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• We assessed changes in vegetation and
soil properties and microbial communi-
ties.

• We examined the vegetation–soil
property–soil microbial community in-
teractions.

• Alpinemeadowdegradation affects bac-
terial and fungal community composi-
tion.

• Alpine meadow degradation has no im-
pact on bacterial and fungal community
diversity.

• Soil available nutrients regulate the
changes of soil microbial community.
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The alpinemeadow in theQinghai-Tibet Plateau has been seriously degradeddue to humanactivities and climate
change in recent decades. Understanding the changes of the soil microbial community in response to the degra-
dation process helps reveal themechanism underlying the degradation process of alpinemeadows.We surveyed
and analyzed changes of the vegetation, soil physicochemical properties, and soil microbial community in three
degradation levels, namely, non-degradation (ND),moderate degradation (MD), and severe degradation (SD), of
the alpine meadows in the northeastern Qinghai-Tibet Plateau. We found that as the level of degradation in-
creased, plant cover, plant density (PD), above-ground biomass (AGB), plant Shannon-Wiener index (PS), soil
water content (SWC), soil organic carbon (SOC), total nitrogen (TN), total phosphorus (TP), total potassium
(TK), available nitrogen (AN), available phosphorus (AP), and available potassium (AK) decreased significantly,
while the soil pH increased from 7.20 to 8.57. Alpinemeadow degradation significantly changed the composition
of soil bacterial and fungal communities but had no significant impact on the diversity of the microbial commu-
nities. Functional predictions indicated that meadow degradation increased the relative abundances of
aerobic_chemoheterotrophy, undefined_saprotroph, and plant_pathogen, likely increasing the risk of plant dis-
eases. Redundancy analysis revealed that in ND, the soil microbial community was mainly regulated by PS, PH,
able nitrogen; AP, available phosphorus; MD, moderate degradation; ND, non–degradation; OTU, operational taxonomic units;
, plant height; PS, plant Shannon–Wiener; SD, severe degradation; SOC, soil organic carbon; SWC, soil water content; TN, total
or; VPA, variance partitioning analysis.
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PD, SWC, and soil pH. In MD, the soil microbial community was regulated by the soil's available nutrients and
SOC. In SD, the soil microbial community was not only regulated by the soil's available nutrients but also influ-
enced by plant characteristics. These results indicate that during alpine meadow degradation, while the changes
in the plants and soil environmental factors both affect the composition of the soil microbial community, the in-
fluence of soil factors is greater. The soil's available nutrients are themain driving factors regulating the change in
the soil microbial community's composition alongside degradation levels.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

The stability and balance of the earth's biosphere is crucial for the
sustainable development of human society. Alpinemeadow ecosystems
play an important role in the carbon (C) and nitrogen (N) cycling in ter-
restrial ecosystems (Bardgett and van der Putten, 2014; Zhang et al.,
2019). In recent decades, due to the rapid development of animal hus-
bandry, the number of livestock has far exceeded the pasture's carrying
capacity (Ren et al., 2008), thus reducing alpinemeadow's productivity,
causing environmental deterioration, and degrading the alpine
meadows (Zhou et al., 2019; Liu et al., 2019; Dong et al., 2020). This se-
verely limits the sustainable development of animal husbandry in the
Qinghai-Tibet Plateau and has been solved by the local government as
the core environmental problem (Prober et al., 2014; Cheng et al.,
2016a; Baranova et al., 2016; Dong et al., 2020).

Meadow degradation refers to the retrograde succession process
that meadow ecosystem deviates from the top level, i.e., the degrada-
tion of the ecosystem's structural characteristics and functional pro-
cesses, also known as ecological degradation (Dong et al., 2012).
Alpine meadow degradation is a long and complicated process (Zhang
et al., 2016a; Zeng et al., 2017; Peng et al., 2018; Peng et al., 2020a). It
can change plant composition, reduce plant diversity and above-
ground and under-ground biomass (Wu et al., 2014; Peng et al.,
2020b), affect soil nutrient circulation (Gong et al., 2014; Bai et al.,
2015; LeBlanc et al., 2015; Adewopo et al., 2015; Li et al., 2016; Fry
et al., 2016; Pan et al., 2018), and cause a change in the soil microbial
community and diversity (Cubillos et al., 2016; Zhou et al., 2019; Peng
et al., 2020b). Previous studies have focused on changes in plant com-
munities in terms of plant cover, biomass, and diversity (Jing et al.,
2014; Peng et al., 2020a) and soil properties, such as pH, soil organic car-
bon (SOC), and enzyme activities (Cheng et al., 2016b; Li et al., 2016;
Zhou et al., 2019). However, the effects of alpine meadow degradation
on soil microbial community composition and diversity have not been
well elucidated.

