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Nowadays, heavy metal (HM) contamination and their ecological risk in coastal
sediments are global issues. This research provides insight into the heavy metals’
contamination, source apportionment, and potential ecological risks in the
surface sediments of the Xiang-Shan wetland in Taiwan, which is undergoing
rapid economic development, mainly by the semiconductor industries. The
levels of twelve metals and total organic matter (TOM) were measured in 44
samples of surface sediment during the spring and winter seasons of 2022.
Subsequently, the single and comprehensive pollution indices were assessed.
The findings showed that the average of HM contents exhibited a descending
sequence of Al>Fe >Mn >Zn>Co>Ga>Cr>Cu>In > Ni>Pb = Cd during
both seasons. The E;, lg.o, and Pl showed that the majority of sediment samples
were uncontaminated to heavily contaminated by Fe, Al, Zn, Cu, Mn, Cr, Ni, Co
and Ga, and extremely contaminated by In. Moreover, PLI and mCgy unveiled
that the surface sediments of DJ, OB, and KY stations were strongly or extremely
polluted. PERI revealed that the sediment shows minimal to moderate ecological
risk. The findings of multivariate analyses suggested that Fe, Al, Cu, Zn, and Ni
derived from natural sources, while Ga, In, Co, Cr, and Mn originated from both
anthropogenic and natural origins. Hence, it is critical that HM contamination,
particularly Co, In, and Ga, be continuously monitored in the study area. Our data
provide significant insights for more effective prevention and evaluation of HM
contamination in the aquatic-sedimentary ecosystems of Taiwan.
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Introduction

Due to fast industrialization and urbanization, heavy metals (HMs)
in marine ecosystems have been recognized as significant intermediary
sources for the presence of contamination in marine environments and
even population health (1). They are a grave hazard to people, living
creatures, and natural settings owing to their unique physicochemical
properties, such as high density, toxicity, persistence, bioaccumulation
traits, and difficulty in removing them by self-purification (2-6). The
accumulation of HM in living organisms and food webs is another
manner in which HMs contribute to the deterioration of marine
environments by diminishing species variety and richness (7, 8).
Anthropogenically, HMs can enter marine and coastal ecosystems via
multiple sources, e.g., agriculture, sewage, industries and household
discharges (9). Additionally, they are triggered naturally by lithogenic
events, including air deposition (10, 11).

Once heavy metals enter the aquatic system from different origins,
some of them may dissolve, while others may bind to the suspended
particles and eventually sink in the sedimentary substrate over time (12,
13). Due to fluctuations and discontinuities in water movement,
sediment is an indispensable and dynamic factor in aquatic
environments. It has biogeochemical and physical properties that assess
the potential risks to the environment, and it has given us better tools for
figuring out where heavy metals come from and how they are distributed
than the water inspection over it (1). As a natural reservoir for the
preponderance of metal contaminants dispersed into seawater, marine
sediments can be utilized to evaluate the contamination level and
environmental threat posed by HMs in various marine habitats (14-18).
The evaluation of these characteristics offers crucial data about the
effects of HM contamination and encourages environmentalists toward
appropriate remediation solutions (19, 20). Likewise, such data will help
authorities, legislators, and environmental activists understand the
associations among coastal improvement and its efficient management
to safeguard coastlines from global HM contamination (21).

Considering the vitality of the coastal ecosystem, several
investigations on the contamination of sediments by HMs have been
accomplished (22-26) and a number of geochemical and pollution
indices, including the geoaccumulation index (I,), contamination
factor (C), enrichment factor (Ey), pollution load index (PLI),
modified contamination degree (mC,,), potential ecological risk
index (PERI), and sediment quality guidelines (SQGs), have been
established in order to calculate the contamination level and
environmental risk of HMs in marine sediments (25, 27-35).
Furthermore, bivariate and multivariate statistical approaches, such as
the Pearson’s correlation coeflicient (PCC), Principle component
analysis (PCA), and Hierarchical cluster analysis (HCA), are being
implemented progressively to discover the potential origins of HMs
and measure their pollution degree in sediments (26, 36-39).

In Taiwan, the government and researchers devoted scant
attention to environmental issues spurred by sediment pollution with
heavy metals. Recently, human operations for economic growth,
mainly by industry, have been consistently and swiftly intensified,
especially in Hsinchu city. After the 1980s, Hsinchu City had a new
era of industrial expansion, and Hsinchu Science Industrial Park
(HSIP) rose to the top position of semiconductor production around
the globe. Besides, this park contained numerous innovative
manufacturers of light-emitting diodes, liquid crystal displays, and
optoelectronic plates, etc. According to the fabrication procedures of
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high-tech devices, a wide variety of substances are utilized in huge
quantities. Despite stringent surveillance, the ultimate effluent water
from the treatment plant still contains a significant proportion of
contaminants (25). In HSIP, the daily water intake exceeds 200
thousand CMD, and the final wastewater from the wastewater
treatment plant of the HSIP (over 100 thousand CMD) is released into
the KeYa river. The Xiang-Shan wetland receives a large amount of
freshwater from the KeYa stream since the KeYa river is the primary
terrestrial source of freshwater. Over 40 % of freshwater production is
wastewater from the treatment plant; approximately 40 % is untreated
household waste; and less than 20 % is natural water gathered in the
catchment region of the river. The new era of technological
advancement introduced different forms of contaminants that settled
on the surface of sediment and were immobilized by the adsorption
process (40, 41). Therefore, it is critical to explore the ecological
concerns and determine the existing level of HM pollution in marine
sediments as well as the probable sources in Xiang-Shan wetland.

Yet, there is little accessible knowledge regarding the Xiang-Shan
wetland’s heavy metal pollution and related health threats. Improving
knowledge of sediment heavy metal pollution helps stakeholders,
including the government and the public, safeguard the distinctive
hydrological and biological ecosystem of the Xiang-Shan wetland.
Therefore, 44 surface sediment samples were collected during two
seasons to (1) investigate the sediment properties like, granulometric
analysis (GSA) and total organic matter (TOM), (2) determine the
total contents of twelve metals (e.g., Zn, Al, Ni, Fe, Cu, Mn, Co, Cr, In,
Cd, Ga, and Pb), (3) assess the contamination level and possible risks
associated with the studied elements, and (4) explore the potential
origins of HMs by utilizing bivariate and multivariate statistical
analysis. The findings on HM pollution and risks in the Xiang-Shan
wetland’s surface sediments described herein are likely to be useful to
environmental researchers and lawmakers.

