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Abstract 48 

 49 

Climate warming is shifting the distributions of mountain plant species to higher elevations. 50 

Cold-adapted plant species are under increasing pressure from novel competitors that are 51 

encroaching from lower elevations. Plant capacity to adjust to these pressures may be 52 

measurable as variation in trait values within a species. In particular, the strength and patterns 53 

of intraspecific trait variation along abiotic and biotic gradients can inform us whether and 54 

how species can adjust their anatomy and morphology to persist in a changing environment. 55 

Here, we tested whether species specialized to high elevations or with narrow elevational 56 

ranges show more conservative (i.e. less variable) trait responses across their elevational 57 

distribution, or in response to neighbours, than species from lower elevations or with wider 58 

elevational ranges. We did so by studying intraspecific trait variation of 66 species along 40 59 

elevational gradients in four countries in both hemispheres. As an indication of potential 60 

neighbour interactions that could drive trait variation, we also analysed plant species’ height 61 

ratio, its height relative to its nearest neighbour. 62 

Variation in alpine plant trait values over elevation differed depending on a species’ median 63 

elevation and the breadth of its elevational range, with species with lower median elevations 64 

and larger elevational range sizes showing greater trait variation, i.e. a steeper slope in trait 65 

values, over their elevational distributions. These effects were evidenced by significant 66 

interactions between species’ elevation and their elevational preference or range for several 67 

traits: vegetative height, generative height, specific leaf area and patch area. The height ratio 68 

of focal alpine species and their neighbours decreased in the lower part of their distribution 69 

because neighbours became relatively taller at lower elevations. In contrast, species with 70 

lower elevational optima maintained a similar height ratio with neighbours throughout their 71 

range. 72 
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Synthesis. We provide evidence that species from lower elevations and those with larger 73 

range sizes show greater intraspecific trait variation, which may indicate a greater ability to 74 

respond to environmental changes. Also, larger trait variation of species from lower 75 

elevations may indicate stronger competitive ability of upslope shifting species, posing one 76 

further threat to species from higher ranges. 77 

 78 

Keywords: climate change, cold-adapted plants, elevation gradient, elevation range, 79 

neighbour interactions, plant traits, species distribution 80 

 81 

  82 
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Introduction 83 

 84 

There is a pressing need to identify how species and communities will respond to 85 

environmental change, but the inherent complexity of natural ecosystems impedes progress. 86 

One way to address this complexity is to view ecosystems from a functional trait perspective 87 

(McGill et al. 2006). Functional traits are measurable features of an individual that have the 88 

potential to impact its survival, growth and fitness (see STable 1 for traits and important 89 

functional indications). While most studies have focused on differences in mean trait values 90 

among species (e.g. Pellissier et al. 2010, MacLean and Beissinger 2017), there is increasing 91 

evidence that there is much intraspecific trait variation as a result of environmental factors, 92 

which in the context of global environmental change have the potential to determine outcomes 93 

for individual species, competitive interactions among species and community-level responses 94 

(Kichenin et al. 2013, Siefert et al. 2015, Bjorkman et al. 2018, Henn et al. 2018, Midolo et al. 95 

2019, Giejsztowt et al. 2020).  96 

Some plant-specific functional traits, especially size-related ones (e.g. height or leaf 97 

size), are powerful indicators of plant performance, vary among species, and are useful for 98 

inferring functional changes (e.g. biomass or competitive ability) in communities across 99 

ecological scales (Lavorel and Garnier 2002, Cornelissen et al. 2007, Pearson et al. 2013, 100 

Freschet et al. 2021).  In particular, these traits may show species-specific patterns of variation 101 

over environmental gradients. In tundra plants, for example, intraspecific temperature-trait 102 

relationships for size-related traits varied significantly between different species over spatial 103 

and temporal gradients (Bjorkman et al. 2018). While plant species that are able to grow taller 104 

in warmer conditions (e.g. through relatively high phenotypic trait plasticity/variability) may 105 

have an advantage under climate change over those that remain small in height irrespective of 106 



6 
 

growing conditions (relatively low trait plasticity/variability), the link between trait variation 107 

and competitive outcomes remains untested for most traits (but see Bret-Harte et al. 2001). 108 

Also, trait variation may not always be adaptive with regard to environmental circumstances. 109 

The large variation in the shape of trait-environment relationships reported for vegetative, 110 

economic and reproductive traits for cold-biome species (Bjorkman et al. 2018, Kieltyk 2018, 111 

Midolo et al. 2019) suggest that these responses depend on the traits studied (for belowground 112 

traits see Weemstra et al. 2020b). In addition, the response to any single environmental change 113 

can vary, so that members of a community may utilise a diversity of plastic responses (Freschet 114 

et al. 2018, Weemstra et al. 2020a). Clearly, systematic, empirical data describing the pattern 115 

of intraspecific trait variation over environmental gradients will enhance our understanding of 116 

the range of species’ responses to shifting environments (Albert et al. 2010, Violle et al. 2012, 117 

Siefert et al. 2015). Fortunately, trait values for species have become more common in global 118 

trait data repositories (e.g., TRY; Kattge et al. 2020). However, systematic data on intraspecific 119 

variation in trait values along entire species ranges are not commonly available across multiple 120 

species within ecosystems (Midolo et al. 2019), and this situation limits our understanding of 121 

species’ responses to environmental change in a community context.  122 

 123 

Intraspecific plant trait variation over environmental gradients is a function of both 124 

biotic and abiotic drivers. Generally, the relative importance of biotic drivers decreases towards 125 

higher elevations due to cold temperatures according to the stress gradient hypothesis (Bertness 126 

and Callaway 1994). There has been a strong research focus on changes to the leading edge of 127 

species’ geographic distributions (e.g. on mountain summits), where plants are colonising new 128 

habitats to track a warming climate (Walther et al. 2005, Pauli et al. 2012, Winkler et al. 2016, 129 

