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ARTICLE INFO ABSTRACT

Keywords: Climate and environmental changes are dramatically impacting mountain ecosystems, species and livelihoods.

Birds Alpine species are contracting as a response to global change and human impacts. Climate refugia are crucial

Climate change sites for conservation, because they will preserve suitable conditions for biodiversity in the face of climate

Elstnbu_tlon shift change. Outdoor recreational activities (skiing in particular) are threatening mountain ecosystems, leading to

V\fi;r::ns(;r;rts conflicts with biodiversity. There is therefore a compelling need to investigate the spatial impact of ski resorts on
climate refugia, which we evaluate under current and future conditions in the Alps, where those key conservation
sites are exposed to human pressure and are often located outside protected areas. This information is key to
prevent/reduce the impacts of ski resorts on climate refugia and increase skiing sustainability. Downhill ski-
pistes occupy 489,119 ha in the Alps (average elevation 1792 m) and, if their immediate surroundings are
also considered, the current overlap with climate refugia reaches 11 %, leading to additional strong fragmen-
tation of high-elevation habitats, impairing connectivity. One out of three of current ski-pistes is associated with
a possible impact on climate refugia and this situation will aggravate in the future. Ski-piste distribution will shift
upwards (predicted elevational increase 271-609 m) because of climate change, leading to an increase in the
overlap between suitable areas for ski-pistes and climate refugia (from 57 % under current conditions to 69 %-72
%). These results highlight the urgent need to preserve climate refugia and the climate-threatened biodiversity
they host from environmental alterations caused by unsustainable development.

1. Introduction (Butchart et al., 2010; Chamberlain et al., 2016b). Birds are sentinels of
the pervasive effects of climate change and anthropic alteration, both in
general and specifically in mountain ecosystems (Chamberlain et al.,

2023).

Anthropogenic impacts have altered habitats, ecosystem balance and
services (Weiskopf et al., 2020), induced climate change (IPCC, 2013)

and severely affected biodiversity (Zalasiewicz et al., 2019). Additional
impacts may arise from the adaptation of human activities to the new
climates (Bradley et al., 2012; Chapman et al.,, 2014), which may
negatively affect the species’ capacity to cope with climate change
(Watson, 2014). Mountains are experiencing a higher-than-average rate
of warming (Pepin et al., 2022) and drastic landscape changes because
of both climate change and variations in land-use (Anselmetto et al.,
2024) that are modifying mountain habitats, affecting biodiversity and
ecosystem services (Tasser et al., 2024).

Birds are threatened by those ongoing changes, such as direct and
indirect effects of climate modifications (Brambilla et al., 2016;
O’Connor et al.,, 2022) and human encroachment on ecosystems

Alpine species and habitat are shifting their range as a response to
global warming (Walther et al., 2002), with strong consequences in
high-elevation areas (Chamberlain et al., 2016a, 2016b; Sekercioglu
et al., 2008). The direct impact of human activities poses further threats
to biodiversity and ecosystems, and may impair species’ ability to track
suitable climate. Anthropogenic impacts are reshaping mountain areas
by for instance the construction of road networks to support the
exploitation of ecosystem services like timber, gas and heavy metal (Leu
et al., 2008) or tourism and recreation (Geneletti and Dawa, 2009),
influencing ecosystems (Rodriguez-Rodriguez and Bomhard, 2012) with
effects on both biodiversity (including birds; Caprio et al., 2023) and
ecosystem services (Alba et al., 2022; Vigl et al., 2021).
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A major source of threats for many mountain ecosystems is repre-
sented by intense recreational activities and the related tourism. Winter
sports in particular are altering landscape and habitats, resulting in
direct (e.g. collisions, Miquet, 1990) and indirect (e.g. disturbance,
Arlettaz et al.,, 2015) impacts on many species, threatening alpine
wildlife (Rolando et al., 2007) in many different ways (Rixen and
Rolando, 2013) and leading to conflicts with mountain biodiversity
(Caprio et al., 2011) (see Fig. 1 for examples of source of impacts within
and around ski-pistes and Fig. S1 for examples of ski-driven alteration of
high-elevation habitats). Alpine skiing and ski touring have been
frequently reported to exert major and widespread impacts on mountain
biodiversity and ecosystems (Rixen and Rolando, 2013; Sato et al.,
2013). In alpine habitats, ski pistes have negative effects on grassland
bird communities (lower abundance at and around ski pistes; Rolando
et al., 2007), seed rain (reduced by 90 % on pistes compared to adjacent
natural grasslands; Urbanska et al., 1998), grassland specialists occur-
rence (Caprio et al., 2011), birds sensitive to collision (Buffet and
Dumont-Dayot, 2013), small mammals (Sanecki et al., 2006) and ar-
thropods (Negro et al., 2010; Kessler et al., 2012). Furthermore, ski re-
sorts may increase opportunistic predators with consequences for
sensitive species (Watson and Moss, 2004). Taken together, the negative
effects of ski pistes on biodiversity extend well beyond the pistes
themselves, impacting e.g. on bird populations at a landscape scale
(Caprio et al., 2023).

