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Abstract 

Mangrove sediments harbor complex bacterial communities that play critical roles in eco-

system functioning. In this study, we investigated the spatial patterns and environmental 

drivers of sediment bacterial communities across intertidal flats and vegetated zones in 

five representative mangrove habitats spanning the Northern Beibu Gulf, South China. 

Utilizing high-throughput 16S rRNA gene amplicon sequencing, we analyzed bacterial 

composition and diversity from sediments collected in Qinzhou, Fangchenggang, and Bei-

hai. Results indicated that bacterial communities were dominated by Proteobacteria (37–

45%), followed by Bacteroidota and Acidobacteriota; however, a considerable proportion of 

taxa remained unclassified, particularly in intertidal flats. Bacterial richness and diversity 

were generally higher in vegetated zones, where sediments were more acidic and nutri-

ent-rich, whereas intertidal sediments were more alkaline and contained higher chloro-

phyll-a (Chl-a) concentrations. Beta-diversity analysis revealed distinct differences in com-

munity structures between zones and regions, which were shaped by both deterministic 

environmental filtering and stochastic processes. Redundancy analysis (RDA) indicated 

that bacterial communities assembly driven by niche differentiation influences salinity 

(Sal), pH, biogenic silica (BSi), total phosphorus (TP), and total nitrogen (TN), as these 

factors vary across sites due to differing environmental filtering intensities. These findings 

highlight the distinct differences in mangrove sediment bacterial communities between 

intertidal flats and vegetated zones, which are shaped by local sediment physicochemical 

conditions and regional environmental gradients. They provide critical insights for the 

conservation and restoration of mangrove ecosystems. 
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1. Introduction 

Mangroves, situated in the transitional zones between marine and terrestrial envi-

ronments, exhibit remarkable biodiversity and ecological functions. They serve as habitats 

for numerous species and play key roles in nutrient cycling and carbon storage [1,2]. Bac-

terial communities within mangrove sediments are pivotal to the biogeochemical cycles, 

contributing to the cycling of organic matter and nutrients and to the detoxification of 

xenobiotics, thereby supporting the productivity and functionality of mangrove ecosys-

tems [3]. Bacteria serve as the key drivers of ecological processes in mangrove sediments. 

On the one hand, heterotrophic bacteria decompose mangrove litter, regulate the miner-

alization and long-term burial of organic carbon, and ultimately determine the blue car-

bon sink capacity of mangrove ecosystems [4,5]. On the other hand, functional groups 

such as denitrifiers and sulfate-reducing bacteria dominate nitrogen removal and sulfur 

metabolism, balancing biogenic elements in the intertidal flats [6–8]. Meanwhile, sediment 

bacteria transform heavy metals and degrade terrestrial pollutants, performing coastal 

water purification functions [9,10]. The presence or absence of mangrove vegetation dras-

tically alters organic matter inputs and sedimentary conditions, thereby inducing diver-

gence in bacterial communities composition and metabolic functions. Early research on 

mangrove bacteria primarily focused on community assembly, biogeochemical cycles, 

plant–microbe interactions, bioremediation, microbial resources, and responses to global 

environmental changes [3,6,11], as well as their involvement in compound decomposition 

and energy conversion [12]. In addition, salt-tolerant endophytic bacteria isolated from 

mangrove plants were studied for their tolerance to and detoxification potential of heavy 

metals [9]. 

Although previous studies have broadly documented the ecological functions of 

mangrove sediment bacteria and their responses to environmental variation. Most inves-

tigations have tended to focus on generalized microbial patterns across mangrove ecosys-

tems [6–9]. Many regional studies lack targeted comparative analysis of bacterial commu-

nities variations between intertidal flats and vegetated zones within the same mangrove 

reserve. In addition, existing research often provides isolated descriptions of microbial 

community characteristics or individual sediment environmental factors, without system-

atically associating bacterial community distribution patterns with key physicochemical 

indicators (e.g., salinity (Sal), pH, total nitrogen (TN), total phosphorus (TP), total organic 

carbon (TOC), and biogenic silica (BSi)) under vegetation-driven habitat differentiation. 

The lack of fine-scale, site-specific comparisons between paired intertidal flats and vege-

tated zones limits our holistic understanding of how mangrove vegetation shapes sedi-

ment bacterial assemblages and their environmental adaptive strategies. Targeted field 

surveys focusing on habitat divergence in typical conserved mangrove regions are there-

fore urgently needed to complement current research perspectives. 

High-throughput 16S rRNA gene amplicon sequencing provides detailed infor-

mation on bacterial community structure and function, making it particularly suitable for 

investigating variations in bacterial communities in sediments from representative eco-

logical regions [10]. Owing to these advantages, this approach has been extensively ap-

plied to explore bacterial communities in mangroves and their rhizosphere sediments [13]. 

In recent years, the application of advanced techniques (such as metagenomics, metabo-

lomics, and high-resolution spatial modeling) has enabled deeper insights into the meta-

bolic potential, interspecific interactions, and fine-scale responses to environmental gra-

dients of mangrove microbial communities, significantly expanding our understanding of 

this complex ecosystem [14]. As vital functional groups in mangrove sediments, bacteria 

act as the core drivers of carbon, nitrogen, sulfur, and phosphorus cycling [4]. They sustain 

ecological stability, pollutant purification, and blue carbon sequestration, and strongly 

determine the ecosystem’s resistance to natural disturbances and human activities. 
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Global research has extensively explored biological drivers of bacterial communities 

in mangrove sediments. These studies have preliminarily clarified how biological factors 

regulate the structure and function of bacterial communities [11], and have also laid a 

fundamental theoretical foundation for relevant research. However, current studies still 

have prominent limitations. Limited sampling coverage and spatial scales hinder system-

atic exploration of the biogeographic distribution patterns of bacterial communities [15]. 

Furthermore, the core environmental factors regulating bacterial communities also re-

main unclear. Most existing studies only focus on the impact of individual environmental 

factors and lack analyses of the synergistic effects of multiple environmental variables [16]. 

Further research in this field can improve the theoretical system of wetland microbial ecol-

ogy and biogeochemical cycling and can also provide reliable scientific evidence for man-

grove ecological restoration and blue carbon sequestration. 

