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Abstract
1. Trait-based approaches are key to develop mechanistic understanding of differences 

in plant species performance under environmental change. While mean trait values 
have been widely used to link functional traits to species performance, the contribu-
tion of intraspecific trait variation and trait plasticity remains unclear. Moreover, envi-
ronmentally induced changes in species biomass are caused by changes in the number 
of individuals and individual growth rate, both of which should be influenced by trait 
differences and plasticity. Our goal in this study is to use trait-based information to 
explain species performance via changes in species abundance and individual weight.

2. We measured the mean, intraspecific variation and plasticity of nine above-ground 
plant traits, and a further three mean root traits from 10 common species in a 
precipitation manipulation experiment in semi-arid grassland. We used this trait 
information to explain differences in the responses of species biomass, abundance 
and mean individual weight to changing precipitation. Species responses were 
calculated as the normalised slopes of the regressions between species biomass, 
abundance and individual weight with the manipulated precipitation amount.

3. We found strong differences in species responses to changing precipitation for 
species biomass, abundance and mean individual weight. Reduced precipitation 
decreased biomass, abundance and mean individual weight for some species, but 
increased them for others. Biomass and mean individual weight of species with  
resource-acquisitive traits, such as shallow rooted species, showed stronger positive 
responses to changing precipitation compared to resource-conservative traits, 
like those with deep roots. For above-ground traits, trait plasticity was the strong-
est predictor of species responses compared to mean traits and intraspecific trait 
variation. In addition, trait plasticity regulated changes in species biomass more 
via changes in species abundance than mean individual weight.
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1  | INTRODUC TION

Altered precipitation as a consequence of global climate change 
will have important repercussions for terrestrial plant produc-
tivity and further ecosystem functions and services (Morecroft 
et al., 2004; Reichmann, Sala, & Peters, 2013; Zhang et al., 2017). 
Alteration of plant productivity driven by changing precipita-
tion is jointly caused by direct plant physiological responses 
(Buckley, 2019; Chaves, Maroco, & Pereira, 2003) and indirect 
change in plant species richness and composition (Morecroft 
et al., 2004). These two aspects can be captured by changes in 
individual weight and the number of individual. The latter is in-
creasingly important over time as individual species responses 
and fitness changes accumulate (Griffin-Nolan et al., 2018; Smith, 
Knapp, & Collins, 2009), which alters community structure and 
causes increasingly important and persistent influences on eco-
system functioning. While many studies have explored the influ-
ence of changing precipitation on species productivity, we still 
do not have a clear understanding about the relative contribu-
tion from changes in species individual weight and numbers. 
Considering these two aspects and evaluating the causes of their 
variation are important not only to reveal the mechanisms un-
derlying species' responses to changing precipitation but also to 
enhance our prediction of community structure in the future and 
their consequences on ecosystem functioning.

Plant functional traits, that is, plant morphological, physiological 
and phenological characteristics, influence plant survival, growth 
and reproduction (Violle et al., 2007). Thus, species mean trait values,  
either measured in a given set of environmental conditions or ob-
tained from a trait database (i.e. TRY, Kattge et al., 2020), have been 
widely used to link interspecific trait variation to species coexis-
tence and performance under environmental change (Griffin-Nolan 
et al., 2018; Kraft, Godoy, & Levine, 2015; Soudzilovskaia et al., 2013; 
Suding et al., 2008). For example, recent studies suggest that species 
with resource-acquisitive traits (i.e. shallow roots and low leaf thick-
ness) are more responsive to environmental change because they are 
able to acquire resources quickly and dominate species with resource- 
conservative traits (i.e. deep roots and thick leaf) when resources (i.e. 
water) are not limiting. In contrast, species with resource-acquisitive 
traits should suffer more than species with resource-conservative 
traits when resources become limiting (Conti et al., 2018; Flombaum 
& Sala, 2012). However, whether acquisitive traits favour these 

species via increasing their individual number or individual weight re-
mains unclear.

The justification of using mean trait values is based on the 
implicit assumption that evolutionary, physiological and genetic 
constraints reduce intraspecific variation as compared to inter-
specific variation (Garnier et al., 2001; Violle et al., 2007). Under 
this view, intraspecific trait variation is supposed to account for 
only a small fraction of the overall trait variability as compared to 
interspecific trait variation (Garnier et al., 2001). However, the ex-
pression of plant functional traits varies within species as a result 
of genetic variation among individuals and phenotypic plasticity in 
response to abiotic and biotic conditions (Conti et al., 2018; Osnas 
et al., 2018; Shipley et al., 2016; Siefert et al., 2015; Valladares, 
Gianoli, & Gómez, 2007; Violle et al., 2012). High intraspecific 
trait variation is considered to favour species acclimation, com-
petition and persistence in different or variable environments 
and might be a key index for predicting plant species responses 
to changing environmental conditions (Benito Garzon, Robson, & 
Hampe, 2019; Conti et al., 2018; Valladares et al., 2007, 2014). 
Studies have also shown that the direction and magnitude of trait 
plasticity in response to environmental fluctuations differ con-
siderably among species and traits considered (Arnold, Kruuk, & 
Nicotra, 2019; Roscher et al., 2018). Trait plasticity mainly results 
from variation of trait expression caused by environmental change 
(Arnold et al., 2019; Shipley et al., 2016; Stamp & Hadfield, 2020; 
Valladares et al., 2007), which can alter species performance and 
therefore affect predictions derived from mean trait values. Using 
a standardised response slope of trait–environment relationships 
allows to assess trait plasticity, including the direction and mag-
nitude of change in plant functional traits under environmen-
tal changes (Arnold et al., 2019; Roscher et al., 2018; Valladares 
et al., 2007), and thus determine the contribution of trait plasticity 
on species performance (Shipley et al., 2016; Siefert et al., 2015; 
Violle et al., 2012).

