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Introduction
Mangrove forests, occurring at the interface of land and 
sea, provide essential protection for coasts against the 
tidal erosion, typhoon attack and rising sea-level [1, 2]. 
Mangrove wetlands are also important carbon sink with 
high efficiency in carbon fixation and sequestration [3]. 
At the intertidal zone, the unique ecosystem of mangrove 
forest receives material inputs from both terrestrial river 
and marine tide. The complex entangled aerial root sys-
tem of mangrove trees traps sediment, providing sub-
strate for plants, benthic animals, as well as soil microbes 
[4–6].

Microbes in the sediment play a vital ecological role in 
mangrove ecosystem by contributing to biogeochemical 
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Abstract
The intertidal zone where mangroves inhabit is unique for both plants and microbes. The periodic seawater tides 
have allowed only a very small portion of woody plants to shift as mangroves. However, the understanding of 
how seawater tides shape bacterial community in mangrove sediment is not yet comprehensive. By comparing 
mangrove sediment in low-tidal zones to land soil in supratidal zones, we investigated their differentiation of 
bacterial community in diversity, composition, interaction and functional potential, assembly mechanisms, and the 
underlying factors. Using 16 S ribosomal RNA (rRNA) gene sequencing, we found drastic distinctness in community 
composition and structure between these two types of soils. The distinctness was partially attributed to the high 
level of dispersal limitation in assembling processes and strongly correlated with the differences of sea tide-
related edaphic conditions, including moisture, total carbon, total sulfur, salinity, and pH. The periodic inundation 
in mangrove sediment has also shaped a more complex and compact bacterial interaction network, and strong 
dispersal limitation between low-tidal and supratidal zones. With supratidal soil as the control, our findings 
highlight the direct influence of sea tides on bacterial community in mangrove sediments, providing support for 
employing microbes as early indicators of biological community change in coastal zones upon the projected sea-
level rise.
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cycles of carbon fixation, nitrogen fixation, sulfur reduc-
tion, and organic matter degradation [7]. Inundated 
periodically by tides, the soils (sediments) of mangrove 
forests are featured with fluctuations in salinity, pH, dis-
solved oxygen, and organic matter content [8–10], which 
are quite different from terrestrial lands. Hence, the pro-
karyotic communities in mangrove sediment have been 
found to have higher alpha diversity and distinct beta 
diversity, compared with other biomes such as freshwater 
river, freshwater lake, coastal zone, ocean, salt-water lake 
and hot spring [11].

The structure and assembly of mangrove microbial 
community have attracted wide attention. Multiple stud-
ies have focused on the differentiation in rhizosphere 
bacterial communities among different mangrove spe-
cies [12–14], however such differentiation was shown 
to be much less than the differentiation between geo-
graphic locations, even though these locations are very 
close [15]. At the whole island scale, regional differentia-
tion of bacterial functional diversity was found in Hainan 
Island, which was associated with both spatial variable 
and environmental factors such as total carbon, nitrite 
nitrogen and salinity [16]. Within the mangrove forests, 
strong variety in bacterial community composition has 
also been observed between the tall tree and dwarfed 
shrub zones [17]. Some attention has also been paid to 
the archaeal community in mangroves, with higher diver-
sity found in surface sediment than in subsurface, as well 
as higher diversity in mangroves at low latitudes than at 
high latitudes [18].

Despite the hot researching interests, efforts have 
rarely been made to uncover the direct influence of 
seawater tides on bacterial diversity and community 
assembly in mangrove sediments. As is well-known, the 
varying degrees of tidal inundation has strong influence 
on the plant community of mangrove forests, result-
ing in a band-like distribution pattern of transiting from 
true mangrove to mangrove associate species from low-
tidal to high-tidal zones. Hence, we speculated that sea-
water fluctuation should have also strongly shaped the 
sediment microbial communities in mangrove forests. 
Compared to the supratidal soil neighboring to man-
grove forest, mangrove sediments are mainly different 
in edaphic conditions, such as moisture, salinity and dis-
solved oxygen.

Edaphic conditions, together with geographic distance, 
climatic conditions and plant host, are the major factors 
governing sediment/soil microbial community diversity 
and assembly [19]. In certain scenarios, edaphic condi-
tions alone may play dominant roles. Salinity and nutri-
ent conditions were found to have played critical role 
in shaping the composition, connectivity, and assem-
bly process of prokaryotic communities of saline lakes, 
mangroves, ocean margins, cold seeps and open oceans, 

which were governed by deterministic forces [20]. Soil 
pH independently explained ~ 68% of the variation in 
composition of bacterial communities, playing as the pri-
mary determinant of bacterial diversity and community 
composition in natural mountain forests of eastern China 
[19]. Soil salinity and organic matter were also found 
strong determinants of archaeal community variation 
in saline agricultural soils, and archaea transition from 
stochasticity in medium salinity soils to determinism in 
higher salinity soils [21]. Edaphic variables have also been 
found to have stronger influence on abundant bacteria 
and fungi taxa than rare taxa in mangroves and mudflat 
[22].

