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Grassland which covers 40% of terrestrial land is an important ecosystem having

a multitude of functions, which has su�ered various degrees of degradation

with the interaction between global climate change and unreasonable human

utilization (e.g., grazing and reclamation). Improved understanding of soil and

microbial community diversity during meadow steppe degradation is crucial for

predicting degradation mechanisms and restoration strategies. Here, we used

Illumina sequencing technology to investigate the patterns of soil microbial

community structure and the driving factors of its change across di�erent

degradation degrees of meadow steppe [i.e., non-degraded grasslands (NDG),

lightly degraded grasslands (LDG), moderately degraded grasslands (MDG), and

severely degraded grasslands (SDG)] south of the Greater Khingan Mountains.

Our results showed a significant variation in soil properties, enzyme activity, and

soil metal elements across the degraded meadows. Soil available phosphorus

(AP), urease (UE), and cellulase (CL) in soils increased with the intensity

of grassland degradation. Grassland degradation significantly decreased soil

bacterial and fungal richness. In addition, grassland degradation significantly

increased the relative abundance of Firmicutes (from 1.65% to 5.38%) and

Myxococcota (from 2.13% to 3.13%). Degradation considerably increased the

relative abundance of Ascomycota (from 66.54% to 75.05%), but decreased

Basidiomycota (from 18.33% to 9.92%). The relative abundance of nitrogen

fixation and cellulolysis decreased significantly due to grassland degradation.

For fungal functional guilds, the relative abundance of pathotrophs increased

while saprotrophs decreased significantly with increasing severity of degradation.

Total nitrogen (TP), AP, available potassium (AK), manganese (Mn), lead (Pb), UE,

sucrase (SC), and alcalase protease (ALPT) were the main drivers of soil bacterial

community composition, while TP, AP, AK, Pb, UE, and SC were the main drivers

of soil fungal community composition in the degraded grassland. Our findings

demonstrated that severe grassland degradation has an enormous e�ect on

soil microbial communities and soil physicochemical dynamics. These findings

improve our theoretical understanding of the interactions between soil microbial

populations and soil environmental variables in degraded grassland.
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Introduction

Grasslands are one of the largest ecosystems in the world, which

is of great significance to the stability and balance of the Earth’s

biosphere and the sustainable development of human society

(Bardgett and van der Putten, 2014). China has 400million hectares

of grassland, accounting for more than 40% of the land area (Li

et al., 2023). The meadow steppe transition zone in the South of

the Greater Khingan Mountains is a large ecotone in northern

China with significant ecological and environmental importance

(Jin et al., 2024). In recent decades, increased human activities

(e.g., grazing and reclamation) and climate warming (Miguel et al.,

2020; Dong et al., 2020) have led to the loss of productivity

and degradation of the ecological functions of the meadows in

the transition zone (Zhou et al., 2019; Dong et al., 2020). The

degradation of ecological functions poses a serious threat to the

sustainable development of the environment and the economy of

the region. Recently, the local government identified it as the core

ecological problem (Xue et al., 2019).

Grassland degradation is a long and complicated process (Li

et al., 2023), not only influences in plant composition, diversity,

and aboveground and underground biomass (Peng et al., 2020a),

but also affects soil structure and nutrient loss (Wang et al., 2020).

Previous studies have predominantly concentrated on studying the

dynamics of plant communities, including cover, biomass, and

diversity, as well as soil characteristics, such as soil organic carbon

and nutrients (Li et al., 2021b; Kotzé et al., 2017). However, such

studies rarely considered grassland soil microorganisms, important

components of the grassland ecosystem, and drive biogeochemical

cycles and energy flow (Murugan et al., 2014; Legay et al., 2014).

Degradation of grasslands can disrupt the balance between

the nutrients required by soil microbes and the availability of

nutrients in the environment, changing the structure and diversity

of microbes (Li et al., 2023; Luo et al., 2023; Gao et al., 2023). A

previous study suggested soil pH is an important environmental

factor regulating soil microbiome (Luo et al., 2020). Particularly,

increased grassland degradation leads to an elevated soil pH (Su

et al., 2006), resulting in a decline in the diversity of bacteria and

fungal (Nian et al., 2024). Besides, disturbance and soil nutrients

(e.g., carbon and nitrogen) can have a significant effect onmicrobial

communities and their abundance (Ye et al., 2024). For instance,

grassland degradation negatively impacts soil carbon and nitrogen

content in the grasslands on the Loess Plateau (Luo et al., 2020),

decreasing soil microbial biomass, and abundance (Zhou et al.,

2019). Jiang et al. (2024) found that as the degradation intensified,

grassland vegetation characteristics reduced significantly, and the

diversity and composition of microflora varied significantly among

all degraded meadows.

Previous studies have also demonstrated that soil trace metal

elements play a pivotal role in elucidating the structure of soil

microbiomes and the functioning of ecosystems (Dai et al., 2023).

