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Abstract An assessment was made to monitor the short-
term impact of heavily polluted sediments that may move
out from the brackish man-made Lake Shihwa outside of the
sea dike due to operations of a tidal power plant. Here, we
exposed the Manila clam Ruditapes philippinarum collected
from the western coast of Korea to natural sediment under
lab condition for 96 h. Sediments were collected from Lake
Shihwa and outside of the sea dike representing polluted and
reference conditions, respectively. The results of chemical
analysis revealed that the concentrations of nonylphenol and
heavy metals in water and sediment from the inner region of
Lake Shihwa were significantly higher than those of refer-
ence sediments. After 48 and 96 h of exposure, 30 speci-
mens of clams were sampled from each experimental
condition, and concentrations of nonylphenol and metals
were measured in clams, water, and sediments. Several
biomarkers, including concentrations of metallothionein-
like proteins, and activities of the antioxidant enzymes glu-
tathione S-transferase and catalase were determined in clams
to characterize the effects of polluted sediments to clams.
After 96 h of exposure, R. philippinarum assimilated non-
ylphenol up to 71 times compared to initial concentrations.
However, there was no apparent uptake of heavy metals into
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the clams. Additionally, antioxidant enzymes exhibited
higher activities in clams exposed to the polluted sediment.
The results of the present study with physiological
responses in R. philippinarum suggest that sediment trans-
portation caused by the operation of a tidal power plant in
Lake Shihwa will have striking effects on benthic organisms
in the adjacent coastal area.

Keywords Clam Ruditapes philippinarum - Lake Shihwa -
Nonylphenol - Metal - Metallothionein-like proteins -
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Introduction

Lake Shihwa, which was artificially constructed in 1994 to
supply water for industrial usage, is considered as one of the
most polluted regions in Korea due to an unsuccessful
reclamation project caused by inadequate planning and
management (KORDI 1999; MOMAF 2006). The environ-
ment of Lake Shihwa has deteriorated due to restriction of
water exchange and continuous anthropogenic inputs
through several streams adjacent to two large industrial
complexes and cities (Choi et al. 1999; Choi et al. 2011a;
Kim et al. 2003). A number of researchers have reported
very high concentrations of metals and nonylphenol in sedi-
ments in the vicinity of industrial complexes (Choi et al.
2011a; Hong et al. 2010; Kim et al. 2003, 2009; Li et al.
2004; Ra et al. 2011a). Historical trends of metal and non-
ylphenol concentrations in sediment cores revealed that
these pollutants were significantly increasing over the past
30 years due to anthropogenic activities after the construc-
tion and operation of two large national industrial com-
plexes (Hong et al. 2010; Ra et al. 2011a). Ra et al.
(2011b) also reported that nonpoint source pollution loads
derived from creeks and sewer outlets during storm events
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were some of the main causes of pollution in Lake Shihwa.
Given continuous pollution loads from many different sour-
ces, large amounts of pollutants were introduced to the
water column and sediments of the entire Lake Shihwa.

One current and important issue associated with the study
area is the construction of the world's largest tidal power
plant in the center of the sea dike. One of the main purposes
of the tidal power plant is to improve the various pollution
issues in Lake Shihwa by increasing seawater exchange
between the Lake Shihwa and the sea outside the sea dike.
The operation of the tidal power plant, however, could result
in the transportation of heavily polluted sediments to the
outside sea. In fact, suspended particulate matter in bottom
water and the sedimentary facies around the tidal power
plant were slightly increased and changed, respectively,
after the test operation of the tidal power plant in July
2011 (MOMAF 2011). The outflow of polluted sediments
could provide an additional source of nonylphenol and
metal pollution to the coastal area. This would threaten
marine organisms that live in this area (Coughlan et al.
2002; Hartl et al. 2006). Several studies reported that resus-
pension and redistribution of polluted sediments by dredg-
ing resulted in the remobilization and release of pollutants
into the aquatic phase making them more bioavailable
(Bocchetti et al. 2008; Eggleton and Thomas 2004; van
den Berg et al. 2001). Thus, there is an urgent need to
estimate the potential biological risks of remobilization of
sediment-bound pollutants associated with the operation of
the tidal power plant and their accumulation into benthic
organisms.

The exposure to and effects of pollutants in sediments is
generally evaluated using sentinel organisms as bioindicator
species. In this context, bivalves have been widely used as
indicator organisms because they have limited movement in
their habitat and are exposed to pollutants from sediment as
well as from the water column due to their feeding habits
(Choi et al. 2011b; Coughlan et al. 2002; Hartl et al. 2006;
Rainbow 2006). The Manila clam, Ruditapes philippina-
rum, is widely distributed in intertidal areas along the west
and south coast of Korea and is commercially important as
marine food resources. Furthermore, Manila clam R. philip-
pinarum exhibits dose-response and measurable changes of
biomarkers reflecting pollution stress and shows high
uptake rates of pollutants such as metals, pesticides, and
nonylphenol (Choi et al. 2011b; Irato et al. 2003; Lietti et al.
2007; Marin and Matozzo 2008; Sarkar et al. 2008). For this
reason, they are considered as suitable indicator species for
the assessment of environmental pollution in the coastal
environment of Korea over both short- and long-term peri-
ods of time.