Outdoor snow sports are quickly growing and yet highly vulnerable
to climate change (Scott et al., 2012; Wilkins et al., 2021b). They are
often practised in fragile alpine ecosystems, where high-elevation spe-
cies evolved adaptations to survive under harsh and highly seasonal
environmental conditions (Marchand, 2014). These species are highly
threatened at the same time by both climate change and ski-related
impacts (e.g. Bech et al., 2012; Brambilla et al., 2022), and the two
may act synergistically, exacerbating each other’s effect. Climate change
is indeed leading to similar upward contractions of both winter sports
and high-elevation biodiversity, which are progressively concentrated in
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the upper, colder, portions of the valleys (Brambilla et al., 2016; Mit-
terwallner et al., 2024).

Climate refugia are areas that are suitable now for climate
threatened-species, and will continue to be suitable even under future
conditions determined by climate change. Climate refugia are therefore
crucial for conservation, and represent key areas that can promote the
persistence of habitats and species threatened by the changing climate,
because they will preserve suitable conditions for them in the face of
climate change (Morelli et al., 2020). Recreational activities such as
skiing (Arlettaz et al., 2015; Rixen and Rolando, 2013) and climate
change (Pearce-Higgins et al., 2015) have negative effects on birds and
may exert increasing synergistic impacts on high-elevation species
(Brambilla et al., 2016). Therefeore, there is a compelling need to
investigate the potential impact of ski resorts on key conservation sites,
by analysing the distribution of downhill ski-pistes and infrastructures in
relation to climate refugia. Knowing such overlap is crucial to assess and
potentially redefine the current management and conservation strate-
gies in relation to winter sports in an era of dramatic climate change.
Given that many climate refugia are located just above several ski resorts
along the elevational gradients, in view of future climatic conditions
(Gilaberte-Burdalo et al., 2014), a possible future exacerbation of the
potential conflict between skiing and biodiversity in the Alps can be
expected (Brambilla et al., 2016).

With this work, we evaluate the spatial impact of ski resorts on
climate refugia under current and future conditions. We focus on the
Alps, where climate refugia are frequently under pressure because of
human activities and development, and often occur outside protected
areas (Brambilla et al., 2022). We assess the impact of existing ski resorts
and, by modelling the future distribution of ski-pistes, we extend the
evaluation to future conditions to foresee where potential issues might
arise. This information can provide guidance to prevent or reduce the
possible impacts of ski resorts on climate refugia and increase the
effectiveness of conservation strategies and the sustainability of winter
sports.
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Fig. 1. Examples of possible sources of impacts associated with ski resorts, within and around the ski-pistes. Red lines depict ski-pistes, dashed yellow lines ski-lifts,
and the orange line the buffer around the ski-pistes. Green circles represent the possible location of the example impact. Base image: Google Earth (accessed on 4th
January 2024); example site: Passo Sella (Italy); symbols: MS PowerPoint icons and original drawings (anti-avalanche systems). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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2. Methods
2.1. Study system

The European Alps, defined as the main area included in the Alpine
Convention (Fig. 2), encompass an area of nearly 190,000 km? across
seven countries in south-central Europe. Characterised by high peaks
(up to 4809 m asl), deep valleys and rich biodiversity, the Alps are one of
the most densely populated mountain regions in the world (Perlik et al.,
2001), showing a gradient of cultural and socio-economic contexts
(Tasser et al., 2024), and, with hundreds of millions of tourists each
year, stand as one of the most touristic destinations worldwide (Romeo
et al.,, 2021). The Alps play a key role in the conservation of high-
elevation species and habitats threatened by climate change: with an
unparalleled availability of high-elevation areas at the European level,
they offer to cold-adapted mountain species and habitats an irreplace-
able opportunity to track suitable climates in the future (Brambilla et al.,
2022). Climate refugia have been identified in the European Alps based
on current and future distribution of high-elevation avian species, which
are sensitive to both climate change (Brambilla et al., 2022) and direct
and indirect impacts of ski-resorts (Table S1). In-situ climate refugia for
most of the climate-sensitive species offer, and will continue to provide
in the future, suitable conditions for high-elevation biodiversity. Such
multispecies refugia stretch over an area of 14,865 km? and are key to
conservation of high-elevation species and habitats in the Alps
(Brambilla et al., 2022).
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2.2. The possible current and future impact of ski-pistes

