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Abstract

Given that alpine regions are suffering a temperature increase twice the global average,
the interrelation of elevation, temperature, and water availability renders intraspecific trait
variation (ITV) central to predicting species distribution and community assembly under ongoing
climate change. Utilizing a trait-based approach, this study investigated leaf area (LA),
specific leaf area (SLA) and leaf dry matter content (LDMC) in order to assess the relative
importance of competition (C), stress tolerance (S), and ruderal (R) strategies within
four alpine plant species across elevation, climatic and morphometric gradients on
Mt. Schrankogel (3497 m a.s.l.), Tyrol, Austria. The main finding revealed a predominance of stress
tolerance (S) with increasing elevation and a less prominent role for ruderal (R) and a minor role
for competitive (C) strategies, as the latter two diminish towards the mountain summit.
Across environmental gradients, significant intraspecific variation in traits and strategies was
identified, highlighting that within-species variability is a crucial component of alpine plant
responses and may be key in adapting to fast-changing temperature- and precipitation regimes in
the alpine realm. In order to enhance our understanding of alpine plants under global change,
greater consideration of intraspecific trait variation is proposed in order to refine predictions of

plant responses and improve conservation efforts under ongoing climate change.



Zusammenfassung

In Anbetracht der Tatsache, dass sich alpine Regionen im Vergleich zum globalen Durchschnitt
etwa doppelt so stark erwarmen, wird die intraspezifische Merkmalsvariation aufgrund des engen
Zusammenspiels von Hohe, Temperatur und Wasserverfugbarkeit zu einem zentralen Baustein fur
Prognosen der Artenverbreitung und der Zusammensetzung von Pflanzengemeinschaften im
Klimawandel. Im Rahmen dieser Studie wurden am Schrankogel (3497 m u. M.) in Tirol,
Osterreich, entlang von Héhen-, Temperatur- und morphometrischen Gradienten die Blattfliche
(LA), die spezifische Blattflache (SLA) und der Blatt-Trockenmassegehalt (LDMC) von vier alpinen
Pflanzenarten erhoben, um die relative Bedeutung der CSR-Strategien Konkurrenz (C),
Stresstoleranz (S) und Ruderalitat (R) auf intraspezifischer Ebene zu quantifizieren. Die Ergebnisse
zeigen, dass mit zunehmender Hoéhe die Dominanz von Stresstoleranz (S) stetig wachst, wahrend
Ruderalitat (R) und insbesondere Konkurrenz (C) an Bedeutung verlieren und zum Gipfel hin
abnehmen. Uber alle Umweltgradienten hinweg konnte eine ausgeprégte intraspezifische
Variation sowohl der Blattmerkmale als auch der abgeleiteten Strategien nachgewiesen werden.
Dies unterstreicht die Bedeutung der innerartlichen Variabilitat als wesentlicher Bestandteil der
Anpassungsfahigkeit alpiner Pflanzen und betont ihre Schlisselrolle bei der Anpassung an sich
rasch verandernde Temperatur- und Niederschlagsregime. Um das Verstandnis alpiner
Pflanzengesellschaften unter dem globalen Wandel zu vertiefen, wird daher eine starkere
Berlicksichtigung der intraspezifischen Merkmalsvariation empfohlen. Dies kann zu praziseren
Vorhersagen der Anpassung von Pflanzen und verbesserten Naturschutz- und

ManagementmaBnahmen in alpinen Lebensrdumen fuhren.
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1. Introduction

Anthropogenic climate change is increasing alpine temperatures at roughly twice the global
average (Calvin et al., 2023; Rumpf et al., 2018), driving upslope shifts of cold-adapted plant
species via local extirpation at lower distributional margins and facilitating upslope expansion of
warm-adapted species for both elevational and geographical distributions (Steinbauer et al.,
2018). The former leads to increases in species richness on European mountain summits altering
community composition as competitive species are favoured, threatening the persistence of
cryophilic specialists (Steinbauer et al., 2022, 2018). Moreover, climate projections predict
seasonal shifts in precipitation expected to transform water availability in alpine regions (Buchner
etal.,2017; Steinbauer et al., 2022). In particular, longer dry periods as projected for the European
Alps (Beniston et al., 2018), coupled with rising temperatures, will increase evapotranspiration
(Sherwood and Fu, 2014; Steinbauer et al., 2022) and impose additional pressure on alpine plants

(Rosbakh et al., 2017).

