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Grazing is one of the main human disturbance factors in alpine grassland on the
Qinghai-Tibet Plateau (QTP), which can directly or indirectly influence the community
structures and ecological functions of grassland ecosystems. However, despite
extensive field grazing experiments, there is currently no consensus on how different
grazing management approaches affect alpine grassland diversity, soil carbon (C), and
nitrogen (N). Here, we conducted a meta-analysis of 70 peer-reviewed publications to
evaluate the general response of 11 variables related to alpine grassland ecosystems
plant diversity and ecological functions to grazing. Overall, the results showed that
grazing significantly increased the species richness, Shannon–Wiener index, and Pielou
evenness index values by 9.89% (95% CI: 2.75–17.09%), 7.28% (95% CI: 1.68–
13.62%), and 3.74% (95% CI: 1.40–6.52%), respectively. Aboveground biomass (AGB)
and belowground biomass (BGB) decreased, respectively, by 41.91% (95% CI: −50.91
to −32.88%) and 17.68% (95% CI: −26.94 to −8.52%). Soil organic carbon (SOC),
soil total nitrogen (TN), soil C:N ratio, and soil moisture decreased by 13.06% (95% CI:
−15.88 to −10.15%), 12.62% (95% CI: −13.35 to −8.61%), 3.27% (95% CI: −4.25 to
−2.09%), and 20.75% (95% CI: −27.89 to −13.61%), respectively, whereas, soil bulk
density and soil pH increased by 17.46% (95% CI: 11.88–24.53%) and 2.24% (95%
CI: 1.01–3.64%), respectively. Specifically, moderate grazing, long-durations (>5 years),
and winter grazing contributed to increases in the species richness, Shannon–Wiener
index, and Pielou evenness index. However, AGB, BGB, SOC, TN, and soil C:N
ratios showed a decrease with enhanced grazing intensity. The response ratio of
SOC was positively associated with AGB and BGB but was negatively related to the
Shannon–Wiener index and Pielou evenness index. Furthermore, the effects of grazing
on plant diversity, AGB, BGB, SOC, and TN in alpine grassland varied with grazing
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duration, grazing season, livestock type, and grassland type. The findings suggest that
grazing should synthesize other appropriate grazing patterns, such as seasonal and
rotation grazing, and, furthermore, additional research on grazing management of alpine
grassland on the QTP is needed in the future.

Keywords: grazing management, alpine grassland, species richness, biomass, meta-analysis, Qinghai-Tibet
Plateau

INTRODUCTION

Grassland is an important component of terrestrial ecosystems,
accounting for approximately 20% of the total global land
surface (Scurlock and Hall, 1998). Grasslands play vital roles
not only in supporting living and grazing conditions but also
in mitigating the effects of both local and global climate change
(Zhang et al., 2015; Ren et al., 2016; Yan et al., 2020). Among
them, the alpine grassland on the Qinghai-Tibet Plateau (QTP)
is the highest elevation grassland ecosystem in the world, at
an average elevation of over 4,000 m, with over 85% of the
QTP covered by alpine grasslands (Li et al., 2013; Liu X.
et al., 2021). As one of the main pastoral areas in China, the
QTP is abundant in grassland resources with alpine meadow,
alpine steppe, and alpine desert steppe types, which occupy
47.05, 30.98, and 7.41% of the total plateau area, respectively
(Tian et al., 2014; Li et al., 2018). However, because of human
overuse and climate change, the alpine grassland has degraded
seriously in recent decades, resulting in a loss of biodiversity
and the degradation of ecosystem functions (Li et al., 2017;
Liu et al., 2018). Among the factors affecting alpine grassland,
grazing is regarded as one of the most important, especially
overgrazing, which can lead to grassland degradation (McSherry
and Ritchie, 2013). In order to mitigate further deterioration
and degradation of grassland, the Chinese government has
correspondingly implemented ecological restoration programs,
such as the Returning Grazing Land of Grassland initiative
(Zhang et al., 2015; Xiong et al., 2016). The main purpose of
these programs is to reverse the negative effects of overgrazing
and rebuild the ecological functions of degraded grassland
areas. Since then, grazing management has become a widely
effective strategy to help prevent grassland degradation and
maintain sustainable grazing on the QTP (Lu et al., 2017;
Liu X. et al., 2021).

To date, a number of experimental studies have been
conducted to examine and clarify the impact of different grazing
management strategies on plant diversity and the soil properties
of alpine grassland. The outcomes of these studies are not
consistent – for example, the results of Wu J. S. et al. (2014)
showed that grazing reduced species diversity, whereas, Xiong
et al. (2014) found that grazing for 6 years enhanced the species
diversity of alpine grassland areas compared to non-grazing. Zou
et al. (2016) also concluded that the plant diversity in grazing
alpine grassland increased significantly compared to diversity in
areas with fences. Furthermore, previous studies have generally
found that grazing reduced grassland biomass (Lin et al., 2011;
Zhao et al., 2016), while a few studies showed that grazing
increased biomass (Niu et al., 2009). Different studies have also

reported marked differences in the effects of grazing on soil
properties in alpine grassland. Some studies have reported that
grazing had negative effects on soil carbon (C) and nitrogen
(N) levels (Sun et al., 2011; Shi et al., 2013; Li H. Q. et al.,
2016), while other studies found that grazing had no significant
effect on either of these parameters (Lu X. Y. et al., 2015). In
addition, many previous studies have demonstrated that heavy
grazing (HG) reduces plant diversity, plant biomass, and soil
organic carbon (SOC) content in alpine grassland (Sun et al.,
2011; Dlamini et al., 2016; Sun Y. et al., 2018) and that moderate
grazing (MG) might help to balance the competing factors of
species diversity protection and biomass production (Li et al.,
2011). However, the results of these studies are controversial
and inconclusive due to differences in grazing intensity, grazing
duration, grassland types, and environmental factors between
individual studies (Li et al., 2017; He et al., 2020). Consequently,
to better understand the effects of differences in grazing on plant
diversity and soil properties of alpine grassland on the QTP, it is
urgent to conduct a systematic and comprehensive analysis based
on published literature.

Meta-analysis provides a robust, quantitative, scientific, and
comprehensive statistical approach to integrating information
from individual studies (Hedges et al., 1999; Gurevitch et al.,
2018) and several publications have synthesized the effects of
grazing on grassland ecosystems at global and national scales.
For example, Gao and Carmel (2020) performed a global meta-
analysis and found that grazing significantly increased plant
richness compared to grazing exclusion. In contrast, Herrero-
Jauregui and Oesterheld (2018) reported that species richness
significantly decreased as grazing intensity increased on a global
scale. Zhou et al. (2017) and Byrnes et al. (2018) conducted
global meta-analyses, which indicated that grazing significantly
decreased belowground C and N levels in grassland ecosystems.
Furthermore, Yan et al. (2013) found that, compared to the global
average value, grazing had a greater negative effect on grassland
total biomass in China.

However, an area-specific synthesis of the effects of grazing on
alpine grassland on the QTP is still lacking and, in particular, the
results of such an analysis may not be consistent outcomes of
meta-analysis on a global and national scale. In terms of recent
meta-analysis studies, both Yan et al. (2020) and Liu C. et al.
(2021) showed that grazing significantly decreased the biomass or
SOC of alpine grasslands on the QTP. However, a comprehensive
analysis of the response of plant communities and soil properties
of alpine grassland on the QTP to different grazing patterns
remains unclear. Given these uncertainties, it is thus necessary
to integrate the available data from the study area to analyze how
grazing affects alpine grassland on the QTP.
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In this study, we compiled data from 70 peer-reviewed
studies and conducted a meta-analysis to quantitatively assess
the impact of grazing on alpine grassland plant diversity indices,
plant biomass, and soil properties on the QTP. Specifically,
our principal objectives were (a) to evaluate the magnitude
and direction (i.e., positive or negative change) of grazing
disturbance on plant diversity, biomass, and soil properties in
alpine grassland; (b) to examine how differences in grazing
intensity, grazing duration, grazing season, livestock type, and
grassland type regulate these response variables; and (c) to
understand the effects of grazing disturbances on interactions
between plant diversity and biomass and soil properties. These
findings could provide new perspective for the formulation of
grazing management strategies in alpine grasslands on the QTP.

MATERIALS AND METHODS

Data Collection and Compilation
To identify we searched peer-reviewed papers published before
January 2020 using the ISI Web of Science1 and China
National Knowledge Infrastructure.2 The following keywords and
combinations were used for retrieval: “grazing” OR “fencing”
AND “alpine grassland” OR “alpine meadow” OR “alpine
steppe” OR “soil carbon” OR “soil nitrogen” OR “diversity” OR
“biomass” AND “Tibet” OR “Tibetan Plateau” OR “Qinghai-
Tibetan Plateau.” To avoid bias in publication selection, the
papers were chosen based on the following criteria: (1) all study
results were from field experiments and must be carried out in
the alpine grassland of the QTP; (2) there was at least one group
of grazing treatment and a control group (i.e., non-grazing); (3)
the experiment must contain at least one pair of target variables;
(4) the grazing and control experiments both need to be carried
out under similar environmental conditions, including slope,
aspect, orientation, and position; (5) grazing intensity, duration,
season, and livestock type need to be clearly described; and (6)
the mean, standard deviation (SD) or standard error (SE), and
sample size of each variable in the treatment and control group
were clearly reported in the paper. Based on these criteria, a total
of 70 published papers were selected for this study (Figure 1 and
Supplementary Text 1).

