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Marine ecosystems in coastal regions are increasingly threatened by
anthropogenic inputs of heavy metal(loid)s, with significant implications for
environmental health. This study evaluates the spatial characteristics and
ecological risks of heavy metal(loid)s in the Rongcheng nearshore environment
through comprehensive analysis of surface water samples and marine organisms
collected during summer 2017. Analytical data revealed that seawater
concentrations for most measured elements complied with Class | standards
(GB 3097-1997), with lead being the sole exception showing moderate
contamination at specific sampling locations. Ecological risk assessment
through integrated indices demonstrated generally favorable conditions, with
both water quality parameters and potential ecological risk values falling within
acceptable ranges. Source apportionment analysis differentiated the heavy metal
(loid)s into two distinct groups: Cu, Pb, Zn, Cr and As predominantly originating
from human activities, whereas Hg and Cd derived mainly from geological
processes. Notably, despite typically low aqueous-phase concentrations, these
elements demonstrate significant biomagnification potential through trophic
transfer processes. Tissue analysis of marine organisms showed compliance
with biological quality standards for most elements, except for localized
exceedances of Cu and As. Bioaccumulation factors consistently above unity
across multiple species highlight considerable seawater-to-organism transfer
efficiency. These findings underscore the importance of maintaining seawater
quality standards to mitigate potential impacts on marine food webs and human
seafood consumption.
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1 Introduction

Heavy metal(loid)s are a class of toxic pollutants that are
persistent, bioaccumulative, and pose significant threats to human
health and the environment (Alyazichi et al,, 2015; Duan et al.,
2021; Madadi et al., 2023). They can enter the marine ecosystem
through various pathways, including surface runoff, coastal
industrial and agricultural wastewater, and urban sewage
discharge (Leung et al., 2021; Avvari et al,, 2022). Once in the
ocean, heavy metal(loid)s can transfer along the food chain, leading
to bioaccumulation and posing further risks to marine ecological
environments (Rubio et al., 2000; Qiu et al,, 2019). Consequently,
the issue of heavy metal(loid) pollution in marine environments has
become a focal point of research (Caccia et al., 2003; Xiang
et al., 2023).

Rongcheng City, located at the easternmost tip of the Shandong
Peninsula, features a favorable natural environment along its coastal
waters, characterized by a flat seabed, high primary productivity,
and abundant aquatic resources, making it an ideal region for
aquaculture development (Sun et al., 2021). The shallow coastal
aquaculture industry in Rongcheng is highly developed, serving as a
major seafood production base for the city and a significant semi-
enclosed marine aquaculture demonstration area in northern
China. Therefore, conducting an assessment of heavy metal(loid)
pollution and its ecological impacts in the coastal waters of
Rongcheng holds dual value for both aquaculture production
activities and ecological environmental protection (Yue et al,
2024). Wu et al. (2017) investigated the concentrations of seven
heavy metal(loid)s in surface sediments from the waters adjacent to
Ailian Bay in Rongcheng. They analyzed the content and spatial
distribution of these heavy metal(loid)s, as well as the potential
ecological risks based on the Hakanson index. The results indicated
that the concentrations of heavy metal(loid)s in the surface
sediments of the study area met the first-class sediment quality
standards, suggesting good sediment quality. The potential
ecological risk index revealed that the overall ecological risk level
of heavy metal(loid)s in the sediments was moderate. Specifically,
Cd at all sampling sites posed a medium potential ecological risk,
while 50% of the sampling sites for Hg also indicated a medium
potential ecological risk, with Cd and Hg identified as the primary
ecological risk factors.

Recent investigations into heavy metal(loid) contamination in
coastal environments have predominantly emphasized their spatial
distribution, origin identification, and pollution evaluation in
surface sediment (Wu et al,, 2017; Wang et al.,, 2022, 2023).
Nevertheless, the biogeochemical cycling of these contaminants in
the water column and marine organisms of Rongcheng’s coastal
ecosystem remains insufficiently explored. From a hydrodynamic
perspective, suspended particulates efficiently scavenge dissolved
heavy metal(loid)s from seawater, facilitating their deposition into
benthic sediments. This process is reversible, however, as sediment-
bound contaminants can re-enter the water column through
biogenic mixing and physical resuspension mechanisms. The
aquatic environment thus functions as a dynamic interfacial
system mediating metal transport pathways. Of particular
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ecological concern is the bioaccumulation potential of these
elements. Riverine discharges and atmospheric deposition
introduce heavy metal(loid)s into marine systems, where they
undergo trophic transfer via two primary mechanisms: direct
uptake by primary producers and biomagnification through
successive trophic levels. These persistent contaminants exhibit
high affinity for calcium-rich tissues and demonstrate remarkable
metabolic stability within organisms, leading to progressive
enrichment in higher consumers. This bioaccumulation pathway
poses substantial human health risks, particularly for populations
with high dietary reliance on contaminated seafood (Chatterjee
et al., 2007).

