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health risks of increasing concern. However, the bioaccumulation of trace metals in the or-
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gans of the mussel Cristaria plicata in Dongting Lake, China and the human health risks of
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mussel consumption are largely unknown. We investigated the concentrations of 15 trace

Available online 28 December 2020

metals and metalloids in surface water, sediments, and C. plicata organs (foot, gill, mantle,
and visceral mass) and quantified the bioaccumulation and human health risk of these trace
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metals in specimens collected from Dongting Lake. The concentrations of most metals in

Trace metals

surface water exceeded previously published background values. In contrast, the concen-

Bioaccumulation

trations of most metals in sediments showed a decreasing trend. Overall, the metal concen-

Health risks

trations in the gill and visceral masses of C. plicata were higher than those in the foot and

Cristaria plicata

mantle, and higher bioaccumulation capacities were observed for essential metals than for

Dongting lake

nonessential metals. The mean concentrations of the trace elements Zn, Pb, Cd, As, Cu, and
Cr in C. plicata foot samples were lower than the threshold values established by international and Chinese organizations. The estimated daily intake (EDI) values of the essential
metal Mn in C. plicata foot was higher than the recommended tolerable daily intake (TDI)
values for juveniles. Only Mn for juveniles and As for both juveniles and adults may pose
noncarcinogenic health risks through foot consumption. The hazard index (HI) values for
adults and juveniles were higher than 1, suggesting significant risks of noncarcinogenic effects to humans by exposure to multiple metals.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Water pollution is a worldwide problem eliciting continued
concern, and is mainly caused by activities of human life and

∗

industrial and agricultural production (Omwene et al., 2018;
Alahabadi et al., 2018). With the development of industrialization and urbanization, high amounts of industrial wastewater, agricultural runoff, urban domestic sewage and municipal
solid waste enter aquatic environments (Khosravi et al., 2011;
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Kilunga et al., 2017; Li et al., 2017). Without effective purification, these wastewaters carry many pollutants into rivers and
lakes, including trace metals, which could cause a series of
problems for the environment and human health (Zhang et al.,
2017; Sun et al., 2017). Only small amounts of trace metals remain in the water column after they are discharged into the
aquatic ecosystem, and most of them are eventually deposited
in sediments (Malvandi, 2017), with more than 90% of trace
metals found in sediments (Salomons and Mook, 1977). However, sediment resuspension and desorption reactions may
occur, and many metals are again released into the water column under certain environmental conditions (IP et al., 2005).
The dissolved and particulate metals in water and sediment are easily absorbed by aquatic organisms, including fish,
shrimp, mussels, etc. For instance, trace metals enter mussels, and fish directly ingest water and food through the digestive tract as well as through permeable membranes, such
as gills, muscles, and tendons (Liu et al., 2001; Ribeiro et al.,
2005). Thus, trace metals participate in the biogeochemical cycle and could bioaccumulate and biomagnify in the aquatic
food chain/web (Zhang et al., 2011; Atwell et al., 1998). Aquatic
organisms are inevitably impacted by favorable or harmful effects, which mainly depend on the concentration and bioavailability of these metals in the environment (Rajeshkumar et al.,
2018; Bonsignore et al., 2018). Certain trace metals exhibit the
characteristics of toxicity, vast sources, nondegradability, subsequent bioaccumulation and persistence in the aquatic environment (Gao et al., 2016; Ke et al., 2017; Islam et al., 2015).
Certain metals are essential for the physiological activities
of animals, and they are termed essential metals. However,
their dose determines their toxicity; thus, essential metals
may be toxic to organisms in excess of certain concentrations
(Merciai et al., 2014). Aquatic products, such as fish, shrimp,
and mussels, contain high contents of proteins and polyunsaturated fatty acids but low contents of saturated fats, and are
an important part of the human diet for a multitude of people living in different parts of the world (Ersoy and Elik, 2010;
Mziray and Kimirei, 2016). Some aquatic animals such as fish,
shrimp and mussels acquire more trace metals along the food
chain/web because the metals occur at relatively high trophic
levels, which may result in health risks to humans when contaminated aquatic products containing higher than the allowed daily intake levels are consumed (Ahmad et al., 2010;
Solgi and Mohammadi Galangashi, 2018).
China is the largest producer of aquatic products worldwide and accounts for nearly 70% of world aquaculture production (Li et al., 2011). Freshwater bivalves/mussels are one of
the most important members of aquatic ecosystems and provide important ecological functions and services (Vaughn and
Hakenkamp, 2001; Aldridge et al. 2007). Filter-feeding freshwater mussels, with a large size, long life cycle and relatively
fixed habitats, present a notable ability to filter algae and enrich pollutants to a certain extent. Therefore, they have been
adopted worldwide as bioindicators in biological monitoring
surveys (Lecoeur et al., 2004; Xia and Liu, 2011). The freshwater mussel Cristaria plicata widely occurs in large rivers, lakes,
and reservoirs and is also considered a filter feeder in aquatic
ecosystems (He et al., 2014; Xu et al., 2017). C. plicata is an economically important species for aquaculture production and

a freshwater pearl industry cultivar in China (Wen et al., 2006;
Hu et al., 2012).
As an important ecological and economic zone, Dongting
Lake constitutes a major source of fishery production and
feeds a population of millions in the Yangtze River basin in
China (Zhou et al., 2016). With the rapid development of the
economy and society, the intensification of intensive anthropogenic activities, such as the construction of water conservancy projects, has caused increasing pollution in Dongting
Lake (Zhou et al., 2016; Wang et al., 2018b). To protect the ecological environment of Dongting Lake, the implementation of
protection projects has achieved excellent results in controlling the external inputs (Zhu and Yang, 2018). However, serious
lake pollution remains, and the concentrations of metals such
as Cr, Cu, Pb, Cd, and the metalloid As in sediments are relatively high (Liang et al., 2015). Certain elements, such as the
metalloid As and metals Cd and Pb are typical pollutants in
the Dongting Lake area, which are affected mainly by anthropogenic activities (mining, emissions exhaust, sewage irrigation, use of products containing heavy metals above standard
levels, etc.) (Zhang et al., 2018b; Wang et al., 2018a). To date,
there is limited information on the associated bioaccumulation of trace metals and the human health risks of the consumption of contaminated freshwater mussels from Dongting
Lake.
Consequently, the main objectives of this study were to
determine the concentrations of trace metals in the surface
water and sediments as well as the bioaccumulation of trace
metals in the organs of C. plicata collected from Dongting Lake,
China. Moreover, the potential risk to human health from the
ingestion of C. plicata foot tissue was evaluated by the estimated daily intake (EDI) and target hazard quotient (THQ).
Thus, the results of this study are beneficial for the environmental protection of Dongting Lake and food safety evaluation
of aquatic products.