The compiled database included three categories, comprising
a total of 11 variables, as follows: (1) plant diversity –
because different indices represent different aspects of species
diversity, we used the common indicators of species richness,
the Shannon–Wiener index, and the Pielou evenness index;
(2) plant biomass, including aboveground biomass (AGB) and
belowground biomass (BGB); and (3) soil properties, including
SOC, soil total nitrogen (TN), soil C:N ratio, soil bulk density
(BD), soil moisture (SM), and soil pH. Note that we selected BGB
data in a depth range between 0 and 30 cm because more than
80% of grassland biomass and soil nutrients are concentrated
in surface soil at depths of 0–30 cm (Yu et al., 2019). To detail
the impact of grazing on grassland, referring to the previous

1http://apps.webofknowledge.com
2http://www.cnki.net

studies of He et al. (2020) and Liu C. et al. (2021), based on the
original papers’ data collection, the grazing levels were classified
divided into light grazing (LG), MG, HG, and free grazing
(FG). In addition, we also evaluated the influence of different
grazing durations [short-term grazing (≤2 years), medium-term
grazing (2–5 years), and long-term grazing (>5 years)] (Liu C.
et al., 2021), grazing seasons (winter season, summer season, and
annual grazing), and livestock types (yak, Tibetan sheep, mixed
yak, and Tibetan sheep). The grassland types in each study were
classified into the alpine meadow, alpine steppe, and alpine desert
steppe, which are the three main grassland types on the QTP
(Figure 1). All raw data were extracted from the studies’ text,
tables, and graphics. If data were presented graphically, we used
the GetData Graph Digitizer to extract data (ver 2.26, Russian
Federation3). For each of the selected papers, we recorded the
journal name, study site, latitude, longitude, elevation, MAT, and
MAP (Supplementary Text 1). In cases where the MAT and MAP
were not reported in the paper, the data were extracted from the
global climate database4 using the study location’s corresponding
latitude and longitude information (Zhou et al., 2017).

Meta-Analysis
The data were analyzed by adopting a meta-analysis method
based on Hedges et al. (1999) and Luo et al. (2006). A natural
logarithm of the calculated response ratio (RR) was used as
the effective amount to indicate the effect of grazing on the
grassland-related variables. The RR was calculated using Eq. 1:

RR = ln(Xt/Xc) = ln(Xt)− ln(Xc) (1)

where Xt
and Xc

are the mean values in the grazing treatment
group and control group (non-grazing), respectively. The
variance (v) of RR was estimated using Eq. 2:

v =
S2
t

ntXt
2 +

S2
c

ncXc
2 (2)

where nt and nc represent the sample sizes of the grazing
treatment and the control (non-grazing) groups, respectively, and
St and Sc are the SD of the variable of interest in the grazing
treatment and control group, respectively. In order to obtain
lower variability and higher accuracy, the weighted response ratio
(RR++) was used to improve the statistical accuracy, with the
weight factor (w) of the effect value (RR) of each study given by
the inverse of its variance (w = 1/v). The mean response ratio
(RR++) was calculated from each pair of control and grazing
treatments, based on individual RR values (Zhou et al., 2017). The
equation for calculating the weighted RR is shown in Eq. 3:

RR++ =

∑m
i=1

∑k
j=1 wijRRij∑m

i=1
∑k

j=1 wij
(3)

where wij is the weight factor for each group. The m and
k values are the number of datasets and data points in each

3http://www.getdata-graph-digitizer.com
4http://www.worldclim.org
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FIGURE 1 | The distribution of grazing experiments selected in this meta-analysis on the QTP. The geographical location of field studies was mapped in ArcGIS 10.2
(https://www.esri.com/).

category group, respectively. The effect of grazing was considered
significant if the 95% confidence interval (CI) values of RR++ for
a he CI is given by Eq. 4:

95%CI = RR++ ± 1.96S(RR++) (4)

The overall SE (S) was calculated using the equation given in
Eq. 5:

S(RR++) =

√
1∑m

i=1
∑k

j=1 wij
(5)

We applied the random-effects model to calculate the mean
effect size for each study, which used the bootstrapping method to
obtain the lowest and highest values to derive the bootstrap 95%
confidence interval (95% CI) based on 5,000 iterations (Janssens
et al., 2010; Zhou et al., 2018). As noted above, instances where
the 95% CI of RR++ did not overlap with zero indicated cases
where grazing had a significant impact on the selected variables.
In contrast, if the 95% CI overlapped with zero, it was assumed
that there was no significant difference in the variable under
various grazing conditions. The percentage change of the variable
was then calculated with the following equation, given in Eq. 6:

Change (%) = (eRR++ − 1)× 100% (6)

To further examine the effects of categorical classes, the total
heterogeneity (QT) was composed of within-group heterogeneity
(QW) and between-group heterogeneity (QB) (Ren et al.,
2018). To establish whether there was a distinct difference
among different treatments within the same group, if the
probability value of QB was lower than 0.05, the response

rates were interpreted to be significantly different among the
various subgroups (Li Y. et al., 2016). The publication bias
(Supplementary Text 1) was tested using Rosenthal’s fail-safe
number method in the meta-analysis (Rosenberg et al., 2000;
Møller and Jennions, 2001; Rosenberg, 2005). If the fail-safe
number is larger than 5n + 10 (where n is the number of
observations used in the analysis), then the result is considered
to be a robust and reliable estimate of the true effect (Ren et al.,
2016; Zheng et al., 2019). In addition to the above methods,
we also performed Pearson’s correlation analysis to explore the
relationships between the RR of plants and soils under grazing
and the relationships between these response variables and MAT
and MAP. All meta-analyses were calculated using METAWIN
2.1 software (Hedges et al., 1999; Rosenberg et al., 2000) and
the plots were made using SIGMAPLOT 11.0 software (Systat
Software Inc., San Jose, CA, United States).

RESULTS

Effects on Grassland Plant Diversity
Across all the observations compiled in this study, our meta-
analysis showed that grazing significantly increased all the
grassland diversity indices: the species richness, Shannon–
Wiener index, and the Pielou evenness index increased on
average by 9.89% (95% CI: 2.75–17.09%), 7.28% (95% CI:
1.68–13.62%), and 3.74% (95% CI: 1.40–6.52%), respectively
(Figure 2). Among the different grazing intensities, MG had the
largest impact on both species richness and the Shannon–Wiener
index, increasing these values by 18.79% (95% CI: 2.08–38.65%)
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FIGURE 2 | Percentage changes in (A) species richness, (B) Shannon–Wiener index, and (C) Pielou evenness index in response to grazing. The variables are
categorized into different groups by grazing intensity, grazing duration, grazing season, livestock type, and grassland type. The error bars represent the bootstrap
95% CI. Data on the right-hand side of each panel represents the sample sizes of observations. LG, light grazing; MG, moderate grazing; HG, heavy grazing; FG,
free grazing; TS, Tibetan sheep; AM, alpine meadow; AS, alpine steppe; ADS, alpine desert steppe.

FIGURE 3 | Percentage changes in (A) aboveground biomass and (B) belowground biomass in response to grazing. The variables are categorized into different
groups by grazing intensity, grazing duration, grazing season, livestock type, and grassland type. The error bars represent the bootstrap 95% CI. Data on the
right-hand side of each panel represents the sample sizes of observations. LG, light grazing; MG, moderate grazing; HG, heavy grazing; FG, free grazing; TS,
Tibetan sheep; AM, alpine meadow; AS, alpine steppe; ADS, alpine desert steppe.

and 15.89% (95% CI: 3.68–32.04%), respectively; however, it did
not significantly affect the Pielou evenness index (Figure 2).
Furthermore, FG had positive effects on species richness (13.10%,
95% CI: 3.38–21.47%) and the Pielou evenness index (4.17%,
95% CI: 2.45–6.44%). For the experimental duration, short
and medium grazing durations did not significantly increase

species richness compared to non-grazing, however, long-
duration grazing increased species richness by 13.83% (95% CI:
0.47–29.16%). In contrast, short-duration grazing significantly
reduced both the Shannon–Wiener index and Pielou evenness
index, with decreases of 12.95% (95% CI: −17.33 to −6.99%)
and 9.23% (95% CI: −23.67 to −4.18%), respectively. In
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terms of the grazing season, winter grazing contributed to
increased species richness (34.84%, 95% CI: 14.32–55.66%),
Shannon–Wiener index (26.58%, 95% CI: 2.95–60.91%), and
Pielou evenness index (6.31%, 95% CI: 1.67–18.67%). With
respect to livestock type, grazing by Tibetan sheep significantly
increased the Shannon–Wiener index and Pielou evenness index
by 10.20% (95% CI: 3.63–18.55%) and 8.07% (95% CI: 6.66–
14.83%), respectively (Figure 2). Grazing in an alpine meadow
environment significantly increased species richness by 11.02%
(95% CI: 3.50–19.08%), whereas it had no significant effect on
either the Shannon–Wiener index or Pielou evenness index. In
contrast, both the Shannon–Wiener index and Pielou evenness
index significantly increased after grazing in an alpine steppe
environment (Figure 2).

