
2944  |     Ecology and Evolution. 2020;10:2944–2955.www.ecolevol.org

 

Received: 13 November 2018  |  Revised: 22 January 2020  |  Accepted: 28 January 2020

DOI: 10.1002/ece3.6108  

O R I G I N A L  R E S E A R C H

Trait means predict performance under water limitation better 
than plasticity for seedlings of Poaceae species on the eastern 
Tibetan Plateau

Honglin Li1  |   Xilai Li1,2 |   Xiaolong Zhou3,4

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2020 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

1State Key Laboratory of Plateau Ecology 
and Agriculture, Qinghai University, Xining, 
China
2College of Agriculture and Animal 
Husbandry, Qinghai University, Xining, 
China
3Institute of Arid Ecology and Environment, 
Xinjiang University, Urumqi, China
4Key Laboratory of Oasis Ecology of the 
Ministry of Education, Xinjiang University, 
Urumqi, China

Correspondence
Honglin Li, State Key Laboratory of Plateau 
Ecology and Agriculture, Qinghai University, 
Xining 810016, China.
Email: honglinli@qhu.edu.cn

Funding information
Qinghai Science and Technology 
Department, Grant/Award Number: 
2018-ZJ-929Q; Open Project of State 
Key Laboratory of Plateau Ecology and 
Agriculture, Qinghai University, Grant/
Award Number: 2017-ZZ-20; Higher 
Education Discipline Innovation Project (111 
Project), Grant/Award Number: D18013

Abstract
Water availability may be altered by changes in precipitation under global climate 
change in alpine areas. Trait means and plasticity are important for plants in response 
to a changing environment. In an examination of alpine plant responses to changed 
water availability, and for determination of how trait means and plasticity predict 
the performance (e.g., biomass) of these species, seeds of ten Poaceae species from 
the eastern Tibetan Plateau were sown and grown in a manipulated environment 
during a growing season in which rainfall was removed and other climate conditions 
remained unchanged. Growth and leaf traits of these species were measured. We 
found significant effects of moderate water stress on the seedling biomass of these 
species; however, the responses of these species to changed water condition were 
strongly dependent on species identity. For example, the biomass of some species 
significantly decreased under moderate drought, whereas that of others were either 
significantly increased or unaffected. This pattern was also observed for growth and 
leaf traits. Overall, the alpine Poaceae species showed low plasticity of traits in re-
sponse to water availability relative to reports from other areas. Notably, the results 
show that trait means were better correlated with the productivity than with the 
plasticity of traits; thus, we argue that the trait means were better predictors of per-
formance than plasticity for alpine Poaceae species. Poaceae species in alpine areas 
are important for forage production and for water catchment health worldwide, and 
these species may face water shortage because of current and future climate change. 
Understanding the response of alpine Poaceae species to water availability would 
facilitate our ability to predict the impacts of climate change on the alpine vegetation.
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1  | INTRODUC TION

Understanding plant and soil water relationships is important for 
management and conservation of terrestrial ecosystems, since the 
growth of individual plants, and thus the distribution of flora, is de-
termined by soil water conditions (Bernacchi & VanLoocke, 2015; 
Kramer, 1969). Global climate change is substantially altering the 
precipitation regimes worldwide (IPCC, 2013; Pfahl, O'Gorman, & 
Fischer, 2017). Alpine areas, among the most sensitive regions to cli-
mate change (Briceño, Harris-Pascal, Nicotra, Williams, & Ball, 2014; 
Liu & Chen, 2000; Thompson et al., 2000), might experience a signif-
icant change in precipitation (Xu, Gong, & Li, 2008). Therefore, plant 
species in alpine areas would face great changes in water availability 
as a consequence of altered precipitation regime (Immerzeel, van 
Beek, & Bierkens, 2010; Wu, Ren, Wang, Shi, & Warrington, 2013), 
and in some areas, the situation might become even worse (Xu et 
al., 2015). So far, little is known about the response of plant growth 
and functional traits to changed soil water availability in the alpine 
grassland, especially in the eastern Tibetan Plateau.

