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A B S T R A C T

In this study, a comprehensive investigation was performed to understand the overall occurrence, relative dis-
tribution, and bioaccumulation of seven different groups of POPs, comprising 27 polybrominated diphenyl
ethers (PBDEs), 76 polychlorinated biphenyls (PCBs), 23 organochlorine pesticides (OCPs), three hex-
abromocyclododecanes (HBCDs), and 13 perfluoroalkyl substances (PFASs) as legacy POPs, and 41 poly-
chlorinated naphthalenes (PCNs) and 24 short-chain chlorinated paraffins (SCCPs) as emerging POPs, by
monitoring crucian carp, sediment, and river water in the freshwater system. Among the targeted POPs, SCCPs
were predominant in sediment and crucian carp (more than 95%), while a dominance of PFASs was observed in
river water (92%). Principal component analysis revealed four different groups/patterns of POPs in all media:
one for PBDEs, PCBs, and OCPs, another for HBCDs and PFASs, and the two others for PCNs and SCCPs. Also,
sexually dimorphic growth-dependent accumulation of legacy POPs was observed in crucian carp such that POPs
concentration increased with increasing fish size and males recorded significantly higher levels of POPs com-
pared to females.

1. Introduction

Since the designation of 12 persistent organic pollutants (POPs)
(e.g., polychlorodibenzodioxins/furans [PCDD/Fs], polychlorinated
biphenyls [PCBs], and some organochlorine pesticides [OCPs]) for the
first time in 2001, several other pollutants have been regulated con-
tinuously in their production and use. These include mixtures of poly-
brominated diphenyl ethers (PBDEs), perfluorooctane sulfonic acid
(PFOS), and salts of PFOS as representative perfluoroalkyl substances
(PFASs) in 2009 and hexabromocyclododecanes (HBCDs) in 2013 as
legacy POPs under the Stockholm Convention. In addition, poly-
chlorinated naphthalenes (PCNs) and short-chain chlorinated paraffins
(SCCPs) were recently designated as emerging POPs in 2015 and 2017,
respectively. Despite these regulations, the distribution and fate of POPs
in the freshwater system continue to have high priority because of their
toxicity and persistence in biota, sediment, and water (Malarvannan
et al., 2013; Jiang et al., 2018).

The fate of POPs in the freshwater system is known to depend
generally on their production, usage, period of regulation, persistence,
and physicochemical properties (deBruyn et al., 2009; Wang et al.,

2019). Due to the strong hydrophobicity of legacy POPs, many pre-
viously conducted studies have investigated the historical residues,
which are primarily initiated during precipitation events that lead to
loadings in sediment and bioaccumulation in biota (Svihlikova et al.,
2015; Jiang et al., 2018). Furthermore, several bioaccumulation factors
have been investigated in fish species, as important representative
aquatic organisms, to predict their major accumulation routes (Nyholm
et al., 2008; Wang et al., 2018). The levels of PBDEs, PCBs, OCPs, and
HBCDs were shown to increase as fish grow (Gui et al., 2014; Wang
et al., 2018) but to decrease at a certain growth stage in females, sug-
gesting the possibility of growth- or age-dependent accumulation and
gender difference (Nyholm et al., 2008; Sühring et al., 2015). However,
some previous research obtained opposite results, which resulted from
differences in the chemicals targeted, biota species, and surrounding
environments (Deribe et al., 2011; Iqbal et al., 2017).

Aside from the historical residues of legacy POPs, the continuous
occurrence and contamination of non-regulated or emerging POPs in
the freshwater system are also an urgent concern (van Mourik et al.,
2016; Park et al., 2018), suggesting a different aspect of management
necessity for new pollutants. Interestingly, unlike legacy POPs, for
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which substantial information is available, emerging POPs, such as
PCNs and SCCPs, have received little attention, especially regarding
their fate and bioaccumulation potentials, despite their continuous
emissions into the environment (van Mourik et al., 2016; Kim et al.,
2019). Due to the differences of diverse POPs in physicochemical
properties, usage, and regulation, a field study on the simultaneous
monitoring of legacy and emerging POPs in the freshwater system is
essential for a better understanding of their relative distribution, con-
tamination patterns, and bioaccumulation factors under same en-
vironmental conditions.

