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Asymmetrical warming between elevations is a common phenomenon and warming
magnitude increases with increasing elevations on the Tibetan Plateau, which in turn
may reduce temperature differences between elevations. However, it is still unclear
how such phenomenon will affect plant community composition in alpine grasslands
on the Tibetan Plateau. Therefore, in this study, we performed an experiment at three
elevations (i.e., 4,300 m, 4,500 m, and 4,700 m) in alpine grasslands, the Northern
Tibetan Plateau since May, 2010. Open top chambers were established at the elevations
4,500 m and 4,700 m. Plant species and phylogenetic composition were investigated
in August, 2011–2019. There were no significant differences in plant species and
phylogenetic composition, environmental temperature and moisture conditions between
the elevation 4,300 m under non-warming conditions and the elevation 4,500 m
under warming conditions in 2019. There were also no significant differences in plant
species composition, environmental temperature and moisture conditions between the
elevation 4,500 m under non-warming conditions and the elevation 4,700 m under
warming conditions in 2019. Therefore, the narrowing temperature differences between
elevations may result in plant community composition between elevations tending
to be similar in alpine grasslands on the Tibetan Plateau under future elevational
asymmetrical warming.

Keywords: biodiversity, β-diversity, climate warming, phylogenetic diversity, species composition, Tibetan
Plateau (TP)

INTRODUCTION

Plant community structure is one of the most important plant characteristics, and understanding
its changes under environmental changes plays important roles in predicting plant community
change under global change (Hautier et al., 2014; Ma et al., 2017). Plant community structure can
include species and phylogenetic structure, and they can reflect plant community composition from
different aspects (Sun et al., 2021). Climate warming is one of the characteristics of global change
and its magnitude can increase with increasing elevation in some regions (e.g., Tibetan Plateau)
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(Yao et al., 2000; Kuang and Jiao, 2016). This phenomenon
can reduce temperature differences between adjacent elevations,
which in turn may reduce the differences in plant community
composition (i.e., plant β-diversity) between adjacent elevations.
Various grasslands are important pastures at different temporal
and spatial scales, which in turn provide animal by-products (e.g.,
milk and beef) for human (Sun et al., 2019). Alpine grasslands, as
an important grassland type, may be one of the most sensitive
grasslands to climate change and human activities at global and
regional scales (Klein et al., 2007). Therefore, it is very important
to understand the changes in plant community composition to
global change in alpine grasslands.

The Tibetan Plateau, with the important characteristics of
high-elevation, cold and dry climate conditions, is one of the
key sensitive regions to global change and a global epicenter
of global change (Li, 2017). Generally, alpine meadows, alpine
steppes and alpine desert steppes are distributed from east to west
on the Tibetan Plateau (Wu et al., 2014). Air temperature at a
relative higher elevation can tend to be closer and closer to that
at a relative lower elevation in alpine grasslands on the Tibetan
Plateau under future asymmetrical warming (Yao et al., 2000).
More and more studies have investigated the changes of plant
community composition under various global climate changes
in alpine grasslands on the Tibetan Plateau (Klein et al., 2007;
Wang et al., 2012). However, no studies have tried to investigate
the effects of reduced temperature differences between elevations
on plant community composition in alpine grasslands on the
Tibetan Plateau under global warming. Therefore, in this study,
we performed an experiment along an elevation gradient from
4,300 m to 4,700 m (i.e., 4,300 m, 4,500 m, and 4,700 m) in
alpine grasslands, the Northern Tibetan Plateau. We established
four open top chambers, which was used to simulate climate
warming, at elevations 4,500 m and 4,700 m, respectively. We
compared the plant community composition under the control
conditions at the elevation 4,300 m and that under the warming
conditions at the elevation 4,500 m, that under control conditions
at the elevation 4,300 m and that under the warming conditions
at the elevation 4,700 m, and that under control conditions at the
elevation 4,500 m and that under the warming conditions at the
elevation 4,700 m.