In this study, we detected the direct influence of sea-
water tides on sediment microbial community, by com-
paring the bacterial communities of mangrove sediments 
to those of the supratidal zones, minimizing the cofound-
ing factors to the greatest extent. We used 16S ribosomal 
RNA (rRNA) gene sequencing to explore the diversity, 
composition, structure, interaction network and func-
tion of the bacterial communities in mangrove sediments 
and supratidal soils. We hypothesize that: (1) the man-
grove sediments differ significantly from supratidal soils 
in bacterial community; (2) the bacterial community of 
mangrove sediments is significantly shaped by edaphic 
factors such as salinity and moisture; (3) both stochastic 
and deterministic processes have played roles in the bac-
terial community assembly.

Materials and methods
Sampling sites and methods
Samples were collected from three sites in Dong-
zhai Harbour, Hainan Island, South China: Sanjiang 
(E110°37′, N19°55′), Yanfeng (E110°35′, N19°57′), and 
Tashi (E110°33′, N20°00′). Dongzhai harbor is a small 
sea bay, with a length about 12.7  km and width about 
3.5 km (Figure S1). The three sites Sanjiang, Yanfeng, and 
Tashi, respectively, locate from inner bay, mid-bay to bay 
mouth. In each site, we collected mangrove sediment 
samples from low-tidal zone, including rhizosphere sam-
ples from roots of two true mangrove species (Kandelia 
obovata and Aegiceras corniculatum) and bulk samples 
from bare mud near mangrove trees. In parallel, supra-
tidal soil samples were collected from areas that were 
not, or only rarely, inundated by seawater. Supratidal rhi-
zosphere samples were collected from roots of two man-
grove associate species (Hibiscus tiliaceus and Pongamia 
pinnata), and supratidal bulk samples were collected 
from bare soils near the trees.

For the rhizosphere samples of each species at each site, 
we randomly selected four to six individual trees, which 
were at least 5 m apart from other trees. To collect rhizo-
sphere sediment samples, we drilled hole in the sediment 
to a depth of 15 cm and collected soils attached to roots. 
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For each tree, we drilled three holes, which are around 
the tree trunk from different directions, and soils from all 
the holes of a same tree were pooled to be used as one 
sample. Meanwhile, four to six bulk sediment samples 
were collected in each site. The bulk sediments were also 
collected by drilling three holes to the depth of ~ 15 cm, 
at locations at least one meter away from any trees.

Hence, a total of 94 samples were collected (Table S1), 
and all samples were placed in sealed polythene bags, 
stored on ice, and immediately transported to the labora-
tory for further analysis.

Measurements of edaphic conditions
Soil moisture was measured by drying at 105 °C for 16 h. 
The air-dried soil was mixed with water at a soil-to-water 
ratio of 1:5 for salinity measurement using the Mettler 
Toledo Seven2Go S3. Similarly, the air-dried soil was 
mixed with water at a soil-to-water ratio of 1:2.5 for pH 
assessment using the Mettler Toledo SevenEasy. The air-
dried soil was grounded and sieved through a 0.15  mm 
mesh before used for element analysis. Total carbon 
(TC), total nitrogen (TN), and total sulfate (TS) concen-
trations were measured using a CHNOS Elemental Ana-
lyzer (vario EL cube).

DNA extraction, PCR amplification and read analysis
DNA was extracted from soil samples using the E.Z.N.A.® 
Soil DNA Kit (Omega Bio-tek, Norcross, GA, U.S.) fol-
lowing the manufacturer’s instructions. The V3-V4 
region of the bacterial 16S rRNA gene was amplified 
by PCR with the following cycling conditions: an initial 
denaturation at 95°C for 2 minutes, followed by 25 cycles 
of denaturation at 95°C for 30 seconds, annealing at 55°C 
for 30 seconds, extension at 72°C for 30 seconds, and a 
final extension at 72°C for 5 minutes. The primers used 
were 341F 5’-barcode-CCTACGGGNGGCWGCAG-3’ 
and 806R 5’-GACTACHVGGGTATCTAATCC-3’. 
Within the primer sequence, the eight-bases barcode 
was used to record sample identity. The amplicons were 
paired-end sequenced (2 × 250) on an Illumina platform 
following standard protocols.

