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SUMMARY

This study investigates soil microbial community dynamics in high-altitude wetlands on the Qinghai-Tibet
Plateau under drought conditions. It compares the composition, structure, and assembly mechanisms of mi-
crobial communities in water-rich and water-deficient wetlands. The results show that while a diversity re-
mains stable after aridification, the community undergoes significant phylum reorganization. Aridification
leads to increased sensitivity in the  diversity of archaea and bacteria to environmental and geographic fac-
tors, while fungal g diversity remains unchanged. Co-occurrence network analysis reveals a more complex
and denser microbial network in aridified wetlands. Hub microbial groups are found only in bacteria and fungi,
and their richness decreases after aridification. The study suggests a shift from a neutral to a partially deter-
ministic assembly process, marked by reduced dispersal limitations and stronger heterogeneous selections.
These findings contribute to understanding microbial community evolution in response to global environ-

mental changes.

INTRODUCTION

Microorganisms are essential components of soil systems form-
ing the foundation for important ecological functions such as wa-
ter and nutrient storage, purification, and biogeochemical
cycling.’® Research has shown that the composition, diversity,
and community assembly of soil microorganisms are sensitive to
changes in external environmental conditions and serve as crit-
ical indicators for predicting soil functional evolution following
environmental changes.’*®> Wetlands are among the ecosys-
tems with the highest service capacities, benefiting from their
active water-soil material exchange processes that are heavily
influenced by microbial activity.>>° In recent years, amid global
climate warming, many wetlands have faced drought and water
scarcity issues, resulting in severe degradation of their soil
ecological functions.”® This impact is more pronounced in
high-altitude areas than in low-altitude regions. For example,
climate warming causing a rise in the snow line at higher eleva-
tions directly leads to inadequate water storage, thereby causing
soil aridification in wetlands.*°

The composition of soil microbial communities is essential for
soil to fulfill its ecological functions. Changes in key environ-
mental factors not only directly alter the composition, structure,
and function of soil microbial communities but also influence
how microbial communities respond to other environmental vari-
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ables.’”'? Studies indicate that increased soil moisture pro-
motes anaerobic bacterial growth, whereas drought conditions
favor aerobic and facultative anaerobic bacteria.'® For example,
in moist soils, Actinobacteria, Acidobacteria, and Bacillus are
more abundant, whereas in arid soils, Actinobacteria are more
abundant.®'* These shifts are likely due to changes in soil tem-
perature, pH, salinity, or redox potential caused by drought,'*~'®
which prompt adaptive changes in soil microbial community as-
sembly patterns.

The general process of community assembly can be divided
into ecological niche processes and neutral processes. Ecolog-
ical niche processes are generally believed to involve both ho-
mogeneous and heterogeneous selections. Homogeneous se-
lection in the assembly of soil microbial communities is often
associated with the filtering effects of specific combinations of
environmental factors, whereas heterogeneous selection is
linked to the limited availability of environmental resources and
biological interactions.'?'® On the other hand, neutral processes
are governed by microbial dispersal, random extinction, and
drift."”'® According to current ecological theories, both ecolog-
ical niche processes and neutral processes coexist in the as-
sembly of soil microbial communities.'*'® However, the relative
importance of these two processes varies under different cir-
cumstances, such as differing intensities, durations, and fre-
quencies of drought. In fragile highland habitats, droughts can
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Figure 1. o diversity and community composition of soil microorganisms under wetland drought

(A) o Diversity; (B) ANOSIM analysis of species composition differences; (C) Differential abundance of major microbial phylum (relative abundance >0.005%)
under different moisture conditions. Abbreviations: F indicates water-rich wetland; IF indicates water-deficient or dry wetlands. Outer ring in sub-figure(c)
heatmap colors indicate the relative abundance score of microbial phyla across various sites, where red represents high abundance and blue represents low. The
middle ring denotes inter-site clustering trees. The inner ring represents the significance of differences in abundance of each phylum under different moisture
conditions. The length of the bars indicates the relative abundance of each phylum, and the letters highlighted on the bars represent the t-test results.

cause dramatic fluctuations in the ecological functions of
wetland soils, which are closely related to changes in soil micro-
bial characteristics. However, the patterns of changes in the soil
microbial community structure and community assembly after
the aridification of highland wetlands remain unclear, which hin-
ders the ability of humans to predict and respond to the risks of
global change.

