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a b s t r a c t

The study aimed to investigate temporal trends of “old” and “new” persistent halogenated organic
pollutants (HOPs) in Taihu Lake, the third largest freshwater lake in China, and the associated health
risks. Five fish species were consecutively collected from the lake every year during 2011e2018. HOPs
including 37 polychlorinated biphenyls (PCBs), 10 organochlorine pesticides (OCPs), short- and medium-
chain chlorinated paraffins (SCCPs and MCCPs), 19 polybrominated diphenyl ethers (PBDEs), and 10 new
brominated flame retardants (NBFRs), were measured. The results showed that all the HOPs were
detected, with MCCPs and NBFRs showing the highest and lowest concentrations, respectively. The levels
of SCCPs and MCCPs were several orders of magnitude higher than those of the other HOPs. There were
obvious increasing trends for SCCPs, MCCPs, and hexachlorobenzene, but a decreasing trend for PBDEs.
No obvious increasing or decreasing trends were observed for the other HOPs. The present study indi-
cated that the use of NBFRs to replace PBDEs was not yet clearly observed. Fish consumption did not
result in non-carcinogenic risks, but posed low carcinogenic risks, with PCBs and DDTs being the highest-
risk contaminants because of historical residues. This is the first study for the temporal variations of the
HOPs in the lake.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Persistent halogenated organic pollutants (HOPs) are a type of
persistent organic pollutant (POP) containing at least one halogen
atom. POPs are of great concern because they persist in the envi-
ronment, can bioaccumulate and be biomagnified through food
chains, and have adverse effects on ecosystems and human health
(Ma et al., 2019; Venisseau et al., 2018). To strengthen the man-
agement of POPs and reduce the risk caused by them, various
multilateral environmental conventions have been reached. The
Stockholm Convention, held in 2001, was an international
e by Charles Wong.
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convention on the use and prohibition of POPs, which aimed at
global action to protect the environment and humans from POPs.
The first 12 POP chemicals addressed by the Convention included
organochlorine pesticides (OCPs), polychlorinated biphenyls
(PCBs), and unintentional byproducts, such as polychlorinated
dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/Fs).
Later, other POPs, including polybrominated diphenyl ethers
(PBDEs), short-chain chlorinated paraffins (SCCPs), and others,
were added (Stockholm Convention, 2009a, 2009b; USEPA, 2013;
POPRC, 2017). Currently, 31 kinds of POPs have been priority
controlled by the Stockholm Convention. Furthermore, when these
“old” POPs are banned or restricted, there must be some “new”

substitutes, which inevitably create more emerging organic con-
taminants, such as new brominated flame retardants (NBFRs) as
alternatives to brominated flame retardants (BFRs), e.g., PBDEs
(Yadav et al., 2019).
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In the past 40 years, the economy of China has developed
rapidly, especially since 2000. The sharp rise in economic devel-
opment has also led to high usage of products, including PBDEs,
chlorinated paraffins (CPs), and others, although some HOPs such
as hexachlorocyclohexanes (HCHs) and dichlorodiphenyltrichloro-
ethane (DDT) have been banned since the 1980s in China. For
example, the production of CPs grew rapidly from 0.6 million tons
in 2007 to 1.05 million tons in 2013, respectively (Wang et al.,
2018a; Wei et al., 2016; Zeng et al., 2011). Globally, China has
been the largest manufacturer, exporter, and consumer of CPs since
2013 (Li et al., 2019) with Jiangsu Province being the greatest
contributor to the environment (approximately 560 and 1290 tons
in air and water, respectively) (Zhang et al., 2017). Extensive use of
HOPs or products containing these compounds has led to their
widespread detection in environmental matrices, organisms, and
even human bodies (Dong et al., 2020; de la Torre et al., 2020;
Tornkvist et al., 2011; van Mourik et al., 2016; Xu et al., 2019). The
wide occurrence of these pollutants has posed potential risks to
ecological systems and human health.

Taihu Lake, with an area of 2420 km2 and a shoreline 393 km
long, is the third largest freshwater lake in China. Taihu Lake Basin
is located in the Yangtze River Delta, which is one of the fastest-
developing regions in China, with a high population density and
extremely prosperous industrial and agricultural production. Taihu
Lake is a vital place because it not only provides drinking water for
the residents in the surrounding regions, but also supports the
operation of fisheries (Wang et al., 2016). However, the lake
generally acts as a natural sink loaded with a variety of organic
pollutants because of the use of toxic chemicals in surrounding
regions. For example, many HOPs such as PBDEs, OCPs, and CPs
have been detected in the Taihu Lake aquatic ecosystem (Xu et al.,
2018; Yu et al., 2012, 2014; Zhang et al., 2019). However, there is not
available data on the temporal variations of the “old” and “new”

HOPs during the past ten years. Also, there is no long-term envi-
ronmental data to support the alternative use of “old” by “new”

