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Abstract
Plant functional traits underlie vegetation responses to environmental changes such as

global warming, and consequently influence ecosystem processes. While most of the exist-

ing studies focus on the effect of warming only on species diversity and productivity, we fur-

ther investigated (i) how the structure of community plant functional traits in temperate

grasslands respond to experimental warming, and (ii) whether species and functional diver-

sity contribute to a greater stability of grasslands, in terms of vegetation composition and

productivity. Intact vegetation turves were extracted from temperate subalpine grassland

(highland) in the Eastern Pyrenees and transplanted into a warm continental, experimental

site in Lleida, in Western Catalonia (lowland). The impacts of simulated warming on plant

production and diversity, functional trait structure, and vegetation compositional stability

were assessed. We observed an increase in biomass and a reduction in species and func-

tional diversity under short-term warming. The functional structure of the grassland commu-

nities changed significantly, in terms of functional diversity and community-weighted means

(CWM) for several traits. Acquisitive and fast-growing species with higher SLA, early flower-

ing, erect growth habit, and rhizomatous strategy became dominant in the lowland. Produc-

tivity was significantly positively related to species, and to a lower extent, functional

diversity, but productivity and stability after warming were more dependent on trait composi-

tion (CWM) than on diversity. The turves with more acquisitive species before warming

changed less in composition after warming. Results suggest that (i) the short-term warming

can lead to the dominance of acquisitive fast growing species over conservative species,

thus reducing species richness, and (ii) the functional traits structure in grassland communi-

ties had a greater influence on the productivity and stability of the community under short-

term warming, compared to diversity effects. In summary, short-term climate warming can

greatly alter vegetation functional structure and its relation to productivity.
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Introduction
High mountain ecosystems are considered to be particularly vulnerable to global warming
[1,2]. Under climate change conditions, floristic biodiversity in European semi-natural, spe-
cies-rich and subalpine grasslands is expected to be highly affected [3–5]. A number of studies
have observed that warming enhances productivity [6–10], alters species composition and
reduces species diversity [10,11], at least in a short term. The increase in biomass productivity
has been attributed to the enhanced plant growth as a transient result of increased soil organic
matter mineralization [12,13] and nutrient availability with warming [6,8]. These resource
enriched environmental conditions are considered favorable to species characterized by fast
growth and high returns on resources investment [14,15]. This means that conservative spe-
cies, with slower nutrient acquisition and slower growth (as opposed to acquisitive species,
Diaz et al. [16]) could be out-competed as a result of nutrient depletion by fast-growing species
[17] or could disappear as a result of low adaptation ability to the new conditions. Increased
productivity can, therefore, either increase or reduce diversity depending on the relationship
between productivity and diversity [18,19].

The impact of warming should also depend on the resistance and resilience, altogether
defining stability, of plant communities. In many studies, the stability of the community has
been related to diversity—with an a priori known as the “diversity begets stability” hypothesis.
The theory suggests a positive stability-diversity relationship because the system could be more
stable when more species are available, thus providing a sort of insurance towards different
environmental changes [20–23]. However, other studies question this hypothesis [24–26]
because ecosystem stability could simply depend on the type of dominant species in the system.
These studies advocate that the positive correlation between stability and diversity can be
explained by the fact that higher diversity simply increases the probability of including species
with traits better adapted to the new environmental conditions [27–29]. They also argue that
looking only at species composition and diversity does not give a mechanistic view on the eco-
system and does not allow generalizations beyond specific sites.

While several studies have assessed the effect of global warming on species diversity [3–
5,30,31], the response of the community plant functional traits to increasing temperatures and
their role in the vegetation stability have been generally overlooked. The importance of plant
functional traits (any characteristics of organisms which impact its fitness) lies in the fact that
they consistently reveal community responses to environmental changes across regions and
control ecosystem processes (vegetative growth, photosynthesis, decomposition, etc. [32]). Spe-
cies with distinct functional traits are expected to respond differently to environmental condi-
tions, and hence influence ecosystem processes accordingly [33]. In warming experiments, it
remains unclear how diversity and plant functional traits influence the community resistance
and to which extent they contribute to its resilience under warming. It is also unclear how eco-
system processes such as productivity and stability will be affected by changes in vegetation
structure and what type of species will become more dominant. Therefore, we expect that the
study of functional traits can improve our understanding of the mechanisms related to the sta-
bility of the ecosystem, under warming.

In this study, we investigated the effect of warming on productivity, plant traits composition
and functional diversity during one growing season through transplanting grassland turves
from the highland (humid and cold) to the lowland (dry and warm) areas. We focus on semi-
natural subalpine grasslands in the Eastern Pyrenees, which are considered to be vulnerable to
climate change due to their position at the south-western edge of the semi-natural grassland
biome in Europe [8]. Additionally, climate change scenarios in the region predict an increase
in mean annual temperature of 0.5°C and a decrease in mean annual precipitation of 10% [34].
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Particularly in the Spanish Pyrenees, effects of warming are believed to be particularly pro-
nounced [35,36]. Many studies suggest that biodiversity enhances ecosystem function [37,38]
and is indispensable for the stability of plant communities in terms of productivity and vegeta-
tion composition [20–22]. However stability does not only depend on species richness but also
on the functional traits of the species and on the growth-related traits [25,26]. Therefore, we
hypothesize that community traits associated to resource acquisition and competitiveness (spe-
cific leaf area, leaf dry matter content, start of first flowering, plant height, growth habit, rhi-
zome-formation, etc.), together with species richness, will contribute to the stability of the
community in the face of warming, in terms of vegetation composition. We also hypothesize
that the increased productivity in the lowland is not exclusively the result of the initial species
richness, but also of the functional trait changes under warming conditions. In our study, we
analyze (1) the resistance of the grassland community to warming, (2) the effect of diversity
and functional traits on biomass production, (3) and the effect of species and functional diver-
sity and functional traits composition on community stability in terms of vegetation
composition.

Materials and Methods

Transplanting
A short-term (one growing season) climate change experiment was carried out through trans-
planting grassland turves from highland (moist and cold) to lowland (dry and warm) areas.
The highland study system consisted of two cold temperate semi-natural subalpine grassland
sites (p1 and p2) at around 2000 m a.s.l. with a distance of approximately 1 km from one
another at the Pla de Rus in Cadí-Moixerò Natural Park (1�993°E, 42�276°N). These subalpine
grasslands are characterized by cold temperate climate (mean annual temperature is 5.3°C and
mean annual precipitation is 1183.4 mm; Atlas Climàtic Digital de Catalunya http://www.
opengis.uab.cat/acdc/, accessed in July 2013). The vegetation was dominated, in both sites, by
subalpine perennial mesic grasslands on limestone dominated by Festuca nigrescens Lam., in
addition to Carex caryophyllea Latourr., Anthoxanthum odoratum L., Potentilla neumanniana
Reichenb., Galium verum L., Thymus pulegioides L., and Koeleria macrantha (Ledeb.) Schultes
(see Sebastiá et al. [7] for more details on original vegetation and environment).