For example, Fe and Mn are essential for microbial respiration,

Cu and Zn are crucial for immunocompetence, and Fe and Ni are

vital for N fixation (Feng et al., 2019). Therefore, establishing the

relationships between soil environmental factors and the structure

and diversity of microbial communities is essential to elucidate

the underlying mechanisms by which grassland degradation affects

soil microbial dynamics. Furthermore, understanding the response

of the microbial community to grassland degradation can help

us better understand, predict, and manage grassland ecosystems

in degraded.

Thus, the primary objective of this study was to (1) Evaluate

the responses of soil environmental factors to the degradation

of grasslands at different gradients; (2) Clarify the microbial

response to the degradation of grasslands at different gradients;

and (3) investigate the interactions between soil environmental

factors and soil microbiome to the degradation of grasslands at

different gradients.

Materials and methods

Study region

This study was conducted in August 2022 in the meadow

grassland of southern Greater Khingan (average altitude of 900m

asl), located at the intersection of Greater Khingan, Horqin

Grassland, and Xilinguole Grassland. It is∼400 km long in the east

and west and 280-km wide in the south and north. The region

experiences a frost-free period of 80–90 days, an annual average air

temperature of 1◦C, an annual average accumulated temperature

of 1,800–2,000◦C, and an annual average precipitation of 370–

380mm. These grasslands are grazed from June to November

each year.

Sample collection

Based on the combined assessment of plant coverage,

vegetation, and soil fertility, four types of grasslands with different

degrees of degradation were randomly selected: non-degraded

grasslands (NDG), lightly degraded grasslands (LDG), moderately

degraded grasslands (MDG), and severely degraded grasslands

(SDG) (Li et al., 2023). Each degraded grassland type was randomly

set up in three replicates (100 × 100 m2 each) with a > 50m

distance between each plot (Figure 1, Supplementary Figure S1),

which surpassed the space pertinence of microbial variables

(Franklin and Mills, 2003). The detailed information on the sample

plots is shown in Supplementary Table S1. Five soil samples from

each plot (0–10 cm in depth) were randomly collected using a

soil auger (5 cm inner diameter) and composited. The auger was

washed with sterile water and air-dried before each sampling. The

composite samples were sieved separately through a 2mm sieve

to remove root or other plant materials, loaded into a sterilized

self-sealing bag at low temperature, and quickly brought back

to the laboratory. Soil samples were divided into two parts: one

part was used for analysis of soil properties and the other was

stored in a −80◦C freezer, which was used for analysis of soil

microbial communities.

Analysis of soil characteristics

Soil pH (soil/H2O ratio = 1:2.5) was determined using a pH

meter (TFE20-FiveEasyTMpH, MettlerToledo, Germany) (Jiang

et al., 2024). The measurements of the soil chemical index were
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FIGURE 1

The location of the study area and the sampling sites of southern Greater Khingan; (a) Location of southern the Greater Khingan (the map was

colored by elevation). (b) The distribution of the normalized di�erence vegetation index (NDVI) across the watershed (the map was colored by NDVI).

(c) The distribution of the 12 sampling sites (the map was colored by NDVI). NDG, non-degraded grasslands; LDG, lightly degraded grasslands; MDG,

moderately degraded grasslands; SDG, severely degraded grasslands.

performed following the methods described by a previous study

(Li et al., 2021a). Soil organic carbon (SOC) content was measured

by oxidizing with potassium dichromate. Total nitrogen (TN)

and available nitrogen (AN) were determined using the Kjeldahl

and alkali diffusion methods, respectively. Total phosphorus

(TP) content was determined using the spectrophotometric

ammonium molybdate-ascorbic acid method. Available

phosphorus (AP) content was determined using the molybdenum

blue method (Xiong et al., 2015). Total potassium (TK) and

soil available potassium (AK) contents were measured using

the flame emission technique with an FP6431 flame photometer

(Shanghai, China).

Soil enzyme activity was measured using a soil enzyme

kit (Nanjing Jiceng Biotechnology Co., Ltd., Nanjing, Jiangsu,

China) and an applicable UV-Vis spectrometer (UV-8000,

Yuan Analysis Instrument Co., Ltd., Shanghai, China). All

enzyme activities were determined by air-drying mass. The

soil enzyme activity indicators and their notations were as

follows: urease (UE), dehydrogenase (DHA), sucrase (SC), cellulase

(CL), β-glucosidase (β-GC), alcalase protease (ALPT), and

catalase (CAT).

Total concentration of trace elements, iron (Fe), manganese

(Mn), nickel (Ni), copper (Cu), zinc (Zn), chromium (Cr), arsenic

(As), cadmium (Cd), and lead (Pb) were determined after digestion

with HF-HNO3-H2O2 (1:2.5:1, v/v/v) at 160◦C for 9 h by using

a electrothermal constant temperature blast drying (Wang et al.,

2008a).