The Qinghai-Tibet Plateau, known as the “Roof of the World”,
is also referred to as the “Asian Water Tower” because of its vast
wetlands that are highly important for the ecological security of
Asia and the world as a whole. However, factors such as reduced
rainfall and rising snow lines caused by climate change pose a
threat of drought to these wetlands. This region provides anideal
location for studying the drying of wetland soils. Currently, the
composition characteristics of water and grassland soil microbi-
al communities in this region have been reported,'*'%?° but the
changes in community diversity patterns and assembly pro-
cesses after wetland drying remain unclear. In this study, we
focused on the taxonomic characteristics of wetland soil micro-
organisms and the process of community assembly. The main
objectives of this study are: (1) To test the hypothesis that
wetland drying on the Qinghai-Tibet Plateau leads to a reorgani-
zation of microbial phyla, with bacterial changes potentially be-
ing more significant than those in archaea and fungi; (2) to inves-
tigate the hypothesis that aridification enhances the modularity

2 iScience 28, 112494, May 16, 2025

and complexity of soil microbial co-occurrence networks, result-
ing in a denser and more interconnected microbial community
structure; and (3) to evaluate the hypothesis that wetland drying
strengthens the deterministic process in the assembly of soil mi-
crobial communities. These hypotheses aim to provide a mech-
anistic understanding of how microbial communities in high-alti-
tude wetlands adapt to drought conditions and offer insights into
predicting ecosystem responses to global climate change. The
conclusions of this study will contribute to a more scientific pre-
diction of the risk of decreased ecosystem services caused by
drought in wetlands.

RESULTS

Alpha diversity and community composition of
microorganisms in aridified soils of wetlands

We performed PcoA analysis of the microbial composition of all
sample sites, and the results revealed that the microbial compo-
sition was clustered on the basis of differences in moisture con-
ditions (Figure S1). We studied the a diversity indices of soil
archaea, bacteria, and fungi in a high-altitude wetland under
conditions of abundance and scarcity of water (Figure 1A). The
results indicated that the bacterial diversity was the highest,
whereas archaeal and fungal diversity were relatively lower.
Furthermore, the o diversity of soil microorganisms did not
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Figure 2. Relationship between wetland soil microorganisms and environmental factors
The legend shows the meaning of the main symbols in the figure. In addition, asterisks in the figure indicate the significance level of Pearson correlations,

*: p < 0.05; *:;p < 0.01; **:p < 0.001.

significantly change during periods of dryness and drought in the
wetland. Further investigation of 29 abundant phyla (relative
abundance >0.005%) revealed significant differences in abun-
dance between the two moisture conditions for 12 of these
phyla. Notably, among the top ten most abundant microbial
phyla, the abundances of Acidobacteria and Candidatus Eisen-
bacteria significantly increased after aridification, whereas those
of Actinobacteria, Verrucomicrobia, and Planctomycetes
decreased significantly. The average relative abundances of
these genera across all the communities were 18.98%,
15.52%, 1.07%, 0.34%, and 0.23%, respectively (Figures 1C
and S2). ANOSIM analysis was performed at the species level
to assess the composition of the soil microorganisms, revealing
significant differences in bacteria (p < 0.01) under different mois-
ture conditions, whereas differences in archaea and fungi were
not significant. In summary, the aridification of wetlands did
not significantly affect the diversity of soil microorganisms, but
it did lead to a significant change in the microbial composition,
especially that of bacteria.

We studied the relationships between ancient archaea, bacte-
ria, and fungi in alpine wetland soil and environmental factors
(Figure 2). The Mantel test revealed that bacteria were signifi-
cantly influenced by SOC, SOM, TN, and the C:N ratio, whereas
archaea and fungi were not strongly influenced by any of the
considered environmental factors.