The experiment addressed mostly a temperature and water change scenario (see below) dur-
ing the vegetative period of the plants, representing an extreme warming event. At each of the
two highland sites, 60 turves were extracted and each turf was put in plastic trays of 40 cm x 40
cm x 20 cm (depth). Half of the turves from each site were selected randomly and placed back
in the grassland (‘highland’ treatment). The other half was placed in experimental fields of the
School of Agrifood and Forestry Science and Engineering of the University of Lleida (‘low-
land’). The lowland site has a continental Mediterranean climate (mean annual temperature is
14.5°C and mean annual precipitation is 442 mm). Since the lowland site (Lleida) is exposed to
very dry and warm conditions during summer, water was added weekly to approximate half of
the natural rain frequency at the subalpine site and to prevent the mortality of the plants due to
the high discrepancy in precipitation between the highland and the lowland. The short-term
duration of the experiment implies that new colonizers did not have time to colonize the turves,
and thus observed responses correspond only to internal responses of the original system. It
should be noted that higher temperature and reduced water availability were the main stressors
in the lowland compared to the highland. However, other factors could also differ between the
highland and the lowland. Since we did not observe any obvious difference in pests and para-
sites between highland and lowland, we can safely attribute the observed changes to increased
temperature (see published work on this data for a more detailed discussion; [8,11]). As
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revealed by this work, changes in mineralization could explain some of the patterns observed,
but again these changes were triggered by the increase in temperature. The turves were ran-
domly distributed within the lowland, but kept separated between two sites as in the highland.
A 20 cm x 20 cm quadrat was fixed in the centre of the 60 turves. This quadrat was divided into
a grid of 100 subquadrats of 2 cm x 2 cm each. All the species present in each quadrat were
recorded every two weeks. Frequency records and species counts were taken seven times
throughout the growing season in the highland and eight times in the lowland (for more
detailed information about the experiment and vegetation composition changes see Sebastià
2007; Sebastià et al. 2008). We did only seven measurements at the highland site because the
seventh measurement had already covered the end of the growing season in the subalpine
grassland.

At the end of the experiment, 17 weeks after the start, above-ground biomass was estimated
by harvesting vegetation on a 20 x 20 cm quadrat placed in the middle of a subset of 28 out of
the 60 turves used for species frequency. A previous harvest was carried out in 28 different
turves 10 weeks after the start of the experiment. The biomass data at the two dates were used
to analyze the diversity-productivity relationship.

Ethics statement. This study did not involve protected or endangered species and it was
not necessary to obtain specific permission to sample at any of the sampling sites.

Community functional trait structure
We considered various relevant functional traits that are linked to different species responses
to biotic and abiotic factors. These were: specific leaf area (SLA, leaf area per unit dry mass),
leaf dry matter content (LDMC, the ratio of leaf dry mass to fresh mass), vegetative reproduc-
tion (presence of rhizomes or stolons), plant growth habit (erect vs. prostrate), mean plant
height (Hmean), and start of first flowering (month). Trait values of the species present were
obtained from two traitbases, i.e. the LEDA traitbase [39], and the CLO-PLA traitbase [40] and
complemented by specific standardized measurements for SLA [41] in the field. Only few trait
values were acquired from de Bello et al. [42]. One important factor in the response of species
to warming could be trait plasticity [43] which is considered one of the major means by which
species can cope with new environmental conditions [44]. Unfortunately, we could not mea-
sure the traits directly in the field. As such, our analyses might only partially capture the full
extent of plant community response to warming.

Two indices were considered to reveal the major characteristics of the community func-
tional trait structure [45]. The first one is the community weighted means of the traits (CWM).
The CWM for each trait is calculated as the mean of the trait values in the community,
weighted by the relative abundance of each species [46]. For categorical traits, this corresponds
to the relative abundance of species bearing a certain type of traits. The second index is a com-
monly used measure of functional diversity expressed with the Rao quadratic entropy [45].
The Rao index expresses the sum of trait dissimilarity between each pair of species in a turf and
it is weighted by species relative abundance. This index is mostly independent from the number
of species. It was expressed as equivalent numbers [47] and for all traits combined. The num-
bers equivalent of a diversity index indicates the effective diversity, i.e. how many effectively
different species in terms of abundance and, in case of traits, functional difference [48], thus
providing a more intuitive concept of diversity comparable to species richness. Using Rao not
in equivalent numbers produced strongly related results (as they are strongly related mathe-
matically). Two additional indices of species diversity were calculated: species richness and
Simpson’s diversity, also expressed in terms of equivalent numbers [47].
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Data analysis
The effects of the short-term climate change on the CWM of the traits (SLA, % of rhizomes, %
of prostrate, start of first flowering, LDMC, and mean plant height) and the diversity indices
(species richness, Simpson, and Rao) were analyzed using repeated measures ANOVA; where
transplant (highland and lowland), extraction site (p1 and p2 in highland) and time (as quanti-
tative value, 1 to 7 or 8) are the fixed factors. Results by Sebastià [8] suggested an increase in
above-ground biomass in the lowland in comparison to the highland. Therefore, we conducted
multiple regression models to examine the effect of each of the diversity indices and CWM on
above-ground biomass in the two sites in both the highland and the lowland. In all the multiple
regression analyses, we selected the best model based on the Akaike information criterion [49]
using stepwise regressions. Correlation tests between the traits and the diversity indices were
carried out prior to including them in the regression models to minimize collinearity problems
(S1 and S2 Tables). The stronger correlation was between species richness and Simpson’s diver-
sity index (R = 0.864, S2 Table) but we decided to keep both variables because they cover differ-
ent ecological implications.

Changes in vegetation composition between turves of the two treatments (the highland and
the lowland) were already observed by Sebastià et al. [11], and a higher dissimilarity in species
composition was detected among the highland samples in comparison to the lowland, suggest-
ing a change in the vegetation composition with warming. To determine the dynamics of
change in vegetation composition within the turves as a result of the transplant, we calculated
the Bray-Curtis dissimilarity [50] at the first and the second harvest (end of experiment) within
each turve, using the CRAN package “vegan” in R software [51]. Multiple regression models
were carried out to test the effect of each of the initial diversity indices and the initial CWM of
traits on the change in vegetation composition (Bray-Curtis) in both the highland and the low-
land (explanatory variables). We made additionally a stepwise regression model including all
the variables of diversity and CWM traits with the Bray-Curtis dissimilarity. All statistical anal-
yses were carried out using R software [52].

Results

Functional structure
After the transplant, the functional structure of the grassland communities changed consider-
ably (Table 1; Figs 1 and 2). Few weeks after the transplant, the community weighted mean
(CWM) of SLA, start of first flowering and proportion of rhizomatous and prostrate species
started to diverge from the lowland to the highland. The functional structure in the highland
remained relatively unchanged along the growing season (Fig 1). Communities in the lowland
appeared to be progressively more dominated by species with higher SLA, earlier flowering,
erect growth habit and with rhizomes (Table 1; Fig 1). However leaf dry matter content
(LDMC) did not respond to the short-term warming (Table 1). All those responses occurred
based on the original species composition in each turf (we observed no newcomer appearing in
the turves). Such an increase in abundance by a certain type of species was accompanied by the
disappearance of other species (lower species richness and Simpson diversity) in the lowland
(Fig 2). These two diversity components, in addition to functional diversity, decreased signifi-
cantly in magnitude after the transplant (Fig 2; Table 1).

We tested the change in vegetation composition within turves in both the highland and the
lowland with multiple regression models and found that neither the initial diversity nor the ini-
tial functional traits diversity, had an influence on the change in vegetation composition
(Table 2 and S3 Table). On the contrary the communities with initially low CWM of SLA
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witnessed a significant greater change in vegetation composition after the transplant (Fig 3; S3
and S5 Tables). Our results show that, in the lowland, turves originally dominated by species
with higher SLA were more stable as they did not change considerably in terms of vegetation
composition under warming. On the other hand, in plots originally dominated by species with
lower SLA, species characterized with high SLA replaced those with low SLA as a result of
warming (Fig 3).

Productivity
We observed that the productivity in the grassland community under warming increased with
diversity (Fig 4; Table 2), particularly in the last harvest. The results of the best multiple regres-
sion model showed a significant positive effect of diversity on biomass, except for Simpson’s
diversity index (Table 2).

