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Extensive grazing activity is threatening the alpine grassland of the Qinghai-Tibetan
Plateau. Evidence has shown that grazing exclusion may change the composition,
structure, and functions of grassland ecosystems. However, such effects depend
on the intensity and duration of exclusion. We explored the effects of short-term
(2 and 4 years) and long-term (9 and 11 years) grazing exclusion on plant height,
coverage, and diversity and community heterogeneity in the alpine grassland of the
Qinghai-Tibetan Plateau. We found no difference in plant diversity between short-term
grazing exclusion and control. However, long-term grazing exclusion reduced species
richness and increased the Simpson dominance index. This decrease in plant species
richness was mainly attributable to the decrease in common species richness (defined
as species with a relative coverage of 1~5%). In addition, community heterogeneity
(coefficient of variation, CV) was significantly higher in long-term grazing exclusion
than in controlled plots. Structural equation modeling (SEM) demonstrated that long-
term grazing exclusion increased the community heterogeneity mainly by reducing
species diversity. These results suggest that the effects of grazing exclusion on the
composition, structure, and community spatial heterogeneity of the alpine grassland
ecosystem are dependent on exclusion duration. Grazing activity may maintain the high
biodiversity and community stability of the alpine grassland in the harsh environment of
the Qinghai-Tibetan Plateau.

Keywords: community composition, community structure, grazing exclusion, Qinghai-Tibetan Plateau, spatial
heterogeneity

INTRODUCTION

Spatial heterogeneity, or spatial variability (Kolasa and Rollo, 1991), represents the dissimilarity
(coefhicient of variation) of community properties between multiple subplots within one survey plot
(Huston, 1997; Weigelt et al., 2008). Because of the impact of spatial heterogeneity on grassland
ecosystem functioning (e.g., productivity) (Huston, 1997; Fukami et al.,, 2001), uncovering the
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underlying mechanisms that cause spatial heterogeneity is a
necessary step to predicting the change of ecosystem functions
under global changes (Naeem et al., 1994; Weigelt et al., 2008;
Grman et al., 2010). Many studies have shown that the more
diverse communities have a higher probability of maintaining
species and being resistant to environmental changes, i.e.,
more temporally stable (Tilman et al, 2006; Weigelt et al.,
2008; Loreau and De Mazancourt, 2013). However, little is
known about how spatial variability changes under biodiversity
loss. The heterogeneity of the microclimate, such as plant
coverage, has been shown to be significantly and positively
correlated with biodiversity (Xu et al,, 2000). Furthermore,
Fukami et al. (2001) showed that biodiversity loss lowers
ecosystem reliability (stability) between local communities by
increasing the dissimilarity of species compositions, which
indicates that biodiversity loss may lead to spatial heterogeneity
among communities.

Several mechanisms have been proposed to explain
community temporal stability, including compensatory
dynamics (Bai et al, 2004; Song and Yu, 2015; Wilcox et al,
2017) and dominant species effects (Polley et al., 2007; Sasaki and
Lauenroth, 2011; Wilsey et al., 2014). Given that the hypothesis
that biodiversity increases stability can equally be applied to
spatial heterogeneity (Fukami et al., 2001; Weigelt et al., 2008),
these mechanisms should be applied to explain the causes of
community heterogeneity. Compensatory dynamics (e.g., species
asynchrony) indicates the ability of species to supplement each
other under environmental changes, and higher compensatory
effects can contribute to higher ecosystem stability, resulting
from decreased variation in productivity (Bai et al., 2004; Song
and Yu, 2015; Wilcox et al., 2017). Additionally, the stability of
the dominant species is closely connected with the stability of
the ecosystem, because the dominant species contributes most
of the biomass in the community (Polley et al., 2007; Sasaki
and Lauenroth, 2011). The effects of species asynchrony and
dominant species are tightly correlated with plant diversity
(Bai et al, 2004; Polley et al., 2007). Here, we hypothesize
that an increase in biodiversity and asynchrony will lead to
a decrease in spatial heterogeneity and that an increase in
dominant species heterogeneity will lead to an increase in spatial
heterogeneity. Besides biotic factors, the spatial heterogeneity
of plant communities can also be influenced by abiotic factors,
including pH, nutrients, water content of soils, and so on
(Augustine and Frank, 2001; Wijesinghe et al., 2005; Zuo et al.,
2009; Ulrich et al., 2014). Ulrich et al. (2014) found that soil
variables such as pH can alter the small-scale spatial variability
of the plant community structure indirectly by changing species
richness. Wu et al. (2014) demonstrated that soil water content
can regulate plant community productivity in the semi-arid
steppes of China.

