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Introduction: China's rapid economic growth has led to escalating environmental

pollution, significantly impacting mangrove ecosystems. The persistence and

response to pollution in mangrove ecosystems involve multiple processes,

including the accumulation of contaminants in sediments, their transport in

plants, and their accumulation in other organisms. However, comprehensive

studies on the multidimensional interactions among these processes are limited.

Methods: This study investigated two mangrove forest areas in Hainan, which

were categorized according to the type of mangrove forest cover: planted

forests and natural forests. Thirty sampling sites were established to collect

data on benthic organisms and their sediment characteristics.

Results: Elemental As showed moderate, ongoing pollution. The distribution of

species in the two regions showed significant population differences. The

benthic population density in the natural forest was significantly lower than

that in the planted forest, which was mainly due to the prevalence of Batillaria

cumingi, and biodiversity indices and habitats in the natural forest were superior

to those in the planted forest, which mainly depended on the degree of

anthropogenic disturbance. Total phosphorus, nitrogen, dissolved solids, Hg,

and sand grains were the most important variables.

Discussion: Total phosphorus and total nitrogen were the most important

environmental factors affecting community composition, while total dissolved

solids influenced overall changes in species composition, highlighting the

significant influence of the type of mangrove cover on sediment pollution and

environmental factors, leading to significant changes in the biomass and density

of benthic organisms. This study emphasizes the complex interactions among

sediment contamination, mangrove cover, and benthic communities, providing a

three-dimensional view of the distribution patterns of mangrove contamination.
KEYWORDS

mangrove forests, sediment contamination characteristics, benthic habitats, mangrove
wetlands, role relationships
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1 Introduction

Mangroves are among the most biodiverse and productive

wetland ecosystems on Earth (Celis-Hernandez et al., 2020).

Mangroves not only provide suitable habitats and abundant food

resources for marine organisms but also provide ecological services

for the survival and development of humans living in coastal areas

(Li et al., 2017). Mangrove sediments, plants, and benthic organisms

are the core components of mangrove ecosystems and are closely

interconnected (Zhang et al., 2014). The root systems of mangrove

plants are a natural habitat for benthic organisms, and the resulting

apoplastic material can be decomposed into nutrients that are

deposited on the substrate for benthic organisms to feed on

(Yamada et al., 2013). Benthic biota are characterized by a long

life cycle, strong regionalization, and weak migratory ability, which

can play a role in promoting material cycling and energy flows

(Ying et al., 2021; Siikamäki et al., 2012). Both mangrove plants and

benthic biota depend on the sedimentary environment. Sediment

brings together nutrients and toxic elements produced by natural/

anthropogenic effects (Bouillon et al., 2008; Mountouris et al.,

2002). Some essential nutrients for plants and other organisms

are absorbed by plants and other organisms, jeopardizing the

human body through the food chain and causing toxicity

accumulation (Pan and Wang, 2012), especially heavy metals,

which cause contamination because of their toxicity, persistence,

non-degradability, and bioaccumulation (Chaudhuri et al., 2014;

Nath et al., 2013). Currently, many mangrove areas around the

world are declining or disappearing owing to pollution (Yarahmadi

and Khorsandi, 2024; Zhu et al., 2021). Because pollution is

characterized by interrelatedness and interactions (ELTurk et al.,

2019), it is particularly necessary to study pollution in mangrove

forests from a three-dimensional perspective, that is, the

interrelated roles of sediment elemental contents, plants, and

benthic organisms.

Previous research has explored the interactions between

sediments, plants, and benthic organisms in mangrove areas,

revealing complex interactions. In terms of environmental factors,

the diminishing influence of runoff from rivers entering the sea and

the increasing influence of the marine water environment can lead

to a gradual increase in the diversity of benthic communities (Ma

et al., 2012), which generally exhibit higher biodiversity in the

frontal zone of the forest belt than in the central zone of the

mangrove forest (You et al., 2024). The distribution of benthic

communities is closely related to sediment type, with benthic

diversity generally being higher in muddy or sandy sediments

than in more homogeneous substrate environments such as

clayey (Chen et al., 2025). Mangrove vegetation types are closely

related to the species distribution of benthic organisms, and

mangrove plants with different substrates and physicochemical

parameters support different taxa (Parvez Al Usmani, 2018). To

obtain more resources, including food or habitat, benthic organisms

can use tidal action to migrate to different neighboring

microhabitats (Sun et al., 2022). Mangrove vegetation provides

habitat for several benthic organisms and simultaneously alters

the physicochemical properties of soil sediments, including salinity,
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acidity, and nutrient content, which in turn can indirectly affect the

distribution of benthic organisms (Lee and Shih, 2004; Santos et al.,

2020). In terms of spatiotemporal patterns, Muthukumaravel et al.

assessed the system functioning of three mangrove forests and

noted that the community structural characteristics of benthic

organisms reflect the spatiotemporal variability of the abiotic

elements of mangrove ecosystems (e.g., sediment elements)

(Muthukumaravel et al., 2021; Arbi et al., 2018). In summary, the

interactions among sediments, benthic organisms, and mangrove

plants show a multidimensional response relationship (Santos et al.,

2020; Silva-Camacho et al., 2017); however, most relevant studies

focused on two or fewer dimensions, with few studies investigating

three or more dimensions (Chen et al., 2013; Hou et al., 2020).

