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Mountains are global biodiversity hotspots that are increasingly vulnerable to climate change. In the European
Alps, rising temperatures and land-use changes have caused shifts in vegetation, impacting bird communities,
particularly alpine specialists. Protected areas (PAs) are critical for buffering climate effects and safeguarding
cold-adapted species, but their effectiveness in a warming world remains unclear. This study assessed shifts in
bird assemblages across the elevational gradient in the Italian Alps over 13 years, using point counts to sample
bird communities, and the Community Temperature Index (CTI) as a measure of community thermal tolerance.
By comparing shifts inside and outside PAs, we identified key species and elevation bands driving CTI changes
and modelled species-specific elevational shifts. Results revealed a critical divergence: CTI remained stable
outside PAs, but increased sharply within PAs, reflecting a 1.19 °C rise in mean annual temperature in the study
area. Initially, PAs harboured cold-adapted species, but over time, their bird assemblages became more similar to
those outside PAs, likely driven by a decline in high-elevation species. The most marked changes occurred near
the treeline, a key zone for sensitive species. CTI increases were driven by treeline and alpine grassland species
which are most vulnerable to vegetation encroachment. Our findings suggest that PAs facilitate upward shifts,
but are insufficient to prevent declines in populations of high-elevation species under rapid warming. Adaptive
conservation strategies, such as targeted grazing, are urgently needed to counteract vegetation shifts, preserve
habitat heterogeneity, and maintain elevational connectivity. Continuous monitoring is crucial to track
ecological changes and refine conservation priorities, ensuring mountain biodiversity resilience under climate
change.

1. Introduction

Mountains are unique ecosystems that harbour high levels of biodi-
versity, and play a crucial conservation role at the global scale (Myers
et al., 2000; Korner, 2004; Noroozi et al., 2018). The Alps are particu-
larly rich in biodiversity, hosting diverse plant and animal species
adapted to high elevation habitats (Nagy et al., 2003; Antonelli et al.,
2018; Ramel et al., 2020). However, mountain areas face numerous
threats, particularly from climate change (Beniston, 2006; Gobiet et al.,
2014), with rising temperatures causing elevational shifts in vegetation
zones (Theurillat and Guisan, 2001; Leonelli et al., 2011), and subse-
quent consequences for animal (Baur and Baur, 2013; Ferrarini et al.,
2017) and plant (Greenwood and Jump, 2014) species distributions,
especially at high elevations. Concurrently, land abandonment has
altered traditional land-use practices, resulting in grassland degradation
and vegetation encroachment (Gehrig-Fasel et al., 2007; Anselmetto
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et al., 2024), with the decline of species that rely on open landscapes
(Laiolo et al., 2004; Koch et al., 2015) and the rise of generalist species.
The combined effects of these changes pose significant challenges to the
preservation of specific Alpine habitats and their associated biodiversity.

Among the diverse taxa impacted by these changes, mountain birds
are especially vulnerable (Alba et al., 2022; Chamberlain et al., 2023a).
Climate change is driving many mountain bird species towards higher
elevations in search of suitable habitats, as warmer temperatures render
lower altitudes less hospitable (Freeman et al., 2018; Scridel et al.,
2018). Additionally, the advance of shrubs and forests due to land
abandonment further reduces the availability of open habitats (Laiolo
et al., 2004), making alpine grassland birds one of the most threatened
bird categories (Chamberlain et al., 2016). While birds at the upper limit
of their range may expand their distributions towards higher elevations,
they could be constrained by the topography of mountain peaks, limiting
their ability to find suitable habitats (Chamberlain et al., 2013; Freeman
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et al., 2018). Conversely, species associated with warmer climates may
colonize newly available environments towards higher elevations
(Scridel et al., 2017), leading to community homogenization and a loss
of functional diversity, as generalist species replace high-mountain
specialists (Garcia-Navas et al., 2020). This upward shift in bird pop-
ulations is not merely a response to temperature, but also reflects the
complex interplay between climate and land-use changes that shape
mountain habitats and consequently their elevational distributions
(Neate-Clegg and Tingley, 2023). Furthermore, since birds can be easily
detected and reflect well changes in their habitat, they are excellent
bioindicators and thus sentinels of the changes occurring in mountain
environments (Chamberlain et al., 2012; Lehikoinen et al., 2014). Un-
derstanding these dynamics is therefore essential for developing effec-
tive conservation strategies in mountains (Pearce-Higgins and Martin,
2023).