Effects on Grassland Biomass
The overall responses of the selected grassland plant biomass
indices to grazing are presented in Figure 3. On average,
grazing significantly decreased the AGB and BGB by 41.91%
(95% CI: −50.91 to −32.88%) and 17.68% (95% CI: −26.94
to −8.52%), respectively. In detail, all grazing intensities had
significant negative effects on AGB, however, only heavy and
FG significantly decreased BGB (Figure 3). In terms of grazing
duration, short grazing duration had the greatest impact on AGB,
with a decrease of 58.19% (95% CI: −60.53 to −55.71%), but
did not affect BGB. Similarly, both medium and long grazing
durations had significantly negative effects on the AGB and BGB
parameters. Regarding different grazing seasons, winter grazing
had less impact on AGB than summer and annual grazing,
while it had no significant effect on BGB. Grazing by different
livestock types showed different magnitudes of biomass changes,
with mixed grazing showing the greatest reduction in AGB
compared with yak and Tibetan sheep grazing. Furthermore,
grazing significantly decreased both AGB and BGB in alpine
meadow and alpine steppe environments (Figure 3). In short,
grazing significantly reduced AGB, however, the values for BGB
differed due to different grazing management strategies.

Effects on Grassland Soil C, N, and
Related Variables
Averaged across all studies, grazing significantly decreased SOC
(13.06%, 95% CI: −13.06 to −10.15%), TN (12.62%, 95% CI:
−17.35 to −8.61%), the C:N ratio (3.27%, 95% CI: −4.25
to −2.09%), and SM (20.75%, 95% CI: −27.89 to −13.61%).
However, on average, grazing increased soil BD by 17.46%
(95% CI: 11.88–24.53%) and soil pH by 2.24% (95% CI: 1.01–
3.64%) (Figure 4). Specifically, with increasing intensity, grazing
had an increasingly negative impact on SOC, TN, C:N ratio,
and SM, whereas, it had a positive effect on both soil BD
and pH. Regarding grazing duration, long grazing durations
had the greatest impact on SOC (−24.90%, 95% CI: −31.32
to −17.38%), TN (−18.52%, 95% CI: −27.69 to −8.12%), and
C:N ratio (−4.10%, 95% CI: −5.64 to −3.48%). Moreover,
all grazing durations significantly increased soil BD and soil
pH, whereas they significantly decreased SM; on average, SM
decreased more with increased grazing duration. In terms of

grazing season, all grazing seasons significantly reduced the SOC,
TN, and SM parameters, but increased soil BD. When grouped
by livestock type, the greatest reductions in SOC, TN, and C:N
ratio occurred with mixed livestock grazing, with decreases of
17.63% (95% CI: −23.59 to −12.08%), 21.85% (95% CI: −33.40
to−12.44%), and 3.30% (95% CI:−6.49 to−1.23%), respectively.
However, Tibetan sheep grazing had the most significant impact
on soil BD (+34.76%, 95% CI: 20.73–51.65%), SM (−29.61%,
95% CI: −44.57 to −11.45%), and soil pH (+8.49%, 95% CI:
2.92–13.68%). Additionally, in terms of environment, based on
the limited number of observations (n < 20), grazing had no
significant effect on the SOC, TN, or SM variables in alpine steppe
and alpine desert steppe settings. However, the opposite result
was identified for meadow grassland, where grazing significantly
reduced SOC, TN, C:N ratio, and SM, but both soil BD and pH
were significantly increased (Figure 4).

Plant Diversity and Biomass Relationship
With Soil Properties Under Grazing
As shown above, grazing affected the relationship between plant
communities and soil properties in alpine grassland. In order
to quantify this relationship, we used Pearson’s correlation
analysis to investigate the RR of plant diversity, biomass, and
soil environmental factors (Table 1). The results showed that the
RR of SOC was significantly negatively correlated with both the
Shannon–Wiener index and the Pielou evenness index, however,
it was significantly positively correlated with AGB and BGB.
In contrast, the RR of species richness showed no significant
correlation with SOC and TN (p > 0.05). In addition, the
relationships between the RR of the Shannon–Wiener index,
Pielou evenness index, AGB, and BGB all had a significant
negative correlation with BD (Table 1).

In addition, we also investigated the relationship between the
RR and climate factors. Specifically, our analysis indicated that
there was no significant correlation between the RR of plant
diversity and MAT or MAP (Table 2). Similarly, no significant
relationships were observed between the RR values of AGB, BGB,
SOC, and TN and climate. The RR of the soil C:N ratio, SM,
and soil pH were all significantly negatively correlated with MAT
(p < 0.05), however, they were not significantly correlated with
MAP. The RR of BD declined with increasing MAP (p < 0.05),
however, it was not significantly correlated with MAT (Table 2).

DISCUSSION

Response of Grassland Plant Diversity to
Grazing
Our findings indicate that grazing significantly increases species
richness, the Shannon–Wiener index, and the Pielou evenness
index in alpine grassland on the QTP, consistent with the results
of a meta-analysis by Lu et al. (2017) located in alpine grassland.
These outcomes may be explained by grazing reducing plant
height, cover, dominance, and litter, increasing light availability,
enhancing the niche of grassland communities, promoting the
coexistence of species, and improving plant species diversity in
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FIGURE 4 | Percentage changes in soil organic carbon (A), soil total nitrogen (B), soil C:N ratio (C), soil bulk density (D), soil moisture (E), and soil pH (F) in
response to grazing. The variables are categorized into different groups by grazing intensity, grazing duration, grazing season, livestock type, and grassland type.
The error bars represent the bootstrap 95% CI. Data on the right-hand side of each panel represents the sample sizes of observations. LG, light grazing; MG,
moderate grazing; HG, heavy grazing; FG, free grazing; TS, Tibetan sheep; AM, alpine meadow; AS, alpine steppe; ADS, alpine desert steppe.

alpine grassland (Ren et al., 2016; Segre et al., 2016). In addition,
Gao and Carmel (2020) also found that grazing significantly
increased plant richness compared to grazing exclusion scenarios,
based on a global meta-analysis. However, our analysis of
different subgroups found notable differences – in particular,
moderate and FG remarkably increased species richness, whereas,
the effect was not significant in areas of light and HG. Two
possible explanations have been proposed for these patterns:

(1) LG has more dominant species in the grassland community
to a certain extent, thus preventing the establishment of other
invasive species (Ganjurjav et al., 2015); or (2) MG reduces
the dominance of certain species and promotes an increase
in short-statured species, thus facilitating species coexistence,
while HG may eliminate some grazing-intolerant species and
reduce species diversity. Additionally, Sun et al. (2021) also
found that MG increased the species richness in alpine grassland,
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TABLE 1 | Pearson’s correlation coefficients (R2) between the response ratio (RR) of plant and soil.

Variables Species richness Shannon–Wiener index Pielou evenness index AGB BGB

SOC 0.01 (5) −0.78* (5) −0.83* (5) 0.27* (19) 0.33** (36)

TN 0.13 (16) −0.45* (10) −0.33 (10) 0.05 (26) 0.12* (37)

C:N ratio – – – 0.04 (5) 0.87* (5)

BD −0.45 (6) −0.76* (6) −0.64* (7) −0.31** (30) −0.20* (24)

SM – −0.34 (6) −0.34 (6) 0.08 (17) −0.37* (14)

Soil pH 0.48 (4) 0.14 (5) 0.06 (7) −0.03 (21) −0.01 (8)

*p < 0.05; **p < 0.01. The symbol “−” indicates no data available. Values in parentheses indicate the sample size of observations.

TABLE 2 | Pearson’s correlation coefficients (R2) between response variables, mean annual temperature (MAT), and mean annual precipitation (MAP).

Variables n MAT MAP

Intercept Slope R2 Intercept Slope R2

Species richness 38 0.07 0.01 0.03 −0.04 2.E-04 0.02

Shannon–Wiener index 34 0.09 0.01 0.04 0.21 −2.E-04 0.05

Pielou evenness index 30 0.03 6.E-03 0.04 0.122 −2.E-04 0.035

AGB 63 −0.51 −0.02 9.E-03 −0.71 3.E-04 8.E-03

BGB 55 −0.12 −0.04 0.04 −0.10 −8.E-05 6.E-04

SOC 126 −0.16 0.02 0.03 −0.18 4.E-05 6.E-04

TN 163 −0.15 0.01 3.E-03 −0.22 1.E-04 4.E-03

C:N ratio 55 −0.05 −0.03 0.08* 0.05 −2.E-04 0.06

BD 74 0.17 0.01 0.02 0.52 −6.E-04 0.18*

SM 38 −0.25 −0.06 0.19* 0.21 −8.E−04 0.08

Soil pH 72 0.04 −0.01 0.15* 0.04 −4.E-05 0.01

*p < 0.05. n, indicates the sample size of observations.

consistent with the predictions of the intermediate disturbance
hypothesis, which further supports our meta-analysis results.
Light, moderate, and FG significantly increased the Shannon–
Wiener index and Pielou evenness index, whereas HG did not
affect them. This change may be due to the decrease of dominant
species in alpine grassland after grazing, which ultimately affected
the plant Shannon–Wiener index and Pielou evenness index
(Zhou et al., 2006; Li et al., 2013).

