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A B S T R A C T :

Persistent organic pollutants (POPs) are highly toxic organic chemicals. Lakes are one of the main sinks of POPs.
POPs can be accumulated in multiple matrices in lake ecosystems and biomagnified through the food web, and
thus pose a potential threat not only to lake ecosystems, but also to human health. Given their potential per-
sistent risks, they have received much attention over the past decades. This review comprehensively summarizes
the data on the levels and distributions of POPs in selected typical lake ecosystems in China and worldwide,
involving water, sediments, organisms, and surrounding soils and atmosphere. It was found that current pub-
lications on POPs in Chinese lakes are mainly related to lakes in the developed eastern plain area, with only a
few studies concerning the less-developed Qinghai-Tibet Plateau area. Similarly, around the world, there are
more research on POPs in developed countries and less in relatively less-developed areas. Moreover, there are
significant differences in the levels of POPs in different matrices in different lake ecosystems. Legacy POPs, such
as polycyclic aromatic hydrocarbons (PAHs), organochlorine pesticides (OCPs), polychlorinated biphenyls
(PCBs), polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), and polybrominated diphenyl ethers
(PBDEs), were commonly detected and reported in different lakes, while emerging POPs like perfluorinated
compounds (PFCs), polychlorinated naphthalenes (PCNs), Tetrabromobisphenol A (TBBPA), and hex-
abromocyclododecane (HCBD) were relatively less detected or reported. A comprehensive summarization on the
levels and distributions of traditional and emerging POPs in lake ecosystems could be significant for further
understanding the behaviors and risks of POPs in lake ecosystems.

1. Introduction

Persistent organic pollutants (POPs) have received increased global
attention over the past decades. In order to eliminate or reduce the
release of POPs into the environment, several international treaties
have been established calling for efforts and actions from the interna-
tional community, such as the Protocol to the regional UNECE
Convention on Long-Range Transboundary Air Pollution (CLRTAP) on
POPs and the Stockholm Convention on POPs. These international
treaties established strict international regimes for lists of POPs, in-
cluding 16 chemicals in the UNECE Protocol and 12 initial and 16
newly added chemicals in the Stockholm Convention.

There are many lakes in China, some of which are important
freshwater resources closely related to people's daily lives. As an im-
portant part of surface water systems, lakes are one of the main sinks of
POPs and also important sources of secondary pollution in lake eco-
systems. POPs in lakes can be accumulated in the fatty tissue of living

organisms through the food web, and also pose potential risks to hu-
mans. In many instances, exposure to POPs can lead to serious health
effects including certain cancers, birth defects, dysfunctional immune
and reproductive systems, greater susceptibility to disease and damage
to the central and peripheral nervous systems (UNEP, 2019).

There are many publications on POPs in lake ecosystems. Most of
the studies only focus on the same contaminant in different lake med-
iums or different contaminants in the same lake medium. Overall re-
views of different POPs in different regions covering different lake
mediums have rarely been reported. In this review, we comprehen-
sively summarize the data on the distribution of several POPs in se-
lected typical lake ecosystems in China and worldwide, involving
water, sediments, organisms, and surrounding soils and atmosphere.
POPs included in this review are polycyclic aromatic hydrocarbons
(PAHs), organochlorine pesticides (OCPs), polychlorinated biphenyls
(PCBs), polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/
Fs), polybrominated diphenyl ethers (PBDEs), perfluorinated
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compounds (PFCs), hexabromocyclododecane (HBCD),
Tetrabromobisphenol A (TBBPA) and polychlorinated naphthalenes
(PCNs). This comprehensive summarization of the levels and distribu-
tions of traditional and emerging POPs in lake ecosystems could be
significant for further understanding the behaviors and risks of POPs in
lake ecosystems.

2. Investigated lakes

Eight typical lakes in China and worldwide were selected in this
study. The choice of these lakes was based on a combination of their
significance to ecosystem and human health, geographical distribution,
historical pollution and data availability. The distribution of these lakes
is shown in Fig. 1. These selected lakes are geographically distributed

Fig. 1. Location of lakes studied in this review.

Table 1
Levels of POPs in sediment, organism and soil samples from the Caspian Sea.

Compounds Year Sample Range (mean) Reference

DDTs 2000–2001 sediments 0.006–13.401 (1.098)a de Mora et al. (2004)
HCHs 2000–2001 sediments 0.004–3.46 (0.305)a de Mora et al. (2004)
PCBs 2000–2001 sediments 0.00003–0.0064a de Mora et al. (2004)
HCB 2000–2001 sediments < 0.001–0.6 (0.0661)a de Mora et al. (2004)
OCPs 2009 sediments 1.8–12.68a Javedankherad et al. (2013)
PCBs 2009 sediments 0.39–2.64a Javedankherad et al. (2013)
PAHs 2012 sediments 232.1–1014 a Varnosfaderany et al. (2015)
PAHs 2005 sediments 830-3600 (1700) a Boehm et al. (2005)
PAHs ∗ sediments 3.8-4,800a Nemirovskaya and Brekhovskikh, 2008
PAHs 2015 sediments 17.3–926.7a Baniemam et al. (2017)
PAHs 2016 sediments 14.3–85.8a Baniemam et al. (2017)
DDTs 2008 avian feathers 87b Rajaei et al. (2011)
DDTs 2008 avian muscles 1089.5b Rajaei et al. (2011)
HCHs 2008 avian muscles 20b Rajaei et al. (2011)
HCB 2008 avian feathers 3.5 b Rajaei et al. (2011)
PAHs 2011 Persian sturgeon 2095–6587 a Mashroofeh et al. (2015)
PAHs 2011 Stellate sturgeon 1942–6206 a Mashroofeh et al. (2015)
PCBs 2008 avian feathers 32b Rajaei et al. (2011)
PCBs 2008 avian muscles 408.5b Rajaei et al. (2011)
DDTs 1983–1992 Soils 58-1596 (573) a Aliyeva et al. (2013)
HCHs 1983–1992 Soils 4-86 (28) a Aliyeva et al. (2013)
DDTs 2008 Soils 37 a Shahbazi et al. (2012)
HCHs 2008 Soils 21 a Shahbazi et al. (2012)
PCBs 2008 Soils 4.7–34.7a Aliyeva et al. (2012)
HCHs 2009 Soils 0.90–24.46 a Aliyeva et al. (2012)
DDT 2009 Soils 1.43-1, 115.4 a Aliyeva et al. (2012)
HCB 2009 Soils 0.02–1.63 a Aliyeva et al. (2012)

∗Lack of data.
a ng/g dry weight.
b ng/g wet weight.
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all over the world, including both freshwater lakes and saltwater lakes.
Taihu Lake, Qinghai Lake, Dongting Lake, Guanting Reservoir and
Baiyangdian Lake were selected for the study of POPs in Chinese lakes
while the Caspian Sea, Lake Superior and Lake Tanganyika were chosen
for the study of POPs in worldwide lakes.

