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Abstract
1.	 Climate change is known to affect many facets of the Earth's ecosystems. 

However, little is known about its impacts on phylogenetic and functional proper-
ties of ecological communities.

2.	 Here we studied the responses of plant communities in an alpine grassland on the 
Tibetan Plateau to environmental warming across taxonomic, phylogenetic and 
functional levels in a 6-year multiple-level warming experiment.

3.	 While low-level warming did not alter either plant species richness or phyloge-
netic/functional community structure, high-level warming significantly decreased 
species richness. Higher level warming more strongly reduced soil moisture and 
caused stronger environmental filtering, consequently changing species composi-
tion and community structure. At the plant functional trait level, high-level warm-
ing promoted species turnover through altering the effects of traits such as plant 
height on species extinction and SLA on species colonization. As a result, high-, 
but not low-level warming drove phylogenetic/functional community structure 
from overdispersion to randomness, by filtering out species that were functionally 
dissimilar and distantly related to the resident species.

4.	 Synthesis. Our study provides evidence that the responses of plant phylogenetic 
and functional community structure to low warming differ from those in the future 
scenarios of increasing temperature. Importantly, the extinction of species that 
was functionally dissimilar and distantly related to the resident species contributed 
to alterations in plant community structure under high warming. Our study under-
scores the need to incorporate the phylogenetic and functional perspectives to 
gain a more complete understanding of community responses to climate warming.
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1  | INTRODUC TION

The past two decades have witnessed a surging interest among 
ecologists to consider species phylogenetic background and func-
tional traits, which have proven useful for better understanding of 
ecological and evolutionary processes driving community assem-
bly (Cavender-Bares, Kozak, Fine, & Kembel, 2009; Li et al., 2016; 
McGill, Enquist, Weiher, & Westoby,  2006; Uchida, Hiraiwa, & 
Cadotte, 2019; Webb, Ackerly, McPeek, & Donoghue, 2002). This 
trend has been largely driven by the recognition that species func-
tional traits, not identity, determine their performance and inter-
actions with other species (McGill et al., 2006; Violle et al., 2007), 
and that species phylogenetic relationships can often serve as a 
reasonable proxy of similarity in their functional traits, includ-
ing potentially important, but unidentified or unmeasured traits 
(Donoghue, 2008; Peterson, Soberon, & Sanchez-Cordero, 1999; 
Prinzing, Durka, Klotz, & Brandl, 2001). More recently, global 
change biologists have also began to adopt the phylogenetic 
and functional perspectives to study the responses of ecologi-
cal communities to global change stressors (Lavergne, Mouquet, 
Thuiller, & Ronce,  2010; Willis, Ruhfel, Primack, Miller-Rushing, 
& Davis,  2008; Yang et  al.,  2018, 2019). Nevertheless, little is 
known about how climate warming, an important facet of global 
environmental changes (IPCC, 2013), influences phylogenetic and 
functional properties of ecological communities (but see Li, Miller, 
& Harrison,  2019). On the one hand, climate warming may pro-
mote soil nutrient mineralization rates, resulting in increased soil 
nutrient availability (Nadelhoffer, Giblin, Shaver, & Linkins, 1992; 
Rolph, 2003). In nutrient-limited environments such as many ter-
restrial ecosystems, this alleviation of environmental stress may 
allow many species with various traits to coexist, thereby reducing 
the level of functional clustering, and in the case of traits being 
phylogenetically conserved, also the level of phylogenetic cluster-
ing. On the other hand, climate warming tends to reduce soil water 
availability (Dorji et  al., 2013; Zhu, Zhang, & Wang, 2016), espe-
cially in arid and semi-arid regions. The aggravated water scarcity, 
coupled with physiological stress directly induced by warming, 
may allow only a limited number of species with similar traits (i.e. 
those conferring tolerance of higher temperature and lower water 
availability) to survive. The resultant increased level of environ-
mental filtering would potentially lead to increased phylogenetic/
functional clustering. The relative importance of these opposing 
mechanisms would determine how climate warming influences 
community phylogenetic/functional structure.