Biomarkers have become valuable ecotoxicological tools
to assess the toxicity and bioavailability of various pollutants
to marine organisms in their natural environment (Depledge et

al. 1995). Especially, a few previous studies with R. philip-
pinarum had already confirmed that their physicochemical
responses show potential as biomarkers for environmental
assessment. For example, metallothionein-like proteins
(MTLPs) and activities of glutathione S-transferase (GST)
and catalase (CAT) in R. philippinarum were shown as useful
biomarkers for evaluating pollution by metal and oxidative
stress in this species (De Luca-Abbott et al. 2005; Irato et al.
2003).

The aim of this study was to characterize the bioaccumu-
lation of nonylphenol, metals, and several biomarker
responses (MTLPs, GST, CAT) in R. philippinarum. This
was done in a lab-based experiment in order to conduct a
preliminary assessment of the potential environmental impact
associated with the resuspension of sediments due to tidal
power plant operations in Lake Shihwa. In a previous study,
R. philippinarum exposed to several organophosphorous pes-
ticides showed significant changes in biomarker responses
within 48 h (Choi et al. 2011b). In this study, R. philippinarum
were exposed to sediments from polluted and reference sites
for 96 h under controlled laboratory conditions, and bioaccu-
mulation of nonylphenol and metals in clam tissues was
measured and correlated with biomarker responses in the same
clams. Specifically, MTLP levels and activities of antioxidant
enzymes such as GST and CAT in clam tissues were analyzed
to characterize the ecotoxicological responses against the pol-
lutants such as nonylphenol and metals in polluted sediments
in short-term exposures.

Materials and methods
Sampling and experimental procedure

Surface sediments (upper 4 cm) were collected using van
Veen grab sampler in August 2008 from Lake Shihwa and
outside of the sea dike (Fig. 1) and were directly moved to
the laboratory to conduct the exposure experiments. For the
clam exposure experiments, sediment samples were used
from S4 and Y3 sites which represent polluted (S) and
reference (Y) conditions, respectively (Fig. 1). Sediment
samples were freeze-dried and ground in an automatic agate
mortar (Fritsch Corp., Pulverisette 6, Idar-Oberstein,
Germany) for analyzing nonylphenol and metals.

R. philippinarum of similar size were collected from the
outside of Lake Shihwa. Average shell length and total
weight were 33.3+1.0 mm and 0.38+0.08 g, respectively
(n=150). Before exposure to sediments, clams were acclim-
atized for 4 days with filtered seawater (32 psu). Seawater
used in the experiments was sampled from the sea outside of
Lake Shihwa.

Randomly selected acclimated clams (n=30) were used
for analysis of initial nonylphenol (#=20) and trace metal
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Fig. 1 Sediment sampling locations in the inner and outer regions of Lake Shihwa (/" and P represent the water gate and tidal power plant,

respectively)

(n=3) concentration as well as biomarkers (n=7).
Approximately 500 g of sediment from sites S4 (S) and
Y3 (Y) and 10 L of filtered seawater were thoroughly mixed
in each tank to homogenously redistribute polluted sedi-
ments and pore water. Then, 120 individual clams were
placed in four tanks (30 specimens per tank) and incubated
for 48 and 96 h at room temperature with continuous supply
of air. For analysis of nonylphenol, metals, and biomarkers,
30 specimens were sampled at 48 and 96 h for each sedi-
ment set. Seawater and sediments were also sampled simul-
taneously and analyzed for metal and nonylphenol
concentrations.

Nonylphenol analysis

Determination of nonylphenol concentration in seawater,
sediments, and clams was performed following the method
by Li et al. (2001). Briefly, approximately 1 L of filtered
seawater was subjected to liquid-liquid extraction with
methylene chloride (J.T. Baker, USA). For sediments,
approximately 5 g of ground and homogenized material
was extracted with Milli-Q, acetone, and hexane on a
mechanical shaker. For clam analysis, 20 specimens were
pooled and freeze-dried, and then, 2 g of homogenized
samples was extracted using methylene chloride via a
Soxhlet extraction. Quantitative analysis for nonylphenol
was performed by GC-MS after derivatization with N,0-
bis-(trimethylsilyl)trifluroacetamide (with 1 % TMCS,
Sigma-Aldrich, St. Louis, MO, USA) and cleanup with 1 g
of activated Florisil (60—100 mesh, Sigma-Aldrich) by use of
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a silylation treatment kit according to the method by Li et al.
(2001). Fat was removed from clam samples by means of a
Florisil column prior to silylation. A gas chromatograph
(Shimadzu GC-2010, Tokyo, Japan) coupled with a mass
spectrometer (Shimadzu GCMS QP2010 plus) was used for
nonylphenol analysis. A surrogate standard (bisphenol-A-
d16) was added to all samples for quality control with recov-
ery rates ranging from 81 to 97 %. The method detection
limit was 2 ng/g, and the analytical precision was within 5 %
for all measurements.