The present study implements an integrated assessment
framework to examine heavy metal(loid) contamination in
Rongcheng’s coastal waters and associated organisms. Our
objectives are: (1) to elucidate contaminant sources through
multivariate analysis, (2) to quantify ecological risks using
established indices, and (3) to inform the design of targeted
remediation strategies for this vulnerable coastal ecosystem.

2 Materials and methods

2.1 Sample collection and analytical
methods

46 surface seawater samples and 19 marine organisms were
collected from Rongcheng coastal area in July 2017 (Figure 1). The
sample collection, preservation, and transportation methods
followed the ‘Specifications for Marine Surveys’ (GB/T12763-2007).

2.1.1 Seawater sample collection and processing

Subsurface seawater samples (0.5 m depth) were acquired using
acid-cleaned plexiglass samplers, with rigorous pre-treatment
protocols implemented to prevent contamination. For trace metal
analysis (Zn, Cu, Cr, Cd, Pb), samples were stored in pre-rinsed
polyethylene containers, whereas Hg and As required amber glass
bottles due to their volatility. Immediate acidification was
performed using ultrapure HNO; (2 mL per 500 mL sample) for
most metals, while H,SO, served as the preservative for As and Hg
speciation studies. All samples underwent vacuum filtration (0.45
um glass fiber membranes) within 4 hours of collection, followed by
dark refrigeration at 4°C prior to laboratory analysis (Lii
et al,, 2015).

The digestion protocol involved concentrated HNO; (10 mL
per 0.5 L sample) refluxing on a temperature-controlled hotplate
(120°C) until a 10 mL residual volume was achieved. Digestates
were then reconstituted to 25 mL with 1% HNO; matrix solution
and vortex-mixed for homogeneity. Parallel processing of certified
reference materials (CRM) and procedural blanks accompanied
each batch to monitor methodological artifacts (Yue et al., 2024).

2.1.2 Biological sampling methodology
Biological samples were collected using a single-vessel wing-
equipped single-bag bottom trawl (40mx94m/49.3m) during
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FIGURE 1

Geographical locations in Rongcheng coastal area and the sampling stations.

daytime operations. Considering multiple factors including towing
speed, towing direction, current direction, current speed, wind
direction, and wind speed, the trawl was deployed at a distance of
2-4 nautical miles from the station. The towing speed was
controlled at 3-4 knots, and the trawl was expected to reach the
vicinity of the station after 1 hour of towing. Prior to deployment,
the ship’s position was accurately determined. The timing of trawl
deployment was marked by the moment when the towing line
stopped being released and began to experience seabed traction.
During towing, the trawl opening was maintained towards the
station as much as possible while closely monitoring the dynamics
of surrounding vessels and the trawling status of the survey vessel. In
case of abnormal towing, the towing direction was adjusted or the
trawl was immediately hauled in according to the situation. Before
hauling, the ship’s position was accurately recorded again, and the
timing of trawl hauling was defined as the moment when the trawl
winch started reeling in the towing line. Re-trawling was conducted
if severe net damage or significant reduction in catch occurred
(Zhou et al., 2022).

After collection, biological samples were first subjected to
species identification, with biological indicators such as body
length and body mass recorded. Subsequently, the samples were
classified, refrigerated, and transported to the laboratory for further
analysis. Muscle tissues were extracted from fish pectoral fin,
cephalopod head, crab claw, bivalve adductor, and gastropod.
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These tissues were washed with ultrapure water, placed into 10
mL centrifuge tubes, and stored frozen in a refrigerator. The
digestion of biological samples followed the analytical methods
specified in Pretreatment for Analysis of Heavy Metal(loid)s in
Marine Sediments and Marine Organisms (HY/T132-2010). For
each digestion cycle, 0.1 g of biological sample was weighed, and 9
mL of nitric acid and 3 mL of hydrogen peroxide were used as the
digestion solution (Zhang et al., 2023).

2.1.3 Laboratory analytical procedures

Flameless atomic absorption spectrophotometry was used to
measure the levels of Cu, Pb, Zn, and Cd in seawater. Flameless
atomic absorption spectrophotometry was used to determine the
levels of Cu, Pb, and Cd in biological samples, while flame atomic
absorption spectrophotometry was used to determine the levels of
Zn. A Varian 240 FS atomic absorption spectrometer from the USA
was the device in use. An atomic fluorescence photometer
(XGY1011A) was used to measure As and Hg. The detection
limits of Cu, Pb, Zn, Cr, Cd for the Varian 240 FS atomic
absorption spectrometer and As, Hg for XGY1011A atomic
fluorescence photometer are 0.001, 0.01, 0.02, 0.1, 0.005, 0.05, and
0.001pg/L. The quantification limits of Cu, Pb, Zn, Cr, Cd, As, and
Hg are 0.003, 0.02, 0.04, 0.3, 0.015, 0.15, and 0.003 pg/L. Analytical
quality was ensured through blank reagent control, parallel sample
analysis, and certified reference material validation. The accuracy of
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TABLE 1 Relationship between £}, RI, C, WQI and pollution level.
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Pollution level RI Pollution level
<40 Low <105 Low
40 =79 Moderate 105 = 210 Moderate
80-159 Considerabel 210-420 Significant
160-319 High 2420 Very high
=320 Very high