Beta diversity and geographic analysis of soil
microorganisms

The relationships among archaea, bacteria, and fungi in plateau
wetland soil and their environmental characteristics were
investigated on the basis of Bray—-Curtis distance (Figure 3).
The results indicate that after wetland aridification, the p diver-
sity of archaea was significantly influenced by the environ-
mental distance (p < 0.01), altitude distance (p < 0.01), and
geographic distance (p < 0.01). Similarly, the p diversity of bac-
teria was also significantly impacted by the environmental dis-
tance (p < 0.01), altitude distance (p < 0.01), and geographic
distance (p < 0.05). However, the p diversity of fungi did not
significantly change in response to the environment, altitude,
or geographic distance following wetland aridification. These
findings suggest that the diversity patterns of archaea and bac-
teria in plateau wetland soil are more sensitive to changes in
moisture.

Patterns of change in microbial co-occurrence

networks in aridified wetland soils

Under the two moisture conditions, species with a relative
abundance greater than 0.01% were selected to construct a
co-occurrence network of all the microorganisms, and the topo-
logical characteristics of the network nodes and edges were
calculated (Figures 4A and 4B). The results revealed a total of
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Figure 3. Relationship between soil microbial §-diversity and environmental characteristics based on Bray-Curtis distance analysis
Red color in the figure indicates water-rich wetlands and blue color indicates water-deficient or dry wetlands; asterisks indicate the significance level of the linear

fitness, *: p < 0.05; **:p < 0.01.

582 nodes and 23,174 edges in the network analysis of the wa-
ter-rich wetland (Figure 5A), whereas the water-deficient wetland
had 584 nodes and 29,113 edges (Figure 4B). The results from
the network analysis indicate that in the rich-water wetland,
the networks for archaea, bacteria, and fungi had 58, 489, and
35 nodes, respectively, and 182,17139, and 88 edges, respec-
tively. In aridified wetlands, the networks for archaea, bacteria,
and fungi had 55, 489, and 40 nodes, respectively, and 163,
21863, and 112 edges, respectively. For all microbes included
in the study, the average path length in the rich-water wetland
was 2.573, which decreased to 2.446 in the aridified wetland, a
reduction of approximately 4.93%. When different types of mi-
croorganisms were considered separately, the average path
lengths for archaea and bacteria decreased by 7.18% and
7.14%, whereas those for fungi increased by 28.49%. Overall,
after aridification, the microbial networks presented denser no-
des and shorter average network path distances, indicating
closer relationships among them.

We used the degree to express the topological characteristics
of the network (Figure 4C), and the results indicate that after

4 iScience 28, 112494, May 16, 2025

wetland aridification, there was a significant increase in the dis-
tribution of bacteria (p < 0.001) and fungi (p < 0.05). We defined
the top 10% rank of degree and closeness centrality as hub taxa.
We found that in rich-water wetland soil, there were 47 top hub
taxa for bacteria, whereas in aridified wetland soil, the number
decreased to 22. In the rich-water wetland soil, there was 1
top hub taxa for fungi, whereas none were found in the aridified
wetland. No top hub taxa were found for archaea under any
moisture conditions.

Wetland aridification microbial community assembly
patterns

In this study, null models and Sloan neutral models were used to
investigate the assembly process of soil microbial communities
along environmental gradients. On the basis of the null model re-
sults, random processes (|ANTI| < 2) dominated the assembly
process of microbial communities in well-watered wetland soils
(Figure 6A). After wetland aridification, while microbial commu-
nity assembly remained driven primarily by random processes,
the SNTI significantly increased (p < 0.05), indicating that some
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Figure 4. Co-occurrence network analysis

(A and B) (A) Soil microbial co-occurrence network in water-rich wetland; (B) Soil microbial co-occurrence network in water-deficient or dry wetlands; in the
network diagram, circles represent nodes, the color of the circle represents the clustering features, and the size of the circle represents the node’s high or low
degree of degree value; the connecting lines represent the edges, and the darker the edges represent the higher their weights.

(C and D) (C) Node-level topological feature parameters; (D) hub taxa analysis.

site communities had transitioned to deterministic processes
(Figure 5A). Further analysis via RCyray null models revealed
the proportional dominance of different community assembly
drivers within the sites (Figure 5B). We found that after wetland
aridification, undominated processes decreased from 28.57%
to 14.29%, dispersal limitation processes decreased from
57.14% to 38.10%, heterogeneous selection processes
increased from 0% to 33.33%, and homogeneous selection pro-
cesses remained unchanged. The migration rate (m) estimated
by the neutral model reflects the dispersal capacity of a species
(Figure 5C). The migration rates for rich-water wetlands (0.122)
and aridified wetlands (0.109) were both relatively low
(Figure 6A).

