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Abstract
1. Climate warming is shifting the distributions of mountain plant species to higher 

elevations. Cold- adapted plant species are under increasing pressure from novel 
competitors that are encroaching from lower elevations. Plant capacity to adjust 
to these pressures may be measurable as variation in trait values within a spe-
cies. In particular, the strength and patterns of intraspecific trait variation along 
abiotic and biotic gradients can inform us whether and how species can adjust 
their anatomy and morphology to persist in a changing environment.

2. Here, we tested whether species specialized to high elevations or with narrow 
elevational ranges show more conservative (i.e. less variable) trait responses 
across their elevational distribution, or in response to neighbours, than species 
from lower elevations or with wider elevational ranges. We did so by studying 
intraspecific trait variation of 66 species along 40 elevational gradients in four 
countries in both hemispheres. As an indication of potential neighbour interac-
tions that could drive trait variation, we also analysed plant species’ height ratio, 
its height relative to its nearest neighbour.
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1  |  INTRODUC TION

There is a pressing need to identify how species and commu-
nities will respond to environmental change, but the inherent 
complexity of natural ecosystems impedes progress. One way to 
address this complexity is to view ecosystems from a functional 
trait perspective (McGill et al., 2006). Functional traits are mea-
surable features of an individual that have the potential to impact 
its survival, growth and fitness (see Table S1 for traits and im-
portant functional indications). While most studies have focused 
on differences in mean trait values among species (e.g. MacLean 
& Beissinger, 2017; Pellissier et al., 2010), there is an increasing 
evidence that there is much intraspecific trait variation as a re-
sult of environmental factors, which in the context of global envi-
ronmental change have the potential to determine outcomes for 
individual species, competitive interactions among species and 
community- level responses (Bjorkman et al., 2018; Giejsztowt 
et al., 2020; Henn et al., 2018; Kichenin et al., 2013; Midolo 
et al., 2019; Siefert et al., 2015).

Some plant- specific functional traits, especially size- related ones 
(e.g. height or leaf size), are powerful indicators of plant performance, 
vary among species and are useful for inferring functional changes 
(e.g. biomass or competitive ability) in communities across ecologi-
cal scales (Cornelissen et al., 2007; Freschet et al., 2021; Lavorel & 
Garnier, 2002; Pearson et al., 2013). In particular, these traits may 
show species- specific patterns of variation over environmental 
gradients. In tundra plants, for example, intraspecific temperature– 
trait relationships for size- related traits varied significantly between 

different species over spatial and temporal gradients (Bjorkman 
et al., 2018). While plant species that are able to grow taller in 
warmer conditions (e.g. through relatively high phenotypic trait 
plasticity/variability) may have an advantage under climate change 
over those that remain small in height irrespective of growing condi-
tions (relatively low trait plasticity/variability), the link between trait 
variation and competitive outcomes remains untested for most traits 
(but see Bret- Harte et al., 2001). Also, trait variation may not always 
be adaptive with regard to environmental circumstances. The large 
variation in the shape of trait– environment relationships reported for 
vegetative, economic and reproductive traits for cold- biome species 
(Bjorkman et al., 2018; Kieltyk, 2018; Midolo et al., 2019) suggest 
that these responses depend on the traits studied (for below- ground 
traits, see Weemstra, Peay, et al., 2020). In addition, the response 
to any single environmental change can vary so that members of 
a community may utilise a diversity of plastic responses (Freschet 
et al., 2018; Weemstra, Kiorapostolou, et al., 2020). Clearly, system-
atic, empirical data describing the pattern of intraspecific trait vari-
ation over environmental gradients will enhance our understanding 
of the range of species' responses to shifting environments (Albert 
et al., 2010; Siefert et al., 2015; Violle et al., 2012). Fortunately, trait 
values for species have become more common in global trait data 
repositories (e.g. TRY; Kattge et al., 2020). However, systematic data 
on intraspecific variation in trait values along entire species ranges 
are not commonly available across multiple species within ecosys-
tems (Midolo et al., 2019), and this situation limits our understand-
ing of species' responses to environmental change in a community 
context.

3. Variation in alpine plant trait values over elevation differed depending on a spe-
cies’ median elevation and the breadth of its elevational range, with species with 
lower median elevations and larger elevational range sizes showing greater trait 
variation, i.e. a steeper slope in trait values, over their elevational distributions. 
These effects were evidenced by significant interactions between species’ el-
evation and their elevational preference or range for several traits: vegetative 
height, generative height, specific leaf area and patch area. The height ratio of 
focal alpine species and their neighbours decreased in the lower part of their 
distribution because neighbours became relatively taller at lower elevations. In 
contrast, species with lower elevational optima maintained a similar height ratio 
with neighbours throughout their range.

4. Synthesis. We provide evidence that species from lower elevations and those with 
larger range sizes show greater intraspecific trait variation, which may indicate a 
greater ability to respond to environmental changes. Also, larger trait variation 
of species from lower elevations may indicate stronger competitive ability of up-
slope shifting species, posing one further threat to species from higher ranges.

K E Y W O R D S
climate change, cold- adapted plants, elevation gradient, elevation range, neighbour 

interactions, plant traits, species distribution
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Intraspecific plant trait variation over environmental gradients is 
a function of both biotic and abiotic drivers. Generally, the relative 
importance of biotic drivers decreases towards higher elevations 
due to cold temperatures according to the stress gradient hypothesis 
(Bertness & Callaway, 1994). There has been a strong research focus 
on changes to the leading edge of species' geographical distributions 
(e.g. on mountain summits), where plants are colonising new habitats 
to track a warming climate (Crepaz et al., 2020; Pauli et al., 2012; 
Steinbauer et al., 2018; Walther et al., 2005; Winkler et al., 2016). 
However, it is the trailing edge where alpine species can be expected 
to disappear (Alexander et al., 2015; Freeman et al., 2018; Rumpf 
et al., 2019; Thuiller et al., 2008; Wiens, 2016). Indeed, increasing 
competition from novel lowland species is considered the most im-
portant factor driving local extinctions at the trailing edge of spe-
cies distributions (Alexander et al., 2015; Engler et al., 2011; Pauli 
et al., 2007). Although studies are few, there is evidence that the 
trailing edges of alpine species ranges shift upslope as much or even 
more than their leading edges do (Rumpf et al., 2019). Hence, if plant 
intraspecific trait variation can provide insight into the susceptibility 
of different plant species with respect to their range, much improved 
predictions can be gained from a better understanding of within- 
community trait variation over species' entire elevational ranges.

