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Abstract

Understanding the traits mediating species’ responses to climate change is a cornerstone for predicting future
community composition and ecosystem function. Although species’ eco-physiological properties determine
their response to environmental change, most trait-based studies focus on a small subset of easily-measured
morphological traits as proxies for physiology. This choice may limit our ability to predict the impacts of
climate change on species’ demography, and obscure the underlying mechanisms. We conducted a transplan-
tation experiment along a 1000 m Alpine elevation gradient to quantify the degree to which plant demographic
responses to climate were predicted by eco-physiological performance versus common morphological traits.
Although physiological measurements revealed that warming favored species with a conservative water use
strategy, the predictive power of physiological traits did not exceed that of morphological traits. Our re-
sults show that while easily-measured morphological traits can successfully predict demographic responses
to climate, eco-physiological approaches are needed to understand mechanism.

Introduction

Climate is changing faster now than it has in the last 2000 years (IPCC 2021), and ecological communities
are being reshuffled as a consequence (Davis & Shaw 2001; Parmesan & Yohe 2003). Predicting which types
of species are likely to suffer or benefit from changing climate and interaction networks is needed for accurate
estimates of future community composition and ecosystem function.

How plant species respond to environmental change depends on their eco-physiological properties (Beyschlag
& Ryel 2007; Taiz & Zeiger 2010). Knowledge of species’ physiology can improve predictions of mortality
(Anderegg et al. 2016), species’ distributions (Borchert 1994; Kearney & Porter 2009) and ecosystem-level
processes (Verheijen et al. 2013; Fyllas et al. 2014). Nevertheless, as plant eco-physiological traits can be
time-consuming to measure and thus often absent from trait databases, they are rarely used to predict
changes in plant community composition. Instead, most studies predicting climate change responses in plant
communities rely on morphological traits (e.g. leaf mass per area, height), which are assumed to indirectly
describe species physiology and resource acquisition (Lavorel & Garnier 2002; Shipley et al. 2016).

Functional trait based-approaches have had varying success in identifying “winning” or “losing” traits under
environmental change. For example, warming benefits alpine plants with thick leaves and high leaf mass per
area (Soudzilovskaia et al. 2013) and tall Arctic species (Bjorkman et al. 2018). Nevertheless, many studies
using the same set of traits have shown them to be poor predictors of population dynamics (Paine et al.
2015; Yang et al. 2018; Swenson et al. 2020) or ecosystem properties (van der Plaset al. 2020). This has
raised the question whether successful trait-based predictions of environmental responses are the exception
rather than the rule (Yang et al. 2018). It remains unclear whether failures of traits to predict population
trends reflect the limitations of the traits commonly measured, or limitations of the trait-based approach
more generally.

The focus on easily-measured morphological traits has three potential problems. First, the narrow selection of
traits is likely to miss important functional dimensions (e.g. belowground or night-time processes; Yang et al.
2018; Medeiros et al. 2019). Second, traits are often measured under fixed environmental conditions (Yang et
al. 2018). Yet, trait plasticity can be an important predictor of demographic change, either as an indicator of
species’ ability to acclimate to new environmental conditions (Siefert et al. 2015; Zhang et al. 2020), or species’
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ability to rapidly respond to a change in the environment (Volaire et al. 2020). Third, the indirect nature
of the commonly measured morphological traits hides the mechanism underlying the relationship between
a given trait value and the response of interest (Rosado et al. 2013; Brodribb 2017). For example, one of
the most frequently measured traits, leaf mass per area, can be used to describe photosynthetic capacity,
herbivory tolerance, water economy, cold-hardiness and competitive ability (Westoby 1998; Vendramini et al.
2002; Poorter et al. 2009). Ultimately, not knowing the mechanism behind plant response to the environment
makes it challenging to predict ecosystem-scale responses to environmental perturbations (Smith et al. 2009;
Griffin-Nolan et al. 2018).

In addition to the shortcomings caused by the narrow selection of traits, the role of biotic interactions in
determining the “winning” traits is rarely disentangled from the role of the abiotic environment. This is
true despite the fact that these two aspects of the environment are changing in parallel (Suttle et al. 2007;
Vandvik et al. 2020) and are likely to favor different trait combinations (e.g. stress tolerance vs competitive
ability, De Bello et al. 2005; Grime 2006). Thus, using traits as predictors of species’ response to changing
climate might be unsuccessful if the role of biotic interactions in shaping the successful trait combination is
not considered.