Therefore, in this study, the relative distributions and contamina-
tion patterns of seven groups of legacy (PBDEs, PCBs, OCPs, HBCDs,
and PFASs) and emerging (PCNs and SCCPs) POPs were investigated by
monitoring 46 crucian carp and the surrounding environments (sedi-
ment and water) in the freshwater system of South Korea. Additionally,
we evaluated growth-dependent accumulation and sexually dimorphic
growth differences as significant factors influencing the bioaccumula-
tion potential of legacy and emerging POPs in crucian carp. To the best
our knowledge, this study is the first study to investigate the relative
distribution and contamination patterns of seven legacy and emerging
POPs simultaneously following an overall POPs monitoring in a fresh-
water system.

2. Material and methods

2.1. Chemicals

The targeted POPs were 27 mono- to deca-PBDEs, 76 mono- to deca-
PCBs, 23 OCPs, three HBCDs, 13 PFASs, 41 tri- to octa-PCNs, and 24
SCCPs. The details of individual target compounds are given in
Supporting Information Table S1. All individual internal standards of
POPs, including a mixture of 13C-labeled PBDEs (MBDE-MXG), PCBs
(PCB-LCS-H), OCPs (ES-5349), and PCNs (ECN-5102), and individual
13C-labeled α-, β-, and γ-HBCD, PFOS, perfluorohexanoic acid (PFHxA),
perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA), per-
fluorodecanoic acid (PFDA), perfluoroundecanoic acid (PFUnDA), and
perfluorododecanoic acid (PFDoDA) were obtained from Wellington
Laboratories (Guelph, Canada). For SCCPs, three technical SCCP mix-
tures with 51%, 55.5%, and 63% chlorine contents were purchased
from Dr. Ehrenstorfer GmbH (Augsburg, Germany), and 13C6-α-hexa-
chlorocyclohexane (13C6-α-HCH) was used as the internal standard.

2.2. Sampling campaign

From June–November 2018, forty-six crucian carp (Carassius aur-
atus) were collected from three major rivers in South Korea, the
Nakdong (n = 13), Namhan (n = 17), and Yeongsan (n = 16). Muscle
tissues were directly separated from the crucian carp and stored in glass
amber jars at − 4 °C until analysis. The total length, body weight, and
lipid contents of the crucian carp ranged from 22.7 to 44.0 cm,
173–1,050 g, and 0.150–6.88%, respectively. Additionally, river sedi-
ment (n = 10) and water (n = 10) samples were collected from three
locations in each river (four locations in the Nakdong River) to assess
the contamination status of POPs in the surrounding environmental
media.

2.3. Experimental procedures and analysis

2.3.1. PBDEs, PCBs, OCPs, and PCNs
Wet-based muscle tissues (5 g) were mixed with 10–15 g of anhy-

drous sodium sulfate (Na2SO4) to absorb water in the samples. The
samples were extracted twice by ultrasonication with 30 mL of a di-
chloromethane (DCM):hexane (1:1 v/v) mixture for 30 min, and the
contents were separated from tissues by centrifugation at 4,500 rpm for
10 min. A 1-L volume of filtered water was extracted by liquid–liquid
extraction (LLE) with 50 mL of DCM for two times, and filter paper

extraction was conducted using the same method employed for muscle
tissues followed by the Korean standard method (ES 10906.1) and the
United States Environmental Protection Agency (U.S. EPA) Method
527. Both extracts were combined. Accelerated solvent extractor
(ASE350; Dionex, Sunnyvale, CA, USA) was used for the extraction of 5
g of freeze-dried sediments with a mixture of DCM:hexane (1:1, v/v).
After the extraction steps, all samples were cleaned using multilayer
columns packed with Na2SO4 (2 g), neutral silica (1 g), 2% KOH silica
(4 g), neutral silica (1 g), 44% acidic silica (8 g), neutral silica (2 g), and
Na2SO4 (2 g) and eluted with 200 mL of DCM:hexane (1:9, v/v).

