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Abstract: The Chinese government is vigorously advancing the initiative of
constructing ‘Beautiful Bay’ as part of its broader environmental governance strategy
to enhance marine ecological protection and achieve sustainable coastal development.
As a fundamental unit and operational carrier for marine ecological and
environmental protection efforts, bays play a crucial role in the effective
implementation of conservation strategies. The precise management and governance
of a bay’s ecological environment are of utmost significance, directly influencing the

success of marine conservation initiatives and the overall health of coastal ecosystems.
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This study focuses on Quanzhou Bay as the primary case study site. Sediment quality
and benthic community structure were assessed in 2020 at 12 strategically located
sampling stations. A comprehensive evaluation of surface sediment characteristics and
benthic organisms was conducted using both the single-factor index method and the
integrated comprehensive evaluation method. These methodologies facilitated the
identification of sediment contamination and enabled a scientific assessment of
potential ecological risks using principal component analysis. The findings
demonstrated that, with the exception of elevated levels of petroleum hydrocarbons,
zinc, cadmium, and lead at stations S3 and S6 —which exceeded the first-category
criteria outlined in the Marine Sediment Quality manual—all other sediment
parameters were in accordance with the first-category standards. Moreover, the
comprehensive pollution index for heavy metals across all stations was found to be
less than 1, indicating a generally clean sediment status. A total of 88 benthic species
were identified across the 12 sampling stations. These species were categorized into
four major classes: polychaetes, crustaceans, mollusks, and echinoderms. Of these,
polychaetes were the most abundant, with 56 species recorded. The Index of Relative
Importance identified Chaetozone setosa and Cossurella dimorpha as the dominant species.
The study revealed that while most sediments in Quanzhou Bay were uncontaminated,
elevated levels of zinc, cadmium, lead, and petroleum hydrocarbons were detected at
stations S3 and S6, exceeding established environmental standards. The cause of these
anomalies was attributed to industrial discharges and anthropogenic activities.
Consequently, the implementation of targeted measures to prevent, control, treat, and
remediate these localized issues is recommended.

Keywords: Quanzhou Bay; sediment quality assessment; benthic organisms; heavy
metals; biological community structure; beautiful bay

1. Introduction

In March of 2018, China initiated a new phase of institutional reform. The
Ministry of Ecology and Environment (MEE) has been entrusted with the
responsibility of safeguarding marine environmental quality [1-4]. Given the
preeminent status of marine pollution as an environmental issue in China, the
nation’s legal framework and associated management policies have
undergone timely revisions [5-14]. In an effort to promote marine
environmental protection and sustainable development, governments of
various countries —including those of China —continue to optimize measures
for marine environmental protection [15-20]. In 2021, among the 44 major
bays in China that were monitored, 25% exhibited substandard water quality
(category IV or worse) during the spring, summer, and fall monitoring
periods. This finding suggests that these bays are particularly affected by
concentrated areas of polluted waters. The improvement of water quality in
some bays is unstable, with pollution rebounding, and pollution from beach
litter is particularly prominent [21]. The “CPC Central Committee’s Proposals
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for Formulating the 14th Five-Year Plan for National Economic and Social
Development and the Long-Range Objectives Through the Year 2035”
(referred to as ‘Proposals’) clarified the task deployment of ‘promoting the
protection and construction of beautiful bays” [21-23]. As delineated in the
14th Five-Year Plan for Marine Ecology and Environmental Protection, the
MEE will persist in the implementation of its plans, adhere to problem-, goal-,
and result-oriented approaches, emphasize targeted, scientific, and law-based
pollution control, and implement a systematic plan for the protection and
construction of beautiful bays [24].