Protected areas (hereafter PAs) are key components of global con-
servation efforts, serving as refuges for biodiversity (Le Saout et al.,
2013; Pimm et al., 2014), although their conservation role has been
questioned in a climate change scenario, since PAs are static while
species distributions are projected to shift (Thomas et al., 2012; Trisos
et al., 2020; Lehikoinen et al., 2021b). As climate change influences
ecosystems worldwide, PAs are vital for the protection of species and
habitats (Hannah, 2001; Gatizere et al., 2016). PAs in the Alps play a
critical role in conserving mountain biodiversity by offering a buffer
against the impacts of environmental change (Gaston et al., 2008), even
though climate change is threatening the effectiveness of PAs across
Europe (Aratjo et al., 2011). These areas provide stable, often cooler,
microhabitats that can mitigate the effects of warming temperatures,
thus supporting species adapted to cold environments (Santangeli et al.,
2017; Scridel et al., 2018). Alpine birds, many of which are specialized
and sensitive to temperature increases, benefit from the continuity of
these habitats, which help maintain suitable conditions and reduce the
likelihood of upward range shifts (Hamilton, 2002). Additionally, PAs
limit human disturbance (Cremer-Schulte et al., 2017) that can com-
pound climate stressors. By safeguarding these ecologically intact
landscapes, alpine PAs can promote resilience in mountain ecosystems,
allowing species to adapt more gradually to changing climatic condi-
tions. They will thus likely play a critical role in the future (Brambilla
et al., 2022).

One valuable tool that has been widely used to assess the impacts of
climate change on bird communities is the Community Temperature
Index (CTI) (Devictor et al., 2008). This index quantifies the average
temperature preferences of each species in a community through the
Species Temperature Index (STI), providing insights into how species
occurrence may change within communities in response to climate and
environmental changes. While many studies have focused on latitudinal
shifts in CTIs in Europe, considering large scale surveys during the
breeding (Kampichler et al., 2012; Lindstrom et al., 2013; Gaiizere et al.,
2016; Ramon-Martinez and Seoane, 2024) or/and non-breeding season
(Santangeli and Lehikoinen, 2017; Lehikoinen et al., 2021a), there re-
mains a significant gap in research specifically addressing the upward
shift of bird communities in mountain regions with this approach.
Studies that have considered such elevation shifts have typically worked
at relatively large scales of 1 km? or 2 km? grids (Roth et al., 2014;
Gaitizere et al., 2017). Since complex topography and rough terrain in
mountains often mean conditions change rapidly over short (horizontal)
distances, leading to the local co-occurrence of both cold- and warm-
dwelling species (Lenoir et al., 2013), large-scale studies might not
capture elevation shifts accurately, and thus finer-scale studies are more
appropriate (Chamberlain et al., 2013). Furthermore, the role of PAs in
buffering CTI changes has been investigated at the national scale
(Santangeli et al., 2017; Lehikoinen et al., 2021b), but never along
elevational gradients in mountain regions, where only a few localized
studies have explored elevational changes using other methodologies (e.
g. Popy et al., 2010; Bani et al., 2019).

The aims of this study were: i) to investigate how bird community
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thermal tolerance (as expressed by the CTI) in the Alps has shifted in
elevation over the last 13 years, ii) to assess if PAs have played a role in
buffering changes in CTI, iii) to identify the species that contribute most
to a change in CTI, iv) to determine at which elevations has the change
in CTI been most marked, and v) to analyse species-specific patterns in
elevational change to test whether changes occurred in the leading or
trailing edge of a given species. This research will fill a critical gap in the
literature, contributing to the broader knowledge of biodiversity re-
sponses to climate change in mountain habitats, informing conservation
efforts and management strategies tailored to the critical challenges
faced by these high elevation ecosystems.

2. Material and methods
2.1. Study area and survey design

The study was conducted in a large area of around 2000 km? in high
altitude habitats of the western Italian Alps from the Germanasca Valley
in the south (44°51'31" N; 7°03'47" E) to the Lys Valley in the north
(45°52'06" N; 7°48'19" E), ranging in elevation from 1700 to 3100 m
(Fig. 1). In this area, the montane forest zone is dominated by larch Larix
decidua, with shrub species such as juniper Juniperus communis and
alpenrose Rhododendron ferrugineum occurring around the treeline (c.
2200 m). Open habitats consist of seasonal pastures and alpine grass-
lands at higher elevations above the treeline. Scree and rocky areas are
found above c. 2700 m. Surveys were conducted on point counts located
on elevational transects that were previously surveyed by Chamberlain
et al. (2013). The original survey sites were identified based on the
presence of the three main vegetation zones, larch-dominated forests,
shrub-dominated ecotones above the treeline and alpine meadows, with
some areas including the largely unvegetated nival zone. Sites near
villages, tourist developments or ski-pistes were excluded, maintaining a
minimum distance of 330 m from these features. Transects, spaced at
least 1 km apart, were initially selected at random. However, due to the
challenging terrain, the closest footpath to the chosen transect was often
used. Point counts were located at a minimum distance of 200 m be-
tween each other, or at the first suitable location after this distance.
Suitable survey areas were those free from obvious disturbances (e.g.,
occupied human habitation, livestock) or factors that could hinder
detectability (e.g., large cliffs, noisy streams) within a 100 m radius.