the analysis was validated using the certified reference materials
(GBW080040, GBW080230, and GBW08308) obtained from the
National Standard Reference Materials Center. The same analytical
procedures applied to the samples were employed for the reference
material to ensure consistency and reliability. The Cu, Pb, Zn, Cr,
Cd, As, and Hg values of the certified material are 5 + 0.4, 10 + 0.6,
70 £ 3,5+ 04, 1 £0.06, 1 £ 0.04, and 0.48 + 0.03 pg/L. Spike
recovery rates for all elements were maintained within the range of
90%-110%. Ten percent of the samples were analyzed in triplicate,
with relative standard deviations (RSDs) ranging from 0.05% to
2.5%, ensuring the reliability and reproducibility of the
measurement results (Xiang et al., 2023).

2.2 Analytical assessment method

Spatial data visualization was achieved using Surfer 23.0
software for generating planar distribution maps, while statistical
analyses including principal component analysis and pearson
correlation analysis were performed using SPSS 27.0 (IBM Corp.).
Microsoft Excel 2016 (Microsoft Corp.) was employed for
preliminary data processing and descriptive statistical calculations.

2.2.1 Analytical methods for heavy metals in
seawater

Single factor pollution index (Cy), water quality index (WQI),
potential ecological risk index (RI), pearson correlation coefficient
(PCC) and principal component analysis (PCA) were utilized to
identify sources and evaluate heavy metal(loid) pollution risk.

The Cyis indicative of the pollution level of a single heavy metal
(loid) in seawater. The WQI is widely applied in water quality
assessments (Kiiikrer and Mutlu, 2019), with the capacity to
transform complex water quality data into information that is
comprehensible and utilisable by the public. C; and WQI were
calculated as follows (Equations 1, 2):

¢ =G/C, (1)

1
WQI = Zz;;cf (2)

Where, C; is the measured concentration of heavy metal(loid) i
in seawater or organisms, C; is the first-class standard
concentrations of heavy metal(loid)s in Seawater Quality
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Pollution level wal Pollution level
<1 Low <1 Clean
1-3 Medium 1-2 Slight
3-6 High 2-3 Medium
>6 Serious >3 Serious

Standard (GB 3097-1997). Relationships between Ei, RI, Cp WQI
and pollution level are shown in Table 1.

The RI assesses ecological risks by considering metal toxicity
and background concentrations (Hakanson, 1980). It is calculated
as (Equation 3):

Ci=G/Cy E = T;/C,, RI=3E, 3)

Here, C. represents the contamination factor for the i heavy
metal, where C} and C! denote the measured concentration and
geochemical background value, respectively. T; is the toxic response
factor assigned to each metal. The ecological risk coefficients for
heavy metals are as follows: Zn = 1, Cr =2, Cu= 5, Pb = 5, As = 10,
Cd = 30, and Hg = 40 (Hakanson, 1980). The RI aggregates the
ecological risks of multiple heavy metals. Each metal’s ecological
risk (E) is categorized into five levels: low (<40), moderate (40-79),
considerable (80-159), high (160-319), and very high (=320).
Similarly, the RI is divided into four risk categories: low (RI <
105), moderate (105 < RI < 210), significant (210 < RI < 420), and
very high (RI = 420) (Xu et al., 2021).

2.2.2 Analytical methods for heavy metals in
organisms

The single pollution index (P;) and bio-accumulation factor
(BAF) were used to evaluate heavy metal(loid) pollution risk.

In accordance with the “Marine Biological Quality” (GB18421-
2001) standard, the single factor pollution index method was
employed to assess the extent of heavy metal(loid) contamination
in marine organisms and the calculation formula is as follows
(Equation 4):

P;=C/S; (4)

The single pollution index (P;) was calculated using the
measured concentration of pollutants (C;) and the evaluation
standard or reference value of the pollutants (S;). The evaluation
criteria for heavy metal(loid)s in crustaceans, mollusks (except
shellfish), and fish were based on biological quality standards set
out in the “concise regulations for comprehensive survey of
coastal and sea surface resources in China.” The relevant
standard values are listed in Table 2. Currently, there are no
clear grading standards in China, and it is commonly accepted
that when P; is <1.0, the biological mass meets the standard.
However, when P; is >1.0, the biological mass exceeds the standard
(Xavier et al., 2020).
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TABLE 2 Various types of biological evaluation standards (units: pg/g, wet weight).

