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Abstract: Mangrove forests are intertidal ecosystems that harbor diverse microbial com-
munities essential for biogeochemical cycles and energy flow. This study investigated the
seasonal and spatial patterns of bacterial communities in the artificially introduced man-
grove sediments of the Ao River estuary using 16S rRNA gene amplicon high-throughput
sequencing. Alpha diversity analyses indicated that the bacterial community diversity in
the mangrove sediments of the Ao River estuary was similar to those of natural-formed
mangroves, with the Shannon index ranging from 5.16 to 6.54, which was significantly
higher in winter compared to other seasons. The dominant bacterial phyla included Pro-
teobacteria (43.65%), Actinobacteria (11.55%), Desulfobacterota (11.16%), and Bacteroidetes
(5.52%), while beta diversity analysis revealed substantial differences in bacterial commu-
nity structure across different seasons and regions. For instance, the relative abundance
of Woeseiaceae and Bacteroidota during the summer was significantly higher than that
observed in other seasons. And the relative abundance of Bacillaceae in autumn and
winter increased by one order of magnitude compared to spring and summer. Woeseiaceae,
Desulfobulbaceae, Thermoanaerobaculaceae, and Sval033 (family of Desulfobacterota)
exhibited significantly higher relative abundance in the unvegetated area, whereas Bacil-
laceae and S085 (family of Chloroflexi) demonstrated greater abundance in the mangrove
area. Seasonal variations in bacterial community structure are primarily attributed to
changes in environmental factors, including temperature and salinity. Regional differences
in bacterial community structure are primarily associated with environmental stressors,
such as wave action, fluctuations in salinity, and organic matter content, which are further
complicated by seasonal changes. This study is significant for understanding the microbial
diversity and seasonal dynamics of estuarine mangrove wetlands, and it contributes to
the assessment of mangrove wetland restoration efforts in Zhejiang Province, providing
important guidance for the development of strategies to maintain the health of mangrove
ecosystems in the future.

Keywords: Ao River estuary; artificially introduced mangrove; bacterial diversity; sea-
sonal variation

1. Introduction

Mangrove forests, which are coastal wetland ecosystems dominated by shrubs or
trees, cover 60-75% of tropical and subtropical coastlines and provide essential ecological
and economic services, including biodiversity support, coastal protection, sediment trap-
ping, water purification, and atmospheric regulation [1,2]. Furthermore, mangroves rank
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among the most productive ecosystems globally and make a significant contribution to
the storage of carbon in coastal and marine ecosystems (“Blue Carbon”) [3-5]. Sediment
microbial communities are integral to mangrove ecosystems, facilitating organic matter
degradation and nutrient cycling processes that are essential for ecosystem function and
maintenance [6,7]. Interactions between mangrove plants and sediment microorganisms
are closely intertwined. Plant litter, comprising leaves and branches, enriches sediments
with significant organic carbon and nutrients, thus supporting microbial metabolism, which
is further enhanced by root exudates [8,9]. Conversely, sediment microorganisms facilitate
vital biogeochemical processes, including carbohydrate degradation, nitrogen fixation, and
sulfate reduction, supplying plants with essential nutrients and transferring carbon and
energy throughout the food web via animal consumption [10-12]. Additionally, mangrove
microorganisms contribute to environmental remediation by degrading pollutants, includ-
ing polycyclic aromatic hydrocarbons, heavy metals, petroleum, and pesticides [13-16].

Since the beginning of the 21st century, there has been a growing recognition of the eco-
logical importance of mangroves in coastal zones and their roles in global change, which has
spurred increased international efforts to protect and restore these ecosystems [17]. China
has implemented extensive ecological restoration projects, including large-scale mangrove
planting, leading to significant increases in mangrove areas [18,19]. Successful mangrove
restoration encompasses not only area expansion but also alterations in plant-microbe inter-
actions, which significantly influence the degree of restoration [20,21]. Some studies have
demonstrated that particular bacterial taxa increase their abundance during the mangrove
restoration process [22,23]. For instance, Desulfobacteraceae thrive in the anoxic sediments
of rehabilitated mangroves, where they mediate sulfur cycling through dissimilatory sulfate
reduction and their elevated abundance correlates with improved organic matter mineral-
ization [22]. Similarly, nitrogen-fixing bacteria like Rhizobiaceae show marked proliferation
in the soils of restored mangroves, forming symbiotic relationships with mangrove roots
to enhance nitrogen bioavailability [23]. These taxa’s metabolic activities directly support
mangrove growth by converting atmospheric N, into bioavailable ammonium while si-
multaneously improving soil fertility. With the advent of high-throughput sequencing
technologies, the genomic analysis of microbial communities has become more accessible,
enabling researchers to identify specific genes associated with key metabolic processes,
such as carbon cycling, nitrogen fixation, and pollutant degradation [24]. Understanding
the genetic functions of microorganisms in mangrove ecosystems provides a more detailed
insight into their ecological roles, including their contributions to nutrient cycling and
ecosystem health [25].