Plant functional trait composition (CWM) also seems to affect productivity, either nega-
tively or positively (Table 3). Particularly, in the lowland, biomass production increased in
communities with taller and less rhizomatous species (estimate = 44.85 for height, estimate =
-1091.43 for rhizomatous propagation, S4 Table). Whereas in the highland, biomass increased
with more rhizomatous species (estimate = 136.38, S4 Table). Other traits, such as SLA and
prostrate growth presented a significant positive relationship with biomass, in both the high-
land and the lowland (estimate = 71.6, P< 0.001 for SLA and estimate = 405.66, P< 0.05 for
prostrate growth form, Table 3). Our stepwise regression results also showed that the CWM
traits, particularly the height and the proportion of rhizomes, have a greater effect on above-
ground biomass than diversity (S4 Table).

Discussion
We found that short-term climate warming can have a great impact on the functional structure
of grassland communities, both in terms of CWM of traits (Fig 1; Table 1) and functional
diversity (Fig 2; Table 1). No major changes in the highland were observed along the growing
season in terms of CWM of traits and diversity, suggesting that changes in the lowland are

Table 1. Results of repeatedmeasures ANOVA to assess the effect of the transplant on diversity indices and CWM traits with transplant (highland
and lowland), site (p1 and p2 in the highland) and time. See Figs 1 & 2 for a graphical representation.

Transplant Site Time Transp. x Time Site x Time Transp. x Site x
Time

F P F P F P F P F P F P

Diversity

Species richness 25.502 <0.001 0.791 0.3776 156.37 <0.001 126.002 <0.001 5.613 0.0183 6.455 0.0115

Simpson 14.113 <0.001 0.041 0.8396 60.595 <0.001 134.248 <0.001 0.462 0.4971 18.931 <0.001

Rao 22.137 <0.001 0.119 0.7312 87.449 <0.001 55.558 <0.001a 2.159 0.1426 1.473 0.2256

CWM traits

SLA 32.091 <0.001 0.014 0.906 142.03 <0.001 52.828 <0.001 1.483 0.224 0.031 0.859

% Rhizomes 27.521 <0.001 7.630 0.008 60.605 <0.001 53.480 <0.001 0.014 0.907 1.570 0.211

% Prostrate 1.426 0.238 1.264 0.266 47.863 <0.001 27.925 <0.001 8.599 0.004 4.681 0.031

Start of first flowering 17.462 <0.001 2.464 0.122 132.52 <0.001 80.168 <0.001 3.52 0.061 0.659 0.417

LDMC 1.079 0.303 0.005 0.942 4.211 0.041 3.428 0.065 0.42 0.517 0.033 0.856

Mean Height 0.03 0.863 0.901 0.347 4.648 0.032 1.134 0.288 1.069 0.302 9.826 0.002

aP-values in bold indicate significant relationships.

doi:10.1371/journal.pone.0141899.t001
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related to climatic stress and not seasonality. The significant interaction “transplant x site x
time” suggests indeed that the pattern over time is different depending on which highland site
the sample came from. While in some cases this interaction was significant, the estimates in
Table 1 were often not very high and from visual inspection these effects were not strong. We
therefore concluded that these effects, although existing were not very marked. Diversity vari-
ables and community traits showed different resistance in front of the new environmental con-
ditions in the lowland (Figs 1 and 2). CWM of SLA and start of first flowering started shifting
already after only two weeks whereas most of the other variables were resistant for around six
weeks (Figs 1 and 2). Particularly, the proportion of prostrate species manifested a considerable

Fig 1. Effect of the transplant experiment on the CWM of traits. Effect of the transplant experiment on the Community weighted means (CWM) of SLA
(upper left), % of rhizomatous species (upper right), start of first flowering (lower left), and % of prostrate plants (lower right) along time. The black points
correspond to the lowland, and the white points correspond to the highland. The whiskers refer to standard deviation. The x axis indicates the dates of the
repeated samplings (frequency) within each turf. The first sampling was done in mid May and the last one in the lowland at the beginning of September. For
the corresponding statistical tests see Table 1.

doi:10.1371/journal.pone.0141899.g001
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resistance until the eighth week of the experiment before declining (Fig 1). Our results also
showed that traits which provide opportunistic use of increased resource availability (in our
case species with higher SLA, early flowering, erect growth habit, and rhizomatous strategy)
became dominant as a result of the short-term climate change, while conservative species
became less abundant or disappeared from the system (Fig 1; Table 1). Species with higher

Fig 2. Effect of the transplant on the diversity indices. Effect of the transplant experiment on diversity indices: Species richness (left), Simpson’s
reciprocal diversity index with equivalent numbers (centre), and Functional diversity’s index Rao with equivalent numbers (left) along time. The black points
correspond to the lowland, and the white points correspond to the highland. The whiskers refer to standard deviation. See Fig 1 for more information on
sampling dates and Table 1 for the corresponding statistical tests.

doi:10.1371/journal.pone.0141899.g002

Table 2. Results of multiple regression models to assess the effect of the diversity indices (species richness SR, Simpson’s diversity index, func-
tional diversity FD) on above-ground biomass (final harvest) and changes in vegetation composition (Bray-Curtis), with transplant (highland and
lowland) and site (p1 and p2 sites in the highland). See Fig 4 for a graphical representation of the biomass models.

Above-ground biomass Bray-Curtis

Model R2
adj. P Model R2

adj. P

***a 0.810 *** 0.538

Site 0.741 0.568

Transplant 0.989 0.102

SR 0.144 0.932

SR*transplant 0.008b 0.852

*** 0.690 *** 0.543

Site 0.829 0.325

Transplant 0.803 0.406

Simpson 0.636 0.414

Simpson*transplant 0.405 0.570

*** 0.800 *** 0.540

Site 0.390 0.441

Transplant 0.328 0.592

FD 0.067 0.682

FD*transplant 0.008 0.685

a***P < 0.001
bP-values in bold indicate significant relationships.

doi:10.1371/journal.pone.0141899.t002
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SLA, but not diversity components (species and functional diversity), contributed to the stabil-
ity of the grassland community under warming conditions (Fig 3; Table 2 and S3 Table). In
both the highland and the lowland, there was a positive relationship between species richness
and productivity. However, in the lowland the vegetation was more productive and less diverse
(as found by Sebastià et al. [11]). Overall the results suggest that plant functional traits, in
terms of CWM, are the main drivers to the increased productivity in the lowland. We discuss
these hypotheses and the patterns detected in the following sections.

Community changes
Our results suggest that the warming in the lowland favored opportunistic erect species with
higher SLA, anticipated flowering period, and more rhizomes (Fig 1). It is widely acknowledged
that species from nutrient-rich habitats have a greater relative growth rate, hence greater SLA,
manifested by fast resource capture and fast turnover of organs [53–55]. Mountain areas are
characterized by low nutrient availability, where mineralization is often limited by cold temper-
atures [56,57]. Removing the temperature limitation in the lowland caused an increase in fast

Fig 3. Relationship between the initial CWMSLA and the change in vegetation composition. Relationship between the initial CWMSLA and the
change in vegetation composition (Bray-Curtis dissimilarity) between beginning and end of experiment, in both the highland and the lowland. The black
points correspond to the lowland, and the white points correspond to the highland. Solid linear regression line reflects significant relationship (p < 0.05) in the
lowland; and no line represents no significance.

doi:10.1371/journal.pone.0141899.g003
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growth and resource acquisition species (e.g. higher SLA and earlier flowering). Earlier flower-
ing of the plants as a response to warming was already observed in previous studies [58–60].
Despite increases of SLA as a response to short-term warming, it seems to be unresponsive to
long-term climate warming [61]. The dominance of species with rhizomes under warming

Fig 4. Relation between above-ground biomass and diversity indices.Relation between above-ground biomass and diversity indices: Species richness
(left), Simpson’s diversity index with equivalent numbers (centre), and Functional diversity’s index Rao with equivalent numbers (right) in both the highland
and the lowland. The black points correspond to the lowland, and the white points correspond to the highland. Solid linear regression line reflects significant
relationship (p<0.05) between the variables in the lowland; dashed line refers to a marginal significant correlation (p<0.1) in the highland; and no line
represents no significance.

doi:10.1371/journal.pone.0141899.g004

Table 3. Results of multiple regressionmodels to assess the effect of the plant functional traits (SLA, LDMC, height, start of first flowering, % pros-
trate, % rhizomes) on above-ground biomass, with transplant (highland and lowland) and site (p1 and p2 sites in the highland).