In order to understand how alpine plants respond to environmental properties such as
temperature, water availability and snow cover along elevational gradients we focus on morpho-
functional traits that affect growth, reproduction as well as survival and, hence, overall fitness.
Morphological traits refer to physical characteristics such as the size and shape of both vegetative
and reproductive organs, providing structural integrity and are linked to resource acquisition

(Wright et al., 2004).

The prevailing strategy scheme to classify plant species according to their functional traits is the
Competitive, Stress-tolerator and Ruderal (CSR) framework, introduced by Grime in 1974. It
classifies plant strategies as viable trait combinations of competitive ability, abiotic stress
tolerance and disturbance response (Pierce et al., 2017a). Here, a core premise is the trade-off
between resource acquisition and -conservation that shapes competitive advantages across

environments (Reich, 2014).

The mentioned compromise is reflected by the CSR framework’s focal leaf traits: Leaf Area (LA),
Specific Leaf Area (SLA) and Leaf Dry Matter Content (LDMC). For that matter, alpine
environments are associated with high LDMC and low SLA and LA (durable, dense leaves),
whereas high-resource settings favour low LDMC but high SLA and LA (thin, fast-growing leaves)
(Henn and Damschen, 2021; Korner, 2021; Pérez-Harguindeguy et al., 2013). A combination of
these traits classifies a species as competitor (C) competing with its neighbours through rapid
vegetative growth and size; as stress-tolerator (S) retaining resources and repair dense, persistent

tissues and as: ruderal (R) allocating resources mainly to propagules in order to recover quickly
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after disturbance. Intermediate strategies (SR, CS, CR, CSR, ...) represent more central positions

along these axes (Pierce et al., 2017a).

Nowadays, such trait-based approaches are widely used in ecological and evolutionary research
highlighting the differentiation between species or communities, although often times neglecting
the impact of intraspecific variation (ITV). On the other hand, studies incorporating ITV are
typically conducted with trait values provided by online repositories - often lacking additional
abiotic information (Violle et al., 2007; Violle and Jiang, 2009). A meta-analysis demonstrated that
ITV accounts for an average of 25 % of observed trait variability within communities and 32 %
among communities (Siefert et al., 2015) underlining its ecological importance and lack of

research thereby.

Here, the macro-ecological, interspecific approach of the CSR framework will be extended to the
intraspecific level, considering a multitude of environmental gradients as existing literature has
shown that the expression of these functional traits demonstrates a high degree of variability
across a range of different resource and environmental regimes (Keddy, 1992). Along the
elevational gradient an ever-increasing role of stress tolerators (S) at the cost of competition (C)
and the ruderal (R) strategy can be expected, as documented by research on species- and
community level (Li et al., 2026; Rafiee et al., 2024). This is in line with the stress gradient
hypothesis, stating the alpine belt is governed by abiotic, mainly climatic factors (Cannone and
Pignatti, 2014; Lamprecht et al., 2018; Rumpf et al., 2019) whilst competition with neighbouring

species decreases towards the summit (Kulonen et al., 2018).

In order to address ITV in alpine environments, we assess three functional traits of four alpine
plant species based on individuals at their low- and high elevational margin as well as their
distributional optima. The focal traits - Leaf Area (LA), Specific Leaf Area (SLA) and Leaf Dry Matter
Content (LDMC) - were selected as they are the foundation in order to calculate the CSR strategy

of individuals of multiple species (see Chapter 2.4).
Specifically, the following questions are posed:

1) How does the expression of functional traits (LA, SLA and LDMC) and strategies (C, S and R) at

the species optima compare to its high- and low-elevational margin?

2) What function of functional traits (LA, SLA and LDMC) and strategies (C, S and R) can be

detected along the elevational gradient?

3) How does the expression of functional traits (LA, SLA and LDMC) and strategies (C, S and R)

across climatic and morphological gradients compare to that of the elevational gradient?



2. Materials and Methods

2.1 Study Area

The fieldwork was conducted in July and August 2025 at Mount Schrankogel (3497 m a.s.l., N 47°
2’39.135” E 11° 5’56.018”) in the Stubaier Alps, Tyrol, Austria. The chosen area is highly suitable
for the intended research as the distribution of plant species is well known due to the long-term
ecological monitoring program GLORIA (gloria.ac.at) and the ongoing “MICROCLIM” project
(https://www.mountainresearch.at/microclim/). For the latter, 900 1x1 m? plots of non-forest
vegetation, including temperature loggers, were established across elevations of 1794 to 3497 m
a.s.l.. Representative of the Eastern Central Alps, Mt. Schrankogel signifies a high elevation
siliceous mountain, dominated mainly by amphibolite and gneiss (Hoinkes et al., 2021), offering
a diverse mosaic of ridges, glaciers and steep slopes with differing aspects and resulting snow
cover phenomena (Gottfried et al., 1998). The macroclimate of the study area is subcontinental.
The meteorological station Obergurgl (1938 m, 11°01,5’E, 46°52°’N), 20 kilometres from the study
area, detects an average temperature of 2.5°C for the years of 1980-2021, and a mean annual

