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Abstract In most grassland ecosystems, the effects of
mean temperature increase on plant communities have
been investigated; however, the effects of climate fluc-
tuations on local plant community metrics are much less
well understood. We conducted a nine-year survey in
alpine meadow and alpine steppe to investigate the
effects of inter-annual temperature and precipitation
variation on plant community composition, species rich-
ness, and species diversity on the central Qinghai-
Tibetan Plateau, China. We unexpectedly found that
annual variability of growing season temperature, and
not precipitation, is a driver of plant composition and
species diversity in both habitats. Generally, increasing
temperature had a negative effect on species diversity in
meadow (r2 = 0.94) and steppe (r2 = 0.95). In the

meadow habitat, the proportion of grass decreased with
increasing temperature and ultimately had positive im-
pacts on the proportion of sedges. In steppe habitat,
legumes increased and forbs decreased with the increase
of growing season temperature; both legumes and forbs
negatively affected proportion of grass and resulted in
grass remaining stable under temperature change. Our
results provide evidence that responses of functional
group composition and species richness to temporal
change of temperature are very different from those
responses to mean temperature increase on the central
Qinghai-Tibetan Plateau. In our results, temperature is a
main regulator for annual variation of functional group
composition and species richness, while soil water con-
tent is a dominant regulator for community responses in
other experimental warming studies.

Keywords Climate variation . Community fluctuation .

Functional group .Species richnessanddiversity .Alpine
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Introduction

Climate warming is one of the dominant drivers of
global change. Warming can alter relative species
abundances, competition-interaction, and coexis-
tence of species (Klein et al. 2008; Dieleman et al.
2015; Shi et al. 2015; Mokany et al. 2016; Dawson
et al. 2011; Gruner et al. 2017) due to differential re-
sponses of species to changing temperatures (Ganjurjav
et al. 2016). In grassland systems, warming-induced
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reductions of biodiversity—which is largely regulated
by community composition (Gruner et al. 2017)—may
result in a decrease of ecosystem functions and services
(Hautier et al. 2015).

Although researchers have primarily focused on in-
vestigating the effects of increasing average tempera-
tures on plant community composition, climate change
is also characterized by an increase of inter-annual var-
iation in temperature (Thornton et al. 2014; Mulder et al.
2017). This climate variability also has significant ef-
fects on ecosystem functions and services (Seddon et al.
2016), because interactions can occur among environ-
mental fluctuation, species richness, and ecosystem ser-
vices (Oliver et al. 2015). For example, climate variabil-
ity drives plant phenology (Adler et al. 2012) and spe-
cies competition (Mulder et al. 2017), which can alter
ecosystem functions, such as productivity, diversity,
and carbon uptake capacity of ecosystem (Galvagno
et al. 2013; del Río et al. 2017). Clearly, understand-
ing how plant communities respond to changes in
inter-annual variation rather than only to changes in
average trends can provide critical perspective on the
relationship between ecosystem function and envi-
ronmental conditions.

The Qinghai-Tibetan Plateau is a highest region in
the world and known as Bthe third pole^ ranked after the
Arctic and Antarctic (Qiu 2008). This harsh region is
characterized by low temperature, low air pressure, and
high solar radiation. The Qinghai-Tibetan Plateau is a
main climate regulator of Asia and a headwater region
of major Asian rivers, including the Yangtze River, the
Yellow River, the Salween River, and the Mekong River
(Gao et al. 2013; Liu et al. 2016). Large areas of the
Qinghai-Tibetan Plateau are covered by grassland
ecosystems, which are predominantly characterized
by alpine meadow and alpine steppe. Since the
1960s, the plateau experienced significant warming
and precipitation change (Chen et al. 2013). The
grasslands on the plateau have also recently experi-
enced widespread degradation due to climate change
and human activities (Gao et al. 2013). These chang-
es severely threaten ecosystem function and service,
as well as the livelihood of herders.

On the Qinghai-Tibetan Plateau, both temperature
and precipitation are the main driving forces for grass-
land community change (Liu et al. 2015). Researchers
have experimentally manipulated warming to evaluate
how temperature increases might affect grassland com-
munities on the plateau (Klein et al. 2008; Li et al. 2011;

Zhang et al. 2015; Wang et al. 2012; Ganjurjav et al.
2016). Much of this work demonstrates that soil water is
a dominant driver of community response to warming,
where species with high water uptake ability may in-
crease in grassland communities under future warming
scenarios. For example, some studies concluded that
increased temperatures resulted in a decrease of plant
diversity (Klein et al. 2008; Zhang et al. 2015). Klein
et al. (2008) explained that shallow-rooted plants dem-
onstrated a greater decrease than deep-rooted plants for
plant diversity decrease under warming. Li et al. (2011)
found that the relative abundance of silverweed (Poten-
tilla anserina), a tap-rooted plant with high water uptake
ability, increased under warming in an alpine meadow.
Finally, Ganjurjav et al. (2016) has shown that on alpine
steppe, deep-rooted legumes increased after 3 years of
experimental warming. Despite the clear relationship
between plant communities and warming on the
Qinghai-Tibetan Plateau, few researchers have formally
investigated inter-annual climate variation on commu-
nity composition and species richness or diversity.