HOPs, such as PBDEs by NBFRs.
In the present study, the authors hypothesized that there were

temporal trends of the “old” and “new”HOPs during a long time, for
example, up to approximately 10 years, and long-term environ-
mental data can support the alternative use of “old” by “new”HOPs.
Also, the changes would lead to fewer health risks via fish con-
sumption. Therefore, the authors prospectively collected five fish
species, including bighead carp (Hypophthalmichthys nolitrix), silver
carp (Hypophthalmichthys molitrix), crucian carp (Carassius car-
assius), topmouth culter (Culter alburnus), and large icefish (Proto-
salanx hyalocranius), which are the most common commercial
species, in Taihu Lake every year from 2011 to 2018. Five types of
HOPs, including NBFRs, PBDEs, CPs, PCBs, and OCPs, were analyzed.
The temporal variations of the HOPs and possible alternative use of
“old” by “new” HOPs were investigated, and the associated human
health risks via fish consumption were assessed. This is the first
study for the temporal variations of the HOPs in the lake, and the
first report on field long-term environmental data for the alterna-
tive use of PBDEs by NBFRs.

2. Materials and methods

2.1. Chemicals and reagents

Standards of DDTs (o,p’-DDT, p,p’-DDT, p,p’-DDE, o,p’-DDE, and
o,p’-DDD), HCHs (b-HCH, g-HCH, and d-HCH), PCBs (PCB5, 8, 28, 52,
49, 38, 44, 37, 47, 74, 70, 66, 60, 101, 99, 87, 110, 77, 82, 118, 114, 123,
153, 105, 179, 138, 158, 126, 160, 187, 183, 128, 156, 180, 169, 170, and
189), and PBDEs (BDE17, 28, 47, 66, 100, 99, 85, 154, 153, 138, 183,
190, 197, 203, 196, 208, 207, 206, and 209) were obtained from
AccuStandard, Inc. (CT, USA). Standards of medium-chain chlori-
nated paraffins (MCCPs) and SCCPs (100 ng/mL in cyclohexane)
with chlorine contents of 51.5%, 55.5%, and 63% and 47.0%, 52.0%,
and 57.0%, respectively, were obtained from Dr. Ehrenstorfer GmbH
(Augsburg, Germany). In the present study, NBFR standards
(Fig. S1), including allyl 2,4,6-tribromophenyl ether (ATE), 2-
bromoallyl-2,4,6-tribromophenyl ether (BATE), pentabromo-
benzene (PBB), hexabromobenzene (HBB), (2,3-dibromopropyl)
(2,4,6-tribromophenyl) ether (DPTE), 1,2-dibromo-4-(1,2-
dibromoethyl)cyclohexane (TBECH), tetrabromocyclooctane
(TBCO), tetrabromo-o-chlorotoluene (TBCT), pentabromobenzyla-
crylate (PBBA), 1,2-bis (2,4,6-tribromophenoxy) ethane (BTBPE)
(100 mg/mL in toluene), and hexachlorobenzene (HCB) were also
bought from AccuStandard, Inc.. Internal standards, 13C12-PCB208
and non-isotopic-labeled BDE77, were obtained from AccuS-
tandard, Inc., and surrogate standards, 13C6-trans chlordane (13C6-
TC) and 13C12-PCB141, were bought from Cambridge Isotope Labo-
ratories, Inc. (Andover, MA, USA). Acetone (HPLC-grade) came from
Mreda Technology Co., Ltd. (USA). HPLC-grade dichloromethane,
ethyl acetate, and n-hexane were obtained from CNW Technologies
GmbH (Germany). Na2SO4 came from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). Florisil (0.074e0.150 mm, 100e200
mesh, ASTM, residue analysis) and solid-phase extraction car-
tridges (6 mL, 500 mg) were also supplied by CNW Technologies
GmbH (Germany). Silica gel with a size of 80e100 mesh was ob-
tained from Qingdao Chemical Co. Ltd. (Shandong, China).

2.2. Sampling and sample preparation

Fish samples were collected by local commercial fishermen at
Guangfu town, Suzhou, Jiangsu Province, who caught fish in Taihu
Lake on the second day after the fishing festival that occurred on 1
September every year from 2011 to 2018. In Taihu Lake, fry were
released inwinter (generally in January) and adult fish were caught
in September every year. Therefore, the sampled fish can reflect the
pollution of the sampling year (Yu et al., 2012). A total of 203
samples included topmouth culter (n ¼ 41), crucian carp (n ¼ 40),
silver carp (n¼ 40), bighead carp (n¼ 41), and large icefish (n¼ 41)
(Table S1). For crucian carp, a sample was generally obtained by
combining four to five fish, whereas a sample of large icefish was
obtained by combining fish to a weight of approximately 500 g
because this kind of fish is too small (approximately 2 g wet weight
for an individual). All samples were wrapped with aluminum-foil
and transported to the laboratory separately stored in an ice box.
After length and weight were measured, the fish muscle (with the
whole fish being used for large icefish) was collected, lyophilized,
and ground into powder. Finally, the powder was stored at �20 �C
until use.