Water stress has been considered a cause of variable impacts 
on plant growth (Bernal et al., 2015; Chaves, Maroco, & Pereira, 
2003; Llorens, Penuelas, Estiarte, & Bruna, 2004; del Pozo et al., 
2016), and the responses of plant species to water stress may vary 
among species, as mediated by their functional traits (Körner, 2003; 
Llorens et al., 2004; Smirnoff, 1993; Violle et al., 2007). Considering 
a plant species as having a set of morphological and physiological 
traits which have impacts on the performance of plants (Violle et 
al., 2007) greatly increases our possibility for examining the differ-
ences among plant species in response to environmental variability. 
For example, study explicitly showed that varied responses of plant 
species to changes in water availability are associated with variable 
functional traits (Hernández, Vilagrosa, Pausas, & Bellot, 2010). 
Thus, examining the responses of plant traits to water availability 
helps us to predict how plants in the Tibetan Plateau will respond 
under future changed water regimes.

Most organisms, especially sessile plants, change their pheno-
type in response to shifts in the environment (referred to as phe-
notypic plasticity), a strategy plants employ to adapt to habitat 
change and environmental heterogeneity (Nicotra et al., 2010) and 
a mechanism that drives adaptive evolution, species coexistence, 
and ecosystem processes (Turcotte & Levine, 2016; Walker et al., 
2019). Furthermore, arguably, the ecological breadth of species may 
be explained partly by their capacity to show plastic responses to 
environmental cues (Saldaña, Gianoli, & Lusk, 2005; Sultan, 2001), 
and these plastic responses are key mechanisms underlying the 
rapid adjustment to changing environments (Pigliucci, 2001). For 
example, plasticity of root traits in grassland herbaceous species 
was important factors in maintaining competitive abilities and re-
source uptake in response to a changing water supply (Fort, Cruz, 
& Jouany, 2014; Padilla et al., 2013); moreover, the adaptive effects 
of plasticity on fitness have also been observed for tree species 
(Dudley & Schmitt, 1996; Valladares, Wright, Lasso, Kitajima, & 
Pearcy, 2000b). However, some authors have argued that plasticity 

of a trait did not necessarily imply provision of a fitness benefit (see 
van Kleunen & Fischer, 2005), because of costs exist for plasticity, 
which may exert limitations upon that plasticity (Valladares, Gianoli, 
& Gómez, 2007). For instance, plasticity may have costs when fit-
ness of a genotype being reduced by a phenotype being expressed 
through plastic rather than fixed development, since this approach 
requires the maintenance of sensory abilities and leads to less sta-
ble development. (van Kleunen & Fischer, 2005). Alternatively, many 
studies have shown that the functional traits, rather than plasticity, 
are good predictors of plant performance in a range of plant species 
(Poorter & Bongers, 2006; Pywell et al., 2003; Walker et al., 2019) 
and have suggested that differences in trait values or means were 
well correlated with differences in average fitness among species 
(Kraft, Godoy, & Levine, 2015).

Plant growth and evolution in a changed environment lead either 
to specialization for a given circumstance or to general adaptation 
to a broad range of environments (Bazzaz, 1996). While pheno-
typic plasticity is often cited as a characteristic of generalists, trait 
means (or values) indicate that species specialization applies only to 
a fraction of the environmental heterogeneity. For example, species 
with high plasticity have evolved to maximize growth when water 
is plentiful, whereas species with low plasticity have specialized to 
adaptations for only water limiting conditions, or only conditions of 
high-water availability (Comita & Engelbrecht, 2009). Therefore, a 
comparison of the relative importance of plasticity and trait means 
(or values) is needed (Godoy, Valladares, & Castro-Díez, 2011).

Although a significant correlation has been documented be-
tween plasticity and performance (e.g., relative biomass) for plants in 
an alpine wetland that has experienced fluctuating water conditions 
during the growing season (Li et al., 2016), other studies conducted 
in alpine meadows in this area have found significant relationships 
between the performance (e.g., biomass) and the trait means (Zhou 
et al., 2017, 2016). Therefore, the role of trait means and plasticity 
in determining the performance of alpine plant species has shown 
less consistency, especially for seedlings of Poaceae species, which 
play particularly important roles in the recruitment and dynamics of 
grassland communities in the area.

Ten Poaceae species in the eastern Tibetan Plateau were grown 
under manipulated water conditions, and their growth and leaf 
traits were investigated to address alpine plant species responses 
to changing water availability and to evaluate the relative impor-
tance of trait means and plasticity in predicting the performance 
of these species as future changes occur in the water environment. 
Specifically, the following questions were asked:

1. How do the functional traits of these species respond to 
different water conditions? How they are influenced by the 
ecological characteristics of these species?