To evaluate the potential impact of ski resorts on alpine biodiversity
under a changing climate, knowing the distribution of both climate
refugia and ski-pistes is essential. The spatial location of in-situ climate
refugia for high-elevation birds (‘multispecies type 1 refugia’) in the
Alps was retrieved from Brambilla et al. (2022). A complete map of ski-
piste distribution was realised in a GIS environment integrating existing
data with new assessments (see Table S2).

To identify the spatial relationship between climate refugia and ski-
pistes we overlapped i) the raster of multispecies type 1 refugia
(Brambilla et al., 2022) and ii) ski-piste data with a 1 km-buffer drawn
around the polygons. The latter was used to incorporate the potential
disturbance of existing ski resorts, due to snow grooming, ski-related
infrastructures and land management, and off-piste skiing (see Fig. 1).

To evaluate whether the potential impact of ski-pistes on climate
refugia will be modulated by climate change, we modelled the potential
distribution of ski-pistes under current and future conditions. We
considered the exact same scenarios used for the identification of
climate refugia and thus modelled the distribution of ski-pistes under
current conditions and projected the distribution model over four
alternative future climates (Table S3), and evaluated the associated
changes in average elevation (Brambilla et al., 2022). The ski-piste
distribution was modelled according to slope, solar radiation, average
annual temperature and annual amount of precipitation (variables
already proved successful in explaining piste distribution in the Alps;
Brambilla et al., 2016), using the same procedure (see Table S3) and

0 75 150 km
| | |

Fig. 2. Distribution of ski pistes (blue polygons) within Alpine Regions, multispecies type 1 refugia (in yellow; Brambilla et al., 2022), and overlapping sites between
refugia and ski pistes plus 1 km buffer (magenta). State boundaries and the location of some Alpine towns are also shown. Hillshade derived from EU-DEM v1.0
(publicly provided by the European Environment Agency), Alps’ boundaries as Alpine Convention area (Permanent Secretariat of the Alpine Convention, available on
https://www.atlas.alpconv.org/). The upper left inset shows the concept of climate refugia of type 1 as areas suitable now and in the future for the target species. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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layers adopted for the species distribution models elaborated for the
definition of climate refugia (Brambilla et al., 2022).

Using the 1 km x 1 km raster grid of the climate refugia, ski-piste
occurrence sites were defined as the centroids of the raster cells falling
within the ski-piste polygons defined by means of the procedure
described above (N = 4863) (Lamboley and Fourcade, 2024). They were
then subdivided into two spatially independent partitions, a larger one
(N = 3653) for training the model, and the other (N = 1210) for testing
it, by means of the checkerboard2 command in ENMeval. Background
points (N = 40,729) were located within a buffer zone comprised be-
tween 5 and 10 km from existing ski-pistes and outside protected areas.
This allowed us to avoid at the same time the overlap of background
points with existing ski-resorts and with protected areas (where piste
absence could be due to regulatory reasons instead of morphological
and/or climatic factors), and to ensure that background points were in
Alpine areas potentially exploitable for ski-pistes, being close to the
existing ones. All evaluation metrics revealed a good model ability to
predict ski-piste occurrence over the spatially independent dataset
(Table S3), and the predicted distribution of ski-pistes matched well
with the distribution of ski-pistes across Europe, therefore also outside
the model’s calibration area (see Fig. S2).

To evaluate the possible variation in the potential impact of ski-pistes
on climate refugia, we i) defined the areas suitable for ski-pistes as those
with a predicted suitability higher than the Maximum Training Sensi-
tivity plus Specificity threshold (Liu et al., 2016), ii) draw a 1 km-buffer
around the areas suitable for ski pistes (as done for currently existing ski-
pistes) under different scenarios (current climate, and the four different
future climates), iii) overlaid the resulting surface (suitable areas plus 1
km-buffer) with the climate refugia and estimated the amount of overlap
between potential ski-pistes (plus relative immediate surroundings) and
climate refugia under different scenarios. Hereafter, all the overlap
evaluations refer to the area occupied by, or suitable for, ski-pistes plus
the relative 1 km-buffer and climate refugia.