While understanding the mechanisms driving species responses 
to environmental changes is critically important for sound manage-
ment of ecosystems, thus far studies have not assessed the relative 
contribution of multiple facets of trait metrics, including species trait 
means, intraspecific trait variation across communities and trait plas-
ticity. Here, we conducted a precipitation manipulation experiment 
with five levels in a semi-arid steppe in northern China between 2012 
and 2016, to study the contribution of species-specific trait-based 

4. These results indicate that trait plasticity is a key driver for determining species-
specific responses to changing precipitation and needs more consideration for un-
derstanding and predicting ecosystem structure and functioning in future climate 
scenarios.

K E Y W O R D S

intraspecific trait variation, plant functional traits, precipitation manipulation, semi-arid 
grassland, species response sensitivity, trait plasticity
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responses to species biomass under altered precipitation. Since water 
is a major limiting factor in the studied region, we calculated these 
trait-based metrics using 12 traits related to plant water acquisition, 
water loss and growth. We used these trait-based metrics to quantify 
their single and combined influences on species response to changing 
precipitation. Our objectives were to answer (a) how plant functional 
traits regulate species-specific responses to changing precipitation 
via species abundance and mean individual weight? (b) What is the 
relative contribution of trait mean, intraspecific trait variation and 
trait plasticity to species responses to changing precipitation?

2  | MATERIAL S AND METHODS

2.1 | Site description

This study was conducted at a semi-arid steppe (44°22ʹN, 117°35ʹE, 
1,148 m), located in West Ujinmqin Banner, Inner Mongolia, Northern 
China. The site was fenced in 2011 with no grazing or other distur-
bance thereafter. Before being fenced, the site was mowed once 
every year during August. The mean annual temperature is 1.5°C, 
mean annual precipitation is 333 mm and with 87% (288 mm) occur-
ring during the growing season (May–September). The community is 
dominated by C3 perennial grasses and forbs, such as Stipa grandis, 
Leymus chinensis, Anemarrhena asphodeloides, etc.

2.2 | Experimental design

The experiment was established as a randomised block design in 
2012. We established five levels of precipitation treatments: 60% 
(P-60) and 30% (P-30) decreased precipitation using passive rainout 
shelters (Zhang et al., 2017), ambient control (P), 30% (P + 30) and 
60% (P + 60) increased precipitation. A total of 20 plots were as-
signed to four blocks; each block contained five randomly assigned 
treatment plots, which were subjected to fixed manipulation levels 
throughout the entire duration of the experiment. Each plot was 
3 m × 4 m with 1 m space between them. We inserted tin sheets into 
the ground to a depth of 100 cm around each plot to prevent lateral 
water movements. All measurements were conducted in the central 
area (2 m × 3 m) to avoid edge effects. Pre-treatment measurements 
showed that there was no significant difference of species richness, 
Simpson diversity index and productivity among treatments, sug-
gesting low background spatial heterogeneity in this study site.

Natural precipitation amounts were measured at a frequency 
of every 0.5 hr by an automatic weather station at our study site. 
Precipitation manipulations were carried out from May (June in 
2012) to August every year. In P-30 and P-60 treatments, 30% and 
60% rainfall was removed by using passive rainout shelters with 
30% and 60% shelter area (Zhang et al., 2017). Although the shelters 
caused small interception of incoming light, this caused only minor 
influence on plant response (Zhang et al., 2017). In P + 30 and P + 60, 
30% and 60% rainfall amount of each precipitation event was added 

by a handheld irrigation system with a flowmeter immediately after 
each event that was >2 mm. All the added water was taken from the 
rainfall removed by the shelters. This gave us five levels of precipita-
tion without modifying the pattern of seasonal precipitation.

2.3 | Species biomass, abundance and mean 
individual weight

During the peak growing season (10th–15th of August) in the 5th 
year of the experiment (2016), above-ground biomass was harvested 
and sorted by species in a 0.2 m × 0.8 m strip in each plot, and sepa-
rated into current year biomass and previous years litter. Abundance 
of each species in the strip (individual number for solitary species or 
bundle number for tufty species) was also recorded. All the samples 
were oven-dried at 65°C for 48 hr and weighed to determine the 
species-level biomass in each plot. Mean weight of individual plants 
per plot was calculated as the ratio of species biomass to its abun-
dance in each plot.

2.4 | Sampling of plant functional traits

We measured plant functional traits for 10 common species (with 
occurrence frequencies of more than 90% at the site; see Table S1). 
These species contributed about 86% of the total above-ground net 
primary productivity (ANPP) and 96% of the total abundance, and 
thus contributed the most to community structure and ecosystem 
functioning (Grime, 1998). Rare species were not included in the trait 
sampling and further analysis.