We downloaded the shapefile of the Natura 2000 network from the
European Environment Agency (EEA 2022; https://www.eea.europa.
eu) to identify the boundaries of PAs in Italy. Using this dataset, we
overlaid the Natura 2000 boundaries onto our transect locations to
classify each point count as either inside a protected area (PA) or outside
a protected area (non-PA). This classification was based on whether the
point was contained within the spatial extent of the Natura 2000 sites.
The mean and SD for point elevation in non-PAs were 2112.22 + 256.79
m, while for points inside PAs were 2225.90 + 270.65 m. See Table S1
for details on the PAs included in the study.

Sampling took place during 2022-2023 (hereafter the second period)
by revisiting 28 transects for a total of 257 point counts that were pre-
viously surveyed in 2010-2012 (hereafter the first period, see Cham-
berlain et al., 2013 for more details).

2.2. Bird surveys

Point counts in the second period were carried out by the same
observer (RA) according to the standard method (Bibby, 2000), using a
10 min count period. Following Chamberlain et al. (2013), surveys were
preceded by a 5 min settling period. At each point, the observer recorded
all birds seen and heard within a 100 m radius, noting for each indi-
vidual contacted its activity using standard activity codes (Bibby, 2000).
For each registration, the distance from the observer was estimated with
the aid of a laser range finder. Point counts were carried out from 1 h
after sunrise until midday and took place in opportune weather
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Fig. 1. Map of the study area with point counts along the elevational gradient in the Western Italian Alps. The image below shows in detail examples of two
elevational transects with point counts in Val Troncea Natural Park (Pragelato, Turin province).

conditions (i.e. good visibility, no rain or strong winds). For any given
point, surveys in the second period were carried out at around the same
date as the first period, within a 7-day period of the survey date of the
first period, to control for potential seasonal effects.

Since the observer (RA) that revisited the point counts was different
from the one of the first period (DC), a subset of 41 point counts (> 15 %
of the total sample) was carried out simultaneously in the second period,
but independently by the two observers, to test for differences in
detectability between them (see Statistical Analyses). These surveys

were carried out on the same day by both observers, but at slightly
different times, the second observer waiting for a period of c. 30 min
after the first observer had set out on a given transect before setting out
themselves. In this way, the surveys were independent, but were subject
to the same seasonal and meteorological conditions.

2.3. Climate data and community temperature index (CTI)

We retrieved climate data for the Piemonte region from Arpa
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Piemonte (Arpa Piemonte, 2021) to assess trends in temperature in the
period 1990-2020 across the study area. Although our data extended to
2023, we limited our analysis to 2020 due to the unavailability or
incompleteness of data for subsequent years. We used mean annual
temperature, calculated as the mean of average daily temperature across
the year, measured at eight weather stations scattered across the Pie-
monte region in north-western Italy (Arpa Piemonte, 2021).

To assess potential elevational shifts in bird communities between
the two periods, we calculated the Community Temperature Index (CTI)
for each bird community in each point count. The CTI represents a
weighted mean of species-specific temperature niches within a com-
munity, based on the Species Temperature Index (STI) (Devictor et al.,
2008; Devictor et al., 2012a, b). The CTI was calculated as:

>~ (STI; x Abundance;)
CTI =
> Abundance;

where STI; and Abundance; are the Species Temperature Index and
abundance of a given species i respectively.

The European breeding range of each species, retrieved from BirdLife
International (BirdLife International, 2023), was used as the geographic
range from which the STI was calculated (Devictor et al., 2008). Since
these range polygons derived from BirdLife International were found to
overestimate the actual extent of suitable habitats compared to habitat
suitability models (Brambilla et al., 2020), we refined these polygons to
achieve greater accuracy. Specifically, we adjusted each species’ range
by incorporating its documented elevational limits in Europe, obtained
from Birds of the World (Billerman et al., 2022). This correction ensured
that the geographic ranges used for the STI calculation more accurately
reflected the species’ actual ecological and habitat preferences. When
elevational range was not clearly defined, we defined it or corrected it
based on expert opinion. Subsequently, we superimposed each range
with the mean temperatures of the breeding season months (May—July)
downloaded from WorldClim version 2.1 climate data for 1970-2000
(http://www.worldclim.org), and then calculated the STI. It is impor-
tant to underline that the STI is not an absolute measure of the species
temperature niche because it does not take into account the niche
breadth, yet it can be considered a reliable index of a species’ temper-
ature affinity (Devictor et al., 2012a, b). Therefore, a high CTI for a given
bird community represents a community dominated by warm-dwelling
species, whereas a low CTI represents a community dominated by
cold-dwelling species.

