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The Tibetan Plateau is the most extensive high-elevation grassland on Earth, with the
largest expanse of high-elevation permafrost. It is experiencing climate warming that is
projected to continue at rates above the global mean, potentially jeopardizing ecosystem
functioning. We conducted a broad-scale resampling project in the permafrost region of
Tibet to examine if plant production and diversity had changed over time. We recorded
vascular plant species occurrences and harvested aboveground biomass at 36 alpine
grassland sites in 2008 and 2018. Our results show that aboveground biomass increased
for legumes and forbs, but decreased for grasses and sedges, resulting in no overall
change in the aboveground biomass during the 10-year period. Our results indicate that
functional group abundancemay shift from grasses and sedges towardmore legumes and
forbs, and that species composition is becoming more similar between grassland types,
and thus, beta diversity is decreasing in the permafrost region of Tibet.
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INTRODUCTION

Alpine ecosystems are temperature-limited systems and predicted to be sensitive to climate change
(Elmendorf et al., 2015). The projected rate of future warming in the alpine region is also faster than
that of the global average (Stocker et al., 2014). Thus, understanding how climate warming affects
alpine communities is especially important for our ability to predict impacts of future climate change.
An increasing number of studies report shifts in vegetation composition, biomass, and diversity in
arctic and alpine tundra (Klein et al., 2004; Walker et al., 2006; Elmendorf et al., 2012a; Elmendorf
et al., 2012b; Liu et al., 2018; Yang et al., 2018), and these changes will have cascading effects on the
structure and function of alpine ecosystems (Yang et al., 2011; Bjorkman et al., 2018; Niittynen et al.,
2020; Wu et al., 2021). For example, experimental warming increases primary productivity and
decreases species numbers in the arctic and alpine plant communities (Klein et al., 2004; Elmendorf
et al., 2012a; Yang et al., 2015), shifts abundances of different functional groups (Ganjurjav et al.,
2016; Liu et al., 2018), and lengthens the growing season leading to advancing leaf and reproduction
phenology, and delayed withering (Cleland et al., 2007; Dorji et al., 2013; Meng et al., 2016; Prevéy
et al., 2018; Lian et al., 2020). Rapid and accelerating increases in species richness over the past
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century have been reported in European mountaintops
(Steinbauer et al., 2018), and remote sensing shows vegetation
change over the same period in alpine ecosystems (Pattison et al.,
2015; Zhu et al., 2016; Verbyla and Kurkowski 2019; May et al.,
2020), likely as a result of climate warming.

Most resurvey studies have so far been performed in European
mountains, and in areas without permafrost, and observations of
changes in plant community composition and productivity over
time are confined to site-level experiments (Walker et al., 2006;
Elmendorf et al., 2012a; Bjorkman et al., 2018; Yang et al., 2018).
Interestingly, a synthesis of long-term monitoring studies across
multiple alpine and arctic sites found that forb responses to
climate warming differed between sites with and without
permafrost (Elmendorf et al., 2012b). Thus, there is a need for
more knowledge on recent changes in plant community
productivity and species richness across larger permafrost
regions to understand how changes in such areas may affect
carbon cycling and biodiversity under climate change.

Changes in the aboveground net primary productivity
(ANPP) is a crucial factor affecting the carbon cycling of
terrestrial ecosystems (Oberbauer et al., 2007; Rodriguez et al.,
2018), and may influence the carbon feedback between the
terrestrial biosphere and the atmosphere (Shen et al., 2015).
Over the past decades, many experimental studies have
explored how plant community composition and primary
productivity respond to climate change (Franklin et al., 2016;
Liu et al., 2017; Ma et al., 2017). Regional-scale evidence for
changes in plant productivity has mainly come from remote-
sensing data (Piao et al., 2006; Pouliot et al., 2009; Gao et al., 2019)
and plant community dynamics from plot-based observations
with experimental manipulation (Elmendorf et al., 2012b). There
are, however, limitations in both remotely sensed data as these do
not identify species-level productivity and diversity (Zhang G.
et al., 2013), and in experimental manipulations, which do not
reflect realistic climate change (Korell et al., 2019). Broad-scale
resurvey studies with sufficient replication of sites can detect
region-scale changes in plant species richness (Klanderud and
Birks 2003; Gottfried et al., 2012; Pauli et al., 2012; Steinbauer
et al., 2018), but few works have historic data for biomass (Ding
et al., 2017). Observations of changes in plant community
composition and productivity over time are confined to site-
level experiments (Walker et al., 2006; Elmendorf et al., 2012a;
Bjorkman et al., 2018; Yang et al., 2018).