precipitation sum of 889 mm (“Wetterprognose Osterreich,” 2024).
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Figure 1: View of Mt. Schrankogel from Wannenkogel (www.foto-webcam.eu, n.d.), last
accessed on 23.01.2026



2.2 Target Species and Sampling

In order to address intraspecific differences of traits and consequently of CSR strategies, only
frequently abundant species with an elevational range of at least 700 m at Mount Schrankogel
were considered. Secondly, a balanced share of high- and low-alpine species shall allow for
further differentiation and enhanced results. Lastly, to minimize impact and act in alignment with
conservation law, protected species were not considered. A set of four alpine species fulfilling

these criteria were selected, shown in Table 1.

Table 1: Overview of the five target species and relevant information

. . Species Min- & Max Sampled
Species D Family optima (m) Elevation (m) plots
Campanula barbata CB Campanulaceae 2216 1940 - 2830 8
Campanula CS  Campanulaceae 2211 1794 - 3012 8
scheuchzeri
Trifolium
TP Fabaceae 2522 1963 - 2862 6
pallescens
Veronica alpina VA Plantaginaceae 2618 2138 -3080 8

Sampling was conducted in July and August 2025. To facilitate successful sampling, we had
access to MICROCLIM’s data of established 900 1x1 m? plots across Mt. Schrankogel, ranging
between 1800 and 3450 m above sea level. The data provided the foundation for sampling of the
target species at three distinct elevational levels, the low- and high-elevational margin as well as
the species optima based on weighted densities of their distribution. For each elevational zone,
20 individuals of each taxon were sampled from at least two different plots to cover distinctive

microclimates at similar elevations.

Upon arrival at the plots, 10 different individuals within the distance of up to 15 m of the
MICROCLIM plots, occurring within similar communities and micro-habitats, were sampled.
Individuals were sampled at least 1 m from one another to minimise the risk of sampling the same
genotype. Only mature, non-senescent leaves that reached their full size on flowering adult
specimens were collected. As this study aims to compare an individual’s competitive ability, the
largest leaf of each plant was sampled as its contribution to photosynthesis is the greatest (Anten,
2004). Individuals with clear signs of pathogens or herbivory were mostly excluded, though minor

damage could not always be avoided. On site, leaf samples were placed between wet tissue, then
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sealed in a breath-inflated zip lock bag to enhance CO2 concentration and air humidity whilst
minimising transpirational water loss. Until the completion of analyses the following day, leaves
were kept cool and dark at around 5 °C (Pérez-Harguindeguy et al., 2013), before being dried at
room temperature for 14 days to remove all moisture. In total, leaf samples of 240 individuals were

collected.

2.3 Climatological- and Morphometric variables

Temperature variables such as mean annual temperature, minimal temperatures for both
summer and winter as well as annual temperature range refer to soil temperature at 10 cm depth
as measurements are taken from temperature loggers buried within the studied MICROCLIM
plots. Measurements are provided in an hourly interval. In addition, morphometric variables were
also included. Hill shade represents the illumination intensity over a surface according to the
position of the sun (Chytry et al., 2024; Horn, 1981). Therefore, it can be used as a proxy of solar
radiation. TWI, the Total Wetness Index is a measure of relative soil moisture. The resolution of the
morphometric variables was chosen at 151 m pixel size as the presence of most species is better
explained by topographic variation at coarser scales (Chytry et al., 2024). Snow cover duration
was monitored by webcams set up on neighbouring mountains delivering images of the studied
plots in 10- and 30 min intervals. A subset of 50 images per webcam was used to train a random-
forest model for snow classification (Breiman, 2001; Kollert et al., 2026). For more detailed

information browse the literature cited above.

2.4 Trait Measurements

In order to calculate the CSR strategy as proposed by Pierce et al. 2017 for each individual
specimen, three functional traits were analyzed according to the “New handbook for
standardised measurement of plant functional traits worldwide” (Pérez -Harguindeguy et al.,

2013).