The alpine grasslands widespread on the Qinghai-Tibetan
Plateau play an important role in ecosystem and water security
(Su et al, 2015). The Qinghai-Tibetan Plateau is also one
of the most important pastoral areas in China, supporting
the production of livestock and the lives of local herdsmen.
However, extensive grazing can lead to the decline of grassland
productivity (Huang et al., 2007), and the alpine grassland

ecosystem on the Qinghai-Tibetan Plateau is facing a series of
grassland degradation problems, such as declines in biodiversity
and stability (Zhou et al., 2005; Liu et al., 2018; Zhao et al,,
2019). Grazing exclusion was considered as an effective measure
to alleviate the degradation of the alpine grassland on the
Tibetan Plateau (Yan and Lu, 2015). Given the effect of grazing
exclusion on plant species diversity and soil properties (Liu
et al., 2015; Xiong et al., 2016), we hypothesized that the spatial
heterogeneity of plant communities under grazing exclusion
would be influenced by the change in biotic and abiotic factors.
However, the impact that grazing exclusion activities have on
spatial heterogeneity remains controversial.

Here, we investigated the grassland abundance (coverage),
height, diversity (species richness and Simpson’s dominance
index), and soil properties in short-term (2 and 4 years),
long-term (9 and 11 years) grazing exclusion and in paired
non-exclusion plots to explore the effects of grazing exclusion
on species diversity and community spatial heterogeneity and
their relationships in the alpine grassland of the Qinghai-
Tibetan Plateau. Such knowledge will be important for
policy-makers to better formulate policies to manage natural
grasslands in this region.

MATERIALS AND METHODS

Research Sites

This study was conducted in an alpine meadow near the
Haibei National Field Research Station in the Alpine Grassland
Ecosystem (37° 36'-37° 37’ N, 101° 18'-101° 19’ E, 3220 m
a.s.l.), located in the northeast of the Qinghai-Tibetan Plateau,
China (Table 1). This alpine grassland has a continental monsoon
climate (Wang et al, 2014; Ma et al, 2017), with a mean
annual air temperature of —1.08°C and annual precipitation of
416.8 mm during the past 5 years (Wang et al., 2018). The soil
type was identified as Mollisols (Liu et al., 2018). The pH of
the surface soil (0-10 cm) was 7.8, and the bulk density was
0.8 g cm~>. The alpine grassland of this area is a winter pasture,
and grazing activity occurs approximately from September to
May. The grazing type is free-grazing, with a grazing intensity
of 5-6 sheep ha™! yr~! (Table 1). The dominant species in the
investigated sites include Stipa aliena (grasses), Tibetia himalaica
(legumes), Saussurea pulchra, and S. nigrescens (non-legume
forbs) (Supplementary Table S1).

Experimental Design and Field

Investigation

Fenced (no grazing event occurred since being fenced) and paired
non-fenced grassland with stands were investigated as grazing
exclusion and control treatments, respectively. Four grazing
exclusion treatments (approximately 400 m?, 20 m x 20 m plot
for each treatment) with different fenced durations (2, 4, 9, and
11 years) were selected and investigated. Among them, 2-year and
11-year grazing exclusion treatments and their controls (Site A,
37° 36’ 46" N, 101° 18’ 14” E, 3193 m a.s.l.) were within one
block, and 4-year and 9-year grazing exclusion treatment and
their controls (Site B, 37° 37 2"/ N, 101° 19’ 44" E, 3221 m a.s.l.)
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TABLE 1 | Information on the short-term and long-term grazing plots. Numbers in parentheses indicate standard deviation.

Duration (years)  Site Site area Dominant species? Grazing intensity Grazing Soil pH SwWC socC TN (%)
(ha) (sheepha=1yr-1)  period (%) (%)
Short-term 2 A 17 Stipa aliena, Tibetia himalaica, 6 Sep. to 7.39 25.7 6.89 0.55
Taraxacum mongolicum. Apr. (0.05) 0.1) (0.02) (0.03)
4 B 1 Stipa aliena, Tibetia himalaica, 5 Sep. to 7.87 271 5.07 0.40
Taraxacum mongolicum. May (0.04) 0.9 (0.02) (0.01)
Long-term 9 B 11 Stipa aliena, Saussurea 5 Sep. to 7.94 21.9 4.66 0.38
pulchra, Gentiana straminea. May (0.01) (0.4) 0.12) (0.00)
11 A 17 Stipa aliena, Saussurea 6 Sep. to 7.89 22.2 4.31 0.32
pulchra, Gentiana straminea. Apr. (0.05) 0.3 (0.02) (0.01)

aThe three highest-coverage species in the grazing exclusion plots. SWC, soil water content; SOC, soil organic carbon; TN, total nitrogen.

were within another block about 3 km away. The grassland areas
of these two sites were 11 ha and 17 ha, respectively.

