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Abstract
Plant diversity can significantly affect the grassland productivity and its stability. However, it remains unclear how plant 
diversity affects the spatial stability of natural grassland productivity, especially in alpine regions that are sensitive to climate 
change. We analyzed the interaction between plant (species richness and productivity, etc.) and climatic factors (precipitation, 
temperature, and moisture index, etc.) of alpine natural grassland on the Qinghai-Tibetan Plateau. In addition, we tested the 
relationship between plant diversity and spatial stability of grassland productivity. Results showed that an increase in plant 
diversity significantly enhanced community productivity and its standard deviation, while reducing the coefficient of varia-
tion in productivity. The influence of plant diversity on productivity and the reciprocal of productivity variability coefficient 
was not affected by vegetation types. The absolute values of the regression slopes between climate factors and productivity 
in alpine meadow communities with higher plant diversity were smaller than those in alpine meadow communities with 
lower plant diversity. In other words, alpine meadow communities with higher plant diversity exhibited a weaker response 
to climatic factors in terms of productivity, whereas those with lower plant diversity showed a stronger response. Our results 
indicate that high plant diversity buffers the impact of ambient pressure (e.g., precipitation, temperature) on alpine meadow 
productivity, and significantly enhanced the spatial stability of grassland productivity. This finding provides a theoretical 
basis for maintaining the stability of grassland ecosystems and scientifically managing alpine grasslands under the continu-
ous climate change.
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Introduction

The impact of plant diversity on ecosystem productivity 
is fundamental to understanding the global extinction cri-
sis and its effects on the functioning of natural ecosystems 
(Liang et al. 2016). Over the past 3 decades, ecologists have 
extensively explored the consequences of plant diversity on 
ecosystem productivity and stability (Loreau & Hector 2001; 
Loreau & de Mazancourt 2013; Leps et al. 2018; Hautier 
et al. 2020). Although a positive correlation between pro-
ductivity and plant diversity is the most common phenom-
enon in species diversity experiments (Balvanera et al. 2006; 
Cardinale et al. 2007; Isbell et al. 2015; Grace et al. 2016; 
Duffy et al. 2017; Wang et al. 2019a, b), this relationship is 
affected by the external environmental factors (Steudel et al. 
2012; Liang et al. 2016). In the context of global trends in 
biodiversity loss in ecosystems (Allan et al. 2015; Vellend 
et al. 2017; Linders et al. 2019), the relationship between 
the stability of productivity and plant diversity in grassland 
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ecosystems remains a hot topic in ecological research (Car-
dinale et al. 2007; Grace et al. 2016; Duffy et al. 2017; Wang 
et al. 2019a, b).

Interactions among species have been widely used to 
explain the positive effects of species diversity on grass-
land productivity and ecosystem function because benefi-
cial interactions among species can lead to complementarity 
effects among species (Loreau & Hector et al., 2001; Cardi-
nale et al. 2007). For example, Loreau & Hector (2001) has 
demonstrated that mixed planting has higher productivity 
than single planting due to niche complementarity in mixed 
planting system. Compensatory dynamics are usually caused 
by differences in resource acquisition and utilization among 
species with different traits and advantages (Barry et al. 
2019), which leads to the possibility that the compensatory 
dynamics may increase with the increase of plant diversity 
(Loreau & de Mazancourt 2013; Pires et al. 2018). There-
fore, many ecologists have realized that plant diversity plays 
a crucial role in maintaining ecosystem stability facing with 
the external disturbances and ambient pressure (Balvanera 
et al. 2006; Cardinale et al. 2012; Steudel et al. 2012).