2.4.1 Leaf Area (LA)

The following day of sampling, each individual leaf was removed from the refrigerator before
obtaining the fresh weight (fw) and consecutively scanned using a portable scanner (Canon
CanoScan LiDE 400) at a resolution of 600 dpi. In order to determine the leaf area (LA ) in mm?,

leaf scans were analyzed using Image) (“Image) Wiki,” n.d.).



2.4.2 Specific Leaf Area (SLA)

Specific Leaf Area was calculated as the ratio of leaf area to its dry weight. Weight measurements
were obtained using a portable scale (INF digital fine scale) with an accuracy of 0.001 g. Low SLA
values represent adaptations common in alpine habitats as leaf tissue is dense and leaf area
small, able to deal with environmental stress (Korner, 2023, 2021; Pérez-Harguindeguy et al.,

2013).

LA (cm?)

A= ————
S dry weight(g)

2.4.3 Leaf Dry Matter Content (LDMC)

Leaf Dry Matter Content was calculated by the ratio of dry weight (dw) to saturated fresh weight
(fw). Leaves expressing high values of LDMC are considered to be more rigid and consequently
better equipped to withstand physical hazards, compared to those exhibiting low LDMC (Kérner,
2023, 2021; Pérez-Harguindeguy et al., 2013).

dry weight (dw)
saturated fresh weight (fw)

LDMC =

2.5 CSR calculation

Until the present time, several approaches on the basis of the CSR theory have been developed
in order to characterize the functional space of vegetation (Grime et al., 1988; Hodgson et al.,
1999). Whilst past methods emerged based on local flora assemblages, Pierce et al. 2017
created atool based on global data and therefore applicable worldwide to calculate a plant’s CSR
strategy. Existing research has implemented this toolin a variety of spatial and ecological contexts
based on trait data (LA, SLA & LDMC) extracted from online repositories such as the “TRY plant
functional trait database” (Kattge et al., 2011). In recent years, studies conducted field work
gathering trait measurements to further explore CSR strategies along environmental gradients

(Bricca et al., 2022; Hasigerili et al., 2023).

Similarly, following the sampling of leaves along an elevational gradient, the interspecific
application of the CSR calculation tool will be extended to test for possible intraspecific variation.
Here, for each individual plant, trait measurements (LA, SLA and LDMC) of the sampled leaf will
be inserted into the StrateFy - CSR strategy calculator (Pierce et al., 2017a) to classify the
individual’s strategy. Here, itis important to note that C, S and R values are not calculated directly
from LA, SLA and LDMC. Instead, CSR values are derived from the trade-off between these traits,
which is then compared against the global spectrum (position along multivariate axes based on
the global ranges of trait values) (Pierce et al., 2017b). CSR strategies are expressed as

percentages C:S:R, ranging from 0-100% in total or as a categorical factor (e.g. C, S, R, S/R, ...).
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Once calculated, both numeric and categorical strategies of each individual will be exported and

transferred to the R-Studio environment (R Core Team, 2024), thus enabling further data analysis.

2.6 Data Analysis

The StrateFy- CSR strategy calculator (Pierce et al., 2017a) computed CSR strategies both
numerically and categorically, enabling further analysis using R-Studio (R Core Team, 2024).
Within the R-Studio environment traits and strategies have been standardized for each species in

order to facilitate a direct comparison of species and the impact of environmental variables.

ANOVAs comparing each focal trait and CSR strategies across the sampled elevational level (low,
optima and high) was conducted. Furthermore, linear mixed-effects models (Imer package) were
conducted for each focal trait (LA, SLA and LDMC) and strategy (C, S and R), for all species
combined, as well as individually. The trait or strategy in question represents the response
variable while environmental gradients act as the predictor variable - species are considered as a

random-effect.



3. Results

A comparison of strategies of all individuals, across species in a numerical manner is shown in

Figure 2, whilst categorical strategies are shown in Table 2 for each species individually.
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Figure 2: C, S and R strategies of individuals (n= 240) of four alpine plant species across their elevational distribution,
ranging from 0 to 100 %. The lower and upper hinges are represented by the 25% and 75% percentiles; the whiskers
capture values within the range of 1.5 x Interquartile Range, the remaining represent outliers of that range.

The mentioned results depict low values for competition (mean: 11 %, median: 7 %). In contrast,
stress tolerance exhibits the highest values (mean: 57 %, median= 59 %). Investment towards

ruderal properties is common among the species studied (mean: 32 %, median: 31 %).