Soil DNA extraction, pcr amplification, and
illumina miseq sequencing

Total microbial genomic DNA was extracted from 0.5 g

soil samples using the E.Z.N.A. Soil DNA Kit (Omega Bio-

tek, Norcross, GA, U.S.). The DNA extract was verified using

1% agarose gel, and DNA concentration and quality were

evaluated by a NanoDrop 2000 UV–vis spectrophotometer

(Thermo Scientific, Wilmington, USA). The V3-V4 region

of the bacterial 16S rRNA gene was amplified with the

primers 338F (5
′

-ACTCCTACGGGAGCAGCAG−3) and

806R (5
′

-GGAC TACHGGGTWTCTAAT−3
′

) (Liu et al.,

2016). For fungal, PCR reactions of the primers ITS1F

(5
′

-CTTGGTCATTTAGAGGAAGTAA−3
′

) and ITS2R (5
′

-

GCTGCGTTCTTCATCGATGC−3
′

) were utilized to amplify the

ITS1 region (Chen et al., 2023). PCR analysis was performed in

triplicate with the following thermal program: 10 ng of genomic

DNA, 5 µL of reaction buffer, 4 µL of GC buffer, 2 µL of dNTP,

0.8 µL of each primer, 0.25 µL of Q5 DNA polymerase (New

England Biolabs, USA), and supplemented the total system with

sterilized ultrapure water to 20 µL. The PCR amplification cycling

conditions were as follows: initial denaturation at 95◦C for 3min,

followed by 27 cycles of denaturing at 95◦C for 30 s, annealing at

55◦C for 30 s and extension at 72◦C for 45 s, and single extension

at 72◦C for 10min, and end at 4◦C. The PCR products were

further extracted in a 2% agarose gel and purified using the

AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, USA)
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FIGURE 2

E�ects of grassland degradation gradient on soil properties. Di�erent letters (a–h) indicate significant di�erences (P < 0.05) among grassland

degradation gradient. NDG, non-degraded grasslands; LDG, lightly degraded grasslands; MDG, moderately degraded grasslands; SDG, severely

degraded grasslands; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, available

phosphorus; AK, available potassium.

as per the manufacturer’s instructions. The purified amplicants

were then quantified using the QuantusTM Fluorometer (Promega,

USA). Finally, the purified amplicants were pooled equally and

subjected to paired-end sequences (2 × 300) on an Illumina

MiSeq platform (Illumina, San Diego, USA) following the standard

protocols described by Majorbio Bio-Pharm Technology Co. Ltd.

(Shanghai, China).

Processing of sequencing data

A fastp (https://github.com/OpenGene/fastp, version 0.19.6)

software was used to control the quality of the double-ended

original sequencing sequence (Cheng et al., 2018), The FLASH

(http://www.cbcb.umd.edu/software/flash, version 1.2.11) software

was used for splicing (Magoc and Salzberg, 2011), and the

DADA2 plug-in in the Qiime2 process was used to reduce the

noise of the optimized sequence after quality control splicing

(Callahan et al., 2016). In order to minimize the impact of

sequencing depth on the subsequent analysis of Alpha and Beta

diversity data, the number of all sample sequences was flattened

to 20,000. After flattening, the average sequence coverage of each

sample was still 99.09 %. Based on the silva138/16s_bacteria

and unite8.0/its_fungal database (v 138), the Naive Bayes

classifier in Qiime2 was used to perform taxonomic analysis

of ASVs.
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FIGURE 3

E�ects of grassland degradation gradient on soil enzyme activity. Di�erent letters (a–g) indicate significant di�erences (P < 0.05) among grassland

degradation gradient. NDG, non-degraded grasslands; LDG, lightly degraded grasslands; MDG, moderately degraded grasslands; SDG, severely

degraded grasslands; UE, urease; DHA, dehydrogenase; SC, sucrase; CL, cellulase; β-GC, β-glucosidase; ALPT, alkaline phosphatase; CAT, catalase.

Statistical analyses

One-way analysis of variance (ANOVA) of soil properties,

enzyme activity, soil metal elements, and soil microbial community

was performed using the generalized linear model (GLM) in SAS

9.3 software (SAS Institute, Inc., Cary, NC, USA). Significance

was calculated using Duncan’s test (P < 0.05). Species diversity

(Shannon-Wiener and Simpson) and richness (Chao1 and ACE)

indices were used to assess bacterial and fungal alpha diversity.

The relationships among the bacterial and fungal communities

were analyzed using principal coordinate analysis (PCoA) in the

statistical software R (Ren et al., 2022). PICRUST 2 (http://

huttenhower.sph.harvard.edu/galaxy) and FUNGuild (http://www.

funguild.org/) were used to analyze and predict the bacterial

and fungal community functions, respectively. To improve the

normality and reduce the non-linearity of multivariate statistical

analysis, function vif.cca was implemented in the vegan package

in R, and the environmental variables (soil properties, enzyme

activity, and soil metal elements) were log-transformed [log

(x+1)] except pH. The variance inflation factor (VIF) for each

environmental variable was calculated. The VIF values for pH,

SOC, TN, AN, DHA, β-GC, Fe, Ni, Cu, Zn, Cr, Ca, As, and Cd were

higher than 10 and were removed. Redundancy analysis (RDA) was

used to analyze the relationships between soil microbial community

composition and environmental factors. The resulting model was

tested using Monte Carlo permutation with 999 iterations (Li

et al., 2021a). In addition, “vegan” and “ggcor_master” were

used to conduct Random Forest and Mantel tests to identify
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significant environmental variables influencing the composition

and dominance of microbial communities.

