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Abstract

Microrefugia provide unique habitats where species can persist despite unfavourable regional
conditions. Cold scree slope microrefugia, typically found in the montane and subalpine forest belts in
the Alps, host mixed communities of cold-specialised and generalist species, reflecting long term
adjustment of biotic interactions following abiotic forcing. The patterns and extent of intraspecific trait
variation, underpinning how generalist species from surrounding forests may modify their traits to
persist in these harsh conditions, remain poorly understood, especially for non-vascular plants.

In this study, we analysed intraspecific variability in functional traits (height, SLA, LDMC, leaf N content,
leaf C/N ratio, and leaf pH) for eight generalist species (five bryophytes and three vascular plants)
across four cold scree slopes microrefugia and adjacent montane forests in the French Alps. All species
exhibited intraspecific variability, but the magnitude and traits involved differed markedly between them.
Maianthemum bifolium and Hylocomium splendens exhibited significantly lower SLA and higher LDMC
on cold scree slopes. In contrast, Pleurozium schreberi showed a much lower leaf C/N ratio, while
Ptilium crista-castrensis displayed a much higher ratio. Additionally, our observations for Rhododendron
ferrugineum and Vaccinium myrtillus diverged from those reported in a previous study conducted in
other alpine microrefugia.

These findings demonstrate how phenotypic plasticity allows widespread generalist species to persist in
harsh marginal environments such as cold scree slope microrefugia, through species-specific trait
adjustments. Furthermore, we underscore the impact of distinct environmental conditions of each
microrefugia, which coupled with its cold microclimate, shape biotic interactions and contrasting
species adaptations.

1. Introduction

Microrefugia are small-scale habitats where populations can survive outside their main distribution
range due to local abiotic conditions that are sufficiently unique to protect them from unfavourable
regional environmental conditions (Rull, 2009). One essential property of microrefugia is that, following a
change in environmental conditions, they provide habitats where certain species can persist and
potentially disperse (Keppel et al., 2012). Mountain ranges, with their complex topography and
geomorphology offering a mosaic of contrasting abiotic conditions at fine scales, promote the formation
of small ecosystem islands embedded within much larger ecosystems, which can act as microrefugia
(Gentili et al., 2015; Keppel et al., 2015). Microrefugia are thus of particular interest in conservation
biology, as they may harbour populations of species that would otherwise be unable to survive due to
climate warming in the medium to long term (Hannah et al., 2014; Morelli et al., 2020).

Cold scree slopes are a striking example of cold microrefugia. These are porous formations found in the
Alps, ranging from the lower montane to the subalpine zone (typically between 1000 and 1800 meters
above sea level, e.g., Uxa et al,, 2019). They are characterized by a complex reversible internal ventilation
system, known as the chimney effect, which depends on the temperature differences between the core
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of the scree and the atmospheric air according to the seasons (see Delaloye et al., 2003, for a detailed
description). Consequently, the soil temperature in the upper part of cold scree slopes is significantly
milder in winter, while the lower zone is continuously and strongly cooled throughout the year, with soil
temperatures 10 to 15°C lower than those of the surrounding environments during summer. Ultimately,
the soil temperature and light resource availability due to the openness of the environment are
comparable to those of the alpine treeline (Kérner and Hoch, 2006). However, humidity is also very high
due to the condensation of external air in contact with cold air outlets, as frequently encountered in the
boreo-arctic environments. This unique abiotic context leads to the formation of extra-zonal ecological
islands in areas continuously cooled by the ventilation system, which serve as cold microrefugia for
many species. These small islands, ranging from a few tens of square meters to a few hectares, stand
out from the surrounding environments due to the presence of dwarf trees, boreo-arctic communities
dominated by bryophytes, ericaceous shrubs, and terrestrial lichens (Bertinelli et al., 1993). Additionally,
the abundant primary production of bryophytes due to high light availability and humidity can lead to
atypical soils reaching remarkable accumulation of raw organic matter (Gobat et al., 2004; Meynier and
Brun, 2018).