3. Results
3.1. Current overlap between ski-pistes and climate refugia

We estimate the area covered by downhill ski-pistes in the Alps to be
489,119 ha. The average elevation of (polygonal) current ski resorts is
1792 m asl, and the average elevation of (raster) suitable area for ski-
pistes is 1766 m. The extent of climate refugia overlapped by ski-
pistes encompasses 160,739 ha (Fig. 2), and the area currently suit-
able for ski-pistes overlaps with 57 % of climate refugia (Table 1).

3.2. Ski-piste distribution and the future overlap with climate refugia

Ski-piste distribution is affected by (in order of permutation impor-
tance) annual temperature, slope, annual precipitation and solar radia-
tion (Fig. S3). The link with climatic parameters —temperature in
particular- will lead to an upward shift in the future distribution of ski-
resorts. The potential impact of ski-pistes on climate refugia is predicted
to increase in the future: the average elevation of suitable extent for ski-

Table 1

Average elevation of ski-pistes and suitable area under different climate condi-
tions, and relative overlap (suitable areas plus 1 km-buffer) with climate refugia
(in terms of interested extent of refugia).

Scenario Average elevation  Extent Overlap with refugia
(m asl) (ha*1000)
Existing ski-pistes 1792 489 11 %
Currently suitable 1766 5163 57 %
GFDL-ESM4 suitable 2088 3432 71 %
UKESM1-0-LL suitable 2375 1950 69 %
IPSL-CM6A-LR suitable 2175 2952 72 %
MRI-ESM2-0 suitable 2037 3695 69 %
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pistes in the future is definitely higher than under the current conditions
(Table 1, Fig. 3). More precisely, the overlap between suitable areas for
ski-pistes and climate refugia will increase from 57 % in current con-
ditions, to 69 % (UKESM1-0-LL, MRI-ESM2-0), 71 % (GFDL-ESM4) or
72 % (IPSL-CM6A-LR) in 2041-2070 (corresponding to an increase of
17-21,000 ha, i.e. 21-25 %).

4. Discussion

Climate change is dramatically impacting mountains worldwide,
threatening species, disrupting ecosystem processes and balance, even-
tually leading to alterations, degradation and reductions of key
ecosystem services (Adler et al., 2023; Egan and Price, 2017).

High-elevation birds include cold-adapted species inhabiting rigid
and cold environments (Chamberlain et al., 2023), currently undergoing
significant declines (Scridel et al., 2018), including in the Alpine region
(Lehikoinen et al., 2019). Birds are good indicators of general biodi-
versity, also in mountain regions (e.g. Anderle et al., 2024), and high-
elevation birds could act as indicators of the fate of alpine ecosystems
(Ahmadi et al., 2024). The areas serving as climate refugia for these
species undergoing distribution shrinkage (de Gabriel Hernando et al.,
2021) could be regarded as key areas for the conservation of alpine
biodiversity and ecosystems under a changing climate (Brambilla et al.,
2022).

Within such contexts, leisure activities are adding further concerns to
the conservation of such species. Ski-pistes and related infrastructures
result in a number of direct and indirect impacts on biodiversity and
ecosystems at high elevation, varying from habitat alteration and frag-
mentation (Caprio et al., 2011) and soil degradation (Casagrande Bac-
chiocchi et al., 2019), to avian collision with suspended cables (Bech
et al., 2012), disturbance (Kornan, 2020), disruption of interspecific
interactions (Watson and Moss, 2004), and by causing stress and phys-
iological alteration (Arlettaz et al., 2015). Moreover, due to the decrease
of snowfall cover and the increase of temperature (Francois et al., 2023;
Gottlieb and Mankin, 2024), ski resorts will experience a contraction
range and elevational shift, stretching towards higher areas (Steiger and
Abegg, 2013), with predicted variations similar to those forecast for
high-elevation birds (Brambilla et al., 2022), worsening their impact on
the latter (Brambilla et al., 2016).

The results of mapping existing ski-pistes and infrastructures show
that the former are frequently overlapping with, or next to, the climate
refugia that represent key sites for the conservation of high-elevation
species. The overlap with areas potentially suitable for ski pistes,
including also those sites not exploited because of accessibility or
regulation (e.g., protected areas) issues, is even higher. This pattern
highlights the potential impact of ski trails and related infrastructures on
high-elevation birds and the associated biodiversity and ecosystems.
Even in areas where ski-pistes do not overlap or overlap only partially
with the climate refugia, there could be a still relevant impact due to
strong fragmentation of high-elevation habitats and impairment of the
potential connectivity among them, which could strongly affect bird
dispersal (Rahbek et al., 2019; Klinga et al., 2019). This is particularly
evident when looking at some specific cases (Fig. S4), adding further
threats to the populations of species already showing signs of isolation
and restricted gene flow across different mountain areas (Ceresa et al.,
2023, 2024).