A majority of categorical strategies (Table 2) accounts for stress tolerance, followed by the ruderal
strategy. Campanula barbata subsp. barbata is the only species with individuals that can be
classified as competitor, expressing the strategy of CR. It generally exhibits the highest investment
towards competition, expressing strategies of SR/CSR, CSR, S/CSR, R/CSR, CR/CSR, CR, R/CR
and S/CS. In contrast, Veronica alpina expresses a combination of stress- and ruderal related
strategies such as SR, S/SR and only rarely S, R/SR and R. A more pronounced stress tolerance
can be observed for Campanula scheuchzeri which most often exhibits the strategy of S/SR,
followed by S and SR. Not much different is the strategy of Trifolium pallescens which
predominantly exhibits the strategy S/SR, followed by SR, S/CSR, SR/CSR - expressing minor

investment towards competition.



Comparing individuals across the elevational gradient a decreasing role of competition and
ruderal strategies can be identified as well as an increase of stress tolerance towards higher

elevations.

Table 2: Number of individuals per species and elevational level (low, optima and high) classified as C, S and R
strategies and their intermediate stages (n=240).

. CR/ CS/ RI R/ R sI s/ s/ SR/
Species  CR ~sp osR ®R R R sk sR ° s csR sk SR csm
Campanula
barbata 6 5 12 0o 1 6 0 0 1 11 0 o0 13
subsp.
barbata
Campanula o 0o ©0 0 0 0 0 20 0 0 3 7 0
scheuchzeri
Trifolium 0 0 o o0 o0 1 1 2 0 8 2 14 8
pallescens
veronica 0 0 o 3 0 o0 4 6 0 0 2 21 0
alpina
Elevational
level

low 2 3 3 6 3 0 1 3 4 1 10 24 14 7
optima 2 2 2 1 0 1 5 2 8 0 4 30 16 7
high 1 1 0 5 0 0 1 0 16 0 5 31 12 7

3.1 Differences in traits and strategies of alpine plants across the elevational
gradient

ANOVA revealed significant differences between elevational levels for each trait: LA (F= 13.91,
p <0.001), SLA (F= 5.90, p= 0.003) and LDMC (F= 4.29, p= 0.02), see Figure 3. The individuals at
the high-elevational level consistently exhibit smaller values of LA than low-elevational
individuals, while those at the distributional optima and low elevations were not significantly
different (high-low: diff= -0.71, p <0.001; high-optima: diff= -0.65, p <0.001; optima-low:
diff=-0.06, p= 0.91). The same pattern can also be observed for SLA (high-low: difference=-0.52,
p= 0.002; high-optima: difference= -0.35, p= 0.06; optima-low: difference= -0.16, p= 0.53). An
inverse pattern, with increasing values along the elevational gradient can be identified for LDMC,
with only individuals from high- and low elevations able to be differentiated based on LDMC: (high-
low: difference= 0.45, p= 0.01; high-optima: difference= 0.27, p= 0.19; optima-low:
difference=0.18, p= 0.46).

Furthermore, testing for differences in C, S and R across individuals at different elevational levels

revealed that all strategies demonstrate statistically significant differentiation. S allows for a
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differentiation of individuals (F= 8.14, p <0.001) although significantly solely between high- and
low elevational levels (high-low: difference= 0.62, p <0.001; high-optima: difference= 0.30,
p= 0.13; optima-low: difference= 0.32, p= 0.09), see Figure 3. Furthermore, C allows for the
prediction of individuals across the elevational gradient (F= 12.50, p <0.001) although not
significantly so for those at the distributional optima and low elevations (high-low:
difference= -0.8, p <0.001; high-optima: difference= -0.43, p= 0.004; optima-low:
difference= -0.37, p= 0.01). Individuals across the elevational gradient can also be predicted
based on their ruderal strategy, R (F= 3.57, p= 0.03), although only significantly so for high- and
low elevational levels (high-low: difference= -0.41 , p= 0.02; high-optima: difference= -0.18,

p=0.50; optima-low: difference=-0.24, p=0.28).

