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Abstract

In the European Alps, where the mountain hare Lepus timidus partly overlaps with the
European hare (L. europaeus), climate change, hybridization and gene introgression are
thought to interact, with synergic adverse effects on the mountain hare. However, to depict
future scenarios for conserving the mountain hare is not feasible without knowledge of the
magnitude and geographical pattern of hare distribution.

As a first attempt to fill this gap and assess the impacts of climate change, we investi-
gated the distributional pattern of hare species in a valley in the Western Italian Alps us-
ing non-invasive genetic techniques based on mtDNA, and resampling the same locations
after 12 years (2009-2021).

The mountain hare was more common as altitude increases, in pioneer vegetation and
rocky areas. However, we also detected the European hare at high altitudes, in atypical
landscapes for this lowland species, and the overlap area between hares was quite broad.
The proportion of European hare samples increased in time, and the co-occurrence pattern
changed, with an increase of the European hare at intermediate-high altitudes.

Our data allowed us to assess directly, and for the first time, the impact of climate
change on hare species in the Italian Alps. The mountain hare-only areas seem restricted
to a very narrow, high-altitude strip. The considerable spatial overlap suggests that the
European-mountain hare system could evolve towards a complete admixture situation.
Conservation measures should aim to mitigate climate change effects and appropriately
manage European hare populations.
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Introduction

One of the main mechanisms used by species to cope with human-driven global warm-
ing is dispersing to track the original climatic conditions over space. At temperate regions,
global warming is driving species ranges toward higher latitudes and elevations (Lenoir
and Svenning 2015; Lenoir et al. 2020). Adaptation can also include a range contraction at
the warmer lower latitudes and elevations, contractions that occur through local extinctions
(Wiens 2016).

In mountainous areas, steep slopes result in neighbouring isotherms, and the distance
species must cross to track suitable temperature is short compared to flatter regions (Brito-
Morales et al. 2018). However, species living close to mountain summits will progressively
be limited in migrating because moving upward generally means less available land surface.
Moreover, dispersal to higher elevations may not be possible at a certain point, eventually
leading to local extinction (Wiens 2016; Giezendanner et al. 2019). In the Yosemite National
Park, Moritz et al. (2008) observed substantial upward changes in elevation limits for half
of 28 small mammals monitored across a century, with high-elevation species contracting
their range. Freeman et al. (2018) showed that recent warming led to the decline in range
and abundance of high-elevation birds, with eight species being extinct. At the same time,
these climate changes might allow low-elevation species to expand their ranges (Moritz et
al. 2008). Lowland species can benefit from temperature increases, expanding their alti-
tudinal distribution. The ascent in elevation of species adapted to warmer conditions can
lead them to compete against alpine species, which are better adapted to colder conditions
and are less competitive in a new climate. In the European Alps, climate warming occurs
faster than in other parts of the northern hemisphere (Gobiet et al. 2014). As a result, numer-
ous elevational range shifts have already been observed for plants and animals over recent
decades (Vitasse et al. 2021).