Studies of changes in community phylogenetic and functional 
structure have typically focused on the role of species extinction. 
Recent research, however, has shown that species colonization 
can also play an important role. For example, Li et al.  (2015) re-
ported that the observed long-term old-field succession towards 
phylogenetic and functional overdispersion in New Jersey, USA, 
was due to the colonization of species distantly related to the res-
ident species, not the extinction of closely related resident spe-
cies. Likewise, Yang et al.  (2018) found that nitrogen fertilization 

into a temperate grassland in Inner Mongolia, China, promoted 
the colonization of species distantly related to residents, result-
ing in community phylogenetic overdispersion. It is thus essen-
tial to examine species extinction and colonization together for a 
better understanding of warming-induced changes in community 
phylogenetic/functional structure. To our knowledge, only one 
study has examined climate change effects on plant community 
phylogenetic properties, showing that the phylogenetic diversity 
of a California grassland declined over a 19-year period as winter 
precipitation declined (Li, Zhang, et al., 2019). This finding, how-
ever, was attributed to the loss of species with high SLA that were 
widely distributed across families (Li, Zhang, et al., 2019), without 
examining species colonization. It is, therefore, worth exploring 
how important plant functional traits, which determine plant eco-
logical strategies (Díaz et al., 2016; Wright et  al.,  2004), would 
influence both species extinction and colonization under climate 
change.

Alpine ecosystems, such as those on the Tibetan Plateau, 
are among the most vulnerable to climate changes (Hülber 
et  al.,  2016; Steinbauer et  al.,  2018), as ecological processes in 
alpine ecosystems are highly constrained by low temperature 
(Kirschbaum,  1995). Termed ‘the third pole’ of the earth, the 
Tibetan Plateau has an average altitude greater than 4,000  m. 
Over the past 50 years, mean annual temperature on the Tibetan 
Plateau has climbed by 0.4°C per decade (Dong, Jiang, Zheng, & 
Zhang,  2012), almost twice the rate of global average (Hansen, 
Ruedy, & Sato,  2010); this warming trend is projected to persist 
for the Tibetan Plateau during the 21st century (Piao et al., 2010). 
Previous studies have reported mixed results on the effects of in-
creasing temperature on the Tibetan Plateau ecosystems. It has 
been shown that the Tibetan alpine meadow ecosystem produc-
tivity increased when mean air temperature (MAT) was elevated 
by 2.6–5.2°C (Li, Wang, Yang, Gao, & Liu, 2011), decreased when 
MAT increased by 0.6–2.0°C (Klein, Harte, & Zhao, 2008) and re-
mained unchanged when MAT increased by 2.2–2.4°C (Zhu, Zhang, 
& Jiang, 2017), during the growing season. Likewise, both large and 
rapid species loss (Klein, Harte, & Zhao,  2004; Li, Zhang, et al., 
2019; Li et al., 2011) and lack of change in species richness in re-
sponse to warming (Ganjurjav et al., 2016; Piao et al., 2019) have 
been reported. These inconsistent results suggest that the magni-
tude of responses of the Tibetan alpine grassland, whose constit-
uent species are adapted to low temperature, may be sensitive to 
warming intensity (Alatalo, Jägerbrand, & Molau, 2016; Jonasson, 
Michelsen, Schmidt, & Nielsen,  1999), necessitating a multi-level 
warming approach to better understand warming effects on the 
Tibetan Plateau ecosystems. Here we reported on a 6-year two-
level warming experiment conducted in a Tibetan Plateau alpine 
grassland. Using the Tibetan alpine grassland as a model system, 
we aimed to understand how different levels of warming influ-
ence plant phylogenetic and functional community structure, and 
to identify potential mechanisms driving the observed changes in 
phylogenetic and functional community structure by examining 
species colonization and extinction.
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2  | MATERIAL S AND METHODS

2.1 | Study area

Our study area is located in a typical alpine meadow grassland at 
Naqu, northern Tibet, China (31°83′N, 92°80′E), approximately 
4,600 m in elevation. The long-term mean annual temperature and 
precipitation are −1.2°C and 430 mm respectively. The main source 
of precipitation comes from summer monsoon (Dorji et  al.,  2013), 
which usually arrives in early May and ends in August. The grow-
ing season normally starts in mid-May and lasts until mid-September. 
The local vegetation is dominated by Kobresia pygmaea, accompanied 
by Potentilla saundersiana, P. cuneate, Saussurea alpina, Carex thibetica 
and Stipa purpurea. Plant communities usually reach their peak stand-
ing biomass in early August, when the vegetation coverage is about 
60%–85%.