Materials and methods
Study area

The Xiang-Shan wetland is situated west of Hsinchu city in
Taiwan, between the KeYa river and HaiShan Fishing Harbor
(Figure 1). The study area is 17 km?, with an 8-kilometer shoreline. It
is characterized by fine sediments and a variety of species like
crustaceans, prawns, benthic invertebrates, shellfish, and endangered
avian species (42, 43). Since 1980, Hsinchu has been transformed into
a significant center of high-tech industry, where the Hsinchu Science
Industrial Park (HSIP) and its environs are home to the information
technology (IT) industrial complex, commonly recognized as “Eastern
Silicon Valley” The HSIP is one of the largest emitters of treated water
discharges (104,842 m’/d), according to Taiwans EPA permit
registration. In the late 1990s, there were a number of noteworthy
ecological incidents, such as the foul river water odor, aberrant blood
test results of local residents, and frequent dead fish episodes in the
KeYa stream (44, 45). The KeYa River is the main river that runs across
the industrialized urban area. In fact, the watershed contains over 500
manufacturing facilities, including factories for electroplating, glass,
cement, paper, pulp mills, computer chip manufacturing, container
assembly, dyeing, rubber production, chemical plants, fertilizer
manufacturing, printing, and metallic analyzing. Nowadays, the KeYa
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Map of the study stations illustrates the sampling locations (Surfer v. 10.7.972).

River continues to be the primary water body in Hsinchu City for
collecting various pollutants dumped from domestic drainage from
the surrounding population, agricultural and industrial effluent, and
possibly occasionally illicit disposal of unprocessed wastewater from
propagated industries (46). As a result, the Xiang-Shan wetland
receives all of the freshwater from the KeYa river, and all contaminants
from urban, agricultural, and industrial uses either sink in the
sediments or are swept away by the shifting tides to the Taiwan Strait.
Among the many contaminants, anthropogenic metals are extremely
mobile and bioavailable and can harm aquatic creatures and human
populations (47, 48).

Sediment sampling and preparation

The study area covers an area of about 1,600 hectares overall,
with a shoreline of about 8 km and it was split up into nine
primary stations (KeYa (KY), KeYa Water Supply Center (KW),
DaJuang (DJ), HuiMin (HM), FongCin (FC), HaiShan (HS),
Oyster Bed (OB), YenKan (YK), and Mangrove Area (MA)), each
of which had a number of locations spaced approximately 400
meters apart that extended from the shore to the interior
(perpendicular to the coast). The main sampling stations were
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divided into 2, 2, 3, 2, 2, 3, 3, 2, and 3 locations for KY, KW, DJ,
HM, FC, HS, OB, YK, and MA, respectively (Figure 1). In this
research, 44 samples of surface sediment (0-5 cm deep) were
gathered from 22 locations in the spring and winter of 2022. The
same approach was employed to gather sediment samples in the
winter as in the spring (n = 22).

At each sampling location, surface sediments were collected in
labeled plastic bags using a sanitized glass scraper in order to prevent
possible cross-contamination, and each sample was obtained by
combining four subsamples. Then, about 500 g of combined sediment
subsamples were put in a sealed plastic bag to keep the sample clean,
clearly marked, and immediately transferred to the laboratory in a
cool container. In our lab, sediment samples were dried in a dust-free
area. The semi-dried state, it was smashed using an unpolluted glass
vessel and dried in the oven at 50°C for two hours to eliminate the
moisture content. Once dry, we removed non-sediment impurities
such as roots, shells, gravel, and other debris. Following this, each
sediment sample was split into three groups as follows: 100 g for GSA,
20 g for TOM, and 50 g for HMs analysis, and preserved at room
temperature in plastic bags until examination. For heavy metal and
total organic carbon analyses, about 10 g of each dried sediment
sample were disaggregated with agate mortar into very fine grains (<
0.063 mm).
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Geochemical analyses

Grain size analysis

Mechanical sieve methods were used to perform grain size
analysis (GSA) for Xiang-Shan sediments (49). The particle-size
fractions were differentiated by passing 100 grams of dried sediment
through a stainless-steel sieve. Particle sizes were expressed using the
phi scale (), since the logarithmic scale is more convenient than the
equimultiple scale. Seven categories were acquired: gravel
(-, > 2000 pm), very coarse sand (®,> 1,000 um), coarse sand
(@, > 500 pm), medium sand (®, > 250 pm), fine sand (P; > 125 pm),
very fine sand (®,>63 um) and silt or clay (®s< 63 pm). The
resultant sediment categories were re-classified into three distinct
sand (@, + D, + D, + ®,),

classes: gravel (®_)), and mud

(D, + D) (25).

Total organic carbon

The Walkley-Black procedure was employed for quantifying total
organic carbon (TOC) in surface sediments (50). 0.5 g of pulverized
sediment was heated exothermically and oxidized with 1 N potassium
dichromate (Cr,0O,7%) and sulfuric acid (1:2). To eradicate excess
dichromate, the solution was then adjusted with 0.5 N ferrous sulfate
heptahydrate (FeSO,. 7H,0) solution after adding o-phenanthroline
indicator (3 to 4 droplets). Accordingly, the results were multiplied by
1.8 to get the organic matter values. Likewise, the blank titration was
carried out to standardize the Cr,O,2

Bioavailable of heavy metals concentrations
(mg/kg)

Twelve metals were measured in surface sediment samples using
the acid digestion method (51). To evaluate the heavy metal contents,
0.5 gram of each homogenized sample was digested by a 12 mL
combination of hydrochloric and nitric acids (1:3) and then heated
inside a microwave oven (MarsXpress) for 12 min at 175°C. After the
digestion process, each extract was dissolved into fifty milliliters of
high-purity water (Millipore Direct-Q System), filtrated by filter
paper with a pore size of 40 mm (ADVANTEC, Japan), and Zn, Al,
Ni, Fe, Cu, Mn, Co, Cr, In, Cd, Ga, and Pb concentrations were
measured using an inductively coupled plasma (ICP-OES) at National
Tsing Hua University in Taiwan. The ICP multi-element standard
solution (1,000 ppm) was employed to generate the calibration
curves, and the samples were only examined when the r* was higher
than 0.995. The instrument was recalibrated if there was a deviation

10.3389/fpubh.2025.1459060

of over 10% after the initial calibration and after the analysis of ten
samples. Also, the recovery rates for the examined heavy metals
fluctuated between 96.3 and 103%. For quality control, all apparatus
was cleaned and sterilized for 24 h in a nitric acid solution (10%)
before being rinsed in double-distilled water. In our research, Merck
PA reagents were employed throughout the experiments. The results
were displayed as mg/kg and three digestions of each sample
were achieved.

Determination of pollution degree
Single pollution indices

Enrichment factor (E,)

To assess the level of HM enrichment in sediment, the E; was
applied by comparing the measured element to a reference
metal (52).

In our work, Iron (Fe) served as a conservative element to
standardize the detected metal levels in sediment because it is the
fourth most prevalent element in the shale, has a natural content that
tends to be consistent, is a carrier of numerous metals, and has a fine
uniform surface (53, 54). Ef values are given by the following
formula (55):

Efi = (C’m +Fe,, )Sample / (C}) + Feb)crust

Where Cl, and CZ are the ratios of the sample’s heavy metal i
value to its earth’s crust value, respectively; whereas Fe,, and Fe,
are the detected iron level and its value in the crust, respectively.
Here, we used the average shale values (ASVs) determined by
Turwkian and Wedepohl as the reference, which are: Zn: 95, Al:
80,000, Ni: 68, Fe: 47,200, Cu: 45, Mn: 850, Pb: 20, Cr: 90, In: 0.1,
Cd: 0.3, and Co = Ga: 19 mg.kg™ (56). Since the enrichment factor
technique does not have a recognized classification scheme for
contamination levels, seven professional classes have been offered
in Table 1 (57).