Species Cu Pb Zn Cr Cd As Hg
Fish 20 2 40 15 0.6 5 03
Mollusks 100 10 250 55 55 10 03
Crustaceans 100 2 150 1.5 2 8 0.2

BAF refers to the degree of enrichment of heavy metal(loid)s by
organisms from the surrounding environment. In this paper, BWAF
is used to represent the biological concentration coefficient of heavy
metal(loid)s in seawater. The calculation formula is as follows
(Equation 5):

BWAF = C;/C, (5)

C; represents the concentration of heavy metal(loid)s in
organisms (lg/g), C,, indicates the concentration of heavy metal
(loid)s in seawater (ug/L). The choice of sampling seawater from 0.5
m below the surface and using bottom trawl for organisms is highly
relevant to the BAF calculation. The surface - layer seawater at 0.5 m
depth is where organisms at the lower trophic levels, which are the
starting point of the food chain for the target organisms collected by
bottom trawl, directly interact with the water. This layer contains
the dissolved contaminants that can be taken up by these
organisms. The bottom - trawled organisms are the ones that
accumulate these contaminants over time. By using these two
sampling methods, we can accurately measure the concentration
of the target substances in both the source (seawater) and the target
organisms. Our BAF calculation formula takes into account the
concentration differences between these two compartments,
ensuring that the result is correct. For example, in previous
similar studies in Zhang et al,, 2023 and Zhou et al., 2022, the
same sampling depths for seawater and bottom - trawling for
organisms were used, and the BAF results were consistent with
the expected ecological trends.

3 Results and discussion

3.1 Concentrations of heavy metal(loid) in
surface seawater

The contents of Cu, Pb, Zn, Cr, Cd, As and Hg in surface
seawaters of Rongcheng coastal area ranged from 0.004 to 1.65, 0.07
to 3.73, 0.27 to 19.6, 0.97 to 1.64, 0.06 to 0.21, 1.41 to 2.11, and 0.01
to 0.05 pug/L (Table 3), respectively. The mean concentrations were
0.6,1.2,5.1,1.2,0.1, 1.7, and 0.02 ng/L, respectively. According to
the water quality standard of seawater (GB 3097-1997), except for
Pb, the content of all other elements conforms to the first class water
quality standard (Table 1). The concentrations of Cu, Cr, and Hg in
the Rongcheng coastal area were lower than those in Laoshan Bay
(Wang et al., 2019), Laizhou Bay (Lii et al., 2015), and Dingzi Bay
(Pan et al, 2014). However, the Pb and As concentrations in
Rongcheng were significantly higher than those in the
aforementioned areas. The concentrations of Zn and Cd in
Rongcheng were higher than those in Laoshan Bay but lower
than those in Dingzi Bay. Compared to Lianyungang offshore
(Gao et al, 2025), the Rongcheng coastal area exhibited lower
concentrations of Cu, Zn, and Cr, while Pb and As levels were
higher. In contrast, the concentrations of Cd and Hg were similar
between the two regions. When compared to Hangzhou Bay (Zhu
et al., 2024), the Rongcheng coastal area showed lower
concentrations of Cu, Zn, Cr, and Hg, but higher levels of Pb and
As. The Cd concentration in Rongcheng was slightly higher than

TABLE 3 Heavy metal(loid) concentrations in the surface seawater in Rongcheng coastal area (unit: pg/L).

Locations Cu Pb Zn Cr Cd As Hg References
Range 0.004-1.65 0.07-3.73 0.27-19.6 0.97-1.64 0.06-0.21 1.41-2.11 0.01-0.05
This study
Average 0.62 1.24 5.07 1.17 0.13 1.65 0.02
Laoshan Bay 1.50 0.81 1.81 1.23 0.12 1.16 0.02 Wang et al,, 2019
Laizhou Bay 15.88 0.88 - - 0.28 1.40 0.05 Lii et al., 2015
Dingzi Bay 2.02 1.07 23.83 4.10 0.36 1.33 0.05 Pan et al.,, 2014
Lianyungang offshore 1.6 0.1 4.5 0.2 0.1 1.5 0.019 Gao et al,, 2025
Hangzhou Bay 3.06 0.21 9.88 0.57 0.08 0.90 0.06 Zhu et al., 2024
Agadir coastline na 40.5 328.3 na 31.7 na 218.16 Azdem et al., 2024
Bengal Bay 5.76 5.48 53.96 4.03 1.95 na na Achary et al,, 2016
SQS-1 5 1 20 50 1 20 0.05 AQSIQ, 1997

SQS-1 is the first-class standard concentrations of heavy metal(loid)s in Seawater Quality Standard (GB 3097-1997).
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TABLE 4 C;, WQI, RI values for surface seawaters of heavy metal(loid)s in Rongcheng coastal area.