2.3. Analytical protocol

Generally, a 2 g sample spiked with surrogate standards of 13C6-
TC and 13C12-PCB141 was Soxhlet-extracted using acetone and n-
hexane (1:1, v:v) for 72 h. The extract was concentrated, and the
lipid content was measured by gravimetry. Gel permeation chro-
matography was used to remove the lipids with n-hexane and
dichloromethane (1:1, v:v), and a solid-phase extraction cartridge
was used to clean up and separate the target compounds. The non-
polar fractions were used for further treatment. The details were
described in a previous study (Zhuo et al., 2019). Briefly, the fraction
containing Florisil and silica gel was purified by a column filledwith
3 g sodium sulfate anhydrous, 5 g acid silica gel (1.5% H2O, ww), 2 g
neutral silica gel (1.5%, ww), and 5 g Florisil (1.5% H2O, ww) from
top to bottom. The fractions of 70 mL dichloromethane and n-
hexane (3:7, v:v) (for CPs) were collected after 30 mL n-hexane (for
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the other HOPs) was used to wash the columns. The collection was
concentrated and dried with a gentle flow of nitrogen. Finally, after
spiking with internal standards (BDE77 and 13C12-PCB208 for CPs
and the other HOPs, respectively) in samples, the sample was
stored in 50 mL n-hexane at �20 �C until analysis by gas
chromatography-mass spectrometry (or an electron capture de-
tector). Detailed information on the instrumental analyses is given
in the Supporting Information, and the instrumental monitoring of
ions for HOPs are described in Table S2.
2.4. Quality assurance and quality control

To reduce background influence during the experiments, all
glassware was heated to 450 �C for more than 4 h, and absorbent
cotton was extracted with n-hexane by Soxhlet extraction for 48 h
before use. One spiked matrix and one procedural blank were
conducted for each batch of ten samples. The spiked matrix re-
coveries of SCCPs was 76.7%e103.4% with standard deviation of
8.7% and the recoveries of MCCPs was 68.5%e97.3% with standard
deviation of 6.9%. The recoveries of the other HOPs are shown in
Fig. S2. Triplicate samples were randomly selected from every 50
samples, and the relative standard deviation was less than 20% for
the target compounds. The surrogate standard (13C6-TC) recoveries
of all samples were 64%e110% for SCCPs and MCCPs, and the re-
coveries of 13C12-PCB141 were in the range of 78%e114% for the
other HOPs. The limits of quantification (LOQs) and limits of
detection (LODs) are listed in Table S3. Linear coefficients of
determination R2 � 0.99 were recorded for OCPs, PCBs, PBDEs, and
NBFRs, and R2 � 0.9 were obtained for SCCPs andMCCPs. The detail
information for calibration curves are shown in Table S4.
2.5. Calculations and statistical analysis

To comprehensively understand whether pollutants pose a
threat to the human body through fish consumption, health risks
considering non-carcinogenic and carcinogenic effect endpoints
were estimated using the hazard quotient (HQ) and the carcino-
genic risk (CR), respectively. These were calculated according to the
following equations (Cao et al., 2019; Harada et al., 2011):

HQ ¼ EDI
RfD

(1)

CR¼ EDI � CSF (2)

EDI¼C � R
BW

(3)

where EDI (ng/kg-bw/day) is the estimated daily intake of a
chemical; RfD (ng/kg-bw/day) is the daily dose for humans that has
no known adverse effects on human health; CSF (ng/kg-bw/day) is
the cancer slope factor of the chemical for carcinogenic effect; C
(ng/g ww) is the chemical concentration in fish; R (g/day) is the fish
consumption rate per day; and BW (kg) is body weight. All the
related parameters used are given in Table S5. If an HQ value was
less than 1, the chemical was considered to pose no obvious non-
carcinogenic risks. If a CR value was less than 10�6, the carcino-
genic risk posed by the chemical was considered acceptable. Total
HQ (CR) was used to evaluate the total non-carcinogenic risk
(carcinogenic risk) from multiple contaminants using the addition
method (US EPA, 2000; Yu et al., 2014).

SPSS 13 for Windows was used to conduct statistical analyses.
The correlations among the variables were evaluated using a linear
regression model. A non-parametric Wilcoxon test is used to test
the difference between samples. The results were considered to be
statistically significant at p < 0.05. If the detected concentrationwas
less than the LOD, the value of “not detected” was assigned; if the
concentrations of the target substances were greater than the LOD,
but less than the LOQ and the detection frequency was >50%, the
concentrations of the targets were reported as 1/2 LOQ; if the
detection frequencywas<50%, the concentrations were reported as
1/4 LOQ (GB 17378.2e2007; Ge et al., 2020). All CP concentrations
are shown in ng/g ww (wet weight), and the other target sub-
stances are shown in pg/g ww unless otherwise specified.

