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Human-induced catchment changes have affected the sedimentary processes in marginal seas, which
will impact the transport and burial processes of materials and inevitably impact marine biogeochemical
cycles. Organochlorine pesticides (OCPs) and sediment characteristics in surface sediments from the East
China Sea (ECS) at two time points (2006 and 2018) were compared to understand the response of OCPs
to human-induced catchment changes. A significant coarsening trend occurred after the impoundment
of the Three Gorges Dam (TGD), with the mean grain size increasing from 6.4+1.2 ® to 44+2.1 @,
suggesting that the sedimentary environment in the ECS changed drastically. OCP concentrations in the
ECS evidently decreased after the impoundment of the TGD, with mean values decreasing from
255+151ngg™! to 1.08+0.84ngg . The deposition flux of OCP also decreased from
2.65+1.67ngcm 2 yr-! to 0.89 + 0.60 ngcm 2 yr— .. The reduction in the riverine input might be the
reason that caused variations in the OCP concentration and deposition flux. In addition, sediment
coarsening is likely to be the another primary factor influencing the differences in the distribution and
deposition flux of the OCPs in the ECS. Therefore, the distribution and burial of OCPs in the ECS have been

changed drastically, which may broadly impact the marine environment and biogeochemical cycles.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Anthropogenic threats, such as pollution, that affect the oceans
since the beginning of the Anthropocene are unprecedented
(Steffen et al., 2007; Lewis and Maslin, 2015). These threats are
altering the physicochemical properties and health of the world’s
oceans and influencing the survival of marine organisms (Alava
et al.,, 2017). Since the 20th century, large amounts of synthetic
compounds have been invented and used worldwide, including
organochlorine pesticides (OCPs), which have been used exten-
sively since the 1940s. Their concentrations in the environment
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have increased gradually and peaked during 1970—1990 (Li and
Macdonald, 2005). Although these OCPs have been restricted or
banned in most countries several decades ago, they can still be
detected in various environmental compartments such as air, wa-
ter, soil, sediment, and ice (Lewalle et al., 2009; Wong et al., 2012; Li
etal,, 2017; Jin et al., 2017; Bigot et al., 2017). These OCPs eventually
enter marine environments through atmospheric deposition and
surface runoff (Yang et al., 2005; Hu et al., 2011; Lin et al.,, 2015),
resulting in marginal seas (a marginal sea is located at the edge of
the continent, separated from the ocean by a peninsula, island, or
archipelago, and connected to the ocean only by a strait or channel)
being recognized as important sinks of OCPs (Guan et al., 2009; Hu
et al., 2011; Ali et al,, 2014). Therefore, much attention has been
paid to coastal oceans owing to the accumulation of OCPs because
they are recognized to have adverse effects on marine organisms
and even the surrounding residents (Connor et al., 2007; Greenfield
et al,, 2015).

Estuarine—inner shelf areas are important components of
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coastal oceans as they receive large amounts of terrestrial materials
discharged via riverine inputs (Gao and Collins, 2014). However, the
transport of terrestrial materials from river catchments to estuaries
has decreased substantially owing to intensive human activities in
river catchments (e.g., dam construction, land use change, and
water withdrawal) (Syvitski et al., 2005; Milliman and Farnsworth,
2013), which have modified the sedimentary environment and
ecosystems in the estuarine shelf regions (Gao, 2013; Gao et al,,
2017, 2019; Yang et al., 2018). OCP loads associated with sediment
loads are also likely to have decreased significantly, resulting in a
changed flux to the ocean. Thus, human activities have modified
the source-to-sink transport process of terrestrial materials, which
in turn has influenced the transmission of OCPs in river catch-
ment—estuary—shelf systems. Accordingly, it is necessary to
investigate the impact of human-induced catchment changes on
the source-to-sink transport mechanisms of OCPs in coastal oceans.