DISCUSSION

In the context of global change, high-altitude wetlands, owing to
their fragile ecological environment, are more sensitive to climate
change than many low-altitude wetlands are and face greater
ecological risks.>° Studying plateau wetland degradation can
provide scientific references for wetland degradation in more
areas. Microbes are key to the ecological functions of wetland
soil. Currently, research on plateau wetland soil microbes has
been initiated, but the characteristics of soil microbial commu-
nity diversity and community assembly mechanisms in plateau
wetlands under arid conditions remain unclear. Therefore, this
study aimed to explore these aspects.

iScience 28, 112494, May 16, 2025 5
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confidence interval. “m” represents the estimated
migration rate, and “R?” represents the goodness
of fitness with the neutral community model. *:
p < 0.05.
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Microbial diversity and species composition of soils in
aridized plateau wetlands
Owing to climate change, global drought is increasing and may
have significant impacts on the structure and function of wetland
microbes.*?"**> We observed that drought did not significantly
alter the o diversity of the plateau wetland soil microbial commu-
nities. This differs from some previous research conclusions; for
example, studies have reported that intensified drought in arid
ecosystems can lead to a loss of soil microbial diversity.?*2*
However, there are varying conclusions for different ecosys-
tems. For example, a study by Chen et al. explored fungal diver-
sity in dry and wet season sediments in rivers and reported
greater diversity in the dry season.?* Similarly, Feng et al. studied
soil microbes in secondary forests under changes in precipita-
tion and reported that both increases and decreases in water
sources had no impact on soil microbial o diversity.”® In sum-
mary, the influence of water resources on soil microbes varies
across different ecosystems and is very complex. Further
detailed research is needed to clarify the underlying patterns
and mechanisms involved.

To gain deeper insights into the characteristics of soil microbial
communities in aridified plateau wetlands, we investigated the
community composition of soil microbes at both the phylum

6 iScience 28, 112494, May 16, 2025

such as cellulose, lignin, and hemicellu-
lose, indicating that an increase in their
abundance may signify an increase in
soil carbon release in the region.>?” In
addition, some microorganisms in the
Acidobacteria phylum are able to participate in N, P, and S meta-
bolism, and some microorganisms in the Candidatus Eisenbacte-
ria are similarly able to participate in sulfate metabolism; thus, in-
creases in Acidobacteria and Candidatus Eisenbacteria may also
affect pH in wetland soils by altering the concentrations of acid
radicals and particles.?®*° Moreover, the phylum Actinobacteria
is also associated with soil carbon decomposition, including
various bacteria, such as Edaphobacter and Telmatobacter.*%"

Actinobacteria are also linked to nitrogen fixation; for
example, genera such as Rhizobium can influence soil nitrogen
productivity, which is beneficial for plant growth.**® Plancto-
mycetes also play a crucial role in soil nitrogen cycling; these
microorganisms mineralize nitrogen under anaerobic condi-
tions, thus preventing wetland eutrophication.®* To further vali-
date the above inferences, we explored the relationships be-
tween archaeal, bacterial, fungal, and environmental factors
on the basis of phylum-level data. The results indicated signif-
icant associations between bacteria and soil carbon and nitro-
gen, whereas archaea and fungi were significantly related to
environmental factors. These conclusions suggest that
although there was no substantial change in the community o
diversity in the aridified plateau wetlands, a reorganization of
microbial communities occurred.
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Figure 6. Location of sample sites
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Well-watered wetlands (F) and 6 sites in water-
deficient or drought-prone wetlands (IF).

competition between different modules,
thereby reducing community stabil-
ity.>”*® Conversely, other studies sug-
gest that an increase in modularity could
signify more functional groups, leading to
heightened stability and resilience in the
community.>®