3. Results and discussion

3.1. HOP concentrations in fish

All the target HOPs, including PBDEs, NBFRs, OCPs, PCBs, and
CPs, were detected in all samples (Table 1), suggesting the ubiqui-
tous occurrence of these pollutants. The median total OCP con-
centrations (including o,p’-DDT, p,p’-DDT, p,p’-DDE, o,p’-DDE, and
o,p’-DDD; b-HCH, g-HCH, and d-HCH; and HCB) in the five fish
species varied from 2.54 to 5.90 ng/g ww, with the concentrations
of ƩDDTs, ƩHCHs, and HCB being 2.74e(5.90 � 103), 21.5e84.1, and
33.2e67.5 pg/g ww, respectively. The present OCP contamination
levels were lower than those reported in a previous study from the
same lake for DDTs (p < 0.001), and those from the Qiantang and
Yangtze Rivers in China for DDTs and HCHs (Qiantang: p¼ 0.012 for
DDTs, p < 0.001 for HCHs, Yangtze Rivers: p ¼ 0.003 for DDTs,
p < 0.001 for HCHs) (Table S6). The present OCPs in fish are higher
than those in fish from the Kabul River in Pakistan and in most of
Africa (except for Kruger National Park), but lower than tilapia from
Okinawa Island in Japan (p < 0.001) (Tables S6e7) (Aamir et al.,
2016; Gerber et al., 2016; Malarvannan et al., 2011). The concen-
trations of Ʃ37PCBs ranged from 264 to 1.95 � 103 pg/g ww, with a
median of 731 pg/g ww (Table 1). From a global viewpoint, the PCB
levels in some parts of Europe are high, followed by the Great Lakes
in North America, but they are low in Africa (Table S8). Overall, the
OCP and PCB contamination levels in Taihu Lake were moderate
compared with those in other regions, although these chemicals
have been prohibited in China for over 40 years.

SCCP concentrations were in the range from 4.7 to 504 ng/g ww,
with a median of 20.0 ng/g ww, which were lower (p ¼ 0.012) than
those of MCCPs, with a range of 3.7e(1.40� 103) ng/g ww (median:
22.2 ng/g ww) (Table 1). The levels of SCCPs in the present study
were similar with the Chinese herring in the Pearl River (median:
20 ng/g ww) (p ¼ 0.065) (Sun et al., 2016), farmed fish (mean:
40 ng/g ww) and wild fish (mean: 26 ng/g ww) from the Yangtze
River (Huang et al., 2019a), and were higher than brook trout
(mean: 10 ng/gww) fromCanada (Basconcillo et al., 2015) and fresh
water fish (median: 3.6 ng/g ww) (p < 0.001) from France (Labadie
et al., 2019). The concentration of MCCPs were in the same mag-
nitudes as abalone (mean: 14.9 ng/g ww) from Liaodong Bay
(Huang et al., 2017) and fish (mean: 18.5 ng/g ww) from France
(Labadie et al., 2019). Compared with trout collected from Canada
(Basconcillo et al., 2015), the present levels of MCCPs were much
higher. In general, higher SCCP and MCCP concentrations were
observed in China than in other countries, which reflect the fact
that high CP usage and production have led to serious environ-
mental contamination in China.

Among the detected BFRs, PBDEs occurred at the highest con-
centrations (Table 1), which was expected given the long-term
industrial application of these chemicals. The concentrations of
Ʃ19PBDEs ranged from 3.95 to 5.51� 103 pg/g ww, with a median of
389 pg/g ww. Among the 19 congeners, BDE47 was predominant,
with a median of 114 pg/g ww. The present PBDE concentrations
were higher than those in Dianshan Lake (p < 0.001) in China, but



Table 1
Concentrations of HOPs in fish collected from Taihu Lake, China during 2011e2018.

Silver carp Bighead carp Crucian carp Topmouth culter Large icefish

Mean Median Range DF (%) Mean Median Range DF (%) Mean Median Range DF (%) Mean Median Range DF (%) Mean Median Range DF (%)

OCPsa 3.69
� 103

3.40
� 103

323e1.04
� 104

100 4.06
� 103

3.66
� 103

1.02
� 103

e1.17
� 104

100 7.57
� 103

5.90
� 103

265e3.33
� 104

100 6.68
� 103

4.56
� 103

1.95
� 103

e2.60
� 104

100 2.91
� 103

2.54
� 103

57.1
e3.36
� 104

100

a�HCH 6.79 n.d. n.d.e94.8 20.5 n.d. n.d. n.d. 2.7 3.47 n.d. n.d. �82.4 8.33 8.67 n.d. n.d.e49.1 34.3 0.31 n.d. n.d.e10.4 2.94
b�HCH 18.6 n.d. n.d.e125 30.8 76.3 43.7 n.d.e676 67.6 91.8 16.8 n.d.e932 58.3 112 79.7 n.d.e433 62.5 76.7 59.4 n.d.e584 79.4
g�HCH 20.2 n.d. n.d.e460 30.8 21.2 n.d. n.d.e496 21.6 9.32 n.d. n.d.e116 16.7 5.74 n.d. n.d.e85.0 6.3 14.5 n.d. n.d.e99.9 47.1
d�HCH 4.33 n.d. n.d.e37.2 19.7 6.68 n.d. n.d.e243 18.9 2.66 n.d. n.d.e22.3 22.2 6.89 n.d. n.d.e129 15.6 11.0 n.d. n.d.e87.6 26.5
ƩHCHs 49.9 21.5 n.d.e477 66.7 104 62.1 n.d. �865 73.0 107 38.7 n.d.e1.01

� 103
72.2 134 84.1 n.d.e475 84.4 102 62.1 n.d.e587 97.1

o,p’�DDE 142 97.1 n.d. �567 67.6 115 48.4 n.d.e750 59.4 122 76.1 n.d.e888 53.1 158 116 n.d.e909 75.0 18.3 n.d. n.d.e195 10.3
p,p’�DDE 2.73

