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Bay ecosystems with unique economic and ecological value are more vulnerable
to heavy metal pollution than other marine ecosystems. In South Korea, rapid
economic development has exacerbated heavy metal pollution in bay
environments. This study analyzed concentrations of seven heavy metals and
the structure of macrobenthic community in Asan Bay. Five heavy metal indices
(PLI, Pn, RI, TRI, and MERMQ) were used to assess ecological risk. Additionally,
spearman correlation, biota—environment matching (BIO-ENV), and redundancy
analysis (RDA) were utilized to determine the influence of heavy metals on
macrobenthic communities. Although average concentrations of seven heavy
metals were below sediment quality guidelines (SQGs), the average
concentration of Cd was close to the threshold effects level (TEL). The
nemerow pollution index (Pn) and the potential ecological risk index (RI)
indicated that Cd was the primary heavy metal contributing to ecological risk.
Spearman correlation, BIO-ENV, and RDA indicated that heavy metals were the
main environmental factors influencing macrobenthic communities in Asan Bay.
However, five heavy metal indices (PLI, Pn, RI, TRI, and MERMQ) did not show a
response to the macrobenthic communities. Overall, low concentrations of
heavy metals have a certain negative impact on macrobenthic communities in
Asan Bay. This study can serve as an important reference for marine
environmental protection and policy-making in Asan Bay.
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1 Introduction

Since the Industrial Revolution, humans have released large
amounts of heavy metals into the marine environment (Hu et al,
2015; Mishra et al., 2023). Bay ecosystems have become a concentrated
area of human activity due to their unique economic and ecological
conditions (Li et al, 2018; He and Silliman, 2019). They are more
susceptible to heavy metal pollution than other marine ecosystems
(Wang et al.,, 2023; Guan et al., 2024). Due to heavy metals’ abundance,
toxicity, resistance to biodegradation, and bioaccumulation, they have
attracted significant attention (Christophoridis et al., 2019; Mani and
Kumar, 2014). Among various concerns, fixation of heavy metals in
marine sediments has become a global problem (Naifar et al, 2018;
Alabssawy and Hashem, 2024; Wagas et al., 2024).

Surface sediments can act as carriers and absorbents of heavy
metals (Joksimovic et al,, 2020). However, fixation of heavy metals in
sediments is not permanent. When environmental conditions change,
heavy metals can migrate to the sediment-water interface (Zhao et al,
2013; Chen et al., 2017). Therefore, sediments can serve as a source of
heavy metals in the marine environment and play a crucial role in the
transport and deposition of heavy metals (Bastami et al., 2014; Wang
et al,, 2018). This makes the assessment of ecological risks posed by
heavy metals in sediments particularly important.

Macrobenthos have become effective biological indicators for
assessing marine environmental pollution and the ecological quality
status of marine ecosystems due to their long lifespans, limited
mobility, and species-specific responses to pressure (Rakocinski,
2012; Lam-Gordillo et al., 2020; Pandey et al., 2022; Shi et al., 2023;
Liang et al., 2024a). Numerous studies have indicated that
macrobenthos are effective indicators for assessing heavy metal
pollution (Duzzin et al., 1988; Wang et al., 2022). For example,
heavy metal pollution can lead to altered functional traits of
macrobenthos in coastal lagoons (Hu et al., 2019).

It is worth noting that although heavy metal indices have been
widely used to assess the ecological risks of marine sediments
(Halawani et al,, 2022), few studies have focused on the relationship
between heavy metal indices and macrobenthic communities (Zhao
et al., 2023). Moreover, due to the different principles underlying heavy
metal indices, ecological risk assessments for the same area can yield
varying results depending on the indices chosen (Zhao et al,, 2012).