The Caspian Sea is the largest lake in the world that is also an
saltwater lake, and is located between Europe and Asia; Lake Superior is
the largest freshwater lake in the world and also the largest of the Great
Lakes in North America, shared by the United States and Canada. Its
storage capacity accounts for more than half that the Great Lakes; Lake
Tanganyika is a freshwater lake in central Africa, located in the western
rift of the Great Rift Valley and is also the second oldest freshwater lake
in the world; Taihu Lake resides in the Yangtze Delta plain of eastern
China, one of the five largest freshwater lakes in China; Dongting Lake,
located in southeastern China, is the second largest freshwater lake in
China and also an important resource for grain, oil and aquatic pro-
ducts; Guanting Reservoir was once one of the main water sources in
Beijing. However, it was seriously polluted in the late 1980s and finally
withdrawn from the drinking water system in 1997; Baiyangdian Lake
is the largest freshwater lake in northern China; Qinghai Lake is the
largest lake in China classified as an saltwater lake, located in the
northeastern of the Qinghai-Tibet Plateau in northwestern China.

In this review, we compiled nearly all the available publications,
published within the last 30 years, reporting levels of POPs (PAHs,
OCPs, PCBs, PCDD/Fs, PBDEs, PFCs, HBCD, TBBPA, and PCNs) in dif-
ferent lake matrices (sediments, water, organisms, surrounding soils
and atmosphere) of these eight widely distributed typical lake ecosys-
tems (see Tables 1–6). It was expected that the levels and distributions
of traditional and emerging POPs in the lake ecosystems summarized in
this review could be significant for further understanding the behaviors
and risks of POPs in lake ecosystems.

3. POPs in typical lakes worldwide

3.1. Typical lake between Europe and Asia: the Caspian Sea

3.1.1. Sediments
PAHs, PCBs, DDTs and HCHs are the mainly studied POPs in the

Caspian Sea sediments which were collected during 2000–2016.
Reports on sediments collected during 2000–2001 show that the

concentration of ΣDDTs ranges from 0.006 to 13.401 ng/g dw (mean
1.098); ΣHCHs ranges from 0.004 to 3.46 ng/g dw (mean 0.035); ΣPCBs
ranges from 0.00003 to 0.0064 ng/g dw; HCB ranges from<0.001 to
0.6 ng/g dw (mean 0.0661) (de Mora et al., 2004). Levels of ΣOCPs and
ΣPCBs in sediments collected in 2009 were 1.8–12.68 ng/g dw and
0.39–2.64 ng/g dw, respectively (Javedankherad et al., 2013). Levels of
ΣPAHs in sediments collected in 2012 from the southwestern Caspian
Sea range from 232.1 to 1014 ng/g dw (mean 520) (Varnosfaderany
et al., 2015), while the level of ΣPAHs in sediments collected in 2005
from the Absheron region of the Caspian Sea was 830-3600 ng/g dw
(mean 1700) (Boehm et al., 2005); sediments from the northern Cas-
pian Sea ranged from 3.8 to 4800 ng/g dw (Nemirovskaya and
Brekhovskikh, 2008), and sediments collected in fall of 2015 and winter
of 2016 from the southern Caspian Sea were 17.3–926.7 ng/g dw and
14.3–85.8 ng/g dw, respectively (Baniemam et al., 2017). Levels of
PAHs showed a significant declining trend from 2005 to 2016 and the
overall pollution of PAHs in sediments is at a low to moderate level.

3.1.2. Organisms
POPs studied in biota samples from the Caspian Sea are the same as

POPs studied in sediments, which are PAHs, PCBs, DDTs and HCHs. The
biota samples studied in previous researches are mainly fish and avian
species. Concentrations of ΣPAHs in the various tissues of Persian
sturgeon and Stellate sturgeon collected in 2011 from the Iranian
coastline of the Caspian Sea were 2095–6587 ng/g dw and
1942–6206 ng/g dw, respectively (Mashroofeh et al., 2015). The high
levels of PAHs in avian species may relate to the high lipid content in
avian species. Rajaei et al. found that the average concentrations of
PCBs in muscles and feathers of avian species were 408.5 ng/g ww and
32 ng/g ww respectively. DDTs were the dominate OCPs in both mus-
cles and feathers, the average concentrations of which were 1089.5 ng/
g ww, accounting for 89% of the total OCPs, and 87 ng/g ww, ac-
counting for 53% of the total OCPs, respectively. The lowest OCPs in
muscles were HCHs (20 ng/g ww) and in feathers it was HCB (3.5 ng/g
ww) (Rajaei et al., 2011). Muscles contained significantly higher levels
of PCBs and OCPs than feathers and this could be attributed to the high
lipid content in muscles.

3.1.3. Surrounding soils
DDTs, HCHs, and PCBs are the mainly studied POPs in the Caspian

Table 2
Levels of POPs in organism and atmospheric samples from Lake Superior.

Compounds Year Sample Range (mean) Reference

DDE 1989–2001 bald eagle plasma 21.7a Dykstra et al. (2005)
PCBs 1989–2001 bald eagle plasma 86.7a Dykstra et al. (2005)
PBDEs 1989–2001 bald eagle plasma 7.9a Dykstra et al. (2005)
PCBs 2004–2005 peregrinus plasma 3.52–368.21b Fernie and Letcher, 2010
PBDEs 2004–2005 peregrinus plasma 0.87–195.79b Fernie and Letcher, 2010
HBCD 2004–2005 peregrinus plasma 0–0.46b Fernie and Letcher, 2010
PCNs 1996–1997 fish 0.019–3.400b Kannan et al. (2000)
PFCs 2006–2011 bird plasma 7.37d Route et al. (2014)
PFCs 2001 fish 13a Furdui et al. (2007)
PFOS 2001 fish 5a Furdui et al. (2007)
PBDEs 1997 fish 117–434b Luross et al. (2002)
PAHs ∗ atmosphere 2.9–3.9e Fernandez et al. (2002)
PBDEs 1997–1999 atmosphere 0.008–0.11e Strandberg et al. (2001)
HCB 1997–1999 atmosphere 0.086–0.14 e Strandberg et al. (2001)
PCNs 1998 atmosphere 0.00178 e Helm et al. (2003)
PCNs 2000 atmosphere 0.00146e Helm et al. (2003)
PCBs 1990 atmosphere 0.089–0.37e Hillery et al. (1997)

∗Lack of data.
cng/g lipid weight.

a ng/g dry weight.
b ng/g wet weight.
d ng/L.
e ng/m3.
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Sea surrounding soils. Research during 1983–1992 revealed that the
level of DDTs in the agricultural soil from Azerbaijan, a country on the
west coast of the Caspian Sea, ranged from 58 to 1596 ng/g dw (mean
573); HCHs ranged from 4 to 86 ng/g dw (mean 28) (Aliyeva et al.,
2013). Shahbazi et al. conducted a study on the levels of DDTs, HCHs

and PCBs in agricultural soils collected in 2008 near the Caspian Sea.
The results show that the average concentrations of DDTs and HCHs are
among the largest levels ever reported for soil samples, which are
37 ng/g dw for DDTs and 21 ng/g dw for HCHs, and 4.7–34.7 ng/g dw
for PCBs (Shahbazi et al., 2012). Concentrations of selected OCPs and

Table 3
Levels of POPs in sediment samples from Taihu Lake and Dongting Lake.

