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Abstract
1. Climate warming causes upward shifts in plant species distributions, resulting in 

an influx of species from lower elevations into alpine plant communities. Plant 
functional trait changes along elevation gradients and over time may reflect these 
changing conditions. Intraspecific trait variation measured from herbarium re-
cords offers a way to observe such changes in trait values over time.

2. We selected four species: Poa alpina and Polygonum viviparum found in alpine 
grasslands, and Cardamine resedifolia and Ranunculus glacialis found in high- alpine 
to subnival scree habitats. We measured several functional traits from (i) herbar-
ium records collected between 1880 and 1950 and from (ii) individuals resampled 
in 2014 along an elevation gradient covering >1500 m within the same study re-
gion in the Swiss Alps. By comparing (i) against (ii) for each species separately, we 
analysed temporal changes in the distribution of traits along the studied elevation 
gradient.

3. After a century of climate warming, the change in the relationship linking plant 
functional traits with elevation was species dependent. Size- related and repro-
ductive functional trait values for P. viviparum increased over time, increasing at 
lower, but not higher elevations. Poa alpina's size- related traits increased consist-
ently with time along the elevation gradient. Most of C. resedifolia's size- related and 
flowering traits decreased over time at lower elevations and converged at higher 
elevations. Finally, R. glacialis traits did not respond to time alone— reproductive 
traits decreased over time at lower, and increased at higher elevations, reversing 
their historical trait distributions. The negative trend for vegetative trait values 
with elevation did not change over time, however. In 2014, at lower elevations, 
all species mainly occurred on their typical microhabitat types, but occurrence on 
other microhabitats increased with elevation for all species.

4. Synthesis: Contrasting temporal changes in the distribution of growth and repro-
ductive trait values between alpine grassland and alpine- subnival scree species, 
especially at lower elevations, suggest that climate warming effects vary among 
species. Additionally, species' physiological constraints and availability of suitable 
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1  |  INTRODUC TION

Long- term studies have demonstrated that the global rise in tem-
perature causes upward- range shifts of plant species distributions 
along the slopes of mountain ecosystems (Grabherr et al., 2010; 
Lenoir et al., 2008). This spatial redistribution of mountain plants 
is complemented by an increase in plant species richness in alpine 
ecosystems (Felde et al., 2012) as well as on mountain tops (Rixen 
& Wipf, 2017; Steinbauer et al., 2018), resulting in an influx of more 
competitive plants from lower elevations into previously special-
ised and sparsely vegetated alpine plant communities. Furthermore, 
shorter- term studies have illustrated that global warming results not 
only in distribution and abundance changes but also in shifts in plant 
species individual trait variability (Bjorkman et al., 2018).

The realised niche of plant species is restricted by the availabil-
ity of environmental conditions along spatial gradients. Within this 
realised niche, plant performance and fitness, expressed through 
their functional traits, vary with abiotic conditions such as tempera-
ture (Bjorkman et al., 2018). Both at the leading and trailing edge of 
the range, the spatial distribution of species becomes increasingly 
patchy, often restricted to micro- sites or microrefugia (Hampe & 
Petit, 2005). However, the general decrease in the availability of 
suitable habitats with increasing elevation (and thus decreasing tem-
perature) makes it relatively straightforward to assess plant func-
tional trait changes at the leading edge because the leading edge is 
closer and even sometimes restricted to mountaintops and thus eas-
ier to identify and relocate. On the contrary, it is more complicated 
to assess plant functional trait changes at the trailing edge of a given 
plant species' elevational range because the patchy distribution of 
the trailing edge is spread out across a much larger surface area. 
Hence, most studies capture plant trait responses to climate change 
at one single point along a given environmental gradient, although 
some have repeated such measurements along several climatic gra-
dients (see, for example, Guittar et al., 2016; Klanderud et al., 2015; 
Vandvik et al., 2020). Given that most plant species are shifting their 
elevational ranges upwards with climate warming, it is likely that the 
distribution pattern of their functional traits along elevational gra-
dients will also change over time. Hitherto, and to the best of our 
knowledge, no study has investigated how the distribution of plant 
trait values along elevational gradients changes over time, and how 
this varies among species.

Species respond differently to one another under climate warm-
ing, with some species expanding faster than others, from graminoids 

and shrubs expanding faster in the Arctic tundra biome (Berner 
et al., 2020) to forbs and ferns expanding faster in the alpine and 
subnival vegetation belts (Steinbauer et al., 2018; Wipf et al., 2013). 
This trend is particularly pronounced in alpine environments, indi-
cated by the ongoing widespread homogenisation of alpine plant 
communities and increasing extinction debt (Alatalo et al., 2022; 
Mitchell et al., 2017; Staude et al., 2022; Verrall et al., 2021). As 
climate warming pushes lowland species to expand to ever- higher 
elevations, the resident- specialised high- alpine plant species will not 
only encounter more and more individuals but also more vigorous 
neighbours with whom to compete for resources and limited space, 
triggering further changes in plant functional traits. The observed 
variation in occurrence frequency across alpine species on mountain 
summits suggests that not all alpine species present at high eleva-
tions will respond similarly to climate warming (Kulonen et al., 2018). 
However, although we know that species richness has accelerated in 
alpine environments over long periods of climate warming, we still 
cannot make clear predictions as to how plant functional traits will 
change along elevational gradients as climate warms.

Plant functional traits, such as morphological, physiological, chem-
ical and phenological characteristics have been widely used as indi-
cators of plant responses to climate change because examining plant 
traits could indicate the strength of environmental filters on plant com-
munities (Venn et al., 2011). Some traits may be more responsive to the 
impact of climate change than others (Wright et al., 2004), and even if 
a species' distribution has been classified as stable, variations in their 
functional traits may vary over time to adjust to the new climatic con-
ditions (Frei et al., 2014). For instance, plant height often shows clear 
patterns along environmental gradients and has already been used to 
track species responses to climate change (i.e. Bjorkman et al., 2018; 
Guittar et al., 2016). However, such directional patterns are not that 
clear for other plant traits and our basic understanding of trait pat-
terns along environmental gradients remains relatively limited, thus 
inhibiting our ability to use space- for- time substitution to determine 
potential changes in functional traits in response to future environ-
mental changes. Here, we have the chance to study a suite of growth 
and reproductive trait patterns along elevational gradients for several 
plant species and over a sufficiently long time period to test how these 
elevational patterns may have changed over time.