Alpine plant species differ in their habitat preferences, which is 
in part expressed by their disparate spatial distributions. Within a 
complete alpine flora, species may, for instance, demonstrate differ-
ent elevational distributions and related temperature ranges, which 
can be quantified as the median elevation of all observations for that 
species (Figure 1; see methods for quality of median as a proxy for a 
species range). These different habitat preferences along elevational 
gradients may be reflected in interspecific differences of particular 
traits (Sundqvist et al., 2013). For example, we may expect different 
trait values for species that occupy environmentally harsher habitats, 

such as barren high- alpine scree slopes, compared with those that 
occupy more benign habitats, such as low- alpine meadows. Species 
from high- alpine and other cold regions often have more conser-
vative life- history strategies compared to species from lower ele-
vations; they are slow growing and small sized (Körner, 2003) with 
relatively small and tough leaves resulting in low specific leaf area 
(SLA) and high leaf dry matter content (LDMC; Perez- Harguindeguy 
et al., 2013, Bjorkman et al., 2018, Thomas et al., 2020). The conser-
vative strategies of high- alpine species may not only be expressed 
by absolute trait values, but also by relatively low trait variation 
across their elevational range, that is, low intraspecific trait varia-
tion. Conversely, plants that occupy lower elevations of the alpine 
zone may express larger trait variation across their elevational range 
because they are likely to be confronted with numerous and more 
competitive neighbouring species of varying sizes and trait prop-
erties. We therefore expect plant species that prefer higher alpine 
environments to show less trait variation over equivalent elevational 
increment than species that inhabit lower alpine zones. However, to 
the best of our knowledge, no study has investigated the generality 
of this relationship.

Plant species are specialised to their preferred habitats to 
different degrees. In the context of alpine species, this degree of 
specialisation may be expressed as the width of the elevational 
distribution of each species relative to others within its landscape 
(Figure 1). The degree of elevational range specialisation may in-
fluence a species' success vis a vis global environmental change, 
for example, declines of small- ranged plant species across con-
trasting habitats across Europe (Staude et al., 2022). In aquatic 
systems, intraspecific trait variation alters the outcome of com-
petition among species (Floder et al., 2021). We do, however, not 
yet know whether specialist species that inhabit a narrow ecolog-
ical range, and thus a relatively homogeneous biotic and abiotic 

F I G U R E  1  Schematic representation of the quantification of species' elevational preferences (EP) and range (SR) in this study. In this 
exemplary mountain range j, the alpine zone spans 500 m of elevation from the nival zone (at 2300 m) to the tree line (at 1800 m). The 
median elevations (Elevmedian) of five alpine plant species are represented by the vertical position of the respective stars. The range of each 
species is represented by its corresponding pale- orange diamond, with the vertical points extending to its maximum elevation (Elevmax) and 
minimum elevation (Elevmin). Species' elevational preference and species range were uncorrelated (see below)
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environment, express little trait variation over that range. We 
hypothesise that generalist species express more trait variation 
than specialist species over similar vertical elevational increments; 
however, empirical evidence in the literature that addresses these 
hypotheses is lacking.

Here, we studied how above- ground plant functional traits 
of 66 species vary along environmental gradients that span their 
entire elevational distributions (upper and lower limits of the al-
pine zone) on mountain ranges in Switzerland, China, Australia 
and New Zealand as they represent major mountain regions of 
the globe. We chose traits that respond to both abiotic and biotic 
drivers (e.g. plant height, leaf traits) and that could be measured 
efficiently and in a standardised way in remote field settings. We 
aimed to identify general patterns of intraspecific trait variation 
among the alpine species from these diverse environments to re-
veal whether plants show species- specific patterns of trait varia-
tion, and whether the characteristics of the species' geographical 
distributions (i.e. elevational preference and elevational range) 
relate to elevation. We defined ‘preference’ as the realised niche 
where species occurred. Specifically, we asked:

1. What are the patterns of species' traits along elevational gra-
dients throughout their entire elevational range? We predicted 
that traits related to leaf and plant size and reproductive output 
(i.e. vegetative height, generative height, plant area, flower count 
and specific leaf area) would decrease in value with elevation, 
while traits associated with tissue or individual longevity (i.e. 
leaf dry matter content, horizontal plant size) would increase 
in value with elevation;

2. Is the range of trait values expressed by a plant species related 
to its elevational preference or range extent? We predicted that, 
for a given elevational increment (as standardised by mountain 
range, see methods), species with preferences for higher eleva-
tions would express less trait variation than species with prefer-
ences for lower elevations. Over similar elevational increments, 
we also expected that specialist species with narrow elevational 
ranges would express less trait variation compared to generalist 
species with broad elevational ranges;

3. How do neighbouring plants affect the size of the target species 
over their elevational distribution? We predicted that plants with a 
preference for higher elevations would be less capable of increasing 
their size relative to their neighbours near the lower edge of their 
distributions, than plants with a preference for lower elevations.

2  |  MATERIAL S AND METHODS

2.1  |  Selection of research sites and species

In each of the four countries Australia (AU), Switzerland (CH), China 
(CN) and New Zealand (NZ), we chose multiple transects extending 
from the nival or alpine zone downwards to the subalpine zone. The 
low elevation limit of each transect was determined by the minimum 

elevation of our target species, which was usually at or slightly below 
treeline. This ensured that the elevational ranges over which we sam-
pled target species were not truncated at their lower end. In Australia 
and Switzerland, all transects were placed within single mountain 
ranges (i.e. Australian and European Alps), while transects occurred 
in numerous mountain ranges in New Zealand and China (see Figure 
S1; Tables S2 and S3; Figure S11). Permits for sampling in national 
parks included CH- 6409 for Switzerland; 40300RES, 62251- RES and 
CA- 31615- OTH for New Zealand; SL101653 (NSW) and 10008180 
(VIC) for Australia. Other locations did not need permits.