Soil microorganisms, important drivers of the earth's element cycle
(Luo et al., 2017; Wei et al., 2017; Zhang et al., 2018a,b; Zhou et al.,
2019), play a primary role in ecological processes, such as soil organic
matter decomposition and the nutrient cycle (Chen et al., 2016;
Delgado-Baquerizo et al., 2016). Soil microorganisms are highly sensi-
tive to changes in the external environment. Changes in soil matrix
availability, temperature and humidity, physical and chemical charac-
teristics and above-ground vegetation, and other factors will cause the
changes of soil microbial community (Li et al., 2016; Wang et al.,
2017; Yang et al., 2017; Zhou et al., 2019).

Alpinemeadow degradation can affect soil microorganisms inmany
ways. First, alpinemeadow degradation will reduce primary productiv-
ity and vegetation coverage, thereby changing the composition of plant
communities (Dong et al., 2012; Che et al., 2019) and indirectly affecting
soil microorganisms. Second, changes in the composition of plant com-
munities will significantly affect plant pathogens closely related to
plants (Tkacz et al., 2015; Zhang et al., 2018a). Third, meadow degrada-
tion usually reduces the SOC content, thereby reducing the abundance
of soil microbes and inhibiting soil microbial activity (Liu et al., 2018).
Fourth, the soil moisture content of degraded meadows is usually re-
duced (He and Richards, 2015), thus hindering microbial activity and
changing the microbial community's structure (Fierer, 2017). In
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addition, alpine meadow degradation increases soil pH (Che et al.,
2017), affecting soilmicrobial communities. In general, soilmicroorgan-
isms are closely related to the changes of plant community succession
and soil properties during alpine meadow degradation (Li et al., 2016;
Zhou et al., 2019). However, the response of soil microorganisms to
meadowdegradation has rarely been evaluated. Amore comprehensive
understanding of the impact of meadow degradation on soil microor-
ganismswill help us understandmeadowdegradation aswell as predict
and manage grassland ecosystems.

Themain objectives of this studywere to clarify the regulation of the
change in the soil microbial community and the regulatory factors af-
fecting this change during the degradation of alpine meadows. Here,
we studied the effects of alpine meadow degradation on soil microbial
community in the non-degraded (ND), moderately degraded (MD),
and severely degraded (SD) alpine meadows in the northeast of the
Qinghai-Tibet Plateau. We hypothesized that (i) under different levels
of degradation, the response of the soil microbial community would
be different; (ii) the driving environmental factors that changed the
soil microbial community were different, and (iii) compared to vegeta-
tion characteristics, soil variables had a greater influence on soil micro-
bial community. We tested these hypotheses bymeasuring the changes
in vegetation, soil, and soil microbial communities in an alpinemeadow
with different degrees of degradation and analyzed the relationship
among these variables.

2. Material and methods

2.1. Study site and sampling collection

The study area is in an alpinemeadow of the QilianMountain, Gansu
Province, China, northeast of the Qinghai-Tibet Plateau. It is about
1000 km long in the east and west and 300 km wide in the south and
north, at an average altitude of 3000 m (Yang et al., 2017; Yang et al.,
2018). The area has a mean annual temperature of−0.1 °C, annual pre-
cipitation of 416 mm, and mean annual evaporation of 1592 mm. The
degradation of alpinemeadows is a long process that is difficult to mea-
sure in the short term. Therefore, different alpine meadow degradation
levels were used to represent the temporal dynamics of degradation by
replacing the time scale with space. Based on the purpose of reducing
errors, we chose three sites, all of which had similar geographical condi-
tions and vegetation composition, and have been grazing for decades. In
recent years, the grazing intensity has gradually increased with an in-
crease in the population density, resulting in grassland degradation.
The three sites employ three grazing measures (grazing blocked by
fencing, grazing from May to October every year, and annual grazing),
and yakswere the grazing animals. After years of overgrazing and tram-
pling, the above-ground vegetation biomass has decreased, the soil den-
sity has increased, and even patches of bare land have appeared. The
local herdsmen have adopted fencing measures in some pastures, but
the natural recovery time is long, and the area of bare land in the pasture
without fencing has a trend of further expansion. Based on previous
studies (Xue et al., 2009; Li et al., 2013; Li et al., 2014), whether there
were fence and grazing, plant coverage, plant community composition,
and bare land area were the main indicators to classify the degradation
degree of alpine meadow, the specific classification criteria see Table 1.
At each site, three degradation levels were selected: non-degraded



Table 1
Main indicators to classify the degradation degree of alpine meadow on the Qinghai-Tibet Plateau.

ND MD SD

Plant coverage >85% 40%–60% 20%–40%
Dominant species Kobresia capillifolia, Carex lanceolata, Elymus

nutans, Poa pratensis dominate the community
Kobresia humilis, Poa pratensis dominate the
community

Leymus secalinus (Georgi) Tzvel., Polygonum
viviparum dominate the community

Percentage of bare land <5% 10%–25% 25%–40%
Grazing activity Grazing blocked by fencing Summer pasture, grazing from May to October

every year, The grazing animals were yaks
Annual grazing, the grazing animals were yaks
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(ND), moderately degraded (MD), and severely degraded (SD); in each
degradation level, three plots were randomly selected (50 × 50 cm)
(Fig. 1). The mean altitude of each plot is between 2900 and 3100 m,
the mean annual precipitation is 383–405 mm, and the soil texture
type is all meadow chernozem. The specific information of the sample
plots are shown in Table 2 (There is no difference in the information
of every three duplicated plots, which were displayed together in the
table.).