In July 2015, we measured three root-related traits for each 
of the 10 most common species by collecting three soil cores 
(40 cm × 40 cm in size, 60 cm in depth) in an adjacent field. Root-
related traits were not measured in the experimental plot to avoid 
disturbance of the experimental plots. After washing the soil cores 
in water, 3–10 plant individuals with complete shoot and root were 
selected for each species. Roots and their branches were spread on 
a board in their natural angles to measure rooting depth, proportion 
of surface (0–10 cm) root biomass to total root biomass (surface root 
distribution) and ratio of root biomass to shoot biomass (root: shoot 
ratio; Table 1).

In July and August 2016, we measured nine above-ground traits 
for each of the 10 most common species in each experimental plot 
(Table 1). Maximum rate of leaf photosynthesis, transpiration, sto-
matal conductance and water use efficiency for one normal leaf 
and each species in each experimental plot were estimated using 
Li-6400 (Li-Cor Inc.) at the photosynthetically active radiation 
(PAR) of 1,500 μmol m−2 s−1, in the later July. Previous studies have 
shown that a light intensity of 1,500 μmol m−2 s−1 is beyond the 
light saturation point of species in this region (Zhang et al., 2017). 
The gas exchange measurements were taken from 08:00 to 
11:00 a.m. (local time), when ambient PAR ranged from 660 to 
1,600 μmol m−2 s−1. Before measurements, leaf was acclimated in 
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the chamber for 1–3 min until the records of gas exchange rates and 
stomatal conductance were stable. An airflow rate of 500 ml/min  
was used throughout the measurements. We did not control leaf 
temperature, water vapour or CO2 concentrations, but used a 20-L  
plastic buffer to stabilise the gas concentrations of the input air. 
Before the above-ground biomass harvesting, mean height was 
recorded by averaging the height of five random individuals (or all 
individuals for species with less than five individuals) except the 
reproductive individuals. Individuals without flowers and fruits 
from the harvested above-ground samples were separated into 
leaf and stem parts for each species in each plot. Biomass of leaf 
and stem were used to calculate leaf: stem ratio. After measuring 
leaf area, leaf samples were over-dried and weighted, to deter-
mine leaf mass per area. Then the same leaf samples were used to 
determine leaf carbon and nitrogen concentration with a CHNOS 
Elemental Analyzer (Vario EL III, Elemental Inc.); after that, the 
ratio of leaf carbon to nitrogen concentration (leaf C:N ratio) was 
calculated.

2.5 | Calculation of trait variability and plasticity

For each species and each of the nine above-ground traits, we 
calculated trait means (Tmean) as the mean of species trait values 
in 20 experimental plots, and trait variability within intraspecific 
(TCV) as the coefficient of variation of trait values within species 
across 20 experimental plots (Figure S1). To estimate trait plastic-
ity (Tplasticity), we ran linear mixed-effects models (LME) for each 
trait and each species with trait as the response variable, precipi-
tation as the explanatory variable (the fixed effect) and block as 
the random effect. Precipitation amount received in the five treat-
ments was considered as a continuous variable. We did not control 
the intercept. The fixed slopes of linear regression between traits 

and precipitation for each trait and each species was used to ex-
press trait plasticity in response to changing precipitation (Arnold 
et al., 2019). We used linear model as most relationships were lin-
ear (Tables S2 and S3). Before calculation of Tplasticity, each trait was 
standardised by the maximum observed value. To reduce the sen-
sitivity of this method to spuriously high maximum value, we used 
the mean value of the four maximum trait values for each trait and 
species as the maximum value (Byrnes et al., 2014). We did not 
use other standardisation approaches including z-transformation, 
although z-transformation produced highly comparable trait plas-
ticity as the method we used, it was affected by the spuriously high 
maximum value (Figure S2). For the three root-related traits (root-
ing depth, surface root distribution and root: shoot ratio), their 
trait variations and plasticity were not accounted for in this study 
since we have no detailed information from the individual plot for 
these traits (Table 1).

2.6 | Statistical analysis

We first calculated species-level responses to changing precipi-
tation, and then used the means (Tmean), CVs (TCV) and plasticity 
(Tplasticity) of plant functional traits to explain species responses to 
changing precipitation.

Species-specific responses of biomass, abundance and mean 
individual weight to changing precipitation were estimated as the 
fixed-effect linear regression slopes of the relationships of spe-
cies biomass, abundance and mean individual weight with the 
precipitation amounts in 2016, using linear mixed-effect model 
with block as random factor. Again, we used linear model as 
most relationships were linear (Table S4). These response metrics 
were hereafter referred to RRbiomass, RRabundance and RRmeanweight. 
Before calculating species-specific responses, species biomass, 

TA B L E  1   The detail information of the 12 plant functional traits used in this study. ‘No’ means that we have no information for coefficient 
of variation (TCV) and plasticity (Tplasticity) of the three root-related traits due to the absence of their trait samplings in the experimental plots