However, the small size of cold scree slopes limits their species pool compared to the strongly
contrasting adjacent environments. The species they can harbour are therefore those that can both
develop in the harsh abiotic conditions that characterize them and have a biogeographical history
compatible with the local species pool, of which the microrefugia may have been an integral part since
the last glaciations (R(Zicka et al., 2012). Consequently, cold scree slopes host mixed communities,
including cryophilic species specialized in the cold conditions they provide, for which they can effectively
act as microrefugia, and widespread generalist species with broad ecological amplitudes originating
from the surrounding ecosystems, which are often dominant in the cooled zone of the scree (Meynier &
Loucougaray, in prep.).

Climatic relics such as cold microrefugia are natural laboratories for studying ecosystem adjustments to
climate change, particularly because they also allow for the analysis of the long-term results of biotic
interactions following climatic forcing (Keppel et al., 2012; Woolbright et al., 2014). In this context,
analysing the ability of generalist species from surrounding environments to modulate physiological
traits in response to these highly constraining conditions appears particularly relevant. Warmer
conditions in cold environments are expected to favour individuals or species adopting a resource-
acquisitive strategy, relative to the more conservative traits observed under pre-warming conditions: an
overall increase in Specific Leaf Area (SLA), leaf nitrogen content (N), vegetative height, and a decrease
in Leaf Dry Matter Content (LDMC)(Bjorkman et al., 2018). A study highlighting the significant but
contrasting intraspecific variability of four vascular species has already been conducted between
populations from microrefugia similar to cold scree slopes and populations from higher altitudes in Italy
(Tonin et al., 2020). However, bryophytes play a fundamental role in a wide range of cold ecosystems
and are understudied compared to vascular flora (St. Martin and Mallik, 2017). In this regard, the few
studies that have attempted to assess intraspecific variation in bryophytes in response to warming in
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cold environments have reported inconsistent observations at the community level (Roos et al., 2019;
van Zuijlen et al., 2022).

In this study, we analysed the intraspecific variability of traits related to competition and resource
acquisition in eight generalist plant species, including five bryophytes, able to develop both in mid-
altitude cold scree slopes microrefugia (1200-1450 m a.s.l.) and in the adjacent montane forests at
similar elevations.

2. Materials and Methods

Study sites

Table 1

Location and main characteristics of the study sites. For temperature, the number in brackets is the year
of measurement.

Site Pellafol 3 Ruisseaux La Croix 1 La Croix 3
Site Abbreviation PEL 3R LC1 LC3
Latitude 44.7635 45.1825 45.3957 45.3971
Longitude 5.8728 5.9245 6.7066 6.7034
Altitude (m a.s.l.) 1250 1220 1400 1450
Bedrock Limestone Gneiss Quartzite Quartzite
Dominant Tree Species in Surrounding Abies alba, Picea abies Picea Picea
Forest abies abies
Picea abies
Exposure N NW NE N
Mean Summer Temperature in Scree 1.47 (2016)  5.58 (2018) 2.04 3.39
Core (°C) (2018) (2018)
Mean Summer Temperature in Control 15.09 12.31 10.51 (2018)
Zone (°C) (2016) (2018)

Our study focuses on four cold scree slopes in the French Alps (Table 1). In the immediate vicinity of
each site (between 100 and 500 meters away), we selected a "control” zone in the surrounding forest,
located approximately at the same altitude and exposure. These control zones are on non-ventilated
scree slopes and share the same bedrock as the associated cold scree. The La Croix 1 and La Croix 3
sites are two independent cold scree slopes with markedly different floristic compositions (Meynier and
Loucougaray, in prep.). But being only a few hundred meters apart from each other, only one control zone
was set for these two sites in their nearby environment. We recorded summer soil surface temperatures
during the summer period (June 1 to August 31) with a data logger in the soil of the cooled zone and the
control zone (Thermo-button, Progresplus) at approximately 20 cm depth. Note that these
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measurements, based on a single data logger per site and conducted in different years, are likely
influenced by microtopography. They were only used to demonstrate the presence of overcooling on the
different sites and should not be used to assess the temperature difference between them.