Results

E�ects of degraded grassland on soil
properties

With increased grassland degradation, SOC, TN, TP, TK, AN,

and AK contents decreased significantly (Figures 2b,c,d,e,f,h) (P <

0.05). Compared with NDG, SOC was not significantly different

in LDG and MDG (P > 0.05). However, it decreased significantly

(by 54.67 %) in SDG. The soil TN, TP, TK, AN, and AK were

significantly decreased by 52.74 %, 54.7%, 10.03%, 57.63%, and

43.41%, respectively, in SDG compared with NDG. While pH and

APwere significantly increased with the grassland degradation (P<

0.01), these variables increased by 22.8 % and 77.1 %, respectively,

in SDG compared with NDG (Figures 2a,g).

E�ects of degraded grassland on soil
enzyme activity

The soil enzyme activity significantly differed across the

grassland degradation gradient (Figures 3a–g). Soil DHA, SC,

β-GC, and CAT contents decreased significantly (P < 0.05)

with increasing grassland degradation. compared with NDG,

DHA, SC, CAT, and β-GC in SDG were reduced by 93.03%,

58.18%, 21.73%, and 57.34%, respectively. However, UE showed

a significant decreasing and then increasing trend across the

grassland degradation gradient (P < 0.01), with a significant

increase in SDG by 50.91% compared with LDG. Also, CL increased

significantly by 42.87% in SDG compared with NDG. In contrast,

there was no significant difference in ALPT across the grassland

degradation gradient (P > 0.05).

E�ects of degraded grassland on soil metal
elements

The soil metal elements significantly differed across the

grassland degradation gradient (Figures 4a–i). With increasing

grassland degradation, soil Fe, Mn, Ni, Cu, and Zn contents

decreased significantly (P < 0.01). compared with NDG, soil

Fe, Mn, Ni, Cu, and Zn contents decreased significantly by

56.65%, 51.52%, 94.12%, 42.74%, and 50.48%, respectively, in SDG.

However, Cr, Cd, and Pb showed increasing and decreasing trend

along the grassland degradation gradient (P < 0.01), with the

elements decreased significantly by 69.39%, 90.86%, and 69.44%,

respectively, in SDG compared with LDG.

E�ects of degraded grassland on soil
microbial communities

The Shannon, Simpson, Chao1, and ACE indices were

employed to analyze and evaluate the richness and diversity of

microbial communities in the different degraded grasslands. For

the bacterial community, Shannon index was highest in SDG

and lowest in MDG, while Simpson index was highest in MDG

and lowest in SDG. With respect to the richness indices, Chao1

and ACE were the highest in NDG and the lowest in SDG

(Figures 5a–d). For the fungal community, Shannon index was the

highest in NDG and the lowest in LDG, while Simpson index

was the highest in LDG and the lowest in NDG. However, Chao1

and ACE were significantly lower in SDG compared with the

other degraded grasslands (Figures 5e–h) (P < 0.01). Principal

coordinate analysis (PCoA) based on Bray-Curtis showed the

compositional differences in bacterial and fungal communities

across the grassland degradation gradient, with both communities

separated into four distinct groups (Figures 6a,b).

E�ects of degraded grassland on soil
microbial community composition

At the phylum level, the soil bacterial community mostly

consisted of Actinobacteria, Proteobacteria, Acidobacteria,

Chloroflexi, Verrucomicrobiota, and Firmicutes (Figure 7a).

Among the phyla, the abundance of Actinobacteria, Proteobacteria,

and Myxococcota tended to decrease and then increase with the

increase of grassland degradation. The relative abundance

of Verrucomicrobiota and Firmicutes, however, tended to

increase initially and then decrease across the degradation

gradient. The relative abundance of Myxococcota (3.11%) and

Methylomirabilota (2.72%) in SDG was significantly higher

than the other degradation levels (P < 0.05) (Figure 7c).

For the fungal community, the dominant phyla across all

degradation levels were comparable (Figure 7e). The abundance

of Ascomycota initially decreased and then increased with the

increase in degradation, and its average abundance in NDG,

LDG, MDG, and SDG was 66.54%, 53.91%, 68.48%, and 75.05%,

respectively (P < 0.05) (Figure 7g). With the increase in grassland

degradation, the relative abundance of Basidiomycota and

Rozellomycota increased initially and then decreased. However,

the relative abundance of unclassified _k_ fungal phyla decreased

gradually from low to high degradation. At the genus level,

there was a significant difference in the relative abundance of

bacterial and fungal communities across different degraded levels

(Figures 7b, d, f, h). The relative abundance of Bradyrhizobium,

Geminibasidium, and Cladophialophora reduced significantly in

SDG (P < 0.05).