Our study also demonstrated that the

32°36'0"N
1

microbial network structure in aridified
wetland soil was more complex and
compact than that in normal wetland
soil (characterized by a decreased
average path distance) and presented a
greater co-occurrence frequency of mi-

crobial taxa (higher degree). One hypoth-
Legend esis suggests that within compact com-
Sample sites i munitieg, .microorgan'isms .have. gr.eater
J connectivity, enhancing microbial inter-
z VFE VIF actions.”* Given this context, it is easier
g Elevation - for a functional group of microorganisms
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- max : 5089 sure through interactions with other
[ linked functional groups, thereby
min : 2686 improving community  stability.?*°
Isometric elevation Another hypothesis suggests that envi-
e

ronmental stress or increased diversity

102°24'0"E 102°36'0"E

After aridification of the plateau wetlands, the p diversity of
archaea and bacteria became more sensitive to environmental
distance, elevation distance, and geographical distance,
whereas that of fungi did not significantly change. This suggests
that the diversity patterns of archaea and bacteria in plateau
wetland soil are more sensitive to moisture changes.'?

Soil microbial co-occurrence networks in aridized
plateau wetlands
The patterns of interaction among microorganisms are linked to
species interactions, such as competition or coexistence.'>"
Previous research has shown that modularity is positively asso-
ciated with community stability, potentially limiting the impact
within its own module by constraining the number of biological
taxa.'?*> A highly modular network comprises multiple relatively
independent and internally connected modules (or subnetworks,
subcommunities), each potentially representing a specific
ecological function, environmental adaptation, or interacting mi-
crobial community.*®

In our study, the modularity of aridified wetlands increased,
suggesting potential diversification of microbial ecological func-
tions following wetland aridification. Research indicates that
increased community differentiation may lead to intensified

. ——

might lead to a more compact microbial

community network structure.®**° The

characteristics exhibited by the network
structure and community features in our study align more closely
with the latter hypothesis. However, there is currently no defini-
tive method to accurately quantify the proportion of effects
from various hypotheses, warranting future research for
confirmation.

Research has demonstrated that hub taxa occupy crucial to-
pological positions within a network and contribute to maintain-
ing the structure of microbial communities. The loss of hub taxa
can lead to network instability or even collapse.'®*° In this study,
hub taxa were observed only within bacteria and fungi, and their
numbers decreased after aridification occurred. Typically, a
reduction in the number of hub taxa signifies a decrease in com-
munity stability, possibly due to changes in community compo-
sition or even the loss of key species.”’

The results in Section 3.1 indicate significant changes in the
abundance and species composition of several high-abundance
phyla of soil microbes following wetland aridification, which
might be a direct cause of decreased community stability.*” Pre-
vious studies have suggested that in addition to fluctuations in
community structure, a weakening of interspecies relationships
may also result in a decrease in the number of hub taxa.*® How-
ever, in this study, following aridification, the number of network
nodes significantly increased while the average path distance

iScience 28, 112494, May 16, 2025 7
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decreased, without indicating any signs of weakened interspe-
cies relationships.

Patterns of soil microbial community assembly in
aridized plateau wetlands

The results of this study suggest that aridification is a significant
factor influencing the construction of soil microbial communities
in highland wetlands. In our study, the pNTI of arid wetlands
significantly increased compared with that of water-rich wet-
lands, indicating a shift in community assembly processes
from randomness toward greater determinism. Further analysis
of community pRCbray revealed that the dispersal limitation pro-
cess decreased according to null models, while homogeneous
selection showed no significant change and heterogeneous se-
lection significantly increased. This could be due to wetland ari-
dification leading to a shift from relatively uniform to more com-
plex environmental factors, resulting in diverse environments
that exert heterogeneous selection pressures on microorgan-
isms.***° Other studies have also suggested that after wetland
aridification, soil microbial communities transition from predom-
inantly anaerobic and facultative anaerobic microbes to coexist-
ing anaerobic, facultative anaerobic, and aerobic microbes,
potentially increasing heterogeneous selection processes.*®*’
These findings are consistent with our study, indicating that
wetland aridification leads to a more deterministic community
assembly process, especially regarding heterogeneous selec-
tion processes.