1.

Materials and methods

1.1.

Study area and sampling location

Dongting Lake (28°30 -30°20 N, 111°40 -113°10 E), located in
the south of the middle reaches of the Yangtze River, is the
second largest freshwater lake in China, with a catchment
area of approximately 2625 km2 . The mean and maximum
depths are 6.39 m and 18.67 m, respectively (Zhang et al., 2016;
Wang et al., 2018b). The lake is a seasonally dynamic system and experiences a characteristic subtropical monsoon climate originating from the southeast Pacific Ocean and the Indian Ocean, and it has distinct wet and dry periods every year
(Dai et al., 2016). At high and low water levels, extensive surface water and an array of mudflats occur, respectively. Currently, the lake is geographically divided into three parts: eastern Dongting Lake (EDL), western Dongting Lake (WDL), and
southern Dongting Lake (SDL) (Liu et al., 2018a). To obtain an
overall picture of the trace metal pollution in Dongting Lake,
three areas across the main fishery areas of the lake were selected to collect surface water, sediment, and C. plicata samples (Fig. 1).
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Fig. 1 – Study area and sampling site locations. The lake is fed by four major rivers (Xiang River, Zi River, Yuan River, and Li
River) in Hunan Province and three channels (Songzi, Taiping, and Ouchi) directly connected to the Yangtze River, China.
Currently, it is divided geographically into three parts, namely the Eastern Dongting Lake (EDL), Western Dongting Lake
(WDL), and Southern Dongting Lake (SDL). Nine sampling sites were established in each sampling area.

1.2.

Sample collection and processing

Surface water, sediment and C. plicata samples were collected
from the EDL, SDL, and WDL areas in October 2018, when
Dongting Lake exhibited a normal water level of 24.78 m
(Fig. 1). Nine sampling sites were established in each sampling area, and surface water and sediment samples were collected at each site. Polyethylene bottles were washed with
10% (V/V) nitric acid (HNO3 , guaranteed reagent (GR) grade,
Xilong Scientific Co., Ltd., China), and 500-mL water samples
(0-0.5 m depth) were collected at each site and immediately
filtered through a 0.45-μm polyethersulfone membrane (ø 47mm, Jinlong company, China). The processed water samples
were acidified to pH < 2 with HNO3 (65%-68%, GR grade, Xilong
Scientific Co., Ltd., China) and then transported to the labora-

tory, where they were stored at 4°C before determination. Surface sediments (0-10 cm) were collected with a Peterson grab
sampler, kept on ice in the field, transported to the laboratory,
and stored in a refrigerator at -80°C. The samples were freezedried, ground, and sieved through a 100-mesh sieve. Then, the
dried sediment samples were immediately stored in a desiccator before determination.
Two to three C. plicata samples were collected at each site,
and a total of 20 samples were collected in each area. The size
of the C. plicata samples is listed in Appendix A Table S1. The
C. plicata samples were placed in an icebox and immediately
transported to the laboratory, where they were dissected. Four
organs, including foot, gill, mantle, and visceral masses, were
collected, weighed (wet weight, ww), freeze-dried, weighed
again (dry weight, dw), and ground. The powdered organ sam-
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ples were immediately stored in a desiccator before metal
concentration determination.
The surface sediment and C. plicata organ samples were
treated with a microwave digestion system (ETHOS UP, Milestone Inc., Italy). Approximately 0.1 g (accurate to 0.0001 g)
of the dried sediment samples was treated with an acid mixture (6 mL HNO3 (65%-68%, GR grade), 3 mL HCl (36%-38%, GR
grade), Xilong Scientific Co., Ltd., China) and 2 mL HF (40%,
GR grade, Xilong Scientific Co., Ltd., China). Approximately 0.2
g (accurate to 0.0001 g) of the dried C. plicata organ samples
was treated with an acid mixture (8 mL HNO3 (65%-68%, GR
grade) and 2 mL H2 O2 (30%, GR grade), Xilong Scientific Co.,
Ltd., China). All samples were digested by the following process: the temperature was raised to 140°C over 15 min at a
power level of 1000 W, then raised to 190°C over 15 min at 1000
W and finally maintained at 190°C for 20 min at 1000 W. Next,
the sample digestion tanks were placed on an electric plate to
drive acid volatilization until the remaining liquid amounted
to approximately 0.5 mL. After cooling to room temperature,
the digested samples were transferred to clean polyethylene
terephthalate (PET) centrifuge tubes and diluted with Milli-Q
ultrapure water (18.25 M/cm resistivity) to 25 mL. The sample solutions were filtered before analysis if necessary. In addition, blanks and two certified reference materials (CRMs),
namely, GBW 10024 (scallops) and GBW 07309 (stream sediments), obtained from Beijing Zhongkezhijian Biotechnology
Co., Ltd., China, were digested using the same methods described above.

1.3.

Trace metal analysis

The metal concentration was determined using an inductively coupled plasma mass spectrometry (ICP-MS) instrument (iCAP Q, Thermo Fisher Scientific, Germany) as previously described (Xia et al., 2019), with modifications. The concentrations of 15 trace metals and metalloids (Be, V, Cr, Mn,
Fe, Co, Ni, Cu, Zn, As, Mo, Cd, Sb, Ba, and Pb) in the digested
solutions (samples, blanks and CRMs) were measured three
times for each sample. Mixed standard stock solutions (containing 10 mg/L of each element) were provided by the China
National Center of Analysis and Testing for Nonferrous Metals and Electronic Materials (NCATN). The stock solutions were
diluted to different concentrations (0, 0.5, 1, 5, 10, 50, 100, 300,
and 500 μg/L) and employed to establish standard calibration
curves. Moreover, the Ge, Bi, In, and Rh mixed standard stock
solutions (provided by the NCATN, containing 10 mg/L of each
element) were diluted to 10 μg/L and then utilized as mixed
internal standards, and the recovery rates were calculated.

1.4.