Within each country, we selected native plant species (dwarf 
shrubs, herbs and/or graminoids) that were common enough to be 
found both at multiple locations along an individual transect and 
along multiple transects. Furthermore, we selected species known 
to occupy different elevational range sizes and elevational prefer-
ences. This iterative selection process resulted in 11 species from 
11 transects each in AU and NZ (one species in common), with each 
species sampled at an average of five transects. In CH, seven species 
at 11 transects were selected, with the majority of species recorded 
in every transect. In CN, 7 transects and a total of 43 species were 
selected. A total of 71 species were sampled across four countries. 
As the distance between transects was large in China, only seven of 
these species were sampled in more than one transect (see Table S2 
for all study species by country and transect).

2.2  |  Trait and field measurements

Along each transect, we established ~100 m2 field sites in regular 
vertical elevational increments; in AU, where gradients were rela-
tively short (often c. 500 m), field sites were located every 50 m. In 
CN and NZ sites occurred at 100 m increments, and in CH at every 
150 m increase in elevation. At each of the sites, we recorded GPS 
coordinates, elevation, aspect and slope. We photographed the field 
site and all target species. We estimated the abundances of the tar-
get species in five classes (1 = 1 individual, 2 = 2– 3 ind., 3 = 4– 10 
ind., 4 = 11– 50 ind., 5 = >50 ind.). For each target species, we then 
measured seven traits at each collection site based on their eco-
logical relevance for our research questions and feasibility of meas-
urement in the field (Cornelissen et al., 2003; Perez- Harguindeguy 
et al., 2013). As an indication of plant stature, we measured vegeta-
tive and generative height, where vegetative height was distance 
from soil to highest vegetative leaf and generative height was dis-
tance to the highest point on the reproductive shoot. As a measure 
of reproductive investment, we noted the presence of flowers on 
the randomly chosen individuals (see below). As a measure of indi-
vidual and genet basal area, we measured individual plant and patch 
diameters, in two dimensions (along the largest diameter and per-
pendicular to it). In clonal plant species, plant diameter was equiva-
lent to an individual rosette, whereas patch diameter referred to the 
whole genet and could represent the size of a tuft, tussock or cush-
ion. For genera with more singular growth forms (e.g. some Gentiana 
species), plant and patch diameter were the same. The two diameter 
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measurements were made at right angles, allowing estimates of 
patch and plant areas to be calculated as an ellipse (i.e. area = 0.5 a 
0.5 b Π). All traits were measured on 10 randomly selected individu-
als per site. Flower count data were considered in a binary fashion 
on a per individual basis (because for some species individuals only 
produce one flower when flowering) so that the presence or absence 
of flower(s) was a nominal value between 0 and 10 for each spe-
cies at each site. We then collected at least three leaves (up to 30 
for small and light leaves) from each of the first three individuals 
selected from each species for determination of leaf dry matter con-
tent (LDMC) and specific leaf area (SLA). For calculations of LDMC 
and SLA, fresh leaves were scanned on a flatbed scanner to deter-
mine leaf area. Leaves were then weighed on a balance to a precision 
of ±0.001 g, prior to being air- dried and reweighed with a balance to 
a precision of ±0.0001 g. LDMC was calculated by dividing dry leaf 
mass by fresh leaf mass. SLA was calculated by dividing leaf area by 
dry leaf mass. Additionally, within an area of 10 cm diameter around 
the target individual, we determined the tallest neighbouring species 
and measured its vegetative and generative height, and estimated 
the percent cover of the target species, other vegetation, rock and 
bare soil. To examine the height of target plants in relation to neigh-
bouring plants, we calculated the ratio of target to neighbour height 
as the ratio of the scaled target plant vegetative height (see scaling 
below) to the unscaled vegetative height of its nearest neighbour. 
We did not scale the neighbours' height as the neighbours repre-
sent different plant species, which were not systematically sampled. 
Hence, scaling by the mean of the respective neighbour plant was 
not possible as it was for the target plant species.

2.3  |  Data analysis

All analyses were conducted in the statistical programming environ-
ment R version R- 4.1.2 (R Development Core Team, 2021). For each 
analysis, we included only the plant species that were recorded at a 
minimum of 10 locations. This resulted in five species being excluded 
from the data set and 66 species being included in at least one analy-
sis because not all traits were recorded for each species at each site. 
We considered the response of species' vegetative height, genera-
tive height, SLA, LDMC, patch area, plant area, presence of flowers 
and target to neighbour height ratio for all species over their stand-
ardised elevational range (Equation 1). Elevational range was stand-
ardised to enable comparisons among plant species from mountain 
regions in very different climatic zones (Figure SF1). The elevation 
of each observation was standardised across the entire dataset by 
applying Equation 1. We checked that results were not driven by 
individual mountain regions by including them in a separate analysis 
as a fixed factor. Mountain region did not explain any response vari-
able significantly (always p > 0.1, in most cases p > 0.7, see Table S6), 
which justified standardising elevation across mountain regions.

Therefore, the elevation of an observation (Elev[obs]) for species i 
was relative to the maximum and minimum elevation (Elev(max) and 
Elev(min), respectively) of all observations of that species in mountain 
region j.

Likewise, vegetative height, generative height, SLA, LDMC, 
patch area and plant area values were scaled for each species within 
each mountain region to enable comparisons among plant species of 
different sizes. Traits were scaled by applying Equation 2.

where ‘trait value (mean)ij’ is the mean of all observed trait values 
of plant species = i, in mountain region = j. Therefore, the changes 
in trait values for different species were comparable to each other 
across mountain regions.