Asan Bay situated between Gyeonggi-do and Chungcheongnam-
do provinces in South Korea is a significant industrial and logistics
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hub with numerous industrial parks (Kim et al, 2021). The bay
experiences a spring tidal range of 8 meters and a neap tidal range of
3.5 meters. Approximately 55% of its annual precipitation occurs
between June and August (Park et al., 2021). Six artificial lakes near
Asan Bay discharge over 2.5 billion m® of freshwater into the bay
annually (Jeong et al., 2016). Park et al. (2020) have indicated that
concentrations of heavy metals in the seawater of Asan Bay are
inversely proportional to its salinity. This suggests that the influx of
industrial effluent, domestic sewage, and agricultural wastewater from
nearby artificial lakes is a significant source of heavy metals in
Asan Bay.

While progress has been made in understanding spatial
distribution of heavy metals and conducting ecological risk
assessments along the South Korean coast (Ra et al., 2013), ecological
risk assessment of the Asan Bay area based on heavy metal
concentration has been overlooked. Moreover, only a few studies
have focused on the impact of heavy metals on macrobenthos in
South Korea (Lim et al., 2013). Thus, aims of this study were: (1) to
evaluate concentrations and spatial distribution of seven heavy metals
in surface sediments of Asan Bay, (2) to assess the ecological risk of
sediments using five heavy metal indices (PLI, Pn, RI, TRI, and
MERMQ), (3) to analyze the impact of heavy metals on
macrobenthic community structures.

2 Materials and methods
2.1 Study area and sample collection

The study area (A1-A10) was located on the western part of Asan
Bay. The southern part of the study area was near the Dangjin
Ironworks (Figure 1). At each station, samples were collected three
times using a Van Veen grab (0.1 m?) (ChemLab Co., Ltd., Incheon,
South Korea) in February, June, September, and November 2014. Two
of these samples were designated for macrobenthic analysis, while the
third was reserved for environmental factors analysis. The bottom
seawater was collected using a Niskin water sampler. Salinity, pH, and
dissolved oxygen (DO) were measured using a multiparameter water
quality sonde (YSI 6920, YSI Inc., Yellow Springs, OH, USA).

In the field, the first two samples were sieved through a 0.5 mm
mesh to collect macrobenthos and preserved in a 4% formalin
solution (Samchun Co., Ltd., Seoul, South Korea). The third sample
was stored at -20°C and transported to the laboratory for analysis.
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FIGURE 1
Study area and sampling stations in Asan Bay, South Korea.
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2.2 Sample analysis

In the laboratory, macrobenthos were identified to the species
level using an Olympus SZX-10 microscope (Olympus Co. Ltd.,
Tokyo, Japan). For sediment grain size analysis, wet sieving was
initially employed to measure particles with a grain size less than 4
®. Particles with a grain size greater than 4 @ were analyzed using a
Sedigraph 5100D (Micromeritics Instrument Corp., USA). To
determine the ignition loss (IL), a 50 g sediment sample was
heated at 550°C for four hours in a muffle furnace (HY-800, Hwa
Sueng Ind Co. Ltd., Busan, South Korea). The concentrations of
Acid Volatile Sulfide (AVS) and Chemical Oxygen Demand (COD)
in the sediment samples were measured using the detection tube
method and the titration method, respectively (National Institute of
Fisheries Science, 2010). The acid digestion method was used to
measure the heavy metal contents (As, Cd, Cr, Cu, Pb, Zn, and Hg)
in the sediment (National Institute of Fisheries Science, 2010).

2.3 Ecological indices

To assess the community structure and diversity of macrobenthos
in Asan Bay, four ecological indices, species richness Index (d), Pielou’s
Evenness (J), Simpson Index (1-A’), and Shannon-Wiener Diversity
Index (H’), were calculated using Primer version 7 (PRIMER-E Ltd.,
Albany, New Zealand) (Clarke et al., 2014). Calculation formulas for
these four ecological indices are shown in Supplementary Table SI.

