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There is limited information available on the bioaccumulation of short-chain chlorinated paraffins (SCCPs), a
complicated group of persistent organic pollutants (POPs) candidates listed in the Stockholm Convention, in es-
tuarine ecosystem. This study analyzed SCCPs in marine organisms (five fish and six invertebrates) from the Pearl
River Estuary in South China. The concentrations of total SCCPs ranged from 210 to 21,000 ng-g~ ' lipid weight,
with relatively higher levels in benthic invertebrates (shrimp, crabs and bivalves) than in non-benthic species
(pelagic and mesopelagic fish and squid). SCCPs were biomagnified from prey fish (tapertail anchovy, Coilia

mystus) to predator fish (Bombay duck, Harpadon nehereus), and the biomagnification factors (BMFs) of SCCP
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than in the other species.

congeners ranged from 1.1 (C;oH;6Clg) to 3.4 (C43H;5Clyo). Species-specific homologue group patterns were
also observed, with significantly lower proportions of C;o congeners in the shrimp, bivalves and Bombay duck

© 2016 Published by Elsevier B.V.

1. Introduction

Chlorinated paraffins (CPs) are industrial chemicals extensively used
as additives in metalworking fluids, paints, and extreme-pressure
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lubricants, and as secondary plasticizers and flame retardants in plas-
tics, sealants, and leather (Bayen et al., 2006). The CP commercial mix-
tures are manufactured by direct chlorination of n-alkane feedstocks
with carbon chain lengths 10-30 (Tomy et al., 1998). In general, CPs
are divided into three groups according to their carbon chain length:
short chain CPs (C;g-13, SCCPs), medium chain CPs (C;4-17, MCCPs)
and long chain CPs (Cyg_30, LCCPs) (Feo et al.,, 2009). Among different
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CP groups, SCCPs have attracted increasing attention in the last decade
due to their persistence (lozza et al., 2008), bioaccumulation (Houde
etal,, 2008; Zeng et al,, 2011a; Basconcillo et al., 2015), toxicity to organ-
isms (Warnasuriya et al., 2010; Geng et al.,, 2015, 2016), and high poten-
tial for long-distance atmospheric transport (Reth et al., 2006; Strid
et al,, 2013). SCCPs have been placed on the toxic release inventory in
the European Union, Japan, Canada, and the United States, and are clas-
sified as priority toxic substances in the United States (UNEP, 2015a).
Furthermore, SCCPs are currently reviewed as potential persistent or-
ganic pollutants (POPs) by the Stockholm Convention (UNEP, 2015b).

China is the largest producer of CPs in the world, and the production
volume has rapidly increased from 24.2 kt/year in 1990 to about
1000 kt/year in 2009 (Chen et al,, 2011; Zeng et al., 2011a). As high pro-
duction volume chemicals, CPs can be inevitably released into the envi-
ronment during the production, storage, transportation, usage, and
disposal or recycling of CPs and CP-based products. Limited studies indi-
cate SCCPs have become ubiquitous in the environment and are routine-
ly detected in both biotic and abiotic compartments in China (Gao et al.,
2012; Ma et al., 2014a, 2014b). In addition, higher dietary exposure to
SCCPs was reported in China, than that in Japan and South Korea
(Harada et al., 2011). Thus, it is important to investigate the environ-
mental fate, behavior, and ecological and health effects of SCCPs in
China.

The Pearl River Delta region, one of the fastest developing regions in
China in recent decades, is being subjected to accelerated ecological and
environmental deterioration. Many studies demonstrate that the Pearl
River Delta region have become a hotspot area for persistent halogenat-
ed compound contamination due to rapid industrialization and urbani-
zation, and intensive e-waste recycling activities (Fu et al., 2003; Mai
et al., 2005a, 2005b). High levels of > SCCPs were observed in various
environmental matrices such as sediment (320-6600 ng-g~! dry
weight, dw), soil (18 ng-g~' dw, average), and air samples
(18 ng-m™3, average) obtained from this region (Chen et al., 2011;
Wang et al., 2013). Luo et al. (2015) reported that ) SCCP concentra-
tions in terrestrial bird species inhabiting an e-waste recycling site in
the Pearl River Delta, South China ranged from 620 to 17,000 ng-g "
lipid weight (Iw).