The East China Sea (ECS) is a typical marginal sea dominated by
the Changjiang (Yangtze) River, which is facing severe pressure
from human activities. Terrestrial input and atmospheric deposi-
tion have resulted in large amounts of OCPs entering the ECS,
making this region an important OCP sink (Hu et al., 2011; Lin et al.,
2012, 2013). However, the official ban on OCP use has been in force
for several decades, causing a decreasing trend for dichlor-
odiphenyltrichloroethane (DDT) and hexachlorocyclohexane (HCH)
levels in the air (Zhang et al., 2002; Lin et al., 2012), and even
leading to the secondary release of OCPs from the ECS (Lin et al.,
2015; Li et al., 2017). Due to human activities (especially dam
construction), the transport of terrestrial materials from river
catchments to the ECS has also substantially changed (Gao et al.,
2018; Yang et al., 2018). More than 50,000 reservoirs have been
constructed in the Changjiang (Yangtze) River catchment (Yang
et al., 2011), which intercept sediments at a rate of 453 Mtyr~!
(million tons per year) (Gao et al.,, 2018). Sediment discharge has
decreased steadily from 511 Mtyr~! in 1956—1968 to 450 Mt yr~!
in 1969—1985, 340Mtyr ! in 1986—2002, 145Mtyr-! in
2003—-2012 (following the construction of the Three Gorges Dam
(TGD)), and finally 118 Mtyr~' in 2013—2015 (following the con-
struction of cascade dams) (Yang et al., 2018). Sediment loads dis-
charged into the ECS decreased drastically after the impoundment
of the TGD, even below the threshold value of the sediment loads
transported from the Changjiang subaqueous delta (CSD) to the
Zhe-Min coastal mud belt (ZMCMB) by the southward Zhe-Min
coastal current (Fig. 1) (the threshold value is 150 Mt yr~!, based
on the deposition rate of the Holocene mud wedge in the ECS’ inner
shelf) (Xu et al, 2012; Yang et al., 2018). Therefore, sediments
deposited into the CSD could be eroded and transported south-
ward, which would change the sedimentary environment in the
estuarine—inner shelf areas of the ECS (Gao et al., 2017; Wang et al.,
2018). These variations will inevitably change the distribution,
sources, and transport of OCPs in the estuarine—inner shelf regions
of the ECS.

The above review shows that human-induced catchment
changes are changing the system stability of the ECS, which could
impact the fate of OCPs and further influence ecological safety in
the ECS. Consequently, investigating the impacts of human activ-
ities on the source-to-sink transport of OCPs in the ECS is necessary
and urgent. In the early 21st century, several ECS-related studies
focused on the distribution, fate, and flux of OCPs (Yang et al., 2005;
Hu et al, 2011; Lin et al., 2012), as well as their air—seawater ex-
change (Lin et al., 2015; Zhong et al., 2014; Li et al,, 2017). Hu et al.
(2011) suggested that the direct riverine inputs and shelf mud
depositional process were dominant factors controlling the distri-
bution and fate of the OCPs in the ECS. However, limited attention
has been paid to the variations in OCPs in surface sediments
considering the influence of human activities, which is valuable for

understanding the regional OCP cycle. In this study, we examined
the sediment grain size, total organic carbon (TOC), and OCPs in
surface sediments from the estuarine—inner shelf areas of the ECS,
and compared these values before and after the impoundment of
the TGD. Our specific goals were to determine the changes in the
levels and spatial patterns of the OCPs in the study area after the
TGD impoundment. In particular, we wanted to explore how OCPs
in the estuarine—inner shelf areas of the ECS respond to human-
induced catchment changes.

2. Materials and methods
2.1. Sample collection

A total of 149 surficial sediment samples were collected from
the estuarine—inner shelf areas of the ECS using a stainless steel
box corer during three cruises conducted by R/V Xiang Yang Hong 18
and Ke Xue 3 in May 2018. The sampling sites distributed as high-
lighted in Fig. 1b. All samples (0—2 cm) were wrapped in aluminum
foil and stored at —20 °C until the analysis.

2.2. Data acquisition

In this study, information on sediment grain size (n = 126), TOC
content (n=126), and OCP concentrations (n = 114) produced in
2006 was sourced from previous studies (Hu et al., 2011; Lin et al,,
2012; Wang et al., 2017). All these samples were collected from the
estuarine-inner shelf areas of the ECS in the summer of 2006 and
2007. Data on sedimentation rate before impoundment of the TGD
(n=76) were collected from Wang et al. (2017) and those on the
sedimentation rate after impoundment (n = 76) were sourced from
Gao et al. (2019). Two types of OCPs were studied in this work:
HCHs (a-HCH, B-HCH, y-HCH) and DDTs (p,p’-DDT, p,p’-DDE, p,p’-
DDD).