The reduction of plant diversity resulting in biotic homog-
enization may affect community stability by altering the spa-
tial similarity of community composition (Olden et al. 2004; 
Tilman et al. 2014). Many experimental and theoretical stud-
ies have shown that a decrease in local plant diversity can 
impair the production function and stability of ecosystem 
(Solar et al. 2015; Wang et al. 2021), but these studies are 
based on small-scale anthropogenic disturbance and con-
trol of ecosystems (Worm et al. 2006; Weigelt et al. 2008; 
Cardinale et al. 2013; Wang et al. 2019a). The ecological 
structure and biophysical processes of natural grasslands are 
more complex than those of controlled experimental grass-
lands. However, it remains unclear whether these small-scale 
results can be extrapolated to the effect of plant diversity 
changes on spatial stability of productivity in natural grass-
lands (Gonzalez et al. 2020; Wang et al. 2021). Recent 
reports have begun to address this issue at the spatial scales 
(Liang et al. 2016, 2021; Wang & Loreau, 2016; Wilcox 
et al. 2017; Zhang et al. 2018; Patrick et al. 2021; Wang et al. 
2021; Liang et al. 2022) and have shown that a reduction 
in beta diversity at the spatial scale can impair ecosystem 
functioning (Hautier et al. 2018; Liang et al. 2022). How-
ever, it remains unclear how plant diversity affects the spatial 
stability of productivity in natural grassland, especially in 
climatically sensitive alpine regions.

The Tibetan Plateau provides important services for 
human survival and development, but the region is highly 
climate sensitive and more susceptible to environmental 
changes caused by climate change. It has been reported that 
the interannual variations in precipitation and the rate of 
climate warming on the Qinghai-Tibetan Plateau (Increase 
by 0.4 °C per decade) are higher than the global average 

(Chen et al., 2013; Shen et al., 2015). Therefore, studying 
the effects of plant diversity on grassland productivity and 
its stability at the spatial scale in alpine regions are of great 
significance for understanding the effect of plant diversity 
on grassland ecosystem functioning under the background 
of climate change. Previous studies focused on the effects 
of precipitation and temperature changes on various vari-
ables in alpine grassland ecosystems, such as productivity, 
grassland quality, litter, etc. (Klein et al. 2007; Haynes et al. 
2014). Nevertheless, few researches have focused on the 
effects of plant diversity on grassland productivity stability 
at the spatial scales and along climate gradients. Hence, this 
study tested two hypotheses: (H1) plant diversity enhances 
the spatial stability of grassland productivity; (H2) higher 
plant diversity buffers the impact of the spatial-scale climate 
changes on grassland productivity. The results of this study 
can provide management and theoretical basis for the health 
and sustainable development of grassland ecosystems in the 
future rapid climate change.

Materials and methods

Study site

The 117 natural grasslands (sampling sites) surveyed and 
sampled in this study are located in the Qinghai-Tibetan 
Plateau (26°00′− 39°47′N, 73°19′− 104°47′E) (Fig. 1), 
which has the largest natural alpine grasslands in China, 
covering an area of 1.28 ×  106  km2. The main types of 
alpine grasslands in this region are alpine meadow (AM) 
and alpine steppe (AS), with areas of 5.82 ×  105  km2 and 
3.74 ×  105   km2, respectively. AS is mainly composed of 
perennial grasses and Carex ssp. (Cyperaceae), whereas 
AM consists mainly Kobresia and Carex ssp. The Qinghai-
Tibetan Plateau is a typical alpine climate, characterized by 
long winter and short summer. From the southeast to the 
northwest, the annual average temperature decreases sig-
nificantly from 20℃ to – 6 °C. Meanwhile, mean annual 
precipitation in most areas of the Qinghai-Tibetan Plateau 
also decreases from the southeast to the northwest (Qin 
et al. 2018). The mean annual precipitation (MAP) is about 
400 mm, mainly in the growing period of plants (from May 
to September).

Investigation of plant community

To exclude the influences of livestock grazing on the experi-
mental results, we selected samples with the same grazing 
intensity (moderate grazing) and management approach 
(cool-season grazing). In this study, the vegetation char-
acteristics (species richness, aboveground biomass of each 
species) of 117 sites from alpine meadow (AM) and alpine 
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steppe (AS) were investigated during the peak-growing sea-
son of 2014. Among these sites, 56 were from AM, while 
61 were from AS. We randomly assigned three quadrats 
(1 m × 1 m) to each site (100  m2), each of which was at least 
5 m apart. Then we collected the aboveground part of each 
species and recorded the total number of species to calculate 
the aboveground net primary productivity (ANPP) and plant 
diversity of the quadrat. Species richness (SR) is universally 
used as an indicator of plant diversity in alpine grassland 
ecosystems (Wang et al. 2019b). The total dry mass of each 
living species within the quadrat is considered as an estimate 
of ANPP (Chen et al. 2018) as the sampling was conducted 
during the peak-growing season (late July to August).