We conducted a 9-year ground survey in alpine
meadow and alpine steppe habitat on the central
Qinghai-Tibetan Plateau, to evaluate the effects of an-
nual variations of temperature and precipitation on
grassland community. To avoid the effects of human
activities on grasslands, we fenced the experimental
areas and excluded grazing. We measured community
data, including: biomass, height, species richness, func-
tional group relative abundances, and species diversity.
Our previous work highlighted that soil water content is
a dominant regulator for community response to an
increase in average temperature (Ganjurjav et al.
2016). Therefore, we expected annual variations of pre-
cipitation to be a main factor influencing inter-annual
community dynamics and the abundance of tap-rooted
legumes or the species with high water uptake capacity
would show higher degree of dominance in warm years
compared to that in cold years.

Materials and methods

Site description

The experimental sites are located in the Nagqu prefec-
ture, Tibet Autonomous Region, China. The meadow
site is located in Nagqu County (31.441° N, 92.017° E;
4460m above sea level), and the steppe site is located in
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Baingion County (31.389° N, 90.028° E; 4725 m above
sea level). The annual mean temperatures in meadow
and steppe between 2006 and 2014 were − 0.3 and −
0.7 °C, respectively. During the same time period, an-
nual total precipitation is 506.4 and 428.1 mm, respec-
tively, in meadow and steppe (Fig. 1). In the meadow
site, the dominant species are sedges, including Carex
moorcroftii Falc. ex Boott, Kobresia humilis (C. A.
Mey. ex Trautv.) Sergiev, and Kobresia pygmaea C. B.
Clarke; the dominant grasses are Poa pratensis L. and
Stipa purpurea Griseb.; the dominant legumes are As-
tragalus membranaceus (Fisch.) Bunge and Oxytropis
microphylla (Pall.) DC.; and the dominant forbs are
Lancea tibetica Hook. f. et Hsuan, Potentilla bifurca
L., and Potentilla tanacetifoliaWilld. ex Schlecht. In the
steppe site, the dominant species are grasses, including
Festuca ovina L., P. pratensis L., Roegneria thoroldiana
(Oliv.) Keng, and S. purpureaGriseb.; the main sedge is
C. moorcroftii Falc. ex Boott; the dominant legumes are
A. membranaceus (Fisch.) Bunge and O. microphylla
(Pall.) DC.; and the dominant forbs are Leontopodium

nanum (Hook. f. et Thoms.) Hand.-Mazz., Potentilla
saundersiana Royle and Saussurea japonica (Thunb.)
DC. The experimental areas were fenced 1 year before
the experiment was initiated in 2006 to exclude large
herbivores during the experimental period.

Data measurements

Climate data The climate data of the experimental
regions (Nagqu County and Baingoin County) were
obtained from the China Meteorological Data Shar-
ing Service System of the China Meteorological
Administration. To clarify the correlation of commu-
nity composition with climate data, we calculated
annual mean temperature and total precipitation
using the data September of the previous year to
August of the current year. We also calculated tem-
perature and precipitation in each month using cli-
mate data from May to August to represent growing
season mean temperature and growing season total
precipitation. The temperature and precipitation

Fig. 1 Annual mean temperature (AT), growing season temperature (GST), annual total precipitation (AP), and growing season precipi-
tation (GSP) changes from 2006 to 2014 in the central Qinghai-Tibetan Plateau
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anomalies (the difference between climate value in
given time and the value in long-term average)
across different timescales (year, growing season,
and month) were used to quantify the annual varia-
tions of climate at the site.

Community data We used a quadrat samplingmethod to
investigate community characteristics in late July or
early August in each year. We randomly selected five
plots (10 m × 10 m) in each site and three subplots in
each plot. In each subplot (0.5 m × 0.5 m), we used
quadrat sampling method to record species number,
species height, and species cover. We randomly se-
lected five individuals of each species and measured
their height and used the average height of the five
individuals to estimate average species height in
each quadrat. The average height of all species was
used to estimate average community height. The
relative height of each species was calculated by
the proportion of species height to the sum of all
species height. The total coverage and species cov-
erage were measured visually. The relative coverage
of each species was expressed by the proportion of
species coverage to sum of all species coverage. We
used the average value of relative height and cover-
age of each species to present the proportion of each
species in the community. The proportion of each
functional group (sedge, grass, legume, and forb) in
the community was represented by the sum of each
species in the same functional group. The species
richness was represented by the total species number
in the quadrat. The species diversity was represented
by Shannon-Weiner index.

Data analysis

We wanted to identify contributions of environmental
factors to community composition using permutational
multivariate analysis of variance (PERMANOVA), a
non-parametric method that operates on distance matri-
ces, allowing for multivariate analysis. To maintain
parsimony, we only included factors in our
PERMANOVA models that demonstrated significant
correlations with the community ordination scores. To
do this, we investigated the fit of environmental factors
including year, plot, growing season temperature, grow-
ing season precipitation, average precipitation, and av-
erage temperature onto the NMDS ordination. Signifi-
cant factors were included in PERMANOVA models.

