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A B S T R A C T   

Coastal regions support the most threatened ecosystems on Earth, and anthropogenic activities have been 
significantly affecting both habitat structure and ecological quality. Understanding the dynamics of ecological 
response to multiple stresses is a precondition for management and restoration of largely disturbed coastal 
ecosystems. Among diverse taxa in coastal regions, benthic organisms are widely recognized as promising targets 
for assessing ecological causes and consequences of anthropogenic activity-derived stressors, such as environ-
mental pollution. However, spatial and local environmental factors play important but different roles in shaping 
community structure of different benthic taxa, mainly owing to their distinct body size, mobility, and metabolic 
capacity. Here, we applied metabarcoding, coupled with physicochemical analyses, to determine the benthic 
microbial community composition in a typical subtropical coast area, Beibu Gulf in Southern China. Stochastic 
processes were found as the dominant ecological driver in shaping the community assembly of both bacteria and 
fungi. Moreover, environmental factors explained a considerable portion of variation in bacterial communities, 
while spatial factors were more influential in structuring larger body size and weak mobility fungal communities. 
Mantel tests and network analysis revealed significant relationships between several environmental variables and 
bacterial communities. More importantly, the concentrations of heavy metals, particularly Cr and Zn, could be 
predicted using the constructed random forest model based on bacterial communities. The results obtained here 
provide new insights into causes and consequences of various factors for influencing healthy coasts, thus further 
clearing the road to the integration of biological information into routine ecological monitoring of coastal 
ecosystems.   

1. Introduction 

The coastal ecosystem is the ecotone between the land and marine 
environment and is subject to strong continental-oceanic interactions 
(Barbier et al., 2011). Meanwhile, the coastal ecosystem is extremely 
vulnerable because it is exposed to multiple stresses from both natural 
and anthropogenic disturbances (Martinho et al., 2008). These stressors 
indirectly or directly interact and impact ecological status of coastal 
regions (Beiras, 2016). For example, the ecological status of coastal 
ecosystems has been reported to be affected by some natural stresses, 
such as sudden changes of temperature, salinity, and oxygen concen-
tration (Campbell and Kirchman, 2013; Meyerhof et al., 2016). In the 

same time, anthropogenic activities, including industrial development, 
shipping, and aquaculture, and their associate stresses (e.g. chemical 
pollution and eutrophication), also have considerable impacts on the 
ecological status of coastal ecosystems (Blaber et al., 2000; Xiong et al., 
2014). In recent years, coastal ecosystems have been increasingly 
demonstrated to have habitat degradation due to intensive anthropo-
genic activities (Elliott and Whitfield 2011, Korpinen et al. 2012). 
Therefore, understanding the consequence of coastal ecosystems to 
various stresses and determining dominant driving factors are obligation 
for conducting effective coast management and restoration. 

Biological communities play a vital role in supporting ecosystem 
stability and functioning (Pita et al., 2018). The profiles of organism 
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communities can reflect the long-term cumulative effects of natural and 
anthropogenic stresses on coastal ecosystems (Li et al., 2020). Coastal 
benthic ecosystem is an important and complex environment with a high 
level of biodiversity, which are composed of bacteria, fungi, meioben-
thos, microbenthos, and many others (Liu, 2013). Different biological 
communities exhibit fine differences in body size, metabolic activity, 
and dispersal potential, which may exert an influence on the suscepti-
bility of stress responses (Logares et al., 2018; Wu et al., 2018). Hence, 
biomonitoring is necessary for evaluating the effects of human activities 
at the multiple scales for coastal ecosystems. 

The conventional method that has been used to coast biomonitoring 
is the morphological identification and sorting of collected organisms 
(Borja et al., 2009; Villnäs and Norkko, 2011). In addition, several biotic 
indices based on benthic communities have been developed to assess the 
ecological status of coastal ecosystems due to the specific characteristics 
of benthic communities, such as wide distribution, limited mobility, and 
sensitivity to environmental disturbance (Cai et al., 2015; Checon et al., 
2018). However, these methods are time- and labor-consuming as well 
as demands a high degree of taxonomic expertise (Fan et al., 2020). In 
contrast, the high-throughput amplicon sequencing of environmental 
DNA (eDNA) has recently provided a feasible option for biomonitoring 
with fast, standardized, and comprehensive features (Chen et al., 2018b; 
Li et al., 2018). However, it remains unclear how well amplicon 
sequencing data reflects the effects of environmental stresses on coastal 
ecosystems among different organism communities. Interpreting this 
issue will illuminate potential applications of biology community data in 
the management and monitoring of coastal ecosystems. 

