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Alpine grassland is the main ecosystem on the Qinghai-Tibet Plateau (QTP). Degradation
and restoration of alpine grassland are related to ecosystem function and production,
livelihood, and wellbeing of local people. Although a large number of studies research
degraded alpine grassland, there are debates about degradation patterns of alpine
grassland in different areas and widely applicable ecological restoration schemes due to
the huge area of the QTP. In this study, we used the meta-analysis method to synthesize
80 individual published studies which were conducted to examine aboveground and
underground characteristics in non-degradation (ND), light degradation (LD), moderate
degradation (MD), heavy degradation (HD), and extreme degradation (ED) of alpine
grassland on the QTP. Results showed that aboveground biomass (AGB), belowground
biomass (BGB), Shannon-Wiener index (H’), soil moisture (SM), soil organic carbon
(SOC), sail total nitrogen (TN), and available nitrogen (AN) gradually decreased along the
degradation gradient, whereas soil bulk density (BD) and soil pH gradually increased.
In spite of a tendency to soil desertification, losses of other soil nutrients and reduction
of enzymes, there was no linear relationship between the variations with degradation
gradient. Moreover, the decreasing extent of TN was smaller in areas with higher
precipitation and temperature, and the decreasing extent of AGB, SOC, and TN
was larger in areas with a higher extent of corresponding variables in the stage of
ND during alpine grassland degradation. These findings suggest that in areas with
higher precipitation and temperature, reseeding and sward cleavage can be used for
restoration on degraded alpine grassland. Fencing and fertilization can be used for
alpine grassland restoration in areas with lower precipitation and temperature. Microbial
enzymes should not be used to restore degraded alpine grassland on a large scale
on the QTP without detailed investigation and analysis. Future studies should pay
more attention to the effects of climate factors on degradation processes and specific
ecological restoration strategies in different regions of the QTP.

Keywords: meta-analysis, climate factors, ecological restoration, Qinghai-Tibet Plateau (QTP), alpine grassland,
degradation
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INTRODUCTION

The Qinghai-Tibet Plateau (QTP) is not only the highest plateau
in the world (Qiu, 2008) but also an important husbandry
production basement (Zhou et al., 2016) and ecological security
shelter (Duan et al, 2021) in China and even Asia. Alpine
grassland ecosystem covers approximately 60% of the total area
of the QTP, which is approximately 2.5 million km' (Dong and
Sherman, 2015). It provides not only critical ecosystem services
in water regulation, soil conservation, biodiversity maintenance,
sand fixation, climate change mitigation, carbon sequestration,
and others (Dong and Sherman, 2015; Ding et al., 2016; Ren
et al,, 2016; Liu et al., 2018; Cao et al., 2020) but also a large
number of husbandry products and plant resources required by
a human for maintaining social and economic development at
local, regional, and global scales (Zhang et al., 2015; Zhuang
et al,, 2019; Xu et al.,, 2020). In recent years, due to the impact
of global warming and intensified human activities, coupled with
unreasonable utilization and management of alpine grassland,
nearly half of the alpine grassland is facing degradation (Mao
etal., 2008; Dong et al., 2010; Pan et al., 2017b). Alpine grassland
degradation will inevitably lead to the further decline of its
ecosystem services, which will lead the QTP into a vicious
circle of “ecological deterioration and economic poverty,” and
ultimately result in great loss of the ecological security shelter
and even “ecological disaster” (Zhang, 2006; Liu et al., 2012).
The livelihoods of more than 12 million herders living on the
QTP will be directly affected by alpine grassland degradation,
and the health and well-being of hundreds of millions of
people living downstream will also be indirectly affected (Harris,
2010; Dong and Sherman, 2015). Given the seriousness of this
situation, our study aims to reveal the processes and driving
factors of alpine grassland degradation, providing theoretical
support and restoration strategies for preventing alpine grassland
degradation and promoting sustainable utilization of alpine
grassland ecosystems of QTP.