Steinbauer et al. 2018, Crepaz et al. 2020). However, it is the trailing edge where alpine species 130 

can be expected to disappear (Thuiller et al. 2008, Alexander et al. 2015, Wiens 2016, Freeman 131 
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et al. 2018, Rumpf et al. 2019). Indeed, increasing competition from novel lowland species is 132 

considered the most important factor driving local extinctions at the trailing edge of species 133 

distributions (Pauli et al. 2007, Engler et al. 2011, Alexander et al. 2015). Although studies are 134 

few, there is evidence that the trailing edges of alpine species ranges shift upslope as much or 135 

even more than their leading edges do (Rumpf et al. 2019). Hence, if plant intraspecific trait 136 

variation can provide insight into the susceptibility of different plant species with respect to 137 

their range, much improved predictions can be gained from a better understanding of within-138 

community trait variation over species’ entire elevational ranges. 139 

 140 

Alpine plant species differ in their habitat preferences, which is in part expressed by 141 

their disparate spatial distributions. Within a complete alpine flora, species may for instance 142 

demonstrate different elevational distributions and related temperature ranges, which can be 143 

quantified as the median elevation of all observations for that species (Fig. 1; see methods for 144 

quality of median as a proxy for a species range). These different habitat preferences along 145 

elevational gradients may be reflected in interspecific differences of particular traits (Sundqvist 146 

et al. 2013). For example, we may expect different trait values for species that occupy 147 

environmentally harsher habitats, such as barren high-alpine scree slopes, compared with those 148 

that occupy more benign habitats, such as low-alpine meadows. Species from high alpine and 149 

other cold regions often have more conservative life history strategies compared to species 150 

from lower elevations; they are slow-growing and small-sized (Körner 2003) with relatively 151 

small and tough leaves resulting in low specific leaf area (SLA) and high leaf dry matter content 152 

(LDMC; Perez-Harguindeguy et al. 2013, Bjorkman et al. 2018, Thomas et al. 2020). The 153 

conservative strategies of high-alpine species may not only be expressed by absolute trait 154 

values, but also by relatively low trait variation across their elevational range, that is, low 155 

intraspecific trait variation. Conversely, plants that occupy lower elevations of the alpine zone 156 
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may express larger trait variation across their elevational range because they are likely to be 157 

confronted with numerous and more competitive neighbouring species of varying sizes and 158 

trait properties. We therefore expect plant species that prefer higher alpine environments to 159 

show less trait variation over equivalent elevational increment than species that inhabit lower 160 

alpine zones. However, to the best of our knowledge, no study has investigated the generality 161 

of this relationship. 162 

 163 

Plant species are specialised to their preferred habitats to different degrees. In the 164 

context of alpine species, this degree of specialisation may be expressed as the width of the 165 

elevational distribution of each species relative to others within its landscape (Fig. 1). The 166 

degree of elevational range specialisation may influence a species’ success vis a vis global 167 

environmental change, e.g., declines of small-ranged plant species across contrasting habitats 168 

across Europe (Staude et al. 2021). In aquatic systems, intraspecific trait variation alters the 169 

outcome of competition among species (Floder et al. 2021). We do, however, not yet know if 170 

specialist species that inhabit a narrow ecological range, and thus a relatively homogenous 171 

biotic and abiotic environment, express little trait variation over that range. We hypothesize 172 

that generalist species express more trait variation than specialist species over similar vertical 173 

elevational increments, however, empirical evidence in the literature that addresses these 174 

hypotheses is lacking. 175 

 176 

Here, we studied how aboveground plant functional traits of 66 species vary along 177 

environmental gradients that span their entire elevational distributions (upper and lower limits 178 

of the alpine zone) on mountain ranges in Switzerland, China, Australia and New Zealand as 179 

they represent major mountain regions of the globe. We chose traits that respond to both abiotic 180 

and biotic drivers (e.g., plant height, leaf traits) and that could be measured efficiently and in a 181 
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standardised way in remote field settings. We aimed to identify general patterns of intraspecific 182 

trait variation among the alpine species from these diverse environments to reveal whether 183 

plants show species-specific patterns of trait variation, and whether the characteristics of the 184 

species’ geographic distributions (i.e., elevational preference and elevational range) relate to 185 

elevation. We defined “preference” as the realized niche where species occurred. Specifically, 186 

we asked:  187 

1) What are the patterns of species’ traits along elevational gradients throughout their 188 

entire elevational range? We predicted that traits related to leaf and plant size and reproductive 189 

output (i.e., vegetative height, generative height, plant area, flower count and specific leaf area) 190 

would decrease in value with elevation, while traits associated with tissue or individual 191 

longevity (i.e., leaf dry matter content, horizontal plant size) would increase in value with 192 

elevation; 193 

2) Is the range of trait values expressed by a plant species related to its elevational 194 

preference or range extent? We predicted that, for a given elevational increment (as 195 

standardized by mountain range, see methods), species with preferences for higher elevations 196 

would express less trait variation than species with preferences for lower elevations. Over 197 

similar elevational increments, we also expected that specialist species with narrow elevational 198 

ranges would express less trait variation compared to generalist species with broad elevational 199 

ranges; 200 

3) How do neighbouring plants affect the size of the target species over their elevational 201 

distribution? We predicted that plants with a preference for higher elevations would be less 202 

capable of increasing their size relative to their neighbours near the lower edge of their 203 

distributions, than plants with a preference for lower elevations.  204 

 205 

 206 
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 207 

Methods 208 

 209 

Selection of research sites and species 210 

In each of the four countries Australia (AU), Switzerland (CH), China (CN) and New 211 

Zealand (NZ), we chose multiple transects extending from the nival or alpine zone downwards 212 

to the subalpine zone. The low elevation limit of each transect was determined by the minimum 213 

elevation of our target species, which was usually at or slightly below treeline. This ensured 214 

that the elevational ranges over which we sampled target species were not truncated at their 215 

lower end. In Australia and Switzerland, all transects were placed within single mountain 216 

ranges (i.e. Australian and European Alps), while transects occurred in numerous mountain 217 

ranges in New Zealand and China (see Supporting information SFig. 1, STables 2 and 3, SFig. 218 

11). 219 

 220 

Within each country, we selected native plant species (dwarf shrubs, herbs and/or 221 

graminoids) that were common enough to be found both at multiple locations along an 222 

individual transect and along multiple transects. Further, we selected species known to occupy 223 

different elevational range sizes and elevational preferences. This iterative selection process 224 

resulted in 11 species from 11 transects each in AU and NZ (one species in common), with 225 

each species sampled at an average of five transects. In CH, seven species at 11 transects were 226 

selected, with the majority of species recorded in every transect. In CN, 7 transects and a total 227 

of 43 species were selected. A total of 71 species were sampled across four countries. As the 228 

distance between transects was large in China, only seven of these species were sampled in 229 

more than one transect (see Table S2 for all study species by country and transect).  230 
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 231 