We leveraged a transplant experiment along a 1000 m elevation gradient in the Swiss Alps to explore how
plant morphological and eco-physiological traits predict species’ demographic responses to climate warming
and changing competitive interactions. We measured the demographic responses and traits of alpine species
transplanted to lower elevations to simulate climate warming, to answer the following questions:

1. Do traits measured under current alpine conditions predict differences in how species respond to warmer
climate? Alternatively, is the plastic response to warming more predictive of the demographic response?

2. Do eco-physiological traits perform better than morphological traits as predictors of demographic
responses to climate warming?

3. Do the traits associated with greater performance under warming differ from those associated with
persistence with novel competitors?

We expected the following: (1) Given that resource-acquisitive traits can be detrimental when resources
are limiting, and advantageous when not, (Fridley et al. 2016; Zhang et al. 2020), species with resource-
acquisitive traits should be most responsive to the manipulations (either suffering e.g. due to water shortage
or benefiting e.g. from a longer growing season). (2) As the ability to acclimate can be important for survival
in changing environments (Ripley et al.2020; Zhang et al. 2020), species with greater trait plasticity should
perform better with warming. (3) Assuming physiological measurements better indicate plant resource
acquisition than do indirect morphological traits (Rosado et al. 2013), eco-physiological traits should be
the better predictors of species’ demographic response to the manipulations. (4) Finally, as theory predicts
that plant strategies for tolerating abiotic vs biotic stress trade-off with one another (Grime 2006), different
sets of traits should be beneficial in dealing with warming vs. novel competitors. We found that traits
related to size and conservative water use when measured under current climate were most predictive of
species’ demographic response to the climate manipulation. Our results show that both morphological
and eco-physiological traits can be used for predictions, but with different interpretation of the underlying
mechanism.

Materials and methods

Experimental setup

The experiment was conducted in the eastern Swiss Alps (Calanda mountain, 46deg88’N, 9deg49’E). In
October 2016, 1 m x 1 m turfs of alpine vegetation were transplanted from 2050 m to a nearby site at
2000 m (hereafter “+0degC”), and to three lower elevations with ten replicate turfs at each site. The three
lower elevations created a gradient of warming temperatures: 1600 m (“+2degC”, the adiabatic rate of
temperature), 1400 m (“+3degC”) and 1000 m (“+5degC”). The sites were also situated along a gradient of
decreasing average soil moisture, from 34.3% at 2000 m to 22.6% at 1000 m. The changes in precipitation and
temperature along the gradient were consistent with climate change predictions for the region (Appenzeller
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. & Center for Climate Systems Modeling 2011). An additional ten turfs were transplanted to the 1400 m
site, and planted with individuals of 12 lowland species. This treatment mimicked the establishment of novel
low-elevation competitors in an alpine community under warmer climate.

We measured the demographic response to climate change by surveying the abundance of each alpine species
in the turfs near the peak of the growing season at each site from 2017 to 2020. Weather stations recorded air
and soil temperature, air relative humidity and soil moisture from May to October in 2019 and 2020 (Table
1, Figure S1). Further details of all methods are presented in the “Detailed methods” section of Supporting
Information.

Trait measurements

We measured 27 traits (Table 2) which together describe plant morphology, leaf structure, plant gas exchange
and its temperature dependence, and plant water use strategy. For the thirteen of these traits which we
measured at more than one elevation, we calculated plasticity indices. We made these trait measurements
on 16 target species (Table S1), chosen to represent several plant families, to be widely present in the turfs
in most treatments, and to have leaves which fitted into the gas analyzer.

Traits describing plant morphology and leaf structure were measured at the source elevation (2000 m) in
August 2019 and 2020. To measure leaf area (LA), leaf mass per area (LMA), leaf thickness (LT), and leaf
dry matter content (LDMC), we collected leaves of the target species, scanned them and measured their
fresh and oven-dried weight. LT was measured with calipers from the fresh leaves. LA was estimated from
the leaf scans with the software ImageJ (Rasband 1997). Canopy shape index (CSI) was measured as the
ratio of mean canopy width to height (ranging from near zero for tall plants to >1 for prostrate plants).
Rooting depth (Rootd) and width (Rootw) were measured from excavated root systems.