� 103
2.55
� 103

n.d.e8.48
� 103

97.4 3.02
� 103

2.72
� 103

111e1.10
� 104

100 6.55
� 103

5.28
� 103

n.d.e3.21
� 104

97.2 5.54
� 103

3.88
� 103

1.34
� 103

e2.40
� 104

100 2.65
� 103

2.30
� 103

n.d.e1.40
� 104

82.4

o,p’�DDD 357 195 n.d.e2.68
� 103

94.9 274 223 37.5e2.24
� 103

100 363 126 n.d.e4.44
� 103

94.4 511 159 39.4e3.66
� 103

100 602 96.5 17.0
e3.90
� 103

100

o,p’�DDT 379 n.d. n.d.e3.21
� 103

35.9 401 n.d. n.d.e3.60
� 103

32.4 354 n.d. n.d.e3.71
� 103

27.8 829 n.d. n.d.e7.98
� 103

9.4 1240 n.d. 16.7
e9.64
� 103

32.4

p,p’�DDT 30.3 19.3 n.d.e183 59.0 35.9 24.8 n.d.e757 64.9 31.0 13.8 n.d.e253 63.9 43.7 28.1 n.d.e263 84.5 889 54.4 n.d.e7.47
� 103

91.2

ƩDDTs 3.63
� 103

3.28
� 103

50.4
e9.97
� 103

100 3.93
� 103

3.60
� 103

983e1.18
� 104

100 7.07
� 103

5.90
� 103

265e3.33
� 104

100 7.06
� 103

4.99
� 103

1.84
� 103

e2.56
� 104

100 5.40
� 103

2.47
� 103

54.2
e3.33
� 104

100

HCB 96.5 62.3 n.d.e649 92.3 81.1 67.3 n.d.e1000 97.3 107 43.3 n.d.e702 88.9 86.7 67.5 6.0e296 100 57.6 33.2 n.d.e176 85.4
PCBsa 847 728 387e1.64

� 103
100 676 663 264e1.24

� 103
100 846 839 485e1.45

� 103
100 957 893 519e1.95

� 103
100 595 555 436e1.14

� 103
100

Di�CBs 10.8 13.4 n.d.e40.7 87.5 27.2 15.4 n.d.e273 92.5 19.5 15.1 n.d.e64.2 88.6 24.6 19.5 n.d.e74.5 100 15.3 12.8 n.d.e39.6 100
Tri�CBs 54.1 42.9 n.d.e262 97.5 44.1 38.3 18.1e82.9 100 55.0 44.2 25.1e216 100 48.5 47.8 26.4e91.6 100 42.8 43.0 26.8e66.5 100
Tetra�CBs 325 177 70.5

e1.37
� 103

100 196 170 42.1e491 100 214 186 90.0e505 100 219 204 110e458 100 131 134 80.5e201 100

Penta�CBs 196 195 n.d.e301 97.5 172 175 79.3e241 100 240 234 137e503 100 279 258 136e657 100 171 158 123e418 100
Hexa�CBs 101 97.4 n.d.e246 97.5 91.9 96.0 n.d.e250 92.5 117 123 21.6e177 100 136 132 36.5e313 100 72.5 71.0 26.8e107 100
Hepta�CBs 80.0 83.8 n.d.e128 97.5 72.8 77.0 37.2e100 100 100 98.8 56.3e195 100 125 112 50.7e362 100 80.7 62.3 54.3e247 100
CPs b 105 49.4 9.1e1.65

� 103
100 107 31.9 7.9e1.52

� 103
100 102 73.9 32.3e515 100 100 38.7 16.4e1.05

� 103
100 94.5 36.9 7.2e1.61

� 103
100

SCCPs 44.6 60.1 4.7e385 100 30.0 11.9 4.7e413 100 36.1 34.2 13.7e79.5 100 32.3 16.3 4.7e310 100 31.4 17.0 4.7e505 100
MCCPs 20.8 21.6 3.4e1.56

� 103
100 76.6 12.8 4.2e1.04

� 103
100 65.7 42.3 9.1e482 100 68.0 22.8 5.1e982 100 63.1 20.5 3.4e1.10

� 103
100

PBDEsa 472 260 4.0e3.21
� 103

100 550 274 66.2e4.01
� 103

100 660 495 35.9
e5.51
� 103

100 815 656 171e2.61
� 103

100 396 313 4.0e2.31
� 103

100

Tri�BDEs 32 14 n.d.e195 80.6 15.5 13.9 n.d.e70.4 85.0 15.0 13.9 n.d.e52.1 79.4 40.6 35.2 6.1e128 100 19.1 11.9 n.d.e93.6 79.5
Tetra�BDEs 122 83.8 3.9e638 100 99.0 70.4 10.2e345 100 165 144 14.7e408 100 256 192 57.3e632 100 150 113 3.95e610 100
Penta�BDEs 52.4 45.8 n.d.e211 97.2 52.4 39.0 n.d.e147 100 82.5 80.1 11.1e247 100 182 159 21.5e404 100 52.9 54.0 n.d.e134 97.4
Hexa�BDEs 86.0 73.9 7.5e416 100 89.1 53.1 7.6e1.28