2.3. Laboratory analysis

A standard mixed solution containing HCH (a-HCH, $-HCH, vy-
HCH, 8-HCH) and DDT (p,p’-DDT; o,p’-DDT; p,p’-DDD and p,p’-DDE)
was purchased from AccuStandard. All solvents (dichloromethane,
acetone, and n-hexane) used during the processing were of HPLC
grade. Analytical grade anhydrous sodium sulfate was activated at
450 °C for 5 h to remove impurities before use. Silica gel (100—200
mesh) was extracted using acetone, dichloromethane, and n-hex-
ane for 24 h and activated for approximately 16 h at 130 °C.

OCP was extracted as per Lin et al. (2012). Each freeze-dried and
homogenized sample (ca. 5 g) was Soxhlet-extracted using 100 mL
of dichloromethane for 24 h and 2 g of activated copper was added
for desulfurization. A mixture of TCmX and PCB209 was added to
each of the samples as surrogate standards prior to extraction. The
extracted solution was concentrated to 1-2 mL in a rotary evapo-
rator and cleaned using a chromatography column (8 mm i. d.) with
neutral alumina (3 cm, 3% deactivated), neutral silica gel (3 cm, 3%
deactivated), 50% (on a weight basis) sulfuric acid silica (2 cm), and
anhydrous sodium sulfate. The concentrated solution was added to
the column and eluted with 20 mL of n-hexane/dichloromethane
(1: 1 v/v). The eluate containing the OCPs was vacuum-evaporated
and solvent-exchanged with n-hexane and finally concentrated to
1 mL under a gentle stream of nitrogen.

A Thermo Fisher Scientific TSQ 8000 Evo GC-MS/MS equipped
with a fused silica capillary TG5-MS column (30 m x 0.25 mm in-
ternal diameter, 0.25 pm film thickness) was used to determine the
concentration of the OCPs. Helium was used as the carrier gas with
a flow rate of 1.0 mLmin~’. The GC temperature model was as
follows: an initial temperature of 80 °C was maintained for 2 min
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Fig. 1. Study area within the East China Sea showing (a) major oceanic currents including the Changjiang-diluted water (CDW), Zhe-Min coastal current (ZMCC), Taiwan warm
current (TWWC), Yellow Sea coastal current (YSCC), Yellow Sea warm current (YSWC), and Kuroshio current; and (b) sampling sites along the Changjiang (Yangtze) River Estuary
and inner shelf regions. The red dotted line represents the delineations of the Changjiang Subaqueous Delta (CSD) and the Zhe-Min Coastal Mud Belts (ZMCMB). (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

and increased at a rate of 20 °C min~! to 180 °C and held for 5 min.
Then, it was increased at a rate of 10°C min~! to 290°C and
maintained for 15 min. The injection port was set at 290 °C. Sub-
sequently, 1 uL of the sample extract was injected in the split-less
mode. The interface and ion source temperatures were main-
tained at 290 and 230 °C, respectively. The ionization was carried
out in the electron impact mode at 70 eV and data were acquired
using the selective reaction monitoring mode.

A procedural blank and matrix-spiked samples consisting of all
analytes were analyzed with each six-sample set. Duplicates were
run for every 12 samples and the samples were reanalyzed if the
difference exceeded more than 15%. The OCPs were quantified us-
ing the external standard method. Calibration curves were drawn
based on the sets of six standard concentrations of 1, 10, 50, 100,
250, and 500 ng mL~ L. The standard curve was checked every day
using the reference standard to ensure satisfactory linear regres-
sion coefficients (R? > 0.999) for all the OCPs tested. The p,p’-DDT
was detected in some blank samples and its concentration ranged
from O to 0.02ngg~", with a mean value of 0.004 +0.002 ng g~
(n=14). This was 6.7% of the lowest observed concentration in our
sediment samples, and therefore negligible. The average recoveries
of the OCPs based on matrix-spiked samples ranged from 74.5% to
106.2%. The average surrogate recoveries were 68 +13% and
95 + 9% for TCmX and PCB209, respectively.

The grain size was analyzed as described by Wang et al. (2018).
Briefly, all samples were digested by an H,0, solution (10%) to
remove the organic matter and then dispersed in sodium meta-
phosphate for 24 h. The grain size was measured using a laser
diffraction particle size analyzer (Mastersizer 2000; Malven In-
struments Ltd., UK) and the measuring error was within 3%. Each
freeze-dried and homogenized sediment was immersed in 10%

hydrochloric acid for 24 h and washed to neutrality. The resulting
material was wrapped in a silver boat to measure the TOC content
using an elemental analyzer (Flash, 2000HT).