Most recent studies rely on field- based measurements of plant 
functional traits that have been collected during the recent accel-
eration period of anthropogenic climate change, after the onset 
of climate warming (Bjorkman et al., 2018; Elmendorf et al., 2015; 

microhabitats may further impact species' distribution changes. Further warming 
may confine the distribution of high- alpine plant species to even higher eleva-
tions, or microclimates currently difficult to colonise by lower- alpine species.

K E Y W O R D S
alpine ecology, global change ecology, herbarium collections, plant development and life- 
history traits, plant functional traits, plant population and community dynamics, plant– climate 
interactions, species range shifts
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Gottfried et al., 2012). Hence, these studies fail to capture base-
line values of plant functional traits that are representative of the 
conditions prior to the acceleration period. One approach to inves-
tigate changes in plant functional traits over a longer time period 
is to analyse specimens preserved in herbarium records, which 
can date back many centuries ago. Herbarium specimens supply 
a baseline source of information on functional traits, from which 
a wealth of field and observational studies may follow (Gallagher 
et al., 2009; Heberling, 2022). Herbarium records can be used to 
better understand the impact that climate change has had on plant 
communities by studying how the functional traits of specimens 
have changed over time and in space (Miller- Rushing et al., 2006). 
So far, herbarium records have been used to study plant invasions 
(Fuentes et al., 2013; Gassó et al., 2009), predict species' distribu-
tions (Elith et al., 2006) and determine phenological changes under 
climate change (Gallagher et al., 2009; Lavoie & Lachance, 2006; 
Primack et al., 2004). Only rarely have herbarium specimens been 
used to study traits and shifts in plant trait values over large en-
vironmental gradients (although see for example Hill et al., 2015). 
Few studies have measured traits from herbarium records to test for 
functional trait changes over time along geographical gradients (Hill 
et al., 2015; Kopp et al., 2020). Our study harnesses the opportunity 
to determine not only trait patterns over an elevation gradient but 
also how these patterns have changed over a long time period and 
for several species.

The Alps have been a hotspot for botanists for over a cen-
tury, which has resulted in a vast source of historical records 
(Pauli et al., 2001; Rumpf et al., 2018; Steinbauer et al., 2018; 
Wipf et al., 2013). This, in combination with the strong collecting 
activity of early 20th- century botanists, has left a legacy of well- 
documented herbarium records. Using topographic position (ele-
vation, slope and aspect) as a proxy for topoclimatic conditions as 
experienced by herbarium records with accurate locations and col-
lection time, we can test for temporal changes in reproductive and 
vegetative plant traits, as well as for the magnitude of the change in 
relation to environmental change during the same time period. Here, 
we exploit the wealth of herbarium records collected between 1880 
and 1985 in south- eastern Switzerland for a set of four alpine plant 
species. More specifically, we ask: (1) is there a relationship between 
environmental gradient (elevation, aspect and slope as a proxy for 
temperature) and the variation in plant functional traits? (2) do these 
trait distributions along the studied elevation gradients shift over 
time? and (3) can microhabitat conditions explain potential differ-
ences among species responses to climate change along the studied 
elevation gradients?

2  |  MATERIAL S AND METHODS

To assess temporal changes in the relationship between plant spe-
cies traits and environmental conditions within a region where we 
do have old herbarium records, we established, in July 2014, two 
elevation transects on siliceous bedrock along hiking paths in two 

neighbouring valleys around Davos (Swiss Alps; 46°40′ to 46°47′ N, 
and 9°50′ to 9°57′ E). We focused on the elevation gradient ranging 
from the valley floor at 1500 m, dominated by subalpine conifer for-
ests and grasslands, to mountain summits at 3146 m a.s.l., dominated 
by nival scree vegetation (Figure 1). Substrate types vary in relative 
proportions with elevation in this region, whereby organic soils are 
much less abundant at higher elevations and replaced by an increase 
in the relative abundance of scree (see Kulonen et al., 2018). A cli-
mate station at 1560 m in Davos, the nearest weather station in the 
vicinity of our study sites, has recorded an average total annual 
precipitation of 1044 mm/year and an average mean annual air tem-
perature of 3.6°C since 1864 (Figure 1). Between 1880 and 1930, 
the average total annual precipitation and average mean annual air 
temperature at the same site were 939 mm/year and 2.1°C, respec-
tively (Begert et al., 2005).

2.1  |  Study species and specimen collection

We selected four plant species well represented in historical herbar-
ium collections and with frequent known occurrences in the Davos 
region. The species had also been included in a different vegetation 
study (Kulonen et al.,  2018) and showed varying patterns and suc-
cess in terms of frequency and elevational change on alpine summits 
in the wider area over the past century (Table 1). Of the four species, 
one is a graminoid (Poa alpina) and three are herb species (Cardamine 
resedifolia, Polygonum viviparum, Ranunculus glacialis). Cardamine re-
sedifolia and R. glacialis are species typical of alpine siliceous scree 
communities (Delarze et al., 2015). Ranunculus glacialis has a relatively 
narrow high- alpine to nival distribution and a relatively high tolerance 
for harsh conditions at high altitudes, while C. resedifolia has a wider 
distribution range occurring from acidic scree slopes at alpine altitudes 
up to subnival summits. Of the two species, over the past century, C. 
resedifolia has been more successful in colonising new summits and 
showed an upward shift of its upper range limit within the study region 
(Kulonen et al., 2018; Table 1). Poa alpina and P. viviparum are found in a 
range of different subalpine and alpine grassland communities (Delarze 
et al., 2015), and thus are more frequent at lower elevations as op-
posed to R. glacialis and C. resedifolia. Relative to the occurrences of 
these species on summits of the wider study region, P. vivparum has 
a lower- elevation distribution than the other three species, and has 
neither increased in frequency nor elevation over the past century 
(Kulonen et al., 2018, see also distribution maps for all four species 
at www.infof lora.ch). Poa alpina is a generalist pioneer species with a 
large elevation range reaching up to 4200 m elsewhere in the European 
Alps (Fischer et al., 2011), and has been one of the most successful spe-
cies in terms of frequency and elevation gain on summits of the wider 
study region (Kulonen et al., 2018). The latter two species reproduce 
both sexually and vegetatively (by bulbils).