� 103
100 135 119 7.6e739 100 275 247 81.8e642 100 121 80.4 7.6e1.27

� 103
100

Hepta�BDEs 2.0 n.d. n.d.e22.7 36.1 7.2 n.d. n.d.e261 20.0 6.7 n.d. n.d.e139 38.2 1.2 n.d. n.d.e18.5 24.3 11.4 n.d. n.d.e226 33.3
Octa�BDEs 13.7 n.d. n.d.e137 36.1 13.1 n.d. n.d.e296 30.0 17.9 n.d. n.d.e211 44.1 11.6 n.d. n.d.e118 37.8 24.3 n.d. n.d.e328 33.3
Nona�BDEs 17.3 n.d. n.d.e502 11.1 23.9 n.d. n.d.e407 20.0 64.4 n.d. n.d.e1.23

� 103
32.4 8.2 n.d. n.d.e226 16.2 5.4 n.d. n.d.e90.3 23.3
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lower than those in Greenland, Canada, and the United States
(Table S9). Comparatively, much lower NBFR concentrations were
detected. The concentration of Ʃ10NBFRs was in the 1.71e352 pg/g
ww range, with a median of 38.9 pg/g ww. DPTE, the most abun-
dant NBFR compound, had amedian concentration of 21.4 pg/g ww.
Currently, limited data are available for NBFRs in fish. The level of
NBFRs in the present study was of the same order of magnitude as
in the earlier study in Taihu Lake (Zheng et al., 2018) and in reports
from other countries (Poma et al., 2014; Venisseau et al., 2018;
Widelka et al., 2016) (Table S10). All the BFRs were several orders of
magnitude lower than the SCCPs and MCCPs.

3.2. Composition profiles and sources

Among the OCPs measured, DDTs accounted for 97.1%e99.9% of
total OCPs in five fish species, followed by HCHs (0.07%e2.24%) in
average. Among the DDTs, p,p’-DDE occurred at the highest con-
centrations, accounting for 85.8%e96.5% of ƩDDTs (Fig.1A and S3A).
Technical DDT mixtures typically containing 75%, p,p’-DDT, fol-
lowed by o,p’-DDT (15%), p,p’-DDE (5%), and others (<5%) (Wang
et al., 2013). The high percentage of DDE found in the present
study demonstrated that the DDTs in fish were mainly historical
residues because DDT can be converted to DDD and DDE under
anaerobic and aerobic conditions, respectively. Of the HCH isomers,
b-HCH accounted for 34.2%e78.6% of the ƩHCHs (Fig. 1A and S3B),
which was consistent with previous reports in Taihu Lake (Yuan
et al., 2012; Wang et al., 2013). Commercial HCHs include two
kinds of products: the pure g-HCH isomer (lindane) and the tech-
nical HCH mixture containing a-, b-, g-, and d-HCH at 65%e70%,
5%e5%, 12%e14%, and 6%, respectively (Willett et al., 1998). The
high b-HCH concentrations in the fish samples might have been
mainly due to isomer conversion of g-/a-HCH to b-HCH in the
environment or in the body of the fish. The higher bioconcentration
factor of b-HCH relative to the a-isomer in aquatic organisms is
another important factor. Furthermore, b-HCH has more persistent
and stable properties than other HCH isomers (Willett et al., 1998).
Therefore, HCHs and DDTs in Taihu Lakeweremainly attributable to
historical residues of commercial products.

Medium-chlorinated PCBs were abundant in the samples, with
penta-PCBs (27.9%) being the most abundant congeners, followed
by tetra-PCBs (25.0%) and hexa-PCBs (14.9%) (Fig. 1A and S3C). The
PCB composition profiles were similar to the technical PCB product
Aroclor 1252, which indicated that Aroclor 1252 might be an
important source of PCBs in Taihu Lake. Considering the large
contribution of tetra- and penta-PCBs in the present result, com-
mercial Aroclor 1242, 1248, and 1254 might also be important
sources in the area because tri-to penta-PCBs are the main com-
ponents in these commercial products. In addition, it should be
noted that the abundant medium-chlorinated PCBs in fish can also
be a result of biomagnification of these chemicals through food
chains because many results have shown that medium-chlorinated
PCBs have the highest trophic magnification factor values
compared with lower- or higher-chlorinated congeners (Yu et al.,
2012; Yuan et al., 2019). Hence, the high contribution of medium-
chlorinated PCBs was mainly attributed to the use of technical
products and the different magnification properties of PCBs.

The most abundant congeners of CPs were C10H16Cl6 and
C10H15C7 for SCCPs and C14H24Cl6 and C14H23Cl7 for MCCPs (Fig. 1C).
For SCCPs, C10 and C11 were found to be the predominant carbon
groups, with median percentages of 36.1% and 26.3%, respectively,
followed by C12 (20.3%) and C13 (17.3%). For MCCPs, the congener
group C14 was observed to be the most abundant, accounting for
52.3%, followed by C15 (19.0%) and C16 (15.9%). Similar congener
group profiles were observed in aquatic foods from 18 provinces of
China (Wang et al., 2018b), as well as in composite bivalve and
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mollusk samples along the Bohai Sea coast in China (Ma et al., 2014;
Yuan et al., 2012). The present profiles were similar to CP42 and
CP52, which were most commonly used in commercial products
(Yuan et al., 2019), suggesting the commercial products as a
possible source.