The Pearl River Estuary, located in the Pearl River Delta region, is cre-
ated by freshwater inflow from a complicated river system including
the Pearl River, West River, North River, and East River to the South
China Sea. The Pearl River Estuary has been acting as an important res-
ervoir for persistent halogenated compounds derived from the Pearl
River Delta, which may pose negative impacts to local coastal ecosys-
tems (Fu et al., 2003; Mai et al., 20053, 2005b). High levels of persistent
halogenated compounds, including Dichlorodiphenyltrichloroethane
and its metabolites (DDTs), polychlorinated biphenyls (PCBs),
polybrominated diphenyl ethers (PBDEs), have been detected in biota
from the Pearl River Estuary (Sun et al., 2015a,b). Limited information,
however, is available on the occurrence of SCCPs in marine species in
this region (Zeng et al., 2015).

In this study, various marine organisms, including fish and inverte-
brates, were collected from the Pearl River Estuary in South China in
order to analyze the presence of SCCPs. The objectives of this study
were to investigate the residual levels and congener distribution pat-
terns of SCCPs in marine species of the area. Furthermore, species-
specific bioaccumulation of SCCPs in marine organisms was explored.
It is hoped that the corresponding results in this study can provide valu-
able information to better understand the contamination of SCCPs in
marine ecosystems.

2. Materials and methods
2.1. Sampling

Marine organisms were caught with a bottom trawl by commercial
fishers in the Pearl River Estuary in October 2013 and the sampling

area is shown in Fig. 1. The samples were wrapped in aluminum foil,
and stored in an insulated cooler with sufficient ice. These species
were identified after they were transferred to the laboratory. The col-
lected species included Chinese herring (llisha elongata), sardine
(Sardinella jussieu), silver pomfret (Pampus argenteus), tapertail ancho-
vy (Coilia mystus), Bombay duck (Harpadon nehereus), shiba shrimp
(Metapenaeus joyneri), sword prawn (Parapenaeopsis hardwickii),
Japanese stone crab (Charybdis japonica), Asiatic hard clam (Meretrix
meretrix L.), Manila clam (Ruditapes philippinarum), and squid (Loligo
tagoi). Next, the body length and body mass of these specimens were
measured. Four to 30 individuals were pooled to form a composite sam-
ple for each species, except for silver pomfret (Pampus argenteus)
(Table 1). The dorsal muscles of the fish and the edible part of the inver-
tebrates were taken, freeze-dried, and ground into fine powders using a
stainless steel blender. A total of 58 composite samples and 8 silver
pomfrets were obtained, and then stored at — 20 °C until chemical anal-
ysis. Details of the samples are provided in Table 1.

2.2. Sample extraction and cleanup

Analysis of SCCPs was performed following our previously
established method with minor modification (Sun et al., 2015a,b).
Briefly, after being spiked with surrogate standards (5 ng of &-
hexachlorocyclohexane, e-HCH), approximately 3 g of the lyophilized
samples were Soxhlet extracted with 200 mL of n-hexane/
dichloromethane (1:1, v:v) for 48 h. The extract was concentrated to
1 mL by a rotary evaporator, solvent exchanged to n-hexane (10 mL),
and then divided into two subsamples. An aliquot of the extract (1/
10) was used for the gravimetric determination of the lipid content.
The remainder extract was purified with concentrated sulfuric acid
(10 mL) to remove lipids, and further cleaned on a complex column
packed with Florisil (14 g, 3% water deactivated), neutral silica gel
(2 g, 3% water deactivated), acid silica gel (7 g, 44% sulfuric acid), and
anhydrous sodium sulfate (2 g) from the bottom to top. The column
was eluted with 80 mL of n-hexane (first fraction, containing PCBs,
PBDEs, and most of organochlorine pesticides including DDTs) followed
by 60 mL of dichloromethane (second fraction, containing CPs and sev-
eral organochlorine pesticides). The second fraction was collected, con-
centrated to near dryness under a gentle nitrogen flow, and solvent
exchanged to isooctane to a final volume of 100 pL. 5 ng of 3Cyq-
trans-chlordane was added as a recovery standard for GC/MS analysis.

