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Introduction and methods: Vegetation disturbance intensity serves as a critical 
determinant of changes in soil nutrients and microbial communities. Karst 
ecosystems are highly fragile, and vegetation degradation has contributed 
to severe desertification in these regions. However, the specific effects of 
vegetation disturbance intensity on soil nutrient availability, microbial diversity, 
and community composition remain poorly understood in karst areas. To address 
this knowledge gap, this study investigates how varying levels of vegetation 
disturbance influence soil properties, as well as the diversity, composition, and 
interactions of bacterial, fungal, and protist communities in a karst ecosystem. 
The study included four vegetation disturbance intensities: natural vegetation 
restoration (control) and slight, moderate, and extreme disturbance.

Results: The findings reveal that higher disturbance intensity significantly alters soil 
nutrient levels, which in turn affects microbial diversity, abundance, community 
composition, and interspecies interactions. Specifically, increasing vegetation 
disturbance intensity led to significant declines in soil available nutrients, including 
nitrate nitrogen (NO₃−), available phosphorus (AP), and available potassium 
(AK). Both slight and moderate disturbances reduced bacterial richness and 
Shannon diversity, whereas extreme disturbance decreased fungal Shannon 
diversity compared to the control. Bacterial abundance under moderate and 
extreme disturbances was significantly lower than that in the control, whereas 
fungal abundance was significantly higher under extreme disturbance. Although 
vegetation disturbance reduced soil available nutrients, co-occurrence network 
analysis revealed greater network complexity under moderate and extreme 
disturbances, with bacterial-bacterial interactions predominating, alongside 
enhanced bacterial-fungal and bacterial-protistan interactions. Actinobacteria, 
Ascomycota, and Chlorophyta emerged as keystone taxa. Pearson correlation 
analysis identified NO3

−, pH, and soil moisture as primary drivers of microbial 
abundance and diversity, indicating that higher disturbance intensities reduce 
bacterial abundance and fungal diversity by limiting soil nutrient availability and 
moisture. Additionally, community compositions of bacteria, fungi, and protists 
were significantly correlated with AP and AK.
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Discussion: These findings suggest that short-term vegetation recovery 
following prolonged moderate and extreme disturbances promotes microbial 
adaptation to nutrient- and moisture-limited conditions through increased 
microbial interactions, compensating for losses in abundance and diversity. This 
study provides valuable insights for ecosystem management and soil restoration 
in degraded karst landscapes.
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1 Introduction

Karst ecosystems, characterized by soluble carbonate rocks, are 
distributed globally, including regions such as the Causses in France, 
the Yucatán Peninsula, the Midwest of the United States. One of the 
largest and most continuous karst regions spans approximately 0.54 
million km2 in southwestern China (Wang et  al., 2019a). These 
landscapes are especially vulnerable to anthropogenic disturbances 
due to their distinctive features, including poor water retention 
capacity, shallow and discontinuous soil layers, and extensive bedrock 
exposure (Wang et al., 2019b; Zhang et al., 2020). Therefore, due to the 
inherent fragility of karst environments, human disturbances often 
result in more severe ecological consequences, including vegetation 
degradation, soil erosion, and rocky desertification (Zhang S. et al., 
2022). In response to these challenges, restoration efforts such as 
natural vegetation restoration and afforestation have been 
implemented to combat desertification (Lu et al., 2022; Qiao et al., 
2021). These measures promote nutrient accumulation and improve 
soil quality by modifying the composition and function of soil 
microbial communities (Yu et  al., 2024). Notably, vegetation loss 
initiates ecosystem degradation, whereas restoration efforts aim to 
rehabilitate damaged ecosystems. Disturbances such as deforestation 
and land reclamation in karst regions reduce aboveground vegetation 
and underground root systems, leading to decreased biodiversity, 
lower microbial abundance, and altered microbial interactions (Kang 
Y. et al., 2024; Qiu et al., 2021). While initiatives like mountain closure 
for afforestation and the conversion of farmland to forests have shown 
positive impacts on soil microbial communities, the effects of different 
disturbance intensities on microbial abundance, diversity, and 
interactions remain insufficiently understood. A clearer understanding 
of these responses is critical for developing effective strategies to 
conserve and restore degraded karst ecosystems.

Soil microorganisms, including bacteria, fungi, and protists, are 
critical functional groups that influence nutrient cycling and soil 
fertility in ecosystems (Kiprotich et al., 2025). Bacteria and fungi drive 
soil carbon (C) dynamics by decomposing organic matter and 
facilitating C turnover (Geisen et al., 2021), while protists regulate 
microbial communities by preying on bacteria and fungi (Guo et al., 
2018; Oliverio et al., 2020). These trophic interactions position protists 
as essential regulators within soil microbial networks (Chandarana 
and Amaresan, 2022). Collectively, the interactions among bacteria, 
fungi, and protists underpin vital ecosystem functions, including plant 
productivity and nutrient utilization efficiency (Li et al., 2024; Wang 
et al., 2024).

Previous study in karst ecosystems have revealed that microbial 
interactions weaken from the topsoil to deeper soil layers due to 

reductions in root biomass and soil nutrient availability, highlighting 
the crucial role of plant root systems and nutrient supply in sustaining 
microbial interactions (Xiao et al., 2024). Additionally, increased 
microbial network complexity has been linked to improved 
ecosystem multifunctionality in karst shrublands (Sun et al., 2025; 
Xiao et al., 2021). However, the responses of these microbial networks 
to varying vegetation disturbance intensities are still largely 
unexplored. This knowledge gap limits the current understanding of 
how microbial dynamics support ecosystem resilience and 
multifunctionality under different disturbance regimes in 
karst landscapes.

Vegetation disturbance intensity significantly influences microbial 
communities and their interactions (Usman et  al., 2024). The 
frequency, scale, and distribution of disturbances shape microbial 
responses (Revillini et al., 2022). Previous studies have shown that 
light grazing intensity can enhance the C sequestration capacity of 
grassland soils, thereby increasing microbial α-diversity (Xun et al., 
2018). In contrast, heavy grazing leads to vegetation degradation, 
lower biomass, and shifts in the soil food web from fungal to bacterial 
dominance, resulting in reduced fungal abundance and diversity (Cao 
et al., 2024; Xun et al., 2018). Similarly, deforestation, by removing 
both above-ground canopies and root systems, reduces organic inputs 
and suppresses microbial activity and diversity (Faria et al., 2023). 
Lightly logged forests tend to maintain higher bacterial and fungal 
diversity, whereas intense logging significantly disrupts fungal 
communities and alters microbial community composition (Robinson 
et al., 2024; Tomao et al., 2020). Most notably, increasing vegetation 
disturbance may intensify microbial competition and reduce microbial 
network complexity due to declining nutrient availability (Kang 
H. et  al., 2024). Despite these observations, the specific effects of 
varying vegetation disturbance intensities on the composition, 
diversity, abundance, and interactions of bacteria, fungi, and protists 
in karst ecosystems remain poorly understood. Therefore, it is 
essential to examine how soil microbial communities respond to 
increasing disturbance and to assess their continued ability to support 
ecosystem services under these stressors.

This study aims to evaluate the effects of different vegetation 
disturbance intensities (light, moderate, and extreme) on the 
abundance, diversity, and interactions of soil microbial communities 
(bacteria, fungi, and protists) in a karst shrub-grassland ecosystem. 
Compared with natural vegetation restoration, the microbial responses 
under different disturbance intensities are analyzed to gain deeper 
insights into ecosystem recovery and resilience. The hypothesis is that 
increased vegetation disturbance intensity will lead to a decline in 
microbial abundance and weaken the interactions among bacteria, 
fungi, and protists.
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2 Materials and methods

2.1 Study area description

The experimental site is located in Huanjiang County, 
Guangxi Zhuang Autonomous Region, Southwest China (107° 
51′–108° 43′E, 24° 44′–25° 33′N). This region is characterized by 
a typical karst landscape, featuring peak-cluster depressions and 
steep slopes. It experiences a subtropical monsoon climate, with 
mean annual temperatures of 18–20°C and annual rainfall of 
1,200–1,600 mm, over 70% of which occurs from May to 
September. The soil on slopes is thin (10–30 cm) with 
approximately 30% bedrock exposure, while depressions have 
thicker soil (50–80 cm). The soil, classified as calcareous, is 
derived from dolomite bedrock.

2.2 Experimental design and soil sampling

Soil samples were collected in July 2023 using a 38-mm 
diameter auger. Ten soil cores per plot were taken in an S-shaped 
pattern after removing surface litter. Cores were mixed to form a 
composite sample, from which stones and visible roots were 
removed. The samples were passed through a 2 mm sieve and 
divided into three subsamples. A subsample of each soil was stored 
at −80°C for DNA extraction, while another portion was kept at 
4°C for the determination of ammonium nitrogen (NH₄+) and 
nitrate nitrogen (NO₃−) concentrations. For the analysis of soil 
physicochemical properties, additional subsamples were air-dried 
for 15 days.