To compare the variation in vegetation characteristics under
the short-term and long-term durations of grazing exclusion, we
further divided the four grazing exclusion treatments into short-
term (2 and 4 years) and long-term (9 and 11 years) exclusion.
The control stands were located outside the fenced grasslands
(Table 1 and Supplementary Table S2) and had similar
community compositions and structures (Supplementary Figure
§3). To avoid an edge influence of the fence on the growth
of the plants, we randomly investigated five grassland sub-plots
(1 m x 1 m) inside and outside the fence (5-10 m from the
fence), respectively. We divided the 1-m? sub-plots into 16 grid
cells (25 cm x 25 cm), and four of them were randomly selected
for the community investigation.

We investigated species, grass height, and coverage
(I cm x 1 cm grid method, absolute coverage based on the
square area) in August 2018. The total coverage of all the species
was calculated as the sum of the absolute coverage of each
species, and the absolute coverage of each species was divided
by total coverage as the relative coverage of the species. During
August 2019, we conducted a comprehensive investigation of
the communities at site A and site B. We investigated species,
grass height, and coverage at 75 plots (50 cm X 50 cm) in
each site. The soil samples (0-10 cm) were collected after the
community survey (using a 5-cm-diameter soil auger). In each
1-m? sub-plot, five soil samples were collected and were pooled
together. In the laboratory, we measured soil water content
(SWC), pH, soil organic content (SOC), and total nitrogen
content (TN). Soil water content was measured by the oven-
drying method. Air-dried samples were used to measure soil
pH (pH meter, PHS-3C, INESA, China) and concentrations of
C and N (elemental analyzer, FLASHEA 112 Series, Thermo
Electron, United States).

The small size of the observed sub-plots (25 cm x 25 cm)
might lead to imprecise estimates. To reduce this uncertainty,
we performed analysis of species-area relationships. The results
showed that the observed numbers of the smallest sub-plots
(25 cm x 25 cm) could account for 41% (24/59) and 44%
(25/57) for the whole area of site A and site B, respectively
(Supplementary Figure S10). In addition, we compared the
relationships of species richness and plot area between the two
sites but found no statistical difference between these two sites.

According to Maetal. (2017) and Liu et al. (2018), the plants in
alpine grassland are divided into four functional groups, namely
grasses, sedges, legumes, and non-legume forbs (Supplementary
Table S1). The plants of the grassland community were divided
into three categories according to relative dominance, including
dominant species (greater than 5% of the relative coverage),
common species (between 1 and 5%), and rare species (less than
1%) (Mariotte et al., 2013). As a result, four dominant species, 17
common species, and 25 rare species were identified in this study
(Supplementary Table S1).

Data Analysis
Species richness is the number of species in four cells. The
Simpson dominance index (D) is calculated according to Eq. (1):

D=> p? (1)
s=1

where p; is the relative coverage of each species (s)
(Smith and Wilson, 1996).

The spatial heterogeneity of the community (and of differently
dominant species) was calculated as the standard deviation of
the total (and differently dominant species) coverage of four
cells (o) divided by the mean value (1) (coefficient of variation
(CV); Weigelt et al., 2008). Asynchrony of species (all species and
dominant species in the community) were calculated according
to Eq. (2):

1—o2

T e

where o; is the standard deviation of the relative coverage of
species (i), o is the s.d. of community coverage, and ¢ is species
synchrony (Loreau and De Mazancourt, 2008).

One-way analysis of covariance (ANOVA) was used to test the
differences in plant community characteristics (coverage, height,
species richness, and Simpson’s dominance index), soil properties
(pH, SWC, SOC, TN), and community properties (community
spatial heterogeneity, dominant species spatial heterogeneity,
and species asynchrony) among the different treatments (short-
term and long-term grazing exclusion and their control stands).
Pearson correlation analysis was used to test the correlation
between factors (biotic and abiotic) (Supplementary Figure
S1). Non-metric multidimensional scaling (NMDS) was used

1— )
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to analyze the structural differences among the communities
(Supplementary Figure S3). First, the height data of each species
were dimension-reduced to obtain the community structure
under different treatments, and then an analysis of similarity
(ANOSIM) was performed using the “vegan” package of R
software to examine the differences in community structure
between each of the two treatments. If R = 0 (R is the statistical
value measuring the differences between and within groups,
ranging from —1 to + 1), then the community structure between
treatments was similar. If R > 0 and P < 0.05, then the difference
in community structure between treatments was significant.
Analysis of covariance (ANCOVA) was used to test the existence
of the species dominance effect by determining whether the slope
and intercept of the regression models were significantly different
among the treatments.

