticides, with total DDTs (> 40 ng/g) ac-
counting for the predominant pesticides in cultured salmon
from Norwegian samples associated with contaminated feed.
Moreover, chlordane, dieldrin, and hexachlorobenzene were
commonly used as insecticides in the past and are still widely
distributed in the environment (Takazawa et al., 2008; El-
Kady et al., 2017). Emission sources may be assumed to be
present in most developed countries. Although the detailed
sources and sizes of import fish samples were unobtainable,
the higher concentrations and detection rate of OCPs in cod-
fish and salmon likely indicate the long-range atmospheric
biotransport and bioaccumulation of these compounds and
their ubiquity in marine food chains (Iwata et al., 1994;
Shaw et al., 2006). Therefore, it was possible to determine
the biomagnification of persistent OCPs through the benthic
and pelagic food webs from small aquatic prey species to
older and larger individuals at the top of the webs (Braune
et al., 2014).

Of the analytes investigated in the present study, OCPs
were detected and were multiresidual in 5.26% of the 95 sam-
ples. Few studies have directly analyzed the contamination of
sanitary OCPs in marine products in the 2010s. However, the
present findings differed from those of the surveys conducted
by Ling in 2000 (Ling, 2004) and the TFDA in 2002 (Chou
et al., 2003). Compared with these reports, the violation rates
for OCP residues were 46.67% in 30 samples in 2000 (Ling,
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2004) and 6.78% in 59 samples in 2002 (Chou et al., 2003).
These positive results were observed after the samples were
screened for aldrin, DDTs, and endosulfan. The differences
can be partly explained by sample size. Moreover, these de-
tection rates of OCPs were lower than those for fish species
sampled from Asian countries, namely, Thailand (Kumblad
et al., 2001), Hong Kong (Cheung et al., 2007), India
(Muralidharan et al., 2009), China (Zhou et al., 2012), and
Indonesia (Shoiful et al., 2013). In the present study, OCP
contamination was mainly observed in the locally caught
and imported fish samples, not in marine culture products.
Therefore, these categories of OCP contaminants in congener
profiles indicate the same contamination sources, even with
varying metabolisms among species.

Some parameter guidelines facilitate the assessment of risk
in organisms such as humans for conditions such as ADI, as
well as excess cancer risk (ECR), provisional tolerable weekly
intake, and target hazard quotients (THQ) (Gu et al., 2015; Gu
et al., 2017; Ke et al., 2017). One is the ADI, formulated by
the FAO/WHO. However, the ADI does not consider differ-
ences in eating habits and consumption rates (Yang et al.
2006; Li et al., 2008). THQ is defined as an assessment of
the health risk of noncarcinogenic harmful effects (Gu et al.,
2017). The other is the risk, which considers the effects of
chronic and carcinogenic factors. This new, more accurate
estimate of chronic dietary intake is called the EDI and has
been proposed by the FAO/WHO Expert Committee on Food
Additives (Vragović et al., 2011) and US EPA (Zhang et al.
2014). The present findings concluded that the daily exposure
did not exceed the ADI. Because of the lower residual values
of OCPs, the estimated EDI values of chlordane, dieldrin,
DDTs, and hexachlorobenzene in the Taiwanese population
were below the ADI. Furthermore, compared with the ADI
in this study, the EDI values indicated no health risk associat-
ed with fish consumption. The assessed risk is negligible con-
sidering that the EDI is less than 1% of the ADI (Vragović
et al., 2011). Thus, it can be concluded that the OCP levels in
Taiwanese food products do not adversely affect human
health.

In conclusion, the OCP composition profiles showed no
contamination in the water and sediment samples from
Taiwanese aquaculture environments. Moreover, no OCP
residues were observed in the cultured tilapia, milkfish,
and perch evaluated in this study. In fishes from the locally
caught and imported samples, DDTand its metabolites were
the most abundant pesticides, with DDE being the predom-
inant metabolite. Levels of dieldrin, chlordane, and hexa-
chlorobenzene, followed by DDTs, were remarkable for the
other main detectable residues, suggesting contamination in
these sample source areas. However, the OCP residues de-
tected in this study did not present a risk to human health
because the EDI was below the ADI established by the
FAO/WHO.
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