Coastal bays are subject to factors that reflect how the land and ocean
interact [25,26]. There are a total of 1,467 bays in China [24]. Due to the
different characteristics of the bays, their ecological functions are more
complicated and fragile than those of the open sea because of the impact of
many human activities and the resulting pollution from land-based sources
[26-32]. Sediment, an essential component of marine ecosystems, serves as a
historical record of alterations to the sea areas and the repercussions of
anthropogenic activities [33-38]. Its physicochemical characteristics and
pollutant contents constitute pivotal sources of information for the
examination of alterations in the quality of the sea environment, the
evaluation of ecological risks, and the development of ecological protection
strategies [39-43]. The structure of the community, biodiversity, and
distribution patterns of benthic organisms serve as fundamental indicators of
the health of marine ecosystems and the degree of coercion [44-46]. These
characteristics serve as crucial indicators for assessing the service function of
marine ecosystems, monitoring environmental pollution, and evaluating
ecological restoration effects. The present study was undertaken to evaluate
the current status of the marine environment in bays. A systematic study of
the sediment quality and benthic community composition characteristics is
necessary to accomplish this objective [47-52].

This study investigates various indicators of surface sediments and the
structural composition of benthic communities in Quanzhou Bay. The study
methodically analyzes the spatial distribution features of sediment, potential
pollution sources, ecological risk evaluation, and biodiversity characteristics.
It also encompasses the ecological status of the sedimentary environment and
benthic organisms in Quanzhou Bay and more comprehensively aims to
provide a scientific basis for the construction of a beautiful bay and the
sustainable development of the marine economy.

2. Materials and Methods

2.1. Description of the Study Area, Sample Collection and Sediment Pretreatment

Quanzhou Bay, located in eastern China on the southeastern coast of
Fujian Province, borders the Taiwan Strait [53-55]. Quanzhou Bay is the most
important of the three bays (Quanzhou Bay, Weitou Bay, and Shenzhen-
Shanghai Bay) in Quanzhou, serving as a key link between the inland and the
sea [56,57]. The mouth of the bay opens to the east in a distinctive trumpet
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shape, and the northern part is the confluence of the Jinjiang and Luoyang
rivers [53,57-60]. This bay is not only endowed with abundant natural
ecological resources but also plays a crucial role in the economic activities of
neighboring regions, particularly in the domains of fishery, shipping, and
tourism [53,61]. In recent years, with the acceleration of urbanization and the
increase of human activities, the sea areas of Quanzhou Bay have suffered
from varying degrees of pollution and ecological damage, all of which have
had far-reaching impacts on the ecological environment of Quanzhou Bay
[62-65].

In October 2020, a total of 12 stations were deployed in the sea area of
Quanzhou Bay (Figure 1), and samples of marine surface sediments were
collected. The collection and pretreatment of the samples were carried out in
accordance with the relevant requirements stipulated in the Specification for
Marine Monitoring (SMM) [66] and the Specifications for Oceanographic
Survey-Part 6: Marine Biological Survey (SOS) [67,68]. The benthic organisms
survey utilized a mud sampler with a mud collection area of 0.05 m?, and four
parallel valid mud samples were collected continuously at each station and
amalgamated into a single sample. The mud samples were eluted, and the
specimens were sorted using a set of sieves with a mesh aperture of 0.5 mm.
The residues in the set of sieves were fixed and preserved for subsequent
transport to the laboratory. The specimens were then sorted under the
dissecting microscope, and the sample treatment was carried out in
accordance with the SMM.
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Figure 1. The Quanzhou Bay and the distribution of sampling locations