In the present study, the PBDE patterns in fish followed a
sequence of BDE47 and BDE154, which accounted for 32.9% and
24.7% of total PBDEs, respectively (Fig. 1B and S3D), which is
consistent with a previous study from the same lake (Yu et al.,
2012). The higher contribution of BDE47 rather than BDE99 might
be attributed to specific commercial Penta-BDEs that might be
consumed in this region (Qiu et al., 2010; Yu et al., 2012). The high-
brominated congeners accounted for less than 1% of total PBDEs.
BDE 47 is the main congener in commercial Penta-BDEs such as DE-
71 and Bromkal 70-5DE (Huang et al., 2019b). A Deca-BDE product
with a BDE209 content >98% was the main commercial product
being produced and used in China. The results of the present study
might have resulted from lower bioaccumulation of BDE209 and
higher bioaccumulation of medium-brominated congeners (Yu
et al., 2012). Among the NBFRs detected, DPTE accounted for a
median of 57.3%, followed by HBB (15.2%) and PBBA (2.3%).
Currently, available data on NBFRs are very limited. High DPTE
concentrations (470 ng/g ww) have been detected in the blubber of
Fig. 1. Composition profiles of HOPs in fish from Taihu Lak
harp seals from Greenland and the Barents Sea (von der Recke and
Vetter, 2007), indicating DPTE accumulation in fish. In addition, the
high PBBA contribution might be attributed to production of the
chemical in the Yangtze River Delta, where Taihu Lake is located. To
the authors’ best knowledge, currently, there are nine factories that
can produce PBBA in China, and four of these are located around the
Yangtze River Delta. Therefore, it is not surprising to find a high
BPPA contribution in fish from Taihu Lake.

3.3. Temporal trends in HOPs

In the present study, the collected fish reflected the pollution
situation every year. The levels and composition profiles of DDTs
and HCHs did not change significantly during 2011e2018 (Fig. 2 and
S4). Although China has prohibited the usage of DDTs and HCHs
since the 1980s, the chemicals are still widely detected because of
their long half-lives in the environment. Similar to DDTs and HCHs,
NBFRs showed no significant increasing or decreasing trends
(Fig. 2A). The highest PBDE concentration was presented in 2012
with a median of 609 pg/g ww, and the lowest was observed in
2018 with a median of 247 pg/g ww (Fig. S4E). The highest NBFR
concentrations were observed with a median of 80.3 pg/g ww in
2011 and the lowest in 2012, with a median of 24.7 pg/g ww
e (A: OCPs, PCBs, PBDEs, NBFRs; B: SCCPs; C: MCCPs).



Fig. 2. Temporal trends of HOPs (median concentrations) in fish from Taihu Lake in
2011e2018.
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(Fig. S4F). With the restriction of PBDEs, other BFRs such as NBFRs
might be replacing them. In the present study, the use of NBFRs to
replace PBDEs was not yet clearly observed on the basis of the
concentration ratios of NBFRs to PBDEs (p ¼ 0.21) (Fig. S5). This
might have been the case mainly because PBDEs were still the most
widely used BFRs, whereas NBFRs were less used in China. On the
contrary, the median concentrations of PBDEs showed a significant
decreasing trend (p < 0.01), which might be because some com-
mercial PBDE products were prohibited in China and the relatively
shorter half-lives of PBDEs in the environment compared with
DDTs and HCHs. However, for PCBs, a slight increasing trend was
observed (p ¼ 0.13) (Fig. 2A and S4D), although the chemicals were
banned in 1974 in China. These results might be attributed to the
long half-lives of PCBs in the environment. For example, PCB153 has
an average residence time of approximately 110 years in the envi-
ronment (Venisseau et al., 2018). Furthermore, a recent report
showed considerable unintentional sources of PCB from industries
such as pigments and paints, metallurgical industry combustion,
and others (Zhao et al., 2020). More studies should be conducted for
the possible increasing trend of PCBs and it should deserve further
long-term attention.

As for the other HOPs, an obvious increasing trend was observed
for HCB from the initial 10.9e108 pg/g ww from 2011 to 2018
(Fig. 2B and S4C). In China, HCB has not been directly used as a
pesticide, but has mainly been used in the production of penta-
chlorophenol, sodium pentachlorophenolate, fireworks, and re-
agents (Zhang et al., 2012). The usage and production of HCB were
significantly reduced beginning in 1983, and the chemical was
completely banned in 2004. However, HCB can still be derived from
incomplete combustion, from old dump sites, and from pesticides,
chlorinated aromatics, and solvents (Zhang et al., 2012). Therefore,
the increasing trend of HCB contamination in fish from Taihu Lake
might indicate that there are new sources of the chemical, which
require further investigation. Similarly, SCCP and MCCP contami-
nation levels showed increasing trends from 2011 to 2018 (Fig. 2B
and S4G�H). SCCPs are mainly used as high-pressure additives in
metalworking fluid, and MCCPs are widely used as plasticizers in
polyvinyl chloride plastics (van Mourik et al., 2016). CP production
in China began in the 1950s. In 1978, China’s total CP production
was only approximately 3.4 kt (Wei et al., 2016). However, it grew
rapidly to 0.6 million tons in 2007, and reached 0.8 and 1.05 million
tons in 2010 and 2013, respectively (Wang et al., 2018a; Wei et al.,
2016; Zeng et al., 2011). At present, China has become the largest
producer and exporter of CPs in the world. With SCCPs being listed
as priority controlled pollutants in Annex A in 2017 by the Stock-
holm Convention (Zou et al., 2018), temporal variations of CPs in the
environment deserve further long-term attention.

