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Vegetation degradation
dominates over elevation in
structuring fungal communities in
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Introduction: Alpine meadows provide a critical natural laboratory for investigating
interactions between ecosystem degradation and biogeochemical processes across
elevational gradients.

Methods: This study examines how degradation states and elevation (3,700 m vs.
4,300 m) influence soil fungal community composition, diversity, and network
architecture in Qinghai-Tibetan Plateau grasslands. Through comparative
analysis of degraded and intact meadows, we reveal fundamental shifts in
belowground ecology driven by environmental change.

Results: Key environmental parameters showed differential responses: soil organic
matter (SOM) decreased significantly with degradation, while soil water content
exhibited elevation-dependent patterns (p < 0.05). High-throughput sequencing
identified Ascomycota, Mortierellomycota, and Basidiomycota as dominant phyla
across all samples. Redundancy analysis (RDA) analysis demonstrated that edaphic
factors explained 71.3% of fungal community variation, with SOM emerging as the
principal driver (p = 0.001). Interestingly, meadow degradation led to an increase
in fungal species diversity, thereby simplifying network complexity. Fungal
communities show greater sensitivity to degradation than elevational gradients.

Discussion: Our results provide a mechanistic framework for predicting fungal
community responses to environmental change, with implications for alpine
ecosystem management. Future restoration efforts should prioritize SOM
conservation and monitor network properties as early warning indicators of
ecosystem degradation.

KEYWORDS

grassland degradation, elevation, fungal diversity, co-occurrence network, alpine meadow

1 Introduction

Soil fungal communities orchestrate critical ecosystem processes through decomposition,
symbiosis, and pathogenicity, yet their responses to interacting environmental stressors remain
poorly resolved in alpine systems (Tedersoo et al., 2014; Peay et al., 2016; Mayer et al., 2021).
Soil fungi have been demonstrated exceptional environmental sensitivity, with their taxonomic
plasticity and functional redundancy enabling rapid adaptation to shifting conditions
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(Miyamoto et al,, 2014; Peay et al, 2016). Mountain slopes,
characterized by multiple changing variables such as climate and soil,
serve as complex environmental gradients for studying the impacts of
climate change. Montane ecosystems provide a natural laboratory to
investigate these dynamics, where compressed environmental
gradients create microcosms of climate change impacts (Xu et al.,
2014). Changes in temperature and moisture along these gradients can
lead to shifts in the structure (Van Nuland et al., 2017), diversity (Yang
et al., 2014), and ecological functions (Jarvis et al., 2015) of soil
microbial communities. Specifically, soil fungal richness often declines
at higher elevations or peaks at mid-elevations, a pattern consistently
observed in both fungal and other microbial communities. This
decline in richness at higher elevations is typically attributed to
harsher climatic conditions, reduced energy availability, and poorer
soil quality (Yang et al., 2022). Additionally, the loss of rare species
under environmental stress at high elevations further contributes to
this trend (Barbi et al., 2025). Conversely, the mid-domain effect may
explain the mid-elevation peak in species richness (Truong
etal., 2019).

The Qinghai-Tibetan Plateau’s (QTP) extreme elevational
gradients create a natural experiment for disentangling fungal
community responses to environmental filters, yet emerging patterns
remain enigmatic (Breidenbach et al., 2022; Chen et al., 2022; Kang
et al., 2022). Fungal diversity along elevational gradients displays
various trends, including unchanging, decreasing, increasing, or
unimodal patterns (Jarvis et al., 2015; Siles and Margesin, 2016; Ji
etal, 2022; Lietal., 2022). While fungal a-diversity typically declines
with elevation in temperate systems (Jarvis et al., 2015). Previous
studies reveal taxon-specific responses defying universal rules,
ascomycota exhibit elevational indifference in southeastern
subregions (Liu D. et al., 2018; Liu Y. H. et al., 2018), whereas
Himalayan slopes show U-shaped diversity patterns linked to
microclimatic thresholds (Yang et al., 2022). Paradoxically,
metagenomic analyses report elevational increases in functional gene
abundance (Hussain et al, 2022), contrasting with observed
a-diversity declines (Wang Q. et al., 2022; Wang X. S. et al., 2022)—a
disparity suggesting methodological biases (e.g., primer selection) or
scale-dependent responses. Therefore, understanding and predicting
the diversity patterns of fungal communities in alpine meadows is of
paramount importance.