Species selection

During previous work, we conducted an exhaustive inventory of the vascular and non-vascular plants
present in seven cold scree slopes in the French Alps (Meynier & Loucougaray, in prep.). In this study, we
focused on all vascular and non-vascular plant species that were locally dominant (cover > 60% in at
least one 10*10 cm plot previously recorded) in the cold scree slopes and also present in the
neighbouring forest. In total, eight species were selected, including five bryophytes, two ericaceous
shrubs, and one herb (Table 2). Even when occurring in several cold scree slopes, each species was only
inventoried at one site and in the control zone associated with that site.

Table 2
Species selected in our study.

Species Abbreviation = Growth Form  Sampling Site
Hylocomium splendens Hyl spl Moss LC3
Maienthemum bifolium Mai bif Herb LC3
Pleurozium schreberi Ple sch Moss PEL
Ptilium crista-castrensis Pti cri Moss 3R
Rhododendron ferrugineum  Rho fer Shrub LC3
Rhytidiadelphus loreus Rhy lor Moss 3R
Rhytidiadelphus triquetrus Rhy tri Moss LC3
Vaccinium myrtillus Vac myr Shrub 3R

Measurement of functional traits

For each species, we analysed 10 individuals in the cold scree slope and 10 from the control zone. We
first measured the vegetative height in situ. For bryophytes, this measurement corresponds to the
vertical height of the green part. These measured individuals were then stored in a cold room in the
laboratory before measuring the other traits. A total of 80 samples were thus collected in the scree core
zone and 80 others in the control zone.

Following the protocols of Pérez-Harguindeguy et al. (2016), we measured Specific Leaf Area (SLA) and
Leaf Dry Matter Content (LDMC). Once done, the 10 replicates corresponding to each population of each
species were pooled to obtain sufficient material for analysing leaf nitrogen concentration (N), leaf
carbon concentration (C), and leaf pH (pH). There is therefore only one measurement per population for
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these traits, which correspond to the mixture of the 10 replicates. Finally, we calculated the leaf C/N
ratio.

For bryophytes, all traits were measured by adapting protocols from Pérez-Harguindeguy et al. (2016) to
the whole green ramets. Although these measurements technically relate to ramets rather than
individual leaves, we retained the standard trait terminology (e.g., SLA, LDMC, etc.) for ease of reference.

Statistical analyses

The aim of this work is to study intraspecific variability and thus the difference in functional trait values
of plants between the cooled zone of the scree and the surrounding forests (control zone). For traits with
replicates (height, SLA and LDMC), we first performed a Shapiro-Wilk test to assess the normality of the
distribution and a Leven test for the homogeneity of variance. We then used a Student’s t-test (if
variances were homogeneous and the distribution normal, p > 0.05) or a Welch t-test (if not p< 0.05) to
compare the cold zone and the control zone

3. Results

All studied species displayed intraspecific variability between the cold scree slope and the control zone
for at least one of the measured traits. Yet, the responses were highly contrasted, with some species
presenting considerable differences in some trait values between the two zones, while others showed
minimal to no variation, or differed in other traits.

Intraspecific variation of height, SLA and DMC

Overall, the trend toward smaller species with higher LDMC in the cold scree was consistent across
species displaying a significant difference, while for SLA, three species exhibited significantly lower
values, and one a higher value (Fig. 3). Five species showed a different height between the cold and the
control zone, and four species had a difference in at least SLA or LDMC.

Specifically (see S1 for detailed results of t-tests), the two shrubs studied, Vaccinium myrtillus and
Rhododendron ferrugineum, had a lower height in the cold scree but no significant difference in the other
traits. The herb Maienthemum bifolium was smaller and had a much lower SLA in the cold zone, and a
much higher LDMC. Among the bryophytes, Hylocomium splendens displayed a far smaller SLA, a far
higher LDMC, but a similar height in the cold scree slope. Other bryophytes species displayed a milder
response overall with only Pleurozium schreberibeing slightly smaller in the cold scree slope. The SLA
was lower in the cold zone for Rhytidiadelphus loreus, while it was higher for Pleurozium schreberi and
not significantly different for Ptilium crista-castrensis and Rhytidiadelphus triquetrus. Finally, the LDMC
was higher in the cold microrefuge for Pleurozium schreberi and Rhytidiadelphus triquetrus, while it
showed no significant difference for Rhytidiadelphus loreus and Ptilium crista-castrensis.