For each of the two transects, we selected sites along an eleva-
tion gradient with intervals of 50 m in elevation, where at least two 
of the target species were present with 5 or more individuals within 
a 20 m corridor from the path. If these criteria were not met, the 
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search continued uphill until sufficient individuals were identified. 
At each site, we selected a maximum of 8 individuals (or less if we did 
not find sufficient numbers) of each target species on each of three 
different microhabitat types (scree, rock and organic substrates; 
hereafter referred to as microhabitats; see Kulonen et al., 2018 for 
further details). An individual was defined as a specimen without 
visual connection to other specimens of the same species, with a 
distance of at least 1 m between collected individuals. Due to the 
tussock- forming nature of Poa alpina, tussocks were selected with 
as small a diameter as possible to reduce disturbance to the habitat. 
All specimens were collected at maturity (July– August 2014). After 
collection, plant specimens were pressed to herbarium standards, 
allowing reliable comparison with historical herbarium samples (see 
below; Perez et al., 2020).

2.2  |  Trait measurements

To test whether a shift of trait distribution has occurred along the 
studied elevation gradients, we retrieved all herbarium specimens 
for the target species collected within an average of 10 km from the 
contemporary transect locations (Figure 1). We selected herbarium 
records covering the period 1880– 1985 from several herbaria in 
Switzerland (herbaria of the University and ETH Zurich, Universities 

of Basel and Neuchâtel and the Graubuenden Natural History 
Museum). Records were selected for subsequent analyses only when 
precise information on the botanist, location, date and elevation of 
the collected material were available (i.e. the name of the botanist 
who collected the plant material, a precise elevation and specified 
location and a date corresponding to the day, month and year of col-
lection). Geographical locations were geo- referenced using contem-
porary maps from the respective time period of the collection, while 
elevation (unless exactly stated in the herbarium record), aspect and 
slope of the locations were retrieved from a digital terrain model at 
20 m resolution (map.geo.admin.ch at 1:10000 resolution).

Finally, a number of functional traits were measured for each 
species (see Table 1). For each of the historical and newly collected 
herbarium records, we sampled traits linked to four growth strat-
egies: (1) vegetative height, (2) vegetative growth characteristics, 
(3) reproductive height and (4) reproductive performance. These 
traits were chosen for their prior indication of environmental change 
and ease of measurement on herbarium samples (Cornelissen 
et al., 2003; Pérez- Harguindeguy et al., 2013). To avoid damaging 
the fragile herbarium specimens, different traits were measured for 
each species within the four growth and reproductive strategies ac-
cording to feasibility of non- destructive handling. Thus, traits occa-
sionally differ between species for the same growth or reproduction 
strategy (Table 1). Traits were measured directly from the herbarium 

F I G U R E  1  The study region and study 
period. (a) Geographical locations of the 
historical (red dots) and contemporary 
(yellow dots) specimen collections in the 
region of Davos, Grisons, SE- Switzerland. 
(b) Summer (mean of June, July and 
August) temperature anomalies from 
the 1981– 2010 reference period since 
1880 for the Davos weather station. 
Bars in darker colours represent years 
when data collections had been made— 
historical collections from 1889 to 1985 
(orange section of the x- axis, n = 313), 
contemporary collections from 2008 
to 2014 (yellow section of the x- axis, 
n = 660).
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sheets using digital callipers accurate to 0.01 mm. Leaf area was cal-
culated as leaf length multiplied by leaf width.

2.3  |  Climate

To estimate the regional climate and its change over time, we down-
loaded climate data from the nearest weather station in Davos Dorf, 
covering the period 1864– 2014 (Begert et al., 2005). In the absence of 
both on- site temperature or precipitation measurements and reliable 
downscaled climate data for the historical sampling period, the central 
position of this singular climate station provides a reasonable climate 
proxy for all historical and contemporary records. Mean summer tem-
perature (June, July, August) and cumulative precipitation from January 
to August were calculated for each year. We further calculated tem-
perature and precipitation anomalies from the 1981– 2010 reference 
period (Figure 1b). There is a significant difference in mean summer 
temperature and precipitation sum between the historical (1880– 1985) 
and contemporary (1986– 2014) collection periods (Supplementary 
Figure S3). Overall, summer temperatures have increased by 1.53°C, 
and precipitation by 45.3 mm, indicating a strong warming and a slight 
decrease in precipitation between the two sampling periods.

2.4  |  Statistical analyses

Since the accuracy of the written comments from the botanists 
who collected old herbarium specimens varies, we indexed the her-
barium specimens according to the quality and completeness of the 
accompanying written record, into low (location potentially varying 
by hundreds of metres, for example, due to geographical terms cov-
ering large areas), medium (location potentially varying by tens of 
metres) and high quality (location very exact). For this study, we ran 
two preliminary set of models on subsets of the data: (i) one set in-
cluding only records of the highest quality and (ii) one set including 
both the medium and high- quality records. Since both sets of models 
returned similar results we chose to display results from the set of 
models using most of the data (ii) and report the final results in the 
paper based on both medium-  and high- quality records. Low- quality 
records were systematically excluded beforehand.