To characterize plant gas exchange, we measured photosynthesis (A), nighttime respiration (R), stomatal
conductance during day and night (GS, GSnight), transpiration during day and night (E, Enight; for the
importance of night-time water flux, see Snyder 2003; Daley & Phillips 2006), instantaneous water use
efficiency (WUEinst) and intrinsic water use efficiency (WUEint) with an infra-red gas analyser (CIRAS-2,
PPSystems, Hitchin, UK). To quantify how photosynthesis or respiration varied after transplantation to lower
elevation, measurements were taken from two sites: +3degC (1400 m) and +0degC (2000 m). Temperature
in the leaf chamber was kept constant at either 24degC (day measurements) or 14degC (night measurements).
Gas exchange measurements were taken in 2019 and 2020, 3-4 years after the transplantation.

To characterize the instantaneous response of gas exchange to temperature, we measured photosynthesis and
respiration response to temperature at 2000 m (+0degC) using both a CIRAS-2 and Licor-6800 (LICOR, Lin-
coln, Nebraska, USA). Photosynthesis was measured at 14degC – 34degC, at 4degC intervals, and respiration
at 5degC – 30degC, at 5degC intervals. After, the leaves were scanned, oven-dried, weighted and milled to
measure carbon (C) and nitrogen (N) content either with combustion analysis (for large samples) or with an
elemental analyzer coupled to a mass spectrometer (for small samples, Werner et al. 1999; Werner & Brand
2001). Leaf scans and weights were used to estimate change in LMA and LA resulting from transplantation.
Photosynthetic nitrogen use efficiency (PNUE) was calculated by dividing mass-based photosynthetic rate
(A/LMA) with the N content of the same leaf.

Plant water use strategy was characterized by measuring stable isotope ratios in 13C/12C and18O/16O (to
determine long-term stomatal conductance and water use efficiency (δ13C and δ18O; Scheidegger et al. 2000;
Moreno-Gutiérrez et al. 2012). δ13C is a proxy for intrinsic water use efficiency (A/GS) and δ18O correlates
negatively with stomatal conductance (GS), both integrated over the leaf life span. Leaf samples collected at
each site were oven-dried and cut into small pieces for cellulose extraction. Measurements of δ13C and δ18O
from the extracted cellulose were performed using a PYROCUBE (Elementar, Hanau, Germany) connected
to a Delta Plus XP mass spectrometer (Thermo Finnigann, Bremen, Germany) at the laboratory of stable
isotopes at the Swiss Federal Institute of Forest, Snow and Landscape (WSL), following Weigt et al. (2015).

We measured the depth of water uptake by comparing the δ18O of root crown water to the δ18O of water from

4



P
os

te
d

on
A

u
th

or
ea

17
J
an

20
22

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
64

24
07

74
.4

98
36

93
2/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. different soil depths (Barnard et al. 2006; Moreno-Gutiérrez et al. 2012). Root crowns were collected into
airtight vials and pooled together per species and site to ensure enough water per sample. Soil was collected
from each site with soil corers (max 35 cm depth) and separated every 5 cm into airtight glass vials. Water
was extracted from samples in the lab by using a water bath and cooling traps. δ18O was analysed from
the extracted water with a High Temperature Combustion Elemental Analyzer (TC/EA; Thermo Finnigan,
Bremen, Germany) and a mass spectrometer (Delta plus XP; Thermo Finnigan) (Saurer et al. 2016). Since
each site was sampled on only one occasion (and the measurements could be influenced by weather), we
used the average depth across all four sites as the species-level trait in the analyses. As source water δ18O
can drive variation in leaf cellulose δ18O (Roden & Farquhar 2012), we used δ18O enrichment (δ18O leaf
cellulose – δ18O root crown water) as the estimate of long-term stomatal conductance (Scheidegger et al.
2000; Moreno-Gutiérrezet al. 2012). See Supporting Information Table S2 for sample sizes for all traits.

Data processing

To extract parameters from the photosynthesis-temperature response curves (Figure S2), we fitted an equa-
tion after June et al.(2004), yielding two parameters: optimal temperature for photosynthesis (TOpt) and the
temperature range for photosynthesis (Ω · at which photosynthesis falls to e-1 of its value at Topt, Eq. S1).
To estimate respiration sensitivity to temperature (Figure S3), we fitted an exponential equation, estimating
the change in respiration rate with a temperature increase of 10°C (“Q10, Eq. S2-S3, Tjoelker et al. 2001;
Atkinet al. 2005).