Geo-accumulation index (lge,)

The geoaccumulation index is applied to calculate the HMs
contamination without taking into consideration geogenic conditions
(58). I, can be calculated as follows:

TABLE 1 Degrees of heavy metal contamination determined by single pollution indices.

Categories Contamination Contamination Contamination
degree degree degree
0 <1 No enrichment <1 Nil to minor pollution G<1 Low pollution
1 1<E<3 Minor enrichment 1< <2 Moderate pollution 1<G<3 Moderate pollution
2 3<E<5 Moderate enrichment 2< <3 Severe pollution 3<G<6 Considerable pollution
3 5<E<10 Heavily enrichment 3< I, <4 Very severe pollution C>6 High pollution
4 10 <E;<25 Severe enrichment 4<Te<5 Significant pollution
5 25 <E;<50 Very severe enrichment Lo >5 Extreme pollution
6 E/>50 Extremely enrichment
Acevedo-Figueroa et al. (57) Forstner et al. (124) Chakraborty et al. (62) and Tian et al. (109)
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Igeoi =log, (Ci,, +1.5 C;;)

wherein 1.5 represents the baseline matrix adjustment factor that
mitigates the influences of geological contributions (59, 60). Based on
the I, sediment samples can be allocated into different distinct
categories (Table 1).

Comprehensive pollution indices

Pollution load index (PLI)

PLI is calculated as the nth root of the outcome of n Cyand can
be used to ascertain the aggregate pollution at the studied stations.
The subsequent equations were employed to compute Ci, and PLI
(61, 62):

¢ -(ch )

PLE =n [CfFe x Cf 41 % Cfan x Cf zu x Cf X)
Cfni x Cfco X Cfer X CfGa x Cf

whereas C',. refers to the single contamination factor for the metal
i. As shown in Tables 1, 2, the C’f and PLI have been classified into
several pollution levels. '

Modified contamination factor (mCe,)

Likewise, the comprehensive pollution of multiple elements per
sampling station was evaluated utilizing the modified degree of
contamination (mCy,) approach (30). mCyq,, developed by Abrahim
and Parker (63) and it calculated as follows:

10.3389/fpubh.2025.1459060

Since # indicates the number of measured elements. The mC,, is
classified into various classes; see Table 2.

Nemerow comprehensive pollution index (Py)

The Nemerow comprehensive pollution index (Py) is another
method for determining the total pollution degree of heavy metals
throughout all stations (64), and it was estimated using an individual

pollution index (PI):
PI=(C}y / C} )
G y : (Pl )

Where PI’,,. represents the average singular pollution index
level of a metal, and PIf-nax signifies its maximum level. Based on
Yang et al. (65), Py is categorized into five levels of pollution
(Table 2).

Evaluate the potential ecological risk

Potential ecological risk index (PERI)

This study applied the PERI in order to evaluate the possible risks
posed by heavy metals (66). This index extensively considers the
synergy, hazardous threshold, heavy metal content, and environmental
sensitivity of elements (67-69). The PERI is composed of three
fundamental factors: potential ecological risk factor (E%), toxic-
response factor (Tﬁ), and contamination level (Ci,,). Accordingly, both
individual (E’k) and cumulative (PERT) ecological risks were
computed via these equations:

¢ =(ch )

Eh =TI xC,

i i i f
Cl, = (cm pae b)
e g
_ i
e PERI= 3 E
n i=1
TABLE 2 Categories of heavy metal pollution by comprehensive pollution indices.

Classes PLI Pollution level MCeq Pollution level Py Pollution level
Nil to very low <0.7 Non-polluted

1 <1 Unpolluted <2
contamination

2 1<PLI<2 Slightly polluted 2<mCy, <4 Slight contamination 0.7 <Py<1 Minor pollution

3 2<PLI<3 Strongly polluted 4<mCy,<8 Strong contamination 1<Py<2 Moderate pollution

4 PLI>3 Heavily polluted 8 <mCy, <16 Heavy contamination 2<Py<3 Significant pollution

5 16 < mCy, < 32 Severe contamination Py>3 Extremely pollution
Extremely

6 mC, > 32
contamination

Tian et al. (62) Abrahim and Parker (63) Yang et al. (65)
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Where C} and E; reflect to the single contamination factor
and potential ecological risk index for the element i, respectively,
while T! is the biological toxic factor of a certain metal that is
established for Mn=Zn=1, Cd=30, Cr=2, and
Cu=Ni=Co=Pb=5(66).

In this research, eight contaminants involving Zn, Ni, Cr, Pb,
Mn, Co, Cu, and Cd are considered by the classical PERI method.
The current work modified the classification guideline for the
metal’s ecological risk indices as a result of the variation in
contaminant forms and quantities (70). The greatest value of T\ had
been chosen to represent the minimal level limit of E! , and the
subsequent level limits were then doubled. Similarly, by setting the
rounding digit of ZT,f as the smallest level limit of PERI, the
subsequent level limits were then doubled (70). The modified
classification guidelines of PERI in sediment are illustrated in
Table 3.

Sediment quality guidelines (SQGs)

Our findings were compared with different worldwide
guidelines to better express the quality and adverse effects of HMs
in sediment. This method includes four international guidelines:
(1) the Australian and New Zealand Environment and
Conservation Council and the Agriculture and Resource
Management Council of Australia and New Zealand (71); (2) the
National Oceanic and Atmospheric Administration of the USA
(NOAA) (72); (3) the Canadian Council of Ministers of the
Environment (73); and (4) Taiwan’s national standard guidelines
(74). For different heavy metals, there are lower and upper limits
for each of the four typical guidelines. Negative effects
“infrequently or rarely emerge” if the metal level surpasses the
lower limit, but they “frequently occur” if the level surpasses the
upper limit (75).

Statistical analyses

The data were pre-processed utilizing the Excel Pro +2019
software, and they are demonstrated as averages for the studied
locations. All descriptive data (e.g., maximum, minimum, average,
and standard deviation) and the ANOVA were executed by SPSS
version 25 (p <0.05) (76, 77). In order to compute the HMs
pollution and their probably risks in the sediment of the Xiang-
Shan wetland, several ecological pollution indicators were
computed and visualized by Origin 2021 (v. 9.8). Simultaneously,

TABLE 3 Classification of ecological risks posed by heavy metal pollution.