Grassland degradation triggers cascading effects on belowground
ecosystems, with plant biomass reduction and root exudate depletion
fundamentally restructuring fungal niches (Wu et al., 2014). Although
numerous studies have examined the effects of grassland degradation
on soil microbial communities (Abdalla et al., 2018), recent findings
suggest that while the a-diversity of bacterial and fungal communities
may remain relatively stable across different degradation stages, their
composition undergoes substantial shifts (Zhou et al., 2019). Notably,
fungi appear to be particularly sensitive to degradation, with their
relative abundance at the phylum level declining as degradation
progresses (Ma et al., 2024). However, in lightly degraded alpine
meadows on the QTP, fungal community species richness has been
found to increase significantly compared to non-degraded areas (Zhao
etal., 2021). Degradation also alters soil physicochemical properties,
which in turn affects soil fungal communities. Soil pH and sand
content typically increase, while moisture, organic matter, clay, and silt
content decrease (Li et al., 2023; Liu D. et al., 2018; Liu Y. H. et al.,
2018). These changes can lead to declines in soil microbial biomass
and significant shifts in fungal f-diversity (Cao et al., 2011; Luo et al.,
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2014). Understanding the complex interactions between microbial
activity and soil properties in degraded grasslands is crucial for
developing effective restoration strategies.

In natural ecosystems, microbial species form complex ecological
networks through interconnections (Faust and Raes, 2012; Chen et al.,
2020). Co-occurrence networks have been used to study microbial
taxon interactions, where nodes represent microbial species and edges
indicate their correlations (Ma et al., 2020; Yu et al., 2024). Both
grassland degradation and elevation changes can significantly impact
the structure of soil microbial networks, potentially altering their
stability and function (Wu et al., 2021; Li et al., 2022). Grassland
degradation affects soil properties, which in turn influences microbial
co-occurrence patterns. As degradation progresses, microbial
co-occurrence networks may become more complex, often associated
with decreased nutrient availability and increased soil heterogeneity
(Wardle et al., 2012). Elevational increases can lead to significant
declines in topological features of fungal co-occurrence networks,
such as average degree and clustering coefficient, possibly due to
tighter community associations at lower elevations (Yang et al., 2021).

The QTP with its unique geography and harsh climate, presents a
challenging environment for microorganisms. This fragile ecosystem is
particularly sensitive to climate change and anthropogenic disturbances
(Xu et al,, 2014). Understanding the vertical distribution of fungal
communities and the impact of vegetation degradation is crucial for
grasping microbial dynamics in alpine regions. However, the interplay
between vegetation degradation and elevational gradients on fungal
communities remains unclear. This study investigates the relationships
among vegetation, soil properties, and fungal communities along an
elevational gradient, exploring their influences on fungal community
composition and structure. We posit that both vegetation and elevation
significantly affect fungal communities, with vegetation degradation
having a more pronounced impact than elevation (Miyamoto et al.,
2014; Li et al., 2022). Our research addresses the following questions:
(1) How do fungal community composition and diversity respond to
elevational gradients and vegetation degradation? (2) What associations
exist between soil fungal communities and soil physicochemical
properties at varying elevations and levels of grassland degradation? (3)
Which factor-vegetation or elevation-plays a more dominant role in
shaping fungal communities in montane areas? By examining these
aspects, our study aims to enhance the understanding of fungal
responses to global change and contribute to the knowledge of fungal
community dynamics in alpine meadows.