Capturing the relationships between various stresses and the status of 
ecosystems require a suitable model to analyze the biological commu-
nity data. Combined effects induced by the interactions of multiple 
stresses and the nonlinear response of coastal ecosystems greatly 
complicate the exploitation of accurate models (Jones et al., 2017). 
From the metacommunity perspective, bacterial community assembly is 
regulated by both selective and non-selective processes. They involved 
the deterministic environmental factors (such as temperature and 
salinity) and species interactions (such as predation and competition) 
(Chave, 2004), and the stochastic processes, such as birth, immigration, 
death, limited dispersal, and drift (Vanwonterghem et al., 2014). Niche- 
and neutral-based theories are two important and complementary 
mechanisms for making the assembly of microbial community (Sloan 
et al., 2006; Bahram et al., 2015). Moreover, fortunately with the 
development of data analysis technology in recent years, novel statisti-
cal methods emerge to quantify the complex nonlinear relationships, 
particularly machine learning (ML)-based approaches (Torija and Ruiz, 
2015). At present, ML models have been widely applied in the prediction 
of ecological or environmental indicators. For instance, a support vector 
machine was applied to model the river ecological status in response to 
various stresses based on the morphological and eDNA metabarcoding 
data (Fan et al., 2020). In addition, random forest (RF) models were used 
for predicting the physico-chemical variables and soil quality based on 
the bacterial community data (Hermans et al., 2020). RF analysis is an 
important machine learning method where decision trees are generated 
based on the optimal explanatory variables to predict the response 
variables (Breiman, 2001). RF models are capable to classify samples 
into different groups and also quantitatively predict continuous vari-
ables via regression analysis (Smith et al., 2015). Thus, RF models may 
outperform other modeling methods to model the relationships between 
the ecological status of coasts and multiple stresses. 

In this study, we aim to compare the assembly mechanisms of bac-
terial and fungal communities in a typical subtropical coast and assess 
the ability of amplicon sequencing data to imply the nonlinear effect of 
multiple stresses by applying both sets of data in RF models. In addition, 
we evaluated the sensitivity of RF model predictions of the microbial 
communities to various stresses and further identified the stresses hav-
ing the supreme impact on the ecological status of coastal ecosystems. 
The present study contributes to develop the potential applications of 

amplicon sequencing data in the monitoring and management of coastal 
ecosystems. 

2. Materials and methods 

2.1. Study area 

The study area is a typical subtropical coast, Beibu Gulf, in the 
northwestern South China Sea. It is a semi-closed gulf covering an area 
of approximately 12.8 × 104 km2 and measuring 180 nautical miles at its 
widest point (Chen et al., 2009). Meanwhile, it has large number of 
estuaries with freshwater inputs from flows by Beilun, Maoling, and 
Dafeng Rivers. The rapid industrial development and urbanization in 
their river catchments in recent years have resulted in significant po-
tential sources of chemical and nutritional pollution into the Gulf (Zheng 
et al., 2012; Dou et al., 2013). The sampling sites in this study covered 
areas ranging from the Hainan Island, Qiongzhou Strait, Leizhou 
Peninsula, and north to the Guangxi Zhuang Autonomous Region 
(Fig. S1). 

2.2. Sediment and environmental data collection 

A total of 29 stations were determined along the different distance to 
coastline (Fig. S1). These sits were divided into three categories (Near, 
Middle, and Far) based on the distance from the station to the nearest 
coastline with 35 km and 50 km as the thresholds. These thresholds 
assigned stations of 1–15 to the Near group (<35 km), stations of 16, 
19–23, and 29 to the Middle group (35–50 km), and stations of 17, 18, 
and 24–28 to the Far group (>50 km). Three sediment replicates were 
collected from each site using a 0.05 m2 van Veen grab, and then pooled 
together before further treatments. At the same time, three replicates of 
bottom water (0–20 cm above to the bottom surface) for each site were 
also collected with a water sampler. A total of 500 g sediment and 5 L 
bottom water for each site were obtained, placed on ice immediately, 
and delivered to the laboratory in 24 h. A part of sediment samples was 
stored in a − 80 ◦C for further DNA extraction, and the remaining sam-
ples were used to measure environmental variables. 

The water characteristics of bottom water, including pH, tempera-
ture (T), salinity, and dissolved oxygen (DO), were measured in situ with 
a multiparameter sensor (YSI 6600) and recorded simultaneously. Eight 
physicochemical factors were selected for evaluating the trophic level of 
bottom water, including chemical oxygen demand (COD), ammonia, 
nitrite, nitrate, phosphate, total nitrogen (TN), total phosphorus (TP), 
and total organic carbon (TOC). COD and TOC were measured using the 
potassium dichromate titration method and a total organic carbon 
analyzer (Elementar Vario EL III), respectively. All other physicochem-
ical factors were determined as described by Islam et al. (2004). In 
addition, seven heavy metals, containing Hg, Cd, Pb, Cr, As, Cu, and Zn, 
were determined using an inductively coupled plasma-mass spectrom-
etry (ICP-MS, Optima, 2000 DV, Perkin Elmer, USA) (Yuan et al., 2004). 