Above-ground biomass

Model R2
adj. Estimate Std. Error t value P

Site ***a 0.984 -181.98 28.54 -6.38 <0.001b

Transplant -1683.23 426.60 -3.95 0.001

LDMC 1.49 0.88 1.69 0.111

SLA 71.60 13.48 5.31 <0.001

Prostrate 405.66 181.42 2.24 0.040

Rhizomes 2653.65 265.88 9.98 <0.001

Height -16.46 10.87 -1.51 0.150

Start of first flowering -995.52 193.78 -5.14 <0.001

Transplant*rhizomes -2156.80 175.02 -12.32 <0.001

Transplant*height 21.37 9.34 2.29 0.036

Transplant*start of first flowering 693.08 137.38 5.05 <0.001

a***P < 0.001
bP-values in bold indicate significant relationships (P-values < 0.05)

doi:10.1371/journal.pone.0141899.t003
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conditions (Fig 1) can be similarly explained by the fact that these species acquire the available
nutrients faster compared with species that need to establish new stems [62]. Additionally,
these species can store resources in the rhizomes from previous years (storage effect; Chesson
[63]) and are therefore the fastest in reacting to improved environmental conditions (i.e.
decrease in thermal constrain). Prostrate plants’ proportion decreased with time in the lowland
compared to the highland (Fig 1). Increased abundance of erect plants in the lowland suggests
that increased competition for light with enhanced biomass with warming [8,11] must have
lead to the exclusion of prostrate plants [64].

Surprisingly, in spite of this increase of biomass and erect species proportion, plant height
was not responsive to warming, and increased similarly in both locations throughout time.
This was thus a plant growth effect, which likely increased competition for light during the
growing season[65]. It could have also been the effect of using database traits, and not actual
measurements. We also expected a change in LDMC, which is often related to SLA and that
was reported to increase due to climate warming in Cantarel et al. [61]. However this variable
did not change in our experiment, which could also be related to the high sensitivity of this
trait to local conditions, not captured by database information. LDMCmay vary considerably
between different plants in the same site within the same day [41] and within the same species
[66]. This variability could have been revealed if field measurements had been available. None-
theless, for other traits mostly retrieved from databases, the observed patterns were however
responsive, suggesting that trait information measured in other sites can provide valuable
information on vegetation responses to environmental changes.

The shifts in CWM of traits were accompanied by a loss of species and a decrease in func-
tional diversity, although our results show that the community-level traits (Fig 1) responded
more rapidly to warming than species diversity (Fig 2). This was also observed by Suding et al.
[67] and Cantarel et al. [61]. The reduction of species in the temporarily nutrient-rich habitat
(lowland) may be the outcome of environmental filtering which excludes species that are less
adapted to the warming period. It may also be the result of the out-competition of conservative
species by opportunistic species with a faster growth rate (competitive exclusion principle,
Gause [68]). The delay of the diversity indices in their response to warming until the eighth
week of the experiment (Fig 2) indicates a certain resistance from the community to the simu-
lated environmental conditions. This is possibly because of redundancy in the turves, followed
by the disappearance of more conservative species. Opportunistic species are able to rapidly
benefit from enhanced mineralization and exhibit higher growth rates and productivity relative
to conservative species. Hence opportunistic species will cause the exclusion of weaker compet-
itors. Indeed, we saw that opportunistic species, although not abundant before the transplant,
became significantly dominant at the cost of more conservative species [11]. We underline that
mountain subalpine grasslands consist of a wide range of opportunistic and conservative spe-
cies with a high variety of survival-strategies. Our results suggest that grassland ecosystems
may have the potential to cope well with new climate stress in the short term, thus being resis-
tant to species invasion.

Community stability
Our transplant experiment caused a shift in vegetation composition in the lowland favoring
species with higher SLA under warming conditions. The biggest change in composition was
observed where the turves had originally more species with lower SLA, and therefore species in
these turves were replaced by others with greater SLA which acquired the resources more
favorably under warming conditions (Fig 3; S3 and S5 Tables). On the contrary no diversity
components (species and functional diversity) affected the stability of the grassland community
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under warming conditions. This shows that functional traits of the species (in our case SLA)
exerted the major effect on the vegetation response, but not diversity. These results comply
with previous findings highlighting the importance of plant functional traits and interspecific
variability on population stability [43,69,70]. We thus conclude that the disappearance of spe-
cies was greater in turves with originally lower SLA.

Community stability-productivity
Sebastià [8] showed that above-ground biomass increased with warming in the lowland. Simi-
lar results were obtained by Lin et al. [9] and Baldwin et al. [10]. Cantarel et al. [61] confirmed
this pattern in the short term but reported a progressive decline in the long term of the experi-
ment. In our study, the above-ground biomass had a positive relationship with species richness
within both the highland and the lowland (Table 3). This positive relationship between diver-
sity and biomass production is based on Darwin's theory [71] and has been demonstrated in
many studies [72–76]. These studies assume that nutrients are captured more efficiently in
diverse plant communities because of species complementarity in their resource acquisition,
and thus, as they suggest, a greater productivity is reached.

In our warming experiment, however, productivity increased and diversity decreased as a
response to warming. Interestingly, plant traits and not diversity were the main factor to
explain the increased productivity in the lowland. A greater biomass production was the out-
come of faster mineralization rate and nutrient acquisition by opportunistic species that are tal-
ler, have greater SLA and erect form. Taller plants are considered more competitive since
investment in height improves the access to light [77], allowing them to acquire nutrients faster
thus leading to a faster growth and a greater productivity. The positive correlation between bio-
mass and SLA was already described in Cornelissen et al. [41]. The positive relationship
between biomass and prostrate plant growth may be caused by certain species such as Koeleria
macrantha (33% prostrate; LEDA traitbase) which contributed greatly to the total biomass in
each monolith [78], thus influencing significantly our results. This bias highlights the risk of
using data from traitbases which may not be “optimal”. We conclude that the proportion of
prostrate species in a community was tightly correlated in the biomass data with the presence
of K.macrantha. We assume that on a long-term basis biomass production will decline, as pre-
viously seen in other warming experiments [61]. This decrease will occur when water and tem-
porary flux of nutrients will get scarce with ongoing warming. Our short-term warming
experiment favored the growth of opportunistic fast-growing species in the lowland. Commu-
nities dominated by fast-growing species have a higher resilience and a lower resistance to
extreme events in comparison to slow-growing conservative species [25,79]. Therefore we
expect that in the long-term, changes in resource availability and climate will lead to a new
community at the expense of the old one [80]. We speculate that some species will acclimate
through their functional traits to the long-term warming and drought and others will simply
disappear if warm and dry years occur persistently as projected by climatic models for the
region [81]. We also expect the invasion of the lowland by new species (annuals and woody
species) more adapted to such extreme conditions, as suggested by the work of de Bello et al.
[82–84].