Collection of meteorological data

The meteorological data for the 117 sites in this study 
were acquired from the Resources and Environmental Sci-
ences and Data Center (RESDC) of Chinese Academy of 
Sciences (CAS) (http:// www. resdc. cn/). The kriging interpo-
lation method was used to carry out spatial interpolation on 
the data of 109 meteorological observation stations within 
the study areas, and then mean annual precipitation (MAP), 
mean annual temperature (MAT), annual accumulated tem-
perature (ACT), and moisture index (MI) were extracted.

Statistical analyses

Spatial stability is represented by the reciprocal of spatial 
variability. The variability of ecosystem productivity is com-
monly quantified as coefficient of variation (CV), which is 
calculated as the ratio of standard deviation (SD) to the 
mean of productivity. This study used the reciprocal of CV 

as an indicator to assess the spatial stability of community 
productivity, which implies that a higher reciprocal of CV 
corresponds to greater stability of community productivity. 
The reciprocal of CV for productivity was calculated using 
the productivity data from three quadrats at the same site. 
Correlation analysis and linear regression analysis were used 
to analyze the relationships between ANPP, SD, the recipro-
cal of CV, and species richness (SR). Covariance analysis 
was employed to test the effect of grassland type, SR, and 
the interaction between grassland type and SR on ANPP, 
SD, and the reciprocal of CV.

Multiple regression analysis was employed to analyze 
the relationship between climatic factors and ANPP along 
species richness gradient. To eliminate the influence of veg-
etation types on the results, we divided the quadrats into 
alpine meadow and alpine steppe. In the alpine meadow, 
there is only 1 quadrat with 32 species, while the remain-
ing 164 quadrats have species numbers that are less than 
or equal to 28. The species richness was divided into three 
equal intervals, creating three gradients of richness: low spe-
cies richness (1–9 species), medium species richness (10–18 
species), and high species richness (19–28 species). In the 
alpine steppe, only 3 quadrats have more than 20 species 
(specifically, 21, 26, and 27), while the species numbers in 
the remaining 164 quadrats are all less than or equal to 17. 
The species richness was divided into two equal intervals, 
creating two gradients of richness: low species richness (1–8 
species) and medium species richness (9–17 species). Based 
on the estimated values of regression slope, their standard 
deviations, and sample sizes, the T-statistic (T) and degrees 
of freedom (df) were calculated using the following equa-
tion (Moore et al. 1993). Then a t test was conducted using 
the T-statistic and df to assess whether there are significant 

Fig. 1  Location of sample sites 
in Qinghai-Tibetan Plateau for 
alpine grasslands (n = 117). 
Blue and red points represent 
sample sites of alpine steppe 
and alpine meadow, respec-
tively. The diameters of the 
points are directly proportional 
to species richness, meaning 
that larger diameter points 
correspond to higher species 
richness. The gray areas are the 
non-investigated land, including 
swamp and non-grassland. The 
map is displayed using ArcGIS 
10.2

http://www.resdc.cn/
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differences in the absolute values of regression slope 
between different levels of species richness.

where |Slope1| and |Slope2| are the absolute values of 
regression slope 1 and regression slope 2, respectively;  SD1 
and  SD2 are the standard deviations of regression slope 1 
and regression slope 2, respectively; N1 and N2 are the sam-
ple sizes of regression 1 and regression 2, respectively.

As a complementary analysis to the simple regression 
models, we constructed a Bayesian model to eliminate the 
influence of climatic factors on the relationship between spe-
cies richness and the spatial stability of ANPP. To exclude 
the effect of vegetation types on the results, we grouped 
sites into alpine meadow and alpine steppe, and repeated 
the Bayesian model for each vegetation type. The model is:

where CVANPP is the coefficient of variation of aboveground 
net primary productivity; SR represents species rich-
ness. MI, MAP, MAT and ACT represent moisture index, 
mean annual precipitation, mean annual temperature, annual 
accumulated temperature, respectively. We used Markov 
Chain Monte Carlo (MCMC) sampling techniques in R 4.3.1 
to fit all the Bayesian models.