Classes Single and

comprehensive

ecological risk

level
1 <30 <40 Minimal risk
2 30 <Ez<60 40 < PERI <80 Moderate risk
3 60 <E, <120 80 < PERI <160 Considerable risk
4 120 < Ex <240 160 < PERI <320 | Strong risk
5 Eq > 240 PERI >320 Extremely risk

Hakanson (66) and Li et al. (70)
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multivariate statistical analyses such as principal component
analysis (PCA) and hierarchical cluster analysis (HCA) were
conducted to identify probable heavy metal sources (78).
Furthermore, the relationship among HMs and sediment properties
was examined via Pearson’s correlation coefficient (PCC) to validate
the findings of multivariate analyses (26). PCC and PCA were
displayed using the “corrplot” package in R programming v. 4.2.2
(p <0.001, 0.01, and 0.05) (79, 80) and Origin 2021 (v. 9.8),
respectively, while the HCA dendrogram was plotted by the
PC-ORD 5 program (81) according to the Euclidean distance and
the Ward methods.

Results
Sediment properties

Grain size analysis

The granulometry of surface sediment at Xiang-Shan wetland is
depicted in Figure 2. Based on the GSA findings, sediment grains
were divided into seven fractions with various sizes and further
grouped into three major classes (gravel, sand, and mud). Seasonally,
the mean particle size of surface sediment fluctuated between (0.00-
0.38%) for gravel, (24.18-68.44%) for sand, and (31.35-75.44%) for
mud in spring, while in winter it ranged from 0.03 to 0.51%, 29.10
to 68.64%, and 30.86 to 70.84% for gravel, sand, and mud,
respectively. Geographically, the surface sediments of KY, KW, and
HS stations were predominated by sand, while DJ, HM, FC, OB, and
MA were characterized by mud sediments in both seasons. Overall,
all studied stations were dominated by mud and sand sediments. In
contrast, the gravel particles demonstrated minimal proportions at
all stations.

Total organic matter (TOM)

The mean TOM contents in the surface sediment of the
Xiang-Shan wetland are illustrated in Figure 3. The TOM levels at
the surface sediments fluctuated between 0.72-5.45% and 0.65-
3.09% in spring and winter, respectively. Moreover, the greatest
content of TOM was recorded at KY station, followed by MA, OB,
and DJ, while the lowest contents were recorded at HS station
during different seasons. Specifically, the surface sediments of the
KY and MA stations were highly enriched with TOM in
both seasons.

Total concentrations of HM in surface
sediments

Supplementary Table 1 illustrates the average levels of HMs in
the surface sediment of the examined stations during the two
seasons. The levels of Iron (Fe), Aluminum (Al), Magnesium
(Mn), Copper (Cu), Zinc (Zn), Gallium (Ga), Indium (In), Nickel
(Ni), Chromium (Cr), Cobalt (Co) varied in the ranges of
24115.00-42123.33, 19234.50-51850.00, 319.15-764.73, 12.17-
117.80, 65.90-252.05, 64.05-121.63, 27.40-56.23, 15.55-45.25,
55.35-112.87, 69.25-134.60 mg/kg, respectively, for spring, and
23445.00-38624.67, 20785.00-48285.00, 266.05-667.37, 11.05-
77.15, 60.20-233.80, 57.35-106.40, 17.90-48.57, 16.90-37.05,

frontiersin.org


https://doi.org/10.3389/fpubh.2025.1459060
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Salah-Tantawy et al.

10.3389/fpubh.2025.1459060

Granulometric Analysis (GSA)
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Grain size analysis of surface sediments at Xiang-Shan wetland during the spring and winter seasons (KY: KeYa, KW: KeYa Water Supply Center, DJ:
DaJuang, HM: HuiMin, FC: FongCin, HS: HaiShan, OB: Oyster Bed, YK: YenKan, MA: Mangrove Area).

A F AT
o 0.74
I 0.74
[ ¥ 1 1.88
C m— 2
e 0.97
I .51

N

T

FIGURE 3

1 0.81

I 081

1 Spring = Winter

1 2.96

o>

N 0.72
S . 0.65
o© I 161
| - 1.18
3T 1.1
& — .05
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46.90-109.23, 58.35-121.97 mg/kg, respectively, for winter. All
stations had Pb and Cd concentrations below the detection limit
for both seasons. Spatially, the maximum levels of HMs such as Al,
Co, Cr, Ga, and In at DJ station (51850.00, 134.60, 112.87, 121.63,
and 56.23 mg/kg, respectively) were observed in the spring season,
while Zn, Cu, and Ni were detected at KY station (252.05, 117.80,
and 45.25 mg/kg, respectively). OB and MA stations recorded
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high concentrations of Mn and Fe (764.73 and 42123.33,
respectively). Inversely, surface sediments at KW station exhibited
the minimum levels of Fe, Al, Co, Cr, and Ga (23445.00, 19234.50,
58.35, 46.90, and 57.35 mg/kg, respectively), and at YK station for
Zn, Ni, and In (60.20, 15.55, and 17.90 mg/kg, respectively). Also,
Mn and Cu concentrations (266.05 and 11.05 mg/kg) were low in
KY and FC stations respectively, in the winter.
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Assessment of heavy metal- polluted
sediments

In our research, five reliable indicators were employed to estimate
the extent of contamination by HMs in surface sediments, of which
two indicators (E;and I.,) were employed to gauge the pollution by
certain metals, and the other three (PLI, mC,,, and Py) were used for
comprehensive pollution assessment.

10.3389/fpubh.2025.1459060

Enrichment factor (E))

Figure 4 depicts the calculated E;and contamination degree for
each metal in Xiang-Shan wetland based on Iron (Fe) as the
reference metal. The ranges (mean) of the E;of Al, Mn, Cu, Zn, Co,
Cr, Ni, Ga, and In at the study area during different seasons were
0.47-0.94 (0.70), 0.54-1.43 (1.02), 0.43-4.51 (1.35), 1.18-4.57
(1.99), 6.05-8.75 (7.40), 1.05-1.62 (1.31), 0.39-1.15 (0.58), 6.08—
9.17 (7.52), and 334.00-666.93 (554.85), respectively. Based on the
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categories of E, (Table 1), Al, Cd, and Pb showed no enrichment
(class 0) in all study stations, while Zn, Cu, Ni, and Cr fluctuated
between class 0 (< 1) and class 2 (< 5). Moreover, E;for Co and Ga
were subjected to class 3 (< 10), and class 6 for In (> 50).

Geoaccumulation index (lge.)

The computed I, and contamination degree at all sampling
stations in two seasons are demonstrated in Figure 5. The ranges
(mean) of the L, of Fe, Al, Mn, Cu, Zn, Ni, Co, Cr, Ga, and In were
0.10-0.18 (0.13), 0.05-0.13 (0.09), 0.06-0.18 (0.13), 0.05-0.53 (0.17),
0.13-0.53 (0.25), 0.05-0.13 (0.07), 0.62-1.42 (0.94), 0.10-0.25 (0.17),
0.61-1.28 (0.94), and 35.92-112.84 (70.54), respectively. According
to Table 1, the I, levels for all investigated metals at all studied
stations in the spring and winter were unpolluted (< 1), except Co
and Ga at DJ, OB, and MA stations showed moderate pollution (class
1), and In values subjected to class 5 (> 5) at all study stations.