The Tibetan Plateau has the largest expanse of high-elevation
permafrost in the world and has unique ecosystems typically
characterized by low temperature, low atmospheric pressure, and
oxygen concentrations, and are experiencing climate warming
that may jeopardize the functioning of the ecosystems (Klein
et al., 2014; He et al., 2021). The presence or absence of
permafrost determines the structure and nutrient status of the
soil and affects plant community structure and production (Yi
et al., 2011; Yang et al., 2018). The grasslands in the permafrost
region of the Tibetan Plateau support a diverse assemblage of
wildlife and pastoralism as a primary livelihood activity (Klein
et al., 2014; Rodriguez et al., 2018). A vegetation greening
measured by normalized difference vegetation index (NDVI)
in the alpine grasslands of the Tibetan Plateau (Xu et al.,

2008; Zhong et al., 2010; Peng et al., 2012; Zhang L. et al.,
2013; Zhang et al., 2017) suggests increased plant growth over
the past decades. Remotely sensed metrics, such as NDVI, is,
however, unable to detect finer-scale changes in plant species
diversity and biomass of different functional groups, which are
important for understanding ecosystem change (Hopping et al.,
2018). Thus, to examine recent changes in functional group
biomass and species diversity in Tibet, we performed a
resampling study of 36 sites surveyed for the first time in
2008. By revisiting the same sites and using methods as
similar as possible to the original survey, we repeated the
survey in 2018 to examine the following questions: 1) Have
plant community diversity and evenness, biomass, cover, and
species richness of different functional groups changed during the
10 years? 2) Are there differences in change between grassland
types?We tested the hypothesis that climate changes over the past
decades increased plant biomass and species richness and
diversity in the permafrost region of Tibet, and that
graminoids increased more in abundance than forbs, as
observed in climate warming experiments in other alpine and
arctic regions (Elmendorf et al., 2012a; Yang et al., 2018).

MATERIAL AND METHODS

Study Area
Permafrost on the Tibetan Plateau covers 1.5 million km2,
approximately half the area of the plateau. It accounts for
70.5% of the permafrost area in high Asia and 75% of the
permafrost in the Northern Hemisphere mountains (Yang
et al., 2010). The mean annual air temperature on the
plateau ranges from −3.1 to 4.4°C, and the mean annual
precipitation ranges from 103 to 694 mm (Ding et al.,
2017). During the past three decades, the plateau has
experienced an increase in the mean annual air temperature
of 0.5°C per decade and soil temperature of 0.6°C per decade at
10 cm depths. Precipitation and soil moisture also increased
over the past three decades (Ding et al., 2017). Observational
data from monitoring stations on the plateau indicate that the
mean annual permafrost temperature at 6.0 m depth increased
by 0.43°C from 1996 to 2006 at an average annual rate of 0.04°C
(Wu and Zhang 2008), and increased by 0.1°C from 2006 to
2010 at an average annual rate of 0.02°C (Wu et al., 2012).
Alpine grasslands, which consist primarily of alpine meadow
and alpine steppe vegetation, cover more than two-thirds of
the plateau (Xu et al., 2017). In our 36 resurvey sites, the
dominant species in the alpine meadow are cold-tolerant
sedges, such as Kobresia pygmaea, K. humilis, and K.
tibetica, and in the alpine steppe, common species are the
grass Stipa purpurea and the sedge Carex moorcroftii. Major
soil types are cambisols in the meadow and xerosols in the
steppe (Lu et al., 2004).