In China, the richest and most diverse mangrove forests are

distributed on Hainan Island (Meng et al., 2022). However, the

rapid development of aquaculture, tourism, and urban construction

has led to a drastic reduction in mangrove area and weakening of

ecological functions. This is particularly true for Xincun Harbor and

Xinying Bay in Hainan, which are surrounded by residential areas,

tourist resorts, fishing harbors, estuaries, and lagoon harbors, which

provide a variety of complex pollution input sources. However, the

pollution status of mangrove forests in these areas has received little

attention to date (Hao et al., 2024; Meng et al., 2022).

This study aimed to combine the relationships among benthic

populations/communities, vegetation types, and sediment elements

to investigate the regional pollution status and propose strategies to

regulate pollution in the mangrove areas of Xincun Harbor and

Xinying Bay of Hainan. Based on the vertical distribution pattern in

the mangrove ecosystem, this study explores the complex

correlation and current pollution status of the area from the

perspectives of sediment, plants, and benthic organisms to

provide scientifically effective and ecologically significant insights.
2 Materials and methods

2.1 Overview of the study area

The study area is located in the mangrove areas of Xincun

Harbor and Xinying Bay on Hainan Island, China (Figure 1).

Xincun Harbor is located in Lingshui Li Autonomous County in

the southeast of Hainan Province, latitude 18°24′–18°25′ N,

longitude 109° E. It is an almost closed natural fishing harbor

with a gourd-like appearance, with an average annual temperature

of 25.8–30.0°C and a typical tropical marine monsoon climate. The

mangrove forests are distributed on both sides of the lagoon,

containing 11 native species of true mangroves and 2 non-native

species of true mangroves. The non-native species are dominated by

Laguncularia racemosa (Gong et al., 2018; Yang et al., 2016).

Xinying Bay mangrove forest is located within Xinying Town,

Houshui Bay, Lingao County, northern Hainan Province, latitude

19°51′–19°55′ N and longitude 109° E, with an average annual

temperature of 23.2°C, and has a tropical oceanic monsoon climate.

It contains 15 species of true mangrove, with the main species being

Rhizophora stylosa and Bruguiera gymnorhiza (Wen et al., 2023).
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Although the two areas have the same tropical oceanic monsoon

climate, the type of cover and growth environment show significant

differences. Specifically, the mangrove forests in Xincun Harbor are

more artificially planted and the growth of Laguncularia racemosa

is typical, with overall sparseness, whereas Xinying Bay is mainly

dominated by natural forests, with a distribution of community

aggregation, distinctive levels, and higher density.
2.2 Sample collection and identification

Samples collected from 3–6 sample strips established within

each of the mangrove forests, perpendicular to the seaward edge of

the forest to the landward edge, thereby traversing the three tidal

zones, namely the high, middle, and low tidal zones. Then, 1–3

sampling points were identified within each sample strip, and 15

sampling points were deployed in both planted and natural forest

areas (Figure 1). At each sampling point, benthic samples were

collected using 0.25 × 0.25 m sample squares to a depth of 30 cm,

rinsed through a 0.5-mm sieve, fixed in situ with 5–7% neutral

buffered formaldehyde, and sent to the laboratory for sample

analysis, including species identification, counting, and weighing.
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Sediment samples (1000 g) were collected at the same sampling

points in sealed sampling bags, kept at 0°C, transported to the

laboratory for freeze-drying to remove impurities, and divided into

two parts after picking out impurities. One part was ground and

sieved (160/80 mesh), which was mainly used for the determination

of the concentration of heavy metals and nutrient elements (TOC,

TN, and TP), and the other was freshly frozen and preserved for the

measurements of particle size. Ten sediment elemental indicators

were determined, and the methods used for each indicator are listed

in Table 1. To ensure the accuracy of the results, each sediment

sample was tested three times with an analytical error of <5%, and

the average value was considered as the final result.
2.3 Data processing

We analyzed the contamination status of heavy metals in

sediments using the geoaccumulation index method (Igeo), which

is a method for quantitatively assessing the degree of heavy metal

contamination based on the heavy metal content versus

geochemical background values (Muller, 1969) using the

following formula:
FIGURE 1

Geographic location of the study area and sampling points. In the figure, the red side indicates the area of planted forests, the green side indicates
the area of natural forests, and the distribution of sampling points in the high, middle and low tide zones is indicated by red, blue and purple dots.
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Igeo = log2
Ci

K � Bi
(1)

where Igeo is the index of pollution accumulation, Ci is the

measured concentration of heavy metal i (mg/kg), and Bi is the

geochemical background value of heavy metal i in the sediments

(mg/kg). The background values of heavy metals in the surface soil

of Hainan Island were used as the geochemical background values,

and the background values of As, Hg, Cr, Cu, and Pb were 1.87,

0.02, 22.70, 7.72, and 24.40 mg/kg, respectively (Fu, 2014); the

coefficient was taken to be 1.5 to reduce the effect of potential bias in

the background concentrations (Al-Kahtany et al., 2023). The

geoaccumulation index corresponds to the level of contamination,

as shown in Table 2.