Notably, long-term (>5 years) grazing durations increased
species diversity compared to non-grazing, however, the effects
of short- and medium-duration grazing on species diversity
were not significant. This may be potentially associated with
the succession of alpine grassland vegetation: long-term non-
grazing has led to dominant species which are more robust
and, as a result, some less competitive species have gradually
decreased or disappeared from plant communities because of
competition, light resource, or nutrient availability (Yan and
Lu, 2015; Liu et al., 2020). This result is consistent with a
China scale meta-analysis performed by Xiong et al. (2016) that
found that short-term grazing exclusion (<5 years) remarkably
increased species richness. In addition, our results show that
long-term grazing also increased the Shannon–Wiener index
and Pielou evenness index. This finding is similar to that of
Xiong et al. (2014), who reported that both the Shannon–Wiener
index and Pielou evenness index were significantly lower in the
grazing excluded plots than in the adjacent grazing plots at
all sites. Moreover, our synthesis indicates that winter grazing

significantly increased species richness, the Shannon–Wiener
index, and Pielou evenness index, perhaps because winter grazing
may reduce the accumulation of grassland litter and increase
the sunshine exposure of the ground surface, thus leading to an
increase in the emergence rate and number of seed species (Zou
et al., 2016). In terms of livestock type, yak and Tibetan sheep are
the dominant species grazing on the QTP (Cheng et al., 2016).
Our meta-analysis indicated that yak grazing had no significant
impact on plant diversity indices, but mixed grazing significantly
increased species richness and the Pielou evenness index. It is
worth noting that the effects of Tibetan sheep grazing on the
Shannon–Wiener index and Pielou evenness index were more
pronounced than the effects of yak and mixed grazing. This
was presumably because there are differences between Tibetan
sheep and yak in size and habit, including feeding and trampling
behaviors (Cai et al., 2014). The increase of species richness
was most pronounced in the alpine meadow environment under
grazing, which could be attributed to the different components of
different alpine grassland types.

Response of Grassland Biomass to
Grazing
Livestock grazing significantly decreased both AGB and BGB
in the alpine grasslands of QTP (Figure 3), a finding that
is supported by outcomes of many previous synthesis studies
(Lu et al., 2017; Sun et al., 2021). In addition, Hao and He (2019)
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and Jiang et al. (2020) also found that grazing reduced AGB and
BGB through China-scale meta-analysis. Among the different
grazing intensities, HG yielded the most significant reductions
in AGB and BGB by 55.43% (95% CI: −68.49 to −40.51%) and
31.35% (95% CI: −50.60 to −4.60%), respectively (Figure 3).
This may occur because, as the destruction of soil increase as
grazing pressure increases, SOC and soil nutrients decrease,
and, thus, soil BD and soil pH also increase (Wiesmeier et al.,
2012; Liu C. et al., 2021). Furthermore, we also found that
SOC was significantly positively correlated with AGB and BGB
under grazing (Table 1). However, light and MG intensities had
no significant effect on BGB, which was consistent with meta-
analysis on global scales (Tang et al., 2019). In addition, Yan et al.
(2013), who performed a meta-analysis in China, found that light
and MG did not have significant effects on grassland BGB at
depths of 0–30 cm. Compared with medium and long durations
of grazing, the short-duration (<2 years) grazing decreased AGB,
while there was no significant change in BGB. This result is in
agreement with the findings of Hao and He (2019) and may be
due to the impact of short-term grazing on BGB having a certain
lag effect. For different grazing seasons, grazing significantly
decreased AGB and BGB, however, winter had no significant
effect on BGB, which might be due to the following reasons.
Firstly, summer is the growing season for alpine grassland on
the QTP and grazing livestock may inhibit the normal growth
of grassland by eating and trampling the plants. Secondly, the
majority of grassland species stopped growing above ground in
winter, however, their underground roots did not stop growing.
The effect of mixed grazing on AGB was greater than that of
yak or Tibetan sheep grazing, whereas, yak grazing had the
greatest impact on BGB. This phenomenon might be related to
the different living habits of yak and Tibetan sheep, including
differences in their eating, walking, resting, and excretion habits
(Cai et al., 2014). Overall, for all three grassland types, grazing
reduced grassland AGB and BGB, which is consistent with
findings of previous studies (Yan and Lu, 2015; Zhao et al., 2016;
Chen et al., 2018).

Response of Soil C, N, and Related
Variables to Grazing
Soil C and N are materials that store energy and limit plant
productivity in grassland ecosystems (Song et al., 2017). Overall,
our meta-analysis indicated that grazing significantly reduced
SOC, TN, and the C:N ratio in alpine grasslands, which is
in accordance with the outcomes of several other studies (Lu
et al., 2017; Hao and He, 2019; Zhan et al., 2020; Liu C. et al.,
2021). This effect may be attributed to a decrease in grassland
biomass and litter after grazing, which, in turn, leads to a decrease
in the soil nutrient input (Zhou et al., 2017). With increased
grazing intensity, only LG did not have a significant impact
on SOC, TN, and the C:N ratio. Dong et al. (2012) and Tang
et al. (2019) indicated that TN and SOC exhibited downward
trends with increasing grazing intensity. These findings imply
that the turnover of plant materials and excreta disruption of
soil hastened the loss of soil C and N under different grazing
pressures (Wu et al., 2010; Dong et al., 2012). It should be noted

that the SOC, TN, and C:N ratio changed more significantly
with long-durations of grazing, whereas short-duration grazing
had the least effect on them. As shown in a previous study,
long-term grazing reduced the input of soil organic matter in
grassland (Zhang et al., 2018). Likewise, Zhou et al. (2017)
also demonstrated a negative linear relationship between grazing
duration and soil carbon and nitrogen from a global perspective.
All grazing seasons exhibited a significant reduction in SOC
and TN, however, winter and annual grazing did not change
the C:N ratio (Figure 4). This was consistent with the findings
of Wang et al. (2018), presumably because livestock feeding
reduced the ability of the aboveground organic matter to return
to the soil. Compared to yak and Tibetan sheep grazing, mixed
grazing had the greatest impact on SOC, TN, and the C:N
ratio in alpine grassland, which is consistent with the finding
of a recent meta-analysis (Liu C. et al., 2021). This may be
due to different foraging selectivity between Tibetan sheep and
yak, leading to changes in the input and output of C and N
by grazing. In terms of grassland types, our results indicated
that grazing significantly decreased SOC, TN, and the C:N
ratio in alpine meadow environments, but the results were
opposite to those in alpine steppe and alpine desert steppe
settings. These different results may be due to environmental
factors (such as climatic conditions and soil properties) of
grassland types (Sun et al., 2013). Furthermore, Yang et al. (2009)
found that the plant biomass of alpine meadows on the QTP
is typically higher than that of alpine grasslands and alpine
desert grasslands.