Intraspecific variation of leaf C, N, C/N ratio and leaf pH
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The C leaf content differences were minimal for every species, while N leaf content, and C/N ratio
accordingly, showed sharp and contrasting species-specific differences between cold and control zone
(Fig. 4). Interestingly, Ptilium crista-castrensis which showed no differences in Height, SLA or LDMC
displayed a much lower N leaf content and thus much higher C/N in the cold scree slope (60.44 vs
28.80). The two shrubs species exhibited similar although milder trend, whereas Pleurozium schreberi
had much lower C/N in the cold zone (46.88 vs 62.62). Maienthemum bifolium and the three other
bryophytes did not show differences. Finally, the leaf pH of the eight studied species was either similar
or lower in the cold scree compared to the control zone (Fig. 4). The differences were generally larger for
bryophytes, with, for example, a pH 0.5 units higher in the control zone for Pleurozium schreberi, yet
differences were minimal for vascular species and absent for Rhytidiadelphus triquetrus.

4. Discussion

The ventilation system cooling cold scree slopes generates, through both direct and indirect processes,
an abiotic filter driving most of the differences in environmental conditions with adjacent forests: colder
temperatures, higher humidity, nutrient limitation, lower soil pH, and, due to the dwarfism of trees, more
abundant light resources for the moss and shrub layers (Celi et al., 2010; Kérner and Hoch, 2006). Some
plant species are nevertheless abundant both in the cold scree slope and in the warmer, drier and
shaded adjacent forest floor.

In our observations, the eight species we studied exhibited significant intraspecific variability for at least
one of the measured traits between cold scree slopes and neighbouring forests. However, our results
suggest that the adaptation strategies to the environmental factors specific to cold scree slopes differ
among the generalist species able to establish there. As we expected, several species seem to adopt a
more resource-conservative strategy in the cold zone (i.e. overall lower size, SLA and N leaf content,
higher LDMC), which probably allows the herbaceous plant Maienthemum bifolium to persist in cold
scree slopes, at the edge of the abiotic conditions favourable to its development. However, the
intraspecific variability we observed does not appear to be solely due to adaptations directly related to
cold temperatures. Some species seem to react to the openness of the environment and thus to a
decrease in competition for light in the cold scree slopes. Rhododendron ferrugineum and Vaccinium
myrtillus, the two shrubs in our study, were only smaller in the cold zone. Contrasting with our
observations, in a previous study in the Italian alps, Tonin et al. (2020) found that leaf N was higher in a
low altitude microrefugia compared to subalpine populations of four species including Rhododendron
ferrugineurn and Vaccinium myrtillus. For these two species, SLA was higher and LDMC lower in the
microrefugia, accounting for a more resource acquisitive strategy. But it was in shaded microrefugia,
compared to open subalpine environments. These divergent results emphasise that such different cold
microrefugia provide specific abiotic filtering resulting in various biotic interactions. Height is a trait that
can express growth or competition, particularly for light (Moles et al., 2009). The absence of a response
in traits typically linked to the resource acquisition strategy in our study, such as SLA, leaf C/N, or LDMC,
combined with a lower height in cold scree slope, suggests a change in the competitive context rather
than growth in these two species. Unlike the surrounding forests, the dwarfism of trees and their low
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density in the cold scree slopes provide more abundant light resources to plant communities compared
to the adjacent forest floor, while the lack of light is a strong limiting factor for Vaccinium myrtillus and
Rhododendron ferrugineum (Malicki et al., 2019; Montané et al., 2016). Additionally, the dominance of
low-height bryophytes, lichens, and dwarf shrubs on cold scree slopes likely shifts competitive dynamics
from vertical growth to lateral expansion. These two species are indeed capable of emitting creeping
branches under the bryophyte carpet, emerging several meters away and allowing them to expand
spatially without sexual reproduction (Bjedov et al., 2015; Pornon and Escaravage, 1999).