Pollution load index (PLI)

The PLI, as a comprehensive index, served to measure the
deposition levels of HMs in the Xiang-Shan wetland’s surface
sediments, as shown in Figure 6A. Seasonally, PLI varied from 1.37 to
2.80 and 1.03 to 1.11 with an average of 1.87 and 1.06 in the spring and
winter samples, respectively, indicating the range of slightly polluted
(< 1) to heavily polluted (> 2). The mean values of PLI at most studied
stations fall under class 1 (1 < PLI < 2) in both spring and winter
sediment samples, except at 3 stations (KY, DJ, and OB) where they
were greater than 2 (class 2) in the spring season (Table 2).

Modified contamination degree (mCge,)

Modified degree of contamination (mCy,) was implemented to
compute the overall pollution level of all HMs in surface sediment
samples (Figure 6B). mCy, varied from 23.82 to 48.65 with an average
of 32.88 and from 15.77 to 42.03 with an average of 28.10 in the
sediments during spring and winter, respectively. According to the mCy,,
classification (Table 2), the sampling stations fluctuated between severe
and extremely polluted (classes 5 and 6, respectively) in the spring
season, while, in the winter, the contamination degree ranged from
heavy to extremely (classes 4 and 6, respectively) at the studied stations.

Nemerow integrated pollution index (Py)

The Py index was calculated to calculate the comprehensive
contamination for each metal across all sediment samples; see
Supplementary Table 2. In our study, the mean levels of Py for each metal
ranged from 0.00 to 479.66 with average (38.72), reflecting the range of
unpolluted (Py < 0.7) to extremely polluted (Py > 3). The mean Py values
for In, Ga, and Co were subjected to class 4 (Py > 3), while the other metals
ranged from unpolluted (Py < 0.7) to significant pollution (2 < Py < 3).

Determine the potential ecological risks of
heavy metals

Potential ecological risk index (PERI)

PERI is an integrative indicator that is calculated from the
individual ecological risk (Eg) of each element. As shown in Figure 7A
and Table 3, the mean E; values for Cr, Mn, Cu, Zn, Pb, Cd, and Ni fall
under class 1 (Eg < 30), while for Co ranged between minimal
(Er<30) and moderate risk (30 <Ez<60) throughout the
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Xiang-Shan wetland in both spring and winter. Additionally, PERI
ranged between 25.32-52.97 (mean = 35.25) in summer and 21.77-
45.37 (mean = 30.74) in winter (Figure 7B). Based on the PERI classes
(Table 3), all studied stations displayed a minimal ecological risk to
the environment, with PERI levels below 40 (class 1), except KY and
OB stations in the spring and DJ in both seasons (class 2, > 40).

Discussion
Sediment characteristics

Granulometric analysis was performed mechanically to
differentiate the surface sediment particles of the Xiang-Shan wetland
and consequently establish the accumulation trend of organic matter
and HMs in relation to the sediment size. The results of GSA revealed
that mud sediments are the dominant grain size overall, followed by
sand sediments (p = 0.07), and gravel (p = 0.003) across all sampling
stations with averages (51.98, 47.82, and 0.19%, respectively).
Specifically, DJ, HM, FC, OB, and MA stations were dominated by mud,
while sand grains were dominant in KY, KW, and HS stations. Overall,
the surface sediments of the Xiang-Shan wetland were characterized by
fine-grained sediments (mud and sand). This may be attributed to flow
rate, flow velocity, and calm conditions. Rea and Hovan (82) reported
that fine-grained sediments are conveyed by suspension in the marine
setting; therefore, they can readily be distributed throughout the water
mass and transported for long distances before being re-deposited in
the calm zone. The percentages of GSA among the studied stations
decreased in the order of mud > sand > gravel.

Sediment organic matter is composed of light-weight materials,
typically structural materials from marine creatures (83). In our study,
KY station had the maximum TOM content with an average of 4.27%,
followed by MA (2.52%) in both seasons. This could be attributed to
the KeYa River, which supplies the KY station with an extensive
amount of freshwater loaded with a high proportion of OM (25).
Furthermore, the mangrove environment is regarded as a highly
productive ecosystem with substantial rates of organic matter storage
(84, 85). Also, DJ and OB stations had relatively significant values, with
averages of 1.70 and 1.64%, respectively; this may be associated with
the deposition of fine particles with excessive organic matter levels.
The magnitude of TOM values among the surface sediments of Xiang-
ShanwetlandwereintheorderofKY > MA > DJ > OB > YK > HM < FC
> KW > HS for both spring and winter seasons. The ANOVA revealed
insignificant spatio-temporal variances in TOM (p > 0.05).

Heavy metal concentrations and
comparison with worldwide studies

Heavy metals are pervasive and tenacious in marine settings,
probably poisonous, and may be accumulated in food chains (86, 87).
Multiple pathways, including air deposition, agriculture, and
industrial activities, have been identified as the origins of HM
contamination in sediments (88, 89). In our research, there was no
discernible difference in the concentration of HMs between the spring
and winter seasons (p > 0.05), despite an overall greater level observed
during the spring season across all sampling stations. Higher heavy
metal concentrations in the spring may be caused by seasonal changes
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in the wetland’s water flows; such as, water replenishment to the
wetland is restricted in the spring, resulting in less mobility and
greater deposition of HM:s in surface sediments (90).

