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Abstract
Background and aims Determining which strategies
confer a competitive advantage in variable environ-
ments with strong short-term resource fluctuations
(i.e., seasonal drought and flooding) is critical for un-
derstanding ecosystem structure and function, and
predicting how ecosystemswill respond to global change.
Here, we ask how functional traits of plant species vary in
response to drought and flooding and whether trait plas-
ticity is a better predictor of plants’ cover than average
functional trait values.

Methods We transplanted vegetative recruits (similar
size and age) of eight common species from a
moderately grazed alpine wetland in the Eastern
Tibetan Plateau to a common garden where we
evaluated the trait responses of these species to
drought and flooding. We also measured the cov-
erage, biomass, and height of these plant species
in the field communities.
Results The leaf morphological and physiological traits
of these eight species generally showed different re-
sponses to drought and flood conditions. Variation
(plasticity) of leaf morphological or physiological
traits rather than average values of these traits
were better predictors of cover and biomass in
the field community. Species with lower plasticity
in leaf morphological traits had higher plasticity in
leaf physiology and the higher coverage and bio-
mass in the field community.
Conclusions Our results suggest that the ability to
quickly adjust leaf physiology to changing environmen-
tal conditions provides an advantage in this eco-
system, where intra-annual rainfall variability is
high and thus resource fluctuations are pulsed in
time. In contrast, greater functional trait plasticity
in leaf morphology was a disadvantage, possibly
because the benefits of these adjustments did not
outweigh their initial costs.
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Introduction

Plant functional traits, such as leaf morphology and leaf-
level gas exchange, influence species’ survival, growth,
reproduction (Sultan et al. 1998; Valladares et al. 2000;
Wright et al. 2004, 2005) and fitness (Ackerly 2003;
Poorter et al. 2008), as well as ecosystem functioning
(Lavorel and Garnier 2002; Chapin 2003; Dìaz et al.
2004). For example, studies that investigated a range of
tree species found that the functional traits varied among
tree species and could largely explain the variation of
growth and survival of these species (Poorter et al.
2008). Furthermore, leaf morphological and gas ex-
change traits are widely used to measure the response
of plants to different environmental conditions and can
be indicative of growth strategy, carbon economy, re-
source exploitation and conservation (Reich et al.
1998a; Reich et al. 1998b; Westoby et al. 2002;
Pywell et al. 2003; Wright et al. 2004; Poorter and
Bongers 2006; Violle et al. 2007; Pierce et al. 2013;
Lopez-Iglesias et al. 2014). Many of these studies, how-
ever, have focused on average trait values (Reich et al.
1998b; Pywell et al. 2003; Poorter and Bongers 2006;
Lopez-Iglesias et al. 2014), rather than Btrait plasticity ,̂
even though plasticity is argued to be an important
component of plant strategies (Grime and Mackey
2002). In this study, we determined the relative influ-
ence of both average trait values and their plasticity in
predicting plant cover and biomass.

Many individuals and communities face variable en-
vironmental conditions with disturbances and resource
fluctuations (Jonas et al. 2008). Therefore, the survival
and competitive ability of plants (e.g. achieving a larger
population size, cover, or biomass) is often influenced
by their capacity to cope with fluctuating environmental
conditions (Martina and von Ende 2012). Plasticity in
morphology and physiology is a common strategy for
maintaining growth despite environmental variation,
such as temporal variability in resource availability or
stress throughout a plants life cycle (Sultan 2003;
Richards et al. 2006; Valladares et al. 2007; Nicotra
et al. 2010). Responding to changing environments by
altering morphology and physiology may improve the
plant performance and even contribute to plant invasion
of new environments (e.g., Grime and Mackey 2002;
Nicotra et al. 2010; Warren and Lake 2012), al-
though other studies have found that trait plasticity
is not necessarily related to plant performance (e.g.,
Davidson et al. 2011).