MATERIALS AND METHODS

Study Area and Experimental Design
Detailed descriptions on climate, soil and vegetation conditions
can be found in our previous studies (Fu et al., 2019). Briefly,
the study area was located at the Grassland Station of Damxung
County, Lhasa City, Tibet, China. Mean annual temperature and
mean annual precipitation was 1.96◦C and 476.4 mm in 1963–
2019, respectively. This experiment was conducted at three alpine
grassland sites (site A: 30◦30′ N, 91◦04′ E, alpine steppe meadow;
site B: 30◦31′ N, 91◦04′ E, alpine steppe meadow; site C: 30◦32′
N, 91◦03′ E, alpine meadow) since May 2010. The dominant
plant species included Stipa capillacea, Carex montis-everestii
and Kobresia pygmaea in the two alpine steppe meadows, and
Kobresia pygmaea in the alpine meadow. Open top chambers

(bottom diameter: 1.45 m; top diameter: 1.00 m; height: 0.40
m) were used to increase temperature at sites B and C. There
were four treatments with four replicates, including the control
treatment at site A with an elevation of about 4,300 m (C4300),
the control treatment at site B with an elevation of about 4,500
m (C4500), warming treatment at site B with an elevation of
about 4,500 m (W4500), and warming treatment at site C with
an elevation of about 4,700 m (W4700).

Microclimate Measurements
We observed soil temperature (Ts, 5 cm), soil moisture (SM,
10 cm), air temperature (Ta, 15cm) and relative humidity
(RH, 15 cm) using HOBO weather stations (Onset Computer,
Bourne, MA, United States) during growing season (June–
September) in 2011–2019. The sampling frequency and recording
interval was 1 min and 30 min, respectively. We also calculated
vapor pressure deficit (VPD) from measured Ta and RH using
VPD = 0.6108 × exp[(17.27 × Ta)/(Ta + 237.3)] × (1-
RH/100).

Community Investigation, Soil Sampling
and Analyses
We performed plant community investigation for each plot in
August, 2011–2019. Species coverage and height were recorded
for each species within each of the sixteen 50 cm × 50 cm
quadrats (four treatments × four replicates = 16 quadrats). We
collected topsoil (0–10 cm) samples in August, 2013 and 2015–
2019. We sieved these fresh soils through a 1 mm hole and
then measured ammonium nitrogen (NH4

+-N), nitrate nitrogen
(NO3

−-N), available phosphorus (AP) and pH.

Statistical Analysis
The “geodist” of SPAA-package was used to obtain the geographic
distance between elevations. The important value was calculated
from measured species coverage and height. The “vegdist” of
the Vegan-package was used to obtain species β-diversity (i.e.,
βBray, the dissimilarity indices of Bray-Curtis) between two
treatments based on the important value. We used the “TPL” and
“taxa.table” of the Plantlist-package to obtain the taxonomy data,
which were imported into the Phylomatic software to generate
the phylogenetic tree. The important value and phylogenetic
tree were imported into “comdistnt” of the Picante-package
to obtain phylogenetic β-diversity (i.e., βMNTD: beta mean
nearest taxon distance) between two treatments. We also used
the permutational multivariate analysis of variance to analyze the
difference of βBray and βMNTD between treatments for each year.
The “varpart” of the Vegan-package was used to partition the
variation of the βBray and βMNTD by four explanatory matrices
of biotic and/or abiotic variables. All the significant analyses
were examined at p < 0.05. The drawing software included the
SigmaPlot 12.5 and Microsoft Office Visio 2007.

RESULTS

No differences of multi-year mean SM, Ta and VPD were
observed between the C4300 and W4500 treatments, and between
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TABLE 1 | Comparison of average soil temperature (Ts), soil moisture (SM), air temperature (Ta) and vapor pressure deficit (VPD) across the nine growing seasons (i.e.,
2011–2019), ammonium nitrogen (NH4

+-N, mg kg−1), nitrate nitrogen (NO3
−-N, mg kg−1), available phosphorus (AP, mg kg−1) and pH across the six growing seasons

(i.e., 2013 and 2015–2019) between the control treatment at site A (C4300) and the warming treatment at site B (W4500), between C4300 and the warming treatment at
site C (W4700), and between the control treatment at site B (C4500) and the W4700 treatment, respectively.