We characterised two aspects of species' elevational distribu-
tions, which may reflect species' relative habitat specialisation or 
generalism for alpine environments: elevational preference (EP) and 
species range (SR; Figure 1). A species' EP reflects its standardised 
median elevation relative to all species within its mountain region. 
EP varies between 0 and 1 with values approaching 0 for species 
whose median elevation approaches the tree line, and 1 for species 
whose median elevation approaches the nival zone. We calculated 
the elevational preference of each species by Equation 3.

 Therefore, the elevation preference of species i was relative to the 
maximum and minimum elevation of all species in mountain region j. 
Over all data, species' median elevations were a good proxy for the 
elevation at which they achieve maximum abundance (r2 = 0.87, see 
Figure S2.)

Finally, we estimated each plant species' range (SR), which re-
flects its standardised elevational distribution relative to all species 
within its mountain region. SR varies between 0 and 1 with values 
approaching 0 for species whose elevation range approaches 1 m, 
and 1 for species whose elevational range approaches the entire al-
pine zone. We estimated SR for each species by Equation 4.

Therefore, the species range of species i was relative to the maximum 
and minimum elevation of all species in mountain region j.

2.4  |  Mixed- effects models and data visualisation

To consider the patterns of plant trait variation over standard-
ised elevation, we applied mixed- effects models using the lmer 
function from the lme4 package (Bates et al., 2015). To meet the 

(1)Standardized elevation (obs)ij = 1 +

[

Elev (obs)ij − Elev (max)ij

Elev (max)ij − Elev (min)ij

]

.

(2)Scaled trait value (obs)ij =

[

trait value (obs)ij

trait value (mean)ij

]

,

(3)

Elevational preference (obs)ij = 1 +

[

Elev (median)ij − Elev(max)j

Elev(max)j − Elev (min)j

]

.

(4)Species range (obs)ij =

[

Elev(max)ij − Elev (min)ij

Elev(max)j − Elev (min)j

]

.
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assumption of normally distributed residuals, vegetative height, 
generative height and SLA were transformed by log (x + 1), while 
patch and plant areas and the target– neighbour ratios were log- 
transformed. LDMC did not need to be transformed to meet 
model assumptions. Degrees of freedom were calculated via 
Satterthwaite's degrees of freedom method with the r package 
lmerTesT.

To examine the shape and generality of species trait– environment 
relationships over their entire elevational distributions, we con-
structed two mixed- effects models for each of vegetative height, 
generative height, SLA, LDMC, plant area, patch area and the pres-
ence of flowers (for the latter glmer[] was used with family = bino-
mial, also in models below). The first model included standardised 
elevation as a linear fixed effect while the second model included 
standardised elevation as quadratic fixed effect. Comparison of 
these two models allowed us to determine whether species traits 
values had a linear or nonlinear relationship with elevation. All mixed- 
effects models included the count of days since January 1st or July 
1st (for northern and southern hemisphere, respectively) to account 
for potential measurement bias due to seasonality, and transect and 
species as crossed random intercept terms to account for potential 
non- independence of the data. Model optimisation was carried out 
using the default lmer optimisation method and Akaike Information 
Criteria (AIC) were calculated for the two models by maximising the 
log- likelihood (i.e. REML set to false). The best model was selected 
based on the delta AIC and then recalculated by maximising the re-
stricted log- likelihood (REML). Model selection was done using AIC 
with the following ranked criteria: (1) models within 8 AIC of each 
other were considered comparable, (2) priority was given to models 
with significant interactions between fixed effects (applies to models 
below), and (3) priority was given to linear rather than polynomial 
representations of fixed effects (see Tables S4– S5). The generality 
of the effect of standardised elevation on values for each trait was 
assessed by the significance of the p- value in the best model. We 
consider models within delta AIC of <8 as comparable to appropri-
ately account for model uncertainties (Burnham & Anderson, 2002; 
Richards, 2008). Furthermore, we aim at testing specific hypotheses 
about interactions of our response variables, which is the reason for 
priority #2 to include interactions if the model AICs are in a compa-
rable range.

Next, we considered how species' elevational preferences may 
affect their trait values over their entire elevational distributions. 
We computed seven mixed- effects models for each of the re-
sponse variables vegetative height, generative height, SLA, LDMC, 
plant area, patch area and the presence of flowers. These seven 
models (M1– M7) covered the various possible combinations of el-
evational preference (EP) and standardised elevation (SE), on trait 
values (Y) as follows: M1: Y ~ SE, M2: Y ~ SE2, M3: Y ~ EP, M4: 
Y ~ SE + EP, M5: Y ~ SE2 + EP, M6: Y ~ SE × EP, M7: Y ~ SE2 × EP. 
The mixed- effects model structure and model selection were car-
ried out as described above, except in one case where the models 
for generative height as a function of EP failed to converge. For 
this model, the Nelder– Mead method was used for optimisation. 

Species' elevational preference and species range showed no lin-
ear or nonlinear relationship and were uncorrelated (Pearson's 
r = −0.0298, p = 0.803, as computed with the cor.test function). 
We therefore applied the same modelling approach to examine the 
effect of a species range on its trait values over its standardised el-
evation by replacing elevational preference (EP) with species range 
(SR) in all seven models.

To explore whether patterns of trait variation were consistent 
among species with similar elevational distributions but different 
geographical origins, we plotted all species' EP against SR and con-
sidered the response of each species' vegetative height to stan-
dardised elevation.

To test how the height of our target species changed in relation 
to those of their neighbours (of different species) over their stan-
dardised elevation, we computed a similar mixed- effects model for 
the ratio of the scaled height of target species to their neighbour's 
unscaled heights as response variable. As the neighbouring plants 
belonged to different species, the ratio was due to different spe-
cies composition (see discussion below). We calculated marginal r- 
squared values using the r.squaredGLMM function from the mumIn 
package (Barton, 2019).