2.3. Bacterial and fungal community sequencing 

Total DNA from each sediment sample was extracted using the 
FastDNA SPIN Kit for Soil (MP Biomedicals, CA) according to the 
manufacturer’s instruction. The concentration and integrality of 
extracted DNA were determined using NanoDrop (Thermo Fisher Sci-
entific, Carlsbad, USA) and 2% agarose gel electrophoresis, respectively. 
The V3-V4 regions of bacterial 16S rRNA and Internal Transcribed 
Spacer (ITS) of rDNA genes from each extracted DNA were amplified 
using primers 341F-806R (341F: 5′-ACT CCT ACG GGA GGC AGC AG-3′, 
806R: 5′-GGA CTA CHV GGG TWT CTA AT-3′) and ITS1-ITS4 (ITS1: 5′- 
TCC GTA GGT GAA CCT GCG G-3′, ITS4: 5′-TCC TCC GCT TAT TGA TAT 
GC-3′), respectively (Berg et al., 2012; Lu et al., 2013). All PCRs were 
performed in 15 μL reactions with 7.5 μL Phusion ®High-Fidelity PCR 
Master Mix (New England Biolabs), 1 μL of forward and reverse primers 
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(10 μM), 1 μL of dNTPs (2.5 mM), and 1 μL template DNA. Thermal 
cycling consisted of initial denaturation at 95 ◦C for 2 min, followed by 
25 cycles of denaturation at 94 ◦C for 5 s, annealing at 55 ◦C for 30 s, and 
elongation at 72 ◦C for 30 s. The PCR products of each sample were 
detected by electrophoresis on 1.5% agarose gel, and only 15 of 29 
samples were successfully amplified for ITS. Then, the obtained PCR 
products for 16S rRNA and ITS was purified, quantified, and mixed in 
equal amounts to construct the sequencing libraries. Finally, the library 
quality was determined using Agilent Bioanalyzer 2100 system and 
Qubit @2.0 Fluorometer (Thermo Scientific), and then all libraries were 
sequenced on an Illumina MiSeq platform. 

Reads with an average Phred score (Q score) lower than 20, con-
taining ambiguous bases, homopolymer>6, having mismatches in 
primers, and sequence length shorter than 150 bp were deleted from the 
datasets (Bokulich et al., 2013). Remaining high-quality reads were 
appointed to the samples based on their unique barcodes at the end of 
reverse primers. Subsequently, reads with overlap longer than 10 bp and 
without any mismatch were assembled into tags by using FLASH (Magoc 
and Salzberg, 2011). Tags with ≥ 97% similarity were assigned to the 
same operational taxonomic unit (OTU) using QIIME v1.9.2 (Caporaso 
et al., 2010). Representative sequence of each OTU was picked by the 
default method and appointed to a bacterial and fungal taxonomy based 
on the SILVA database release 132 (Yilmaz et al., 2014). The bacterial 
and fungal OTUs abundance tables were constructed, respectively, and 
normalized using a standard number of tags according to the sample 
with the least tag number. 

2.4. Statistical analysis 

Alpha diversity indices of bacterial and fungal communities, 
including Chao1 Index and Shannon Index, were calculated using QIIME 
v1.9.2 and the rarefaction curves were created (Kemp and Aller, 2004). 
Boxplots based on these diversity indices were performed using the R 
v4.0.2 and the differences of them among sediments with different 
distance to coastline were analyzed using Tukey’s HSD test. The Venn 
analysis was performed using the “VennDiagram” package in R v4.0.2 to 
evaluate the shared and unique microorganisms among sediments with 
different distances to coastline (Boutros and Chen, 2011). LDA Effect 
Size (LEfSe) was used to recognize the significantly different microor-
ganisms among sediments with different distance to coastline (Segata 
et al., 2011). The circular visualization for the abundance of dominant 
bacterial and fungal taxa at the class level was performed using Circos 
software (Krzywinski et al., 2009). 

Variations in the bacterial or fungal community compositions of 
sediments with different distance to coastline were evaluated by the 
Principal Coordinate Analysis (PCoA) and PERMANOVA test using the 
“vegan” package in R v4.0.2. To assess the distance-decay of community 
similarity, the Bray-Curtis similarity and geographic distance matrices 
were compared by the linear regression. The Bray-Curtis similarities 
were based on bacterial and fungal OTU tables, respectively, and the 
geographic distances were generated through the Principal Coordinates 
of Neighbor Matrices (PCNM) analysis based on the longitude and lati-
tude coordinates of each sampling site (Borcard and Legendre, 2012). 

To determine the relative importance of environmental and spatial 
factors in shaping the bacterial and fungal communities, Variation 
Partitioning Analysis (VPA) and null model were carried out using the 
scripts of Wu et al. (2018) and Stegen et al. (2015), respectively. In VPA, 
the pure environmental variation without a spatial component repre-
sents the strength of environmental filtering, and the pure spatial vari-
ation without an environmental component is interpreted as the effect of 
dispersal limitation. For null model analysis, the process governing 
community assembly was identified based on the βNTI and Raup-Crick 
metric (RC). The fraction of pairwise comparisons with βNTI < − 2 
was considered as the percentages of homogeneous selection, whereas 
those with βNTI > 2 as the percentages of heterogeneous selection. Next, 
taxonomic diversity metric RC was used to partition the remaining 

pairwise comparison with |βNTI| ≤ 2. The fraction of pairwise com-
parisons with RC < − 0.95 was treated as the percentages of homoge-
nizing dispersal, while those with RC > 0.95 as dispersal limitation. The 
remaining ones with |βNTI| ≤ 2 and |RC| ≤ 0.95 represent the per-
centages of drift. 