We calculated a measure of plasticity for all the traits that had been collected from more than one site
(Table 2). For traits measured at all the four sites we calculated a simplified relative distance plasticity index
(“RDPIS”) after Valladares et al. (2006). The index ranges from 0 (no plasticity) to 1 (maximal plasticity)
and is calculated as the sum of absolute trait differences divided by the sum of the traits (Eq. S4), and is
recommended for ranking species according to their plasticity (Valladares et al. 2006). For traits that were
measured in only two treatments, we used the same approach (i.e. (mean at lower elevation – mean at origin)
/ sum), but with a signed (+/-) rather than absolute value of the trait differences, so that we could measure
the direction of change between the two sites (Eq. S5).

Statistical analyses

Demographic response to transplantation explained by traits

To investigate if traits explained demographic responses to transplantation, we quantified species’ position in
multivariate trait space by performing a Principal Component Analysis (“PCA”). We included all 27 traits
measured at 2000 m (“+0°C”) and six plasticity indices for those traits that showed significant differences
between sites on average (WUEinst, GSnight, Enight, δ

18O enrich, δ13C and depth, Figures S4-S7). To test
if species’ locations in the trait space related to their demographic responses to transplantation to lower
elevation, we built linear mixed effects models (LMMs) with either 2020 cover (cm2) or frequency (number
of quadrants where species was present) as the response variable. We used both species cover and frequency,
because we expected these to correspond to different demographic processes: while changes in frequency
depend on species’ survival and recruitment, changes in cover are also influenced by vegetative growth (and,
in contrast to frequency, potentially by errors in cover estimations). The response was modeled as a function
of the initial cover or frequency of the species per site in 2017, the mean summer temperature at each site,
the first four PC trait axes and the two-way interactions between the trait axes and temperature. The
significance of fixed effects was assessed by dropping one explanatory variable at a time, starting from a full
model. The change in the model fit was assessed using likelihood ratio tests (Crawley 2007). For responses
showing a significant trait axis × treatment interaction, we evaluated the amount of variation explained by
calculating pseudo-R2 (Nakagawa & Schielzeth 2013). To estimate the usefulness of traits as predictors, we
compared the amount of variation explained by traits to that explained by species identity. To do so, we
compared variation explained by models with or without species or traits as fixed effects (see Table S3 for
details).

To further investigate which traits were associated with demographic response to climate, we tested if
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. warming resulted in communities of species possessing particular trait values. We calculated community-
weighted means for each trait per each replicate turf across the four sites, based on the 2020 percent cover
of all species and their 2000 m (+0°C) trait value. The only exceptions were δ18O and δ13C, for which we
used both the site-specific trait values, and the values as measured at 2000 m (+0°C). For these two traits,
we evaluated the degree to which changes in community-weighted trait means were due to within-species
trait change versus species turnover. Differences in community-weighted mean trait values between sites were
tested with linear models.

Comparing morphological vs eco-physiological traits

To compare the importance of morphological vs eco-physiological traits in explaining species’ demographic
responses, we performed two additional PCAs: one with only morphological/leaf structural traits (height,
width, Rootd, Rootw, CSI, LMA, LA, LT, LDMC, C, N and C:N), and another with only eco-physiological
traits (defined as describing internal chemical or physical processes and their responses to the environment:
A, E, GS, WUEintr, WUEinst, PNUE, R, GSnight, Enight, δ

13C , δ18O, depth, Topt, Ω and Q10). We then
built LMMs as described above with the two first axes of both PCA’s to evaluate their ability to predict
demographic change.

To investigate if morphological traits could be used as proxies of physiology, we first calculated correlation
coefficients for each physiological-morphological trait pair. We then tested if the whole morphological trait
space correlated with the eco-physiological trait space by performing a co-inertia analysis between the two
PCAs (Drayet al. 2003). The significance was tested with a permutation test (n = 99). Finally, we evaluated
how predictions of species’ vulnerability to climate warming would differ if we based the predictions on either
morphological or eco-physiological traits only. To this end, we ranked species from least to most vulnerable
to warming based on their locations on the trait axes.

Effect of novel competitors

We tested if species’ demographic response to novel competitors depended on their trait values. We built
a LMM of the species’ cover or frequency in 2020 as a function of the cover/frequency in 2017, competitor
treatment (alpine vs novel), the four trait axes of the PCA including all traits, and the two-way interactions
between competitor treatment and the trait axes.