The soil collection sample site experienced severe rocky 
desertification in its early years due to high population pressure and 
intensive agricultural activities. Following population relocation in 
1985, farming was halted, allowing for natural vegetation recovery 
dominated by shrub species. By 2006, four experimental treatments 
representing different vegetation disturbance intensities were 
established under similar environmental conditions. These treatments 
included: natural vegetation restoration plot (VE), slightly disturbed 
plot (SD), moderately disturbed plot (MD), and extremely disturbed 
plot (ED). Each treatment included six replicate plots (10 m × 10 m). 
The treatments were characterized as follows (Figure 1):

VE, degraded farmland naturally restored since the end of 2006 
and is now dominated by shrub species including Vitex negundo, 
Pyracantha fortuneana, and Zanthoxylum armatum.

SD, slightly disturbed vegetation; aboveground biomass is 
removed annually in December, while root systems remain intact 
since the end of 2006.

MD, moderately disturbed vegetation; both aboveground parts 
and roots are removed annually since the end of 2006. Natural 
recovery began in 2016 after 10 years of disturbance.

ED, extremely disturbed vegetation; both aboveground and 
belowground biomass are removed annually since the end of 2006. 
Natural recovery began in 2021 after 15 years of disturbance.

2.3 Analysis of soil properties

Soil organic carbon (SOC) was measured using dichromate 
redox colorimetry. Total nitrogen (TN) was determined with an 

FIGURE 1

Conceptual model revealing the effect of vegetation disturbance intensities on soil properties, microbial diversities, and microbial network complexity. 
VE, SD, MD, and ED represent natural vegetation restoration, slight disturbance, moderate disturbance, and extreme disturbance, respectively.
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automated elemental analyzer, total phosphorus (TP) via acid 
digestion, and total potassium (TK) using flame photometry. 
Ammonium nitrogen (NH4

+) and nitrate nitrogen (NO3
−) were 

extracted with 0.5 M KCl and quantified using an automatic flow 
analyzer (Carter and Gregorich, 2006). Available phosphorus (AP) 
was measured by the molybdenum blue colorimetric method, and 
available potassium (AK) by neutral ammonium acetate 
extraction. Soil pH was determined in a 1:2.5 soil-to-water 
suspension using a Metro 320 pH meter. Exchangeable calcium 
(Ca2+) and magnesium (Mg2+) were extracted via ammonium 
acetate forced exchange and analyzed by inductively coupled 
plasma atomic emission spectroscopy (ICP-AES) (Gillman and 
Sumpter, 1986). Soil moisture content was measured by oven-
drying soil samples (105°C for 24 h) (Carter and Gregorich, 
2006). Soil texture (proportions of clay, silt, and sand) was 
measured using a laser diffraction particle size analyzer 
(Mastersizer 2000; Malvern Instruments Ltd., Malvern, UK) 
(Ryżak and Bieganowski, 2011).

2.4 Soil DNA extraction and sequencing

DNA was extracted from soil samples using the Fast DNA SPIN Kit 
for Soil (MP Biomedicals, USA). DNA concentration and purity were 
assessed with a NanoDrop 2000 UV–Vis spectrophotometer (Thermo 
Fisher Scientific, Wilmington, DE, USA). Bacterial 16S rRNA genes were 
amplified using primers 338F (5′-ACTCCTACGGGAGGCA 
GCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) 
(Guo et al., 2022). Fungal ITS genes were amplified with primers ITS1F 
(5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTT 
CTTCATCGATGC-3′) (Xiao et al., 2022b). Protist 18S rRNA genes were 
amplified using primers TAReuk454FWD1 (5′-CCAGCA(G/C)C(C/T)
GCGGTAATTCC-3′) and TAReukREV3 (5′-ACTTTCGTTCTTGAT(C/
T/A/G)A-3′) (Maritz et al., 2017). Unique barcode sequences were added 
to primers to distinguish samples.

PCR reactions were performed in 20 μL volumes containing 
0.8 μL primers (10 μM), 0.5 μL diluted DNA (1:10), 0.4 μL FastPfu 
polymerase, 4 μL 5 × buffer, 0.2 μL BSA, 2 μL dNTPs (2.5 mM), and 
sterile water. Bacterial 16S rRNA and fungal ITS gene amplification 
followed: initial denaturation at 95°C for 3 min, 27 (bacteria) or 35 
(fungi) cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s, with 
a final extension at 72°C for 10 min. Protist 18S rRNA amplification 
involved: initial denaturation at 95°C for 5 min, 10 cycles of 94°C for 
30 s, 57°C for 45 s, and 72°C for 60 s, followed by 25 cycles with 
gradient annealing (45 s at 45°C, 47°C, 48°C, and 49°C), 94°C for 
30 s, 72°C for 60 s, and a final extension at 72°C for 10 min. PCR 
products were purified via agarose gel electrophoresis, quantified, and 
sequenced on the Illumina MiSeq PE300 platform (Illumina, San 
Diego, CA, USA).

Quantitative PCR (qPCR) was used to quantify bacterial 16S 
rRNA and fungal ITS gene copy numbers using the GeneAmp PCR 
System 9,700 (Applied Biosystems, Foster City, CA, USA). The 20 μL 
qPCR mixture contained 0.4 μL of each primer (5 μM), 10 μL of 
2 × ChamQ SYBR Color qPCR Master Mix, 2 μL of DNA template, 
and sterile water. The qPCR protocol included initial denaturation at 
95°C for 5 min, followed by 40 cycles of 95°C for 30 s, 56°C for 30 s, 
and 72°C for 40 s. Amplification efficiency was evaluated, and a 
standard curve was generated.

2.5 Sequence analysis

Sequencing data quality was assessed using fastQC v0.11.91 and 
multiQC v1.13 (Ewels et  al., 2016). Sequences were processed in 
QIIME2 v2020.2 (Bolyen et al., 2019) and denoised using the DADA2 
plugin (Callahan et  al., 2016), with truncation lengths of 420 bp 
(bacteria), 280 bp (fungi), and 400 bp (protists) to generate amplicon 
sequence variants (ASVs). ASVs were taxonomically annotated using 
Silva v132 (bacteria), UNITE v6 (fungi), and PR2 (protists) databases. 
A classifier was trained, and taxonomic information was assigned 
using the “feature-classifier” plugin (Bokulich et  al., 2018). 
Contaminant sequences were filtered based on taxonomic annotations. 
To normalize sequencing depth, sequences were rarefied to the 
smallest sample size using the “rrarefy” function in the R package 
vegan v2.5–7.

2.6 Statistical analysis

All data were tested for normality and homogeneity of variance 
prior to analysis. The effects of disturbance intensity on soil 
physicochemical properties, microbial abundance, and diversity were 
assessed using analysis of variance (ANOVA), followed by Duncan’s 
multiple range test (p < 0.05), implemented via the agricolae package 
v1.3–7 (De Mendiburu, 2019). Non-metric multidimensional scaling 
(NMDS) based on ASV data was performed using the metaMDS 
function in the vegan package v2.6–4 to visualize differences in 
bacterial, fungal, and protist community composition across 
disturbance intensities (Oksanen et al., 2015). Pearson correlation 
analysis was used to assess relationships between microbial 
abundance/diversity and soil physicochemical properties. The Mantel 
test was applied to evaluate correlations between microbial community 
composition and soil environmental variables, using the mantel 
function in the ape package v5.7–1 (Paradis et  al., 2004). 
Co-occurrence network analysis was conducted to explore potential 
interactions among bacterial, fungal, and protist taxa under different 
disturbance intensities. Significant pairwise associations among ASVs 
were inferred using the SparCC algorithm with adjusted p-values < 
0.001(Friedman and Alm, 2012). The resulting networks were 
visualized using the igraph package v1.2.6, adopting the “sphere” 
layout (Csardi and Nepusz, 2005). All statistical analyses and data 
visualizations were conducted using R version 4.5.0 (R Core 
Team, 2020).

3 Results

3.1 Changes in soil properties along with 
different vegetation disturbance intensities

Vegetation disturbance significantly affected soil properties. 
Specifically, compared with natural vegetation restoration, all three 
disturbance intensities significantly reduced NO3

− and AK content but 
had no significant impact on SOC or Mg2+ content. In addition, TN 

1 http://www.bioinformatics.babraham.ac.uk
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(except in MD), TP, TK (except in MD), AP, and soil moisture content 
were significantly lower under moderate and extreme disturbance 
than under natural vegetation restoration (p  < 0.05). The most 
pronounced decreases occurred under extreme disturbance, with 
reductions of 45.73% for TN, 48.87% for TP, 61.06% for TK, 57.64% 
for AP, and 71.30% for soil moisture content relative to natural 
vegetation restoration. Conversely, soil pH was significantly higher 
under moderate and extreme disturbance compared to slight 
disturbance and control (p < 0.05) (Figure 2).

3.2 Abundance and diversity of bacteria, 
fungi, and protists

Bacterial richness and Shannon diversity were significantly 
lower under slight and moderate disturbance compared to control 
(p < 0.05), with slight disturbance decreased by 24.95 and 5.22%, 
and moderate disturbance decreased by 21.68 and 5.36%, 
respectively. Fungal diversity tended to decline with increasing 
disturbance, with a significantly lower Shannon index observed 
under extreme disturbance (p  < 0.05), which was decreased by 

32.46% compared with the control. Under slight disturbance, both 
protist richness and the Shannon index were significantly reduced 
(by 60.74 and 89.96%, respectively) compared to the control. 
Moreover, moderate and extreme disturbances resulted in a 
significant decrease in bacterial abundance compared to the control. 
In contrast, fungal abundance was significantly higher under 
extreme disturbance than under slight, moderate, and control 
conditions (p < 0.05) (Figure 3).

