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Abstract
1.	 Precipitation is a primary determinant of plant community structure in drylands. 

However, the empirical evidence and predictions are lacking for how plant func-
tional diversity in desert and steppe communities respond to altered precipitation 
regimes.

2.	 We examined how precipitation changes along the natural and experimental 
gradients affect different components of functional diversity in desert-shrub 
and steppe-grass communities. We compared the associations of precipitation 
changes with community-weighted means (CWMs) of six traits, functional diver-
gence (FDvar) of each single-trait and multi-trait functional richness (FRic) and dis-
persion (FDis) for shrub and grass communities along the natural and experimental 
gradients. We also disentangle the roles of species turnover and intraspecific vari-
ations in affecting the responses of different functional diversity to precipitation 
changes.

3.	 We found that in general, the similar responses of functional traits or diversity 
to both the natural and experimental precipitation gradients were dependent on 
plant community type. Across both two gradients, precipitation was positively 
associated with CWM of plant height and negatively associated with the CWM 
of SLA and leaf thickness in grass community, while positively associated with 
FDvar of four traits and FDis in shrub communities. Both species turnover and 
intraspecific variations contributed to the responses of grass community traits to 
precipitation changes across both two gradients, and to FDvar of traits and FDis 
in shrub community along the natural gradient. In contrast, species turnover vari-
ations contributed to FDvar of traits and FDis in shrub community in experiment.

4.	 These results suggest that there is better concordance between the effects of 
naturally and experimentally increased precipitation on functional diversity of 
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1  | INTRODUC TION

Changes in precipitation patterns due to anthropogenic climate 
change have the pervasive effects on plant community compo-
sition and structure in terrestrial ecosystems (Bahn et al., 2014; 
Cleland et al., 2013; Huxman et al., 2004). Grasslands and deserts, 
two of the largest terrestrial ecosystems in the world, are primar-
ily water limited, and thus are sensitive to precipitation changes 
(Huxman et  al.,  2004; Knapp et  al.,  2015). Current variation in 
precipitation across space plays a key role in determining plant 
communities from desert to grassland (Gao & Reynolds,  2003; 
Pierce et al., 2019; Zuo et al., 2020). As frequent extreme drought 
and high precipitation increases with climate change (Bahn 
et  al.,  2014; Knapp et  al.,  2015), the state transitions between 
desert and grassland caused by species composition shifts might 
be accelerated by precipitation extremes (Gao & Reynolds, 2003; 
Pierce et al., 2019; Zuo et al., 2020). Functional diversity defined 
by the single trait (community-weighted trait means, CWMs) or 
multiple traits (e.g. functional richness and dispersion) is often 
used to predict plant community responses to temperature or 
precipitation changes (Guittar et  al.,  2016; Kimball et  al.,  2016). 
However, it is not clear whether the single- and multi-trait diver-
sity similarly respond to altered precipitation in desert and grass-
land communities (Eugenio et al., 2011).

Plant functional traits can be used to understand plant com-
munity assembly and predict plant community responses to fu-
ture global change (Kimball et  al.,  2016; Schellenberger Costa 
et al., 2017; Xu et al., 2018). Single functional indices have proven 
to be better predictors of ecosystem productivity (Forrestel 
et al., 2017), and high functional richness (FRic) or dispersion (FDis) 
can enhance the resistance of ecosystem function against drought 
(Valencia et  al.,  2015). Climate-induced changes in plant commu-
nity structure can potentially be inferred from the patterns of sin-
gle traits along a natural gradient (Frenette-Dussault et al., 2013; 
Guittar et al., 2016; Sandel et al., 2010). Shifts in precipitation pat-
terns can lead to changes in traits and species abundance, thereby 

shaping plant distributions or compositions along the precipitation 
gradient (Griffin-Nolan et al., 2018). A linear precipitation–trait re-
lationship along the natural gradient suggests that some traits at the 
community level (CWM) are the predictors of plant community re-
sponses to broad-scale precipitation changes (Le Bagousse-Pinguet 
et al., 2017; Oyarzabal et al., 2008; Sandel et al., 2010), for example 
plant height and SLA increased, and leaf dry matter content (LDMC) 
and leaf N content (LNC) decreased with increasing precipitation 
across temperate grasslands in South and North America. However, 
for desert shrub or shrub-dominated communities, the available 
studies have reported that most shrub traits do not have the linear 
relationships with natural precipitation gradients (Lang et al., 2018; 
Moreno et al., 2010), due to the slow-growing and stress-tolerant 
strategies of shrub species (Valencia et  al.,  2015). So, the switch 
from desert shrubland to grassland may be caused by differences in 
adaptive capacity of shrub and herbaceous plants to precipitation 
conditions.