Current restoration assessments primarily focus on metrics such as forest area, veg-
etation structure, productivity, and biodiversity [26]. The critical role of belowground
processes, particularly the contribution of soil microorganisms to litter decomposition and
soil nutrient mineralization, is often overlooked, despite evidence indicating that bacterial
community structure and diversity can serve as indicators of ecological change [18,27].

The Ao River estuary, located at the northern edge of Chinese mangrove distribution
in Zhejiang Province, sustains a stable population of the artificially introduced mangrove
species Kandelia obovata [28]. This region is characterized by a subtropical marine mon-
soon climate, marked by warm, humid conditions and abundant rainfall, with an average
annual temperature of 16.8 °C [29]. Ongoing government-led restoration efforts have
led to the continuous expansion of the Ao River mangrove area, thereby demonstrating
the effectiveness of these conservation initiatives [30]. However, research on microbial
communities in artificially planted mangrove areas within Zhejiang Province remains



Microorganisms 2025, 13, 859

30f18

28°00'0"N  28°20'0"N

27°40'0"N

27°20'0"N

120°30'0"E

121°00'0"E

limited, especially concerning assessments of mangrove ecological restoration from a
microbial perspective. Therefore, this study aimed to characterize the bacterial community
structure in Ao River estuary mangrove sediments across different seasons and regions
through high-throughput sequencing analysis, and to investigate the relationships between
bacterial communities and environmental factors. This research will contribute to a more
comprehensive understanding of estuarine mangrove ecosystems and provide insights into
the effectiveness of mangrove wetland restoration efforts in Zhejiang Province.

2. Materials and Methods
2.1. Study Area and Sample Collection

Nine sampling sections (DQ1-DQ9) were established along the Ao River estuary
mangroves, extending from upstream to the estuary, with three sampling sites per section
(M1-M3) (Figure 1). Among these sections, DQ5 and DQ6 represented mature mangrove
forests (>10 years old), while DQ1-DQ4 and DQ7-DQ8 comprised younger forests. DQ9
served as an unvegetated control. Sediment samples were collected in December 2021
(winter), May 2022 (spring), August 2022 (summer), and November 2022 (autumn), with
a total of 107 samples collected (Table S3). At each site, 30 mL of surface sediment was
collected in duplicate using a sterilized syringe (with the tip removed), which was inserted
vertically into the sediment to a depth of 10 cm. Samples were stored in sterile centrifuge
tubes and subsequently frozen for transport. A portion of each sample was stored at —80
°C for microbial analysis, while the remainder was freeze-dried and subsampled for soil
particle size analysis, as well as the determination of total carbon (TC) and total nitrogen
(TN) content.
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Figure 1. Satellite map of sampling sites in the Ao River estuary mangroves.

2.2. Determination of Environmental Parameters

The pH, temperature, and salinity of interstitial water were measured in situ using
a portable water quality analyzer (YSI 2000). Sediment particle size distribution was de-
termined utilizing a laser particle size analyzer (Bettersize 2600, Better Sans Instruments
Co., Ltd,, Jinan, China). Clay, silt, and sand content were analyzed by dispersing 2 g of
dried sediment in 3 mL of 0.5 mol/L sodium hexametaphosphate solution. After a 2 min
shake, an 8 h rest, and a further shake, 4-5 drops of the mixture were placed into the laser
particle size analyzer [31]. Water-soluble salt content was measured using a mass method
with a soil-water ratio of 5:1. Briefly, 50 g of sieved sediment was mixed with 250 mL of
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ultrapure water in a 500 mL drying Erlenmeyer flask. After a 3 min shake, the mix-
ture was filtered, and 50 mL of the filtrate was evaporated to dryness in an oven [32]. Total
carbon (TC) and total nitrogen (TN) content were analyzed using an elemental analyzer
(Thermo Fisher Scientific FLASH 2000, Thermo Fisher Scientific, Waltham, MA, USA).

2.3. DNA Extraction, PCR Amplification, and Sequencing

Microbial DNA was extracted from sediment samples using DNeasy PowerSoil
Pro kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. DNA
integrity and quality were assessed using 1% agarose gel electrophoresis and a Nan-
oDropOne micro-volume spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). The extracted DNA served as template for PCR amplification of bacterial 16S
rRNA gene V3-V4 region using primers 341F (5'-CCTAYGGGRBGCASCAG-3') and 806R
(5"-GGACTACNNGGGTATCTAAT-3') [33]. Purified PCR products were utilized to con-
struct sequencing libraries, which were sequenced using the Illumina NovaSeq 6000 plat-
form (PE250). The sequence data are available in the National Center for Biotechnology
Information (NCBI) database under accession number PRJNA1133737.