Mantel test was used to examine the relationships between the mi-
crobial community compositions and the environmental variables. In 
addition, linear regression was applied to estimate the effects of physi-
cochemical factors on the assemblies of bacterial and fungal commu-
nities, where physicochemical factors and microbial community 
dissimilarities were calculated using Bray-Curtis distance matrices. 
Subsequently, a Bayesian principal component analysis (PCA) was per-
formed using the “pcaMethods” package in R v4.0.2 to obtain PCA scores 
for each site based on the environmental variables of nutrition level and 
heavy metals, respectively (Stacklies et al., 2007). Linear regression 
models were used to assess the relationships between the alpha diversity 
of bacterial and fungal communities with the PC1 values of nutrition 
level and heavy metals. Furthermore, RF analyses were performed using 
the “randomForest” package with default parameters. The accuracy of 
RF predictions for quantitative response variables were also evaluated 
using the linear regression. 

Finally, differences among the sediment microbiomes were deci-
phered by performing network analysis using the Random Matrix The-
ory (RMT)-based approach from the high-throughput sequencing data 
according to the Molecular Ecological Network Analysis Pipeline (Deng 
et al., 2012). The analysis process refers to a previous research (Ling 
et al., 2016) and the network graph was visualized with the Gephi 
interactive platform (Bastian and Jacomy, 2009). Topological roles of 
individual nodes in the networks were evaluated by the threshold values 
of Pi (measuring how well a node was connected to nodes in different 
modules) and Zi (measuring how well a node was connected to other 
nodes in its own module) (Guimera and Nunes Amaral, 2005; Olesen 
et al., 2007). The relationships between the major network modules and 
environmental variables were measured using the Mantel test. 

3. Results 

3.1. Basic information of taxonomic annotation 

A total of 24 libraries of bacterial 16S rRNA gene and 15 libraries of 
fungal ITS gene were sequenced by Illumina high-throughput 
sequencing platform. After assembly and quality filtering, the samples 
had an average of 49,646 and 53,874 high-quality sequences in the 
bacterial and fungal libraries, respectively (Table S1). Rarefaction 
curves for both bacterial and fungal sequencing data showed that all 
samples were approaching saturation, indicating that the majority of the 
benthic microbial communities of Beibu Gulf had been recovered 
(Fig. S2). A total of 632 bacterial OTUs and 1,235 fungal OTUs were 
identified at 97% similarity level. For bacterial communities, OTUs were 
classified into 24 phyla, 55 classes, 105 orders, 124 families, and 150 
genera, while for fungal communities, 16 phyla, 59 classes, 122 orders, 
189 families, and 234 genera were obtained (Table S2). For all studied 
sediments, Proteobacteria was the dominant bacterial phylum, account-
ing for >70% of the total bacterial communities, followed by Acid-
obacteria, Bacteroidetes, Gemmatimonadetes, and Actinobacteria (Fig. S3). 
Meanwhile, an unclassified fungal phylum (~40%) was the most 
abundant fungi in sediments of Beibu Gulf and followed by Ascomycota 
(34%) (Fig. S4). In addition, the relative abundance of other fungal 
phyla, including Streptophyta, Mucoromycota, Chlorophyta, and Basidio-
mycota, in the sediments of Beibu Gulf were also over 4% (Fig. S4). 

3.2. Spatial variations in bacterial and fungal communities 

In this study, Chao1 and Shannon indices were measured to assess 
the differences in richness and diversity of microbial communities 
among different sediments in Beibu Gulf. No significant difference was 
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found in both bacterial and fungal communities among sediments with 
different distances to coastline of Beibu Gulf for Chao1 and Shannon 
indices (Fig. S5). Meanwhile, the shared and unique microorganisms 
among sediments in Beibu Gulf were also investigated. Most of the 
bacterial OTUs were shared among the sediment samples with different 
distance to the coastline (Fig. 1a), while >2/3 fungal OTUs were unique 
in different sediments (Fig. 1b). Moreover, the number of unique fungal 
OTUs in sediments decreased with the increased distance to coastline. 

At class level, the dominant bacteria in sediments were Gamma-, 
Delta-, and Alpha-proteobacteria, Thermoanaerobaculia, and Bacteroidia. 
Among them, only Alpha-proteobacteria was more abundant in Middle 
group, and the abundance of all other bacterial classes were similar in 
different groups (Fig. 1c). For fungal communities, we observed more 
obvious spatial variations (Fig. 1d). The abundance of unclassified 
fungal classes was significantly higher in the Middle and Far groups than 
that in the Near group. In addition, the abundance of Saccharomycetes 
was highest in the Far group, followed by the Near group, and lowest in 

the Middle group. Moreover, significant higher abundances of Euro-
timomycetes and Mucoromycetes were obtained in the Near group when 
compared to those in the Middle and Far groups. In contrast, the 
abundance of Streptophyta increased with the increasing of distance from 
the coastline to the sampling sites. LEfSe analysis was further performed 
to explore the changes in bacterial and fungal abundances among 
different sediments. Several bacteria associated to the spatial variations 
were revealed: Exguobacterium, Sulfurovum, and Desulfobulbaceae were 
more abundant in the Near group; Pseudoalteromonas, Gemmatimona-
detes, Kiloniellaceae, Sandaracinaceae, and Nitrosococcaceae were 
enriched in the Middle group; and the abundances of Nitrospirae and 
Thermodesulfovibrionia were abundant in the Far group (Fig. 1e). In 
contrast, only Debaryomycetaceae was found to be enriched in the Far 
group based on the LEfSe analysis of fungal communities (Fig. S6). 