Short-term responses of plant functional diversity in grassland 
communities to precipitation changes may be obtained from ex-
perimental studies (Griffin-Nolan et al., 2019; Sandel et al., 2010). 
Experimental drought can decrease SLA (Wellstein et al., 2017) and 
FDis (Griffin-Nolan et al., 2019), but increase LNC (Luo et al., 2018), 
LDMC (Deleglise et al., 2015) and their variations (Luo et al., 2019). 
Increased precipitation can increase LNC (Sandel et al., 2010), but 
most traits and FDis have no significant relationships with increased 
precipitation in grasslands (Kimball et al., 2016; Xu et al., 2018). For 
desert shrub or shrub-dominated communities, increased precipita-
tion can increase SLA of shrubs (Xin et  al.,  2018), but most traits 
are not related to experimental drought (Carvajal et  al.,  2017; Du 
et  al.,  2018). Furthermore, the available studies have documented 
inconsistent results on plant community trait responses to precip-
itation in geographic and experimental variations (Luo et al., 2018; 
Sandel et al., 2010; Zuo et al., 2017), due to different adaption and 
response of species to rapid precipitation changes. Thus, compara-
tive studies that incorporate large natural and experimental gradi-
ents of precipitation are necessary to explicitly assess how altered 

plant communities, but different mechanisms behind the relationship of functional 
diversity–precipitation between shrub and grass communities. Grass communi-
ties can adapt to precipitation changes by average trait differences, while shrub 
communities persist through FDvar of single-trait and multi-trait dispersion, thus 
highlighting the important differences in adaptive strategies between shrub and 
grass communities. Our findings demonstrate that short-term responses of plant 
communities to manipulative precipitation changes can reflect long-term shifts at 
spatial scales depending on the specific functional trait and diversity.
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adaptive strategy, community traits, extreme climate, functional divergence, functional 
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precipitation affects different plant communities (Knapp et al., 2015; 
Sandel et al., 2010).

Many studies have reported that precipitation-driven changes 
in plant community composition and structure are closely asso-
ciated with plant adaption strategies controlled by diverse traits 
or trait differentiation (Spasojevic et al., 2014). The responses of 
community-level traits to precipitation changes are caused by spe-
cies turnover or intraspecific trait variation (Cleland et al., 2013; 
Luo et al., 2018; Nguyen et al., 2017; Sandel et al., 2010). The fre-
quency of extreme drought and high precipitation is increasing 
with effects on plant community structure via species turnover 
or intraspecific competitions (Knapp et al., 2015; Luo et al., 2018; 
Nguyen et  al.,  2017). Increased aridity in drylands world-wide 
is especially problematic as it causes the replacement of grass 
by stress-tolerant shrub with specific traits adapted to drought 
(Schooley et al., 2018; Valencia et al., 2015). On the contrary, high 
precipitation can support the growth and establishment of her-
baceous plants, thus favouring a transition from desert to grass-
land (Eugenio et al., 2011). To date, however, there are few studies 
to examine the relative contributions of species turnover and 
intraspecific trait variations to community-level trait responses 
to precipitation changes in state transitions between desert and 
grassland.

Here, we explore how altered precipitation affects multiple 
components of functional diversity using both a natural and exper-
imental gradient of precipitation in desert-shrub and steppe-grass 
communities in Inner Mongolia. We utilized the natural gradient of 
mean annual precipitation (37–380 mm) in Inner Mongolia, where 
plant communities shift from desert to desert steppe to typical 
steppe, which provided the ideal study area to examine the effects 
of global climate change on traits of different communities (Bai 
et  al.,  2012). Moreover, two plant communities dominated by ei-
ther shrub and grass coexisted at a same location in desert steppe, 
allowing for an experimental comparison of their trait responses 
to altered precipitation. Using the same natural and experimental 
gradient, we previously showed that species richness and above-
ground biomass responded similar to the two gradients in both 
plant community types (Zuo et  al.,  2020). In this paper, we focus 
on functional diversity, and we ask the following three questions: 
(a) Do different components of functional diversity respond sim-
ilar to a natural precipitation gradient across space as they do to 
an imposed experimental precipitation gradient?; (b) does this re-
sponse vary with plant community type (shrub vs. grassland)?; and 
(c) to what extent does interspecific or intraspecific trait variation 
drive shrub and grass community responses to these precipitation 
gradients? Specifically, we hypothesized that (a) the responses of 
different functional diversity in shrub or grass community to pre-
cipitation changes could be a mismatch between experimental and 
natural gradient; (b) functional diversity responses in shrub commu-
nity to precipitation changes were different from grass community; 
and (c) the interspecific or intraspecific variation would play differ-
ent roles in driving the responses of shrub or grass community to 
precipitation changes.