To address this gap, we conducted a spatially extensive survey across representative 

mangrove habitats in the Northern Beibu Gulf, a region harboring some of China’s most 

distinctive and well-conserved mangrove forests. We employed 16S rRNA gene amplicon 

sequencing to analyze bacterial communities from both intertidal flats and vegetated 

zones across multiple locations. Specifically, we (1) characterized bacterial community 

composition and functional potential in mangrove sediments; (2) compared bacterial di-

versity and community structure between intertidal flats and vegetated zones within the 

same sites to assess how vegetation influences sediment physicochemical conditions and 

niche availability, and (3) explored the effects of bacterial communities on major sediment 

physicochemical properties (Sal, pH, TN, TP, TOC, and BSi). We aim to provide a mecha-

nistic understanding of the forces that structure mangrove sediment bacteria. Ultimately, 

this work offers critical insights for predicting ecosystem trajectories and informing con-

servation strategies in the context of ongoing environmental change. 

2. Materials and Methods 

2.1. Sample Collection 

The Beibu Gulf is a semi-enclosed gulf located in the northwestern part of the South 

China Sea. It is bounded by the Leizhou Peninsula and Hainan Island to the east, the 

Guangxi Zhuang Autonomous Region to the north, and Vietnam to the west. This study 

focuses on the Qinzhou, Fangchenggang, and Beihai regions of Guangxi, which constitute 

an important maritime corridor between China and the Association of Southeast Asian 

Nations and represent a key node in China’s Belt and Road Initiative. The Northern Beibu 

Gulf has a typical subtropical maritime monsoon climate, with an average annual temper-

ature of approximately 23.36 °C and an average annual precipitation of 1903.7 mm [17]. 

Owing to its favorable ecological conditions and abundant natural resources, this region 

is one of China’s important areas for ecological conservation. Hydrologically, the study 

area has well-developed freshwater runoff systems that sustain stable water and nutrient 

supplies for coastal mangrove ecosystems. A series of seasonal and perennial rivers, rep-

resented by the Qinjiang River, Maoling River, and Nanliu River, flow into the sea across 

the coastal zones of Qinzhou, Fangchenggang, and Beihai, forming extensive mangrove 

wetland clusters at large-scale river estuaries [18]. Beyond natural river runoff, dense ar-

tificial drainage ditches and irrigation channels are widely distributed in the study re-

gion’s coastal aquaculture zones and tidal flat reclamation areas. These artificial water 

infrastructures act as vital secondary freshwater input pathways, modulating the Sal of 

mangrove tidal flats and further shaping the spatial distribution and growth status of local 

mangrove communities. 

Mangrove areas in Qinzhou, Beihai, and Fangchenggang were selected as experi-

mental sites. Within each site, two habitats, the intertidal flats (i) and vegetated zones (v), 

were chosen for sampling (Figure 1). Intertidal flats refer to bare intertidal areas without 
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continuous coverage of mangrove vascular plants. Their sediment surfaces are only cov-

ered by microalgal biofilms with negligible plant roots, litter, and woody vegetation, and 

vegetation coverage within 1 m × 1 m quadrats is less than 5%. In contrast, vegetated zones 

are intertidal habitats covered by stable mangrove stands including Avicennia marina, Ae-

giceras corniculatum, and Bruguiera gymnorrhiza, with quadrat vegetation coverage exceed-

ing 10% and abundant underground mangrove roots, fallen debris, and plant debris ob-

served in sediment profiles. 

Sampling locations A, located in Qinzhou Shajing (21.84° N, 108.59° E), was domi-

nated by Aegiceras corniculatum; B located in Fangchenggang Sanjiaojing (21.71° N, 108.51° 

E) was dominated by Avicennia marina; C located in Fangchenggang East Bay (21.63° N, 

108.37° E) was dominated by Avicennia marina; D in Beihai Nanliu River (21.60° N, 109.03° 

E) was dominated by Aegiceras corniculatum; and E in Beihai Dandou Sea (21.55° N, 109.67° 

E) was dominated by Bruguiera gymnorhiza. The distance between mangrove vegetated 

zones and adjacent intertidal flats was 20–40 m. The specific vegetation characteristics are 

shown in Table 1. Sampling was conducted in summer, from July to August 2024. 

This study selected five typical mangrove wetlands in the Northern Beibu Gulf as 

sampling sites. Two paired habitat types, including intertidal flats and mangrove vege-

tated zones, were established at each site, with a horizontal distance of 20–40 m between 

the two adjacent habitat plots to eliminate the interference of regional background envi-

ronmental differences. To ensure sampling representativeness and reduce random errors 

caused by micro-spatial heterogeneity of surface sediments, three sampling points were 

evenly arranged in a triangular pattern within each habitat plot, with a spacing of no less 

than 5 m between individual points, and one sediment replicate was collected at each 

sampling point. Overall, each of the five sampling sites contained two habitat plots with 

three biological replicates per habitat. In total, 30 valid sediment replicate samples were 

collected from 10 habitat plot groups. This reasonable spatial layout and sufficient biolog-

ical replicates guaranteed the accuracy and reliability of subsequent statistical analyses of 

sediment bacterial communities and physicochemical variables. Surface sediments (0–20 

cm) were collected using a five-point sampling method at each site. Approximately 200 g 

of the homogenized sediment was collected from each site for further processing. This 

depth was selected because it represents the most microbially active layer of mangrove 

sediments, receiving substantial organic matter inputs and supporting key biogeochemi-

cal processes [5]. After homogenization, sediment samples were placed in sterile self-seal-

ing bags and transported to the laboratory on ice. Plant roots and visible debris were re-

moved, and each sample was divided into two subsamples. One subsample was stored at 

–80 °C for sediment bacterial diversity analysis, while the other was freeze-dried for sed-

iment physicochemical property analysis. 

Table 1. Overview of Mangrove Vegetation Characteristics. 