The variation of plant functional traits in response to
different environmental conditions has long been con-
sidered to be an important part of plant ecology (Funk
et al. 2007). Despite this, quantitative evaluation of the
relationship between variation of functional traits and
the community level cover or biomass of certain species
is still rare. Some studies have compared the variation of
traits between different species (Reich et al. 1991),
between different treatments (Nicotra et al. 2007), even
between species from different habitats (Kudo and
Hirao 2006), but a better understanding of the linkages
between leaf-level traits and patterns at the plant, com-
munity, and ecosystem scales is still needed (Lavorel
and Garnier 2002; Suding et al. 2008). A common
method to link species’ traits with community perfor-
mance is to use the measured characteristics of plants
under different controlled conditions to relate their
abundance in naturally occurring plant communities
(Grime and Hunt 1975).

This study was conducted on the Tibetan Plateau, a
region that functions as the Bwater tower of Asia^ and
greatly affects the hydrological cycling and climate
dynamics of southern and eastern Asia (Hao 2008).
The wetlands of the Tibetan Plateau play an important
role in maintaining biodiversity, ecosystem productivity,
and water storage/quality (Nie and Li 2011). These
wetlands are now threatened by climate change,
overgrazing, agricultural expansion, and other local im-
pacts from a growing population (Du et al. 2004; Kang
et al. 2010; Chen et al. 2013). For example, many
wetlands have ¾come drier with seasonal drought be-
tween rain events, although they are still occasionally
flooded by the heavy rainfall events (Xiang et al. 2009;
Ma et al. 2011). Like many other grasslands, threats to
this ecosystem may become amplified under forecasted
climate changes, with greater risks of both drought and
floods (e.g. Knapp et al. 2002, 2008). Droughts and
floods could filter species by the average traits and/or
trait plasticity. To our knowledge, no studies have ex-
amined the plant community responses to varying water
availability in these wetlands in eastern Tibetan Plateau,
despite their social and ecological importance.

Using a range of species from moderately degraded
wetlands in eastern Tibetan Plateau, we quantified spe-
cies’ cover and biomass at the community level with
functional trait means and plasticity in response to treat-
ments of drought and flooding. This experimental
framework allowed us to: 1) determine the response of
species’ functional traits to drought and flooding
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conditions; 2) evaluate the extent to which the values of
functional traits and their plasticity explain the plants’
cover and biomass at the community level. Based on
results from these sections, we propose that plant phys-
iological plasticity improves plants cover and biomass
in this ecosystem with high intra-annual rainfall vari-
ability, whereas morphological plasticity may actually
be a disadvantage under these same conditions.

Materials and methods

Study site and species

The study site was located at the Alpine Meadow and
Wetland Ecosystems Research Station of Lanzhou
University in the eastern Tibetan Plateau (33°39′N,
101°53′E, elevation 3660 m asl.), China. The mean
annual temperature is 1.2 °C and the mean annual
precipitation (calculated using annual data from 1975
to 2010) was 620 mm, falling mostly during the short
and cool summer (from June to August) (Niu et al.
2014). Intra-annual rainfall variability at this site is
relatively large (Fig. 1). Using monthly precipitation
data from 2002 to 2015 (the best data available for this
site), the standard deviation of precipitation during the
growing season is 50 mm. Over the 14-years of data, it
was common for a year to have at least one month with
<30 mm of precipitation and 1–2 months where rainfall
was at least twice the rainfall in other months. The soil
texture is sandy loam and classified as alpine meadow
soil (Gong 1999). The plant community type is mainly
meadow and is affected by potential degradation by
intense grazing in recent decades (Yu et al. 2012).

A typical moderately degraded alpine wetland was
selected (20 m × 20 m), where the condition of flooding
and drought alternatively occurred during the growing
season. Eight common species from different genera
and five families were selected from this wetland
(Table 1). All species are perennial herbaceous plants
with only the belowground gemmae surviving through
the winter. We selected these species because each has a
relative coverage of >2 % in the community and could
be found in all quadrats during our field surveys.
Furthermore, the study species vary in their performance
(i.e, relative biomass, relative coverage and mean of
height). Together, these selected species account for a
large portion of total biomass (83.6 %) and coverage
(80.0 %) (see Table 1 for details).