2  | MATERIAL S AND METHODS

2.1 | Study area

We explored the effects of precipitation on plant functional traits in 
shrub- and grass-dominated communities through an observational 
study along a natural precipitation gradient and through a short-term 
manipulative experiment. The field observations occurred along 
an increasing precipitation gradient from desert to steppe in Inner 
Mongolia, northern China. The study area ranges from 37 to 354 mm 
mean annual precipitation, including three vegetation types—desert, 
desert steppe and typical steppe (Table S1). The mean annual tem-
perature ranges from 0.5 to 3.8℃, and elevation ranges from 944 
to 1,700 m (Bai et al., 2012; Mao et al., 2018). Soil types in desert, 
desert steppe and typical steppe are classified as grey-brown desert 
soil, brown calcic soil and chestnut soil respectively (Table S1). These 
soil types belong to the sandy loam texture, and the chestnut soil 
(sand 62.81%–82.99%, silt and clay 21.69%–38.16%) is the produc-
tive, while the grey-brown desert soil (sand 49.65%–88.38%, silt and 
clay 0.53%–13.15%) and brown calcic soil (sand 68.54%–93.22%, silt 
and clay 3.14%–39.88%) are relatively barren.

2.2 | Natural precipitation gradient

We selected 32 sites along a natural precipitation gradient across 
the desert-steppe area (Figure  1), according to the representative 
plant communities. There were 18 sampling sites in the desert area 
with precipitation ranging from 37 to 151 mm, which is located at the 
western part of Inner Mongolia, and dominated by typical shrubs, 
Reaumuria soongorica, Nitraria tangutorum and Zygophllum xanthoxy-
lon. There were 14 sampling sites in the steppe area with precipita-
tion ranging from 151 to 354 mm, which was located at the mid and 
eastern part of Inner Mongolia, and dominated by perennial grasses, 
Stipa breviflora, Stipa glareosa, Stipa grandis and Leymus chinensis 
(Table  S1). Three 20  ×  30  m plots were randomly chosen at each 
site. Then, within each plot, we randomly set up one 5 × 5 m subplot 
for shrub measure and trait sampling and one 1 × 1 m quadrat for 
the measurement of herbaceous plant composition and biomass. In 
total, 96 subplots were for leaf trait sampling, 54 subplots for shrub 
measure and 96 quadrats for herbaceous measure along the natural 
precipitation gradient.

2.3 | Precipitation manipulative experiment

We also carried out a 2-year experiment in the Urat Desert-
Grassland Research Station (106°58′E, 41°25′N) to examine the 
effects of short-term manipulative precipitation on shrub- and grass-
dominated communities (Figure 1). The Urat region located at the 
transitional zone between desert and steppe in Inner Mongolia has 
the mean annual precipitation of 151  mm (10  years average), and 
has the two representative plant communities (Mao et  al.,  2018), 
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including shrub community dominated by Reaumuria soongorica and 
grass community dominated by Stipa glareosa.

We choose a shrub community and a grass community at a same 
site with a spacing of 600 m. Within the two plant communities, we 
separately established the precipitation manipulative experiment in 
August 2015 by using rainout shelters with drip irrigation systems 
(Figure 1). The detailed experimental design was described by Zuo 
et al. (2020). In each community, 18 rainfall shelters (4 × 4 m in size) 
with different numbers of V-shaped clear polycarbonate plastic 
strips were established to intercept approximately 20%, 40% and 
60% of incoming annual rainfall (Figure 1), according to the distri-
bution and frequency of long-term local precipitation amount and 
drought events (Huang et al., 2015; Zhang et al., 2019). At the same 
time, increased precipitation treatments of 20%, 40% and 60% were 
imposed on plots adjacent to rainout shelters by using the drip ir-
rigation system with small hole pipes connected to the gutters of 
rainfall shelters (Figure  1). The control plots without rainfall shel-
ters received the natural precipitation of each year. These treat-
ments constituted the experimental precipitation gradient from 60 
to 240 mm (Figure S1), which covers the precipitation ranges from 
desert to desert steppe in Inner Mongolia. In particular, the treat-
ments which receive a 60% reduction or increase are regarded as 
the extreme drought or high precipitation. In each plant commu-
nity, the experiment was set up in a randomized block design with 
six blocks with each of the seven precipitation treatments: control, 
−60%, −40%, −20%, +20%, +40% and +60%. There was a 4-m wide 
aisle among blocks and 0.6-m spacing between the area of reduced 