2.3. Instrumental analysis

SCCPs were analyzed using a Shimadzu model 2010 gas chromato-
graph equipped with a model QP-2010 low resolution mass spectrome-
ter (Shimadzu, Japan) with electron capture negative ionization in the
selective ion monitoring mode. The separation was achieved with a
DB-5HT capillary column (15 m x 250 pm i.d. x 0.10 pm film thickness,
J&W Scientific). The oven temperature was initially isothermal 100 °C
for 2 min, further increased to 280 °C at a rate of 40 °C/min, held for
2 min, and finally increased to 320 °C at 70 °C/min, keeping the final
temperature for 6 min. The temperatures of the injector, interface and
ion sources were set to 250, 280 and 200 °C, respectively. The carrier
gas was helium with a constant flow rate of 1.3 mL/min, and the reagent
gas was methane at a flow rate of 2 mL/min.

SCCP congeners having 10-13 carbon atoms and 5-10 chlorine
atoms on the main chain were analyzed for all biota samples. The
mass-to-charge ratios used for quantification and confirmation were
published elsewhere (Tomy et al., 1997). The most and second-most
abundant isotope ions were used for quantification and confirmation,
respectively. In addition, the CP congener groups were also identified
by comparing retention time, signal shape, and correcting isotope
ratio between samples and standards. To enhance instrument sensitiv-
ity and to minimize the interference of MCCP congeners, all monitored
SCCPs ions were divided into four groups (C;o, C11, C12, and Cy3) and
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Fig. 1. Map of the sampling area.

were analyzed by four individual injections for each sample, based on a
previous reported method (Zeng et al., 2011b). The total SCCP was
quantified using the procedure described by Reth et al. (2005). The con-
gener group abundance profiles in the standards and the samples were
established from the actual relative integrated signals corrected by iso-
topic abundance and response factors (Tomy et al., 1997). The detailed
chemical calculation method has been described by Reth et al. (2005)
and Tomy et al. (1997).

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

Instrumental QC was done by regular injection of solvent blanks and
standard solutions. The method QA/QC was performed by the spiking of
surrogate standards into all the samples and analysis of procedural
blanks, spiked blanks, spiked matrices, and triplicate samples. A proce-
dural blank was run periodically for each batch of ten samples, and no
SCCPs were detected in the procedural blanks. The recoveries of SCCP
standards (51.5%, 55.5%, and 63.0% chlorine content) were 83-94% in
the spiked blanks and 79-96% in the matrix-spiked samples, with rela-
tive standard deviations (RSDs) of <15% (n = 3). The surrogate recover-
ies of 13C;¢-trans-chlordane in all samples were 71-94%. The method
detection limits (MDLs) were defined as a signal-to-noise ratio of 3,
and estimated at 20 ng-g~ ! dry weight (dw) for total SCCPs.