Experiment design

In early May (from 1st to 6th) 2012, individuals of the
eight selected species of similar size and age (2–4 years
old, determined by age tags), with only one or two small
leaves had emerged, were transplanted from the wetland
to a common garden at the AlpineMeadow andWetland
Ecosystems Research Station. These individual plants
were then repotted to plastic pots (diameter of 20 cm at
top and 18 cm at the bottom, height of 14 cm). 40 plants
(one per pot) were transplanted for each species. The
pots were then filled with sieved and mixed soil from the
same site and placed under a plastic-covered shelter with
metal supports to prevent the pots from receiving natural
rainfall. The shelter allowed adequate solar radiation for
growth and good air circulation from the outer environ-
ment; measurements of air temperature, relative humil-
ity, and irradiance indicate ambient environmental con-
ditions for plant growth in the region (Appendix

Fig. 1 Climate data from our
study site in the eastern Tibetan
Plateau, with mean monthly
precipitation for growing season
months (April to October) (open
circles), dormant season
precipitation (closed circles) and
average monthly rainfall during
the growing season months (grey
squares)
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Table 3). A plastic sheet below prevented the plants
from accessing moisture from the ground.

Two weeks after transplanting, the plants were
assigned to two water treatments: drought and flooding.
The four least healthy plants per species were excluded
and the remaining 36 pots (18 pots per treatment, per
species) were randomly allocated to each treatment in
three blocks with a randomized block design. Pots were
placed on plastic sheets, which were laid on the ground
with the edges fixed just above ground level. The
flooding treatment was irrigated every third day with
adequate water to keep the water level at about 8–10 cm
height around the pots, keeping the soil always saturat-
ed. The drought treatment was irrigated with less water
(300 ml per pot) every third day, resulting in relatively
dry soil (Appendix Table 4). Measurements of plant
photosynthesis indicate that plants in the natural com-
munity experience moderate water stress periodically
throughout the growing season.

Gas exchange measurements

Leaf gas exchange for each species was measured for one
fully expanded healthy leaf in each of ten plants (randomly
selected) for each species under each treatment. The mea-
surements were conducted between 10:00 am and
12:30 pm during sunny clear days from July 18th to 21st
(at the peak of growing season and about eight weeks after
water treatments began) using a GSF-3000 portable pho-
tosynthesis system (GFS-3000, Heinz Walz, Germany).
The measurements were taken at a constant leaf tempera-
ture of 23 °C and PAR (Photosynthetic active radiation) of
1800 μmol m−2 s−1, which is equal to the average light
intensity of sunny days during the measurement. The CO2

concentration (about 340 ppm) was the same as the ambi-
ent concentration, and relative humiditywas between 50%
and 65% (seeAppendix Table 3). Themeasured datawere
logged when the values of net photosynthesis rate became
stable, which typically took about three minutes after the
leaf was put into the leaf chamber.

Leaf morphology

After gas exchange measurements, another fully ex-
panded leaf was randomly selected from ten plants per
species per treatment at noon on sunny days and stored
in sealed plastic bags with moist paper towel inside for
less than three hours before measurements. We watered
plants every three days in both the drought and floodingT
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treatments, and selected leaves for leaf morphology
measurements 1.5 days after watering to avoid tempo-
rary effects of recent watering. The fresh leaf was
weighed, scanned (300dpi, EPSON 1670, Seiko Epson
Corporation, Japan), then dried at 80 °C for 48 h and
reweighed. The area of each leaf was calculated using
Image J (Abràmoff et al. 2004). For each leaf, we
calculated the specific leaf area (SLA = area/dry weight,
m2 g−1), leaf thickness (measured using a digital caliper
to the nearest, mm), leaf area (cm2), and relative leaf
water content (RLWC= (fresh weight-dry weight) /fresh
weight, %).