Due to the aggravation of alpine grassland degradation, not
only degradation and restoration of alpine grassland have become
a research hotspot but also the demand for ecological restoration
engineering with universality, practicability, and operability is
becoming more and more urgent (Zhang Q. et al., 2019; Bai et al.,
2020; He et al., 2020a,b). In the process of degradation, huge
changes have taken place in the vegetation coverage, biomass and
biodiversity (Peng et al., 2012; Tang et al., 2015), soil physical
and chemical properties (Ma X. et al., 2020; Wen et al., 2020),
soil microbial biomass, and enzymes of alpine grassland (Zhang
et al,, 2017; Zhou et al., 2019). Understanding the processes and
stages of alpine grassland degradation and the effects of climate
factors and soil properties is the premise of adopting correct
restoration strategies (Gao and Li, 2016; Feng et al., 2019; Li
et al., 2019). At present, there are numerous studies on alpine
grassland degradation, which are mainly divided into two classes,
namely, regional research by remote sensing and GIS (Feng et al.,
2017; Yu et al.,, 2017; Chen et al., 2021) and local research by
single-site case studies such as field observation and experimental

Uhttp://www.worldclim.org/

measurement (Li et al., 2014b, 2020; Jing et al., 2015). Regional
research is difficult to describe the mechanisms of degradation
due to the lack of field experiments. Local research is difficult to
ensure deducing a prevailing reaction type of plant and soil and
their interaction due to the huge area of QTP. It is very important
to comprehensively analyze the alpine grassland degradation on
the QTP by meta-analysis. However, the existing studies using
meta-analysis ignore the changes of microbial enzymes in the
degradation process and do not consider the effects of climate
factors and soil properties (Yan et al., 2020; Zhang W. et al,
2019; Chen et al., 2020; Teng et al., 2020; Liu et al., 2021). Some
studies suggest that increasing alpine grassland degradation is
significantly affected by climate changes (Huang et al., 2016;
Pan et al.,, 2017b; Ran et al., 2019). It is necessary to conduct
a comprehensive analysis to understand the effects of climate
factors on degradation processes. There are gaps and doubts on
the relationship between soil conditions and alpine grassland
degradation on the QTP. The relationships among vegetation,
soil, and microbial characteristics with different climate and soil
properties in the degradation process of alpine grassland are also
not well understood.

Therefore, using the meta-analysis method to study the
linkage of vegetation, soil, and microbial characters with different
precipitation and temperature in the degradation process of
alpine grassland can supplement the shortcomings of the above.
We tried to determine the differences of vegetation, soil, and
microbial characteristics in the four degradation stages [i.e.,
light degradation (LD), moderate degradation (MD), heavy
degradation (HD), and extreme degradation (ED)] of alpine
grassland and the association of climate factors and soil
properties of non-degradation (ND) on them. We synthesized
to address the following: (1) changes of vegetation, soil, and
microbial characteristics in degradation gradients of alpine
grassland; (2) effects of climate factors and soil properties on
alpine grassland degradation; and (3) implications of ecological
restoration strategies to achieve sustainable development of
alpine grassland on the QTP.

MATERIALS AND METHODS

Data Collection

Peer-reviewed papers published were searched from the Web
of Science and China National Knowledge Infrastructure® using
the combined keywords “soil,” “degradation or degeneration or
degraded,” “alpine grassland or alpine meadow or alpine steppe,”
and “Qinghai-Tibetan Plateau or Tibetan Plateau or Tibet” until
April 28, 2021. Only studies meeting the following criteria
were included in this meta-analysis: (a) degradation stages were
clearly stated and consistent with the classification of alpine
grassland degradation on the QTP (Supplementary Table 1;
Ma et al,, 2002); (b) data from paired ND and degraded alpine
grassland were reported, and the initial climate conditions,
species compositions, and soil properties were similar in the
degraded and ND alpine grassland; (c) the study contained at
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FIGURE 1 | Distribution map of the study site for publications on the
Qinghai-Tibet Pl ateau (QTP) of China. Green points represent sites with
200-500 mm mean annual precipitation (MAP) (42 sites), and red points
represent sites with 500-800 mm MAP (38 sites).

least one of the soil property and microbial variables (Figure 2);
(d) the mean, SD, and sample size (n) for each variable
could be obtained.