This studywas conducted in August 2017. For each plot, plant height
(PH), plant density (PD), plant cover, andplant community composition
weremeasured (Li et al., 2016). The above-groundplantswere collected
by mowing. The fresh grass samples were dried at 65 °C for 24 h and
weighed as above-ground biomass (AGB). On the other hand, the
plant Shannon-Wiener index (PS) was calculated according to an
established protocol (Klein et al., 2007). After measuring the plant char-
acteristics, three soil samples from each plot (upper 20 cm) were
Fig. 1. The location of the study area and the sampling sites in the northeastern Qinghai-Tibe
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randomly collected with a soil auger with a diameter of 5 cm, mixed
and sieved (<2 mm) to remove plant materials, loaded into a sterilized
self-sealing bag, stored at low temperature, and quickly brought back to
the laboratory. The soil sample was divided into two parts, one part for
analyzing its physiochemical properties, and the other part to be stored
in a −80 °C freezer for soil microbial community analysis.

2.2. Soil physical and chemical analysis

Soil pHwas obtainedbymeasuring amixturewith the soil: H2O ratio
of 1:2.5 with a pH-conductivity meter (Multi-Parameter PCTestr™ 35,
Japan). After weighing, the fresh soil samples were dried at 105 °C for
48 h and weighed again to calculate the soil water content (SWC). The
sample's SOC was measured using the potassium dichromate sulfuric
acid heatingmethod. The sample's total phosphorus (TP)wasmeasured
colorimetrically after wet digestion with H2SO4 and HClO4 (UV2800A
t Plateau. ND, non-degradation; MD, moderately degradation; SD, severely degradation.

Image of Fig. 1


Table 2
Basic information of different degradation levels of alpine meadows in the northeastern Qinghai-Tibet Plateau.

Sample plot Longitude Latitude Altitude (m) Mean annual precipitation (mm) Plant cover Above-ground biomass (g m−2)

ND1 99°52′20″E 38°48′16″N 2940 395 0.78 ± 0.01 564.45 ± 8.36
MD1 99°52′18″E 38°47′44″N 3013 386 0.66 ± 0.23 220.17 ± 8.57
SD1 99°52′15″E 38°47′54″N 2955 384 0.38 ± 0.15 181.40 ± 1.79
ND2 101°32′01″E 37°53′60″N 2960 405 0.77 ± 0.01 492.09 ± 14.74
MD2 101°32′03″E 37°53′35″N 3100 401 0.60 ± 0.15 247.96 ± 8.53
SD2 101°48′45″E 37°54′47″N 2963 394 0.36 ± 0.01 218.05 ± 17.46
ND3 102°47′08″E 37°11′53″N 2905 398 0.76 ± 0.01 470.63 ± 9.48
MD3 102°47′05″E 37°11′50″N 2912 387 0.52 ± 0.27 253.41 ± 7.35
SD3 102°47′07″E 37°11′51″N 2915 383 0.32 ± 0.20 133.79 ± 1.27

There is no difference in the information of every three duplicated plots, which were displayed together in the table. ND, non-degradation; MD, moderate degradation; SD, severe
degradation.
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ultraviolet spectrophotometer, Shanghai, China) (Fu et al., 2004). The
total potassium (TK) in the soil wasmeasured using the flame emission
technique with an FP6431 flame photometer (Shanghai, China). Soil
total nitrogen (TN) and available nitrogen (AN) were measured using
theKjeldahl procedure andAlkali diffusionmethod (Xie et al., 2011), re-
spectively. The available phosphorus (AP) content was measured using
the molybdenum blue method (Xiong et al., 2015), and soil available
potassium (AK) content was measured according to Wu et al. (2011).

2.3. Soil DNA extraction and sequencing

Soil total DNA was extracted using E.Z.N.A.® soil DNA kits (OMEGA,
United States), and the extracted product was detected using 1% aga-
rose gel electrophoresis. The primers 515F (5′-GTGCCAGCMGCCGCG
GTAA-3′) and 907R (5′-CCGTCAATTCCTTTGAGTTT-3′) were used to
amplify the V3–V4 region of the 16S rRNA gene (Zhou et al., 2011).
The PCR was run at 95 °C for 5 min, 25 cycles of 94 °C for 45 s, 50 °C
for 30 s, and 72 °C for 30 s, and a final extension at 72 °C for 5 min.

On the other hand, the primers ITS5-1737-F (5′-GGAAGTAAAAGTCG
TAACAAGG-3′) and ITS2-2043-R (5′-GCTGCGTTCTTCATCGATGC-3′)
with specific barcodes were used to amplify the ITS1 region ITS rRNA
genes (Miao et al., 2016). The PCR program was run at 95 °C for 5 min,
28 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 45 s, and a final
extension at 72 °C for 5 min. The bacterial and fungal PCR products
were confirmed using 1% agarose gel electrophoresis, and the purified
amplicons were pooled at equal amounts, paired-end sequenced (2 ×
250 bp) on an Illumina HiSeq 2500 PE250 platform, and sequenced ac-
cording to standard protocols by Novogene Bioinformatics Technology
Co. Ltd. (Tianjin, China).