2.4 Heavy metal indices

Five widely used heavy metal indices were calculated to
accurately assess the ecological risk of heavy metals in marine
sediments. Pollution load index (PLI), nemerow pollution index
(Pn), and potential ecological risk index (RI) were based on
geochemical background values. In addition, the RI considered
potential ecological risk coefficient for heavy metals (Liang et al.,
2024a). Mean ERM quotient (MERMQ) and toxic risk index (TRI)
were based on sediment quality guidelines (SQGs) (Zhao et al,
2023). Formulas for heavy metal indices and categorization of levels
of ecological risk for heavy metal indices are shown in Table 1.
Geochemical background values, sediment quality guidelines, and
ecological risk coefficient for heavy metals are shown in
Supplementary Table S2.

2.5 Statistical analysis

To assess environmental characteristics of Asan Bay, principal
component analysis (PCA) was conducted using PRIMER version 7
(PRIMER-E Ltd., Albany, New Zealand). Environmental factor data
were log-transformed (log(x+1)) and normalized before performing
the PCA. Shapiro-Wilk test was performed to assess the normality
of heavy metal concentrations and mean grain size using OriginPro
2023 (OriginLab Inc, Northampton, MA, USA). To assess monthly
differences in heavy metal concentrations and mean grain size, One-
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Way Analysis of Variance (ANOVA) and the Kruskal-Wallis Test
(K-W test) were employed using SPSS 29 (IBM Corporation,
Armonk, NY, USA). The gidding method was employed to create
spatial distribution maps for heavy metals using Surfer 14 software
(Golden Software Inc., Golden, CO, USA). To evaluate the
community structure of macrobenthic organisms using Analysis
of Similarity (ANOSIM) and Similarity Percentage (SIMPER)
analyses in PRIMER version 7, the abundance data were log-
transformed (log(x+1)) and normalized beforehand.

To evaluate the relationship between dominant species and
environmental factors, redundancy analysis (RDA) was used.
Dominant species are defined as those with an abundance
exceeding 2% of the total abundance. RDA was performed using
Canoco 5.0 (http://www.canoco5.com). To evaluate the relationship
between macrobenthic communities and environmental factors,
biota—environment matching (BIO-ENV) analysis was conducted
using Primer version 7 (Walters and Coen, 2006). Spearman
correlation analysis was performed using OriginPro 2023
(OriginLab Inc, Northampton, MA, USA) to assess relationships
of heavy metals with IL, AVS, COD, mean grain size, abundance of
species, number of species, and ecological indices. Additionally, to
evaluate the correlation between heavy metal indices and
macrobenthic communities, Spearman correlation analysis
was employed.

3 Results and discussion

3.1 Environmental characteristics and
heavy metal sources in Asan Bay

Range and mean values of environmental factors in Asan Bay are
shown in Table 2. Values of environmental factors in Asan Bay at
each station are shown in Supplementary Table S3. The coefficient of
variation for AVS was the highest at 0.45, while the coefficient for
salinity was the lowest at 0.03. The sediment type in Asan Bay is
primarily silt. Although the highest mean grain size was observed in
November and the lowest in June, the mean grain size did not show
significant differences across the months (K-W test, p > 0.05).

In principal component analysis (PCA), PC1 and PC2 axes
explained 38.2% of the environmental variance. In the PCA plot,
stations from November were positioned higher on the PC2 axis than
those from other months (Figure 2). This indicated that stations in
November had higher As concentration but lower AVS content than
stations in other months (Supplementary Table 54).

Mean concentrations of heavy metals in surface sediments were
as follows: Zn (44.03mg/kg), Pb (21.98mg/kg), Cr (11mg/kg), Cu
(8.64mg/kg), Cd (0.71mg/kg), As (0.45mg/kg), and Hg (0.003mg/
kg) (Table 2). The average concentration of Pb in Asan Bay was
compared to the Central Area of the East Sea, South Korea (Liang
et al., 2024c). Additionally, average concentrations of Cu and Zn in
Asan Bay exceeded those in Garolim Bay (Liang et al., 2024b). The
average concentration of Cd in Asan Bay was higher than that in the
highly urbanized Shenzhen Bay (Huang et al., 2018). Similarly, the
average concentration of Cd in Asan Bay was higher than that in the
South Yellow Sea (Yuan et al., 2012) (Supplementary Table S5).
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TABLE 1 Formulas for calculating heavy metal indices and categorization of levels of ecological risk for heavy metal indices.