Vegetation survey in field communities

In late August, we established thirty-two randomly lo-
cated quadrates (0.5 m × 0.5 m) in an area of
400 m × 400 m near the site where the propagules for
the potted plants originated. Quadrates placement
followed a systematic sampling design along two tran-
sects (25 m apart from each transects and at least 10 m
apart from each quadrate). The height and coverage of
the eight studied species in each quadrat was recorded.
All aboveground green biomass was clipped down to
the ground, sorted by species, and then oven dried at
80 °C for 48 h and weighed. The relative biomass and
coverage were calculated based on the mean values per
species across the quadrates (i. e. the mean biomass of a
species divided by the average total biomass per plot).
Variation in biomass and coverage between the different
quadrats are presented in Appendix Table 5.

Data analysis

The effects of treatments and species and their interac-
tion on the traits were analyzed by two-way ANOVA
with block as random factor. The difference between the
treatments for given species was compared using
ANOVA (at P = 0.05). The coefficient of variation
(CV, standard deviation/mean) of each trait across the
treatments was calculated for each species as a proxy of
the phenotypic plasticity (Nicotra et al. 2007). CV was
calculated using all replicates from both treatments.
Correlations between the relative biomass or coverage
of the eight species and the mean values of trait in each
treatment and across treatments as well as the CV of
these trait in response to water availability was calculat-
ed using regression analysis. Mean and CVof each trait
were ln-transformed prior to the correlation analysis.

Because relative coverage and relative biomass are
strongly related (r2 = 0.91, P < 0.0001), the results for
the case of relative coverage are reported in the main
text while the results for the case of relative biomass are
reported in the appendix (see Appendix Figs. 5 and 6).
All statistics were performed in SPSS 16.0 (SPSS,
Chicago, Illinois, USA).

Results

The interaction of water treatments and species was
significant for all functional traits except leaf thickness
(Table 2), suggesting that functional trait responses var-
ied between species (Fig. 2). For example, the SLA of
Kobresia capilifolia was significantly higher, while that
of Caltha palustris, Trollius farreri was significantly
lower, in drought than the flooding treatment
(P < 0.05, Fig. 2a); but the relative leaf water content
(RLWC) of these three species was significantly de-
creased from flooding to drought treatment (Fig. 2b).
There was a significant decrease in leaf area for
C. palustris from flooding to drought treatment
(P < 0.05), while slight increases occurred in
Potentilla anserina, T. farreri and S. filiformis
(Fig. 2c). The leaf thickness of C. palustris, and
T. farreri was higher in the drought treatment, but lower
for Sanguisorba filiformis and Carex kansuensis
(Fig. 2d). The net photosynthesis rate under saturating
light (Amax), stomatal conductance (gs), and transpira-
tion rate (E) were lower for most species in the drought
treatment, with significant decreases of gs for
P. anserina, C. kansuensis, Nardostachys chinensis
(Fig. 2e, f, g). This pattern varied for other species, i.e.
Elymus nutans and T. farreri had relative higher Amax,
and T. farreri had higher gs and E under drought condi-
tion (Fig. 2e, f, g).