Sampling 

Site 

Dominant Mangrove Species and Vegetation 

Characteristics 
Region 

Distance Be-

tween Habitats 

(m) 

V-A Aegiceras corniculatum, evergreen shrub, 2–6 m 

in height; small fleshy leaves with rapidly de-

composing litter 

Qinzhou 25 

V-D Beihai 40 

V-B Avicennia marina, evergreen tree, 3–10 m in 

height; with finger-shaped pneumatophores, 

salt-enriched leaves, and fast litter decomposi-

tion 

Fangcheng-

gang 

20 

V-C 22 
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V-E 

Bruguiera gymnorhiza, a large evergreen tree, 7–

20 m in height; with knee-shaped pneumato-

phores, leaves with high tannin and crude fiber 

content, and slowly decomposing litter 

Beihai 35 

 

Figure 1. Map of the study area showing the distribution of sampling sites. (A): Shajing Town in Qin-

zhou; (B): Sanjiaojing Town in Fangchenggang; (C): Eastern Bay of Fangchenggang; (D): Estuary of 

Nanliu River in Beihai; (E): Dandou Coastal Waters in Beihai Yellow areas represent mangrove forests, 

blue triangles indicate sampling points, and five-pointed stars mark the locations of major cities. 

2.2. Sample Analysis 

Total genomic DNA was extracted from 0.5 g of sediment samples using the TGuide 

S96 magnetic bead-based sediments DNA kit (Model DP812, Tiangen Biotech (Beijing) Co., 

Ltd., Beijing, China), following the manufacturer’s instructions. The V3-V4 hypervariable 

regions of the 16S rDNA gene were amplified using the universal bacterial primers 338F 

(5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) 

[19,20]. PCR amplification was carried out in a 10 μL reaction mixture containing 2.5–4 ng 

of genomic DNA, 5 μL of KOD FX Neo Buffer, 2 μL of 2 mM dNTPs, 0.2 μL of KOD FX 

Neo polymerase, and 0.3 μL each of 10 μM forward and reverse primers. The PCR pro-

gram consisted of an initial denaturation at 95 °C for 5 min; 25 cycles of denaturation at 

95 °C for 30 s, annealing at 50 °C for 30 s, and extension at 72 °C for 40 s; followed by a 

final extension at 72 °C for 7 min. PCR products were examined, quantified, and normal-

ized using 1.8% agarose gel electrophoresis. Sequencing libraries were constructed and 

sequenced on the Illumina NovaSeq6000 platform by Biomarker Technologies Corpora-

tion (Room 605A, 6th Floor, Building 1, Courtyard 9, Nanfaxin Section, Shunping Road, 

Nanfaxin Town, Shunyi District, Beijing, 101300, China). 

Sediment pH and Sal were measured in situ using a multifunctional salinometer. 

Sediment Chl-a was extracted in a low-temperature and dark environment using organic 

CBA ED
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solvents, with impurities removed by centrifugation and filtration. The extract absorbance 

was measured via UV–visible spectrophotometry, and the Chl-a concentration was calcu-

lated with standard calibration formulas. TOC was determined using a Shimadzu TOC-L 

analyzer (Shimadzu Corporation, Kyoto, Japan). Samples were pretreated with 1 mol/L 

hydrochloric acid to remove inorganic carbon before testing. Sediment TN was quantified 

via the standard Kjeldahl method through digestion, distillation, and titration processes. 

Sediment nitrite (NO2−) was determined by automated spectrophotometry. The extracted 

supernatant was colorimetrically measured, and its concentration was calculated using 

standard calibration curves. Sediment TP and inorganic phosphorus (IP) were quantified 

by alkali fusion combined with molybdenum-antimony spectrophotometry. Samples 

were completely decomposed via alkali fusion, and the obtained solutions were deter-

mined colorimetrically with standard calibration curves [7]. The BSi was extracted by pre-

treating 100 mg of ground sediment with 10% H2O2 and 1 mol•L−1 HCl, then digesting 

with 40 mL of 2% Na2CO3 at 85 °C for 8 h, collecting 200 μL of supernatant hourly for 

silicate concentration determination., and total potassium (K) was extracted and deter-

mined by flame photometry. After sample digestion and constant volume setting, the 

emission intensity was measured at the characteristic wavelength of potassium, and the 

content was calculated using the standard curve method [21,22]. 

Raw sequencing data were quality-filtered using Trimmomatic v0.33 software. Primer 

sequences were identified and removed using Cutadapt v1.9.1 software, and paired-end 

reads were merged using USEARCH v10. Chimeric sequences were detected and removed 

using UCHIME v4.2. After demultiplexing, operational taxonomic units (OTUs) were clus-

tered at a 97% similarity level, and taxonomic identification of the OTUs was performed by 

alignment against the SILVA database. Alpha (α) and beta (β) diversity indices were calcu-

lated to assess bacterial community diversity and abundance across different mangrove re-

gions. We evaluated the relationships between sediment physicochemical properties and 

bacterial composition. Pearson correlation analysis was performed using SPSS 20.0. Redun-

dancy analysis (RDA) was conducted using Canoco 5. The β-nearest taxon index (β-NTI) 

was calculated in R v3.1.1 using the picante v1.8.2 and vegan v2.3-0 packages. 

3. Results 

3.1. Physicochemical Properties of Sediments 

Before statistical comparison, all sediment physicochemical data were tested for nor-

mality via the Shapiro–Wilk test and homogeneity of variance via Levene’s test. Inde-

pendent samples t-tests were applied to quantify differences in each parameter between 

vegetated mangrove zones and intertidal flats. One-way analysis of variance (ANOVA) 

followed by Tukey’s HSD post hoc test was used to detect regional differences across five 

sampling sites. All statistical analyses were conducted in R 4.2.1, with the significance 

level set at p < 0.05. All data are presented as the mean ± standard deviation (SD), n = 3 per 

habitat at each site (Table 2). 

The physicochemical properties of sediments differed between vegetated and inter-

tidal flats across the studied regions (Table 2). Vegetated sediments were weakly acidic 

(mean pH 6.85 ± 0.46, range 6.39–7.62), while intertidal flat sediments were weakly alka-

line (mean 7.13 ± 0.57, range 6.32–7.73). Mean Sal of the intertidal flat was slightly higher 

in vegetated zones (3.32 ± 2.71 vs. 2.76 ± 2.41), with highest values at Dandou Sea sites (v-

E, i-E) and lowest at Nanliu River sites (v-D, i-D). Chl-a was lower in vegetated zones (0.16 

± 0.06) than in intertidal flats (0.25 ± 0.13, p < 0.05); the highest Chl-a was at i-C in vege-

tated zones and at i-E (0.45) in intertidal flats. 