Raw reads were demultiplexed using custom Perl 
scripts based on barcode sequence information. The fol-
lowing quality control criteria were applied: (1) 10  bp 
sliding windows on the 250  bp raw read with an aver-
age quality score < 20 were truncated, and the truncated 
read was discarded if shorter than 50 bp; (2) reads with 
more than two nucleotide mismatches in primer regions 
or containing ambiguous bases were removed; (3) a read 
was discarded if overlapped (> 10 bps) with none of the 
other reads or identified as chimeric. The rarefaction 
analysis was used to identify a cut-off of 9000 sequences 

per sample to control the effect of uneven sequence dis-
tribution among samples (Figure S2).

Feature table construction and diversity analysis
QIIME2 2020.8 was used to analyze the quality-filtered 
sequences and identify amplicon sequence variants 
(ASVs) [23]. The sequences were demultiplexed and 
quality-filtered using the q2-demux plugin, and denoised 
using the q2-dada2 plugin implemented in DADA2 [24]. 
ASVs were generated by clustering sequences with 100% 
similarity. The number of sequences in each ASV cluster 
is inferred as the abundance, and the clusters with less 
than 100 sequences were excluded from downstream 
analyses.

Shannon index was calculated using the q2-diversity 
plugin [23] to evaluate alpha diversity. The indexes of 
weighted UniFrac and Bray-Curtis dissimilarity were 
calculated using the q2-diversity plugin to evaluate beta 
diversity. Principal coordinate analysis (PCoA) based 
on these beta diversity metrics was conducted using the 
vegan package in R. Adonis was used to test the influence 
of different factors (lowtidal vs. supraltidal; rhizosphere 
vs. bulk; and grouping by sites) on community dissimilar-
ity. The Adonis analysis was conducted using the adonis2 
function in vegan packages with 999 permutations, based 
on the Bray-Curtis dissimilarities. Analysis of similarity 
(ANOSIM) was further conducted using the anosim func-
tion in the q2-diversity plugin to test the significance of 
community structure difference between different soil types.

Community composition, biomarker discovery and 
prediction of function
The ASVs were taxonomically classified using the q2-fea-
ture-classifier [23] with a pre-trained Naive Bayes classi-
fier. By referencing the representative sequences of each 
ASV to the SILVA SSU138 16S rRNA database [25], the 
ASVs were assigned to different species with confidence 
threshold of 70%. The method of linear discriminant 
analysis effect size (LEfSe) [26] was used to identify the 
taxa with significant abundance difference between low-
tidal mangrove sediment and supratidal land soil. In this 
method, the Kruskal-Wallis sum-rank test was applied to 
evaluate the abundance differences among soil samples, 
followed by linear discriminant analysis (LDA) to assess 
the effect size of each differentially abundant taxon.

Based on these 16S rRNA gene sequences, Tax4Fun2 
[27] was used to predict functional profile of the bacteria. 
The ASV abundance table was normalized according to 
the 16S copy number of each ASV. A metagenomic pre-
diction based on KEGG orthologs (KO) was used to pre-
dict gene family counts, and these predicted counts were 
subsequently mapped onto KEGG pathways at level 1.
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Co-occurrence network analysis
Metacommunity co-occurrence networks were con-
structed to assess species coexistence, using the igraph 
package in R [28]. To minimize the complexity intro-
duced by the large number of rare ASVs, those ASVs with 
a relative abundance less than 0.01% were excluded from 
this analysis. An edge (interaction) was accepted if Spear-
man’s correlation coefficients (ρ) >0.6 and false discovery 
rate (FDR)-corrected p-values < 0.01. The constructed 
networks were visualized using Gephi [29]. The topology 
of the networks was characterized by modularity, aver-
age degree, clustering coefficient, closeness centrality and 
betweenness centrality [30].

Factors shaping bacterial community assembling
The strength of different assembling mechanisms (dis-
persal limitation, homogenizing dispersal, homogeneous 
selection, and heterogeneous selection) was quantified 
using iCAMP [31].

To explore the relationship between edaphic factors 
and microbial community structure, we conducted a 
redundancy analysis (RDA) [32] using the vegan pack-
age in R. We also used the “stats” package in R to cal-
culate Spearman’s correlation, which assesses the 
associations between edaphic factors and the top 15 
abundant phyla.

Results
Low-tidal Mangrove sediment has edaphic conditions 
distinct from supratidal soil
We measured the edaphic physicochemical conditions 
of 94 samples (Table S1 & S2). We found that salin-
ity, moisture, total carbon and total sulfur are much 
higher in the low-tidal sediments than in the supratidal 
soils (p-value < 0.001, Fig.  1). pH and total nitrogen are 
also higher in low-tidal than in supratidal soil, but with 
smaller significance (p-value < 0.05, Fig.  1). Among the 
three geographic sites, these differences are stronger 
in Yanfeng and Sanjiang than in Tashi (Table S3). Tashi 
locates at the bay mouth of Dongzhai harbour, the supra-
tidal locations there are relatively lower in altitudes and 
more likely inundated by seawater, compared to Sanjiang 
and Yanfeng.