We examined the linkages between climatic factors, SR, 
and ANPP at levels of quadrats using the structural equa-
tion models (SEM). Due to data loss in 3 quadrats, there 

T =
||Slope1|| − ||Slope2||
√

(SD
1
)2

N
1

+
(SD

2
)2

N
2

df = N
1
+ N

2
−−2.

1

CVANPP

∼ SR +MI +MAP +MAT + ACT

are currently a total of 348 quadrat data available. We con-
structed a structural equation model using 348 quadrat data 
from alpine grasslands. Then we constructed separate struc-
tural equation models using quadrat data from alpine mead-
ows (165 quadrats) and alpine steppe (183 quadrats). IBM 
SPSS Amos 24.0 was used for the SEM analysis. The SEM 
was tested and evaluated using five fit indices (Chi-square, 
P, CMIN/DF, GFI, NFI). A distribution map of sampling 
points was drawn using ArcGIS 10.2. IBM SPSS Statistics 
24.0 was used for the covariance analysis. Other data analy-
sis and graph plotting were implemented using R 4.3.1 (R 
Core Team 2023).

Results

Effects of species richness on spatial stability 
of ANPP

Although there were both positive and negative relation-
ships between ANPP and species richness within the same 
site, they exhibited an overall positive relationship (Fig. 2, 
P < 0.001). There was a consistent positive relationship 
between SD, the reciprocal of CV, and species richness in 
natural grasslands (Table 1, P < 0.05). We further analyzed 
the effect of species richness on ANPP at both the quadrat 
and site levels (Fig. 2; Fig. 3). There was a consistent posi-
tive linear relationship between species richness and ANPP 
in natural grasslands, independent of variations in vegetation 
types (Fig. 2; Fig. 3). When treating species richness as a 
covariate, vegetation types did not have a significant impact 
on both the quadrat-level and site-level ANPP (Table 2, 
P = 0.14; Table 3, P = 0.27). Furthermore, the interaction 
between vegetation types and species richness had no signifi-
cant effect on ANPP (Table 2, P = 0.14; Table 3, P = 0.47).

Fig. 2  Relationships between 
species richness (SR) and 
aboveground net primary 
productivity (ANPP) in 
natural grasslands at the quadrat 
level. The colored short lines 
represent the fitted relation-
ship between ANPP and SR 
in the same site. The gray line 
represents the overall fitting 
relationship between ANPP and 
SR in the same site
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Through simple linear regression analysis, we found a 
positive linear relationship between species richness and 
standard deviation, which was not influenced by variations 
in vegetation types (Fig. 3; Table 3). In addition, we found 
that an increase in species richness significantly increased 
the reciprocal of the coefficient of variation (Fig. 4). Similar 
results were also found that an increase in species richness 
significantly increased the reciprocal of the coefficient of 
variation in both alpine meadow and alpine steppe (Fig. 4, 
P < 0.01). When species richness was treated as a covariate, 
neither vegetation types nor the interaction between vegeta-
tion types and species richness had a significant impact on 
the standard deviation and the reciprocal of the coefficient 
of variation (Table 3, P > 0.05).

We then tested whether species richness could increase 
the spatial stability of ANPP. The results showed that the 
regression slope between species richness and the spatial 
stability of ANPP was positive, indicating a positive effect 
of species richness on the spatial stability of ANPP after 
excluding the influence of climate factors (Fig. 5). While 

Table 1  Correlation analysis for aboveground net primary productiv-
ity (ANPP), standard deviation (SD), the reciprocal of the coefficient 
of variation (reciprocal CV), and species richness (SR)

*  means a significant correlation at the 0.05 level
**  means a significant correlation at the 0.01 level