Conclusions
Overall, we found that a short-term warming enhanced productivity and reduced diversity sig-
nificantly. A change in vegetation composition, manifested by a shift in dominance towards
acquisitive fast-growing species, was also observed. Our results also advocate that a higher
diversity did not contribute to a greater stability of the community under stress; instead plant
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functional traits, particularly high SLA, were responsible for the stability of the vegetation to
increased temperature. Also, the changes in CWM of certain traits (% rhizomes, growth form,
and start of first flowering) seem to be the main drivers of increased biomass production under
climate warming. The relationship between productivity and species richness remained positive
within both the highland and the lowland. We postulate that seasonal climate change strongly
affects functional traits and diversity. On the long term, however, knowledge of sensitivity of
grasslands to climate change is scant and thus more experiments over longer periods are needed.
Particularly, complementary observational studies and reciprocal transplanting (from the low-
land back to the highland) could be useful tools to better understand the observed patterns.
Also, we suggest that further studies should address the recovery of the vegetation after a short
period of climate warming, in terms of functional diversity and plant functional traits.
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S1 Table. Correlation between the CWM of traits. Correlation coefficients between the
CWM of traits: SLA, LDMC, height, start of first flowering, % prostrate, % rhizomes.
(PDF)

S2 Table. Correlation between the diversity indices. Correlation coefficients between the
diversity indices: species richness SR, Simpson’s diversity index, and functional diversity FD.
(PDF)

S3 Table. Relationship of initial plant functional traits with vegetation composition.
Results of multiple regression models to assess the effect of the initial plant functional traits
(SLA, LDMC, height, start of first flowering, % prostrate, % rhizomes) at the beginning of the
experiment on vegetation composition (Bray-Curtis dissimilarity), with transplant and site. See
Fig 3 for a graphical representation.
(PDF)
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tation composition. Results of stepwise regression model to assess the effect of the CWM traits
and diversity indices on the change in vegetation composition (Bray-Curtis dissimilarity) in
the lowland.
(PDF)

Acknowledgments
We would like to thank all the people who helped in the experimental set up and sampling. We
would also like to thank Dr. Jan Lepš for suggestions on data analyses. We are particularly
grateful to two anonymous reviewers for improving the paper, through their useful suggestions
and comments.

Author Contributions
Conceived and designed the experiments: MTS. Performed the experiments: MTS. Analyzed
the data: HD FdB MTS. Wrote the paper: HD FdB MTS.

Functional Changes in Mountain Grasslands under Warming

PLOS ONE | DOI:10.1371/journal.pone.0141899 October 29, 2015 13 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141899.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141899.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141899.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141899.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141899.s005


References
1. Price M, Waser N. Responses of subalpine meadow vegetation to four years of experimental warming.

Ecol Appl. 2000; 10: 811–823. Available: http://www.esajournals.org/doi/abs/10.1890/1051-0761
(2000)010%5B0811:ROSMVT%5D2.0.CO%3B2

2. Pauli H, Gottfried M, Reiter K, Klettner C, Grabherr G. Signals of range expansions and contractions of
vascular plants in the high Alps: observations (1994?2004) at the GLORIA master site Schrankogel,
Tyrol, Austria. Glob Chang Biol. 2007; 13: 147–156.

3. Sala OE, Chapin FS, Armesto JJ, Berlow E, Bloomfield J, Dirzo R, et al. Global biodiversity scenarios
for the year 2100. Science. 2000; 287: 1770–4. Available: http://www.ncbi.nlm.nih.gov/pubmed/
10710299 PMID: 10710299

4. Pauli H, Gottfried M, Dullinger S, Abdaladze O, Akhalkatsi M, Benito Alonso JL, et al. Recent plant
diversity changes on Europe’s mountain summits. Science. 2012; 336: 353–5. doi: 10.1126/science.
1219033 PMID: 22517860

5. Singh S, Haberl H, Schmid M. Long term socio-ecological research. Springer Sci + Bus Media Dordr.
2013; Available: http://onlinelibrary.wiley.com/doi/10.1002/9781119950981.ch1/summary

6. Rustad LE, Campbell JL, Marion GM, Norby RJ, Mitchell MJ, Hartley AE, et al. A meta-analysis of the
response of soil respiration, net nitrogen mineralization, and aboveground plant growth to experimental
ecosystem warming. Oecologia. 2001; 126: 543–562. doi: 10.1007/s004420000544

7. Sebastiá M, Mola B, Arenas J. Biomass responses of subalpine grasslands in the Pyrenees under
warming conditions. Grassl Sci Eur. 2004; 9: 290–292. Available: http://www.researchgate.net/
publication/235771065_A_comparative_study_of_five_sown_grass-legume_mixtures_and_the_
indigenous_vegetation_when_grown_on_a_rain-fed_mountain_area_of_Greece/file/
9fcfd51366ea18d22b.pdf

8. SebastiàM-T. Plant guilds drive biomass response to global warming and water availability in subalpine
grassland. J Appl Ecol. 2007; 44: 158–167. doi: 10.1111/j.1365-2664.2006.01232.x

9. Lin D, Xia J, Wan S. Climate warming and biomass accumulation of terrestrial plants: a meta-analysis.
New Phytol. 2010; 188: 187–98. doi: 10.1111/j.1469-8137.2010.03347.x PMID: 20609113

10. Baldwin AH, Jensen K, Schönfeldt M. Warming increases plant biomass and reduces diversity across
continents, latitudes, and species migration scenarios in experimental wetland communities. Glob
Chang Biol. 2014; 20: 835–50. doi: 10.1111/gcb.12378 PMID: 23996933

11. SebastiàM- T, Kirwan L, Connolly J. Strong shifts in plant diversity and vegetation composition in
grassland shortly after climatic change. J Veg Sci. 2008; 19: 299–306. doi: 10.3170/2008-8-18356

12. Epstein HE, Walker MD, Stuart Chapin F III, Starfield AM. A TRANSIENT, NUTRIENT-BASEDMODEL
OF ARCTIC PLANT COMMUNITY RESPONSE TOCLIMATICWARMING. Ecol Appl. 2000; 10: 824–
841. Available: http://www.esajournals.org/doi/abs/10.1890/1051-0761(2000)010%5B0824:ATNBMO
%5D2.0.CO;2

13. Shaver GR, Canadell J, Chapin FS III, Gurevitch J, Harte J, Henry G, et al. Global Warming and Terres-
trial Ecosystems: A Conceptual Framework for Analysis. Bioscience. 2000; 50: 871–882. Available:
http://www.nslc.wustl.edu/courses/archives/Bio4213/05/global_warming.pdf

14. Crick JC, Grime JP. Morphological plasticity and mineral nutrient capture in two herbaceous species of
contrasted ecology. New Phytol. 1987; 107: 403–414.