We also utilized a neutral model to investigate the mechanisms
underlying the construction of soil microbial communities in ari-
dified highland wetlands. The results indicated that following
wetland aridification, the fitness of the neutral model (R?
decreased, signifying reduced randomness in community as-
sembly, which aligns closely with the findings from the null model
analysis. The migration rate (m) represents the likelihood of mi-
crobial dispersal, and in our study, the difference in m values be-
tween aridified and normal wetland microbial communities was
minimal, decreasing by only 2.5%. This may indicate that micro-
bial dispersal was only moderately affected after wetland aridifi-
cation.’” Communities experiencing weaker environmental se-
lection typically exhibit higher levels of dispersal limitation
because environmental selection often leads to greater biolog-
ical diversity, which in turn can increase microbial dispersal
modes and pathways.”'*®

Limitations of the study

This study offers valuable insights into the dynamics of soil mi-
crobial community structure and assembly in high-altitude wet-
lands under drought conditions. However, there are several lim-
itations to consider. (1) The study was conducted on a specific
geographic region (the Qinghai-Tibet Plateau), which may limit
the generalizability of the findings to other wetland areas with
different environmental conditions. (2) While the study investi-
gates microbial community composition and structure, it does
not explore the functional roles of these microbial groups, which
could provide a more comprehensive understanding of their
ecological roles under arid conditions. (3) The research primarily
focuses on microbial diversity, but it lacks long-term temporal
data to fully capture the ongoing dynamics and shifts in microbial
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communities over time in response to continued aridification.
Future research could address these limitations by conducting
similar studies in diverse wetland ecosystems to validate the
generalizability of these findings. Additionally, future work should
incorporate functional analysis of microbial communities to bet-
ter understand how specific microbial groups contribute to
ecosystem functions, especially under changing environmental
conditions.
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METHOD DETAILS

Site selection

The research site is located on the eastern edge of the Qinghai-Tibet Plateau (32.73° to 32.39°N, 102.34° to 102.41°E) (Figure S3),
with an average elevation of 3,400-3,800 meters and a total area of approximately 36,970 square kilometers. The study area falls
within the transitional zone of the plateau, which is characterized by a semihumid continental monsoon climate. The mean annual
temperature (MAT) ranges from approximately 0.9 to 2.5°C, and the mean annual precipitation (MAP) ranges from approximately
518 to 800 millimeters. The climate has distinct growing and nongrowing seasons, with a short growing season (July-September)
and a cold nongrowing season prevailing throughout the year. The wetlands on the eastern edge of the Qinghai-Tibet Plateau
are typical high-altitude herbaceous and peat bogs in Asia, with well-developed ecosystems and abundant vegetation. They serve
as important ecological barriers and water conservation areas for the upstream regions of the Yangtze and Yellow Rivers. The main
rivers in the sampling area include the Baihe River, Suomo River, and Ake River, with average annual flow rates ranging from 50 to 100
cubic meters per second. The dominant vegetation in the wetlands includes Carex alatauensis, Carex muliensis, Blysmus sinocom-
pressus, Elymus nutans, Poa chalarantha and Cremanthodium brunneopilosum.

Field survey and sample collection

Following the investigation, 12 sample sites with two distinct moisture conditions were selected: 6 sites in well-watered wetlands
(F) and 6 sites in water-deficient or drought-prone wetlands (IF). To ensure that the two types of sample sites selected above repre-
sent long-term wetland moisture characteristics rather than temporary soil moisture characteristics, the sample sites were selected
on the basis of localized moisture characteristics rather than being distributed in pairs over close distances, as wetland drought re-
sults from reduced surface runoff (Figure S3). Within each site, a 50 m x 50 m plot was established, and 10 random positions were
chosen for sampling within each plot. During sampling, soil samples were collected from the top 10 cm after clearing visible vege-
tation and debris from the surface. Sampling in deep-water areas was avoided, and water was drained from shallow-water areas
before sampling. The 10 individual samples were subsequently combined into composite soil samples after removal of fine roots
and large plant debris. The composite samples were then stored at —40°C for further analysis and determination. The investigations
and sample collection were completed in August 2022, and all experimental measurements were completed in 2023.