3.3 Community compositions of bacteria, 
fungi, and protists

Non-metric multidimensional scaling (NMDS) analysis revealed 
that the community compositions of bacteria, fungi, and protists 
differed significantly among the disturbance treatments and the 
control (Figures 4a,b,c). At the phylum level, bacterial communities 
were dominated by Actinobacteria (27.6–42.9%), Proteobacteria 
(20.9–30.6%), and Acidobacteria (17.7–21.9%) (Figure  4d). The 
relative abundance of Actinobacteria was significantly higher under 
extreme disturbance than in the other treatments. In contrast, 

FIGURE 2

Changes in soil properties under varying vegetation disturbance intensities. Soil properties at different vegetation disturbance intensities. SOC, soil 
organic carbon (a); TN, total nitrogen (b); TP, total phosphorus (c); TK, total potassium (d); NH4

+, ammonium nitrogen (e); NO3
−, nitrate nitrogen (f); AP, 

available phosphoru (g); AK, available potassium (h); pH (i); Ca, soil exchangeable Ca2+ content (j); Mg, soil exchangeableMg2+ content (k); SMC, soil 
moisture content (l); Clay, soil clay proportion (m); Silt, soil silt proportion (n); Sand, soil sand proportion (o). VE, SD, MD, and ED represent natural 
vegetation restoration, slight disturbance, moderate disturbance, and extreme disturbance, respectively. Different lowercase letters indicate significant 
differences among treatments (p < 0.05).
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Proteobacteria abundance was significantly lower under extreme 
disturbance than under slight disturbance and control 
(Supplementary Figure S1).

For fungi, Ascomycota (65.5–66.6%) and Basidiomycota (10.1–
13.2%) were the dominant taxa (Figure 4e). Disturbance treatments 
had no significant effect on their relative abundances 
(Supplementary Figure S2). Protist communities were dominated by 
Chlorophyta (1.9–27.2%), Ciliophora (2.4–12.9%), and Conosa 
(1–9.7%) (Figure 4f). The relative abundance of Chlorophyta was 
significantly higher under moderate and extreme disturbance than 
under light disturbance and control. In contrast, the relative 
abundances of Ciliophora, Conosa, and Lobosa were significantly 

lower under slight disturbance than in other treatments 
(Supplementary Figure S3).

3.4 Microbial co-occurrence networks 
involving bacteria, fungi, and protists

Networks under moderate and extreme disturbance showed 
greater complexity, with increased numbers of nodes, edges, and 
higher connectivity than those under natural vegetation restoration. 
In all networks, bacterial communities consistently had more nodes 
than fungal or protist communities (Figure 5; Supplementary Table S1).

FIGURE 3

Changes in richness, Shannon index, and abundances of bacteria, fungi, and protists under varying vegetation disturbance intensities. Soil bacterial, 
fungal, and protistan richness (a–c); Shannon index (d–f); and bacterial and fungal abundances (gene copies) (g,h) across varying vegetation 
disturbance intensities. VE, SD, MD, and ED represent natural vegetation restoration, slight disturbance, moderate disturbance, and extreme 
disturbance, respectively. Different lowercase letters indicate significant differences among treatments (p < 0.05).
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Across treatments, the dominant bacterial phyla were 
Actinobacteria, Acidobacteria, and Proteobacteria, while Ascomycota 
and Mucoromycota dominated among fungi. Among protists, 
Chlorophyta, Ciliophora, and Conosa were the major groups. These 
taxa served as keystone species with high connectivity. Bacteria–
bacteria interactions were the most prevalent (59.63–76.50%), 
followed by bacteria–fungi (18.25–28.15%) and bacteria–protist 
interactions (4.11–6.33%). Under moderate and extreme disturbance, 
the number of interactions increased markedly, including 
Actinobacteria–Actinobacteria, Proteobacteria–Actinobacteria, 
Actinobacteria–Ascomycota, Proteobacteria–Ascomycota, 
Actinobacteria–Ciliophora, and Proteobacteria–Conosa, compared 
with control conditions (Figure 5).

3.5 Relationships between microbial traits 
and soil properties

Pearson correlation analysis showed that bacterial abundance and 
Shannon index were positively correlated with NO3

−, TN (abundance 
only), soil moisture content (abundance only), and silt, but negatively 
correlated with clay and pH (abundance only). Fungal diversity was 
positively correlated with silt but negatively with clay. Fungal 
abundance showed a positive correlation with clay and a negative 
correlation with NO3

−. For protists, Shannon index was positively 
correlated with pH and negatively with NH4

+, while richness was 
negatively correlated with clay and positively with silt. Additionally, 
community compositions of bacteria, fungi, and protists were 

FIGURE 4

Compositions of bacterial, fungal, and protistan communities under varying vegetation disturbance intensities. Bacterial, fungal, and protistan 
community compositions based on non-metric multidimensional scaling (NMDS) analysis (a–c); microbial community compositions at the phylum 
level (d–f). VE, SD, MD, and ED represent natural vegetation restoration, slight disturbance, moderate disturbance, and extreme disturbance, 
respectively.
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significantly correlated with AP, AK, and soil moisture content (except 
for protists), pH (except for protists), and NO3

− (except for protists) 
(Figure 6). Therefore, increasing vegetation disturbance intensity leads 
to reductions in bacterial and fungal diversity, as well as bacterial 

abundance, primarily due to decreased soil nutrient availability and 
moisture content. In contrast, higher disturbance intensity appears to 
stimulate enhanced microbial interactions, potentially as a 
compensatory response to nutrient and moisture limitations.

FIGURE 5

Co-occurrence network patterns of bacteria, fungi, and protists under varying vegetation disturbance intensities (a). The positive and negative 
cohesion among nodes in microbial co-occurrence networks under varying vegetation disturbance intensities (b). Edges between node pairs represent 
positive (orange) or negative (blue) interactions. Node size indicates the number (or proportion) of connections shared with other taxa. VE, SD, MD, and 
ED represent natural vegetation restoration, slight disturbance, moderate disturbance, and extreme disturbance, respectively.
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4 Discussion

4.1 Effects of disturbance intensities on the 
abundance and diversity of bacteria, fungi, 
and protists

Consistent with the hypothesis, vegetation disturbance reduced 
bacterial diversity and abundance compared to natural vegetation 
restoration (control), with the lowest bacterial abundance observed 
under extreme disturbance. This aligns with previous studies (Li et al., 
2025) and may result from reduced litter inputs and root biomass, 
which decrease organic matter and nutrient availability, limiting 
microbial substrates (Feng et al., 2024a; Feng et al., 2024b). Soil pH is 
widely recognized as an important predictor of microbial abundance 
(Mitsuta et al., 2025). Compared to natural vegetation restoration, the 
reduction in organic acids (normally released by plant roots) under 
moderate and extreme disturbances resulted in a significant increase 
in soil pH (Yang et al., 2020). Although earlier studies found higher 
bacterial abundance in weakly alkaline karst soils relative to acidic 
non-karst soils (Cheng et al., 2023; Wang et al., 2021), results showed 
a negative correlation between soil pH and bacterial abundance. This 
suggests that in alkaline soils, the effect of pH changes on bacterial 
abundance may be  mediated by other factors, such as nutrient 
availability (Lopes et al., 2021). Bacteria are also particularly sensitive 
to changes in soil nutrient and water availability (Chen et al., 2022; 
Yang et al., 2021). Long-term vegetation disturbance can disrupt the 
soil environment and reduce its suitability for bacterial growth (Zhang 
Y. et al., 2022). Increasing disturbance intensities led to declines in soil 
nutrients (e.g., TN, NO3

−, AP, AK) and moisture content. Bacteria 
generally thrive in nutrient-rich environments, and under short-term 
recovery following disturbance, soil conditions are not fully restored, 
resulting in reduced bacterial abundance and diversity (Chen L. et al., 
2021; Nguyen J. et  al., 2021). This is supported by the significant 
positive correlation between bacterial abundance and diversity with 
NO3

− and soil moisture content. Thus, Vegetation disturbance 
markedly decreases bacterial abundance and diversity, closely linked 
to changes in soil pH, nutrients, and moisture.

Fungi, in contrast, are more efficient at utilizing complex 
compounds (e.g., cellulose and lignin) and are more tolerant of 

low-nutrient and arid conditions (Singh et  al., 2024; Wang and 
Kuzyakov, 2024). Studies in karst regions have shown that fungi 
outperform bacteria in decomposing organic matter under nutrient-
limited conditions (Xiao et al., 2022a). In this study, fungal abundance 
was significantly higher under extreme disturbance compared to the 
control, slight, and moderate disturbances. This aligns with 
observations from high-altitude regions such as the Tibetan Plateau, 
where fungi efficiently degrade recalcitrant C sources (Li et al., 2023). 
However, the fungal Shannon index was significantly lower under 
extreme disturbance than in the control. This may be  due to 
substantially reduced soil nutrient contents (TN, TP, TK, AP) and soil 
moisture in areas with extreme disturbance, favoring the dominance 
of specific fungal taxa capable of degrading recalcitrant compounds, 
while reducing overall fungal diversity (Liu et al., 2023; Zhang X. et al., 
2025). Consequently, fungal abundance increases under extreme 
disturbance, but diversity decreases, reflecting their adaptability to 
nutrient-poor environments.