Metal analysis

Dissolved metal concentrations were determined using the
APDC-DDTC-Freon extraction method (Statham 1985).
Prior to analysis, seawater was filtered with acid-cleaned
PC filters (0.4-pum pore size) and acidified. For metal anal-
ysis in sediments, approximately 1 g of sediment was
freeze-dried and ground. Then, about 0.1 g of sediment
was completely digested with suprapure grade HF, HNOs,
and HC1O,4 (Merck, Germany, Darmstadt) at 180 °C for 24 h
(Windom et al. 1989). After digestion, samples were dried
and redissolved with 2 % HNOj3. Approximately, 0.1 g of
homogenized clam sample was digested with 5 mL of con-
centrated HNO; for 24 h at 180 °C. Metal concentrations
were measured using an inductively coupled plasma mass
spectrometer (Thermo Elemental X7). All samples were
measured in triplicate. For quality control, reference materi-
als such as CASS-4 for near-shore seawater, PACS-2 for
marine sediments from the National Research Council,
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Canada, and SRM 2976 for mussel tissue from the National
Institute of Standard and Technology, USA were used
(Supplementary Table 1).

MTLPs and antioxidant enzyme activity

MTLP content in R. philippinarum was measured using
the spectrophotometric method described by Viarengo et
al. (1997). The dissected digestive glands from three
clams were homogenized individually in four volumes
of 0.5 M sucrose and 20 mM Tris—HCI (pH 8.6) with
6 uM leupeptin (Sigma) and 0.5 mM phenylmethylsul-
fonyl fluoride (PMSF, Sigma) as antiproteolytic agents
and 0.01 % [3-mercaptoethanol (Sigma) as a reducing
agent. The homogenates were then centrifuged at
30,000xg for 20 min. The supernatant was treated with
ethanol/chloroform. For each sample, 1.05 mL cold etha-
nol and 80 pL chloroform were added to 1-mL aliquots
of supernatant. The samples were centrifuged at 6,000%g
for 10 min at 4 °C. The collected supernatants were
combined with calf liver RNA (Sigma) and 37 % HCI
with cold ethanol. The samples were kept at —20 °C for
1 h and centrifuged at 6,000xg for 10 min. The MTLP-
containing pellet was washed with 87 % ethanol and 1 %
chloroform in a homogenizing buffer in order to remove
soluble thiols. Then, the pellet was centrifuged at 6,000 x
g for 10 min and dried under a gentle stream of nitrogen
gas. 5,5-dithiobis-2-nitrobenzoic acid, pH 8, was added to
the sample at room temperature, and the absorbance was
measured at 412 nm using a spectrophotometer (Agilent,
Varian, Cary 50, NC, USA). Glutathione was used as a
standard.

To evaluate protein levels and enzyme activities, digestive
glands from four clams were homogenized individually with
2 mM Tris—HCl buffer with a pH of 8, 20 % glycerol, 2 mM f3-
mercaptoethanol as a reducing agent, leupeptin, and PMSF as
an antiproteolytic. The homogenized samples were centrifuged
at 18,000xg for 90 min to eliminate cellular debris. The

Table 1 Indices for heavy metal pollution in sediment

supernatant was used to evaluate enzyme activity. GST activity
was assayed as the increase in absorbance at 340 nm due to the
conjugation of glutathione to 1-chloro-2,4-dinitrobenzene
(CDNB, Aldrich) according to Regoli et al. (1997). The
increase in absorbance caused by consumed moles of CDNB
per minute at 340 nm was measured for 4 min. CAT activity of
R. philippinarum was determined as the absorbance decreases
at 240 nm due to hydroperoxide consumption, as described by
Mosleh et al. (2005). CAT activity was expressed as moles of
H,0, consumed per milligram of protein per minute. Total
protein levels were determined using the Bradford method
(Bradford 1976).

Data analysis

In order to assess the pollution status for each metal in
study area, the enrichment factor (EF, Simex and Helz
1981) for the origins of metal, geoaccumulation index
(Igeo, Miiller 1979) for the degree of metal contamina-
tion or pollution, and pollution load index (PLI,
Tomilson et al. 1980) as a summative indication of the
level of heavy metal were determined (Table 1 and
Supplementary materials).