Group Site Treatment Ts SM Ta VPD NH4
+-N NO3

−-N AP pH

C4300 vs.
W4500

A Control 14.62 ± 0.12 b 0.15 ± 0.02 a 11.39 ± 0.38 a 0.51 ± 0.03 a 9.86 ± 1.05 b 10.25 ± 3.07 b 5.66 ± 0.94 a 6.79 ± 0.11 a

B Warming 15.01 ± 0.14 a 0.15 ± 0.00 a 11.87 ± 0.26 a 0.53 ± 0.01 a 13.50 ± 0.66 a 16.38 ± 1.10 a 6.52 ± 1.41 a 6.30 ± 0.11 b

C4300 vs.
W4700

A Control 14.62 ± 0.12 a 0.15 ± 0.02 b 11.39 ± 0.38 a 0.51 ± 0.03 a 9.86 ± 1.05 b 10.25 ± 3.07 a 5.66 ± 0.94 a 6.79 ± 0.11 a

C Warming 13.13 ± 0.10 b 0.19 ± 0.01 a 10.56 ± 0.08 b 0.45 ± 0.02 b 24.18 ± 3.42 a 16.68 ± 6.27 a 7.23 ± 2.33 a 5.74 ± 0.11 b

C4500 vs.
W4700

B Control 13.69 ± 0.14 a 0.18 ± 0.01 a 10.51 ± 0.09 a 0.42 ± 0.01 a 11.12 ± 1.66 b 11.91 ± 1.93 a 4.77 ± 0.45 a 6.40 ± 0.02 a

C Warming 13.13 ± 0.10 b 0.19 ± 0.01 a 10.56 ± 0.08 a 0.45 ± 0.02 a 24.18 ± 3.42 a 16.68 ± 6.27 a 7.23 ± 2.33 a 5.74 ± 0.11 b

The bold values indicated significant differences between treatments.

the C4500 and W4700 treatments over the nine growing seasons
in 2011–2019 (Table 1). The multi-year mean Ts of the W4500
treatment was 0.39◦C greater than that of the C4300 treatment
over the nine growing seasons in 2011–2019 (Table 1). The multi-
year average Ts of the W4700 treatment was 0.56◦C lower than
that of the C4500 treatment over the nine growing seasons in
2011–2019 (Table 1). The multi-year mean NH4

+-N and NO3
−-

N of the W4500 treatment was 3.96% (0.39 mg kg−1) and 21.33%
(2.88 mg kg−1) greater than that of the C4300 treatment, but the
multi-year mean pH of the W4500 treatment was 7.22% (0.49)
lower than that of the C4300 treatment over the six growing
seasons (i.e., 2013 and 2015–2019), respectively (Table 1). The
multi-year mean NH4

+-N of the W4700 treatment was 117.45%
(13.06 mg kg−1) greater than that of the C4500 treatment, but the
multi-year mean pH of the W4700 treatment was 10.31% (0.66)
lower than that of the C4500 treatment over the six growing
seasons (i.e., 2013 and 2015–2019), respectively (Table 1). There
were no significances of multi-year mean NO3

−-N and AP
between the C4300 and W4700 treatments over the six growing
seasons (i.e., 2013 and 2015–2019), respectively (Table 1). The
multi-year mean Ts, Ta, VPD and pH of the W4700 treatment
was 1.49◦C, 0.83◦C, 0.06 kPa and 1.05 lower than that of the
C4300 treatment, respectively (Table 1). The multi-year mean
SM and NH4

+-N of the W4700 treatment was 0.04 m3 m−3

and 14.32 mg kg−1 greater than that of the C4300 treatment,
respectively (Table 1).

Across all the 9 years, both the species and phylogenetic
β-diversity between the C4300 and W4500 treatments, between
the C4300 and W4700 treatments, and between the C4500 and
W4700 treatments were significant (Table 2). Both the species
and phylogenetic β-diversity between the C4300 and W4700
treatments were significant for each year in 2011–2019 (Figure 1).
However, the species and phylogenetic β-diversity between the
C4300 and W4500 treatments were significant in 2011–2018 but
not in 2019 (Figure 1). Meanwhile, the Ts, SM, Ta, and VPD
between the C4300 and W4500 treatments were not significant in
2019 (Supplementary Table 1). The species β-diversity between
the C4500 and W4700 treatments were significant in 2011–2018
but not in 2019 (Figure 1). Meanwhile, the Ts, SM, Ta, and VPD
between the C4500 and W4700 treatments were not significant
in 2019 (Supplementary Table 1). The phylogenic β-diversity

between the C4500 and W4700 treatments were significant for
each year in 2011–2019 (Figure 1).