Protists play critical roles in microbial food webs, often acting as 
predators of bacteria and fungi (Zhang A. et al., 2025). In this study, 
bacterial richness and diversity were significantly lower under 
moderate disturbance compared to the control, leading to reduced 
prey availability and, consequently, lower protist diversity. 
Additionally, protist Shannon index was negatively correlated with 
NH4

+, suggesting that NH4
+ inhibits protist growth, as supported by 

prior studies (Xu L. et al., 2025; Yang et al., 2019). Slight disturbance, 
characterized by removal of aboveground vegetation while retaining 
roots, likely led to NH4

+ accumulation from microbial decomposition 
of root residues in the absence of plant uptake (Zhu et al., 2021). This 
effect mirrors observations in agricultural soils with high N 
enrichment (Wang et al., 2025a). Overall, protist diversity declines due 
to reduced prey availability and nutrient accumulation, underscoring 
their critical role in microbial food webs (Guo et  al., 2023; Xu 
H. et al., 2025).

4.2 Effects of disturbance intensities on the 
community composition of bacteria, fungi, 
and protists

Vegetation disturbance intensity significantly altered microbial 
community composition. For bacteria, extreme disturbance 
significantly increased the relative abundance of Actinobacteria while 
decreasing Proteobacteria compared to the control and light 
disturbance. This shift likely reflects the oligotrophic nature of 
Actinobacteria, which can degrade recalcitrant compounds like 
cellulose and lignin (Bao et  al., 2021; Mitra et  al., 2022), while 
Proteobacteria, which prefer nutrient-rich conditions (Chen L. F. et al., 
2021), are inhibited by reduced soil water content and easily 
degradable C sources under extreme disturbance (Huang et al., 2021). 
For fungi, the dominant phyla Ascomycota and Basidiomycota 
showed no significant changes in relative abundance across 
disturbance intensities. This may be because fungi can access nutrients 
more effectively via mycelial growth, reducing the adverse impacts of 
disturbance (Napitupulu, 2025; Wahab et al., 2023).

For protists, the relative abundance of Chlorophyta was 
significantly higher under moderate and extreme disturbances 
than under slight disturbance and control. This aligns with findings 
in degraded meadows (Zhao et  al., 2023), where autotrophic 

FIGURE 6

Pearson’s correlations between bacterial, fungal, and protistan 
community profiles and soil properties. The color intensity and size 
of the circles represent the strength of the correlation. Asterisks (*, 
**, ***) indicate significance levels of p < 0.05, p < 0.01, and 
p < 0.001, respectively.
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Chlorophyta can grow through photosynthetic carbon fixation 
under nutrient-poor conditions (Kang E. J. et al., 2024; Nguyen 
B. T. et al., 2021). In contrast, the relative abundances of Ciliophora, 
Conosa, and Lobosa were significantly lower under light 
disturbance compared to other treatments. Ciliophora, a sensitive 
consumer, may have declined due to reduced prey availability (Qu 
et al., 2022), while Conosa and Lobosa, typically decomposers, may 
have been limited by reduced organic matter content (Sun et al., 
2024). Overall, microbial taxa display distinct adaptive responses 
to different vegetation disturbance intensities, with disturbance 
serving as a filter that selects for specific microbial communities 
(Hoang et  al., 2024; Santillan et  al., 2019). Taken together, 
disturbance intensity induces specific shifts in microbial 
community composition, reflecting unique adaptive strategies of 
different microbial groups (Philippot et al., 2021).

4.3 Effects of disturbance intensities on 
microbial co-occurrence network

Co-occurrence network analysis reveals potential microbial 
interactions and provides insights into structural changes within 
microbial communities under varying disturbance levels (Ona 
et  al., 2025; Wu et  al., 2023). In this study, microbial networks 
under moderate and extreme disturbances exhibited higher 
numbers of nodes, edges, average degree, clustering coefficient 
(transitivity), and mean betweenness centrality than those under 
light disturbance and control. This indicates that microbial 
networks became more complex under higher disturbance 
intensities, contrary to the original hypothesis. Bacteria had more 
nodes and edges than fungi and protists in all networks, suggesting 
they formed the core of microbial interactions, particularly under 
moderate and extreme disturbances.

First, increasing vegetation disturbance results in nutrient loss 
and unstable soil physicochemical properties during early 
restoration stages, prompting microbes to compete for limited 
resources such as C and N, thereby intensifying microbial 
interactions (Du et al., 2023; Wu et al., 2021). Both positive and 
negative microbial interactions increased with disturbance 
intensity. Despite reductions in bacterial abundance and fungal 
diversity, the surviving keystone taxa may assume more crucial 
ecological roles, maintaining ecosystem function through 
competitive or cooperative interactions (Liu et al., 2022). Second, 
long-term disturbance alters soil structure, moisture, and 
temperature, exerting stress on microbes. During the initial 
recovery phase, limited plant cover and unstable conditions 
encourage microbes to form adaptive interactions to occupy new 
ecological niches and enhance community stability (Du et  al., 
2025; Hu et  al., 2022). Third, the colonization of fast-growing 
herbaceous or shrubby plants during early recovery may actively 
recruit beneficial microbes through root exudates, further 
promoting microbial interactions (Williams and de Vries, 2020). 
Consequently, increasing disturbance intensity enhances the 
complexity of microbial co-occurrence networks, suggesting that 
microbial interactions are strengthened under resource limitation 
and environmental stress to maintain community stability 
(Santillan et al., 2025; Yuan et al., 2021).

Key taxa, including Actinobacteria, Acidobacteria, 
Proteobacteria (bacteria), Ascomycota, Mucoromycota (fungi), 
and Chlorophyta, Ciliophora, Conosa (protists), acted as keystone 
species. Actinobacteria, Proteobacteria, and Ascomycota, fast-
growing and enzymatically versatile, adapt quickly to 
environmental changes. Acidobacteria, Mucoromycota, and 
Chlorophyta, oligotrophic and capable of degrading complex 
substrates, play key roles in C cycling under resource scarcity (Chai 
et  al., 2024; Yang et  al., 2023). Notably, interactions between 
Actinobacteria and Proteobacteria were strongest under moderate 
disturbance, suggesting enhanced metabolic complementarity and 
symbiosis under moderate stress. Therefore, disturbance enhances 
microbial network complexity, with bacteria as central players and 
keystone taxa sustaining ecosystem functions through adaptive 
interactions (Rawstern et al., 2024; Wang et al., 2024).

4.4 Implications for vegetation recovery

Soil and vegetation shape microbial communities (Wang et al., 
2025b). Increased disturbance reduces root exudates, lowering organic 
matter and nutrient inputs, which decreases bacterial abundance and 
fungal diversity while strengthening microbial interactions. After 
long-term disturbance, short-term vegetation restoration creates an 
unstable soil ecosystem (Liu et  al., 2025). Resource scarcity and 
environmental stress prompt microorganisms to adapt by enhancing 
interactions, compensating for reduced abundance and diversity (Dal 
Bello et al., 2021; Wani et al., 2022). This dynamic significantly impacts 
bacterial communities, leading to abundance declines. These findings 
suggest that short-term restoration strategies should prioritize 
fostering microbial interactions over solely enhancing abundance and 
diversity to promote rapid ecosystem recovery (Bhatia et al., 2023; 
Singh Rawat et al., 2023). In karst shrub-grass ecosystems, nutrient 
cycling driven by microbial interactions under varying disturbance 
intensities warrants particular attention.

5 Conclusion

This study systematically demonstrates that vegetation 
disturbance intensity significantly affects soil microbial communities 
by altering their diversity, abundance, composition, and interactions. 
Increased disturbance, compared to natural vegetation restoration, 
significantly reduced bacterial abundance and fungal diversity by 
limiting soil nutrient availability (e.g., TN, NO3

−) and moisture. In 
contrast, moderate and extreme disturbances increased the 
complexity of microbial co-occurrence networks, driven by 
enhanced interactions among bacteria, fungi, and protists. These 
findings highlight adaptive strategies of microbial communities 
under nutrient- and moisture-limited conditions. Importantly, short-
term vegetation recovery following moderate or extreme 
disturbances may promote microbial adaptation through intensified 
interactions, compensating for declines in abundance and diversity. 
This study provides a valuable foundation for understanding 
microbial adaptation to environmental stress and offers insights for 
ecosystem management and soil restoration in DISTURBED 
karst landscapes.

https://doi.org/10.3389/fmicb.2025.1634424
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Gao et al. 10.3389/fmicb.2025.1634424

Frontiers in Microbiology 11 frontiersin.org

Data availability statement

The data presented in the study are deposited in the Figshare 
repository, accession number https://doi.org/10.6084/m9.figshare. 
29517656.v1.