Data from the two sites (steppe and meadow) were
modeled separately.

We investigated the fixed effects of environmental
variables (and the random effects of plot) on species
richness, the proportion of grass, the proportion of le-
gumes, the proportion of sedges, and the proportion of
forbs using a repeated measures ANOVA. Again, data
were modeled separately for the two habitats and
Bonferroni corrections were applied to account for mul-
tiple comparisons. These analyses were conducted in R
version 3.1.1 (R Development Core Team 2012) using
the MASS and vegan packages.

We used structural equation modeling (SEM, using
IBM SPSS AMOS 24) to conduct path analysis on
relationships among climate factors, community com-
position and species diversity. The indices we used to
model selection including chi-squared discrepancy
function, the Tucker-Lewis Index (TLI), and the root
mean square error of approximation (RMSEA). A se-
lected best model for path analysis was examined by a
non-significant chi-square test (p > 0.05), TLI (> 0.95),
and low RMSEA (< 0.05) (Hu and Bentler 1999).

Results

Changing trends of temperature and precipitation

The annual mean temperature and growing season
temperature initially decreased and then increased
from 2006 to 2014 at both sites (Fig. 1a, b). There
were no consistent changing trends in annual total
precipitation and growing season precipitation in the
meadow site from 2006 to 2014 (Fig. 1c). At the
steppe site, both annual total precipitation and grow-
ing season precipitation decreased significantly in
the past decade (Fig. 1d).

The temperature and precipitation showed annual
variation in both sites. In the meadow habitat, the
annual mean temperatures from 2008 to 2010 were
lower than the mean value across years (from 2006
to 2014) (Fig. 2a). In the steppe site, the annual
mean temperatures from 2006 to 2010 were lower
than the mean value across all years, while the mean
temperatures from 2011 to 2014 were higher than
average (Fig. 2b). The annual total precipitation and
growing season precipitation had high variation in
both meadow and steppe (Fig. 2).
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Effects of climate on community composition

Out of the seven factors tested for correlations with the
community data, only year (r2 = 0.48, p < 0.001), grow-
ing season temperature (r2 = 0.38, p < 0.001), and aver-
age temperature (r2 = 0.23, p < 0.001) demonstrated sig-
nificant fit. These factors were included in the
PERMANOVA models.

In the meadow habitat, year (F = 41.17, p = 0.001),
average temperature (F = 21.30, p = 0.001), growing
season temperature (F = 5.84, p = 0.003), the interaction
between year and growing season temperature (F =
5.04, p = 0.003), the interaction between annual mean
temperature and growing season temperature (F = 7.38,
p = 0.002), and the interaction between all three factors
(F = 12.50, p = 0.001) contributed to differences in com-
munity composition. In the steppe habitat, year (F =
8.45, p = 0.001), average temperature (F = 7.17, p =
0.001), growing season temperature (F = 2.59, p =
0.03), and the interaction between year and average
temperature (F = 3.28, p = 0.005) contributed to differ-
ences in community composition (Tables 1 and 2).

Effects of climate on species richness

In the meadow habitat, species richness declined with
average temperature (F = 60.99, p < 0.001, Fig. 3).
There was also an interaction between average temper-
ature and growing season temperature (F = 27.93,
p < 0.001), where species richness had a negative rela-
tionship with growing season temperature at lower than
average temperatures, but a generally positive relation-
ship with growing season temperature at higher than
average temperatures in the meadow site (Fig. 3,
Table 3). In the steppe habitat, species richness declined
with increasing temperature (F = 36.71, p < 0.001,
Fig. 3, Table 4).

Effects of climate on functional groups

In the meadow habitat, the proportion of grass declined
as year (F = 19.03, p < 0.001), average temperature (F =
63.79, p < 0.001), and growing season temperature (F =
20.61, p < 0.001) increased (Fig. 4a, e). There was also
an interaction between average temperature and

Fig. 2 Anomalies of annual temperature (AT), growing season temperature (GST), annual precipitation (AP), and growing season
precipitation (GSP) from 2006 to 2014 in the central Qinghai-Tibetan Plateau
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growing season temperature (F = 10.99, p = 0.002),
where the proportion of grass had a negative relation-
ship with growing season temperature at lower than
average temperatures, but demonstrated a positive rela-
tionship with growing season temperature at higher than
average temperatures. In the meadow habitat, the pro-
portion of legumes declined through time (F = 14.70,
p = 0.001). The proportion of sedges appeared to in-
crease as both year (F = 29.69, p < 0.001) and average
temperature (F = 44.28, p < 0.001) increased (Fig. 4b, f).
There was also an interaction between average temper-
ature and growing season temperature (F = 12.16, p =
0.001), where the proportion of sedges had a positive
relationship with growing season temperature at lower
than average temperatures, but demonstrated a negative
relationship with growing season temperature at higher
than average temperatures. We found no effect of any
explanatory variables on the proportion of forbs at the
meadow site (Fig. 4d, h).