Species identity was a random effect in all LMMs. Model assumptions were validated by examining plots
of residuals against fitted values for the homoscedasticity of residuals, and a Quantile-Quantile plot for the
normal distribution of the residuals. Analyses were conducted in the R version 3.6.2 (R Core Team 2018).

Results

Demographic response to transplantation explained by traits

Six species decreased, and five species increased in cover in the warmer sites compared to the origin. Five
decreased in frequency but increased or showed no change in cover (Table S1, Figures S8-S9). Of the full
trait space, the first four axes explained 63% of the variation (21%, 15%, 15% and 12%). The first axis
separated species based on their water use efficiency measured with the gas-analyser (WUEinst, WUEint,
E). The second axis separated species with high values of δ13C and δ18O enrichment (i.e. “conservative”
water use strategy) and large size (width, leaf area) from small species with “prolific” water use strategy.
The third axis separated species which increased their WUEinst after transplanting (high WUEinst.PI), had
a high sensitivity of respiration to temperature (high Q10) and low leaf nitrogen content from species with
opposite traits. The fourth axis separated species with prostate growth form (high CSI), high stomatal
conductance, high nighttime transpiration and low temperature optima for photosynthesis from tall, erect
and deep-rooted species with opposite physiological traits (Figure S10).

A species’ position on the second trait axis correlated with its demographic response to increasing tempera-
ture both when measured as cover (χ2(1) = 5.69, p = 0.017, Figure S11a) and frequency (χ2(1) = 14.5, p <
0.001; interaction axis2 × temperature, Figure 1a, Tables S4-S5). Small species in terms of width and leaf
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. area with high life-time stomatal conductance (low δ18O) and low water use efficiency (low δ13C; “prolific”
water use strategy) declined in cover and frequency at the warmer relative to cooler sites. Additionally, a
species’ position on the first PCA axis correlated with its frequency change: species with high WUEinst and
WUEint and low E reduced in frequency more than species with opposite traits at all sites (χ2(1) = 5.55, p =
0.019; Figure S11b). A species’ position on the two other trait axes did not correlate with their demographic
response to warming (Table S5). The best LMMs derived from model selection (including initial cover or
frequency, temperature and its interactions with traits, and species identity) explained 59% of the variation
in cover and 69% in frequency, of which species identity explained 25% and 12%, and traits explained 10%
and 12% (Table S3).

At the community-level, turfs transplanted to lower elevations were more likely to contain larger species
(height and width; (F(1,48) = 4.88, p = 0.03; F(1,48) = 15.08, p < 0.001) with a conservative water use
strategy (high δ13C and δ18O; F(1,48) = 68.57, p < 0.001; F(1,48) = 4.54, p = 0.04; Figure 3, Figure S12bc
and Table S6).

Several traits (WUEins, gsnight, Enight, δ
18O, δ13C) showed plasticity, and the direction of the change differed

between species (Figures S4-S7, S13). Notably, photosynthesis and respiration were on average similar when
measured at +0°C and +3°C (i.e. there was no clear evidence of acclimation, Figure S4a,f). None of the
plasticity indices nor the parameters describing species’ ability to rapidly adjust to temperature (Topt, Ω,
Q10) were important predictors of the demographic changes. Even though transplantation to lower elevations
favored species with conservative water use, it resulted in higher life-time stomatal conductance and lower
water use efficiency (low δ18O enrichment and δ13C) within species (Figures S5-S6).

Comparing morphological vs ecophysiological traits

The PCA constructed only from morphological traits separated species according to leaf structure (PC1: C,
N, C:N, LDMC, LT) and plant size (PC2: width, height, LA, Root.w, Figure 2a,c). The PCA with only
ecophysiological traits separated species based mainly on their gas exchange (PC1: E, WUEintr, WUEinst,
GS, R) and water use strategy (PC2: δ13C, δ18O, GS, depth, Figure 2b,d). The second axes of both PCAs
(i.e. describing size/ water use strategy) correlated with species’ frequency response to transplantation
(χ2(1) = 12.3, p < 0.001 and χ2(1) = 9.1, p = 0.003) and did so as described above for the full trait PCA
(i.e. small species with prolific water use decreasing at warmer sites; Figure 1b,c). The second axis of the
ecophysiological PCA describing water use strategy (χ2(1) = 4.54, p = 0.03) also predicted species cover
change but it was the first axis of the morphological PCA describing leaf structural traits that was associated
with cover change (χ2(1) = 7.81, p = 0.005; species with thick, nitrogen-rich leaves reducing in cover, Figure
S11c,d). The amount of variation in the cover or frequency response explained by the LMMs did not depend
on whether all traits, only morphological traits, or only ecophysiological traits were included (Table S3).