We tested for temporal changes in the distribution of each of 
the studied plant traits along elevational gradients. Using gener-
alised linear mixed- effects models, we estimated the significance of 
elevation (1515– 3145 m; used as a scaled fixed effect term), time (a 
factor variable with two levels, being contemporary vs. historical; 
as fixed effect), their two- way interaction term (elevation × time; as 

TA B L E  1  Summary information on the four studied species' typical habitat (from Delarze et al., 2015) and traits measured. Due to the 
fragile nature of herbarium material, it was not possible to measure the same traits across all species without destroying the collected 
historic specimens. Thus, a suite of traits, sometimes differing between species, was selected to best represent predominant growth and 
reproductive traits easily measurable on herbarium material. Note that inflorescence length for P. viviparum corresponds to the total length 
including bulbils and flowers. Further details on trait selection can be found in the Supplementary Materials

Species Community Traits Trait significance

Cardamine 
resedifolia 
(n = 844)

Alpine scree Rosette leaf number Vegetative biomass; indication of photosynthetic area

Leaf length Light interception; indication of photosynthetic area, with consequences for leaf 
energy and water balance

Number of flowers Reproductive output; effort into pollinator attraction

Plant height Surrogate for growth form, light reception, competitive vigour, reproductive size, 
whole- plant fecundity, and potential lifespan

Ranunculus 
glacialis 
(n = 736)

Alpine scree Leaf width Indication of photosynthetic area, with consequences for leaf energy and water 
balance

Petiole length Light interception; indication of photosynthetic area

Number of flowers Reproductive output; effort into pollinator attraction

Flowering stem length Effort into pollinator attraction

Poa alpina 
(n = 1564)

Low- alpine 
meadow

Basal leaf length Light interception; indication of photosynthetic area, with consequences for leaf 
energy and water balance

Inflorescence length Reproductive output; effort into pollinator attraction

Inflorescence stalk 
length- 

Effort into pollinator attraction

Polygonum 
viviparum 
(n = 748)

Low- alpine 
meadow

Leaf area Light interception; indication of photosynthetic area, with consequences for leaf 
energy and water balance

Leaf length Indication of photosynthetic area, with consequences for leaf energy and water 
balance

Inflorescence length Reproductive output; effort into pollinator attraction

Inflorescence stalk 
length

Effort into pollinator attraction
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fixed effect) and topographical parameters used a covariates (slope, 
northness and eastness; as scaled fixed effects) on each of the stud-
ied reproductive and growth traits that we used as response vari-
ables (Table 1). We included transect ID and botanist ID as random 
intercept terms to account for potential regional effects and for 
collections strategies that could have varied between the different 
botanists who collected the old herbarium specimens. Our overall 
model formula was thus:

All models had the same structure, except for P. viviparum's inflores-
cence length and leaf area, and for R. glacialis' flowering stem length, 
fitted with a random effect for herbarium sheet because of singular 
model fit. Models were run following a Gaussian distribution, except-
ing flower number and leaf number which were run with a Poisson 
distribution that better fit count data. When the two- way interaction 
term between elevation and time was non- significant, we removed it 
from the model formula, leaving only the additive main effects.

To complement the comparison between recent and historical 
trends, we further tested for the effects of interannual temperature 
and precipitation on plant trait trends over the previous century. 
We ran generalised linear models following a Gaussian distribution, 
where each trait collected on a given year was allowed to vary in 
response to time and interannual temperature and precipitation be-
tween 1880 and 1985. These analyses are further detailed in the 
Supplementary Materials.

Finally, we tested whether the contemporary distribution of 
each of the four studied species varied along the studied elevational 
gradients between the three studied microhabitats (organic soil, 
scree, rock), to explore whether potential differences among species 
responses to climate change along the elevation gradient could be 
driven by microhabitat preferences. At each contemporary sampling 
elevation, we calculated the occurrence proportion of each species 
on the three microhabitats along the elevational gradients, being the 
ratio of individuals per species collected from each microhabitat at 
each sampling elevation. This time, we ran generalised linear models 
following a binomial distribution (cf. proportion data) to determine 
whether the proportion of individuals varied in response to micro-
habitat and elevation:

where proportion varies as a function of the interaction between 
microhabitat and elevation. Each model was fitted with a weights 

argument to account for the total number of individuals collected per 
species and per sampling elevation.

We used R (R version 4.1.1) and the ggplot package for data 
visualisation (Wickham, 2016). Models were fitted using the lme4 
package in R (Bates et al., 2015) and predictions made with the 
sjplot (Lüdecke, 2022) and ggeffects (Lüdecke, 2018) package. More 
information on model outputs is available in the Supplementary 
Materials.

3  |  RESULTS

3.1  |  Relationship between environmental gradient 
and plant functional traits

We found that, in general, plant functional traits vary with eleva-
tion across all four studied species (Figures 2– 5). In particular, we 
found clear elevational patterns for the height and size of the re-
productive organs, with inflorescences generally reducing in length 
and height towards higher elevations for Poa alpina and Polygonum 
viviparum but generally increasing in size towards higher elevations 
for Ranunculus glacialis and Cardamine resedifolia (see Figures 2– 5). 
Furthermore, we found that plant height and leaf size decline with 
elevation for P. viviparum, P. alpina and C. resedifolia, but not for R. 
glacialis. In addition, we found that plant functional traits are sen-
sitive to aspect and slope (Figures 2– 5), and species abundance to 
microhabitat type (Figure 6), which reinforces the relevance of using 
these as covariates in all our models.

3.1.1  |  Cardamine resedifolia

The relationship of plant functional traits with elevation for C. resedi-
folia has changed significantly over time, since the beginning of the 
20th Century, for at least three traits. While historically, plant height 
was higher at lower elevations, plants are now smaller at lower ele-
vations (Figure 2b,f). Similarly, the number of flowers was historically 
decreasing with elevation while it is now increasing. Interestingly and 
irrespectively of the time period considered, C. resedifolia produces 
more rosette leaves at higher elevations, albeit now fewer rosette 
leaves are produced than 100 years ago throughout the studied el-
evational gradients (Figure 2d,h). These leaves were also historically 
longer at lower elevations while now the leaves tend to be longer at 
higher elevations (Figure 2c,g). Noteworthy, significantly more flow-
ers are produced on steeper slopes (Figure 2a,e) and more rosette 
leaves are produced on northern aspects (see Figure 2h), although 

trait=elevation×time+slope+northness+eastness

+(1|transect)+(1|botanist).