http://islandandmarinestudies.press/

Journal of Island and Marine Studies 2025, Vol. 4 No. 1, 110019

2.2. Methods for Evaluating the Quality of Marine Sediments

In this study, a total of 10 sediment parameters were analyzed and tested,
including petroleum hydrocarbons, sulfides, organic carbon, and heavy
metals (copper [Cu], lead [Pb], zinc [Zn], chromium [Cr], cadmium [Cd],
arsenic [As], and total mercury [THg]), which are some of the most common
heavy metal pollutants [69]. The determination of each parameter in the
sediment was performed according to the analytical methods specified in the
SMM. For instance, ultraviolet spectrophotometry was employed for the
analysis of petroleum hydrocarbons, while the potassium dichromate
oxidation-reduction capacity method was utilized for the determination of
organic carbon. The sulfide analysis was executed through methylene blue
spectrophotometry, and inductively coupled plasma mass spectrometry (ICP-
MS) was employed for the analysis of Cu, Pb, Zn, Cr, and Cd. The atomic
fluorescence method was employed for the analysis of As and Hg. The testing
process for all aforementioned samples incorporated standard substances for
quality control to ensure the reliability of the test results, and the monitoring
results are shown in Table 1. The station sites were divided into three groups
through cluster analysis of the sediment results. The first group consists of 52,
S8, 59, and S10; the second group consists of S3, 54, S5, and S12; and the third
group consists of S1, 56, 57, and S11.

The quality of marine sediments in the sea area of the aforementioned 12
stations is implemented in the Type I standard of Marine Sediment Quality
(MSQ) (GB18668-2002) [70]. In this study, petroleum hydrocarbons, sulfides,
and organic carbon were evaluated by the single factor index method [71],
and heavy metals (including Cu, Pb, Zn, Cr, Cd, As, and THg) were evaluated
by the comprehensive evaluation method, which was referred to the
Specification for Offshore Environmental Monitoring (SOEM) [72].

2.3. Methods for Evaluating the Status of Benthic Communities

The analysis and identification of benthic organisms, as well as the
subsequent data processing, are conducted in accordance with the stipulated
requirements of the SMM. The species diversity index (H’), species richness
index (d), evenness index (J'), and dominance index (Y) were utilized to assess
benthic biodiversity. These indices were calculated according to the following
equations: (1), (2), (3), and (4), respectively [73].

H = -Y$ ,Plog, P, (1)
d=(S—1)/log, N )
J'=H'/log, S 3)
Y, = (n;/N) x f; 4)

In this study, S denotes the number of species, N signifies the total
number of individuals across all species, and Pi is defined as the proportion
of the number of individuals of species i to the total number of individuals in
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Table 1. Different types of observed surface sediment parameters in Quanzhou Bay

Station oC S*(mg/kg) Oil(mg/kg) Cr(mg/kg) Cu(mg/kg) Zn(mgkg) Cd(mg/kg) Pb(mg/kg) As(mg/kg) Hg(mg/kg)

S1 0.78% 80.90 243.00 29.90 14.20 81.20 0.12 50.20 10.20 0.03
.......................... S 2 s oo 1o i - 0500 s o0 os oos
.......................... S 3 1.16% 134.00 764.00 28.00 30.30 185.00 0.78 80.00 8.19 0.03
OOOOOOOOOOOOOOOOOOOOOOOOOO S 4 1.28% 128.00 44.40 41.20 22.50 116.00 0.15 47.60 10.70 0.03
.......................... S 5 1.22% 24.70 105.00 37.00 17.60 97.20 0.11 42.40 10.30 0.06
.......................... S 6 0.84% 262.00 359.00 24.90 28.10 195.00 0.72 80.30 6.51 0.03
............................................................. s s o o 010 . s s . -
0.14% 23.10 11.60 37.30 18.70 107.00 0.17 41.10 9.20 0.03

0.20% 2.00 14.50 32.20 16.50 90.00 0.15 41.90 7.54 0.02

0.20% 0.80 120.00 18.40 16.30 116.00 0.34 43.20 6.13 0.02

0.89% 0.30 19.00 32.60 14.10 76.20 0.09 47.60 13.10 0.04

S12 1.12% 22.60 62.30 49.70 18.40 92.10 0.07 33.10 9.32 0.03
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the sample. fi is the frequency of occurrence of species i in each sample, and
ni is the number of individuals of organisms of species i in the sample.