To explore the mechanism of grazing exclusion and
its duration on plant biodiversity and community spatial
heterogeneity, we first used a simple linear regression to analyze
the relationship between species diversity, species asynchrony,
dominant species spatial heterogeneity, and community spatial
heterogeneity. We further fitted a full structural equation model
(SEM) (containing all possible pathways) using the “SEM”
package of R software to infer the relative importance of species
richness, Simpson’s dominance index, species asynchrony, and
dominant species spatial heterogeneity on community spatial
heterogeneity (Supplementary Table S4). We then obtained the
final model by sequentially deleting the non-significant pathways
(Supplementary Figure S7). The evaluation of the model was
based on the criteria presented in Schermelleh-Engel et al. (2003).

RESULTS

Effects of Grazing Exclusion on

Community Composition

The results of the ANOVA showed that short-term grazing
exclusion had no significant effect on the total coverage (F = 0.1,
P = 0.75) but that long-term grazing exclusion significantly
reduced the total coverage (F = 23.2, P < 0.001). The total
coverage decreased significantly with the increase in grazing
exclusion duration (Figure 1A, F = 9.9, P = 0.01). Short-term
grazing exclusion had no significant effect on the coverage of
dominant species (F = 0.3, P = 0.58), whereas long-term grazing
exclusion substantially reduced the coverage of dominant species
(F=17.8, P =0.001). However, the divergence between them was
not significant (Figure 1B, F = 1.2, P = 0.29). Similarly, short-
term grazing exclusion had no significant effect on the coverage
of common species (F = 1.9, P = 0.18), but long-term grazing
exclusion significantly reduced the coverage of common species
from 50.8 to 34.7% (F = 6.4, P = 0.02); the coverage of common
species decreased significantly (Figure 1C, F = 7.2, P = 0.02) with
the increase in grazing exclusion time. For the coverage of rare
species, both short-term and long-term grazing exclusion showed
a significant increase (F = 14.5, P = 0.001; F = 6.8, P = 0.02),
but the difference between them was not significant (Figure 1D,
F=0.1,P=0.77).

For the different functional groups, short-term grazing
exclusion reduced but long-term grazing exclusion increased the
relative coverage of grasses (Supplementary Figure S2). Short-
term grazing exclusion resulted in a significant decrease in the
relative coverage of sedge by 2.8% (F = 8.3, P = 0.01), while the
relative coverage of legumes in the long-term grazing exclusion
was significantly reduced by 21.9% (F = 104.7, P < 0.001).
In addition, both short-term and long-term grazing exclusion
increased the relative coverage of non-legume forbs.

There were no significant differences in either species richness
or the Simpson’s dominance index between short-term grazing
exclusion and the control stands (Figure 2, F = 0.2, P = 0.68;
F = 01, P = 0.95). However, long-term grazing exclusion
significantly reduced species richness (Figure 2A, F = 30.1,
P <0.001) and increased Simpson’s dominance index (Figure 2B,
F = 30.1, P < 0.001). The duration of grazing exclusion also
exerted a negative effect on species richness, with a decrease
from 26 species in the short-term grazing exclusion stand to 17
in the long-term stand (Figure 2A, F = 46.6, P < 0.001). For
the different degrees of dominance, short-term grazing exclusion
has no significant effect on the diversity of the dominant and
the rare species but significantly reduced the diversity of the
common species (Supplementary Figure S6, F = 7.9, P = 0.01).
Long-term grazing exclusion had significantly negative effects
on dominant, common, and rare species richness (P < 0.05).
Common species richness decreased the most (from 13 species
to 8 species, Supplementary Figure S6).

Effects of Grazing Exclusion on

Community Structure

The ANOSIM results indicated that the greatest differences in
plant community composition occurred among the durations
of grazing exclusion (Figure 3 and Supplementary Table S3,
R = 0.542, P < 0.001). The community structure changed
considerably after long-term grazing exclusion (R = 0.461,
P < 0.001). There was also a significant difference in plant
community between the short- and long-term grazing exclusion
stands (R = 0.542, P < 0.001). Short-term grazing exclusion
had a slight influence on the plant community (R = 0.235,
P = 0.008). There was no statistically significant difference in
plant community composition between the short-term and long-
term control stands (R = 0.060, P = 0.137).

The effect of grazing exclusion on community structure was
also shown by the change in plant height (Supplementary
Figures S4, S5). For the different functional groups, the effects
of grazing exclusion on plant height were different between
the short-term and long-term exclusion stands. Short-term
grazing exclusion significantly increased the height of the grasses,
legumes, and non-legume forbs (P < 0.05). However, long-term
grazing exclusion significantly decreased the height of the grasses,
legumes, and non-legume forbs (P < 0.05).