2.4. Data Analysis

Raw sequences were processed using DaDa2 pipeline in QIIME2 (v2023.5) to obtain
high-quality merged sequences [34]. These sequences were clustered into operational
taxonomic units (OTUs) at a 97% similarity threshold using the vsearch cluster-features-de-
novo algorithm. OTU annotation was performed against the SILVA (v138) and Greengenes
(v13.8) databases using the giime feature-classifier algorithm [35]. Microbial alpha diversity
was characterized using the Shannon index, which measures community diversity based
on species richness and evenness, calculated using the following formula:

H'=-) (Pi-In(P) 1)

where H' is the Shannon diversity index and P; is the proportion of each species in the
sample [36]. Beta diversity analysis was visualized using Bray-Curtis distance matrices, and
in this study, non-metric multidimensional scaling (NMDS) and clustering were employed
for representation. Alpha and beta diversity analyses, correlation analysis, and redundancy
analysis (RDA) were conducted in R (v4.3.0) software, with the pheatmap and vegan
packages used for clustering and generating heatmaps of bacterial genera. Microbial
community functional prediction was accomplished using PICRUSt2 (v2.4.2) software.
The linear discriminant analysis effect size (LEfSe) was applied to identify the groups
that exhibited significant differences in relative abundance between different seasons. In
addition, bacterial families with significant differences between different forest age areas
were statistically identified using STAMP (v2.1.3).

3. Results
3.1. Environmental Characteristics of Ao River Estuary Mangrove Sediments

The physicochemical properties of Ao River estuary mangrove sediments across four
seasons are summarized in Table 1. Sediments were characterized as silty clay [37], with
silt composing the highest proportion (54.72% to 79.0%) and clay content ranging from
20.03% to 45.25%. Significant seasonal temperature variations were observed (p < 0.05),
with the highest average temperatures in summer (30.02 °C) and the lowest in winter
(14.39 °Q). Salinity and soil water-soluble salt content also exhibited significant seasonal
variations, with the lowest salinity in spring (mean 10.79 ppt) and the highest in autumn
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(mean 29.01 ppt). Conversely, soil water-soluble salt content peaked in spring (46.29 g/kg)
and reached its lowest point in summer (10.19 g/kg). The pH exhibited minor fluctuations
across seasons and river sections, varying from 6.66 to 8.92, which indicates weakly alkaline
conditions generally. The total carbon (TC) and total nitrogen (TN) contents showed mini-
mal spatial and temporal variation (9.05 to 15.78 g/kg and 0.55 to 1.41 g/kg, respectively).
The carbon-to-nitrogen (C/N) ratio averaged 13.71 in winter, which was significantly higher
than in other seasons.

Table 1. Physicochemical properties of mangrove sediments in the Ao River estuary.

Parameter Winter 2021 Spring 2022 Summer 2022 Autumn 2022
Temperature (°C) 14.39 4+ 0.62 4 21.97 +£1.03P 30.02 +£0.932 21.16 £ 0.71 ¢
Salinity (ppt) 15.24 4 5.67 ¢ 10.79 4 5.47 4 24.64 +7.44° 29.01 +£2.772

pH 7.87 40312 7.54 4+ 0.45° 7.52 +0.23° 7.66 & 0.29 P

Total carbon (g/kg) 12.52 4+ 0.602 12.214+0.882 11.97 +0.822 11.884+0.892
Total nitrogen (g/kg) 0.93 4+ 0.122 0.97 +0.132 1.01 £ 0.83 2 0.97 +0.132
Total carbon/total nitrogen (%) 13.71 £ 1.09 2 12.79 £ 1.10° 12.04 +£0.69 P 1229 +1.51°P
Soluble salt content (g/kg) 12.59 +3.55 ¢ 46.29 £ 26.97 2 1019 £ 491°¢ 27.39 +£8.77°
Clay content (%) 28.88 +3.40P 36.04 +5.252 29.99 +3.85P 35.08 & 3.48 2

Silt content (%) 69.12 +3.912 63.59 4+ 4.96 P 67.88 + 3.86 2 63.67 + 3.05P

Sand content (%) 1.99 £1.192 0.37 + 0.64° 21341292 1.25 +2.19 2

a—d indicate statistically significant differences (p < 0.05).