and increased rainfall. We established a main sampling subplot of 
3.5 × 3.5 m for shrub measurements and trait sampling, and a ran-
dom 1 × 1 m quadrat in each subplot for herbaceous composition 
and biomass. In total, there were 84 sampling subplots and quadrats 
established within two plant communities.

2.4 | Vegetation compositions and biomass

We carried out all field measurement and sampling work in August 
2017. We recorded species richness within each plot and harvested 
above-ground biomass (AGB) for each species in each quadrat. We 
estimated AGB of shrubs in each subplot using the empirical rela-
tionships between shrub biomass and crown diameter (Castro & 
Freitas, 2009; Li et al., 2020). Total shrub biomass in each subplot 
was estimated by applying the established regression model that 
best described the relationship between plant height and crown di-
ameter and dry weight for each shrub species. Changes in species 
richness and AGB among desert and steppe or among different pre-
cipitation treatments in the experiment are shown in Figures S2 and 
S3.

2.5 | Functional trait and diversity

We determined six key functional traits related to the morphologi-
cal and reproductive characteristics and growth investment (Guittar 

F I G U R E  1   Location map of the 
experiment and felid sampling sites along 
a natural precipitation gradient across 
desert and steppe in Inner Mongolia, 
China. The equipment of rainout shelters 
with drip irrigation system in shrub and 
grass community
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et  al.,  2016; Valencia et  al.,  2015): plant height, SLA, LDMC, leaf 
thickness (LT), leaf carbon content (LCC) and LNC. These traits were 
measured for the most abundant species making up 90% of total plant 
biomass in the natural sites and experimental plots. Ten selected in-
dividuals of each shrub or herbaceous species were sampled in each 
subplot. All functional traits of each species were obtained by using 
the standard methodologies (Cornelissen et al., 2003). In total, we 
obtained the trait data of 486 species, in which there were sepa-
rately 96 and 84 subplots in the natural sites and the experiment.

We quantified the measurement of functional diversity by 
the CWM, functional divergence (FDvar) of single-trait and multi-
trait indices (FRic and FDis) in each subplot. CWM represents the 
community-level trait value, which is dominated by the trait values 
of the most abundant species in a community (Valencia et al., 2015). 
CWM for each of six traits was calculated by multiplying the trait value 
of each species by its relative biomass in the community. FDvar can 
reflect the variation in single-trait value weighted by the abundance 
of each species in plant community (Conti & Díaz, 2013). Functional 
richness, which measures the volume filled by the community in trait 
space when considering all traits together, is calculated as the differ-
ence between the minimum and maximum functional values in the 
community (Spasojevic et al., 2014). Functional dispersion, which is 
a multidimensional index to measure the multi-trait dispersion, re-
flects the average distance of each species to the centroid of all spe-
cies in the community trait space weighted by the relative biomass 
(Griffin-Nolan et al., 2019; Xu et al., 2018). We used log-transformed 
values of six traits to calculate FRic and FDis in order to avoid scale 
effects (Casanoves et al., 2011).

2.6 | Statistical analyses

We used the simple linear regression to explore the associations of 
functional diversity components with precipitation changes along 
the natural gradient. The linear mixed models with block included as 
a random effect were used to examine the associations of functional 
diversity components with precipitation changes in experiment. The 
grass and shrub communities were analysed separately along the 
natural gradient or in experiment. For the natural gradient, precipi-
tation amount was mean annual value from 2000 to 2017 from the 
weather station near to each field site. For the experimental gradi-
ent, precipitation amount was calculated as the per cent increases 
or decreases from the mean annual precipitation from 2015 to 2017 
for the site. In addition, by comparing the slope of the linear relation-
ship between functional diversity and precipitation, we can evaluate 
the sensitivity of plant functional diversity to precipitation changes 
(Byrne et al., 2017).