To assess the benthic characteristics of the population and

species diversity, we calculated the dominance index (Y), the

Shannon-Wiener diversity index (H’), and the Pielou evenness

index (J). The dominance index measures the relative importance

of a few dominant species within a community. It reflects the degree

to which certain species outcompete others in terms of abundance

or biomass. A higher dominance index indicates that a few species

have a significant advantage over others in the community. The

Shannon-Wiener diversity index is based on information theory

and combines species richness (number of species) and evenness

(uniformity of species distribution) to quantify the overall diversity

of a community. The Pielou evenness index assesses the uniformity

of species distribution within a community by comparing the actual

Shannon-Wiener diversity index to the maximum possible diversity

if all species were evenly distributed. Finally, we calculated the
Frontiers in Marine Science 04
Margalef species abundance index (D) based on the characteristics

of the benthic community in the study area (van der Linden et al.,

2012; Zhu et al., 2012), calculated using Equations 2–5. Benthic

community delineation was performed by Bray-Curtis similarity

coefficient clustering analysis. The similarity threshold was set at

70% (Gao et al., 2010). To reduce the interference of rare species in

the community delineation, data for species with a relative density

of less than 1% in the whole study area were not included in the

analysis (Hangjun et al., 2020). The analysis was carried out using

Past 4.13. Based on the results of the Bray-Curtis cluster analysis,

species abundance values were used to identify prominent species in

different biomes. Mann-Whitney U was used to test the difference

between any two biome indices, and further Bonferroni correction

(a=0.0167) was used to control the multiple comparisons error

(Bramha et al., 2025), with p < 0.05 indicating a significant

difference.

Y =
ni
N

� fi (2)

H0 = −oS
i=1(

Ni

N
) ln (

Ni

N
) (3)

J =
H 0

ln S
(4)

D =
S − 1
lnN

(5)

In Equation 2, Y is the dominance index, N is the total number

of individuals of all species,Ni is the number of individuals of the ith

species, and fi is the frequency of occurrence of the ith species, i.e.,

the ratio of the number of sampling points in which the species

occurs to the total number of sampling points, and the species with

Y ≥ 0.01 were designated as dominant species. S is the total number

of species.

Based on Equations 1 and 2, several methods were applied to

represent the response status of sediment pollution and biological

and habitat status. First, principal component analysis (PCA) was

used to derive the characteristics of elemental distribution within

plantation and natural forests. Data were standardized by the z-

score to eliminate the difference in data magnitude before analyses.

A correlation coefficient matrix was established to test whether the
TABLE 2 Geological accumulation index pollution classification.

Grade Igeo Pollution degree

0 Igeo<0 Nothing

1 0≤Igeo<1 Lightly

2 1≤Igeo<2 Relatively moderately

3 2≤Igeo<3 Moderately

4 3≤Igeo<4 Relatively heavily

5 4≤Igeo<5 Heavily

6 Igeo≥5 Severely
TABLE 1 Determination of elemental indicators in sediments.

Sample
Elemental
indicators

Analytical test
methods/
instruments

Reference
standard

sediment

Hg
Haikou AFS-9800

Dual Channel Atomic
Fluorescence

Spectrophotometer

GB/
T22105-2008

As HJ 803-2016

Cu Thermo Fisher ICAP-
Q Inductively

Coupled Plasma
Mass Spectrometer

HJ 803-2016Cr

Pb

TOC
Potassium dichromate

oxidation-
spectrophotometry

HJ 615-2011

TN

Alkaline potassium
persulfate digestion-

ultraviolet
spectrophotometry

GB
17378.5-2007

TP
Ammonium
molybdate

spectrophotometry

GB
17378.5-2007

TDS Mass method LY/T1251-1999

Particle size analysis
Malvern Mastersizer

2000 laser
particle sizer

GB/T
12763.9-2007
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variables were correlated, i.e., the test principle was that the KMO

value should be greater than or equal to 0.6, Bartlett’s test of

sphericity significance value should be less than or equal to 0.05,

and the principal components with a cumulative contribution rate

of 80%-95% were selected (Bramha et al., 2025; Abdi and Williams,

2010). The analyses were performed using SPSS 24.0 software.

Second, canonical correspondence analysis (CCA) was used to

highlight associations between benthic species and sediment

elements. Before analysis, occasional species (i.e., ≤ 2 occurrences

of sample points) in the benthos were removed, and biological data

were transformed by lg(x+1) to eliminate order of magnitude

differences. Using the Monte Carlo permutation test (Monte

Carlo test) (Anderson and Braak, 2003), 999 iterations were

undertaken to determine the significance of the variables

(p<0.05). The analyses and graphing were done in the CANOCO

5.0 software (Bodaghabadi et al., 2011; Hejcmanovā-Nežerková and

Hejcman, 2006). Third, due to the accumulation of different

sediment elements by different plant species, results in habitat

differences (Black and Shimmield, 2003; Pérez et al., 2020) and

consequently, we delineated the main flora in the study area,

visualized them, and selected the sedimentary elements with

significant correlation to the organisms and habitats in the results

of the first and second methods of analyses. We then carried out

interpolation analysis using ordinary Kriging interpolation to

convert the discrete measurement data into a continuous

data surface to realize the intuitive expression. Mapping was

conducted using ArcMap 10.8.
3 Results

3.1 Characterization of benthic populations
and communities

3.1.1 Characterization of benthic populations
A total of 31 species of benthic organisms from three phyla and

19 families were identified in the two regions (Table 3), with 27

species of the phylum Mollusca accounting for 87.09% of the total

number of species. The number of biological families was slightly

higher in the natural forest area than in the planted forest area, and

the number of species types was similar in both areas (Figure 2A).