Vegetation Resampling
To detect changes in plant community biomass and species
richness across the Tibetan alpine permafrost regions, we
compiled a broad-scale repeated-sampling based on the field
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campaigns in 2008 and 2018. Both campaigns were conducted
during the growing season from 20 July to 20 August. The
sampling sites span elevations from 4,300 to 5,130 m, and
were set along the Qinghai–Xizang Highway to cover the
permafrost area across a 600-km range from the northern
boundary of permafrost at Xidatan to the southern boundary
at Anduo (Zou et al., 2017). Each of the 36 sites was surveyed in
both 2008 and 2018 (Supplementary Figure S1). Plant
community survey and biomass sampling was performed using
the same sampling scheme in both years. Specifically, the sites
were established 1 km away from the highway, and consisted of
six 1 × 1 m2quadrats randomly located in a 20 × 20 m2 plot at
each site in 2008. In 2018, we established six new 1 × 1 m2

quadrats in the same 20 × 20 m2 plot. We recorded plant species
composition and cover in each 1 × 1 m2 quadrat, and harvested
live aboveground biomass of each species at peak biomass in both
years. We harvested all individuals of each species in each
quadrate, and put each species of each quadrate in separate
paper bags. All the samples were oven dried at 70°C and
weighted on a semi-analytical balance in the lab.

Climate and Grazing Data
The monthly air temperature and precipitation data for each site
between 2008 and 2018 were extracted from the nearest grids in
the surface gridded product (ground resolution 0.5°) of the China
Meteorological Data Service Center of National Meteorological
Information Center, China (http://data.cma.cn/data/cdcdetail/
dataCode/SURF_CLI_CHN_TEM_MON_GRID_0.5.html;
http://data.cma.cn/data/cdcdetail/dataCode/SURF_CLI_CHN_
PRE_MON_GRID_0.5.html). Given the potential grazing effects
on vegetation during the resurvey period, data on the numbers of
grazing livestock were collected by grassland monitoring stations
in Qumalai county and Tanggula area for each year from 2008 to
2018, which covered the majority of the resurveyed sites in this
study (Supplementary Figure S1).

Statistical Analyses
We calculated the total plant community biomass, number of
species, and cover of different functional groups for each plot and
year. Diversity, using Shannon’s diversity index (H), was
calculated as H = −∑pi (ln [pi]), where pi is the proportion of
a particular species cover in plot. Evenness (E) was calculated
from diversity (H) and species richness (S) as E = log(H)/ln(S).

We obtained change values of paired samples between
2018 and 2008. We transformed the change values into
relative change ratios by dividing the mean values over the
study period and then we calculated the estimates and 95%
confidence intervals of the change ratios for all the response
variables. Thus, significant changes in these variables between
2008 and 2018 are shown if the confidence intervals are not
crossing the zero line. Change in aboveground biomass, species
richness, plant cover, diversity, and evenness over time was
analyzed separately using repeated-measures mixed effects
models with the year and the interaction between year and
grassland type (alpine meadow and alpine steppe) as fixed
effects and plot nested in block as random effects.

To examine if species richness changed more in some plant
families than others, we tested difference in species numbers for
each family between 2008 and 2018 using a t-test. To determine
the effects of year on species composition of all species, we
performed permutational multivariate analyses of variance
(PERMANOVA) on the species abundance using Bray–Curtis
distance matrices. For testing the effect of years between 2008 and
2018, we defined a restricted permutation design with sampling
within plots in different years permuted as time series.
Furthermore, to visualize differences in community
composition between 2008 and 2018, we performed a
nonmetric multidimensional scaling analysis using Bray–Curtis
distance matrices, three dimensions (k = 3) to meet the stress
criterion of <0.2 (Clarke 1993). All analyses were performed in R
version 4.0.0 (R Development Core Team, 2019).