Prediction of soil microbial functional
characteristics across the grassland
degradation gradient

The effects of metabolic pathways on microbial communities

were quantified by predicting the functional characteristics of

microbial communities. The bacterial OTUs were classified into

9 functional guilds (Figure 8). With the increase of grassland

degradation, bacterial functional groups related to nitrogen

fixation and cellulolysis were significantly decreased. In contrast,

those related to nitrate reduction and human_pathogens_all
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FIGURE 4

E�ects of grassland degradation gradient on soil metals elements. Di�erent letters (a–i) indicate significant di�erences (P < 0.05) among grassland

degradation gradient. NDG, non-degraded grasslands; LDG, lightly degraded grasslands; MDG, moderately degraded grasslands; SDG, severely

degraded grasslands.

increased with grassland degradation (Figure 8a). For fungal

functional prediction, the relative abundance of “Endophyte-Litter

Saprotroph-Soil Saprotroph-Undefined Saprotroph,” “Animal

Pathogen-Plant Pathogen-Undefined Saprotroph,” “Animal

Pathogen-Endophyte-Lichen Parasite-Plant Pathogen-Soil

Saprotroph-Wood Saprotroph,” and “Animal Pathogen-Plant

Pathogen-Soil Saprotroph-Undefined Saprotroph” increased

significantly as the grassland degradation increased, while

“Undefined Saprotroph,” “fungal Parasite-Undefined Saprotroph,”

and “Soil Saprotroph” decreased with increasing severity of

degradation (Figure 8b).

Relationship between soil microbial
communities and soil environmental
factors

The RDA and Monte Carlo permutation test identified

TP, AP, AK, Mn, Pb, UE, SC, and ALPT as important factors

driving soil bacterial community (Figure 9a; Table 1). However,

the soil fungal community was mainly affected by TP, AP, AK,

Pb, UE, and SC (Figure 9b). The bacterial community was

dominated by Actinobacteriota, Proteobacteria, Acidobacteriota,

and Chloroflexi, and fungal community was dominated by
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FIGURE 5

E�ects of grassland degradation gradient on diversity of the microbial community. Di�erent letters indicate significant di�erences (P < 0.05) among

grassland degradation gradient. (a–d) were Shannon, Simpson, Chao1, and ACE indexes of bacterial communities, respectively; (e–h) were Shannon,

Simpson, Chao1, and ACE indexes of fungal communities, respectively. NDG, non-degraded grasslands; LDG, lightly degraded grasslands; MDG,

moderately degraded grasslands; SDG, severely degraded grasslands.

FIGURE 6

PCoA analysis of soil bacterial (a) and fungal (b) communities in grassland degradation gradient. NDG, non-degraded grasslands; LDG, lightly

degraded grasslands; MDG, moderately degraded grasslands; SDG, severely degraded grasslands.

Ascomycota, Basidiomycota, and Mortievellomycota. We also

analyzed the correlation between species abundance and soil

environmental factors. Proteobacteria showed a significant

negative correlation with CL (P < 0.05). Chloroflexi showed

significant positive association with ALPT (P < 0.05). However,

Actinobacteriota and Acidobacteriota had no significant relation

with soil physicochemical properties (P > 0.05) (Figure 10a).

In terms of fungal, Ascomycota showed a significant negative

correlation with TP, AK, Mn, Pb, and SC (P < 0.05) and a positive

association with UE (P < 0.05). In contrast, Basidiomycota showed

a significant positive correlation with TP, Pb, and SC (P < 0.05)

and a negative association with UE (P < 0.05). Mortievellomycota

showed a significant positive correlation with UE (P < 0.05) and a

negative correlation with AK (P < 0.05) (Figure 10b).

Discussion

Soil properties, enzyme activity, and soil
metal elements in response to grassland
degradation

Grassland degradation is a complex ecological process (Zhang

et al., 2024), characterized primarily by vegetation damage and

Frontiers inMicrobiology 08 frontiersin.org

https://doi.org/10.3389/fmicb.2024.1438787
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Li et al. 10.3389/fmicb.2024.1438787

FIGURE 7

E�ects of grassland degradation gradient on soil bacterial phyla (a) and genus (b) and fungal phyla (e) and genus (f) community composition.

One-way analysis of variance bar plots of the bacterial phyla (c) and genus (d) and fungal phyla (g) and genus (h). *: P < 0.05, **: P < 0.01, ***: P <

0.001. NDG, non-degraded grasslands; LDG, lightly degraded grasslands; MDG, moderately degraded grasslands; SDG, severely degraded grasslands.

soil degradation (Chen et al., 2014). Soil provides substrates and

environment for plant growth, with other important ecosystem

functions, including nutrient cycling and supporting aboveground

and belowground diversity (Du et al., 2019). Soil TN and SOC

are considered important indicators of grassland quality (Ma

et al., 2023). In our study, the lowest TN and SOC contents

was reported from the SDG, which are potentially due to the

alteration in litter accumulation and subsequent carbon input to
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FIGURE 8