The species β-diversity increased with the Bray-Curtis
dissimilarity index of Ts, SM, Ta, and pH between C4300 vs.
W4500, C4300 vs. W4700 and C4500 vs. W4700 (Table 3).
The GeoDist.Dur., Temp.Water, soil nutrition and pH together
explained about 40% and 46% variations of species and
phylogenetic β-diversity, respectively (Figure 2). The exclusive
effects on species β-diversity were ordered by pH, Temp.Water,
soil nutrition and GeoDist.Dur (Figure 2). The Temp.Water and
soil nutrition but not GeoDist.Dur. and pH had exclusive effects
on the variations of phylogenetic β-diversity (Figure 2).

DISCUSSION

Our findings showed that plant species composition and even
phylogenetic structure may tend to be similar between two
adjacent elevations when the differences in environmental
temperature and water availability conditions were eliminated.
This phenomenon confirmed some previous studies which
demonstrated that plant community moved upward under

TABLE 2 | The two-way permutational multivariate analysis of variance (i.e., the
“adonis2” of Vegan-package) for analyzing the differences of species β-diversity
(βBray) and phylogenetic β-diversity (βMNTD) between C4300 vs. W4500, C4300
vs. W4700, or C4500 vs. W4700), and the effects of measuring year on the βBray

and βMNTD across the 9 years in 2011–2019.

Species β-diversity Phylogenetic β-diversity

F p F p

C4300 vs. W4500 42.54 < 0.001 28.20 < 0.001

Year 9.13 < 0.001 5.15 < 0.001

Interaction 3.10 < 0.001 2.83 < 0.001

C4300 vs. W4700 69.33 < 0.001 74.85 < 0.001

Year 6.55 < 0.001 4.50 < 0.001

Interaction 6.20 < 0.001 4.14 < 0.001

C4500 vs. W4700 50.34 < 0.001 60.70 < 0.001

Year 5.40 < 0.001 4.51 < 0.001

Interaction 5.21 < 0.001 4.08 < 0.001
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FIGURE 1 | Species β-diversity (βBray, A–C) and phylogenetic β-diversity (βMNTD, D–F) between the control treatment at site A vs. the warming treatment at site B
(C4300 vs. W4500), the C4300 treatment and the warming treatment at site C (C4300 vs. W4700), and the C4500 treatment and the W4700 treatment (C4500 vs.
W4700). ∗ above bars indicates the βBray or βMNTD of the C4300 vs. W4500, C4300 vs. W4700, and C4500 vs. W4700 were significant at p < 0.05.

TABLE 3 | Correlation analyses of species and phylogenetic β-diversity with the Bray-Curtis dissimilarity index of environmental variables, between the control treatment
at site A (C4300) and the warming treatment at site B (W4500), between the C4300 treatment and the warming treatment at site C (W4700), and between the control
treatment at site B (C4500) and the W4700 treatment.

Variables Ts SM Ta VPD NH4
+-N NO−-N AP pH

βBray 0.67*** 0.40* 0.41* 0.04 0.32 0.23 –0.07 0.61**

βMNTD 0.33 –0.06 0.36 0.18 –0.21 0.28 0.18 0.03

The concerned variables included species β-diversity (i.e., βBray), phylogenetic β-diversity (βMNTD) and the Bray-Curtis dissimilarity index of environmental variables (Ts,
soil temperature; SM, soil moisture; Ta, air temperature; VPD, vapor pressure deficit; NH4

+-N, ammonium nitrogen; NO3
−-N, nitrate nitrogen; AP, available phosphorus;

and soil pH) among sites. *, **, and ** indicated the correlations were significant at p < 0.05, p < 0.01, and p < 0.001, respectively. The bold values indicated significant
correlations.