2.5. Stable nitrogen isotope measurement and trophic level calculation

Stable isotope analysis and trophic-level calculation were done ac-
cording to the method previously described (Sun et al., 2015b). Briefly,
approximately 1 mg of freeze-dried and homogenized subsample was
wrapped in a tin capsule, and then analyzed by a Flash EA 112 series

elemental analyzer interfaced with a Finnigan MAT ConFlo III isotope
ratio mass spectrometer. Stable isotope abundance was expressed as
815N (%‘7)’ with 81 SN (]SN/14N sample/lSN/14N standard

1) x 1000(%o). The ">N/™N gandara Values were based on atmospheric
N, (air). Stable isotope ratios of samples were assessed against the ref-
erence standards ammonium sulfate for 8!°N. The precision of this tech-
nique was about +0.5%. (2 SD) for 8'°N. The trophic level (TL) was
calculated for each sample according to the following equation
TLconsumer = [(81 5Nconsumer - 815Nprimary consumer) ]/38 + 2, where &-
15Npﬁmary consumer 1S the stable nitrogen isotope value of the zooplankton
with an average of 9.7%., and 3.8 is the isotopic trophic enrichment fac-
tor (Yu et al,, 2009).

2.6. Statistical analysis

All concentrations were presented on a lipid weight basis except
where indicated. Data analysis was performed using SPSS 18.0 (SPSS
Inc., Chicago, Illinois, USA). One-way analysis of variance (ANOVA)
tests were used to evaluate the interspecies differences in the levels
and congener distribution patterns of SCCPs. Concentration data were
log-transformed when data did not follow a normal distribution. The p
value below 0.05 was considered statistically significant.

3. Results and discussion
3.1. SCCPs levels in marine species
The concentrations of ) SCCPs in the sampled marine organisms

from the Pearl River Estuary are listed in Table 1. > SCCP concentra-
tions in the marine species ranged from 210 to 21,000 ng-g~ ! Iw. The



Table 1

Biological parameters and concentrations of Y_ SCCPs in marine organisms from the Pearl River Estuary, South China.

5" SCCPs S SCCPs

5" SCCPs

Habitat

Feeding habits

Trophic level

Lipid (%)

Body mass (g)

Body length (cm)

N?

Species

(ng-g~" dw) (ng-g~ " lw)

(ng-g~ " ww)

Fish

1200-1700)
1200-2800)
330—2000)
210-1900)
770-2300)

1200
1400
490
460
1600

95 (79-240)
110 (73-160)

16-57)
20-42)
25-58)
15-30)
53-11)

130 (101-270)

89 (62-150)

73 (61-120)

20
31

Pelagic
Pelagic

Omnivorous

3.1-3.6)
27-3.2)
3.0-3.5)
3.1-3.6)
32-4.1)

Planktivorous
Herbivorous
Omnivorous
Carnivorous

30
22
6.4

Mesopelagic

Mesopelagic

Mesopelagic

35
3.1

1.4-34)"
1.4-2.5)
29-12)

33

3.7

0.34-1.5)

1.6
2.3
53

15-29
13-29
64-190
5-28
13-76

11-14
10-13

5(25)
5(28)

Chinese herring (llisha elongata)

Sardine (Sardinella jussieu)

12-18
12-20
14-22

Silver pomfret (Pampus argenteus)
Tapertail anchovy (Coilia mystus)

11 (105)
9(57)

0.45

Bombay duck (Harpadon nehereus)

Shrimp

14,000 (7400-21,000)

130 (67-190) 670 (390-930)

Benthic
Benthic

Omnivorous

Carnivorous

3.0(2.8-3.2)
3.7 (3.7-3.9)

0.92 (0.88-0.96)
0.78 (0.70-0.91)

2-8

3-5
4-6

4(120)
6 (180)

Shiba shrimp (Metapenaeus joyneri)

3100 (2400-4000)

130 (100-140)

24 (20-28)

3-15

Sword prawn (Parapenaeopsis hardwickii)

Crab

39 (30-58) 130 (98-190) 7300 (6200-13,000)

3.2 (3.1-33) Omnivorous Benthic

0.49 (0.43-0.56)

8-19

4(120)

Japanese stone crab (Charybdis japonica)
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Bivalve

3300 (1900-13,000)
2100 (2000-2700)

Omnivorous Benthic 27 (17-110) 200 (120-760)
Benthic 26 (23-28)

2.2 (2.1-2.3)

0.85 (0.79-0.90)

18-35
10-14

6 (180)
5 (150)