The varied responses observed among bryophyte species emphasise the difficulty of extending the
vascular plant resource acquisition-conservation trade-off model to bryophyte communities, as
previously documented (Roos et al., 2019; van Zuijlen et al., 2022). One of the reasons, when compared
to vascular flora, is the importance of water conservation strategies associated with this poikilohydric
growth form, with a bryophyte economic spectrum greatly relating on water regulation (Grau-Andrés et
al., 2022). As such, SLA is supposed to be linked with water holding capacity (Roos et al., 2019). A
previous study suggested that the increase in temperature and evapotranspiration with decreasing
altitude leads to a decrease in SLA, while the water retention capacity increases significantly at the
bryophyte community scale (Henriques et al., 2017). Although this relationship remains poorly
understood, it could notably explain the higher SLA in the cold zone for Pleurozium schreberi, in
response to the increase in humidity in cold scree slopes. Yet, the SLA is lower in the cold zone for
Hylocomium splendens and Rhytidiadelphus loreus. While some species respond mainly to lower
temperatures and increased humidity, it is possible that an increase in light resource interacts with these
two factors differently between species and could partly explain these contrasting responses. It has
indeed been suggested that for certain bryophytes developing in cold ecosystems, such as the
widespread species Hylocomium splendens, competitive exclusion, humidity, and light intensity are the
main limiting factors, indirectly related to temperature (Busby et al., 1978; Greiser et al., 2021; Stewart
and Mallik, 2006). Measurements of bryophyte water retention capacity and light intensity would be
interesting in this regard, as would investigations along an environmental gradient allowing intermediate
observations between the extremely cold, humid, and unshaded conditions of cold scree slopes, and the
surrounding forests. In any case, while Arctic tundra studies have highlighted species turnover as the
primary driver of bryophyte functional responses to warming at the community level, with intraspecific
variability playing a secondary role unlike in vascular species (Roos et al., 2019; van Zuijlen et al., 2022),
our results demonstrate that it can still be substantial at the species level for this growth form in cold
environments.

The spectacular differences we recorded in Maianthemum bifolium and Hylocomium splendens for SLA
and LDMC, and in Pleurozium schreberi and Ptilium crista-castrensis for N leaf content and thus C/N
ratio highlight how phenotypic plasticity facilitates persistence in harsh marginal environments such as
cold scree slopes microrefugia (Niu et al., 2020; Wellstein et al., 2013), with strong species-specific
adaptations. We also point out the critical role of the unique abiotic filters in each cold microrefugia,
particularly the strong influence of light, water, and soil nutrient availability. These factors shape
diverging biotic interactions, driving generalist species such as Rhododendron ferrugineum and
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Vaccinium myrtillus to adopt distinct adaptive strategies, as evidenced by our contrasting observations
on these species compared to those reported by Tonin et al. (2020).

Declarations
Funding :

This work was funded by the French Ministry of Higher Education and Research and by the Vanoise
National Park.

Author Contribution

Simon Meynier and Grégory Loucougaray conceived the research idea, protocol, and collected field data
together. Simon Meynier performed the analysis and wrote the paper. Grégory Loucougaray revised the
manuscript and provided countless suggestions through iterations.

Acknowledgement

We thank Rachel Barrier, Nathan Daumergue, Gilles Favier and Delphine Jaymond, whose assistance in
data collection made this work possible. We also extend our gratitude to Jean-Jacques Brun for the
insightful discussions throughout this study.

Data Availability

The data that support the findings of this study are openly available as Supplementary information n°2.

References

1. Bertinelli, F,, Petitcolas, V., Asta, J., Richard, J., Souchier, B., 1993. Relations dynamiques en la
végétation et le sol sur éboulis froid dans les Alpes méridionales francgaises. Rev Ecol Alp 93-104.