2.2 | Study design

We used open-top chambers (OTCs) to achieve the effects of pas-
sive warming based on the International Tundra Experiment (ITEX) 
design (Marion et  al.,  1997). Active warming via heating devices 
is not plausible in our study ecosystem, where plants have low 
height (typically lower than 5  cm) and wind is often strong. The 
OTCs were set up in June 2013, in a flat area covered by relatively 
homogeneous vegetation (Figure  S1). Three treatments were in-
cluded as follows: control, low-level warming and high-level warm-
ing. Each treatment comprised three replicates, resulting in a total 
of nine plots. The experimental plots were separated by a 2.5-m 
wide passage. We manipulated warming effects through changing 
the heights of OTCs, while keeping their uniform opening size. The 
transparent walls making up the hexagonal OTC in the two levels 
of warming treatments were measured 80 cm along the top edge, 
100, 120 cm along the bottom edge and 40, 80 cm in height re-
spectively. The transparent material was 2 mm thick clear polyvinyl 
chloride (PVC) sheet (the DuPont company), which allows for 95% 
light transmission. We measured air temperature at 10 cm above-
ground using the Vaisala HMP155A sensor (Vaisala). Soil moisture 
5 cm below-ground was monitored in the centre of the plots using 
Campbell CS655 sensors (Campbell Scientific). Two air and soil sen-
sors were installed in each treatment, and the data were averaged 
over the two sensors.

2.3 | Plant community survey

Plant communities were surveyed at their peak standing biomass in 
early August from 2013 to 2018. For a fixed 0.5 m × 0.5 m quadrat 
in each plot, we placed a metal frame with 100 5 cm × 5 cm grids 
above the canopy. All plant species occurring in the quadrat were 
identified and recorded, and their coverage was estimated by count-
ing their occurrences within the 100 grids. To avoid the edge effects, 

all plant community surveys were conducted in the centre of the 
OTCs. Plant traits, including plant height and SLA, are known to be 
important traits for plant resource update and competition (Kunstler 
et  al.,  2016) and capturing plant ecological strategies (Diaz et al., 
2016). Plant height and SLA were measured from the control plots 
during the late growing season of the last year of our experiment 
(2018). We measured plant height of 25 individuals for each species. 
Twenty-five healthy leaves per species were collected and leaf area 
was measured using a portable leaf area meter ADC AM-350 (ADC 
BioScientific Ltd.). Leaf samples were then dried at 80°C for 24 hr 
and weighed. SLA was calculated as leaf area per unit dry mass. The 
height and SLA of each species were obtained by averaging across 
the 25 samples. In total, we collected data on plant height for all spe-
cies (27 species for the study area), and SLA for 21 common species.

2.4 | Phylogenetic and functional analyses

We constructed a phylogenetic tree for the 27 species observed in 
our study area at the genus level, based on the established phylogeny 
of vascular plants (Qian & Jin, 2016; Zanne et al., 2014). However, we 
found that four species, including Potentilla saundersiana, P. cuneata, 
P. bifurca and P. multifida, belonged to the same genus Potentilla. 
Therefore, we extracted the ITS1 and ITS2 sequences of these four 
species from GenBank and constructed the phylogenetic tree for 
the genus Potentilla, using Oxytropis arctica as an outgroup species. 
MEGA 7.0.26 was used for the alignment of gene sequences, selec-
tion of evolution model and the construction of the Potentilla tree 
with the maximum likelihood method. The phylogenetic tree of the 
four Potentilla species was then merged with the genus-level phylo-
genetic tree.