Fig. 1. Venn diagram showing shared and unique bacterial (a) and fungal (b) Operational Taxonomic Units (OTUs) amongst samples with different distance to 
coastline. The composition of bacterial (c) and fungal (d) communities at the class level amongst samples with different distance to coastline. (e) The LEfSe analysis 
results of bacterial communities amongst samples with different distance to coastline. 
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3.3. Distance-decay dissimilarity of bacterial and fungal communities 

The PCoAs based on the Bray-Curtis distance were used to assess the 
geographic differences of the bacterial and fungal communities (Fig. 2). 
The first two PCs accounted for 62% and 38% of the total variation in the 
bacterial and fungal communities, respectively. Moreover, the PER-
MANOVA tests demonstrated that geographic location had a significant 
impact on both the bacterial and fungal communities (p < 0.05). For 
bacterial communities, samples from Near to Far groups distributed 
from top left to bottom right, and significant differences among three 
groups were found in both values of PC1 and PC2 (Turkey’s HSD test, p 
< 0.05, Fig. 2a). In contrast, only PC2 values of fungal communities 
among different groups were significantly different (Turkey’s HSD test, 
p < 0.05, Fig. 2a). In addition, the PERMANOVA results indicated that 
geographic location explained 23.89% and 20.57% of the total variation 
in the bacterial and fungal communities, respectively. Moreover, we 
observed a consistent decay in community similarity with geographic 
distance for both bacterial and fungal communities in the Beibu Gulf 
(Fig. 2c and d). The slope of the distance-decay curve was steeper for the 
fungal communities than bacterial communities. These results indicate 
the distance-decay of similarities of the microbial communities. 

3.4. Assembly mechanisms of bacterial and fungal communities 

VPA showed that the conditional effects of environmental factors on 
coastal benthic communities were 14.9% and 5.3% for bacteria and 
fungi, respectively, while the conditional effects of spatial factors were 

1.3% and 22.0% accordingly (Fig. 3). However, about 60% of the var-
iations in bacterial and fungal communities could not be explained by 
environmental and spatial factors. The results of null model revealed 
that stochastic process was the dominant driver for shaping both the 
bacterial and fungi communities in the sediments of Beibu Gulf (77.58% 
and 97.14% for bacteria and fungi, respectively, Fig. 3). This meant that 
dispersal limitation factor affects the bacterial communities, while drift 
was the more dominant factor affecting the communities of fungi as-
sembly. It was worth noting that despite the relatively low contribution 
of determinate processes, homogeneous selection was obviously higher 
in bacterial communities compared to fungal communities (22.41% vs 
0.00%). In summary, both results of VPA and null model indicated that 
stochastic processes dominated both bacterial and fungal community 
assembly processes in the Beibu Gulf, in which environmental filtering 
contributed more to the bacterial communities. 

3.5. Relationships between environmental variables with microbial 
communities 

Variations in environmental variables among different samples are 
shown in Fig. S7. Lower water temperature of bottom water was found 
in samples from Far group compared to Near and Middle groups (Tur-
key’s HSD test, p < 0.05). In addition, the salinity and COD of bottom 
water were significantly lower and higher in Near group compared to 
Middle and Far groups, respectively (Turkey’s HSD test, p < 0.05). For 
heavy metals in sediments, only the concentration of Cr was signifi-
cantly different among groups with lowest in the Near group and highest 

Fig. 2. Principal coordinate analysis (PCoA) and PERMANOVA test of the bacterial (a) and fungal (b) communities in the sediments of Beibu Gulf. Above and right 
boxplots represent the values of samples from different regions on PC1 and PC2, respectively. Different lowercases letters above each box in the same subfigure 
represent significant differences between groups (Turkey’ HSD test, p < 0.05). Distance-decay curves show Bray-Curtis similarity between pairs of communities (c, 
bacteria; d, fungi) against geographic distances. 
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in the Far group (Turkey’s HSD test, p < 0.05). Mantel tests used to 
elucidate which environmental variables were significantly correlated 
with the bacterial and fungal communities (Fig. 4a). Results showed that 
pH, salinity, COD, Pb, Cr, As, Cu, Zn, nitrate, TN, phosphate, and TP had 
significant correlations with the bacterial communities, while only As 
was significantly correlated with the fungal communities (p < 0.05). 

According to the attributes of environmental variables, we divided 
them into two categories: nutrient (COD, ammonia, nitrite, nitrate, 
phosphate, TN, TP, and TOC) and heavy metals (Hg, Cd, Pb, Cr, As, Cu, 
and Zn). The Bray-Curtis dissimilarity analysis showed significantly 
positive correlations with the dissimilarities of nutrients and heavy 

metals (p < 0.05, Fig. 4b and 4c). Moreover, alpha diversity indices 
indicated significantly negative and positive correlations to nutrients 
and heavy metals, respectively (p < 0.05, Fig. S8). In contrast, no sig-
nificant correlation was found between the fungal community dissimi-
larities with the nutrients and heavy metals (p > 0.05, Fig. 4d and 4e). 
Consistent results were also obtained in correlations between alpha di-
versity indices of fungal communities with nutrients and heavy metals 
(p > 0.05, Fig. S9). 

Fig. 3. Variation partitioning analyses and null models differentiated the contribution of different factors shaping the bacterial and fungal communities in the 
sediments of Beibu Gulf. 