2. How does the plasticity of the investigated traits differ among the 
species?

3. Are trait means or plasticity of these species good predictors of 
the performance (biomass) of these species in response to chang-
ing water availability?
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2  | MATERIAL S AND METHODS

2.1 | Study site, species, and seed collection

The study was conducted in a nursery at the Field Station of Lanzhou 
University in Maqu County. The site is located in the eastern Tibetan 
Plateau of China (33°59′N, 102°00′E, elevation 3,660 masl). The an-
nual temperature and precipitation (from 1975 to 2010) were 1.2°C 
and 620 mm, respectively (Niu et al., 2014). The soil texture is classi-
fied as a subalpine meadow soil with gravelly, sandy loam and slightly 
alkaline soils (Gong, 1999). The mean soil nitrogen is 0.556% (Borer 
et al., 2014). The plant community type is mainly meadow and is af-
fected by degradation (Yu et al., 2012).

The selected species represent a range of Poaceae species com-
mon in our study area (Table 1). We chose the ten species that are 
either common (relative abundance > 1%) or dominant (relative 
abundance > 10%) across various communities in the region (our 
field survey data). All species are perennial herbaceous plants ex-
cept for Beckmannia syzigachne, which is common in wet habitats. 
Elymus nutans is the dominant species of the alpine meadow (Chu 
et al., 2008), and others are also abundant and widely distributed in 
our study area.

Bulk seed collections for each of the 10 species were collected 
during a period from late August to mid-September in 2010. For each 
species, we chose three to five plants in an area 5 × 5 m (assumed 
to be same population) in the habitat where they most commonly 
distributed, and at least 200 seeds were collected from nine to fifty 
tillers of the cluster. The collected seeds were then stored in a cool 
dry room until ready for sowing. Seed preparation included extract-
ing seeds from the spike and discarding damaged ones.

2.2 | Experimental design

In early May 2011, seeds of the ten species were sown into plastic 
pots (height of 14 cm, diameter of 22 cm at the top and 20 cm at 
the bottom), and these pots were manipulated to include a plastic-
covered metal shelter erected over the pots to prevent the pots from 
receiving natural rainfall, with 25 seeds per pot and 12 pots per spe-
cies (see Table S1 for differences between those inside and outside 
of the shelter). The pots were filled with soil from a nearby alpine 
meadow; the soil had been carefully sieved, mixed, and heated to 
remove the soil seed bank. The pots of each species (n = 12) were 
randomly assigned to two water regimes: well-watered and exposed 
to moderate drought. For each treatment, the pots were randomly 
placed on plastic sheets under the shelter at a minimum distance of 
3 cm from each other. The plastic sheets were laid on the ground 
to prevent the seedlings from accessing ground moisture. The soil 
water capacity (SWC) was determined by measuring the water-satu-
rated soil with a portable probe (WET-2 sensor, Delta-T Devices Ltd), 
and the mean soil water capacity was 72.4 ± 2.59 v/v%. The well-wa-
tered treatment was applied at 0.2 L water for each pot, with mini-
mal leakage, and the soil water content remained at approximately 

90%–100% of SWC, whereas the treatment exposed to moderate 
drought was given only 0.1–0.12 L water to keep the soil relatively 
dry (50%–60% of SWC). The seedlings were watered every third day, 
and regular measurement of the soil moisture guaranteed the suc-
cess of these two treatments during the period of the experiment 
(May–September).

2.3 | Data collection

The initial harvest (t1) of seedlings of these species was conducted 
1 week after the seed had germinated. One seedling per pot was 
randomly selected for measuring the initial dry weight (W1). Then, at 
least three to five well-spaced seedlings were kept, and the others 
were removed from each pot (seedlings germinated later also were 
removed once they appeared). Since those seedlings left in the pot 
were well spaced (>5 cm), we assumed competition was minimal. 
In early September, after more than 2 months of seedling growth, 
all pots were subjected to final harvest (t2, the total time during 
which the seedlings grown were counted from 1 week after they 
germinated). At this stage, for each pot, we first removed the pot 
gently and then washed the soil away with running water; finally, 
three seedlings were selected from each pot for harvest. In total, we 
obtained 18 seedlings per species per treatment except for B. syzi-
gachne (n = 15 seedlings). The seedlings were separated into shoot 
and root, and the biomass of each seedling (W2) was determined by 
summing the dry weight of the shoot and root. Meanwhile, one fully 
expanded leaf was selected from each seedling, the area of the leaf 
was measured by scanning leaves and analyzing the images with 
the ImageJ software, and the dry weight of each leaf was weighed. 
All dry weights were determined by oven-drying materials at 80°C 
for 48 hr. Seven traits (See Table 2) commonly used in ecological 
investigations were identified according to standardized methods 
(Cornelissen et al., 2003).