2.3.2. SCCPs
Extraction procedures for SCCPs in muscle tissues and river water

were the same as those available for old legacy POPs. For sediment
samples, 5 g of freeze-dried sample was extracted twice with
DCM:hexane (1:1, v/v) for 30 min, and the extracts were separated by
centrifugation at 4,500 rpm for 10 min. For the clean-up steps, each
sample (muscle tissue, river water, or sediment) was passed through a
multilayer column packed with Na2SO4 (2 g), florisil (3 g), neutral silica
(2 g), 44% acidic silica (6 g), and Na2SO4 (2 g). In addition, to separate
other chlorinated or structurally similar compounds, 40 mL of hexane
(1st fraction) was discarded, and the columns were eluted with
DCM:hexane (1:1, v/v) (2nd fraction).

2.3.3. Hbcds
Ultrasonication was employed for the extraction of 5 g wet-based

muscle tissue and freeze-dried sediment samples using DCM:hexane
(1:1, v/v) as the extraction solvent. Samples were centrifuged at
4500 rpm for 15 min. All extracts of muscle tissue and sediment were
cleaned using 8 g of 1.5% deactivated silica and 10 g of 44% acidic
silica and eluted with DCM:hexane (1:1, v/v). For the extraction of river
water samples, 6 L of water was extracted by solid-phase extraction
(SPE) with a Supelco C18 cartridge (6 cm3, 500 mg) after DCM, me-
thanol, and Milli-Q water preconditioning. At the end of sample
loading, the cartridge was eluted with DCM:hexane (1:1, v/v).

2.3.4. PFASs
Samples (1 g) of wet-based muscle tissue and freeze-dried sediment

were extracted with 5 mL of methyl tert-butyl ether (MTBE) by ultra-
sonication after adding 2 mL of purified water, 1 mL of 0.5 M tert-butyl
alcohol (TBA), and 2 mL of 0.25 M sodium carbonate buffer as an ion-
pairing reagent. The supernatants were separated from the samples by
centrifugation at 4,500 rpm for 10 min. For river water, 1 L water
samples were extracted by SPE after preconditioning with methanol
and Milli-Q water, and the SPE cartridge was eluted using 6 mL of
methanol.

2.3.5. Instrumental analysis
Instrumental methods for five POPs (PBDEs, PCBs, HBCDs, PFASs,

and PCNs) were extensively described in our previously published pa-
pers (Choo et al., 2017; Gu et al., 2017; Park et al., 2018; Moon et al.,
2019; Kim et al., 2019). The instrumental analyses were conducted by
gas chromatography high-resolution mass spectrometry (GC-HRMS) for
PBDEs, PCBs, PCNs, and OCPs, gas chromatography mass spectrometry
(GC–MS) for SCCPs, and liquid chromatography with tandem mass
spectrometry (LC-MS/MS) for HBCDs and PFASs. Due to the lack of
previously published studies on OCPs and SCCPs by our research team,
their instrumental analysis information is available in the Supporting
Information (S1) of this study.

2.4. Quality assurance/quality control (QA/QC)

Detailed QA/QC information of legacy and emerging POPs, in-
cluding method detection limits (MDLs), accuracy, and recovery, is
shown in the Supporting Information (Table S2). Procedural blanks in
every 10th to 15th sample batch were mostly not detected (ND) or
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lower than MDLs. Accuracy was determined by the analysis of three
replicates with the injection of native and internal standards in the
same manner as for the sample pretreatments, and the range was from
73 − 140% in all matrix within 15% of the relative standard deviation
(RSD). The MDLs, given in Table S2, were obtained by a signal-to-noise
ratio of three (3), and the recoveries were 30.3–120% in all matrices.

2.5. Calculation of BCF and BSAF

The bioconcentration factor (BCF, L/kg) and biota-sediment accu-
mulation factor (BSAF) were calculated by using Eqs. (1) and (2), where
Cbiota/flipid is the lipid-based concentration in crucian carp, Cwater is the
water concentration, and Csediment/foc is the total organic carbon (TOC)-
based concentration in sediment. The lipid contents of crucian carp
were analyzed by gravimetrical measurement, and TOC in sediment
was measured by the weight difference of dried sediment before and
after baking at 450 °C.