Author contributions

BG: Formal analysis, Writing – original draft. DX: Data curation, 
Formal analysis, Writing – original draft. KY: Writing – review & 
editing. MS: Writing  – review & editing. SL: Writing  – review & 
editing. WZ: Funding acquisition, Project administration, Writing – 
review & editing. KW: Funding acquisition, Project administration, 
Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This study was supported 
by the National Natural Science Foundation of China (U23A20155); 
the Key Research and Development Program of Guangxi 
(GuikeAB22080097); the National Natural Science Foundation of 
China (U22A20560); the National Natural Science Foundation of 
China (42377041 and 42361144886); the State Key Program of 
National Natural Science Foundation of China (42430512); the 
National Key Research and Development Program, China 
(2022YFF1300705); Natural Science Foundation of Hunan Province 
(2023JJ20044); the Science and Technology Innovation Program of 
Hunan Province (2023RC3202); the Guangxi Natural Science 
Foundation Program (2025GXNSFDA069041, 2022GXNSFAA035621, 

and AB22080097); and the Youth Innovation Promotion Association 
of the Chinese Academy of Sciences Program to DX (2023383).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1634424/
full#supplementary-material

References
Bao, Y., Dolfing, J., Guo, Z., Chen, R., Wu, M., Li, Z., et al. (2021). Important 

ecophysiological roles of non-dominant Actinobacteria in plant residue 
decomposition, especially in less fertile soils. Microbiome 9:84. doi: 
10.1186/s40168-021-01032-x

Bhatia, U., Dubey, S., Gouhier, T. C., and Ganguly, A. R. (2023). Network-based 
restoration strategies maximize ecosystem recovery. Commun. Biol. 6:1256. doi: 
10.1038/s42003-023-05622-3

Bokulich, N. A., Kaehler, B. D., Rideout, J. R., Dillon, M., Bolyen, E., Knight, R., et al. 
(2018). Optimizing taxonomic classification of marker-gene amplicon sequences with 
QIIME 2's q2-feature-classifier plugin. Microbiome 6:90. doi: 10.1186/s40168- 
018-0470-z

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., 
et al. (2019). Author correction: reproducible, interactive, scalable and extensible 
microbiome data science using QIIME 2. Nat. Biotechnol. 37:1091. doi: 
10.1038/s41587-019-0252-6

Callahan, B. J., Mcmurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J., and 
Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon 
data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Cao, F., Li, W., Jiang, Y., Gan, X., Zhao, C., and Ma, J. (2024). Effects of grazing on 
grassland biomass and biodiversity: a global synthesis. Field Crop Res. 306:204. doi: 
10.1016/j.fcr.2023.109204

Carter, M. R., and Gregorich, E. G. (2006). Soil sampling and methods of analysis. 
Boca Raton, FL: Taylor & Francis Group.

Chai, J., Yao, T., Li, H., Wang, X., Liu, X., Li, C., et al. (2024). Meadow degradation 
affects microbial community structure and vegetation characteristics by increasing soil 
pH. Land Degrad. Dev. 36, 790–801. doi: 10.1002/ldr.5393

Chandarana, K. A., and Amaresan, N. (2022). Soil protists: an untapped microbial 
resource of agriculture and environmental importance. Pedosphere 32, 184–197. doi: 
10.1016/s1002-0160(21)60066-8

Chen, L. F., He, Z.-B., Wu, X.-R., Du, J., Zhu, X., Lin, P.-F., et al. (2021). Linkages 
between soil respiration and microbial communities following afforestation of alpine 
grasslands in the northeastern Tibetan plateau. Appl. Soil Ecol. 161:103882. doi: 
10.1016/j.apsoil.2021.103882

Chen, L., Xu, H., Sun, J., and Baoyin, T. (2021). The short-term impacts of soil 
disturbance on soil microbial community in a degraded Leymus chinensis steppe, North 
China. Soil Tillage Res. 213:105112. doi: 10.1016/j.still.2021.105112

Chen, Y., Yin, S., Shao, Y., and Zhang, K. (2022). Soil bacteria are more sensitive than 
fungi in response to nitrogen and phosphorus enrichment. Front. Microbiol. 13:999385. 
doi: 10.3389/fmicb.2022.999385

Cheng, X., Xiang, X., Yun, Y., Wang, W., Wang, H., and Bodelier, P. L. E. (2023). 
Archaea and their interactions with bacteria in a karst ecosystem. Front. Microbiol. 
14:1068595. doi: 10.3389/fmicb.2023.1068595

Csardi, G., and Nepusz, T. (2005). The Igraph software package for complex network 
research. Int. J. Complex Syst. 1695, 1–9. Available online at: https://igraph.org

Dal Bello, M., Lee, H., Goyal, A., and Gore, J. (2021). Resource–diversity relationships 
in bacterial communities reflect the network structure of microbial metabolism. Nat. 
Ecol. Evolut. 5, 1424–1434. doi: 10.1038/s41559-021-01535-8

De Mendiburu, F. Agricolae: Statistical procedures for agricultural research. (2019). 
Available online at: https://CRAN.R-project.org/package=agricolae

Du, S., Li, X.-Q., Feng, J., Huang, Q., and Liu, Y.-R. (2023). Soil core microbiota drive 
community resistance to mercury stress and maintain functional stability. Sci. Total 
Environ. 894:165056. doi: 10.1016/j.scitotenv.2023.165056

Du, Y., Yang, Y., Wu, S., Gao, X., He, X., and Dong, S. (2025). Core microbes regulate 
plant-soil resilience by maintaining network resilience during long-term restoration of 
alpine grasslands. Nat. Commun. 16:3116. doi: 10.1038/s41467-025-58080-2

Ewels, P., Magnusson, M., Lundin, S., and Kaller, M. (2016). MultiQC: summarize 
analysis results for multiple tools and samples in a single report. Bioinformatics 32, 
3047–3048. doi: 10.1093/bioinformatics/btw354

https://doi.org/10.3389/fmicb.2025.1634424
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.6084/m9.figshare.29517656.v1
https://doi.org/10.6084/m9.figshare.29517656.v1
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1634424/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1634424/full#supplementary-material
https://doi.org/10.1186/s40168-021-01032-x
https://doi.org/10.1038/s42003-023-05622-3
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1038/s41587-019-0252-6
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/j.fcr.2023.109204
https://doi.org/10.1002/ldr.5393
https://doi.org/10.1016/s1002-0160(21)60066-8
https://doi.org/10.1016/j.apsoil.2021.103882
https://doi.org/10.1016/j.still.2021.105112
https://doi.org/10.3389/fmicb.2022.999385
https://doi.org/10.3389/fmicb.2023.1068595
https://igraph.org
https://doi.org/10.1038/s41559-021-01535-8
https://CRAN.R-project.org/package=agricolae
https://doi.org/10.1016/j.scitotenv.2023.165056
https://doi.org/10.1038/s41467-025-58080-2
https://doi.org/10.1093/bioinformatics/btw354


Gao et al. 10.3389/fmicb.2025.1634424

Frontiers in Microbiology 12 frontiersin.org

Faria, D., Morante-Filho, J. C., Baumgarten, J., Bovendorp, R. S., Cazetta, E., 
Gaiotto, F. A., et al. (2023). The breakdown of ecosystem functionality driven by 
deforestation in a global biodiversity hotspot. Biol. Conserv. 283:126. doi: 
10.1016/j.biocon.2023.110126

Feng, J., Wang, C., Gao, J., Ma, H., Li, Z., Hao, Y., et al. (2024a). Changes in plant litter 
and root carbon inputs alter soil respiration in three different forests of a climate 
transitional region. Agric. For. Meteorol. 358:212. doi: 10.1016/j.agrformet.2024.110212

Feng, J., Wang, L., Zhai, C., Jiang, L., Yang, Y., Huang, X., et al. (2024b). Root carbon 
inputs outweigh litter in shaping grassland soil microbiomes and ecosystem 
multifunctionality. NPJ Biofilms Microbiomes 10:150. doi: 10.1038/s41522-024-00616-3

Friedman, J., and Alm, E. J. (2012). Inferring correlation networks from genomic 
survey data. PLoS Comput. Biol. 8:e1002687. doi: 10.1371/journal.pcbi.1002687

Geisen, S., Hu, S., Dela Cruz, T. E. E., and Veen, G. F. C. (2021). Protists as catalyzers 
of microbial litter breakdown and carbon cycling at different temperature regimes. ISME 
J. 15, 618–621. doi: 10.1038/s41396-020-00792-y

Gillman, G. P., and Sumpter, E. A. (1986). Modification to the compulsive exchange 
method for measuring exchange characteristics of soils. Soil Res. 24, 61–66. doi: 
10.1071/sr9860061

Guo, P., Li, C., and Jinxain Liu, B. C. (2023). Predation has a significant impact on the 
complexity and stability of microbial food webs in subalpine lakes. Microbiol. Spectr. 
11:e0241123. doi: 10.1128/spectrum.02411-23

Guo, M., Cao, X., Zhang, K., Pan, M., Wu, Y., Langda, S., et al. (2022). 16S rRNA gene 
sequencing revealed changes in gut microbiota composition during pregnancy and 
lactation in mice model. Res. Vet. Sci. 9:169. doi: 10.3390/vetsci9040169

Guo, S., Xiong, W., Xu, H., Hang, X., Liu, H., Xun, W., et al. (2018). Continuous 
application of different fertilizers induces distinct bulk and rhizosphere soil protist 
communities. Eur. J. Soil Biol. 88, 8–14. doi: 10.1016/j.ejsobi.2018.05.007

Hoang, D. Q., Wilson, L. R., Scheftgen, A. J., Suen, G., and Currie, C. R. (2024). 
Disturbance–diversity relationships of microbial communities change based on growth 
substrate. mSystems 9, e0088723–e0000823. doi: 10.1128/msystems.00887-23