A total of 209 paired observations from 80 publications
calculated in our meta-analysis (Figure 1 and
Supplementary Appendix). We extracted four plant variables,
15 soil property variables, and 12 microbial variables from
the papers. Except for microbial biomass carbon (MBC), we
also recorded 11 types of enzymes related to soil C, N, and P
cycling. They included oxidative C-cycling enzymes: (1) phenol
oxidase and (2) peroxidase; hydrolytic C-cycling enzymes: (3)
a-1,4-glucosidase, (4) B-1,4-glucosidase, (5) cellobiohydrolase,
(6) B-1,4-xylosidase, and (7) invertase; N-cycling enzymes:
(8) N-acetyl-B-glucosaminidase, (9) L-leucine aminopeptidase,
and (10) urease; and P-cycling enzymes: (11) phosphatase.
These enzymes are good proxies of soil biogeochemical cycling
(Kandeler et al., 1999; German et al., 2011) and are widely used to
estimate the ecosystem functionality of microbial communities
(Delgado-Baquerizo et al., 2016; Zhou et al., 2020). We used the
digitizing software WebPlotDigitizer to extract results presented
in figures (Burda et al., 2017). The location, mean annual
temperature (MAT), and mean annual precipitation (MAP)
were also gathered and recorded. If climate factors were absent
from the source papers, we extracted MAT and MAP from the
relevant latitude and longitude of the global climate layers of
WorldClim (1 km? spatial resolution?). The Map of China was
provided by the “National Tibetan Plateau Data Center.” The
digital elevation model (DEM) data were downloaded from
the United States Geological Survey (USGS) at 30-m spatial
resolution.

were

Data Analysis
In this meta-analysis, the effects of alpine grassland degradation
were calculated using the natural log of the response ratio (RR)

3https://data.tpdc.ac.cn/zh-hans/
“http://earthexplorer.usgs.gov/

(Hedges et al., 1999). The RR and its corresponding pooled
variance (v) were calculated as follows:

X,
RR = In (4‘) (1)
Xnd
SD? SD?
y=—2b 4 4 )
”nand ndXd

where X4 and Xy are the mean values of a specific variable
in the ND and degraded alpine grassland, respectively; npg
and nq are the sample sizes for the ND and degraded groups,
respectively; and SDq and SDy4 are the SDs for the ND and
degraded groups, respectively. In the studies that neither SD
nor SE was reported, we assigned the SD as 1/10 of the mean
(Zhou et al.,, 2017). For ease of understanding, we synthesized
11 enzymes into 4 categories (i.e., oxidative C-cycling enzymes,
hydrolytic C-cycling enzymes, N-cycling enzymes, and P-cycling
enzymes). In addition, the random-effect model was used
to calculate RRs of oxidative C-cycling enzymes, hydrolytic
C-cycling enzymes, and N-cycling enzymes for each observation
(Zhou et al., 2020). The mixed-effect model was used to calculate
the weighted RR (RR4 ) and corresponding 95% Cls of target
variables with a moderator of degradation stages. We performed
the omnibus test (Qy) to test whether the responses differed
among different degradation stages. When the Qy values were
significant (P < 0.05), the responses among stages were different.
For ease of understanding, the weighted RR and its corresponding
95% CI were transformed to the percentage change calculated
by the following formula: (e®®;, - 1) x 100%. The groups
with the small sample size (<5) were removed in these analyses.
Moreover, publication bias within each variable was assessed
using a regression test for funnel plot asymmetry (Egger et al.,
1997). Our results showed that most variables had no publication
bias (Supplementary Table 2). The possible publication bias
within several variables would not affect our results because
Rosenberg’s fail-safe number indicated that these results were
robust (Rosenberg, 2005).

We used single meta-regression models to quantify how
effects of degradation varied depending on climate factors (i.e.,
MAT and MAP) and corresponding variables of non-degradation
grassland [i.e, aboveground biomass (AGB), belowground
biomass (BGB), soil organic carbon (SOC), soil total nitrogen
(TN), and microbial biomass carbon (MBC)]. Finally, we
conducted a Pearson correlation analysis to investigate the
relationships among RRs of all variables. All statistical analyses
were conducted using R software version 4.0.0 (R Development
Core Team, 2020).