3.4. Human health risks of HOPs through fish consumption

The destruction of the environment by human beings will in
turn bring potential risk to human beings. To know whether fish
consuming in Taihu Lake poses potential human health risks and
which types of HOPs pose the greatest risk, the non-carcinogenic
risks of HOPs were estimated using HQ values. Assuming similar
toxic endpoints for HOPs, their HQ values were calculated and are
shown in Fig. S6. The median HQ values of the HOPs were less than
one unit for both adults and children. To consider co-exposure to
multiple contaminants through fish consumption, the total non-
carcinogenic risks of HOPs were calculated by the addition
method using the mathematical sum of HQ values of each chemical
(Lei et al., 2015). As a result, the median total HQ values of HOPs
through fish consumption were 0.027e0.043 for children and
0.023e0.037 for adults (Fig. 3). In addition, the high exposure was
also estimated using the 95th percentile concentrations of HOPs
(Table S11). This analysis revealed that the non-carcinogenic risks
were in the range of 0.038e0.073 for adults and 0.040e0.083 for
children during 2011e2018. All the HQ values were less than one
unit, suggesting that there are no obvious non-carcinogenic risks
for chemicals through fish consuming in Taihu Lake, although all
the HOPs were considered using the addition method.

Among the HOPs, PCBs had the highest HQ value, followed by
DDTs, with SCCPs being the lowest. Although CPs were present in
much higher concentrations than the other HOPs, the risks were
very much lower because of their high RfD value. Comparatively,
the highest contributor in median HQ, PCBs, accounted for 67.7%e
84.1% of the total risks, followed by DDTs (13.5%e30.1%). Similarly,
PCBs showed higher non-carcinogenic risks than DDTs, with the
mean contributions of PCBs and DDTs accounting for 16.9% and 8.5%
of the totals considering multiple contaminants including POPs and
trace elements such as arsenic, cadmium, mercury, and others (Yu
et al., 2014). However, DDTs were more harmful than PCBs in terms
of carcinogenic risks regardless based on median or 95th percentile
concentrations (Fig. 3 and S6), which was consistent with the
report by Yu et al. (2014). Furthermore, most HOPs posed no
carcinogenic risk through fish consuming in Taihu Lake. The total
carcinogenic risks on the basis of the addition method were slightly
higher than 10�6, for both adult and children, whichmeant that fish
consuming in Taihu Lake had a low carcinogenic risk. However, the
results are based on the lifetime cancer risk. The results demon-
strated that DDTs and PCBs were themost important contaminants,
resulting in the highest human health risks from fish consuming in



Fig. 3. Human health risks of HOPs by fish consumption by residents (A: Total HQ values of non-carcinogenic risk for adults; B: Total HQ values of non-carcinogenic risk for children;
C: Total CR values of carcinogenic risk for adults; D: Total CR values of carcinogenic risk for children).

J. Ma et al. / Environmental Pollution 267 (2020) 1154978
Taihu Lake, even approximately 10 years later than the previous
study, in which the samples were collected in 2009 from the same
lake (Yu et al., 2014). In addition, although the non-carcinogenic
risks of CPs were generally very much lower and it can be antici-
pated that over the next several years, CPs will not have an obvious
adverse impact on human health, the risks from CPs should be of
concern considering the increasing trends in their concentrations
and their widespread use in China.
4. Conclusions

HOPs, including PBDEs, NBFRs, CPs, PCBs, and OCPs, in fish from
Taihu Lake collected during 2011e2018 were studied. Among the
HOPs measured, MCCPs had the highest concentrations and NBFRs
the lowest. HOP concentrations were less than or equal to those of
other water systems worldwide with the exception of CPs, which
were in the same magnitude as at other sites in China, but much
higher than in European and American countries. CPs and HCB
were found to be significantly increasing, whereas PBDEs were
decreasing during 2011e2018. The use of NBFRs to replace PBDEs
was not yet clearly observed. Considering the persistence of the
HOPs in the environment and the rapid development of new
chemicals used in products, longer observations are necessary in
the future. There were no obvious non-carcinogenic risks from the
chemicals through fish consuming in Taihu Lake, although all the
HOPs were considered to be additive. However, there were possible
carcinogenic risks from HOPs. DDTs and PCBs were still the most
important contaminants that posed the highest human health
risks, although usage and production of these chemicals were
banned 40 years ago. In addition, considering the high levels and
the increasing trends of CPs, the risks from these chemicals should
be of concern in the future.
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