The metal concentrations of the deeper layers in the core
sediment from Lake Shihwa corresponding to the early
1900s prior to industrialization of this area were used as
background concentrations for calculating indices (Ra et al
2011a). Results were expressed as mean (+ standard devia-
tion, 1o). Data were analyzed using ¢ tests and one-way
ANOVA, followed by Tukey's honestly significant differ-
ence test. Comparison between two groups was performed
using the Welch—Aspin test. Pearson's correlation was used
to analyze the relationship between pollutants and bio-
markers. A p value of less than 0.05 was considered as
statistically significant. All statistical analyses were per-
formed using SPSS software (version 11.5, SPSS Inc.,
Chicago, USA).

Index Equation Statements Reference
EF EF — MVl >1.5: anth ic origi i 1
= Ml ATygromms .5: anthropogenic origin Simex and Helz (1981)

<1.5: lithogenic origin

Tyeo Igeo = logy (% X Cbackgmund) <0: unpolluted Muller (1979)
0<I4¢o<1: unpolluted to moderately polluted
1</4e0<2: moderately polluted
2<1yeo<3:moderately to strongly polluted
3<lyeo<4: strongly polluted
4<I,.,<5: strongly to very strongly polluted
Lyeo>5: very strongly polluted

PLI PLI="\/CF| x CF, x ... x CF, CF = Gl __ Tomilson et al. (1980)

Chack grounvalue
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Results Nonylphenol and trace metal concentrations in seawater
and sediments used for exposure test
Metals and nonylphenol concentrations in Lake Shihwa

and reference sediments Metals in sediment from site S were two to six times higher
than those in sediments from site Y (¢ test, p<0.01)
There were significant differences in concentrations of met-  (Table 2). In the sediment sample from Lake Shihwa, Cu,

als and nonylphenol among sediments (Fig. 2). Metal and  Zn, and Ni exceeded the ERL (Long et al. 1995).
nonylphenol concentrations except for Co and Al from site ~ Nonylphenol concentrations in sediments collected at the
S were significantly higher than those from site Y, the sea  site S were 40 times higher than at site Y (7 test; p<0.01).
outside the sea dike (Welch—Aspin test, p<0.05).  After 96 h of exposure with seawater and clams, nonylphe-
Furthermore, higher metal concentration (Ni, Cu, Zn, and  nol concentrations were reduced in both sediment sets about
Pb) exceeding sediment quality guidelines such as the effect 26 and 72 % of the initial concentrations of sites S and Y,
range—low (ERL) and/or effect range—median (ERM)  respectively, while metal concentrations did not change
(Long et al. 1995) were observed adjacent to the industrial ~ (Table 2, p>0.05). In contrast, nonylphenol concentrations

complex. in the aqueous phase increased with exposure time (Fig. 3).
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Fig. 2 Concentrations of metals and nonylphenol in the surface sedi- range—median (ERM, dash; a 50 % incidence of toxicity). Nonylphe-

ment of Lake Shihwa in this study. Vertical lines represent the effect nol data are cited from Hong et al. (2010)
range—low (ERL, solid; a 10 % incidence in toxicity) and the effect
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Table 2 Concentrations of trace metals (in micrograms per gram dw) and NP (in nanograms per gram dw) in the sediment for exposure experiment

in the laboratory

Cu Zn Ni Cd Co Pb NP
Polluted site, S Initial 92.4 (+2.4) 182.8 (+5.2) 35.3 (0.9) 0.5 (+0.01) 12.1 (£0.4) 40.7 (£1.2) 317.0
96 h 99.5 (£3.0) 198.9 (+5.4) 37.1 (x1.1) 0.5 (0.01) 12.6 (0.3) 42.8 (£1.1) 233.5
Control site, Y Initial 15.3 (20.3) 64.8 (£1.3) 18.1 (£0.4) 0.09 (£0.01) 8.4 (£0.2) 24.8 (£0.5) 8.0
96 h 14.7 (£0.7) 62.0 (£2.5) 17.3 (£0.8) 0.10 (£0.01) 7.6 (£0.3) 25.6 (£ 0.8) 2.3

Metal concentrations also showed an increasing trend with
exposure time, but the extent of increase for nonylphenol
was much greater than for metals.

Bioaccumulation of nonylphenol and metals in clam

During the 96 h of exposure, there was no observation of
mortality of R. philippinarum regardless of treatment. Initial
concentrations of nonylphenol in clams were 29.2 ng/g, and
this concentration was significantly increased up to 949 ng/g
after 96 h exposure to sediments from site S (Fig. 4, Welch—
Aspin test, p<0.05). For metals, a negligible increase of
metals in clams was observed for all elements (Fig. 4, p>
0.05). Furthermore, there was no marked difference of metal
accumulation in clams exposed to Y (reference) and S
(polluted) sediments (Welch—Aspin test, p>0.05).