To assess how interspecific (species turnover) and intraspecific 
variation affected the community-level traits, FDvar of single-trait 
and multi-trait indices determined by precipitation changes, and 
their relative contributions were calculated by using the following 
decomposition methods of community-level trait variances (Kichenin 
et al., 2013; Lang et al., 2018). We performed one-way ANOVA with 

precipitation amount as a fixed effect for the specific, interspecific 
and intraspecific average values of functional trait and diversity in 
shrub and grass communities along the natural site and in the exper-
iment. We separately extracted sum squares for three components 
(SSinterspecific, SSspecific and SSintraspecific) in shrub and grass commu-
nities along the natural and experimental gradients (Tables S2 and 
S3). Total variation in specific averages was regarded as 100%, then 
we used sum squares of three components to calculate the relative 
proportions of variability of interspecific and intraspecific variation 
effects (Kichenin et  al.,  2013). All statistical analyses were per-
formed using SPSS 23.0 for windows (SPSS, Inc.) and lme4 and sjstats 
packages in R (R version 4.0.0). Functional diversity indices of CWM, 
FDvar, FRic and FDis were calculated by the FDiversity and R pack-
age (Casanoves et al., 2011).

3  | RESULTS

Along the observational gradient, increasing precipitation was posi-
tively related to the CWMs of plant height, LCC and LNC, while 
negatively related to SLA and LT of grass communities (p  <  0.05, 
Figure 2). In the experiment, increasing precipitation had the positive 
associations with the CWM of plant height and LDMC, while had the 
negative associations with SLA and LNC and weakly negative asso-
ciations with LT (p = 0.08) of grass communities. In contrast, when 
looking at shrub communities, only LCC was significantly related to 
precipitation changes along the natural and experimental gradients.

In grass communities, the FDvar of LDMC and LNC decreased 
with increasing precipitation along the natural gradient, whereas the 
FDvar of LCC increased with increasing precipitation in the experi-
ment (Figure 3). In shrub communities, the FDvar of SLA, LT, LCC and 
LNC increased with increasing precipitation along the natural gradi-
ent, while the FDvar of plant height, LDMC, LT and LCC increased 
with increasing precipitation in the experiment.

FRic decreased with increasing precipitation along the natural 
gradient in grassland sites, and precipitation changes explained 55% 
of the variance (Figure  4). However, FRic of grassland community 
was not significantly related to precipitation changes in the exper-
iment, and the similar for FRic of shrub community along the nat-
ural and experimental gradients. In contrast to FRic, FDis showed 
significant relationships in shrub community. FDis increased linearly 
with increasing precipitation along the natural gradient and in the 
experiment, explaining 16% and 24% of the variance respectively 
(Figure 4).

Community-weighted means of plant height, SLA and LT in grass 
community were more sensitive to altered precipitation along the 
natural gradient (0.086, −0.03 and −0.001 slope) than in experiment 
(0.055, −0.02 and −0.0005 slope, Table 1). Similarly, for shrub com-
munities, the CWM of LCC, FDvar of LCC and LT and FDis in shrub 
community had the relative higher sensitivity to altered precipitation 
along the natural gradient (0.039, 0.0003, 0.003 and 0.002 slope) 
than in experiment (0.018, 0.0001, 0.0005 and 0.001 slope). Thus, 
the responses of these functional traits and diversity in grass and 



2124  |    Functional Ecology ZUO et al.

F I G U R E  2   Relationship between community-weighted mean of single trait and precipitation changes along a natural gradient and in 
experiment. LCC, leaf carbon content, LDMC, leaf dry matter content; LNC, leaf nitrogen content. LT, leaf thickness. Shrub- and grass-
dominated communities are indicated by black and red dots respectively. Non-significant regression is indicated by the dashed line
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shrub communities to the natural precipitation gradient had the 
higher sensitivity than in experiment.

Along the natural gradient in grass communities, species turn-
over variation was significant for plant height, LDMC, LT and LCC, 
and the intraspecific variation was significant for plant height, LT, 
LCC and LNC (p  <  0.05, Table  S2; Figure  5). However, in the ex-
periment, species turnover variation was marginally significant for 
plant height (p  <  0.10) and significant for SLA (p  <  0.05), and the 
intraspecific variation was significant for plant height and LNC in the 
experiment (p < 0.05). So, both species turnover and intraspecific 
variations contributed to trait mean differences in grass communi-
ties along the natural or experimental precipitation gradients.