2 Materials and methods

2.1 Study area

The experiment was conducted in Dari County, Qinghai Province,
China (32°36"-34°15'N, 98°15-100°33'E), at an average elevation of
approximately 4,200 meters. This region experiences a subhumid
alpine climate characterized by a lack of distinct seasons, with
alternating cold and warm periods and no frost-free days. The cold
season, lasting 7 to 8 months, is marked by frequent winds and
snowfall, while the warm season is short, spanning only 4 to 5 months.
The average annual temperature in the study area is below —1.2°C,
with the coldest and hottest monthly temperatures recorded at
—12.9°C in January and 9.1°C in July, respectively (Liu et al., 2023).
Annual precipitation averages between 486.9 mm and 666.5 mm,
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primarily occurring from May to September (Qian et al., 2024). The
region features diverse soil types, including felty soils and black clay
soils. Dominant vegetation types comprise alpine meadows, alpine
shrubs, and swamp meadows (Liu et al., 2022), with key native plant
species including Kobresia pygmaea, Potentilla saundersiana,
Polygonum viviparum, Potentilla fruticosa, and Ligularia virgaurea.

2.2 Experimental design and sampling

Four study sites with varying meadow vegetation conditions
(extremely degraded and non-degraded) and elevations (low 3,700 m and
high 4,300 m) were randomly selected, ensuring a minimum distance of
100 meters between each site at the same elevation. The experimental
treatments included: low elevation with extremely degraded grassland
(Low-De), low elevation with non-degraded grassland (Low-Un), high
elevation with extremely degraded grassland (High-De), and high
elevation with non-degraded grassland (High-Un). Following the removal
of meadow vegetation, three soil cores were randomly collected from each
study site at a depth of 0-10 cm using a soil auger (5 cm diameter). The
soil samples were passed through a 2 mm sieve to eliminate stones, roots,
and plant residues, and then air-dried in a ventilated area until constant
weight for subsequent analysis of physicochemical properties.
Additionally, four surface soil cores were collected from each site and
stored at —80°C for high-throughput sequencing analysis.

Soil organic matter (SOM) content was quantified using the
potassium dichromate-concentrated sulfuric acid oxidation method.
Soil water content (SWC) was determined using the oven-drying
method. Soil particle composition (SPC) was analyzed using a
Mastersizer 3000 laser particle analyzer to quantify the proportions of
clay particles (0.0001-0.002 mm), silt particles (0.002-0.05 mm), and
sand particles (0.05 mm-2 mm).

2.3 DNA extraction and high-throughput
sequencing

Soil (0.5 g) was taken from each sample using a specialized kit
(Qiagen DNeasy PowerSoil Kit, Venlo, Netherlands) for DNA
extraction to maximize the recovery of DNA. The integrity of the
extracted DNA was assessed via 1% agarose gel electrophoresis, and
the DNA concentration and purity were quantified using a multi-
mode microplate reader (Tecan Ltd., Switzerland). The fungal internal
transcribed spacer (ITS1) region was amplified with the primers
ITS5F (5-GGAAGTAAAAGTCGTAACAAGG-3') and ITS2R
(5-GCTGCGTTCTTCATCGATGC-3"), incorporating a barcode. A
small fragment library was constructed and sequenced on the Illumina
HiSeq platform using paired-end sequencing. Post-homogenization,
the samples were submitted to Beijing Biomarker Technologies Co.,
Ltd. for amplicon sequencing.

Raw sequences were assembled and subjected to quality filtering
by overlapping and merging using FLASH version 1.2.7. Chimera
sequences were identified and eliminated using UCHIME version 4.2,
yielding effective tags. Operational taxonomic units (OTUs) were
generated by clustering tags at a 97% similarity threshold using
usearch software (version 8.1.1831). Taxonomic analysis of
representative fungal sequences was performed with the UNITE
database. Alpha diversity indices, including ACE, Chaol, Simpson,
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and Shannon, were calculated using Mothur (version 1.30) to evaluate
soil fungal diversity across study sites.