The two PCAs correlated significantly with each other (RV = 0.37, p = 0.01, Figure S14), even though most
of the pairwise correlations between morphological and ecophysiological traits were non-significant (Figure
S15). Using only size-related morphological traits or only ecophysiological traits resulted in a similar ranking
of the winning and losing species (Figure 4), whereas the ranking based on leaf structural traits was different
(Table S7).

Effect of novel competitors

The addition of novel competitors did not significantly affect the abundance of the alpine species, and none
of the four trait axes of the full PCA correlated with species’ demographic response to the treatment (Figures
S16-S17, Table S5).

Discussion

As climate warming continues (IPCC 2021), predicting which species will “win” or “lose” is crucial for
community- and ecosystem-level predictions. Here, we measured the abundance change of 16 alpine plant
species as a response to climate warming in a manipulative field experiment, and related these responses
to species traits. We found that species’ demographic responses to the manipulation could be predicted
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. by their size and water use strategy: small species with a more prolific water use suffered most from the
transplantation to warmer and drier climates. Climate change is likely to influence water availability in the
Alps by increasing the frequency and severity of heatwaves (Beniston 2004). Consequently, water limitation
is likely to become an important driver of community change in alpine grasslands.

The advantage of traits related to conservative water use in a warming climate has been shown before:
morphological traits describing conservative water use were related to increased abundance after warming
in mountain plant communities (Soudzilovskaia et al. 2013), and drier conditions are likely to promote
resource-conservative species in the Arctic (Bjorkman et al. 2018) and in the Mediterranean (Pérez-Ramos
et al. 2012). Soil drying can be an important driver of plant community dynamics in other alpine and Arctic
systems (Harte & Shaw 1995; Chapin III et al. 1996). In our experiment, the largest change in species
abundance occurred after a drought in 2018 that was particularly pronounced at the warmest site (Figure
S18). Increased frequency of these types of extreme events could be critical for future plant community
structure in the Alps (Jentsch & Beierkuhnlein 2008; Liu et al. 2015).

Consistent with our assertion that climate change poses more of a water than a temperature challenge in our
study system, we did not observe a shift towards species with higher thermal optima (i.e. higher Topt and
lower Q10). Such a shift would be expected if changes in community composition were driven by physiological
adaptations to temperature per se . Previous studies have recorded “thermophilization” of alpine and Arctic
plant communities due to climate warming, i.e. a shift towards “warm-adapted” species, as inferred from
their distribution (Gottfriedet al. 2012; Govaert et al. 2021; Lynn et al.2021). Nevertheless, the distributional
limit of a species might not reflect adaptation to temperature as such, but rather to correlated factors, such
as soil moisture or competition. For example, competitive ability is likely to trade-off with cold tolerance
(Koehler et al. 2012; Pellissier et al. 2018), allowing species without specific cold-adaptations to persist with
higher levels of competition. In general, higher temperatures are rarely detrimental for alpine or arctic plants
(Chapin 1983; Gauslaa 1984) and optimal temperatures for plant gas exchange change only a little across
temperature gradients (Körner & Diemer 1987).

Predicting the winners and losers in our experiment was possible by measuring either eco-physiological (long-
term water use efficiency and stomatal conductance) or size-related morphological traits, and could have been
possible with relatively few easily-measured traits (e.g. width and leaf area). Even though the individual
morphological traits did not correlate with physiological processes, the whole morphological trait space
correlated with the physiological trait space. Consequently, using size-related morphological traits resulted
in a similar estimate of winning and losing species than using the full trait data set or eco-physiological
traits only (Figure 4). Nevertheless, the interpretation of the mechanism behind species either “winning”
or “losing” would be different depending on which traits are used for the predictions: a correlation with
size-related traits would not reveal the role of water use strategy and decreasing soil moisture as potential
drivers of community change.

Traits explained 10% of the variation in cover and 12% of the variation in frequency, less than for example
40% in Wright et al. (2010) (but more than e.g., 3% in Paine et al. 2015). Nevertheless, we think the variation
explained by traits should be compared to that explained by species identity (25% and 12%, respectively).
In our experiment, plant cover and frequency were likely changing due to several factors which did not relate
to differences between species, and thus could not be captured by trait measurements (e.g., chance events,
microclimate). Our trait measurements captured almost half (40%, Table S3) of the species-specific variation
in cover change and all the variation in species-specific frequency change. Thus, in our study, traits were
able to effectively capture the species-level differences in demographic rates, although better for one metric
(frequency) than for the other (cover).