High differentiation in community diversity
We obtained a total of 2,405,001 high-quality reads for 
the 94 sediment samples, with an average of 25,585 reads 
per sample. This depth is much higher than the average 
depth (9,000 reads) required to uncover the potential 
microbial diversity, as the rarefaction curve analysis indi-
cated (Figure S2). As follows, we clustered these reads 
into 4,384 ASVs after quality control.

We used Shannon index to measure alpha diversity, 
revealing higher alpha diversity in the low-tidal samples 

Fig. 1  Boxplots of edaphic conditions in low-tidal mangrove sediment and supratidal soil. *** means p-value < 0.001, ** means p-value < 0.01, * means p-
value < 0.05, NS means not significant. Red box indicates low-tidal sediment and blue box indicate supratidal soil. Blank box indicate rhizosphere samples 
and shaded box indicates bulk samples
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than in supratidal samples (Fig. 2A). This trend was con-
sistent across most comparisons, except for bulk samples 
from Yanfeng and rhizosphere samples from Tashi. Nota-
bly, the alpha diversity is statistically significant higher 
(p-value < 0.05) in rhizosphere samples of Yanfeng and 
Sanjiang (Fig. 2A). The comparisons between rhizosphere 
and bulk samples in same tidal zones show higher alpha 
diversity in rhizosphere samples (Fig. 2A).

Microbial community beta diversity of the 94 samples 
was analyzed using Principal coordinate analysis (PCoA), 
based on the weighted UniFrac distances. We revealed 
that the most pronounced differentiation occurs between 
low-tidal (A. corniculatum and K. obovata) and supra-
tidal (H. tiliaceus and P. pinnata) rhizosphere samples 
along the first principal axis (PCoA 1), which explained 
50.42% of the total variation. Lesser but also marked dif-
ference was observed along the PCoA1 between low-tidal 

and supratidal bulk samples (Fig. 2B). Along the second 
principal axis (PCoA 2), which explained 15.81% of the 
total variation, the rhizosphere samples diverged from 
bulk samples. We used the Anonis to test the signifi-
cance of different grouping methods, revealing the most 
significant grouping by lowtidal vs. supratidal (R2 = 0.18) 
(Fig. 2B, Table S4).

The ANOSIM analysis based on Bray-Curtis dissimilar-
ity uncovered a pattern consistent with the PCoA analy-
sis and Adonis test (Fig. 2C-F). In all four comparisons, 
the variation between groups are higher than within each 
group. The most significant dissimilarity was observed 
between low-tidal and supratidal rhizosphere (R = 0.910, 
Fig. 2E) and the difference between low-tidal and supra-
tidal bulk was also substantial (R = 0.418, Fig. 2F). We also 
observed significant dissimilarity between rhizosphere 

Fig. 2  Diversity of bacterial community in low-tidal mangrove sediment and supratidal soil. A Boxplots of Shannon index in different soils. The numbers 
on lines indicate p-values from Wilcoxon test. B PCoA plots based on weighted Unifrac distance. Point shapes indicate sampling location and point colors 
indicate soil types. C-F Boxplots of ANOSIM based on Bray-Curtis distance. “Between” denotes the rank of Bray-Curtis distances across different groups. 
Red, yellow, blue, and green boxes represent the rank of Bray-Curtis distances within the low-tidal rhizosphere, low-tidal bulk, supratidal rhizosphere, and 
supratidal bulk groups, respectively. From left to right are the comparisons of low-tidal bulk vs. supratidal bulk (C), low-tidal rhizosphere vs. supratidal 
rhizosphere (D), low-tidal bulk vs. low-tidal rhizosphere (E), and supratidal bulk vs. supratidal rhizosphere (F)
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and bulk samples in both low-tidal (R = 0.569) and supra-
tidal (R = 0.231) zones (Fig. 2C&D).

Clear differentiation in microbial community composition
A total of 41 phyla were identified across all samples. On 
the phylum level, Proteobacteria is the most abundant 
in almost all samples, accounting for ~ 25% of the total 
sequences per sample (Fig. 3). The less but also abundant 
phyla include Actinobacteriota, Acidobacteriota, Chlo-
roflexi, Desulfobacterota, Bacteroidota, and Verruco-
microbiota, but their relative abundances differ among 
different groups of samples (Fig.  3). Firstly, Choloflexi 
and Desulfobacteriota occur with high frequency in the 
low-tidal (both rhizosphere and bulk) samples, but with 
lower frequency in supratidal (both rhizosphre and bulk) 
samples (Fig.  3, Table S5). Particularly, Bacteroidota 
occurs with high frequency specifically only in low-tidal 
rhizosphere samples (Fig. 3). In contrast, Actinobacteri-
ota, Acidobacteriota, and Verrucomicrobiota occur with 
high frequency in supratidal samples but with lower fre-
quency in low-tidal samples (excepting Actinobacteriota 
in low-tidal bulk samples of Yanfeng, Fig. 3).