Our synthesis also showed that grazing significantly increased
soil BD and soil pH, but significantly decreased SM. This finding
is in agreement with previous meta-analyses based on the QTP
and at larger scales across China (Hao and He, 2019; Liu C.
et al., 2021; Sun et al., 2021). In addition, Zheng et al. (2012)
and Lu X. et al. (2015) found that grazing increased the soil BD,
which led to a decrease in SM and an increase in the soil pH of
alpine grasslands. We speculate that the following reasons could
explain these results. Firstly, these outcomes may be attributed
to frequent trampling of the soil during grazing, which leads
to deterioration and consolidation of the soil structure and has
a negative impact on SM (Davidson et al., 2017; Liu C. et al.,
2021). Secondly, this is likely due to was likely because of the
accumulation of excreta and urine from grazing livestock (Dong
et al., 2012; Yang et al., 2016). Furthermore, long-duration grazing
significantly increased soil pH; this effect is likely related to
grazing having an additive effect on soil trampling. With respect
to different grazing seasons, summer grazing had minimal effects
on SM, which was likely due to precipitation on the QTP was
mainly concentrated in summer, and the soil was moist. The effect
of Tibetan sheep grazing on soil BD and pH was greater than that
of mixed grazing, which is in agreement with a previous study
(Xiao et al., 2018). Grazing significantly increased both the soil
BD and pH of alpine grassland, based on our analysis of a number
of studies in alpine steppe and desert steppe environments.
Grazing significantly reduced soil BD in the alpine desert steppe
but did not change the soil BD in the alpine steppe environment,
possibly because soil properties and climatic conditions varied
with grassland type.
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Regulating Mechanisms of the Grazing
on Plant Community and Soil Properties
Overall, grazing is one of the most important factors affecting
and regulating the vegetation and soil of the alpine grassland
on the QTP (Yang et al., 2018). We found that the RR of SOC
was negatively correlated with the Shannon–Wiener index and
Pielou evenness index with increasing grazing interference. This
change may be due to differences in the structure and function
of vegetation communities, which cause different feedback
mechanisms between them (Wardle et al., 2004). Our results also
show that the RR of AGB and BGB were significantly positively
correlated with SOC and TN, respectively (Table 1); this finding
is likely because the soil C and N mainly come from grassland
biomass and litter decomposition (Sun J. et al., 2018). Livestock
can also increase soil hardness and pH by trampling, in addition
to inhibiting the growth of grassland plants; this corresponds
well with our correlation analysis, which indicates that the RR
of soil BD and pH are negatively correlated with AGB and BGB,
respectively (Table 1), consistent with the finding of Hao and He
(2019). In addition, the effects of climate change will also affect
the growth of alpine grassland vegetation on the QTP (Wu J.
et al., 2014). In this study, we found that each plant diversity index
was not significantly correlated with MAT or MAP under grazing
(Table 2). This result may indicate that grazing disturbance is
the main cause of changes in grassland species diversity (Collins
and Barber, 1985). Suitable temperature and rainfall also help to
increase soil microbial activity and accelerate soil organic matter
mineralization (Ghee et al., 2013); however, our results indicate
that SOC and TN are not significantly correlated with climate
under grazing, potentially because grazing decreases biomass
and litter, resulting in less soil organic matter and nutrients.
The RR of the C:N ratio exhibited a negative correlation with
MAT, indicating that MAT plays an important role in C:N ratio
regulation (Klaminder et al., 2009). Furthermore, our results
showed that the RR of SM and soil pH had a significant negative
correlation with MAT under grazing, largely resulting from
increases in soil evaporation and soil temperature by caused
grazing (Wolf et al., 2010).

CONCLUSION

Grazing is an important form of alpine grassland resources
utilization on the QTP. Understanding the effects of various
grazing type and extent on plant diversity and ecological
functions in alpine grassland could provide a reference for
grassland management practices. Our meta-analysis revealed that
MG intensity significantly increased species richness, Shannon–
Wiener index, and Pielou evenness index, indicating that
MG intensity may be an effective management approach for

improving the species diversity of alpine grassland on the QTP.
In addition, long-duration (>5 years), winter, and mixed grazing
could help to enhance grassland diversity. However, there was
a greater decrease of AGB, SOC, and TN with increasing
grazing intensity, among which light and MG had less impact
on biomass and soil quality. Given these outcomes, this study
indicates that grazing should be chosen according to local
environmental conditions, in order to realize the sustainable
utilization, biodiversity, and environmental protection of alpine
grassland on the QTP.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found in the article/
Supplementary Material.

AUTHOR CONTRIBUTIONS

WL: conceptualization, writing – review and editing, supervision,
and funding acquisition. CL: conceptualization, writing –
original draft, methodology, validation, investigation, software,
and formal analysis. WW and HZ: supervision and funding
acquisition. YX: funding acquisition. JX: supervision. PX and HY:
data collect and supervision. All authors have read and agreed to
the published version of the manuscript.

FUNDING

This work was supported by the National Natural
Science Foundation of China (41471450), the Earmarked
Fund for China Agriculture Research System (CARS-
34), the Fundamental Research Funds for the Central
Universities (lzujbky-2021-ct11), Qilian Mountain National Park
Mountain Vertical Belt Monitoring Plot Construction Project
“Investigation and Testing of Ecosystems of Typical Forests,
Shrubs, Grasslands and Meadows in the Vertical Distribution
Belt of Haibei Area of National Park” (QHXH-2021-017), and
Muli Duowei Gongma Wetland Protection and Restoration
Project (2021).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.
765070/full#supplementary-material

REFERENCES
Byrnes, R. C., Eastburn, D. J., Tate, K. W., and Roche, L. M. (2018). A Global Meta-

Analysis of Grazing Impacts on Soil Health Indicators. J. Environ. Qual. 47,
758–765. doi: 10.2134/jeq2017.08.0313

Cai, Y. J., Wang, X. D., Tian, L. L., Zhao, H., Lu, X. Y., and Yan,
Y. (2014). The impact of excretal returns from yak and Tibetan sheep
dung on nitrous oxide emissions in an alpine steppe on the Qinghai-
Tibetan Plateau. Soil Biol. Biochem. 76, 90–99. doi: 10.1016/j.soilbio.2014.05.
008

Frontiers in Plant Science | www.frontiersin.org 10 December 2021 | Volume 12 | Article 765070

https://www.frontiersin.org/articles/10.3389/fpls.2021.765070/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2021.765070/full#supplementary-material
https://doi.org/10.2134/jeq2017.08.0313
https://doi.org/10.1016/j.soilbio.2014.05.008
https://doi.org/10.1016/j.soilbio.2014.05.008
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-765070 December 6, 2021 Time: 14:50 # 11

Li et al. Plant Diversity and Soil Properties

Chen, J., Luo, Y. Q., Xia, J. Y., Zhou, X. H., Niu, S. L., Shelton, S.,
et al. (2018). Divergent responses of ecosystem respiration components to
livestock exclusion on the Qinghai Tibetan Plateau. Land Degrad. Dev. 29,
1726–1737. doi: 10.1002/ldr.2981

Cheng, Y., Cai, Y. J., and Wang, S. Q. (2016). Yak and Tibetan sheep dung return
enhance soil N supply and retention in two alpine grasslands in the Qinghai-
Tibetan Plateau. Biol. Fertil. Soils 52, 413–422. doi: 10.1007/s00374-016-
1088-6

Collins, S. L., and Barber, S. C. (1985). EFFECTS OF DISTURBANCE ON
DIVERSITY IN MIXED-GRASS PRAIRIE. Vegetatio 64, 87–94. doi: 10.1007/
BF00044784

Davidson, K. E., Fowler, M. S., Skov, M. W., Doerr, S. H., Beaumont, N., and
Griffin, J. N. (2017). Livestock grazing alters multiple ecosystem properties
and services in salt marshes: a meta-analysis. J. Appl. Ecol. 54, 1395–1405.
doi: 10.1111/1365-2664.12892

Dlamini, P., Chivenge, P., and Chaplot, V. (2016). Overgrazing decreases soil
organic carbon stocks the most under dry climates and low soil pH: A meta-
analysis shows. Agric. Ecosyst. Environ. 221, 258–269. doi: 10.1016/j.agee.2016.
01.026

Dong, Q. M., Zhao, X. Q., Wu, G. L., Shi, J. J., Wang, Y. L., and Sheng, L. (2012).
Response of soil properties to yak grazing intensity in a Kobresia parva-meadow
on the Qinghai-Tibetan Plateau, China. J. Soil Sci. Plant Nutr. 12, 535–546.
doi: 10.4067/S0718-95162012005000014

Ganjurjav, H., Duan, M. J., Wan, Y. F., Zhang, W. N., Gao, Q. Z., Li, Y., et al. (2015).
Effects of grazing by large herbivores on plant diversity and productivity of
semi-arid alpine steppe on the Qinghai-Tibetan Plateau. Rangel. J. 37, 389–397.
doi: 10.1071/RJ14127

Gao, J., and Carmel, Y. (2020). A global meta-analysis of grazing effects on
plant richness. Agricult. Ecosyst. Environ. 302:107072. doi: 10.1016/j.agee.2020.
107072

Ghee, C., Neilson, R., Hallett, P. D., Robinson, D., and Paterson, E. (2013). Priming
of soil organic matter mineralisation is intrinsically insensitive to temperature.
Soil Biol. Biochem. 66, 20–28. doi: 10.1016/j.soilbio.2013.06.020

Gurevitch, J., Koricheva, J., Nakagawa, S., and Stewart, G. (2018). Meta-analysis
and the science of research synthesis. Nature 555, 175–182. doi: 10.1038/
nature25753

Hao, Y. Q., and He, Z. W. (2019). Effects of grazing patterns on grassland biomass
and soil environments in China: A meta-analysis. PLoS One 14:15. doi: 10.1371/
journal.pone.0215223

He, M., Zhou, G. Y., Yuan, T. F., van Groenigen, K. J., Shao, J. J., and Zhou, X. H.
(2020). Grazing intensity significantly changes the C : N : P stoichiometry in
grassland ecosystems. Glob. Ecol. Biogeogr. 29, 355–369. doi: 10.1111/geb.13028

Hedges, L. V., Gurevitch, J., and Curtis, P. S. (1999). The meta-analysis of response
ratios in experimental ecology. Ecology 80, 1150–1156. doi: 10.1890/0012-
9658(1999)080[1150:TMAORR]2.0.CO;2

Herrero-Jauregui, C., and Oesterheld, M. (2018). Effects of grazing intensity on
plant richness and diversity: a meta-analysis. Oikos 127, 757–766. doi: 10.1017/
S1751731111002618

Janssens, I. A., Dieleman, W., Luyssaert, S., Subke, J. A., Reichstein, M., Ceulemans,
R., et al. (2010). Reduction of forest soil respiration in response to nitrogen
deposition. Nat. Geosci. 3, 315–322. doi: 10.1038/ngeo844