2.4 Statistical analyses

The effects of meadow vegetation, elevation, and their interactions
were evaluated using two-way analysis of variance (ANOVA) in
SPSS. One-way ANOVA, followed by the least significant difference
(LSD) post hoc test, was employed to determine significant differences
in SOM, SWC, SPC, and fungal alpha diversity among treatments
(High-Un, High-De, Low-Un, and Low-De) for the 0-10 cm soil depth.
The ternary phase diagram was constructed using the R “ggtern” package
to represent soil silt, clay, and sand contents. Principal coordinates
analysis (PCoA) with the Bray-Curtis distance, implemented in the R
“vegan” package, was used to assess soil fungal variations across
treatments. PERMANOVA, based on the Bray—Curtis distance matrix,
was conducted in R (vegan package, adonis function) to test the
significance of elevation and grassland on soil fungal communities.
Redundancy analysis (RDA) and Pearson correlation analysis,
conducted with the “vegan” and “corrplot” packages in R, respectively,
were used to explore correlations between soil properties and soil fungal
community composition and diversity. A robust correlation network
was constructed based on a Spearman correlation coeflicient of r > 0.7
and p < 0.05. Topological coefficients were calculated using the “igraph”
package, and the soil fungal co-occurrence network was visualized with
Gephi-0.10.1. Statistical significance was set at p < 0.05 for all analyses.

3 Results

3.1 Impact of elevation and grassland
vegetation on soil properties

The concurrent degradation of meadow vegetation and soil had a
pronounced effect on soil organic matter (SOM) content, with a
significant interaction between vegetation and elevation (Table 1).
SOM content was markedly higher in Low-Un meadows
(237.90 gkg™), with degradation leading to a 24.05 and 79.72%
decrease in SOM for High-Un and Low-De meadows, respectively. The
SOM content in High-De meadows decreased by 46.27% compared to
High-Un but increased by 103.23% compared to Low-De (Figure 1a,
P < 0.05). Soil moisture content in high-elevation meadows showing a
60.99 and 70.12% reduction in soil water content compared to Low-Un
and Low-De, respectively (Figure 1b, p < 0.05). Grassland vegetation
significantly influenced soil clay content, while elevation significantly
affected soil sand content (Table 1). The soil particle composition,
dominated by silt, was further detailed by a ternary plot (Figure 1c),
with clay content being highest in High-De (26.25%) and no significant
differences in silt and sand content among treatments (p > 0.05).

3.2 Soil fungal community composition
and diversity across environments

Ascomycota, Mortierellomycota, and Basidiomycota were the

predominant fungal phyla, with Ascomycota accounting for over
69.58% of the relative abundance across all treatments (Figure 2a).
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TABLE 1 Two-way analysis of variance (ANOVA) of soil properties in 0—10 cm soil depth.

Soil properties Meadow vegetation Elevation Meadow vegetation *
elevation
F value p-value F value p-value F value p-value
SOM 466.857 <0.001 0.390 0.550 70.703 <0.001
SWC 0.760 0.409 61.049 <0.001 0.148 0.710
Clay 14.999 0.005 1118 0321 1.625 0.235
Silt 3.946 0.082 1.753 0.222 1.884 0.207
Sand 0.615 0.456 6.139 0.038 0.367 0.561

Bold letters indicated statistically significant differences (p < 0.05). SOM, Soil organic matter; SWC, soil water content; Clay, soil clay content; Slit, soil silt content; Sand, soil sand content.
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Effects of elevation and meadow vegetation on the contents of (a) soil organic matter (SOM), (b) soil moisture (SWC), and (c) soil particle composite in
0-10 cm. Different lowercase letters indicate significant differences among treatments at 0.05 level. Values are the mean + standard error. High-Un,
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Mortierellomycota and Basidiomycota were more abundant in
non-degraded grasslands at the same elevation, and their relative
abundances decreased with increasing elevation in non-degraded
grasslands, while Ascomycota increased. In contrast, degraded
grasslands at lower elevations showed decreased relative abundances
of Ascomycota and Basidiomycota but increased Mortierellomycota
(Figure 2a).

Alpha diversity indices-ACE, Chaol, Simpson, and Shannon-
revealed that grassland degradation significantly affected fungal
alpha diversity, and the interaction between grassland and
elevation significantly influenced the Simpson index (Table 2).
The ACE, Chaol, and Shannon indices were significantly higher
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in degraded grasslands at the same elevation (Figures 2b-d),
with no significant differences observed between elevations
within the same degradation level. The Low-De treatment
exhibited the highest soil fungal species richness, as indicated by
the ACE and Chaol indices, and the greatest species diversity, as
shown by the lowest Simpson index and highest Shannon index
(Figures 2b-d).