Our t-test results indicated that TP, TN, TOC, and K of intertidal flat were generally 

higher in vegetated zones (all p < 0.05). TP ranged from 11.55 μmol/g (i-A) to 24.81 μmol/g 
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(v-B). TN ranged from 0.01% (FB-T) to 0.14% (v-E). TOC was highest at v-E (2.21%) and 

lowest at v-A (0.60%) in vegetated zones, and ranged from 0.10% (i-C) to 1.12% (i-B) in 

intertidal flats. Mean K was 1.26% in vegetated zones and 1.81% in intertidal flats, ranging 

from 0.25% (i-C) to 1.85% (v-B). BSi was approximately twice as high in vegetated zones 

(2.52 μmol/g) as in intertidal flats (2.16 μmol/g), with the highest BSi at v-E (5.22 μmol/g) 

and the lowest at v-B (1.16 μmol/g) in vegetated zones, and from 0.53 μmol/g (i-A) to 2.51 

μmol/g (i-D) in intertidal flats. One-way ANOVA confirmed significant spatial differences 

among the five sampling sites for all measured physicochemical parameters (p < 0.05). 

Table 2. Physicochemical parameters of the surface sediment samples from the five mangrove sites 

in Northern Beibu Gulf (n = 3, mean ± SD). 

Sampling 

Site 
pH Sal (psu) 

Chl-a 

(μg/g) 

TP 

(μmol/g) 

DIP 

(μmol/g) 
TN (%) NO2− (μmol/g) 

TOC 

(%) 
K (%) BSi (μmol/g) 

v-A 6.78 ± 0.3 1.49 ± 0.005 0.11 ± 0.02 17.94 ± 0.2 4.78 ± 0.02 0.04 ± 0.01 0.16 ± 0.01 0.6 ± 0.06 1.25 ± 0.11 1.19 ± 0.15 

v-B 6.76 ± 0.18 2.4 ± 0.1 0.13 ± 0.02 24.81 ± 0.94 14.89 ± 0.1 0.08 ± 0.03 0.24 ± 0.04 0.88 ± 0.04 1.85 ± 0.14 1.16 ± 0.13 

v-C 6.39 ± 0.38 5.6 ± 0.002 0.25 ± 0.05 14.14 ± 0.71 2.84 ± 0.03 0.06 ± 0.02 0.27 ± 0.03 0.89 ± 0.11 0.83 ± 0.07 2.73 ± 0.13 

v-D 6.7 ± 0.14 0.4 ± 0.001 0.11 ± 0.02 19.49 ± 0.15 7.65 ± 0.12 0.09 ± 0.02 0.18 ± 0.02 1.57 ± 0.14 1.06 ± 0.23 2.31 ± 0.09 

V-E 7.62 ± 0.31 6.7 ± 0.008 0.19 ± 0.03 19.23 ± 0.18 11 ± 0.25 0.14 ± 0.02 0.24 ± 0.03 2.21 ± 0.12 1.32 ± 0.06 5.22 ± 0.14 

i-A 7.28 ± 0.06 1.08 ± 0.001 0.14 ± 0.01 11.55 ± 0.26 3.99 ± 0.3 0.02 ± 0.01 0.12 ± 0.03 0.19 ± 0.04 1.22 ± 0.08 0.53 ± 0.16 

i-B 6.8 ± 0.23 2.9 ± 0.002 0.37 ± 0.02 22.54 ± 0.23 14.63 ± 0.05 0.09 ± 0.02 0.14 ± 0.02 1.12 ± 0.17 1.43 ± 0.1 1.01 ± 0.12 

i-C 6.32 ± 0.08 3.7 ± 0.005 0.23 ± 0.02 18.57 ± 0.15 2.51 ± 0.04 0.01 ± 0.01 0.18 ± 0.02 0.1 ± 0.04 0.25 ± 0.1 1.76 ± 0.12 

i-D 7.73 ± 0.27 0.68 ± 0.002 0.19 ± 0.02 19.51 ± 0.17 5.91 ± 0.03 0.02 ± 0.02 0.13 ± 0.01 0.21 ± 0.01 1.65 ± 0.09 2.51 ± 0.13 

i-E 7.51 ± 0.14 6.7 ± 0.1 0.45 ± 0.09 16.11 ± 0.4 6.06 ± 0.04 0.08 ± 0.02 0.25 ± 0.01 1.09 ± 0.09 1.29 ± 0.05 2.11 ± 0.18 

Notes: i and v represent the intertidal flats and vegetated zones, respectively. A, B, C, D, and E 

denote five sampling sites, with three parallel samples set at each site. 

3.2. Spatial Distribution, Composition, and Alpha Diversity of Bacterial Communities 

Under a 97% sequence similarity threshold, bacterial OTU distributions in mangrove 

sediments were analyzed across spatial gradients (Figure 2a,b). In intertidal flats, OTU 

richness was highest at the Nanliu River site (i-D, 2295 OTUs) and lowest at the Dongwan 

site (i-C, 1469 OTUs). In vegetated zones, the highest OTU richness was at the Sanjiaojing 

site (v-B, 2472 OTUs) and the lowest at the Dongwan site (v-C, 1638 OTUs). The Dandou 

Sea sites (Beihai) showed relatively high OTU richness in both the intertidal (2285) and 

vegetated (2351) zones, whereas the Shajing sites (Qinzhou) had lower values (1888 and 

2068, respectively). Across all regions, 827 OTUs were shared among the intertidal flat, 

and 1064 were shared among the vegetated zones. Among mangrove species, Bruguiera 

gymnorhiza hosted the highest OTU richness, followed by Aegiceras corniculatum, while 

Avicennia marina had the lowest. 