2.4. Statistical analysis

2.4.1. Temperature changes

We tested for significant changes in mean annual temperature in our
study area by fitting a Linear Mixed Model (LMM) using the the R
package Ime4 (Bates et al., 2003) with annual temperature as the
response variable and year as a predictor. The weather station where
data were collected was fit as random term with eight-levels.

2.4.2. Detectability

Before the analyses on bird communities, we tested for differences in
bird detection between observers by comparing the communities
sampled simultaneously, but independently, by both observers. We
carried out two Generalized Linear Mixed Models (GLMMs) with a
Poisson family and log link function using species richness and bird
abundance for each point as response variables and observer as a two-
level categorical predictor. Point identity and site were specified as
nested random factors to account for spatial correlation in the analysis.
Furthermore, we performed a Non-metric Multidimensional Scaling
(NMDS) using the ‘metaMDS’ function from the vegan R package
(Oksanen et al., 2024) using the Bray-Curtis dissimilarity index to
quantify differences in species composition among sites. The NMDS was
conducted with two dimensions (k = 2) and a maximum of 100 random
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starts (trymax = 100) to ensure convergence to a stable solution. To
formally test for significant differences in community composition be-
tween observers, we conducted a Permutational Multivariate Analysis of
Variance (PERMANOVA) using the ‘adonis2’ function. The community
matrix was analysed with respect to the observer factor and a total of
999 permutations were used to assess the significance of observed dif-
ferences. We checked for homogeneity of dispersion among groups using
the ‘betadisper’ function, which assesses the variability of communities
in multivariate space.

When including all birds (i.e. singing, calling, seen with no vocal
activity), the analyses revealed significant differences in bird abundance
(Chisq = 7.90, p value = 0.005) and species richness (Chisq = 4.60, p
value = 0.032) between observers. We subsequently repeated the ana-
lyses by removing records of calling birds, as calls are more prone to
identification errors between observers compared to songs. In these
cases, there were no significant differences in bird abundance (Chisq =
10.15, p value = 0.312) or species richness (Chisq = 0.48, p value =
0.489). In both cases (i.e. including all records, or discarding calling
birds), there were no differences in community structure (Fz,115) = 0.97,
p value = 0.438, Fig. S1) meaning that the bird communities were
equally sampled by the two observers (i.e. the observers had similar
detection rates in surveying bird communities). Therefore, for all sub-
sequent analyses, we discarded all records of birds that were identified
only by their calls to compare the two periods without any bias in
detection rates. Moreover, we excluded birds that were flying over the
point, but did not show evidence of interacting with it (e.g. soaring birds
of prey and aerial foragers such as martins and swifts, which can move
long distances between breeding sites and foraging areas and thus
cannot be reliably associated with the habitat and climate of a given
point).

2.4.3. Changes in CTI

We tested for significant changes in CTI by including period (first or
second, i.e. 2010-2012 and 2022-2023), a factorial variable PA status
(iPA or non-PA) and their interaction, in a Linear Mixed Model (LMM).
We specified the CTI of each point as the response variable. Significance
was assessed using chi-squared tests on change in deviance with the
anova function from the car package (Fox et al., 2012). Point identity
and site were used as nested random factors to account for spatial cor-
relation in the analysis (because there were multiple observations per
point and multiple points per transect). We checked goodness-of-fit by
visually inspecting residual plots and qq-norm plots using DHARMa
package (Hartig, 2018), without any indication of poor model fit.

2.4.4. Sensitivity analyses

To explore which species may have driven the changes in CTI in the
bird communities, and at which elevation along the elevational gradient
the changes occurred, we conducted two sensitivity analyses. First, we
fit a LMM with the CTI of each point as the response variable, using
period as two-level categorical predictor and point identity and site as
nested random factors as previously. Using the model’s parameter es-
timates, we calculated the overall CTI change (ACTIgeneral) between the
two periods. We then repeated this process, each time removing one
species from the dataset and recalculating ACTI (ACTIpecies i Whereiisa
given species), allowing us to assess the contribution of individual spe-
cies to CTI changes. Subsequently, we subtracted each ACTI pecies i from
ACTIgeneral and plotted the overall results in a random forest plot. If
removing a given species produced positive values (i.e. ACTIgpecies | <
ACTIgeneral), that species would have contributed to an increase of CTI in
the second period. On the contrary, if removing a species produced
negative values (i.e. ACTIsecies i > ACTIgeneral), that species would have
contributed to a decrease of CTI. Note that, for this analysis, we used
only species that were contacted during both periods in order to assess
the change in elevation; species that were contacted only in one period
are addessed at the beginning of Results.