Quality control and assurance

All the reagents employed in this study were of GR grade.
Blanks were run in each batch of samples and employed for
background correction. In other words, the concentrations of
the trace metals in the blanks were deducted from the concentration values of the samples. Additionally, two CRMs, i.e.,
GBW 10024 (scallops) and GBW 07309 (stream sediments),
were adopted to verify the accuracy and precision. A quality control sample (CRM) was remeasured after every twenty
samples. Calibration curves (R2 ≥ 0.999) were developed for

each trace metal element. The limits of detection (LODs) for
the determination of the 15 trace elements were 0.001 μg/L
for Be, 0.016 μg/L for V, 0.051 μg/L for Cr, 0.163 μg/L for Mn,
0.131 μg/L for Fe, 0.005 μg/L for Co, 0.014 μg/L for Ni, 0.013 μg/L
for Cu, 0.103 μg/L for Zn, 0.034 μg/L for As, 0.008 μg/L for Mo,
0.002 μg/L for Cd, 0.004 μg/L for Sb, 0.067 μg/L for Ba, and 0.011
μg/L for Pb. The recoveries of the 15 metals ranged from 83.5%
to 114.6% (the relative standard deviation (RSD) ranged from
3.64% to 7.82%), which means that the results of this study
could accurately reflect the true concentrations in the samples.

1.5.
Bioaccumulation factor (BAF) and biota-sediment
accumulation factor (BSAF)
The Bioaccumulation factor (BAF) is adopted to measure the
level of biological accumulation. The BAF is defined as the ratio of the metal concentration in organisms (ww basis) to that
in water in the steady state or equilibrium state (Wang et al.,
2017; Zhong et al., 2018). The BAF was calculated by Eq. (1):
BAF = COW /CW

(1)

where, BAF (L/kg ww) is the bioaccumulation factor, COW
(mg/kg ww) is the metal concentration in the C. plicata organ,
with the metal concentration in the organs converted into the
ww using the water content (Wei et al., 2014; Xia et al., 2019);
and CW (mg/L) is the metal concentration in the water of the
corresponding region.
The biota-sediment accumulation factor (BSAF) is usually
implemented to evaluate the efficiency of metal accumulation
by organisms. This model relates the ratio of metal concentrations in organisms to the sediment metal concentrations
(Thomann et al., 1995). The BSAF was calculated by Eq. (2):
BSAF = CO /CS

(2)

where, CO (mg/kg dw) is the average metal concentration in
the C. plicata organ samples; and CS (mg/kg dw) is the average
metal concentration in the corresponding surface sediments.
In this study, the BAF and BSAF were calculated in the
three regions, i.e., EDL, SDL, and WDL, and the results were
expressed as the mean ± the standard deviation (SD).

1.6.

Human health risk assessment

1.6.1.

Estimated daily intake (EDI)

The metal concentrations in the C. plicata foot samples were
adopted to evaluate food safety in this study since people
usually only consume the foot of mussels. The Estimated
daily intake (EDI) of each trace metal was calculated by
Eq. (3) (USEPA, 1989; Griboff et al., 2017):
EDI = CFW × FIR /WAB

(3)

where, CFW (mg/kg ww) is the mean trace metal concentration
in the C. plicata foot sample, with the metal concentration in
the foot sample converted into the ww by the water content
(Wei et al., 2014; Xia et al., 2019); FIR (g/(person•day)) is the Chinese daily aquatic product consumption (approximately 55.8
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g/day for an adult, and approximately 52.5 g/day for a juvenile); and WAB (kg) is the average Chinese body weight (bw) (an
adult weighs 60 kg, while a juvenile weighs 30 kg) (Tong et al.,
2016). The EDI was expressed as μg/kg (bw)/day.

1.6.2.

Target hazard quotient (THQ) and hazard index (HI)

To evaluate the noncarcinogenic human health risk of local
inhabitants due to the intake of trace metals from mussel consumption, the target hazard quotient (THQ) was calculated by
Eq. (4) (USEPA, 1989; Chien et al., 2002):

suitable for cases where the preliminary dataset matrix does
not meet linearity conditions (Bonsignore et al., 2018). Pearson’s correlation analysis between the trace metals in C. plicata
explained the homology in the organisms. The different lowercase letters above the box plots and correlation heatmaps
indicate statistical significance at the 0.05 level, and “∗ ”, “∗∗ ”,
and “∗∗∗ ” indicate statistical significance at the 0.05, 0.01, and
0.001 levels (two-tailed), respectively.

2.
THQ = 10−3 × (EF × ED × FIR × CFW ) / RfDO × WAB × TA

TTHQ/HI = Total THQ = THQ(metal 1 ) + THQ(metal 2 )
(5)

where n is 15 in the present study.

1.7.

Results

(4)

where EF is the exposure frequency (365 days/year); ED is the
exposure duration (70 years for adults and 6 years for juveniles in this study) (Zhong et al., 2018); RfDo (mg/(kg•day)) is
the oral reference dose of the elements as established by the
United States Environmental Protection Agency (USEPA, 2019)
and the European Food Safety Authority (EFSA, 2010); WAB is
the average Chinese bw (an adult weighs 60 kg, and a juvenile weighs 30 kg) (Tong et al., 2016); and TA is the mean exposure time (365 days/(year × ED )). THQ < 1 indicates that mussel consumption is safe, whereas THQ ≥ 1 suggests that consumption has highly adverse health risks (Taweelet al., 2013;
Łuczyńska et al., 2018; Zhong et al., 2018).
There might be additive effects when organisms are exposed to two or more pollutants. For the risk assessment of
the multiple trace metals in mussels, the total target hazard
quotient (TTHQ) or hazard index (HI) was calculated as the
arithmetic sum of the THQ values for the determined trace
metals calculated by Eq. (5) (Chien et al., 2002; Ahmed et al.,
2016; Jovic and Stankovic, 2014):

+ . . . + THQ(metal n )
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Statistical analysis

Distribution maps of the sampling areas were generated with
ArcGIS 10.2 software. Data analysis and plotting were conducted in the R (vision 3.6.0) statistical software environment
(R Core Team, 2020). The means and SDs of the trace metal
concentrations in the surface water, surface sediment and C.
plicata organ samples were calculated. A one-way repeatedmeasures analysis of variance (ANOVA) was performed on the
data of the trace metal concentrations in the C. plicata organ samples to detect their differences among the 3 regions
(EDL, WDL, and SDL) and 4 organs (foot, gill, mantle, and visceral masses). If the variance was homogeneous, the significance of the differences among the regions or organs was assessed with Tukey’s honestly significant difference (HSD) multiple comparison method, and if the variance was not homogeneous, the Games-Howell test was conducted. The mean,
SD, and ANOVA results were generated in R using base codes.
To investigate the similarity of the trace metal concentration
distributions in the different organs and regions, we applied
an unconstrained ordination method, namely, the nonmetric
multidimensional scaling analysis (NMDS) method, which is