Trait and field measurements 232 

Along each transect, we established ~100 m2 field sites in regular vertical elevational 233 

increments; in AU, where gradients were relatively short (often c. 500 m), field sites were 234 

located every 50 m. In CN and NZ sites occurred at 100 m increments, and in CH at every 150 235 

m increase in elevation. At each of the sites, we recorded GPS coordinates, elevation, aspect, 236 

and slope. We photographed the field site and all target species. We estimated the abundances 237 

of the target species in five classes (1 = 1 individual, 2 = 2-3 ind., 3 = 4-10 ind., 4 = 11-50 ind., 238 

5 = >50 ind.). For each target species, we then measured seven traits at each collection site 239 

based on their ecological relevance for our research questions and feasibility of measurement 240 

in the field (Cornelissen et al. 2003, Perez-Harguindeguy et al. 2013). As an indication of plant 241 

stature, we measured vegetative and generative height, where vegetative height was distance 242 

from soil to highest vegetative leaf and generative height was distance to the highest point on 243 

the reproductive shoot. As a measure of reproductive investment, we noted the presence of 244 

flowers on the randomly chosen individuals (see below). As a measure of individual and genet 245 

basal area, we measured individual plant and patch diameters, in two dimensions (along the 246 

largest diameter and perpendicular to it). In clonal plant species, plant diameter was equivalent 247 

to an individual rosette, whereas patch diameter referred to the whole genet and could represent 248 

the size of a tuft, tussock or cushion. For genera with more singular growth forms (e.g., some 249 

Gentiana species) plant and patch diameter were the same. The two diameter measurements 250 

were made at right angles, allowing estimates of patch and plant areas to be calculated as an 251 

ellipse (i.e., area = 0.5 a 0.5 b Π). All traits were measured on ten randomly selected individuals 252 

per site. Flower count data was considered in a binary fashion on a per individual basis (because 253 

for some species individuals only produce one flower when flowering) so that the presence or 254 

absence of flower(s) was a nominal value between 0 and 10 for each species at each site. We 255 
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then collected at least three leaves (up to 30 for small and light leaves) from each of the first 256 

three individuals selected from each species for determination of leaf dry matter content 257 

(LDMC) and specific leaf area (SLA). For calculations of LDMC and SLA, fresh leaves were 258 

scanned on a flatbed scanner to determine leaf area. Leaves were then weighed on a balance to 259 

a precision of +/- 0.001g, prior to being air dried and reweighed with a balance to a precision 260 

of +/- 0.0001g. LDMC was calculated by dividing dry leaf mass by fresh leaf mass. SLA was 261 

calculated by dividing leaf area by dry leaf mass. Additionally, within an area of 10 cm 262 

diameter around the target individual, we determined the tallest neighbouring species and 263 

measured its vegetative and generative height, and estimated the percent cover of the target 264 

species, other vegetation, rock, and bare soil. To examine the height of target plants in relation 265 

to neighbouring plants, we calculated the ratio of target to neighbour height as the ratio of the 266 

scaled target plant vegetative height (see scaling below) to the unscaled vegetative height of its 267 

nearest neighbour. We did not scale the neighbours’ height as the neighbours represent 268 

different plant species, which were not systematically sampled. Hence, scaling by the mean of 269 

the respective neighbour plant was not possible as it was for the target plant species. 270 

 271 

 272 

Data analysis 273 

All analyses were conducted in the statistical programming environment R version R-4.1.2 (R 274 

Development Core Team 2021). For each analysis we included only the plant species that were 275 

recorded at a minimum of ten locations. This resulted in five species being excluded from the 276 

data set and 66 species being included in at least one analysis because not all traits were 277 

recorded for each species at each site. We considered the response of species’ vegetative height, 278 

generative height, SLA, LDMC, patch area, plant area, presence of flowers and target to 279 

neighbour height ratio for all species over their standardized elevational range (equation 1). 280 
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Elevational range was standardized to enable comparisons among plant species from mountain 281 

regions in very different climatic zones (Fig SF1). The elevation of each observation was 282 

standardized across the entire dataset by applying equation 1. We checked that results were not 283 

driven by individual mountain regions by including them in a separate analysis as a fixed factor. 284 

Mountain region did not explain any response variable significantly (always p > 0.1, in most 285 

cases p > 0.7, see STable 6), which justified standardising elevation across mountain regions.  286 

 287 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑖𝑧𝑒𝑑 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 (𝑜𝑏𝑠)௜௝ = 1 + ൤
ா௟௘௩ (௢௕௦)೔ೕ ି ா௟௘௩ (௠௔௫)೔ೕ

ா௟௘௩ (௠௔௫)೔ೕିா௟௘௩ (௠௜௡)೔ೕ
൨  eqn. 1 288 

 289 

Therefore, the elevation of an observation (Elev(obs)) for species i was relative to the maximum 290 

and minimum elevation (Elev(max) and Elev(min), respectively) of all observations of that 291 

species in mountain region j. 292 

 293 

Likewise, vegetative height, generative height, SLA, LDMC, patch area, and plant area values 294 

were scaled for each species within each mountain region to enable comparisons among plant 295 

species of different sizes. Traits were scaled by applying equation 2.  296 

 297 

𝑆𝑐𝑎𝑙𝑒𝑑 𝑡𝑟𝑎𝑖𝑡 𝑣𝑎𝑙𝑢𝑒 (𝑜𝑏𝑠)௜௝  = ൤
௧௥௔  ௩௔௟௨௘ (௢௕௦)೔ೕ 

௧௥௔௜௧ ௩௔௟௨௘ (௠௘௔௡)೔ೕ
൨    eqn. 2 298 

 299 

where ‘trait value (mean)ij’ is the mean of all observed trait values of plant species = i, in 300 

mountain region = j. Therefore, the changes in trait values for different species were 301 

comparable to each other across mountain regions. 302 

 303 
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We characterised two aspects of species’ elevational distributions, which may reflect species’ 304 

relative habitat specialisation or generalism for alpine environments: elevational preference 305 