proportion = microhabitat × elevation

F I G U R E  2  Trait variation with elevation (m a.s.l.), time (historic vs. recent) and other covariates for Cardamine resedifolia. (a, c, e, 
g): Temporal changes in the relationship between traits and elevation. (b, d, f, h): Standardised forest plots of effect sizes or estimates 
(doubled standard deviation), where variables that deviate left of the solid grey line demonstrate a reduction in trait size/number with the 
corresponding variable (pale shade), and variables that deviate right of the line demonstrate an increase in trait size/number (dark shade). 
Significant variables are shown as *** = p < 0.001, ** = p < 0.01 and * = p < 0.05. Marginal (m) and conditional (c) R2 are reported for each 
trait. Dark and pale shade ribbons on the left panels show the 95% confidence interval around the predicted lines.
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these effects are minor compared with the main effects of time and 
elevation.

3.1.2  |  Ranunculus glacialis

In general, we found that R. glacialis showed weaker relationships 
between the investigated functional traits and elevation. More 
flowers are now produced at higher elevations after a century of 
climate warming while it was the opposite based on historical speci-
mens (Figure 3a,e). In addition, these flowers are born on longer 
flower stems at higher elevations than a century ago (Figure 3b,f). 
Neither petiole length nor leaf width displayed significant trends 
along the studied elevational gradients or over time: their relation-
ships remained similar across the two time periods and across the 
elevational gradients. Finally, R. glacialis produces significantly fewer 
flowers and narrower leaves on steeper slopes (Figure 3a,e,d,h), al-
though these effects remain relatively minor.

3.1.3  |  Poa alpina

Poa alpina demonstrates consistent and significant declines with eleva-
tion for all the investigated functional traits. More specifically, inflores-
cences reduce in size and height while basal leaves are shorter towards 
higher elevations. Flower stem length significantly changes over time 
along the elevational gradients whereby individuals now grow taller 
inflorescences than 100 years ago and display a stronger decline over 
the contemporary elevation gradient than the historical one (Figure 4). 
Basal leaves are longer now than in the past and this trend is consistent 
throughout the studied elevational gradients (Figure 4f). Furthermore, P. 
alpina's vegetative height, inflorescence length and basal leaf length were 
more reduced on northern aspects than on southern aspects (Figure 4).

3.1.4  |  Polygonum viviparum

Polygonum viviparum is the only species of the four studied plant 
species to display a significant interaction term between elevation 
and time across all four investigated traits, such that the relationship 
of all traits with elevation is significantly more negative today than 
in the past (Figure 5). The relative increase over time in these four 
studied traits has thus been greatest at lower elevations. Individuals 
now have a greater flowering height (cf. flower stem length) at 
lower elevations than 100 years ago, as well as a stronger decline in 

reproductive height over the contemporary elevation gradient than 
the historical one (Figure 5b,f). Polygonum viviparum displayed a shift 
in distribution over time such that contemporary inflorescences are 
longer at lower elevations than historically and shorter at high eleva-
tions than historically (Figure 5a,e). Similarly, P. viviparum flowering 
stem length and leaf length are smaller on northern aspects than on 
southern aspects (Figure 5d,f).

3.2  |  Divergent microhabitat preferences

We found that all four studied species have different microhabitat 
preferences. Along the contemporary elevation gradient, P. vivipa-
rum and P. alpina were almost exclusively found in organic substrates 
at lower elevations. At higher elevations, P. alpina was mostly found 
on scree, while P. viviparum was equivalently found on both scree 
and organic substrates (Figure 6). Ranunculus glacialis and C. resedifo-
lia were most commonly collected on scree throughout the studied 
elevational gradients but the probability of finding these two species 
on scree decreased with elevation such that both species tended to 
be equivalently found on all three microhabitats (scree, organic sub-
strates and rocks) at high elevations.

In our analyses, we treated time and elevation as proxies for 
changes in temperature (cf. climate change and the adiabatic lapse rate 
of temperature). Nevertheless, within the historical collection period 
alone, mean summer temperature varied between 5.4 and 15°C (see 
also Figure 1). By analysing the response of each of the plant func-
tional traits to interannual variation in temperature and precipitation 
over the historical time period, we found that our findings are mostly 
supported (see Supplementary Materials for full model output). In 
general, inflorescence length increased during warmer summers for 
P. alpina and P. viviparum. Furthermore, leaf width for R. glacialis in-
creased during warmer summers, whilst petiole length increased 
during warmer summers and during summers with more precipitations 
(see Supplementary Figure S2). All other traits did not vary significantly 
with interannual temperature and precipitation variation. While tem-
perature, through elevation or interannual variability, proved to be a 
driver of some trait variability (although in varying directions for each 
species and trait), we found that precipitation was rather unimportant.

4  |  DISCUSSION

Using herbarium records collected since 1889, we found that the trait 
distributions of four alpine plant species have shifted along elevational 

F I G U R E  3  Trait variation with elevation (m a.s.l.), time (historic vs. recent) and other covariates for Ranunculus glacialis. (a, c, e, g): 
Temporal changes in the relationship between traits and elevation. (b, d, f, h): Standardised forest plots of effect sizes or estimates 
(doubled standard deviation), where variables that deviate left of the solid grey line demonstrate a reduction in trait size/number with the 
corresponding variable (pale shade), and variables that deviate right of the line demonstrate an increase in trait size/number (dark shade). 
Significant variables are shown as *** = p < 0.001, ** = p < 0.01 and * = p < 0.05. Marginal (m) and conditional (c) R2 are reported for each 
trait. Dark and pale shade ribbons on the left panels show the 95% confidence interval around the predicted lines.
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F I G U R E  4  Trait variation with elevation (m a.s.l.), time (historic vs. recent) and other covariates for Poa alpina. (a, c, e): Temporal changes 
in the relationship between traits and elevation. (b, d, f): Standardised forest plots of effect sizes or estimates (doubled standard deviation), 
where variables that deviate left of the solid grey line demonstrate a reduction in trait size/number with the corresponding variable (pale 
shade), and variables that deviate right of the line demonstrate an increase in trait size/number (dark shade). Significant variables are shown 
as *** = p < 0.001, ** = p < 0.01 and * = p < 0.05. Marginal (m) and conditional (c) R2 are reported for each trait. Dark and pale shade ribbons 
on the left panels show the 95% confidence interval around the predicted lines.