The average levels of Iron (Fe), Aluminum (Al), Manganese
(Mn), Cobalt (Co), Zinc (Zn), copper (Cu), Gallium (Ga), Nickel
(Ni), Chromium (Cr), and Indium (In) in the Xiang-Shan wetland’s
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surface sediments ranged from 23445.00 to 42123.33, 19234.50 to
51850.00, 266.05 to 764.73, 58.35 to 134.60, 60.20 to 252.05, 11.05
to 117.80, 57.35 to 121.63, 15.55 to 45.25, 46.90 to 112.87, and 17.90
to 56.23 mg.kg™", respectively. While Lead (Pb) and Cadmium (Cd)
were blow the detection limits at all studied stations in both
seasons. The average contents of the 12 HMs in the Xiang-Shan
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wetland’s surface sediments showed a decreasing sequence of  Furthermore, the Pearson’s correlation coefficient (Figure 8) revealed
Al>Fe>Mn>Zn>Co>Ga>Cr>Cu>In>Ni>Pb=Cd. The that most metals have high and significant positive associations with
ANOVA revealed discernible variances for Mn, Cu, Co, Cr,and In  mud % and negative associations with sand % and gravel %,
values across stations (p < 0.05). confirming the higher deposition and retention of metals by fine-
Spatially, the greatest mean annual Fe, Al, Co, Cr, In, and Ga  grained sediments in the Xiang-Shan wetland. Conversely, in
concentrations were observed in the DJ station, Zn, Cu, and Niin the ~ low-depth marine sediments, Giannico et al. (95, 96) investigated the
KY station, and Mn in the OB station. This may be attributed to the ~ concentrations and hazards of organic matters such as PCDD, PCDE,
prevalence of fine-grained sediments with considerable amounts of =~ and PCBs. This study found high concentrations of dioxins and PCBs
OM in these stations, that have a tendency to bind with HMs. In  in marine sediments from Mar Piccolo 1* Inlet, Italian Taranto, due to
addition to the existence of terrigenous freshwater sources and  industrial settlements nearby, which are known potential sources of
unprocessed domestic sewage from the surrounding area (25, 91,92).  PCDD/Fs and PCBs (e.g., groundwater and freshwater pollution in
Previously, Barik et al. (93) and Dar and El-Saharty (94) observed that  the northern area of the basin).
fine-grained sediments have a higher affinity for metals owing to their Besides, the obtained results were compared to those previously
large surface area and abundance of organic matter. Also, this  presented in other investigations, as well as the average shale values
observation was consistent with an earlier study by Tian et al. (8), who ~ (ASVs), to better comprehend the contamination status of HMs in
reported that fine sediments serve a critical role in controlling the  sediments (Supplementary Table 3). The seasonal mean of Fe, Co,
mobility of HMs and subsequently their distributions in sediments. Ga, and In (30,464.07, 92.27, 91.44, and 36.61 mg.kg™", respectively)
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was greater than those of most other areas around the globe, such
as the Western Saronikos Gulf, Greece (97), the Dhaleshwari River
in Bangladesh (98), the Gulf of Aqaba along the Saudi Arabia
coastline (99), Bafa Lake in Turkey (38), the Xiang-Shan wetland in
Taiwan (100), and the wetlands and main rivers in Taiwan (101).
While the total average of Al (36690.77 mg.kg™') was less than
Changjiang River Estuary, China (102), and more than those of
other earlier investigations. Likewise, the seasonal mean of Zn and
Cu (116.52 and 38.21 mg.kg™", respectively) was greater than those
observed in other studies (Table 3) but lower than the upper levels
of baseline concentrations in Taiwan (103). The value of Mn
(553.50 mg.kg™") was less than those of the Western Saronikos Gulf,
Greece (97), but more than the levels in the Iranian Urmia Lake
(90), and Bafa Lake in Turkey (38). Moreover, the mean annual Ni
concentration (24.44 mg.kg™") across all sampling stations was
lower than those of most previous studies and higher than the
shorelines of the Bohai and Yellow Seas in China (8), the Aqaba Gulf
along the Saudi Arabia coastline (99), and the Western Taiwan
Strait, China (104), but it was similar to the results of wetlands and
main rivers in Taiwan (101). When compared with the average shale
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values (ASVs) that were established by Turekian and Wedepohl
(56), the mean annual levels of all analyzed metals were below the
ASVs, with the exception of Zn, Co, Ga, and In were comparable
(Supplementary Table 3).

As aresult of the spatial variability observed in the sediments, the
overall concentration of HMs may not accurately reflect the current
contamination levels. Hence, the HM concentrations alone are
insufficient to assess the pollution level of HM in the sediments.
Further quantitative indicators (e.g., Ep Ly PLI, mCq, Py, Ep, and
PERI) that consider the ASVs in the associated sediments
are required.

Assessment of heavy metals contamination

Single-element contamination indices, such as the enrichment
factor (Ef) and geoaccumulation index (Igeo), were applied to assess
the contamination of HM in the sediments (105). These indices
provide information about how a particular metal is concentrated at
alocation of interest in comparison to the background.
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Here, the mean E,values of Al, Co, Zn, Pb, Cu, Cr, Ni, Ga, In,
Mn, and Cd were 0.70, 7.40, 1.99, 0.00, 1.35, 1.31, 0.58, 7.52,
554.85, 1.02, 0.00, respectively. These results revealed that the
surface sediments of Xiang-Shan wetland were extremely enriched
with In (E;> 50), heavily enriched with Co and Ga (5 < E,< 10),
and had nil to minor enrichment with the other heavy metals
(1 £ E;< 3). The mean E;values of Al, Pb, and Cd were below one
at all studied stations in both seasons, suggesting no enrichment
and proving that they are largely originating from shale
components or natural weathering activities. Conversely, the E,
levels for Zn, Cr, Cu, Co, Ni, In, Mn, and Ga are almost more than
one, implying a tendency from minor to extremely
anthropogenic enrichment.

Regarding I, index, the surface sediments of Xiang-Shan wetland
were marked as nil or minor polluted with Fe, Cu, Al, Cd, Mn, Ni, Zn,
Cr, and Pb (I, < 1). Moreover, the average L., values of Co, and Ga are
categorized as moderately polluted in DJ, OB, and MA stations. The
seasonal mean I, values of Fe, Cu, Al, Cd, Mn, Ni, Zn, Cr, Ga, Pb, In,
and Co were 0.13, 0.17, 0.09, 0.00, 0.13, 0.07, 0.25, 0.17, 0.94, 0.00,
70.54, and 0.94, respectively, indicating the range of uncontaminated
(I, < 1) to extremely polluted (I, > 5).

The mean E,levels for the examined HMs were in the decreasing
sequence of In>Ga > Co > Zn > Cu> Cr > Mn > Al > Ni > Pb = Cd,
and the mean I, declined in the following order: In >
Ga>Co>7Zn>Cu>Cr>Mn>Fe>Al>Ni>Pb=Cd. As can

be observed, the HMs have a similar order with regard to the estimated
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E and I,,. Interestingly, E;and I, values for Indium (In) metal at all
sampling stations showed great values, suggesting extremely
contamination; this is likely attributed to the industrial effluent from
Hsinchu Science Industrial Park (HSIP). This park is the biggest
industrial region in Taiwan, containing various high-tech companies
producing photovoltaic plates, biomedical materials, liquid-crystal
displayers (LCD), light-emitting diodes (LED), etc. (46). Gallium and
Indium are crucial transition elements that are used in large quantities
in the aforementioned industries, and they are discharged into the
coastal zone of the study area via the KeYa river during the fabrication
processes (i.e., cleaning operations, epitaxy, and chip fabrication in the
production of high-speed semiconductors and LEDs), causing adverse
impacts on humans (106-108).

To further determine the HM pollution in the surface sediments,
the integrated pollution indices (PLI, mCy,, and Py) were used to
estimate the overall HMs pollution in the Xiang-Shan wetland’s
surface sediments. These indices were quantified from the
contamination factor (Cy) or pollution index (PI) of every single
element. The pollution level identified by C; or PI in the Xiang-Shan
wetland was comparable to the findings by E;and L., described earlier.
The average levels of C; or PI revealed a decreasing sequence of In
(351.51) > Ga (4.70)> Co (4.68)>7Zn (1.23)>Cu (0.86) > Cr
(0.83) > Mn (0.64) > Fe (0.63) > Al (0.44) > Ni (0.36) > Pb = Cd
(0.00). According to the classification of Chakraborty et al. (109) and
Tian etal. (62) (Table 1), these data suggest that the surface sediments
of Xiang-Shan wetland were highly contaminated with In (C,> 6),
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considerably polluted with Ga and Co (3 < C; < 6), and unpolluted
with the other metals (C;< 1).