Parameters Cu Pb Zn Cr Cd As Hg
o Range 0.001-0.33 0.07-3.73 0.01-0.98 0.019-0.033 0.06-0.21 0.07-0.11 0.2-0.94
Average 0.12 1.24 025 0.023 0.13 0.08 048

WQI (average) 0.09-0.74 (0.31)

E Range 0.004-1.65 0.36-18.65 0.01-0.98 0.04-0.07 1.81-6.39 0.71-1.06 8-37.6
Average 0.62 6.20 0.250 0.050 3.76 0.83 19.37
RI (average) 15.02-50.43 (30.28)
Contributions to RI 2.01 19.94 0.81 0.15 12.11 2.66 62.34
TABLE 5 Pearson’s correlation between elements in surface seawater.
Cu Pb Zn Cr Cd As Hg
Cu 1
Pb .583** 1
Zn .604** 493** 1
Cr 573% .370* .295% 1
Cd 337 0.159 0.133 0.110 1
As .610%* 0.256 301 354* 0.131 1
Hg 0.081 -0.187 -0.028 0.022 -0.122 0.066 1

**Correlation is significant at the 0.01 level (two-tailed).
*Correlation is significant at the 0.05 level (two-tailed).

that in Hangzhou Bay. In comparison to the Agadir coastline
(Azdem et al,, 2024), the Rongcheng coastal area had significantly
lower concentrations of all measured heavy metals, particularly Pb,
Zn, Cd, and Hg, which were orders of magnitude lower in
Rongcheng. Similarly, the heavy metal concentrations in
Rongcheng were much lower than those in Bengal Bay (Achary
et al,, 2016) for all elements, except for As, which was not reported
in Bengal Bay.

Figure 2 shows the spatial distribution of heavy metal(loid)s in the
surface seawaters in the study area. The distribution of Cu, Pb, Zn, and
Cr were similar, with the high concentrations mainly appeared in the
Rongcheng offshore area. The high concentrations of Cu, Zn, Cd, As,
and Hg were also observed outside of the Shidao Bay.

3.2 Contamination and ecological
assessment in surface seawaters

The Cfvalues for Cu, Pb, Zn, Cr, Cd, As, and Hg in the surface
seawaters in Rongcheng coastal area ranged from 0.001 to 0.33, 0.07
to 3.73,0.01 t0 0.98, 0.019 to 0.033, 0.06 to 0.21, 0.07 to 0.11, and 0.2
to 0.94, respectively, with mean values of 0.12, 1.24, 0.25, 0.023,
0.13, 0.08, and 0.48, respectively (Table 4). Except for Pb, the Cr
values of all other heavy metal(loid)s were less than 1, indicating
these metal(loid)s were in low pollution level. The Cyvalues of Pb at
55% and 5% stations were 1-3 and greater than 3, respectively,
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showing medium and high level pollution (Figure 3). The WQI of
each station in surface seawaters ranged from 0.09 to 0.74, which
was less than 1, indicating that the seawater quality was in a clean
state for overall heavy metal(loid)s during the investigation period
(Ramadan et al., 2021).

Surface seawater analysis revealed a consistent hierarchy of
metal(loid) risk coefficients: Hg exhibited the highest ecological risk
potential, followed sequentially by Pb, Cd, As, Cu, Zn, and Cr
(Table 4). Notably, all monitored elements demonstrated risk
coefficients less than 40 across sampling stations, classifying them
within the negligible ecological risk category according to
Hakanson’s criteria. The RI showed spatial variability ranging
between 15.02 and 50.43 (mean=30.28), as detailed in Table 4
and Figure 3. These values consistently fell below the 105 threshold,
confirming system-wide low ecological risk status (Kiikrer and
Mutlu, 2019). Mercury emerged as the predominant risk
contributor, accounting for 62.34% of total RI values, a pattern
attributable to its exceptionally high ecotoxicity relative to other
analyzed elements.

3.3 Source of heavy metal(loid)s in surface
seawater

The difference of heavy metal(loid)s in seawater may be the
result of multiple factors such as terrigenous input, atmospheric
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FIGURE 3
Spatial distributions of WQI and R/ values in the seawater.

sedimentation, ocean current and fluctuations of physical and
chemical properties of seawater. Table 5 presents the pearson
correlation coefficients between heavy metal(loid) concentrations
in surface seawater. Except for Cu and Pb, Zn, Cr, As showed
positive correlations with each other (r=0.573-0.610), all other
heavy metal(loid)s were less correlated, indicating that the sources
of these heavy metal(loid)s and their occurrence in seawater are not
similar. The occurrence form of heavy metal(loid)s determines their
migration and transformation rule, toxicity magnitude and
environmental toxicological effect in seawater. Given that the
heavy metal(loid)s were hardly absorbed by the seawater, they
were not stable and were susceptible to being affected and
transferred by hydrodynamic and environmental conditions.