(EP) and species range (SR; Fig. 1). A species’ EP reflects its standardized median elevation 306 

relative to all species within its mountain region. EP varies between 0 and 1 with values 307 

approaching 0 for species whose median elevation approaches the tree line, and 1 for species 308 

whose median elevation approaches the nival zone. We calculated the elevational preference 309 

of each species by equation 3. 310 

 311 

𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑝𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (𝑜𝑏𝑠)௜௝ = 1 + ൤
 ா௟௘௩ (௠௘ௗ௜௔௡)೔ೕ ି ா௟௘௩(௠௔௫)ೕ 

ா௟௘௩(௠௔௫)ೕ ି ா௟௘௩ (௠௜௡)ೕ
൨            eqn. 3 312 

  313 

Therefore, the elevation preference of species i was relative to the maximum and minimum 314 

elevation of all species in mountain region j. Overall data, species’ median elevations were a 315 

good proxy for the elevation at which they achieve maximum abundance into account (r2=0.87, 316 

see SFig 2.) 317 

 318 

Finally, we estimated each plant species’ range (SR), which reflects its standardized elevational 319 

distribution relative to all species within its mountain region. SR varies between 0 and 1 with 320 

values approaching 0 for species whose elevation range approaches 1 m, and 1 for species 321 

whose elevational range approaches the entire alpine zone. We estimated SR for each species 322 

by equation 4. 323 

 324 

𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝑟𝑎𝑛𝑔𝑒 (𝑜𝑏𝑠)௜௝  = ൤
ா௟௘௩(௠௔௫)೔ೕ ି ா௟௘௩ (௠௜௡)೔ೕ

ா௟௘௩(௠௔௫)ೕ ିா௟௘௩ (௠௜௡)ೕ
൨           eqn. 4 325 

 326 
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Therefore, the species range of species i was relative to the maximum and minimum elevation 327 

of all species in mountain region j.  328 

 329 

 330 

 331 

Fig. 1. Schematic representation of the quantification of species’ elevational preferences (EP) 332 

and range (SR) in this study. In this exemplary mountain range j, the alpine zone spans 500m 333 

of elevation from the nival zone (at 2300m) to the tree line (at 1800m). The median elevations 334 

(Elevmedian) of five alpine plant species are represented by the vertical position of the respective 335 

stars. The range of each species is represented by its corresponding pale-orange diamond, with 336 

the vertical points extending to its maximum elevation (Elevmax) and minimum elevation 337 

(Elevmin). Species’ elevational preference and species range were uncorrelated (see below). 338 

 339 

 340 

 341 

 342 
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Mixed-effects models and data visualisation 343 

 344 

To consider the patterns of plant trait variation over standardised elevation, we applied mixed-345 

effects models using the lmer function from the lme4 package (Bates et al. 2015). To meet the 346 

assumption of normally distributed residuals, vegetative height, generative height, and SLA 347 

were transformed by log (x + 1), while patch and plant areas and the target-neighbour ratios 348 

were log-transformed. LDMC did not need to be transformed in order to meet model 349 

assumptions. Degrees of freedom were calculated via Satterthwaite's degrees of freedom 350 

method with the R package lmerTest. 351 

 352 

To examine the shape and generality of species trait-environment relationships over their entire 353 

elevational distributions, we constructed two mixed-effects models for each of vegetative 354 

height, generative height, SLA, LDMC, plant area, patch area and the presence of flowers (for 355 

the latter glmer() was used with family=binomial, also in models below). The first model 356 

included standardised elevation as a linear fixed effect while the second model included 357 

standardised elevation as quadratic fixed effect. Comparison of these two models allowed us 358 

to determine whether species traits values had a linear or non-linear relationship with elevation. 359 

All mixed-effects models included the count of days since January 1st or July 1st (for northern 360 

and southern hemisphere, respectively) to account for potential measurement bias due to 361 

seasonality, and transect and species as crossed random intercept terms to account for potential 362 

non-independence of the data. Model optimisation was carried out using the default lmer 363 

optimisation method and Akaike Information Criteria (AIC) were calculated for the two models 364 

by maximizing the log-likelihood (i.e., REML set to false). The best model was selected based 365 

on the delta AIC and then recalculated by maximizing the restricted log-likelihood (REML). 366 

Model selection was done using AIC with the following ranked criteria: 1. models within 8 367 



17 
 

AIC of each other were considered comparable, 2. priority was given to models with significant 368 

interactions between fixed effects (applies to models below), 3. priority was given to linear 369 

rather than polynomial representations of fixed effects (see STables 4-5). The generality of the 370 

effect of standardised elevation on values for each trait was assessed by the significance of the 371 

p-value in the best model. We consider models within delta AIC of <8 as comparable in order 372 

to appropriately account for model uncertainties (Burnham and Anderson 2002, Richards 373 

2008). Furthermore, we aim at testing specific hypotheses about interactions of our response 374 

variables, which is the reason for priority #2 to include interactions if the model AICs are in a 375 

comparable range.  376 

 377 

Next, we considered how species’ elevational preferences may affect their trait values over 378 

their entire elevational distributions. We computed seven mixed-effects models for each of the 379 

response variables vegetative height, generative height, SLA, LDMC, plant area, patch area 380 

and the presence of flowers. These seven models (M1-M7) covered the various possible 381 

combinations of elevational preference (EP) and standardized elevation (SE), on trait values 382 

(Y) as follows: M1: Y~SE, M2: Y~SE2, M3: Y~EP, M4: Y~SE+EP, M5: Y~SE2+EP, M6: 383 

Y~SE×EP, M7: Y~SE2×EP. The mixed-effects model structure and model selection were 384 

carried out as described above, except in one case where the models for generative height as a 385 

function of EP failed to converge. For this model, the Nelder-Mead method was used for 386 

optimisation. Species’ elevational preference and species range showed no linear or non-linear 387 

relationship and were uncorrelated (Pearson’s r = - 0.0298, p = 0.803, as computed with the 388 

cor.test function). We therefore applied the same modelling approach to examine the effect of 389 

a species range on its trait values over its standardised elevation by replacing elevational 390 

preference (EP) with species range (SR) in all seven models.  391 
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To explore whether patterns of trait variation were consistent among species with similar 392 

elevational distributions but different geographic origins, we plotted all species’ EP against SR 393 

and considered the response of each species’ vegetative height to standardized elevation. 394 