Asiatic hard clam (Meretrix meretrix L.)
Manila clam (Ruditapes philippinarum)

215 (190-230)

Omnivorous

23(22-23)

12 (1.0-12)

Cephalopoda

1000 (990-1000)

90 (76-93)

13 (12—13)

Mesopelagic

Carnivorous

33(3.1-3.7)

13 (1.1-1.4)

10-71

3 (60)

Squid (Loligo tagoi)

2 Number of composite samples analyzed. Figures in brackets indicate the number of individuals collected.

> Median (min-max).

levels of ) SCCPs in the marine species were significantly higher than
previously detected levels of other halogenated organic pollutants in-
cluding DDTs (54-1500 ng-g~ ' Iw), PCBs (16-700 ng-g~ ' lw), PBDEs
(0.56-59 ng-g~ ! Iw) and several of the currently used alternative halo-
genated flame retardants (AHFRs, non-detectable-37 ng-g~ ! Iw) in the
same samples of the present study (Sun et al.,, 2015b). This result indi-
cates that SCCPs might be the main halogenated organic pollutants in
the study area.

A more recent study of SCCPs in Indo-Pacific humpback dolphin
(Sousa chinensis) was conducted by Zeng et al. (2015) in the Pearl
River Estuary, and the measured ) _ SCCP concentrations in blubber
samples ranged from 920 and 24,000 ng-g~ ! Iw with a mean value of
5500 ng-g~ ' lw, which were higher than those detected in this study
(210-21,000 ng-g~'). The levels of }_ SCCPs in the dorsal muscle of
fish species (210-2800 ng-g~! lw and 5.3-58 ng-g~ ' wet weight,
ww) from the Pearl River Estuary were higher than the concentrations
reported for top predatory fish (2-10ng-g~ ! ww in the whole body ho-
mogenates) in Canada (Basconcillo et al., 2015), but lower than those in
the muscles of marine fish from Liaodong Bay of North China
(9700-33,000 ng-g~' lw) (Ma et al, 2014b), and marine fish
(33-140 ng-g~ ! ww) from Ebro River Delta in Spain (Parera et al.,
2013). The concentrations of ) SCCPs in bivalves in the present study
varied from 120 to 760 ng-g~! dw, which were in the range of
65-5500 ng-g~ ! dw in the bivalves from the Bohai Sea in China
(Yuan et al.,, 2012; Ma et al., 2014a). The median concentrations of
> SCCPs in Asiatic hard clam and Manila calm from the Chinese Bohai
Sea were 2600 ng-g~ ! dw (Yuan et al., 2012) and 54,000 ng-g~ ! lw
(Ma et al., 2014b), which were one order of magnitude higher than
those observed in the same bivalve species in the present study.

3.2. Species-specific difference in bioaccumulation of SCCPs and potential
influence factors

Significant interspecies differences were observed in the levels of
> SCCPs in the present study (p < 0.05). The lowest concentration
was found in tapertail anchovy (median of 460 ng-g~ ! lw), and the
highest was detected in shiba shrimp (median of 14,000 ng-g~"' Iw)
(Table 1). Overall, shrimps, crabs, and bivalves exhibited higher
> SCCP levels than did fish and cephalopods. Of the five fish species,
3 SCCP levels in Chinese herring (1200 ng-g~' lw), sardine
(1400 ng-g~ ') and Bombay duck (1600 ng-g~ ! lw) were higher than
those in silver pomfret (490 ng-g~' Iw) and tapertail anchovy
(460 ng-g~ ).