2. Bjedov, I., Obratov-Petkovi¢, D., Misi¢, D., Siler, B., Aleksi¢, J.M., 2015. Genetic patterns in range-edge
populations of Vaccinium species from the central Balkans: implications on conservation prospects
and sustainable usage. Silva Fenn. 49. https://doi.org/10.14214/sf.1283

3. Bjorkman, A.D., Myers-Smith, I.H., ElImendorf, S.C., Normand, S., Riiger, et al., 2018. Plant functional
trait change across a warming tundra biome. Nature 562, 57-62. https://doi.org/10.1038/s41586-
018-0563-7

4. Busby, J.R,, Bliss, L.C., Hamilton, C.D., 1978. Microclimate Control of Growth Rates and Habitats of
the Boreal Forest Mosses, Tomenthypnum nitens and Hylocomium splendens. Ecol. Monogr. 48,
95-110. https://doi.org/10.2307/2937294

Page 9/14



10.

11.

12.

13.

14.

15.

16.

17.

. Celi, L., Rosso, F,, Freppaz, M., Agnelli, A., Zanini, E., 2010. Soil Organic Matter Characteristics in

Sporadic Permafrost-affected Environment (Creux du Van, Switzerland). Arct. Antarct. Alp. Res. 42,
1-8. https://doi.org/10.1657/1938-4246-42.1.1

. Delaloye, R., Reynard, E., Lambiel, C., Marescot, L., Monnet, R., 2003. Thermal anomaly in a cold

scree slope (Creux du Van, Switzerland).

. Gentili, R., Baroni, C., Caccianiga, M., Armiraglio, S., Ghiani, A., Citterio, S., 2015. Potential warm-

stage microrefugia for alpine plants: Feedback between geomorphological and biological
processes. Ecol. Complex. 21, 87-99. https://doi.org/10.1016/j.ecocom.2014.11.006

. Gobat, J.-M., Aragno, M., Matthey, W., 2004. The Living Soil: Fundamentals of Soil Science and Soil

Biology. Science Publishers.

. Grau-Andrés, R., Kardol, P, Gundale, M.J., 2022. Trait coordination in boreal mosses reveals a

bryophyte economics spectrum. J. Ecol. 110, 2493-2506. https://doi.org/10.1111/1365-
2745.13965

Greiser, C., Ehrlén, J., Luoto, M., Meineri, E., Merinero, S., Willman, B., Hylander, K., 2021. Warm range
margin of boreal bryophytes and lichens not directly limited by temperatures. J. Ecol. 109, 3724-
3736. https://doi.org/10.1111/1365-2745.13750

Hannah, L., Flint, L., Syphard, A.D., Moritz, M.A., Buckley, L.B., McCullough, I.M., 2014. Fine-grain
modeling of species’ response to climate change: holdouts, stepping-stones, and microrefugia.
Trends Ecol. Evol. 29, 390-397. https://doi.org/10.1016/j.tree.2014.04.006

Henriques, D.S.G., Rigal, F., Borges, PA.V., Ah-Peng, C., Gabriel, R., 2017. Functional diversity and
composition of bryophyte water-related traits in Azorean native vegetation. Plant Ecol. Divers. 10,
127-137. https://doi.org/10.1080/17550874.2017.1315839

Keppel, G., Mokany, K., Wardell-Johnson, G.W., Phillips, B.L., Welbergen, J.A., Reside, A.E., 2015. The
capacity of refugia for conservation planning under climate change. Front. Ecol. Environ. 13, 106—
112. https://doi.org/10.1890/140055

Keppel, G., Van Niel, K.P,, Wardell-Johnson, G.W,, Yates, C.J., Byrne, M., Mucina, L., Schut, A.G.T,,
Hopper, S.D., Franklin, S.E., 2012. Refugia: identifying and understanding safe havens for biodiversity
under climate change. Glob. Ecol. Biogeogr. 21, 393-404. https://doi.org/10.1111/j.1466-
8238.2011.00686.x

Korner, C., Hoch, G., 2006. A Test of Treeline Theory on a Montane Permafrost Island. Arct. Antarct.
Alp. Res. 38, 113-119. https://doi.org/10.1657/1523-
0430(2006)038%255B0113:ATOTT0%255D2.0.CO;2