We used the LEfSe method, which was based on the 
16S-based phylometagenomic dataset, to identify the 
bacterial taxa indicative of the low-tidal or supratidal 
soils. We found similar distributions of low-tidal taxa and 
supratidal taxa on the phylogenetic trees constructed for 
the rhizosphere or bulk samples. The difference between 
low-tidal and supratidal taxa is clear on the taxonomic 
hierarchy of Phylum or Class. The phyla, including Desul-
fobacterota, Campilobacterota, Bacteroidota, MBNT15, 
and Nitrospitota are exclusively enriched in low-tidal 
soils (Fig.  4). In contrast, the phyla Verrucomicrobiota 
and Palnctomycetota are exclusively enriched in supra-
tidal soils. Meanwhile, within the phyla Actinobacteriota, 
Acidobacteriota and Proteobacteria, different classes are 

enriched in either low-tidal or supratidal soils (Fig.  4). 
Particularly, within the phylum Proteobacteria, the class 
Alphaproteobacteria is enriched in supratidal soils, while 
the class Gammaproteobacteria is enriched in low-tidal 
soils (Fig. 4).

Functional profile of the microbial communities
We further used Tax4Fun2 to explore the functional 
profiles of the bacteria in metabolism pathways from 
different soil types (low-tidal rhizosphere, supratidal rhi-
zosphere, low-tidal bulk and supratidal bulk) (Fig. 5). In 
most of the 62 metabolism-related pathways (level 1), 
these four sediment types have comparable percentages 
(Fig. 5). With 0.005 as the cutoff, 11 pathways were iden-
tified as enriched, including sulfur metabolism, pyruvate 
metabolism, propanoate metabolism, oxidative phos-
phorylation, methane metabolism, glyoxylate and dicar-
boxylate metabolism, glycolysis/gluconeogenesis, carbon 
fixation pathways in prokaryotes, butanoate metabolism, 
benzoate degradation, as well as amino sugar and nucleo-
tide sugar metabolism (Fig. 5). Particularly, among these 
enriched pathways, significantly higher percentages in 
low-tidal than in supratidal soils (p-value < 0.05, Wil-
coxon test) were observed in oxidative phosphorylation, 
methane metabolism, carbon fixation, and glyoxylate and 
dicarboxylate metabolism (Fig. 5).

Metacommunity co-occurrence network reveals 
modularization between low-tidal and supratidal soils
We constructed the bacterial co-occurrence networks for 
low-tidal vs. supratidal soils, with either rhizosphere or 
bulk samples. At the entire network scale, the two net-
works are comparable in statistics of node number (770 
vs. 639), edge number (21795 vs. 17285), average clus-
tering coefficient (0.637 vs. 0.532), average path length 
(2.683 vs. 2.661), average degree (56.61 vs. 54.10) and 

Fig. 3  Abundance of bacteria from different phyla in low-tidal mangrove sediment and supratidal soil. The top 14 abundant phyla are showed in different 
colors and other phyla with lower abundance are showed by a grey gradient
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modularity (0.603 vs. 0.585) (Figs. 6 and 7). Interestingly, 
both networks tend to be subdivided into two modules, 
with one module mainly consists of low-tidal nodes and 
the other module mainly consists of supratidal nodes 
(Figs.  6A and 7A). Extensive positive interactions occur 
between nodes from the same module and extensive 
negative interactions occur between nodes from different 
modules (Figs. 6A and 7A). Such a pattern was observed 
in both the rhizosphere and bulk networks, and the sub-
division is more prominent in the bulk than in the rhi-
zosphere network, indicated by the smaller number of 
average clustering coefficient, lower proportions of nega-
tive interaction (80.17% vs. 88.56%) and higher propor-
tion of positive interaction (19.83% vs. 11.44%).

In both of the rhizosphere and bulk networks, the low-
tidal module has more nodes and intra-module inter-
actions than the supratidal module (Figs.  6A and 7A). 
Consistently, the statistics of degree (Figs. 6B and 7B) and 
closeness centrality (Figs. 6C and 7C), which are used to 
capture the features of these networks, are significantly 
higher (p-value < 0.01) in the low-tidal than in the supra-
tidal module, suggesting that the low-tidal modules are 
more intensively connected and compact. The low-tidal 
nodes have 68 and 76 edges on average, while the supra-
tidal nodes have 46 and 36 edges, in the rhizosphere and 
bulk networks, respectively. The betweenness centrality 

is not significantly different between the two modules 
(Figs.  6D and 7D). The top 5% nodes with high degree 
were inferred as key nodes in each network. We reveal 
most of these key nodes are low-tidal taxa and belong to 
the phyla Acidobacteriota, Chloroflexi, Desulfobacterota, 
and Proteobacteria (Figs. 6E and 7E).