ANPP SD Reciprocal CV

Quadrat level SR 0.77**
Site level SR 0.81** 0.49** 0.22*

Fig. 3  Relationships between 
aboveground net primary 
productivity (ANPP), standard 
deviation (SD), and species 
richness (SR) at the site level. 
The points represent the ANPP 
and standard deviation of ANPP 
at each site

Table 2  Covariance analysis for the effect of vegetation types (fixed 
variable) and species richness (covariate) on aboveground net pri-
mary productivity (response variable) at the quadrat level

F P

Vegetation types 2.15 0.14
Species richness 238.00  < 0.001
Vegetation types * species rich-

ness
2.24 0.14

Table 3  Covariance analysis for the effect of vegetation types (fixed 
variable) and species richness (covariate) on aboveground net pri-
mary productivity (ANPP), standard deviation (SD), and the recipro-
cal of the coefficient of variation (reciprocal CV) at the site level

ANPP, SD, and reciprocal CV as response variables

Response variable F P

ANPP Vegetation types 1.22 0.27
Species richness 103.21  < 0.001
Vegetation types * species 

richness
0.52 0.47

SD Vegetation types 6.63 0.01
Species richness 9.27 0.003
Vegetation types * Species 

richness
0.14 0.71

Reciprocal CV Vegetation types 0.84 0.36
Species richness 8.27 0.005
Vegetation types * species 

richness
0.05 0.83
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there were differences in the effects of climate factors on the 
spatial stability of ANPP between alpine meadow and alpine 
steppe, species richness exhibited a positive effect on the 
spatial stability of ANPP in both vegetation types (Fig. 5). 
Therefore, our results explicitly indicated that the spatial sta-
bility of ANPP increased with increasing of species richness.

Effects of climatic factors and species richness 
on ANPP

The structural equation model showed that the four cli-
matic factors (MAT, MAP, ACT, and MI) and species 

richness directly or indirectly affected ANPP (Fig. 6). More 
than 67 percent of the variance in ANPP could be explained 
by MAT, ACT, MI, and species richness, indicating a great 
impact of climatic factors and species richness on ANPP 
(Fig. 6a). While there were differences in the effects of cli-
mate factors on ANPP between alpine meadow and alpine 
steppe, species richness had a significant positive effect on 
ANPP (Fig. 6). Overall, more than 55 percent of the variance 
in ANPP could be explained by climatic factors and species 
richness (Fig. 6b, c).

The results showed that only the regression slope 
between the moisture index and ANPP showed a significant 

Fig. 4  Relationships between 
species richness (SR) and the 
reciprocal of the coefficient of 
variation (reciprocal CV) in 
natural grasslands at the site 
level. The points represent the 
reciprocal of the coefficient of 
variation at each site

Fig. 5  Bayesian models for the relationships between climatic fac-
tors, species richness (SR), and spatial stability of aboveground net 
primary productivity (ANPP) in alpine grasslands, alpine meadow, 
and alpine steppe. The points represent the mean of the fitted slopes 
between the reciprocal of the coefficient of variation and the influenc-

ing factors. The lines represent the 95% credible interval of the fit-
ted slopes between the reciprocal of the coefficient of variation and 
the influencing factors. MAP, mean annual precipitation; MAT, mean 
annual temperature; ACT, annual accumulated temperature; MI, 
moisture index
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difference between the moderate and high species richness 
communities, while the slopes between other gradients were 
not significant (Table 4). When shifting from low species 
richness communities to medium species richness com-
munities in alpine meadow and alpine steppe, there was no 
consistent trend of increasing or decreasing absolute val-
ues in the regression slopes between various climate factors 

(MAP, ACT, MAT, and MI) and ANPP (Table 5). However, 
the absolute values of the regression slopes between climate 
factors and ANPP in high species richness (19–28 species) 
alpine meadow communities were smaller than those in 
medium (10–18 species) and low (1–9 species) species rich-
ness alpine meadow communities (Table 5). This suggested 
that in alpine meadow communities with higher species 

Fig. 6  Structural equation model shows the linkages between mean 
annual precipitation (MAP) and temperature (MAT), annual accu-
mulated temperature (ACT), moisture index (MI), species richness 
(SR), and aboveground net primary productivity (ANPP) at the quad-
rat level (N = 348 quadrats). a, b, and c represent alpine grassland, 
alpine meadow, and alpine steppe, respectively. Due to data loss in 
3 quadrats, there are currently a total of 348 quadrat data available. 