Plant functional traits Abbreviation Units Measurement methods TCV/Tplasticity

Maximum rooting depth Rootdepth cm Direct measurement No

Surface root distribution Rootsurface % Proportion of root in 0–10 cm soil No

Root: Shoot ratio RSR unitless Ratio of root to shoot biomass No

Height Height cm Direct measurement Yes

Leaf: Stem ratio LSR unitless Ratio of leaf to stem biomass Yes

Leaf mass per area LMA_leaf mg/cm2 Leaf mass of per unit of leaf area Yes

Maximum rate of leaf 
photosynthesis

Pn_leaf μmol CO2 m−2 s−1 PAR at 1,500 μmol m−2 s−1 by Li-6400 Yes

Transpiration T_leaf mmol H2O m−2 s−1 PAR at 1,500 μmol m−2 s−1 by Li-6400 Yes

Stomatal conductance gs_leaf mmol H2O m−2 s−1 PAR at 1,500 μmol m−2 s−1 by Li-6400 Yes

Water use efficiency WUE_Leaf μmol CO2 mmol−1 H2O Ratio of leaf Pn to T Yes

Leaf nitrogen concentration  
per area

N_leaf mg Ncm−2 Elemental analyzer Yes

Leaf C:N ratio CNR_leaf unitless Ratio of leaf C to N concentration Yes
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abundance and mean individual weight were standardised by di-
viding each value by the average of the first four maximum values 
for each variable and each species. Community total biomass and 
abundance, and mean individual weight were used to calculate 
community-level responses using the same method as species- 
level responses. Note that the species response metrics were 
calculated using species-level data in 2016, to be consistent with 
the trait sampling year. Repeat measured ANOVA showed no sig-
nificant interaction between precipitation treatments and years 
(Table S5), indicating that the species response metrics mainly re-
flect the species functional strategy but not legacy effect from 
previous precipitation conditions.

Pearson correlation analysis was used to examine correla-
tions of Tmean, TCV and Tplasticity for all single trait with RRbiomass, 
RRabundance and RRmeanweight. To clearly capture plant resource 
strategies based on the multiple plant functional traits and to 
link them to species response, principle component analysis was 
applied to produce the principle components (PCs) of Tmean, TCV 
and Tplasticity for the nine above-ground plant functional traits 
(Table S6). For example, PC1 of Tmean represents the fast–slow 
species strategy from high leaf mass per area, leaf transpiration, 
leaf stomatal conductance, leaf nitrogen concentration and leaf 
C:N ratio, and low leaf water use efficiency to low leaf mass 
per area, leaf transpiration, leaf stomatal conductance, leaf ni-
trogen concentration and leaf C:N ratio, and high leaf water use 
efficiency; PC2 of Tmean represents the other fast–slow species 
strategy from high leaf: stem ratio and maximum rate of leaf 
photosynthesis to low leaf: stem ratio and maximum rate of leaf 
photosynthesis. Then PC1 (representing 53%, 45% and 38% of 
the variations for Tmean, TCV and Tplasticity, respectively) and PC2 
(representing 18%, 20% and 25% of the variations for Tmean, TCV 
and Tplasticity, respectively) of the nine Tmean, TCV and Tplasticity 
were further used to analyse their influence on RRbiomass through 
RRabundance and RRmeanweight, using Pearson correlation analysis 
and structural equation modelling (SEM) analysis. Since change in 
species biomass is fully contributed by changes in species abun-
dance and mean individual weight, we did not add direct path-
ways linking trait metrics and species response of biomass. SEM 
analysis was also applied for each of the single trait to examine 
the mean, intraspecific variation and plasticity of trait on species 
responses. All analyses were conducted in R 3.3.4. We used pack-
ages corrplot (Wei & Simko, 2013) and piecewiseseM which was 
suitable for SEM with small data size (Lefcheck, 2016).

3  | RESULTS

3.1 | Community and species-specific responses to 
changing precipitation

At the community level, total abundance (RRabundance = 0.101), 
mean individual weight (RRmeanweight = 0.152) and total biomass 
(RRbiomass = 0.224) increased with increasing precipitation (Figure 1). In 

contrast, our measures of diversity (species richness and Simpson di-
versity index) were not significantly altered by precipitation (Figure S3).

At the species level, species responses of abundance, mean in-
dividual weight and biomass (i.e. the normalised slopes in species– 
precipitation relationships) varied strongly among the 10 most  
common species (Figure 1). In other words, the direction and mag-
nitude of species responses to changing precipitation varied among 
species, with some species increasing and others decreasing with 
different magnitudes as precipitation increased. Specifically, species 
responses of abundance (RRabundance) ranged from −0.191 (Agropyron 
cristatum) to 0.227 (Cleistogenes squarrosa), responses of mean in-
dividual weight (RRmeanweight) ranged from −0.140 (A. sibiricum) to 
0.246 (A. asphodeloides), and responses of biomass (RRbiomass) ranged 
from −0.129 (Agropyron cristatum) to 0.318 (Koeleria macrantha, 
Figure 1). The magnitude of RRbiomass was positively correlated to 
both RRabundance and RRmeanweight (Figure 2).

F I G U R E  1   Response of species abundance, mean individual 
weight and biomass to changing precipitation. The fixed slope 
of the normalised species abundance (a, RRabundance), mean 
individual weight (b, RRmeanweight) and biomass (c, RRbiomass) to the 
five precipitation treatments for the 10 common species, using 
linear mixed-effect model and with block as the random factor. 
The normalisation was performed by the mean abundance, mean 
weight or biomass of the four highest values for each species in the 
20 plots. The response ratios (RR) are shown to the right of each 
panel and used in the further correlation and structural equation 
modelling analysis
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     |  2627Functional EcologyZHANG et Al.