Compounds Year Range (mean) Reference Compounds Year Range (mean) Reference

Taihu Lake Taihu Lake
DL-PCBs 2004 0.7–1.6 b Xu et al. (2015) PAHs 2007 1180 a Liu et al. (2009)
PCDD/Fs 2004 2.7–6.9 b Xu et al. (2015) HCHs 2007 6.3 a Liu et al. (2009)
PAHs 2004 11.1–22.9 b Xu et al. (2015) DDTs 2007 6.8 a Liu et al. (2009)
PCDD/Fs 2009 0.91–4.8 (2.9) b Zhou et al. 2012 PBDEs 2007 0.3 a Liu et al. (2009)
PBDD/Fs 2009 0.16–1.6 (0.52) b Zhou et al. 2012 BDE-209 2007 25 a Liu et al. (2009)
PAHs 2003 1207–4754 a Qiao et al. (2006) PBDEs 2014 0.62–67 a Yin et al. (2017)
PAHs 2009 436.6–1334.9 a Tao et al. (2010) PCBs 2014 0.018–0.82 a Yin et al. (2017)
OCPs 2006 4.22–461 a Zhao et al. (2009) Dongting Lake
DDTs 2006 0.25–375 (53.9) a Zhao et al. (2009) PCDD/Fs 1995 130–891 b Gao et al. (2008)
HCHs 2006 0.07–5.75 (1.67) a Zhao et al. (2009) PCDD/Fs 2004 0.7–11 (4.5) b Gao et al. (2008)
PBDEs 2009 3.77–347 (72.8) a Wang et al. 2016 HCHs 2014 2.08–6.36 (3.21) a Wei et al. (2019)
HBCD 2009 0.168–2.66 a Wang et al. 2016 DDTs 2014 0.48–3.04 (1.31) a Wei et al. (2019)
TBBPA 2009 0.012–1.30 a Wang et al. 2016 OCPs 2014 6.37–12.88 (8.32) a Wei et al. (2019)
TBBPA 2010 0.056–2.15 a Xu et al. (2013) PCBs 2014 7.47–18.69 (11.16) a Wei et al. (2019)
HBCD 2010 0.046–2.56 a Xu et al. (2013) PBDEs 2014 2.70–5.23 (3.82) a Wei et al. (2019)
DDT 2000 0.1–8.8 a Feng et al. (2003) HCHs 2004 0.21–9.59 a Qian et al. (2006)
HCH 2000 0.3–66.5 a Feng et al. (2003) DDTs 2004 ND-10.15 a Qian et al. (2006)
PCDD/Fs 2003–2004 0.17 a Wen et al. (2008) PCDD/Fs 2004 15.4–38.9 b Xiao et al. (2013)
PCDD/Fs 2002 0.12–1.315 a Zhang and Jiang (2005) PCDD/Fs 2016 0.0799–3.449 a Cui, 2018
PCBs 2002 0.89–29.75 a Zhang and Jiang (2005) PCBs 2016 0.1226–4.4538 a Cui, 2018
PCBs 2014 0.018–0.82 a Yin et al. (2017)

a ng/g dry weight.
b pgTEQ/g dry weight.

Table 4
Levels of POPs in organism and water samples from Taihu Lake.

Compounds Year Sample Range (mean) Reference

OCPs 2006 B. aeruginosa 4.16–26.74 a Zhao et al. (2009)
133.4–14.1 c

DDTs 2006 B. aeruginosa 0.08–1.42 a Zhao et al. (2009)
HCHs 2006 B. aeruginosa 0.89–1.14 a Zhao et al. (2009)
OCPs 2006 C. fluminea 85.89–1032 a Zhao et al. (2009)

386.6–4526 c

DDTs 2006 C. fluminea 1.42–69.98 a Zhao et al. (2009)
HCHs 2006 C. fluminea 6.29–976a Zhao et al. (2009)
PBDEs 2007 fish ND-77 c Su et al. (2010)
PBDEs 2014 fish 25–200 c Yin et al. (2017)
PCBs 2014 fish 90–680 c Yin et al. (2017)
PCDD/Fs 2008 aquatic organism 0.005–0.036 b Zhang and Jiang (2005)
PCBs 2008 aquatic organism 1.517–27.648 b Zhang and Jiang (2005)
PCDD/Fs 2003–2004 bivalve 0.58 a Wen et al. (2008)

7.24 d

PBDEs 2009 fish 8.59–74.28 c Yu et al. (2012)
PCBs 2009 fish 10.30–165.2 c Yu et al. (2012)
PBDEs 2010 fish 0.098–0.269 b Zhang et al. (2012)
PCBs 2010 fish 279–1071b Zhang et al. (2012)
DDTs 1999–2000 fish 3.7–23.5a Feng et al. (2003)
HCHs 1999–2000 fish 3.7–123a Feng et al. (2003)
PFOS 2013 water 32 g Gao et al. (2016)
TBBPA 2010 water ND-1.12 g Xu et al. (2013)
HBCD 2010 water ND-0.37 g Xu et al. (2013)
PFCs 2009 water 17.8–448 (51.8) g Yang et al. (2011)
DDTs 2009–2000 water 200-9300 (1000) g Feng et al. (2003)
HCHs 2009–2000 water 20-36100 (5600) g Feng et al. (2003)

engTEQ/g wet weight.
fngTEQ/g lipid weight.

a ng/g dry weight.
b ng/g wet weight.
c ng/g lipid weight.
d ngTEQ/g dry weight.
g ng/L; ND: not detected.
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PCBs in soils collected in 2009 from an extensive spatial survey across
Azerbaijan were reported; HCHs ranged from 0.90 to 24.46 ng/g dw,
DDT ranged from 1.43 to 1115.4 ng/g dw, and HCB ranged from 0.02 to
1.63 ng/g dw. It was surprising that the concentrations of PCBs in most
soil samples were below the method detection limit (Aliyeva et al.,
2012). Concentrations of DDTs and HCHs in 2009 slightly declined
compared to that in 1980s, this might relate to the government`s efforts
in controlling these contaminants.

3.1.4. Water and atmosphere
Levels of OCPs and PCBs in water samples collected in 2009 from

the Caspian Sea were reported. The total concentration of OCPs was
71.75–315.16 ng/L, and PCBs nd-141.09 ng/L. In addition, the results

also indicated that β-HCH and DDE were the most common OCPs, and
the ratio of ΣPCB/ΣDDT also reflected that agriculture was an im-
portant source of OCPs and PCBs in this area (Javedankherad et al.,
2013). Concentrations of OCPs and PCBs were measured in atmospheric
samples collected during October–November 2008 from the Azerbaijan
region of Caspian Sea. The results show that the concentration of PCBs
ranges from 0.011 to 0.209 ng/m3, HCHs ranges from 0.169 to
3.744 ng/m3, DDTs ranges from 0.045 to 2.545 ng/m3 and HCB ranges
from 0.025 to 0.075 ng/m3 (Aliyeva et al., 2012).

3.2. Typical lake in North America: Lake Superior

3.2.1. Sediments
PCDD/Fs, PCBs and PBDEs are the mainly studied POPs.

Concentrations of 2,3,7,8-PCDD/Fs and DL-PCBs in sediments from
Lake Superior and Lake Huron were reported in 2012. The concentra-
tions of PCDD/Fs ranged from 0.005 to 18 ng/g dw for Lake Superior
and 0.003–6.1 ng/g dw for Lake Huron. The concentrations of DL-PCBs
ranged from 0.009 to 11 ng/g dw for Lake Superior and 0.009-27 pg/g
dw for Lake Huron (Shen et al., 2009). Song et al. studied the con-
centration of PBDEs and PCBs in sediments collected during 2001–2002
from Lake Superior, and the results show that the concentration of
PBDEs ranges from 0.49 to 3.1 ng/g dw (mean 1.4) and PCBs ranges
from 2 to 27 ng/g dw (mean 3.6). Compared to previous studies, PCBs
showed a declining or leveling-off trend, while PBDEs showed a sig-
nificant upward trend (Song et al., 2004). There is also a report on the
atmospheric accumulation rates of PCDDs and PCDFs in sediments from
the Great Lakes region. It shows that the accumulation rates of PCDDs
in Lake Superior and Lake Ontario are 0.0075 ng/cm2/yr and 0.22 ng/
cm2/yr, respectively, and the accumulation rates of PCDFs are

Table 5
Levels of POPs in organism and water samples from Dongting Lake.