In contrast, along the natural gradient in shrub communities, 
species turnover and intraspecific variations were marginally 
significant (p < 0.10) or significant for (p < 0.05) for all FDvar of 
single trait and FDis except for FDvar of LDMC and LT (Table S3; 
Figure 5). In the experiment, species turnover variation was signif-
icant for FDvar of plant height, LCC and LNC and FDis (p < 0.05) 
and marginally significant for FDvar of LT (p < 0.10), while the intra-
specific variation was only significant for FDvar of LCC (p < 0.05, 
Table  S4; Figure  5). So, both species turnover and intraspecific 
variations contributed to differences of FDvar of single trait and 
FDis in shrub communities along the natural precipitation gradient, 
while species turnover contributed more along the experimental 
precipitation gradient.

4  | DISCUSSION

4.1 | Experimental versus natural precipitation 
gradient

Contrary to the first hypothesis, we found the better concordance 
between the effects of naturally and experimentally increased pre-
cipitation on functional trait and diversity of plant communities in 
northern China. This contrasts with the effects of geographic and 
experimental precipitation gradients on plant community traits in 
the United States (Sandel et  al.,  2010). Potentially, this can be at-
tributed to differences in species identities, abundances and phy-
logenetic histories in plant communities between northern China 
and the United States, and the larger precipitation ranges across the 
natural gradient in the United States (280–1,450 mm) than in China 
(37–354 mm). Here, we show that the shifts of CWM of plant height, 
SLA and LT in grassland communities with increasing precipitation 
are consistent between the experimental and natural gradients. This 
suggests that CWMs of plant height, SLA and LT are good predic-
tor for short- or long-term responses of grass communities to pre-
cipitation changes, which is supported by the other studies in desert 
steppe (Ma et al., 2019). Similarly, the CWM of LCC, FDvar of LT and 
LCC and FDis are good predictors for short- or long-term responses 
of shrub communities to precipitation changes. These results fur-
ther suggest that incorporating plant size and leaf morphology or 
functional dispersion into grass or shrub community-scale surveys 

should enhance our understanding of how plant community re-
sponds to precipitation changes.

The slope evaluation of the relationship between precipitation 
and functional diversity has shown that the responses of functional 
traits and diversity in grass and shrub communities to natural pre-
cipitation gradient have the higher sensitivity than in experiment. 
This can be explained by the differences in spatial scale between 
the natural and experimental gradients. The broad spatial scale along 
the natural precipitation gradient is likely to favour functional trait 
shifts due to the resource availability changes (Le Bagousse-Pinguet 
et al., 2017; Oyarzabal et al., 2008; Sandel et al., 2010), while the 
small spatial scale in experiment may decrease functional trait shifts 
due to the lower species turnover rates (Adler et al., 2013; Sandel 
et al., 2010). Although the response sensitivity is different between 
the natural and experimental gradients, some key functional traits 
and diversity of grass or shrub are likely to be advantageous when 
precipitation resources will be abundant whatever  at  the  large 
or  small spatial scale. This functional diversity–precipitation rela-
tionship has the important implication for the prediction of long-
term vegetation dynamics in response to climate changes.  Firstly, 
when we predict climate change effects on shrub or grass commu-
nities, we can use data from the natural and experimental gradients 
due to their better concordance. The responses of shrub or grass 
communities to experimental precipitation changes is predictive of 
long-term changes at spatial scale. Secondly, climate change effects 
on vegetation differ depending on plant community types, and the 
magnitude of climate change determines plant community shifts by 
the competitive interactions for assembly patterns of functional 
trait and diversity. So, to consider multiple communities-climate re-
lationship studies are important for understanding the generalities 
of plant community response to climate changes.

4.2 | Grass- versus Shrub-dominated communities

Interestingly, we found that along both the natural and experimental 
precipitation gradients, CWM of most single trait in grass communi-
ties showed significant shifts, while FDvar of most single-trait and 
multi-trait dispersion in shrub communities consistently increased. 
These results indicate that the responses of CWM, FDvar of single-
trait and multi-trait functional diversity to precipitation changes 
are different between shrub and grass communities, thus suggest-
ing that shrub and grass communities display the different adaptive 
strategies to altered precipitation by modulating the expression of 
trait mean fitness or trait variation and dispersion. These differences 
in shrub and grass species responses to precipitation changes should 
correlate with differences in their traits or trait's variation in a simi-
lar way. This further provides an evidence that plant community re-
sponses to climate changes may vary across and within biomes due 
to the idiosyncratic nature of community or species adaption to cli-
mate changes (Byrne et al., 2017). Especially two plant communities 
located within the same location but dominated by shrub or grass 
have quite different responses to the similar precipitation changes. 
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F I G U R E  3   Relationship between the functional divergence of single trait and precipitation changes along a natural gradient and in 
experiment. LCC, leaf carbon content, LDMC, leaf dry matter content; LNC, leaf nitrogen content. LT, leaf thickness. Shrub- and grass-
dominated communities are indicated by black and red dots respectively. Non-significant regression is indicated by the dashed line
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Grass communities can adapt to altered precipitation by their trait 
differences, while shrub communities are through the niche differ-
entiation form multi-trait dispersion.