MTLP levels and antioxidant enzyme activities in clams

Concentrations of MTLPs in clams exposed to site S sedi-
ments exhibit significant changes after 96 h exposure
(Fig. 5a). MTLP levels in sediment Y also increased with
exposure time, but there was no significant difference
(»>0.05) due to the large standard deviation. Furthermore,

significant differences in GST and CAT activities were
observed between clams exposed to reference and polluted
sediments at 48 and 96 h, and there was an increasing trend
for both GST and CAT activities with increasing exposure
time at site S. In contrast, the levels of antioxidant enzymes
in clams exposed to reference sediments did not show any
statistical differences as a function of exposure time
(Fig. 5b, ).

Discussions

Ecotoxicological assessment of nonylphenol and metal
pollution in sediments of Lake Shihwa

In this study, the highest metal concentration was observed
at site S2 whereas nonylphenol showed the highest concen-
tration at S4 indicating that the pollution source for both
pollutants was mainly from industrial effluents through
regional creeks. Specifically, average EF value of metal in
surface sediments indicated that all metals in Lake Shihwa
originated from anthropogenic activities because EF values
were greater than 1.5 (Zhang and Liu 2002, Table 3). The
relative contribution of anthropogenic metals based on EF

Nonylphenol Cu Cd Co
350 2.0 0.10 1.0
ng/L

280 R [ 0.08 0.8

210 12 0.06 06
T 140 0.8 0.04 0.4
g 70 0.4 0.02 0.2
2 ol 0.00 0.0
5 S Y 0.0 s Y s Y s Y
© .
= Zn Ni Pb
= 5 10 0.15 e
o ” 8 mmm initial
£ 02 —= 48h
o 3 6 0.09 mmm 96h

2 4 0.06

1 2 0.03

0 0 0.00

S Y S Y S Y
Sites

Fig. 3 The modulations of concentrations of NP (in nanograms per liter), Cu, Cd, Co, Zn, Ni, and Pb (in micrograms per liter) in the aqueous phase
for both polluted sediment (S) and relatively unpolluted (control) sediment (Y) during exposure experiment
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dw), Cu, Cd, Co, Zn, Ni, and Pb (in micrograms per gram dw) in the
clam R. philippinarum for both polluted sediment (S) and relatively

value is presented in the following order: Cu>Cd>Zn>Pb>
Ni>Co in Lake Shihwa and Cu>Zn>Ni>Cd>Co>Pb in
the area outside of the sea dike. According to the seven
contamination classes of /., sites adjacent to the industrial
complex (S1-S4) had elevated values for Cu, Zn, and Cd,
indicating that sediments were “moderately to strongly pol-
luted” by Cu and “moderately polluted” by Zn and Cd
(Table 1 and Supplementary material). The average PLI
values for Cu, Zn, Cd, Pb, Ni, and Co indicated that Lake
Shihwa is highly polluted with Cu, Zn, and Cd, and the
spatial distribution of PLI values which showed a decreas-
ing trend with increasing distance from the pollution sources
further supports the anthropogenic origin of these elements.
The operation of the tidal power plant led to an increase in
the rate of water exchange between Lake Shihwa and the
outer sea. This event may decrease surface sediments in
Lake Shihwa by flushing sediment out to the outer sea. It
may, however, also result in an increase of metal pollution
(i.e., Cu, Zn, Cd, and PD) in the outer sea of Lake Shihwa,
which is used as an aquaculture farm for harvesting seafoods
such as bivalves, fish, etc.

It was reported that metal and PCB concentrations
increased in the mussel Mytilus galloprovincialis after the
dredging disturbance of sediments (Bocchetti et al. 2008).
Sarkar et al. (2008) reported that bivalves generally accu-
mulate metals in their tissues through gill and mantle and
exhibited higher metal accumulation due to ion exchange
with the water column. In this study, however, there is no
statistically significant accumulation of metals in the clam
bodies (Fig. 4). The negligible accumulation for metals in
Manila clams may be due to the circumstance that the

@ Springer

unpolluted (control) sediment (Y) during the exposure experiment
(significant differences in NP between two groups analyzed by
Welch—Aspin test)

concentration of metal diffused into the interstitial aqueous
phase from the sediment seems much lower than that which
had existed in clams. Baudrimont et al. (2005) reported that
transplanted R. philippinarum did not show any significant
bioaccumulation of Cd until 4 months after exposure to a
polluted environment. However, a different study reported
that total metal concentrations in sediments do not tell any-
thing about their bioavailability, since metals can exist in
various species in sediments (Berthet et al. 2003). In this
study, we analyzed the total metal in sediment by adding
HF, indicating that even silicate minerals in sediment can be
dissolved by HF. This resulted in high concentrations of
metals after that approach, compared to the much less bio-
available fraction in native sediments. Earlier, we demon-
strated that sediment-associated metals were not
accumulated in other benthic invertebrates such as the
deposit-feeding polychaete Perinereis nuntia during a
short-term exposure (Ra et al. 2010).