Malicki, M., Pusz, W., Ronikier, M., Suchan, T., 2019. Population characteristics, habitat, and
conservation status of Rhododendron ferrugineum L. (Ericaceae), a glacial relict new to Poland.
Acta Soc. Bot. Pol. 88. https://doi.org/10.5586/asbp.3634

Meynier, S., Brun, J.-J., 2018. Humus forms pathways in low-elevation cold scree slopes: Tangel or
Mor? Appl. Soil Ecol.,, HUMUSICA 3 - Reviews, Applications, Tools 123, 572-580.
https://doi.org/10.1016/j.aps0il.2017.10.017

Page 10/14



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Moles, A.T., Warton, D.I., Warman, L., Swenson, N.G., Laffan, S.W,, Zanne, A.E., Pitman, A., Hemmings,
F.A., Leishman, M.R., 2009. Global patterns in plant height. J. Ecol. 97,923-932.
https://doi.org/10.1111/j.1365-2745.2009.01526.x

Montané, F., Guixé, D., Camprodon, J., 2016. Canopy cover and understory composition determine
abundance of Vaccinium myrtillus L., a key plant for capercaillie (Tetrao urogallus), in subalpine
forests in the Pyrenees. Plant Ecol. Divers. 9, 187-198.
https://doi.org/10.1080/17550874.2016.1180562

Morelli, T.L., Barrows, C.W., Ramirez, A.R., Cartwright, J.M., Ackerly, D.D., Eaves, T.D., Ebersole, J.L.,
Krawchuk, M.A., Letcher, B.H., Mahalovich, M.F., Meigs, G.W., Michalak, J.L., Millar, C.1., Quifiones,
R.M., Stralberg, D., Thorne, J.H., 2020. Climate-change refugia: biodiversity in the slow lane. Front.
Ecol. Environ. 18, 228-234. https://doi.org/10.1002/fee.2189

Niu, K., Zhang, S., Lechowicz, M.J., 2020. Harsh environmental regimes increase the functional
significance of intraspecific variation in plant communities. Funct. Ecol. 34, 1666-1677.
https://doi.org/10.1111/1365-2435.13582

Pérez-Harguindeguy, N., Diaz, S., Garnier, E., Lavorel, S., Poorter, H., Jaureguiberry, P, Bret-Harte, M.S,,
Cornwell, W.K,, Craine, J.M., Gurvich, D.E., Urcelay, C., Veneklaas, E.J., Reich, P.B., Poorter, L., Wright,
I.J., Ray, P, Enrico, L., Pausas, J.G., de Vos, A.C., Buchmann, N., Funes, G., Quétier, F.,, Hodgson, J.G.,
Thompson, K., Morgan, H.D., ter Steege, H., Sack, L., Blonder, B., Poschlod, P,, Vaieretti, M.V,, Conti, G.,
Staver, A.C., Aquino, S., Cornelissen, J.H.C., 2016. Corrigendum to: New handbook for standardised
measurement of plant functional traits worldwide. Aust. J. Bot. 64, 715-716.
https://doi.org/10.1071/BT12225_CO

Pornon, A., Escaravage, N., 1999. Genotypic structure in clonal Rhododendron ferrugineum L.
(Ericaceae) populations: origin and maintenance. Plant Ecol. 141, 145-150.
https://doi.org/10.1023/A:1009836830616

Roos, R.E., van Zuijlen, K., Birkemoe, T., Klanderud, K., Lang, S.I., Bokhorst, S., Wardle, D.A., Asplund,
J., 2019. Contrasting drivers of community-level trait variation for vascular plants, lichens and
bryophytes across an elevational gradient. Funct. Ecol. 33, 2430-2446.
https://doi.org/10.1111/1365-2435.13454

Rull, V., 2009. Microrefugia. J. Biogeogr. 36, 481-484. https://doi.org/10.1111/j.1365-
2699.2008.02023.x