2.4. Bioinformatics analysis

Paired-end reads of the original DNA fragments were merged using
the FLASH 1.2.7 software and quality-filtered using the QIIME 1.7.0 soft-
ware (Caporaso et al., 2010). Effective sequenceswere obtained, and the
reads that could not be assembled were discarded. Unique sequences
with 97% similarity or greater were clustered into operational taxo-
nomic units (OTUs) using the UPARSE 7.0.1 software (Edgar, 2010;
Edgar, 2013). Each OTUswas annotated with the SSU-rRNA SILVA data-
base by MOTHUR (Pruesse et al., 2007; Wang et al., 2007; Schloss et al.,
2009). The samples with the least data were used as the standard for
normalization. Soil microbial community diversity and richness were
calculated using the QIIME 1.7.0 software (Caporaso et al., 2010). Even-
tually, we obtained a total of 757,746 and 750,575 high-quality,
chimera-free 16S and ITS gene sequences, respectively, from all the
soil samples. The number of 16S rRNA sequences obtained per sample
varied from 60,446 to 96,440, and the number of fungal ITS sequences
per sample varied from 63,189 to 97,095. The Good's coverage of bacte-
rial and fungal communities was 98.6%–99.0% and 99.0%–99.9%, respec-
tively. A total of 3293 bacterial and 3873 fungal OTUs were detected
across all samples; among them, there are 2366 bacterial and 480 fungal
OTUs common to all the samples (Table S1).
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2.5. Statistical analysis

Vegetation and soil properties were analyzed with one-way ANOVA
using the SPSS 19.0 software; the statistical significance was calculated
using Duncan tests (p < 0.05). Rarefaction curves and a Venn diagram
of shared and unique OTUs were constructed using the MOTHUR
v.1.33.3 software. The relationships among the bacterial and fungal
communities were analyzed by principal coordinate analysis (PCoA)
using R studio. A linear discriminant analysis effect size (LEfSe) method
was used to identify the significantly different bacterial and fungal
communities in different degradation levels (Segata et al., 2011).
FAPROTAX (http://www.zoology.ubc.ca/louca/FAPROTAX) and FUNGuild
(http://www.stbates.org/guilds/app.php) were used to analyze and pre-
dict the bacterial and fungal community functions, respectively. Based
on the data of vegetation characteristics, soil properties and soil microbial
community, to improve the normality and reduce the nonlinearity of
multivariate statistical analysis, the vif.cca function in the vegan package
of R studio was used to transform the environmental variables except
soil pH into log (x + 1). The variance inflation factor (VIF) of each envi-
ronmental variablewas calculated to eliminate the environmental factors
with a VIF of more than 10. Redundancy analysis (RDA) was used to ana-
lyze the relationship between a soil microbial community's composition
and the environmental factors; the model was tested based on Monte
Carlo permutation for 999 iterations. The correlation between the relative
abundance of soil bacterial and fungal communities and environmental
factors was calculated and analyzed using the Spearman correlation ma-
trix. Variance partitioning analysis (VPA) was conducted based on the
relative importance of the effects of plant and soil properties on the com-
position of soil microbial community using the varpart function of the
vegan package in R studio (Peng et al., 2020b).

3. Results

3.1. Change in plant and soil characteristics in different stages of
degradation

With the aggravation of alpine meadow degradation, PS, the con-
tents of SWC, SOC, TN, TP, TK, AN, AP, and AK all significantly decreased
(p< 0.01) (Table 3 and Fig. 2). Also, soil pH increased significantly with
the increase in degradation level (p < 0.05). Lastly, there was no signif-
icant difference in PD among the alpine meadows with different degra-
dation levels.

3.2. Soil microbial community composition

The top ten bacteria phyla were Firmicutes, Actinobacteria,
Proteobacteria, Acidobacteria, Gemmatimonadetes, Chloroflexi, Plancto-
mycetes, Nitrospirae, Bacteroidetes, and Verrucomicrobia (Fig. 3a). With
the escalation of alpine meadow degradation, the relative abundance of
Firmicutes and Proteobacteria first increased then decreased, the
relative abundance of Actinobacteria, Acidobacteria, Gemmatimonadetes,

http://www.zoology.ubc.ca/louca/FAPROTAX
http://www.stbates.org/guilds/app.php


Table 3
Vegetation properties of different degraded alpine meadow (n = 9).