Indices Formulas Index values

Level of ecolog-

Reference

ical risk

<1 Unpolluted Liang et al., 2024b . . .
12 Mo der‘:ilt)e(i " z]lute q [Liang et & ] PI is the ratio of heavy metal content in
PLI = {/PI, x PI, x ...PI, 23 Heavily ﬁfilute d sediments to the geochemical
back; d values.
>3 Extremely polluted ackground values
<0.7 Clean [Liang et al., 2024b]
0.7-1 Warning limit PI is the ratio of heavy metal content in

Pn G PD 4 PL, 12
- n 2-3

>3 Heavy pollution

Slight pollution
Moderate pollution

sediments to the geochemical
background values.

<120

Low ecological risk

D t al,, 2023
(Dong et a ] Tr is the potential ecological risk coefficient

120-240 Moderate ecological risk . .
RI -7 240-480 Considerable ecological for heavy metal; PLis the ratio of heavy
- ET’PI i s metal content in sediments to the
icl risk .
480 Very high ecological risk geochemical background values.
<5 Not toxic risk [Zhao et al., 2023]
5-10 Low toxic risk Ci: heavy metal content in sediments; TEL:
TRI o )+ )’ 10-15 Moderate toxic risk Threshold Effect Level; PEL: Probable
- g* 2 15-20 Considerable toxic risk Effect Level
>20 Very high toxic risk
<0.1 9% probability of [Zhao et al., 2023]
toxicity
0.1-0.5 21% probability of
n L toxicity Ci: heavy metal content in sediments; ERM:
MERMQ = m 0.5-1.5 49% probability of Effect range median level
n toxicity
>1.5 76% probability
of toxicity

Notably, the concentration of Cd in Asan Bay was several times
higher than background concentrations (Table 2; Supplementary
Table S2) (Woo et al., 2019). Cd is a toxic heavy metal that has no
physiological function (Genchi et al., 2020). The adsorption and
chelation of cadmium Cd by organic matter can lead to increased
concentrations of Cd in sediments. This Cd can then be transferred
to macroinvertebrates and fish (De Almeida Rodrigues et al., 2022).
Future research needs to evaluate the accumulation of Cd in
macroinvertebrates and fish in Asan Bay and identify specific
sources of Cd.

In February, average concentrations of most heavy metals
(except for As) in Asan Bay were the highest (Supplementary
Figures S1-54). Concentrations of As (K-W test, p < 0.05), Cr
(ANOVA, p <0.01), and Cu (ANOVA, p < 0.05) showed significant
differences across different months (Supplementary Figure S5).
Short-term variations in heavy metal concentrations are typically
closely associated with human activities (Vig et al., 2003; Ye et al,,
2019). Heavy industrial activities are usually accompanied by
substantial emissions of heavy metals (Jeong et al, 2021). For
example, Ironworks emit significant amounts of waste gases and
wastewater containing heavy metals (Sponza and Karaoglu, 2002;
Zhu et al., 2023). Therefore, heavy industrial activities might have
contributed to As, Cr, and Cu concentrations in Asan Bay.
Additionally, artificial lakes near Asan Bay discharge substantial
agricultural runoff and domestic wastewater into Asan Bay. Most
studies have indicated that domestic sewage and agricultural runoft
contain significant heavy metals (Kunhikrishnan et al.,, 2012;
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Vardhan et al,, 2019). This could also be one of the reasons for
concentrations of heavy metals in sediments of Asan Bay.