RGzicka, V., Zacharda, M., Némcov4, L., Smilauer, P, Nekola, J.C., 2012. Periglacial microclimate in
low-altitude scree slopes supports relict biodiversity. J. Nat. Hist. 46, 2145-2157.
https://doi.org/10.1080/00222933.2012.707248

St. Martin, P, Mallik, A.U., 2017. The status of non-vascular plants in trait-based ecosystem function
studies. Perspect. Plant Ecol. Evol. Syst. 27, 1-8. https://doi.org/10.1016/j.ppees.2017.04.002
Stanton, D.E., Coe, K.K., 2021. 500 million years of charted territory: functional ecological traits in
bryophytes. Bryophyte Divers. Evol. 43, 234-252. https://doi.org/10.11646/bde.43.1.17

Page 11/14



29. Stewart, K.J., Mallik, A.U., 2006. Bryophyte Responses to Microclimatic Edge Effects Across Riparian
Buffers. Ecol. Appl. 16, 1474-1486. https://doi.org/10.1890/1051-
0761(2006)016%255B1474:BRTMEE%255D2.0.C0O;2

30. Tonin, R., Gerdol, R., Wellstein, C., 2020. Intraspecific functional differences of subalpine plant
species growing in low-altitude microrefugia and high-altitude habitats. Plant Ecol. 221, 155-166.
https://doi.org/10.1007/s11258-020-01001-8

31. Uxa, T, Kfizek, M., Krause, D., Hartvich, F.,, Taborik, P., Kasprzak, M., 2019. Comment on ‘Geophysical
approach to the study of a periglacial blockfield in a mountain area (Ztracené kameny, Eastern
Sudetes, Czech Republic)’ by Stan et al. (2017). Geomorphology 328, 231-237.
https://doi.org/10.1016/j.geomorph.2018.10.010

32. van Zuijlen, K., Klanderud, K., Dahle, 0.S., Hasvik, A., Knutsen, M.S., Olsen, S.L., Sundsbg, S., Asplund,
J., 2022. Community-level functional traits of alpine vascular plants, bryophytes, and lichens after
long-term experimental warming. Arct. Sci. 8, 843—-857. https://doi.org/10.1139/as-2020-0007

33. Wellstein, C., Chelli, S., Campetella, G., Bartha, S., Gali¢, M., Spada, F., Canullo, R., 2013. Intraspecific
phenotypic variability of plant functional traits in contrasting mountain grasslands habitats.
Biodivers. Conserv. 22, 2353-2374. https://doi.org/10.1007/s10531-013-0484-6

34. Woolbright, S.A., Whitham, T.G., Gehring, C.A., Allan, G.J., Bailey, J.K., 2014. Climate relicts and their
associated communities as natural ecology and evolution laboratories. Trends Ecol. Evol. 29, 406—
416. https://doi.org/10.1016/j.tree.2014.05.003

Figures

Page 12/14



- Mai bif Rho fer Vac myr Hylspl Ple sch Pticri Rhylor Rhy tri

* * % %k % % n.s. * n.s. n.s. n.s.
100-
€ 75-
L
5
£ =

0_'4.:-1- ERem ca= s e oo -
* %k n.s. n.s. * %k * e n.s. &k n.s.
40-
£ 30- 1
o Area
E $ é ﬁ E3 Cold scree
220' B3 Control
@ T T
- . ! T
10 - == + = T ==
0-

60 N.S. N.S.  *xx% * % n.s. N.S. sk

-

%fg* *ﬁ_,_#E-h-:-_;_

B~
o

* -

_I_

LDMC (mg/g)
it

Figure 1

Figure 3:Intraspecific variation between the cooled zone and the control zone for height, Specific Leaf
Area (SLA) and Leaf Dry Matter Content (LDMC). The result of the t-test corresponding to each trait-
species pair is indicated as follows: *** : p < 0.007; **: 0.001 < p< 0.01;*:0.01 < p< 0.05; n.s.: not
significant. The herbaceous plant is represented in grey, the shrubs in red, and bryophytes in green.
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Figure 4: Differences in the leaf C, N, C/N ratio and leaf pH between the cold scree slope and the control

Zone.
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