The concentrations of nonylphenol in sediments of Lake
Shihwa (Table 2) were less than that suggested by the
Canadian sediment quality guidelines (1 pg/g, normalized
to 1 % TOC, CCME 2001). Ji et al. (2007), however,
reported that the biomarker of exposure to estrogenic con-
taminants such as vitellogenin in Oryzias latipes was sig-
nificantly increased in a chronic exposure test (21 days) of
effluent water flowing into Lake Shihwa. Nonylphenol in
sediment is released into the aqueous phase by microbial
degradation and can be accumulated in marine organisms
(Chang et al. 2004). R. philippinarum, as a filter feeder
living in a benthic environment, can assimilate various
pollutants in their tissue through gut and gills (Lietti et al.
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hoc analysis p<0.05)

2007). In this study, it could be demonstrated that Manila
clams had a high accumulation of nonylphenol after expo-
sure to polluted sediment (S). We hypothesize that the dis-
tinctive accumulation patterns observed for metal and
nonylphenol are due to the differentiation of relative con-
centrations of bioavailable forms in water and sediment

phases and homeostatic balance capacities between uptake
and depuration in organisms.

The induction of MT as well as MTLPs in aquatic organ-
isms has been recognized as a potential biomarker of heavy
metal exposure (Mosleh et al. 2005; Viarengo et al. 1997). It
has been demonstrated that the clam R. philippinarum living
in a polluted environment had elevated concentrations of
metal-binding protein in their digestive glands as a conse-
quence of a significant accumulation of heavy metals (Irato
et al. 2003). In this study, MTLP levels in R. philippinarum
were significantly changed in clams exposed to polluted
sediment after 96 h. This suggests that metals in sediment
could be accumulated by clams. Interestingly, MTLP levels
in clams exposed to reference sediments increased in a
similar manner after 96 h. Monserrat et al. (2003) reported
that proteins like MT and/or MTLPs are not only involved in
the sequestration of metals but could also act as reactive
oxygen species scavengers. Thus, increased MTLP levels in
R. philippinarum in this study could indicate that antioxi-
dant protective roles of MTLPs are involved in mitigating
oxidative stress caused by other organic pollutants. In a
previous study with the polychaete P nuntia, it could be
demonstrated that molecular biomarkers including MT were
increased after exposure to sediments that did not have
significant metal contamination, suggesting that these end
points can be induced by compounds in sediments other
than metals (Won et al. 2012).

De Luca-Abbott et al. (2005) reported that the activities
of GST and CAT in the digestive glands of R. philippinarum
were significantly greater when compared to other bivalves
such as the green-lipped mussel Perna viridis, rendering
these enzymes as good markers for the assessment of oxi-
dative stress in this species. The present study showed that
GST and CAT activities in clams were significantly elevated
probably as a response to the exposure with the polluted
sediment containing high levels of nonylphenol and metals.
It has been found that GST and CAT are present in almost all
acrobically respiring organisms and function to protect cells
from the oxidative stress induced by not only metals but also
by organic pollutants (Mosleh et al. 2005; Regoli et al.
1997). However, it cannot be excluded that the measured
increases in antioxidant enzyme activities were influenced
by other pollutants. In fact, the sediment in this study area
may have contained other pollutants such as PAH and
PCBs, although the concentrations in sediments were not
exceeding the sediment quality guidelines (MOMAF 2003).
In the gastropod Nucella lapillius, however, GST activities
seemed not to be a suitable biomarker for Cd and Cu. In
fact, exposure to these metals even caused a significant
reduction of GST in this species (Cunha et al. 2007).
However, based on the results of this study, the activities
of total GST and CAT appeared to be useful biomarkers to
assess sediment pollution in R. philippinarum.
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Table 3 Enrichment factor (EF), geoaccumulation index (), and polluted load index (PLI) in surface sediment of Lake Shihwa