Compounds Year Sample Range (mean) Reference

PCDD/Fs 2004 serum 0.005–0.109 (0.026) f Xiao et al. 2010a
PCDD/F 2004 breast milk 0.0004–0.01 (0.0055) f Xiao et al. 2010a
PCDD/Fs 2004 tissue extracts of cormorants 0.421–5.696 c Gao et al. (2011)
PCDD/Fs 2004 avian eggs 0.011–0.182 c Fang et al. (2007)
PCDD/F 2004 fish 0.002–0.018 b Gao et al. (2014)
PCBs 1998–2004 Yangtze finless porpoises 60–1890 c Yang et al. (2008)
PBDEs 1998–2004 Yangtze finless porpoises 5.32–72.76 c Yang et al. (2008)
PCDD/Fs 1998–2004 Yangtze finless porpoises 0.006–1.563 c Yang et al. (2008)
PCDD/Fs wet season fish 0.006–0.198 (0.03) b

0.05–5.552 (0.67) e
Hu et al. (2018)

PCDD/Fs dry season fish 0.0004–0.003 (0.001) b

0.054–0.699 (0.186) e
Hu et al. (2018)

DL- PCBs wet season fish 0.012–0.411 (0.088) b

0.019–0.593 (0.172) e
Hu et al. (2018)

DL- PCBs dry season fish 0.008–0.238 (0.0583) b

0.02–0.396 (0.128) e
Hu et al. (2018)

PBDEs wet season fish 0.021–0.488 (0.144) b Hu et al. (2018)
PBDEs dry season fish 0.01–0.42 (0.129) b Hu et al. (2018)
PCDD/Fs 2005 vegetation tissue 0.14–1.64 (0.67) d Fang et al. (2008)
HCHs 2014 water 0.96–2.57 (1.33) g Wei et al. (2019)
DDTs 2014 water 0.05–2.12 (0.54) g Wei et al. (2019)
OCPs 2014 water 1.25–6.02 (2.91) g Wei et al. (2019)
PCBs 2014 water 0.50–2.84 (1.13) g Wei et al. (2019)
PBDEs 2014 water 0.06–2.03 (0.66) g Wei et al. (2019)
PAHs 2015 water 17.33–77.12 g Wang et al. 2016
PCDD/Fs 2004 water 0.036–0.345 (0.0003) g Gao et al. (2014)
PCDD/Fs 2016 water ND Cui, 2018
PCBs 2016 water 0.077–10.321 g Cui, 2018
PCNs 2016 water 0.007–0.854 g Cui, 2018

ang/g dry weight.
b ng/g wet weight.
c ng/g lipid weight.
d ngTEQ/g dry weight.
e ngTEQ/g wet weight.
f ngTEQ/g lipid weight.
g ng/L; ND: not detected.

Table 6
Levels of POPs in sediment samples from Baiyangdian Lake and Guanting
Reservoir.

Compounds Year Range (mean) Reference

Baiyangdian Lake
PAHs 2016 163.20–861.43 a Gao et al. (2018)
OCPs 2016 2.25–6.07a Gao et al. (2018)
PBDEs 2016 0.231–1.224a Gao et al. (2018)
HCHs 2008 1.75–5.70 a Dai et al. (2011)
DDTs 2008 0.91–6.48 a Dai et al. (2011)
PCBs 2008 5.96–29.61 a Dai et al. (2011)
Guanting Reservoir
OCPs 2008 8.48–24.40 a Wan and Kang, 2012
HCHs 2008 1.11–7.73 a Wan and Kang, 2012
DDTs 2008 2.97–10.52 a Wan and Kang, 2012

a ng/g dry weight.
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0.00078 ng/cm2/yr and 0.23 ng/cm2/yr, respectively (Pearson et al.,
1998). The pattern of PBDEs in Lake Superior sediments differed from
those in air and fish, and there were obvious enhanced fractions of
heavier congeners in the sediments. It is because heavier congeners
have higher sediment-water distribution ratio (Song et al., 2004).

3.2.2. Organisms
POPs, including OCPs, PCBs, PBDEs, PFCs, HBCD and PCNs, in biota

samples from Lake Superior are studied. Concentrations of DDE, PCBs
and PBDEs in plasma samples collected during 1989–2001 from Lake
Superior bald eagles were reported by Dykstra`s team. They found that
the average concentration of DDE was 21.7 ng/g ww, PCBs was
86.7 ng/g ww and PBDEs was 7.9 ng/g ww. Their results suggested that
reproduction of the Lake Superior eagle population was no longer
limited by DDE and PCBs, at least in Wisconsin. However, reproduction
at individual nests located in contaminant “hotspots” potentially might
be affected by DDE or PCBs. (Dykstra et al., 2005). Fernie et al. studied
the levels of PCBs, PBDEs and HBCD in plasma samples of Falco pere-
grinus collected during 2004–2005 from the Great Lakes. The con-
centration of PCBs was 3.52–368.21 ng/g ww, PBDEs was
0.87–195.79 ng/g ww and HBCD was 0–0.46 ng/g ww (Fernie and
Letcher, 2010). A study by Kannan et al. show that the concentration of
PCNs in fish samples collected during 1996–1997 from Lake Superior
ranges from 0.019 to 3.4 ng/g ww (Kannan et al., 2000). Route et al.
found that PFCs in plasma samples collected during 2006–2011 from
Lake Superior birds was at a high level of 7.37 ng/L and the contribu-
tions of PFOS and PFDS to total PFCs were 67% and 23%, respectively
(Route et al., 2014). Furdui et al. studied the concentration of PFCs in
fish samples collected in 2001 from the Great Lakes region. The results
show that the level of PFCs is 13 ng/g ww in Lake Superior, 152 ng/g
ww in Lake Erie, 60 ng/g ww in Lake Ontario and 58 ng/g ww in Lake
Huron. PFOS was found to be the major perfluoroalkyl contaminant,
with a concentration of 121 ng/g ww in Lake Erie, 46 ng/g ww in Lake
Ontario, 39 ng/g ww in Lake Huron, 16 ng/g ww in Lake Michigan and
5 ng/g ww in Lake Superior (Furdui et al., 2007). Luross et al. found
that the average concentration of PBDEs in fish samples collected in
1997 from the Great Lakes ranged from 117 to 434 ng/g lw (Luross
et al., 2002).