Effects of Grazing Exclusion on

Community Spatial Heterogeneity
The effects of grazing exclusion on community spatial
heterogeneity were also different between the short-term
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FIGURE 1 | Grassland coverage of the community (A) and dominant (B), common (C), and rare (D) species under short-term and long-term grazing exclusion and
in control stands. Boxes in box plots extend from the first (25%) to third (75%) quartiles, with solid and dashed lines at the mean and the median value, respectively.
Whiskers extend from the 2.5th to the 97.5th percentile (n = 10). Uppercase letters indicate the differences between control and grazing exclusion under the same
duration, while lowercase letters represent the differences between the short-term and long-term application of the same treatment (control or grazing exclusion).
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FIGURE 2 | Plant species diversity (A) and Simpson’s dominance index (B) under short-term and long-term grazing exclusion and in control stands. Uppercase and
lowercase letters indicate the differences between control (Grazing) and crazing exclusion and differences under different durations of grazing exclusion, respectively.

and long-term exclusion stands (Figure 4). Long-term grazing significantly from 0.97 in the short-term grazing exclusion stands
exclusion exerted a significant influence on the community to 0.90 in the long-term grazing exclusion stands (Figure 4C,
heterogeneity (F = 11.8, P = 0.003), but the short-term effect F = 8.7, P = 0.009). For dominant species, short-term grazing
was not significant (Figure 4A). Species asynchrony decreased exclusion had no significant effect on their heterogeneity and
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ég | Ren et al,, 2016). In this study, we demonstrated that long-term
2 ’ grazing exclusion decreased plant diversity (species richness)
B D and productivity (coverage) (Figures 1, 2), which is consistent
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vs. Sh°t’t ,|’ ; 38%101 the Qinghai-Tibetan Plateau and the lowland grassy ecosystems
) ;sh'oc:_r:e:zq exclu.sion of southeast Australia (Schultz et al.,, 2011; Wu et al., 2009).
| Vs. control P= 0.008 However, the negative effect of grazing exclusion on grassland

-0.5 0.0 0.5 1.0
NMDS Axis 1

FIGURE 3 | Non-metric multidimensional scaling (NMDS) ordination of
vegetation in plots based on the height data of different species. Ordinations
were based on Bray—Curtis dissimilarities.

asynchrony (P > 0.05), while long-term grazing exclusion
significantly increased the heterogeneity of the dominant species
(Figures 4B,D, F = 12.9, P = 0.002).

The simple linear regression model showed that community
heterogeneity was significantly and negatively correlated with
species richness and species asynchrony (P < 0.001) but
positively correlated with the Simpson’s dominance index and
dominant species spatial heterogeneity (Figure 5, P = 0.002;
P = 0.001). Species asynchrony was significantly and positively
correlated with species richness but negatively correlated with
Simpson’s dominance index (Supplementary Figures S7A,B).
Heterogeneity of dominant species was significantly and
negatively correlated with species richness but was not correlated
with Simpson’s dominance index (Supplementary Figures
S7C,D). The relationship between community heterogeneity
and the heterogeneity of common and rare species was non-
significant (Supplementary Figure S8, P = 0.768, P = 0.479).

The results of the full SEM showed that the combined
effect of grazing exclusion and its duration led to an increase
in community heterogeneity and that this positive effect
was achieved mainly by reducing species richness (Figure 6
and Supplementary Table S4, Chi-square = 6.95, P = 0.07,
AIC = 56.95, GFI = 0.98). Grazing exclusion (standardized
coeflicient (B) = —0.38, P < 0.001) and its duration (f = —0.57,
P < 0.001) explained 47% of the variation in species diversity
(species richness). Species diversity (3 = —0.21, P = 0.01),
dominant species heterogeneity (B = 0.26, P < 0.001), and
species asynchrony (B = —0.70, P < 0.001) explained 89% of
the variation in community heterogeneity. Although Simpson’s
dominance index was significantly negatively correlated with
species asynchrony (Supplementary Figure S7B) and positively
correlated with community heterogeneity (Figure 5B) in linear
regression, it was not a significant predictor of community
heterogeneity in SEM (Figure 6 and Supplementary Table
$4 and Supplementary Figure S9).