Five key traits in grass communities tended to alter along the 
natural precipitation gradient, which is consistent with plant trait 
patterns in grasslands observed at the spatial scale (Le Bagousse-
Pinguet et al., 2017; Oyarzabal et al., 2008; Sandel et al., 2010). The 
positive associations of plant height, LCC and LNC with increased 
precipitation along the natural gradient suggest species compo-
sition shifts from the slow-growing stress-tolerant plants to fast-
growing plants with high nutrient acquisition rates. The negative 

associations of SLA and LT with increased precipitation can reflect 
species with high height and nutrient acquisition rates to reduce 
transpiration due to the competition effects of abundant species 
for soil water availability (Lang et  al.,  2018; Zheng et  al.,  2011). 
Similarly, from high precipitation to extreme drought, the shift in 
grass community tended towards species with low plant height, as 
well as high SLA and LT, indicating that these species with differ-
ent average traits have the competitive advantage to low precipi-
tation (Lang et al., 2018; Sandel et al., 2010). These results further 
support that herbaceous plants with different morphological and 
reproductive traits have the strong adaptability to a wide range of 

F I G U R E  4   Relationship between plant functional richness and dispersion and precipitation changes along a natural gradient and in 
experiment. Shrub- and grass-dominated communities are indicated by black and red dots respectively. Non-significant regression is 
indicated by the dashed line
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precipitation changes by reducing niche overlap due to stronger 
trade-offs in resource requirements (Adler et al., 2013; Oyarzabal 
et  al.,  2008; Perez-Ramos et  al.,  2019). Altered precipitation 

pattern can promote herbaceous plant coexistence when different 
traits or trait specialization are favoured in different precipitation 
conditions.

TA B L E  1   Slope of linear regression of functional trait, divergence and diversity with precipitation changes along a natural gradient and in 
experiment