3.2. Bacterial Diversity of Ao River Estuary Mangrove Sediments

A total of 6,940,249 high-quality sequences were obtained and clustered into
19,290 OTUs at a 97% similarity threshold. Sequencing depth, as indicated by the di-
lution curves (Figures S1 and S2), adequately captured the bacterial communities of sedi-
ment samples. The Shannon index, which is indicative of microbial community stability
and diversity, showed significant seasonal variation, with the highest average in winter
(6.28 + 0.25) and the lowest in autumn (5.70 & 0.33) (Figure 2a). Spatial variation was
also observed, with upstream sections (DQ1-DQ4) exhibiting significantly higher Shannon
indices than mid-lower reaches (DQ5-DQ9) during winter and spring, with the opposite
pattern observed during summer and autumn. However, the Shannon indices showed
no significant differences between different forest areas (young forest, old forest, and un-
vegetated control). (Figure 2b). Young forest generally exhibited the highest Shannon
index values across all seasons, with notable peaks in winter and summer. In contrast, the
unvegetated sediments exhibited lower diversity compared to forested sediments, with a
particularly sharp decline in autumn. The old forest sediments maintained intermediate
levels of diversity, with less pronounced seasonal fluctuations.

Cluster analysis revealed that most of the summer samples formed a distinct branch,
with some spring and autumn samples also clustering together, indicating a high similarity
among bacterial communities in these seasons (Figure 3a). Similar to the results of cluster
analysis, NMDS analysis based on bacterial OTUs showed that the samples were most
tightly clustered in summer, followed by spring and autumn, while winter samples were
more dispersed (Figure 3b). An obvious overlap between sample spots from different
seasons suggested a degree of stability in the sediment bacterial community structures
of the Ao River estuary mangroves, although seasonal heterogeneity was evident, likely
influenced by environmental variations within the estuary.
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Figure 2. Shannon indices of bacterial communities in each section (a) and different forest area (b) in
different seasons. The numbers in parentheses indicate the average value. a—d indicate statistically
significant differences (p < 0.05).

The NMDS illustrated clear clustering of microbial communities based on sediment
type (young forest, old forest, and unvegetated) (Figure 3c). Young forest sediments exhib-
ited the widest dispersion, indicating greater variability in community composition. Old
forest sediments formed a tighter cluster, reflecting a more uniform community compo-
sition. The unvegetated sediments also displayed a distinct cluster, suggesting that the
presence of mangrove vegetation significantly impacts microbial community structure.
Overlapping confidence ellipses suggested some degree of compositional similarity, yet
the distinct separation of group centroids highlighted the unique microbial communities
associated with each sediment type [38].
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Figure 3. The clustering analysis of bacterial communities in each section in different seasons (a);
NMDS analysis of bacterial communities in each section in different seasons (b) and in different forest
areas (c). The color circle areas in NMDS analysis represent the 95% confidence interval.

3.3. Bacterial Community Characteristics by Season and Plants’ Age

Dominant bacterial phyla in the Ao River estuary mangrove sediments remained
largely consistent across seasons with minor abundance variations (Figure 4a). Phyla with
relative abundances exceeding 5% in winter were Proteobacteria (30.89%), Actinobacteria
(12.68%), Chloroflexi (10.67%), Acidobacteria (6.91%), and Desulfobacterota (6.32%). In
spring, the dominant phyla were Proteobacteria (35.50%), Actinobacteria (14.26%), Chlo-
roflexi (10.48%), Desulfobacterota (7.03%), Bacteroidetes (5.51%), and Acidobacteria (5.49%);
in summer, they were Proteobacteria (33.33%), Bacteroidetes (14.74%), Actinobacteria
(8.60%), Desulfobacterota (7.86%), Acidobacteria (5.85%), and Chloroflexi (5.85%); in au-
tumn, they comprised Proteobacteria (30.43%), Actinobacteria (13.43%), Chloroflexi (9.98%),
Acidobacteria (8.82%), Desulfobacterota (5.76%), Bacteroidetes (5.60%), and Firmicutes
(5.34%). Seasonal heterogeneity was observed in phylum-level community composition,
with Proteobacteria, Actinobacteria, Chloroflexi, Bacteroidetes, Acidobacteria, and Desul-
fobacterota consistently being dominant. The relative abundance of Bacteroidetes exceeded
5% in spring, summer, and autumn, but was lower in winter. Conversely, the relative
abundance of Chloroflexi was nearly double in spring and winter compared to summer.
Firmicutes were dominant in autumn but comprised less than 5% in other seasons.
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Figure 4. Relative abundances of sediment bacterial community composition from Ao River estuary
at the phylum-level (a) and family-level (b).

The top 45 most abundant bacterial families are shown in Figure 4b. Woeseiaceae and
Actinomarinales were consistently dominant across all seasons, with average abundances of
9.27% and 8.07%, respectively. Significant seasonal variations were observed in other bacterial
families. For instance, the relative abundance of Bacillaceae was significantly higher in autumn,
while Anaerolineaceae was more abundant in spring and winter. In addition, the relative
abundances of Flavobacteriaceae and Saprospiraceae (Bacteroidetes) peaked in summer.