2.1.
Trace metal concentrations in the surface water and
sediments
The mean concentrations of the 15 trace metals in the surface water and sediment samples from EDL, WDL, and SDL are
listed in Table 1. The mean trace metal concentrations ranged
from (0.04 ± 0.02) μg/L (Be) to (132.54 ± 31.58) μg/L (Fe) in the
surface water across the entire lake area. In each area, the sequence of the metal concentration was consistent with the
trend in the entire area, except for V, As, Sb, Co and Mo. Spatially, the Fe and Co concentrations in the surface water followed the order of EDL > SDL > WDL (P < 0.05), and the V and
Sb concentrations were the highest in SDL and then WDL and
EDL (P < 0.05). The Cr, Mn, Ni, Cu, Zn, and As concentrations
were the lowest in EDL (P < 0.05), while there were no significant differences between WDL and SDL (P > 0.05). Only the Mo
concentration was not significantly different across the three
areas (P > 0.05) (Table 1).
With regard to the mean concentrations (mg/kg dw) of the
15 trace metals and metalloids in the surface sediments of the
entire lake area, the sequence was Fe > Mn > Zn > Ba > V > Cr
> Ni > Pb > Cu > As > Co > Sb > Be > Mo > Cd. The highest Fe
concentration (12,817.98 ± 1524.04 mg/kg) was approximately
10,000 times the lowest Cd concentration (1.19 ± 0.59 mg/kg).
The ranking trends of the Fe, Mn, Zn, Ba, V and Cr concentrations in the spatial distribution of each area were consistent
with those in the spatial distribution of the entire area, while
slight differences occurred in the ranking trends of the other
trace metal concentrations (Table 1). The V, Cr, Mn, Fe, Co, Cu,
Zn, Sb, and Ba concentrations in the sediments were not significantly different among the three areas (P > 0.05). Both the
Be and Cd concentrations were significantly the highest in SDL
(P < 0.05), while no significant differences were observed between EDL and WDL (P > 0.05). With regard to Pb and As, EDL
exhibited the highest concentrations, although significant differences were not observed between WDL and SDL (P > 0.05)
(Table 1).

2.2.

Trace metal concentrations in C. plicata

In general, metal elements enter aquatic organisms from the
environment through respiration, ingestion and body surface contact and are not completely excreted via biological
metabolism, resulting in metal accumulation in organisms.
Fig. 2 shows the trace metal concentrations (mg/kg dw) in the
foot, gill, mantle, and visceral masses of C. plicata obtained
from Dongting Lake. The trace metal concentrations in the organs varied greatly. The ranges of the Be and Sb concentra-

0.04 ± 0.01ab
3.91 ± 0.44a
7.70 ± 0.60a
33.84 ± 2.50a
135.32 ± 15.39b
1.09 ± 0.15b
4.10 ± 0.84a
12.62 ± 5.66a
56.31 ± 10.85a
2.14 ± 0.57a
0.78 ± 0.29a
0.10 ± 0.02b
2.00 ± 0.24a
36.00 ± 1.81b
6.03 ± 1.57b

n is the number of water and surface sediment samples collected in Dongting Lake. The different lowercase letter letters stand for statistical significance at the 0.05 level.
BW: the background values of trace metals in water from Dongting Lake. BS: the background values of trace metals in sediments from Dongting Lake. NA: not available. NA: not available.
A
Liu et al., 2015a; B Li et al., 2013; C Bi et al., 2018; D Xie et al., 2017; E Ouyang et al., 2016.

NA
NA
88.29B
NA
NA
NA
34.00D
47.48B
185.25B
29.71B
NA
4.65B
2.57D
NA
60.99B
2.61 ± 0.22b
73.62 ± 12.53a
45.23 ± 8.16a
537.62 ± 193.57a
11,361.99 ± 1400.66a
10.99 ± 2.10a
39.57 ± 8.09ab
24.29 ± 8.79a
76.41 ± 8.14a
11.34 ± 4.11b
1.88 ± 0.62a
0.65 ± 0.31b
3.37 ± 2.25a
98.76 ± 70.24a
23.18 ± 2.90b
3.12 ± 0.44a
74.47 ± 9.44a
50.89 ± 9.24a
452.10 ± 66.09a
13,880.84 ± 76.00a
10.18 ± 1.67a
47.21 ± 8.92a
20.62 ± 3.01a
87.34 ± 8.37a
12.07 ± 0.99b
1.53 ± 0.39ab
1.29 ± 0.38a
3.74 ± 1.37a
77.95 ± 26.92a
25.36 ± 2.69b
3.25 ± 0.24a
67.76 ± 13.51a
50.06 ± 6.07a
584.65 ± 140.86a
13,211.10 ± 1263.46a
11.40 ± 1.94a
38.33 ± 5.58b
26.80 ± 5.31a
87.59 ± 15.41a
17.78 ± 1.51a
1.14 ± 0.36b
1.63 ± 0.55a
3.07 ± 1.02a
74.24 ± 21.77a
39.86 ± 3.15a
0.05 ± 0.03a
3.32 ± 0.36b
7.59 ± 0.68a
36.63 ± 5.03a
101.08 ± 11.89c
0.90 ± 0.12c
3.65 ± 0.66a
12.49 ± 3.43a
64.19 ± 9.65a
2.32 ± 0.40a
0.78 ± 0.08a
0.13 ± 0.02a
1.75 ± 0.16b
51.03 ± 10.02a
10.16 ± 1.79a
0.03 ± 0.02b
1.56 ± 0.15c
5.79 ± 0.48b
24.36 ± 5.64b
161.22 ± 28.18a
1.95 ± 0.18a
2.03 ± 0.32b
6.82 ± 1.00b
43.50 ± 5.35b
1.52 ± 0.05b
0.89 ± 0.21a
0.13 ± 0.00a
0.88 ± 0.21c
33.62 ± 6.08b
2.51 ± 0.76c
Be
V
Cr
Mn
Fe
Co
Ni
Cu
Zn
As
Mo
Cd
Sb
Ba
Pb

SDL (n=9)
Concentration

NA
NA
4A
NA
NA
NA
1.51C
10A
20.91C
4.2A
NA
0.1A
1.9E
NA
3A

Sediments

EDL (n=9)
EDL (n=9)

BW
WDL (n=9)
Water

WDL (n=9)