In the steppe habitat, the proportion of grass declined
with increasing average temperature (F = 15.97,
p < 0.001, Fig. 4a). Proportion of legumes increased
with year (F = 23.82, p < 0.001). There was also an
interaction between average temperature and growing
season temperature (F = 12.16, p = 0.001), where the

proportion of legumes had a negative relationship with
growing season temperature at lower than average tem-
peratures, but demonstrated a positive relationship with
growing season temperature at higher than average tem-
peratures (Fig. 4c, g). There was no effect of any of the
explanatory variables on proportion of sedges (Fig. 4b,
f). Finally, there was a decline in the proportion of forbs
with increasing annual temperature and growing season
temperature (F = 10.49, p = 0.004, Fig. 4h).

Relationships among climate variation, community
composition, and species diversity

In the meadow site, growing season temperature had
both direct and indirect effects on species richness and
diversity (Table 5). Growing season temperature had a
positive direct effect on species diversity (p < 0.05).
Grasses responded directly to variation of growing sea-
son temperature. Annual growing season temperature
negatively impacted the proportion of grass (p < 0.001).
The proportion of grass was negatively correlated to the
proportion of sedge (p < 0.001), while positively corre-
lated to proportion of species richness (p < 0.05). The
proportion of sedge has negative effects on both species
richness (p < 0.05) and diversity (p < 0.001). Thus,

Table 1 PERMANOVA output
for explanatory variable effects on
the meadow plant community.
Temp = average temperature,
growing season temp = average
temperature of growing season,
DF = degree of freedom, mean
sq. = mean square

DF Mean sq. F R2 p

Year 1 2.02 41.17 0.34 0.001

Temp. 1 1.05 21.30 0.18 0.001

Growing season temp. 1 0.29 5.84 0.05 0.003

Year ∗ temp. 1 0.04 0.82 0.01 0.500

Year ∗ growing season temp. 1 0.25 5.04 0.04 0.003

Temp ∗ growing season temp. 1 0.36 7.38 0.06 0.002

Year ∗ temp ∗ growing season temp. 1 0.61 12.50 0.10 0.001

Table 2 PERMANOVA output
for explanatory variable effects on
the steppe plant community.
Temp = average temperature,
growing season temp = average
temperature of growing season,
DF = degree of freedom, mean
sq. = mean square

DF Mean sq. F R2 p

Year 1 0.39 8.45 0.18 0.001

Temp. 1 0.33 7.17 0.15 0.001

Growing season temp. 1 0.12 2.59 0.05 0.032

Year ∗ temp. 1 0.15 3.28 0.07 0.005

Year ∗ growing season temp. 1 0.08 1.83 0.04 0.125

Temp ∗ growing season temp. 1 0.09 2.05 0.04 0.073

Year ∗ temp ∗ growing season temp. 1 0.08 1.70 0.04 0.146

585 Page 6 of 12 Environ Monit Assess (2018) 190: 585



growing season temperature had a negative indirect
effect on species richness and diversity. Finally, the total
effects of growing season temperature on species rich-
ness and diversity were negative (Table 5). The annual
variations of growing season temperature, proportion of
grass, and proportion of sedge accounted for 64 and
94% variation of species richness and species diversity,
respectively, in the alpine meadow (Fig. 5a).

In steppe habitat, both direct and indirect effects of
growing season temperature on species richness and
diversity were negative (Table 5). Legumes and forbs
were directly impacted by annual growing season tem-
perature. The proportion of legumes (p < 0.01) was pos-
itively correlated to annual variation of growing season
temperature, while the proportion of sedges was nega-
tively correlated to variation of growing season temper-
ature (p < 0.001). Both legumes and forbs demonstrated
negative effects on grass. Legumes (p < 0.01) positively
impacted species diversity while grass (p < 0.001) had a

negative effect on species diversity. Moreover, the var-
iation of growing season temperature directly impacted
species richness and diversity in steppe site (Fig. 5b). In
steppe, 50 and 95% of the variation in species richness
and diversity were explained by growing season tem-
perature, legume, forb, and grass.

Table 5 Effects (path coefficient) of growing season
temperature on species diversity in alpine meadow an
alpine steppe habitat.

Discussion

Inter-annual variation of climate has a significant effect
on plant community composition in grassland ecosys-
tems. Based on 9-year survey in alpine meadow and
alpine steppe, we found that growth season temperature
rather than precipitation was the main regulator for plant
community composition and species richness in mead-
ow and steppe. These results do not support our hypoth-
esis that precipitation should be more important to in-
fluence plant community composition.