Differences in habitat between fish and other marine species in the
present study were a possible explanation for the observed interspecies
variation. SCCPs are hydrophobic compounds, and the octanol-water
partition coefficient (log Kow) values of a series of commercial and syn-
thesized SCCPs were reported in a range from 4.01 to 8.67 (Hilger et al.,
2011), implying they tend to be reserved by sediments. Shrimp, crabs,
and bivalves are generally exposed more frequently to the sediment
than fish species and squid, which can result in a higher body burden
for SCCPs. Additionally, metabolic capability for SCCPs may influenced
the SCCP body burden of marine species. Large number of studies had
shown that bivalves have high accumulation capacity and slow elimina-
tion of heavy metals, organometallic compounds, and persistent organic
pollutants (Sudaryanto et al., 2002; Monirith et al., 2003; Tanabe et al.,
2008; Rouane-Hacene et al., 2015). A lower metabolic debromination
capacity for PBDEs was also observed in bivalve species than in the
fish species in the Pearl River Estuary (Sun et al., 2015b). Thus, the me-
tabolism rate of SCCPs in shrimp and bivalves might be lower than that
occurring in fish species. To date, little is known about the metabolism
of SCCPs in marine organisms. Thus, more studies on metabolism of
SCCPs in marine organisms are needed to validate the above hypothesis.

Regarding the species-specific accumulation of SCCPs among fish,
the lipid content could play an important role in the determination of
the SCCP burden (Yuan et al.,, 2012; Ma et al., 2014b). Significant linear



200 R. Sun et al. / Science of the Total Environment 553 (2016) 196-203

relationship was observed between the lipid content and the concentra-
tions of }_ SCCPs of marine species in the Chinese Bohai Sea when
expressed on the wet weight or dry weight basis (Yuan et al., 2012;
Ma et al., 2014b). In the present study, the lipid contents were signifi-
cantly lower in three of the fish species (2.3% for Chinese herring, 1.6%
for sardine, and 0.45% for Bombay duck), which also exhibited relatively
high > SCCP lipid normalized concentrations compared to the other
two fish species which had higher lipid contents (5.3% for silver pomfret
and 4.1% for tapertail anchovy) (Table 1). A simple correlation analysis
between ) _ SCCP level based on wet weight and lipid content, however,
revealed that the Y SCCP levels in fish did not significantly correlate
with lipid content in silver pomfret and tapertail (p > 0.05). Thus, the
high tissue lipid content in these two fish species caused pollutant dilu-
tion when the concentration was expressed on a lipid basis. Similarly,
metabolism was also a potential factor affecting the SCCP burden in
fish species.

The different growth periods of the studied marine species may be a
complicating factor for SCCP bioaccumulation. We took two of the fish
species, the tapertail anchovy and Bombay duck, for example to explore
the relationship between the body size and the SCCPs body burden, be-
cause of their large sample number and wide range of body size. 105
tapertail anchovies and 57 Bombay ducks were divided into 11 and 9
groups, respectively based on the body length. The concentrations of
SCCPs decreased significantly with the increasing body length for the
two fish species (p < 0.001) (Fig. 2). Growth dilution, spawning at a cer-
tain age, and movement could be possible causes for this phenomenon
(Daley et al., 2014; Huertas et al., 2016).