PCoA analysis indicated that elevation, grassland, and their
interaction significantly influenced fungal community composition,
explaining 90.28% of the variation, with the first and second axes
accounting for 74.79 and 15.49%, respectively (Figure 3a). The fungal
communities in High-De and Low-De treatments were more similar,
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TABLE 2 Two-way analysis of variance (ANOVA) of soil fungal alpha
diversity in different treatments.

Factor Meadow Elevation Meadow
vegetation vegetation *
elevation
F p- F p- F p-
value value value value value
ACE 28.027 | <0.001 0.223 0.645 0.952 0.349
Chaol 30.858 | <0.001 0.166 0.691 0.424 0.527
Simpson 20.199 | <0.001 1.634 0.225 8.731 0.012
Shannon 68.355 | <0.001 2.794 0.120 0.023 0.882

Bold letters indicated statistically significant differences (p < 0.05).

while the greatest differences were observed between High-Un and
Low-Un treatments (Figure 3a and Table 3).

3.3 Vegetation mediates fungal
communities via soil properties

Pearson correlation analysis revealed significant correlations
between soil properties and soil fungal community composition and
diversity (Figure 3b). SOM and soil clay content were significantly
correlated with fungal alpha diversity, with Olpidiomycota negatively
correlated with the Shannon index and Glomeromycota positively
correlated. Silt content was significantly correlated with fungal
community composition, while SOM and sand content were positively
correlated with Glomeromycota, and clay content negatively correlated
with Mortierellomycota. Additionally, SOM was negatively correlated
with clay content, and SWC was positively correlated with soil
sand content.

RDA analysis showed that soil properties explained 71.30% of the
variation in fungal community composition, with 49.24 and 22.06%
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attributed to the first and second axes, respectively (Figure 3c). Silt and
SWC were the main contributors to the first axis, while SOM, clay, and
sand had stronger influences on the second axis. The Monte Carlo test
confirmed significant correlations between SOM, SWC, clay, sand,
and silt with fungal communities (p < 0.05; Table 4). Among all soil
properties, Clay was the most critical factor in determining fungal
community structure (p < 0.01).

Fungal co-occurrence networks at different elevations and
degradation levels revealed that nodes were primarily affiliated with
Ascomycota and Basidiomycota (Figure 4). Non-degraded grasslands
and high elevations formed more complex networks with a higher
proportion of positive correlations. Grassland degradation and lower
elevations reduced network complexity, as evidenced by a decrease in
the number of edges and nodes, average degree, and average clustering
coefficient, and an increase in negative correlation. The decrease in
topological features of the fungal co-occurrence network was more
pronounced with vegetation changes.

4 Discussion

4.1 Variation of key soil variables with
elevation and vegetation

Elevation is a pivotal ecological factor in mountain ecosystems,
driving high heterogeneity in vegetation, temperature, and soil
properties (Njeru et al., 2017). We observed a decline in SOM with
increasing elevation in non-degraded grasslands (Figure 1a), aligning
with the vertical distribution of soil organic carbon reported by Hou
et al. (2021) in the central QTP. In alpine grasslands, plant-derived
carbon input is a primary source of soil organic carbon (Li et al.,
2017), with higher plant biomass, particularly underground,
correlating with increased soil organic carbon concentrations. The
higher SOM at lower elevations can be attributed to higher rainfall,
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(a) Principal coordinate analysis (PCoA) of soil fungal community. Beta diversity was analyzed by PCoA based on Bray—Curtis distance at the
operational taxonomic unit (OTU) level. (b) Correlations between fungal community and soil properties (*p < 0.05 and **p < 0.01). (c) Redundancy
analysis (RDA) revealed linkages between fungal community (symbols) and soil properties (arrows). The value of the axis is the variance percentage
explained for the axis. The analysis was performed at the operational taxonomic unit (OTU) level. SOM, soil organic matter; SWC, soil water content;
Clay, soil clay content; Silt, soil silt content; Sand, soil sand content; Asc., Ascomycota; Mor., Mortierellomycota; Bas., Basidiomycota; Olp.,
Olpidiomycota; Glo., Glomeromycota; High-Un, high elevation and non-degraded grassland; High-De, high elevation and degraded grassland; Low-
Un, low elevation and non-degraded grassland; Low-De, low elevation and degraded grassland.