SDL (n=9)

BS
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Trace
metal

Table 1 – Concentrations of 15 trace metals in surface water (μg/L, mean ± SD) and sediments (mg/kg dry weight (dw), mean ± SD) collected from three areas of Dongting
Lake.
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tions were 0.0003 (foot)-0.1177 (visceral mass) mg/kg dw and
0.0002 (foot)-0.0932 (gill) mg/kg dw, respectively. The ranges
of the relatively high Fe and Mn concentrations were 21.7032
(foot)-4976.9335 (visceral mass) mg/kg dw and 11.2726 (foot)11,970.9052 (gill) mg/kg dw, respectively. Except for Cr, Zn, Mo,
Sb, and Pb, the concentrations of the other metals in the gill,
mantle, and visceral mass samples were significantly higher
than those in the foot samples (P < 0.05). In this study, the dw
of the C. plicata foot samples was 17% of the ww. The mean
concentrations of the trace elements Zn, Pb, Cd, As, Cu, and
Cr (9.2, 0.2, 0.2, 0.6, 0.7, and 0.5 mg/kg ww), respectively) in the
foot of C. plicata were lower than the threshold values (100,
2.0, 1.0, 1.0, 40, and 2.0 mg/kg ww, respectively) established
by international and Chinese organizations (FAO/WHO, 1998;
FAO/WHO, 2014; EC, 2006; CNS, 2017). The average Be, Mn, Co,
Ni, Zn, Cd, Sb, Ba, and Pb concentrations were the highest in
the gill samples, while the V, Fe, Cu, and As concentrations
were highest in the visceral mass samples (Fig. 2).
From the perspective of the spatial distribution, the sequence of the heavy metal concentrations in each organ was
consistent with the overall results (Fig. 2 and Appendix A Fig.
S1). The concentrations of most trace metals, such as Be, V, Fe,
Cu, As, Mo, and Pb, were low in the foot samples and relatively
high in the gill and visceral mass samples. Overall, the Be, V,
Cu, As, Mo, Cd, and Pb concentrations were higher in EDL than
WDL and SDL. For some trace metal (such as Cr, Ni, Cu, Cd, Ba)
concentrations in the foot, there was no significant difference
in the three areas (Appendix A Fig. S1).
As shown in Fig. 3, there were significant positive correlations between Be and V (r = 0.80, P < 0.001) and Pb (r = 0.72, P
< 0.001) in C. plicata. Significant positive correlations were observed between the Co concentration and the V (r = 0.58, P <
0.01), Cr (r = 0.56, P < 0.01), Ni (r = 0.59, P < 0.01), Cu (r = 0.59, P
< 0.01), and Sb concentrations (r = 0.66, P < 0.01). The Mn and
Fe concentrations (r = 0.56, P < 0.01) and the Ba concentration
(r = 0.66, P < 0.01) also revealed positive correlations. The Cd
concentration and the Zn (r = 0.68, P < 0.01), As (r = 0.58, P <
0.01), and Pb concentrations (r = 0.75, P < 0.001) also exhibited
significant positive correlations.
NMDS was performed to observe the trace metal concentration specifics of the various organs and Dongting Lake areas (Fig. 4). The model showed that the foot preferentially accumulated Cr, Mo, and Pb, the gill preferentially accumulated
Mo and Mn, the mantle preferentially accumulated Be, Cr, Cd,
Mo, and Mn, and the visceral mass preferentially accumulated
Mo, Mn, Cd, and Pb (Fig. 4a). In terms of the spatial distribution of the trace metal concentrations (the average of the 4
organs) in C. plicata, Cd, Pb, and Cd were the main enriched
metals in EDL and Mo, Fe, Mn, Ba, and Pb were the main enriched metals in WDL and SDL (Fig. 4b). Cu, Pb, and Cd were
the main enriched metals in the foot samples obtained from
EDL, while the other metals were the core enriched elements
in WDL and SDL (Fig. 4c). The other organs, including the gill
(Fig. 4d), mantle (Fig. 4e), and visceral mass (Fig. 4f), also exhibited approximately similar enrichment characteristics.

2.3.

Trace metal bioaccumulation in C. plicata

The BAF and BSAF values of the 15 trace metals in the 4 organs
of C. plicata are summarized in Appendix A Table S2. The BAF
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Fig. 2 – Concentrations of 15 trace metals in foot, gill, mantle, and visceral mass of C. plicata (n=60) from the three areas of
Dongting Lake. Different lowercase letters above the Box-plots show statistical significance at the 0.05 level.

values ranged from 0.001 × 103 L/kg ww (Sb accumulation in
the mantle) to 28.357 × 103 L/kg ww (Fe accumulation in the
visceral mass). Regarding Ba accumulation, the highest BAF
values > 1.0 × 103 L/kg ww were found in the gill samples, and
the BAF values of the foot samples were significantly lower
than those of the gill and visceral mass samples (P < 0.05).
The BAF values of Mn, Fe, and Cd in all organs were higher
than 1.0 × 103 L/kg, and the Mn bioaccumulation level in the
gill was significantly higher than that in the other organs (P <
0.05). Significant differences were not observed in the Cr, Ni,
Cu, Zn, Cd, Sb, or Pb bioconcentrations across all organs (P >
0.05).

The BSAF values ranged from 0.002 ± 0.001 (Be accumulation in the foot) to 11.317 ± 1.356 (Mn accumulation in the
gill). The BSAF values of Mn and Ba in the gills were significantly higher than those in the other organs. Regarding Be,
Mn, Fe, Ni, Cd and Ba, the BSAF values in the feet were significantly lower than those in the other three organs (P < 0.05).
No significant differences in the BSAF values among the different organs were observed for many elements, including Cr,
Cu, Mo, Sb, and Pb (P > 0.05).
The correlation heatmaps showed significant positive and
negative correlations among the different trace metals in the
surface water (Fig. 5a) and sediments (Fig. 5b), respectively.
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Fig. 3 – Pearson’s correlations (r) between the concentrations of 15 trace metals in C. plicata. Average concentrations in foot,
gill, mantle, and visceral mass of C. plicata were used for the analysis. The histogram on the main diagonal of the matrix
reflects the distribution of the trace metal elements; the upper triangular panel shows the correlation coefficient between
the variables, the larger the correlation coefficient, the larger the font size; the scatter linear fitting graph of the lower
triangle reflects the data distribution characteristics. ∗ Coefficients at 0.05 significance level, P < 0.05; ∗∗ Coefficients at 0.01
significance level, P < 0.01; ∗∗∗ Coefficients at 0.001 significance level, P < 0.001.