RESULTS

Changes of Vegetation, Soil, and
Microbial Variables Along the

Degradation Gradient
For four plant variables, the losses escalated with the degradation
of alpine grasslands and differed significantly (P < 0.001) between
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FIGURE 2 | Percent changes of (A) plant and six soil property variables, (B) soil nutrient variables, and (C) microbial variables after grassland degradation across
different degradation stages. Weighted means and their 95% Cls of percent changes are given. The numbers at the top of the Cls represent the sample sizes. The
significances of degradation stages are tested by the omnibus test (QM). LD, light degradation; MD, moderate degradation; HD, heavy degradation; ED, extreme
degradation; VC, vegetation cover; AGB, aboveground biomass; BGB, belowground biomass; H’, Shannon-Wiener index; BD, soil bulk density; SM, soil moisture;
SOC, soil organic carbon (C); TN, total nitrogen (N); AN, available N; NH,-N, ammonium N; NOj -N, nitrate N; TP, total phosphorus (P); AP, available P; AK, available
potassium; MBC, microbial biomass C; OCE, oxidative C-cycling enzymes; HCE, hydrolytic C-cycling enzymes; NE, N-cycling enzymes; PE, P-cycling enzymes.
Source data are provided as a Source Data file.
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the different degradation stages (Figure 2A). However, only
vegetation cover significantly decreased at all four degradation
stages. The reduction in AGB and BGB was not significant at
the stage of LD, and the Shannon-Wiener index only showed a
significant reduction at the stages of HD and ED.

Soil bulk density (BD) and soil pH significantly increased
at all four degradation stages with significantly (P < 0.05)
higher at the stage of ED than that at the stage of LD
(Figure 2B). SM significantly decreased at all four degradation
stages with significantly (P < 0.001) lower at the stage of ED
than that at the stage of LD (Figure 2A). Changes in soil
texture showed no significant difference (P > 0.05) between the
different degradation stages (Figure 2A). Sand content showed
a significant increase at the stages of LD and ED. Silt content
showed a significant decrease at the stages of HD and ED.
In addition, clay content showed a significant decrease at the
stage of ED. SOC and TN significantly decreased at all four
degradation stages and the reduction both gradually increased
along the degradation gradient (Figure 2B). The losses of SOC
were significantly higher at the stage of HD and ED compared to
those at the stage of LD (P < 0.001). The difference in TN losses
was not significant (P > 0.05) between the different degradation
stages. Soil C:N ratio and TP showed no significant changes in all
degradation stages (P > 0.05). Other nutrients also had a trend
to decline, but the variations were rarely consistent at different
degradation stages.

For microbial variables, MBC significantly decreased at
the stage of HD (Figure 2C). Hydrolytic C-cycling enzymes
significantly increased at the stage of MD and significantly
decreased at the stage of ED. N-cycling enzymes significantly
decreased at the stages of HD and ED. In other degradation
stages, the microbial variables did not show significant changes.

Driving Factors of Alpine Grassland

Degradation

The meta-regression results showed that the reduction of TN
was smaller in areas with higher MAT and MAP (Figure 3).
The increase of soil pH was larger in areas with higher
MAT and MAP (Supplementary Figures 1a,b). Moreover, the
decreasing extent in SM was larger in areas with higher MAP
(Supplementary Figure 1c). The losses of AGB, SOC, and TN
were larger in areas with a higher extent of corresponding
variables in the stage of ND (Figure 4). Correlation analysis
showed that most RRs of variables were significantly positively
related to each other (Figure 5). Especially, the RRs of vegetation
cover, BGB, and Shannon-Wiener index were negatively related
to the RR of soil pH.

DISCUSSION

Processes and Mechanisms in

Vegetation and Soil Degradation

With more variables included in our study, our results reveal
more comprehensive plant, soil, and microbial changes during
degradation processes than previous meta-analyses (Zhang W.