PCA was performed to identify potential sources of heavy metal
(loid)s in the Rongcheng coastal waters. The dataset demonstrated
suitability for PCA, with a Kaiser-Meyer-Olkin (KMO) measure of
0.677 and a statistically significant Bartlett’s test (p < 0.001) (Waykar
and Petare, 2016). Three significant principal components (PCs) were
identified, collectively explaining 69.18% of the total variance in the
dataset (Table 6). The first principal component (PC1) accounted for

TABLE 6 Extracted three principal components for surface seawater.

Parameter PC1 PC2 PC3
Cu 091 0.12 0.12
Pb 0.74 -0.2 -0.32
Zn 0.69 -0.02 -0.26
Cr 0.62 0.19 -0.11
Cd 0.38 -0.4 0.8
As 0.64 0.3 0.16
Hg -0.12 0.87 0.24
Eigenvalues 2.81 1.1 0.93
Percentage of variance 40.2 15.77 13.21
Cumulative % eigenvector 40.2 55.97 69.18
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40.2% of the total variance (Figure 4), representing the dominant
pollution source. Strong positive loadings (>0.6) were observed for Cu,
Pb, Zn, Cr, and As on PCl, along with significant inter-element
correlations, suggesting a common anthropogenic origin. Elevated
pollution indices for Pb indicated moderate to high contamination
levels, consistent with human-derived inputs. Potential sources include:
ship-related activities (Cu and Zn from hull erosion and antifouling
paints); industrial and domestic wastewater discharges; Port operations
and maritime transportation (Zhou et al., 2022; Zhang et al., 2023).

PC2 explained 15.77% of variance and showed high positive
loadings for Hg. The low pollution indices and sub-threshold
concentrations across all sampling stations suggest minimal
anthropogenic influence, indicating predominantly natural sources
for this element.

The third component (PC3) contributed 13.21% to total
variance and was characterized by strong positive loading (0.8)
for Cd. This pattern is consistent with geological weathering
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FIGURE 4

Principal component loading diagram for heavy metal(loid)s in the
surface sediments.
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TABLE 7 Heavy metal(loid) concentration in marine organism in Rongcheng coastal area and other areas (unit: pg/g; wet weight).

Locations Species Value Cu Pb Zn Cr Cd As Hg Reference
Range 0.19-32.4 0.014-1.03 3.33-22.3 0.15-0.52 0.01-0.83 1.32-9.76 0.007-0.05
All species
Average 5.09 0.24 9.79 0.3 0.1 32 0.02
Range 0.19-1.19 0.055-1.03 3.33-12 0.26-0.52 0.01-0.030 1.54-9.76 0.01-0.05
Fish
R Average 0.65 0.29 5.96 0.37 0.02 3.72 0.02
ongcheng .
) This study
coastal area Range 1.2-21.2 0.09-0.637 9.6-22.3 0.15-0.36 0.10-0.247 1.32-3.78 0.007-0.02
Mollusks
Average 9.52 0.32 14.16 0.24 0.17 2.5 0.02
Range 2.94-32.4 0.014-0.03 11.3-18.5 0.18-0.27 0.03-0.83 1.84-3.76 0.007-0.02
Crustaceans
Average 10.63 0.02 13.93 0.23 0.23 2.78 0.01
Fish Average 3.75 0.91 50.32 1.02 0.43 0.61 0.64
Hiazh
1az' ou Crustaceans Average 56.82 8.14 162.08 1.95 1.74 1.99 1.51 Zhang et al., 2023
Bay, Jiangsu
Mollusks Average 16.27 1.94 49.29 0.76 0.52 2.32 0.44
Fish Average 3.15 0.60 32.30 na 0.10 na na
Xinghua
. Crustaceans Average 13.00 0.55 65.60 na 0.30 na na Ruan et al., 2000
Bay, Fujian
Mollusks Average 16.60 1.05 113.80 na 0.89 na na
sl Fish Average 0.8 0.05 12.6 na 0.005 0.4 0.007
Jieshi
Bay, Gi don, Zhou et al., 2022
ay, Luangdong Crustaceans Average 12.6 0.59 185 na 0212 12 0.009

na means no data.
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TABLE 8 Standard index (P;) of heavy metal(loid) content in organisms in the study area.