The photosynthetic rate and transpiration rate (See Table 2 for 
description) were measured for leaves of seedling from three pots 
randomly selected for each treatment. For each pot, one fully ex-
panded, newly developed, healthy leaf was selected from two seed-
lings (in total, six leaves per species per treatment were measured). 
The measurement was conducted between 1,000 and 1,230 hr 
during a sunny, clear day (1 day after watering for the dry-down 
treatment) in late July with a GFS-3000 portable photosynthesis 
system (GFS-3000; Heinz Walz). The measurements were taken at 
1,800 µmol m−2 s−1, which equates to the average light intensity of 
sunlight during the measurement (measured by the ambient light 
sensor of GFS-3000). The CO2 concentration was ∼340 ppm (re-
flecting the measured ambient concentration on site).

2.4 | Statistical analysis

The plasticity of the traits in response to different water avail-
ability was used for assessing species-specific plasticity across the 
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treatments. For all traits (except for biomass), we calculated the 
plasticity index (PI) with the following equation: PI = (maximum 
trait mean − minimum trait mean)/maximum trait mean (Gratani, 
Meneghini, Pesoli, & Crescente, 2003; Valladares, Sanchez-gomez, 
& Zavala, 2006; Valladares, Wright, et al., 2000b), where the PI 
ranges from zero (no plasticity) to one (maximum plasticity). The trait 
means included the means of the 18 plants from each water treat-
ment for each species. Because the maximum value was achieved at 
low water for some species and at high water for others, the index 
reflects the absolute value of plasticity rather than the direction of 
the response.

The effects of the treatments, species identity, and their inter-
action on the investigated traits were analyzed by two-way ANOVA, 
with species and treatment as the fixed factor. The difference of 
traits between the treatments for each species was compared using 
a Kruskal–Wallis one-way ANOVA. Data that violated the ANOVA 
assumptions of normality and homogeneity of variance were 
log10-transformed.

Correlations between biomass and trait means across species 
were analyzed using a Phylogenetic Generalized Least Squares 
(PGLS). Phylogenetic tree of our studied species was built based on 
the Phylomatic (version 3, http://phylo diver sity.net/phylo matic/ ). 
We also analyzed the correlations between the biomass and the trait 

plasticity in response to water availability. Data were log10-trans-
formed. All analysis and plotting were performed with SPSS 16.0 
(SPSS) and R (R Core Team, 2019).

3  | RESULTS

3.1 | Species-specific responses of alpine Poaceae 
species to changes in soil water availability

Soil water availability, species identity, and their interaction had 
significant effects on biomass, including shoot biomass and root 
biomass (Table 3). Six out of ten species showed significant dif-
ferences in biomass between the different water treatments 
(Figure 1a). Further, the response of biomass to water treatment 
was varied among species; for example, biomass of the four spe-
cies (AG, BS, PP, and SA, see Table 1 for abbreviations of studied 
species) was significantly lower under moderate-drought treat-
ment, whereas that of AP and FO were significantly higher under 
drought than under well-watered treatment (Figure 1a). Notably, 
EN, the dominant Poaceae species in the alpine meadow of the 
eastern Tibetan Plateau, had relative high biomass under both 
treatments (Figure 1a).