=BCF C
C

biota

water (1)

=BSAF C
C f/

biota

sediment oc (2)

3. Results and discussion

3.1. Concentrations of POPs in the freshwater system

The mean concentrations of POPs in river water and sediment were
0.20 ng/L and 3.05 ng/g dry weight (dw) for PBDEs, 0.09 ng/L and
0.02 ng/g dw for PCBs, 0.89 ng/L and 0.25 ng/g dw for OCPs, 0.07 ng/
L and 0.54 ng/g dw for HBCDs, 15.0 ng/L and 0.18 ng/g dw for PFASs,
ND and 0.004 ng/g dw for PCNs, and ND and 90.7 ng/g dw for SCCPs,
respectively. For crucian carp, the mean concentrations of PBDEs, PCBs,
OCPs, HBCDs, PFASs, SCCPs, and PCNs were 0.25, 0.24, 0.23, 0.79,
3.86, 123 ng/g wet weight (ww), and 1.04 pg/g ww, respectively.

In general, the concentrations of all targeted POPs in this study were
similar to or lower than those of other studies of the freshwater system
of South Korea, and of other countries (Table 1). In particular, the levels
of PBDEs, PCBs, OCPs, and HBCDs in both biotic and abiotic media
were lower than those reported in previous studies conducted in South
Korea (Moon et al., 2006, 2012; Wang et al., 2018), China (Zhou et al.,
2007; Wu et al., 2008; Xu et al., 2009; Hu et al., 2010; He et al., 2013),
and England (Harrad et al., 2009). The concentration of PFASs in the
freshwater system of this study was similar to that of China (Shi et al.,
2012), but higher levels were observed in environmental media of
Spain (Campo et al., 2016) and Vietnam (Lam et al., 2017). A similar or
lower concentration of emerging POPs (PCNs and SCCPs) was obtained
in this study compared to those of previous studies in South Korea (Kim
et al., 2019), the USA (Kannan et al., 2000; Houde et al., 2008; Helm
et al., 2008), China (Zeng et al., 2011), and the Czech Republic
(Přibylová et al., 2006).

3.2. Contamination patterns of seven groups of POPs in the freshwater
system

The occurrence and distribution of POPs in the freshwater system
can vary according to diverse factors, such as their characteristics,
regulation, usage, and bioaccumulation potential (deBruyn et al., 2009;
Wang et al., 2019). In the present study, due to the absence of overall
monitoring of representative POPs, we investigated the relative dis-
tribution of seven groups of POPs for the first time to understand their
overall fate and contamination trends in the freshwater system, in-
cluding both biotic and abiotic media, more thoroughly. In addition, an
assessment of the relationships of, and similarities in, the fate, source,
usage, and contamination trends of each POPs in the freshwater system

was conducted by principal component analysis (PCA).

3.2.1. Relative distribution of POPs in the freshwater system
The relative distributions of legacy and emerging POPs in river

water, sediment, and crucian carp (wet-based) were obtained by the
median distribution percentage of each sample (Fig. 1), and there were
no differences between wet- and lipid-based distributions in biota (Fig.
S1). Specific distribution patterns of PBDEs, PCBs, OCPs, HBCDs,
PFASs, and PCNs are also shown in the Supporting Information (Fig.
S2). Generally, the fate of pollutants in environments can be anticipated
from their physicochemical properties (deBruyn et al., 2009; Wang
et al., 2019); however, SCCPs were overwhelmingly dominant in river
sediment (95.4%, Fig. 1B) and crucian carp (95.4%, Fig. 1C), despite
their similar or slightly lower log Kow values (5–8.5) compared to those
of other POPs (log Kow: 4.46–9.97). The major concern with SCCPs is
their high production volumes and industrial use worldwide (1000
kton/year), which are devoid of strict regulation, especially in Asian
countries, indicating that the usage amounts of SCCPs might play a
significant role in their recorded highest distribution compared to the
other POPs investigated in this study (Zeng et al., 2011; van Mourik
et al., 2016). Interestingly, despite the high range of log Kow values of
PCNs (3.9–10.4) (NICNAS, 2002), their distributions were found to be
the lowest in both sediment and crucian carp (lower than 0.01%). This
result of the present study compares well with the result of a recently
published study that reported that PCN residues and usage were scarce
in South Korea (Kim et al., 2019). The emerging POPs were not de-
tected in river water.