Among other Alpine species, the mountain hare (Lepus timidus) is likely to be affected
by climate change. The mountain hare is a boreo-alpine species with a wide distribution area
(Angerbjorn and Flux 1995). It is widespread between Scandinavia and Poland to the Pacific
coast of Russia (Flux and Angermann 1990; Angerbjor 2018). Isolated populations are pres-
ent in Ireland, Scotland, the Alps and Japan (Flux and Angermann 1990; Mitchell-Jones
et al. 1999). Even though populations appear stable across much of their range, possible
declines seem to occur in the Alps, Sweden, and Russia (Thulin 2003). In Europe, isolated
alpine populations of the sub-species L. t. varronis occur in the Alps above 1,300 m (Mitch-
ell-Jones et al. 1999). According to the reporting for the Habitats Directive (2013-2018),
the conservation status of these populations is considered unfavourable/inadequate in Italy
and France. The causes of regional declines are not clear. However, climate change seems to
impact the species through two interconnected, additive mechanisms. Firstly, being adapted
to the cold climate (Angerbjorn and Flux 1995), the species probably suffered from the tem-
perature increase over the last decades. In the Alps, the mountain hare is expected to thrive
at the highest altitudes, where the typical alpine vegetation is dominant, and at the montane
level (Amori et al. 2008; Bisi et al. 2013), however, as a mountaintop species, its possibility
to shift towards higher altitudes is minimal. Secondly, warmer temperatures promote a rise
in altitude of the European hare’s (Lepus europeaus) range. In the Alps, the optimal habitat
for the European hare is mainly located in lowlands and valley bottoms, and only occasion-
ally the species occurs up to 2000 m (Amori et al. 2008). Global warming, however, could
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lead to a loss and fragmentation of the mountain hare habitat (Bisi et al. 2015; Rehnus et
al. 2018) and it could determine the ascent in altitude of the European hare, which will then
penetrate the range of the mountain hare (Schai-Braun et al. 2021). The reduction in snow
persistence caused by climate change affects both species and it can play an important role
in this respect. It leads to camouflage mismatch for mountain hare, potentially increasing
its mortality, and at the same time it can facilitate the movement and search for food for the
European hare (Levénen et al. 2017; Zimova et al. 2020). An increase of an at least tempo-
rary overlap between the two species at high elevations (Bisi et al. 2015) could also indi-
rectly threaten the mountain hare populations exacerbating hybridization with the European
hare (La Morgia and Venturino 2017; Thulin 2003; Thulin et al. 2006; Thulin and Tegel-
strom 2002) and possibly competition (Thulin 2003). In Fennoscandia, the two hare species
are highly sympatric (e.g., Levdnen et al. 2017, 2018; Pohjoismaéki et al. 2021; Levénen et
al. 2019). However, hybrid zones between them are well documented (Thulin 2003; Thulin
et al. 2006; Thulin and Tegelstrom 2002). In Scandinavia, Thulin and Tegelstrém (2002)
and Thulin et al. (1997) documented the widespread introgression of mountain hare mito-
chondrial DNA (mtDNA) in European hares. In Russia, Thulin et al. (2006) also found
specimens with European hare mitochondrial genome and apparent mountain hare nuclear
genome, suggesting a reciprocal transfer of mtDNA between the two species. Hybridization
between the two species is also reported in the Italian Alps (Perlini 1923; Scandura et al.
2008). The competition between the two species was inferred because a comparison of their
distributions shows that in most places where they are in contact, the mountain hare seems
restricted to high altitudes and deep forests (Thulin 2003). Lind (1963) found that in sym-
patry with the European hare, mountain hares live in denser forests and further away from
open fields in respect to where they are allopatric. In Sweden, the reductions in the mountain
hare range coincided with the establishment of European hares (Thulin 2003). This research
indicates a potential for European hares to expand into the mountain hare range to the detri-
ment of the latter.

Despite the potential pressure from climate change to the mountain hare and the possible
increasing spatial overlap with the European hare, no detailed data are available to describe
the distributional pattern and the potential for interaction between the two species at the
regional scale and to infer the impacts of climate change on the mountain hare. So far, no
study has investigated the distribution of mountain and European hare in the Alps over time.
Our research aims to fill this gap by resampling broad elevational transects after 12 years,
repeating the same survey in 2009 and 2021. Given the different ecology of the mountain
and the European hares (Amori et al. 2008), in our study area in the Western Italian Alps,
within an altitudinal range of 1500-3000 m, we expected an expansion over time in the
European hare presence due to warmer temperature, and therefore, an increased overlap
between the two species. During the first survey, in 2009, we expected (1) a low proportion
of samples belonging to the European hare, (2) a difference in the distribution of the two
species across habitats and altitudes, and (3) the occurrence of an ‘overlapping zone’, where
both species could be found, at low altitudes. In 2021, we expected (4) an increase in the
proportion of European hare samples with respect to 2009, and (5) changes in the distribu-
tion of the two species along the altitudinal gradient and in different habitat use. The data
presented here allows us to test these hypotheses and quantify the impact of more than a
decade of climate change on these two species.
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Materials and methods
Study area