Predicted functional profiles of the soil bacteria (a) and fungal (b) in the grassland degradation gradient. *: P < 0.05, **: P < 0.01; NDG,

non-degraded grasslands; LDG, lightly degraded grasslands; MDG, moderately degraded grasslands; SDG, severely degraded grasslands.

the soil (Han et al., 2020). The AP increased with the intensity of

grassland degradation, which may be due to a decrease in organic

matter replenishment to the soil by plant residues, which reduces

phosphorus fixation and increases AP content. Soil enzymes are

one of the most active organic components in the soil and are

involved in various soil biochemical processes, assisting plant

growth (Li et al., 2014). Lin et al. (2017) showed that UE activity

increased with increasing grazing intensity, due to the increase in

fecal input from livestock under heavy grazing, which resultantly

increase soil organic nitrogen content. Our study found that soil

UE activity increases gradually with the increase in grassland

degradation, the organic nitrogen content of the soil increased

due to the influence of the excreta of burrowing animals such as

prairie pika and zokors, which led to the elevation of UE activity.

In addition, we found that except for soil pH, AP, UE, and CL,

soil AN, AK, TN, TP, TK, and enzyme activity (DHA, CAT, β-

GC, SC) significantly differed, which is consistent with previous

studies (Li et al., 2023; Bai et al., 2023). The main reason for
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FIGURE 9

The redundancy analysis (RDA) of the bacterial (a) and fungal (b) communities with soil environmental factors in soil with grassland degradation

gradient. NDG, non-degraded grasslands; LDG, lightly degraded grasslands; MDG, moderately degraded grasslands; SDG, severely degraded

grasslands. TP, total phosphorus; TK, total potassium; AP, available phosphorus; AK, available potassium; UE, urease; SC, sucrase; CL, cellulase; ALPT,

alkaline phosphatase; CAT, catalase.

TABLE 1 Monte Carlo permutation test of environmental factors and microbial communities.

Parameter Bacteria Fungal

RDA1 RDA2 R2 P RDA1 RDA2 R2 P

TP −0.9786 0.2056 0.6757 0.01 −0.9328 −0.3605 0.5239 0.041

TK −0.5363 0.844 0.2899 0.225 −0.993 0.118 0.0246 0.895

AP 0.9194 0.3934 0.6664 0.015 0.6479 0.7617 0.8899 0.001

AK −0.9682 −0.2503 0.9357 0.001 −0.8571 −0.5151 0.9578 0.005

Mn −0.8922 0.4516 0.6839 0.009 −0.9927 −0.1208 0.4035 0.122

Pb −0.8865 0.4627 0.7445 0.005 −0.9745 0.2246 0.5816 0.026

UE 0.9425 0.3341 0.9211 0.001 0.8685 0.4956 0.972 0.002

CAT −0.8997 0.4365 0.1263 0.577 −0.0436 −0.999 0.3423 0.183

SC −0.955 0.2968 0.8643 0.001 −0.9998 −0.0181 0.6899 0.007

CL 0.5951 0.8036 0.0809 0.693 0.3817 0.9243 0.134 0.551

ALPT 0.6632 0.7484 0.5666 0.021 0.8707 0.4917 0.3578 0.109

TP, total phosphorus; TK, total potassium; AP, available phosphorus; AK, available potassium; UE, urease; SC, sucrase; CL, cellulase; ALPT, alkaline phosphatase; CAT, catalase. P values based

on 999 permutations.

this is that as degradation increases, the distribution of grassland

vegetation cover further decreases, leading to less litter input and

accumulation. This exposes the soil surface to radiation and heat,

resulting in soil erosion from wind and rainfall (Dai et al., 2023).

Second, human activities (e.g., grazing and reclamation) lead to

a reduction in above- and below-ground biomass, which further

leads to a reduction in root exudates and apoplastic material in the

soil, weakening the effects of vegetation residues on soil nutrients,

enzyme activity, and microbial abundance (Zeng et al., 2017).

Additionally, previous studies have shown that increased grassland

degradation enhances the enrichment of soil metal elements (e.g.,

Cd, Pb, and Cr) (Zhou et al., 2020; Jin et al., 2024). In contrast,

we found decreased soil metal elements with increased grassland

degradation. Our findings may be explained by the location of the

study area, which is away from themining region and is less affected

by human activities. In addition, different climatic conditions,

vegetation structure, moisture availability, and altitude may have a

negative impact on heavy metal content in the soil and reduce their

amount (Huo et al., 2022; Mahvi et al., 2022).

Soil microbial communities in response to
grassland degradation

Ecological distribution and variation of microorganisms in

grassland soils with different degrees of degradation vary greatly

(Reiss et al., 2010). In our study, the Shannon index of bacterial

and fungal communities showed a tendency of decreasing and

then increasing. However, the Ace index for bacterial and fungal

communities gradually decreased as the degradation increased.