The Index of Relative Importance (IRI) of Pinkas was employed to
ascertain the dominant species, employing the following formula [74]:

IRI = (N + W)F x 10* (5)

where N denotes the percentage of total tails for a species; W denotes the
percentage of a certain type of mass to the total mass; and F denotes the
percentage of stations where a species occurs out of the total number of
stations surveyed.

In the context of the given data, species exhibiting an IRI greater than 500
are identified as dominant. Individuals exhibiting an IRI value between 100
and 500 are designated as “common”; those with an IRI value between 10 and
100 are classified as “common”; those with an IRI value between 1 and 10 are
designated as “uncommon”; and those with an IRI value less than 1 are
categorized as “rare.”

3. Results

3.1. The Spatial Distribution Features of Sediment Quality

In this study, the spatial distribution features of petroleum hydrocarbons,
sulfides, organic carbon, and heavy metals (Cu, Pb, Zn, Cr, Cd, As, and THg)
in sediments in Quanzhou Bay were analyzed (Figure 2). The present study
indicated that the organic carbon content of the sediments in Quanzhou Bay
ranged from 0.14% to 1.28%, with an average of 0.72%. The content of sulfides
ranged from 0.30 to 262.00 milligrams per kilogram (mg/kg), with an average
of 57.80 mg/kg. The content of petroleum hydrocarbons ranged from 11.60 to
764.00 mg/kg, with an average of 150.00 mg/kg. Concurrently, an analysis of
the heavy metal content of the sediments in Quanzhou Bay revealed that Cr
content ranged from 18.40 to 49.70 mg/kg, with an average of 33.70 mg/kg. Cr
content exhibited a range from 18.40 to 49.70 mg/kg, with an average of 33.70
mg/kg. Similarly, Cu content varied between 14.10 and 30.30 mg/kg, with an
average of 19.60 mg/kg. Zn content varied between 76.20 and 195.00 mg/kg,
with an average of 114.00 mg/kg, and Cd content varied between 0.07 and 0.78
mg/kg, with an average of 0.25 mg/kg. The range of Pb content was from 33.10
to 80.30 mg/kg, with an average of 44.90 mg/kg. The range of As content was
from 6.13 to 13.10 mg/kg, with an average of 9.22 mg/kg. The range of THg
content was from 0.02 to 0.06 mg/kg, with an average of 0.03 mg/kg.

In order to further understand the spatial distribution pattern of each
index, an intergroup difference analysis was conducted for 10 sediment
parameters. The results indicated that the content of organic carbon exhibited
significant spatial differences, demonstrating a spatial distribution pattern of
Group II > Group Il > Group [ (P < 0.01). Furthermore, the presence of
petroleum hydrocarbons, sulfides, and seven types of heavy metals was
observed to be comparable across the three subgroups (P > 0.05). This finding
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suggests that the sediment quality (with the exception of OC) in the nearshore
waters of Quanzhou Bay exhibited spatial homogeneity.

3.2. Evaluation of Sediment Contamination Quality

The spatial distribution pattern of sediment content was studied, and the
pollution status of each station was analyzed through a combination of single-
factor and comprehensive evaluation methods. These evaluations were then
compared with the quality standards for marine sediment set by the MSQ first
category. The findings indicated that, with the exception of petroleum
hydrocarbons, the concentrations of Zn, Cd, and Pb in the sediment at the S3
station, as well as the concentrations of Zn, Cd, and Pb in the sediment at the
56 station, were all in accordance with the established environmental quality
objectives in Table 2. This phenomenon may be attributed to the utilization of
feed additives, including those containing Cr, Zn, and Pb, within the
aquaculture practices at station S10. These additives have been observed to
result in elevated levels of heavy metals at stations S3 and S6. Concurrently,
the generation of oily wastewater and aquaculture activities has been
demonstrated to be a significant factor in the production of organic carbon.
This organic carbon functions as an adsorbent or complexant for the heavy
metals, resulting in their deposition into the sediments. A comprehensive
evaluation and analysis of heavy metals in the sediments at each site was
conducted, and the heavy metal pollution indices (WQISs) calculation results
were utilized to determine the cleanliness levels. It was found that the WQIs
of 12 station sites were less than 1, indicating that these sites were classified
as clean. This finding indicates that the quality of Quanzhou Bay sediments is
satisfactory. However, it is imperative to maintain vigilance with respect to
pollution prevention and control, particularly in the context of aquaculture
processes, where pollution prevention, control, and remediation measures
must be prioritized.