Except for Mo, Cd, and Ba, most of the metals in the surface
water were significantly related to each other to varying degrees. In addition, V, Cr, Co, and the other metals revealed extremely significant correlations (P < 0.001), and the absolute
value of the correlation coefficient was between 0.30 and 0.84
(V and Sb, respectively). In the sediments, significant correlations were only observed between certain metals, including
Cr, Cu, Zn, and Mn. For example, the element pairs of Cr-Cu
(r = 0.68), Mn-Zn (r = 0.55), and Cr-Zn (r = 0.58) demonstrated
significant negative correlations at P < 0.001. There were certain differences in the correlation between the metal concen-

trations in C. plicata (individual organs and the average of the
4 organs) and the corresponding metal concentrations in the
surface water (Fig. 5a) or sediments (Fig. 5b). In general, the
metals in C. plicata were significantly correlated with V, Mn,
Co, Cu, and Pb in the surface water and Be, Cu, Mo, Cd, Pb in
the sediments. For instance, a significant correlation was observed for the element pair Co-Co (r = 0.62, P < 0.001) between
the gill and surface water samples and Mn-Mn (r = 0.34, P <
0.01) between the visceral mass and surface water samples,
while the element pair Cu-Cu showed a significant correlation between the sediment samples and the foot (r = 0.51, P <
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Fig. 4 – Ordination plots of NMDS applied on concentrations of trace metals of C. plicata. Concentrations of 15 trace metals in
foot, gill, mantle, and visceral mass of C. plicata in Dongting Lake (a); concentrations of trace metals of C. plicata in Eastern
Dongting Lake (EDL), Western Dongting Lake (WDL), and Southern Dongting Lake (SDL) (b); concentrations of trace metals in
foot (c), gill (d), mantle (e), and visceral mass (f) of C. plicata in EDL, WD and SDL. The arrows show the direction of the
gradient, and the length is proportional to the correlation between the vectors (metal concentrations) and the ordination.
The metals with significant correlation with the axes were circled. Ellipses indicate the 95% confidence intervals for each
group, dashed ellipses represent 99% confidence intervals.

0.001), gill (r = 0.59, P < 0.001), mantle (r = 0.49, P < 0.001), and
visceral mass (r = 0.46, P < 0.001).

> Mn > Co > Pb > Fe > Ba ≈ Zn > Cu ≈ Cd > Mo > Sb ≈ Ni >
V > Be ≈ Cr. The TTHQ and HI values for adults and juveniles
were 3.128 and 5.885, respectively (Table 2).

2.4.
Estimated daily intake and risk of the trace metals in
C. plicata
Among the 15 trace metal elements in this study, Be, As, Cd, Sb,
Ba, and Pb are toxic elements while V, Cr, Mn, Fe, Co, Ni, Cu, and
Zn are essential elements for the human body. However, these
essential trace elements could affect human health when exposure exceeds critical thresholds. The EDI and THQ values for
the 15 trace metal elements via consumption of the C. plicata
foot from adults and juveniles are listed in Table 2. The highest EDI values were observed for Mn (75.236 μg/kg (bw)/day for
adults and 141.573 μg/kg (bw)/day for juveniles) and Fe (66.110
μg/kg (bw)/day for adults and 124.400 μg/kg (bw)/day for juveniles), while the lowest values occurred for Sb (0.003 μg/kg
(bw)/day for adults and 0.006 μg/kg (bw)/day for juveniles).
The THQ values for the essential trace element Mn (1.011
for juveniles) and toxic element As (1.910 for adults and 3.593
for juveniles) were the highest and exceeded 1. Mn (essential element) only posed a potential health risk for juveniles
(THQ = 1.011) but not for adults (THQ = 0.537), while As (toxic
element) posed a potential health risk for both juveniles and
adults. The THQ values for the individual metals for both
adults and juveniles decreased in the following sequence: As

3.

Discussion

3.1.

Trace metal concentrations in the environment

Dongting Lake is one of the two largest lakes still linked with
the middle reaches of the Yangtze River. Dongting Lake is fed
by four major rivers (Xiang River, Zi River, Yuan River, and Li
River) in Hunan Province, and three channels (Songzi, Taiping,
and Ouchi) directly connect it to the Yangtze River (Hu et al.,
2018). In addition, it is affected by the Three Gorges Dam (TGD),
which likely exchanges water and sediments with the Yangtze
River (Xu and Li, 2019). Therefore, the pollutants transported
by water and sediments into the lake and their migration and
transformation in the lake are relatively complicated. In this
study, the average concentrations of Cu (10.65 μg/L) and Zn
(54.67 μg/L) were slightly higher than the type I water quality standards (Cu, 10 μg/L; Zn, 50 μg/L) in the Environmental
Quality Standards for Surface Water of China (GB 3838-2002) (P
> 0.05), while the concentrations of the other common metal
elements, such as Cr (7.02 μg/L), As (1.99 μg/L), Cd (0.12 μg/L)
and Pb (6.24 μg/L), were significantly lower than the type I wa-
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Fig. 5 – Correlation analysis between the concentration of metals in the average of 4 organs in C. plicata, foot, gill, mantle,
and visceral mass, and the corresponding metal concentration in surface water, sediments. Gradient colors indicate
Pearson’s correlation coefficients (E s r) of the different trace metal concentrations in (a) surface water or (b) sediments,
respectively. “∗ ”, “∗∗ ” and “∗∗∗ ” indicate statistically significant correlations at the levels of 0.05, 0.01 and 0.001, respectively.
Arc width corresponds to the Pearson’s correlation coefficient ((C.-E)’s |r|) statistic for the corresponding correlations between
the concentration of the same trace metals in organs and (a) surface water or sediments (b), and arc color denotes the
statistical significance ((C.-E)’s P). C.: C. plicata, E: surface water or sediments.
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Table 2 – Estimated daily intake (EDI, μg/kg (bw)/day), tolerable daily intake (TDI, μg/kg (bw)/day), RfDo (μg/(kg·day)), target
hazard quotient (THQ) and hazard index (HI) of heavy metals from C. plicata foot consumption for adults and juveniles
(n=60).
Trace metals
Essential

Toxic

V
Cr
Mn
Fe
Co
Ni
Cu
Zn
Mo
Be
As
Cd
Sb
Ba
Pb
TTHQ/HI

EDI for adults
0.032
0.511
75.236
66.110
0.053
0.141
0.629
8.582
0.059
0.001
0.573
0.152
0.003
5.870
0.224
-