These results are comparable to the results from a study in degraded

alpine meadows (Wang et al., 2023). Variations in microbial
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FIGURE 10

Partial Mantel test examined the relationship between dominant phyla of soil bacteria (a) and fungal (b) (relative abundance > 5%) and soil

environmental factors. The edge width corresponds to the Mantel’s r statistic for the corresponding distance correlation, the edge color indicates

positive and negative correlation, and the edge shape indicates statistical significance.

communities are associated with the intensities of grassland

degradation (Peng et al., 2020b), where the soil environment

became harsher, limiting the growth of some microorganisms and

reducing the diversity of soil microbial communities. However,

the disturbance causes by grassland degradation may create

an environment conducive for the growth of some new and

more disturbance-tolerant microorganisms (Chen et al., 2011). In

addition, we found that a diversity of fungi with different grassland
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degradation were significantly higher than those of bacteria, which

was also revealed by previous studies (Wang et al., 2022; Ma et al.,

2023), suggesting that fungal community is more responsive to

grassland degradation than the bacterial community. However, Yu

et al. (2021) show that soil bacterial community is more sensitive

than fungal community in response to degradation in the temperate

grassland, which may be because the soil fungal community in

temperate grasslands is more resistant to disturbance and tends to

have a delayed response (de Vries et al., 2018).

The bacterial communities at the grassland degradation were

dominated by Actinobacteria, Proteobacteria, and Acidobacteria in

this study, which is consistent with previous studies (Jiang et al.,

2024). This is due to the fact that Actinobacteria, Proteobacteria,

and Acidobacteria were able to have a higher level of adaptation

to degraded grasslands (Zhou et al., 2019). Actinobacteria use

spores to resist adverse environmental conditions (Jin et al.,

2018). Proteobacterial may play a pivotal role in phylogenetic,

ecological and pathogenic values, and participate in energy

metabolism, such as the oxidation of organic and inorganic

compounds and the acquisition of energy from light (Kumaresan

et al., 2018). Acidobacteria is commonly found in nutrition-

deficient environments (Thomson et al., 2010). In addition, we

found a significant effect of grassland degradation on the relative

abundance of Firmicutes, as its relative abundance increased first

and then decreased with grassland degradation. This may be due

to suitability of the environments for growth at nutrients deficeint

conditions. Moreover, the soil of SDG is more barren and limits

the availability of organic matter, limiting the growth of Firmicutes

(Li et al., 2018). Furthermore, Firmicutes forms spores under harsh

environmental conditions (Mukhopadhya et al., 2012).

The dominant groups of soil fungi in differently degraded

grassland were Ascomycota and Basidiomycota (Figure 7e), which

are common fungal phyla found in degraded grassland due

to higher lignin availability in the soil (Han et al., 2024). In

our study, the relative abundance of Ascomycota decreased

and then increased as the degradation intensified, which is

consistent with the results of a previous study (Li et al.,

2019). On the one hand, most ascomycetes live on land

and their nutritional methods included saprophytic, parasitic,

and symbiotic. Saprophytic ascomycetes help break down plant

residue and lignin (Jaklitsch et al., 2014). Therefore, the average

Ascomycota abundance increased in the severely degraded

grasslands, suggesting that saprophytic ascomycetes promote

the decomposition of dead roots and animal residues in the

degraded grasslands. On the other hand, Ascomycota dominates

the environment with high lignin content (Li et al., 2017), with the

degradation of grassland led to the reduction of grassland humus,

which leading to the relative abundance of Ascomycota fungal

decreased, grassland degradation resulted in distribution of Stellera

chamaejasme in the grassland community enhancement, which in

turn affects the production of plant root secretion, resulting in the

relative abundance of Ascomycetes fungal increased (Cheng et al.,

2021). In addition, our results show that grassland degradation

significantly reduces the relative abundance of Basidiomycota,

which is due to the fact that Basidiomycota are eutrophic bacteria

that prefer a resource-rich, plant-rich environment (Sterkenburg

et al., 2015), and perform better in undisturbed environmental

(Yu et al., 2021). Different fungal have different preferences

for substrate utilization processes, which main reason for the

differences between Ascomycetes and Basidiomycota (Li et al.,

2019; McGuire et al., 2010).

In our study, we observed the relative abundance of nitrate

reduction increases with the degradation of grassland, which due

to increased denitrification and result in increased nitrogen loss

(Pan et al., 2018). Our results suggest that changes in the putative

functionality of soil bacteria with respect to soil N cycling are

in agreement with the field measurements by Luo et al. (2020)

and Zhou et al. (2019), indicating that grassland degradation has

a dramatic impact on the nitrogen and its functions. Extensive

studies have shown that the abundance of pathotrophs and

saprotrophs were significantly decreased by grassland degradation

which may be ascribed to the reduced plant species diversity

during degradation (Yu et al., 2021). The fungal guilds examined

by the FUNGuild pipeline have shown interesting outcome that

the relative abundance of pathotrophs increased while saprotrophs

decreased with increasing severity of degradation. This is due

to the fact plant pathogens typically feed on plant roots (Che

et al., 2019), grassland degradation resulted in distribution of

Stellera chamaejasme in the grassland community enhancement,

which resulting in an increase in the relative abundance of

plant pathotrophs. Saprophytic fungi play a key role in the

decomposition of litter, due to the reduction of plant litter in the

degraded grassland, which decreases plant saprotrophs (Yu et al.,

2021).