2.4. Kriging interpolation

The kriging interpolation method was used to acquire the
spatial variability of each dataset using the same gridding density
for the same areas in the ECS shelf regions. The most widely used
geostatistical technology is the ordinary kriging interpolation,
which uses linear, spatial, and interpolator-estimated data at
unsampled locations using a linear weight function of adjacent data
points (Guney et al., 2010).

Z(x0)= Y _ hZ(x;) (1)
i

where Z(xg) is the estimated value of Z at point xq, Z(x;) is the
sampled value at point x;, and 4; is the weight placed on Z(x;). We
used ArcGIS 10.0 software for the mapping and spatial analysis.

2.5. Deposition flux

The OCP deposition flux in surface sediments was estimated to
assess the extent of contamination, which was calculated using
several sediment properties and OCP concentration, as shown in

equation (2).

Fdeposition =104 x Cocps X p X (2)
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where A is the area of a given region (km?), Cocps is the measured
sedimentary OCP concentrations (ng g~ 1), p is the dry density of the
sediment samples (g cm~3), and w is the sedimentation rate (cm
yr~!) mentioned in section 2.2, which was collected from Wang
et al. (2017). The recommended value of 1.2 gcm > was selected
for p (Liu et al., 2007). The kriging interpolation method was used to
obtain the spatial distribution of « based on the accurately
collected sedimentation rates for the study area.

3. Results and discussion

3.1. Changes in physicochemical parameters of sediments in
estuarine—inner shelf areas of the ECS

Previous studies have demonstrated that the sediments
deposited in the estuarine—inner shelf areas of the ECS are likely to
lag behind changes in the Changjiang (Yangtze) River catchment by
about 3 years (Hu et al., 2012; Gao et al., 2017), implying that the
sedimentary environment in the ECS cannot change immediately
when the catchment is changed. Therefore, samples collected from
the ECS in 2006 could reflect the sedimentary environment in the
ECS around 2003 (The TGD was completed in 2003) and these
samples could be considered as having just been or even not been
affected by the TGD impoundment. Therefore, 2006 can be regar-
ded as the beginning year when the TGD affected the sedimentary
environment of the ECS. Then, sediment loads decreased drastically
after the TGD impoundment, which significantly changed the
transport of terrestrial materials from the Changjiang (Yangtze)
River to the ECS (Gao et al., 2019). To better understand the varia-
tions in sediment grain size response to human-induced catchment
changes, we compared the sediment grain size in the ECS for two
different time nodes: before the TGD (sample collected in 2006)
and after the TGD (sample collected in 2018).

Fig. 2 shows that the sediment grain size changed in the ECS,
becoming increasingly coarse after the impoundment of the TGD. In
2006, the sediment grain size ranged from 2.5 t0 7.3 ® (& = —
log, D, where D is the sediment grain size (mm)), with a mean value
of 6.4 + 1.2 ® (mean = 6.4, SD = 1.2; all further results refer to this).
Previous studies have demonstrated that the sediments in the ECS
were relatively fine in 1982, with particle sizes ranging from 6.3 to
7.1 ® (mean value is 6.7 +0.2 &) (Gao et al., 2019), which is rela-
tively consistent with that in 2006. Therefore, the impoundment of
TGD in 2003 did not impact the sedimentary environment of the
ECS immediately. In 2018, the grain size of the surface sediments
ranged from O to 7.4 ®, with a mean value of 4.4 +2.1 &, which
showed a drastic decrease. A previous study suggested that a value
of 0.5 @ could be chosen as the threshold for significant changes in
grain size, thereby enabling us to filter out the seasonal and
spring—neap tidal variations (mostly between 0.1 and 0.3 ® in the
study area) (Yang et al., 2018). A significant coarsening trend
occurred after the impoundment of the TGD, with the mean grain
size increasing from 6.4 to 4.4 ®. In addition, surface sediment at a
depth of 2 cm does not easily reflect seasonal variations because the
deposition rate in the study area is lower than 2cm yr~! (Wang
et al., 2017). Therefore, the temporal resolution of surface sedi-
ment in this study is about 1—-2 years, from which short-term
seasonal variation cannot be extracted. In addition, we also
collected sediment load data of Changjiang (Yangtze) River before
and after the impoundment of the TGD. The sediment loads were
305 + 44 Mt yr~! during 1992 and 2002 (ten years before the TGD),
which decreased to 132 +36 Mtyr~' during 2004 and 2014 (ten
years after the TGD) (Fig. S1). The SD value of sediment loads
indicated that the interannual variation in sediment loads of
Changjiang (Yangtze) River before TGD is little, which also sug-
gested that the sedimentary environment in the ECS should be

relatively stable in this stage. After the impoundment of the TGD,
the interannual variations in the sediment loads of Changjiang
(Yangtze) River was little but persistent seabed erosion also
occurred in the ECS due to the low sediment loads. Therefore, the
variations in the sediment grain size of the ECS between 2006 and
2018 were caused by the cumulative effect of persistent erosion.