Temperature rather than precipitation: the regulator
of annual community variation

Temperature and precipitation are characterized as the
main regulators for variations of species composition
and richness in grasslands across spatial and temporal
scales (Cleland et al. 2013; Jonas et al. 2015). Research
highlights that species richness and composition are
sensitive to annual precipitation in water-limited ecosys-
tems, such as desert steppe (Xia et al. 2010). For exam-
ple, Harrison et al. (2015) stated that a decrease of
midwinter precipitation was a main driver of loss of
species with low drought tolerance. In our study precip-
itation had no direct or indirect effects through time on

Fig. 3 Relationships between growing season temperature (GST)
and species richness in meadow and steppe habitats. The solid
circle and hollow circle indicate meadow and steppe, respectively;
the solid line and dotted line indicate the relationships between
each parameters in meadow and steppe habitat, respectively

Table 3 ANOVA output for ex-
planatory variable effects on spe-
cies richness in the meadow hab-
itat. Temp = average temperature,
growing season temp = average
temperature of growing season,
DF = degree of freedom, mean
sq. = mean square

DF Mean sq. F p

Year 1 9.56 3.82 0.061

Temp. 1 152.48 60.99 < 0.001

Growing season temp. 1 1.17 0.47 0.501

Year ∗ temp. 1 1.22 0.49 0.491

Year ∗ growing season temp. 1 3.65 1.46 0.238

Temp ∗ growing season temp. 1 69.84 27.93 < 0.001

Year ∗ temp ∗ growing season temp. 1 80.31 32.12 < 0.001
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plant community composition and species richness in
meadow and steppe, two habitats with different water
availabilities. These results indicate that the response of
species richness and diversity to inter-annual climate in
the central Qinghai-Tibetan Plateau is dissimilar to what
has been found in other water-limited temperate
grasslands. Some researchers confirmed that the cov-
er of generally drought intolerant species is strongly
correlated to precipitation (Harrison et al. 2015; Yan
et al. 2015). Other than temperate grasslands, the
species of our sites are mainly restricted by low
temperature (Li et al. 2016). Therefore, plant com-
position may be a main factor that decides response
of species richness and diversity to precipitation on
the long time scale. For example, Wu et al. (2012)
found that, across space, the variation of species
richness was mainly explained by precipitation dis-
tribution in the Qinghai-Tibetan Plateau. Therefore,
the driver of species richness and diversity variation
across temporal scale and spatial scale are distinct
from one another.

Currently, effects of inter-annual temperature varia-
tion on species richness and diversity are significant, but
there is still a lack of rigorous formal studies of this
dynamic, especially in the Qinghai-Tibetan Plateau. In
central Northern America, Jonas et al. (2015) found that
temperature acted as an important regulator for inter-
annual variation of species richness and diversity. Moles
et al. (2014) also summarized that plant community
composition was strongly correlated to annual mean
temperature rather than precipitation on the global scale.
We found that inter-annual variation of plant community
composition, species richness, and diversity are strongly
correlated with growing season temperature (Fig. 5).
The high variation in inter-annual temperature can in-
crease productivity variation on the Qinghai-Tibetan
Plateau (Ye et al. 2013), which significantly affects

ecosystem stability and animal husbandry. Species rich-
ness and diversity are one of the decisive factors for
productivity, biodiversity, and ecosystem stability
(Loreau and Mazancourt 2013). Therefore, species rich-
ness and diversity responses to inter-annual temperature
variation are very important for ecosystem functions on
the Qinghai-Tibetan Plateau. Our results provide the
first record that growing season temperature is a main
regulator for inter-annual variation of species richness
and diversity in alpine meadow and steppe habitats on
the central Qinghai-Tibetan Plateau. These findings sug-
gest that inter-annual variation of species richness and
diversity may increase under future climate change.

Inter-annual climate variation impacts on community
composition

Although temperature has a negative impact on species
richness and diversity in meadow and steppe habitats
(Table 5), different species have different responses to
inter-annual temperature changes (Fig. 5). Generally,
warming is expected to increase biotic interactions and
competition among species (Olsen and Klanderud
2014). Our results support this by highlighting that the
changes of subordinate species, like grasses in the mead-
ow and legumes and forbs in the steppe, which directly
responded to temperature change, drove change of dom-
inant species (Fig. 5).

In steppe habitat, we found that forbs decreased and
legumes increased with temperature, but grasses
remained relatively stable. Other researchers also found
that warming results in an increase of legumes
(Ganjurjav et al. 2016; Meng et al. 2017) and a
decrease of forbs (Klein et al. 2008) on the
Qinghai-Tibetan Plateau. As the dominant species,
change of grasses under temperature variation is
very important for steppe community stability and

Table 4 ANOVA output for ex-
planatory variable effects on spe-
cies richness in the steppe habitat.
Temp = average temperature,
growing season temp = average
temperature of growing season,
DF = degree of freedom, mean
sq. = mean square

DF Mean sq. F p

Year 1 12.48 5.49 0.295

Temp. 1 83.4 36.71 < 0.001

Growing season temp. 1 16.07 7.01 0.150

Year ∗ temp 1 6.97 3.07 0.950

Year ∗ growing season temp. 1 0.81 0.36 0.556

Temp ∗ growing season temp. 1 9.13 4.02 0.587

Year ∗ temp ∗ growing season temp. 1 8.66 3.81 0.650
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ecosystem productivity (Li et al. 2015; Yang et al. 2017).
Therefore, our results highlight that grass stability is
beneficial to ecosystem stability in steppe habitat and that
increase of legumes may result in land degradation.