TABLE 3 Adonis analysis of between-group variations in soil fungal
communities.

Pairs R? p-value p-adjusted
High-Un vs. Low-Un 0.96 0.035 0.043
High-Un vs. High-De 0.94 0.030 0.043
High-Un vs. Low-De 0.88 0.043 0.043
Low-Un vs. High-De 0.69 0.031 0.043
Low-Un vs. Low-De 0.66 0.020 0.043
High-De vs. Low-De 0.55 0.036 0.043

High-Un, high elevation and non-degraded meadow vegetation; High-De, high elevation
and degraded meadow vegetation; Low-Un, low elevation and non-degraded meadow
vegetation; Low-De, low elevation and degraded meadow vegetation.

TABLE 4 Goodness-of-fit statistics (R?) for environmental factors fitted to
the constrained redundancy analysis (RDA).

Factor RDA1 RDA2 R? p-value
SOM —0.4426 —0.8967 0.60 0.024
SWC 0.6364 —0.7714 0.70 0.005
Clay 0.4478 0.8941 0.80 0.003
Sand 0.5170 —0.8560 0.53 0.022
Silt —0.9510 ~0.3093 0.50 0.050

SOM, soil organic matter; SWC, soil water content; Clay, soil clay content; Slit, soil silt
content; Sand, soil sand content.

favorable temperatures, and better water-heat conditions, which
promote greater plant community diversity and abundance (Yang
etal, 2014; Barbi et al., 2025). Consequently, high-quality and high-
biomass litter contributes more nutrients to the soil, enhancing
SOM accumulation.

Vegetation degradation significantly reduces plant biomass, soil
aggregation, and nutrient content, exposing the soil and accelerating
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SOM decomposition (Breidenbach et al.,, 2022). However, in high-
elevation areas, lower temperatures and longer soil freezing periods slow
down the decomposition process. Similarly, lower temperatures and
reduced vegetation coverage at high elevations increase soil water
evaporation and decrease soil water-retention capacity, reducing soil
moisture (p < 0.001, Table 1). Grassland degradation leads to a significant
loss of soil fertility (Sun et al., 2024; She et al.,, 2022). As grassland
degradation progresses, plant biomass and litter decrease, underground
plant carbon input declines, and reduced vegetation cover promotes
wind and water erosion, resulting in lower SOM (Chappell et al.,, 2013;
Zhang et al,, 2019). Long-term monitoring of sensitive SOM changes in
response to the degradation gradient is crucial for uncovering the risk of
grassland degradation in its early stages.

4.2 Impact of meadow degradation on soil
fungal community stronger than elevation

Fungi form symbiotic relationships with plant roots to enhance
nutrient utilization efficiency and participate in the decomposition of
plant litter and residues (Kubartova et al., 2009). Both elevation and
vegetation play significant roles in the composition of fungal
communities. Ascomycota was the dominant fungal phylum in alpine
meadows (Li et al., 2016), likely due to its high tolerance and turnover
rates, enabling it to better withstand environmental stress and enhance
its dominance in degraded grasslands (Cho et al., 2009). The relative
abundance of Basidiomycota showed a declining trend during the
degradation process, as it is typically found in areas of higher soil
quality, and grassland degradation alters the soil environment, leading
to its reduced abundance (de Araujo et al., 2017). Mortierellomycota,
which reflects soil organic matter decomposition, soil fertility, and
microbial community structure, plays a significant role in assessing
soil health and quality due to its diversity and abundance (Ning et al.,
2022). These abundant fungal phyla showed higher diversity in
vegetation rather than elevational gradients (Figure 3a), supported by
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fungal a-diversity (Figures 2b—e). These results indicate that vegetation
has a greater effect on fungal communities than elevation, attributed
to changes in soil properties.