15. Endara M-J, Coley PD. The resource availability hypothesis revisited: a meta-analysis. Funct Ecol.
2011; 25: 389–398. doi: 10.1111/j.1365-2435.2010.01803.x

16. Diaz S, Hodgson JG, Thompson K, Cabido M, Cornelissen JHC, Jalili A, et al. The plant traits that drive
ecosystems: evidence from three continents. J Veg Sci. 2004; 15: 295–304. Available: http://
onlinelibrary.wiley.com/doi/10.1111/j.1654-1103.2004.tb02266.x/abstract

17. Aerts R. Interspecific competition in natural plant communities: mechanisms, trade-offs and plant-soil
feedbacks. J Exp Bot. 1999; 50: 29–37. Available: http://jxb.oxfordjournals.org/content/50/330/29.short

18. Grime JP. Competitive Exclusion in Herbaceous Vegetation. Nature. 1973; 242: 344–347.

19. Pärtel M, Laanisto L, Zobel M. Contrasting plant productivity-diversity relationships across latitude: the
role of evolutionary history. Ecology. 2007; 88: 1091–7. Available: http://www.ncbi.nlm.nih.gov/
pubmed/17536394 PMID: 17536394

20. MacArthur R. Fluctuations of animal populations, and a measure of community stability. Ecology. 1955;
36: 533–536.

21. Elton CS. The ecology of invasions by animals and plants. London: Methuen; 1958.

22. Tilman D, Downing JA. Biodiversity and stability in grasslands. Nature. 1994; 367: 363–365.

23. Palmer MW, Maurer T a. Does diversity beget diversity? A case study of crops and weeds. J Veg Sci.
1997; 8: 235–240.

Functional Changes in Mountain Grasslands under Warming

PLOS ONE | DOI:10.1371/journal.pone.0141899 October 29, 2015 14 / 17

http://www.esajournals.org/doi/abs/10.1890/1051-0761
http://www.ncbi.nlm.nih.gov/pubmed/10710299
http://www.ncbi.nlm.nih.gov/pubmed/10710299
http://www.ncbi.nlm.nih.gov/pubmed/10710299
http://dx.doi.org/10.1126/science.1219033
http://dx.doi.org/10.1126/science.1219033
http://www.ncbi.nlm.nih.gov/pubmed/22517860
http://onlinelibrary.wiley.com/doi/10.1002/9781119950981.ch1/summary
http://dx.doi.org/10.1007/s004420000544
http://www.researchgate.net/publication/235771065_A_comparative_study_of_five_sown_grass-legume_mixtures_and_the_indigenous_vegetation_when_grown_on_a_rain-fed_mountain_area_of_Greece/file/9fcfd51366ea18d22b.pdf
http://www.researchgate.net/publication/235771065_A_comparative_study_of_five_sown_grass-legume_mixtures_and_the_indigenous_vegetation_when_grown_on_a_rain-fed_mountain_area_of_Greece/file/9fcfd51366ea18d22b.pdf
http://www.researchgate.net/publication/235771065_A_comparative_study_of_five_sown_grass-legume_mixtures_and_the_indigenous_vegetation_when_grown_on_a_rain-fed_mountain_area_of_Greece/file/9fcfd51366ea18d22b.pdf
http://www.researchgate.net/publication/235771065_A_comparative_study_of_five_sown_grass-legume_mixtures_and_the_indigenous_vegetation_when_grown_on_a_rain-fed_mountain_area_of_Greece/file/9fcfd51366ea18d22b.pdf
http://dx.doi.org/10.1111/j.1365-2664.2006.01232.x
http://dx.doi.org/10.1111/j.1469-8137.2010.03347.x
http://www.ncbi.nlm.nih.gov/pubmed/20609113
http://dx.doi.org/10.1111/gcb.12378
http://www.ncbi.nlm.nih.gov/pubmed/23996933
http://dx.doi.org/10.3170/2008-8-18356
http://www.esajournals.org/doi/abs/10.1890/1051-0761
http://www.nslc.wustl.edu/courses/archives/Bio4213/05/global_warming.pdf
http://dx.doi.org/10.1111/j.1365-2435.2010.01803.x
http://onlinelibrary.wiley.com/doi/10.1111/j.1654-1103.2004.tb02266.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1654-1103.2004.tb02266.x/abstract
http://jxb.oxfordjournals.org/content/50/330/29.short
http://www.ncbi.nlm.nih.gov/pubmed/17536394
http://www.ncbi.nlm.nih.gov/pubmed/17536394
http://www.ncbi.nlm.nih.gov/pubmed/17536394


24. Goodman D. The Theory of Diversity-Stability Relationships in Ecology. Q Rev Biol. 1975; 50: 237–
266.

25. Lepš J, Osbornová-Kosinová J, Rejmánek M. Community stability, complexity and species life history
strategies. Plant Ecol. 1982; 50: 53–63.

26. Naeem S. Ecosystem consequences of biodiversity loss: the evolution of a paradigm. Ecology. 2002;
83: 1537–1552. Available: http://www.esajournals.org/doi/abs/10.1890/0012-9658(2002)083%
5B1537:ECOBLT%5D2.0.CO%3B2

27. Huston M a. Hidden treatments in ecological experiments: re-evaluating the ecosystem function of bio-
diversity. Oecologia. 1997; 110: 449–460. doi: 10.1007/s004420050180

28. Lepš J, Brown V, Len D, Tomas A. Separating the chance effect from other diversity effects in the func-
tioning of plant communities. Oikos. 2001; 1: 123–134. Available: http://onlinelibrary.wiley.com/doi/10.
1034/j.1600-0706.2001.920115.x/full

29. Loreau M, Naeem S, Inchausti P, Bengtsson J, Grime JP, Hector a, et al. Biodiversity and ecosystem
functioning: current knowledge and future challenges. Science. 2001; 294: 804–8. doi: 10.1126/
science.1064088 PMID: 11679658

30. Hughes L. Biological consequences of global warming: is the signal already apparent? Trends Ecol
Evol. 2000; 15: 56–61. Available: http://www.sciencedirect.com/science/article/pii/
S0169534799017644 PMID: 10652556

31. Bassler G, Angeringer W. Change of plant species composition in mountainous meadows against the
background of climate change and altered management. . . . L Manag . . .. 2011; 547–549. Available:
http://www.egf2011.at/files/pubs/547_bassler.pdf

32. Carbognani M, Petraglia A, Tomaselli M. Warming effects and plant trait control on the early-decompo-
sition in alpine snowbeds. Plant Soil. 2013; 376: 277–290. doi: 10.1007/s11104-013-1982-8

33. Lavorel S, Garnier E. Predicting changes in community composition and ecosystem functioning from
plant traits: revisiting the Holy Grail. Funct Ecol. 2002; 16: 545–556. Available: http://onlinelibrary.wiley.
com/doi/10.1046/j.1365-2435.2002.00664.x/full

34. GECCC. El Canvi Climàtic a Catalunya. 2n Informe del Grup d’Experts en Canvi Climàtic de Catalunya.
General Catalunya. 2010; 1–32.

35. López-Moreno J. Climate change prediction over complex areas: spatial variability of uncertainties and
predictions over the Pyrenees from a set of regional climate models. Int J Climatol. 2008; 1550: 1535–
1550.

36. López-Moreno JI, Beniston M. Daily precipitation intensity projected for the 21st century: seasonal
changes over the Pyrenees. Theor Appl Climatol. 2009; 95: 375–384. doi: 10.1007/s00704-008-0015-7

37. Finn J a., Kirwan L, Connolly J, SebastiàMT, Helgadottir A, Baadshaug OH, et al. Ecosystem function
enhanced by combining four functional types of plant species in intensively managed grassland mix-
tures: A 3-year continental-scale field experiment. J Appl Ecol. 2013; 50: 365–375. doi: 10.1111/1365-
2664.12041

38. Lefcheck JS, Byrnes JEK, Isbell F, Gamfeldt L, Griffin JN, Eisenhauer N, et al. ARTICLE Biodiversity
enhances ecosystemmultifunctionality across trophic levels and habitats. Nat Commun. Nature Pub-
lishing Group; 2015; 6: 1–7. doi: 10.1038/ncomms7936

39. Kleyer M, Bekker RM, Knevel IC, Bakker JP, Thompson K, Sonnenschein M, et al. The LEDA Trait-
base: a database of life-history traits of the Northwest European flora. J Ecol. 2008; 96: 1266–1274.
doi: 10.1111/j.1365-2745.2008.01430.x

40. Klimešová J, Klimeš L. CLO-PLA: databáze architektury klonálního růstu rostlin střední Evropy (CLO-
PLA: a database of clonal growth architecture of Central-European plants). Zpr Čes Bot Společ. 2005;
20: 53–64.