No significant correlation was present between aver-
age values of the leaf traits and the community level
cover and biomass for all the eight perennial herbaceous
species under either flooding or drought condition and
across the two treatments (Fig. 3; Appendix Fig. 5).
Instead, the coefficient of variation (CV) of each trait
(an indicator of plasticity of functional traits) across the
treatment was a better predictor of species cover/bio-
mass. Interestingly, some of the relationships between
leaf morphological plasticity and relative cover/biomass
were negative and none were significantly positive
(Fig. 4; Appendix Fig. 6). For example, the plasticity
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of SLAwas negatively related with both relative cover-
age (r2 = 0.54, P = 0.021, Fig. 4a) and biomass
(r2 = 0.56, P = 0.019, Appendix Fig. 6a). Plasticity
(CV) of the leaf thickness was also negatively correlated
with relative coverage (r2 = 0.63, P = 0.012, Fig. 4b) and
biomass (r2 = 0.62, P = 0.012, Appendix Fig. 6b). In
contrast to leaf morphological plasticity, plasticity
(CV) of gs had a positive relationship with relative
coverage (r2 = 0.50, P = 0.029, Fig. 4c) and biomass
(r2 = 0.55, P = 0.021, Appendix Fig. 6c); plasticity
(CV) of transpiration (E) also had a positive relation-
ship with relative coverage (r2 = 0.47, P = 0.039,
Fig.4d) and biomass (r2 = 0.44, P = 0.046, Appendix
Fig. 6d).

Discussion

Resource availability and disturbance impacts plant per-
formance across varying scales in space and time, and it
is clear that multiple strategies can confer an advantage
for a given combination of average resource availability
and resource variability (Lavorel and Garnier 2002).
Some studies have shown an important role of average
leaf trait values in predicting plant performance in re-
sponse to changing environments at the community
level (Poorter et al. 2008; Cornwell and Ackerly
2010), while other have stressed the adaptive response
of altering leaf morphology and physiology (Nicotra
et al. 2010; Warren and Lake 2012). Our study provides
experimental evidence that when an herbaceous plant
community faced resource fluctuations in the form of

high intra-annual rainfall variability, a strategy that in-
cludes reduced plasticity in leaf morphology and greater
plasticity of leaf physiology was correlated with greater
species-level dominance.

We found that overall the three graminoid species in
the study (one Poacea and the two Cyperaceae) had the
higher SLA and lower gs values, while the forbs (e.g.
T. farreri, P. anserina and N. chinensis) had the lower
SLA and higher gs (Fig. 2). SLA is an important trait
affecting light interception, photosynthesis and plant
growth (Niinemets 2001; Poorter et al. 2009); With the
shade effects of grasses on forbs, forbs have lower SLA
and have higher gs to regulate plant water relations
(Farquhar and Sharkey 1982). The difference in SLA
and gs reflect the varied strategies of plant species in
coping with competition and/or environmental changes
(Farquhar and Sharkey 1982; Poorter et al. 2009).

Given the low temperatures, frequent droughts, and
often anoxic conditions in alpinemeadows, we expected
that species with certain traits would be favored by
filtering processes, depending on the relative effects of
drought versus flooding (Weiher and Keddy 2001;
Cornwell et al. 2006). With equalizing mechanisms,
the habitat usually selects a set of species that are some-
what functionally equivalent in some regard (Chesson
2000). Similarly, functional traits are thought to be key
filters in community assembly models (Woodward and
Diament 1991; Keddy 1992; Woodward and Cramer
1996). In this study, watering treatment effects were
only significant for four out of seven traits, whereas
species by treatment interactions were significant for
six out of seven traits. These species-specific responses

Table 2 Summary of a two way ANOVA testing for the effects of water treatments, species, and the interaction of water treatments and
species on plant morphology and physiology traits

Group Variable water species water × species

F P F P F P r2

Morphology SLA 1.1 0.292 52.8 <0.001 2.1 0.033 0.82

RLWC 4.2 0.044 88.8 <0.001 3.4 0.001 0.89

leaf area 3.12 0.078 36.4 <0.001 4.2 <0.001 0.78

Leaf thickness 9 0.003 39.7 <0.001 1.3 0.263 0.78

Physiology Amax 0.4 0.527 10 <0.001 8.7 <0.001 0.74

gs 21.9 <0.001 2.86 0.009 2.6 0.018 0.41

E 19.3 <0.001 1.658 0.127 2.410 0.020 0.61

Note: in the two way ANOVAwater treatment and species are treated as fixed effects. F-values, significance (P-value), and coefficient of
determination (r2 ) are shown. The dependent variables were ln-transformed prior to analysis. SLA, specific leaf area; LWC, leaf water
content; Amax, net photosynthesis rate; gs, stomatal conductance; E, transpiration rate
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of functional traits to different water treatments in our
study were largely in contrast to the equalizing mecha-
nism, indicating large differentiation between species.