3  |  RESULTS

3.1  |  Patterns of alpine plant traits along 
elevational gradients

Across all species, plants were shorter and had tougher leaves at 
higher elevation (i.e. vegetative and generative height, SLA and plant 
area all decreased significantly with increasing elevation; Figure 2) 
compared to low- alpine situations. In contrast, despite large varia-
tion across all species, the number of flowering individuals increased 
significantly with increasing elevation. However, neither LDMC nor 
patch area showed a significant overall pattern with elevation due to 
high variability in the responses of individual species (see trends for 
individual species in the Figures S4– S10).

3.2  |  Effects of elevation on trait values for species 
with different elevational preferences (EP) and ranges 
(SR)

The relationship between plant traits and elevation differed signifi-
cantly among species depending on their elevational preference (EP) 
and species range (SR). These relationships were evidenced by sig-
nificant interactions between standardised elevation and EP as well 
as for standardised elevation and SR for several traits: vegetative 
height, generative height, SLA and patch area. For vegetative height 
and SLA, species with a preference for higher elevations retained 
similar trait values throughout their elevational ranges, whereas 
plants with preferences for relatively low elevations displayed 
greater change in trait values over elevational gradients (Figure 3). 
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For example, plants with higher EP maintained similar vegetative 
heights (and SLA) throughout their elevational range so that they 
remained small near their lower range. By contrast, plants with lower 
EP were tall near their elevational minima but declined sharply in 
height towards their elevational maxima. Patch areas of species with 
lower EP became smaller towards their elevational maxima, but the 
opposite was true for species with higher EP, these achieved the 
greatest patch sizes near their elevational maxima. Patch area was 
uncorrelated with abundance. In contrast, the presence of flowers 

increased with elevation for species with higher EP but changed lit-
tle over elevation for species with lower EP.

The response of plant traits to elevation also differed signifi-
cantly among species depending on their elevational range size 
(SR) for two traits. This was evidenced by significant interactions 
between standardised elevation and SR, for vegetative height, and 
patch area (Figure 4). Species with narrow elevation ranges showed 
a bell- shaped curve in trait values (vegetation height and patch area) 
along elevation. In contrast, species with wide SR were tallest near 

F I G U R E  2  Intraspecific changes in trait values across all alpine species from all 40 alpine elevational gradients, as represented by scaled 
plant trait values: Vegetative height, generative height, specific leaf area (SLA), plant area, patch area, leaf dry matter content (LDMC), 
and the presence of flowers or inflorescences along species' entire elevational distributions (standardised value). The line of best fit for 
each linear model (solid lines represent significant relations) and the upper and lower limits of the 95% confidence interval are illustrated 
for each trait. Marginal R2 values and the sample size (n) are reported for each model. Trait values are scaled relative to the mean value 
for each species in each mountain region (see methods) and therefore do not reflect the actual trait values (i.e. no units on y- axes). The 
elevation of each observation was standardised relative to the maximum and minimum elevation of all observations of that species in its 
mountain region. Trait data are for alpine plant species from Australia, China, New Zealand and Switzerland. All depicted effects were back- 
transformed to show the real trait– elevation relationships despite the scaling of trait values
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their elevational minima but declined in height towards their ele-
vational maxima. Likewise, species with narrow SR achieved opti-
mal patch areas mid- way along their elevational distributions, but 

species with wide SR displayed no such trend. We found no signifi-
cant interactions among standardised elevation and SR for the other 
plant traits measured.

F I G U R E  3  Relationship between species trait values and elevation across 66 alpine species from all 40 alpine elevational gradients, 
as influenced by species elevational preference (EP). Results are shown only for models that revealed a significant effect of elevational 
preference on the trait values over standardised elevation. For each model, EP was analysed as a continuous variable but, for simplicity, it is 
illustrated here as the line of best fit for six elevational bands, along with upper and lower limits of the 95% confidence interval as shades. 
See further details in caption of Figure 2 and statistics in Tables S4 and S5

F I G U R E  4  4 Relationship between species trait values and standardised elevation across 66 alpine species from all 40 alpine elevational 
gradients, as influenced by species' elevational range size (SR). Results are shown only for models that revealed a significant effect of species 
range on the trait values over standardised elevation. For each model, EP was analysed as a continuous variable but, for simplicity, it is 
illustrated here as the line of best fit for six elevational bands, along with upper and lower limits of the 95% confidence interval. See further 
details in caption of Figure 2
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3.3  |  Intraspecific height variation among 
alpine plants

To identify plant species with similar elevational distributions, we 
plotted species ranges against their elevational preferences for the 
66 plant species (Figure 5). This procedure illustrates which species, 
or groups of species, drive the statistical patterns reported above. 
The plot revealed that species with the greatest elevational ranges 
had intermediate elevational preferences (i.e. those with SR > 0.8, 
EP 0.2– 0.8) and accordingly, we consider these species to be alpine 
habitat generalists. While species with small range sizes spanned the 
entire range of elevational preferences, very few species that oc-
cupied broad elevational ranges showed preference for very high or 
low relative elevations, which is intuitively pleasing as it is improb-
able for species to reach extremely high or low EP if they have a very 
wide SR unless they are very abundant. Although this result is plau-
sible, it is by no means a foregone conclusion as EP used in our study 
represents the median of species distribution and not the mean or 
midpoint. However, also evident was a small group of species that 
had narrow elevational ranges at the two extremes of elevational 
preference (i.e. SR < 0.3, EP < 0.3 or >0.7). We considered intraspe-
cific trait values over elevation for species that exhibit these three 
unique distributional patterns. We found that the overall strongly 
negative response of vegetative height over elevation (i.e. Figure 2), 
was exemplified at the level of individual species by nearly all of the 
habitat generalists (Table 1). In contrast, we found non- significant or 
idiosyncratic responses of vegetative height to elevation in species 

that occupied narrow elevational ranges at the highest relative eleva-
tions, the high- alpine specialists. While the small number of species 
with this pattern of elevational distribution means that this observa-
tion must be interpreted cautiously, it may suggest that high- alpine 
specialists express less trait variation over elevation than other al-
pine species. Finally, plant species with high fidelity to low- alpine 
environments (i.e. both low EP and SR) expressed similar patterns of 
vegetative height over elevation as the alpine generalist species (i.e. 
mostly significantly negative relationships; Table 1).