Parameters ND MD SD F p

Density (n
m−2)

219.15 ±
61.06a

168.12 ±
71.09a

89.69 ±
16.34a

1.41 0.315

Height (cm) 34.16 ±
15.75a

18.66 ± 2.55b 9.73 ± 4.47b 15.04 <0.001

Shannon index 2.25 ± 0.15a 1.62 ± 0.13b 1.32 ± 0.11b 13.45 0.006

Different lowercase letters in the same row indicate statistically significant differences (p
< 0.05) among different degraded levels. ND, non-degradation;MD,moderately degrada-
tion; SD, severely degradation.
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Chloroflexi, and Planctomycetes first decreased then increased, and the
relative abundance of Nitrospirae, Bacteroidetes, and Verrucomicrobia in-
creased gradually, and there were significant differences among different
degradation levels (p < 0.05) (Fig. 3a). At the genera level of the
bacterial community, with the aggravation of meadow degradation, the
relative abundance of Lactococcus, Pseudomonas, Pseudarthrobacter, and
Sphingomonas increased first and then decreased; the relative abundance
of Solirubrobacter, Gaiella, RB41, H16, Nocardioides, and Blastococcus de-
creased first and then increased (Fig. 3b).

The dominant soil fungal communities at the phylum level were
Ascomycota, Basidiomycota, Zygomycota, Chytridiomycota, and
Glomeromycota (Fig. 3c). With the aggravation of alpine meadow deg-
radation, the relative abundance of Ascomycota and Glomeromycota
decreased first and then increased; the relative abundance of
Basidiomycota and Zygomycota increased first and then decreased;
the relative abundance of Chytridiomycota shown decreased gradually,
Fig. 2. The soil properties of the differently degraded alpinemeadows (n= 9). ND, non-degrada
total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, available
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and significant difference (p < 0.05) (Fig. 3c). With the escalation of
meadow degradation, at the genera level of the fungal community, the
relative abundance of Hygrocybe, Coprinopsis, Gastrosporium, and
Lysurus gradually increased; Microidium and Mortierella increased first
and then decreased, Leptosphaerulina, Sarocladium and Clavaria
decreased and then increased (Fig. 3d).

3.3. Alpha and beta diversity of soil microbial community

For the bacterial communities, the diversity indexes (Shannon-Wiener
and Simpson) were highest in SD and lowest in MD, and the richness in-
dexes (Chao1 and ACE) were highest in MD and lowest in ND (Fig. 4).
For the fungal communities, the variation patterns of diversity index
(Shannon-Wiener and Simpson) and richness index (Chao1 and ACE)
were opposite to those of bacterial communities (Fig. 4). Based on the
Bray-Curtis distance from PCoA, the bacterial communities significantly
clustered into three groups corresponding to the three degradation levels
of alpine meadows (ANOSIM: R= 0.713, p=0.001; Adonis: R2 = 0.687,
p= 0.001). In contrast, the clustering of the fungal communities was not
significant (ANOSIM: R = 0.522, p = 0.081; Adonis: R2 = 0.498, p =
0.094) (Fig. 5). The compositions of the bacterial and fungal communities
differed significantly in degradation levels, according to the LEfSe analysis
(Fig. 6). Thirty-seven bacteria and nine fungi clades exhibited statistically
significant differences among the different degraded levels. In ND, the
BRC1 (phyla and its genus AKYG587), Blastopirellula (genus), Tulostoma
(genus), and Arachnomyces (genus) were enriched substantially. The
Firmicutes (fromphyla to species), unidentified Acidimicrobiales (family),
Micrococcaceae (from family to genus), Porphyromonadaceae (from
tion;MD,moderately degradation; SD, severely degradation; SOC, soil organic carbon; TN,
phosphorus; AK, available potassium.

Image of Fig. 2


Fig. 3. The relative abundance of the dominant bacterial (a, b) and fungal (c, d) communities at the phyla and genus level in alpine meadows with different degradation levels. ND, non-
degradation; MD, moderately degradation; SD, severely degradation.
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family to species), Aurantimonadaceae (family), and Kickxellales (from
order to family) were enriched in MD. Moreover, the Chloroflexi (from
phyla to genus), Gaiellales (from order to family), 0319_6M6 (from family
to genus), and Sarocladium (genus) were enriched in SD.

3.4. Soil microbial functional profiles

The functional prediction of the soil bacterial community showed that
the main functional groups in each plot were “chemoheterotrophy”, “fer-
mentation”, and “aerobic chemoheterotrophy”. With the degradation of
alpine meadow, chemoheterotrophy and fermentation showed a trend
of first increasing then decreasing, while aerobic chemoheterotrophy
showed a trend of first decreasing then increasing (Fig. 7). Compared to
ND, the relative level of chemoheterotrophy and fermentation in MD in-
creased by 39.62% and 74.07%, respectively, and the relative level of aero-
bic chemoheterotrophy decreased by 27.16%. On the other hand, the
relative level of chemoheterotrophy and fermentation in SD decreased
by 14.74% and 37.21%, respectively, and the relative level of aerobic
chemoheterotrophy increased by 28.65% (Fig. 7a). The functional
6

prediction based on FUNGuild results showed that the main functional
groups were “unassigned,” “undefined_saprotroph,” and “plant_pa-
thogen.” As the degree of alpine meadow degradation increased, the
relative abundance of “undefined_saprotroph” and “plant_pathogen”
increased (Fig. 7b).