We used net relatedness index (NRI) as measures of community 
phylogenetic/functional structure (Webb, 2000; Webb, Ackerly, & 
Kembel, 2008). NRI is a measure of community phylogenetic disper-
sion (Webb, 2000), and defined as the differences in mean pairwise 
distance between the observed communities and the null commu-
nities (Webb et al., 2008). The null communities were generated by 
shuffling species labels across the entire phylogeny, thus randomiz-
ing phylogenetic relationships among species, with 999 iterations. 
The value of NRI can be positive, negative and no different from 
zero, which indicates phylogenetic clustering, overdispersion and 
randomness respectively. As for the functional community struc-
ture, we first calculated the Gower distance between each species 
pair based on the functional traits, plant height and SLA. Then, based 
on the functional trait distance, we calculated functional-NRI by 
using the same method as for calculating NRI.

A species was assigned as locally extinct from a plot when it 
was present in 1  year but absent in the following year; a species 
was assigned as new colonist when it was absent in the prior year 
but appeared in the current year. We used βNRI as a measure of the 
phylogenetic and functional similarities between locally colonizing/
extinct species and resident species of each plot. Positive βNRI indi-
cates that the colonizing/extinct species are more closely related to 
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the residents than by chance, whereas negative βNRI indicates the 
opposite (Webb et al., 2008). We detected the phylogenetic signal of 
species colonization/extinction in experimental plots through the D 
statistic (Blomberg, Garland, & Ives, 2003; Fritz & Purvis, 2010). We 
calculated the D statistic at the replicate level based on 1,000 per-
mutations. We also examined the phylogenetic signal of each plant 
functional trait by using the K statistic (Blomberg et al., 2003). The 
phylogenetic signal was evaluated by comparing the variance of in-
dependent contrasts for each trait to the expected values obtained 
by shuffling leaf traits across the tips of the phylogenetic tree 999 
times. All of the phylogenetic and functional metrics were calculated 
by using the picante package (Kembel et al., 2010) in r (R Core Team, 
2014). The D statistic was calculated by using the ‘phylo.d’ func-
tion of the r package caper (Orme, 2013), and K was calculated by 
using the ‘multiPhylosignal’ function of the picante package (Kembel 
et  al.,  2010). The Gower distance was calculated by using Gower 
function from the r package fd.

2.5 | Statistical analysis

We used linear mixed-effects model of repeated measures to ex-
amine the effects of warming treatment (low warming: LW; high 
warming: HW), year and their interactions on species richness, 
NRI and functional-NRI, where we treated warming treatment and 
year as fixed factors, and the experimental plots as random fac-
tors. Afterwards, we conducted Tukey's HSD test to assess the dif-
ference in each of the three metrics between treatments (i.e. LW 
and control, HW and control and HW and LW). Structural equa-
tion modelling (SEM) was used to explore the causal pathways via 
which our experimental manipulation influenced different facets 
of plant diversity (species richness, NRI and functional-NRI). We 
constructed an a priori full SEM considering all possible pathways, 
and eliminated non-significant pathways until the final model was 
attained. The goodness of fit of the model was evaluated by chi-
square test, the Akaike information criteria and the root mean 
square error of approximation. We ran logistic regressions to eval-
uate the effects of initial plant coverage and species traits on spe-
cies extinction/colonization under each experimental treatment. 
For logistic regressions, species present throughout the study 
in a replicate plot were assigned a value of 0, while species that 
colonized or went extinct in the plot were assigned a value of 1. 
Approximately 20% of species re-appeared after extinction in the 
same plots, and these species were counted for both extinction 
and colonization. Our results remained qualitatively unchanged 
when these species were excluded from our analyses. We exam-
ined whether any of warming treatments altered the effects of 
considered plant traits on the probabilities of species extinction/
colonization, by examining treatment  ×  trait interaction terms in 
generalized linear models with the binomial distribution, based on 
the combined data from the control and a warming treatment (i.e. 
control and low warming, control and high warming). All statisti-
cal analyses were carried out in r (R Core Team, 2014), with linear 

mixed-effects models and generalized linear models conducted in 
the lme4 package and SEM conducted in the lavaan package.