3.2 | Influence of mean trait values on species responses

The mean value (Tmean) of plant functional traits investigated showed 
strong interspecific differences, especially plant leaf: stem ratio and 

root: shoot ratio, with up to sevenfold difference among species 
(Figure S4). RRmeanweight was positively correlated with Tmean of sur-
face root distribution, and negatively correlated with Tmean of root-
ing depth and leaf nitrogen concentration. RRbiomass was positively 

F I G U R E  2   Relationships between 
traits metrics and species response. 
Linear regression relationships between 
PC1 and PC2 of Tmean, TCV and Tplasticity 
with the three species response metrics 
to precipitation (RRabundance, RRmeanweight 
and RRbiomass) for the 10 common species. 
Regression lines for non-significant 
relationships were not shown in subplots 
(p ≥ 0.1, n = 10)

TA B L E  2   Pearson correlation coefficients for the relationships between mean (Tmean), variation (TCV) and plasticity (Tplasticity) of plant 
functional traits with three species-specific response metrics (RRabundance, RRmeanweight and RRbiomass) to changing precipitation across 10 
common species

Traits

RRabundance RRmeanweight RRbiomsss

Tmean TCV Tplasticity Tmean TCV Tplasticity Tmean TCV Tplasticity

Rootdepth −0.40 nd nd −0.56#  nd nd −0.69* nd nd

Rootsurface 0.22 nd nd 0.74* nd nd 0.53 nd nd

RSR 0.39 nd nd 0.51 nd nd 0.62#  nd nd

Height −0.17 0.30 0.28 −0.27 0.13 0.47 −0.22 0.34 0.48

LSR 0.27 0.03 −0.01 0.35 −0.16 0.23 0.63* −0.02 0.20

LMA_leaf −0.04 −0.15 −0.74* −0.31 −0.59#  −0.48 −0.17 −0.50 −0.57# 

Pn_leaf 0.45 −0.77** −0.51 −0.45 0.03 0.55#  −0.04 −0.41 −0.08

T_leaf 0.06 −0.56#  −0.30 −0.26 0.31 0.65* 0.09 −0.10 0.21

gs_leaf 0.12 −0.47 −0.21 −0.31 0.13 0.85** 0.05 −0.26 0.32

WUE_leaf 0.26 −0.07 −0.02 0.26 0.12 −0.50 0.17 0.31 −0.36

N_leaf −0.27 −0.03 −0.72* −0.69* −0.59#  −0.37 −0.56#  −0.45 −0.57# 

CNR_leaf 0.15 0.03 0.25 0.17 −0.43 −0.23 0.23 −0.08 0.13

Abbreviation: nd, not determined.
#, * and ** indicates significant relationship at the levels of p < 0.1, p < 0.05 and p < 0.01. 
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correlated with Tmean of root: shoot ratio and leaf: stem ratio, but 
negatively correlated with Tmean of rooting depth and leaf nitro-
gen concentration (Table 2). We found no significant relationship 
between RRabundance and Tmean for any of the 12 traits investigated 
(Table 2). Tmean PC1 of the nine above-ground traits (mostly repre-
senting the positive effect of leaf mass per area, leaf transpiration 
rate, leaf stomatal conductance, leaf nitrogen concentration, leaf 
C:N ratio, and negative effect of leaf water use efficiency) had no 
significant influence on all species response metrics, Tmean PC2 of 
the nine above-ground traits (mostly representing the positive effect 
of maximum rate of leaf photosynthesis and leaf: stem ratio) showed 
a negative relationship with RRmeanweight (Figure 2).

3.3 | Influence of intraspecific trait variation on 
species responses

Intraspecific trait variation (TCV) also showed strong difference 
among species (Figure S5). In comparison with interspecific trait 
variation, TCV of plant height, leaf: stem ratio, leaf mass per area, 
leaf nitrogen concentration and carbon: nitrogen ratio were 
smaller than their interspecific trait variations, while TCV of maxi-
mum rate of leaf photosynthesis, transpiration rate, stomatal 
conductance and water use efficiency were greater than their in-
terspecific trait variations (Figure S6). RRmeanweight was negatively 
correlated with TCV of leaf mass per area and leaf nitrogen con-
centration (Table 2). RRabundance was negatively correlated with 
TCV of maximum rate of leaf photosynthesis and transpiration 
rates (Table 2). While the TCV for multiple plant functional trait 
(PC1 and PC2) showed no significant relationships with all the 
species response metrics (Figure 2).

3.4 | Influence of trait plasticity on species  
responses

Trait plasticity (Tplasticity) in response to changing precipitation showed 
large species-specific and trait-specific differences (Figure S7). Leaf 
gas exchange traits (maximum rate of leaf photosynthesis, tran-
spiration rate and stomatal conductance) exhibited much greater 
plasticity compared to other traits (0.29–0.32 vs. −0.002 to 0.14; 
Figure S7). For most traits, their plasticity had no significant relation-
ship with TCV or Tmean (Figure S8). RRabundance was negatively corre-
lated with Tplasticity of leaf mass per area and nitrogen concentration, 
RRmeanweight was positively correlated with Tplasticity of maximum rate 
of leaf photosynthesis, transpiration rate and stomatal conductance; 
RRbiomass was negatively correlated with Tplasticity of leaf mass per area 
and nitrogen concentration (Table 2). PC1 of Tplasticity (mostly repre-
senting the positive effect from plasticity of maximum rate of leaf 
photosynthesis, transpiration rate, stomatal conductance and nega-
tive effect from leaf water use efficiency) had a positive relationship 
with RRmeanweight, while PC2 of Tplasticity (representing the positive 
effect from plasticity of leaf nitrogen concentration and negative 

effect from plant height) had a negative relationship with RRabundance 
and RRbiomass (Figure 2).