Although some species responded in the same direction,
the response generally has a different magnitude of trait
variation, especially for gs and E (Fig. 2). For example,

Fig. 2 Values (mean ± 1SE) of traits for eight common species
under flood and drought treatments: (a) SLA (K capilifolia:
F = 13.49, P = 0.022, C palustris: F = 15.63, P = 0.002, T farreri:
F = 5.76, P = 0.035); (b) LWC (K capilifolia: F = 7.49, P = 0.021,
C palustris: F = 12.08, P = 0.008, T farreri: F = 5.76, P = 0.035);
(c) leaf area (C palustris: F = 14.27, P = 0.005); (d) leaf thickness
(C palustris: F = 9.37, P = 0.028; T farreri: F = 7.25, P = 0.029; S

filiformis: F = 7.34, P = 0.031 and C kansuensis: F = 2.34,
P = 0.042); (e) Amax and (f) gs (P anserine: F = 8.35, P = 0.044;
C kansuensis: F = 22.02, P = 0.018; N chinensis: F = 28.52,
P = 0.006;); and (g) E (P anserine: F = 6.35, P = 0.044; C
kansuensis: F = 18.02, P = 0.021; N chinensis: F = 2752,
P = 0.026;). See Table 1 for the abbreviations of traits
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the response of SLA to water treatments varied among
species, suggesting a lack of equalizing mechanisms
(Fig. 21a, Table 2). These results differ from most past
studies, where increases in nitrogen and water availabil-
ity generally led to an increased SLA, while increases in
light availability strongly decreased SLA (Cunningham
et al. 1999; Knops and Reinhart 2000; Merilo et al.
2006; Poorter et al. 2009). We also found different
responses in physiological traits among the species in
our study to changing water conditions, which further-
more demonstrated the large inter-species differences.
Considering that the response of plant species to envi-
ronmental conditions is an important determinant of the
capacity to persist in a given habitat (Baraloto et al.
2005; Baraloto et al. 2006; Sterck et al. 2006; Poorter
and Markesteijn 2008), the varying responses of these
species to soil water conditions indicate a range of

strategies to cope with fluctuating water environments
(Grime 2006). These changes in plant functional traits,
in turn, could potentially alter ecosystem functioning
and services (Suding et al. 2008).

Our study also provides insights on whether average
values of the leaf traits explains plant cover and biomass
in our field communities, which are subjected to fluctu-
ating water availability and other environmental vari-
ability. We found no evidence for relationships between
average values of the leaf functional traits or leaf gas
exchange and the community level cover and biomass
for the eight study species. Again, this result is in
contrast to previous research, which typically reports
that being at one extreme of a functional axis leads to
dominance (a linear relationship between trait values
and species dominance) or that species with Baverage^
traits are dominant (a significant quadratic relationship

Fig. 3 Correlation between the trait mean and relative coverage
under drought (red circles) and flooding (black circles) conditions.
There were no significant correlations between the traits mean and
relative coverage (The P-value of regression was >0.05). Nc: N

chinensis; Pa: P anserine; Ck: C kansuensis; Sf: S filiformis; En: E
nutans; Kc:K capilifolia; Cp: C palustris; Tf: T farreri. See Table 1
for the abbreviations of traits
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between trait values and dominance) (Cornwell and
Ackerly 2010).