3.4  |  Height of target plants relative to 
neighbouring species over elevation

In general, target species were smaller than their tallest neighbour 
(i.e. target– neighbour vegetative height < 1) over much of their el-
evational distribution, but the ratio of target– neighbour vegetative 
height over elevation varied significantly depending on the EP and 
SR of the target plant species (Figure 6; Figure S10). Species with 
higher EP became tall relative to their neighbours near their eleva-
tional maxima. In contrast, species with lower EP remained smaller 
than their neighbours throughout their elevation distribution. Plants 
with narrow and wide SR had contrary optimum curves: plants with 
a narrow SR decreased sharply in height relative to their neighbours 
towards their elevational minima, while no such pattern was de-
tected for species with wider SR.

4  |  DISCUSSION

Despite the occurrence of species specific trends (see also, Bjorkman 
et al., 2018; Kichenin et al., 2013; Weemstra, Kiorapostolou, 
et al., 2020), we detected general intraspecific trends in a range of 
plant traits over elevation; with vegetative and generative heights, 
SLA, and patch area declining with elevation, and the number of 
flowering individuals increasing with elevation. Most importantly, 
these relationships depended upon the species' elevational prefer-
ence (i.e. median elevation) and width of elevational range. In particu-
lar, the strong decline in vegetative and generative height, SLA and 
patch area over elevation were mainly driven by plant species with 
lower elevational preference, suggesting that higher alpine species 
might have a reduced potential to express trait variation in response 
to environmental gradients such as those that occur with elevation. 
We provided preliminary evidence that patterns of intraspecific 
trait variation of alpine generalist species, which prefer mid eleva-
tions and occupy wide elevational ranges, differ from high- alpine 
specialist species, which occupy a narrow range of high- alpine envi-
ronments. Additionally, we demonstrate that species with higher el-
evational preference became taller relative to their neighbours near 
their elevational maxima, whereas species with lower elevational 
preference remained smaller than their neighbours throughout their 
elevational range. Taken together, our results indicate that species 
with lower elevational preference and wider range of occurrence 

F I G U R E  5  Alpine plant species as characterised by their 
elevational preference (EP) and range (SR) for 66 alpine species 
from 4 countries. Species' 6- letter codes appear where n > 20 
observations for the species (see Table 1 for full names). At the 
level of individual species, patterns of intraspecific variation in 
vegetative height over standardised elevation are distinct for 
habitat generalists (i.e. those with SR > 0.8, EP 0.2– 0.8) and high- 
alpine specialist species (i.e. those with SR < 0.3, EP > 0.7)
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Species code Species name Country
Shape veg. height 
over stand. elev.

Habitat

Generalists

CarBre Carex breviculmis AU n.s.

CelCos Celmisia costiniana AU −

SenGun Senecio gunnii AU −

CamSch Campanula scheuchzeri CH −

LeuAlp Leucanthemopsis alpina CH −

PoaAlp Poa alpina CH −

JunEff Juncus effusus CN −

LeoLeo Leontopodium 
leontopodioides

CN −

PriSik Primula sikkimensis CN −

WahPhy Wahlenbergia pygmaea NZ U- shaped

High- Alpine Specialists

AndBis Androsace bisulca CN parabolic

AstHim Aster himalaicus CN n.s.

RhePum Rheum pumilum CN n.s.

GenMon Gentianella montana NZ n.s.

LuzPum Luzula pumila NZ −

Low EP, Low SR

AneTru Anemone trullifolia CN +

BupEup Bupleurum euphorbioides CN −

DenOre Dendranthema oreastrum CN −

GenAlg Gentiana algida CN −

GenPar Gentiana parvula CN n.s.

PhlAlp Phleum alpinum CN −

LuzCol Luzula colensoi NZ n.s.

TA B L E  1  Alpine plant species as from 
Figure 5 for n > 20 observations (see 
Figure 5) and for the groups of habitat 
generalists (i.e. those with SR > 0.8, EP 
0.2– 0.8), high- alpine specialist species 
(i.e. those with SR < 0.3, EP > 0.7) and 
species low EP and low SR. For the shapes 
of vegetation height over elevation of 
individual species, see also Figure S4

F I G U R E  6  Relationships between the ratio of scaled target plant height to unscaled height of neighbouring plants and standardised 
elevation across 66 alpine species from all 40 alpine elevational gradients, as influenced by species' elevational preference (EP) and range 
(SR). In both models, EP and SR were analysed as continuous variables but, for simplicity, are illustrated here as the line of best fit for six 
elevational bands or ranges, respectively, along with upper and lower limits of the 95% confidence interval
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show greater trait variation, which may indicate a greater potential 
to respond flexibly to environmental changes and their potentially 
increasing interspecific competition from upslope shifting species 
(Alexander et al., 2015; Rumpf et al., 2018; Steinbauer et al., 2018). 
The velocity of responses to warming, however, would depend on 
whether trait variation is due to plasticity (relatively fast) or to ge-
netic differentiation among populations (relatively slow). While we 
cannot distinguish the two in this study, it will be important to disen-
tangle plasticity and genetic differentiation in future research.