A phylogenetic tree (Figure 2c) showed that Proteobacteria was the most abundant 

phylum across all sites, followed by unclassified bacteria. A heatmap of the 20 most abun-

dant phyla (Figure 2d) revealed that at i-D, Firmicutes and Cyanobacteria dominated, while 

Calditrichota and Desulfobacterota were less abundant. Campylobacterota dominated at i-B, 

and Bacteroidota at v-B. Lower abundances of Latescibacterota, Acidobacteriota, and Chlor-

oflexi were observed at i-D, i-C, and v-C, respectively. Conversely, higher abundances of 

Nitrospirota, Gemmatimonadota, Chloroflexi, Acidobacteriota, and Latescibacterota were found 

at v-D, i-A, i-B, v-B, v-A, and i-E, showing opposite patterns. Cluster analysis indicated 

high similarity in bacterial community composition among samples from the same site. 
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Figure 2. Differences in bacterial communities within mangrove communities across different re-

gions. (a) OTUs in intertidal flats; (b) OTUs in the vegetated zones; (c) Phylogenetic tree diagram of 

the bacterial community. The color gradient in the outer ring represents the relative abundance dif-

ferences among subordinate taxa within each phylum. (d) Heatmap of the top 20 bacterial phyla. 

Bacterial communities in the intertidal and vegetated zones comprised 40 phyla, 99 

classes, 275 orders, 463 families, 748 genera, and 970 species. The five most abundant 

phyla (relative abundance > 1%; Figure 3) were Proteobacteria (33.48%), unclassified Bacteria 

(11.73%), Bacteroidota (11.26%), Acidobacteriota (8.99%), and Desulfobacterota (7.91%), to-

gether accounting for 73.39% of total sequences. At the class level, Gammaproteobacteria 

was most abundant (~27% in the intertidal, and ~29% in vegetated), followed by Bacteroidia 

(~11% and ~12%, respectively). At the order, family, and genus levels, unclassified taxa 

accounted for substantial proportions (~36%, 54%, and 66% of total sequences, respec-

tively), indicating high taxonomic uncertainty and numerous uncharacterized lineages. 

Notably, unclassified taxa were more abundant in intertidal flats than in vegetated zones, 

suggesting that greater environmental heterogeneity in intertidal habitats favors the per-

sistence of uncharacterized microorganisms. Alpha diversity (Figure 4a,b): Chao1 rich-

ness values ranged from 1811.42 ± 34.01 to 2451.07 ± 15.53. Significant differences in spe-

cies richness were observed between vegetated and intertidal flats across different geo-

graphical locations (p < 0.01). Within the same sampling site, vegetated zone sediments 

generally showed higher richness than intertidal flat sediments. The v-B site exhibited the 

highest species richness (mean OTU number 2256.67 ± 22.50) and relatively high ACE and 

Chao1 indices (2372.10 ± 28.75 and 2393.18 ± 36.91, respectively). In contrast, the i-C site 

(a)

(b)

(c)

(d)
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had the lowest species richness. Shannon and Simpson indices: among intertidal flat sam-

ples, the i-D site showed the highest values (9.74 ± 0.02 and 0.997 ± 0.01, respectively); 

among vegetated zone samples, the v-B site showed the highest values. These results in-

dicate that the bacterial communities at the i-E and v-B sites exhibited relatively high di-

versity and evenness. 

 

Figure 3. Distribution of the predominant bacteria at different taxonomic levels (phylum, class, or-

der, family, and genus). The predominant taxa (1% relative abundance and ranked among the top 

10) in each level are shown. 
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Figure 4. Indices of bacterial diversity and richness of mangrove sediments from each sampling site 

in (a) the vegetated zones and (b) the intertidal flats. 

3.3. Changes in Community Structure and Species Composition of Mangrove Sediments 

PCoA (Figure 5a,c) illustrated that PC1 and PC2 explained 67.15% and 70.67% of the 

total community variation in bare intertidal flats and vegetation zones, respectively, suf-

ficiently capturing the spatial differentiation of sediment bacterial communities. PER-

MANOVA confirmed highly significant inter-site community differences within both hab-

itats (p = 0.001). Samples from bare intertidal flats were more scattered, with clear separa-

tion between sites A and D; in contrast, sites E and C clustered tightly in vegetated zones, 

demonstrating that vegetation mitigates the spatial heterogeneity of bacterial assemblages. 

Proteobacteria dominated both habitats (37–45% relative abundance), followed by Bacteroi-

dota and Acidobacteriota. Functional phyla, including Desulfobacterota and Nitrospirota, ex-

hibited distinct abundance patterns across the two habitat types (Figure 5b,d). UPGMA 

dendrograms (Figure 5b,d) showed that sites B and E in bare flats had a Bray–Curtis dis-

similarity of only 0.2–0.3, while sites C and D displayed dissimilarity close to 0.6. In veg-

etation zones, samples from E and C converged at high similarity, presenting weaker 

overall community divergence relative to bare flats. Collectively, horizontal spatial gradi-

ents structured sediment bacterial β-diversity, and vegetation reshaped community dis-

persion and taxonomic composition by altering sediment microenvironments. 

Beta-diversity distance matrices (Figure 6a,b) revealed high similarity within the i-C 

series and between the i-A/i-D series in intertidal flats, while i-E/i-B showed pronounced 

differentiation. In vegetated zones, the v-C and v-E series showed strong compositional 

similarity, whereas the v-D and v-A series displayed marked differences. NMDS ordina-

tion (Figure 6c, stress= 0.0345) and PERMANOVA (R2 = 0.043) indicated that habitat type 

explained a modest but significant proportion of variation. β-NTI boxplots (Figure 6d) 

showed deterministic processes only in the N-T group (β-NTI > 2.5); most other groups 

fell within −2 to 2, indicating stochastic assembly, with high dispersion in v-C and lower 

dispersion in i-A. 

Functional prediction using PICRUSt2 and KEGG showed that primary metabolic 

pathways were highly stable across all sites (Figure 7), with Metabolism accounting for 

80–85% of sequences, followed by Genetic Information Processing (~5–8%) and Environ-

mental Information Processing (~4–6%). Only minor site-specific fluctuations were de-

tected within the dominant Metabolism category, underscoring the functional stability of 

mangrove sediment bacterial communities despite spatial variation in composition and 

assembly processes. 