Results show that approximately 11 % of the climate refugia key to
high-elevation birds in the Alps is encroached by ski-pistes and their
immediate surroundings. Winter tourism and sport industry in past de-
cades increased dramatically in the Alps (Patthey et al., 2008), exacer-
bating the pressure on alpine ecosystems and wildlife also due to vast
and unpredictable free-ranging outdoor activities related to the use of
ski-pistes (Rixen and Rolando, 2013). When comparing the current
extent of ski-pistes in the Alps and the overlap between ski-pistes and
climate refugia, the overlap of the former over the latter corresponds to
33 % of the current ski-pistes, and this means that one out of three ski-
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future conditions

Fig. 3. Visual representation of the elevational shift forecast for ski-pistes and the consequent increase in the overlap with climate refugia. Example species:

snowfinch (e.g. first from the left) and water pipit (e.g. first from the right).

pistes is associated with possible impacts on high-elevation biodiversity
threatened by climate change. This concerning situation is predicted to
aggravate in the future: the ski industry is dramatically affected by
climate change, by means of increased temperature, variation in pre-
cipitation regimes, and consequent irregular and less reliable snow
cover (Gilaberte-Burdalo et al., 2014; Mitterwallner et al., 2024). Such
climatic variations are causing the abandonment of many low-elevation
ski-resorts, the use of technical snow when the temperature permits, and
the construction of new resorts at higher elevation (Legambiente, 2024;
Table S4). This is perfectly matched by the distribution model for ski-
pistes and the predicted increase in the average elevation of suitable
areas from 271 to 609 m. Moving upwards, ski-resorts will further
encroach on climate refugia (see also Fig. 3), with an estimated figure of
a 21-25 % increase in the potential overlap, which would lead to an
overlap between areas suitable for ski-pistes and climate refugia
increasing from an already concerning 57 % to an alarming level of
69-72 %.

Ski industry worldwide is facing the need to adapt to current and
future climate conditions (Scott and McBoyle, 2007), with different is-
sues and solutions being raised in Europe (Campos Rodrigues et al.,
2018), Japan (Suzuki-Parker et al., 2018), Canada (Rutty et al., 2017),
New Zealand (Hendrikx et al., 2013) and North America (Scott and
McBoyle, 2007; Wilkins et al., 2021a). The construction of new ski re-
sorts at higher elevation represents a potential mean to sustain the
winter tourism economy (Dawson and Scott, 2013), but it could lead to
further machine-grading of slopes, habitat fragmentation, alteration of
soil properties, with severe impact on the environment (Hudek et al.,
2020), heightening the negative impact of downhill skiing on several
alpine species (Rolando et al., 2007). Ski pistes are already associated
with touristic and popular destinations, where higher visitation rates are
increasing impacts (Beza, 2010), negatively affecting relevant cultural
ecosystem services and limiting the access to natural resources for res-
idents (Schirpke et al., 2020). In addition, winter sports are responsible
for the increasing demand of electricity and water to supply snow
scarcity (Francois et al., 2023).

5. Conclusions

The combined effect of global change and human activities is
particularly concerning in mountain systems. Climate refugia are key
sites to species and ecosystems threatened by climate change, but they
also largely overlap with existing and possible ski-pistes, and will
overlap even more in the future (up to almost three quarters of their
extent over the Alps). The building and management of Alpine ski

resorts are dependent on country- and region-specific regulations. Even
if private companies often hold most of resorts, public entities are
involved in planning, funding or co-financing initiatives, and providing
or denying authorisations for new resorts and pistes. The spatial distri-
bution of climate refugia should be considered in the evaluation of the
possible trade-offs between conservation and socio-economic objectives,
especially because many refugia lie outside the network of protected
areas and hence are not safeguarded by other tools in the current con-
ditions. The concerning situation highlighted by our results and the
alarming perspectives raise the need to pay attention to the conservation
of climate refugia, irreplaceable sites for high-elevation biodiversity and
ecosystems. Hence, there is an urgent need to i) preserve climate refugia
from environmental alterations due to unsustainable development (also
outside protected areas), and ii) further investigate the spatio-temporal
dynamics of these conflicts at finer scales to understand the drivers of
species’ ecology and population trajectories in sites affected by ski in-
frastructures and adopt mitigation measures.
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