F I G U R E  5  Trait variation with elevation (m a.s.l.), time (historic vs. recent) and other covariates for Polygonum viviparum. (a, c, e, 
g): Temporal changes in the relationship between traits and elevation. (b, d, f, h): Standardised forest plots of effect sizes or estimates 
(doubled standard deviation), where variables that deviate left of the solid grey line demonstrate a reduction in trait size/number with the 
corresponding variable (pale shade), and variables that deviate right of the line demonstrate an increase in trait size/number (dark shade). 
Significant variables are shown as *** = p < 0.001, ** = p < 0.01 and * = p < 0.05. Marginal (m) and conditional (c) R2 are reported for each 
trait. Dark and pale shade ribbons on the left panels show the 95% confidence interval around the predicted lines.
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gradients in the Swiss Alps and over a century- long period of climate 
warming. To our knowledge, this is the first study to use old herbarium 
records dating back to the late 1880s to determine how the relation-
ship between plant traits and elevation has changed over a period 
of unprecedentedly rapid climate change. Our findings indicate that 
changes in trait patterns with elevation varied among species, sug-
gesting that climate change can lead to different responses in plant 
species' trait characteristics. Furthermore, we found that species' mi-
crohabitat preferences largely corresponded to the habitat types they 
were classified for (Table 1, Delarze et al., 2015), whereby P. viviparum 
and P. alpina are predominantly found on organic soils, while R. glacia-
lis and C. resedifolia are mostly found on scree or rocks.

4.1  |  Intraspecific trait patterns with temperature

For both P. viviparum and P. alpina, we found a strong increase in veg-
etative size, in terms of plant height and leaf length, under warmer 
conditions, either obtained through a negative effect of elevation (i.e. 
warmer conditions at low elevations), a positive effect of time (i.e. 
climate warming) or a combination of both (i.e. interaction effect be-
tween time and elevation). This perfectly aligns with previous studies 
showing that plant height is one of the most sensitive traits to react 

positively to warming (Bjorkman et al., 2018; Elmendorf et al., 2015). 
Yet, we found almost opposite patterns for C. resedifolia, with plant 
height and leaf length decreasing over time and especially so at lower 
elevations. Interestingly, leaf area (a trait closely related to leaf width 
and leaf length, collected from herbarium material in our study) did 
not show any directional pattern in a meta- analysis of intraspecific 
trait responses to elevation (Midolo et al., 2019), thus suggesting high 
variability in how vegetative traits relate to temperature. We found 
similar variability in leaf length and leaf width in our study. For exam-
ple, while P. alpina has increased in leaf length consistently across the 
studied elevational gradients, P. viviparum has shown an increase in 
leaf length over time, but at lower elevations only. This suggests that 
P. viviparum is either more temperature limited at higher elevations 
than P. alpina, or co- limited by the availability of its preferred micro-
habitat. A combination of these two factors could explain the obvious 
difference in successful colonisation of alpine summits over the past 
century (Table 2; Kulonen et al., 2018) between the two species.

4.2  |  Microhabitat preferences

One of the potential co- determinants of plant trait variation along-
side temperature is microhabitat availability. In the case of the 

F I G U R E  6  Percentage of individuals found on three microhabitats (organic soil, rock and scree) along an elevation gradient (m a.s.l) for 
Cardamine resedifolia (blue), Ranunculus glacialis (ochre), Poa alpina (green) and Polygonum viviparum (pink). These relationships are based on 
contemporary samples. The proportion of individuals of each species found on scree differs significantly with elevation (p < 0.05; an increase 
for P. alpina and P. viviparum, a decrease for the other two species). Additionally, P. alpina and P. viviparum are significantly more abundant on 
rock substrates with increasing elevation (p < 0.05), and significantly less abundant on organic soils with increasing elevation (p < 0.05). See 
Supplementary Materials for the full model output.

Species

Summit frequency 
shift over 100 years 
(N summits)

Historical 
mean 
elevation (m)

Historical 
max. 
elevation (m)

Shift of max. 
elevation over 
100 years (m)

Cardamine 
resedifolia

+19 2808 3142 +252

Ranunculus 
glacialis

+5 3027 3406 +3

Poa alpina +35 2821 3265 +151

Polygonum 
viviparum

0 2745 2977 +3

TA B L E  2  Species elevation range, 
mean elevation, and summit presence on 
historical and contemporary surveys of 
the four studied alpine plant species. Data 
adapted from Kulonen et al. (2018) and 
Steinbauer et al. (2018)
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predominantly scree- dwelling species C. resedifolia, microhabitat 
availability and the potentially increased competition from new 
upward- moving neighbours in organic soils might well have led to 
local disappearance of individuals at lower elevations (see histori-
cal and recent distribution with elevation in Figure 2). Similarly, the 
replacement of rock and scree microhabitats by organic soils (i.e. due 
to farmland melioration or by being overgrown over time) at lower 
elevations of the specialist species R. glacialis's distribution (Kulonen 
et al., 2018) may explain today's shift towards a positive relation-
ship with elevation for three out of the four investigated traits. This 
reduction in suitable habitat quantity or quality at lower elevations 
may be a reason for reduced plant size with fewer flowers today 
than historically. We found a clear pattern for the two relatively 
more competitive species predominantly occurring on organic soils 
and in grassland communities, P. alpina and P. viviparum. Both spe-
cies showed increases in almost all measured traits over time, with 
this effect strongest at sites located at the lower elevation margin 
of their elevation range, which reaches lower than that of the other 
two studied species. The reduction of preferred substrate at higher 
elevations (such as organic soil for the case of P. viviparum, where 
a coincidental reduction in trait size above 2200 m and its increas-
ing prevalence on scree is observed) may limit the establishment of 
these two grassland species in high- alpine environments. This con-
firms the findings of Kulonen et al. (2018) that microhabitat prefer-
ence and availability, as well as mycorrhizal associations, along an 
elevation gradient is a strong determinant and constraint that deter-
mines species' long- term establishment success on alpine summits 
(Read & Haselwandter, 1981; Ruotsalainen et al., 2004).