3  | RESULTS

3.1 | Microclimate response to the multi-level 
warming

Averaged across all years, mean daily air temperature (MAT) was 
2.3 and 3.4°C higher under low-level warming (LW) and high-level 
warming (HW) than the controls (Figure  S2). By contrast, LW and 
HW reduced mean daily soil moisture (SM) in the growing season by 
an average of 3.3% and 8.6% respectively (Figure S3).

F I G U R E  1   The effects of multi-level warming on species richness 
(a), net relatedness index (NRI, b) and functional-NRI (c) over the 
experimental period. The experimental treatments included control, 
low warming (LW) and high warming (HW). The symbols were jittered 
slightly in the horizontal direction to make data more visible in the figure. 
* and ** denote significant differences between HW and the control 
(p < 0.05 and 0.01 respectively). Error bars represent standard errors
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3.2 | Species richness, phylogenetic and functional 
community structure responses to warming

Over the 6-year experimental period, plant species richness exhib-
ited a consistent decreasing trend in the HW treatment, but not in the 
control or LW treatments (Figure 1a), resulting in a significantly nega-
tive effect of HW, but not LW, on species richness (Table 1, p < 0.05). 
As the experiment progressed, the net relatedness index (NRI) and 
functional-NRI in HW plots increased from being significantly nega-
tive at the beginning of the experiment, indicating phylogenetic/
functional overdispersion, to not being significantly different from 
zero at the end of the experiment, indicating phylogenetic/functional 
randomness (One sample t test, p  =  0.668 and 0.726, respectively; 
Figure 1b,c). This, combined with the fact that NRI and functional-NRI 
did not show significant trends in the control or LW plots (Figure 1b,c), 
resulted in significantly positive effects of HW, but not LW, on NRI 

and functional-NRI (Table 1, p < 0.05). Structural equation modelling 
(SEM) showed that the negative and positive effects of HW treatment 
on species richness and NRI/functional NRI were mediated through 
lower soil moisture (Figure 2). SEM also showed that species richness 
was unrelated to NRI or functional-NRI, but NRI and functional-NRI 
were strongly positively associated with each other (Figure 2; see simi-
lar simple regression results in Figure S4).

3.3 | Species colonization and extinction response 
to warming

During the experimental period, an average of 1.5 (SE  =  0.6), 1.6 
(SE = 0.6) and 2.4 (SE = 0.5) species went extinct, and an average 
of 0.5 (SE = 0.4), 0.3 (SE = 0.3) and 0.9 (SE = 0.4) species colonized 
in the control, LW and HW plots, respectively (Figures S5 and S6). 
Most of the colonized species were forbs from the genus Potentilla 
in the control and HW plots, and the extinct species were grasses 

F I G U R E  2   The result of structural equation modelling showing 
the causal effects of high warming on species richness, net 
relatedness index (NRI) and functional-NRI (func-NRI), via reducing 
soil moisture. In the figure, the arrows represent significant (solid, 
p < 0.05) and non-significant (dashed, p > 0.05) relationships. 
The width of arrows indicates the strength of the causal effect. 
Numbers above the arrows represent path coefficients  
(*, **, ***p < 0.05, 0.01, 0.001 respectively). R2 values represent 
the proportion of variance explained for each variable. Model fit 
summary for species richness: χ2 = 0.92, p = 0.820, root mean 
square error of approximation (RMSEA) < 0.05, Akaike information 
criteria (AIC) = 24.92
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F I G U R E  3   The phylogenetic dissimilarity of colonizing species 
(solid circles) and locally extinct species (open circles) to the 
resident species. The phylogenetic dissimilarity was calculated as 
βNRI by comparing the observed values to null models. Positive 
values of βNRI indicate that colonized or extinct species are more 
closely related to the residents than expected by chance, while 
negative values indicate that colonized or extinct species are 
more distantly related to the residents. ** denotes values that 
are significantly different from zero based on one-sample t test 
(p < 0.01). Error bars represent standard errors
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TA B L E  1   Results of linear mixed-
effects models of warming treatment (low 
warming, LW; high warming, HW) effects 
on species richness, net relatedness index 
(NRI) and functional-NRI and of Tukey's 
HSD tests between treatments (LW-Ctrl, 
low warming-control contrast; HW-Ctrl, 
high warming-control contrast; HW-LW, 
high warming-low warming contrast). 
Significant p values for the difference 
between treatments are shown in bold 
(p < 0.05)