Aside from the distinct distribution of emerging POPs, the dis-
tribution of legacy POPs also varied according to the media. PFASs were
overwhelmingly predominant (92.3%) in the river water (Fig. 1A),
followed by OCPs (5.48%) ≫ PBDEs (1.23%) ≈ PCBs (0.57%) ≈ HBCDs
(0.42%). The dominance of PFASs and OCPs (higher than 98%) in the
river water seemed to be due to the much higher water solubility than
that of other groups or major congeners of each POPs (PFOA: 3.4 g/L ≫
HCHs: 7.3 mg/L > PBDEs: 0.00087–0.04 mg/L, PCBs:
0.0027–0.42 ng/L, HBCDs: 0.002–0.03 mg/L) (PubChem; UNEP, 1999;
Breitholtz et al., 2007; Gu et al., 2017; Lee et al., 2017). On the other
hand, a dominance of PBDEs (3.49%), especially deca-BDE (3.37%)
(Fig. S1), was observed in river sediment (Fig. 1B), which might be due
to the high log Kow value (9.97) (Mackay et al., 2006). These were
followed by HBCDs (0.60%), OCPs (0.28%), PFASs (0.20%), and PCBs
(0.02%), whose major congeners have a similar range of log Kow values
(HBCD: 5.62, dichloro-diphenyl-trichloroethanes (DDTs): 4.9–6.9,
PFOS: 4.49, PCBs: 4.46–8.18) (Renner, 2002; Zhao et al., 2016;
Demirtepe and Imamoglu, 2019) and were, in fact, the congeners with
the highest concentrations in river sediment.

Distribution patterns similar to those of river sediment (Fig. 1B)
were also observed for POPs in crucian carp (PFASs [3.13%] > HBCDs
[0.65%] ≈ PCBs [0.28%] ≈ PBDEs [0.21%] ≈ OCPs [0.19%]) (Fig. 1C)
because bioaccumulation of pollutants is also dependent on their par-
titioning, except for the case of PBDE. The low bioaccumulation of
BDE209 was known, despite the dominance in the sediment, due to its
relatively shorter half-life and lower bioavailability in fish species
compared to BDE47 which was the most dominant congener in crucian
carps (lake trout: 21–34 days for BDE209, 173–519 days for BDE47)
(Stapleton et al., 2004; Thomas, 2005; Kim et al., 2015). Despite the
low distribution of PFASs in river sediment (0.20%) (Fig. 1B), PFASs
had the highest contribution among legacy POPs in crucian carp
(3.13%, Fig. 1C), which is consistent with previously reported results
(PFASs > PBDEs ≈ HBCDs) (Hloušková et al., 2013; Svihlikova et al.,
2015). Compared to other lipid-soluble POPs, PFASs could have higher
bioaccumulation potential in crucian carp due to their strong ability to
bind to proteins, which occupy nearly 80% of the body components of
crucian carp (Haukås et al., 2007).
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Table 1
Concentration range (mean) of seven groups of POPs by comparison with previous studies conducted in the freshwater environment.

POPs Location Congeners Sampling Water (ng/L) Sediment (ng/g dwa) Crucian carp (ng/g wwb) References

PBDEs
(legacy)

South Korea 27 2018 0.06–0.37 (0.20) 1.59–5.57 (3.05) 0.001–1.80 (0.254)
lwc: 0.11–87.2 (20.6)

This study

South Korea 23 2008 4.5 ± 3.3 2,180 ± 5,273 – Moon et al., 2012
China 9 2009 – 0.15–2.4 lw: 14 Xu et al., 2009
China 8 2006 23.8–25.0 (24.4) – lw: 46.6–853 (3 1 6) Wu et al., 2008

PCBs
(legacy)

South Korea 76 2018 0.04–0.21 (0.09) 0.01–0.05 (0.02) 0.02–1.36 (0.24)
lw: 2.54–96.8 (22.3)

This study

South Korea 61 2002 – – 31.4 Moon et al., 2006
China 10 2006 196–206 (2 0 4) – lw: 1,963–18,174 (8,338) Wu et al., 2008

OCPs
(legacy)