et al., 2019; Teng et al., 2020; Liu et al., 2021). At the stage of
LD, the insignificant changes of AGB and BGB were probably
due to the increasing biomass of forbs, which could cancel
out the decline in the biomass of graminoids and sedges
(Wang et al, 2009; Zhang W. et al, 2019). The Shannon-
Wiener index only significantly decreased in the stages of
HD and ED, which implied that the light and moderate
environmental disturbance might have a neutral effect on
vegetation communities (Wang et al., 2009). With the proportion
of poisonous plants and the disturbance intensity increasing,
plant community structure gradually deteriorates, leading to
the reduction of plant diversity (Li et al, 2014a). As shown
in correlation analysis, the deterioration of soil properties was
closely associated with alpine grassland degradation. Following
the loss of vegetation cover, the soil surface losses its protection
and undergoes erosion from wind and water, resulting in
the increase of sand content and decline in silt and clay
content (Xu et al., 2019). Moreover, as topsoil was eroded,
subsoil with higher pH values would be exposed and form
new topsoil (Ma X. et al, 2020), so that the pH values
also escalated with degradation stages. In fact, accompanied
by vegetation degradation, changes in soil properties would
further influence other properties. For instance, the shift of
plant composition might enlarge the plant transpiration as the
big leaves of forbs might exacerbate water loss (Peng et al,
2018). The increase in sand content and decline in SOC
also have negative effects on soil water retention, resulting
in the reduction of SM with degradation (Pan et al.,, 2017a;
Dai et al, 2021). In addition, the increase of soil BD is
also the combined effect of the compaction from livestock
trampling, and the loss of SOC as SOM is loose and porous
(Ruehlmann and Koerschens, 2009).

Previous studies have proposed some mechanisms to explain
the SOC loss with alpine grassland degradation, which mainly
focuses on two aspects: (1) the biological and ecological processes
and (2) the physical processes. First, the significant decrease of
AGB and BGB will directly reduce the input of C to the soil.
The previous study has proved that forbs can lead to higher
fine root decomposition and enhance the SOC mineralization
compared with grass (Fornara et al., 2009). Therefore, changes
in the plant community during degradation may lead to a higher
rate of SOC mineralization. Our results also showed that the
C-cycling enzyme activities would not decrease except the stage
of ED, indicating that microbial metabolism related to SOC
mineralization would not be hampered when the degradation
intensity was not severe. Second, wind and water erosion directly
remove SOM. In addition, the physical protection of SOM can
be broken by external disturbances such as livestock trampling,
which stimulates decomposition (Dong et al., 2020b). Our results
showed that the soil C:N ratio did not have significant changes in
all degeneration stages, indicating that the N (nitrogen) mostly
came from organic sources and was closely related to SOC.
Therefore, mechanisms for the loss of SOC could be considered
to interpret the loss of soil TN with degradation. Nevertheless,
available nitrogen (AN) did not significantly decrease in the
stage of LD and MD, possibly resulting from the decline of
graminoids which are N-extravagant plants (Turner et al., 2007).
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Other nutrients mostly had no significant changes at different
degradation stages, implying that the influence of degradation
on them might be slight and negligible. For microbial variables,
our results showed that enzyme activities only significantly
decreased in the stage of HD or ED, indicating that HD or
ED might be the turning point for enzymes during alpine
grassland degradation as the biological or abiotic factors (such
as microbial biomass and pH) change (Ma W. et al., 2020;
Wu et al., 2020).

The Effect of Climate Factors and Soil

Properties on Degradation Processes

Due to the importance of climate factors and soil properties
on degradation, we analyzed the relationship between climate
factors and soil properties of ND and degraded alpine grassland
to improve our understanding of alpine grassland degradation
and restoration on the QTP. We found that climatic factors
played an important role in alpine grassland degradation,
especially for TN, which was consistent with previous studies
(Pan et al, 2017b). We also found that AGB, SOC, and
TN of ND had significant effects on AGB, SOC, and TN at
different degradation stages (Huang et al., 2021). Through these
analyses, we can understand the effects of environmental factors

during degradation and provide a scientific theory for grassland
restoration and sustainable management.