RESULTS

There was a gradual decrease in summer precipitation and
increase in summer temperature during the study period from
2008 to 2018 across all sites (Figures 1A,B). Although the total
aboveground biomass did not change over time (Table 1), some
functional groups changed depending on the grassland type
(Table 1; Figure 2). Specifically, we found a marginal increase
in legume biomass in steppe and forb biomass in both steppe and
meadow, and a decreasing tendency in grass and sedge biomass
between 2008 and 2018 in both meadow and steppe (Figure 2).

Total species richness increased at 22 of the 36 sites between
2008 and 2018, with a mean increase of 2.1 species per site, but
this was not statistically significant across the grassland types
(Table 1; Figure 3). Only the number of legume species decreased
significantly over time, particularly in the meadows (Table 1;
Figure 3). There was also a tendency toward decreased species
richness of grasses and sedges in the meadows, leading to a
decrease in total species richness here (Figure 3). In the steppe, on
the other hand, forbs and total species richness appeared to
increase between 2008 and 2018 (Figure 3). When testing the
changes per plant family, there was a significant increase in
species richness for Asteraceae, Scrophulariaceae,
Gentianaceae, Umbelliferae, Crassulaceae, Papaeraceae,
Ranunculaceae, and Liliaceae species between 2008 and 2018
(Supplementary Table S1).

Legume, forb, and total vegetation cover increased over time in
both meadow and steppe (Table 1; Figure 4). Diversity appeared
to increase in the steppe (Figure 5), whereas evenness increased
in both the grassland types (Table 1; Figure 5).

The NMDS showed that species composition is clearly
distinguished between the two grassland types, meadow and
steppe, but that species composition is becoming slightly more
similar over time (Figure 6; Table 2).

DISCUSSION

Our resampling of alpine grasslands in the Tibetan Plateau
shows that the total community-level primary production and
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total species richness did not change over the 10-year study
period (Table 1), in contrast to our hypothesis, but vegetation
cover and evenness increased. However, the different
functional groups showed different tendencies over 10 years,
with grasses and sedges tending to decrease, and forbs and
legumes increasing in biomass and cover, in contrast to our
hypothesis.

The increase of forbs in our study is, interestingly, in line
with Elmendorf et al. (2012b), who found that forb abundance
increased under climate warming only in sites with permafrost.
These results are also in line with the warming experiments in
the same mesic meadows, which showed decreased grass and
sedge, and increased legume and forb productivity (Yang et al.,
2015), likely due to the interspecific competition rather than a

direct response to warming. These results may also show
compensatory interactions among functional groups (Bai
et al., 2004; Connell and Ghedini, 2015; Liu et al., 2017),
suggesting that a species increase in abundance is a
response to the reduction of another in a fluctuating
environment (Naeem and Li 1997). The lack of change in
total biomass from 2008 to 2018 in our study is in line with a
previous study resampling biomass in the same region (Ding
et al., 2017) and in a long-term monitoring experiment in a
mesic meadow of northeastern Tibet (Liu et al., 2017; Wang
et al., 2020). These results are, however, in contrast to alpine
and arctic tundra elsewhere, where increased height of the
vegetation canopy in most areas indicate increasing biomass
(Elmendorf et al., 2012a; Myers-Smith et al., 2015). One

FIGURE 1 | Summer precipitation (A) and air temperature (B) between 2008 and 2018 in all the sites we surveyed in the permafrost region of the Tibetan Plateau.
Solid circle, alpine meadow; blank circle, alpine steppe.

TABLE 1 | Results of the mixed effect model testing for the effects of year (2008 vs. 2018), grassland type (meadow vs. steppe), and the interaction between year and
grassland type on aboveground biomass, species richness, and plant cover of all species, grasses, sedges, legumes, and forbs, and diversity and evenness. Asterisks
denote significant differences at p < 0.05*, p < 0.01**, p < 0.001***.