Species Habitat Growth type Abbreviation

Agrostis gigantea Meadow P AG

Agrostis perlaxa Wetland P AP

Beckmannia syzigachne Wetland A BS

Deschampsia caespitosa var. 
microstachya

Meadow P DC

Elymus nutans Meadow P EN

Festuca ovina Wetland P FO

Poa pachyantha Meadow P PP

Poa pratensis Meadow P PPr

Ptilagrostis dichotoma Meadow P PD

Stipa aliena Meadow P SA

TA B L E  1   Species names, habitats, 
growth types (A, annual; P, perennial), and 
abbreviations for 10 Poaceae species

TA B L E  2   Traits measured in this study (abbreviations of trait, method of measurement (or computation), and level of measurement)

Trait Abbreviation Measurement Measured on

Biomass Biomass (g) The weight of oven-dried organ for each individual, 
including shoot and root

individual

Shoot height Height (cm) Length from base to growing tip individual

Relative growth rate RGR (g/d) (lnW2 − lnW1)/(t2 − t1) individual

Root shoot ratio R:S The dry weight of root/ dry weight of shoot individual

Leaf area LA (m2) The area of leaf blades leaf

Relative leaf water content RLWC ((Fresh leaf weight − dry leaf weight)/fresh weight of 
leaf)  × 100%

leaf

Specific leaf area SLA (m2/g) Leaf area per leaf dry mass leaf

Photosynthetic rate μmol CO2 m−2 s−1) The net photosynthesis rate per unit area of leaf leaf

Transpiration rate mmol H2O m−2 s−1 The water loss per unit area of leaf leaf

http://phylodiversity.net/phylomatic/
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Alongside biomass, other morphological and physiological traits 
were also significantly affected by species identity, water treatment, 
and their interaction (Table 3). For example, the relative growth rate 
(RGR), height, specific leaf area (SLA), leaf area (LA), photosynthetic 
rate, and transpiration rate were significantly affected by the treat-
ment, species, and their interactions, whereas the root:shoot ratio 
(R:S) and relative leaf water content (RLWC) were only significantly 
influenced by the species identity (Table 3). Specifically, the R:S of 
all species except for EN were hardly affected by water availability, 
and EN showed a significantly higher R:S under moderate drought 
than well-watered (Figure 1b). The RGR of three species (BS, PP, and 
SA) was significantly lower under moderate drought than well-wa-
tered, whereas the ranking was reversed for AP and FO (Figure 1c). 
Although all species showed a similar amount of water content in the 
leaf (>60%), some species (AP, FO and PD) had greater RLWC under 
moderate drought than under well-watered conditions (Figure 1d). 
BS had the largest LA among all species, with significant difference 
between treatments; AG, PP, PPr, PD, and SA showed a significantly 
larger LA under the well-watered treatment than under the treat-
ment with moderate drought, whereas AP showed the opposite 
ranking (Figure 1e). The seedlings of five species (EN, PP, PPr, BS, 
and PD) were taller under the well-watered condition than those 
grown under conditions of moderate drought, whereas an opposite 
pattern was observed for AP and FO (Figure 1f). Although most spe-
cies showed slightly higher SLA under moderate drought than under 
well-watered condition, no significant difference was observed for 
SLA between treatments (except for PP; Figure 1g). Species-specific 
responses of photosynthetic rate to changing water conditions were 
also shown for our studied species; for example, AP, DC, PD, and SA 
showed significantly higher photosynthetic rate under well-watered 
condition than under moderate drought, whereas EN showed the 
opposite pattern (Figure 1h). Similar patterns were observed in the 
transpiration rate, with AP, DC, PP, PD, and SA showing significantly 
higher values and En and PP showing significantly lower values 

under well-watered conditions than under the moderate-drought 
condition (Figure 1i).

3.2 | Plasticity

The plasticity of the traits in response to water availability varied 
among the traits and species (Figure 2). Overall, the transpiration 
rate (mean = 0.289) and photosynthetic rate (mean = 0.202) showed 
larger plasticity relative to the other traits (e.g., mean value of 0.043 
for R:S and 0.073 for SLA), whereas the PI of RLWC was the lowest 
(mean = 0.019). Strong differences also existed among species for 
plasticity (Figure 2).

3.3 | Relationships among biomass, 
trait, and plasticity

We found significant positive relationships between the biomass 
and trait means for height, LA, and R:S under both well-watered and 
moderate-drought treatments (Figure 3). However, we did not find 
any significant correlations between the biomass and plasticity for 
any traits, nor did we observe correlations between the biomass dif-
ferences and trait plasticity (Table S2).