In Spearman correlation analysis, As was positively correlated
with Cr. Additionally, Cr was positively correlated with Cu and
COD. Cu also showed a positive correlation with Zn, COD, and
mean grain size. In contrast, Zn was negatively correlated with Hg
and IL. In addition, As was negatively correlated with AVS
(Figure 3). These correlation analysis results suggest that As, Cr,
Cu, and Zn may have similar sources and migration patterns. The
negative correlation between AS and AVS indicated that as AVS
accumulates in the sediment, As was transformed into other metal
forms (Peng et al., 2009). Positive correlations of COD with Cr and
Cu and Pb with IL indicated that Cr, Cu, and Pb were present in
sediments in forms associated with organic matter. The weak
correlation between mean grain size and heavy metals content
might be attributed to limited variation in mean grain size within
the study area.

3.2 Macrobenthic composition and
ecological indices in Asan Bay

A total of 109 species of macrobenthos were identified, with
annelids (51 species) showing the highest number, followed by
molluscs (25 species), arthropods (21 species), echinoderms (8
species), and other animals (4 species) (Supplementary Figure
S6). Numbers of macrobenthic species identified in February,
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TABLE 2 Range and mean values of environmental factors in Asan Bay.

Environmental
Factors

Range (Min-Max)

Mean + CV

10.3389/fmars.2024.1450396

by polychaetes. Likewise, macrobenthic communities in Cheonsu
Bay and Garolim Bay, South Korea, were predominantly
polychaetes (Liang et al., 2024b, d, e).

In SIMPER analysis, Tharyx sp had the highest contribution

As, mg/kg 0.2-093 045043 percentage in group a; Heteromastus filiformis had the highest
Cd, mg/kg 0.52-0.98 071 £0.16 contribution percentage in groups b, ¢, and f; Amphiodia
craterodmeta had the highest contribution percentage in groups d
Cr, mg/kg 6.38-20.1 11.01 + 0.27 . . . . .
and g; while Ampharete arctica had the highest contribution
Cu, mg/kg 501-12.7 8.96 + 0.24 percentage in group e (Figure 6). ANOSIM analysis indicated that
Pb, mg/kg 13.54-29.04 21.98 + 0.17 there are significant differences between groups a, b, ¢, d, e, and f
(R=0.859, p = 0.1%). Overall, Amphiodia craterodmeta is the most
Zn, mg/kg 25.9-65.07 44.03 £0.19 o )
abundant species in Asan Bay (Figure 6).
Hg, mg/kg 0.002-0.005 0.003 +0.29 Species Richness Index (d), Pielou’s Evenness (J’), Simpson
IL, % 1.69-7.93 34+ 033 Index (1-A’), and Shannon-Wiener Diversity Index (H’) ranged
AVS, mg/e 001008 004 + 045 from 1.02 to 5.48 (mean 3.06), 0.16 to 0.94 (mean 0.67), 0.5 to 4.21
(mean 2.93), and 0.12 to 0.93 (mean 0.74), respectively. The highest
COD. mg/g 237:9.77 482204 average d was observed in February, while the lowest was in
Mean grain size, @ 2375 524 +0.29 November. The highest average J” occurred in November and the
Salinity, psu 27 65.30.5 505 4 0.03 lowest one occurred in February. The highest average of 1-A” was
found in September and the lowest one was found in February.
pH 777812 798 % 0011 Similarly, the highest average H’ was recorded in September and the
DO, mg/L 6.92-12.95 8.78 £ 0.21 lowest one was recorded in February (Supplementary Figures S7-

IL, ignition loss; AVS, acid volatile sulfide; COD, chemical oxygen demand; CV, coefficient of

variation; DO, dissolved oxygen.

June, September, and November were 74, 68, 70, and 46,
respectively (Figure 4; Supplementary Figure S6). Macrobenthic
species abundance values in February, June, September, and
November were 2035.6, 2438.8, 1867.1, and 807.1, respectively
(Figure 5). In studies by Yu et al. (2011) and Paik et al. (2008),
the macrobenthic community in Asan Bay was similarly dominated

$10). Overall, three ecological indices (J’, 1-A’, and H’) indicated
that the diversity of the macrobenthic community was the lowest in
February. This lower diversity was attributed to Amphiodia
craterodmeta, which accounted for 37.3% of total individuals in
February. Some studies have shown that echinoderms are indicator
species for trawl fisheries (Shephard et al, 2010; Jorgensen et al.,
2016; Rosellon-Druker and Stokesbury, 2019). In our study,
Amphiodia craterodmeta predominantly appeared at coastal
stations (i.e., A1-A3) or within bays (i.e., A4). Future research
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Principal component analysis of environmental factors in Asan Bay.
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FIGURE 6

Shade plot for the top fifty most significant macrobenthic species in Asan Bay. F, February; J, June; S, September; N, November.
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should explore the relationship between the population size of
Amphiodia craterodmeta and trawl fisheries.