In meadow habitat, our findings showed that
grasses decreased and sedges increased with temper-
ature. But in other works in alpine meadow on the
Qinghai-Tibetan Plateau, results were very different

Fig. 4 Relationships among proportion of each functional group
and annual temperature (AT) and growing season temperature
(GST) in meadow and steppe from 2006 to 2014. The solid circle

and hollow circle indicate meadow and steppe respectively; the
solid line and dotted line indicate the relationships between each
parameter in meadow and steppe habitat, respectively
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from each other as well as from our findings. For
example, we previously found that warming had no
significant effect on plant composition (Ganjurjav
et al. 2016). Wang et al. (2012) showed that warming
increased graminoids and legumes, while it decreased
forbs and Peng et al. (2017) found that forbs and
grasses increased and sedges decreased under
warming. These studies showed a mean effect of
short-term warming (2–5 year) on plant composition,
but there exists significant annual variation (both
magnitude and direction) in community response to
warming (Wang et al. 2012; Ganjurjav et al. 2016;
Peng et al. 2017). Our results just explain that grow-
ing season temperature is a driver of annual commu-
nity variation on a long-term scale.

Climate change is characterized as increase of both
mean temperature and inter-annual variation in temper-
ature (Thornton et al. 2014; Mulder et al. 2017). How-
ever, our results showed that the responses of plant
communities to inter-annual temperature change were
very different from mean temperature increase.

Therefore, in a warmer future, the community re-
sponses to climate may be more complex than
current estimation.

Conclusions

Our results highlight that inter-annual variation of
growing season temperature, rather than precipita-
tion, is a main regulator for yearly dynamics of spe-
cies richness and diversity on the Qinghai-Tibetan
Plateau. From our results, we conclude that species
richness and diversity in warm years are lower than
that in cold years in both meadow and steppe. In
warm years, the decrease of grasses in meadow and
forbs in steppe contribute to the reduction of species
richness and diversity compared to cold years. In a
warmer future, the species loss and diversity decrease
may occur in both meadow and steppe on the
Qinghai-Tibetan Plateau.

Table 5 Standardized total, di-
rect, and indirect effects of grow-
ing season temperature on species
richness and diversity

Habitat Richness and diversity Total effect Direct effect Indirect effect

Meadow Richness − 0.532 0 − 0.532
Diversity − 0.453 0.164 − 0.617

Steppe Richness − 0.608 − 0.604 − 0.004
Diversity − 0.502 − 0.121 − 0.381

Fig. 5 Structural equation models for relationships among annual
growing season temperature (GST), community composition, spe-
cies richness, and species diversity in meadow (a chi-square =
3.060, p = 0.382, LTI = 0.999, RMSEA = 0.024) and steppe (b chi-

square = 4.235, p = 0.516, LTI = 1.015, RMSEA < 0.001). The sol-
id line indicates positive correlation and the dotted line indicates
negative correlation; B***^ indicates p < 0.001, B**^ indicates
p < 0.01, and B*^ indicates p < 0.05

585 Page 10 of 12 Environ Monit Assess (2018) 190: 585



Funding information We gratefully acknowledge the financial
support from the National Key R&D Program of China
(2016YFC0502003) and the Science and Technology Program in
Tibet Autonomous Region.

Compliance with ethical standards

Conflict of interest The authors declare that they have no con-
flict of interest.

References

Adler, P. B., Dalgleish, H. J., & Ellner, S. P. (2012). Forecasting
plant community impacts of climate variability and change:
when do competitive interactionsmatter? Journal of Ecology,
100, 478–487.

Chen, H., Zhu, Q., Peng, C., Wu, N., Wang, Y., Fang, X., Gao, Y.,
Zhu, D., Yang, G., et al. (2013). The impacts of climate
change and human activities on biogeochemical cycles on
the Qinghai-Tibetan Plateau. Global Change Biology, 19,
2940–2955.

Cleland, E. E., Collins, S. L., Dickson, T. L., Farrer, E. C., Gross,
K. L., Gherardi, L. A., Hallett, L., Hobbs, R. J., Hsu, J. S.,
Turnbull, L., & Suding, K. N. (2013). Sensitivity of grassland
plant community composition to spatial vs. temporal varia-
tion in precipitation. Ecology, 94, 1687–1696.

Dawson, T. P., Jackson, S. T., House, J. I., Prentice, I. C., & Mace,
G. M. (2011). Beyond predictions: biodiversity conservation
in a changing climate. Science, 332, 53–58.

del Río, M., Pretzsch, H., Ruíz-Peinado, R., Ampoorter, E.,
Annighöfer, P., Barbeito, I., Bielak, K., Brazaitis, G., Coll,
L., et al. (2017). Species interactions increase the temporal
stability of community productivity in Pinus sylvestris–
Fagus sylvatica mixtures across Europe. Journal of
Ecology, 105, 1032–1043.