3.3. Composition Characterization of Benthic Community

A total of 88 species of benthic organisms were identified and classified
into four categories (Tables 3 and 4). Of these, 56 species of polychaetes were
the most numerous, accounting for 63.64% of the total number of species. This
was followed by 19 species of crustaceans, accounting for 21.59%. The
remaining species were distributed among seven species of mollusks (7.95%),
two species of echinoderms (2.27%), and four species of other groups of
animals (4.55%).

Concurrently, the biomass and average habitat density of benthic
organisms in the sea area were analyzed in this study (Table 3). The mean
biomass in the nearshore waters of Quanzhou Bay was 2.72 g/m2. Of these,
crustaceans were the most dominant, accounting for 57.84% of the total
biomass with 1.58 g/m2. This was followed by polychaetes, which accounted
for 37.24% of the total biomass, with an average density of 1.01 g/m2. Mollusks
and other species accounted for 0.07 g/m? and 0.06 g/m?, respectively,
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Table 2. Results of single-factor or comprehensive evaluation of sediments in Quanzhou Bay

Station oC S Oil Cr Cu Zn Cd Pb As THg WQI
S1 0.39 0.27 0.49 0.37 0.41 0.54 0.25 0.84 0.51 0.15 0.44
S2 0.11 0.00 0.05 0.44 0.56 0.72 0.27 0.80 0.48 0.15 0.49
S3 0.58 0.45 1.53 0.35 0.86 1.23 1.55 1.33 0.41 0.17 0.85
S4 0.64 0.43 0.09 0.51 0.64 0.77 0.31 0.79 0.54 0.15 0.53
S5 0.61 0.08 0.21 0.46 0.50 0.65 0.21 0.71 0.52 0.28 0.48
S6 0.42 0.87 0.72 0.31 0.80 1.30 1.44 1.34 0.33 0.15 0.81
S7 0.28 0.05 0.07 0.47 0.55 0.68 0.29 0.73 0.49 0.12 0.48
S8 0.07 0.08 0.02 0.47 0.53 0.71 0.34 0.69 0.46 0.13 0.47
S9 0.10 0.01 0.03 0.40 0.47 0.60 0.30 0.70 0.38 0.11 0.42
S10 0.10 0.00 0.24 0.23 0.47 0.78 0.69 0.72 0.31 0.11 0.47
S11 0.44 0.00 0.04 0.41 0.40 0.51 0.19 0.79 0.66 0.19 0.45
S12 0.56 0.08 0.12 0.62 0.52 0.61 0.14 0.55 0.47 0.17 0.44

10
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representing 2.57% and 2.24% of the total biomass. The smallest recorded
biomass of echinoderms was 0.003 g/m2, accounting for 0.11% of the total
biomass. The distribution of biomass at each station ranged from 0.05 g/m? to
14.94 g/m?, with substantial variations.

The mean habitat density of benthic organisms in Quanzhou Bay was
found to be 240 per square meter. Polychaetes dominated the composition of
the habitat density, with an average density of 210 per square meter,
accounting for 87.50% of the total habitat density. Crustaceans were observed
in the following order, with an average density of 14 per square meter,
accounting for 5.83% of the total habitat density. The mollusks and other
species constituted 7 per square meter (2.92% of the total density), while
echinoderms were the least abundant, with only 2 per square meter (0.83% of
the total density). Mollusks and other species accounted for 7 per square
meter and 2.92% of the total density, while echinoderms were the least
abundant, with only 2 per square meter and 0.83% of the total density in Table
3.