3.5. Correlation between soil microbial community and environmental
factors

The relationship between soil microbial community and environ-
mental variables in alpine meadows at different degradation levels
was analyzed using RDA and Monte Carlo test (Fig. 8). PH, PS, pH,
SWC, TK, and AK were found to influence the composition of bacterial
communities significantly.Meanwhile, PD, SWC, andAK significantly af-
fected the composition of the fungal communities in the ND alpine
meadow. In the MD alpine meadows, soil variables like AN, AK, AP,
SWC, SOC, and TN had a significant correlation with the composition
of the bacterial and fungal communities (p < 0.05), while PH and PS
only affected the bacterial community. In the SD alpine meadows, PH,

Image of Fig. 3


Fig. 4. The characteristics of soil bacterial and fungal diversity and richness indices in the alpine meadows with three degradation levels. (a), (b), (c), and (d) were Shannon, Simpson,
Chao1, and ACE indexes of bacterial communities, respectively; (e), (f), (g), and (h) were Shannon, Simpson, Chao1, and ACE indexes of bacterial communities, respectively. ND, non-
degradation; MD, moderately degradation; SD, severely degradation.
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PD, AN, AK, SWC, and SOChad a significant correlationwith the bacterial
community. In contrast, PH, pH, SWC, SOC, and TN were significantly
correlated with the fungal community (p < 0.05).

The contribution of vegetation and soil properties to soil microbial
communities were analyzed with VPA (Fig. S1). At increasing levels of
degradation, the cumulative contribution ratios of selected plant and
soil variables to the change in the composition of the bacterial commu-
nity were 10%, 17%, 13% and 26%, 21%, and 28%, respectively; the cumu-
lative contribution ratios of selected plant and soil variables to the
change of fungal community composition were 9%, 14%, and 17% and
29%, 32%, and 26%, respectively. The above results indicated that with
the degradation of alpine meadow, plant, and soil properties had a sig-
nificant influence on the changes in soil microbial community composi-
tion, and soil variables had a greater explanation for the changes of soil
microbial community.

4. Discussion

4.1. Effects of alpine meadow degradation on soil microbial community

In this study, the degradation of alpine meadow significantly af-
fected the changes in the composition of soil microbial communities.
Under different degradation levels, the dominant phyla of bacterial
Fig. 5. Principal coordinates analysis (PCoA) of bacterial (a) and fungal (b) communities in the
non-degradation; MD, moderately degradation; SD, severely degradation.
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communities were Firmicutes, Actinobacteria, Proteobacteria, and
Acidobacteria, while the dominant phyla of fungi were Ascomycota,
Basidiomycota, and Zygomycota. The relative abundance of these dom-
inant phyla varied significantly at different degradation levels (Fig. 3),
most likely due to the influence of grazing, the decrease of AGB, the
change in the composition of plant communities, and the decrease in
root exudates and litter (Xie et al., 2018; Hu et al., 2018), resulting in
the decrease in soil nutrient content (Shen et al., 2020; Hong et al.,
2021) and the change in the composition and structure of soil microbial
communities (Li et al., 2016; Wang et al., 2017; Zeng et al., 2017; Cui
et al., 2019; Zhou et al., 2019).

Among the alpine meadows with different degradation levels,
the relative abundance of copiotrophic bacteria (Firmicutes and
Proteobacteria) was highest, while that of oligotrophic bacteria
(Acidobacteria and Chloroflexi) was lowest in the MD alpinemeadows.
When disturbed by the external environment, vegetation and soil nutri-
ents decrease, and copiotrophic bacteria face the change of habitat and
have to adopt the R-type strategy for mass reproduction (Fierer et al.,
2012; Ling et al., 2017; Li et al., 2019). Therefore, the relative abundance
of copiotrophic bacteria in theMDmeadowswas higher than that in the
NDmeadows. However, with the further degradation, the excessive uti-
lization of nutrients by copiotrophic bacteria will further lead to the lack
of resources in the habitat, which is not conducive to the growth of
alpine meadows with different degradation levels based on the Bray-Curtis distances. ND,

Image of Fig. 4
Image of Fig. 5


Fig. 6. Cladogram of the phylogenetic distribution of the bacteria (a) and fungi (b) lineages in the alpine meadow with different degradation levels. The histogram of LDA scores was
computed for differently abundant species in the bacterial (a) and fungal (b) communities in the alpine meadows with different degradation levels identified with a threshold value of
3.0. ND, non-degradation; MD, moderately degradation; SD, severely degradation.
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copiotrophic bacteria. At this time, natural selection will cause the
growth of more oligotrophic bacteria (Eilers et al., 2010; Leff et al.,
2015; Dai et al., 2018; Che et al., 2018). So, in the SD meadows, the
two types of bacteria reached another balance.