Hu, L., Li, Q., Yan, J., Liu, C., and Zhong, J. (2022). Vegetation restoration facilitates 
belowground microbial network complexity and recalcitrant soil organic carbon storage 
in Southwest China karst region. Sci. Total Environ. 820:153137. doi: 10.1016/j.scitotenv. 
2022.153137

Huang, R., Crowther, T. W., Sui, Y., Sun, B., and Liang, Y. (2021). High stability and 
metabolic capacity of bacterial community promote the rapid reduction of easily 
decomposing carbon in soil. Commun. Biol. 4:1376. doi: 10.1038/s42003-021-02907-3

Kang, E. J., Ryu, B. D., Kim, Y. S., and Kim, J.-H. (2024). The photosynthetic quotient 
(PQ) of Ulva ohnoi (Chlorophyta) under future ocean conditions. J. Appl. Phycol. 37, 
689–698. doi: 10.1007/s10811-024-03413-9

Kang, Y., Shen, L., Li, C., Huang, Y., and Chen, L. (2024). Effects of vegetation 
degradation on soil microbial communities and ecosystem multifunctionality in a karst 
region, Southwest China. J. Environ. Manag. 363:121395. doi: 10.1016/j.jenvman. 
2024.121395

Kang, H., Xue, Y., Cui, Y., Moorhead, D. L., Lambers, H., and Wang, D. (2024). 
Nutrient limitation mediates soil microbial community structure and stability in forest 
restoration. Sci. Total Environ. 935:173266. doi: 10.1016/j.scitotenv.2024.173266

Kiprotich, K., Muema, E., Wekesa, C., Ndombi, T., Muoma, J., Omayio, D., et al. 
(2025). Unveiling the roles, mechanisms and prospects of soil microbial communities 
in sustainable agriculture. Discover Soil 2:10. doi: 10.1007/s44378-025-00037-4

Li, Z., Qin, W., You, Y., Chen, J., Zhao, X., Dong, R., et al. (2025). Land use patterns 
change N and P cycling bacterial diversity in an acidic karst soil. Agric. Ecosyst. Environ. 
380:389. doi: 10.1016/j.agee.2024.109389

Li, J., Wang, X., Wu, J. H., Sun, Y. X., Zhang, Y. Y., Zhao, Y. F., et al. (2023). Climate 
and geochemistry at different altitudes influence soil fungal community aggregation 
patterns in alpine grasslands. Sci. Total Environ. 881:163375. doi: 10.1016/j.scitotenv. 
2023.163375

Li, K., Xing, X., Wang, S., Liao, R., Hassan, M. U., Aamer, M., et al. (2024). Organic 
fertilisation enhances network complexity among bacteria, fungi, and protists by 
improving organic matter and phosphorus in acidic agricultural soils. Eur. J. Soil Biol. 
122:649. doi: 10.1016/j.ejsobi.2024.103649

Liu, C., Jin, Y., Lin, F., Jiang, C., Zeng, X., Feng, D., et al. (2023). Land use change alters 
carbon and nitrogen dynamics mediated by fungal functional guilds within soil 
aggregates. Sci. Total Environ. 902:166080. doi: 10.1016/j.scitotenv.2023.166080

Liu, M., Liu, S., Xu, X., Soromotin, A. V., and Kuzyakov, Y. (2025). Does restoration 
of degraded grasslands follow the theory of multiple stable states? Agric. Ecosyst. 
Environ. 383:109508. doi: 10.1016/j.agee.2025.109508

Liu, S., Yu, H., Yu, Y., Huang, J., Zhou, Z., Zeng, J., et al. (2022). Ecological stability of 
microbial communities in Lake Donghu regulated by keystone taxa. Ecol. Indic. 
136:108695. doi: 10.1016/j.ecolind.2022.108695

Lopes, L. D., Hao, J., and Schachtman, D. P. (2021). Alkaline soil pH affects bulk soil, 
rhizosphere and root endosphere microbiomes of plants growing in a Sandhills 
ecosystem. FEMS Microbiol. Ecol. 97:28. doi: 10.1093/femsec/fiab028

Lu, Z.-X., Wang, P., Ou, H.-B., Wei, S.-X., Wu, L.-C., Jiang, Y., et al. (2022). Effects of 
different vegetation restoration on soil nutrients, enzyme activities, and microbial 

communities in degraded karst landscapes in Southwest China. For. Ecol. Manag. 
508:120002. doi: 10.1016/j.foreco.2021.120002

Maritz, J. M., Rogers, K. H., Rock, T. M., Liu, N., Joseph, S., Land, K. M., et al. (2017). 
An 18S rRNA workflow for characterizing Protists in sewage, with a focus on zoonotic 
Trichomonads. Microb. Ecol. 74, 923–936. doi: 10.1007/s00248-017-0996-9

Mitra, D., Mondal, R., Khoshru, B., Senapati, A., Radha, T. K., Mahakur, B., et al. 
(2022). Actinobacteria-enhanced plant growth, nutrient acquisition, and crop 
protection: advances in soil, plant, and microbial multifactorial interactions. Pedosphere 
32, 149–170. doi: 10.1016/s1002-0160(21)60042-5

Mitsuta, A., Lourenço, K. S., Oliveira, B. G., Assis Costa, O. Y., Cantarella, H., and 
Kuramae, E. E. (2025). Soil pH determines the shift of key microbial energy metabolic 
pathways associated with soil nutrient cycle. Appl. Soil Ecol. 208:105992. doi: 
10.1016/j.apsoil.2025.105992

Napitupulu, T. P. (2025). Agricultural relevance of fungal mycelial growth-promoting 
bacteria: mutual interaction and application. Microbiol. Res. 290:127978. doi: 
10.1016/j.micres.2024.127978

Nguyen, B. T., Chen, Q.-L., Yan, Z.-Z., Li, C., He, J.-Z., and Hu, H.-W. (2021). Distinct 
factors drive the diversity and composition of protistan consumers and phototrophs in 
natural soil ecosystems. Soil Biol. Biochem. 160:317. doi: 10.1016/j.soilbio.2021.108317

Nguyen, J., Fernandez, V., Pontrelli, S., Sauer, U., Ackermann, M., and Stocker, R. 
(2021). A distinct growth physiology enhances bacterial growth under rapid nutrient 
fluctuations. Nat. Commun. 12:3662. doi: 10.1038/s41467-021-23439-8

Oksanen, J., Blanchet, E. G., Kindt, R., Legendre, P., Minchin, P., O'hara, B., et al. 
(2015). Vegan: community ecology package. R Package Version 2, 1–2. Available online 
at: https://cran.r-project.org

Oliverio, A. M., Geisen, S., Delgado-Baquerizo, M., Maestre, F. T., Turner, B. L., and 
Fierer, N. (2020). The global-scale distributions of soil protists and their contributions 
to belowground systems. Sci. Adv. 6:eaax8787. doi: 10.1126/sciadv.aax8787

Ona, L., Shreekar, S. K., and Kost, C. (2025). Disentangling microbial interaction 
networks. Trends Microbiol. 33, 619–634. doi: 10.1016/j.tim.2025.01.013

Paradis, E., Claude, J., and Strimmer, K. (2004). APE: analyses of Phylogenetics and 
evolution in R language. Bioinformatics 20, 289–290. doi: 10.1093/bioinformatics/btg412

Philippot, L., Griffiths, B. S., and Langenheder, S. (2021). Microbial community 
resilience across ecosystems and multiple disturbances. Microbiol. Mol. Biol. Rev. 85:26. 
doi: 10.1128/MMBR.00026-20

Qiao, Y., Jiang, Y., and Zhang, C. (2021). Contribution of karst ecological restoration 
engineering to vegetation greening in Southwest China during recent decade. Ecol. Indic. 
121:81. doi: 10.1016/j.ecolind.2020.107081

Qiu, L., Zhang, Q., Zhu, H., Reich, P. B., Banerjee, S., Van Der Heijden, M. G. A., et al. 
(2021). Erosion reduces soil microbial diversity, network complexity and 
multifunctionality. ISME J. 15, 2474–2489. doi: 10.1038/s41396-021-00913-1

Qu, Z., Pan, H., Gong, J., Wang, C., Filker, S., and Hu, X. (2022). Historical review of 
studies on Cyrtophorian ciliates (Ciliophora, Cyrtophoria) from China. Microorganisms 
10:325. doi: 10.3390/microorganisms10071325

R Core Team (2020). R: A language and environment for statistical computing. 
Vienna: R Foundation for Statistical Computing.