Table 3. The observed benthic groups and indicators information in
Quanzhou Bay

Number Percentage of . Habitat density
. Biomass .
Group of number of species composition (%) composition
species (%) p ° (%)
Polychaetes 56 63.64 37.24 87.50
Crustaceans 19 21.59 57.84 5.83
Mollusks 7 7.95 2.57 2.92
Echinoderms 2 227 0.11 0.83
Other 4 4.55 2.24 2.92

The IRI has the capacity to consider the three ecological parameters of
density, biomass, and frequency of occurrence. This allows for a more
comprehensive reflection of the actual distribution of benthic organisms in the
surveyed area. The IRI was calculated and analyzed for all the benthic
organisms collected, and the results showed that two dominant species of
polychaete were present in this survey: Chaetozone setosa and Cossurella
dimorpha. Chaetozone setosa was the most prevalent species, with an IRI of
3193.85, significantly higher than that of Cossurella dimorpha (693.00) in Table
4.

Table 4. List of benthic organisms found in Quanzhou Bay

Group Species
Notomastus latericeus Magelona cincta Cossurella dimorpha
Sternaspis sculata Op he]ma Cirratulidae
acuminata
. . Prionospio . .
Polychaetes 4
y glaophamus orientalis queenslandica Gyptis pacificus
MIC}"OVIE‘P htys. Scolelepis . .
sphaerocirratlis Scalibregma inflatum
. . squamata
orientalis

11
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Aricidea fragilis
Bhawania brevis

Pseudopolydora
paucibranchiata

Nectoneanthes
multignatha

Perinereis nuntia

Nephtys polybranchia

Nonparahalosydna
pleiolepis

Chaetozone setosa

Glycinde gurjanovae

Nephtys oligobranchia
Scoloplos rubra

Spio martinensis Amaeana occidentalis

Pseudopolydora . . .
kempi Cirratulus filiformis
Lumbrineris nagae Op hloz{romus
angutifrons
Paralacydonia Neanthes glandicincta
paradoxa
Para]?rzonosp 0 Cirriformia tentaculata
pinnata
sp- Nectoneanthes Harmothoe asiatica
sp.
Amphictena Phyllodoce (sensu
Jjaponica stricto) laminosa
. . Eteone (mysta)
Magelona japonica (changsii
Barda villosa Haploscoloplos
elongatus

sp. Nereis sp. Diopatra chiliensis

Ampharete gunneri  Aglaophamus sinensis

Sigambra hanaokai Poecilochactus Heterospio sinica
serpens
. Terebellides .
Amphinome cf. pulchra stroemii Glycera rouxi
Eunice indica Lumbrme'rls Aonides oxycephala
cruzensis
Mediomastus Aglaophamus .
californiensis dibranchis Cossurella dimorpha
. Typhlocarcinus .
Palaemon sewelli villosus Lucifer typus
Ogyrides orientalis Neoxenophthalmus Bodotria chinensis
obscurus
Xenophthalmus Grandidierella . .
; . . . Acetes chinensis
pinnotheroides Jjaponica
Crustaceans Dogielinotidae sp. Parapanope Corophium sinensis
euagora
Aoroides columbiae Sinoediceros Calanus sinicus
homopalmulus
Eucrate crenata O'gy'rldes
striaticauda
Ampelisca cyclops Iphione tenera
Solen dunkeriana Leptomya minuta Tellinides chinensis
Mollusks Macoma candida Trlgono.thmcza
pusilla
Bivalvia larva Nitidotellina minuta
Echinoderms Ophzaracﬁnella Ophzom-aza
gorgonian cacaetica
Cerebratul.ma Gobiidae sp.
communis
Other .
Edwardsia japonica Stachyptilum
Jap doflemi