Species Stations Value Cu Pb Zn Cr Cd As Hg
Range 0.01-1.08 0.01-0.06 0.04-0.64 0.03-0.18 0.01-0.43 0.13-1.02 0.01-0.11
All 19
Average 0.38 0.020 025 0.090 0.15 051 0.05
Range 0.03-0.32 0.01-0.01 0.08-0.12 0.12-0.18 0.01-0.41 0.23-0.47 0.04-0.11
Crustaceans 4
Average 0.11 0.010 0.09 0.150 0.11 035 0.07
Range 0.01-0.21 0.01-0.06 0.04-0.09 0.03-0.07 0.02-0.04 0.13-0.38 0.02-0.07
Mollusks 5
Average 0.10 0.030 0.06 0.040 0.03 025 0.05
Range 0.25-1.08 0.01-0.05 0.23-0.64 0.06-0.12 0.08-0.43 0.32-1.02 0.01-0.06
Fish 10
Average 0.63 0.020 0.40 0.080 0.23 0.71 0.03

processes as the likely source of cadmium in the study area. The 3 4 Concentrations of heavy metal(loid) in
primary means by which Cd enters the sea is through atmospheric ~ marine organisms

sedimentation or land-based pollution discharge. The majority of

this Cd exists in the water as suspended colloids in ionic and The contents of Cu, Pb, Zn, Cr, Cd, As and Hg in marine
adsorbed states, while the remainder is found in the bottom  organisms in Rongcheng coastal area ranged from 0.19 to 32.4,
material in the form of residue (Nour et al., 2022). 0.014 to 1.03, 3.33 to 22.3, 0.15 t0 0.52, 0.01 to 0.83, 1.32 t0 9.76, and

TABLE 9 Biological enrichment index (BWSF) of heavy metal(loid)s in Rongcheng coastal area.

Species Stations Organisms Cu Pb Zn Cr Cd As Hg
S18 Oratosquillia oratoria 90.50 0.17 27.90 0.17 6.90 2.49 0.68
S4 Whiskered velvet shrimp 4.19 0.04 4.06 0.21 0.20 1.09 0.46
Crustaceans s27 Whiskered velvet shrimp 347 0.03 2.19 0.20 0.18 1.34 0.32
Trachypenaeus
S33 curvirostris 15.00 0.02 6.81 0.18 0.42 1.92 0.72
Ruditapes
S6 philippinarum 1.11 0.02 0.81 0.33 1.06 1.39 0.88
S25 Loliolus beka 9.15 0.11 2.76 0.17 1.49 0.78 0.88
Mollusks $32 Loliolus beka 247 - 161 021 128 1.08 1.06
S29 Octopus variabilis 37.92 0.55 7.59 0.16 1.70 1.97 0.61
S30 Octopus variabilis 5.19 0.28 3.08 0.11 0.69 2.09 0.35
S42 Hexagrammos otakii 2.87 1.43 7.43 0.24 0.10 1.01 0.81
S10 Pholis fangi 1.63 0.57 1.22 0.40 0.24 1.05 0.70
Cynoglossus
$34 joyneri Guinther 0.54 0.13 0.19 0.19 0.11 2.03 0.81
S23 Raja porosa 1.88 - 6.07 0.27 0.07 6.46 2.23
Fish S31 Raja porosa 0.17 0.08 0.66 0.29 0.08 4.59 1.07
S24 Larimichthys polyactis 0.44 0.11 0.57 0.26 0.19 1.28 2.29
S38 Conger myriaster 0.89 0.19 1.46 0.39 0.14 1.78 0.29
S39 Conger myriaster 2.11 0.21 0.96 0.47 0.15 1.88 0.95
S26 Saurida elongata 1.38 0.67 1.85 0.26 0.19 1.38 0.43
S35 Trachurus japonicus 1.38 0.05 1.00 0.23 0.17 1.35 0.46
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0.007 to 0.05 ng/g, respectively (with means of 5.09, 0.24, 9.79, 0.30,
0.10, 3.20, and 0.02 ug/g, respectively; Table 7). The highest
concentrations of Cu and Cd were found in the Oratosquilla
oratoria of crustaceans, while As and Hg showed the highest
concentration in the fish of the Raja porosa. The highest
concentration of Pb and Cr was observed in the fish species
known as the Pholis fangi and Conger myriaster, and Zn was
most concentrated in the mollusk known as the Octopus
variabilis. The lowest concentrations of Zn and Cd were found in
the fish species known as the Raja porosa. The concentrations of
heavy metals in marine organisms from the Rongcheng coastal area
were generally lower than those in Haizhou Bay (Zhang et al., 2023)
and Xinghua Bay (Ruan et al., 2000), particularly for Pb, Zn, Cd,
and Hg. In contrast, As levels were relatively higher in Rongcheng,
which may indicate region-specific pollution characteristics.
Compared with Jieshi Bay (Zhou et al., 2022), the overall heavy
metal concentrations in Rongcheng were similar or slightly lower,
except for Cd, which exhibited marginally higher levels.