To test how the height of our target species changed in relation to those of their neighbours (of 395 

different species) over their standardised elevation, we computed a similar mixed-effects model 396 

for the ratio of the scaled height of target species to their neighbour’s unscaled heights as 397 

response variable. As the neighbouring plants belonged to different species, the ratio was due 398 

to different species composition (see discussion below). We calculated marginal r-squared 399 

values using the r.squaredGLMM function from the MuMIn package (Barton 2019).  400 

 401 

 402 

Results 403 

 404 

Patterns of alpine plant traits along elevational gradients 405 

 406 

Across all species, plants were shorter and had tougher leaves at higher elevation (i.e., 407 

vegetative and generative height, SLA and plant area all decreased significantly with 408 

increasing elevation; Fig. 2) compared to low-alpine situations. In contrast, despite large 409 

variation across all species, the number of flowering individuals increased significantly with 410 

increasing elevation. However, neither LDMC nor patch area showed a significant overall 411 

pattern with elevation due to high variability in the responses of individual species (see trends 412 

for individual species in the Supporting Information SFigs 4-10). 413 

 414 
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 415 

Fig. 2. Intraspecific changes in trait values across all alpine species from all 40 alpine 416 

elevational gradients, as represented by scaled plant trait values: vegetative height, generative 417 

height, specific leaf area (SLA), plant area, patch area, leaf dry matter content (LDMC), and 418 

the presence of flowers or inflorescences along species’ entire elevational distributions 419 

(standardised value). The line of best fit for each linear model (solid lines represent 420 

significant relations) and the upper and lower limits of the 95% confidence interval are 421 

illustrated for each trait. Marginal R2 values and the sample size (n), are reported for each 422 

model. Trait values are scaled relative to the mean value for each species in each mountain 423 

region (see methods) and therefore do not reflect the actual trait values (i.e., no units on y 424 

axes). The elevation of each observation was standardised relative to the maximum and 425 
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minimum elevation of all observations of that species in its mountain region. Trait data are 426 

for alpine plant species from Australia, China, New Zealand and Switzerland. All depicted 427 

effects were back-transformed to show the real trait-elevation relationships despite the 428 

scaling of trait values.  429 

 430 

 431 

 432 

Effects of elevation on trait values for species with different elevational preferences (EP) and 433 

ranges (SR) 434 

 435 

The relationship between plant traits and elevation differed significantly among species 436 

depending on their elevational preference (EP) and species range (SR). These relationships 437 

were evidenced by significant interactions between standardised elevation and EP as well as 438 

for standardized elevation and SR for several traits: vegetative height, generative height, SLA 439 

and patch area. For vegetative height and SLA, species with a preference for higher 440 

elevations retained similar trait values throughout their elevational ranges, whereas plants 441 

with preferences for relatively low elevations displayed greater change in trait values over 442 

elevational gradients (Fig 3). For example, plants with higher EP maintained similar 443 

vegetative heights (and SLA) throughout their elevational range, so that they remained small 444 

near their lower range. By contrast, plants with lower EP were tall near their elevational 445 

minima but declined sharply in height toward their elevational maxima. Patch areas of 446 

species with lower EP became smaller towards their elevational maxima, but the opposite 447 

was true for species with higher EP, these achieved the greatest patch sizes near their 448 

elevational maxima. Patch area was uncorrelated with abundance. In contrast, the presence of 449 
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flowers increased with elevation for species with higher EP but changed little over elevation 450 

for species with lower EP. 451 

 452 

 453 

 454 

Fig. 3. Relationship between species trait values and elevation across 66 alpine species from 455 

all 40 alpine elevational gradients, as influenced by species elevational preference (EP). 456 

Results are shown only for models that revealed a significant effect of elevational preference 457 

on the trait values over standardised elevation. For each model EP was analysed as a 458 

continuous variable but, for simplicity, it is illustrated here as the line of best fit for six 459 

elevational bands, along with upper and lower limits of the 95% confidence interval as 460 

shades. See further details in caption of figure 2 and statistics in STables 4-5.  461 

 462 

 463 
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The response of plant traits to elevation also differed significantly among species depending 464 

on their elevational range size (SR) for two traits. This was evidenced by significant 465 

interactions between standardized elevation and SR, for vegetative height, and patch area 466 

(Fig. 4). Species with narrow elevation ranges showed a bell-shaped curve in trait values 467 

(vegetation height and patch area) along elevation. In contrast, species with wide SR were 468 

tallest near their elevational minima but declined in height toward their elevational maxima. 469 

Likewise, species with narrow SR achieved optimal patch areas mid-way along their 470 

elevational distributions, but species with wide SR displayed no such trend. We found no 471 

significant interactions among standardized elevation and SR for the other plant traits 472 

measured.  473 

 474 

 475 

Fig. 4. Relationship between species trait values and standardized elevation across 72 alpine 476 

species from all 40 alpine elevational gradients, as influenced by species’ elevational range 477 

size (SR). Results are shown only for models that revealed a significant effect of species 478 

range on the trait values over standardised elevation.  For each model, EP was analysed as a 479 

continuous variable but, for simplicity, it is illustrated here as the line of best fit for six 480 

elevational bands, along with upper and lower limits of the 95% confidence interval. See 481 

further details in caption of figure 2. 482 
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 483 

 484 

Intraspecific height variation among alpine plants 485 

 486 

To identify plant species with similar elevational distributions, we plotted species 487 

ranges against their elevational preferences for the 66 plant species (Fig. 5). This procedure 488 

illustrates which species, or groups of species, drive the statistical patterns reported above. The 489 

plot revealed that species with the greatest elevational ranges had intermediate elevational 490 

preferences (i.e., those with SR>0.8, EP 0.2-0.8) and accordingly, we consider these species to 491 

be alpine habitat generalists. While species with small range sizes spanned the entire range of 492 

elevational preferences, very few species that occupied broad elevational ranges showed 493 

preference for very high or low relative elevations, which is intuitively pleasing as it is 494 

improbable for species to reach extremely high or low EP if they have a very wide SR unless 495 

they are very abundant. Although this result is plausible, it is by no means a foregone 496 

conclusion as EP used in our study represents the median of species distribution and not the 497 

mean or midpoint. However, also evident was a small group of species that had narrow 498 

elevational ranges at the two extremes of elevational preference (i.e., SR<0.3, EP <0.3 or >0.7). 499 