South Korea 23 2018 0.12–2.52 (0.89) 0.07–0.91 (0.25) 0.02–1.23 (0.23)
lw: 0.78–171 (29.4)

This study

China 10 2007 4.6 ± 1.2 14 ± 1.3 lw: 222 ± 38 Hu et al., 2010
China 13 2005 136.9 32.9 14.7 Zhou et al., 2007

HBCDs
(legacy)

South Korea 3 2018 NDd–0.19 (0.07) 0.03–1.79 (0.54) ND–14.0 (0.79)
lw: ND–330 (33.2)

This study

South Korea 3 2015–2016 ND–0.34 (0.22) 0.15–25.7 (3.55) 0.38 Wang et al., 2018
China 3 2009 9.5–82.4 (39.7) 0.07–31.6 (6.9) lw: 17.5–154 (Mud carp) He et al., 2013
England 3 2008–2009 0.08–0.27 0.88–4.8 lw: 75–290 Harrad et al., 2009

PFASs
(legacy)

South Korea 13 2018 1.07–44.7 (15.0) 0.11–0.35 (0.18) 0.39–22.9 (3.86)
lwc: 8.57–2,164 (3 1 8)

This study

Vietnam 13 2013–2015 NDd–107 ND–23.4 ND–26.2 (Fish species) Lam et al., 2017
Spain 21 2010 0.04–83.1 0.22–11.5 0.63–274 (Fish species) Campo et al., 2016
China 6 2008 1.70–73.5 0.06–0.64 ND–26.2 (1.13) Shi et al., 2012

PCNs
(emerging)

South Korea 41 2018 ND 0.002–0.01 (0.004) 0.22–4.84 (1.04) pg/g
lw: 0.01–0.44 (0.15)

This study

South Korea 41 2016–2017 ND 0.004–0.02 2.17 ± 0.68 pg/g Kim et al., 2019
US 38 2002–2003 – 28.9 ± 6.7 3.5 ± 3.2 (Lake trout) Helm et al., 2008
US – 1996–1997 – – 0.43–26 Kannan et al., 2000

SCCPs
(emerging)

South Korea 24 2018 ND 27.4–146 (90.7) ND–604 (1 2 3)
lw: ND–20,568 (8,080)

This study

China – 2010 162–176 1.1–8.7 μg/g dw lw: 25.2 μg/g Zeng et al., 2011
US – 2000–2004 1.19 ± 0.43 – 123 ± 35 (Lake trout) Houde et al., 2008
Czech – 2003–2004 – ND–397 – Přibylová et al., 2006

a Dry weight,
b Wet weight,
c Lipid weight,
d Not detected.

Fig. 1. Relative distribution of legacy and emerging POPs in river water (A), river sediment (B), and crucian carp (C).
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3.2.2. The relationship between physicochemical properties and the fate of
POPs

Efforts have been made in previous studies to assess the effects of
physicochemical properties and compensate for the different distribu-
tions in both biotic and abiotic media by investigating the relationships
between physicochemical properties and the fate of pollutants using a
scatter plot of Kow, BSAF, and BCF (deBruyn et al., 2009; Wang et al.,
2019). As a result, it has been reported that the bioaccumulation of
legacy POPs from both sediment (BSAF) and water (BCF) increased
with increasing Kow value, but the bioavailability of extremely hydro-
phobic compounds can be very low for sediment, which showed a de-
crease in log BSAF values similar to a parabolic relationship (Sun et al.,
2017; Wang et al., 2019). However, only several congeners of one
group of POPs were described, so there has been no comprehensive
study that has investigated the relationship between Kow and BCF/BSAF
of several legacy and emerging POPs simultaneously. Therefore, in this
present study, field-based BSAF and BCF values were calculated for
major congeners of legacy and emerging POPs (BDE47, BDE100, CB52,
CB99, CB153, DDTs, HCHs, CN42 α-HBCD, and PFOA), which had
100% detection frequency and the highest concentration in both biotic
and abiotic media. Due to the limitation of quantification of each SCCP
congener, we calculated the BSAF of SCCPs by using total concentra-
tion.