We conducted the same analysis for rhizosphere vs. 
bulk samples with either low-tidal or supratidal samples. 
Notably, the low-tidal network has more nodes (619 vs. 
394), more edges (3097 vs. 1808) but lower modular-
ity (0.447 vs. 0.715) than the supratidal network (Figure 
S3). Comparing rhizosphere with bulk nodes, we found 
higher levels of degree and closeness centrality in both 
networks (Figure S4).

Edaphic factors contribute significantly to shape bacterial 
community
Consistent with the PCoA analysis showed above, the 
RDA analysis identified remarkable bacterial diversity 
differentiation between low-tidal and supratidal soils 
mainly along the RDA1 (26.63%) in both rhizosphere and 
bulk samples (Fig.  8A). In comparison, much lower but 
still notable differentiation was observed between the rhi-
zosphere and bulk soils mainly along the RDA2 (5.71%) 
in both low-tidal and supratidal zones (Fig.  8A). In this 
analysis, we can further identify the edaphic factors that 

Fig. 4  Key taxa contributed for compositional and functional difference between low-tidal sediment and supratidal soils. Phylogenetic view of the linear 
discriminant analysis effective size (LEfSe) for rhizosphere samples (A) and bulk samples (B). From inner to outer, the tracks show nodes on the taxonomic 
levels of phylum, class, order, family, and genus, respectively. Each node represents a taxon. The red or blue background indicates significant higher abun-
dance in low-tidal sediment or supratidal soils, and grey background indicates no significant difference
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Fig. 5  Barplots showing the functional profiles. The bars are average abundances (percentages) of different metabolism pathways. Pathways in red are 
the top abundant ones that all the four samples have percentages above 0.005
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Fig. 7  Metacommunity co-occurrence network of low-tidal sediment and supratidal soil bulk samples. A In the networks, positive and negative interac-
tions are depicted in green and dark gray edges, respectively. The nodes correspond to ASVs, with node size proportional to degree. In the bottom of 
each panel, we used a triangular sketch to summarize the number of nodes and edges. In the sketch, the colored numbers indicate module-specific 
node counts, the dark numbers nearby indicate intra-module connections, and the numbers adjected to lines indicate inter-module interactions. B Violin 
plots showing the distribution of degree. C Violin plots showing the distribution of closeness centrality. D violin plot showing the distribution of between 
centrality. E Barplots showing key nodes with top 5% degrees
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Fig. 8  Edaphic factors and assembly process contributed to bacterial community differentiation between low-tidal sediment and supratidal soil. A 
RDA biplot showing the covarying edaphic factors with the microbial community structure. Arrows indicate the significant factors (p-value < 0.05). Point 
shapes indicate sampling location, point color indicates soil source. B Heatmap of correlation between edaphic factors and relative abundances of top 15 
phyla. ** means p-value < 0.01, * means p-value < 0.05. C Assembly mechanisms underlying bacterial communities of low-tidal mangrove sediment and 
supratidal soil. Proportions of different assembly mechanisms that were computed for the different combinations of sediment types
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contributed to these differentiations. We found that 
moisture, total carbon and total sulfur (p-values < 0.001) 
contributed significantly to the differentiation between 
low-tidal and supratidal soils. Meanwhile, salinity and pH 
also contributed to the differentiation between low-tidal 
and supratidal soils, as well as between rhizosphere and 
bulk soils.

We used the Spearman’s correlation analysis to iden-
tify the edaphic factors that are correlated with the top 
15 abundant phyla (Fig. 8B). The relative abundances of 
Desulfobacterota, Chloroflexi, Campilobacteriota, Fuso-
bacteriota and MBNT15 are positively correlated with 
moisture, total carbon, total sulfur, pH, and salinity. Bac-
teroidota is also positively correlated with four of these 
factors (excepting pH). In contrast, Verrucomicrobiota 
and Acidobacteriota are negatively correlated with these 
five factors (Fig.  8B) and Actonobacteriota is negatively 
correlated with four of these five factors (excepting pH).