Response
variable

Year Grassland type Year:grassland type

df F p df F P df F P

Aboveground biomass
All species 1, 34 1.908 0.176 1, 33 1.035 0.316 1, 34 1.284 0.265
Grasses 1, 34 0.405 0.529 1, 33 12.829 ** 1, 34 0.596 0.445
Sedges 1, 34 3.516 0.069 1, 33 14.191 *** 1, 34 3.027 0.090
Legumes 1, 34 0.362 0.551 1, 33 9.155 ** 1, 34 3.670 0.063
Forbs 1, 34 0.084 0.774 1, 33 8.881 ** 1, 34 2.419 0.129

Species richness
All species 1, 34 1.139 0.293 1, 33 0.000 0.983 1, 34 0.056 0.814
Grasses 1, 34 1.472 0.233 1, 33 8.805 ** 1, 34 1.061 0.310
Sedges 1, 34 1.514 0.227 1, 33 7.059 * 1, 34 1.032 0.317
Legumes 1, 34 7.119 * 1, 33 11.972 * 1, 34 0.400 0.531
Forbs 1, 34 0.377 0.543 1, 33 0.487 0.490 1, 34 0.239 0.628

Cover (%)
Total cover 1, 34 4.720 * 1, 33 24.844 *** 1, 34 0.126 0.724
Grasses 1, 34 0.016 0.900 1, 33 9.304 ** 1, 34 6.378 *
Sedges 1, 34 4.848 * 1, 33 42.020 *** 1, 34 0.789 0.380
Legumes 1, 34 0.095 0.760 1, 33 0.025 0.875 1, 34 0.231 0.634
Forbs 1, 34 13.826 *** 1, 33 1.040 0.315 1, 34 0.071 0.791
Diversity 1, 34 3.375 0.074 1, 33 10.096 ** 1, 34 0.298 0.588
Evenness 1, 34 8.266 ** 1, 33 15.560 *** 1, 34 0.253 0.618
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important difference between our study area in Tibet and
alpine and arctic tundra elsewhere is the more extensive
grazing by livestock in the Tibetan Plateau. This grazing
pressure has been relatively stable during the last decades
(Supplementary Figure S2), and may have buffered an

increase in biomass due to climate change. The basic
characteristic of degraded alpine grasslands is decreased
numbers of graminoids (Zhou et al., 2005), as we found in
our study (Figure 3; Table 1). Many of the forb species that
increased in cover (Figure 4; Table 1), such as the
Cremanthodium liheare, Saussurea graminea, Leontopodium
leontopodioides, Ajania tenuifolia, Pedicularis kansuensis, and

FIGURE 2 | Changes in biomass of grasses, sedges, legumes, forbs,
and total biomass in alpine meadow (red) and steppe (blue) from 2008 to
2018 in the permafrost region of the Tibetan Plateau. Relative change rate in
aboveground biomass (ΔBiomass %) was calculated as the ratio of the
absolute change (in units of g m−2) to themean biomass over the study period.
Data are shown as estimate ±95% confidence intervals (CI). Data greater than
zero represent a significant increase in the measured variable, and data lower
than zero represent a significant decrease between 2008 and 2018.

FIGURE 3 | Change in species richness of grasses, sedges, legumes,
forbs, and all species in alpine meadow (red) and steppe (blue) from 2008 to
2018 in the permafrost region of the Tibetan Plateau. Relative change rate in
the number of species (ΔSpecies Richness) was calculated as the ratio
of the absolute change (in units of species m−2) to the mean species richness
over the study period. Data are shown as estimate ±95% confidence intervals
(CI). Data greater than zero represent a significant increase in the measured
variable, and data lower than zero represent a significant decrease between
2008 and 2018.