Fig. 4. (a) Environmental drivers of the bacterial and fungal communities. Association of the benthic microbial community (Bray-Curtis distance) and environmental 
factors was analyzed by Mantel tests. The edge width corresponds to the R value and edge color denotes the statistical significance. The color gradient indicates 
spearman correlation coefficients between the environmental factors. Linear regression curves show Bray-Curtis similarity between pairs of communities (b and c, 
bacteria; d and e, fungi) against environmental variables (b and d, nutrients; c and e, heavy metals). 
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3.6. Prediction of anthropogenic pollution using bacterial and fungal 
communities 

For deeper identification of the important benthic microbes affected 
by environmental variables, co-occurrence network was firstly con-
structed using bacterial and fungal OTUs, respectively. Unfortunately, 
no significant correlation was found among fungal OTUs. In bacterial 
communities, the network had 236 nodes and 1395 edges, and most of 
the OTUs were clustered into 4 main modules (Fig. 5a). Based on the 
taxonomy at the class level, BM1 was composed by Gammaproteobac-
teria, Alphaproteobacteria, Thermoanaerobaculia, and PAUC43f; OTUs 
belonging to BM2 were mainly Deltaproteobacteria and Thermodesulfo-
vibrionia; BM3 mainly contained Gammaproteobacteria, Deltaproteobac-
teria, Thermoanaerobaculia, and Thermodesulfovibrionia, and 
Gammaporteobacteria was dominate in BM4 (Fig. 5b). A Zi-Pi plot was 
constructed to illustrate the topological roles of individual network 
nodes, and two nodes OTU9 (Gamma-proteobacteria, B2M28 order) and 
OTU365 (Delta-proteobacteria, NB1-j order) were categorized as module 
nodes of BM3 and BM2, respectively (Fig. 5c). Relationships between 
major modules in the bacterial network and environmental variables 
were established with the Mantel test (Fig. 5d). Significantly correla-
tions were observed between BM1 and BM2 with salinity, COD, Cr, and 
Zn (p < 0.01). BM1 was also significantly correlated with TP (p < 0.01), 
and Cr and Zn contents were significantly correlated with BM3 (p <
0.01). No significant correlation was found between BM4 and any 

environmental variables (p > 0.05). 
Using the constructed RF models, we could identify the heavy metal 

status with 48.7% accuracy based on the bacterial community data 
(Fig. 6b). In contrast, the predictive ability of bacterial communities to 
nutrition status and fungal communities to both nutrition and heavy 
metal statuses were obviously lower (3.59%-11.1%, Fig. 6). For indi-
vidual environmental variables, when compared predicted value based 
on bacterial communities with the actual value, there was a good con-
sistency between values of Cr and Zn contents (58.2% and 42.5%, 
respectively, Fig. S10). However, for FR models using fungal commu-
nities, the highest predicted accuracy was as content with only 26.2% 
(Fig. S11). These findings suggest that bacteria were more suitable than 
fungi to assess the ecological quality of the subtropical coast, especially 
for heavy metal pollution. 

4. Discussion 

As a typical subtropical semi-closed gulf, microbial community 
compositions in the Beibu Gulf have been widely reported, however, 
those previous works mainly focused on a specific taxonomy in a certain 
part of the Gulf (Yung, et al., 2015; Gong et al., 2019; Li et al., 2020). 
This study explored both the bacterial and fungal communities in sedi-
ments at different geographical locations across the whole Beibu Gulf. 
Our study examined the distance-decay dissimilarity and assembly 
mechanisms of both bacterial and fungal communities. Meanwhile, we 

Fig. 5. Co-occurrence networks of bacterial Operational Taxonomic Units (OTUs) colored by modules (a) or taxonomy (b). (c) Zi-Pi plot shows the distribution of 
OTUs based on their topological roles, and the threshold values of Zi and Pi for categorizing OTUs were 2.5 and 0.62, respectively. (d) Association of the bacterial 
modules and environmental factors. 
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evaluated the abilities of ecological status prediction based on bacterial 
and fungal communities using the Mantel correlation analyses and RF 
models. The results obtained here could enhance our understanding of 
benthic community dynamics and the possibility of using biological data 
to assess ecological status in coastal ecosystems with rapid urbanization 
and industrialization. 

4.1. Metacommunity dynamics across distances 

The understanding of driving mechanisms of community structure 
and assembly is seminal in microbial biogeography. Distance-decay of 
similarity is one of the most common microbial biogeographic patterns 
that suggests potential driving forces underlying metacommunity as-
sembly (Nemergut et al., 2013). In natural ecosystem, selective factors 
are often organized spatially as a gradient, and thus tend to produce a 
distance-decay relationship (Howson and Fuhrman, 2004). Meanwhile, 
the biological connectivity among geographically separated populations 
is not uniform due to the existence of dispersal limitations, which also 
can create a distance-decay relationship (Kristiansen, 1996; Roelke 
et al., 2013). This distance-decay pattern resulted in the compositional 
similarity between any two locations decreases as the geographic dis-
tance between them increases (Hubbell, 2001). The effects of environ-
mental filtering and dispersal limitations varied across taxa, and the 
behavioral ability and the life history traits played key roles in deter-
mining the dispersal scale and geographical pattern (Jackson et al., 
2011). In the present study, DNA-based community analysis showed that 
both the bacterial and fungal communities exhibited a clear geograph-
ical pattern, and the slope of the distance-decay curve was steeper for 

the fungal communities than bacterial communities (Fig. 2). Meanwhile, 
the venn analyses revealed that most of the fungal OTUs were unique in 
sediments with different distance from the coastline (Fig. 1). Moreover, 
the results of VPA also suggest that the fungal communities were more 
governed by spatial factors than bacterial communities (Fig. 3). These 
results indicated that the distance-decay dissimilarity of fungal com-
munities in sediments of Beibu Gulf was more obvious than bacterial 
communities. 