Jiang, Z. Y., Hu, Z. M., Lai, D. Y. F., Han, D. R., Wang, M., Liu, M., et al. (2020).
Light grazing facilitates carbon accumulation in subsoil in Chinese grasslands:
A meta-analysis. Glob. Change Biol. 26, 7186–7197. doi: 10.1111/gcb.15326

Klaminder, J., Yoo, K., and Giesler, R. (2009). Soil carbon accumulation in the dry
tundra: Important role played by precipitation. J. Geophys. Res. Biogeosci. 9:114.
doi: 10.1029/2009JG000947

Li, C., Wulf, H., Schmid, B., He, J. S., and Schaepman, M. E. (2018). Estimating
Plant Traits of Alpine Grasslands on the Qinghai-Tibetan Plateau Using Remote
Sensing. IEEE J. Select. Top. Appl. Earth Observat. Remote Sens. 11, 2263–2275.
doi: 10.1109/JSTARS.2018.2824901

Li, H. Q., Zhang, F. W., Mao, S. J., Zhu, J. B., Yang, Y. S., He, H. D., et al. (2016).
Effects of Grazing Exclusion on Soil Properties in Maqin Alpine Meadow,
Tibetan Plateau, China. Pol. J. Environ. Stud. 25, 1583–1587. doi: 10.15244/
pjoes/62099

Li, Y., Niu, S. L., and Yu, G. R. (2016). Aggravated phosphorus limitation on
biomass production under increasing nitrogen loading: a meta-analysis. Glob.
Change Biol. 22, 934–943. doi: 10.1111/gcb.13125

Li, W., Cao, W. X., Wang, J. L., Li, X. L., Xu, C. L., and Shi, S. L. (2017). Effects
of grazing regime on vegetation structure, productivity, soil quality, carbon and
nitrogen storage of alpine meadow on the Qinghai-Tibetan Plateau. Ecol. Engin.
98, 123–133. doi: 10.1016/j.ecoleng.2016.10.026

Li, W., Huang, H. Z., Zhang, Z. N., and Wu, G. L. (2011). Effects of grazing
on the soil properties and C and N storage in relation to biomass allocation
in an alpine meadow. J. Soil Sci. Plant Nutr. 11, 27–39. doi: 10.4067/S0718-
95162011000400003

Li, W., Tian, F. P., Ren, Z. W., Huang, H. Z., and Zhang, Z. N. (2013). Effects
of grazing and fertilization on the relationship between species abundance
and functional traits in an alpine meadow community on the Tibetan Plateau.
Nordic J. Bot. 31, 247–255. doi: 10.1111/j.1756-1051.2012.01511.x

Lin, X. W., Zhang, Z. H., Wang, S. P., Hu, Y. G., Xu, G. P., Luo, C. Y., et al. (2011).
Response of ecosystem respiration to warming and grazing during the growing
seasons in the alpine meadow on the Tibetan plateau. Agric. For. Meteorol. 151,
792–802. doi: 10.1016/j.agrformet.2011.01.009

Liu, C., Li, W., Xu, J., Wei, W., Xue, P., and Yan, H. (2021). Response of soil
nutrients and stoichiometry to grazing management in alpine grassland on
the Qinghai-Tibet Plateau. Soil Tillage Res. 206:104822. doi: 10.1016/j.still.2020.
104822

Liu, X., Wang, Z. Q., Zheng, K., Han, C. L., Li, L. H., Sheng, H. Y., et al. (2021).
Changes in soil carbon and nitrogen stocks following degradation of alpine
grasslands on the Qinghai-Tibetan Plateau: A meta-analysis. Land Degrad. Dev.
32, 1262–1273. doi: 10.1002/ldr.3796

Liu, S. B., Zamanian, K., Schleuss, P. M., Zarebanadkouki, M., and Kuzyakov,
Y. (2018). Degradation of Tibetan grasslands: Consequences for carbon and
nutrient cycles. Agric. Ecosyst. Environ. 252, 93–104. doi: 10.1016/j.agee.2017.
10.011

Liu, X., Ma, Z. W., Huang, X. T., and Li, L. H. (2020). How does grazing exclusion
influence plant productivity and community structure in alpine grasslands of
the Qinghai-Tibetan Plateau? Global Ecol. Conservat. 23:e01066. doi: 10.1016/j.
gecco.2020.e01066

Lu, X., Yan, Y., Sun, J., Zhang, X., Chen, Y., Wang, X., et al. (2015). Short-term
grazing exclusion has no impact on soil properties and nutrients of degraded
alpine grassland in Tibet, China. Solid Earth 6, 1195–1205. doi: 10.5194/se-6-
1195-2015

Lu, X. Y., Yan, Y., Sun, J., Zhang, X. K., Chen, Y. C., Wang, X. D., et al. (2015).
Carbon, nitrogen, and phosphorus storage in alpine grassland ecosystems of
Tibet: effects of grazing exclusion. Ecol. Evol. 5, 4492–4504. doi: 10.1002/ece3.
1732

Lu, X. Y., Kelsey, K. C., Yan, Y., Sun, J., Wang, X. D., Cheng, G. W., et al. (2017).
Effects of grazing on ecosystem structure and function of alpine grasslands in
Qinghai-Tibetan Plateau: a synthesis. Ecosphere 8:e01656. doi: 10.1002/ecs2.
1656

Luo, Y. Q., Hui, D. F., and Zhang, D. Q. (2006). Elevated CO2 stimulates net
accumulations of carbon and nitrogen in land ecosystems: A meta-analysis.
Ecology 87, 53–63. doi: 10.1890/04-1724

McSherry, M. E., and Ritchie, M. E. (2013). Effects of grazing on grassland soil
carbon: a global review. Glob. Change Biol. 19, 1347–1357. doi: 10.1111/gcb.
12144

Møller, A. P., and Jennions, M. D. (2001). Testing and adjusting for publication
bias. Trends Ecol. Evol. 16, 580–586. doi: 10.1111/j.0006-341x.2000.00
455.x

Niu, K. C., Choler, P., Zhao, B. B., and Du, G. Z. (2009). The allometry of
reproductive biomass in response to land use in Tibetan alpine grasslands.
Funct. Ecol. 23, 274–283. doi: 10.1111/j.1365-2435.2008.01502.x

Ren, C. J., Chen, J., Lu, X. J., Doughty, R., Zhao, F. Z., Zhong, Z. K., et al. (2018).
Responses of soil total microbial biomass and community compositions to
rainfall reductions. Soil Biol. Biochem. 116, 4–10. doi: 10.1016/j.soilbio.2017.
09.028

Ren, Y., Lü, Y., and Fu, B. (2016). Quantifying the impacts of grassland restoration
on biodiversity and ecosystem services in China: A meta-analysis. Ecol. Engin.
95, 542–550. doi: 10.1016/j.ecoleng.2016.06.082

Rosenberg, M. S. (2005). The file-drawer problem revisited: A general weighted
method for calculating fail-safe numbers in meta-analysis. Evolution 59, 464–
468. doi: 10.1111/j.0014-3820.2005.tb01004.x

Rosenberg, M. S., Adams, D. C., and Gurevitch, J. (2000). MetaWin: Statistical
Software for Meta-Analysis. Sunderland, MA: Sinauer Associates.

Frontiers in Plant Science | www.frontiersin.org 11 December 2021 | Volume 12 | Article 765070

https://doi.org/10.1002/ldr.2981
https://doi.org/10.1007/s00374-016-1088-6
https://doi.org/10.1007/s00374-016-1088-6
https://doi.org/10.1007/BF00044784
https://doi.org/10.1007/BF00044784
https://doi.org/10.1111/1365-2664.12892
https://doi.org/10.1016/j.agee.2016.01.026
https://doi.org/10.1016/j.agee.2016.01.026
https://doi.org/10.4067/S0718-95162012005000014
https://doi.org/10.1071/RJ14127
https://doi.org/10.1016/j.agee.2020.107072
https://doi.org/10.1016/j.agee.2020.107072
https://doi.org/10.1016/j.soilbio.2013.06.020
https://doi.org/10.1038/nature25753
https://doi.org/10.1038/nature25753
https://doi.org/10.1371/journal.pone.0215223
https://doi.org/10.1371/journal.pone.0215223
https://doi.org/10.1111/geb.13028
https://doi.org/10.1890/0012-9658(1999)080[1150:TMAORR]2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080[1150:TMAORR]2.0.CO;2
https://doi.org/10.1017/S1751731111002618
https://doi.org/10.1017/S1751731111002618
https://doi.org/10.1038/ngeo844
https://doi.org/10.1111/gcb.15326
https://doi.org/10.1029/2009JG000947
https://doi.org/10.1109/JSTARS.2018.2824901
https://doi.org/10.15244/pjoes/62099
https://doi.org/10.15244/pjoes/62099
https://doi.org/10.1111/gcb.13125
https://doi.org/10.1016/j.ecoleng.2016.10.026
https://doi.org/10.4067/S0718-95162011000400003
https://doi.org/10.4067/S0718-95162011000400003
https://doi.org/10.1111/j.1756-1051.2012.01511.x
https://doi.org/10.1016/j.agrformet.2011.01.009
https://doi.org/10.1016/j.still.2020.104822
https://doi.org/10.1016/j.still.2020.104822
https://doi.org/10.1002/ldr.3796
https://doi.org/10.1016/j.agee.2017.10.011
https://doi.org/10.1016/j.agee.2017.10.011
https://doi.org/10.1016/j.gecco.2020.e01066
https://doi.org/10.1016/j.gecco.2020.e01066
https://doi.org/10.5194/se-6-1195-2015
https://doi.org/10.5194/se-6-1195-2015
https://doi.org/10.1002/ece3.1732
https://doi.org/10.1002/ece3.1732
https://doi.org/10.1002/ecs2.1656
https://doi.org/10.1002/ecs2.1656
https://doi.org/10.1890/04-1724
https://doi.org/10.1111/gcb.12144
https://doi.org/10.1111/gcb.12144
https://doi.org/10.1111/j.0006-341x.2000.00455.x
https://doi.org/10.1111/j.0006-341x.2000.00455.x
https://doi.org/10.1111/j.1365-2435.2008.01502.x
https://doi.org/10.1016/j.soilbio.2017.09.028
https://doi.org/10.1016/j.soilbio.2017.09.028
https://doi.org/10.1016/j.ecoleng.2016.06.082
https://doi.org/10.1111/j.0014-3820.2005.tb01004.x
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-765070 December 6, 2021 Time: 14:50 # 12