We adopted a similar framework to the above analysis to assess at
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which elevation the changes in CTI had occurred. We divided our ele-
vational range into five elevational categories and categorized them in
habitat categories to help visualize the results (1700-2000 = montane
forest, 2000-2300 = treeline ecotone, 2300-2600 = alpine grasslands,
2600-2900 = rocky scree, 2900-3100 = nival zone). In a similar way to
the species sensitivity analysis, we removed from the general dataset one
interval at a time and re-calculated the ACTI (ACTIjpterval { Where i is a
given interval), subtracting it from ACTIgenerar. If removing a given in-
terval produced positive values (i.e. ACTIjpterval i < ACTIgeneran), that
interval contributed to increasing the CTI of the overall community,
suggesting that an increase in warm-dwelling species, or a decrease in
cold-dwelling species, had occurred at those elevations. On the contrary,
if removing an interval produced negative values (i.e. ACTIiyterval i >
ACTIgeperal), an increase in cold-dwelling species or a decrease in warm-
dwelling species had occurred.

2.4.5. Shifts in individual species

As a final analysis, we carried out Linear Models (LMs) for species
with a reasonable sample size (n points > 20) using the elevations of the
points where the species was contacted as a response variable and period
as a two-level categorical predictor. Site was initially used as random
factor to account for spatial correlation in the analysis in an LMM, but
was subsequently dropped due to convergence problems. As an alter-
native, we included the spatial coordinates (latitude and longitude) as
covariates in our models to account for potential spatial autocorrelation.
We then plotted the results using the mean elevations and first and third
quartiles as error bars for the first and second period to highlight the
species’ distribution shifts. We deliberately opted for quartiles instead of
95 % confidence intervals as we were interested in showing changes in
trailing and leading edges of the distributions (i.e. quartiles are not
symmetrical in contrast to confidence intervals). We grouped species
into habitat categories based on the mean elevation derived from model
parameters to visually aid interpretation. All analyses were performed
using R software version 4.4.1 (R Core Team, 2024).

13.5
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CTI

12.5
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3. Results

During the first period (i.e. 2010-11-12), 59 species were contacted,
while during the second (i.e. 2022-2023) we recorded 66 species. The
mean species richness during the first period was 4.86 + 2.73 (min = 1,
max = 15) while during the second it was 4.88 + 2.68 (min = 1, max =
14). PAs had a mean species richness of 7.59 + 3.73 (min = 1, max =
18), while non-PAs had 7.41 & 3.73 (min = 1, max = 19). There was a
significant increase in mean annual temperature over time across the
region in the period 2010-2020 (Chisq = 55.51, p < 0.001; Fig. S2), the
mean temperature being 12.78 + 0.29 °C in 2010 and 13.97 £ 0.29 °C
in 2020. In the first period, PAs showed lower CTI values compared to
non-PAs, but during the second visit, CTI values were approximately
equal between PA and non-PA sites, meaning that CTI significantly
increased inside, but not outside, PAs over time (Chisq = 5.47, p =
0.019; Fig. 2). There was a non-significant overall increase in CTI be-
tween the two periods (Chisq = 1.74, p = 0.187; Fig. S3a), and CTI
differed significantly between PAs and non-PAs (Chisq = 8.12, p =
0.004; Fig. S3b, see Table S2 for full results).

Sensitivity analyses showed that the species contributing the most to
an increase in CTI were generally species tied to alpine grasslands (e.g.
alpine chough Pyrrhocorax pyrrhocorax, water pipit Anthus spinoletta,
skylark Alauda arvensis) and species characteristic of shrubby habitats
typical of the treeline ecotone (e.g. rock bunting Emberiza cia, wren
Troglodytes troglodytes, linnet Linaria cannabina), but also montane forest
species (e.g. coal tit Periparus ater, see Fig. 3a). Furthermore, the greatest
increases were shown for the elevational intervals between 2000 and
2300 m around the treeline ecotone, and to a lesser extent in montane
forest. By contrast, there were smaller changes towards higher eleva-
tions (Fig. 3b). See Table S3 for full results.