(b)(a)
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Figure 5. Beta diversity patterns of sediment bacterial communities along horizontal gradients in 

intertidal flats and vegetation zones. Notes: Principal coordinate analysis (PCoA, panels (a,c)) was 

conducted using Bray–Curtis dissimilarity at the OTU level to reveal community differentiation 

among samples, with PERMANOVA (R2) and p values displayed for each habitat. Panels (b,d) show 

integrated UPGMA hierarchical clustering trees and taxonomic composition barplots at the phylum 

and genus levels, illustrating inter-sample community dissimilarity. Numbers 1, 2, and 3 correspond 

to three biological replicates per location; letters A-E represent the five independent sampling sites, 

where (a,b) refer to bare intertidal flats, and (c,d) refer to vegetated zones. 
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Figure 6. Heatmap showing distances between sediment bacterial samples in (a) intertidal flats, (b) 

the vegetated zones, and a biplot showing the NMDS of vegetated and intertidal flats, and a boxplot 

showing the distributions of Beta-NTI for community structure. (c) NMDS ordination separating 

samples from vegetation zones and intertidal flats; Stress = 0.0345 denotes good ordination fit, and 

PERMANOVA shows habitat accounts for 4.3% of community variation. Ellipses denote 95% con-

fidence intervals for the two habitat groups. (d) Boxplot of Beta-NTI values for vegetation zone (v-) 

and intertidal flat (i-) subgroups. Red dashed lines at −2 and 2 are standard thresholds to differenti-

ate deterministic and stochastic assembly processes of bacterial communities. 

(c)

(d)

(a) (b)
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Figure 7. Relative abundance distribution of KEGG functional pathways across different sampling 

sites. 

3.4. Correlation Analysis Between Sediment Physicochemical Properties and Bacterial Commu-

nity Structure 

RDA was performed using Canoco 5 to examine the relationships between sediment 

physicochemical properties and bacterial community structure (Figure 8). The RDA ex-

plained 45.89% and 63.59% of the total variation in bacterial community composition at 

the phylum (Figure 8a) and class levels (Figure 8b), respectively. This indicated a strong 

association between environmental variables and bacterial assemblages. At the phylum 

level, analysis of the top 10 most abundant phyla revealed that Proteobacteria and Myxo-

coccota were positively correlated with BSi, Sal, and NO2−. The sampling site v-E exhibited 

a distribution pattern closely aligned with Proteobacteria. In contrast, i-E showed a strong 

positive association with TN, indicating that TN is a key environmental driver shaping 

the bacterial community structure at this site. Sampling sites i-C, v-C, and i-N displayed 

significant negative correlations with TP, DIP, and K. Additionally, i-B showed a positive 

correlation with K and was closely associated with Nitrospirota, suggesting a potential link 

between potassium availability and nitrification-related bacterial groups. 

At the family level, analysis of the seven most abundant families revealed distinct 

correlation patterns. Flavobacteriaceae exhibited a significant negative correlation with Ni-

trosomonadaceae, indicating potential niche differentiation or competitive interactions be-

tween heterotrophic and ammonia-oxidizing bacteria. Haleaceae at the i-FB site showed a 
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strong positive correlation with Sal, highlighting Sal as a key environmental factor influ-

encing the bacterial community structure at this location. The sites v-B, i-B, and v-D were 

positively correlated with pH and DIP, suggesting that variations in sediment acidity and 

phosphorus availability play important roles in shaping bacterial communities at these 

sites. In contrast, bacterial community structures at i-A and v-A showed weak correlations 

with the measured environmental factors, implying that additional unmeasured variables 

or stochastic processes may contribute to community assembly in these areas. Notably, 

Woeseiaceae exhibited a positive correlation with BSi, suggesting that this bacterial group 

may be closely associated with diatom-derived silica dynamics and could play an im-

portant role in biogenic silica cycling within mangrove sediment ecosystems. 

 

Figure 8. Redundancy analysis (RDA) showing for the relationships between bacterial community 

composition and various environmental parameters at the phylum (a) and family (b) levels in the 

mangrove sediments from Northern Beibu Gulf. Shapes of different colors represent sampling sites, 

red arrows indicate environmental factors, and black arrows denote bacterial names. Notes: Shapes 

of different colors represent sampling sites, red arrows indicate environmental factors, and black 

arrows denote bacterial names. In the phylum classification, “Unclassi” represents unclassified Bac-

teria, “Nitrospr” represents Nitrospirota, “Acidobac” represents Acidobacteriota, “Desulfob”repre-

sents Desulfobacterota, “Chlorofl” represents Chloroflexi, “Firmicut” represents Firmicutes, “Actinobc” 

represents Actinobacteriota, “Bacteroi” represents Bacteroidota, “Proteobc” represents Proteobacteria, 

“Myxococc” represents Myxococcota. In the family classification, “Nitrosom” represents Nitrosomon-

adaceae, “Desulfob” represents Desulfobulbaceae, “Flavobac” represents Flavobacteriaceae, “Woeseiac” 

represents Woeseiaceae, “Halieace” represents Halieaceae, “Thermoan” represents Thermoanaerobacu-

laceae, “Desulfos” represents Desulfosarcinaceae. 
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4. Discussion 

4.1. Characteristics of Bacterial Communities in Mangrove Sediments 

Numerous studies have shown that bacterial community structure differs signifi-

cantly across geographically distinct mangrove habitats [23]. At both the phylum and ge-

nus levels, the composition of sediment bacterial communities changes in response to var-

iations in mangrove habitat characteristics. Investigations conducted in China, India, and 

Brazil have consistently identified Proteobacteria as the dominant bacterial phylum in man-

grove sediments [19,24]. A finding corroborated by the present study, in which Proteobac-

teria was also the most abundant phylum in mangrove sediments of the Northern Beibu 

Gulf. Proteobacteria comprises four major classes, Alphaproteobacteria, Betaproteobacteria, 

Deltaproteobacteria, and Gammaproteobacteria [25]. Among these, Gammaproteobacteria and 

Alphaproteobacteria showned relatively high abundances across all sampled mangrove sed-

iments in the Northern Beibu Gulf. With Gammaproteobacteria accounting for approxi-

mately 40% of the bacterial community in both the vegetated and intertidal flats. Previous 

studies have shown that Gammaproteobacteria and Alphaproteobacteria play key roles in car-

bon, nitrogen, and sulfur cycling in mangrove sediments [26]. 