3.2.3. Atmosphere
The concentration of ΣPAHs in atmospheric samples from Lake

Superior is in the range of 2.9–3.9 ng/m3, which is similar to the levels
in remote mountain regions in Europe (1.3–2.6 ng/m3, 2.0–3.7 ng/m3)
and the Chesapeake Bay (2.7–5.3 ng/m3), and is between the levels of
urban atmospheres (about 2-3 orders of magnitude) and Arctic atmo-
spheres (0.19–0.47 ng/m3) (Fernandez et al., 2002). Strandberg et al.
investigated air samples collected during 1997–1999 from Lake Su-
perior. The results show that the concentration of ΣPBDEs ranges from
0.006 to 0.052 ng/m3, ΣHCHs ranges from 0.14 to 0.2 ng/m3, ΣDDTs
ranges from 0.008 to 0.11 ng/m3, and HCB is in the range of
0.086–0.14 ng/m3 (Strandberg et al., 2001). Reports on the PCN con-
centrations of atmospheric samples from Lake Superior collected in
1998 and 2000 and Lake Ontario collected in 1996 and 1997 show that
the average concentration of PCNs in Lake Superior is 0.002 ng/m3 in
1998, and 0.001 ng/m3 in 2000; the average concentration of PCNs in
Lake Ontario is 0.006 ng/m3 in 1996, and 0.006 ng/m3 in 1997 (Helm
et al., 2003). Barbar et al. found that concentrations of ΣPCBs in at-
mospheric samples collected in 1990 from the Great Lakes region
ranged from 0.089 to 0.37 ng/m3 (Hillery et al., 1997).

3.2.4. Water
Concentrations of Σ25PCBs in water samples collected during

1980–1992 from Lake Superior were reported; the level of Σ25PCBs was
about 2.4 ng/L in 1980, but decreased to 0.18 ng/L by 1992. These
results indicated that during the 12-year period of 1980–1992, Σ25PCBs
in Lake Superior had declined by approximately 26,500 kg and was

decreasing with a first-order rate constant of 0.20 yr−1. Predictions
based on the theory of quality balance revealed that volatilization ra-
ther than precipitation was the main loss process of PCBs in Lake
Superior (Jeremiason et al., 1994). Ruge et al. investigated the con-
centrations of PCBs and OCPs in water samples from Lake Superior. The
results show that ΣPCBs ranges from 0.007 to 0.04 ng/L, and α-HCH,
HCB are the main OCPs in water samples; the average concentration of
α-HCH was 0.25 ng/L and HCB was 0.017 ng/L (Ruge et al., 2018).
Concentrations of PCBs in water samples declined significantly from
1980 to 2018. It was speculated that volatilization and precipitation
were the important factors, but volatilization might contribute more
than precipitation, which lead to the decline of PCBs in water samples.

3.3. Typical lake in Africa: Lake Tanganyika

Studies related to POPs in Lake Tanganyika mainly involved lake
organisms. Mahugija et al. investigated concentrations of DDTs in fish
samples from eastern Lake Tanganyika. The results show that the
concentration of ΣDDTs ranges from 23 to 339 ng/g ww or 1736-
25,552 ng/g lw (Mahugija et al., 2018). Concentrations of OCPs, PCBs,
PBDEs and HBCD in different wild fish samples collected in 2011 from
Lake Tanganyika were investigated. The concentration of ΣDDTs was
207-319 ng/g lw (mean 273), ΣHCHs was in the range of 0.8–1.5 ng/g
lw (mean 1.1), Σ7PCBs ranged from 13.8 to 20.6 ng/g lw (mean 17.2),
ΣPBDEs was 2.8–6.7 ng/g lw (mean 4.1), and HBCD was not detected in
any samples (Polder et al., 2014). Manirakiza et al. reported con-
centrations of OCPs and PCBs in seven fish samples collected in 2009
from northern Lake Tanganyika. The results show that ΣDDTs ranges
from 95.4 to 909.1 ng/g lw, ΣHCHs ranges from 21.2 to 288.2 ng/g lw
and ΣPCBs ranges from 35.7 to 166.7 ng/g lw, which indicated that the
POPs pollution in Lake Tanganyika was lower than or comparable to
that of other regions of Africa (Manirakiza et al., 2002). Concentrations
of DDTs in fish samples from eastern Lake Tanganyika were higher than
northern Lake Tanganyika, and levels of POPs in wild fish samples were
significantly lower than other fish samples. This could be attributed to
human activities concerning use of pesticides.

4. POPs in typical Chinese lakes

4.1. Eastern China: Taihu Lake and Dongting Lake

4.1.1. Sediments
Various POPs, including PCBs, PCDD/Fs, PBDD/Fs, PAHs, DDTs,

HCHs, PBDEs, HBCD and TBBPA, in Taihu Lake sediments are studied.
Xu et al. studied sediment samples collected in 2004 from Taihu Lake.
Their results showed that concentrations of DL-PCBs, PCDD/Fs and
PAHs in sediments from Taihu Lake were 0.7–1.6 pgTEQ/g dw, 2.7–6.9
pgTEQ/g dw and 11.1–22.9 pgTEQ/g dw, respectively (Xu et al., 2015).
Concentrations of PCDD/Fs and PBDD/Fs in sediment collected in 2009
were 0.91–4.8 pgTEQ/g dw (mean 2.9) and 0.16–1.6 pgTEQ/g dw
(mean 0.52), respectively (Zhou et al. 2012). Historical usage of pen-
tachlorophenol and sodium pentachlorophenate was the dominant
source of PCDD/Fs and specific sources of PBDD/Fs were unclear, it was
suspected to be effects of atmospheric deposition. The concentration of
ΣPAHs in surface sediment collected in 2003 is 1207-4754 ng/g dw
(Qiao et al., 2006), while the concentration of Σ15PAHs in sediments
collected in 2009 ranged from 436.6 to 1334.9 ng/g dw (Tao et al.,
2010). The concentration of ΣOCPs in sediment collected in 2006
ranged from 4.22 to 461 ng/g dw, ΣDDTs ranged from 0.25 to 375 ng/g
dw (mean 53.9) and ΣHCHs ranged from 0.07 to 5.75 ng/g dw (mean
1.67) (Zhao et al., 2009). PBDEs in sediment collected in 2009 are in
the range of 3.77-347 ng/g dw (mean 72.8), HBCD ranged from 0.168
to 2.66 ng/g dw, and TBBPA ranged from 0.012 to 1.30 ng/g dw (Wang
et al. 2016b). TBBPA in sediments collected in 2010 is 0.056–2.15 ng/g
dw and HBCD range from 0.046 to 2.56 ng/g dw (Xu et al., 2013). The
concentration of DDT in sediments collected in 2000 range from 0.1 to
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8.8 ng/g dw and HCH was in the range of 0.3–66.5 ng/g dw (Feng et al.,
2003). Concentrations and toxicity equivalent (TEQ) concentrations of
ΣPCDD/Fs in sediments collected during 2003–2004 are 0.17 ng/g dw
and 0.81 pgTEQ/g dw, respectively (Wen et al., 2008). Concentrations
of PCDD/Fs and PCBs in sediments collected in 2002 are
0.12–1.315 ng/g dw and 0.89–29.75 ng/g dw, respectively (Zhang and
Jiang, 2005). Liu et al. studied surface sediment samples collected in
2007 from Meiliang Bay and Xukou Bay in Taihu Lake, they found that
concentrations of ΣPAHs, ΣHCHs, ΣDDTs, Σ9PBDEs and BDE-209 in
Meiliang Bay were 1180 ng/g dw, 6.3 ng/g dw, 6.8 ng/g dw, 0.3 ng/g
dw and 25 ng/g dw, respectively and in Xukou Bay were 530 ng/g dw,
1.8 ng/g dw, 2.5 ng/g dw, 0.2 ng/g dw and 5.3 ng/g dw, respectively
(Liu et al., 2009). Σ24PBDEs in sediments collected in 2014 ranged from
0.62 to 67 ng/g dw and Σ22PCBs ranged from 0.018 to 0.82 ng/g dw
(Yin et al., 2017).