EDI for juveniles
0.061
0.961
141.573
124.400
0.100
0.265
1.184
16.149
0.110
0.002
1.078
0.287
0.006
11.047
0.421
-

TDIa
c

NA
300
140
800
30
12
500
300
NA
2
2.14
0.8
6
210
1.5
-

RfDo b

THQ for adults

THQ for juveniles

5
1500
140
700
0.3
20
40
300
5
2
0.3
1
0.4
200
1.5c
-

0.006
0.000
0.537
0.094
0.177
0.007
0.016
0.029
0.012
0.001
1.910
0.016
0.007
0.029
0.149
3.128

0.012
0.001
1.011
0.178
0.334
0.013
0.030
0.054
0.022
0.001
3.593
0.030
0.014
0.055
0.281
5.885

EDI values more than TDI and THQ values more than one are marked in bold prints.
bw: body weight; n: number of C. plicata; NA: not available; -: No data.
a
Tolerable daily intake. The values of TDI are referenced from the report of Varol et al. (2017) and Guidelines for drinking-water quality (4th
Ed.) by the WHO (World Health Organization) (2011).
b
Oral reference dose of elements as established by the USEPA (United States Environmental Protection Agency) (2019).
c
For Pb not available, and the EFSA (European Food Safety Authority) (2010).

ter quality standards (Cr, 10 μg/L; As, 50 μg/L; Cd, 1 μg/L; Pb,
10 μg/L; P < 0.05). However, most of the concentrations in the
surface water exceeded previously published background values (Liu et al., 2015a; Bi et al., 2018; Ouyang et al., 2016) except for As and Sb (Table 1). This finding clearly indicates that
the metal pollution level in the water of Dongting Lake is increasing, which may be related to the contribution of several
tributaries. In terms of the spatial distribution, the concentrations of most elements in EDL were lower than those in WDL
and SDL, which is primarily related to human activities as well
as the clear dilution effect in EDL due to Yangtze River interchange.
When metals enter a river, most will be adsorbed and enriched in sediments, and only a small portion of the metal ions
is contained in the water column; therefore, the concentrations of the metals stored in the sediments are much higher
than those stored in the water column (Gaur et al., 2005).
In the surface sediments, the Be, Ni, As, and Pb concentrations exceeded previously published background values, while
those of the other elements (V, Cr, Mn, etc.) were lower than
the background values (Li et al., 2013; Xie et al., 2017). Although these results showed that Be, Ni, As, and Pb accumulated in the sediments of Dongting Lake, during the China’s
12th Five-year Plan period (2011-2015), more than 1000 enterprises associated with heavy metal pollution were closed over
two rounds of the Three-year Action Plan for Xiangjiang Protection and Treatment by the Hunan government, which reduced the total amount of heavy metals entering the lake district (Bi et al., 2018). Compared to several other large freshwater lakes (Poyang Lake, Taihu Lake, Chaohu Lake, and Honghu
Lake) in the Yangtze River basin, the concentrations of most
heavy metals in the surface sediments of Dongting Lake were

the highest (Zhang et al., 2018a; Liu et al., 2015b; Fang et al.,
2019; Makokha et al., 2016). Therefore, although most of the
metal pollution in the sediments of Dongting Lake revealed a
decreasing trend, pollution control and treatment measures
are still required. It is worth noting that the change trends of
the metal concentrations in the surface water and sediments
were not consistent with those of the previously published
background values, which may be related to the smaller fluctuations in the metals in the sediments compared with those
in the surface water as well as the instantaneous nature of
sampling, the spatial limitations of the sample sites, and the
different literature sources and publication times of the background data. Thus, to guarantee data accuracy and quality,
more studies are required to clarify the relationships of the
metal concentrations in the surface water and sediments.

3.2.

Trace metal bioaccumulation in mussels

The accumulation of metals in organisms is not only related
to the metal concentration in the habitat but is also influenced by many physical and biological factors, such as the
metallothionein level and physical conditions (Kumar et al.,
2015; Laura, 2009). Most metal concentrations in C. plicata foot
and gill were higher than those reported by Türkmen and
Ciminli (2007) for the two mussels Unio terminalis and Potamida
littoralis, respectively. This difference may have been caused
by the different habitats, species, and growth rates. Our results showed that C. plicata is more likely to accumulate essential elements and the toxic metal Ba, which presented high
concentrations in the surface water and sediments of Dongting Lake (Table 1, Fig. 2 and Appendix A Fig. S1). Generally,
the concentrations of essential trace elements, such as Fe,
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Mn, Cu, and Zn, are high in invertebrates. Essential trace elements play an important role in the metabolism and growth
of organisms; therefore, they are easily absorbed and enriched
(Bahnasawy et al., 2011; McGeer et al., 2003). Although essential elements are necessary for the biological activities of mussels, excessive intake may pose a potential hazard. For example, Mn is involved in the synthesis of various enzymes in organisms; however, it is easily converted into Mn2+ for biological utilization and even results in poisoning in anoxic environments (Oweson et al., 2008). Moreover, most toxic heavy
metals (Cd, Pb, Hg, etc.) could reach a biologically significant or even harmful concentration in tissues at low levels
(Dallinger et al., 1987), which results in potential threats to the
growth and development of C. plicata.
In general, the enrichment of trace metals in bivalves and
other aquatic animals mainly occurs through digestive organs via feeding for particulate metal forms and through
surface penetration and gills for dissolved forms (Wang and
Fisher, 1996; Ribeiro et al., 2005). Bivalve mollusks possess
gill lamellae that contain many branchial filaments and are
rich in capillaries (Liu and Zheng, 2009). The special structure
of the mussel gill is beneficial to ion permeation and takes
up metal ions from water and sediments as the main route
(Liu et al., 2001). The metal ions entering the mussel participate in metabolism, and also become enriched in the internal organs, such as the liver and kidney (Chandurvelan et al.,
2012). When the metals in the liver reach saturation, they
are transferred to the muscle tissue of organs because of the
low metallothionein concentration therein (Ovemell and Abdullah, 1988; Le Croizier et al., 2018), which results in a relatively low metal concentration in the foot and mantle compared with that in the gill and visceral mass (Fig. 2 and Appendix A Fig. S1, respectively). The NMDS model revealed various organ- and area-specific bioaccumulation patterns in this
study. The essential trace metals in organisms are involved in
metabolism. For example, Mn is a part of the metalloenzymes
in living organisms and acts as an activator of these enzymes,
while Mo plays a role in the transfer of electrons in the redox reaction in organisms and is a constituent of many enzymes (Hänsch and Mendel, 2009). These two metal elements
are easily absorbed by C. plicata and become preferentially enriched (Fig. 4a). Toxic metals Cd and Pb are easily combined
with certain substances in organisms and are stably present,
resulting in bioaccumulation (Allen, 1995). Therefore, Cd and
Pb also preferentially accumulate in the visceral mass (Fig. 4a).
The spatial distributions of the trace metal concentrations in
C. plicata (the average of the 4 organs) revealed significant differences among the sampling areas (Fig. 4b), which may be
due to the different background values of the trace metals in
the environment.
The BAF and BSAF were adopted to assess the bioaccumulation ability of aquatic organisms from the surface water and
sediments, respectively (Liu et al., 2018b). The metal bioconcentration ability of different organs varies. In addition to the
varying affinities, i.e., specific accumulation patterns, and the
bioavailability of different metal ions for organs, the bioconcentration ability is also influenced by environmental conditions (Liu et al., 2018b). The BAF values of Mn, Fe, and Cd in all
organs were higher than 1 × 103 L/kg ww. As discussed earlier,
C. plicata exhibited a high enrichment ability for the essen-