Site  EF Lgeo PLI
Co Ni Cu Zn cd Pb Co Ni Cu Zn cd Pb
S1 173 2.54 1358 517 4.99 267 044 0.99 3.41 2.02 1.97 1.07 4.71
S2 173 324 5534 10.71 1233 476  0.50 1.41 550 3.3 3.34 1.96 9.35
S3 182 251 1586 537 7.16 287 022 0.69 3.35 1.79 2.20 0.88 430
S4 183 278 2078  6.75 9.61 322 054 1.15 405 243 2.94 1.36 6.32
S5 0.88  0.92 1.72 1.41 1.42 112 072 -065 026  —003  -0.02  -036 1.26
S6 170 253 1157 433 573 197 0.6l 1.18 3.38 1.96 2.36 0.82 4.94
S7 1.35 169  3.13 2.09 2.26 123 0.03 0.36 125 0.66 0.78 -0.10 2.1
Y1 1.39 167 342 2.06 1.64 130 -0.05 021 124 052 0.19 -0.16 1.88
Y2 1.29 1,55 2.78 1.84 1.31 112 -0.06 021 1.05 045 -0.04  —0.26 1.75
Y3 160 210 465 2.50 2.08 134 037 0.77 1.91 1.02 0.75 0.12 2.65
Y4 1.56 197 356 224 1.86 135 028 0.61 147 080 0.53 0.06 231
Y5 1.65 197 324 2.22 1.46 1.41 0.17 0.43 114 0.60 001  —0.06 1.95
Y6 1.63 206  3.95 242 2.12 138 026 0.60 1.54 084 0.65 0.03 2.36
Y7 200 252 453 2.92 2.52 175 034 0.68 152 089 0.67 0.15 2.45

Potential environment impact of a tidal power plant in Lake
Shihwa

Resuspension and redistribution of coastal sediments can be
caused both by natural events (e.g., tidal current, storms, and
wave—current interaction) and anthropogenic activities such
as dredging (van den Berg et al. 2001). Polluted sediment
redistribution and resuspension to adjacent areas can release
pollutants such as metals and persistent organic pollutants
into the aqueous phase (Eggleton and Thomas 2004; van
den Berg et al. 2001). In the case of this study, sediments of
Lake Shihwa were highly polluted with metals and non-
ylphenol (Fig. 2). This study further showed that large
amounts of nonylphenol can be released into the aqueous
phase under aerobic conditions. Based on the difference of
nonylphenol concentrations in sediments between before
and after exposure experiments, it could be demonstrated
that nonylphenol was accumulated from sediments into
clams with an average of about 53 % of nonylphenol
derived from sediment while the remaining nonylphenol in
the water phase was only 8 %. This discrepancy observed in
mass balance of nonylphenol indicates that a portion of
nonylphenol was degraded by biotic and abiotic processes
such as microbial degradation and volatilization under aero-
bic conditions (Hong et al. 2010; Isobe et al. 2001; Ying et
al. 2002). The average amount of daily nonylphenol uptake
was 87.4 ng per clam. In contrast, no significant bioaccu-
mulation of metals into clams was observed in this study.
Among metals, Cu, Zn, and Pb exceeded the ERL most
frequently. This implies that toxic effects to benthic organ-
isms in Lake Shihwa due to the exposure with these ele-
ments cannot be excluded. Cd concentrations were lower
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than the ERL, and thus, Cd is unlikely to exert toxic effects
to benthic organisms in this area. The highest concentrations
of Cu, Zn, and Ni in surface sediments exceeded the sedi-
ment quality guidelines (ERL and ERM by Long et al. 1995,
Fig. 2). Ra et al. (2011a) reported that the pollution history
of Lake Shihwa with metals over the past 30 years revealed
that sedimentation rates varied from 0.38 to 1.47 cm year '
and that highly contaminated sediments were accumulated
to about 0.3 to 1 m of deposition layer. According to
MOMAF (2006), the volume of accumulated sediments
over the past 10 years (1996 to 2005) was approximately
7,402,443 m>. Thus, there is a significant risk that once the
tidal power plant begins its operation, large amounts of
polluted sediments from Lake Shihwa can be discharged
into the outer sea. Kim and Lee (2000) already reported that
the community of meiobenthos in the coastal regions of
Gyeonggi Bay was altered by the polluted effluents when
the gate was partially opened at the end of the sea dike. For
these reasons, sediment-associated pollutants might be
released in a bioavailable form that was assimilated by the
organisms. Moreover, it is expected that the tidal power
plant will discharge approximately 150 million tons of water
with polluted sediments into Gyeonggi Bay per day. This is
50 % of the water mass of Lake Shihwa and about six times
larger than the water quantities flushed to Lake Shihwa by
the present water gate.