The distribution patterns of sediment grain size from north of
29°N, where we noted coarsening in the CSD after the impound-
ment of the TGD (Fig. 2a), were consistent with the results of Yang
et al. (2018), which stated that the surface sediment in the CSD
coarsening was evident after the TGD. In addition, sediment grain
size between 29°N and 27°N showed coarsening to a certain extent
(Fig. 2a), which is consistent with the results of Gao et al. (2019).
Sediment components in the ECS in 2006 and 2018 were calculated
and compared to explain this coarsening phenomenon. The content
of the clay component decreased in the whole region, especially
north of 27°N (Fig. S2). The content of the silt component increased
in the ZMCMB and the western part of the CSD but decreased in the
eastern part of the CSD (Fig. S2). However, the sand content slightly
increased in the ZMCMB and the western part of the CSD but
increased drastically in the eastern part of the CSD (Fig. S2).
Therefore, the sedimentary environment in the CSD might have
been disturbed and a large amount of fine-grained particles such as
clay and fine silt may have been resuspended and transported
southward. In addition, the sedimentary environment in the
northern and middle parts of the ZMCMB (between 29°N and 27°N)
might have been disturbed, albeit at a relatively lesser extent than
that of the CSD. These variations changed the original sediment
distribution pattern in the seabed, which may have influenced the
distribution and fate of OCPs in the marine environment.

In addition to sediment grain size, we delineated the distribu-
tion of the TOC content in the ECS in 2006 and 2018, which was
considered an important factor influencing the distribution of the
OCPs (Hu et al., 2011; Jin et al., 2017). The TOC content in the ECS
ranged from 0.17 to 0.84% in 2006, with a mean value of
0.56 + 0.16% (Fig. 3a). And now the TOC content varied from 0.11 to
0.81% in 2018, with a mean value of 0.45 + 0.18% (Fig. 3b). A clear
boundary occurred at 29°N, with the high TOC content mainly
occurring in the ZMCMB and the western part of the CSD. The TOC
content evidently varied in the ZMCMB (Fig. 3b). The TOC content
in sediments from the outer shelf of the estuary and the ZMCMB
decreased drastically, which might be due to the reduction in fine-
grained sediments. Large amounts of TOC associated with fine-
grained sediments were transported southward to the ZMCMB
and even to the outer shelf. Overall, the spatial pattern of the TOC
content in the estuarine—inner shelf areas of the ECS changed after
the TGD impoundment, which is consistent with the distribution
pattern of sediment grain size.

3.2. Variations in OCPs in ECS between 2006 and 2018

The concentrations of the total OCP, DDT, and HCH in 2006 and
2018 are compared in Fig. 4. The total OCP concentration in 2006
ranged from 0.14 to 641ngg !, with a mean value of
2.55+ 1.51 ng g~ ! (Fig. 4a). However, the total OCP concentration in
2018 ranged from 0.06 to 4.38ngg !, with a mean value of
1.08 + 0.84 ng g~ ! (Fig. 4d). The HCH concentration in 2006 ranged
from 0.03 to 1.96 ng g™, with a mean value of 0.42 +0.20ngg™",
and the corresponding value in 2018 ranged from 0 to 0.91 ngg~,
with a mean value of 0.20 + 0.17 ng g~ . Similarly, the concentration
of DDT in 2006 ranged from 0.08 to 5.66ng g, with an average
value of 1.74 + 1.04 ng g~ . This concentration also decreased dras-
tically in 2018 (ranging from 0 to 3.61 ng g~ !, with a mean value of
0.89 +0.69ng g~ !). Similar to sediment grain size, the OCP con-
centrations in surface sediments should be a mixed concentration
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whose time scale should also be 1-2 years.