The species with the greatest dominance, as calculated using the

dominance index, was Batillaria cumingi, which was only present in

the planted forest. The next most dominant species was Assiminea

latericea, which was mainly located in the natural forest, and it was

also the species with the highest frequency of occurrence. Littoraria

melanostoma was the species with the lowest frequency and

dominance (Figure 2B). Benthic densities in the study area ranged

from 2 to 186 ind./m2 with a mean value of 52.90 ind./m2, and

biomasses ranged from 1.28 to 386.54 g/m2 with a mean value of

71.16 g/m2. The total density of organisms in planted forests (1062

ind./m2) was greater than that in natural forests (525 ind./m2). The

highest density of benthic organisms was found at sampling point

D7 (186 ind/m2), followed by D8 (174 ind/m2), both of which were

located in the planted forest. The lowest density was observed at
Frontiers in Marine Science 05
sampling point D15 (7 ind/m2), located in the natural forest.

Overall, the differences in biotic densities among sampling sites

were high in planted forests but relatively low in natural forests

(Figures 2C, D). The total benthic biomass in planted forests

(720.04 g/m2) was lower than that in natural forests (1414.9 g/

m2), with the highest biomass in sampling site D23 (386 g/m2),

followed by D27 (253.77 g/m2), and the lowest in D25 (1.28 g/m2),

all three of which were located in natural forests. The benthic

biomass in the natural forest was generally richer than that in the

planted forest; however, it was also more differentiated

(Figures 2E, F).

3.1.2 Benthic community structure and species
diversity

The benthic community structure similarity clustering analysis,

species abundance stacking map (Figure 3), and regional map

(Figure 1) demonstrated that the distribution of benthic

organisms was mainly clustered into three community areas.

Clusters I and III were distributed in the plantation forest. Cluster

I contained 9 sampling sites, with 9 benthic organisms identified,

with Batillaria cumingi accounting for the main proportion,

followed by Littoraria melanostoma. Cluster III contained five

sampling sites and seven benthic species were identified, with

Cerithidea micropterans being dominant. Cluster II was

distributed in the natural forest and contained 12 sites, with a

total of 12 benthic species identified. Assiminea latericea was

dominant, followed by Ellobium aurismidae. The diversity indices

of each sampling site are shown in Table 4. The mean values of

Shannon’s diversity index (H′) were 0.794 ± 0.404, 1.062 ± 0.361,

and 0.264 ± 0.293 for Clusters I, II, and III, respectively, and the

mean values of Pielou’s index of species evenness (J) were 0.702 ±

0.311, 0.736 ± 0.173, and 0.184 ± 0.184, respectively. Margalef

species abundance index (D) mean values for Clusters I, II, and III

were 0.548 ± 0.342, 0.928 ± 0.315 and 0.383 ± 0.342, respectively.

The mean values of the three types of indices demonstrate that the

ranking of biodiversity of the benthic community was Cluster II >

Cluster I > Cluster III. The Mann-Whitney U-test test results

demonstrated no significant difference between Clusters I and II

except for the Margalef species abundance index (P-values of 0.136,

0.522, and 0.047 for H′, J, and D, respectively). All three indices

showed significant differences between clusters II and III (P = 0.004,

0.003, and 0.027 for H, J, and D, respectively). Both indices showed

significant differences between Clusters I and III, except for the

Margalef species abundance index, which was not significantly

different (P-values = 0.071, 0.019, and 0.461 for H, J, and

D, respectively).
3.2 Analysis of contamination of
sedimentary environments

3.2.1 Characterization of heavy metal
contamination of sediments

The geoaccumulation indices of heavy metal elements Hg,

Cr, Cu, Pb, and As in the sediments under natural and
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plantation forests were significantly different (Figure 4), and the

geoaccumulation indices of the same heavy metal elements in the

two forests varied less. The ground accumulation indices of heavy

metal elements Hg, Cr, Cu, and Pb in sediments from natural and

planted forests were all classified as 0, indicating non-pollution, and

the ground accumulation indices of heavy metal element As were all
Frontiers in Marine Science 06
classified as 1-2, indicating relatively moderate pollution. The

decreasing order of the average ground accumulation indices of

heavy metal elements in the two forests was As > Cu > Cr > Pb > Hg,

and the ground accumulation indices of As in both areas were

significantly higher than those of Hg, Cr, Cu, and Pb for the

moderately polluted element As. Pb > Hg, and the Igeo of As was
TABLE 3 List of benthic organisms in the mangrove sediments of Xincun Harbor and Xinying Bay.