LA SLA LDMC
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T a a ab b a EE _b_
= 2 T —_ I
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N
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100 a —_ _b_
R 75 ab
= 2 b
% 50
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25 L |
! | == ] “ - 1
0 — g — [e— — - —_ —_—
low optima high low optima high low optima high

Elevational level

Figure 3: Distribution of standardized values of LA (Leaf Area), SLA (Specific Leaf Area) and LDMC (Leaf Dry Matter
Content) as well as strategies (C, S and R) of all focal species across elevational levels (low, optima and high) on Mt.
Schrankogel. The bold horizontal line represents the median trait size of each trait for each level. The lower and upper
hinges are represented by the 25% and 75% percentiles. The whiskers capture values within the range of 1.5 x
Interquartile Range, the remaining represent outliers of the mentioned range.
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3.2 Function of traits and strategies of alpine plants across the elevational
gradient

LA and SLA exhibit a highly significant negative linear relationship with elevation, LA: (Estimate=
-0.0008, t= -4.51, p <0.001) and SLA: (Estimate= -0.0006, t= -3.38, p <0.001), see Figure 4.
In contrast, LDMC exhibits a positive linear relationship with elevation (LDMC: Estimate= 0.0004,
t=2.49, p= 0.01). Regarding the strategies of C, S and R, each one exhibits a linear relationship
with elevation. Both C and R exhibit a negative relationship with elevation, C: (Estimate=-0.0007,
t= -4.36, p <0.001) and R: ( Estimate= -0.0004, t= -2.56, p= 0.01) while S exhibits a positive
relationship with elevation (Estimate= 0.0007, t= 3.78, p <0.001).

Species — CB — CS — TP — VA = All species
1.0 1.0 1.0
0.5 0.5 0.5
O
<C
< 00 J 00 = 00
w ()]
—1
-05 -0.5 -0.5
-1.0 -1.0 -1.0
2000 2500 3000 2000 2500 3000 2000 2500 3000
100 100 100

75 75 |— 75

O 50 » 50 ”/ ¥ 50
R é_‘_ﬁ
25| T T 25 25

______—\—
0 0 0
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Elevation (m) Elevation (m) Elevation (m)

Figure 4: Dependence of focal traits (upper row) and strategies (lower row) on elevation. Here, shown in the first row of
graphs are linear functions for the focal traits LA, SLA and LDMC (standardized) of each species (CB= Campanula
barbata subsp. barbata; CS= Campanula scheuchzeri; TP= Trifolium pallescens; VA= Veronica alpina), as well as for all
species (red line) across the elevational gradient. Below, the same be can be seen for the focal strategies of C, S and R,
although here numeric values ranging from 0-100 have been used in order to enhance understanding.
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Table 3 shows the effect sizes of traits and strategies across the elevational gradient for each
species.
Table 3: T-values of linear regressions relating traits and strategies of individuals with elevation. Traits and strategies

were standardized for each species individually, to compare effect sizes among species. Significant relationships (i.e.
|values| > 1.96) are given in bold.

Elevational gradient LA SLA LDMC C S R
Campanuta barbata Subsp. 256 -0.90 0.27 -2.04 1.00 0.27
barbata
Campanula scheuchzeri -1.61 -0.59 0.65 -1.66 1.19 -0.91
Trifolium pallescens -4.46 -2.05 1.80 -4.37 2.66 -1.66
Veronica alpina -0.95 -4.61 2.90 -1.20 3.56 -3.74

3.3 Intraspecific variation of traits and strategies of alpine plants across
climatic- and morphometric gradients

T-values of linear regressions relating traits and strategies with additional environmental gradients
were extracted and are shown in Table 4. As mean annual temperature increases, C and LA
increase. A similar pattern can be observed for the minimum summer temperature - with
increasing temperatures, competition and leaf area increase while S decreases significantly,
although only borderline. In contrast, with increasing minimum winter temperatures SLA and R
decrease while LDMC increases. Instead, focusing on the mean annual temperature range an
increase of SLA and R at the cost of LDMC and S can be observed. As snow cover duration
increases both leaf area and competition decrease. A clear stress gradient is expressed by Hill
Shade (HSD), a proxy for solar radiation. As radiation increases stress tolerance rises, while

competition and the ruderal strategy diminish, alongside SLA and LA.

Table 4: T-values of linear mixed effects models for traits and strategies across environmental gradients. Values > 1.96
represent a statistically significant positive relationship (p > 0.05) between the trait/strategy and its environmental
predictor (bold) whereas statistically significant negative relationships are represented by values < - 1.96 (bold).
Remaining values do not exhibit any statistical significance.