Considering spatial distribution, the total concentration of OCPs
in the ECS showed an obvious difference in 2006 and 2018. The
study area can be divided into the northern (CSD) and southern
(ZMCMB) portions at 29°N, which is consistent with the distribu-
tion pattern of the TOC content (Fig. 3). High total OCP concentra-
tions were found in the western part of the CSD and the ZMCMB
(Fig. 4), which could be attributed to the terrestrial input and
regional hydrodynamics (Hu et al., 2011). The Changjiang-Diluted
Water (CDW) (Fig. 1a) discharges large amounts of sediments and
associated OCPs into the estuary during the wet season (May to
October), leading to a high total OCP concentration near the estu-
ary. Then, in the dry winter season (November to April), the East
Asian monsoon strengthens the southward current named the Zhe-
Min coastal current (Fig. 1a), leading to the resuspension of the
deposited sediments and associated OCPs into the estuary. They are
transported southward and eventually deposited into the ZMCMB.

Fig. 4 also shows that high concentrations of total OCPs mainly
occurred in nearshore areas, especially in 2006. To better under-
stand the distribution patterns of OCPs in the study area, we uti-
lized the ProfileGraph in ArcGIS 10.2 to extract OCP concentrations
in five typical transects from the Changjiang Estuary to the

southern part of the ZMCMB (Fig. 1b). OCPs in the alongshore
transect from the estuary to the ZMCMB displayed high concen-
trations in the CSD and ZMCMB (Fig. 5a and b). OCPs in the offshore
transects from the land to the ocean showed a consistent down-
ward trend (Fig. 5c—j), suggesting that the total OCP concentration
decreased from the coast to the ocean. Therefore, in addition to the
effects of hydrodynamics, proximity to OCP sources should be the
other main reason for the relatively high concentration of OCPs in
the ZMCMB (Lin et al., 2012). Previous surveys have indicated that
coastal provinces, including Zhejiang and Fujian, were major users
of OCPs during 1985—1991, and their OCP consumption per unit
area ranked first and third among all provinces in the country,
respectively (Wang et al., 2005). Pesticide residues in the soil could
therefore be entering the ECS via coastal mountain streams and
surface runoff.

3.3. Response of OCPs to changes in the river catchment

After the impoundment of the TGD, the total OCP concentration
in surface sediments from the estuarine—inner shelf areas of the
ECS decreased drastically, which seems consistent with the time-
line of the official ban of OCPs in China. Previous studies have
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demonstrated that OCPs in the air of the Arctic and East Asia
showed a clear declining trend after their ban (Ma et al., 2011;
Takazawa et al., 2016). Then, is the decrease in the total OCP con-
centration in the sediments due to the official ban? It is known that
OCPs in the surface sediments of the ECS originated mainly from
the continent due to soil erosion after their ban in China. Data on
OCP concentrations in the topsoils of the Changjiang River Delta
(CRD) before and after the TGD impoundment were collected in
this study, and a clear decreasing trend was not observed; in fact, an
increasing trend was noted after 2007 (Table 1). Sedimentary re-
cords of OCPs in inland lakes as well as the ECS also did not show a
clear decreasing trend after the 2000s, suggesting that OCP con-
centrations in the soils of the river catchment did not decrease
overall after the 2000s (Liu et al., 2009; Li et al., 2015; Lin et al,,

2016; Sun et al., 2018). Zhang et al. (2018) demonstrated that the
decline in DDT concentrations in the topsoil at the national scale
was not obvious over time from 2001 to 2013 because the degra-
dation of DDT in topsoil can take decades (Dimond and Owen, 1996;
Zhang et al., 2018). In addition, these studies reported a new input
of DDT, contained in the pesticide dicofol, to the soils of the CRD
(Jiang et al., 2009; Sun et al., 2016). The new input and resistance to
degradation could be the two main reasons for the absence of clear
decrease in OCP concentrations in the soil of the Changjiang
catchment. Therefore, the OCPs input from soil erosion into rivers
did not change much, which strongly suggests that the drastic
decrease in OCP concentrations in sediments from the ECS was not
caused by the OCP ban.

In addition to the OCP concentration in topsoil, sediment loads

Table 1

OCP levels (ng g~ d.w.) in the topsoils of Changjiang (Yangtze) River Delta (CRD) from different sampling years.
Region Sampling year N range mean Reference

t-HCH t-DDT t-HCH t-DDT

CRD 2003 161 0.28—17.93 0.46—484.24 3.23 28.87 Zhang et al. (2009)
CRD 2007 36 nd—10.38 0.44—247.45 241 21.41 Jiang et al. (2009)
CRD 2014 241 0.37-30.3 0.13—-3515 2.46 56.2 Sun et al. (2016)
CRD 2014 19 0.69—66.69 0.14-485.73 7.73 44.43 Shi et al. (2016)

t-HCH = a-HCH + B-HCH + y-HCH.
t-DDT = p,p’-DDT + p,p’-DDE + p,p’-DDD.
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Table 2
Correlation coefficient (r) matrix of the OCPs and sediment features in the ECS.