The number of quadrats included in the structural equation model 
for alpine grassland, alpine meadow, and alpine steppe are 348, 165, 
and 183, respectively. All retained arrows are significant (P < 0.05). 
Red and blue one-way arrows represent negative and positive effects, 
respectively. Regression coefficients (above arrows) and variance 
explanatory rates (top right corner of the MI, species richness and 
ANPP boxes) of the fitted model are also marked in the model

Table 4  Independence t test for 
difference in the absolute values 
of regression slopes between 
different levels of species 
richness

1–9, 10–18, 19–28, 1–8, and 9–17 represent the number of species. The t value is calculated to assess 
whether there is a significant difference in the regression slopes between climatic factors and ANPP across 
two richness gradients. According to the critical values table for the t test, the obtained T-statistic and df 
are used to assess the significance level. The bold numbers indicate a significant difference in the regres-
sion slopes between climatic factors and ANPP across the two richness gradients
MAT mean annual temperature, ACT  annual accumulated temperature, MAP mean annual precipitation, MI 
moisture index

Vegetation type Richness gradient t value

MAT (°C) MAP (mm) ACT (°C) MI (%)

Alpine meadow SR (1–9) and SR (10–18) 0.410 0.510 0.016 1.102
SR (1–9) and SR (19–28) 1.044 0.204 0.404 1.488
SR (10–18) and SR (19–28) 0.676 0.705 0.471 3.009

Alpine steppe SR (1–8) and SR (9–17) 0.003 1.207 0.300 0.022
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richness, ANPP exhibited a weaker response to climatic 
factors, whereas in alpine meadow communities with lower 
species richness, ANPP showed a more violent response to 
climatic factors.

Discussion

The species loss greatly affects the functioning and services 
of ecosystems (Baldwin et al. 2014; Garcia et al. 2014; 
Allan et al. 2015; Seddon et al. 2016; Vellend et al. 2017; 
Komatsu et al. 2019). By analyzing data from 117 sites in 
natural grasslands, the results showed that the reciprocal of 
the coefficient of variation increased with increasing plant 
diversity. This indicates that plant diversity enhanced the 
spatial stability of productivity in alpine grasslands (con-
firming H1). Furthermore, we also found that, relative to 
alpine meadow communities with low plant diversity, pro-
ductivity in high plant diversity communities exhibited a 
relatively weaker response to climatic factors. This may 
be because the complementarity effect generated by spe-
cies with different functional traits maximizes the overall 
utilization of resources, thereby enhancing the stability of 
grassland ecosystems (Matias et al. 2013; Wang and Loreau 
2014; Liang et al. 2021). The decrease in plant diversity also 
reduces the asynchrony among species in plant communities, 
potentially affecting the stability of productivity in grassland 
ecosystems (Olden et al. 2004; Wang and Loreau 2014; Hec-
tor et al. 2010; Isbell et al. 2015). Therefore, understanding 
the effect of plant diversity on the stability of annual net 
primary productivity is of far-reaching significance for pre-
dicting the changes in grassland ecosystems under future 
climatic conditions.

Plant diversity affects grassland productivity mainly 
through complementarity effect and selection effect (Loreau 
et al. 2001, 2003; Cardinale et al. 2007; Wang et al. 2019b). 
The complementarity effect is mainly reflected in the 
resource allocation or compensation among species, while 
the selection effect is mainly caused by interspecific com-
petition (Wang et al. 2019b). The dominant complementa-
rity effect leads to an increase in ANPP in the fewer-species 
grassland communities, thereby resulting in a strong posi-
tive effect of plant diversity on ANNP (Loreau & Hector 
2001; Cardinale et al. 2007; Chen et al. 2018). However, 
in the richer-species grassland communities, complemen-
tarity effects weaken and interspecific competition intensi-
fies, resulting in a weaker positive effect of plant diversity 
on ANPP (Loreau & Hector 2001; Wang et al. 2019b). The 
strength of the relationship between ANPP and plant diver-
sity largely depends on the gradient of plant diversity in the 
community. These changing interactions lead to the exist-
ence of a certain peak in community productivity, rather than 
an unrestricted increase with increasing species diversity. In 
this study, there was a strong linear relationship between 
community productivity and plant diversity, which may be 
attributed to the relatively low number of sites occurrences 
exceeding 25 species. Within the range of plant diversity 
investigated in this study, the community productivity has 
not yet reached its peak.