There were 13 bacterial families exhibiting significant seasonal differences in LEfSe
analysis (Figure 5a). Summer was significantly enriched in Woeseiaceae, Desulfobulbaceae,
Flavobacteriaceae, Cyclobacteriaceae, and Saprospiraceae. Autumn was characterized by
Bacillaceae, S085, and Caldilineaceae; winter was characterized by Methyloligellaceae and
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Hyphomicrobiaceae; and spring was characterized by Rhodobacteraceae and Anaerolin-
eaceae. Additionally, STAMP analysis of the top 45 bacterial families revealed significant
differences in 24 families between different forest areas, with statistical comparisons per-
formed using ANOVA (Figure 5b). Woeseiaceae, Desulfobulbaceae, Thermoanaerobacter-
aceae, and Sval033 exhibited significantly higher relative abundances in the unvegetated
area, while Bacillaceae and S085 were more abundant in the mangrove areas. A com-
parison of young and old forest sediments revealed that Bacillaceae, Nocardioidaceae,
and Nitriliruptoraceae exhibited significantly higher relative abundances in young forest
sediments, whereas Thermoanaerobacteraceae and B2M28 had significantly higher relative
abundances in old forest sediments.
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Figure 5. Lefse analysis of bacterial communities in sediments by season (a); significantly different
bacterial families (top 45) in sediments across different forest areas based on STAMP analysis (b).
Color circle dots in STAMP analysis indicate the 95% confidence intervals.

Heatmap clustering of the top 50 OTUs revealed the obvious seasonal differences
(Figure 6). In spring, certain OTUs exhibited higher relative abundance. For example,
OTU27 (Desulfobulbaceae) and OTU35 (Flavobacteriaceae) showed significantly higher
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abundance in multiple regions (DQ1, DQ2, and DQ9). However, OTU26 (Terrisporobacter)
and OTU38 (Gaiella) had relatively lower abundance in spring. Summer was one of the
seasons with the most pronounced microbial community shifts. The heatmap showed that
the Desulfobulbaceae (OTU17, OTU27, and OTU29) and the Bacteroidetes (OTU19 and
OTU35) exhibited exceptionally high abundance in summer, particularly in the DQ1, DQ2,
and DQ9 regions. In contrast, OTUs like Anaerolineae (OTU32) showed a marked decrease
in abundance during summer. Additionally, OTU26 (Terrisporobacter) from Firmicutes
and OTU38 (Gaiella) from Actinobacteria also exhibited lower abundance in summer.
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Figure 6. Heatmap of the top 50 OTUs of bacterial community component in Ao River estuary
mangrove sediments.

The OTU distribution in autumn presented a transitional state, with some OTUs hav-
ing abundance levels between those observed in spring and summer. For instance, OTU17
(Desulfobulbaceae) and OTU35 (Flavobacteriaceae) maintained relatively high abundance
in autumn, though slightly lower than in summer. Meanwhile, OTU32 (Anaerolineae)
showed an increase in abundance during autumn, but still remained lower than in spring.
Furthermore, OTU26 (Terrisporobacter) and OTU38 (Gaiella) exhibited some recovery in
autumn, although their abundance had not reached the spring levels. The OTU distribution
in winter differed from that in other seasons. Certain OTUs, such as OTU17 (Desulfobul-
baceae), showed a significant decrease in abundance during winter, with abundance being
approximately 50% of that observed in other seasons. In contrast, OTU32 (Anaerolineae)
and OTU46 (SBR1031) had relatively higher abundance in winter, with both being five
times more abundant than in summer, which may be related to specific environmental
conditions during this season. These results indicated that seasonal variations played an
important regulatory role in the composition and function of microbial communities.