Before TGD (N = 95)* After TGD (N = 149)

OCPs DDT HCH OCPs DDT HCH
Mz** 0.58 0.59 0.37 0.75 0.74 0.74
Clay 0.35 0.36 0.20 0.46 0.43 0.55
Silt 0.58 0.58 0.39 0.78 0.78 0.74
Sand -0.57 —0.58 -0.34 -0.77 -0.77 —-0.76
TOC 0.62 0.64 0.38 0.85 0.85 0.81

Note: *N is number of sample; **Mz is mean grain size.

could be another factor impacting the OCP flux discharged into the
ECS. Previous studies have demonstrated that the sediment loads
discharged into the ECS decreased gradually since the 1980s and
decreased drastically, from 340Mtyr~! in 1986—2002 to
145 Mtyr~! in 2003—2012, after the impoundment of the TGD
(Yang et al., 2018). Therefore, large amounts of OCPs adsorbed on
the surface of the sediments were also intercepted in the reservoir,
which led to the drastic decrease in the OCP flux discharged into the
ECS. As mentioned above, there may not be a significant change in
the OCPs content entering the river system through soil erosion, but
the sediments load decreased by more than 57%, which might have
also led to a substantial reduction in the OCP flux discharged into
the ECS. Those OCPs discharged into the ECS are more widely
dispersed and diluted, which might have directly caused the
decrease in the OCP concentration in the surface sediments after
the impoundment of the TGD.

It is well known that DDT and HCH are highly hydrophobic in
nature. Thus, they have low water solubility and are prone to
adsorption onto fine-grained particles such as clay and silt (Shen
and Wania, 2005). Therefore, sediment loads discharged from the
Changjiang (Yangtze) River into the ECS could play an important

\
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role in controlling the distribution patterns of OCPs in the ECS.
Pearson Correlation analysis was carried out between the OCP
concentrations and sediment grain size/components, and the re-
sults showed strong positive correlation between OCP concentra-
tion and grain size/silt component in 2006 and 2018 (Table 2).
However, correlation between the OCP concentration and clay
component was weak than that for the grain size or silt component
(Table 2). This phenomenon may be controlled mainly by the
composition ratios of clay and silt components because the clay
content is limited while that of silt dominates (Fig. 2). A strong
negative correlation is evident between the OCP concentration and
the sand component (Table 2). Additionally, the absolute value of
the correlation coefficient after the TGD impoundment increased to
a certain extent, increasing by approximately 0.2 for each item
except the clay component (Table 2). Therefore, the influence of
sediment grain size on the distribution patterns of the OCPs might
be more obvious after the impoundment of the TGD. Large amounts
of sediments were intercepted by the reservoir, leading to “hungry”
water discharge (i.e., water with a low suspended sediment con-
centration) and further enhancing the current’s ability to carry
sediment, eventually causing seabed erosion in the CSD and
northern part of the ZMCMB (Fig. 2). Large amounts of fine parti-
cles, especially clay and fine silt components, could have been
eroded and transported southward. Therefore, the clay component
decreased, and the dominance of the silt component was further
enhanced in the ECS, which may have been the main cause for the
improvement in the r value.

3.4. Deposition flux of OCPs in the ECS in 2006 and 2018

To further understand the variations in the OCPs in 2006 and
2018, deposition fluxes of the OCPs were calculated for these two
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Fig. 6. Deposition fluxes of OCPs in the estuarine—inner shelf areas of the ECS in 2006 (a) and 2018 (b).