LA SLA LDMC c S R
Mean annual temperature 3.60 -1.62 0.86 3.81 -0.58 -0.84
Min. temperature winter 1.12 -4.08 3.04 1.66 1.48 -2.37
Min. temperature summer 4.12 -0.17 0.21 4.12 -1.72 0.46
Annual temperature range 0.61 4.18 -3.78 0.33 -2.57 2.83
Snow cover duration -4.57 -0.47 1.23 -4.36 1.65 0.01
HSD (Hill Shade) -3.21 -2.67 0.90 -3.10 3.14 -2.51
TWI (Total Wetness Index) 4.21 -1.34 1.05 4.03 -0.62 -0.79
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4. Discussion

The present study examined the intraspecific variation of morphological traits used to calculate
Grime’s CSR strategies (Pierce et al., 2017a) of four alpine plant species along the elevational
gradient on Mt. Schrankogel in Austria. The intraspecific pattern was found to be in line with
previous research, which suggests that stress tolerance is the predominant strategy for plants in
the alpine realm (Bricca et al., 2022; Grime, 2001; Hasigerili et al., 2023). This was followed by
resource investment towards the ruderal strategy, while the competitive strategy played only a
negligible role (Callaway et al., 2002), as illustrated in Figure 2. Veronica alpina which inhabits
snowbeds on siliceous bedrock primarily expresses a combination of stress- and ruderal-related
strategies (S/SR, SR), exhibiting increasing stress tolerance and diminishing investment towards
the ruderal strategy with rising elevation. A more pronounced stress tolerance can be observed
for Campanula scheuchzeri and Trifolium pallescens, again followed by the ruderal strategy, and
lastly competition. Across all study species, competition is most prominent for Campanula
barbata subsp. barbata, although still expressing rather generalist-strategies (SR/CSR, CSR, ...).

This highlights the comparatively minor role of competition for the observed alpine plants.

In accordance with the findings of studies conducted on species and community level, the
intraspecific adaptations observed across the elevational gradient are evidently consistent with
the stress gradient hypothesis (Callaway et al., 2002). This is proven by decreasing investmentin
competition and the ruderal strategy, alongside leaf area (LA) and specific leaf area (SLA) as
elevation rises (Qi et al., 2014; Zhong et al., 2014), while stress tolerance and leaf dry matter

content (LDMC) exhibit an increase (Li et al., 2026; Rafiee et al., 2024).

A majority of existing literature documents SLA to be highest at the elevational optima (Maccagni
and Willi, 2022; Qi et al., 2014; Rosbakh et al., 2014), commonly associated with high resource
assimilation and growth (Pérez-Harguindeguy et al., 2013). This phenomenon aligns with the
abundant centre hypothesis, which posits that species exhibit optimal fitness levels at the core
of their geographical distribution (Wulff, 1943). Here, values of SLA at the elevational optima, are
indifferent to those at high- and low elevations, therefore not indicating increased fitness. SLA at
high elevations is the lowest and statistically different solely to individuals at the low-elevational
level. Conversely, progressively higher LDMC at high elevations is indicative of thick and dense
leaves, which are well-adapted to physical hazards and harsh conditions corresponding to

increased stress tolerance at high elevations (Kérner, 2021).

Across the gradient of mean annual temperature, the opposite to the elevational gradient can be
observed as LA and competition increase while stress tolerance tends to decrease. In context, a

more robust pattern for stress tolerance was identified at the community level for 107 alpine plant
13



species using large-scale temperature variables, which demonstrates a decline in stress
tolerance with rising temperatures (Rafiee et al., 2024). Yet again, with rising summer minimum
temperatures, plants increasingly invest in large leaf sizes and their competitive strategy while
stress tolerance tends to decrease. The former phenomenon can be attributed to the inhibitory
effect of low temperatures on meristematic activity and, consequently, plant growth (Li et al.,

2026).

From temperature to temperature range - as the mean annual temperature range increases, arise
of SLA and the ruderal strategy, at the expense of LDMC and stress tolerance was observed.
Therefore, under an increased degree of temperature variation in the alpine realm, representing
repeated disturbance, ruderal individuals undergo a rapid life cycle in order to ensure survival
before unfavourable conditions lead to biomass destruction (Pierce et al., 2007). Alternatively, the
option of plants modifying their leaf structure towards higher stress tolerance, i.e., to produce
structurally dense leaves, is likely to be less successful and therefore less prominent at sites

where temperature range is particularly high (Pierce et al., 2017b, 2007).

It is interesting to note that, as the duration of snow cover increases, both leaf area and
competition diminish, while stress tolerance tends to increase and the ruderal strategy remains
stable. In accordance with rising minimum winter temperatures, likely facilitated by snow cover
(Haeberli, 1973), a decrease of SLA and the ruderal strategy can be observed while LDMC
increases, similarly to the tendency of S and C. A shift from the ruderal strategy towards stress
tolerance through elevated LDMC aligns with previous research, which identified the dominance
of low stature plant communities, as is common for stress-adapted specialists, on sites with a

late snow melt-out (Jonas et al., 2008).