3.5 | Pathways of influence of different trait 
variables on species responses

The nine above-ground plant functional traits for which we had  
species-level responses to changing precipitation fitted the structural 
equation modelling (SEM) well (Fisher' C = 9.81, p = 0.46, df = 10, 
AIC = 29.81, BIC = 32.83, n = 10), and provided deeper insights on our 
data (Figure 3). In contrast to when analysed separately, PC2 of Tmean 
was not related to RRmeanweight in the final model. The results of SEM 

F I G U R E  3   Structural equation modelling (SEM) for the influence 
of trait metrics on species responses. (a) Initial SEM analysis for 
the influence of Tmean, TCV and Tplasticity on species responses to 
changing precipitation. The first two PCs of Tmean, TCV and Tplasticity 
used in the SEM analysis contributed 71%, 65% and 63% variation 
of all the Tmean, TCV and Tplasticity except the root-related traits.  
(b) Final model only showed the influence of PC1 and PC2 of 
Tplasticity on species responses, while Tmean and TCV were removed 
due to their insignificant pathways with species responses. Note 
that we did not assess the direct influence of trait-based predictors 
on biomass because change in species biomass is fully contributed 
by species abundance and mean weight. The model fitted well with 
Fisher' C = 9.81, p = 0.46, df = 10, AIC = 29.81, BIC = 32.83. Black 
and red dashed arrows indicate significantly positive and negative 
effects, respectively. * and ** indicate significant relationship at the 
levels of p < 0.05 and p < 0.01, respectively. Values associated with 
the arrows represent standardised path coefficients. Widths of 
significant paths are scaled by standardised path coefficients. R2 for 
each variable is reported next to the corresponding variable
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confirmed that PC1 of Tmean and PC1 and PC2 of TCV had no significant 
relationships with any of RRmeanweight, RRabundance and RRbiomass. PC1 
of Tplasticity was positively related to RRmeanweight and explained 57% 
of its variation, PC2 of Tplasticity was negatively related to RRabundance 
and explained 42% of its variation. RRabundance and RRmeanweight jointly 
contributed to 87% variation of RRbiomass. SEM analysis for any of 
the single trait also showed similar results and supported the multi-
ple traits analysis (Figure S9). For example, Tplasticity of maximum rate 
of leaf photosynthesis, transpiration and stomatal conductance (the 
major components for PC1 of Tplasticity) all showed positive influence on 
RRbiomass via RRmeanweight; while Tplasticity of leaf nitrogen concentration 
(the major component for PC2 of Tplasticity) negatively affected RRbiomass 
via RRabundance (Figure S9).

4  | DISCUSSION

Trait-based approaches have great potential to reveal the underlying 
mechanisms of species response to environmental changes (Griffin-
Nolan et al., 2018; Kraft et al., 2015; Soudzilovskaia et al., 2013; 
Suding et al., 2008; Violle et al., 2007). Previous studies mostly 
focused on mean trait values, assuming that intraspecific trait vari-
ation and trait plasticity account for only a small fraction of the 
overall trait variability (Shipley et al., 2016; Siefert et al., 2015; Violle 
et al., 2012). Here, we assessed the relative contribution of multi-
ple aspects of plant functional traits (trait means, intraspecific trait 
variation and trait plasticity) to species responses of mean individual 
weight, abundance and biomass to experimental manipulation of 
precipitation.

4.1 | Species respond differently to changing 
precipitation

Our study showed a wide range of species responses to experi-
mental manipulation of precipitation, in terms of abundance, mean 
individual weight and biomass. Due to interspecific compensatory 
effects, the decrease in the response of some species was offset by 
the increase in other species (Bai, Han, Wu, Chen, & Li, 2004; Loreau 
& Mazancourt, 2013). Thus, community-level change was much 
weaker than that of the most responsive species, which favoured 
ecosystem stability under changing precipitation (Bai et al., 2004). 
Previous studies have repeatedly shown the contribution of species 
richness to ecosystem functioning and to the stability of ecosystem 
functioning under fluctuating environmental conditions or experi-
mental manipulation of global change drivers (Hautier et al., 2014; 
Isbell et al., 2015). Our results suggest that fluctuations in commu-
nity composition in response to environmental changes, rather than 
species diversity per se, could play an important role in ecosystem 
functioning and stability, especially over short time intervals (Jones, 
Ripplinger, & Collins, 2017; Loreau & Mazancourt, 2013; Smith 
et al., 2009). For example, A. asphodeloides and Carex korshinskyi 
(two common species with 23% and 41% contribution to community 