Rawstern, A. H., Hernandez, D. J., and Afkhami, M. E. (2024). Central taxa are 
keystone microbes during early succession. Ecol. Lett. 28:31. doi: 10.1111/ele.70031

Revillini, D., David, A. S., Menges, E. S., Main, K. N., Afkhami, M. E., and Searcy, C. A. 
(2022). Microbiome-mediated response to pulse fire disturbance outweighs the effects 
of fire legacy on plant performance. New Phytol. 233, 2071–2082. doi: 10.1111/nph.17689

Robinson, S. J. B., Elias, D. M. O., Goodall, T., Nottingham, A. T., Mcnamara, N. P., 
Griffiths, R., et al. (2024). Selective logging impacts on soil microbial communities and 
functioning in Bornean tropical forest. Front. Microbiol. 15:1447999. doi: 
10.3389/fmicb.2024.1447999

Ryżak, M., and Bieganowski, A. (2011). Methodological aspects of determining soil 
particle-size distribution using the laser diffraction method. J. Plant Nutr. Soil Sci. 174, 
624–633. doi: 10.1002/jpln.201000255

Santillan, E., Neshat, S. A., and Wuertz, S. (2025). Disturbance and stability dynamics 
in microbial communities for environmental biotechnology applications. Curr. Opin. 
Biotechnol. 93:103304. doi: 10.1016/j.copbio.2025.103304

Santillan, E., Seshan, H., Constancias, F., Drautz-Moses, D. I., and Wuertz, S. (2019). 
Frequency of disturbance alters diversity, function, and underlying assembly 
mechanisms of complex bacterial communities. NPJ Biofilms Microbiomes 5:8. doi: 
10.1038/s41522-019-0079-4

Singh, H., Janiyani, K., Gangawane, A., Pandya, S., and Jasani, S. (2024). Engineering 
cellulolytic fungi for efficient lignocellulosic biomass hydrolysis: advances in 
mutagenesis, gene editing, and nanotechnology with CRISPR-Cas innovations. Discover 
Appl. Sci. 6:665. doi: 10.1007/s42452-024-06405-z

Singh Rawat, V., Kaur, J., Bhagwat, S., Arora Pandit, M., and Dogra Rawat, C. (2023). 
Deploying microbes as drivers and indicators in ecological restoration. Restor. Ecol. 
31:e13688. doi: 10.1111/rec.13688

Sun, M., Xiao, D., Zhang, W., Zhao, J., Hu, P., Wu, H., et al. (2024). Impact of lithology 
on protist diversity and community composition in Southwest China: insights from 
forests and croplands. Appl. Soil Ecol. 199:398. doi: 10.1016/j.apsoil.2024.105398

https://doi.org/10.3389/fmicb.2025.1634424
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.biocon.2023.110126
https://doi.org/10.1016/j.agrformet.2024.110212
https://doi.org/10.1038/s41522-024-00616-3
https://doi.org/10.1371/journal.pcbi.1002687
https://doi.org/10.1038/s41396-020-00792-y
https://doi.org/10.1071/sr9860061
https://doi.org/10.1128/spectrum.02411-23
https://doi.org/10.3390/vetsci9040169
https://doi.org/10.1016/j.ejsobi.2018.05.007
https://doi.org/10.1128/msystems.00887-23
https://doi.org/10.1016/j.scitotenv.2022.153137
https://doi.org/10.1016/j.scitotenv.2022.153137
https://doi.org/10.1038/s42003-021-02907-3
https://doi.org/10.1007/s10811-024-03413-9
https://doi.org/10.1016/j.jenvman.2024.121395
https://doi.org/10.1016/j.jenvman.2024.121395
https://doi.org/10.1016/j.scitotenv.2024.173266
https://doi.org/10.1007/s44378-025-00037-4
https://doi.org/10.1016/j.agee.2024.109389
https://doi.org/10.1016/j.scitotenv.2023.163375
https://doi.org/10.1016/j.scitotenv.2023.163375
https://doi.org/10.1016/j.ejsobi.2024.103649
https://doi.org/10.1016/j.scitotenv.2023.166080
https://doi.org/10.1016/j.agee.2025.109508
https://doi.org/10.1016/j.ecolind.2022.108695
https://doi.org/10.1093/femsec/fiab028
https://doi.org/10.1016/j.foreco.2021.120002
https://doi.org/10.1007/s00248-017-0996-9
https://doi.org/10.1016/s1002-0160(21)60042-5
https://doi.org/10.1016/j.apsoil.2025.105992
https://doi.org/10.1016/j.micres.2024.127978
https://doi.org/10.1016/j.soilbio.2021.108317
https://doi.org/10.1038/s41467-021-23439-8
https://cran.r-project.org
https://doi.org/10.1126/sciadv.aax8787
https://doi.org/10.1016/j.tim.2025.01.013
https://doi.org/10.1093/bioinformatics/btg412
https://doi.org/10.1128/MMBR.00026-20
https://doi.org/10.1016/j.ecolind.2020.107081
https://doi.org/10.1038/s41396-021-00913-1
https://doi.org/10.3390/microorganisms10071325
https://doi.org/10.1111/ele.70031
https://doi.org/10.1111/nph.17689
https://doi.org/10.3389/fmicb.2024.1447999
https://doi.org/10.1002/jpln.201000255
https://doi.org/10.1016/j.copbio.2025.103304
https://doi.org/10.1038/s41522-019-0079-4
https://doi.org/10.1007/s42452-024-06405-z
https://doi.org/10.1111/rec.13688
https://doi.org/10.1016/j.apsoil.2024.105398


Gao et al. 10.3389/fmicb.2025.1634424

Frontiers in Microbiology 13 frontiersin.org

Sun, Y., Zhang, S., Liang, Y., Yu, X., and Pan, F. (2025). Plants drive microbial biomass 
and composition but not diversity to promote ecosystem multifunctionality in karst 
vegetation restoration. Microorganisms 13:590. doi: 10.3390/microorganisms13030590

Tomao, A., Antonio Bonet, J., Castaño, C., and De-Miguel, S. (2020). How does forest 
management affect fungal diversity and community composition? Current knowledge 
and future perspectives for the conservation of forest fungi. For. Ecol. Manag. 
457:117678. doi: 10.1016/j.foreco.2019.117678

Usman, M., Li, L., Wang, M., Wang, Z., Hu, A., Shi, L., et al. (2024). Response of 
microbial communities to the changes in grazing intensity and season in a typical steppe. 
Environ. Res. 246:118126. doi: 10.1016/j.envres.2024.118126

Wahab, A., Muhammad, M., Munir, A., Abdi, G., Zaman, W., Ayaz, A., et al. (2023). 
Role of Arbuscular Mycorrhizal Fungi in regulating growth, enhancing productivity, and 
potentially influencing ecosystems under abiotic and biotic stresses. Plants 12:102. doi: 
10.3390/plants12173102

Wang, B., Chen, C., Xiao, Y. M., Chen, K. Y., Wang, J., Zhao, S., et al. (2024). Trophic 
relationships between protists and bacteria and fungi drive the biogeography of 
rhizosphere soil microbial community and impact plant physiological and ecological 
functions. Microbiol. Res. 280:127603. doi: 10.1016/j.micres.2024.127603

Wang, C., and Kuzyakov, Y. (2024). Mechanisms and implications of bacterial-fungal 
competition for soil resources. ISME J. 18:73. doi: 10.1093/ismejo/wrae073

Wang, Y., Shahbaz, M., Zhran, M., Chen, A., Zhu, Z., Galal, Y. G. M., et al. (2021). 
Microbial resource limitation in aggregates in karst and non-karst soils. Agronomy 
11:591. doi: 10.3390/agronomy11081591

Wang, G., Wei, M., Sun, Q., Shen, T., Xie, M., and Liu, D. (2025a). Nitrogen 
fertilization alleviates microplastic effects on soil protist communities and rape (Brassica 
napus L.) growth. Microorganisms 13:657. doi: 10.3390/microorganisms13030657

Wang, K., Yue, Y., Brandt, M., and Tong, X. (2019a). Karst ecosystem observation and 
assessment at local and regional scales. InterCarto 25, 43–47. doi: 
10.35595/2414-9179-2019-2-25-43-47

Wang, K., Zhang, C., Chen, H., Yue, Y., Zhang, W., Zhang, M., et al. (2019b). Karst 
landscapes of China: patterns, ecosystem processes and services. Landsc. Ecol. 34, 
2743–2763. doi: 10.1007/s10980-019-00912-w

Wang, G., Zhao, J., Liu, Y., Pang, D., Zhou, Z., Wang, L., et al. (2025b). Soil properties 
and plant functional traits drive soil bacterial and fungal colonization in tropical karst 
and non-karst natural forests along the elevation gradient. Appl. Soil Ecol. 211:111. doi: 
10.1016/j.apsoil.2025.106111

Wani, A. K., Akhtar, N., Sher, F., Navarrete, A. A., and Americo-Pinheiro, J. H. P. 
(2022). Microbial adaptation to different environmental conditions: molecular 
perspective of evolved genetic and cellular systems. Arch. Microbiol. 204:144. doi: 
10.1007/s00203-022-02757-5

Williams, A., and De Vries, F. T. (2020). Plant root exudation under drought: 
implications for ecosystem functioning. New Phytol. 225, 1899–1905. doi: 
10.1111/nph.16223

Wu, B., Ding, M., Zhang, H., Devlin, A. T., Wang, P., Chen, L., et al. (2023). Reduced 
soil multifunctionality and microbial network complexity in degraded and revegetated 
alpine meadows. J. Environ. Manag. 343:118182. doi: 10.1016/j.jenvman.2023.118182

Wu, X., Yang, J., Ruan, H., Wang, S., Yang, Y., Naeem, I., et al. (2021). The diversity 
and co-occurrence network of soil bacterial and fungal communities and their 
implications for a new indicator of grassland degradation. Ecol. Indic. 129:107989. doi: 
10.1016/j.ecolind.2021.107989