4.1  |  Overall trait distributions along elevation

Our finding that alpine plant species show general patterns of in-
traspecific trait variation along elevational gradients broadly agrees 
with previous large- scale studies and meta- analyses (Bjorkman 
et al., 2018; Midolo et al., 2019). We found that vegetative and 
generative species heights, SLA and patch area declined, while the 
number of flowering individuals increased with elevation. The nega-
tive relationships between plant height and size with elevation has 
long been recognised (Bonnier, 1890; Körner, 2003) and attributed 
to both intraspecific population adaptation (Halbritter et al., 2018) 
and plastic changes (Read et al., 2014). For example, common garden 
experiments find that individuals originating from high elevations 
are generally shorter and have less biomass than their lower eleva-
tion counterparts, suggesting intraspecific adaptation of plant size 
to elevation (Halbritter et al., 2018). Likewise, the negative relation-
ship between SLA and elevation also met our expectations reflecting 
the tendency of species growing at lower temperatures to grow a 
higher number of small cells per unit area across more cell layers, 
and therefore an increased proportion of cell wall material per unit 
leaf volume (Atkin et al., 2006; Poorter et al., 2009). The negative 
relationship between SLA and elevation likely reflects the increas-
ing divergence of daytime to nighttime leaf- to- air temperature dif-
ferences with increasing elevation (Wright et al., 2017). While the 
climatic factors that drive variation in SLA are also likely to affect 
LDMC, we found high interspecific variability and no overall trend 
in LDMC values with elevation. This ratio of dry to fresh leaf weight 
is likely to be strongly affected by plant available water, which is 
more responsive to regional gradients, such as continentality, than 
to elevation (Körner, 2007; Marshall & Zhang, 1994). We saturated 
leaves before LDMC measurements to control for water availability 
as recommended (Perez- Harguindeguy et al., 2013), but neverthe-
less LDMC did not show consistent patterns in our study. Likewise, 
we found high variability and no overall trend in patch size over 
elevation, with both significant positive and negative relationships 
for species of the same growth form and mountain range (e.g. the 
forbs Leucanthemopsis alpina and Campanula scheuchzeri from the 
Swiss Alps; see Supplementary Information). Despite high interspe-
cific variation, the number of flowering individuals increased with 
elevation, and there was no evidence for an optimum curve as may 
have been expected based on previous work (Kieltyk, 2018). This 
pattern could be a stress response (Malkinson & Tielbörger, 2010), 

or may indicate a trade- off between vegetative and generative traits 
for alpine species: although individuals at high elevation tend to be 
shorter and have smaller leaves, the probability of flowering, which 
is ultimately an important fitness trait, is greater at higher elevations 
than at lower elevations, where species may experience more be-
nign biotic growing conditions, but are also likely to experience more 
negative biotic interactions (Callaway et al., 2002). Such negative in-
teractions may in particular be exerted through shading, which are 
often a cause for suppressed flowering. Although numerous traits 
show trends in elevation, most marginal R2 values are low, indicat-
ing that elevation only explains a small fraction of variation in the 
data. This is not surprising as alpine habitats are usually heterogene-
ous at a very fine scale, and, for instance, temperature differences 
can differ by several degrees within a few meters in complex terrain 
(Scherrer & Körner, 2011). Furthermore, elevation is merely a proxy 
for other factors that change along a mountain slope (Körner, 2007). 
Only air pressure changes universally along elevation, but many 
other factors, such as moisture, may not be related to elevation or 
show nonlinear relationships. Nevertheless, our gradients studied 
do not show strong moisture gradients, and elevation can be as-
sumed to be a reasonable (even if not perfect) proxy for tempera-
ture. Therefore, despite much unexplained variation in our dataset, 
we believe that our analyses can indicate important ecological pro-
cesses along elevation. Interestingly, mountain region did not affect 
trait patterns significantly when added to the statistical model as a 
fixed effect. Despite considerable climatic and geographical differ-
ences between the studied mountain regions, the results shown in 
our study apparently apply across larger scales.

4.2  |  Trait variation for species with different 
elevational preferences or ranges

We showed that patterns of trait variation over elevation depended 
upon the elevational preferences and ranges of alpine plant spe-
cies. In particular, the decline in vegetative and generative heights, 
SLA and patch area over elevation was mainly driven by plant spe-
cies with lower elevation preferences. Likewise, the slight overall 
increase in the probability of flowering with elevation was driven 
by species with higher elevational preference. Collectively, these 
results suggest that alpine specialist species may be subjected to 
trade- offs in vegetative and generative traits differently than alpine 
species with lower elevational preference. While these observations 
must be interpreted cautiously given the high residual variance left 
unexplained in our probability of flowering model (i.e. low marginal 
R2 values), this significant effect is consistent with the stress gradi-
ent hypothesis (Bertness & Callaway, 1994; Maestre et al., 2009). 
Alpine plant species that specialise in high elevation habitats are 
likely to experience more abiotic stress but less interspecific com-
petition relative to species that prefer lower elevations. This may 
enable them to increase resource allocation to flowering while main-
taining overall conservative growth strategies by remaining short 
and small. In contrast, species that prefer lower alpine environments 
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are likely to experience more variable interspecific competition 
from a higher diversity of neighbours. The variability of interspe-
cific competition experienced by alpine plants with lower elevational 
preference is likely to select for the maintenance of vegetative trait 
flexibility, as demonstrated by the strong decline in vegetative and 
generative heights, SLA and patch area over elevation for these 
species. However, our data revealed no significant negative rela-
tionship between the presence of flowers and elevation for species 
with lower elevational preference. Thus, our data may suggest that a 
maintenance of vegetative trait flexibility may come at the expense 
of flexibility of flowering for alpine plant species with lower eleva-
tional preference. However, given the low statistical explanatory 
power of some of our models, trade- offs between vegetative and 
reproductive traits deserve further investigation.

More generally, our data suggest that high- alpine specialists 
have relatively little potential to express variability in vegetative 
traits in response to elevation. Species that preferred higher ele-
vations showed little variation in trait values over elevation as well 
as some evidence of weaker performance at lower elevations (e.g. 
smaller patches, lower probability of flowering). By contrast, spe-
cies that preferred lower elevations grew taller and larger and had 
relatively larger leaves, near their elevational minima. Similarly, 
species with wide elevational ranges were tallest near their eleva-
tional minima. Therefore, our trait data provide evidence that lower 
alpine plant species might have more capability to respond to cli-
mate warming than high- alpine plant species. Hence, our findings 
support and extend previous demographic studies which show that 
lower alpine plant species are able to respond positively to recent 
environmental change by increasing their abundances and colo-
nising upslope relative to more static higher alpine species (Rumpf 
et al., 2018). Consequently, the relatively low trait and demographic 
flexibility of high- alpine plants may concur with the general decline 
of high- alpine specialists (Pauli et al., 2007) and the thermophilisa-
tion of alpine plant species composition in recent decades, which 
has been demonstrated in Europe (Lamprecht et al., 2018). In terms 
of upward species shifts (Chen et al., 2011; Freeman et al., 2018; 
Rumpf et al., 2019), our study indicates that high- alpine plants, with 
their relatively constrained trait variation, may be increasingly disad-
vantaged when interacting with more flexible low- alpine species and 
those with wider elevational ranges.