Assembly mechanisms underlying bacterial community
We used iCAMP to infer the proportions of different 
forces (dispersal limitation, homogenizing dispersal, 
homogeneous selection, heterogeneous selection and 
drift and others) in assembling the bacterial communi-
ties. Notably, drift and others assigned by the iCAMP 
method is the unexplainable factors in assembly mecha-
nisms [33], thus it is not taken into consideration here. 
Among the remaining four mechanisms, dispersal limita-
tion and homogeneous selection take high proportions in 
all computations (Fig. 8C). The relative contributions of 
these processes are generally consistent among the three 
sites (Yanfeng, Sanjiang, and Tashi) (Figure S4). Nota-
bly, in assembling low-tidal and supratidal communities 
(low-tidal bulk vs. supratidal bulk; low-tidal rhizosphere 
vs. supratidal rhizosphere), heterogeneous selection 
shows higher proportions while homogeneous selec-
tion shows lower proportions than the two comparisons 
between rhizosphere and bulk samples (Fig. 8C). On the 
other hand, when comparing rhizosphere and bulk sam-
ples, we found higher proportions of dispersal limitation 
in supratidal zones than in low-tidal zones.

Discussion
Microbial diversity affected by seawater inundation
We provide compelling evidences that the bacterial com-
munities in mangrove sediment (low-tidal) soil are sig-
nificantly different from those in the closely neighboring 
supratidal land soil. The mangrove sediment soil, both in 
rhizosphere and bulk samples, shows higher alpha diver-
sity. Previous studies have also reported high bacterial 
diversity in the sediments of mangrove forests located in 
southeastern China [11, 18, 34], southern China [15, 35] 
and Kenya [13].The PCoA analysis indicated half of the 
variation is partitioned between low-tidal and supratidal, 

much higher than the proportion between rhizosphere 
and bulk. As all the three sampling sites locate in the 
same bay, climate conditions are the same, hence edaphic 
factors may have major contribution to the bacterial dif-
ference between low-tidal and supratidal soil.

Our RDA analysis showed moisture, total carbon and 
total sulfur have made the most contribution to this bac-
terial differentiation between mangrove sediment and 
supratidal soil. Meanwhile, salinity and pH are also rel-
evant. Mangrove sediment is periodically inundated by 
sea tides, while supratidal lands, where mangrove asso-
ciate species occur, are rarely inundated. Hence, the dif-
ference in moisture and salinity is obvious. The reduced 
moisture in supratidal soil may constrain microbial 
growth, biomass, and diversity, due to reduced material 
exchange and biochemical reactions [36–39]. In contrast, 
the high moisture in mangrove sediments may indirectly 
influence rhizosphere microbial diversity through plant-
microbe interactions [40–42]. Previous studies have 
showed that the frequency of rewetting and drying sig-
nificantly affects diversity, relative abundance, and phylo-
genetic structure of microbial communities [43–45]. The 
more fluctuated low-tidal zones are more likely to shape 
numerous micro niches, which support a more diverse 
microbial community.

Within the low-tidal or supratidal zone, rhizosphere 
soil commonly has higher bacterial diversity (Fig. 2A). 
Plant roots release compounds like amino acids, lip-
ids, and vitamins that stimulate microbial activity and 
increase rhizosphere diversity [46–49]. The interaction 
between plant roots and microbial communities may also 
alter the microenvironment within the rhizosphere [48–
50]. We observed lower pH, higher total carbon, higher 
total sulfur and higher total nitrogen in rhizosphere than 
in bulk soil. This pattern is observed in both low-tidal 
and supratidal samples, though not all the comparisons is 
statistically significant.

Enriched bacteria with important ecological function in 
mangrove sediment
Our study revealed that Proteobacteria, Chloroflexi, 
Desulfobacterota, Actinobacteriota, Acidobacteriota, 
and Bacteroidota are the most abundant taxa in both 
low-tidal and supratidal soils, which is roughly consis-
tent with previous studies in China [11, 15, 51]. The most 
abundant bacterira could be various among different 
regions, particularly at larger geographic scale. For exam-
ples, previous studies found enrichment of Firmicutes in 
mangrove sediments of India [52] and Brazil [53]. Parvar-
chaeota and Cyanobacteria were found to have substan-
tial abundance in mangrove forests from Beilun Estuary, 
China [54]. Notably, Proteobacteria, Chloroflexi, and 
Desulfobacteriota have been proposed as core microbiota 
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of mangrove ecosystem by comparing of samples at the 
global scale [55].

Our study underlined that distinct taxa are enriched in 
the mangrove sediment and supratidal land soils. In the 
low-tidal mangrove sediment, Desulfobacterota, Chloro-
flexi, and Bacteroidota are highly abundant, while Acti-
nobacteriota and Acitinobacteriota are more abundant 
in supratidal soil. Such distinctness in composition is 
consistent with the estimation of high proportions of dis-
persal limitation in assembling these bacterial commu-
nities. Interestingly, higher levels of dispersal limitation 
are observed in rhizosphere than in bulk communities 
(Fig. 8C), probably due to that rhizosphere sediments in 
low-tidal and supratidal zones are spatially isolated while 
bulk soils are not. Similarly, tidal currents in the low-tidal 
zone might have facilitate dispersal of bacteria, resulting 
in lower level of dispersal limitation in low-tidal zones 
than in supratidal zones (Fig. 8C).