Phylum Family Species (latin scientific name) Abbreviation in the picture

Mollusca, abbreviated as Ma

Littorinidae; Periwinkleshell
Littoraria melanostoma sw8

Littorina scabra

Pharellidae Pharella acutidens

Ellobiidae

Ellobium aurismidae sw11

Cassidula nucleus

Allochroa layardi sw14

Ellobium chinensis

Pythia cecillei

Muricidae Thais clavigera sw7

Melaniidae Melanoides tuberculata

Potamididae

Batillaria cumingi sw1

Batillaria zonalis sw3

Cerithidea rhizophorarum sw10

Cerithidea djadjariensis sw12

Terebralia palustris sw17

Veneridae

Anomalodiscus sguamosa

Tapes platyptycha

Cryptonema producta

Marphysa sp. Lucina scarlatoi sw15

Nereididae sp. Assiminea latericea sw13

Triclidae
Capitellidae sp.
Gammaridea sp.

Neritidae Clithon oualaniensis sw6

Fruticicolidae; Land snail Acusta tourannensis

Corbiculidae Geloina erosa sw4

Cerithiidae
Cerithidea microptera sw2

Clypeomorus humilis

Mytilidae; Mussel Limnoperna fortanei

Annelidan, abbreviated as An

Eunicidae Marphysa sp. sw5

Nereididae Nereididae sp. sw9

Capitellidae Capitellidae sp. sw16

Arthropoda, abbreviated as Aa Corophiidae Gammaridea sp.
Abbreviations of species names used in other illustrations in the text are also reflected in this table.
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FIGURE 2

Characterization of benthic populations. (A) shows the distribution status of benthic organisms under the natural forest and plantation forest cover,
the pink columns in the figure are the number of species types, the blue columns are the number of families, and the yellow area of the horizontal
axis is the abbreviated name of each phylum, and the full name is shown in Table 1; (B) shows the top 9 dominant species, the blue columns are the
frequency of occurrence values, and the red folded line is the index value of the dominance degree, and the horizontal axis is the abbreviated name
of the species, and the full name is shown in Table 1; (C–F) indicate the density and biomass spatial distribution of benthic organisms at each
sampling point, respectively, and the size of the point indicates how many values are present.
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significantly higher than that of Hg, Cr, Cu, and Pb in both areas.

The Igeo of natural forests was slightly higher than that of planted

forests for the moderately polluted element As.

3.2.2 Characterization of sediment element
distribution

The elemental contents of the sediments at each sampling point

are shown in Table 1. Figure 5 presents a plot of the PCA based on

sediment data from the study area, with the first two axes of the

PCA explaining 12.4–77.6% of the overall variability. Nutrient

elements (TP, TN, and TDS) were more aggregated in the natural

forest (Cluster II), sand grains and Hg elements were more

aggregated in the plantation forest (Cluster 1), and the heavy

metals Cr, Cu, Pb, and As did not show an aggregated

distribution in either the plantation or natural forests. The

elemental contents in the sampling sites were characterized as

follows: The concentrations of TN (0.47%) and Hg (0.019 mg/kg)

were higher in sampling sites D25 and D27 in the natural forest

than in the other sites (p < 0.05). The concentrations of TDS (8.55 g/

kg) and TP (0.354%) were higher in sampling site D18 than the

other sites (p < 0.05); and sand grain at D21 (69.7%) was at a lower

level (p < 0.05). The concentrations of Hg (0.002 mg/kg), TP

(0.027%), TN (0.026%), and TDS (1.74 g/kg) at sampling points

D4, D5, D7, and D11 in the plantation forest were lower than those

at the other sites (p < 0.05), and the sand grain content (94.7%) at

sampling point D12 was higher than at all other sampling points.

3.2.3 Associations between sediment elemental
contents and benthic species

CCA was used to study the correlation between benthic species

and sediment elemental contents (Figure 6). Based on the CCA

ordination results for 17 species and 12 sediment elements, the first
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axis species-environmental factor correlation was 0.9686, the

second axis species-environmental correlation was 0.9025, and the

ordination results were reliable. PCA1 and PCA2 explained 44.34%

and 18.83% of the variance, respectively, with the two axes

explaining 63.17%. The arrows represent the environmental

factors and indicate the direction of the factors with the greatest

variation. Nutrients (TP, TN, TDS), Hg, and sand grains were the

most significant variables for biota aggregation (p < 0.05), and the

Monte Carlo permutation test showed that TP and TN were the

most significant environmental factors influencing community

composition (p < 0.05; F-ratio = 5), followed by TDS (p < 0.05;

F-ratio = 4), which influenced overall changes in species

composition. These results indicate that TP, TN, and TDS were

related to Batillaria zonalis, Clithon oualaniensis, Littoraria

melanostoma, Cerithidea rhizophorarum, Cerithidea djadjariensis,

Allochroa layardi, Lucina scarlatoi, and Capitellidae sp. Sand grain

and Hg were the most effective variables explaining the distribution

of Marphysa sp. and Geloina erosa. The distribution of As was

significantly and positively correlated with Cluster III and

significantly and negatively correlated with Clusters I and II.
3.3 Correlations between flora and
sediment elements.