4.3  |  Functional traits respond differently to 
climate anomalies

We found that alpine plant trait values responded little to interan-
nual summer temperature variation before 1986. During the period 
of historical collections, years with above- average summer tempera-
tures were consistently followed by cooler years. Since 1986, how-
ever, there has been a clear and consistent warming trend. Many 
alpine species are long- lived and have below- ground storage capaci-
ties (Körner, 2021), providing a buffer against year- to- year variation 
but also the potential for a build- up of trait responses over time. 
Thus, the consistently above- average summer temperatures of the 
contemporary survey years could be an explanation for the much 
stronger effect of time (which we largely attribute to warming) com-
pared with intra- annual variation within the historical period.

We demonstrated that plant functional trait values vary not only 
with elevation in mountain environments but also with aspect. Poa 
alpina in particular grows taller and invests more in reproduction 
at higher elevations and on southern aspects now than 100 years 
ago. This is in line with our expectations that traits will respond 
most strongly on the warmest aspects, and with previous findings 
that plant traits respond differently according to aspect (Kulonen 
et al., 2018; Winkler et al., 2016). Indeed, in alpine terrains, a 

temperature range can be as large across small distances within the 
same elevational belt (cf. a microtopographic effect of opposing as-
pects) as across distant elevational belts (Scherrer & Körner, 2010). 
Thus, we can expect trait responses to climate change to differ de-
pending on small- scale variability in topographical factors (Dubuis 
et al., 2013). The impact of climate change on alpine plants may be 
alleviated by topographic complexity and its associated microcli-
mate heterogeneity offering short- distance escapes or microrefu-
gia (Graae et al., 2018; Lenoir et al., 2013; Scherrer & Körner, 2010; 
Spasojevic et al., 2013).

However, specialist species such as cryophilic and dwarf- growing 
alpine species that are often already restricted in their range and 
that depend on extremely cold conditions are highly at risk of losing 
their microrefugia (Scherrer & Körner, 2011). Our findings suggest 
that this could be the case for R. glacialis, a high- alpine specialist 
known to be affected by recent climate change (Felde et al., 2012; 
Totland & Alatalo, 2002) and which is disappearing from the lower 
end of its elevation range in Norway (Klanderud & Birks, 2003). In 
parallel, for R. glacialis, we observed a significant increase in repro-
ductive height and number of flowers at higher elevations, but not 
for petiole length or leaf width. This corresponds with findings from 
a warming experiment in Norway, where R. glacialis showed very 
little response to increasing temperatures (Diemer, 2002; Totland 
& Alatalo, 2002). These trait patterns for R. glacialis are also in line 
with a recent study of intraspecific trait variability across 66 spe-
cies along 40 elevation gradients, showing that species with pref-
erence for highest elevations and with narrow elevation range are 
those with the lowest intraspecific trait variability and response to 
elevation (Rixen et al., 2022). As a cryophilic species, R. glacialis may 
suffer from direct effects of warming on its metabolism. The species 
has been found to have difficulties adapting rates of dark respira-
tion to higher temperatures. Prolonged warm periods would lead to 
a rapid loss of stored carbohydrates (Cooper, 2004; Larigauderie & 
Körner, 1995). Under further warming, individuals at lower eleva-
tions may not be physiologically capable of survival.

Our finding of an increase in reproductive height only in the 
upper elevations, but not in the lower ones, could be a further signal 
of physiological deficiencies of R. glacialis at its lower range margins. 
This is confirmed by observations of continuing population decline, 
over the past 20 years, of virtually all high- elevation species, includ-
ing R. glacialis, at a nearby site (Stubaier Alps) in the lower part of 
their range (Lamprecht et al., 2018; Steinbauer et al., 2020). This, 
however, occurred concurrently with an overall decrease in vegeta-
tion cover and therefore may also indicate physiological rather than 
competition effects, or a combination of both.

4.4  |  The benefits and constraints of using  
herbarium material as a climate change 
response predictor

Comparing herbarium records with contemporary specimens to 
study temporal changes in trait distributions of alpine plants is a 
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relatively untapped technique. While we conclude that, overall, 
our approach is useful to detect and interpret species' variable re-
sponses to warming, we cannot exclude some bias arising from the 
way herbarium specimens have been collected in the past. It is likely 
that early 20th- century botanists, given their aim to assemble sig-
nificant and reference collections, were biassed towards sampling 
larger, more productive, and flowering specimens (in the same way 
as photographers today would choose well- developed, large and 
flowering individuals to take a nice picture of). Thus, smaller and 
non- flowering individuals may not have been collected. We thus ex-
pect that the majority of specimens in the historical records would 
be generally taller and larger than the average individual available 
from the background population. For our contemporary collection, 
however, we randomly chose mature individuals in the field, thus 
avoiding a bias towards collecting larger plants (although still col-
lecting mature, flowering individuals). In such a case, any reduction 
in plant size over time could be an artefact due to historical sampling 
bias while a significant increase in plant size over time would most 
likely be attributed to a true response to a change in the environ-
ment that might well be, in fact, underestimated given the underly-
ing bias towards sampling larger individuals in the past. We would 
expect this potential bias to span over the whole altitudinal gradi-
ent, thus this alone would not account for an altitude x time effect 
such as in R. glacialis. However, we cannot discard the fact that re-
ductions in trait sizes over time are not due to a collector bias (e.g. a 
negative effect of time on C. resedifolia's plant height in Figure 2b,f).