Studies of planktonic bacterial communities in marine environments have reported 

that Alphaproteobacteria generally prefer high Sal conditions, a pattern also observed in 

desert sediment ecosystems [27]. In agreement with these observations, relatively high 

abundances of Alphaproteobacteria were detected at sites i-E and v-C, which exhibited 

higher Sal levels. However, an exception was observed at i-D, where the abundance of 

Alphaproteobacteria remained high despite comparatively low Sal. This finding suggests 

that Alphaproteobacteria may possess broader Sal tolerance or adaptive flexibility under 

varying environmental conditions [28]. Bacteroidia also constituted a notable proportion 

of the bacterial communities across the sampling sites, highlighting its important ecolog-

ical role in mangrove sediments. Members of this class are known to participate in nitro-

gen and phosphorus metabolism, protein degradation, cellulose decomposition, and the 

enhancement of plant stress resistance [29]. Overall, the bacterial communities in man-

grove sediments exhibited clear differences between intertidal flats and vegetated zones, 

with distinct community composition patterns across geographical locations. This study 

further demonstrates significant habitat differentiation of bacterial communities within 

mangrove ecosystems (p < 0.05), manifesting primarily in two ways: (1) Sal fluctuations 

driven by tidal gradients strongly influence the distribution of dominant bacterial taxa; 

and (2) variations in vegetation type lead to the selective enrichment of characteristic bac-

terial groups. Collectively, these findings suggest the strong habitat-filtering effects gov-

erning mangrove bacterial community assembly and highlight the close ecological cou-

pling between functional gene expression and local environmental conditions. 

Existing studies indicate that within uniform mangrove tidal flats, microscale spatial 

variation of sediment bacterial communities is low, as tidal flushing homogenizes local 

sediment physicochemical conditions [30,31]. Clear spatial differentiation of bacterial 

populations mainly occurs among separate sampling sites, driven by differences in vege-

tation and hydrological regimes [1]. In this study, we collected three replicate sediment 

samples at each of the five sampling sites, covering both vegetated and intertidal flats. 

Owing to constraints imposed by tidal cycles and limited wetland access, we were unable 

to achieve higher sampling intensity in the field. We acknowledge this relatively low sam-

pling intensity as a limitation of the study and recommend that future investigations in-

crease sampling density to better resolve fine-scale spatial patterns of sediment bacterial 

populations. 
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4.2. Dominant Bacterial Community and Their Distribution Differences in Mangrove Sediments 

The results demonstrated that Proteobacteria were the dominant bacterial phylum in 

sediments across both intertidal flats and vegetated zones, maintaining a consistently high 

abundance across all sampling sites. This finding aligns with previous studies conducted 

in mangrove sediments across various geographic regions worldwide [32,33], which sug-

gest that Proteobacteria possess broad ecological adaptability and perform critical func-

tional roles within mangrove ecosystems. Consequently, Proteobacteria are recognized as 

one of the most prevalent bacterial phyla in global sedimentary environments [34]. Cam-

pylobacterota is commonly associated with seawater-groundwater mixing and plays im-

portant roles in sulfur and nitrogen cycling [35]. Bacteroidota contributes substantially to 

host-microbe interactions and global nutrient cycling [36]. 

The bacterial community distribution exhibited significant geographical heterogene-

ity among regions. Within the intertidal flats, the Beihai Nanliu River site showed the 

highest OTU richness, whereas the Fangchenggang East Bay site exhibited the lowest. In 

vegetated areas, the Fangchenggang Sanjiaojing site displayed the greatest OTU richness, 

while the Fangchenggang East Bay site again showed the least. These distribution patterns 

are likely driven by site-specific environmental conditions, geographic settings, and var-

ying degrees of anthropogenic disturbances. In addition, substantial differences in bacte-

rial community structure were observed between the intertidal and vegetated zones 

within individual sampling sites [6,37], Intertidal flats showed stronger site-specific com-

munity differentiation with wider sample dispersion, while vegetation zones weakened 

spatial divergence of bacterial assemblages. Though Proteobacteria dominated both habi-

tats, functional taxa diverged sharply: Desulfobacterota prevailed in bare sediments, 

whereas Nitrospirota were enriched in vegetated zones, indicating that vegetation re-

shapes sediment bacterial assemblages by altering microenvironmental filtering. Vege-

tated zones consistently exhibited higher bacterial abundance and diversity than intertidal 

flats, which may be attributed to vegetation-mediated improvement of sediment condi-

tions and the provision of additional microbial niches. 

A considerable proportion of sequences in this study remained unclassified at lower 

taxonomic levels, representing a large amount of microbial dark matter in mangrove sed-

iments [38]. These poorly characterized yet abundant taxa may possess unique metabolic 

capabilities and ecological strategies that facilitate their adaptation to the complex and 

dynamic intertidal environment [39]. Their widespread distribution indicates they play 

irreplaceable roles in elemental cycling, stress resistance, and community stability. These 

functions are essential for the long-term sustainability of mangrove ecosystems. Further 

investigation into these uncharacterized taxa will help uncover novel microbial resources, 

as well as evolutionary adaptations and ecological functions within mangrove sediments. 

4.3. Variations in Bacterial Communities and Environmental Physicochemical Factors in Man-

grove Sediments 

RDA analyses indicated that bacterial community assembly driven by niche differ-

entiation influences Sal, pH, BSi, TP, and TN, and its effects differ across sites due to var-

iable environmental filtering [40]. Sal and BSi co-selected for halophilic and silicon-me-

tabolizing taxa (e.g., Flavobacteriaceae) in high Sal sites (i-C/v-C), consistent with osmotic 

stress tolerance and silicon-dependent metabolic pathways [41]. In neutral, nitrogen-rich 

sites (v-D/i-E), pH and TN promoted nitrifying and myxobacterial groups (e.g., Proteobac-

teria, Myxococcaceae), likely via enhanced nitrogen mineralization and optimal enzymatic 

activity [42]. Conversely, acidic, phosphorus-enriched sites (v-B/v-A/i-A) were dominated 

by sulfate-reducing and acidophilic bacteria (e.g., Desulfobulbaceae, Acidobacteriaceae), 

driven by TP availability and low pH constraints on nutrient solubility. These context-
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dependent effects arise from nutrient co-limitation (e.g., N-limitation in v-D vs. P-limita-

tion in v-E) and interactive abiotic pressures, highlighting how environmental gradients 

shape bacterial community composition across coastal ecosystems. Proteobacteria pre-

vailed at site v-E, demonstrating that the environmental features of this sampling site are 

highly conducive to the growth of Proteobacteria. 