Our results showed that in areas with higher precipitation
and temperature, the loss of TN decreased in the alpine
grassland degradation process. If that will be the case, there is
a “hydrothermal-hole effect” (Shang et al., 2006) in the process
of alpine grassland degradation on the QTP. Theoretically, the
alpine grassland degradation of QTP is often accompanied by
vegetation reduction and soil property changes, and alpine
grassland is bare if degradation continues. A large amount of
water and heat is lost through the bare land, which makes
the “vegetation-soil-microorganism” system of alpine grassland
unstable. It accelerates the area of grassland degradation, the
invasion of poisonous weeds, and the loss of soil nutrients, thus
aggravating the degree of degradation (Dong et al., 2020a). These
effects are caused by water and heat entering the atmosphere
due to bare soil, which in turn lead to increased degradation,
air exchanges of water, and heat decrease with precipitation
and temperature increasing. With precipitation and temperature
increasing, the effects of the “hydrothermal-hole effect” on
degraded alpine grassland can be slowed down, and the loss of
TN is also reduced. The more AGB, SOC, and TN are lost in
areas with the more AGB, SOC, and TN of ND alpine grassland
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during alpine grassland degradation. Studies have shown that
the alpine steppe and alpine meadow ecosystems on the QTP
have the strongest resistance stability, the weakest resilience
stability, and the longest recovery time (Huang et al., 2021).
The species-poor systems are more resistant to perturbation
than the species-rich systems and show a larger initial resilience
following a perturbation (Pfisterer and Schmid, 2002). Our
results showed that it was a positive correlation between effect
sizes of species richness and SOC, TN, AP, NO;3; -N, and
AK. Previous research results showed that there was a positive
correlation between most soil properties and species richness in
high-altitude natural grassland (Wang et al., 2014). Therefore,
the alpine grassland with better soil conditions degenerates more
seriously in degradation processes, which is more vulnerable
to grassland degradation and needs more recovery time. For
example, most of the extreme degradation of “black soil land”

occurs in the Sanjiangyuan National Park with better soil
properties of ND, but it rarely appears in the alpine grassland in
the Northern Tibetan region of China with poor soil properties
of ND. We speculate that grassland degradation may be more
serious where the resistance stability is better. In areas with better
soil properties, the lower the resilience stability of the grassland
ecosystem leads to AGB, SOC, and TN loss increasing during
alpine grassland degradation.

Restoration Strategies of Degraded
Alpine Grassland

The degradation process is different at various degraded
alpine grassland ecosystems, and climate and soil properties
play a significant role in the degradation process. According
to the comprehensive analysis, our research points out the
main ecological restoration directions in different areas on
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the QTP. In view of the severe degradation of the alpine
grassland ecosystem caused by environmental changes and
human activities, restoration efforts have been paid more and
more attention. In terms of degradation gradient, different
restoration measures should be adopted for different degradation
areas. “Black soil land” (ED alpine grassland) is difficult to recover
without human intervention because it has lost its ability to self-
recover (Shang et al., 2006). Artificial planting should be used
for restoration in the ED alpine grasslands. In the LD alpine
grassland, the soil nutrients and excellent pasture species have
not been lost a lot so fencing enclosure for a short time is
adopted for restoration. Some scholars believe that 3-4 years is
a suitable time for alpine grassland fencing on the QTP (Zhu
etal., 2016). In terms of climate factors, fencing and fertilization
can be used for alpine grassland restoration in lower precipitation
and temperature areas (Dong et al., 2010). Reseeding and sward
cleavage can be used for restoration on degraded alpine grassland
in higher precipitation and temperature areas (He et al., 2020b).
In terms of soil conditions, not only the fragile alpine grassland
needs to be protected but also the alpine grassland with the
strongest resistance and stability needs more protection due
to the longest recovery time (Andrade et al., 2015). If alpine
grassland degradation occurs, the alpine meadow is more difficult
to recover than the alpine steppe. Microbial enzymes should
not be used to restore degraded alpine grassland in large areas
on the QTP due to the huge area and diversity of the QTP.
If ecological restoration is carried out from the perspective of
microbial enzymes, detailed investigation and research must be
carried out (Zhang et al., 2021). Grazing management is the
first priority for the restoration of degraded alpine grassland
(Jiang et al., 2020). According to the degradation degree of alpine
grassland, fencing with different lengths of time should be used.
In artificial cultivation, species based on different functional traits
and different functional groups are selected to make better use of
resources (Weisser et al., 2017).

CONCLUSION

Our meta-analysis quantitatively assessed the effects of alpine
grassland degradation on vegetation, soil, and microbial variables
on the QTP. We presented more plentiful data for soil properties
and much more information on microbial variables, providing
a crucial reference for future studies on alpine grassland
degradation. Results showed that the loss of TN tended to
alleviate in areas with higher precipitation and temperature
during alpine grassland degradation, but the losses of AGB, SOC,
and TN tended to aggravate in areas with more contents of
ND alpine grassland. These findings improve our understanding
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