Due to the great contribution of Indium (In), Gallium (Ga), and
Cobalt (Co) metals in our study, the obtained data of PLI, mC,,, and
Py displayed a certain level of HM contamination. The seasonal mean
values of PLI ranged between 1.96 and 1.20, indicating the surface
sediment of the investigated area were slightly polluted (1 < PLI < 2).
Specifically, the surface sediments of DJ, KY, and OB stations in the
spring season are greater than 2, suggesting strong pollution with
heavy metals, and the mean PLI showed the descending order of DJ
(1.96) >KY (1.65)> OB (1.64) > MA (1.50)>HM (1.47) > HS
(1.29) > FC (1.24) > KW (1.24) > YK (1.20).

While the annual average mC,, values at all sampling stations
fluctuated from 45.34 to 19.80, reflecting the range of severe
(16 < mCy, < 32) to extreme pollution (mCy, > 32). The mean value
of mCy, was higher than 32 for DJ and OB stations in both seasons,
reflecting extremely contamination in the sediments of these two
stations while other stations’ sediments were heavily or severely
polluted. The magnitude of mC,,, levels between investigated stations
was in the sequence of DJ (45.34) > OB (40.89) > MA (32.23) > HS
(30.82) > HM (30.10) > KY (28.29) > FC (23.74) > KW (23.19) > YK
(19.80).

Additionally, The Nemerow integrated pollution index (Py) is
another widely employed proxy to quantify the pollution of HMs
across all sampling stations. This index was calculated from the single
pollution index (PI) of HMs mentioned previously. According to the
mean Py values, the surface sediments of Xiang-Shan wetland were
extremely polluted with In, Ga, and Co (class 4, Py > 3) in both two
seasons and unpolluted (class 0, Py < 0.7) to significantly polluted
(class 3, Py < 3) with the other metals (Table 2). The seasonal mean Py
levels for the twelve HMs decreased as follows: In >
Ga>Co>Zn>Cu>Cr>Fe>Mn>Al>Ni>Pb=Cd

Evaluate the potential risks of metals to the
environment

The possible hazards related to the examined elements in the
Xiang-Shan wetland’s surface sediments were evaluated utilizing the
potential ecological risk index (PERI) and consensus-based sediment
quality guidelines (SQGs).

PERI demonstrates the risks posed by pollutants and shows the
susceptibility of ecological communities to given metals (110). The
average E, of HMs varied considerably. The Ej levels for the eight
elements were ordered descendingly as follows: Co (23.39) > Cu
(4.29) > Ni (1.79) > Cr (1.65) > Zn (1.23) > Mn (0.64) for both spring
and winter sediments. Accordingly, all HMs across all sampling
stations exhibited a minimal risk to the ecology with Ej levels below
30 (Eg < 30). Specifically, the E; values for Co exceeded 30 at DJ (in
both seasons) and OB (in the spring season) stations, indicating Co
had moderate ecological risk in these two stations. Comprehensively,
the seasonal mean PERI values of the surface sediments were 39.21,
24.38,49.17, 32.59, 24.83, 28.22, 39.61, 23.91, and 35.02 in KY, KW,
DJ, HM, EC, HS, OB, YK, and MA, respectively, with a total mean of
32.99. According to the PERI classifications, all sampling stations
showed minimal ecological risk (PERI <40), with the exception of
the OB station in the spring season and the DJ station in both
seasons, which posed a moderate risk (40 < PERI <80) to the
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environment, mostly due to Co contamination. Similar to mCy,, and
PLI, the average PERI levels of the spring sediments were greater
than those of the winter season, and they showed the descending
order of DJ (49.17) > OB (39.61) > KY (39.21) > MA (35.02) > HM
(32.59) > HS (28.22) > FC (24.83) > KW (24.38) > YK (23.91).

Similarly, sediment quality guidelines (SQGs) are the most
prevalent conventional approach for determining the likely adverse
impacts of HMs in sediments (75, 111, 112). Generally, these guidelines
have low and high limits for various heavy metals. Supplementary Table 4
juxtaposes our results with numerous SQGs’ reference values. The
reference data imposed by the National Oceanic and Atmospheric
Administration of the USA (NOAA) (72) are equivalent to those of the
Australian and New Zealand Environment and Conservation Council
and the Agriculture and Resource Management Council of Australia
and New Zealand (71). Those developed by the Taiwan EPA (74) and
the Canadian Council of Ministers of the Environment (73) are
analogous to each other. Overall, the last two have somewhat lower
values than the previous two, implying that the latter two reflect more
rigorous values for the SQG technique. In comparison with the values
of SQGs, the mean value of Cr greatly surpassed CCME’s ISQG, but it
was close to the lower limit of Taiwan’s EPA. Similarly, the Cu value
exceeded the lower limits of the CCME’s ISQG and NOAASs effects
range-low (ERL). Ni concentration in our work is between the lower
and upper limits of NOAAs ERL and ANZECC & ARMCANZ, but it
is comparable to the Taiwan EPA’s lower limit. Meanwhile, the mean Zn
value was considerably greater than the Taiwan EPAs lower limit.
Finally, the contents of Pb and Cd in our research were below all of the
referenced levels established in the other guidelines. Overall, the mean
levels of Zn, Cr, Ni, and Cu in the current research exceeded the lower
limits of various SQGs, indicating that HM risk rarely occurs in the
sediment of the Xiang-Shan wetland (105).

Identify the potential sources of HMs in the
Xiang-Shan wetland'’s sediments

The assessment of current contamination alone is inadequate to
reduce the level of HMs pollution in the Xiang-Shan wetland’s surface
sediments. Various bivariate and multivariate statistical methods,
including Pearson’s correlation coefficient (PCC), Hierarchical cluster
analysis (HCA), and principle component analysis (PCA), have been
shown to be useful for examining the correlations and identifying the
possible sources of HMs in sediments (26, 36).