Dieleman, C. M., Branfireun, B. A., Mclaughlin, J. W., & Lindo,
Z. (2015). Climate change drives a shift in peatland ecosys-
tem plant community: implications for ecosystem function
and stability. Global Change Biology, 21, 388–395.

Galvagno, M., Wohlfahrt, G., Cremonese, E., Rossini, M.,
Colombo, R., Filippa, G., Julitta, T., Manca, G., Siniscalco,
C., Morra di Cella, U., &Migliavacca,M. (2013). Phenology
and carbon dioxide source/sink strength of a subalpine grass-
land in response to an exceptionally short snow season.
Environmental Research Letters, 8, 025008.

Ganjurjav, H., Gao, Q., Gornish, E. S., Schwartz, M.W., Liang, Y.,
Cao, X., Zhang, W., Zhang, Y., Li, W., et al. (2016).
Differential response of alpine steppe and alpine meadow to
climate warming in the central Qinghai–Tibetan Plateau.
Agricultural and Forest Meteorology, 223, 233–240.

Gao, Q. Z., Ganjurjav, L.,. Y., Wan, Y. F., Zhang, W. N., &
Borjigdai, A. (2013). Challenges in disentangling the

influence of climatic and socio-economic factors on alpine
grassland ecosystems in the source area of Asian major
rivers. Quaternary International, 304, 126–132.

Gruner, D. S., Bracken, M. E. S., Berger, S. A., Eriksson, B. K.,
Gamfeldt, L., Matthiessen, B., Moorthi, S., Sommer, U., &
Hillebrand, H. (2017). Effects of experimental warming on
biodiversity depend on ecosystem type and local species
composition. Oikos, 126, 8–17.

Harrison, S. P., Gornish, E. S., & Copeland, S. (2015). Climate-
driven diversity loss in a grassland community. Proceedings
of the National Academy of Sciences of the United States of
America, 112, 8672–8627.

Hautier, Y., Tilman, D., Isbell, F., Seabloom, E. W., Borer, E. T., &
Reich, P. B. (2015). Anthropogenic environmental changes af-
fect ecosystem stability via biodiversity. Science, 348, 336–340.

Hu, L., & Bentler, P. M. (1999). Cutoff criteria for fit indexes in
covariance structure analysis: Conventional criteria versus
new alternatives. Structural Equation Modeling, 6, 1–55.

Jonas, J. L., Buhl, D. A., & Symstad, A. J. (2015). Impacts of
weather on long-term patterns of plant richness and diversity
vary with location and management. Ecology, 96, 2417–2432.

Klein, J. A., Harte, J., & Zhao, X. Q. (2008). Decline in medicinal
and forage species with warming is mediated by plant traits
on the Tibetan Plateau. Ecosystems, 11, 775–789.

Li, G., Liu, Y., Frelich, L. E., & Sun, S. (2011). Experimental
warming induces degradation of a Tibetan alpine meadow
through trophic interactions. Journal of Applied Ecology, 48,
659–667.

Li, Z., Ma, W., Liang, C., Liu, Z., Wang, W., & Wang, L. (2015).
Long-term vegetation dynamics driven by climatic variations
in the Inner Mongolia grassland: Findings from 30-year
monitoring. Landscape Ecology, 30, 1701–1711.

Li, X., Jiang, L., Meng, F., Wang, S., Niu, H., Iler, A. M., Duan, J.,
Zhang, Z., Luo, C., Cui, S., Zhang, L., Li, Y., Wang, Q.,
Zhou, Y., Bao, X., Dorji, T., Li, Y., Peñuelas, J., du, M., Zhao,
X., Zhao, L., & Wang, G. (2016). Responses of sequential
and hierarchical phenological events to warming and cooling
in alpine meadows. Nature Communications, 7, 12489.

Liu, S., Zhao, H., Su, X., Dong, S., Deng, L., & Zhang, X. (2015).
Spatio-temporal variability in rangeland conditions associat-
ed with climate change in the Altun Mountain National
Nature Reserve on the Qinghai-Tibet Plateau over the past
15 years. The Rangeland Journal, 37, 67–75.

Liu, X., Zhu, X., Pan, Y., Zhu, W., Zhang, J., & Zhang, D. (2016).
Thermal growing season and response of alpine grassland to
climate variability across the three-rivers headwater region,
China. Agricultural and Forest Meteorology, 220, 30–37.

Loreau,M., &Mazancourt, C. (2013). Biodiversity and ecosystem
stability: A synthesis of underlying mechanisms. Ecology
Letters, 16, 106–115.

Meng, F. D., Jiang, L. L., Zhang, Z. H., Cui, S. J., Duan, J. C.,
Wang, S. P., Luo, C. Y., Wang, Q., Zhou, Y., et al. (2017).
Changes in flowering functional group affect responses of
community phenological sequences to temperature change.
Ecology, 98, 734–740.