C. Wang et al. /| Water Research 169 (2020) 115225 9

stages. The OCP deposition flux was calculated following the work
by Lin et al. (2013) (as described briefly in Section 2), using the Map
Algebra Technology of ArcGIS 10.2 software (Wang et al., 2017). The
deposition fluxes of the OCPs in the ECS varied from 0.28 to
11.05 ng cm~2 yr~ !, with a mean value of 2.65 + 1.67 ngcm 2 yr— ' in
2006 (Fig. 6a). After the impoundment, the sedimentation rate and
OCP concentration in the ECS decreased, which also led to a
reduction in the OCP deposition flux ranging from 0.07 to

2.60ngcm 2 yr~!, with a mean value of 0.89 +0.60 ngcm 2 yr~!
(Fig. 6b). Our previous study demonstrated that the deposition flux
is determined by the deposition rate and compound concentration
(Wang et al., 2016). The deposition rate and OCP concentration in
the ECS decreased strongly after the TGD impoundment, thereby
leading to a drastic decrease in the OCP flux. In addition, the dis-
tribution pattern of the OCP flux evidently changed after the TGD
impoundment (Fig. 6). In summary, the OCPs in the sediments of
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Fig. 7. Distribution patterns of pesticide use (https://ourworldindata.org/fertilizer-and-pesticides), large reservoirs (Vorosmarty et al., 2003), and sediment trapping efficiency
(Vorosmarty et al., 2003) at the global scale. (a) Average pesticide use per hectare of cropland in 2007, measured in kilograms per hectare. (b) Global distribution of the 633 large
reservoirs with a storage capacity of 0.5 km? or larger. (c) Global distribution of basin-wide trapping of sediment loads by the large reservoirs.
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the ECS changed drastically due to intensified human activities in
the river catchment, which was mainly reflected in the variations in
their distributions, concentrations, and deposition fluxes.

4. Implications

Marginal seas, especially river-dominated estuarine coastal re-
gions, are the major repositories of terrestrial materials in the
ocean, with more than 95% of riverine sediments buried therein
(Syvitski et al., 2005; Bianchi and Allison, 2009). These sediments
include large buried amounts of hydrophobic organic contaminants
such as OCPs. These regions are active interfaces between the land
and ocean and are subject to the effects of human activities. Fig. 7
shows the global distribution patterns of pesticide use in crop-
land and large reservoirs, and their trapping efficiencies for major
rivers. Pesticides are mainly used in the middle- and low-latitude
regions of countries, especially in China, Central Europe, North
Africa, and South America (Fig. 7a). Similarly, large rivers with high
runoffs and sediment loads, such as the Amazon, Nile, Mekong,
Ganges-Brahmaputra, Changjiang, Huanghe, and Pearl Rivers, are
mainly located in the regions with high pesticide use. Agricultural
activities and soil erosion led to large amounts of OCPs being
released into rivers and eventually discharged into the adjacent
marginal seas. Therefore, marginal seas in the middle and low
latitudes have been important sinks of OCPs and are characterized
by a high OCP burden. However, dams and reservoirs constructed in
river catchments worldwide have led to large amounts of sedi-
ments being intercepted by the reservoirs (Fig. 7b and c). Moreover,
OCP influxes via rivers have likely reduced owing to their hydro-
phobicity. Therefore, shifts in the distribution and fate of sedi-
mentary OCPs in marginal seas under the influence of human
activities is likely to be prevalent globally. It is noteworthy that
owing to unique human-induced catchment changes in each mar-
ginal sea, the mode and extent of this influence will vary, resulting
in differences in the fate of the OCPs.

5. Conclusions

This study comprehensively investigated the OCP distribution
patterns and deposition flux in the ECS in 2006 and 2018. Human-
induced catchment change is considered to be the main factor
controlling the distribution and fate of OCPs in the ECS. The major
conclusions of this study are as follows:

1 The OCP concentrations in the ECS in 2006 ranged from 0.14 to
6.41ngg~!, with a mean value of 2.55+1.51 ngg~". The OCP
concentrations clearly decreased in 2018, ranging from 0.01 to
4.38ngg~!, with a mean value of 1.08 + 0.84ng g™,

2 The deposition fluxes of OCPs in the ECS varied from 0.28 to
11.05ngcm =2 yr-!, with a mean value of 2.65 + 1.67 ng cm ™2
yr~! in 2006. And then the sedimentation rate and OCP con-
centration in the ECS decreased in 2018, which also led to a
reduction in the OCP deposition flux from 0.07 to 2.60 ng cm 2
yr~!, with a mean value of 0.89 + 0.60 ng cm™2 yr~— .

3 The correlation analysis showed a good correlation between the
OCP concentrations and the silt component. The r value
increased by more than 0.2 after the TGD impoundment.
Therefore, riverine input might have been the main factor con-
trolling the fate of OCPs before the TGD impoundment, and
seabed erosion owing to reduction in sediment loads might be
the primary controlling factor after the impoundment.
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