In contrast to nonylphenol, there was no significant bio-
accumulation of metals into clams during our experiments.
This is likely due to the fact that dissolution of metal ions
from sediment particles was relatively small. Previous stud-
ies by our group also showed that the bioavailable fraction
leached by 1 M HCl is only about 50 % of the total fraction
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for Cu, Zn, Cd, and Pb in sediments from Lake Shihwa (Ra
et al. 2009). However, in contrast to the static experiments
conducted here, movements of sediments have been shown
to alter their binding properties from strongly bonded spe-
cies to weakly bonded species that are easily bioaccumu-
lated in aquatic organism (Calmano et al. 1993).
Furthermore, van den Berg et al. (2001) reported that the
oxidation of sulfide that can occur after resuspension com-
bined with trace metals induces the redistribution of metals
such as Cd, Cu, Zn, and Pb from sediment to the water.
Thus, resuspension of contaminated sediments caused by
the operation of tidal power plant might have a significant
impact on the bioavailability of metals from sediments to
bivalves like the Manila clam R. philippinarum in the study
area. However, further experiments are required to confirm
this hypothesis.

Conclusions

This study described the concentrations of nonylphenol and
metals in sediments collected from Lake Shihwa and their
accumulation and selected biomarker responses (MTLPs,
GST, and CAT) in the Manila clam R. philippinarum. The
present study clearly demonstrated that nonylphenol was
released from sediments and significantly concentrated in
the water column and in clams even after a short exposure
time (96 h). The significant increases in MTLP concentra-
tions and GST and CAT activities observed in R. philippi-
narum after exposure to contaminated sediments indicated
that these end points represent potentially useful biomarkers
for the characterization of environmental stress and expo-
sure to pollutants in Lake Shihwa. The integration of chem-
ical analyses and biomarkers responses in clam suggested
that the operation of a tidal power plant currently under
construction could cause significant redistribution and
remobilization of contaminants from Lake Shihwa sedi-
ments to the outer sea potentially resulting in effects to the
benthic organisms in the sea outside Lake Shihwa.
However, long-term exposure experiment coupled with
measuring growth or production rate of organisms based
on field and comprehensive monitoring studies is necessary
to more objectively assess potential environmental changes
and repercussion impacts on coastal ecosystems around
Lake Shihwa. Furthermore, various densities of clams
should be also investigated when exposed to different quan-
tities of sediments. The present study as such provides
useful information for the indication and functional under-
standing of potential impacts on coastal benthic organisms
by human-induced environmental change.
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Supplementary Table

Table S1. Recovery rate of standard reference materials for trace metals in this study

PACS-2 SRM 2976 CASS-4
Verified Analytical  Recovery Verified Analytical Recovery Verified Analytical Recovery
value value (%) value value (%) value value (%)
Cu 310 296.1 95.5 4.02 3.96 98.5 0.592 0.566 95.6
(#12) (#10.1) (£0.33) (+0.02) (£0.055) (+0.006)
Zn 364 361.6 99.3 137 1454 106.1 0.381 0.393 103.2
(£23) (£10.2) (#13) (£1.75) (£0.057) (+£0.009)
Ni 395 39.1 99.1 - - - 0.314 0.305 97.1
(*£2.3) (#1.3) (+0.030) (+0.009)
Cd 211 2.2 106.0 0.82 0.83 101.4 0.026 0.027 105.6
(£0.15) (+0.08) (£0.16) (x0.01) (+0.003) (+0.0004)
Co 115 11.2 97.3 - - - 0.026 0.024 924
(£0.3) (£0.2) (+0.003) (+0.001)
Pb 183 181.8 99.3 1.19 1.26 105.9 0.0098 0.012 118.9
(£8) (£12.0) (£0.18) (+0.05) (¥0.0036)  (+0.0025)




Supplementary data

Indices for assessment of heavy metal pollution in sediment

Enrichment factor analysis, a method proposed by Simex and Helz (1981) is mathematically expressed as:

[ME] / [Al] sample
[Me] / [Al] background

The background value was calculated from the average [Me]/[Al] value of the deeper layers in the core

sediment from Lake Shihwa corresponding to the early 1900s (Ra et al. 2011).

The geo-accumulation index (Igeo) was introduced by Muller (1979) to evaluate the degree of pollution of

the sediment as following equations;
Cn
lgeo = l0Q2(— % Bn
wo = l0ga(5 < Bo)

The degree of metal pollution is assessed in terms of seven contamination classes based on the increasing
numerical value of the index as follows:

* Igeo <0 = means unpolluted

» 0<=Igeo<1 means unpolluted to moderately polluted
¢ 1<=Igeo<2 means moderately polluted

* 2<=Igeo<3 means moderately to strongly polluted

* 3<=Igeo<4 means strongly polluted

* 4<=Igeo<5 means strongly to very strongly polluted

* Igeo>=5 means very strongly polluted.

Cn and Bn indicate metal concentrations in samples and background, respectively. The factor 1.5 is
incorporated in the relationship to account for possible variation in background data due to lithogenic effect.

The pollution load index (PLI) calculation was proposed by Tomilson et al. (1980);

PLI =" +/CF1x CF2 x CFs x ..x CFa

L C metal L
CF means contamination factor (CF = ————————) and n indicates number of metals.

C background value
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