Natural gradient Experiment

Shrub Grass Shrub Grass

Slope p Slope p Slope p Slope p

Plant height −0.029 0.52 0.086 <0.001 −0.02 0.27 0.055 <0.001

SLA −0.035 0.13 −0.033 0.009 −0.004 0.73 −0.021 0.041

Leaf dry matter content −0.050 0.84 −0.157 0.23 0.316 0.13 0.942 0.011

Leaf thickness 0.002 0.47 −0.001 <0.001 −0.0002 0.36 −0.0005 0.092

Leaf carbon content 0.039 0.018 0.009 0.006 0.018 0.049 0.010 0.121

Leaf nitrogen content −0.001 0.57 0.002 0.020 −0.001 0.165 −0.007 0.009

FDvar-plant height 0.001 0.094 0.001 0.065 0.002 0.011 0.0005 0.071

FDvar-SLA 0.003 <0.001 −0.0001 0.88 0.0007 0.12 0.0000 0.993

FDvar-leaf dry matter 
content

0.001 0.31 −0.001 0.008 0.0006 0.037 0.007 0.322

FDvar-leaf thickness 0.003 <0.001 0.0001 0.57 0.0005 0.016 0.0002 0.51

FDvar-leaf carbon content 0.0003 <0.001 −0.0001 0.02 0.0001 0.05 0.0001 0.024

FDvar-leaf nitrogen 
content

0.001 0.023 −0.001 0.002 0.0004 0.099 0.0006 0.325

Functional richness −0.0003 0.75 −0.003 <0.001 0.001 0.21 0.0005 0.59

Functional dispersion 0.002 0.002 −0.0001 0.91 0.001 0.001 0.0004 0.31

F I G U R E  5   Contributions of inter- 
and intraspecific variability effects 
to grass community traits along the 
natural precipitation gradient and to 
functional divergence (FDvar) of single 
trait and functional dispersion (FDis) in 
shrub community in the experiment. 
LDMC, leaf dry matter content; LT, leaf 
thickness; LCC, leaf carbon content; LNC, 
leaf nitrogen content. The statistical 
significance (#p < 0.10, *p < 0.05, 
**p < 0.01 and ***p < 0.001, inside 
histograms) are presented on the graph 
for the inter- and intraspecific effects
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In contrast, for shrub communities, precipitation changes along 
the natural and experimental gradients did not relate to most single 
trait at community level, but positively related to the LCC, FDvar 
of most single trait and FDis. This can support other studies that 
community trait variations can be altered by long-term drought 
(Luo et  al.,  2019) and FDis of multi-trait related to plant growth 
can be increased by increasing precipitation (Schellenberger Costa 
et al., 2017). These results further suggest that desert shrubs might 
have a wide trait variation ranges to adapt to precipitation changes 
through single-and multi-trait variation, so that their means of plant 
size and leaf traits at community level express a relative high re-
sistance to precipitation changes in space and time. High shrubs 
with deeper roots in desert can survive and grow in arid and bar-
ren environment by maximizing the resources uptake as long as the 
water and nutrient are available (Morales et al., 2015), which may be 
caused by the high niche differentiation due to the high multi-trait 
dispersion. Also, shrubs with higher LT are generally linked to higher 
proportion of sclerified tissues and compactness of cells (Castro-
Diez et al., 2000), thus having a strong endurance in arid and barren 
environment. The slow-growing desert shrubs can respond to pre-
cipitation variations through changes in carbon allocation or accu-
mulation rather than changes in community-level traits (Reinhardt 
et al., 2018).

4.3 | Effects of species turnover versus 
intraspecific variation

We found that different contributions of species turnover and in-
traspecific variation effects led to the contrasting responses of 
community-level trait means to precipitation changes between 
shrub and grass. Changes in grass community traits could be 
explained by the effects of species turnover and intraspecific 
variations induced by altered precipitation along the natural 
and experimental gradients. Similarly, species turnover and in-
traspecific variations contribute to responses of FDvar of traits 
and functional dispersion in shrub community to precipitation 
changes along the natural gradient. These results agree with other 
empirical studies that species turnover and within-species trait 
variations can play an important role in mediating the responses 
of community traits to precipitation changes (Jung et  al.,  2014; 
Luo et  al.,  2018). The previous studies in this area have shown 
that soil water availability determined by precipitation changes 
can induce both of species turnover and intraspecific trait varia-
tions (Luo et al., 2018; Zheng et al., 2015), thus contributing the 
responses of community-level traits, trait divergence or disper-
sion to precipitation changes.

In contrast, species turnover variation had a greater contribution 
to responses of FDvar of traits and functional dispersion in shrub 
community to precipitation changes than intraspecific variation in 
experiment, supporting other studies that species turnover varia-
tion can play the key role in the responses of community traits to 

environmental gradients (Kichenin et  al.,  2013; Zuo et al., 2017). 
This may be because that shrub–grass competitions for precipita-
tion changes are as the driver of grassland-to-shrubland transitions, 
thus leading to species turnover variation (Pierce et al., 2019). More 
importantly, extreme drought in experiment, which can exceed the 
tolerance thresholds for even relatively stress-tolerant species, can 
also cause the important trait variations with species turnover (Luo 
et al., 2018; de la Riva et al., 2016).

5  | CONCLUSIONS

This is one of the first study showing that shrub and grass commu-
nities display marked differences in their responses and adaptions 
to precipitation changes. Precipitation changes along the natural 
and experimental gradients can alter the means of most single 
trait in grass community, as well as the variations of most single-
trait and multi-trait dispersion in shrub community. These results 
suggest the similar effects of altered precipitation along both the 
natural and experimental gradients on functional trait and diver-
sity of plant community. Grass communities are tending to re-
spond and adapt to precipitation changes through the trait shifts 
resulted from the effects of intraspecific variations or its com-
bination with species turnover. However, precipitation reduction 
or prolonged drought may drive the decline in single-trait diver-
gence and the loss of multi-trait functional diversity of shrub com-
munity, thus possibly enhancing the dominance of shrub plants 
due to its high resistance. Our study clearly demonstrates that 
short-term responses of some measures in functional diversity of 
plant community to experimental precipitation changes can pre-
dict long-term patterns to precipitation changes at spatial scale. 
These findings provide an empirical evidence that some single- 
and multi-trait indices in plant functional diversity can be used 
to predict plant community responses to future climate changes. 
Our study also highlights that the approach of incorporating the 
observation and experimental studies can provide the deep in-
sight to understand or predict the response or adaption of plant 
community to future climate changes.
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