Regarding PCC, a positive correlation among two variables implies
that they originate from common origins and similar migration ways,
while a negative correlation reflects distinct origins and is likely related
to lithogenic or natural activities (39). Statistically, the correlation
coefficient (r) can be categorized into four levels: r < + 0.5 negligible,
0.5+ <r<+0.6significant, 0.6 + <r < + 0.7 high, and r > + 0.7 strong.
As shown in Figure 8, there were strong positive correlations (r > 0.7,
p<0.001) among some studied variables, and the strongest
associations, in decreasing order of correlation coefficient, were
between the content of Cu-Ni (0.96), Co-In (0.95), Al-Ga (0.93), Cr-Ga
(0.93), Al-Cr (0.92), Zn-Ni (0.91), Co-Cr (0.91), Co-Ga (0.91), Zn-Cu
(0.89), Fe-Co (0.88), Al-Co (0.88), Cr-In (0.88), Fe-Cr (0.87), Ga-In
(0.87), Fe-Al (0.84), Fe-Ga (0.81), Fe-In (0.81), Al-In (0.80), Zn-TOM
(0.78), Ni-TOM (0.78), and Cu-TOM (0.75). In addition, Al-Mud
(0.67), Ga-Mud (0.64), and Mn-In (0.60) showed high positive
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correlation (0.6 <r<0.7, p<0.01), while Mn-Mud (0.59), Ni-Cr
(0.57), Mn-Co (0.56), Co-Mud (0.56), Cr-Mud (0.52), Cu-Cr (0.51),
and In-Mud (0.50) showed significant correlation (0.5 <r<0.6,
p <0.05). Contrarily, most metals had a negative and negligible
relationship with sand and gravel, respectively. Similar findings were
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Biplot depicts the PCA analysis for HMs, TOM, and GSA in sediments
of the Xiang-Shan wetland (KY: KeYa, KW: KeYa Water Supply Center,
DJ: DaJuang, HM: HuiMin, FC: FongCin, HS: HaiShan, OB: Oyster
Bed, YK: YenKan, MA: Mangrove Area).
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observed previously by Liang et al. (113) and Briki et al. (114), who
confirmed that positive relationships between heavy metals imply
similar anthropogenic pollution sources and migration processes,
whereas negative correlations indicate that they originated from
various sources, which are likely geogenic.

PCA was performed to further investigate the association, HMs
sources, and the linked interactions of HMs and sediment properties
(i.e., TOM%, gravel%, sand%, and mud%). The PCA observations
illustrated that the variance of HMs, TOM, and GSA can be described
by two principal components that explained 82.98% of the cumulative
variance. PC1 and PC2 explained 53.33 and 29.65%, respectively. As
shown in Figure 9, Fe, Al, Co, Cr, Ga, In, Mn, and mud were positively
associated with the first component (PC1), indicating that these variables
predominantly came from similar sources, and PCC data confirm the
possibility that these HMs had common origins. Inversely, sand and
gravel variables were negatively loaded with PC1, indicating that the
heavy metal distribution is highly affected by muddy sediments in DJ,
OB, HM, and MA stations. Moreover, the PC2 had positively loaded Zn,
Cu, Ni, and TOM, reflecting that these metals came from another source.

Similar to PCC and PCA, HCA (HCA-R mode) was conducted
using the method of Euclidean distance to study similar heavy metal
interrelationships and explore their potential origins (26). The HCA
dendrogram provided data that split the PC1 and PC2 components
into four distinct clusters with more precise similarities
(Figure 10A). Cluster 1 contains Fe, Ga, Al, Cr, Co, In, Mn, and
mud-grained size, proving that these metals emanated from a
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similar terrigenous source (115-117). Fe and Al elements are
abundant in the crust of the earth and naturally enter aquatic
environments, as well as serving a significant role in HMs scavenging
and their incorporation into sediments (118). As a result, the
presence of Fe and Al with Ga, Co, In, and Cr can suggest diversity
in pollutant sources between natural and anthropogenic activities.
Also, the strong positive correlation among Co, Ga, and In might
be due to industrial effluent from the industrialized urban area.
Furthermore, the significant positive relationship of mud with Mn,
Al Fe, Co, Cr, Ga, and In indicates that mud-grained particles can
extensively influence the mobility of these seven metals (25, 119,
120). Cluster 3 consists of Zn, Ni, Cu, and TOM; this data implied
that the TOM content may have an influence on the distribution of
HMs in surface sediments owing to its strong affinity through
adsorption or complexation (8, 121, 122). Our findings coincided
with earlier observations by Liu et al. (123), who mentioned that the
HM concentrations in the Luanhe Estuary sediments were
influenced by the OM content. Additionally, cluster 2 and 4
comprise only sand and gravel, respectively; it seems that the gravel
and sand sediments have a negligible influence on the HM
distribution. Based on the heavy metal’s distribution (HCA-Q
mode), the main nine studied stations were categorized into three
clusters (Figure 10B). The first cluster contains one station (KY).
This cluster had the greatest contents of Zn, Cu, Ni, and TOM. The
second cluster comprises four stations (KW, FC, HS, YK, and MA),
which had the highest percentage of sand (KW) and relative high
values of TOM, Fe, Ga, Al, Cr, Co, and In (MA). While the third one
contains three stations (D], HM, and OB), which had the greatest
values of Fe, Al, Co, Cr, In, and Ga (DJ), Mn, and mud (OB). The
results of HCA were consistent with the PCC and PCA data.

In summary, Fe and Al in cluster 1 enter the sediment of the
wetland from another natural origin unrelated to organic matter. In
contrast, In, Ga, Co, Cr, and Mn are primarily derived in the wetland
sediment from anthropogenic origins, in addition to natural sources
related to Fe and Al. Unlike cluster 1, heavy metals in cluster 3 (Zn,
Cu, and Ni) are linked to OM and carried into the wetland while
affixed to OM that derives mostly from natural origins. These
outcomes support other findings and are reinforced by the sediment
contamination indices discussed in this work. Restoration of Xiang-
Shan wetland requires the local government to implement measures
to prevent HM pollution as a matter of urgency, particularly in
relation to In, Ga, Co, Cr, and Mn. In order to reveal the full ecological
risk posed by these HMs, extensive ecotoxicological studies are
required on the responses of the biota of Xiang-Shan wetland to these
toxic metals.

Conclusion

The Xiang-Shan wetland is a natural home for millions of
crustaceans, prawns, benthic invertebrates, shellfish, and endangered
avian species. Added to that, its economic value to the government of
Hsinchu City. Thus, it is critical to evaluate the heavy metal
contamination and identify its ecological threat. The average values of
the 12 metals in the Xiang-Shan wetland’s surface sediments showed
a decreasing sequence of Al > Fe > Mn > Zn > Co > Ga > Cr > Cu>In
>Ni > Pb = Cd. The single pollution indices proved that the majority
of sampling stations were unpolluted to minor polluted by Fe, Al, Zn,
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Cu, Mn, Cr, and Ni, moderately to heavily polluted by Co and Ga, and
extremely polluted by In at all studied stations. The findings of PLI
demonstrated that about 67% of spring sediments and entirely of
winter sediments were moderately polluted (PLI < 2). Based on PERI,
about 67% of spring sediment and 89% of winter sediment posed
“minimal ecological risk” (PERI <40). Multivariate analyses
demonstrated that Fe, Al, Zn, Cu, and Ni came from natural origins,
while the sources of Co, Ga, In, Cr, and Mn were both anthropogenic
and natural. Our research sounds the alarm for stricter management
of metal discharges, and it is critical for the integrity of the ecosystem
that heavy metals in aquatic-sedimentary systems in the Xiang-Shan
wetland are continuously monitored.
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