We investigated the spatial pattern of Lepus species in the Orco Valley, Gran Paradiso
National Park, Western Italian Alps (45°26°N, 7°08’E). We collected data in a study area
of about 180 km?, ranging in altitude from 1500 to about 3000 m a.s.l. The mean tempera-
ture fluctuates between —7 °C in winter (February) and 10/11°C in summer (August), with
precipitations showing a peak in spring (April to June, depending on the year) (climate data
provided by the Regional Environmental Agency, ARPA Piemonte). Like for other Alpine
valleys, climate change is expected to have a high impact in this area and on alpine species
in general (IPCC 2022). Since the late 19th century, the Alps have warmed twice the global
average, and larger changes in the Alpine zone and summer season are expected in the sce-
narios with more intense climate change, for which temperature rise may reach 5 °C by the
end of the century. Recent studies indicate for Italy, for the period 2021-2050, a temperature
increase of up to 2 °C on a seasonal scale, with more pronounced increases in the Alpine
zone and summer season (Spano et al. 2020).

The vegetation at lower altitudes is composed mainly of larch (Larix decidua) woods,
sometimes mixed with spruce (Picea excelsa), with rhododendron (Rhododendron ferru-
gineum) and juniper (Juniperus communis) as the main shrubs. As altitude increases, the
percentage of shrubs becomes more relevant. Above 1800 m, the vegetation is represented
by alpine meadows, with extensive Festuca varia grasslands, which gradually gives way
to the nival zone vegetation, with pioneer species, mosses, cluster-forming plants such as
prostrated willows (Salix spp.) and lichens (Fig. 1).

Field data collection

In summer 2009, considering a spatially homogeneous survey of Lepus presence in the
study area performed by the park rangers, we searched for faecal pellets in 47 locations
where at least one hare species was previously detected (Fig. 1). Within each location, we
collected pellets along transects interspersed with six circular plots. We randomly selected
the direction and starting point for a 250 m line transect and then searched for faecal pel-
lets along the line. Moreover, we established six plots (10 m diameter) along the line (50 m
inter-plot distance), and within each of them, we counted and collected all faecal pellets.
The sampling design was chosen to gather spatially replicated data (for occupancy based
on spatial replicates, see also Srivathsa et al. 2018, and an example in Bisi et al. 2019) and
allow for subsequent occupancy analyses (La Morgia et al. in prep). Samples were stored in
polyethene bags and frozen at -20 °C within two days. Transects and plots were resampled
in 2021.

Genetic analyses
Reference DNA material for genetic analyses was obtained from tissue samples from Euro-

pean and mountain hares hunted in areas neighbouring the study site. We adopted the proto-
col described in Laird et al. (1991) for DNA extraction from tissue samples.
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Fig. 1 The study area is located in the Turin district (black dot), NUTS-3 (Piedmont Region, Northwest
Italy); below the simplified vegetation map of the high Orco Valley, Gran Paradiso National Park, with
the 47 investigated locations (black dots on the vegetation map)

We randomly selected pellets from each pellet group for each location and we used them
for DNA extractions. Extraction from randomly selected faecal pellets was performed using
the “QIAamp Stool” kit (Qiagen, Helden, Germany), following the manufacturer’s instruc-
tions. Mitochondrial DNA fragments were amplified through a nested-PCR, using cyto-
chrome b primers described in Scandura et al. (2008). In the first amplification, we used
primers Le-cyt-F1 (5’-GAGGACAAATATCATTCTGAGG-3’) and Le-cyt-R1 (5’-GTCT-
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GATGGGATACCTGATGG-3’), suitable for both hare species. The amplified products
(239 bp fragments) were used as a template for a second multiplex PCR, where the primer
Le-cyt-Rlwas used in association with a European hare (Le-cyt-F3, 5’-CTATCAGC-
CATTCCTTATATCG-3’) and a mountain hare (Le-cyt-F4, 5’-TCATTCTCCCATTCAT-
CATCG-3) specific primers. Amplification products were 195 bp and 95 bp, for the
European and the mountain hare, respectively. In order to double check the PCR results,
about 10% of the samples (N=10 and N=20, for 2009 and 2021 samplings, respectively)
were re-typed by single PCR. The results obtained were completely concordant with those
of multiplex-PCR.