There was a single type of plant group in the plantation forest,

mainly dominated by the Laguncularia racemosa group, covering

12 sampling points such as D1-D12, and the TP values in this area

were more aggregated, especially in sampling points D6 and D9

(Figures 7A, C, E). In contrast, the distribution of TN elements was

more homogeneous. Figures 7B, D, F show that the natural forests

contained four groups, of which Rhizophora stylosa was the main
FIGURE 3

Cluster analysis plot A and species abundance stacking plot B based on cluster analysis results. I, II, and III in (A) correspond to the three biome
aggregations, and the point numbers are the sampling points. The three values on the horizontal axis of (B) correspond to the three biomes I, II and
III in (A), and the vertical axes are the species abundance values, and the names in the legend are the abbreviated names of the species, and the
complete names are detailed in Table 1.
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group system, covering 13 sampling points and pooling TN

elements in the area, especially at D21–D25, and the distribution

of TP elements was more homogeneous. Natural forests were richer

than planted forests in terms of community composition, and the

TN content of natural forests controlled by Rhizophora stylosa was

more concentrated than that of planted forests controlled by

Laguncularia racemosa, with multiple areas of higher values. In

contrast, the TP values were more concentrated in planted forests.
4 Discussion

4.1 Characterization of sediment
contamination

Sediment contamination is mainly characterized by heavy metal

contamination, which is determined by the toxicity, persistence,
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non-biodegradability, and bioaccumulation of heavy metals, and as

such is attracting widespread attention (Bachirou et al., 2025).

Similarly, it is particularly important to focus on pollution from

nutrient over-enrichment resulting in coastal eutrophication since

mangrove forests have higher total primary production and

nutrient accumulation, meaning that mangroves may be sensitive

to environmental and anthropogenic impacts on very short time

scales (Breithaupt et al., 2018; Atwood et al., 2017). The Igeo results

showed that the four heavy metal elements (Hg, Cr, Cu, and Pb) in

the sediments of the study area did not pollute the region, with only

As showing moderate pollution, which may be due to some

anthropogenic activities, with a past survey revealing large areas

of fishing row farming, domestic sewage discharges, and corrosion

of the hulls of ships in the vicinity of the study area (Hao et al.,

2024). This result is consistent with a past study, reflecting ongoing

contamination by elemental As. PCA can comprehensively

determine the sources of heavy metals in sediments (Hao et al.,
TABLE 4 Diversity indices of macrobenthic communities in the mangrove sediments of Xincun Harbor and Xinying Bay in each community area.

Community Site Number of species H′ J D

I

D3 3 1.09 0.99 0.83

D4 4 1.31 0.94 1.08

D5 3 0.66 0.61 0.46

D7 5 0.78 0.49 0.77

D8 3 0.59 0.54 0.39

D9 5 1.42 0.88 0.91

D10 2 0.60 0.87 0.23

D11 2 0.70 1.01 0.27

D12 1 0.00 0.00 0.00

II

D16 3 0.67 0.61 0.53

D17 3 0.95 0.86 0.61

D18 3 0.46 0.42 0.48

D19 6 1.51 0.84 1.25

D20 4 1.11 0.80 0.81

D21 4 0.81 0.58 0.87

D22 4 0.59 0.43 0.75

D23 6 1.51 0.84 1.32

D24 7 1.46 0.75 1.47

D25 3 0.95 0.86 0.76

D26 5 1.41 0.88 1.08

D27 4 1.32 0.96 1.21

III

D2 1 0.00 0.00 0.00

D6 1 0.00 0.00 0.00

D28 4 0.27 0.19 0.63

D29 3 0.25 0.23 0.42

D30 5 0.80 0.50 0.86
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2024), and our results demonstrated that Cr, Cu, As, and Pb in the

sediments may have similar sources but different sources of Hg.

Four elements, Cr, Cu, As, and Pb, may be mainly derived from

natural weathering and erosion of continental detrital materials
Frontiers in Marine Science 10
(Zhuang et al., 2018). The As content was higher than the

background value, indicating that in addition to natural sources

of As, some anthropogenic sources of pollution also existed,

including domestic sewage, fish tank farming, and oil discharge
FIGURE 4

Box plots of heavy metal geoaccumulation indices in sediments, (A, B) are box plots of geoaccumulation indices in planted and natural
forests, respectively.
FIGURE 5

Principal component analysis (PCA) plot of environmental variables.
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from ships (Tang et al., 2023), consistent with the findings of the

survey. The results of PCA analysis showed that nutrient elements

were more aggregated in natural forests compared to planted

forests, particularly for TP, TN, and TDS, which may be because

natural forests are richer than planted forests because mixed

mangrove forests contain higher elemental accumulations than

mangrove forests dominated by a single genus, which would

increase the likelihood of higher nutrient accumulations (Atwood

et al., 2017; Pérez et al., 2018). TP and total TN are key nutrients in

mangrove ecosystems, playing significant roles in maintaining

ecosystem health through food chain dynamics. However,

excessive inputs of TP and TN can lead to eutrophication,

causing algal blooms and oxygen depletion, which disrupt the

ecological balance of mangrove systems (Jiang et al., 2025).