We considered intraspecific trait values over elevation for species that exhibit these three 500 

unique distributional patterns. We found that the overall strongly negative response of 501 

vegetative height over elevation (i.e., Fig 2), was exemplified at the level of individual species 502 

by nearly all of the habitat generalists (Table 1). In contrast, we found non-significant or 503 

idiosyncratic responses of vegetative height to elevation in species that occupied narrow 504 

elevational ranges at the highest relative elevations, the high-alpine specialists. While the small 505 

number of species with this pattern of elevational distribution means that this observation must 506 

be interpreted cautiously, it may suggest that high alpine specialists express less trait variation 507 
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over elevation than other alpine species. Finally, plant species with high fidelity to low alpine 508 

environments (i.e. both low EP and SR) expressed similar patterns of vegetative height over 509 

elevation as the alpine generalist species (i.e., mostly significantly negative relationships; Table 510 

1). 511 

 512 

 513 

 514 

Fig. 5. Alpine plant species as characterised by their elevational preference (EP) and range 515 

(SR) for 66 alpine species from 4 countries. Species’ 6-letter codes appear where n >20 516 

observations for the species (see Table 1 for full names). At the level of individual species, 517 

patterns of intraspecific variation in vegetative height over standardised elevation are distinct 518 

for habitat generalists (i.e., those with SR>0.8, EP 0.2-0.8) and high-alpine specialist species 519 

(i.e., those with SR<0.3, EP>0.7). 520 

 521 
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Table 1. Alpine plant species as from Figure 5 for n >20 observations (see Fig. 5) and for the 522 

groups of habitat generalists (i.e., those with SR>0.8, EP 0.2-0.8), high-alpine specialist 523 

species (i.e., those with SR<0.3, EP>0.7) and species low EP and low SR. For the shapes of 524 

vegetation height over elevation of individual species see also Fig. S4. 525 

 526 

 527 

 528 

Height of target plants relative to neighbouring species over elevation 529 

 530 

In general, target species were smaller than their tallest neighbour (i.e., target-neighbour 531 

vegetative height <1) over much of their elevational distribution, but the ratio of target-532 

neighbour vegetative height over elevation varied significantly depending on the EP and SR 533 
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of the target plant species (Fig 6, SFig. 10). Species with higher EP became tall relative to 534 

their neighbours near their elevational maxima. In contrast, species with lower EP remained 535 

smaller than their neighbours throughout their elevation distribution. Plants with narrow and 536 

wide SR had contrary optimum curves: plants with a narrow SR decreased sharply in height 537 

relative to their neighbours towards their elevational minima, while no such pattern was 538 

detected for species with wider SR. 539 

 540 

 541 

Fig. 6. Relationships between the ratio of scaled target plant height to unscaled height of 542 

neighbouring plants and standardised elevation across 72 alpine species from all 40 alpine 543 

elevational gradients, as influenced by species’ elevational preference (EP) and range (SR). 544 

In both models EP and SR were analysed as continuous variables but, for simplicity, are 545 

illustrated here as the line of best fit for six elevational bands or ranges, respectively, along 546 

with upper and lower limits of the 95% confidence interval.  547 

 548 

 549 

Discussion 550 

 551 
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Despite the occurrence of species specific trends (see also, Kichenin et al. 2013, 552 

Bjorkman et al. 2018, Weemstra et al. 2020a), we detected general intraspecific trends in a 553 

range of plant traits over elevation; with vegetative and generative heights, SLA, and patch 554 

area declining with elevation, and the number of flowering individuals increasing with 555 

elevation. Most importantly, these relationships depended upon the species’ elevational 556 

preference (i.e. median elevation) and width of elevational range. In particular, the strong 557 

decline in vegetative and generative height, SLA and patch area over elevation were mainly 558 

driven by plant species with lower elevational preference, suggesting that higher alpine 559 

species might have a reduced potential to express trait variation in response to environmental 560 

gradients such as those that occur with elevation. We provided preliminary evidence that 561 

patterns of intraspecific trait variation of alpine generalist species, which prefer mid 562 

elevations and occupy wide elevational ranges, differ from high alpine specialist species, 563 

which occupy a narrow range of high alpine environments. Additionally, we demonstrate that 564 

species with higher elevational preference became taller relative to their neighbours near their 565 

elevational maxima, whereas species with lower elevational preference remained smaller than 566 

their neighbours throughout their elevational range. Taken together, our results indicate that 567 

species with lower elevational preference and wider range of occurrence show greater trait 568 

variation, which may indicate a greater potential to respond flexibly to environmental 569 

changes and their potentially increasing interspecific competition from upslope shifting 570 

species (Alexander et al. 2015, Rumpf et al. 2018, Steinbauer et al. 2018). The velocity of 571 

responses to warming, however, would depend on whether trait variation is due to plasticity 572 

(relatively fast) or to genetic differentiation among populations (relatively slow). While we 573 

cannot distinguish the two in this study, it will be important to disentangle plasticity and 574 

genetic differentiation in future research.  575 

 576 
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Overall trait distributions along elevation  577 

 578 

Our finding that alpine plant species show general patterns of intraspecific trait variation 579 

along elevational gradients broadly agrees with previous large-scale studies and meta-580 

analyses (Bjorkman et al. 2018, Midolo et al. 2019). We found that vegetative and generative 581 

species heights, SLA, and patch area declined, while the number of flowering individuals 582 

increased with elevation. The negative relationships between plant height and size with 583 

elevation has long been recognised (Bonnier 1890, Körner 2003) and attributed to both 584 

intraspecific population adaptation (Halbritter et al. 2018) and plastic changes (Read et al. 585 

2014). For example, common garden experiments find that individuals originating from high 586 

elevations are generally shorter and have less biomass than their lower elevation counterparts, 587 

suggesting intraspecific adaptation of plant size to elevation (Halbritter et al. 2018). 588 