3.3 Ecological risk in Asan Bay

In our study, average concentrations of all heavy metals were
below the Sediment Quality Guidelines (SQGs), including
Threshold Effects Level (TEL), Probable Effects Level (PEL),
Effects Range Low (ERL), and Effects Range Median (ERM)
(Supplementary Table S2) (Buchman, 2008; Jin et al.,, 2022).
Notably, the average concentration of Cd was 0.71 mg/kg, close
to the TEL value of 0.75 mg/kg. This suggests that the concentration
of Cd is approaching the threshold below which adverse effects on
the ecosystem are rarely observed (Jung et al, 2024). In future
studies of Asan Bay, it is essential to focus on the concentration
of Cd.

Although SQGs are widely used for assessing ecological risks,
some issues are still associated with these guidelines (McCauley
et al., 2000; Kwok et al., 2014). For example, most SQGs were
developed or recalibrated for specific regions without accounting
for fluctuating environmental factors (such as particle size and pH)
(Hiibner et al., 2009). The Ministry of Oceans and Fisheries in
South Korea has established SQGs that include only TEL and PEL.
We recommend that the Ministry to further enhance SQGs of South
Korea by incorporating additional criteria to provide a more
comprehensive assessment framework. This enhancement would
improve the accuracy and effectiveness of environmental
monitoring and management.

PLI, Pn, and RI based on geochemical background
concentrations ranged from 0.37 to 0.55 (mean 0.48), 2.97 to 5.43

_anullulud

0.0

10.3389/fmars.2024.1450396

(mean 3.98), and 136.23 to 241.54 (mean 179.45), respectively. The
ecological risk based on PLI values was unpolluted at each station
(Figure 7). The ecological risk based on Pn values was heavy
pollution at each station (except for station 2 in November)
(Figure 8). The ecological risk based on RI values was moderate
at each station (Figure 9). Although PLI, Pn, and RI have been
widely used to assess heavy metal contamination in marine
sediments (Jafarabadi et al.,, 2017; Rezaei et al.,, 2021), the
comparability of these assessments is often reduced due to
different methods used for calculating geochemical background
concentrations and the lack of a unified standard (Tian et al,
2017; Zhang et al., 2023). We recommend South Korea to establish a
standardized geochemical background values framework to address
this issue. These three indices’ different calculation methods and
principles might have led to varying results in assessing ecological
risk (Huang et al,, 2020; Yang et al., 2020). The Pn considers the
highest ratio of heavy metal content in sediments to geochemical
background values (Table 1). In our study, the average value of Cd
was 5.4 times the geochemical background concentration, resulting
in the ecological risk assessment indicating heavy pollution at each
station. Notably, Cd concentration exceeding geochemical
background concentrations in marine sediments is a global
phenomenon. For example, Cd concentrations have been found
to exceed geochemical background concentrations in the Andaman
Islands of India, Zhejiang Province of China, and Chabahar Bay,
Makoran of Iran (Nobi et al., 2010; Agah, 2021; Zhao et al.,, 2023).
Human activities have led to the enrichment of Cd in surface
marine sediments (Apeti et al., 2009; Huang et al., 2014). When
environmental conditions change, accumulated Cd in sediments
can be released into the pore water, posing a threat to aquatic
organisms (Hu et al, 2017). The RI considers heavy metals’
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potential ecological risk coefficient (Table 1). The RI index indicates
the potential for ecological risk due to heavy metal contamination in
Asan Bay. In the calculation of RI, overall contribution percentages
of Cd and Hg were relatively high in Asan Bay. This result is similar
to findings of Yang et al. (2020) for rivers of the southwestern
coastal region of South Korea.