Nuclear DNA extraction and PCR amplification were also performed for sex identifi-
cation. Again, we followed a protocol defined by Scandura et al. (2008). First, to deter-
mine sex, we amplified the sex-determining region Y (Sry) using primers Le-sry-F
(5’- TCCCAAAATGCGAAACTCAG-3) and Le-sry-R (5’-GGCGAGGTCTGTACTTG-
TAGTC-3’). The amplification product was 152 bp. Negative samples were amplified again,
using the above-mentioned Sry primers and the generic primers used for the first mtDNA
amplification as an internal control. Individuals were classified as (i) males if both 152 and
239 bp amplification products were detected, and as (ii) females, when only the 239 bp
amplification product was detected. For all other samples, we considered the sex determina-
tion unsuccessful.

PCR reactions were performed in a 25 pL volume containing 10 pl template DNA, with
a final concentration of 1X Reaction Buffer, 1.5 mM of MgCl,, 5% of DMSO, 250 pM of
dNTPs, 0.5 uM of each primer, and 1 U/sample of Taq DNA polymerase (Fischer, U.S.).
Ultra-pure water was added to reach the final volume of 25 pL. For DNA amplification,
we used a Bio-Rad Thermocycler. Cycles were set as follows: a first initialization step of
5 min at 94 °C was followed by 35 cycles including 1 min at 94 °C, 1 min at 60 °C, 1 min at
72 °C, and a final extension step of 10 min at 72 °C. Amplification products were detected
by ethidium bromide staining after 3% agarose gel electrophoresis.

Statistical analyses
Proportion of samples with european hare mtDNA

We estimated the proportion of pellets with the European hare mtDNA collected in 2009
with standard methods, as the fraction of samples determined as European hare, out of the
total number of successfully amplified hare samples, describing the sampling uncertainty
with the Wald interval.

Since data on the presence of European hare mtDNA in alpine environments were also
available from the nearby Aosta Valley (Scandura et al. 2008), we adopted a Bayesian
approach to incorporate this knowledge into our estimate for 2009. We represented the prior
information about the proportion of European hare mtDNA, ¢ , with a beta probability dis-
tribution beta (a, b), with expected value 0.14, mode at 0.13, and Pr(0.07 < 6 < 0.26).
Given the prior and a sampling model described by a binomial (57, 4 ) probability distribu-
tion, the posterior distribution for 2009, p (0| y), is again described by a beta distribution,
beta (a +y,b+ n — y), where y is the observed number of samples determined as Euro-
pean hare, and # the total number of hare samples. We then adopted the same approach to
incorporate the 2009 results in the estimate for 2021.
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Spatial distribution of Lepus mtDNAs

To describe the spatial distribution of Lepus mtDNAs across the study area, we first calcu-
lated the proportion of cells with European or/and mountain hare samples and mapped their
occurrences. We obtained data on altitude and the habitat types for our sampling locations
in a GIS environment (QGIS Development Team 2016) using a DEM with a 10 m resolution
(Regione Piemonte) and a forest map of the Piedmont Region (1:25000), as revised by the
park for high altitude habitats. For altitude, we considered that our locations ranged from
1544 to 3010 m (median=2269 m), and we divided our study area into four intervals, cor-
responding to the quantiles of the altitudinal distribution. For habitat types, we drew a buffer
of 250 m diameters (cf. length of the transects) around each location, and we identified the
dominant habitat type as the one with the largest extent within the buffer. For this analysis,
we considered three main habitat types (woodlands and shrublands, alpine meadows, pio-
neer vegetation and rocky areas).