12
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3.4. Spatial Change Pattern of Benthic Biodiversity

The diversity index of the benthic samples from Quanzhou Bay was
calculated and analyzed (Figure 3). This revealed that the diversity index (H’)
of the nearshore benthic species of Quanzhou Bay ranged from 1.06 to 3.10,
with a mean value of 2.08, and the richness index (d) ranged from 1.92 to 6.97,
with a mean value of 3.95. Notably, the richness index of the S6 station was
the highest. The distribution of the evenness index (J’) ranged from 0.51 to
1.00, with a mean value of 0.79. The evenness index of stations S7 and S8
exhibited lower values due to the influence of the dominant species Chaetozone
setosa and Cossurella dimorpha. In contrast, the evenness index at station S9,
which was not occupied by any dominant species, was the highest. There was
a strong positive correlation between the dominant index (D) and the
evenness index. Stations S7 and S8 exhibited the largest dominant index
because individual species were more dominant there. In contrast, station 59
exhibited the smallest dominant index, due to an even distribution of species.

A subsequent analysis of the richness index, evenness index, diversity
index, and dominant index for intergroup differences revealed that the
richness index exhibited significant spatial difference characteristics,
manifesting as a spatial distribution pattern of Group III > Group II (P <0.01)
and Group Il > Group [ (P<0.001 or P <0.01). However, the remaining three
indices exhibited equivalent levels of spatial heterogeneity. The average
diversity index for the Quanzhou Bay survey was found to be 2.08 (less than
3), indicating that the bay has experienced external intrusion, resulting in
damage to the benthic organisms' ecological environment to some extent. This
highlights the need to restore the marine environment and protect ecological
balance.
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Figure 3. Spatial change pattern of benthic biodiversity index in Quanzhou
Bay

4. Discussion

An analysis of the correlation between different sediment quality
indicators in Quanzhou Bay (Figure 4) revealed varying degrees of correlation
between the following heavy metal elements: Cr, Cu, Zn, Pb, As, and Hg. The
findings indicate a highly significant positive correlation between Cd and Zn
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(P<0.001), a positive correlation between Zn and Cu (P <0.01), and a negative
correlation between Cd and As (P < 0.05). A robust positive correlation was
identified among Cr, As, Zn, Cu, sulfides, and Cd. Additionally, positive
correlations were observed between Cu and sulfides, as well as between Cu
and petroleum hydrocarbons. It is hypothesized that these elements share a
common origin, primarily attributable to industrial discharges and
anthropogenic inputs from urban activities. The significant spatial
heterogeneity affecting the quality of marine sediments in Quanzhou Bay
further indicates that industrial emissions and the intensity of human
activities greatly influence the quality of marine sediments.

A correlation analysis of organic carbon, petroleum hydrocarbons,
sulfides, seven heavy metal elements, and the species diversity index was
conducted to identify the potential sources of pollution (Figure 5) [75]. This
analysis was then further facilitated by means of the principal component
analysis (PCA) method [76]. The results of this analysis indicated that the ten
indicators could be classified into three principal components, with respective
variance contribution rates of 57.11% and 23.248% and a cumulative
contribution rate of 80.358%. These findings suggest that the two principal
components are capable of reflecting the majority of the information
concerning the sediment quality in Quanzhou Bay. The first principal
component encompasses sulfides, petroleum hydrocarbons, Cu, Pb, Zn, and
Cr, among which Zn exhibited a higher positive loading. This suggests that
the point-source discharges into the sea, predominantly from industrial
activities, urban rivers, and coastal streams, contribute more to the content of
the first principal component factor in the sediments [77]. The second
principal component includes organic carbon, Cr, As, and Hg. Among these
elements, the load of organic carbon exhibited larger, indicating that organic
matter plays an important role in the complexation and desorption process of
heavy metals in sediments. As demonstrated in Figure 5, Cd, As, and Hg
exhibited a substantial positive correlation with organic carbon. This suggests
that these three elements form metal-organic complexes through surface
adsorption with organic matter present in surface sediments. This process
leads to their migration out of the water body [78]. Figure 6 shows the discrete
degree of each element and more intuitively reflects the two predominant
sources of heavy metals in the surface sediments of Quanzhou Bay: industrial
discharges and organic matter degradation processes.
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Figure 4. Correlations between sediment ecosystem indicators in Quanzhou
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Figure 5. Principal component analysis of sediment indicators in Quanzhou
Bay
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The principal component analysis scores and the final evaluation results
show that there is a negative correlation between the content of the monitored
sediment factors and the sediment environmental quality. That is to say, as
the content of the monitored sediment factors decreases, the environmental
quality of the sediments improves. The values for stations S1 to 512 are -0.32,
-0.72,2.61, 0.45, 0.80, 2.09, -0.77, -0.98, -1.40, -1.09, -0.49, and -0.17, respectively.
Overall, stations S3 and S6 demonstrated the poorest performance, while 57-
512 exhibited relatively good performance.