Although this study did not provide a complete curve 
depicting the relationship between community productiv-
ity and plant diversity, it did find that plant diversity can 
enhance the spatial stability of community productivity. This 
is because species with different functional traits exhibit dif-
ferences in resource utilization, thus avoiding interspecific 
competition. For example, different species can acquire 

Table 5  Multiple regression 
analysis for the relationship 
between climatic factors 
(independent variables) and 
ANPP (response variable) along 
species richness gradient

1–9, 10–18, 19–28, 1–8, and 9–17 represent the number of species. In the alpine meadow, there is only 1 
quadrat with 32 species, while the remaining 164 quadrats have species numbers that are less than or equal 
to 28. The species richness was divided into three equal intervals, creating three gradients of richness: low 
species richness (1–9 species), medium species richness (10–18 species), and high species richness (19–28 
species). In the alpine steppe, only 3 quadrats have more than 20 species (specifically, 21, 26, and 27), 
while the species numbers in the remaining 164 quadrats are all less than or equal to 17. The species rich-
ness was divided into two equal intervals, creating two gradients of richness: low species richness (1–8 
species) and medium species richness (9–17 species). The numbers represent the slopes of various climatic 
factors in the regression equation
MAT mean annual temperature, ACT  annual accumulated temperature, MAP mean annual precipitation, MI 
moisture index

Vegetation type Richness gradient Slope

MAT (℃) MAP (mm) ACT (℃) MI (%)

Alpine meadow SR (1–9) − 11.973 0.133 0.026 1.149
SR (10–18) 7.894 − 0.191 0.027 1.718
SR (19–28) − 0.064 − 0.109 0.001 0.371

Alpine steppe SR (1–8) − 4.571 0.114 0.032 0.288
SR (9–17) 4.542 0.243 0.017 − 0.272
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nutrients and water from different soil layers due to varia-
tions in root distribution (Violle et al. 2012). Under condi-
tions of spatial heterogeneity in factors such as soil nutrients 
and water availability, communities with high plant diversity 
can enhance the spatial stability of productivity due to their 
higher asynchrony (Wang and Loreau 2014; Wang et al. 
2019a; Liang et al. 2021; Schnabel et al. 2021). Therefore, 
natural grassland communities with higher plant diversity 
exhibit higher productivity, lower variation of productivity, 
and higher spatial stability due to complementarity effect 
among species.

Previous studies have shown that plant diversity can 
increase the temporal stability of ecosystem processes and 
properties (Tilman et al. 2006; Kardol et al. 2018; Wang 
et al. 2019b). This study considers the impact of plant diver-
sity on spatial stability, which is complementary to the previ-
ous experiments that only focused on the temporal stability 
of ecosystems. Using the reciprocal of the coefficient of vari-
ation as a stability index, we found a significant positive cor-
relation between plant diversity and spatial stability of pro-
ductivity. This positive effect was not affected by vegetation 
types, that is, plant diversity significantly enhanced spatial 
stability of productivity in both alpine meadow and alpine 
steppe. Some studies of other natural ecosystems have found 
that the relationship between plant diversity and ecosystem 
functioning varies with the external environment changes. 
For example, Paquette et al. and Jucker & Coomes found 
that climate and environmental factors would cause changes 
in the relationship between plant diversity and ecosystem 
function by analyzing the data of forest and dryland ecosys-
tems, respectively (Paquette et al., 2011; Jucker et al., 2012; 
Maestre et al., 2012). However, in terms of overall trends, 
both studies support our hypothesis that species diversity 
stabilizes ecosystem function at large scales. In addition, 
we also used Bayesian analysis to eliminate the effect of 
climate differences on productivity variability across differ-
ent sites, which further confirms the reliability of the results 
that increased plant diversity enhances spatial stability of 
productivity.