PCDD/Fs, PCBs, DDTs, HCHs and PBDEs in Dongting Lake sedi-
ments were intensively studied. Technical sodium pentachlorophenate
(Na-PCP) had been used in the Dongting Lake area since 1960s. PCDD/
Fs are by-products of Na-PCP. It was reported that concentrations of
PCDD/Fs in sediments from Dongting Lake were 130-891 pg I-TEQ/g in
1995. Total I-TEQ values for sediments collected in 2004 were in the
range of 0.7-11 pg I-TEQ/g (mean 4.5) (Gao et al., 2008). Concentra-
tions of ΣHCHs, ΣDDTs, ΣOCPs, ΣPCBs and ΣPBDEs in sediments col-
lected in 2014 from Dongting Lake ranged from 2.08 to 6.36 ng/g dw
(mean 3.21), ΣDDTs ranged from 0.48 to 3.04 ng/g dw (mean 1.31),
ΣOCPs ranged from 6.37 to 12.88 ng/g dw (mean 8.32), ΣPCBs ranged
from 7.47 to 18.69 ng/g dw (mean 11.16) and ΣPBDEs ranged from
2.70 to 5.23 ng/g dw (mean 3.82) (Wei et al., 2019). The concentra-
tions of ΣHCHs in sediments collected in 2004 ranged from 0.21 to
9.59 ng/g dw, while DDTs were in the range of ND-10.15 ng/g dw (Qian
et al., 2006). The concentrations of ΣPCDD/Fs ranged from 15.4 to
38.9 pg I-TEQ/g in surface sediments collected in 2004 and
0.55–38.9 pg I-TEQ/g for sediment cores (Xiao et al., 2013). PCDD/F
concentrations in sediment collected in 2016 ranged from 79.9 to
3449 pg/g dw, while PCBs ranged from 122.6 to 4453.8 pg/g dw (Cui,
2018).

4.1.2. Organisms
PCDD/Fs, PCBs, DDTs, HCHs and PBDEs in several aquatic organ-

isms from Taihu Lake were studied. Zhao et al. investigated macro-
benthos samples collected in 2006 from Taihu Lake. They found that
the concentration of ΣOCPs in B. aeruginosa samples ranged from 4.16
to 26.74 ng/g dw or 133.4–14.1 ng/g lw, ΣDDTs ranged from 0.08 to
1.42 ng/g dw and ΣHCHs ranged from 0.89 to 1.14 ng/g dw. As for C.
fluminea samples, the concentration of ΣOCPs was in the range of
85.89-1032 ng/g dw or 386.6-4526 ng/g lw, ΣDDTs ranged from 1.42
to 69.98 ng/g dw and ΣHCHs ranged from 6.29 to 976 ng/g dw (Zhao
et al., 2009). Concentrations of ΣPBDEs in fish samples collected in
2007 ranged from ND-77 ng/g lw (Su et al., 2010). Σ24PBDEs in fish
samples collected in 2014 ranged from 25 to 200 ng/g lw and Σ22PCBs
ranged from 90 to 680 ng/g lw (Yin et al., 2017). PCDD/Fs and PCBs in
aquatic organism samples collected in 2008 ranged from 0.005 to
0.036 ng/g ww and 1.517–27.648 ng/g ww, respectively (Zhang and
Jiang, 2005). Concentrations and toxic equivalent concentrations of
ΣPCDD/Fs in bivalve samples collected during 2003–2004 were
0.58 ng/g dw and 7.24 pgTEQ/g dw, respectively (Wen et al., 2008).
PBDEs and PCBs in fish samples collected in 2009 were 8.59–74.28 ng/
g lw and 10.30–165.20 ng/g lw, respectively (Yu et al., 2012), whereas
those in fish samples collected in 2010 were 0.098–0.269 ng/g ww and
0.279–1.071 ng/g ww, respectively (Zhang et al., 2012). DDTs in fish
samples collected during 1999–2000 ranged from 3.7 to 23.5 ng/g ww
and HCHs ranged from 3.7 to 123 ng/g ww (Feng et al., 2003). Con-
centrations of DDTs and HCHs in fish samples were far below the Na-
tional Food Standards of China. This indicated that banning the use of
DDT and HCH has might reduce the amounts of DDT and HCH residues
in the ecosystem.

PCDD/Fs, PCBs and PBDEs in several biota samples from Dongting
Lake were reported. An investigation on serum and breast milk samples
from the Dongting Lake area collected in 2004 shows that the WHO-
TEQ concentration of PCDD/Fs in serum samples ranges from 0.005 to
0.109 ngTEQ/g lw (mean 26). In breast milk samples, it ranged from
0.0004 to 0.01 ngTEQ/g lw (mean 5.5) (Xiao et al. 2010a). Levels of
PCDD/Fs in tissue extracts of cormorants, eggs of avian species and fish
samples collected from Dongting Lake in 2004 were determined.
ΣPCDD/Fs ranged from 0.421 to 5.696 ng/g lw or 14.8–2021 pgWHO-
TEQ/g lw in tissue extracts. PCDD/Fs may have been bio-accumulated
through food-web and the levels of PCDD/Fs in the cormorant collected
from Dongting Lake were still relatively high (Gao et al., 2011). 2,3,7,8-
PCDD/Fs in eggs of avian species were in the range of 0.011–0.182 ng/g
lw (Fang et al., 2007), and in the fish samples were 0.002–0.018 ng/g
ww or 0.1–0.92 ww (3.3–65.3 lw) pgWHO-TEQ/g (Gao et al., 2014).
Concentrations of PCBs, PBDEs and PCDD/Fs in tissue extracts of
Yangtze finless porpoises collected from Dongting Lake during
1998–2004 were 60-1890 ng/g lw, 5.32–72.76 ng/g lw and
0.006–1.563 ng/g lw, respectively (Yang et al., 2008). In the vegetation
tissue samples collected in 2005, the concentrations of PCDD/Fs ranged
from 0.14 to 1.64 pgTEQ/g dw (mean 0.67) (Fang et al., 2008). In the
wet season, the levels of ΣPCDD/Fs in fish samples ranged from 0.006
to 0.198 ng/g ww (mean 0.03) or 0.05–5.552 pgTEQ/g ww (mean
0.67), ΣDL-PCBs ranged from 0.012 to 0.411 ng/g ww (mean 0.088) or
0.019–0.593 pgTEQ/g ww (mean 0.172) and PBDEs ranged from 0.021
to 0.488 ng/g ww (mean 0.144). In the dry season, ΣPCDD/Fs ranged
from 0.0004 to 0.003 ng/g ww (mean 0.001) or 0.054–0.699 pgTEQ/g
ww (mean 0.186), ΣDL-PCBs ranged from 0.008 to 0.238 ng/g ww
(mean 58.285) or 0.02–0.396 pgTEQ/g ww (mean 0.128) and PBDEs
ranged from 0.01 to 0.412 ng/g ww (mean 0.129) (Hu et al., 2018).
Levels of PCDD/Fs in wet season fish samples was considerably higher
than dry season, this could be attributed to the use of Na-PCP in the past
and/or to the migration of PCDD/Fs from sediments to water in the wet
season.