Li et al. Plant Diversity and Soil Properties

Scurlock, J. M. O., and Hall, D. O. (1998). The global carbon sink: a grassland
perspective. Glob. Change Biol. 4, 229–233. doi: 10.1046/j.1365-2486.1998.
00151.x

Segre, H., DeMalach, N., Henkin, Z., and Kadmon, R. (2016). Quantifying
Competitive Exclusion and Competitive Release in Ecological Communities: A
Conceptual Framework and a Case Study. PLoS One 11:14. doi: 10.1371/journal.
pone.0160798

Shi, X. M., Li, X. G., Li, C. T., Zhao, Y., Shang, Z. H., and Ma, Q. F. (2013).
Grazing exclusion decreases soil organic C storage at an alpine grassland of the
Qinghai-Tibetan Plateau. Ecol. Engin. 57, 183–187. doi: 10.1016/j.ecoleng.2013.
04.032

Song, Y., Zou, Y. C., Wang, G. P., and Yu, X. F. (2017). Altered soil carbon and
nitrogen cycles due to the freeze-thaw effect: A meta-analysis. Soil Biol. Biochem.
109, 35–49. doi: 10.1016/j.soilbio.2017.01.020

Sun, D. S., Wesche, K., Chen, D. D., Zhang, S. H., Wu, G. L., Du, G. Z., et al.
(2011). Grazing depresses soil carbon storage through changing plant biomass
and composition in a Tibetan alpine meadow. Plant Soil Environ. 57, 271–278.
doi: 10.17221/7/2011-PSE

Sun, J., Cheng, G. W., and Li, W. P. (2013). Meta-analysis of relationships between
environmental factors and aboveground biomass in the alpine grassland on
the Tibetan Plateau. Biogeosciences 10, 1707–1715. doi: 10.1371/journal.pone.
0081986

Sun, J., Ma, B. B., and Lu, X. Y. (2018). Grazing enhances soil nutrient
effects: Trade-offs between aboveground and belowground biomass in alpine
grasslands of the Tibetan Plateau. Land Degrad. Dev. 29, 337–348. doi: 10.1002/
ldr.2822

Sun, Y., He, X. Z., Hou, F. J., Wang, Z. F., and Chang, S. H. (2018). Grazing
increases litter decomposition rate but decreases nitrogen release rate in an
alpine meadow. Biogeosciences 15, 4233–4243. doi: 10.5194/bg-15-4233-2018

Sun, J., Zhan, T. Y., Liu, M., Zhang, Z. C., Wang, Y., Liu, S. L., et al. (2021).
Verification of the biomass transfer hypothesis under moderate grazing across
the Tibetan plateau: a meta-analysis. Plant Soil 458, 139–150. doi: 10.1007/
s11104-019-04380-8

Tang, S. M., Wang, K., Xiang, Y. Z., Tian, D. S., Wang, J. S., Liu, Y. S., et al.
(2019). Heavy grazing reduces grassland soil greenhouse gas fluxes: A global
meta-analysis. Sci. Total Environ. 654, 1218–1224. doi: 10.1016/j.scitotenv.2018.
11.082

Tian, L., Zhang, Y. J., and Zhu, J. T. (2014). Decreased surface albedo driven by
denser vegetation on the Tibetan Plateau. Environ. Res. Lett. 9:11. doi: 10.1088/
1748-9326/9/10/104001

Wang, Y. X., Hodgkinson, K. C., Hou, F. J., Wang, Z. F., and Chang, S. H. (2018).
An evaluation of government-recommended stocking systems for sustaining
pastoral businesses and ecosystems of the Alpine Meadows of the Qinghai-
Tibetan Plateau. Ecol. Evol. 8, 4252–4264. doi: 10.1002/ece3.3960

Wardle, D. A., Bardgett, R. D., Klironomos, J. N., Setala, H., van der Putten,
W. H., and Wall, D. H. (2004). Ecological linkages between aboveground
and belowground biota. Science 304, 1629–1633. doi: 10.1126/science.109
4875

Wiesmeier, M., Steffens, M., Mueller, C. W., Kolbl, A., Reszkowska, A., Peth, S.,
et al. (2012). Aggregate stability and physical protection of soil organic carbon
in semi-arid steppe soils. Eur. J. Soil Sci. 63, 22–31. doi: 10.1111/j.1365-2389.
2011.01418.x

Wolf, B., Zheng, X. H., Brueggemann, N., Chen, W. W., Dannenmann, M.,
Han, X. G., et al. (2010). Grazing-induced reduction of natural nitrous oxide
release from continental steppe. Nature 464, 881–884. doi: 10.1038/nature0
8931

Wu, G. L., Liu, Z. H., Zhang, L., Chen, J. M., and Hu, T. M. (2010). Long-
term fencing improved soil properties and soil organic carbon storage in an
alpine swamp meadow of western China. Plant Soil 332, 331–337. doi: 10.1007/
s11104-010-0299-0

Wu, J., Zhang, X., Shen, Z., Shi, P., Yu, C., and Chen, B. (2014). Effects of livestock
exclusion and climate change on aboveground biomass accumulation in alpine
pastures across the Northern Tibetan Plateau. Chin. Sci. Bull. 59, 4332–4340.
doi: 10.1007/s11434-014-0362-y

Wu, J. S., Shen, Z. X., Shi, P. L., Zhou, Y. T., and Zhang, X. Z. (2014). Effects
of Grazing Exclusion on Plant Functional Group Diversity Alpine Grasslands
along a Precipitation Gradient on the Northern Tibetan Plateau. Arct. Antarct.
Alp. Res. 46, 419–429. doi: 10.1657/1938-4246-46.2.419

Xiao, H., Peng, Z., Xu, C. L., Zhang, D. G., Chai, J. L., Pan, T. T., et al. (2018).
Yak and Tibetan sheep trampling inhibit reproductive and photosynthetic traits
of Medicago ruthenica var. inschanica. Environ. Monit. Assess. 16:190. doi:
10.1007/s10661-018-6896-8

Xiong, D., Shi, P., Zhang, X., and Zou, C. B. (2016). Effects of grazing exclusion
on carbon sequestration and plant diversity in grasslands of China—A meta-
analysis. Ecol. Engin. 94, 647–655. doi: 10.1016/j.ecoleng.2016.06.124

Xiong, D. P., Shi, P. L., Sun, Y. L., Wu, J. S., and Zhang, X. Z. (2014). Effects
of grazing exclusion on plant productivity and soil carbon, nitrogen storage
in alpine meadows in northern Tibet. China. Chin. Geogr. Sci. 24, 488–498.
doi: 10.1007/s11769-014-0697-y

Yan, L., Li, Y., Wang, L., Zhang, X. D., Wang, J. Z., Wu, H. D., et al. (2020). Grazing
significantly increases root shoot ratio but decreases soil organic carbon in
Qinghai-Tibetan Plateau grasslands: A hierarchical meta-analysis. LandDegrad.
Dev. 10:16. doi: 10.1002/ldr.3606

Yan, L., Zhou, G., and Zhang, F. (2013). Effects of different grazing intensities
on grassland production in China: a meta-analysis. PLoS One 8:e81466. doi:
10.1371/journal.pone.0081466

Yan, Y., and Lu, X. Y. (2015). Is grazing exclusion effective in restoring vegetation in
degraded alpine grasslands in Tibet, China? PeerJ 3:16. doi: 10.7717/peerj.1020

Yang, Y. H., Fang, J. Y., Pan, Y. D., and Ji, C. J. (2009). Aboveground
biomass in Tibetan grasslands. J. Arid. Environ. 73, 91–95. doi:
10.1016/j.jaridenv.2008.09.027