We then assessed whether each species occurred in different proportions in the quantiles
of the altitudinal distribution and in the main habitat types, within and between years and
species, through Bayesian tests of proportions (Baath 2014) using the number of locations.
We used a 'non-informative’ beta prior 6~Beta(1,1), and estimated the relative frequencies
of European and mountain hares assuming © ~ Binom (6, n) for each altitudinal interval/
habitat type. For altitudinal data, we also tested differences in the mean altitude between
species or, for the same species, between years, through Bayesian #-tests.

We performed statistical analyses in R, version 3.5.0 (R Core Team 2015), using the
RStudio IDE (RStudio Team 2016).

Results

We found hare faecal pellets in 27 (2009) and 17 (2021) out of the 47 investigated locations.

In 2009, one location was excluded from subsequent analyses for problems in faecal
sample storage. Out of the 66 attempts, we successfully amplified mtDNA and discrimi-
nated the two species in 57 cases, determining the sex of the animals in 34 cases. In 2021,
we extracted DNA for all 17 locations. For a total of 176 DNA extractions, we successfully
amplified mtDNA and determined the sex of the animals.

The proportion of samples with European hare mtDNA increased in 2021, as reported in
Table 1 and shown in Fig. 2.

In 2009, we found mountain hare samples in 25 out of the 26 locations for which faecal
samples were available (0.53 out of the 47 surveyed locations; Fig. 3a). We classified 17
samples as males and only 7 as females. Males occurred throughout the altitudinal range of
the study area. Females were detected at altitudes ranging from 1887 to 2674 m. European
hare samples were found in 5 out of the 26 locations (0.11 out of the 47 surveyed locations),
at different altitudes (range 1745-2674 m). The sex determination was not successful for
one individual, and most European hares (4 out of 6) were classified as females. We classi-
fied as male only one individual at 2287 m, where a mountain hare male was also detected.
Indeed, as shown in Fig. 3a, we found both mountain and European hares in 4 locations.

In 2021, we found mountain hare samples in 14 out of the 17 locations for which faecal
samples were available (0.30 out of the 47 surveyed locations; Fig. 3b). Males (69 samples)
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Table 1 Summary of the sampling effort and main results obtained in 2009 and 2021

2009 2021

Effort No. locations surveyed 47 47

No. amplified samples — total 66 172

No. amplified samples — median per location 3 8

(range in brackets) (1-6) (2-43)
Proportion of  Standard point estimate with Wald intervals ~ 0.11 0.24
European hare (0.03-0.18) (0.18-0.30)
222;11;;1}1 t{le é\ (expected mean of the posterior 0.124 0.187

Ples  istribution) (0.072<Pr<0.187)  (0.145<Pr<0.232)

Lepus spp. No. of locations with pellets 27 17
distribution
Mountain No. of locations with mountain hare mtDNA 25 14
hare spatial Mountain hare altitudinal range 1595-3010 1763-3010
distribution
European No. of locations with European hare mtDNA 5 9
hare spatial European hare altitudinal range 1745-2674 1763-2432
distribution
Co-occurrence  No. of locations with mtDNA of both species 4 6
of hare species

Co-occurrence of different sexes of the 0 6

two species (e.g., male European hare with
female mountain hare, etc.)

20
—— 2009
s— 2021

s
‘w15
} o=
[}
©
2 |
% ‘/
a 10
o
| -
S
S
iel
-
Q9
8 s
[+ 18

0

0.0 0.1 0.2 0.3 04 0.5

proportion of samples with European hare mtDNA

Fig. 2 Posterior probability densities of samples with European hare mtDNA (6). For the 2009 posterior,
the peak is at 0.118 and the expectation of @ is 0.124. For 2021, the peak is at 0.185 and the expectation
of § is 0.187 (see also Table 1 for credibility intervals)
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(a) 2009 mtDNA Altitude — quantile intervals
© European hare W <= 1889
® Mountain hare Il 1889 - 2269

@ Both 2269 - 2470
O None > 2470
Aosta Valley
France
o)
L J
(b) 2021
Aosta Valley
France
(o]
(o}