3.4. Impacts of Environmental Parameters on Bacterial Community and Functional
Prediction Analysis

RDA analysis (Table S2) revealed that environmental factors, such as temperature
and salinity, significantly affected the microbial community of the Ao River estuary af-
ter removing TN and clay content due to collinearity. Temperature exhibited a positive
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correlation with bacterial community structures in summer and a negative correlation in
winter (Figure 7a). Salinity exhibited a similar trend, with positive correlation in summer
and negative correlation in spring. Furthermore, temperature, pH, TC/TN ratio, and salinity
exhibited numerous significant correlations with many bacterial families (Figure 7b), similar
to the result of RDA analysis. Flavobacteriaceae, Saprospiraceae, and Cyclobacteriaceae
(Bacteroides) were positively correlated with temperature, while being negatively correlated
with TC and TC/TN ratio. Anaerolineaceae and SBR1031 showed negative correlations with
temperature and salinity, but positive correlations with pH and TC/TN ratio. In contrast,
both Bacillaceae (Firmicutes) and Thermoanaerobaculaceae (Actinomycetes) were positively
correlated with pH and TC/TN but negatively correlated with temperature. Actinomari-
nales correlated positively only with TC. Finally, the Woeseiaceae (Proteobacteria) showed
significant positive correlations only with temperature and salinity.
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Figure 7. RDA analysis indicated the impacts of environmental parameters on bacterial community
structures (a); correlation analysis between environmental factors and the relative abundances of bac-
terial families (b). Dotted circles in RDA analysis indicate the 95% confidence intervals. Note: Temp
(temperature), SAL (salinity), TC (total carbon), TC /TN (carbon-nitrogen ratio), SSC (soluble salt content),
Silt (silt content), and Sand (sand content); * means p < 0.05, ** means p < 0.01, *** means p < 0.001.
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PICRUSt2 analysis predicted the functional composition of sediment bacterial com-
munities, identifying six primary functional categories at KEGG level 1 and 46 functional
categories at level 2 (Figure S3). Carbohydrate metabolism and amino acid metabolism
were particularly abundant, with the average relative abundances of 8.70% and 7.69%,
respectively, exceeding 5% in all samples. Energy metabolism (4.75%) and metabolism of
cofactors and vitamins (4.47%) also showed relative abundances approaching 5%. These
active metabolic functions suggest that the bacterial communities in Ao River estuary
mangrove sediments are vigorously engaged in biological activities.

4. Discussion

Microbial diversity within mangrove wetland ecosystems plays a critical role in main-
taining the ecological balance [6]. In this study, the Shannon indices ranged from 5.16 to
6.54 (Table S1), which were comparable to those of natural mangroves. Tong et al. (2019)
found through Illumina MiSeq sequencing that the Shannon index of mangrove sediments
in southern China ranged from 4.92 to 5.63 [39]. Loganathachetti et al. (2016) found that the
Shannon index of bacterial communities in mangrove plant rhizospheres was around 5.5,
indicating high bacterial diversity in mangrove sediments [40]. The Ao River estuary man-
groves are located in the estuary area, which is a unique transition zone between land and
sea, where freshwater from the river mixes with seawater. This mixing creates a complex
and dynamic environment with a wide range of salinity gradients [41]. Different bacterial
species have varying tolerances to salinity, and this diverse salinity environment provides
suitable habitats for a large number of bacteria with different salt-adaptation abilities, thus
promoting the co-existence of various bacterial taxa [42,43]. Moreover, the hydrodynamics
of the estuary are complex. Tidal fluctuations, river flows, and water currents constantly
reshape the sediment environment [44]. The continuous movement of water can create
different micro-habitats, such as areas with different levels of oxygen availability, which
further enhances the diversity of bacterial communities [45].

The soil microorganisms in coastal wetland ecosystems have unique functions and ge-
netic profiles, playing an important role in pollutant purification and maintaining ecosystem
stability [46]. According to functional predictions using PIRCUSt, the microbial community
in the sediment of the Ao River estuary mangroves is rich in functions, with the most active
pathways being carbohydrate metabolism, amino acid metabolism, energy metabolism,
cofactor and vitamin metabolism, and translation. Carbohydrates are the main component
of living cell structures and also serve as substrates for cellular respiration. Carbohydrate
metabolism regulates the formation, decomposition, and interconversion of carbohydrates
within organisms [47]. Meanwhile, cofactor and vitamin metabolism, as well as amino acid
metabolism, are closely related to the degradation of various amino acids [48]. The high
abundance of these metabolic functional genes indicates that the bacterial community in
the sediment of the Ao River estuary mangroves is highly active.

Aligning with the findings of other studies, Proteobacteria emerged as the phylum
with the highest relative abundance in this study [49-51]. As Gram-negative bacteria,
Proteobacteria widely participate in nitrogen fixation and nutrient cycling in natural en-
vironments, suggesting that their abundances in mangroves may be related to the high
rates of material and energy metabolism present in these ecosystems [5]. The dominance of
Proteobacteria across all seasons can likely be attributed to their metabolic diversity and
adaptability. These bacteria can efficiently utilize a wide range of organic compounds and
play key roles in various biogeochemical processes, such as nitrogen cycling and organic
matter degradation. This versatility is particularly important in the dynamic mangrove en-
vironment, where temperature, humidity, and nutrient availability fluctuate with seasonal
changes [52]. Other high-abundance phyla observed in this study, including Actinobacteria,
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Chloroflexi, Bacteroidetes, Acidobacteria, and Desulfobacterota, have also been frequently
observed in other mangrove sediments [49,50]. However, the dominant phyla exhibited
differences in relative abundance among these studies. For example, Actinobacteria was the
second most abundant phylum in this research, accounting for 12.28% of total sequences,
whereas it comprised only 7% in Indian mangrove samples [51]. In contrast, Planctomycetes
represented 7.2% of samples from Hong Kong’s mangrove sediments, but only accounted
for 1.15% in Ao River estuary mangroves [49]. Overall, both this study and previous studies
showed that Proteobacteria was the most abundant in mangrove sediments, and that the
other dominant phyla were largely consistent.