diversity and productivity was not found in the degraded Stipa
tenacissima steppe of southern Tunisia or in the natural grassland
ecosystem of western Saudi Arabia (Al-Rowaily et al., 2015;
Jeddi and Chaieb, 2010). A meta-analysis in grasslands of China
showed that short-term (<5 years) grazing exclusion significantly
increased species richness in alpine steppe and temperate steppe
but that this phenomenon was not found in alpine meadow
(Xiong et al,, 2016). Our research in the alpine meadow of the
Qinghai-Tibetan Plateau found that a decrease in species richness
in the long-term grazing exclusion stand was mainly a result of
decreases in common and rare species richness. On the one hand,
in comparison to grazing grassland, grazing exclusion activity
led to relatively higher grass and litter biomass, which changed
the distribution of light resources in the community and then
limited the existence of the common and rare species (Letts
et al., 2015). On the other hand, grazing exclusion limited soil
trampling, which might improve the soil properties, leading to
an improvement of the conditions for vegetation (Liu et al,
2015). As a result, different durations of grazing exclusion
should exert different effects on community production and plant
diversity. In this study, we demonstrated that short-term grazing
exclusion activities increased the height of species with different
levels of dominance but did not exert any statistical effects on
dominant and rare species richness (Supplementary Figures S5,
$6). However, long-term grazing exclusion decreased the species
richness of species with different levels of dominance and did not
influence the height of species. The result of Pearson correlation
analysis showed that soil pH, soil organic carbon, and total
nitrogen content were related to Simpson’s dominance index and
were not related to species richness (Supplementary Figure S1).

Community structure in a grassland ecosystem changes
with composition, and this easy-to-understand causal link
has a very complex mechanism (Svenning et al, 2004; El-
Keblawy, 2016). Reynolds et al. (2003) stated that changes in
plant community structure were the result of plant-microbial-
soil interactions. We found that long-term grazing exclusion
decreased plant diversity and changed the community structure
(Figures 2, 3). The changed community structure can be
attributed to long-term regulation among plants and between
plants and the environment (Milchunas and Lauenroth, 1995).
First, herbivores use a process to select food in their grazing
activities, and long-term grazing selection helps to form
a copromoted evolutionary model between herbivores and
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plants (Becerra, 2007). In contrast, long-term grazing exclusion
almost stops this copromoted evolution. The main interaction
patterns between plant communities and the external biological
environment gradually shift from aboveground (herbivores)
to the surface (between plants) or below-ground (e.g., soil
resources, microorganisms, and small soil-dwelling animals)
(Hartnett and Wilson, 1999; Wijesinghe et al., 2005). Hartnett
and Wilson (1999) demonstrated that mycorrhizal fungi drove
the variation in plant community structure. Community
structure characteristics may also be directly affected by
nutrient availability in the soil (Huenneke et al., 1990). In
addition, long-term grazing exclusion significantly reduced the
coverage of dominant species but increased the coverage of
rare species (Figure 1). This change in community composition
caused by competition among species, especially competition
for light resources (Brauer et al, 2012), may further change
community structure.

Increase in Community Spatial
Heterogeneity

The community heterogeneity (CV) increased (a decrease of
community stability in space, &) significantly due to long-
term grazing exclusion in this study, which is consistent with
the results of a livestock exclusion experiment conducted

in Colorado shortgrass steppe (Adler and Lauenroth, 2000).
A simple linear model indicated that the increase of community
heterogeneity could be attributed to decreases in species diversity,
species asynchrony, and dominant species spatial heterogeneity
(Figure 5), which is consistent with our hypothesis. We found
that the change of community heterogeneity and biotic factors
(species diversity, species asynchrony, and dominant species
spatial heterogeneity) were not correlated with abiotic factors
(pH, soil water content, soil organic carbon, and nitrogen
content) (Supplementary Figure S1). So, we only consider
biotic factors to discuss the mechanisms that lead to the
increase of community heterogeneity under long-term grazing
exclusion (based on the mechanisms that maintain community
stability). The stability of community biomass is affected by
the characteristics of dominant species and plant diversity
(Polley et al., 2007). However, when comparing stability among
communities, the change in the functional characteristics of
dominant species has a greater impact on stability than the
change in species diversity (Sasaki and Lauenroth, 2011). In
addition, Pan et al. (2016) noted that when the compensation
effect of a community is not obvious, the stability of the ecosystem
is more sensitive to the loss of diversity.