Coastal areas are biogeomorphic landscapes, shaped by physical 
forces and interaction with benthic biota (Cozzoli et al., 2021). This 
habitat is very dynamic in space and time due to the interaction of waves 
and tides, resulting some species descend and other species move up 
over from sub-littoral zone to the offshore area by passive dispersal 
(Zhang et al., 2018). The Beibu Gulf covers a vast expanse and is affected 
by different water masses and currents, including the coastal water mass 
with low salinity, the South China Sea water mass with high salinity, and 
the Qiongzhou Strait West Current (Wang et al., 2014). Previous studies 
proven that the dispersal rates indeed depended on population size as 
the abundant species had a greater probability of dispersal than rare 
ones (Mo et al., 2018). According to the results of this study, benthic 
bacteria in sediments of Beibu Gulf was of course abundant species 
compared to benthic fungi (Fig. 1). The greater probability of dispersal 
for bacteria communities could be one of the reasons for its relatively 
weak distance-decay dissimilarity compared to fungal communities in 
the sediments of Beibu Gulf. In addition to geographical factors, bio-
turbation by microbenthic species also have important roles in driving 
microbial communities through the alteration of nutrient levels and 
species interactions (Shen et al., 2017). The composition and natural 

Fig. 6. Predicted PCA axes scores of nutrients (a and c) and heavy metals (b and d) based on random forest regression analyses using bacterial (a and b) and fungal (c 
and d) communities versus actual values. 
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distribution of macrobenthos in Beibu Gulf were observed to be different 
among the locations with different distances to the coastline (Cai et al., 
2012). Different burrowing species can have variable effects on benthic 
microbial communities due to the overall metabolic rate of the bio-
turbating benthic communities with significant variations across the 
taxonomic and functional diversity (Cozzoli et al., 2019). Moreover, 
bioturbators with various population metabolic rate contributed 
differentially to the bio-mediated sediment resuspension, which could 
result in the changes in nutrient levels of sediments (Cozzoli et al., 
2021). However, the nutrient levels in sediments among different dis-
tance groups were not observed to be significantly changed in this study 
(Fig. S7). These findings mentioned above together indicated that the 
distance-decay dissimilarity of bacterial and fungal communities in 
sediments of Beibu Gulf could be shaped by the dispersal by ocean 
currents and interactions by macrobenthos. 

4.2. Community assembly of bacteria versus fungi 

Stochastic processes such as dispersal and drift were important 
processes governing the assembly of the microbial community in aquatic 
environments including both freshwater and marine/coastal ecosystems 
(Zhou et al., 2014), where dispersal is relatively unrestricted. In open 
fluidic systems, this phenomenon would be more prominent as hydro-
logic mixing increases the dispersal-related processes and ecological 
drift (Meyerhof et al., 2016; Bracken et al., 2013). In our study, the study 
area is semi-enclosed, and there are no obstacles to the internal water 
exchange. Consistent with expectations, our results showed that the 
stochastic processes largely influenced the assembly of both bacterial 
and fungal communities in sediments of Beibu Gulf (Fig. 3). However, 
the relative importance of different stochastic processes in shaping 
bacterial and fungal communities were different. Bacterial communities 
were governed more strongly by dispersal limitation while fungal 
communities were governed to a greater extent by drift. These findings 
were consistent with well-established reports that the importance of 
species sorting versus dispersal limitation might vary, depending on 
traits or types of organisms (Ragon et al., 2012; Padial et al., 2014; Wu 
et al., 2018). 

Two specific hypotheses, the “size-plasticity” and “size-dispersal” 
hypotheses, were proposed to explain the community assembly for or-
ganisms with different size (Farjalla et al., 2012). The size-plasticity 
hypothesis predicts that smaller organisms are more likely influenced 
by dispersal limitation than species sorting, because smaller organisms 
have more powerful metabolic adaptation, and thus can live in diverse 
habitats (Langenheder and Ragnarsson, 2007). On the contrary, the size- 
dispersal hypothesis argues that smaller organisms are less affected by 
dispersal limitation than larger organisms, because smaller organisms 
are likely to disperse almost everywhere (Shurin et al., 2009), and 
therefore only reflect the environmental effects (Farjalla et al., 2012). 
The result of this study supports the “size-dispersal” hypothesis where 
smaller organisms (bacteria) have lesser dispersal limitation compared 
to the larger organisms (fungi). On the one hand, the number of shared 
bacteria in different samples was much higher than that of shared fungi. 
On the other hand, environmental filtering (homogeneous selection) 
occupied a considerable ratio for bacterial community assembly, indi-
cating that the variations of bacterial communities in different locations 
could reflect the environmental effects. However, these two hypotheses 
do not consider other stochastic processes including drift. The higher 
contribution of drift to fungal communities observed in this study could 
be explained by the differences of population size between bacteria and 
fungi (Kirchman, 2016). Bacteria generally have greater population 
sizes than fungi and are generally less influenced by drift (Stegen et al., 
2013). 