4.1.3. Surrounding soils
Concentrations of DDTs in surrounding soil samples collected

during 1999–2000 from Taihu Lake ranged from 0.3 to 5.3 ng/g dw for
0–15 cm surface soils, 0.5–4.0 ng/g dw for 16–30 cm and 0–2.7 ng/g dw
for 31–50 cm; HCHs levels were similar to those of DDTs (Feng et al.,
2003). Concentrations of DDTs in soil samples collected in 2003 from
Taihu Lake ranged from 10 to 989 ng/g dw and HCHs ranged from 10 to
37 ng/g dw (Shen et al., 2005). Fang et al. studied the concentration of
Σ13OCPs in soil samples collected in 2004 from Taihu Lake; their results
show that ΣDDX (DDD, DDE and DDT) has the highest concentrations,
which ranges from 3.10 to 66.55 ng/g dw (mean 57.04); it was followed
by ΣHCHs, which ranged from 0.73 to 60.97 ng/g dw (mean 24.06).
Besides, dieldrin, endrin, hexchlorobenzene and alpha-endosulfan were
also found in these soil samples, but their concentrations were less than
15 ng/g dw (Wang et al., 2007). The average concentration of PCDD/Fs
in soil samples from Dongting Lake ranged from 5.53 to 75.6 pgI-TEQ/g
dw (mean 30.3). Differences in the congener profiles between soil
samples and sodium pentachlorophenate reflected the variety of PCDD/
F sources to the environment (Xiao et al., 2010b). PCDD/Fs and DDTs
contamination was not only confined to the surface soil, but extended
into the subsoil.

4.1.4. Water
PFCs, TBBPA, HBCD, DDTs and HCHs in water samples from Taihu

Lake were studied. Gao et al. found that the average concentration of
PFOS in water samples collected in 2013 from Taihu Lake was 32 ng/L.
However, it was not detected in samples from other regions in China,
such as the Bohai Sea, Yellow Sea and Lake Qinghai (Gao et al., 2016).
TBBPA in water samples collected in 2010 ranged from ND-1.12 ng/L
and HBCD ranged from ND-0.37 ng/L (Xu et al., 2013). Yang et al.
analyzed the concentrations of 4 PFSAs and 10 PFCAs in water samples
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collected in 2009 from Taihu Lake and Liaohe River. The results show
that the concentration of ΣPFCs in Taihu Lake is in the range of 17.8-
448 ng/L (mean 51.8 ng/L) and PFOA and PFOS are the main PFCs;
ΣPFCs in Liaohe river ranges from 1.4 to 131 ng/L (mean 43.6 ng/L),
and PFHxS and PFOA are the main PFCs. Concentrations of PFOS and
PFOA in water samples from these two regions were similar to those of
rivers in Japan, but significantly lower than in the Great Lakes (Yang
et al., 2011). DDTs in water samples collected during 2009–2000
ranged from 200 to 9300 ng/L (mean 1.0) and HCHs ranged from 20 to
36100 ng/L (mean 5.6) (Feng et al., 2003).

PCBs, PAHs, DDTs, HCHs, PCDD/Fs, PBDEs and PCNs in water
samples from Dongting Lake were summarized. Reports on water
samples from Dongting Lake collected in 2014 show that the con-
centration of ΣHCHs ranges from 0.96 to 2.57 ng/L (mean 1.33), ΣDDTs
ranges from 0.05 to 2.12 ng/L (mean 0.54), ΣOCPs ranges from 1.25 to
6.02 ng/L (mean 2.91), ΣPCBs ranges from 0.50 to 2.84 ng/L (mean
1.13), and ΣPBDEs ranges from 0.06 to 2.03 ng/L (mean 0.66) (Wei
et al., 2019). The concentration of ΣPAHs in water and SPM samples
collected in 2015 ranged from 17.33 to 77.12 ng/L and
595.91–2473.74 ng/g, respectively. PAH levels in water samples were
relatively lower than in SPM samples (Wang et al. 2016a). PCDD/Fs in
water samples collected in 2004 from Dongting Lake ranged from 0.036
to 0.345 ng/L (mean 0.191) or 0.17–0.37 pgWHO-TEQ/L (mean 0.28)
and Octachlorodibenzo-p-dioxin was the most abundant PCDD/F (Gao
et al., 2014). Water samples from Dongting Lake collected in 2016 were
investigated and the concentrations of PCBs ranged from 0.077 to
10.321 ng/L, PCNs ranged from 0.007 to 0.854 ng/L and PCDD/Fs were
not detected (Cui, 2018).

4.1.5. Atmosphere
The average concentrations of α-HCH, γ-HCH, HCB, HEPT, α-en-

dosulfan, p,p'-DDT, p,p'-DDE in atmospheric samples collected during
July 23 to August 11, 2002 from Taihu Lake are 0.074 ng/m3, 0.046 ng/
m3, 0.047 ng/m3, 0.053 ng/m3, 0.307 ng/m3, 0.124 ng/m3, 0.212 ng/
m3 and 0.767 ng/m3, respectively (Qiu et al., 2004). In 2004, the an-
nual average concentration of PBDEs in atmospheric samples from
Taihu Lake is 0.22 ng/m3. BDE-209, BDE-47 and BDE-28 accounted for
41%, 17% and 15% of the total PBDEs, respectively. In addition to
PBDEs, the average annual concentrations of other brominated and
chlorinated flame retardants are mostly under 0.004 ng/m3 (Yu et al.,
2012).

4.2. Northern China: Baiyangdian Lake and Guanting Reservoir

4.2.1. Sediments
PCBs, PAHs, DDTs, HCHs and PBDEs in sediment samples from

Baiyangdian Lake were reviewed. Gao et al. studied sediment samples
collected in 2016 from Baiyangdian Lake. Their results show that the
concentrations of PAHs, OCPs and PBDEs range from 163.2 to
861.43 ng/g dw, 2.25–6.07 ng/g dw and 0.231–1.224 ng/g dw, re-
spectively (Gao et al., 2018). Dai et al. found that the concentrations of
HCHs, DDTs and PCBs in sediments collected in 2008 range from 1.75
to 5.70 ng/g dw, 0.91–6.48 ng/g dw and 5.96–29.61 ng/g dw, respec-
tively (Dai et al., 2011). As a tributary river of Baiyangdian Lake, Fuhe
has a significantly higher concentration of PBDEs than Baiyangdian
Lake (Hu et al., 2010) and the distribution of DDTs showed a similar
trend of decreasing from Fuhe to Baiyangdian (Hu et al., 2009). Guo
et al. analyzed the concentrations of PAHs in sediments core from
Baiyangdian Lake. They found that high concentrations of PAHs oc-
curred mainly in the 1940s and 1990s, and decreased significantly since
1990. It could be attributed to the implemented measures for pollution
control in this region since 1990, which reduced point source input of
PAH in some degree (Guo et al., 2011). Concentrations of OCPs, HCHs
and DDTs in sediments collected in 2008 from Guanting Reservoir are
8.48–24.40 ng/g dw, 1.11–7.73 ng/g dw and 2.97–10.52 ng/g dw, re-
spectively (Wan and Kang, 2012).