Likewise, the negative relationship between SLA and elevation also met our expectations 589 

reflecting the tendency of species growing at lower temperatures to grow a higher number of 590 

small cells per unit area across more cell layers, and therefore an increased proportion of cell 591 

wall material per unit leaf volume (Atkin et al. 2006, Poorter et al. 2009). The negative 592 

relationship between SLA and elevation likely reflects the increasing divergence of daytime 593 

to night time leaf-to-air temperature differences with increasing elevation (Wright et al. 594 

2017). While the climatic factors that drive variation in SLA are also likely to affect LDMC, 595 

we found high interspecific variability and no overall trend in LDMC values with elevation. 596 

This ratio of dry to fresh leaf weight is likely to be strongly affected by plant available water, 597 

which is more responsive to regional gradients, such as continentality, than to elevation 598 

(Marshall and Zhang 1994, Körner 2007). We saturated leaves before LDMC measurements 599 

to control for water availability as recommended (Perez-Harguindeguy et al. 2013), but 600 

nevertheless LDMC did not show consistent patterns in our study. Likewise, we found high 601 
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variability and no overall trend in patch size over elevation, with both significant positive and 602 

negative relationships for species of the same growth form and mountain range (e.g., the 603 

forbs Leucanthemopsis alpina and Campanula scheuchzeri from the Swiss Alps; see 604 

Supplementary Information). Despite high interspecific variation, the number of flowering 605 

individuals increased with elevation, and there was no evidence for an optimum curve as may 606 

have been expected based on previous work (Kieltyk 2018). This pattern could be a stress-607 

response (Malkinson and Tielbörger 2010), or may indicate a trade-off between vegetative 608 

and generative traits for alpine species: although individuals at high elevation tend to be 609 

shorter and have smaller leaves, the probability of flowering, which is ultimately an 610 

important fitness trait, is greater at higher elevations than at lower elevations, where species 611 

may experience more benign biotic growing conditions, but are also likely to experience 612 

more negative biotic interactions (Callaway et al. 2002). Such negative interactions may in 613 

particular be exerted through shading, which often a cause for suppressed flowering. 614 

Although numerous traits show trends in elevation, most marginal R2 values are low, 615 

indicating that elevation only explains a small fraction of variation in the data. This is not 616 

surprising as alpine habitats are usually heterogenous at a very fine scale, and, for instance, 617 

temperature differences can differ by several degrees within a few meters in complex terrain 618 

(Scherrer and Körner 2011). Furthermore, elevation is merely a proxy for other factors that 619 

change along a mountain slope (Körner 2007). Only air pressure changes universally along 620 

elevation, but many other factors, such as moisture, may not be related to elevation or show 621 

non-linear relationships. Nevertheless, our gradients studied do not show strong moisture 622 

gradients, and elevation can be assumed to be a reasonable (even if not perfect) proxy for 623 

temperature. Therefore, despite much unexplained variation in our data set we believe that 624 

our analyses can indicate important ecological processes along elevation. Interestingly, 625 

mountain region did not affect trait patterns significantly when added to the statistical model 626 
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as a fixed effect. Despite considerable climatic and geographical differences between the 627 

studied mountain regions, the results shown in our study apparently apply across larger 628 

scales.  629 

 630 

Trait variation for species with different elevational preferences or ranges 631 

 632 

 We showed that patterns of trait variation over elevation depended upon the elevational 633 

preferences and ranges of alpine plant species. In particular, the decline in vegetative and 634 

generative heights, SLA and patch area over elevation was mainly driven by plant species 635 

with lower elevation preferences. Likewise, the slight overall increase in the probability of 636 

flowering with elevation was driven by species with higher elevational preference. 637 

Collectively, these results suggest that alpine specialist species may be subjected to trade-offs 638 

in vegetative and generative traits differently than alpine species with lower elevational 639 

preference. While these observations must be interpreted cautiously given the high residual 640 

variance left unexplained in our probability of flowering model (i.e., low marginal R2 values), 641 

this significant effect is consistent with the stress gradient hypothesis (Bertness and Callaway 642 

1994, Maestre et al. 2009). Alpine plant species that specialise in high elevation habitats are 643 

likely to experience more abiotic stress but less interspecific competition relative to species 644 

that prefer lower elevations. This may enable them to increase resource allocation to 645 

flowering, while maintaining overall conservative growth strategies by remaining short and 646 

small. In contrast, species that prefer lower alpine environments are likely to experience more 647 

variable interspecific competition from a higher diversity of neighbours. The variability of 648 

interspecific competition experienced by alpine plants with lower elevational preference is 649 

likely to select for the maintenance of vegetative trait flexibility, as demonstrated by the 650 

strong decline in vegetative and generative heights, SLA and patch area over elevation for 651 
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these species. However, our data revealed no significant negative relationship between the 652 

presence of flowers and elevation for species with lower elevational preference. Thus, our 653 

data may suggest that a maintenance of vegetative trait flexibility may come at the expense of 654 

flexibility of flowering for alpine plant species with lower elevational preference. However, 655 

given the low statistical explanatory power of some of our models, trade-offs between 656 

vegetative and reproductive traits deserve further investigation.  657 

 658 

More generally, our data suggest that high alpine specialists have relatively little 659 

potential to express variability in vegetative traits in response to elevation. Species that 660 

preferred higher elevations showed little variation in trait values over elevation as well as 661 

some evidence of weaker performance at lower elevations (e.g., smaller patches, lower 662 

probability of flowering). By contrast, species that preferred lower elevations grew taller and 663 

larger and had relatively larger leaves, near their elevational minima. Similarly, species with 664 

wide elevational ranges were tallest near their elevational minima. Therefore, our trait data 665 

provide evidence that lower-alpine plant species might have more capability to respond to 666 

climate warming than high-alpine plant species. Hence, our findings support and extend 667 

previous demographic studies which show that lower-alpine plant species are able to respond 668 

positively to recent environmental change by increasing their abundances and colonizing 669 

upslope relative to more static higher-alpine species (Rumpf et al. 2018). Consequently, the 670 

relatively low trait and demographic flexibility of high alpine plants may concur with the 671 

general decline of high-alpine specialists (Pauli et al. 2007) and the thermophilisation of 672 

alpine plant species composition in recent decades, which has been demonstrated in Europe 673 