41. Cornelissen JHC, Lavorel S, Garnier E, Díaz S, Buchmann N, Gurvich DE, et al. A handbook of proto-
cols for standardised and easy measurement of plant functional traits worldwide. Aust J Bot. 2003; 51:
335. doi: 10.1071/BT02124

42. de Bello F, Buchmann N, Casals P, Lepš J, SebastiàMT. Relating plant species and functional diversity
to community δ13C in NE Spain pastures. Agric Ecosyst Environ. 2009; 131: 303–307.

43. Jung V, Albert CH, Violle C, Kunstler G, Loucougaray G, Spiegelberger T. Intraspecific trait variability
mediates the response of subalpine grassland communities to extreme drought events. J Ecol. 2014;
102: 45–53. doi: 10.1111/1365-2745.12177

44. Gratani L. Plant Phenotypic Plasticity in Response to Environmental Factors. Adv Bot. 2014; 2014: 17.
doi: 10.1155/2014/208747

45. Ricotta C, Moretti M. Assessing the functional turnover of species assemblages with tailored dissimilar-
ity matrices. Oikos. 2010; 119: 1089–1098. doi: 10.1111/j.1600-0706.2009.18202.x

Functional Changes in Mountain Grasslands under Warming

PLOS ONE | DOI:10.1371/journal.pone.0141899 October 29, 2015 15 / 17

http://www.esajournals.org/doi/abs/10.1890/0012-9658
http://dx.doi.org/10.1007/s004420050180
http://onlinelibrary.wiley.com/doi/10.1034/j.1600-0706.2001.920115.x/full
http://onlinelibrary.wiley.com/doi/10.1034/j.1600-0706.2001.920115.x/full
http://dx.doi.org/10.1126/science.1064088
http://dx.doi.org/10.1126/science.1064088
http://www.ncbi.nlm.nih.gov/pubmed/11679658
http://www.sciencedirect.com/science/article/pii/S0169534799017644
http://www.sciencedirect.com/science/article/pii/S0169534799017644
http://www.ncbi.nlm.nih.gov/pubmed/10652556
http://www.egf2011.at/files/pubs/547_bassler.pdf
http://dx.doi.org/10.1007/s11104-013-1982-8
http://onlinelibrary.wiley.com/doi/10.1046/j.1365-2435.2002.00664.x/full
http://onlinelibrary.wiley.com/doi/10.1046/j.1365-2435.2002.00664.x/full
http://dx.doi.org/10.1007/s00704-008-0015-7
http://dx.doi.org/10.1111/1365-2664.12041
http://dx.doi.org/10.1111/1365-2664.12041
http://dx.doi.org/10.1038/ncomms7936
http://dx.doi.org/10.1111/j.1365-2745.2008.01430.x
http://dx.doi.org/10.1071/BT02124
http://dx.doi.org/10.1111/1365-2745.12177
http://dx.doi.org/10.1155/2014/208747
http://dx.doi.org/10.1111/j.1600-0706.2009.18202.x


46. Díaz S, Lavorel S, de Bello F, Quétier F, Grigulis K, Robson TM. Incorporating plant functional diversity
effects in ecosystem service assessments. Proc Natl Acad Sci U S A. 2007; 104: 20684–9. doi: 10.
1073/pnas.0704716104 PMID: 18093933

47. De Bello F, Lavergne S, Meynard CN, Lepš J, Thuiller W. The partitioning of diversity: showing Theseus
a way out of the labyrinth. J Veg Sci. 2010; 21: 992–1000. doi: 10.1111/j.1654-1103.2010.01195.x

48. Jost L. Partitioning diversity into independent alpha and beta components. Ecology. 2007; 88: 2427–
2439. doi: 10.1890/06-1736.1 PMID: 18027744

49. Akaike H. Information theory and an extension of the maximum likelihood principle. In: Petrov B. N. &
Csáki F, editor. 2nd International Symposium on Information Theory. Tsahkadsor, Armenia: Akadé-
miai Kiadó; 1973. pp. 267–281.

50. Bray JR, Curtis JT. An ordination of upland forest communities of southernWisconsin. Ecol Monograhs.
1957; 27: 325–349.

51. Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’Hara RB, et al. Vegan: Community Ecol-
ogy Package. R package version 2.0–7 [Internet]. 2013. Available: http://cran.r-project.org/package =
vegan

52. R Core team. R: a language and environment for statistical computing [Internet]. Vienna, Austria: R
Foundation for Statistical Computing; 2013. Available: http://www.r-project.org/

53. Grime JP. Evidence for the existence of three primary strategies in plants and its relevance to ecologi-
cal and evolutionary theory. Am Nat. 1977; 111: 1169–1194.

54. Chapin FS. The mineral nutrition of wild plants. Annu Rev Ecol Syst. 1980; 11: 233–260. Available:
http://www.jstor.org/stable/2096908

55. Poorter H, De Jong R. A comparison of specific leaf area, chemical composition and leaf construction
costs of field plants from 15 habitats differing in productivity. New Phytol. 1999; 143: 163–176. doi: 10.
1046/j.1469-8137.1999.00428.x

56. Schmidt IK, Jonasson S, Michelsen A. Mineralization and microbial immobilization of N and P in arctic
soils in relation to season, temperature and nutrient amendment. Appl Soil Ecol. 1999; 11: 147–160.
doi: 10.1016/S0929-1393(98)00147-4

57. Weintraub MN, Schimel JP. Interactions between Carbon and Nitrogen Mineralization and Soil Organic
Matter Chemistry in Arctic Tundra Soils. Ecosystems. 2003; 6: 129–143. doi: 10.1007/s10021-002-
0124-6

58. Menzel A, Sparks TH, Estrella N, Koch E, Aasa A, Ahas R, et al. European phenological response to cli-
mate change matches the warming pattern. Glob Chang Biol. 2006; 12: 1969–1976. doi: 10.1111/j.
1365-2486.2006.01193.x

59. Amano T, Smithers RJ, Sparks TH, SutherlandWJ. A 250-year index of first flowering dates and its
response to temperature changes. Proc R Soc. 2010; doi: 10.1098/rspb.2010.0291

60. Wolkovich E, Cook B, Allen J. Warming experiments underpredict plant phenological responses to cli-
mate change. Nature. Nature Publishing Group; 2012; 18–21. doi: 10.1038/nature11014

61. Cantarel A a. M, Bloor JMG, Soussana J-F. Four years of simulated climate change reduces above-
ground productivity and alters functional diversity in a grassland ecosystem. Güsewell S, editor. J Veg
Sci. 2013; 24: 113–126. doi: 10.1111/j.1654-1103.2012.01452.x

62. Grime JP. Plant strategies, vegetation processes, and ecosystem properties. Wiley, second edition;
1979.

63. Chesson P. General theory of competitive coexistence in spatially-varying environments. Theor Popul
Biol. 2000; 58: 211–37. doi: 10.1006/tpbi.2000.1486 PMID: 11120650

64. Zimdahl RL. Fundamentals of Weed Science. Academic Press; 2013.

65. Westoby M, Falster DS, Moles AT, Vesk P a., Wright IJ. PLANT ECOLOGICAL STRATEGIES: Some
Leading Dimensions of Variation Between Species. Annu Rev Ecol Syst. 2002; 33: 125–159.