Different from the above trend, the relative abundance of
Actinobacteria increased significantly with the increase in degradation.
Our results are consistent with some studies that have found that
Actinobacteria are sensitive to soil pH and prefer to live and reproduce
in a neutral or alkaline environment (Dai et al., 2018; Li et al., 2019;
Zhou et al., 2019). These results indicate that the bacterial community
in alpinemeadow soil is not only regulated by vegetation and soil nutri-
ents but also by other environmental factors, such as SWC and pH
8

(Wang et al., 2017; Pan et al., 2018; Zhang et al., 2018b; Zhu et al.,
2018; Pan et al., 2020; Dai et al., 2020).

The fungal community's response to the degradation of the alpine
meadow was different from the response of the bacterial community.
The relative abundance of dominant phyla Ascomycota, Basidiomycota,
and Zygomycota decreased significantly in the MD meadows and recov-
ered to the same degree as ND in SD. Some studies suggest that SWC
has a certain impact on the metabolism of soil fungi, which is not condu-
cive to fungal growth (Zhang et al., 2014; Dai et al., 2020). Simultaneously,
meadowdegradation changes the availability of soil organicmatter; in the
soil with highly available organic matter, bacterial communities were
dominant; on the contrary, fungal communities were dominant (Che

Image of Fig. 6


Fig. 7. Predicted functional profiles of the soil bacteria (a) and fungi (b) in the alpine meadows with different degradation levels. ND, non-degradation; MD, moderately degradation; SD,
severely degradation.
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et al., 2019; Wang et al., 2020). Thus, the ecological strategy of the soil
fungal community in the alpine meadow is different from that of the
bacterial community. It is more likely to adopt the K-type strategy; in
Fig. 8. The redundancy analysis (RDA) of the bacterial (a) and fungal (b) communities with ve
non-degradation; MD, moderately degradation; SD, severely degradation; PD, plant density; P
water content; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total pot

9

other words, when appeared outside interference, the growth of soil
fungi will be limited due to the change of habitat (Che et al., 2018).
With the aggravation of degradation, the SWC decreases, and the
getation and soil properties in the alpine meadows with different degradation levels. ND,
H, plant height; AGB, above-ground biomass; PS, plant Shannon-Wiener index; SWC, soil
assium; AN, available nitrogen; AP, available phosphorus; AK, available potassium.

Image of Fig. 7
Image of Fig. 8
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availability of organic matter is lower, the growth state of soil fungi
will return to the same state as that of non-degradation.

4.2. Effects of plant and soil environmental factors on soil microbial
community

During alpine meadow degradation, the main driving environmental
factors affecting the composition of soil microbial community also
changed. The alpine meadow is in a low-temperature environment for a
long time, during which the soil permeability is poor, which strongly in-
hibits the activities of soil microorganisms and is not conducive to the re-
productionof soilmicroorganisms (Zhang et al., 2016a,b; Sun et al., 2019).
Here RDA analysis revealed that in the NDmeadows, soil microbial com-
munity was mainly regulated by PS, PH, PD, SWC and soil pH, in MD, soil
microbial community was regulated by the soil's available nutrients and
SOC, while in SD, soil microbial community was not only regulated by
the soil's available nutrients but also influenced by plant characteristics.
The reason for this trend may be that in the non-degraded meadow, the
plant is luxuriant, and the soil nutrient is sufficient. The change of soil mi-
crobial community is mainly affected by the vegetation change and some
physical factors, such as SWC and pH (Fry et al., 2016; Wang et al., 2017;
Pan et al., 2018; Zhang et al., 2018b; Zhu et al., 2018; Pan et al., 2020; Dai
et al., 2020). Grazing and other external interference significantly reduce
the AGB, decreasing the return of soil nutrients. As a result, soil microbial
communities respond to external changes with different ecological strat-
egies, resulting in the corresponding adjustment of soilmicrobial commu-
nity composition. Therefore, the soil microbial community's composition
was significantly changed in the moderately degraded meadow (Li et al.,
2016; Zhou et al., 2019). When the meadow degenerates to a certain ex-
tent, soil microorganisms have established a new community structure
dominated by oligotrophic microorganisms. While this microbial com-
munity is still faced with the arid plant and scarce soil nutrients, at the
same time, it has certain adaptability to this habitat. On the other hand,
the soil microbial community in the severely degraded meadow is not
only regulated by some of the soil's available nutrients but also affected
by the change in the plant community (Pan et al., 2020; Dai et al., 2020).

According to VPA (Fig. S1), during the degradation and succession of
the alpinemeadow, both plant and soil properties were important driv-
ing factors affecting the composition of the soil microbial community,
and the influence of soil properties was greater than that of the plant
characteristics. This result is consistent with most of the observations
(Li et al., 2016; Zhou et al., 2019; Peng et al., 2020b; Dai et al., 2020);
soil has more direct contact with soil microorganisms than vegetation;
thus, the impact of soil on soil microorganisms is more significant. Dur-
ing alpine meadow degradation, available soil nutrients change more
rapidly than other environmental factors and thus became the main
driving factor regulating the change of soil microbial community com-
position. In general, the influence of environmental factors on soil mi-
croorganisms is complex; these environmental factors also have a
complex interaction, and when these factors are combined with other
factors, such as precipitation, temperature, and human disturbance of
land use, the interaction between environmental factors and soil micro-
organismswill be more variable. Therefore, studies on the spatial distri-
bution and control factors of soil microbial communities should also
focus on the specific patterns of different ecosystems.