4  | DISCUSSION

Using a common garden experiment, we assessed the response 
of ten common Poaceae species of the eastern Tibetan Plateau 
to changes in water availability, and we found significant effects 
of moderate water stress on the plant performance (i.e., biomass). 
We also revealed species-specific responses of these species to 
changes in water availability and variable plasticity for the studied 

Traits
Adjusted 
R2

Treatment Species Treatment × Species

F p F p F p

Biomass .73 6.84 .009 91.20 <.001 8.72 <.001

Shoot biomass .73 7.39 .007 <0.001  9.20 <.001

Root biomass .70 5.10 .025 <0.001  7.15 <.001

RGR .72 7.69 .006 96.96 <.001 8.24 <.001

R:S .24 0.16 .694 12.41 <.001 1.27 .254

Height .78 20.93 <.001 121.27 <.001 6.83 <.001

SLA .59 5.32 .022 51.71 <.001 2.42 .011

LA .81 12.75 <.001 153.78 <.001 6.23 <.001

RLWC .51 0.3 .587 39.00 <.001 1.49 .150

Photosynthetic rate .62 6.09 .015 31.47 <.001 6.59 <.001

Transpiration rate .46 4.13 .044 13.38 <.001 7.71 <.001

Note: The model of type III sum of squares was performed at the 0.05 level, with treatment and 
species as the main effects (degree of freedom for treatment = 1, for species = 9). The adjusted R2 
is the proportion of total variance explained by the model. Significant values are in bold.

TA B L E  3   Results from analysis of 
variance of biomass and leaf traits for 
10 Poaceae species grown under two 
different conditions of water availability
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traits among species. In addition, our results suggest that trait mean, 
rather than plasticity of these Poaceae species were better predic-
tors of their performance in the face of changes in water availability 
(both low and well water conditions).

4.1 | Species-specific variation in response to soil 
water availability

The substantial interspecific variation of the surveyed species in re-
sponse to soil water availability confirmed expectations that species 
would exhibit different responses to the changes in water condi-
tion, and this might result from a differential capacity to compete 
for water (Leyer, 2005; Prechsl, Burri, Gilgen, Kahmen, & Buchmann, 
2015). Körner (2003) suggested that alpine species probably have 
not experienced a shortage in water, and thus, we expected that the 

alpine species should be more sensitive to a water shortage. The re-
sults explicitly suggest that alpine species show a critical sensitivity 
to water supply during the growing season, and the water supply 
is projected to change with future climate conditions (Chen et al., 
2017; Immerzeel et al., 2010; Wu et al., 2013).

Generally, water stress may reduce plant growth (Bernal et 
al., 2015; Chaves et al., 2003; Chavoshi, Nourmohamadi, Madani, 
Hossein, & Mojtaba, 2018; Llorens et al., 2004), decrease the spe-
cific leaf area (SLA), and increase the root biomass (e.g., R:S ratio) 
(Benjamin, Nielsen, Vigil, Mikha, & Calderon, 2014; Poorter et al., 
2012), plant height, and the leaf area (LA) (Grassein, Till-Bottraud, 
& Lavorel, 2010; Nicotra, Hermes, Jones, & Schlichting, 2007). 
And these changes in plant traits might facilitate function under 
water stress. In our study, most species tended to have lower bio-
mass, relative growth rate (RGR), height, LA, and photosynthetic 
rate and higher R:S and transpiration rate under moderate-drought 

F I G U R E  1   Functional responses of 10 Poaceae species to different conditions of soil water availability. The data are shown as the 
mean ± SE. Asterisks indicate a statistically significant difference between water treatments for the species (p < .05). See Table 1 and Table 2 
for the abbreviations of species name and traits, respectively
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conditions, which was consistent with previous studies (e.g., Bernal 
et al., 2015; Chavoshi et al., 2018; Nicotra et al., 2007). However, we 
found similar RLWC across species in our study suggested that spe-
cies likely have structural modifications to maintain similar RLWC. 
Unsurprisingly, annual herbaceous plants (BS) achieved higher bio-
mass than perennial ones within a growing season, as well as higher 
RGR, height, and LA. This greater biomass is needed for annual spe-
cies to grow rapidly and obtain as many resources as possible in the 
pre-reproduction phase (Garnier, 1992).

However, in contrast to our expectation, two species (AP and 
FO) had significantly higher biomass under moderate drought than 
under well-watered condition (Figure 1), and interestingly, the seeds 
of these two species were collected from a wetland habitat (Table 1), 
where the mean soil water content was higher than that of the alpine 
meadow (Li et al., 2018). This result may be explained by the sub-
stantial differences in microsite between the hummock and hollow 
in the wetland (Nungesser, 2003; Shen, Tang, & Washitani, 2006), 

and this is key mechanism underlying relative high species diver-
sity in alpine wetland. In fact, during the field survey, we found that 
these two species favor relative dry hummock microhabitats, rather 
than the moist hollow, and seeds of these two species were also col-
lected from the hummock microhabitats.