Source
Num. 
df

Den. 
df

Species richness NRI Functional-NRI

F p F p F p

Warming 2 6 4.67 0.060 3.27 0.110 4.40 0.067

Year 5 30 4.07 <0.01 3.28 0.018 4.29 <0.01

Warming ×  
year

10 30 0.62 0.782 1.57 0.164 1.97 0.074

Z p Z p Z p

LW-Ctrl −0.43 0.901 0.92 0.627 1.42 0.329

HW-Ctrl −2.75 0.016 2.53 0.031 2.97 <0.01

HW-LW −2.32 0.054 1.60 0.244 1.54 0.271
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from the family Poaceae and forbs from the genus Carex in the LW 
and HW plots (Figure S5).

The phylogenetic pattern of species extinction/colonization did 
not deviate significantly from random expectation in all treatments 
(prandom > 0.05; Figure S7). βNRI between extinct species and the resi-
dents did not differ from zero in the control or LW treatment (p > 0.05; 
Figure  3). However, we found significantly negative extinction-res-
ident βNRI in the HW treatments (p < 0.05), indicating that extinct 
species in this treatment were more distantly related to the residents 
than expected by chance (Figure 3). βNRI between colonized species 
and residents did not differ from zero in all treatments (p > 0.05).

We found that SLA, not plant height, exhibited a significant phylo-
genetic signal (Table S2). The initial species coverage and plant height 
were significant predictors of species extinction in all treatments, 

where species with lower initial plant coverage and higher stature suf-
fered greater risk of extinction (p < 0.001; Figure 4a–f). In the LW and 
HW plots, SLA also affected species extinction, where species with 
smaller SLA were more likely to go extinct (p < 0.001; Figure 4h,i). We 
also found that SLA, but not other traits, was a significant predictor 
of the probabilities of species colonization, where species with larger 
SLA were more likely to colonize in the HW plots (p < 0.001; Figure 4i). 
Finally, we found that warming altered the effects of plant traits on 
species extinction and colonization (Table 2). Specifically, there were 
significant interactive effects of HW and plant height on species ex-
tinction (p < 0.05), and significant interactive effects of HW and SLA 
on species colonization (p < 0.001), indicating increased probabilities of 
species with higher stature going extinct and species with larger SLA 
colonizing under high warming.

F I G U R E  4   Species local extinction (red circles) and colonization (black circles) as functions of initial coverage (a–c), plant height (d–f) and 
SLA (g–i) under each treatment. Species were assigned a value of 0 when they did not colonize or go extinct in a replicate plot. Otherwise, 
species were assigned a value of 1. Significant logistic regression lines (p < 0.05) were shown
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4  | DISCUSSION

Our study adopts phylogenetic and functional approaches to explore 
the impacts of environmental warming on plant community structure, 
and also differs from many other studies of the ecological conse-
quences of climate change by imposing multiple levels of warming and 
by linking trait-based species extinction and colonization to observed 
changes in plant phylogenetic and functional community structure. 
Our results showed that only high-level warming significantly reduced 
plant species richness. Moreover, only high-level warming drove com-
munity phylogenetic and functional structure from overdispersion to 
randomness, as a result of the extinction of species distantly related to 
the residents. Finally, we also found that high-level warming not only 
directly affected species colonization and extinction, but also altered 
the effects of plant traits on species colonization and extinction.