3.3. Biomagnification factor (BMF) of SCCPs

The Bombay duck, a piscivorous fish, exhibited the highest level of
> SCCPs among the five fish species. The higher trophic position occu-
pied by the Bombay duck in the marine food web may play an important
role in SCCP accumulation. It is impossible, however, to assess the influ-
ence of trophic levels on the SCCP burden in the studied species, because
most of the species collected for the study had similar trophic levels
(2.2-3.7) (Table 1). Fortunately, tapertail anchovy were frequently ob-
served in the stomach contents of Bombay duck during the dissection.
This indicated clearly that there was an actual predator-and-prey rela-
tionship between the Bombay duck and the tapertail anchovy. The
biomagnification factors (BMFs), defined as the ratio of the average
SCCP congener lipid-normalized concentration between the Bombay
duck (predator) and the tapertail anchovy (prey) were obtained. The
calculated BMFs for SCCP homologues ranged from 1.1 (C;oH16Clg) to
3.4 (Cy3H;5Clyp) (Fig. 3), which were comparable to the reported values
from alewife to lake trout in Lake Ontario and from rainbow smelt to
lake trout in Lake Michigan (Houde et al., 2008).
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The BMFs higher than 1 confirmed that SCCPs had potential
biomagnification through the food chain. Biomagnification of DDTs,
PCBs, and PBDEs in the same predator/prey relationship have also
been observed in our previous study (Sun et al., 2015b). The observed
BMFs for the SCCP homologues were generally higher than those re-
ported for DDT, PCB, and PBDE congeners (Sun et al., 2015b). Significant
positive correlations were observed between BMFs and carbon-chain
length (r = 0.54, p < 0.05) and between BMFs and chlorine atom num-
ber (r = 0.67, p < 0.05) in the SCCP homologues (Fig. 3). Similar results
were also reported previously between bioaccumulation factors (BAFs)
and the carbon and chlorine atoms in many other studies (Houde et al.,
2008; Zeng et al., 2011a; Ma et al., 2014b). These results implied a high
biomagnification potential for the SCCP formula groups with the longer
carbon chain and higher chlorine content, which may be partly attribut-
ed to their higher log Kow and the elimination potential of the shorter
chained CPs. The Kow values generally increased with the number of
carbon and chlorine atoms for these chemicals (Hilger et al., 2011). Ad-
ditionally, the exposure experiments in rats in the laboratory have re-
vealed a relative increase of Cls-SCCP in blood and urine and a higher
accumulation of Clg_19-SCCPs in feces in the elimination stage (Geng
etal, 2016).

3.4. Homologue patterns in marine species

Homologue group abundance profiles of SCCPs in marine species
were presented in Fig. 4. The relative abundance of SCCPs with different
carbon atoms (C;o—Cy3) were similar in the marine species sampled
from the Pearl River Estuary. An increase trend was observed for SCCP
homologue group abundance with the increasing carbon atoms (19%,
23%, 27%, and 30% for Cyg, C11, C1, and Cy3, respectively) when the aver-
age percentages were calculated for all species. Regarding the chlorine
content, Cl; and Clg were the dominant congeners with the average per-
centages ranging from 25%-30% (27%, average) and from 21%-33%
(26%, average) of the total SCCPs, respectively. This patterns of SCCPs
were generally consistent with those in Indo-Pacific humpback dol-
phins from the study region in recent years (2012-2014) (Zeng et al.,
2015); but different from those reported in the surface sediment sam-
ples with higher abundance of short carbon chain (C;¢ and C;4) in the
Pearl River Estuary, although homologue groups with 7-8 chlorines
dominated in the sediments (Chen et al., 2011). However, it was not
clear whether this finding suggested selective accumulation of longer
carbon chain SCCPs in these organisms; because Zeng et al. (2015)
found a more significant temporal shift trend in the SCCP homologue
pattern from shorter- to longer-chain groups in dolphin from the Pearl
River Estuary between 2004 and 2014. The temporal shift trends in
mammals may reflect a change of SCCP homologues group pattern in
the environment. Meanwhile, Ma et al. (2014b) reported a similar
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Fig. 2. Relationships between the body length and concentrations of )_ SCCPs (ng/g lipid weight) in tapertail anchovy and Bombay duck.
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Fig. 3. Relationships between BMF for tapertail anchovy—Bombay duck and the number of carbon atoms (a) and chlorine atoms (b) in the SCCP congeners.