In this study, bacterial diversity in the mangrove sediments of the Ao River estu-
ary exhibited obvious seasonal variations. The Shannon index was the highest in winter
among the seasons, significantly exceeding the values observed in spring and summer.
Previous research has indicated that the duration of daylight is significantly associated
with marine bacterial richness, as shorter photosynthetic cycles contribute to increased
bacterial diversity [53]. Intertidal sediments are frequently exposed to air, and light influ-
ences directly affect microbial communities. In the northern hemisphere, shorter daylight
periods during winter lead to reduced photosynthetic cycles, which primarily contribute
to the increased bacterial diversity observed in winter compared to spring and summer.
Furthermore, Ladau’s study showed that microbial diversity in temperate oceans peaks
during the winter months [54]. The mangrove forest in the Ao River estuary is situated in a
subtropical region at the interface of land and sea, where it is repeatedly influenced by the
tidal actions, making it particularly susceptible to the marine environment. These factors
likely explain why the Shannon index of bacterial communities in mangrove sediments of
the Ao River estuary was higher in winter.

Additionally, bacterial community compositions also exhibited seasonal disparities.
For instance, Woeseiaceae, which demonstrated the highest relative abundance of bacterial
families, was significantly more prevalent in summer, correlating to peak salinity and
temperature levels, consistent with previous studies [55]. Woeseiaceae, classified within the
v-Proteobacteria, has been previously reported to correlate strongly with salinity, indicat-
ing preference for saline environments [56]. Heterotrophic bacteria, such as Bacteroidetes,
were also more abundant in summer than in other seasons. As water temperature rises
in summer, the metabolic ability of planktonic bacteria gradually increases. Bacteroidetes
contribute to their own growth by degrading organic matter from algae, and the decom-
position product by Bacteroidetes can also provide a food source for other heterotrophic
bacteria, resulting in a higher abundance during summer compared to other seasons [57].
Temperature plays a crucial role in determining microbial growth rates and biomass, with
fluctuations directly influencing microbial metabolic activities, reproduction rates, and
community compositions. Studies indicated that elevated temperatures can enhance the
growth and metabolic activities of certain bacteria; however, excessive heat may favor
autotrophic microorganisms over heterotrophic ones, increasing effective carbon absorp-
tion and intensifying nutrient limitations, which can lead to substantial reductions in soil
microbial biomass [58].

The relative abundances of Actinomarinales and Thermoanaerobaculaceae were signif-
icantly higher in winter than in summer and autumn. Actinomarinales and Thermoanaer-
obaculaceae belong to Actinobacteria, which play an important role in the carbon cycle
by degrading various organic substances such as cellulose, hemicellulose, pectin, and
chitin [59]. Previous studies have shown that Actinobacteria are typically found in carbon-
rich, near-neutral, or weakly alkaline soils [60]. Therefore, higher total carbon and pH levels
may result in increased relative abundances of Actinomarinales and Thermoanaerobacu-
laceae in winter samples. Bacillus exhibits strong resistance to adverse conditions and has
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the ability to thrive in nutrient-poor environments [61]. Consequently, during the autumn
and winter, when rainfall was limited and nutrients were scarce, Bacillus was better able
to adapt to environmental changes. In contrast, the relative abundance of bacteria such
as Proteobacteria and Desulfovibrio showed a significant decline, providing Bacillus with
a competitive survival advantage [62]. As a result, its relative abundance was higher in
autumn and winter and lower in spring and summer.

Salinity constitutes another vital variable influencing the mangrove sediment bacterial
community structure. Several bacterial families, such as SBR1031 and Anaerolineaceae,
were significantly negatively correlated with salinity, consistent with the negative corre-
lation between salinity and enzyme activity observed in some studies of saline soils [63].
Excessive salinity elevates the osmotic pressure environment, adversely impacting salt-
sensitive bacteria by causing desiccation or death. Conversely, excessively low salinity can
rupture bacterial cells due to overhydration [64]. As salinity rises, the adsorption of organic
matter to sediment substrates diminishes, leading to faster decomposition and loss of or-
ganic carbon, ultimately threatening the nutrient conditions vital for bacterial survival and
indirectly affecting community structures [65]. Furthermore, increased sediment salinity
imposes stress on mangrove plants, consequently affecting the bacterial nutrient sources
derived from mangrove root exudates, which may further influence bacterial community
configurations [66].