4.1 | Effects of warming on species richness

Our finding of the lack of the low-level warming effects on species 
richness is in accordance with other studies conducted in alpine grass-
land ecosystems (Ganjurjav et al., 2016; Wang et al., 2012). In our ex-
periment, low-level warming (an increase of 2.3°C) reduced soil water 
content, but failed to alter species extinction/colonization patterns. 
These results suggest that plant communities of the alpine grassland 
on the Tibetan Plateau are fairly resistant to modest levels of climate 
warming (Ganjurjav et al., 2016). On the other hand, high-level warm-
ing (an increase of 3.4°C) more strongly depleted soil water content 
(Figure S3), which promoted species turnover by altering the effects 
of species traits such as plant height on species extinction and SLA on 
species colonization (Table 2). Note, however, high-level warming in-
creased species extinction more than colonization (Figure S6), thereby 
consequently decreasing plant species richness (Figure 2). Similar ef-
fects of warming on species richness have been reported in other al-
pine and montane grasslands (Berauer et al., 2019; Debouk, de Bello, 

& Sebastià, 2015; Sebastià, Kirwan, & Connolly, 2008). Together, these 
results lend support to the significant role of soil water availability in 
regulating the responses of plant species and communities to climate 
warming (Ganjurjav et al., 2016; Klanderud & Totland, 2007).

4.2 | Effects of warming on phylogenetic and 
functional community structure

In our experiment, high-level warming reduced species richness 
and increased NRI associated with lower soil moisture, resulting in 
changes in plant functional community structure (Figure 2). The semi-
arid nature of our study alpine grassland means that warming would 
aggravate the constraining effects of the limited soil water supply 
on plant growth (Dorji et al., 2013; Zhu et al., 2016), which promotes 
strong environmental filtering. These effects, however, were not ran-
dom with regard to plant traits and phylogeny. In our study, species 
characterized by greater height and smaller SLA were more likely to 
experience extinction after warming, and these species also tended to 
be distantly related to the remaining residents, resulting in changes in 
community structure from phylogenetic/functional overdispersion to 
randomness. These results thus indicate that warming tended to ho-
mogenize our study alpine meadow grassland, reducing its functional 
potential and evolutionary history. A comparable result was observed 
for a California grassland where the decline in winter precipitation 
over a 19-year period led to the decline in plant phylogenetic diversity, 
which was, nevertheless, driven by the loss of species with high SLA 
(Li, Zhang, et al., 2019). Also note that although high-level warming 
affected both species extinction and colonization, changes in phylo-
genetic and functional community structure were mainly driven by 
species extinction in our experiment. This contrasts with a previous 
study reporting that altered species colonization, not extinction, was 
primarily responsible for the observed community change towards 
phylogenetic overdispersion in a semi-arid temperate grassland under 
nitrogen amendment (Yang et al., 2018).

TA B L E  2   Results of generalized linear models comparing each treatment (low warming, LW; high warming, HW) to the control to discern 
whether treatment altered plant trait (plant height: height; SLA) effects on the probabilities of species extinction/colonization. p values for 
significant interaction terms are shown in bold (p < 0.05)