total ANPP and abundance in the control plots) were the two most 
positively responsive species for biomass in these communities 
(RRbiomass: 0.309–0.318), their influence on the community-level 
response (RRbiomass: 0.224) is largely dragged down by two most 
negatively responsive species of A. cristatum and A. sibiricum (two 
common species with 13% and 31% contribution to community total 
ANPP and abundance, RRbiomass: −0.128 to −0.087). We also found 
that change in species biomass was jointly contributed by changes 
in mean individual weight and species abundance, but with more 
dependence on the latter (0.55 vs. 0.63 for mean individual weight 
vs. abundance, Figure 3b). In water-limited ecosystems, due to spe-
cies adaptation to changing precipitation to live under different con-
ditions (Chaves et al., 2003; Gilbert & Medina, 2016), the number 
of plant individuals of a species is generally less variable than its 
growth rate. Thus, changes in the abundance of a species could po-
tentially cause greater legacy effect on ecosystem productivity than 
changes in mean plant individual weight (Reichmann et al., 2013; 
Smith et al., 2009). Note that this does not mean abundance is not 
responsive to changing precipitation for all species, for example,  
C. Korshinskyi, a short stature species in the community, shows small 
change in mean individual weight but large change in abundance, 
due to less stressful environment in the community understory. 
Our results highlight the importance of both species biomass and 
abundance for prediction of changes in community structure and 
their consequence on ecosystem functioning under future climate 
change.

4.2 | Mean trait value contributes to species change 
in individual weight and biomass

In the present study, specific differences in response to changing 
precipitation could be partially explained by the mean value of the 
investigated plant functional traits. In particular, mean differences 
in root-related traits were linked to species change in biomass and 
individual weight. This result confirms previous findings that the 
mean of plant functional traits is a determinant of species response 
to environmental change (Flombaum & Sala, 2012; Soudzilovskaia 
et al., 2013; Violle et al., 2007). Moreover, species with shallow 
rooting depth, high surface root distribution, high root: shoot ratio 
and high leaf: stem ratio, all indicating resource-acquisitive traits, 
had greater response based on biomass and individual weight to 
precipitation change. Similar result was also reported by Conti 
et al. (2018). In semi-arid ecosystems, soil water availability is a 
limited resource, especially in the surface soil (Zhang et al., 2017, 
2019). Since these acquisitive traits are closely related to plant 
water uptake (shallow rooting depth, high surface root distribution, 
high root: shoot ratio) and water loss (high leaf: stem ratio), spe-
cies with such trait values were more easily affected by changing 
precipitation than species with the opposite trait values (Flombaum 
& Sala, 2012; van Wijk, 2011; Zhang et al., 2019). While high leaf 
nitrogen concentration, another commonly referenced resource-
acquisitive trait (Díaz et al., 2016; Reich, 2014), caused a small 
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response based on mean individual weight. This seems to be oppo-
site to the above pattern that resource-acquisitive species are more 
responsive to precipitation. However, several recent studies also 
suggest that high nitrogen favours plant tolerance under drought 
stress (Iqbal et al., 2020; Weih, Bonosi, Ghelardini, & Rönnberg-
Wästljung, 2011), which potentially reduces plant responses to pre-
cipitation. Further studies are still necessary to test this debate. In 
contrast to responses of species biomass and individual weight, we 
found no significant correlation between the response of species 
abundance and trait means to any of the 12 traits investigated. This 
suggests that the number of species individuals caused by changing 
precipitation might not be linked to the mean value of investigated 
plant functional traits.

Moreover, we did not observe significant correlations between any 
of the mean leaf traits measured and any of the response metrics ex-
cept leaf nitrogen concentration (Table 2 and Figure S9). This result is 
surprising given that leaf mass per area and plant height have been 
widely used to explain species' responses to other climate changes, 
that is, warming and species invasion (Conti et al., 2018; Soudzilovskaia 
et al., 2013). Similarly, a recent review also suggests that several com-
mon leaf traits, that is, specific leaf area and leaf dry mass content, do 
not show consistent relationships with water availability and species 
performance (Griffin-Nolan et al., 2018). One possible explanation of 
this difference is that these measurements for leaf traits are all based 
on unit of leaf but their influence on species performance could be 
largely regulated by differences in leaf mass ratio among species (Yang, 
Cao, & Swenson, 2018). For example, L. chinensis and A. asphodeloides 
are two dominant species in this community; L. chinensis has a greater 
maximum rate of leaf photosynthesis (8.44 vs. 5.28), but a much smaller 
leaf: stem ratio (1.62 vs. 4.83) than A. asphodeloides, which results in its 
smaller RRmeanwight (0.06 vs. 0.25) and RRbiomass (0.14 vs. 0.32). These 
results indicate that the performances of plant in water-limited biomes 
under changing precipitation might depend more on root-related traits 
and whole plant traits rather than leaf-related traits.

4.3 | Trait plasticity contributes to species changes 
in individual number and biomass

Our results showed that Tplasticity performed better than TCV in ex-
plaining species responses to changing precipitation. Similar re-
sult was also observed from a diversity manipulative experiment 
(Roscher et al., 2018). The reason is that the responses of species 
performance to changing precipitation not only differ in intensity 
but also change in direction (positive vs. negative). While the scalar 
index, that is, TCV, failed to capture the change direction and their 
consequences on species responses (Roscher et al., 2018; Valladares 
et al., 2007). Our findings suggest that Tplasticity better reflects the 
role of intraspecific trait variation by capturing the direction of 
trait changes with environmental change (Arnold et al., 2019; Conti 
et al., 2018; Roscher et al., 2018; Valladares et al., 2007).