Furthermore, we tested the impact of external environ-
mental changes on grassland productivity under different 
plant diversity gradients. In alpine meadow, high plant diver-
sity communities (19–28 species) exhibit lower sensitivity 
of productivity to climate factors compared to low plant 
diversity communities (1–9 species). This indicates that high 
plant diversity communities can buffer the impact of climate 
change on productivity, thereby enhancing the stability of 
ANPP in alpine meadow ecosystems. Our results support the 
hypothesis (H2) that plant diversity may buffer the impact of 
ambient disturbances on ANPP at a large scale. In general, 
ecologists also recognize that more diverse ecosystems may 
be better adapted to the external environment fluctuations 
(Isbell et al. 2017; Pires et al. 2018; Wang et al. 2019a, b). 

One of the main mechanisms behind the stabilizing effect 
of plant diversity is the asynchronous response of different 
species to environmental fluctuations, where this response 
compensates for each other, resulting in higher stability at 
the community level (Yachi and Loreau 1999; Tilman et al. 
2006; Wang and Loreau 2014; Liang et al. 2021). In a vari-
able environment, species with different traits can exhibit 
varying responses to changes in external pressure. Species 
asynchrony reflects the differential responses of different 
species to environmental changes, whereby certain species 
can maintain and compensate for productivity losses result-
ing from the decline of other species (Schnabel et al. 2021). 
By exhibiting asynchronous responses, grassland species 
can take advantage of favorable environmental conditions. 
For example, some species may exhibit rapid growth and 
reproduction during periods of abundant rainfall, while oth-
ers may have adaptations to survive and reproduce during 
droughts (Tilman et al. 2006; Hector et al. 2010; Isbell et al. 
2015). This variability in response reduces the overall vari-
ability in community productivity and functionality, buff-
ering environmental fluctuations and maintaining a more 
stable ecosystem.

Increasing plant diversity in grassland can be conducive 
to buffering the impact of external disturbances and ambi-
ent pressure on grassland productivity, thus improving the 
spatial stability of grassland productivity. This result can be 
attributed to two factors: first, it may be due to variations in 
the strength of interactions between different species result-
ing from different diversity gradients; second, it may be due 
to compensatory effects resulting from asynchrony among 
species (Loreau et al. 2001, 2003; Cardinale et al. 2007; Til-
man et al. 2006; Hector et al. 2010; Wang and Loreau 2014; 
Isbell et al. 2015; Wang et al. 2019b). Based on the intrin-
sic link between plant diversity and ecosystem functioning 
(Yachi and Loreau 1999; Balvanera et al. 2006; Hector et al. 
2010; Wang and Loreau 2014; Pires et al. 2016), conserving 
plant diversity can minimize the impact of ambient pressure 
on grassland productivity. Therefore, implementing appro-
priate management measures to increase species diversity 
can enhance the spatial stability of community productiv-
ity and buffer the effects of climate change on community 
productivity. These findings provide a theoretical basis for 
the stability and scientific management of alpine grassland 
ecosystems under the ongoing climate change.

Conclusion

Based on large-scale field surveys and observational data 
on the Qinghai-Tibet Plateau, this study revealed the rela-
tionship between plant diversity and productivity in natural 
grasslands. The results demonstrated that increasing plant 
diversity enhanced productivity and standard deviation of 
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productivity in alpine grasslands, but also improved the spa-
tial stability of productivity. This effect of plant diversity on 
community productivity and spatial stability of productivity 
is not affected by vegetation types. Furthermore, we found 
that climatic factor had a stronger impact on productivity in 
alpine meadow communities with low plant diversity, while 
their effect on communities with higher plant diversity is 
weaker. This result indicates that higher plant diversity buff-
ers the impact of climatic factors on productivity of alpine 
meadow communities. These findings suggest that plant 
diversity is essential for improving grassland productivity 
and maintaining productivity stability in natural grasslands.
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