Yang, Z., Xiong, W., Xu, Y., Jiang, L., Zhu, E., Zhan, W., et al. (2016). Soil properties
and species composition under different grazing intensity in an alpine meadow
on the eastern Tibetan Plateau, China. Environ. Monit Assess 188:678. doi:
10.1007/s10661-016-5663-y

Yang, Z. N., Zhu, Q. A., Zhan, W., Xu, Y. Y., Zhu, E. X., Gao, Y. H., et al. (2018). The
linkage between vegetation and soil nutrients and their variation under different
grazing intensities in an alpine meadow on the eastern Qinghai-Tibetan Plateau.
Ecol. Engin. 110, 128–136. doi: 10.1016/j.ecoleng.2017.11.001

Yu, L., Chen, Y., Sun, W., and Huang, Y. (2019). Effects of grazing exclusion on
soil carbon dynamics in alpine grasslands of the Tibetan Plateau. Geoderma 353,
133–143. doi: 10.1016/j.geoderma.2019.06.036

Zhan, T. Y., Zhang, Z. C., Sun, J., Liu, M., Zhang, X. B., Peng, F., et al. (2020). Meta-
analysis demonstrating that moderate grazing can improve the soil quality
across China’s grassland ecosystems. Appl. Soil Ecol. 6:147. doi: 10.1016/j.apsoil.
2019.103438

Zhang, B., Thomas, B. W., Beck, R., Liu, K., Zhao, M. L., and Hao, X. Y. (2018).
Labile soil organic matter in response to long-term cattle grazing on sloped
rough fescue grassland in the foothills of the Rocky Mountains, Alberta.
Geoderma 318, 9–15. doi: 10.1016/j.geoderma.2017.12.019

Zhang, Y., Gao, Q., Dong, S., Liu, S., Wang, X., Su, X., et al. (2015). Effects of
grazing and climate warming on plant diversity, productivity and living state in
the alpine rangelands and cultivated grasslands of the Qinghai-Tibetan Plateau.
Rangel. J. 37, 57–65. doi: 10.1071/RJ14080

Zhao, J. X., Li, X., Li, R. C., Tian, L. H., and Zhang, T. (2016). Effect of grazing
exclusion on ecosystem respiration among three different alpine grasslands on
the central Tibetan Plateau. Ecol. Engin. 94, 599–607. doi: 10.1016/j.ecoleng.
2016.06.112

Zheng, H., Ying, H., Yin, Y., Wang, Y., He, G., Bian, Q., et al. (2019). Irrigation leads
to greater maize yield at higher water productivity and lower environmental
costs: a global meta-analysis. Agricult. Ecosyst. Environ. 273, 62–69. doi: 10.
1016/j.agee.2018.12.009

Zheng, Y., Yang, W., Sun, X., Wang, S. P., Rui, Y. C., Luo, C. Y., et al. (2012).
Methanotrophic community structure and activity under warming and grazing
of alpine meadow on the Tibetan Plateau. Appl. Microbiol. Biotechnol. 93,
2193–2203. doi: 10.1007/s00253-011-3535-5

Zhou, G., Zhou, X., He, Y., Shao, J., Hu, Z., Liu, R., et al. (2017). Grazing intensity
significantly affects belowground carbon and nitrogen cycling in grassland
ecosystems: a meta-analysis. Glob. Chang Biol. 23, 1167–1179. doi: 10.1111/gcb.
13431

Zhou, G., Zhou, X., Nie, Y., Bai, S. H., Zhou, L., Shao, J., et al. (2018). Drought-
induced changes in root biomass largely result from altered root morphological
traits: Evidence from a synthesis of global field trials. Plant Cell Environ. 41,
2589–2599. doi: 10.1111/pce.13356

Zhou, H. K., Tang, Y. H., Zhao, X. Q., and Zhou, L. (2006). Long-term grazing alters
species composition and biomass of a shrub meadow on the Qinghai-Tibet

Frontiers in Plant Science | www.frontiersin.org 12 December 2021 | Volume 12 | Article 765070

https://doi.org/10.1046/j.1365-2486.1998.00151.x
https://doi.org/10.1046/j.1365-2486.1998.00151.x
https://doi.org/10.1371/journal.pone.0160798
https://doi.org/10.1371/journal.pone.0160798
https://doi.org/10.1016/j.ecoleng.2013.04.032
https://doi.org/10.1016/j.ecoleng.2013.04.032
https://doi.org/10.1016/j.soilbio.2017.01.020
https://doi.org/10.17221/7/2011-PSE
https://doi.org/10.1371/journal.pone.0081986
https://doi.org/10.1371/journal.pone.0081986
https://doi.org/10.1002/ldr.2822
https://doi.org/10.1002/ldr.2822
https://doi.org/10.5194/bg-15-4233-2018
https://doi.org/10.1007/s11104-019-04380-8
https://doi.org/10.1007/s11104-019-04380-8
https://doi.org/10.1016/j.scitotenv.2018.11.082
https://doi.org/10.1016/j.scitotenv.2018.11.082
https://doi.org/10.1088/1748-9326/9/10/104001
https://doi.org/10.1088/1748-9326/9/10/104001
https://doi.org/10.1002/ece3.3960
https://doi.org/10.1126/science.1094875
https://doi.org/10.1126/science.1094875
https://doi.org/10.1111/j.1365-2389.2011.01418.x
https://doi.org/10.1111/j.1365-2389.2011.01418.x
https://doi.org/10.1038/nature08931
https://doi.org/10.1038/nature08931
https://doi.org/10.1007/s11104-010-0299-0
https://doi.org/10.1007/s11104-010-0299-0
https://doi.org/10.1007/s11434-014-0362-y
https://doi.org/10.1657/1938-4246-46.2.419
https://doi.org/10.1007/s10661-018-6896-8
https://doi.org/10.1007/s10661-018-6896-8
https://doi.org/10.1016/j.ecoleng.2016.06.124
https://doi.org/10.1007/s11769-014-0697-y
https://doi.org/10.1002/ldr.3606
https://doi.org/10.1371/journal.pone.0081466
https://doi.org/10.1371/journal.pone.0081466
https://doi.org/10.7717/peerj.1020
https://doi.org/10.1016/j.jaridenv.2008.09.027
https://doi.org/10.1016/j.jaridenv.2008.09.027
https://doi.org/10.1007/s10661-016-5663-y
https://doi.org/10.1007/s10661-016-5663-y
https://doi.org/10.1016/j.ecoleng.2017.11.001
https://doi.org/10.1016/j.geoderma.2019.06.036
https://doi.org/10.1016/j.apsoil.2019.103438
https://doi.org/10.1016/j.apsoil.2019.103438
https://doi.org/10.1016/j.geoderma.2017.12.019
https://doi.org/10.1071/RJ14080
https://doi.org/10.1016/j.ecoleng.2016.06.112
https://doi.org/10.1016/j.ecoleng.2016.06.112
https://doi.org/10.1016/j.agee.2018.12.009
https://doi.org/10.1016/j.agee.2018.12.009
https://doi.org/10.1007/s00253-011-3535-5
https://doi.org/10.1111/gcb.13431
https://doi.org/10.1111/gcb.13431
https://doi.org/10.1111/pce.13356
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-765070 December 6, 2021 Time: 14:50 # 13

Li et al. Plant Diversity and Soil Properties

Plateau. Pak. J. Bot. 38, 1055–1069. doi: 10.1111/j.1744-7909.2008.0
0676.x

Zou, J. R., Luo, C. Y., Xu, X. L., Zhao, N., Zhao, L., and Zhao, X. Q. (2016).
Relationship of plant diversity with litter and soil available nitrogen in an
alpine meadow under a 9-year grazing exclusion. Ecol. Res. 31, 841–851. doi:
10.1007/s11284-016-1394-3

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

The reviewer YD declared a shared affiliation, with no collaboration, with one of
the authors HZ to the handling editor at the time of the review.

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

Copyright © 2021 Li, Liu, Wang, Zhou, Xue, Xu, Xue and Yan. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org 13 December 2021 | Volume 12 | Article 765070

https://doi.org/10.1111/j.1744-7909.2008.00676.x
https://doi.org/10.1111/j.1744-7909.2008.00676.x
https://doi.org/10.1007/s11284-016-1394-3
https://doi.org/10.1007/s11284-016-1394-3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Effects of Different Grazing Disturbances on the Plant Diversity and Ecological Functions of Alpine Grassland Ecosystem on the Qinghai-Tibetan Plateau
	Introduction
	Materials and Methods
	Data Collection and Compilation
	Meta-Analysis

	Results
	Effects on Grassland Plant Diversity
	Effects on Grassland Biomass
	Effects on Grassland Soil C, N, and Related Variables
	Plant Diversity and Biomass Relationship With Soil Properties Under Grazing

	Discussion
	Response of Grassland Plant Diversity to Grazing
	Response of Grassland Biomass to Grazing
	Response of Soil C, N, and Related Variables to Grazing
	Regulating Mechanisms of the Grazing on Plant Community and Soil Properties

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