(Lamprecht et al. 2018). In terms of upward species shifts (Chen et al. 2011, Freeman et al. 674 

2018, Rumpf et al. 2019), our study indicates that high-alpine plants, with their relatively 675 
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constrained trait variation, may be increasingly disadvantaged when interacting with more 676 

flexible low-alpine species and those with wider elevational ranges.  677 

While we interpret the more pronounced clines of lower-elevation and wider-ranged species 678 

much in the light of interspecific competition, numerous other factors also change along 679 

elevation (see also discussion above). To a small extent, other factors and their variations 680 

might also influence the observed trait patterns, such as growing season length, nutrient 681 

availability, and abundance of pollinators. Also, statistical effects might drive some of our 682 

results. It is possible that trait variation increases with the mean (but see scaling in methods), 683 

which could result in less pronounced trait variation in high-alpine or in narrow-range species 684 

and less statistical power to detect changes in elevation. It is therefore important for future 685 

research to consider other ecological factors, such as moisture or snow cover. Nevertheless, 686 

we believe that it is ecologically relevant to understand trait changes and variation along 687 

altitudinal ecological gradients because they have the potential to indicate species 688 

responsiveness to changing environmental conditions.  689 

 690 

Intraspecific height variation among alpine plants 691 

 692 

Visualising plant species as a function of their range and elevational preferences allowed us 693 

to distinguish two alpine plant groups, with distinct patterns of intraspecific trait variation in 694 

response to elevation. Namely, the alpine habitat generalists were those species that 695 

demonstrated high variation in vegetative height over elevation, being tallest near their 696 

elevational minima and rapidly declining in height near their elevational maxima. In contrast, 697 

the high alpine specialist species, which occupied narrow elevational ranges at the highest 698 

relative elevations, showed no consistent response of vegetative height to elevation, again 699 

supporting the view that these species express a conservative range of trait values with 700 
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elevation. Finally, it was interesting to observe that plant species with both low elevational 701 

preference and range of occurrence, which may be the subset of species that are likely to 702 

experience the greatest interspecific competition as sub-alpine species advance into alpine 703 

zones, were generally similar to the habitat generalist species in expressing mostly 704 

significantly negative relationships between vegetative height and standardised elevation. 705 

Such differentiations in trait variation between different species groups may help us in the 706 

long term to understand the future of alpine plants (Guisan and Theurillat 2001).While our 707 

analysis of traits at the species-level is limited by a small sample size, this finding may 708 

suggest that the low-alpine flora retains significant vegetative height flexibility, which may 709 

serve these species well in rapidly changing climates (Loveys et al. 2003). We suggest that 710 

verification of this pattern through the analysis of intraspecific trait variation of many more 711 

alpine species, different evolutionary lineages and growth forms, and from more geographic 712 

regions, is a high priority for future research. 713 

 714 

 715 

Height of plants relative to neighbouring species 716 

 717 

Plant traits respond to both abiotic and biotic drivers, therefore we wished to learn how the 718 

vegetative heights of our target species changed in relation to their nearest neighbours 719 

standardising for elevation, and whether these patterns would differ among species according 720 

to their elevational preferences and range. We found that species with higher elevational 721 

preference were smaller than their neighbours (belonging to different species) near their 722 

elevational minima and became taller relative to their neighbours near their elevational 723 

maxima, where few other species were likely to be present. This agrees with our finding that 724 

species with higher elevational preference showed relatively little height variation over 725 
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elevation and maintained conservative height values while their neighbours became taller at 726 

lower elevations (see SFig. 3). In contrast, we found that target species with lower elevational 727 

preferences maintained a more constant height ratio with their neighbours throughout their 728 

elevational distributions, indicating that they were able to increase their vegetative heights 729 

apace with their neighbours near their elevational minima. These findings may in part be 730 

explained by net facilitative plant-plant interactions in harsh high alpine conditions and net 731 

competitive interactions at lower elevations (Callaway et al. 2002). Due to the net facilitative 732 

species interactions at high elevation, growing tall might be less necessary (and effective) as 733 

a means of competition with neighbours. However, to compete at lower elevations the ability 734 

to grow taller is probably a relevant survival mechanism.. The ratio of target plant to 735 

neighbour plant height over elevation varied for species with different range sizes. Species 736 

with narrower ranges were tallest relative to their neighbours in the upper half of their 737 

elevational distributions but declined in relative height near their elevational minima. 738 

Conversely, species with wider range of occurrence showed constant or increasing heights 739 

relative to their neighbours as they approached their elevational maxima. These findings 740 

provide additional evidence that plant species with wider range of occurrence and a 741 

preference for lower elevation express considerable variation in height over elevation, which 742 

permits them to grow taller in less stressful environments, and potentially enhances their 743 

competitive outcomes with neighbours. Equally, our data suggest that species that prefer high 744 

alpine environments or have narrow range of occurrence, achieve peak heights relative to 745 

their neighbours only in the upper reaches of their elevational distributions, but are unable to 746 

maintain their relative stature at lower elevations, where competition from neighbours is 747 

likely to be the greatest (Alexander et al. 2015). As neighbours in our study belong to 748 

different species (whichever species grew in the vicinity of our target plant), the comparison 749 
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to neighbours holds for the species composition at a given site/elevation and does not 750 

represent direct interactions between specific species. 751 

 752 

Conclusions 753 

 754 

We showed that alpine plant species exhibit general intraspecific trends in traits over 755 

elevation, and that these relationships depend upon the elevational preferences and ranges of 756 

the species. More precisely, species that were more generalist in their elevational 757 

distributions expressed higher trait variation over standardised elevation, than those with a 758 

preference for higher elevations and narrower elevational ranges. In particular, this higher 759 

variability of height allowed these species to grow taller in favourable habitats, apace with 760 

their neighbours, suggesting that these species might be more capable of responding to recent 761 

and future abiotic and biotic changes in alpine zones. The trait-environment relationships of 762 

alpine plant species were broadly generalizable among plant species from around the world 763 

suggests that plant species’ elevational preferences and range sizes may be useful proxies for 764 

inferring functional trait responses to environmental gradients globally. 765 
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