tial elements. The BAF values of Mn and Ba in the gills were
higher than those in the other organs in this study (P < 0.05).
Similar to the BAF values, the BSAF values of Mn and Ba in
the gills were significantly higher than those in the other organs. These results were consistent with previous reports on
aquatic organisms (Liu et al., 2018b). In this study, most metals
presented significant correlations in the surface water while
relatively few metals were correlated in the sediments. Because the lake water exhibits connectivity and fluidity, studies of metal homology in water may exhibit data uncertainties. The content and ratio of each metal in the sediments are
relatively stable. Therefore, it is more scientific to determine
the source of these metals through correlation analyses of the
trace metals in the sediments. The corresponding metals in C.
plicata were significantly correlated with the Be, Cu, Mo, Cd,
and Pb contents in the sediments, which further illustrates
that a certain relationship was present between the metals in
C. plicata and their distribution and concentration levels in the
environment. A correlation analysis between the trace metals
in aquatic organisms indicated that these metal elements exhibited bioaccumulation homology and dispersion properties
(Sivaperumal et al., 2007). Co and V, Cr, Ni, and Cu were significantly positively correlated, which indicated that these metals
in C. plicata were homologous, and a correlation was also observed between Zn and Cd and Pb. A similar pollution source
is probable, because Zn is the primary inducer of metallothionein in organisms while the other metal ions are more readily bound to the sulfhydryl group in thionein, thereby replacing Zn (Roesijadi et al., 1996). In addition, the metal interaction mechanism in organisms includes synergistic effects, displacement reactions, competition sites, etc., which also leads
to metal correlation differences.

3.3.
Human health risk assessment of C. plicata
consumption
Since people usually only consume the muscle tissue of bivalves, the C. plicata foot was selected in this study to evaluate food safety through consumption. In this study, the EDI
values of the 15 trace metals were calculated for adults and
juveniles and then compared to the respective tolerable daily
intake (TDI) values (Varol et al., 2017; WHO, 2011). Only the EDI
values of the essential element Mn 141.573 (μg/(kg bw.day)) for
juveniles were higher than the recommended TDI values (140
μg/(kg bw.day)) (P < 0.05), which indicates a slight risk from Mn
caused by the consumption of C. plicata feet. The EDI values of
all other elements for juveniles and adults were lower than
the TDI values. Although Mn is an essential element required
by the human body, excessive intake may pose a certain risk
to humans (Sabina et al., 2019).
The THQ value assesses the health risks of a single metal,
while the TTHQ or HI value, which was calculated as the arithmetic sum of the THQ values of the determined trace metals,
is used to evaluate the health risks of complex exposure to
multiple metals (Ahmed et al., 2016; Jovic and Stankovic, 2014).
The average THQ values of most metals (such as Cr, Cu, and
Zn) in the C. plicata foot samples were lower than 1, indicating that these metals do not pose a health risk to people
through C. plicata consumption. However, the THQ values of
Mn for juveniles and As for juveniles and adults exceeded 1,

journal of environmental sciences 104 (2021) 335–350

which indicates that exposure to Mn and As could still cause
significant noncarcinogenic health risks (Yi et al., 2017). The
ingestion dose does not fully reflect the metal enrichment
level under actual conditions. It is worth pointing out that although THQ > 1, local residents did not experience obvious
adverse reactions. Moreover, the TTHQ or HI values for adults
and juveniles were 3.128 and 5.885, respectively, which were
higher than 1. These results indicated significant risks of noncarcinogenic effects to humans by exposure to multiple metals (Zhuang et al., 2009). Additionally, humans are exposed
to heavy metals not only by C. plicata consumption but also
by several other routes, including the consumption of drinking water and other aquatic products. Therefore, the effects of
heavy metal contamination on human health should be carefully evaluated.

4.

Conclusions

Most trace metal concentrations in the surface water revealed
significant spatial variations in the three areas EDL, SDL, and
WDL of Dongting Lake, and were lower or slightly higher than
the corresponding type I water quality standards in the Environmental Quality Standards for Surface Water of China.
However, most of the concentrations exceeded existing background values, indicating an increasing metal pollution trend
in the Dongting Lake water. Although the concentrations of
most metals in the surface sediments showed a decreasing
trend, they were still higher than those in the sediments of
several other large freshwater lakes (Poyang Lake, Taihu Lake,
Chaohu Lake, and Honghu Lake) in the Yangtze River basin. C.
plicata exhibits a high enrichment ability for essential metal
elements, and the metal concentrations in the gill and visceral
mass samples were generally higher than those in the foot and
mantle samples. The mean concentrations of trace elements
Zn, Pb, Cd, As, Cu, and Cr in C. plicata feet were lower than the
threshold values established by international and Chinese organizations. The estimated EDI value of the essential metal
Mn in C. plicata feet for juveniles was higher than the recommended TDI value. The THQ values of Mn (for juveniles) and
As (for juveniles and adults) exceeded 1, indicating that these
metals could cause noncarcinogenic health risks through C.
plicata foot consumption. The TTHQ and HI values for adults
and juveniles were 3.128 and 5.885, respectively, suggesting
significant risks of noncarcinogenic effects to humans by exposure to multiple metals.
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