4.3. Implications for management of alpine meadow ecological restoration

The decrease of grassland productivity and ecosystem functions
caused bymeadowdegradation aremajor problems affecting the global
ecosystem function. For alpine meadow, the formation of mattic
epipedon is a long process; once it is destroyed, restoration is time-
consuming and costly. In addition, alpine meadows are sensitive to
water. Global warming, which leads to insufficient precipitation,
makes alpinemeadowsmore prone to complete degradation and disap-
pearance (Zhu et al., 2018). With climate warming in the future, the
10
drought risk in some areas of the Qinghai-Tibet Plateau is expected to
increase (Yin et al., 2013; Pan et al., 2020). Therefore, effectivemeasures
must be taken as soon as possible before serious degradation of alpine
meadow.

According toDong et al. (2013), the alpinemeadows that have expe-
rienced mild and moderate degradation can be restored, while the se-
verely degraded meadows are irreversible. At present, a large number
of studies have been carried out, and a series of restoration measures
have been put forward for the restoration of degraded grassland in the
Qinghai-Tibet Plateau (Prober et al., 2014; Cheng et al., 2016a;
Baranova et al., 2016; Li et al., 2016; Wang et al., 2017; Yang et al.,
2017; Zhou et al., 2019; Dong et al., 2020). It is worth noting that
some studies believe that global warming will lead to soil water stress,
and the proportion of drought-resistant species in alpine grassland
will increase (Pan et al., 2020). Therefore, priority should be given to
drought-tolerant species to restore vegetation on degraded grasslands.
It is necessary to select the corresponding plant species according to dif-
ferent soil moisture statuses with different degrees of degradation. It
also needs to improve water use efficiency and maximize the survival
rate of introduced species (Ganjurjav et al., 2016).

Improving soil nutrient conditions is also helpful for restoring alpine
meadows. Fertilization is a direct way to supplement the nutrients
needed by the vegetation in degraded grasslands. Nitrogen fertilizer is
broadly used in the alpine grassland of the Qinghai-Tibet Plateau
(Dong et al., 2020). Our results indicate that soil nutrients in degraded
alpinemeadows are limited by both nitrogen and phosphorus, so nitro-
gen and phosphorus should be added simultaneously in subsequent
restoration measures. However, while fertilization can rapidly improve
the productivity of grasslands, the excessive application of nitrogen fer-
tilizer will cause the decline of grassland biodiversity (Zhang et al.,
2010; Regan et al., 2017; Wang et al., 2019; Han et al., 2019).

The diversity and complexity of the microbial communities help
maintain various ecosystem functions and services; so, the regulation
of soil microbial community is critical for restoring a degraded alpine
meadow ecosystem. For different degraded meadows, inoculating a
small amount of “donor” microorganisms from healthy soil and artifi-
cially regulating the structure of soil microbial community may be a
more reliable method for restoration of degraded meadow (Che et al.,
2017). Microbial agents are rarely used to restore degraded grassland,
but there are many kinds of microbial agents in the world, and they
are widely used in agriculture and husbandry. The Qinghai-Tibet
Plateau has a special ecological environment; therefore, obtaining
high-efficient functional microbial strains and applying them to the
Plateau can break the constraints of soil microorganisms in degraded
grassland and become the key to the restoration of degraded alpine
grassland.

5. Conclusions

This study has demonstrated that the increasing levels of degrada-
tion in alpine meadows significantly decrease the contents of SWC,
SOC, TN, TP, TK, AN, AP, and AK and significantly increase the soil pH
without affecting the PD. Additionally, alpine meadow degradation sig-
nificantly changes the composition of the soil bacterial and fungal com-
munities but has no significant impact on the diversity of the microbial
communities. Specifically, with the aggravation of the degradation de-
gree, the dominant species in the bacterial community gradually
changed from copiotrophic bacteria (Firmicutes and Proteobacteria) to
oligotrophic bacteria (Acidobacteria and Chloroflexi), whereas the fun-
gal community composition only changed in the moderately degraded
alpine meadows. Moreover, during alpine meadow degradation, the
changes of plant and soil environmental factors both changed the com-
position of the soil microbial communities, and the influence of soil
properties was greater than that of the plant characteristics. In ND
meadows, soil microbial community was mainly regulated by PS, PH,
PD, SWC, and soil pH; in MD meadows, soil microbial community was
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regulated by the soil's available nutrients and SOC; whereas in SD
meadows, soil microbial community was not only regulated by the
soil's available nutrients butwas also influenced by plant characteristics.
The soil microbial communities were found to be mainly regulated by
the soil's available nutrients alongside degradation levels. These re-
search results enhance our understanding of the changes in the compo-
sition of the plant, soil, and microbial communities caused by alpine
meadow degradation and provide reliable data for the restoration and
management of the alpine meadows in the Qinghai-Tibet Plateau.
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