Furthermore, we also observed that, for some species (four out 
of 10), the biomass was not affected by change in soil water availabil-
ity, especially the dominant species of the alpine meadow (EN). On 
one hand, the EN maintained relative higher productivity under both 
treatments by allocating significantly more biomass to the under-
ground (e.g., increasing R:S ratio, see Poorter et al., 2012; Benjamin 
et al., 2014) and by decreasing the height of the shoot under rel-
ative-drought treatment (Figure 1b,f). This strategy was important 
for stress tolerance so that plant species could maintain their dom-
inance (Smith & Knapp, 2003), and it may stabilize productivity in 
the alpine meadow in these areas under predicted change in pre-
cipitation regime. On the other hand, although the amount of water 

F I G U R E  2   Plasticity index (PI) of 
growth, leaf, and photosynthetic traits for 
10 Poaceae species. See Table 1 and Table 
2 for the abbreviations of species name 
and traits, respectively
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used by growing plants progressively increased to accommodate the 
increasing biomass, thus increasing the requirement of water for 
growth, we did not increase the water supply during the experimen-
tal period in this study, and this approach might have contributed 
to the well-watered plants having actually experienced low water 
availability, thereby providing a partial explanation for the lack of 
differences between the treatments for some species and the need 
to avoid this approach in future research.

Overall, our results show species-specific responses of the stud-
ied species to changes in soil water. This may suggest that these 
species might employ different strategies in response to different 
soil water conditions (Grime, 2006) and indicate the niche differen-
tiation within the alpine ecosystem. In addition, these results imply 
that the possible future water shortage in our study area may be 
beneficial for some species (e.g., AP and FO), whereas some other 
species will suffer from the low water condition (e.g., BS, PP, AG, and 
SA). Moderate water shortages, however, might not influence the 
dominant Poaceae species (EN).

4.2 | Plastic responses to soil water availability

Recently, lots of studies have highlighted the importance of intraspe-
cific trait variation (including phenotypic plasticity and genetic vari-
ation among populations) for plants in response to environmental 
change and for maintaining community stability (Henn et al., 2018; 
Lajoie & Vellend, 2018; Nicotra et al., 2010; Violle et al., 2012). 
However, the plasticity of functional traits in response to different 
water conditions was low in our study relative to studies conducted 
on other flora (Sadras & Trentacoste, 2011), and no significant cor-
relation was observed between the plasticity and the biomass for 
all species. These results confirmed the other studies that have 
shown neutral or maladaptive plasticity of drought tolerance traits 
in response to water limitation in harsh environments, such as de-
sert and arid ecosystems (Donovan, Dudley, Rosenthal, & Ludwig, 

2007; Pohlman, Nicotra, & Murray, 2005). They might also reflect 
the high-elevation species are less plastic than the low-elevation 
plants because of the canalization traits (Nicotra et al., 2015). Since 
phenotypic plasticity is not always adaptive and often is associated 
with costs (Valladares et al., 2007; van Kleunen & Fischer, 2005), 
for those seedlings growing in the alpine area, which are weakened 
by and sensitive to environmental changes, less plasticity may be a 
conservative strategy to avoid energy costs and extra risks. In fact, 
a recent study reported no evidence of adaptive plasticity for seed-
lings in a grassland (Harrison & Laforgia, 2019). Furthermore, in con-
sideration of the harsh environmental conditions in the alpine area, 
particularly the risk of freezing damage (e.g., Rixen, Dawes, Wipf, & 
Hagedorn, 2012; Wheeler et al., 2014), the conservative resource-
use strategy with low plasticity might be more favored in alpine spe-
cies under constant selection pressure (Valladares, Wright, et al., 
2000b).