Instead, plasticity of plant traits, not their average, may
serve as better predictors of species cover and biomass
within communities (Grime and Mackey 2002; Nicotra
et al. 2010; Warren and Lake 2012). Species with higher
CV (the plasticity of traits) for the leaf gas exchange traits
of gs and E had higher relative biomass and coverage in
this degraded alpine wetland (Fig. 3, Appendix Fig. 6).
This strategy can allow species to cope with rapid and/or
short-term variability in water availability, with potential
implications for species’ strategies to withstand future
environmental changes (Cochrane et al. 2015). In the
specific case of alpine wetlands, having plastic gs (as we
observed) might be especially critical, because it allows
individual plants to transpire excessive soil moisture, there-
by avoiding anoxia (Bailey-Serres and Voesenek 2008).
However, this system also faces drought conditions for a
substantial portion ofmost growing seasons. In response to
drought, many plants employ a quick reduction in gs to
reduce water loss through transpiration and avoid severe

water stress and/or death (Hetherington and Woodward
2003). The null relationship between the CVof Amax and
cover, juxtaposed with the positive correlation between the
CVof gs and cover supports the idea that stomatal regula-
tion has key impacts on plant water balance beyond the
limitation of photosynthesis (Farquhar and Sharkey 1982;
Chaves et al. 2002). This could partly explain the lack of
synchronization between changes in net photosynthetic
rate and gs between water treatments in our study (Fig. 2
e, f). Overall, our results support recent conjectures that
plasticity of certain traits plays an important role in
explaining plant performance in communities under cli-
mate changes (Nicotra et al. 2010; Lin et al. 2015).We also
note that the species having higher plasticity in gas ex-
change and lower plasticity in leaf morphological traits
share many similar characteristics (i.e., elongated leaves,
plant stature in middle of the vertical structure of
community).

Interestingly, higher plasticity in morphology, especial-
ly in SLA and leaf thickness, was correlated with lower
abundance in the communities. This result varied from our

Fig. 4 Bivariate plots of relative coverage against (a) variation in
SLA (r2 = 0.54, P = 0.021), (b) variation in leaf thickness
(r2 = 0.63, P = 0.012), (c) variation in gs (r

2 = 0.50, P = 0.029),

and (d) variation in E (r2 = 0.47, P = 0.039). The CVof traits was
log transformed (ln). See Table 1 for the abbreviations of traits
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original hypotheses and from other studies where more
plastic species were able to compete over a wider range of
conditions than less plastic species (Richards et al. 2006).
For instance, SLA is considered a key plant trait and often
serves as a predictor of many aspects of plant life-history
(Givnish 1987; Reich et al. 1997; Cunningham et al.
1999; Poorter and De Jong 1999; McDonald et al. 2003)
and therefore, we would expect that being able to tailor
SLA to current conditions would confer a competitive
advantage. For example, moderate variability in SLA
has shown to be beneficial for plant functioning under
water stress (e.g., Poorter et al. 2009). Leaf thickness is
closely related with SLA, thus leading to similar relation-
ships between water availability and leaf thickness and
tissue density (Niinemets 2001, Wilson et al. 1999).
However, some studies have also indicated that plastic
morphology and physiology are not necessarily related to
plant performance (e.g., Davidson et al. 2011). Consistent
with our results, Valladares et al. (2000) found that for
Mediterranean oaks, maintaining a more constant mor-
phology sometimes improved plant dominance.

Based on our results and other work, we propose that
the benefits species gain from plasticity inmorphology and
physiology may depend largely on the frequency and
intensity of resource fluctuations over time. Altering mor-
phology by changing existing tissues or building new ones
has initial energy andmaterial costs, but can allow plants to
potentially achieve greater long-term photosynthetic rates
than those that adjust solely through changes in physiology
(Schwinning and Sala 2004). Therefore, altering, growing,
or shedding tissues in response to environmental variation
might become an advantage when a change in resource
availability is maintained for months, at which point the
benefits of morphological plasticity supersede their initial
costs (e.g. Schwinning and Sala 2004). For instance, plants
with higher SLA have been shown to have higher survival
during floods (Mommer et al. 2006; Jung et al. 2010), but
higher SLA is a disadvantage during drought (Wright et al.
2004). Therefore, if flood and drought conditions are
separated in time it might be beneficial to have greater
morphological plasticity. However, in environments with
frequent or intense intra-annual resource fluctuations,
changes in morphology can be a net cost, potentially
reducing whole-plant growth and competitive ability
(Fig. 4a b, DeWitt et al. 1998; Kishida and Nishimura
2006). Moreover, tissues adjusted to decreases in resource
availability or increase in anoxia stress should perform
poorly when resource availability returns to long-term
mean conditions (e.g. Westoby et al. 2002). Compared to