We observed within-species changes in most of the traits measured at multiple elevations, with the exact
responses differing between species and traits. Contrary to previous studies (Pérez-Ramos et al.2019; Zhang
et al. 2020) and to our expectations, trait plasticity was not important in explaining demographic change
(but see Block et al. 2020). A potential explanation is that the magnitude of plastic responses to (even severe)
climate change is small compared to trait difference between species (Aerts et al. 2007; Soudzilovskaia et al.
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. 2013, Table S8). Our results highlight that, despite the potential importance of plasticity, species-level trait
values can be useful for demographic predictions (Albert et al. 2011; Kichenin et al. 2013).

Although communities shifted towards species with more conservative water use under warming, the plastic
response showed the opposite pattern: at warmer, lower -elevation sites, individual species showed lower δ18O
(higher stomatal conductance) and lower δ13C (lower water use efficiency). These trends likely follow from
the increasing atmospheric pressure and temperature with decreasing altitude (Körner et al. 1991). Higher
CO2 partial pressure resulting in more constrained CO2 diffusion through stomata (Smith & Donahue 1991;
Terashima et al. 1995; Wang et al. 2017), higher oxygen partial pressure resulting in lower carboxylation
efficiency of Rubisco (Farquhar & Wong 1984), and higher temperature resulting in decreased viscosity of
water and faster transport from roots to leaves (Roderick & Berry 2001), should all result in lower δ18O and
δ
13C values within species at lower elevations (Körneret al. 1988, 1991). This elevation-related shift to more

inefficient water use might have resulted in a larger decrease in abundance in our experiment than would
have taken place due to warming alone. Nevertheless, we think the mechanism identified (decreased water
availability due to warming and the importance of water use traits) holds, even if the demographic effects
of the water limitation might have been overestimated.

Contrary to our predictions, traits did not explain demographic changes caused by novel competitors. This
is likely because the treatment had a relatively small influence on the resident community (Figures S16-S17).
The treatment was set up to mimic the initial establishment of low-elevation species into alpine communities,
and the four years of the experiment were likely not enough for them to significantly affect the alpine species.

Conclusions

In our study, drier conditions at lower elevations drove the demographic responses of alpine plants. Thus,
alpine species with large size and conservative water use were more likely to benefit from the climate change.
Both morphological and eco-physiological traits were successful in separating the “winners” of climate change
from the “losers”. Our study shows that while easy-to-measure morphological traits can generate successful
predictions of demographic responses to climate, eco-physiological knowledge allows us to understand the
mechanism behind the trait-environment relationships.
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Figure 1. The interaction between warming and trait value, as a) the second axis of the PCA including all
traits combined (describing plant size and water use strategy), as b) the second axis of a PCA with mor-
phological traits only (describing plant size) and as c) the second axis of a PCA with ecophysiological traits
only (describing water use strategy). Larger trait values correspond to larger size and/or more conservative
water use strategy, as indicated by the arrow. Note that the axis in panel c) has been inverted to make
the comparison between the panels easier. Lines are model predictions, points are raw data. The y-axes
are changes in frequency (i.e. final/initial), in order to visualize the trends while taking into account the
differences in initial frequency. The grey dashed line represents a relative frequency of 1, i.e. separating
“losers” (below the line) from “winners” (above the line). For cover changes, see Supporting Information
Figure S11a,c,d.

Figure 2. Species position in the trait space based on a) morphological traits only and b) ecophysiological
traits only, c-d) indicating the traits governing the trait space. The first morphological axis describes leaf
structure, and the second morphological axis describes plant size. The first ecophysiological axis describes
plant gas exchange and the second ecophysiological axis describes integrated water use strategy. For both
PCAs, the second axis correlates with species’ cover and frequency change to warming. In addition, the first
morphological axis correlates with species cover change. Species are colored according to their position on
the second axis, because for both PCAs, the second axis correlates with species’ cover and frequency change
to warming; red colors indicate species less vulnerable to warming according to that trait axis. For the PCA
including all traits combined, see Supporting Information Figure S10.