TRI and MERMQ based on SQGs ranged from 1.74 to 2.6
(mean 2.0) and from 0.04 to 0.07 (mean 0.05), respectively. The
ecological risk based on TRI values was not toxic at each station
(Figure 10). The ecological risk based on MERMQ values was a 9%
probability of toxicity at each station (Figure 11). Overall, TRI and
MERMQ indicate that macrobenthos in Asan Bay face a low risk
and that all sediment samples pose no toxic risk to the benthos.

Based on assessment results of comprehensive SQGs and five
heavy metal indices, surface sediments of Asan Bay were evaluated
as polluting. This result is likely due to anthropogenic pollution
from nearby industrial complexes (especially ironworks) and
agricultural activities in Asan Bay. Although pollution levels
might not be severe, continuous monitoring and management are

still necessary.

3.4 Relationship between heavy metals
and macrobenthos

In Spearman correlation analysis, As was negatively correlated
with the number of species, d’, H’, and 1-A". Additionally, Cr was
negatively correlated with d’, ', H’, and 1-A’. In contrast, Zn was
positively correlated with d’ (Figure 12). Metal elements are
essential for the growth and development of marine organisms
(Yilmaz et al., 2017). However, when metal concentrations reach

10.3389/fmars.2024.1450396

certain levels, they can become toxic to marine organisms (Hall and
Frid, 1995). In this study, concentrations of all heavy metals were
below the SQGs. Different forms of metals can alter their toxicities
to organisms (Das et al., 2014; Zhang et al,, 2018). For example,
Dauvin (2008) has noted that the toxicity of copper to estuarine
invertebrates increases with decreasing salinity and increasing
temperature. In our study, higher concentrations of As and Cr
were associated with reduced abundance and diversity of
macrobenthos. However, it was perplexing that Zn was positively
correlated with d. Different benthos have varying tolerances for
heavy metals (Webb et al., 2020). For example, crustaceans have
lower Cd tolerance than annelids (Gonzalez, 2004). Additionally,
Zn was negatively correlated with Hg and IL. This indicates that
points with high Zn concentrations have low levels of organic
matter and Hg, which might explain the positive correlation
between Zn and d.

In redundancy analysis, Axis 1 and Axis 2 explained 43.52% of
the variance in species-environment relationships (Figure 13). Pb
and Zn exhibited positive correlations with five dominant species,
except for Heteromastus filiformis. Conversely, As, Cd, Cr, and Hg
showed negative correlations with five dominant species, except for
Amphiodia craterodmeta. Notably, only Heteromastus filiformis
displayed a positive correlation with Cu. The study by Zan et al.
(2015) indicated that As and Hg exerted stress on polychaetes.
Similarly, in our study, Heteromastus filiformis and Ampharete
arctica were negatively correlated with these two heavy metals. In
the study by Tang et al. (2023), Cu concentrations in seawater had a
negative impact on Corophium sp. In this study, Corophium sp. was
negatively correlated with Cu concentrations in sediments.

In BIO-ENV analysis, COD, As, Zn, and mean grain size were
the best environmental variable combinations influencing the
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Values of mean ERM quotient (MERMQ) and ecological risk level at each station. F, February; J, June; S, September; N, November.

macrobenthic community structure. In February, the macrobenthic
community structure was most affected by heavy metals (As and
Zn) (Table 3). In China’s Jiaozhou Bay, coastal waters of Singapore,
and Tunisian harbors, macrobenthic community structures are
similarly influenced by grain size and heavy metals (Lu, 2005;
Zhang et al, 2013; Rebai et al, 2022). Integrating results of
Spearman correlation analysis and BIO-ENV analysis, it is

evident that the macrobenthos in Asan Bay have already been
affected by heavy metals (i.e., As, Cr, and Zn) in surface sediments.