Proteobacteria was identified as the dominant phylum across multiple regions, includ-

ing Dongzhaigang (Hainan), Lianjiang, Yunxiao Nature Reserve, the Beibu Gulf, and Bhi-

tarkanika (India) (Table 3), accounting for 46.6–68.9% of the bacterial community. This 

consistent dominance likely reflects the phylum’s high metabolic versatility, enabling ad-

aptation to dynamic intertidal environments. However, the distribution of its metabolic 

functional genes was strongly influenced by sediment texture (sandy versus muddy), in-

dicating that local geochemical conditions modulate phylum-level functional potential 

[43]. The regulatory effects of physicochemical factors on bacterial communities varied 

among regions. For example, in the Gaoqiao mangrove (Lianjiang), TOC and TN showed 

significant correlations with microbial composition in the mid-tide zone, whereas nitro-

gen and phosphorus nutrients dominated in the high-tide zone. In the Northern Beibu 

Gulf, sediment texture indirectly regulated the abundance of carbon-, nitrogen-, and sul-

fur-metabolism genes by modifying pore structure and redox conditions [7]. In 

Dongzhaigang, bacterial community composition was mainly controlled by Sal and TOC. 

These regional differences underscore that environmental drivers must be interpreted 

within specific hydrological and geographical contexts (e.g., tidal frequency, sediment 

permeability), rather than assumed to have universal applicability. 

At the genus level, notable differences in community composition were observed. In 

the intertidal flats, Woeseia was the dominant genus at site C, while sites B and E exhibited 

similar genus compositions and relative abundances. In the vegetated zones, Woeseia dom-

inated at site E, whereas unclassified Bacteria predominated at site B. The similarity in 

genus composition among sites C, A, and D suggests that local hydrodynamics may ho-

mogenize communities within hydrologically connected zones. The prevalence of Woeseia, 

a chemoheterotrophic genus commonly associated with sulfur cycling, across multiple 

sites reflects its ecological flexibility and potential role in maintaining biogeochemical 

functions under fluctuating redox conditions. 

Our findings offer practical guidance for mangrove management in the Beibu Gulf. 

First, the significant variation in bacterial OTU richness across mangrove species (Brugui-

era gymnorhiza > Aegiceras corniculatum > Avicennia marina) suggests that restoration pro-

jects should adopt species-specific planting strategies: prioritize Bruguiera gymnorhiza in 

zones where enhancing microbial diversity is a goal, while Avicennia marina is more suit-

able for high Sal pioneer zones given its strongly halotolerant rhizosphere communities. 

Second, the highly consistent metabolic profiles (80–85% metabolism pathways) across all 

sites indicate high functional redundancy, suggesting that Beibu Gulf mangroves possess 

inherent resilience to environmental fluctuations. Conservation efforts should focus on 

maintaining this functional stability by preserving hydrological connectivity and sedi-

ment-nutrient regimes. Third, the strong phosphorus-sulfur coupling implies that nutri-

ent input monitoring is critical: elevated TP from aquaculture could stimulate sulfide pro-

duction, posing risks to mangrove health. It is recommended that buffer zones be estab-

lished and fertilizer use be regulated in adjacent watersheds. Future research should inte-

grate multi-scale environmental data with machine-learning approaches to predict bacte-

rial community responses under climate change scenarios, which would provide scientific 

support for carbon sink management in mangrove conservation and restoration. 
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Table 3. Comparative analysis of mangrove microorganisms, environmental factors, and other re-

search regions. 

Study Areas 

Dominant Bacte-

rial Species (Phy-

lum Level) 

Environment Factors References 

Dongzhai Gang Mangrove 

Forests, China 
Proteobacteria 

Sal, TOC, pH, and 

SO42− 
[25] 

Lianjiang Gaoqiao Man-

grove Forests, China 
Proteobacteria 

Sal, pH, DOC, and 

TN 
[44] 

Yunxiao National Man-

grove Nature Reserve, 

China 

Proteobacteria C, S, N [45] 

Bhitarkanika mangrove, In-

dia 
Proteobacteria pH, EC, DO [15] 

This study was conducted 

in China 
Proteobacteria Sal, pH, BSi, TP, TN  

5. Conclusions 

This study investigated bacterial communities in mangrove sediments from inter-

tidal and vegetated zones across five locations in the Northern Beibu Gulf. The biogeo-

graphical distribution patterns of sediment bacterial communities and their relationships 

with key environmental drivers were systematically elucidated. The main conclusions are 

as follows: 

(1) Mangrove sediments in the northern Beibu Gulf harbor highly diverse bacterial com-

munities, with Proteobacteria as the dominant phylum, accounting for 37–45% of the 

total community across sampling sites. Marked geographical variations in bacterial 

community composition were observed among the study regions. Functional predic-

tion revealed that metabolism-related functions comprised 80–85% of the total rela-

tive abundance, with the composition of functional categories remaining highly con-

sistent across all sampling sites. 

(2) Both environmental conditions and geographical settings jointly influence bacterial 

community distribution and diversity. Distinct differences were detected between 

the intertidal and vegetated zones within the same site. Overall, the vegetated zone 

exhibited slightly higher bacterial abundance and diversity, likely due to vegetation-

induced improvements in sediment physicochemical conditions and the creation of 

additional ecological niches. 

(3) Bacterial community structure significantly affects multiple physicochemical factors, 

including Sal, pH, BSi, TP, and TN. Through alterations in metabolic activity and 

interspecific interactions, bacteria regulate the environment and indirectly modify 

these physicochemical properties. 

Overall, this study elucidates the biogeographical patterns and environmental driv-

ers of bacterial communities in mangrove sediments of the Northern Beibu Gulf, offering 

valuable insights into the functional stability and resilience of these ecosystems. Future 

research should integrate metagenomic and metabolomic approaches to further decipher 

the functional plasticity of key bacterial taxa and to better evaluate the impacts of anthro-

pogenic activities on mangrove ecosystems. Such efforts will establish a more robust the-

oretical foundation for microbial regulation and ecological restoration in mangrove con-

servation programs. 
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