Species-specific models in elevational change highlighted that most
of the distribution changes occurred at the treeline, with species such as
dunnock Prunella modularis, crossbill Loxia curvirostra, and cuckoo
Cuculus canorus showing a significant increase in elevation over the last
decade. Notable upward shifts were also observed in alpine grassland
species, including water pipit Anthus spinoletta, northern wheatear
Oenanthe oenanthe, and black redstart Phoenicurus ochruros. In montane

Protected Areas

¢No

Yes

First
Period

Second

Fig. 2. Changes in CTI between the first and second periods and between sites included (n = 78) or not included (n = 176) in protected areas, specifying an
interaction term. Mean and 95 % confidence intervals are shown. See Table S2 for full results.
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Pyrrhocorax graculus (n = 47 )
Anthus spinoletta (n = 175 )
Troglodytes troglodytes (n = 138 )
Emberiza cia (n = 52 )

Alauda arvensis (n = 116 )
Periparus ater (n = 103 )
Linaria cannabina (n = 34 )
Turdus torquatus (n = 25)
Loxia curvirostra (n = 41)
Garrulus glandarius (n = 17 )
Phylloscopus bonelli (n = 64 )
Phylloscopus collybita (n = 76 )
Sylvia borin (n = 14 )
Lophophanes cristatus (n = 14 )
Coturnix cotumix (n =9 )
Motacilla alba (n=4)

Motacilla cinerea (n=3)
Alectoris graeca (n = 8)
Pyrrhula pyrrhula (n = 5 )
Turdus merula (n=9)

Certhia familiaris (n = 30 )
Erithacus rubecula (n = 64 )
Corvus corax (n=12)
Emberiza citrinella (n = 23 )
Dendrocopos major (n = 14 )
Regulus regulus (n = 15)
Turdus pilaris (n = 5)

Corvus corone (n = 14)

Turdus philomelos (n = 31)
Poecile montanus (n = 102 )
Lyrurus tetrix (n=9 )

Nucifraga caryocatactes (n = 15)
Turdus viscivorus (n = 90 )
Curruca curruca (n = 84 )
Carduelis carduelis (n = 13 )
Anthus trivialis (n = 125 )
Pyrrhocorax pyrrhocorax (n = 21)
Monticola saxatilis (n = 12 )
Acanthis flammea (n=4)
Cuculus canorus (n = 63)
Fringilla coelebs (n = 205 )
Oenanthe oenanthe (n = 146 )
Montifringilla nivalis (n = 9 )
Prunella modularis (n = 102 )
Saxicola rubetra (n = 44 )
Phoenicurus ochruros (n = 159 )
Prunella collaris (n = 47 )
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2900-3100

2600-2900

! Habitat category

Nival zone

Rocky scree
2300-2600
Alpine grassland

Treeline ecotone
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2000-2300

1700-2000
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ACTIger\eral - ACT'IMBI‘V3|

Fig. 3. Differences between ACTIgeperal (i.€. with all species included) and ACTIpecies (i.€. with a given species removed, see y-axis for species and sample size) (a)
and differences between ACTIgeneral (i-€. with all elevation intervals included) and ACTIip¢erval (i-€. With a given elevation interval removed, see y-axis) (b). Species
bars range from yellow to red based on the contribution to an increase in CTI. Note that the plot shows only species contacted in both periods. Elevational intervals
were categorized in habitat categories to aid visualization, starting from lower elevations and going upwards: montane forest (green), treeline ecotone (orange),
alpine grasslands (light blue) and nival zone (white). See Table S3 for full results. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

forest habitats, the coal tit Periparus ater showed a significant increase in
elevation, while the wren Troglodytes troglodytes transitioned from
montane forest habitat into the treeline ecotone. While most species
appeared to shift both their trailing and leading edges upslope, the
leading edge showed a more pronounced change for some species
(Fig. 4). See Table S4 for full results.

4. Discussion

This study has highlighted significant shifts in bird communities
along the elevational gradient in the Alps over the past decade with
different species-specific responses, emphasizing the role of climate
change and protected areas in shaping these dynamics. While the overall
CTI did not change, the observed patterns of CTI changes within pro-
tected areas offer critical insights into species responses to environ-
mental change and underline the importance of targeted conservation
strategies in mountain ecosystems.

The significant rise in mean annual temperature (1.19 °C) observed
over the study period aligns with global warming trends, which are
particularly pronounced in mountain regions (Pepin et al., 2022). This
warming likely drives species towards higher elevations, as has been
documented in other mountain systems (Freeman et al., 2018; Van Der
Hoek et al., 2020). However, the non-significant overall change in CTI
suggests that community-level shifts are complex and might be shaped
by factors beyond temperature alone, such as changes in precipitation
patterns (Tingley et al., 2012), competition (Lenoir et al., 2010), species-
specific tolerances (Moritz et al., 2008; Poyry et al., 2009) and grazing
management (Chiffard et al., 2023).

