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Figure 1: Sampling plan. Upper panel: location of the sampling sites within the European Alps: Ole =

Col d'Olen, Agl = Val d'Amola (glacier), Arg = Val d'Amola (rock glacier), Tro = Ghiacciaio del Trobio,
Vgl = Valmorta (glacier), Vrg = Valmorta (rock glacier), Tbg = Pizzo Tresignori (Bergamo Province),
Tso = Pizzo Tresignori (Sondrio Province), Cam = Pizzo Camino, Sor = Sorapiss Occidentale, Sorc =
Sorapiss Centrale; Ago = Agola, Ult = Val d’Ultimo, Bra = Braulio, Bel = Belvedere. Lower panel:
investigated landforms are presented: DG: Debris-covered glacier, RG: Rock glacier (ice-related
landforms) and SF: snowfield, F1 and F2 glacier foreland (different ages, respectively <100y, >100y),
SS: scree slope, CS: stable slope. Glacier distribution on Alps, light blue spots, refers to RGI Consortium
(2023); Hillshade are publicly provided by European Digital Elevation Model (European Space Agency

& Airbus, 2022). Map lines delineate study areas and do not necessarily depict accepted national
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Figure 2: Examples of occurrence probability of a) winner, b) neutral, ¢) loser and d) buffered
loser species in relation to temperature. The value on the x-axis represents local temperature
(see text for details). For buffered losers, i.e. species for which the occurrence within ice
landforms lessens the dependence on elevation, the effect of the interaction between elevation
and ice landforms is reported. Full models including all the variables included in the final

models for each species (see text) were used to plot the effects.
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Figure 3: Responses of high-elevation species to climate change. a) different spatial and temporal

responses of plants, spiders and ground beetles to the ongoing global temperature increase according to
our analysis. b-c-d): the plant Ranunculus glacialis (b; buffered loser) the spider Attulus longipes (c;
neutral), and the ground beetle Nebria germarii simonyi (d,; buffered losers) €) schematic representation
of cold-adapted species responses to temperature according to their responses to environmental
variability: cold-adapted species show a negative effect of temperature on their occurrence, because they
select colder (i.e., higher) sites. If ice-related landforms act as climate refugia, the occurrence of cold-
adapted species should be higher within such landforms compared to other ones located at the same

elevation, mitigating the effects of climate warming.