Relationship among microbial communities
and soil environmental factors

The RDA analysis showed that the environmental factors

affected the soil bacterial and fungal communities, which was

consistent with the finding of Cheng et al. (2022) that microbial

communities with higher relative abundance are significantly

affected by environmental factors, but the dominant influencing

factors would be different. Bai et al. (2023) show that EC, pH, and

AP were the main drivers of soil bacterial community composition,

while EC, pH, and SOC were the main drivers of soil fungal

community composition. In this study, the results of Mantel tests

showed soil TP, AP, AK, Mn, Pb, UE, SC, and ALPT were the

main drivers of soil bacterial community composition, while TP,

AP, AK, Pb, UE, and SC were the main drivers of soil fungal

community composition (Figure 10, Table 1). Huang et al. (2016)

reported that TP had an indirect effect on microorganisms mainly

by affecting soil carbon cycle and chemical properties, such as

pH. Many studies have also reported the general influence of

TP on the distribution pattern of soil microbes (Liu et al., 2023;

Wang et al., 2008b). This study also found that TP significantly

affected soil microbial community composition. However, different

microbial populations had different responses to TP; for example,

the abundance of Ascomycota was negatively correlated with TP,

whereas the abundance of Basidiomycota was positively correlated

with TP. Many large-scale studies demonstrated the strong effects

of TP on microorganisms, whereas other studies suggested that

other factors may be more important than TP. Li et al. (2023)

found that soil pH is the most important driving factor of microbial

communities in the alpine grassland degradation. These results

highlight the importance of soil nutrients influencing the changes
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in microbial community composition in meadow grasslands

undergoing severe degradation (Luo et al., 2023; Ren et al., 2021).

Soil enzymes are mainly derived from soil microorganisms, plant

root exudates and the decomposition of animal and plant residues

(Yao et al., 2024). Previous studies have shown that when the TN

content in soil is below a certain threshold, soil microorganisms

will secrete more UE activity through their own regulation and

convert more effective nitrogen for plant uptake and utilization,

resulting in an increase in UE activity (Yang et al., 2023), this

is consistent with the results of the present study, where heavily

degraded grassland had the lowest soil TN content and enhanced

UE activity. This study found that Proteobacteria and CL have a

negative correlation, which is due to soil CL is associated with

soil respiration, can hydrolyze cellulose, promote carbon cycle

(Draganova et al., 2018), while Proteobacteria were eutrophic

bacteria, many kinds of bacteria are involved in soil nutrient cycling

(Masuda et al., 2024). Soil metals elements may help explain the

structure and functions soil microbiomes, e.g., Fe and Mn for

microbial respiration, Cu and Zn for competencies, and Fe,Mo, and

Ni for N fixation, etc. (Feng et al., 2019). We found that Mn had the

strong correlations with microbes, followed by Pb. This was partly

expected because previous work suggests the role of Mn in many

important enzymatic processes in soils and act as reactants for C,

N, and S coupled reactions (Dai et al., 2023).

The partial mental test demonstrated a correlation between

the main fungal phylum and most soil nutrients and enzymes,

indicating that the fungal group in our study is poorly adapted to

the harsh environment. Nevertheless, the reduction in vegetation

root systems from degradation can affect the types and quantities

of root exudates, negatively influencing the health of the

fungal community (Li et al., 2019). Therefore, changes in soil

fungal community structure can be used to infer changes in

soil nutrients, offering a novel avenue for investigating the

consequences of grassland degradation. Furthermore, light may

affect carbon recycling and influence microbial communities

through plant photosynthesis, and microbial communities would

be also strongly influenced by temperature (Luo et al., 2023),

and there may be interaction effects between the various factors

(Yao et al., 2024). Therefore, a wider range of environmental

factors should be further investigated in the future to obtain more

comprehensive information.

Conclusions

This study has shed some light on the response of soil chemical

properties, enzyme activity, metal elements, and microbial

communities to grassland degradation. It has also revealed the

relationships between soil microbial community composition and

environmental variables across the degraded grasslands south of

the Greater Khingan Mountains, China. The diversity of bacteria

decreased and the diversity of fungi increased with the increase

of grassland degradation. Our findings underscore the significance

of TP, AP, AK, Pb, UE, and SC in influencing the changes in

soil bacterial and fungal community composition. In addition, the

putative functions revealed from soil bacterial profiles, such as

nitrification and nitrate reduction, were seemingly altered during

degradation, indicating the potential influence of degradation on

soil nutrient cycling. These results provide valuable insights into

the functions and services of degraded grassland ecosystems south

of the Greater Khingan Mountains. Therefore, for the effective

management and development of the grassland ecosystems south

of the Greater Khingan Mountains, it is suggested to reduce the

current unmanaged grazing and land use, which can improve soil

fertility and the health of soil microorganisms.
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