Despite taking a conservative approach in the recent sampling 
through random selection of individuals along a fixed elevation gra-
dient (which in general explained little of the random effects vari-
ance), we still found a remarkably strong change over time in plant 
functional trait distributions for all four species, thus strengthening 
our conclusions. Herbarium records collected prior to the onset of, 
as well as during, climate change thus hold much potential for further 
uncovering long- term responses of plant performance to climate 
change, both before and during the recent acceleration in climate 
warming. This could provide validation for many of the shorter- term 
ecological studies that have only captured responses after the start 
of the warming acceleration in the 1980s.

Other environmental constraints may drive changes in the 
distribution of traits. For example, the availability of nutrients for 
growth has major implications for plant species in alpine environ-
ments (Körner et al., 1989). Atmospheric nitrogen (N) deposition has 
been observed across the Swiss Alps, which has been shown to af-
fect alpine plant community composition (Hiltbrunner et al., 2005). 
Nitrogen depositions could play a role even in alpine- subnival 
zones, albeit less strong than in lowlands, since soil warming leads 
to greater nutrient availability, which may be especially import-
ant in temperature- limited habitats at high elevations (e.g. Staude 
et al., 2022). The uniform increase in the size of P. alpina, the only 
graminoid species in our study, across the elevation gradient, as well 
as its gain in frequency and elevation over time, fits this pattern. 
Hence, the impact of N deposition on our findings cannot be ruled 

out and could actually be a compounding or even a confounding 
effect in addition to climate change. Impacts of these alternative 
drivers can, thus, not be excluded, and could be explored by in-
vestigating changes in plant chemical traits over time, for example 
through a collaboration with the NutNet network (Leff et al., 2015), 
albeit this would imply potential damage or even destruction of old 
herbarium specimens.

5  |  CONCLUSIONS

Here, we combined herbarium with contemporary specimens for 
four alpine plant species to investigate temporal changes in trait 
distributions along an elevation gradient subjected to contempo-
rary climate change. Our findings suggest that changes in plant 
trait patterns with elevation are species- specific. For the two alpine 
grassland species P. alpina and P. viviparum, we found that plant- size- 
related traits increased under warmer conditions, while for R. glacia-
lis and C. resedifolia, the reverse was true. We corroborate previous 
studies that report increasing microhabitat restrictions for the high- 
alpine specialist species R. glacialis, suggesting that further warming 
may confine its distribution to higher elevations. Herbarium collec-
tions in future studies could thus aid in better understanding plant 
species' responses in a changing world.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

Table S1. Model output for plant functional trait changes over time 
along an elevation gradient for Ranunculus glacialis (flower number, 
leaf stem length, flower stem length, and leaf width). T- statistics are 
reported for flower stem length, leaf stem length and leaf width. Z- 
statistics are reported for flower number. Significant variables are 
shown as *** = p < 0.001, ** = p < 0.01, * = p < 0.05.
Table S2. Model output for plant functional trait changes over time 
along an elevation gradient for Polygonum viviparum (inflorescence 
length, leaf length, inflorescence stem length and leaf area). T- 
statistics are reported for all traits. Significant variables are shown 
as *** = p < 0.001, ** = p < 0.01, * = p < 0.05.
Table S3. Model output for plant functional trait changes over time 
along an elevation gradient for Poa alpina (inflorescence length, basal 
leaf length and inflorescence stem length). T- statistics are reported 
for all traits. Significant variables are shown as *** = p < 0.001, 
** = p < 0.01, * = p < 0.05.
Table S4. Model output for plant functional trait changes over time 
along an elevation gradient for Cardamine resedifolia (flower number, 
leaf length, plant height, number of rosette leaves). T- statistics are 
reported for leaf length and plant height. Z- statistics are reported for 
flower number and number of rosette leaves. Significant variables 
are shown as *** = p < 0.001, ** = p < 0.01, * = p < 0.05.
Table S5. Model output for reproductive height trait change to a 
century of temperature and precipitation variation for Poa alpina 
(inflorescence length, basal leaf length and inflorescence stem 
length). T- statistics are reported for all traits. Significant variables 
are shown as *** = p < 0.001, ** = p < 0.01, * = p < 0.05.
Table S6. Model output for reproductive height trait change to a 
century of temperature and precipitation variation for Cardamine 
resedifolia (flower number, leaf length, plant height, number of 
rosette leaves). T- statistics are reported for leaf length and plant 
height. Z- statistics are reported for flower number and number of 
rosette leaves. Significant variables are shown as *** = p < 0.001, 
** = p < 0.01, * = p < 0.05.
Table S7. Model output for reproductive height trait change to a 
century of temperature and precipitation variation for Polygonum 
viviparum (inflorescence length, leaf length, inflorescence stem 
length and leaf area). T- statistics are reported for all traits. Significant 
variables are shown as *** = p < 0.001, ** = p < 0.01, * = p < 0.05.
Table S8. Model output for reproductive height trait change to a 
century of temperature and precipitation variation for Ranunculus 
glacialis (flower number, leaf stem length, flower stem length, and 
leaf width). T- statistics are reported for flower stem length, leaf stem 
length and leaf width. Z- statistics are reported for flower number. 
Significant variables are shown as *** = p < 0.001, ** = p < 0.01, 
* = p < 0.05.
Table S9. Marginal and conditional R- squared values for the models 
illustrated in Figures 2– 5 of the main manuscript.
Figure S1. Observation frequency according to sampling orientation 
of four alpine plant species for historical (black) and contemporary 
(golden) herbarium collections.
Figure S2. Forest plots of estimates for Cardamine resedifolia (a, e, 
i, m, blue), Ranunculus glacialis (b, f, j, n, ochre), Poa alpina (c, g, k, 
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o, green), and Polygonum viviparum (d, h, l, p, pink), where variables 
that deviate left of the solid grey line demonstrate a reduction in 
trait size/number with the corresponding variable (pale shade), and 
variables that deviate right of the line an increase in trait size/number 
(dark shade). Significant variables are shown as *** = p < 0.001, ** = 
p < 0.01, * = p < 0.05.
Figure S3. Box plot illustrating the change in precipitation (left, 
mm/y) and temperature (right, ºC) for the contemporary (1985- 
2015) and historical (1880- 1985) sampling time periods.
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