An additional gradient driving stress tolerance is expressed by Hill Shade (HSD), a proxy for solar
radiation. Here, higher solar radiation is associated with elevated stress tolerance, while
competition and the ruderal strategy, along with SLA and LA, diminish. This finding aligns with the
conclusion of previous research, as Manuel et al. (1999) highlights the importance of stress
tolerance for Geum montanum as solar radiation poses an increasing stressor towards the

mountain summit.

In contrast, as relative soil moisture, in this case referred to as Total Wetness Index (TWI) rises,
competitive abilities are favoured, as indicated by the promotion of large leaves and competition.
A recent study (Erkelenz et al., 2025) highlighted the effect of elevated water availability, whereby
plants exhibit an increased investment in leaf structures and elevated CO, assimilation, similar

to the here documented increase in LA and the trend of increasing LDMC.
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An increasing investment towards large, competitive leaves is in line with the establishment of
plants with a higher stature and an increased growth rate within the alpine realm, as under
ongoing climate change the above properties are promoted by rising temperatures, increased
temperature variability as well as earlier snow melt-out (Buchner etal., 2017; Erkelenz et al., 2025;
Jonas et al., 2008; Ohmura, 2012; Steinbauer et al., 2022, 2018). Here, the relation of traits and
strategies on an intraspecific level across gradients, identifies the importance of stress tolerance
in the alpine realm, although recognizes the environmental drivers of alternative strategies, such
as the ruderal strategy and competition, that will likely be promoted under ongoing climate

change.

Therefore, the ability of alpine plant specialists to adapt to a changing climate will be decisive in
determining community composition and ecosystem dynamics in the future. In this context,
research suggests that under cold and harsh conditions, environmental filtering reduces
intraspecific trait variation, particularly among high-alpine specialists (Bricca et al., 2022; Kuppler
et al., 2020). Conversely, as environmental severity diminishes, communities exhibit elevated
intraspecific trait variation as a result of increasing importance of competitive processes (Bricca
et al., 2022). In light of ongoing climate change, increased ITV of climatically favoured low-
elevation species may be an indication of elevated competitive abilities of upslope shifting
species, posing a threat to high-elevation specialists (Rixen et al., 2022), which are typically more
staghant (Rumpf et al., 2018). These findings suggest that species with a lower elevational
preference likely possess a greater potential to respond flexibly to environmental changes and to
increasing interspecific competition from upslope-shifting species (Alexander et al., 2015; Rixen

etal., 2022; Rumpf et al., 2018; Steinbauer et al., 2018).
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5. Conclusion

The present study examines the intraspecific variation in CSR strategies (Grime, 2001) of four
alpine species along environmental gradients on Mt. Schrankogel, in Austria. The results support
the predominance of the stress tolerance strategy (S) in the alpine environment and align with
evidence atintra- and interspecific as well as community levels (Bricca et al., 2022; Li et al., 2026;
Rafiee et al., 2024). The increasing relevance of stress tolerance towards the mountain summit as
well as the less prominent role of the ruderal strategy (R) and competition (C) in the alpine realm,
further diminishing with increasing elevation (Callaway et al., 2002) aligns with the stress-gradient
hypothesis. Overall, high intraspecific variation of traits (LA, SLA, LDMC) and strategies of alpine
plants across numerous gradients was identified, calling for greater consideration of intraspecific
variation in ecological studies, since most of past research on plant functional traits has been
conducted on an interspecific or community level, neglecting variation within species. In
instances, where intraspecific variation was accounted for, oftentimes a mean value of trait-
database entries has been utilized, disregarding the effect of a plants’ biotic and abiotic
environment on trait expression, similarly highlighted by other researchers (Bricca et al., 2022;
Hasigerili et al., 2023; Keddy, 1992; Siefert et al., 2015). However, disregarding the impact of
environmental factors on trait expression may obscure the role of intraspecific variation, which is
crucial for understanding species distributions and community assembly under a changing
climate, as high intraspecific trait variation enhances the ability to respond flexibly to
environmental change (Rixen et al., 2022). Consequently, future research should explicitly
account for intraspecific trait variation in order to refine predictions of plant responses and

improve conservation efforts under ongoing climate change.
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