Species diversity can affect not only plant productivity but
also temporal stability and spatial heterogeneity (Fukami et al.,
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2001; Eisenhauer et al., 2011; Loreau and De Mazancourt, 2013).
Experimental evidence indicates that changes in environmental
factors alter plant diversity and then increase or decrease the
community stability of grasslands (Tilman et al., 2006; Weigelt
et al, 2008). Yan and Lu (2015) revealed that a 6-8-year
grazing exclusion improved the plant diversity and community
stability of degraded grasslands on the Qinghai-Tibetan Plateau.
In this study, long-term grazing exclusion caused the loss
of species, especially the loss of common species, which led
to a decline in community spatial heterogeneity (Figure 5A
and Supplementary Figure S6). The full structural equation
model indicated that the reduction in species richness was the
most important factor affecting community spatial heterogeneity,
but Simpson’s dominance index was not maintained in this
model as a significant factor of community spatial heterogeneity
(Figure 6). Liu et al. (2015) demonstrated that <6 years of
grazing exclusion increased plant diversity and contributed to
community stability but that >11 years of grazing exclusion
decreased community production and plant diversity in the
sandy grassland of Ningxia. The evidence presented here
suggests that long-term grazing exclusion has not improved
the degradation of Qinghai-Tibetan Plateau grasslands but has
decreased grassland plant diversity and increase community
heterogeneity. Deléglise et al. (2011) also demonstrated that
grazing exclusion may lead to an increase in the spatial
variability of plant leaf dry matter content in mountain
pastures in France.

Previous studies have shown that changes in the dominant
species stability contributed most to changes in community

stability (Polley et al, 2007; Yang et al, 2017). We found
that long-term grazing exclusion significantly increased the
heterogeneity of dominant species (Figure 4B) and that
community heterogeneity increased with dominant species
heterogeneity (Figure 5D). The full SEM demonstrated that
dominant species heterogeneity was maintained in this model
as a significant factor of community spatial heterogeneity and
that species richness could cause the increase of community
heterogeneity directly or through influencing dominant species
heterogeneity (Figure 6 and Supplementary Figure S7).
However, after sequentially deleting the non-significant pathways
from the full SEM, we found that the duration of treatment
began to show an effect on dominant species heterogeneity
(Supplementary Figure S9). One possible explanation for this
phenomenon is the change in community heterogeneity with
duration of grazing exclusion (Figure 4A).

Species asynchrony represents the interaction of species in the
community. Factors that drive asynchrony among species besides
environmental stress include species diversity and random
effects of species (Loreau and De Mazancourt, 2008). Del
Rio et al. (2017) suggested that the possible mechanism for
maintaining community stability is the compensatory effect
between species. Zhang et al. (2016) demonstrated that the
reduction of compensatory effects could explain the reduction
of stability in a temperate grassland. Our experiments reinforce
the idea of a compensatory effect. Interestingly, neither grazing
exclusion nor its duration affected species asynchrony (all
species) in the SEM, but species asynchrony exhibited significant
negative relationships with community spatial heterogeneity
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TABLE 2 | Effect of grazing exclusion on grassland plant species richness in this and other studies.

Study site Latitude (°) Longitude () Elevation (m) Grassland type Duration (years) RR of SR References
Qinghai, China 37°36'N 101°18'E 3220 Alpine meadow 2 1.06 This study
37°36'N 101°18'E 3220 Alpine meadow 4 1.00
37°36'N 101°18'E 3220 Alpine meadow 9 0.64
37°36'N 101°18'E 3220 Alpine meadow " 0.73
Tibet, China 32°19'N 92°19'E 4544 Alpine meadow 3 1.06 Yan and Lu, 2015
31°26'N 88°20'E 4613 Alpine steppe 3 1.01
31°59'N 84°49'E 4591 Alpine desert steppe 3 1.87
Gansu, China 33°45'N 102°04'E 3500 Alpine meadow 8 0.78 Wu et al., 2009
Taif, Saudi Arabia 21°14'N 40°42'E 1400 N.A. 25 3.00 Al-Rowally et al., 2015
Sfax, Tunisia 34°41'N 10°30'E 1220 Degraded steppe 6 1.85 Jeddi and Chaieb, 2010
34°41'N 10°30'E 1220 Degraded steppe 12 2.50
Western Alps, France N.A. N.A. 1700 Subalpine grassland 22 1.05 Deléglise et al., 2011
N.A. N.A. 1700 Subalpine grassland 30 1.19
Mitiamo, Australia 36°13'S 144°25'E N.A. Lowland grassland 5 1.02 Schultz et al., 2011
Grampians, Australia 37°03'S 142°22'E N.A. Lowland grassland 6 1.39
Craigieburn, Australia 37°35'S 144°56'E N.A. Lowland grassland 8 1.01
Hattah Kulkyne, Australia 34°42'S 142°18'E N.A. Lowland grassland 9 0.83
Pine Grove, Australia 36°13'S 144°25'E N.A. Lowland grassland 10 0.86
Inverleigh, Australia 38°05'S 144°03'E N.A. Lowland grassland 1 0.76
Kinypanial, Australia 36°19'S 143°48'E N.A. Lowland grassland 12 0.93
Warrambeen, Australia 37°55'S 143°52'E N.A. Lowland grassland 12 0.34
Murray Sunset, Australia 34°16'S 141°49'E N.A. Lowland grassland 15 0.75
Wilson, Australia 38°53'S 146°14'E N.A. Lowland grassland 16 0.41