Fig. 3 Distribution of the mtDNA of European and mountain hares in the study area in 2009 (a) and 2021
(b). The map also shows the altitudinal intervals (quantiles of the altitudinal distribution)
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and females (64 samples) occurred in the altitudinal range 1763-3010 m and 2270-3010 m
respectively, and they co-occurred in 10 locations. European hare samples were found in 9
locations (0.20 out of the 47 surveyed locations), within an altitudinal range (1763-2432 m)
similar to 2009. 18 European hare samples were classified as females, and 24 as males.
The two sexes co-occurred in 7 locations. As shown in Fig. 3b, we found the mountain and
European hare in 6 locations. In these locations, data indicated that individuals of mountain
hare coexist with European hare individuals of different sex, thus suggesting a potential for
hybridisation.

Figure 4 shows our sample’s altitudinal distribution of the mtDNA of the hare species.
In 2009, the ‘overlap area’, where we found both species, ranged in altitude from 1595
(min altitude of the mountain hare) to 2674 (max altitude of the European hare). In 2021, it

0.66
(a) 2009 [0.38,0.91
10
0.47
8 [0.16, 0.78]
|
2 6
kel
®
13}
S 4
2
0
1544-1889 1890-2269 2270-2470 2471-3010
(b) 2021
10
0.43
8 [0.15,0.71
2 6
K=}
®
8
— 4
| h h
0
1544-1889 1890-2269 2270-2470 2471-3010

Altitude

mtDNA . L. europaeus . L. timidus

Fig. 4 Frequency of locations with mountain (red) and European (grey) hare mtDNA in the altitudinal
quantiles —2009 in panel (a) and 2021 in panel (b). Estimated pairwise differences with 95% credible
intervals are reported only when there is evidence of an actual difference between the two species. Details
on the differences between altitudinal intervals within each species per year are provided in the Supple-
mentary Materials
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ranged in altitude from 1763 (min altitude of the mountain hare) to 2432 (max altitude of the
European hare). We found the same samples of the two species in the range 2270-2470 m.

The analysis of the posterior distributions of the samples of the two species in the alti-
tudinal intervals revealed that in 2009 the frequency of occurrence of the European hare
was low but even (Fig. S1). However, in 2021 the frequency of occurrence in the interval
(2270-2470) was larger and there were no detections in the last interval (2471-3010) (see
Fig. S2 for details). On the contrary, in both 2009 and 2021, the frequency of the mountain
hare mtDNA increased with altitude. Indeed, in 2009 the ratio of the two species was in
favour of the mountain hare as altitude increased (Fig. 4a) and the frequency was larger in
the last altitudinal interval (2471-3010) than in the first two intervals (<2270) (Fig. S4). In
2021 (Fig. S5), the mountain hare frequency was larger in the intervals (2471-3010) and
(2270-2470) than in the first two intervals (<2270). The estimated mean altitude of the
mountain hare was larger than that of the European hare, especially in 2021 (pairwise dif-
ference with 95% credible interval=274 [16, 543]; Table T1).

For the habitat types, we verified that in both 2009 and 2021 the estimated relative fre-
quency of occurrence of the European hare was relatively even (Fig. S7 and S8), with a
slight decrease in pioneer vegetation and rocky areas, where the mountain hare was domi-
nant (Fig. 5). Indeed, for the mountain hare, in 2009 the estimated relative frequency of
occurrence was large in pioneer and rocky areas and limited in alpine meadows (Fig. S10).
In 2021, the large relative frequency of occurrence of the mountain hare in pioneer and
rocky areas was confirmed, especially with respect to woodlands and shrublands (Fig. S11).

Discussion

The data gathered in this study allows us to assess directly, and for the first time, the impact
of climate change on hare species in the Italian Alps. In our study area, we confirmed the
spatial overlap between the two species and the potential for hybridization. Indeed, the
mountain hare was always more common at the highest altitudes, both in 2009 and 2021.
Still, the co-occurrence pattern changed over time: in 2021, at intermediate-high altitudes
(2270-2470 m), we could no longer detect a difference in the occurrence of the two species.
Moreover, in the last decade, the European hare increased and expanded at the expenses of
the mountain hare, which seems now relegated mainly to the highest altitudes and present in
a limited number of locations with respect to 2009.