climate warming (Walther et al., 2005; Wang et al., 2019;
Cheng et al., 2020). This finding may be attributed to one or
more of the following underlying mechanisms. First, trade-off
between lifespan and growth rate is a key character of plants,
and plant species generally had a longer lifespan but a slower
growth under colder climate conditions at high elevations and
latitudes (Nobis and Schweingruber, 2013). Climate warming
may alleviate low-temperature limitation on the growth of alpine
plants and alter the trade-off between lifespan and growth rate,
which subsequently may result in similarity of plant communities
between the low and high elevations (Lenoir et al., 2008). Second,
plant species with narrow niche width of temperature may move
upward to avoid or reduce the risk of extinction under climate
warming, and warming-tolerant species may move upward for
expanding its spatial range (Pauli et al., 1999, 2012; Dolezal
et al., 2016). Third, shallow- and deep-root species have different
strategies in the utility of soil water, and shallow-root species
are more dependent on upper soil water than deep-root species

(Hu et al., 2013). Surface soil water may be mainly dependent
on precipitation (Golluscio et al., 1998), and precipitation may
increase with increasing elevation with a certain elevation range
in the Tibet (Zhao et al., 2017). Warming may generally reduce
availability water in soils (at least surface soil water) for plant
growth and alter re-distribution of soil water at different depths
(Wu et al., 2013; Xue et al., 2014). Subsequently, plants, especially
shallow-rooted plants, may move upward to avoid or reduce
the drought stress caused by climate warming. Fourth, wind
stress can cause greater plant dwarfing at higher elevations
considering that both wind speed and gale days may increase with
increasing elevation (Friend and Woodward, 1990; Yao and Li,
2019). This phenomenon may limit upward migration of some
species, although greater wind speed and gale days may increase
the dispersal of wind-pollination plants. The reduced in wind
speed and gale days may be related to climate warming, and
their reduced magnitudes may increase with increasing elevations
on the Tibetan Plateau (Yang et al., 2012; Yao and Li, 2019).
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FIGURE 2 | Venn plots of variation partitioning analysis, showing the shared and exclusive effects of the geographic distance and warming duration (GeoDist.Dur.),
the Bray-Curtis dissimilarity index of temperature and water availability (Temp.Water: soil temperature, soil moisture, air temperature and/or vapor pressure deficit),
the Bray-Curtis dissimilarity index of soil nutrition (ammonium nitrogen, nitrate nitrogen, and/or available phosphorus) and the Bray-Curtis dissimilarity index of pH
between C4300 vs. W4500, C4300 vs. W4700, and C4500 vs. W4700, on the (A) species β-diversity and (B) phylogenetic β-diversity between C4300 vs. W4500,
C4300 vs. W4700, and C4500 vs. W4700. C4300: the control treatment at site A; C4500: the control treatment at site B; W4500: the warming treatment at site B;
W4700: the warming treatment at site C.

This phenomenon may alleviate the effect of wind stress on
plant community and subsequently increase the potential of
some species upward.

Our findings implied that asymmetric warming between
elevations/sites may affect the patch, which is one of basic
elements of landscape pattern. Thus, such asymmetric warming
may affect landscape diversity. However, our findings may have
some limitations. First, the elevation only falls within about 4300–
4700 m in our study. Thus, it may be necessary to investigate
whether asymmetrical warming between elevations may result in
similar plant community composition between elevations when
the elevations beyond our elevational ranges. Second, our study
only focused on two types of alpine grasslands (i.e., alpine steppe
meadows and alpine meadows), while there are actually several
other types of alpine grasslands (e.g., alpine steppes and alpine
desert steppes) on the Tibetan Plateau (Wu et al., 2014). Thus, it
is still unclear that asymmetrical warming between elevations can
cause similar plant community composition between elevations
in other grassland types. In summary, more studies are needed to
resolve these uncertainties.

CONCLUSION

In this study, we simulated the narrowing temperature differences
between elevations by setting up open top chambers at
higher elevations, and then investigated the responses of
plant community composition to such narrowing temperature
differences between elevations in alpine grasslands. We then
found the species composition and phylogenetic structure of
plant community under the warming conditions at an elevation
of about 4500 m were not significantly different from those under
the control conditions at an elevation of about 4300 m in alpine

grasslands in the tenth year. Moreover, the species composition
at an elevation of about 4700 m under the warming conditions
was also not significantly different from that at an elevation of
about 4500 m under the control conditions in the tenth year.
Therefore, asymmetrical warming between elevations may result
in similar plant community composition between elevations in
alpine grasslands on the Tibetan Plateau.
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