A significant correlation between Cr and Pb with biodiversity was
identified. According to Figure 4, Cr exhibited a positive correlation with the
benthic dominance index (P < 0.05) and a negative correlation with the
dominance index and evenness index (P < 0.05). Pb demonstrated a highly
significant correlation with the diversity index (P < 0.001) and positive and
negative correlations with the richness and dominance indices (P < 0.05,
respectively). A redundancy analysis was conducted for sediment factors and
benthic biodiversity (Figure 6). The results showed how different
environmental factors were distributed in Quanzhou Bay. The findings
indicated a robust positive correlation between organic carbon, Pb, Hg, and
petroleum hydrocarbons. Additionally, a relatively positive correlation was
observed between the richness index and diversity index and organic carbon,
Pb, Hg, petroleum hydrocarbons, and Cd. These observations imply a close
relationship between the organic carbon, petroleum hydrocarbons, and
certain heavy metals present in the sediment environment and the biological
characteristics within the water body. This phenomenon may be due to the
fact that the growth and reproduction of benthic animals occasionally results
in the uptake of these substances, thereby influencing the biological
characteristics of benthic organisms.
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Figure 6. Redundancy analysis of sediment quality in Quanzhou Bay

5. Conclusion

The results of the sediment survey in Quanzhou Bay revealed that all
other monitoring indexes complied with the established requirements, except
for exceedances of petroleum hydrocarbons and Zn, Cd, and Pb contents in
the sediments at stations S3 and S6. Furthermore, all of the WQIs in Quanzhou
Bay were less than 1, indicating that the levels of heavy metal pollution in the
bay are low and that there are no obvious problems with heavy metal
pollution. The findings indicated that the sediment quality at stations S3 and
56 was the most deficient, and that two primary sources of heavy metals were
identified in the surface sediment of Quanzhou Bay.

In order to protect and restore the ecological environment of Quanzhou
Bay, targeted management is urgently required. Two key recommendations
are proposed: Firstly, the supervision of pollution sources in industrial zones
and river estuaries surrounding Stations S3 and S6 should be prioritised. Real-
time monitoring networks using technologies such as multi-parameter water
quality sensors, buoy systems and remote sensing image analysis should be
deployed in these critical areas. Secondly, implement a land-based pollution
zoning control strategy to enhance the real-time monitoring and early
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warning capabilities of the nearshore ecological environment. Secondly, a
long-term, systematic ecological monitoring programme should be promptly
established. This should continuously track the accumulation of pollutants
(e.g., industrial heavy metals and organic pollutants) and assess the potential
for ecological recovery (e.g., dynamic changes in benthic biodiversity). This
programme will provide the scientific data needed to inform adjustments to
the dynamic management strategy and the formulation of adaptive
restoration measures, thereby advancing the construction of a Beautiful Bay
in a scientific, effective and high-standard manner.
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