We observed that the PI of photosynthetic characteristics was 
higher than that of the morphological and growth traits in our study, 
indicating that the leaf physiological traits such as photosynthetic 
rate and transpiration rate were more flexible in response to envi-
ronmental changes due to their relatively low cost (Li et al., 2016), 
as well as because they are not fixed after development. More vari-
ation was also observed in the productivity of individuals than in 
the plasticity for functional traits, and this finding was consistent 
with previous studies on plasticity of some subalpine grassland spe-
cies (Grassein et al., 2010), where larger plasticity was observed at 
the individual level than at the leaf level and suggests this plasticity 
might depend on the resource-use strategy (Grime & Mackey, 2002; 
Valladares, Balaguer, Martinez-Ferri, Perez-Corona, & Manrique, 
2002). Meanwhile, when single species are examined, the dominant 
species EN, which achieved relatively higher biomass under both 
treatments, showed higher plasticity for R:S and H in response to 
the water availability. This showed that for some species plasticity 
may adaptive and can increase its fitness (Nicotra et al., 2010), im-
plying that the plasticity of some key traits for some species might 

F I G U R E  3   Relationships between biomass and the trait mean of height (a), LA (b), and R:S (c) under well-watered treatment and 
moderate-drought treatment. Data were log10 transformed. The shaded area represents the 95% confidence interval of the prediction. 
Height (well-watered: y = −1.869 + 1.115x, R2 = .84, p < .001; moderate drought: y = −1.671 + 0.953x, R2 = .38, p < .05). LA (well-watered: 
y = −0.685 + 0.590x, R2 = .45, p < .05; moderate drought: y = −0.674 + 0.602x, R2 = .34, p < .05). R:S (well-watered: y = 1.058 + 4.890x, 
R2 = .69, p < .001; moderate drought: y = −0.668 + 3.865x, R2 = .33, p < .05)
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be important in response to water availability and may need more 
attention in future studies.

4.3 | Attribution of trait means to productivity

Many studies have reported that the functional traits of a plant spe-
cies can influence the species survival, growth, and reproduction 
and are good predictors of the plant performance, from individuals 
to the ecosystem (Ackerly, 2003; Chapin, 2003; Diaz et al., 2004; 
Lavorel & Garnier, 2002; Poorter et al., 2008; Valladares, Martinez-
Ferri, Balaguer, Perez-Corona, & Manrique, 2000a; Wright et al., 
2004). Our results confirm this and show that the biomass of the 
surveyed species was significantly correlated with means of some 
key trait (e.g., R:S, Height, and LA), rather than with the plasticity 
(Figure 3), suggesting that trait means were better than plasticity 
for predicting the performance of Poaceae species in response to 
different water availability in the eastern Tibetan Plateau. Across 
the treatment, the means of R:S, H and LA were significantly posi-
tively correlated to the biomass, indicating that taller species with 
larger leaves and root biomass could obtain more resources and thus 
greater biomass. This pattern suggests that competition both be-
lowground and aboveground was important for species to achieve 
better performance in our study area (Li, Wen, Hu, & Du, 2011). The 
increased root biomass under water stress would facilitate the up-
take of the water and nutrients, whereas a tall plant with large leaves 
would more easily intercept light, therefore showing better growth 
and being more competitive.

The seedling of alpine species is a crucial stage for species to 
recruit new individuals. Because this stage is vulnerable and sen-
sitive to disturbances, in harsh early spring environments, as they 
emerge and grow, alpine seedlings can reasonably be expected to 
maintain a conservative strategy to avoid the extra cost of plas-
ticity (van Kleunen & Fischer, 2005). Moreover, the linkage between 
biomass and trait means might also indicate the local adaptation of 
these species.

5  | CONCLUSION

In this paper, we elucidated the responses of Poaceae species to 
changes in water availability on the eastern Tibetan Plateau and 
evaluated the adaptive value of the functional traits and its plasticity. 
Overall, significant effects were observed of moderate water stress 
on the growth of the Poaceae species, but the responses of these 
species to changes in water condition differed strongly between 
species, indicating that the response of the alpine grassland to water 
shortage will depend greatly upon the species composition. Perhaps 
due to the harsh environment, the plasticity of these species was rel-
atively low, and no significant relationship existed between the plas-
ticity and the productivity, whereas the relationships between the 
productivity and the trait means were significant, suggesting that 
the trait means were better predictors for the performance of these 

species than plasticity. Our study will facilitate the understanding of 
alpine plant species in response to changed soil water conditions in a 
time of significant climate change, which might change the precipita-
tion regime worldwide. Additionally, studies are needed to examine 
the responses of plants to changes in different environmental fac-
tors (such as temperature, nutrition and their interactions) at a dif-
ferent level (from individual to ecosystem) in this area.
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