3.5 Human health risk of heavy metal(loid)s
in organisms

A certain regularity can be observed in the average content of
heavy metal(loid) elements in three types of organisms in
Rongcheng coastal area. Fish: Zn>As>Cu>Cr>Pb>Cd>Hg.
Mollusks: Zn>Cu>As>Pb>Cr>Cd>Hg. Crustaceans:
Zn>Cu>As>Cr>Cd>Pb>Hg. Zinc and copper, both essential
elements in the growth and development of marine organisms,
are primarily involved in the synthesis of enzymes in organisms and
are highly concentrated in the organism, becoming an indispensable
part of the organism. The other five heavy metal(loid) elements
have a low or negligible biological demand for their harmful effects,
resulting in a relatively low concentration of enrichment in the
biological body. The high content of arsenic in fish may be affected
by pollution.

In accordance with the biological quality standards set forth in the
Concise Regulations for the Comprehensive Survey of Coastal Zone
and Sea Surface Resources in China, the standard index of heavy metal
(loid) content in marine organisms in the study area is presented in
Table 8. The average standard index of heavy metal(loid) content in
fish was As > Cu > Zn > Cd > Cr > Hg > Pb, and As and Cu at some
stations exceeded the standard. The average index of heavy content in
mollusks was As > Cu > Zn > Hg > Cr > Pb > Cd, and all standard
indices met the standard requirements. The average standard index of
heavy metal(loid) content in crustaceans was As > Cr > Cu > Cd > Zn >
Hg > Pb, and each index met the standard requirements. As had the
average standard index was highest in fish, mollusks, and crustaceans
(0.71, 0.25, and 0.35, respectively) (Table 8). The standard indices of the
remaining heavy metal(loid)s were low, indicating that they met the
corresponding biological quality standards.
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The capacity of marine organisms to accumulate heavy metal(loid)
s was quantified using the BAF. BWAF > 1 indicates that the organism
has a strong capacity for the enrichment of heavy metal(loid)s from
seawater. This capacity is proportional to the value. The concentration
of heavy metal(loid)s in seawater is often very low, but the pollutants in
the seawater can be concentrated step by step in the higher level of
organisms through the food chain (Dean et al, 2007). The results
showed that the contents of heavy metal(loid)s in the surface seawaters
in Rongcheng coastal area were low, but except for Pb and Cr, the
BWAF values of other heavy metal(loid)s in most stations were greater
than 1 (Table 9), indicating that the organisms in the study area have
strong enrichment capacity of these metal(loid)s from seawater
(Harada, 2016). Crustaceans and mollusks exhibited higher
enrichment of Cu, Zn and Cd than fish. The ingestion of heavy
metal(loid)s by crustaceans occurs through the filtration of seawater,
with the concentration of heavy metal(loid)s in their tissues being
significantly influenced by the habitat. The BWAF values of fish were
relatively lower than those of other species, reflecting the fact that fish
have a wide range of activities in water and a strong metabolic capacity
(Islam and Tanaka, 2004; Hoai et al, 2020), but fish demonstrated
strong enrichment of Hg in the study area.

4 Conclusion

This investigation systematically evaluated the spatial patterns and
contamination characteristics of heavy metal(loid)s in both surface
waters and marine organisms from Rongcheng’s coastal region. The
analysis revealed distinct distribution trends among the studied
elements in seawater, with Cu, Pb, Zn, and Cr demonstrating similar
spatial patterns characterized by elevated concentrations in nearshore
waters. Notably, all measured elements except Pb complied with the
Class 1 water quality criteria (GB 3097-1997), though Pb exhibited
concerning contamination levels, exceeding thresholds at 55% of
sampling sites (moderate pollution) and 5% of sites (severe
pollution). The ecological risk assessment indicated generally
favorable conditions, with seawater quality maintaining clean status
and posing minimal ecological threats. Source apportionment analysis
identified anthropogenic activities as the primary contributors for Cu,
Pb, Zn, Cr, and As, while Hg and Cd originated predominantly from
natural geological processes. Biological samples displayed consistent
metal accumulation patterns across different taxa: Fish: Zn > As > Cu >
Cr > Pb > Cd > Hg. Mollusks: Zn > Cu > As > Pb > Cr > Cd > Hg.
Crustaceans: Zn > Cu > As > Cr > Cd > Pb > Hg. Quality assessment
revealed localized exceedances of safety thresholds for Cu and As in
certain organisms, while other elements remained within acceptable
limits. The BWAF consistently exceeded unity for most elements,
demonstrating significant bioaccumulation potential in local marine
species. These findings underscore the critical need for maintaining
seawater quality standards to safeguard marine food resources and
protect human health through seafood consumption.
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