FIGURE 4 | Change in grass, sedge, legume, forb, and total plant cover
in alpine meadow (red) and steppe (blue) from 2008 to 2018 in the permafrost
region of the Tibetan Plateau. The relative change rate in cover (ΔCover, %)
was calculated as the ratio of the absolute change (in units of %) to the
mean cover value over the study period. Data were shown as estimate ±95%
confidence intervals (CI). Data greater than zero represent a significant
increase in the measured variable, and data lower than zero represent a
significant decrease between 2008 and 2018.

FIGURE 5 | Change in diversity and evenness in alpine meadow (red)
and steppe (blue) grasslands from 2008 to 2018 in the permafrost region of
the Tibetan Plateau. Relative change rate (ΔChange) was calculated as the
ratio of the absolute change to the mean value over the study period.
Data were shown as estimate ±95% confidence intervals (CI). Data greater
than zero represent a significant increase in measured variable, and lower than
zero represent a significant decrease between 2008 and 2018.
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Gentiana leucomelaena Maxim., are toxic weeds and not
preferred by animals (Zhao 2009; Wang and Kang 2011).
Thus, the decrease in grass and sedge biomass observed in
our study and others, and the increase in forbs (Figure 2), may
lead to a decrease in forage quality in the alpine grasslands of
Tibet.

Changes in species richness mainly depended on grassland
type in our study (Table 1). Number of grass, sedge, and
legume species showed a decreasing tendency, leading to
decreased total species richness in the meadow, which is in
line with the results of in situ warming experiments reporting
decreased species richness in Tibet (Klein et al., 2004; Yang
et al., 2018) and in other alpine and arctic regions (Hollister
et al., 2005). However, the overall community diversity and
evenness increased, and, although not statistically significant,
species richness increased in 61% of the sites we resurveyed,
most of them in the steppe grasslands. These results are in line
with the resurveys of European mountain summits, where the
number of species increased during recent decades (Pauli et al.,
2012; Steinbauer et al., 2018). The lack of a strong species
richness effect may be due to the relatively short period of
10 years in our study. Interestingly, species composition in the
two grassland types became more similar during the 10 years
(Figure 6; Table 2). This homogenization is in line with a
resampling study from alpine Norway, which also showed
homogenization in species composition over time (Odland
et al., 2010).

The increase in the total plant cover in our study is in line with
increased greening measured as NDVI in the alpine grassland of
Tibet (Peng et al., 2012; Zhang et al., 2017). The lack of change in

the total biomass production, thus, indicates that NDVI cannot
simply be translated into biomass.

Summer precipitation decreased and summer temperature
increased in the study area during the study period (Figure 1).
The observed decreased tendency in grasses and sedges may be
due to shallow roots and thus difficulty in acquiring deeper soil
water than the more deep-rooted forbs (Klein et al., 2007). Deep
soil moisture and temperature have been shown to be the main
drivers of legume species richness (Ganjurjav et al., 2016), and the
increase in legume biomass in our study over time is in line with
site-level experiments, finding that legumes increased in
abundance after four years of warming (Peng et al., 2020).
Legumes may increase their abundance in sites where soil
moisture (Cowles et al., 2016; Ganjurjav et al., 2016) and
nitrogen are limited by cryoturbation induced by warming,
leading to nitrogen deficiency in the upper soil layer (Chang
et al., 2017).

In conclusion, we found that overall biomass and species
richness of the alpine grasslands of the permafrost region of
Tibet studied here have been relatively stable during the last
decade (Table 1). This can be due to the relatively short term of
the study, but also due to a potential buffering by the grazing
livestock. Homogenization in species composition over time
indicated decreased beta diversity, and the observed change
tendencies in different functional groups may suggest a
decrease in forage quality through a shift from grasses and
sedges to less preferred legumes and forbs. Given the
important contribution of forage quality to local husbandry,
these findings are important when formulating management
policies for the permafrost region of Tibet.
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