However, when comparing the bacterial communities in the sediments of mangrove
areas (both old and young forests) with those in the unvegetated area, Woeseiaceae, Desul-
fobulbaceae, Thermoanaerobacteraceae, and Sval033 were found to exhibit significantly
higher relative abundances in the unvegetated area, while Bacillaceae and S085 showed
higher relative abundances in the mangrove areas (Figure 5b). In other studies, similar dif-
ferences between mangrove areas and unvegetated areas have also been observed. Sun et al.
(2024) found that the Bacillus and Actinobacteria had a much higher relative abundance
in the mangrove areas [23]. The reasons for these differences are multi-fold. Mangrove
ecosystems provide a complex environment characterized by alternating cycles of high and
low tides, as well as gradients of salinity, pH, and nutrient availability, all of which could
influence the microbial populations present [67]. In these areas, microbial communities are
more likely to include halophilic and salt-tolerant organisms, as well as those adapted to
dynamic and nutrient-rich sediment conditions. Bacillaceae may thrive in these conditions
due to their spore-forming ability and capacity to withstand fluctuating environmental
stressors, such as changes in salinity or moisture [68]. In unvegetated areas, the absence of
mangrove might result in higher levels of organic matter decomposition due to reduced
plant-driven oxygenation [69]. This could create conditions favorable to bacteria that thrive
in anaerobic or low-oxygen environments, such as Desulfobulbaceae [22]. Although no
significant differences were observed in bacterial diversity indices across the three man-
grove regions, these findings suggest that mangrove cover affects the sediment microbial
community structure. However, this effect may be obscured by seasonal variations and
other factors [70]. The mangrove ecosystem fosters microbial communities that are adapted
to the unique environmental conditions of coastal regions, such as fluctuations in salinity
and nutrient gradients, which are vital for nutrient cycling and ecosystem health. The dif-
ferences in microbial composition between mangrove and unvegetated areas also highlight
the role of mangrove plants in modifying sediment conditions and influencing microbial
communities, further emphasizing the importance of mangrove ecosystems in coastal
ecological processes.
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5. Conclusions

The bacterial diversity indices in sediment samples from the Ao River estuary man-
grove areas across different seasons were all relatively high, with Shannon indices varying
between 6.86 and 9.67 and being the highest in winter. In line with previous research, Pro-
teobacteria was the most abundant phylum in the Ao River estuary mangrove sediments,
and other high-abundance phyla like Actinobacteria, Chloroflexi, Bacteroidetes, Acidobac-
teria, and Desulfobacterota were also commonly found in the mangrove sediments.

There were significant seasonal changes in the bacterial diversity and community
composition of mangrove sediments in the Ao River estuary. In terms of bacterial diversity,
the Shannon index was the highest in winter, which was significantly higher than that in
spring and summer. This may be due to the short days in the northern hemisphere in winter,
the reduction of the photosynthetic cycle, and the impact of marine environment. In terms
of community composition, different bacterial groups have different relative abundances in
different seasons. The heterotrophic bacteria such as woeseiaceae and bacteroidea were
more abundant in summer, which is related to the high salinity, high temperature, and
the enhanced metabolic ability of planktonic bacteria in summer. The relative abundance
of actinomycetes in winter was significantly higher than that in summer and autumn,
which may be related to the higher total carbon and pH levels in winter samples. The
relative abundance of Bacillus was high in autumn and winter because it can adapt to
the environment of less rainfall and nutrient deficiency, and at those times, the relative
abundance of bacteria such as Proteus and Desulfovibrio decreased, which provided a
competitive advantage. Comparing the bacterial communities in sediments of mangrove
areas (old forest and young forest) and the unvegetated area, the relative abundance of
woeseiaceae in the unvegetated area was significantly higher, and the relative abundance
of Bacillaceae in mangrove areas was higher. This indicates that the mangrove ecosystem
environment is more complex, which is conducive to the survival of halophilic and salt-
tolerant organisms and of organisms that adapt to dynamic eutrophic sediment conditions.

These findings are important for improving mangrove restoration strategies. Through
understanding seasonal changes in bacterial diversity and community composition well, we
can develop more effective restoration methods. For example, identifying bacterial families
that thrive in mangrove sediments can help us to design microbial treatments or soil amend-
ments to boost microbial activity in degraded areas. Additionally, restoration efforts that
mimic the natural conditions of mangrove ecosystems—such as maintaining salinity and
nutrient balance—can help establish healthy, diverse microbial communities, supporting
long-term restoration and the overall health of these important coastal ecosystems.
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