Ecological restoration, including planting native mangrove species

and managing aquaculture activities, can effectively mitigate the

impacts of excessive nutrient inputs, thereby protecting the health

and biodiversity of mangrove ecosystems. Although mangrove

forests are effective biogeochemical barriers that remove large

amounts of dissolved and particulate nutrients (mainly nitrogen

and phosphorus), they are also susceptible to eutrophication in

naturally forested areas (Mack et al., 2024) and therefore require

additional attention. There are large areas of mariculture and

fisheries around the study area, especially in the Sinchon area

(Hao et al., 2024), which experiences localized eutrophication due
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to the enrichment and accumulation of nutrients caused by

mariculture (Zhou et al., 2022). CCA analysis indicated that

nutrients (TP, TN, TDS), Hg, and sand grain content were the

most significant variables for biota aggregation, indicating that each

nutrient and the metal Hg had a significant effect on community

structure (Kuk-Dzul et al., 2012). Because Hg is accumulated in

organisms and produces toxic effects (Arisekar et al., 2024), it was

hypothesized that the biota in the mangrove system of the study

area might have been associated with Hg toxicity, which would have

adverse consequences. It is assumed that the biota in the mangrove

system in the study area may already have experienced toxicity,

which will have unfavorable effects on the biological chain,

including endangering human health through Hg enrichment in

the food chain (Islam et al., 2024). This aspect should be given

priority attention and be subject to future monitoring. These results

are consistent with the study of Hao et al. (2024). The present study

found that As pollution mainly originated from aquaculture and

ship activities. Additionally, the monoculture of planted forests

leads to hardening of the substrate (Leung, 2015), which limits the

diversity of benthic organisms. Meanwhile, high TN enrichment in

natural forests may exacerbate the risk of eutrophication (Zhou

et al., 2022). Therefore, it is recommended to prioritize the

protection of natural forests, limit intensive aquaculture around

mangroves, and strengthen monitoring of sediment heavy

metal concentrations.
FIGURE 6

Two-dimensional CCA ordination plot of macrobenthic species versus environmental factors. Fsg denotes fine sticky granules, Ccs denotes pink
sand, and SG denotes sand grain. See Table 3 for complete names of abbreviated macrobenthic species names in the figure.
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4.2 Habitat analysis of benthic biota

The most dominant species in the study area was Batillaria

cumingi, which had an absolute advantage in terms of density.

Areas where the organisms were most dense were mostly planted

with Laguncularia racemosa, and several beaches in the area were

high, with hardened substrate and coral reef debris, which made the
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depositional environment poor. However, Batillaria cumingi was

widely distributed in these areas in large numbers, indicating that it

had a strong adaptability and high tolerance to the substrate in the

area, This is also closely related to the feeding habits of Batillaria

cumingi, which is a Sediment surface feeder, mainly feeding on

organic detritus, a behavior that can also lead to direct exposure of

Batillaria cumingi to heavy metals (e.g., As). In addition, Assiminea
FIGURE 7

Distribution of communities and interpolation of significant environmental factors. (A, B) show the distribution of the main clusters in the study area;
(C, D) and (E, F) are interpolated maps of the content of TP and TN elements, respectively; the main clusters are expressed in the form of points in
(B) because of the complex composition of the clusters.
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latericea exhibited the highest frequency of occurrence, and it is

mostly found in the area dominated by Rhizophora stylosa. The

substrate of these areas where the red sea olive grows is softer, and

the silt was thicker, Rich in dissolved nutrients (TN, TP). Assiminea

latericea is a filter feeder, dependent on suspended particles in the

water column, and is significantly influenced by dissolved nutrients

(TN, TP), physical properties of the sediment modulate feeding

behavior (Scholl et al., 2023). Behera et al. indicated that the loose

structure of the sediment can provide higher interstitial space to

accommodate a larger number of benthic organisms (Behera et al.,

2023), which could be the main reason for the higher frequency of

Assiminea latericea in this region. There were significant differences

in benthic densities in planted forests, significant differences in

benthic biomass in natural forests, and large differences between

high- and low-tide sampling sites in the same section (Figure 2)

because the small-scale distribution pattern of benthic organisms

mainly depends on factors such as tidal state and mangrove

vegetation (Chen et al., 2013). Compared with Dongzhai Harbor

in Hainan (Li et al., 2017), the lower benthic density in the natural

forest of Xinyingwan may be related to the higher level of

disturbance from tourism in the present study area. This

highlights the negative impacts of anthropogenic pressures on the

biological community. Benthic community biodiversity was ranked

in the following order: Cluster II > Cluster I > Cluster III. There was

no significant difference in the two indices between Cluster I and

Cluster II except for the Margalef species abundance index, whereas

the opposite was true between Clusters I and III, where there was a

complementary relationship, and there was a significant difference

in the three indices between Clusters II and III, which suggests that

the nature of the habitat exerted an influence on community

dynamics (Toumi et al., 2023). The benthic community is an

effective ecological indicator for monitoring the status of marine

pollution (Mosbahi et al., 2019) and, when combined with Bary-

Curtis similarity coefficient clustering analysis, can show the status

of environmental quality in the study area. Cluster III was the worst

place in terms of environmental quality, followed by Cluster I. Both

are in plantation forests, which reflects the frequent anthropogenic

disturbances in the area and a high level of human influence.