66. de Bello F, Lavorel S, Albert CH, Thuiller W, Grigulis K, Dolezal J, et al. Quantifying the relevance of
intraspecific trait variability for functional diversity. Methods Ecol Evol. 2011; 2: 163–174. doi: 10.1111/j.
2041-210X.2010.00071.x

67. Suding KN, Lavorel S, Chapin FS, Cornelissen JHC, Díaz S, Garnier E, et al. Scaling environmental
change through the community-level: a trait-based response-and-effect framework for plants. Glob
Chang Biol. 2008; 14: 1125–1140. doi: 10.1111/j.1365-2486.2008.01557.x

68. Gause GF. The struggle for existence. Baltimore, M.D., U.S.A.: TheWilliams &Wilkins company;
1934.

69. Polley HW, Isbell FI, Wilsey BJ. Plant functional traits improve diversity-based predictions of temporal
stability of grassland productivity. Oikos. 2013; 122: 1275–1282. doi: 10.1111/j.1600-0706.2013.
00338.x

Functional Changes in Mountain Grasslands under Warming

PLOS ONE | DOI:10.1371/journal.pone.0141899 October 29, 2015 16 / 17

http://dx.doi.org/10.1073/pnas.0704716104
http://dx.doi.org/10.1073/pnas.0704716104
http://www.ncbi.nlm.nih.gov/pubmed/18093933
http://dx.doi.org/10.1111/j.1654-1103.2010.01195.x
http://dx.doi.org/10.1890/06-1736.1
http://www.ncbi.nlm.nih.gov/pubmed/18027744
http://cran.r-project.org/package�=�vegan
http://cran.r-project.org/package�=�vegan
http://www.r-project.org/
http://www.jstor.org/stable/2096908
http://dx.doi.org/10.1046/j.1469-8137.1999.00428.x
http://dx.doi.org/10.1046/j.1469-8137.1999.00428.x
http://dx.doi.org/10.1016/S0929-1393(98)00147-4
http://dx.doi.org/10.1007/s10021-002-0124-6
http://dx.doi.org/10.1007/s10021-002-0124-6
http://dx.doi.org/10.1111/j.1365-2486.2006.01193.x
http://dx.doi.org/10.1111/j.1365-2486.2006.01193.x
http://dx.doi.org/10.1098/rspb.2010.0291
http://dx.doi.org/10.1038/nature11014
http://dx.doi.org/10.1111/j.1654-1103.2012.01452.x
http://dx.doi.org/10.1006/tpbi.2000.1486
http://www.ncbi.nlm.nih.gov/pubmed/11120650
http://dx.doi.org/10.1111/j.2041-210X.2010.00071.x
http://dx.doi.org/10.1111/j.2041-210X.2010.00071.x
http://dx.doi.org/10.1111/j.1365-2486.2008.01557.x
http://dx.doi.org/10.1111/j.1600-0706.2013.00338.x
http://dx.doi.org/10.1111/j.1600-0706.2013.00338.x


70. Májeková M, de Bello F, Doležal J, Lepš J. Plant functional traits as determinants of population stability.
Ecology. 2014; 95: 2369–2374. doi: 10.1890/13-1880.1

71. Darwin C. On the Origin of Species. London: John Murray, Albemarle street; 1859.

72. Tilman D, Wedin D, Knops J. Productivity and sustainability influenced by biodiversity in grassland eco-
systems. Nature. 1996; 379: 718–720. doi: 10.1038/379718a0

73. Hector A, Schmid B, Beierkuhnlein C. Plant diversity and productivity experiments in European grass-
lands. Science (80-). 1999; 286: 1123–1127. Available: http://www.sciencemag.org/content/286/5442/
1123.short

74. Pfisterer A, Schmid B. Diversity-dependent production can decrease the stability of ecosystem func-
tioning. Nature. 2002; 416: 84–86. Available: http://www.nature.com/nature/journal/v416/n6876/abs/
416084a.html PMID: 11882897

75. Cardinale BJ, Wright JP, Cadotte MW, Carroll IT, Hector A, Srivastava DS, et al. Impacts of plant diver-
sity on biomass production increase through time because of species complementarity. PNAS. 2007;
104: 18123–18128. Available: http://www.pnas.org/content/104/46/18123.short PMID: 17991772

76. Kirwan L, Lüscher a., SebastiàMT, Finn J a., Collins RP, Porqueddu C, et al. Evenness drives consis-
tent diversity effects in intensive grassland systems across 28 European sites. J Ecol. 2007; 95: 530–
539. doi: 10.1111/j.1365-2745.2007.01225.x

77. Falster DS, Westoby M. Plant height and evolutionary games. Trends Ecol Evol. 2003; 18: 337–343.

78. Spehn EM, Joshi J, Schmid B, Diemer M, Körner C. Above-ground resource use increases with plant
species richness in experimental grassland ecosystems. Funct Ecol. 2000; 14: 326–337.

79. MacGillivray CW, Grime JP, Team TISP (ISP). Testing Predictions of the Resistance and Resilience of
Vegetation Subjected to Extreme Events. Funct Ecol. 1995; 9: 640–649.

80. Körner C, Paulsen J. A world-wide study of high altitude treeline temperatures. J Biogeogr. 2004; 31:
713–732. doi: 10.1111/j.1365-2699.2003.01043.x

81. Llebot JE. Informe sobre el canvi climàtic a Catalunya [Internet]. Barcelona, Spain; 2005. Available:
http://canvi-climatic.espais.iec.cat/files/2013/07/inf_canvi_climatic_integra.pdf

82. de Bello F, Lepš J, SebastiàM- T. Predictive value of plant traits to grazing along a climatic gradient in
the Mediterranean. J Appl Ecol. 2005; 42: 824–833. doi: 10.1111/j.1365-2664.2005.01079.x

83. de Bello F, Lepš J, SebastiàM. Variations in species and functional plant diversity along climatic and
grazing gradients. Ecography (Cop). 2006; 6: 801–810. Available: http://onlinelibrary.wiley.com/doi/10.
1111/j.2006.0906-7590.04683.x/full

84. de Bello F, Lepš J, SebastiàM-T. Grazing effects on the species-area relationship: Variation along a cli-
matic gradient in NE Spain. J Veg Sci. 2007; 18: 25. doi: 10.1658/1100-9233(2007)18[25:GEOTSR]2.
0.CO;2

Functional Changes in Mountain Grasslands under Warming

PLOS ONE | DOI:10.1371/journal.pone.0141899 October 29, 2015 17 / 17

http://dx.doi.org/10.1890/13-1880.1
http://dx.doi.org/10.1038/379718a0
http://www.sciencemag.org/content/286/5442/1123.short
http://www.sciencemag.org/content/286/5442/1123.short
http://www.nature.com/nature/journal/v416/n6876/abs/416084a.html
http://www.nature.com/nature/journal/v416/n6876/abs/416084a.html
http://www.ncbi.nlm.nih.gov/pubmed/11882897
http://www.pnas.org/content/104/46/18123.short
http://www.ncbi.nlm.nih.gov/pubmed/17991772
http://dx.doi.org/10.1111/j.1365-2745.2007.01225.x
http://dx.doi.org/10.1111/j.1365-2699.2003.01043.x
http://canvi-climatic.espais.iec.cat/files/2013/07/inf_canvi_climatic_integra.pdf
http://dx.doi.org/10.1111/j.1365-2664.2005.01079.x
http://onlinelibrary.wiley.com/doi/10.1111/j.2006.0906-7590.04683.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.2006.0906-7590.04683.x/full
http://dx.doi.org/10.1658/1100-9233(2007)18[25:GEOTSR]2.0.CO;2
http://dx.doi.org/10.1658/1100-9233(2007)18[25:GEOTSR]2.0.CO;2