Determination of soil microbial genomes and identification of species

DNA extraction was performed via an E.Z.N.A. Soil DNA Kit (Omega, M5635-02, USA). The DNA was broken into fragments
of approximately 500 bp via a Covaris 220. Then, PCR was performed with 2x Super Canace® Il High-Fidelity Mix, primer mix
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(P5/p7) and adaptor-ligated DNA. Finally, the PCR products were purified, and the library quality was assessed via a Qubit®4.0 fluo-
rometer. Paired-end sequencing of the library was performed on a NovaSeq 6000 sequencer (lllumina, USA). Fastp (version 0.36) was
used to evaluate the quality of the sequenced data. First, Megahit (version 1.2.9) was used to perform multisample mixed splicing to
obtain preliminary spliced contig sequences. Then, Bowite2 (version 2.1.0) was used to map the clean reads back to the spliced re-
sults, and the unmapped reads were extracted and spliced again via SPAdes (version 3.13) to obtain low-abundance contigs. Prod-
igal (version 2.60) was used to predict the ORF of the splicing results, select genes with a length greater than or equal to 100 bp, and
translate them into amino acid sequences. For the gene prediction results of each sample, CD-HIT (version 2.60) was used for redun-
dancy to obtain a nonredundant gene set. Salmon (version 1.5.0) was used to construct a specific index of nonredundant gene sets,
using a dual-phase algorithm and a method of constructing a bias model to accurately quantify the abundance of genes in each sam-
ple and calculate gene abundance on the basis of gene length information. DIAMOND (version 0.8.20) was used to compare the gene
set with the NR database to obtain species annotation information. The screening conditions were as follows: E value<1e-5 and
score>60.

Measurement of soil indicators

The soil pH was assessed via a pH monitor (Thermo Orion-868, MA, USA). Total nitrogen (TN) was quantified via the Kjeldahl method,
which involves concentrated sulfuric acid and mixed catalyst decoction. Dissolved organic carbon (DOC) was extracted via an
mK,SO,4 solution and analyzed via a TOC-TN analyzer (Shimadzu, Kyoto, Japan). The total carbon (TC) and soil organic carbon
(SOC) contents were determined via the external heating method with K,Cr,O- . Dissolved organic nitrogen (DON) was computed
as the disparity between soil soluble total nitrogen and soil inorganic nitrogen. The carbon-to-nitrogen ratio (C/N) was computed
as the ratio of SOC to TN. The soil particle size distribution was determined via the hydrometer method, where “Clay” denotes
soil particles with a size less than 0.002 mm, “Silt” denotes soil particles with a size less than 0.02 mm, and "Sand" denotes soil par-
ticles with a size greater than 0.2 mm.

QUANTIFICATION AND STATISTICAL ANALYSIS

In this study, we employed the Shannon index and Simpson index to quantify the a diversity of the soil microbial communities. At test
was used to examine the differences in microbial a diversity and the abundance of major phyla under varying moisture conditions.
Anosim analysis was conducted to assess the significant differences in bacteria, fungi, and archaea under distinct moisture condi-
tions at the species level. Furthermore, a Mantel test was performed to analyze the relationships between bacteria, fungi, and
archaea and environmental factors. We evaluated the f diversity of communities on the basis of Bray—Curtis distances in relation
to environmental, elevation, and geographic distances. The elevation and geographic distance data were measured in m and km,
respectively, and the data were normalized via the z score method prior to analysis. These calculations were carried out via the vegan
package in R4.3.3(R Core Team, 2025°%) and SPSS21 (IBM Corp). The significance test was performed using the T-test method. Sig-
nificance levels are marked with asterisks throughout the article as follows, *: p < 0.05; **:p < 0.01; ***:p < 0.001.

To investigate the co-occurrence patterns, we computed multiple correlations on the basis of the species matrix, with an average
relative abundance exceeding 0.01%. A symbiotic pattern was considered robust if the Pearson correlation coefficient was greater
than 0.5 with a significance level of p < 0.05. In our network representation, nodes symbolize individual microbial genera, whereas
edges denote paired relationships within the microbial community network, representing biologically or biochemically significant in-
teractions. Visualization and calculation of node and edge quantities and degrees were performed via Gephi.*® Hub taxa in each
network were identified as the top 10% of nodes exhibiting the highest degree and closeness centrality.>®

To quantify the contributions of key ecological processes to microbial community assembly, we used NTI combined with Raup-
Crick, which is based on Bray-Curtis distances.'®*" Furthermore, Sloan’s neutral community model was employed to infer the
contributions of random processes to microbial community assembly.?* The fitness (R?) of the neutral model was used to infer
random processes, with “m” indicating estimated migration rates; higher “m” values suggest limited diffusion within the microbial
community. Visualization was performed via the ggplot2 package in R4.3.3 and Origin9.8 (OriginLab Corporation, 2021).
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