Species-specific models suggested that species are expanding into
higher elevations more rapidly at their upper range limits, driven by

habitat availability and climate factors. Furthermore, most distribution
shifts occurred in the treeline ecotone, highlighting this zone as a hot-
spot for ecological transformations. The treeline represents a transition
zone where species turnover is particularly dynamic, yet it remains
relatively understudied in mountain ecology (Chamberlain et al., 2023a,
2023b). While this ecotone is often characterized by a sharp shift in
dominant functional groups—from montane forest to alpine open-
habitat species—our results suggest that treeline habitats may also
facilitate range shifts for species associated with shrublands. Dunnock,
wren and cuckoo all showed significant increases in elevational distri-
bution over the last decade, reinforcing the sensitivity of treeline habi-
tats to climate-induced change (Chamberlain et al., 2023a, 2023b).
Notably, wren even expanded from montane forests into the treeline
zone, likely reflecting the upward colonization of shrubs into higher
elevations. In alpine grasslands, water pipit, northern wheatear and
black redstart demonstrated substantial upward shifts, potentially sig-
nalling vegetation encroachment and forest upshift as key drivers of
open habitat species distribution shifts. Within montane forest habitats,
fewer changes were evident, although coal tit exhibited a marked in-
crease in elevation. Species turnover between the two periods further
highlighted the dual impacts of climate change and land-use alterations.
The appearance of species such as blackcap Sylvia atricapilla and firecrest
Regulus ignicapilla, typically associated with warmer and more forested
habitats, that were not contacted in the first period supports the hy-
pothesis that warming temperatures and associated vegetation
encroachment enable thermophilic species to expand their ranges.

PAs showed a limited capacity to mitigate climate change effects, as
evidenced by the significant interaction between PA status and period in
determining CTI values. Initially, PAs exhibited lower CTI values
compared to non-PAs, indicating communities more dominated by cold-
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Fig. 4. Changes in elevation between the first and second period for individual species. Points show the mean while error bars show first and third quartiles,
representing trailing and leading edges of a given species distribution, respectively. Note that only species with n > 20 were used in the analysis. **** P < 0.01 “*’ P <

0.05. See Table S4 for full model results.

adapted species. This pattern may reflect the generally higher ecological
quality of PAs and their capacity to support habitat specialists, including
species with cold-climate affinities. In mountainous regions, PAs often
encompass higher elevations or less disturbed areas, which may help
maintain conditions favourable to cold-adapted birds (Cremer-Schulte
et al., 2017). In contrast, non-PAs appeared to harbour more depau-
perate “cold communities” possibly reflecting greater historical pres-
sures such as land-use changes, grazing, or recreational activities like
skiing, which limited the presence of cold-adapted species (Rolando
etal., 2007; Patthey et al., 2008). In fact, most cold-adapted species tend
to be ground nesters and to avoid shrub or tree cover, making them
particularly vulnerable to vegetation changes while many warm-
adapted species are shrub or tree nesters and may benefit from
climate change-induced shifts in vegetation structure.

Over the last decade, CTI values within PAs have risen, converging
with those of non-protected areas. This pattern may indicate a dual
dynamic: on one hand, PAs might facilitate colonization by warmer-
adapted species due to climate-driven upward shifts; on the other
hand, these areas may also be losing their characteristic cold-adapted
species, a trend consistent with broader warming effects observed
across ecosystems (Scridel et al., 2018). This loss in cold-adapted species
within PAs may reflect their reduced ability to mitigate the rapid pace of
warming, despite their role in maintaining higher-quality habitats
compared to non-PAs. Notably, points located within PAs were, on
average, about 100 m higher in elevation than those in non-PAs. This
difference may partly explain the initially lower CTI values in PAs, as

they hosted more cold-dwelling species in the first period. However, the
current convergence in CTI between the two area types—despite this
elevation difference—suggests that PAs are disproportionately losing
cold-adapted species and/or gaining warm-adapted ones, further rein-
forcing our interpretation. Non-PAs, by contrast, showed minimal
change in CTI values, likely due to their already lower representation of
cold-adapted species during the initial period. In these areas, further
shifts might be constrained by limited availability of suitable habitat for
new colonizers or localized extinction events of cold-adapted species
capable of persisting under warming conditions.

The combined trends suggest that while PAs can act as refuges for
biodiversity, they also face significant challenges in retaining cold-
adapted species, especially under scenarios of ongoing climate change
(Aratjo et al., 2011; Brambilla et al., 2022). These findings highlight the
need for enhanced conservation strategies that account for the dual role
of PAs as both refuges for cold-adapted species and facilitators of range
shifts for warm-adapted species, emphasizing their critical importance
in supporting biodiversity under future warming scenarios (Virkkala
et al., 2014). One key strategy to achieve these dual conservation goals
would be the establishment of elevational habitat corridors that connect
lower and higher-altitude habitats within and beyond PAs. Such corri-
dors could enhance species connectivity, ensuring that cold-adapted
species have access to suitable higher-elevation refugia while also
allowing species tracking climate change to move more easily across the
landscape. Additionally, adaptive habitat management—such as regu-
lating grazing pressure and afforestation in key alpine areas—could help
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maintain open habitats critical for species undergoing elevational shifts.
Implementing these measures within PAs could improve their resilience
to climate change while balancing the conservation needs of both cold-
adapted and expanding warm-adapted species.