The scatter plot of Kow, BSAF, and BCF is given in Fig. 2, and BSAF
and BCF values are shown in Table S3. As is consistent with previous
study results reported for each group of POPs (Wu et al., 2008; deBruyn
et al., 2009), a parabolic relationship between log BSAF and log Kow

was observed for the seven groups of POPs (Fig. 2A). Interestingly, log
BSAF values increased at log Kow < 7 but then sharply decreased with
increasing log Kow (Wu et al., 2008). This tendency was also reported in
previous results of each congener of PBDEs and PCBs (Sun et al., 2017;
Wang et al., 2019), implying that this standard (log Kow: 7) could apply
not only for PBDE and PCB congeners but also for all legacy and
emerging POPs. Fig. 2B shows a significant correlation between log Kow

and log BCF, indicating that the bioaccumulation of legacy POPs (ND
for emerging POPs) can be increased with increasing hydrophobicity
(Wang et al., 2019).

3.2.3. Similarity of each group of POPs in the freshwater system
To trace the similarity of each group of POPs in this study, a prin-

cipal component analysis (PCA) was carried out, as shown in Fig. 3. All
investigated media seemed to show a similar relationship in which the
POP compounds clustered into four groups: one for PBDEs, PCBs, and
OCPs, another for HBCDs and PFASs, and the two others for PCNs and
SCCPs, respectively. PBDEs, PCBs, and OCPs are categorized as old le-
gacy POPs, globally regulated since the 2000s (Lee et al., 2015), and
their detection might have been due to the presence of their historical

residues in the environment or uncommon use of their non-regulated
congeners (Lee et al., 2015; Park et al., 2018). However, the con-
tamination patterns of PFASs and HBCDs were quite different from
those of the old legacy POPs because they are still used for industrial
purposes (Lam et al., 2017; Park et al., 2018). Only PFOS and its salts
have been regulated as POPs since 2009, and other PFAS compounds
have been used continuously as alternatives; hence, these are still being
detected in diverse environments due to their exceptional industrial
uses in South Korea (Lam et al., 2017; Park et al., 2018). This tendency
can also be observed in the case of HBCDs, which have been allowed for
specific purposes such as in the production of expanded polystyrene
(EPS) and extruded polystyrene (XPS) despite their ban in 2013 (Gu
et al., 2017; Wang et al., 2018).

However, PCNs and SCCPs both had tendencies different from those
of the other POPs in this study because they are emerging POPs. Even
though PCNs can be released continuously from combustion and in-
dustrial processes as an emerging pollutant (Kim et al., 2019), it would
be difficult to assess contamination patterns of PCNs by comparison
with other POPs because the distribution of PCNs in all media (0.01% in
sediment and crucian carp, 0% in water) of this study was significantly
lower than those of other POPs in South Korea, as shown in Fig. 1,
indicating that PCNs are not widely used and distributed in South Korea
(Kim et al., 2019). On the contrary, loading routes of SCCPs in en-
vironmental media and biota might differ from those of the regulated
POPs and less used PCNs due to their current usage and high production
volume for industrial purposes (Sun et al., 2017). Especially, SCCPs,
unlike other POPs, were greatly used as extreme pressure additives in
metal-working fluids, indicating that differences in major usage can
also be a significant factor influencing SCCP contamination routes
(Zeng et al., 2016).

3.3. Growth-dependent accumulation and maternal transfer of POPs

To assess the growth-dependent accumulation of legacy and emer-
ging POPs in crucian carp, the relationships between wet weight-based
POPs concentration and growth factors (total length and body weight)
were investigated, as given in Table 2. There were significant positive
correlations between physical morphometrics and concentrations of
legacy POPs, implying a tendency of POPs to accumulate in crucian
carp as the fish grow, which is consistent with previous studies (Deribe
et al., 2011; Lam et al., 2017; Wang et al., 2018).