In spearman correlation analysis, all heavy metal indices
performed poorly in correlation with the number of species and
abundance of species (Figure 14). PLL, Pn, and RI are based on
geochemical background concentrations. They primarily
reflect environmental pollution due to human activities
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FIGURE 12

Spearman correlation analysis for heavy metals, number of species, abundance of species, and ecological indices. d, Species Richness index., J',
Pielou’s Evenness index., 1-A', Simpson index., H', Shannon-Wiener Diversity index.
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Corophium sp; HetrFilf, Heteromastus filiformis; TheoFrag, Theora
fragilis; IL, ignition loss; AVS, acid volatile sulfide; COD, chemical oxygen
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(Cuevas et al,, 2023). TRI and MERMQ are based on SQGs,
emphasizing the likelihood of harmful substances in sediments
negatively affecting benthos (Radomirovic et al., 2021). In a study
by Zhao et al. (2023) on the south coast of Zhejiang province,
China, TRI and MERMQ showed an excellent linear relationship

TABLE 3 Results from BIO-ENV analyses for the study area.

10.3389/fmars.2024.1450396

with benthos. In the present study, the poor performance of TRI
and MERMQ might be attributed to heavy metal concentrations in
the research area being below the SQGs. Additionally, compared to
the south coast of Zhejiang province, the differences in the structure
of the macrobenthic community in Asan Bay might also contribute
to the poor performance of TRI and MERMQ with the
macrobenthic community.

4 Conclusions

1. In this study, mean concentrations of heavy metals in surface
sediments in Asan Bay were ranked as follows: Zn > Pb > Cr
> Cu > Cd > As > Hg. Although average concentrations of
these seven heavy metals were below the sediment quality
guidelines (SQGs), the mean concentration of Cd was close
to the threshold effects level (TEL). The mean concentration
of Cd was several times higher than the geochemical
background concentration. As, Cr, and Cu concentrations
showed significant monthly variations (p < 0.05).

2. Based on three heavy metal indices (i.e., PLI, Pn, and RI)
and geochemical background concentration, surface
sediments in Asan Bay have been polluted with heavy
metals. However, based on two indices (i.e., TRI and
MERMQ) and sediment quality guidelines (SQGs), heavy
metals in surface sediments pose no toxic risk to the
macrobenthos. Overall, surface sediments of Asan Bay are
polluted, likely due to anthropogenic activities. Although

Number of Correlation coefficient Environmental variables
environmental variables
February 2 0.457 As, Zn
3 0.439 As, Zn, Mean
4 0.419 As, Zn, Mean, DO
June 3 0.260 As, Salinity, DO
2 0.251 As, DO
2 0.221 Sal, DO
September 5 0.462 COD, Cu, Zn, Hg, DO
5 0.450 COD, Pb, Zn, Hg, DO
5 0.443 Cr, Cu, Zn, Hg, DO
November 3 0.349 COD, Hg, Mean
4 0.341 COD, Hg, Mean, DO
5 0.340 COD, Pb, Hg, Mean, pH
Total 4 0.445 COD, As, Zn, Mean
2 0.441 As, Zn
3 0.440 COD, As, Zn

AVS, acid volatile sulfide; COD, chemical oxygen demand; Mean, mean grain size.
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Spearman correlation analysis for heavy metals indices, number of species, and abundance of species. Pn, nemerow pollution index; PLI, Pollution
load index; RI, potential ecological risk index; MERMQ, Mean ERM quotient; TRI, toxic risk index.

pollution levels are not severe, continuous monitoring and
management are necessary.

3. Spearman correlations and BIO-ENV analysis indicated
that heavy metals (i.e,, As, Cr, and Zn) were primary
environmental factors influencing the macrobenthic
community structure. RDA indicated that most heavy
metals had a negative impact on dominant species. In
Spearman correlation analysis, five heavy metal indices
(PLI, Pn, RI, TRI, and MERMQ) showed poor
performances with the macrobenthic community.
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