Figure 3. Community-weighted means for δ18O (correlating negatively with life-time stomatal conductance)
and δ13C (correlating positively with life-time water use efficiency). Panels a) and c) show changes in
community mean values when only changes in species frequency are taken into account (i.e. mean species
trait values measured at +0°C). Panels b) and d) show changes in community-weighted values when both
changes in species frequency and intra-specific trait changes are taken into account (i.e. site-specific trait
values). See Supporting Information Figures S5-S6 for intra-specific changes in traits due to warming. The
overall community-level effect of the transplantation was significantly higher life-time stomatal conductance
(GS; lower δ18O; F(1,48) = 90.93, p < 0.001, panel b) and lower life-time water use efficiency (WUE; δ13C;
F(1,48) = 8.75, p = 0.005m panel d) at the warmest site (1000 m, +5°C).

Figure 4. Relationship between species’ vulnerability to climate change based on morphological or ecophy-
siological traits only. Panel a) shows species ranked from most vulnerable to warming (1) to least vulnerable
(16), according to their position on the second trait axis of the PCA with morphological or ecophysiological
traits only (i.e. describing either size or water use strategy). The dashed line indicates 1:1 relationship, i.e.
the further the species falls from the line, the more different are the two rankings for that species. Panel b)
shows the correlation with the trait axes themselves.

Table 1. Information on the study sites along the elevational gradient. The experiment was located in the
eastern Swiss Alps (Calanda mountain, 46°88’N, 9°49’E, 2805 m). The meteorological values are means over
the summers 2019-20. Errors are standard deviations. See also Supporting Information Figure S1.

Warming based on elevation Elevation Summer temperature Soil moisture

+0°C 2000 m 10.7°C ± 5.4°C 34.3% ± 9.6%
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. Warming based on elevation Elevation Summer temperature Soil moisture

+2°C 1600 m 12.5°C ± 6.0°C 25.3% ± 10.4%
+3°C 1400 m 13.2°C ± 6.1°C 25.7% ± 11.0%
+5°C 1000 m 15.6°C ± 5.8°C 22.6% ± 11.8%

Table 2. Summary of the traits measured. “Sites” -column lists at which sites the trait was measured.

Acronym Explanation Unit Sites

A Photosynthetic rate at 1000 μmol m-2 s-1 PAR μmol CO2 m-2 s-1 +0°C, +3°C
R Night respiration rate μmol CO2 m-2 s-1 +0°C, +3°C
GS Stomatal conductance during the day mmol CO2 m-2 s-1 +0°C, +3°C
E Transpiration durign the day mmol H2O m-2 s-1 +0°C, +3°C
WUEint Intrinsic water use efficiency, A/GS +0°C, +3°C
WUEinst Instantenious water use efficiency, A/E Instantenious water use efficiency, A/E +0°C, +3°C
GSnight Stomatal conductance during the night mmol CO2 m-2 s-1 +0°C, +3°C
Enight Transpiration durign the night mmol H2O m-2 s-1 +0°C, +3°C
Topt Optimal tenperaure for photosynthesis °C +0°C
Ω The temperature range when photosynthesis is above zero °C +0°C
Q10 The increase in respiration rate as temperature increases 10°C μmol CO2 m-2 s-1 +0°C
LMA Leaf mass per area mg/mm2 +0°C, +3°C
LA Leaf area cm2 +0°C, +3°C
LT Leaf (lamina) thickness mm +0°C
LDMC Leaf dry matter content % +0°C
C Leaf carbon content % +0°C
N Leaf nitrogen content % +0°C
C:N Leaf carbon to nitrogen ratio +0°C
PNUE Photosynthetic nitrogen use efficiency μmol CO2 g-1 s-1 +0°C
height Height of plants without including reproductive parts mm +0°C
width Horizontal width of the aboveground plant mm +0°C
Rootd The depth of the root system mm +0°C
Rootw Maximum horizontal distance of a root from the rooting point mm +0°C
CSI Canopy shape index: lateral spread of the canopy / height ranges from values close to 0 for erect plants to >> 1 for postrate plants +0°C
δ
13C Carbon isotope ratio of leaf celluloce All sites
δ
18O Oxygen isotope ratio of leaf celluloce All sites
δ
18Oenrich d18O enrichment over the source water depth Soil depth from which the plant is taking water, average across the four sites

cm All sites
PI Plasticity index of the corresponding trait ranges from values 0 (no plasticity) to 1, or negative values indicating reduced trait in the treatment compared to control.
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