RR, response ratio, (SRexciusion/SRcontrol); SR, plant species richness; N.A., not available.
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(Figures 5C, 6). In our study, short-term and long-term
grazing exclusion had no significant effects on dominant species
asynchrony (Figure 4D). The asynchrony of the community
and of dominant species was insensitive to grazing exclusion
and duration, probably because of changes in community
composition, such as compensation for coverage among species
with different degrees of dominance. Overall, the significant
negative correlation between species asynchrony and community
spatial heterogeneity emphasized the importance of species
compensatory dynamics for grassland ecosystem functioning.
Compared with the full SEM, we found that species richness
could influence community heterogeneity indirectly through
species asynchrony in the final SEM, which is consistent with the
result of simple linear regression between species richness and
species asynchrony (Supplementary Figure S7A).

In our study, two caveats limited its further application
and may cause uncertainties in these results. First, there were
limited repetitions in short- (two repetitions, 2 and 4 years) and
long-term (two repetitions, 9 and 11 years) grazing exclusion
treatments. Second, there was a lack of information about
soil biotic and micro-climatic factors, which could result in
biases regarding the indirect effect of grazing exclusion on
community composition and structure. Despite these caveats, the
results of the study still help to increase our understanding of
the composition, structure, and function of plant communities
under grazing exclusion in the alpine meadow of the Qinghai-
Tibetan Plateau and contribute to predicting community spatial
heterogeneity in other grasslands through species diversity.

The Cross-Scale Response of
Community Composition to Grazing

Exclusion

We investigated the responses of community structure, such
as abundance (coverage), height, diversity (species richness and
Simpson’s dominance index), and soil properties to short-term
(2, 4 years) and long-term (9 and 11 years) grazing exclusion
in the alpine meadow of the Qinghai-Tibetan Plateau. The
results showed that long-term grazing exclusion could reduce
species diversity. To compare the results of species richness
from the alpine grassland ecosystem with the results from
other grassland ecosystems, we summarized the effect of the
exclusion on the species richness from related grazing exclusion
experiments in different regions (Table 2). We found that the
effects of grazing exclusion on grassland plant species richness
were dependent on grassland type and exclusion duration.
For example, long-term grazing exclusion has caused a loss
of species richness in alpine grassland in China and lowland
grassy ecosystems of southeast Australia (Wu et al., 2009
Schultz et al., 2011). However, the long-term implementation
of grazing exclusion could still contribute to the maintenance
of species richness in subalpine grasslands in France and
degraded Stipa tenacissima steppe in southern Tunisia (Jeddi and
Chaieb, 2010; Deléglise et al., 2011). Several abiotic and biotic
factors, including climate and grassland type, could contribute
to the divergent effects of grazing exclusion (Xiong et al.,
2016). Temperature and precipitation can influence plant species

richness after grazing exclusion (Wu et al., 2012; Xiong et al,
2016). For example, the investigations of an alpine grassland
transect along the northern Tibetan Plateau indicated that
growing season precipitation increased plant species richness
by promoting seed germination in the local species pool (Wu
et al, 2012). Long-term grazing exclusion could restore the
degraded Stipa tenacissima steppe in southern Tunisia by
promoting the growth of palatable species (Jeddi and Chaieb,
2010). However, long-term grazing exclusion decreased plant
species richness, as in the non-degraded alpine grassland of the
Qinghai-Tibetan Plateau (Table 2 and Figure 2). The possible
reason for this is the effects of the competitiveness (such as for
light or nutrient resources) of dominant grasses on common
and rare species under the condition of grazing exclusion
(Wu et al., 2009).

CONCLUSION

In conclusion, our results indicated that grazing exclusion,
especially long-term exclusion, failed to improve grassland
productivity (grassland coverage) and even reduced the
community coverage and plant diversity and altered the
community structure of the alpine grassland. Furthermore, our
work identified decreased plant diversity as the main reason
for the increased spatial heterogeneity of the grazing exclusion
in the alpine grassland ecosystem. These results suggest that
grazing can maintain relatively higher plant species diversity and
community stability in the alpine grassland that covers much of
the Qinghai-Tibetan Plateau. However, the effect is not suitable
for severely degraded grassland types. Focusing on the impact of
grazing exclusion on community composition and structure in
different regions is necessary for the sustainable development of
each grassland ecosystem.
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