homologue group abundance profiles of SCCPs (C;p-11, Cls—7 SCCPs
dominating) in seawater, sediments and marine species from Liaodong
Bay in China. A similar congener distribution of SCCPs was also observed
between organisms and the habitat in an aquatic ecosystem receiving
effluents from a sewage treatment plant (Zeng et al., 2011a). Hence,
more comprehensive sampling including environmental samples is
necessary for further evaluating the fate and bioaccumulation of
SCCPs. In addition, the SCCP homologue group pattern in the present
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study was also different from the pattern observed in the fish (Cy1-12
dominating) from Canada (Basconcillo et al., 2015), and marine species
(Ci0-11 dominated in fish and invertebrates) from Bohai Sea in China
(Yuanetal.,2012; Ma et al., 20144, 2014b); indicating different contam-
inant sources or spatial distribution in usage of CP formulations.
Interspecies differences were observed in homologue group pattern
of SCCPs in the present study. The average proportions of C;q congeners
in shrimps and bivalves (15-17%, average range) were significantly
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Fig. 4. Average individual SCCP congener group abundance profiles in marine species from the Pearl River Estuary in South China. Values are mean =+ standard error.
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lower than those in cephalopods (22%) and fish (21%-25%) except for
the Bombay duck (17%) (p < 0.05). The relatively low proportions of
Ci0 congeners in shrimps and bivalves may be attributed to their ben-
thic habitat. It was demonstrated that the log Ko of SCCPs is linearly
positively related to the number of carbon atoms (Hilger et al., 2011).
Consequently, the congeners with more carbon atoms are more prone
to be absorbed to suspended particulate matter and to be subsequently
deposited to sediments, while the short chain congeners are more easily
distributed in the water. The fact that the relative abundance of C;q-
SCCPs was higher in water than in sediment has been reported in
many aquatic environments, such as Liaodong Bay in North China (Ma
et al, 2014b) and Gaobeidian Lake, a freshwater lake receiving effluents
from a sewage treatment plant (Zeng et al., 2011a). Benthic inverte-
brates, such as shrimp and bivalves are exposed more frequently to
the sediment than the fish inhabiting in the pelagic and mesopelagic
layer, which could cause a lower abundance of C;o congeners.

An exception among the fish species, however, was the Bombay
duck, which showed a similar SCCP homologue pattern to that of shrimp
and bivalves (Fig. 4). The difference in the species' feeding habit may be
an important reason for this observation. Among the five studied fish
species, Bombay duck is the only carnivorous fish, feeding on benthic in-
vertebrates and smaller fish; which may facilitate the accumulation of
Cy0 congeners from benthic organisms. In addition, the metabolic capac-
ity for the SCCP congeners may play an important role in the congener
distribution pattern. Actually, congener group-specific elimination and
excretion process for SCCPs were found in Sprague-Dawley rats follow-
ing single oral administration (Geng et al., 2016). As a carnivorous fish,
Bombay duck was expected having higher SCCP metabolic capacity than
other fish species. However, limited information is available for aquatic
biota, and more research should be conducted in the future.

For the benthic invertebrates, Japanese stone crab exhibited a higher
proportion of C;o congeners and a lower abundance of C;3 congeners
than the other four benthic invertebrate species. Similar to the case of
the Bombay duck, feeding habits and metabolism of SCCPs can be re-
sponsible for the observation made with the Japanese stone crab.
Among the investigated species, the Japanese stone crab is the only
scavenger. Accumulation of SCCP direct from sediment was less than
other benthic invertebrates. Besides, the highest biotransformation ca-
pacity for DDT also occurred in this crab among the studied marine spe-
cies, as reported in our previous study (Sun et al., 2015b).

4. Conclusion

SCCP contamination was examined in marine organisms collected
from the Pearl River Estuary in South China. The results demonstrated
that the levels of }_ SCCPs in the marine species in the study area
were in the medial level of world figures. The concentrations and conge-
ner group abundance profiles of SCCPs exhibited interspecies difference,
which could be attributed to the differences in habitat, feeding habits,
trophic levels and metabolic capacity among the marine species.
Biomagnification was found between prey and predator, and the BMFs
for SCCP congeners were generally higher than those for DDT, PCB and
PBDE congeners. Furthermore, the BMFs increased significantly with
the number of carbon and chlorine atoms. These findings indicated
higher biomagnification potential for the SCCP formula groups with
the longer carbon chain and higher chlorine atom numbers. This is the
first report on the accumulation of SCCPs in marine species in the
Pearl River Estuary.
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