The significant increase in CTI within PAs could also reflect habitat
changes driven by land abandonment. In many alpine regions, reduced
grazing has led to shrub encroachment and forest expansion, particu-
larly near the treeline ecotone, where we registered the biggest changes
(Treml et al., 2016; Bebi et al., 2017). These dynamics may create
suitable habitats for thermophilic and forest species, thus contributing to
the upward shift in CTI. The sensitivity analysis revealed that species
contributing most to CTI changes spanned multiple habitat types,
including alpine grasslands, the treeline ecotone and montane forests.
This suggests that shifts in CTI are not restricted to a single habitat type,
but represent a broader reorganization of bird communities across the
elevational gradient. Abandonment of grazing alone is thus unlikely to
be the factor driving these changes, although it could act in tandem with
vegetation shifts due to climate change (Gehrig-Fasel et al., 2007). The
marked increase in CTI around the 2000-2300 m elevational band,
corresponding to the treeline ecotone, underscores the importance of
this transitional zone as a hotspot of ecological change (Altamirano
et al., 2020; Martin et al., 2021). This zone is particularly sensitive to
warming, as it represents the upper limit for tree growth and a critical
interface between forested and open habitats. Conservation efforts
should prioritize this zone, as it is likely to experience the greatest shifts
in species composition and habitat structure (Jahnig et al., 2018;
Chamberlain et al., 2023a, 2023b).

These findings highlight the urgent need for adaptive conservation
strategies that account for the dynamic nature of alpine ecosystems
under climate change. PAs should be managed not only to preserve
current biodiversity, but also to facilitate species adaptation to changing
conditions in the near future. One key approach is maintaining habitat
heterogeneity (Brambilla et al., 2017), which ensures that species with
different ecological requirements can find suitable conditions within
PAs. This can be achieved by preventing the homogenization of alpine
landscapes through targeted management of vegetation succession,
particularly in areas experiencing shrub encroachment due to climate
change (Anthelme et al., 2021). As mentioned above, supporting con-
nectivity between elevational zones is also crucial, as it allows species to
track suitable climatic conditions as they shift upslope (Heller and
Zavaleta, 2009), and can be promoted through the establishment of
elevational habitat corridors that link lowland and alpine zones,
reducing fragmentation and enabling species to disperse more effec-
tively (Scridel et al., 2018). Conservation planning should prioritize
these corridors by integrating them into existing PAs and ensuring that
land-use policies in surrounding areas facilitate, rather than hinder,
range shifts. Additionally, active management practices are needed to
counteract vegetation encroachment and maintain open alpine habitats,
which are critical for cold-adapted species (Hof et al., 2017). Strategies
such as selective grazing, controlled burning, and mechanical removal of
shrubs have been proposed to slow the encroachment of forests into
alpine meadows, preserving habitat mosaics that support a diverse
avifauna (Jahnig et al., 2018). Finally, monitoring shifts in Community
Temperature Index (CTI) and species distributions can provide early
warnings of ecological disruptions, guiding conservation interventions
(Santangeli et al., 2017). Birds serve as sensitive bioindicators in
mountain systems, reflecting both climate-driven and habitat-related
changes (Martin et al., 2023). Long-term monitoring programs, com-
bined with predictive modelling, should be integrated into conservation
planning to identify priority areas for protection and management under
future climate scenarios.

5. Conclusions

This study highlights the urgent need for adaptive conservation
strategies in alpine ecosystems facing rapid climate and land-use
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changes. While PAs remain essential for safeguarding biodiversity,
their capacity to buffer cold-adapted species is increasingly challenged.
Observed shifts in bird communities—especially near the treeline-
—underscore the importance of managing habitat heterogeneity, pre-
venting vegetation homogenization, and maintaining connectivity along
elevational gradients. Active management interventions, such as con-
trolling shrub encroachment, are crucial to preserve open alpine habi-
tats. Conservation planning should integrate long-term monitoring and
predictive tools to guide restoration and support species adaptation. To
remain effective under climate change, PAs must act both as refuges and
as corridors enabling range shifts, supported by forward-looking, coor-
dinated policies that account for dynamic ecological processes.
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