Source df

Height SLA

LW HW LW HW

χ2 p χ2 p χ2 p χ2 p

Extinction

Treatment 1 0.48 0.489 10.34 0.001 0.85 0.356 11.47 <0.001

Trait 1 24.24 <0.001 15.82 <0.001 3.59 0.058 5.24 0.022

Treatment × trait 1 16.43 <0.001 6.12 0.013 0.66 0.415 0.79 0.373

Colonization

Treatment 1 0.006 0.939 5.85 0.016 0.013 0.911 11.83 <0.001

Trait 1 0.005 0.942 4.16 0.041 4.40 0.036 28.47 <0.001

Treatment × trait 1 4.48 0.034 1.82 0.177 1.33 0.249 15.86 <0.001
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We found that initial species coverage and plant height were sig-
nificant predictors of species extinction in all treatments, where spe-
cies with lower initial coverage and higher stature suffered greater 
risk of extinction. Rare species in a community tend to be more likely 
to go extinct because of greater demographic stochasticity associ-
ated with smaller populations (Orrock & Watling, 2010; Zhang, Pu, Li, 
& Han, 2016). Taller species, however, are generally considered more 
competitive when competing for light (Dybzinski & Tilman,  2007; 
Hautier, Niklaus, & Hector, 2009). Nevertheless, high-stature spe-
cies were at greater risk of extinction in our experiment, suggesting 
that light is not a limiting factor at our study site where plant stature 
is low (generally <5 cm). One possibility is that higher-stature species 
may have greater demand for water due to their larger size, which 
may have made them disadvantageous in our high-elevation study 
grassland where water is an important limiting resource and strong 
irradiance enhances evaporation (Zhu et al., 2017). Another expla-
nation for the higher extinction risk of high-stature species, such as 
Stipa purpurea and Carex thibetica, is that they are often simultane-
ously characterized by small SLA (Figure S8). Species with smaller 
SLA tend to exhibit lower photosynthetic rates and lower metab-
olism rates (Reich et  al.,  1999; Reich, Walters, & Ellsworth,  1992), 
which may make them more disadvantaged compared with larger 
SLA species, especially when the length of the growing season is 
limited as in our study system. Indeed, we found that plant species 
with smaller SLA tended to go extinct more frequently under both 
low- and high-level warming. This result contrasts with that of Li, 
Zhang, et al. (2019), who reported that plant species with higher SLA 
were more likely to go extinct in a California grassland under dryer 
climate (Li, Zhang, et al., 2019). This discrepancy could be potentially 
explained by the shorter growing season at our study site, which fa-
vours fast-growing species with large SLA over species with more 
conservative strategies. Consistent with this idea, we found that in 
our experiment, species with larger SLA were more likely to colo-
nize high warming plots, which may be attributed to the fast growing 
strategy of these species (Díaz et al., 2016; Wright et al., 2004).

4.3 | Caveats

Our study has several limitations. First, environmental warming was 
achieved by using open-top chambers (OTCs) in our experiment. 
This passive warming approach was used because environmental 
harshness and the unavailability of electrical power at our study site 
prevented us from actively warming (e.g. via infrared lamps) our ex-
perimental plots. However, besides temperature, OTCs are known to 
alter other microclimatic and environmental variables (e.g. soil mois-
ture content, wind velocity, light availability, plant pollination, seed 
dispersal; Kennedy,  1995; Marion et  al.,  1997). These unwanted ef-
fects almost certainly occurred in our experimental plots, despite our 
effort to mitigate them by constructing OTCs with highly transparent 
PVC and by surveying plant communities at the centre of each plot. 
Therefore, caution must be exercised when extrapolating our results, 
before they can be verified using other warming methods. Second, our 

experimental treatments were replicated only three times due to logis-
tic constraints. Although three replicates were sufficient for detecting 
treatment differences in our study, there were situations where one 
replicate deviated substantially from the other two, resulting in con-
siderable variation among the mean responses (see Figure 1). Adding 
more replicates, which tends to increase the power of statistical 
analyses, would be desirable. Third, our functional trait analyses were 
based on trait values collected from the control plots, assuming that 
intraspecific trait variation among our experimental treatments may 
not overcome interspecific trait difference. Recent evidence, how-
ever, suggests that climate warming may lead to significant changes 
in key plant functional traits (Bjorkman et  al.,  2018). Future studies 
should explicitly consider temporal change in plant traits in response 
to warming, as well as interspecific and intraspecific variation in plant 
traits across warming treatments at our study site.

5  | CONCLUSIONS

Our study provides unique experimental evidence that warming can 
alter phylogenetic and functional structure of plant communities. It 
remains to be seen how these changes at the community level con-
tribute to changes at the ecosystems level. Future studies should 
also test the applicability of our findings across other regions of 
the Tibetan Plateau and other high altitude ecosystems. Finally, our 
study highlights the responses of plant species and communities to 
low warming differ from those in the future scenarios of increasing 
temperature, and underscores the need to investigate the dynamic 
community structure as regulated by species colonization and ex-
tinction under global environmental change.
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