Cluster II in natural forests had the best environmental quality

and its exposure to human impacts was relatively weak. These

results support those of Murugesan et al., who showed that diversity

is higher in natural systems than in artificially developed habitats

(Murugesan et al., 2016).
4.3 Relationships between sediments,
benthic organisms, and mangrove plants

The relationships between elemental composition in sediments,

benthic organisms, and plants are complex and diverse. The

association between sediment elemental composition and

biological community structure varies from site to site, and

regional factors are important in shaping the compositional
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aspects of benthic communities (Zhang et al., 2021) For example,

Langford and Daffern (1975) and Aston and Milner (1980) argued

that higher temperatures are thought to affect species phenology in

the form of shorter life-cycles and earlier hatching and plumage,

while Worthington et al. (2015) argued that most taxa may not have

reached their critical thermal tolerance thresholds or could have

had their behaviors adapted to higher temperatures (Worthington

et al., 2015). A study on macrobenthic invertebrates from a tributary

of the Nile River, Egypt, revealed that the most influential

environmental variables in structural and functional communities

were Na, dissolved oxygen, silicate, pH, Ca, and Cr (Bendary et al.,

2023), In the present study, TP, TN, TDS, Hg, and sand grains were

the most significant variables affecting the occurrence of taxonomic

groups, which then reflected the regional variability output different

results. Benthic species, biomass, and diversity were better in

natural forests than planted forests because natural/mature

mangrove forests generally support higher faunal biodiversity

than young or disturbed forests because natural/mature mangrove

forests accumulate more nutrients (Chen et al., 2013). This was

intuitively demonstrated by the lower benthic biodiversity under

planted forest cover compared to that of natural forests in the

present study. Different mangrove communities support different

benthic biota and different mangrove communities aggregate

different sediment elements, which have a significant influence on

macrobenthic diversity indices (richness and evenness) (Chen et al.,

2015; Leung, 2015). In this study, the Laguncularia racemosa group

lineage aggregated TP and the dominant species was Batillaria

cumingi and the Rhizophora stylosa group lineage aggregated TN

and the dominant species was Assiminea latericea. In addition, the

biodiversity under the Laguncularia racemosa cover was lower than

that under Rhizophora stylosa (Figures 2, 3, and 7 and Table 3).

This study explored the relationship between sediment

contamination and the role of benthos and its habitats. However,

the small sample size of the study (30 sampling sites) may limit the

generalizability of the results, which did not cover seasonal

variations (e.g., the difference in pollutant transport between the

rainy and dry seasons) and has not yet been analyzed in terms of

microcosmology and microcosmic experiments to validate the

toxicity mechanism, etc. To improve the biological prediction of

possible environmental contamination in the context of global

environmental protection, future research on biological and

sediment contamination should focus on less-studied populations

and regions and long-term research and monitoring considering

seasonal factors, It is necessary to combine the long-term

monitoring and multiscale experiments (e.g. plant tissues,

biomarkers) to analyze the ecological effects of pollutants in depth.
5 Conclusions

Four heavy metals (Hg, Cr, Cu, and Pb) in the sediments of the

study area did not pollute the area, with only As showing moderate

pollution, and contamination by As continues. Benthic densities in
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natural forests were significantly lower than those in planted forests.

Species composition differed considerably between natural and

planted forests. Biodiversity indices were higher in natural forests

than in planted forests. Cluster III had the worst environmental

quality, followed by Clusters I and II.

Natural forests contained higher concentrations of nutrients

(TP, TN, and TDS) than planted forests and were more susceptible

to eutrophication. The overall change in species composition was

influenced by TDS, the Laguncularia racemosa group lineage

aggregated TP and the biologically dominant species was

Batillaria cumingi. The Rhizophora stylosa group system

aggregated TN and the dominant species was Assiminea latericea.

Biodiversity under Laguncularia racemosa cover was lower than

that under Rhizophora stylosa.

The results provide new insights into the impacts of human

activities on marine pollution and organisms, particularly in

mangrove areas. To prevent the continuation of As pollution

and the potential harm caused by Hg to living organisms, a

series of measures focusing on emission source management

should be considered, including banning intensive mariculture

patterns based on fertilizer application, strengthening pollution

source control of heavy metals and nutrients, and enhancing

hydrodynamics to reduce the accumula t ion o f fine

particulate matter.
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Distribution of benthic fauna in sediment grains and prop roots of a mangrove channel in
south-eastern Brazil. J. Mar. Biol. Assoc. U. K 97, 377–385. doi: 10.1017/S0025315416000485

Sun, Y. X., Li, X. X., Tan, Y., Wang, J., and Dong, Y. W. (2022). Microhabitat thermal
environment controls community structure of macrobenthos on coastal
infrastructures. Estuar. Coast. Shelf S 277, 108060. doi: 10.1016/j.ecss.2022.108060

Tang, D., Liu, X., Xia, Z., Hou, J., Yang, X., Li, P., et al. (2023). Sources of organic
matter and carbon stocks in two mangrove sediment cores and surface sediment
samples from Qinglan Bay, China. Sci. Total Environ. 893, 164897. doi: 10.1016/
j.scitotenv.2023.164897
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