Mokany, K., Ferrier, S., Connolly, S. R., Dunstan, P. K., Fulton, E.
A., Harfoot, M. B., Harwood, T. D., Richardson, A. J.,

Environ Monit Assess (2018) 190: 585 Page 11 of 12 585



Roxburgh, S. H., et al. (2016). Integrating modelling of
biodiversity composition and ecosystem function. Oikos,
125, 10–19.

Moles, A. T., Perkins, S. E., Laffan, S. W., Flores-Moreno, H.,
Awasthy, M., Tindall, M. L., Sack, L., Pitman, A., Kattge, J.,
et al. (2014). Which is a better predictor of plant traits:
Temperature or precipitation? Journal of Vegetation
Science, 25, 1167–1180.

Mulder, C. P., Iles, D. T., & Rockwell, R. F. (2017). Increased
variance in temperature and lag effects alter phenological
responses to rapid warming in a subarctic plant community.
Global Change Biology, 23, 801–814.

Oliver, T. H., Isaac, N. J. B., August, T. A., Woodcock, B. A., Roy,
D. B., & Bullock, J. M. (2015). Declining resilience of
ecosystem functions under biodiversity loss. Nature
Communications, 6, 10122.

Olsen, S. L., & Klanderud, K. (2014). Biotic interactions limit
species richness in an alpine plant community, especially
under experimental warming. Oikos, 123, 71–78.

Peng, F., Xue, X., Xu, M., You, Q., Guo, J., & Ma, S. (2017).
Warming-induced shift towards forbs and grasses and its
relation to the carbon sequestration in an alpine meadow.
Environmental Research Letters, 12, 044010.

Qiu, J. (2008). China: The third pole. Nature, 454, 393–396.
R Development Core Team. (2012). R: A language and environ-

ment for statistical computing. Vienna: R Foundation for
Statistical Computing.

Seddon, A. W. R., Macias-Fauria, M., Long, P. R., Benz, D., &
Willis, K. J. (2016). Sensitivity of global terrestrial ecosys-
tems to climate variability. Nature, 531, 229–232.

Shi, Z., Sherry, R., Xu, X., Hararuk, O., Souza, L., Jiang, L., Xia,
J., Liang, J., & Luo, Y. (2015). Evidence for long-term shift in
plant community composition under decadal experimental
warming. Journal of Ecology, 103, 1131–1140.

Thornton, P. K., Ericksen, P. J., Herrero, M., & Challinor, A. J.
(2014). Climate variability and vulnerability to climate
change: A review. Global Change Biology, 20, 3313–3328.

Wang, S., Duan, J., Xu, G., Wang, Y., Zhang, Z., Rui, Y., Luo, C.,
Xu, B., Zhu, X., et al. (2012). Effects of warming and grazing
on soil N availability, species composition, and ANPP in an
alpine meadow. Ecology, 93, 2365–2376.

Wu, J., Zhang, X., Shen, Z., Shi, P., Yu, C., Song, M., & Li, X.
(2012). Species richness and diversity of alpine grasslands on
the northern Tibetan plateau: Effects of grazing exclusion and
growing season precipitation. Journal of Resources and
Ecology, 3, 236–242.

Xia, Y., Moore, D. I., Collins, S. L., & Muldavin, E. H. (2010).
Aboveground production and species richness of annuals in
chihuahuan desert grassland and shrubland plant communi-
ties. Journal of Arid Environment, 74, 378–385.

Yan, H., Liang, C., Li, Z., Liu, Z., Miao, B., He, C., & Sheng, L.
(2015). Impact of precipitation patterns on biomass and spe-
cies richness of annuals in a dry steppe. PLoS One, 10,
e0125300.

Yang, Z., Zhang, Q., Su, F., Zhang, C., Pu, Z., Xia, J., Wan, S., &
Jiang, L. (2017). Daytime warming lowers community tem-
poral stability by reducing the abundance of dominant, stable
species. Global Change Biology, 23, 154–163.

Ye, J., Reynolds, J. F., Sun, G., & Li, F. (2013). Impacts of
increased variability in precipitation and air temperature on
net primary productivity of the Tibetan Plateau: A modeling
analysis. Climatic Change, 119, 321–332.

Zhang, Y., Gao, Q., Dong, S., Sherman, R., Wang, X., Li, Y., et al.
(2015). Effects of grazing and climate warming on plant
diversity, productivity and living state in the alpine
rangelands and cultivated grasslands of the Qinghai-Tibetan
Plateau. Rangeland Journal, 37, 57–65.

585 Page 12 of 12 Environ Monit Assess (2018) 190: 585


	Temperature leads to annual changes of plant community composition in alpine grasslands on the Qinghai-Tibetan Plateau
	Abstract
	Introduction
	Materials and methods
	Site description
	Data measurements
	Data analysis

	Results
	Changing trends of temperature and precipitation
	Effects of climate on community composition
	Effects of climate on species richness
	Effects of climate on functional groups
	Relationships among climate variation, community composition, and species diversity

	Discussion
	Temperature rather than precipitation: the regulator of annual community variation
	Inter-annual climate variation impacts on community composition

	Conclusions
	References