The enrichment of the core bacteria in mangrove sedi-
ment reflects their adaptability to the unique soil envi-
ronment. The most predominant Gammaproteobacteria 
are involved in carbon, nitrogen, and sulfur cycles [56, 
57]. Deltaproteobacteria are known greatly represented 
in methane transformations, Alphaproteobacteria, Beta-
proteobacteria and Deltaproteobacteria played key roles 
in nitrogen transformations [53].

Desulfobacterota consists of many sulfate-reducing 
bacteria, these bacteria thrive in anoxic environment 
and play a role in carbon fixation through the acetyl-CoA 
pathway, efficiently synthesizing acetic acid in anaero-
bic conditions [58–60]. The anoxic conditions in man-
grove sediment provide a suitable environment for these 
bacteria.

Chloroflexi grow photoheterotrophically in light-lim-
ited and hypoxic conditions, contributing to carbon fixa-
tion through the 3-hydroxypropionate pathway [61, 62]. 
Our data show significant correlation between Chloro-
flexi abundance and total carbon (Fig. 6B). The abundant 
Chloroflexi bacteria in the low-tidal mangrove sediment 
are likely contribute much to the carbon cycling in man-
groves, thus playing an important role in carbon seques-
tration within mangrove ecosystems.

In contrast, the most abundant taxa in supratidal land 
soils are Actinobacteriota, Acidobacteriota, and Verruco-
microbiota. Known for their resistance to drought stress, 
the enrichment of Actinobacteriota and Verrucomicro-
biota in supratidal soil is not beyond expectation [63–66].

Modularized microbial networks imply niche filtering by 
seawater tides
We observed that the low-tidal and supratidal nodes are 
distinctly corresponding to two distinct modules in the 
co-occurrence network. The modularity between soil 
types (habitats) indicates stong environmental filtering 

of microbials. Previous studies have also shown envi-
ronmentally-driven modules due to water depth [67] or 
soil properties [68]. The intensive negative interaction 
between modules may imply co-exclusion mechanisms, 
such as direct competition, toxin production, environ-
mental modification, and differential adaptation [69, 
70]. In contrast, the interactions within each module are 
mostly positive, implying collaboration or niche sharing.

The two modules show different topological profiles. 
Compared to the supratidal module, the low-tidal one 
has more nodes, more edges and higher number of node 
degrees, i.e. the low-tidal microbial community tend to 
be a more complex network with extensive interactions. 
The higher number of nodes is consistent with the higher 
alpha diversity there. This difference is likely attributed 
to the rhythmical tides in low-tidal zones. First, the tides 
exchange seawater flow periodically between mangrove 
forest and outside open sea, promoting bacterial migra-
tion. Second, the environmental conditions in low-tidal 
mangrove sediments are much more fluctuated and 
dynamic, which may promote bacterial interaction.

However, as the May-Wigner theory predicted, a large 
and highly-connected network is intrinsically unstable 
[71]. Hence, it is unclear how mangrove sediment main-
tains an unstable bacterial network in the unstable envi-
ronment. We observed that the low-tidal module has also 
higher value of closeness centrality, implying a denser 
and more compact network. Probably, compared to the 
random network proposed in the May-Wigner theory, 
microbial networks are natural networks with structural 
properties such as interaction strength, modularity, and 
nestedness. A likely explanation is that weaker inter-
action strengths may drive stability in large ecological 
networks [72]. Stronger interactions have been found 
to decrease the stability of microbial communities [73]. 
Despite higher average degree in the low-tidal bacterial 
communities, species interactions in the low-tidal sedi-
ments are likely weaker due to higher nutrient availability.

Conclusions and prospects
This study demonstrated the pivotal role of seawater 
tides in shaping mangrove sediment bacterial communi-
ties, influencing their diversity, composition, structure, 
and interaction networks, and thereby highlighting the 
distinct differences from soil bacterial communities in 
supratidal coastal lands. Considering the projected global 
rise in sea levels, mangrove forests worldwide, together 
with adjacent low-lying coastal areas, are expected to be 
increasingly affected by tidal dynamics in the near future. 
It should be noted, however, that the present investigation 
was restricted to a single bay on Hainan Island, China. 
Broader comparative analyses across multiple mangrove 
ecosystems are therefore required to determine whether 
the mechanisms identified here are consistent at larger 
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spatial scales. Given the central role of bacterial commu-
nities in biogeochemical cycling and soil development, 
these findings provide critical insights to inform strate-
gies for mangrove conservation and coastal protection, 
while offering scientific evidence to predict ecosystem 
responses to sea-level rise and to employ microbes as 
early indicators of environmental change.
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