Xiao, D., Chen, Y., He, X., Xu, Z., Hosseini Bai, S., Zhang, W., et al. (2021). Temperature 
and precipitation significantly influence the interactions between arbuscular mycorrhizal 
fungi and diazotrophs in karst ecosystems. For. Ecol. Manag. 497:119464. doi: 10.1016/j. 
foreco.2021.119464

Xiao, D., He, X., Wang, G., Xu, X., Hu, Y., Chen, X., et al. (2022a). Network analysis 
reveals bacterial and fungal keystone taxa involved in straw and soil organic matter 
mineralization. Appl. Soil Ecol. 173:104395. doi: 10.1016/j.apsoil.2022.104395

Xiao, D., He, X., Zhang, W., Chen, M., Hu, P., Wu, H., et al. (2024). Strengthen 
interactions among fungal and protistan taxa by increasing root biomass and soil 

nutrient in the topsoil than in the soil-rock mixing layer. J. Environ. Manag. 355:120468. 
doi: 10.1016/j.jenvman.2024.120468

Xiao, D., He, X., Zhang, W., Hu, P., Sun, M., and Wang, K. (2022b). Microbiological 
mechanism underlying vegetation restoration across climatic gradients in a karst 
ecosystem. Land Degrad. Dev. 33, 3245–3259. doi: 10.1002/ldr.4385

Xu, L., Chen, L., Jiang, L., Zhang, J., Wu, P., and Wang, W. (2025). Chlorella’s transport 
inhibition: a powerful defense against high ammonium stress. Ecotoxicol. Environ. Saf. 
290:117460. doi: 10.1016/j.ecoenv.2024.117460

Xu, H., He, X., Chen, J., Huang, X., Chen, Y., Xu, Y., et al. (2025). Soil nutrient 
limitation controls trophic cascade effects of micro-food web-derived ecological 
functions in degraded agroecosystems. J. Adv. Res. doi: 10.1016/j.jare.2025.01.018

Xun, W., Yan, R., Ren, Y., Jin, D., Xiong, W., Zhang, G., et al. (2018). Grazing-induced 
microbiome alterations drive soil organic carbon turnover and productivity in meadow 
steppe. Microbiome 6:170. doi: 10.1186/s40168-018-0544-y

Yang, Y., Dou, Y., Wang, B., Xue, Z., Wang, Y., An, S., et al. (2023). Deciphering factors 
driving soil microbial life-history strategies in restored grasslands. iMeta 2:e66. doi: 
10.1002/imt2.66

Yang, T. Y., Qi, Y. P., Huang, H. Y., Wu, F. L., Huang, W. T., Deng, C. L., et al. (2020). 
Interactive effects of pH and aluminum on the secretion of organic acid anions by roots 
and related metabolic factors in Citrus sinensis roots and leaves. Environ. Pollut. 
262:114303. doi: 10.1016/j.envpol.2020.114303

Yang, J., Wei, H., Yalin, T., Alan, W., Xiaofeng, L., and Jiqiu, L. (2019). Combined 
effects of food resources and exposure to ammonium nitrogen on population growth 
performance in the bacterivorous ciliate Paramecium caudatum. Eur. J. Protistol. 
71:125631. doi: 10.1016/j.ejop.2019.125631

Yang, X., Zhu, K., Loik, M. E., and Sun, W. (2021). Differential responses of soil 
bacteria and fungi to altered precipitation in a meadow steppe. Geoderma 384:812. doi: 
10.1016/j.geoderma.2020.114812

Yu, P., Yang, H., Sun, X., Shi, W., Pan, J., Liu, S., et al. (2024). Afforestation alters soil 
microbial community composition and reduces microbial network complexity in a karst 
region of Southwest China. Land Degrad Dev. 35, 2926–2939. doi: 10.1002/ldr.5106

Yuan, M. M., Guo, X., Wu, L., Zhang, Y., Xiao, N., Ning, D., et al. (2021). Climate 
warming enhances microbial network complexity and stability. Nat. Clim. Chang. 11, 
343–348. doi: 10.1038/s41558-021-00989-9

Zhang, Y., Gao, Y., Zhang, Y., Huang, D., Li, X., Gregorich, E., et al. (2022). Effect 
of long-term tillage and cropping system on portion of fungal and bacterial 
necromass carbon in soil organic carbon. Soil Tillage Res. 218:307. doi: 
10.1016/j.still.2021.105307

Zhang, A., Potapov, A. M., Luo, R., Zhang, Y., Qiang, W., Liu, B., et al. (2025). Protist 
communities are correlated with abiotic soil factors, but not resources, prey, or predators 
along a subalpine secondary succession. Geoderma 458:117310. doi: 10.1016/j.geoderma. 
2025.117310

Zhang, X., Tang, Z., Yang, J., Herath, S., Wang, Z., Wang, Y., et al. (2025). Plateau zokor 
disturbances transform the stability and functional characteristics of soil fungal 
communities. Geoderma 455:232. doi: 10.1016/j.geoderma.2025.117232

Zhang, S., Wang, Y., Wang, X., Wu, Y., Li, C., Zhang, C., et al. (2022). Ecological quality 
evolution and its driving factors in Yunnan karst rocky desertification areas. Int. J. 
Environ. Res. Public Health 19:904. doi: 10.3390/ijerph192416904

Zhang, Y., Xiong, K. N., Yu, Y. H., Yang, S., and Liu, H. Y. (2020). Stoichiometric 
characteristics and driving mechanisms of plants in karst areas of rocky desertification 
of southern China. Appl. Ecol. Environ. Res. 18, 1961–1979. doi: 10.15666/aeer/1801_ 
19611979

Zhao, J., Fan, D., Guo, W., Wu, J., Zhang, X., Zhuang, X., et al. (2023). Precipitation 
drives soil Protist diversity and community structure in dry grasslands. Microb. Ecol. 86, 
2293–2304. doi: 10.1007/s00248-023-02235-5

Zhu, X., Liu, D., and Yin, H. (2021). Roots regulate microbial N processes to achieve 
an efficient NH4

+ supply in the rhizosphere of alpine coniferous forests. Biogeochemistry 
155, 39–57. doi: 10.1007/s10533-021-00811-w

https://doi.org/10.3389/fmicb.2025.1634424
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3390/microorganisms13030590
https://doi.org/10.1016/j.foreco.2019.117678
https://doi.org/10.1016/j.envres.2024.118126
https://doi.org/10.3390/plants12173102
https://doi.org/10.1016/j.micres.2024.127603
https://doi.org/10.1093/ismejo/wrae073
https://doi.org/10.3390/agronomy11081591
https://doi.org/10.3390/microorganisms13030657
https://doi.org/10.35595/2414-9179-2019-2-25-43-47
https://doi.org/10.1007/s10980-019-00912-w
https://doi.org/10.1016/j.apsoil.2025.106111
https://doi.org/10.1007/s00203-022-02757-5
https://doi.org/10.1111/nph.16223
https://doi.org/10.1016/j.jenvman.2023.118182
https://doi.org/10.1016/j.ecolind.2021.107989
https://doi.org/10.1016/j.foreco.2021.119464
https://doi.org/10.1016/j.foreco.2021.119464
https://doi.org/10.1016/j.apsoil.2022.104395
https://doi.org/10.1016/j.jenvman.2024.120468
https://doi.org/10.1002/ldr.4385
https://doi.org/10.1016/j.ecoenv.2024.117460
https://doi.org/10.1016/j.jare.2025.01.018
https://doi.org/10.1186/s40168-018-0544-y
https://doi.org/10.1002/imt2.66
https://doi.org/10.1016/j.envpol.2020.114303
https://doi.org/10.1016/j.ejop.2019.125631
https://doi.org/10.1016/j.geoderma.2020.114812
https://doi.org/10.1002/ldr.5106
https://doi.org/10.1038/s41558-021-00989-9
https://doi.org/10.1016/j.still.2021.105307
https://doi.org/10.1016/j.geoderma.2025.117310
https://doi.org/10.1016/j.geoderma.2025.117310
https://doi.org/10.1016/j.geoderma.2025.117232
https://doi.org/10.3390/ijerph192416904
https://doi.org/10.15666/aeer/1801_19611979
https://doi.org/10.15666/aeer/1801_19611979
https://doi.org/10.1007/s00248-023-02235-5
https://doi.org/10.1007/s10533-021-00811-w

	Increased vegetation disturbance intensity reduces soil nutrients while enhancing microbial network interactions
	1 Introduction
	2 Materials and methods
	2.1 Study area description
	2.2 Experimental design and soil sampling
	2.3 Analysis of soil properties
	2.4 Soil DNA extraction and sequencing
	2.5 Sequence analysis
	2.6 Statistical analysis

	3 Results
	3.1 Changes in soil properties along with different vegetation disturbance intensities
	3.2 Abundance and diversity of bacteria, fungi, and protists
	3.3 Community compositions of bacteria, fungi, and protists
	3.4 Microbial co-occurrence networks involving bacteria, fungi, and protists
	3.5 Relationships between microbial traits and soil properties

	4 Discussion
	4.1 Effects of disturbance intensities on the abundance and diversity of bacteria, fungi, and protists
	4.2 Effects of disturbance intensities on the community composition of bacteria, fungi, and protists
	4.3 Effects of disturbance intensities on microbial co-occurrence network
	4.4 Implications for vegetation recovery

	5 Conclusion

	References