Aside from the growth-dependent accumulation, we also evaluated
gender difference simultaneously because sexually dimorphic growth
tendencies are strongly related to maternal transfer (Nyholm et al.,
2008; Sühring et al., 2015). As a result, unique growth-dependent ac-
cumulation potentials were observed when comparing the concentra-
tions between 16 males and 30 females. Even though no statistical

Fig. 2. Relationship between field-based BSAF (A) and BCF (B) with Log Kow of the representative legacy POPs congeners.
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difference was observed between the growth (total length and body
weight) of males (31.0 cm and 405 g) and females (29.8 cm and 399 g)
(Mann–Whitney U test, p greater than 0.05), significantly higher con-
centrations of legacy POPs (PBDEs, PCBs, OCPs, HBCDs, and PFASs)
were observed in males than females, (Mann–Whitney U test,
p < 0.05) as shown in Table 3. This phenomenon can be attributed to
the possibility of decrement of POPs concentration in females due to
maternal transfer as they attain reproductive maturity (Nyholm et al.,
2008; Choo et al., 2018).

A more evident pattern of this phenomenon was observed when
legacy POP concentrations of male and female crucian carp were
compared before and after they reached reproductive maturity. In this

present study, fish were divided into two groups by a specific growth
point (approximately 27.4 cm of total length), which was believed to be
near the maximum length of reproductive maturity (Balik et al., 2004;
Choo et al., 2018). As shown in Fig. 4, although the male and female
crucian carp did not show any statistically significant difference in POP
concentrations prior to 27.4 cm growth length for all groups of POPs
investigated in this study, legacy POP concentrations were significantly
lower in females than males when their total length was 27.8–44.0 cm
(Mann–Whitney U test, p < 0.05). Additionally, a statistically sig-
nificant increase in legacy POPs concentration was observed when
comparing male crucian carp species before and after they reached
27.4 cm, while a similar concentration was observed for all female
crucian carp. This indicates that maternal transfer of PBDEs, PCBs,
OCPs, HBCDs, and PFASs might play a significant role in bioaccumu-
lation in crucian carp. However, unlike the case of legacy POPs, no
significant correlation was observed between emerging POPs (PCN and
SCCP) concentration and growth factors (Table 3), and there was also
no maternal transfer tendency, which compares well with the results of
a recently published study (Fig. 4) (van Mourik et al., 2016; Kim et al.,
2019). Because the influence of morphological factors remain unclear
as already pointed out by several recent studies (van Mourik et al.,
2016; Labadie and Chevreuil, 2011; Kim et al., 2019), further lab- or
large-scale monitoring research is required to improve the under-
standing of the biological factors of emerging POPs in biota.

4. Conclusion

This study presented the occurrence, relative distribution, and
bioaccumulation of legacy (PBDEs, PCBs, OCPs, HBCDs, and PFASs)
and emerging (PCNs and SCCPs) POPs in river sediment, water, and
crucian carp of South Korea. Among the POPs, SCCPs showed the
highest distribution in river sediment and crucian carp, while PFASs

Fig. 3. Principal component analysis (PCA) of POPs in river water (A), sediment (B), and crucian carp (C).

Table 2
Relationship between POPs concentration and growth factors.

Growth PBDEs PCBs OCPs HBCDs PFASs PCNs SCCPs

Total length
(cm)

0.393** 0.372** 0.449** 0.311** 0.624** 0.219 0.209

Body weight (g) 0.412** 0.410** 0.392** 0.333** 0.534** 0.153 0.172

Spearman correlation, *: p < 0.05, **: p < 0.01.

Table 3
Mean concentration of POPs in males and females.

ng/g ww pg/g ww

Gender PBDEs PCBs OCPs HBCDs PFASs SCCPs PCNs

Male 0.477** 0.414** 0.354** 1.76** 7.18** 104 1.29
Female 0.139 0.154 0.165 0.268 1.90 126 0.887

Mann-Whitney U test, *: p < 0.05, **: p < 0.01.
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were predominant in river water. The distribution of legacy POPs
seemed to have been influenced by their physicochemical character-
istics, while emerging POPs showed quite different distribution patterns
in all media. In addition, growth-dependent accumulation and maternal
transfer were observed only for legacy POPs. In South Korea, even
though continuous monitoring of legacy and emerging POPs has been
conducted previously, it is difficult to evaluate the contamination status
of all managed POPs because different biota species and targeted pol-
lutants were investigated in each previous study. Therefore, the present
study promises to be very useful for providing requisite knowledge on
diverse bioaccumulation factors and different contamination patterns of
legacy and emerging POPs through overall POPs monitoring in the
freshwater system.
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