In contrast to the limited influence of mean trait value of leaf 
on species responses, plasticity of leaf traits greatly contributed 

to species responses to changing precipitation. The first PC axis 
of Tplasticity (mostly representing the positive effect of maximum 
rate of leaf photosynthesis, transpiration and stomatal conduc-
tance, and negative effect of water use efficiency) indirectly and 
positively influenced RRbiomass through RRmeanweight (Figure 3b, also 
see SEMs for single trait of these traits, Figure S9). These traits are 
related to leaf stomatal behaviour, and varied much more within 
than among species (Figure S6). High plasticity of these traits en-
able plants to rapidly close their stomata to prevent water loss 
under drought stress, and rapidly reopen the stomata to maximise 
CO2 and H2O exchange when water is not limited (Buckley, 2019; 
Martin-StPaul, Delzon, & Cochard, 2017; Zhang et al., 2017), thus, 
leading to a high response of plant growth rate (i.e. RRmeanweight). In 
contrast, trait plasticity along the second PC axis (positive effect of 
leaf nitrogen concentration, negative effect of plant height) had a 
negative effect on RRbiomass via RRabundance (Figure 3b, also see SEMs 
for single trait of leaf nitrogen concentration, Figure S9). High plas-
ticity provides plants with a way to deal with the local long-term 
environmental change and avoid the deleterious effects of adverse 
environments (Valladares et al., 2007, 2014); thus, species with 
higher plasticity of leaf nitrogen concentration and plant height are 
effective in maintaining their population size over changing precip-
itation, leading to smaller RRabundance. Overall, our study shows that 
trait plasticity predominately regulates species response to chang-
ing precipitation rather than the mean and intraspecific variation 
of traits, and demonstrates that measurements of plant functional 
traits in different environmental conditions is key to identify how 
plant functional traits may be altered by the environment and their 
consequences on ecosystem functioning (Valladares et al., 2007, 
2014; Violle et al., 2012).

4.4 | Study limitations

There were two limitations of this study. One is that all of our analy-
ses are based on 10 common species since the rest of rare species 
compromise so little to the community that sample sizes are too 
small. This small dataset might influence the general relationships 
between trait metrics and species response to changing precipita-
tion, as any single species could have a strong influence on the re-
sults. A bootstrap resampling based on data of the ten species 
showed a very small bias on the regression coefficients and R2 for 
three significant relationships between species responses and trait 
metrics in Figure 2: RRbiomass − TplasticityPC2, RRabundance − TplasticityPC2 
and RRmeanweight − TplasticityPC1 relationships (Table S7), suggesting 
that our key conclusions are robust. Moreover, we acknowledge that 
the change in ambient environmental condition, such as, tempera-
ture and air humidity, during leaf gas exchange measurements might 
affect the calculation of trait plasticity. But we did our best to con-
trol for such potential variation with reasonable statistical analyses. 
Particularly, adding block as a random effect in the analyses partially 
controls for potential influence from the ambient environmental 
condition.
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The other was that we were not able to quantify the plasticity 
of root traits because we wished to avoid distributing the treat-
ment plots. There are several studies indicating that drought might 
reduce root length and root density, increase root diameter (Zhou 
et al., 2018), enhance the root: shoot ratio and reduce the sur-
face root distribution and rooting depth (van Wijk, 2011; Zhang 
et al., 2019) while the influence of changing precipitation on root 
traits is obviously species-specific and trait-dependent (Zhou, Wang, 
Bai, Zhang, & Zhang, 2019). Such an ability to alter root traits could 
also have important influence on plant responses to changing pre-
cipitation (Flombaum & Sala, 2012). Future studies with pot planting 
or field root sampling at the individual level are needed to provide 
a more comprehensive understanding of the role of trait plasticity.

5  | CONCLUSIONS

With this precipitation experiment, we found that the mean value of 
root-related traits was an effective predictor of species-specific re-
sponses to changing precipitation, indicating the usefulness of trait-
based approaches. For the nine above-ground traits investigated, 
we found that trait plasticity plays a predominate role in regulating 
species response to changing precipitation above mean traits and 
intraspecific trait variation. This plasticity effect comes mainly via 
the plasticity of leaf traits while mean leaf-related traits are not im-
portant for all species response metrics. This means that some traits 
might affect species response to environmental change via their 
mean value while others might rely on their plasticity.

Our study has two important implications. First, trait plasticity 
is an important component affecting species responses to environ-
mental change, and should be considered in future studies that em-
ploy trait-based approaches. To consider trait plasticity, however, it 
means that we need to measure many traits for many species under 
various environmental conditions, which has limited the wide use 
of trait plasticity in previous studies. While recent studies suggest 
that remote sensing is a promising technique for field trait survey 
(Chadwick & Asner, 2016), which could thus help in the future to eas-
ily get this important trait plasticity information, and encourage the 
application of trait plasticity. Second, future increases in extreme 
climatic fluctuations could change plant community structure by 
selecting species with higher plasticity because they exhibit lower 
RRabundance to changing precipitation. The increase in the proportion 
of plastic species should have important implications for ecosystem 
functioning (Jones et al., 2017; Smith et al., 2009), and might lead to 
a relatively stable community in long term.
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