altering morphology, altering physiological plasticity oc-
curs quickly and has a lower energetic cost (Schwinning
and Sala 2004). Therefore, physiological plasticity may be
a beneficial strategy in ecosystems with high intra-annual
resource variability (days to weeks), allowing the plant to
adjust its gas exchange to frequent changes in resource
variability, and in the case of alpine grasslands, anoxia
stress (Fig. 4c d; Cowan and Farquhar 1977, Mommer
et al. 2006; Nippert et al. 2007). Looking at long-term
climate data at our site, the intra-annual variability is
relatively large (Fig. 1). In most of the years for which
we had climate data, precipitation often varied 3-fold
within a single growing season, with several months of
≤50 mm of precipitation at the beginning and end of the
growing season, but one or two months in the middle of
the growing season with ≥150 mm of precipitation.
Overall, these climate conditions and our study results
are consistent with the case where an ecosystem has high
intra-annual variability (Fig 1), with filtering in favor of
physiological plasticity and against morphological plastic-
ity (Fig. 4).

Conclusion

Our study investigated morphological and physiological
responses of common alpine plants to drought and
flooding conditions. The results show largely divergent
species responses to the flooding and drought, and could
have implications for species co-existence in other grazed
meadows and wetlands, especially those associated with
historically high grazing rates. We also find a contrasting
association of morphological and physiological plasticity
with plant cover and biomass. In this environment with
high intra-annual rainfall variability, herbaceous plants
with reduced plasticity in leaf morphology and greater
plasticity of leaf physiology achieved greater specific-
level dominance. Our study helps clarify the role of mor-
phological and physiological plasticity of plant traits for
predicting plant cover and biomass in an alpine community
and suggests that the ability of plants to track rapid changes
through physiological adjustments may be a key regulator
of species responses to future environmental change.
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Appendix 1

Appendix 2

Appendix 3

Table 3 Mean (± SD) of photosynthetic active radiation (PAR),
temperature (T), relative humidity (RH), concentration of carbon
dioxide (CO2) of the inside and outside of shelter measured during
the sunny midday from 10 to 20 of July

Environmental factors Inside Outside

PAR (μmol m−2 s−1) 1798.64 ± 22.50 1848.96 ± 20.84

T (°C) 23.5 ± 1.0 22.8 ± 0.6

RH (%) 62.49 ± 4.61 62.38 ± 3.75

CO2 (ppm) 343.90 ± 10.51 342.85 ± 9.34

Table 4 Mean Mean (± SD) of the soil moisture (m3 m−3) for
different treatments

Flooding Drought

72.4 ± 3.51 47.5 ± 2.34

Table 5 Variation for biomass, coverage and height of studied
species among the different quadrates in the field survey

Species CVof
coverage

CVof
biomass

CVof
height

Nardostachys chinensis 0.33 0.28 0.27

Potentilla anserina 0.25 0.22 0.08

Carex kansuensis 0.33 0.39 0.12

Sanguisorba filiformis 0.30 0.32 0.26

Elymus nutans 0.33 0.40 0.34

Kobresia capilifolia 0.28 0.36 0.24

Caltha palustris 0.27 0.28 0.26

Trollius farreri 0.36 0.39 0.49

Plant Soil



Fig. 5 Correlation between the trait mean and relative biomass
under drought (red circles) and flooding (black circles) conditions.
There were no significant correlations between the traits mean and

relative coverage (TheP-value of regressionwas >0.05). See Table
1 for the abbreviations of traits
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