4.2.2. Organisms
Hu et al. studied the concentrations of HCHs and DDTs in aquatic

organism samples collected in 2007 from Baiyangdian Lake. Their re-
sults show that concentrations of HCHs and DDTs range from 58 to
563 ng/g dw and 21–401 ng/g dw, respectively (Hu et al., 2010). Guo
et al. found that PAHs were more accumulated in SPM than aquatic
plants, and that some low molecular weight PAHs could accumulate
and transfer in different lake mediums (Guo et al., 2011). Concentra-
tions of Σ13OCPs, HCB, ΣHCHs, ΣDDTs, ΣChlordanes and ΣHeptachlors
in fish samples from Guanting Reservoir are 8.76–44.7 ng/g ww,
0.23–1.36 ng/g ww, 1.51–9.45 ng/g ww, 7.22–35.08 ng/g ww,
0.04–0.26 ng/g ww and 0.01–0.13 ng/g ww; the average values are
22.35 ng/g ww, 0.76 ng/g ww, 4.71 ng/g ww, 16.64 ng/g ww, 0.17 ng/
g ww and 0.07 ng/g ww, respectively (Wang et al., 2006).

4.2.3. Surrounding soils
The concentration of PAHs in the surface and subsurface soil sam-

ples collected in 2007 around Baiyangdian Lake ranged from 146 to
645.9 ng/g dw (mean 417.4) (Zhao et al., 2009) and in agricultural soil
samples collected in 2008 surrounding Guanting Reservoir was 14 ng/g
dw (Li et al., 2013). Concentrations of 16 priority PAHs in soil samples
collected in 2007 ranged from 62.8 to 4110 ng/g dw (mean 94) (Jiao
et al., 2013). High-level PAH contamination (4110 ng/g dw) near steel
and cement factories around Guanting Reservoir was identified, and
low to medium levels (mean 394.2 ng/g dw) were evident throughout
the Guanting Reservoir region (Jiao et al., 2009). Levels of HCHs and
DDTs in soil samples collected in 2003 range from 0 to 7.33 ng/g dw
(mean 0.69) and 0–76.01 ng/g dw (mean 9.46) (Wang and Lu 2008).

4.2.4. Water
Concentrations of PAHs, OCPs and PBDEs in water samples col-

lected in 2016 from Baiyangdian Lake range from 71.32 to 228.27 ng/L,
2.62–6.13 ng/L and 0–6.5 ng/L, respectively (Gao et al., 2018). Con-
centrations of HCHs, DDTs and PCBs in water samples collected in 2008
range from 3.13 to 0.6 ng/L, 4.05–20.59 ng/L and 19.46–131.62 ng/L,
respectively (Dai et al., 2011). Compared to other regions around the
world, such as the Bohai Sea (Tan et al., 2009), Yangtze River (Jiang
et al., 2000), India (Dua et al., 1996) and Spain (Fernandez et al.,
1999), levels of HCHs and DDTs in Baiyangdian Lake were relatively
low, but levels in suspended particulates were comparable to or higher
than those in other regions (Wang et al., 2013). PFOA, PFOS and PFBA
were the main PFCs in water samples from Baiyangdian Lake, with
concentrations ranging from 6.8 to 56.8 ng/L, 0.1–17.5 ng/L and
3.0–14.6 ng/L, respectively (Zhou et al. 2012). Concentrations of HCHs,
DDTs, and OCPs in water samples collected in 2012 from Guanting
reservoir range from 6.20 to 12.81 ng/L (mean 6.80), 10.94–14.40 ng/L
(mean 2.06) and 278.32–942.63 ng/L (mean 446.35), respectively (Liu
et al., 2014). The concentration of OCPs in water samples collected in
2000 from Guanting reservoir range from 4.2 to 96.9 ng/L and DDTs
range from ND-46.8 ng/L (Kang et al. 2003).

4.3. Qinghai-Tibet Plateau: Qinghai Lake

4.3.1. Sediments and surrounding soils
Levels of OCPs in surface sediment samples collected in 2012 from

Qinghai Lake ranged from 0.26 to 1.73 ng/g dw, HCHs ranged from
0.02 to 1.00 ng/g dw, DDTs were in the range of ND-0.86 ng/g dw and
PAHs ranged from 366 to 966 ng/g dw (Wu et al., 2014). Li et al.
conducted a large-scale investigation of PAHs, OCPs and PCBs in sedi-
ments collected during 2011–2012 from 52 lakes in China, and their
results show that the concentrations of ΣPAHs, ΣOCPs and ΣPCBs
ranges from 17.00 to 6633 ng/g dw, 0.12–45.24 ng/g dw and
0.03–13.99 ng/g dw, respectively. Levels of these pollutants in China
are in the following trend: eastern plains > Yungui Plateau >
Northeast China > Qinghai-Tibet Plateau > Mongolia > Xinjiang
Plateau (Li et al., 2017). Han et al. found that the average concentration
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of Σ27PCDD/Fs in surrounding soil samples collected in 2014 from
Qinghai Lake was 15.108 ng/g dw, the total concentration of low-
chlorinated PCDD/Fs was 15.104 ng/g dw and 2,3,7,8-PCDD/Fs was
only 0.003 ng/g dw (Han et al., 2016).

4.3.2. Organisms
To the best of our knowledge, POPs in organisms from Qinghai Lake

have rarely been reported. Liu et al. synthesized the data published
from July 1997 to July 2017 of POPs in lake organisms in China. They
found that reports on the Qinghai-Tibet Plateau and Yunnan-Guizhou
Plateau were very limited; most reports were related to organisms from
the eastern plain lakes in China. Concentrations of POPs in organisms
from different lakes were quite different. DDTs and HCHs were gen-
erally detected in various lake organisms, but their concentrations were
quite different. PCBs and PBDE concentrations in lake organisms from
the eastern plain were higher than those in other regions. The average
concentrations of DDTs, HCHs, PAHs, PCBs, PBDEs, PCDD/Fs, PFCs,
PFOAs and HBCD in organisms from different lakes in China were
454.56 ng/g lw, 153.57 ng/g lw, 2849.49 ng/g lw, 118.40 ng/g lw,
18.40 ng/g lw, 17.43 ng/g lw, 147.17 ng/g lw, 1542.18 ng/g lw and
2.19 ng/g lw, respectively (Liu et al. 2018).

5. Conclusion

In summary, lakes in China and worldwide are contaminated to
different extents by various POPs, including both traditional POPs and
emerging POPs. There are great differences in the levels of POPs be-
tween different lake ecosystems and different matrices. Contamination
levels of POPs in developed regions in both China and worldwide tend
to be higher than those in regions that are less developed. Compared to
the levels of POPs in regions around the world, some POPs in certain
regions of China may be lower, while some may be comparable or
higher.

Lake ecosystems are important freshwater resources closely related
to human life, but our understanding of POPs pollution in lake eco-
systems is still not sufficient. Although many studies on multiple POPs
in different matrices from different lake ecosystems have been carried
out, these previous studies usually focused on certain pollutant or
certain matrix, especially on traditional POPs. Available publications
associated with emerging POPs are relatively rarely reported.
Systematic research involving different pollutants and different ma-
trices, as well as the risk assessments is still needed for a better un-
derstanding of POPs in lake ecosystems.
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