4.3. Bacterial communities could rapidly predict heavy metal status of 
coastal ecosystems 

It is imperative to understand the processes that drive the biodiver-
sity patterns when applying the ecosystem-based management on broad 
scales (Arkema et al., 2006). The underestimation of the effect of 
regionalization on assemblage composition might result in misdirected 
management (Schratzberger and Somerfield, 2020). Therefore, the 
criteria and emphasis of ecological status evaluation in different regions 
could be specific, and it is important to develop suitable methods for 
local conditions. Here, we explored the use of sediment bacterial or 
fungal communities as indicators for human impact, and changes in 
specific environmental variables directly related to ecological status. 
Our findings indicated that bacterial communities could be more 
manipulated by environmental variables, bacterial community data 
clustered to some groups based on similar environmental conditions, 
and concentrations of specific heavy metals can be successfully pre-
dicted using bacterial communities. This research revealed the exciting 
potential of bacterial communities in sediments to be applied as bio-
indicators of coastal ecological status. 

The Beibu Gulf region has experienced rapid urbanization and 
industrialization in recent years (Lai et al., 2014). As a result, Beibu Gulf 
faces severe pollution problems which further threatens the integrity 
and functions of coastal ecosystems (Chen et al., 2009). Many studies 
have reported contamination by heavy metals in the Beibu Gulf (Chen 
et al., 2018a; Dou et al., 2013). When it comes to changes in sediment 
microbial communities, sediment heavy metals can be said to be the best 
described and the most relevant variable (Kan et al., 2011; Ni et al., 
2016). The results presented here confirmed that bacterial communities 
could be used to predict the heavy metals of coastal sediments, which 
had the most accurately predicted values (Fig. 5). However, there were 
weaknesses in our models, especially the relative lower accuracy 
compared to other similar studies (Li et al., 2018; Hermans et al., 2020). 
This may suggest the need for further improvements, which could be 
achieved through the covering of a larger number of samples with a 
broad range of coastal pollutants. Moreover, the sediment bacterial 
communities only reflect to the bioavailable portions of the contami-
nants and nutrients in their environment, which can be primarily 
different to the total environmental values (Hodson et al., 2011). 
Actually, the guidelines for assessing ecological quality of coastal eco-
systems continue to be updated. Inclusion the assessment of bacterial 
communities into the coastal ecological monitoring can improve to 
establish new guidelines and are flexible enough to be suited if new 
guidelines arise. 

4.4. Correlations between specific bacteria and heavy metals 

Among all significant correlations in bacterial network, most inter-
species correlations were positive in these networks, which somewhat 
reflected co-aggregation, cross-feeding, co-colonization, and co- 
evolution among different species (Faust and Raes, 2012). Microbes 
share similar ecological characteristics within communities might 
highly co-occur within a module (Yao et al., 2014; Ling et al., 2016). Due 
to the co-occurrence network of fungal communities was not success-
fully constructed in this study, our results suggested that the bacterial 
communities in sediments of Beibu Gulf could contain more ecologically 
similar functional groups. Species interactions could affect ecological 
processes directly by changing pathways of material flow or indirectly 
by changing the abundances of species (Chapin et al., 2000). A great 
number of microbial groups (modules) with interactions could represent 
a higher degree of cooperation within the community to promote the 
resilience of microbial community under external stresses (Chaffron 
et al., 2010; Faust and Raes, 2012). Here, we observed significant cor-
relations between the heavy metals, Cr and Zn, with three bacterial 
groups (BM1, BM2, and BM3), indicating that a more interactive bac-
terial community in the Beibu Gulf could helped to minimize the 
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deterioration of ecological status induced by the heavy metal pollution 
over time. 

5. Conclusions 

In summary, our study examined the dynamics of benthic commu-
nity assembly in a typical subtropical gulf and the potential of microbial 
communities to reveal the nonlinear effect of various environmental 
stresses on coastal ecosystems. The results obtained here clearly showed 
the significant distance-decay dissimilarity of both bacterial and fungal 
communities in the sediments of Beibu Gulf. Dispersal limitation was 
identified as the predominant factor in shaping bacterial communities, 
while drift was the key factor influencing the fungal communities. In 
addition, environmental filtering was also a critical factor to regulate the 
bacterial communities. The RF models constructed from bacterial 
community data provided more accurate predictions to heavy metals, 
especially for Cr and Zn, revealing that the bacteria better reflected 
ecological conditions than fungi. As such, given the significance of 
biological communities to maintain the functioning of a healthy coastal 
ecosystem, it is time that ecological monitoring efforts better account for 
changes in biotic variables to determine the ecological status of coastal 
regions, instead of only relying on abiotic changes. The application of 
the sediment microbial communities as indicators in coastal ecosystems 
will not only improve our ability to manage our ocean resources, but 
also provided novel insights into our understanding of what exactly 
constitutes “healthy” coasts. 
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