Degraded grasslands showed significantly higher soil fungal
diversity compared to non-degraded grasslands (Figures 2b-e),
consistent with previous research on soil fungal communities in the
QTP (Li et al., 2016; Jiang et al., 2024; Wang Q. et al., 2022; Wang
X. S. et al, 2022). Vegetation degradation significantly alters the
physicochemical properties of soil and further changes soil fungal
communities (Wang et al., 2021). Redundancy analysis showed that
the dominant drivers of soil fungal community structure were soil
organic matter, soil water content, and soil particle composition.
Grassland degradation reduces soil nutrients and restricts plant
growth, leading to decreased soil organic carbon accumulation, which
allows fungal communities to dominate the microbial community (Ao
et al.,, 2024). Moreover, grassland degradation reduces plant biomass
and diversity, leading to the deterioration of soil quality and plant
health, weakening plant resistance and thereby increasing the
abundance of pathogenic fungi, which could increase the potential
risk to the health of alpine plant-soil ecosystems (Li et al., 20165
Bennett and Klironomos, 2019). Additionally, the destruction of the
turf layer accelerates soil erosion by water and wind, promoting the
dispersal of pathogenic fungi and increasing soil fungal diversity (Che
et al., 2019). Previous studies also suggested that increased fungal
diversity due to degradation was highly related to microbial
homogenization rather than species richness (Wu et al., 2024). The
homogenization of microbial communities reduces the complexity of
co-occurring networks. Our results confirm that grassland
degradation and decreasing elevation reduced the complexity of soil
fungal networks, mainly by lowering network topology parameters
such as the number of edges, nodes, average degree, and average
clustering coefficient (Figures 4e-k).
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Co-occurring network complexity is more sensitive to degradation
than elevation. As grassland degradation increases, soil moisture
content, soil organic matter, total nitrogen, and total phosphorus
significantly decrease, while the composition and diversity of soil
fungal communities change, and the number of nodes and the average
clustering coefficient in the fungal co-occurrence network significantly
decrease, leading to a more fragmented network structure that tends
toward homogenization and reduced stability. Grassland degradation
reduces clustering within the fungal community co-occurrence
network, weakening interactions and leading to a more dispersed and
homogeneous survival strategy in soil fungi, which indirectly decreases
the stability of the fungal co-occurrence network (Faust and Raes,
20125 Coyte et al,, 2015; Chen et al., 2021). These changes in fungal
communities mark an irreversible course of grassland degradation in
the short term (Breidenbach et al., 2022). However, non-degraded
grasslands had a larger network size and more complex structure
(Figure 4a), suggesting stronger resistance to environmental
disturbances (Santolini and Barabdsi, 2018; de Vries et al., 2018). The
increase in elevation leads to changes in climate and plant communities,
which alters soil moisture, temperature, pH, and nutrient availability
(Jarvis et al,, 2015; Nottingham et al., 2018; Yang et al., 2022). These
changes directly impact the structure of soil fungal communities
(Miyamoto et al., 2014; Zhang et al., 2024). Studies have shown that
Dasiphora  fruticosa increased the heterogeneity of microbial
communities and microenvironments, thereby altering the impact of
elevation on microbial diversity and function (Wang Q. et al., 2022;
Wang X. S. et al,, 2022). Although environmental changes brought
about by elevation have a significant effect on soil fungal communities,
this process is reversible or even compensated for by the restoration of
vegetation. When environmental conditions (plant community
composition and climate) change, soil properties (such as pH and
SOC) are also altered, leading to the recovery or adjustment of fungal
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communities. Overall, grassland degradation had stronger effects on
the diversity of soil fungal communities than elevation, emphasizing
the vulnerability and sensitivity of soil fungi to grassland degradation.

5 Conclusion

Our study provides a systematic insight into the dynamics of soil
fungal communities in alpine meadows, highlighting the effects of
degradation and elevational changes. We found that the degradation
of meadow vegetation significantly decreased the soil organic matter
content, while elevation exerted a substantial influence on soil water
content in these ecosystems. Notably, soil fungal communities were
more sensitive to the impacts of grassland degradation than to changes
in elevation. Degradation of meadows led to an increase in fungal
species diversity, however, which in turn reduced the complexity of
the fungal co-occurrence network. These findings suggest that soil
fungal community diversity and network complexity can serve as
robust indicators of grassland health and restoration status. They hold
practical significance for the restoration and sustainable development
of grassland ecosystems. By offering a novel perspective on alpine
grassland management, our results underscore the importance of
considering soil fungal communities in conservation strategies to
enhance ecosystem functions and services.
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