While we interpret the more pronounced clines of lower ele-
vation and wider ranged species much in the light of interspecific 
competition, numerous other factors also change along elevation 
(see also discussion above). To a small extent, other factors and their 
variations might also influence the observed trait patterns, such as 
growing season length, nutrient availability and abundance of polli-
nators. Also, statistical effects might drive some of our results. It is 
possible that trait variation increases with the mean (but see scaling 
in methods), which could result in less pronounced trait variation in 
high- alpine or in narrow- range species and less statistical power to 
detect changes in elevation. It is therefore important for future re-
search to consider other ecological factors, such as moisture or snow 
cover (Sedlacek et al., 2015; Wheeler et al., 2016). Nevertheless, we 

believe that it is ecologically relevant to understand trait changes 
and variation along altitudinal ecological gradients because they 
have the potential to indicate species responsiveness to changing 
environmental conditions.

4.3  |  Intraspecific height variation among 
alpine plants

Visualising plant species as a function of their range and elevational 
preferences allowed us to distinguish two alpine plant groups, with 
distinct patterns of intraspecific trait variation in response to eleva-
tion. Namely, the alpine habitat generalists were those species that 
demonstrated high variation in vegetative height over elevation, 
being tallest near their elevational minima and rapidly declining in 
height near their elevational maxima. In contrast, the high- alpine 
specialist species, which occupied narrow elevational ranges at the 
highest relative elevations, showed no consistent response of veg-
etative height to elevation, again supporting the view that these 
species express a conservative range of trait values with elevation. 
Finally, it was interesting to observe that plant species with both low 
elevational preference and range of occurrence, which may be the 
subset of species that are likely to experience the greatest interspe-
cific competition as sub- alpine species advance into alpine zones, 
were generally similar to the habitat generalist species in express-
ing mostly significantly negative relationships between vegetative 
height and standardised elevation. Such differentiations in trait vari-
ation between different species groups may help us in the long term 
to understand the future of alpine plants (Guisan & Theurillat, 2001).
While our analysis of traits at the species level is limited by a small 
sample size, this finding may suggest that the low- alpine flora re-
tains significant vegetative height flexibility, which may serve these 
species well in rapidly changing climates (Loveys et al., 2003). We 
suggest that verification of this pattern through the analysis of in-
traspecific trait variation of many more alpine species, different evo-
lutionary lineages and growth forms, and from more geographical 
regions, is a high priority for future research.

4.4  |  Height of plants relative to 
neighbouring species

Plant traits respond to both abiotic and biotic drivers; therefore, 
we wished to learn how the vegetative heights of our target spe-
cies changed in relation to their nearest neighbours standardising for 
elevation, and whether these patterns would differ among species 
according to their elevational preferences and range. We found that 
species with higher elevational preference were smaller than their 
neighbours (belonging to different species) near their elevational 
minima and became taller relative to their neighbours near their 
elevational maxima, where few other species were likely to be pre-
sent. This agrees with our finding that species with higher elevational 
preference showed relatively little height variation over elevation 
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and maintained conservative height values while their neighbours 
became taller at lower elevations (see Figure S3). In contrast, we 
found that target species with lower elevational preferences main-
tained a more constant height ratio with their neighbours through-
out their elevational distributions, indicating that they were able to 
increase their vegetative heights apace with their neighbours near 
their elevational minima. These findings may in part be explained by 
net facilitative plant– plant interactions in harsh high- alpine condi-
tions and net competitive interactions at lower elevations (Callaway 
et al., 2002). Due to the net facilitative species interactions at high 
elevation, growing tall might be less necessary (and effective) as a 
means of competition with neighbours. However, to compete at 
lower elevations the ability to grow taller is probably a relevant sur-
vival mechanism. The ratio of target plant to neighbour plant height 
over elevation varied for species with different range sizes. Species 
with narrower ranges were tallest relative to their neighbours in the 
upper half of their elevational distributions but declined in relative 
height near their elevational minima. Conversely, species with wider 
range of occurrence showed constant or increasing heights relative 
to their neighbours as they approached their elevational maxima. 
These findings provide additional evidence that plant species with 
wider range of occurrence and a preference for lower elevation ex-
press considerable variation in height over elevation, which permits 
them to grow taller in less stressful environments, and potentially 
enhances their competitive outcomes with neighbours. Equally, our 
data suggest that species that prefer high- alpine environments or 
have narrow range of occurrence, achieve peak heights relative to 
their neighbours only in the upper reaches of their elevational dis-
tributions, but are unable to maintain their relative stature at lower 
elevations, where competition from neighbours is likely to be the 
greatest (Alexander et al., 2015). As neighbours in our study belong 
to different species (whichever species grew in the vicinity of our 
target plant), the comparison to neighbours holds for the species 
composition at a given site/elevation and does not represent direct 
interactions between specific species.

5  |  CONCLUSIONS

We showed that alpine plant species exhibit general intraspecific 
trends in traits over elevation, and that these relationships depend 
upon the elevational preferences and ranges of the species. More 
precisely, species that were more generalist in their elevational 
distributions expressed higher trait variation over standardised 
elevation than those with a preference for higher elevations and 
narrower elevational ranges. In particular, this higher variability of 
height allowed these species to grow taller in favourable habitats, 
apace with their neighbours, suggesting that these species might 
be more capable of responding to recent and future abiotic and 
biotic changes in alpine zones. The trait– environment relation-
ships of alpine plant species were broadly generalisable among 
plant species from around the world suggests that plant species' 
elevational preferences and range sizes may be useful proxies for 

inferring functional trait responses to environmental gradients 
globally.
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