In 2009 the mountain hare was relatively common in the upper part of the Orco valley,
being detected in 53% of investigated transects. As expected (hypothesis 1), during the first
survey we found a low proportion of samples belonging to the European hare. The species
was present but rare, being found only in 10% of localities. The proportion of European hare
samples observed in our study was similar to what Scandura et al. (2008) obtained by their
investigations in neighbouring valleys, where they also confirmed the ongoing hybridiza-
tion between the two species through nuclear DNA analyses.

Consistently with our second hypothesis, we also observed that the mean altitude of the
two species was different, with the frequency of the mountain hare increasing with altitude.
Moreover, the estimated relative frequency of occurrence of the mountain hare was larger
than for the European hare in the areas with pioneer vegetation and rocks.
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Fig. 5 Frequency of locations with mountain (red) and European (grey) hare mtDNA in the dominant
habitat types —2009 in panel (a) and 2021 in panel (b). Estimated pairwise differences with 95% credible
intervals are reported only when there is evidence of an actual difference between the two species. Details
on the differences between habitat types within each species per year are provided in the Supplementary
Materials

The observed distributional patterns are consistent with the ecology of the two species.
The mountain hare has a broad altitudinal range (400—4000 m, Trocchi and Riga 2005) and
in forested landscapes, it usually prefers dense woodlands or shrublands, i.e., habitat pro-
viding shelter and concealment from predators (Bisi et al. 2013). However, it also shows a
preference for the highest altitudes (1500-2800 m) and the habitats therein, which appears
more marked in the Western than in the Central and Eastern Alps (Artuso and Paganin
1993). Our data refer to the summer season, and we do not know the altitudinal range and
the habitats used in winter. The species shows high site fidelity, with seasonal home ranges
overlapping considerably (Bisi et al. 2011); therefore, we do not expect a completely differ-
ent distribution in winter.
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On the contrary, in our study area, the optimal habitat for the European hare should corre-
spond to valley bottoms. Nevertheless, we recorded the species up to 2674 m. Interestingly,
the highest locality with European hare was characterized by a landscape atypical for the
species, dominated by rocky debris, and where herbaceous coverage was almost completely
absent. In the Alps, the European hare could occur up to 2000 m, although in the past it
rarely reached this altitude (Amori et al. 2008; Trocchi and Riga 2005). The species has
high ecological plasticity; it can thrive in a variety of habitats, including agricultural areas,
moorlands, and sparse woods, but it usually prefers flat and hilly landscapes, avoiding dense
woods, overgrown forests, shady slopes and cold and damp soils (Amori et al. 2008).

The data also confirmed the presence of an ‘overlap area’ between the two species
(hypothesis 3). Based on our data we could not estimate the species densities in this range.
However, in these atypical European hare habitats, where one species dominates in num-
bers, or when both species display low densities, increased frequency of hybridization
is expected due to low availability of conspecific partners, a phenomenon referred to as
Hubbs’ principle, as also observed by Jansson et al. (2007). Data on hare mating behaviour
are scarce, and even if our sex determination approach could certainly be improved in future
studies, our results already allowed us to verify the overlap of different sexes of the two spe-
cies, thus confirming the potential for ongoing hybridization.

In 2021 the largest frequency of occurrence of the mountain hare at the highest altitudes
was confirmed. In general, the mountain hare seemed more and more linked to habitats at
high elevations, and it was always more frequent than the European hare in pioneer vegeta-
tion and rocky areas. The latter slightly increased in the alpine meadows and at intermedi-
ate-high altitudes. These findings support our hypothesis (5), on changes in the distribution
of the two species along the altitudinal gradient and in different habitat types. Schenker et
al. (2020) documented the occurrence of a European hare at high elevation in the Swiss Alps
and changes in the distributional patterns of the two species have recently been observed
also in other Italian Alpine areas (Hacklénder et al. 2022).

Finally, our Bayesian analyses to estimate the proportion of the European hare mtDNA
in the samples supported hypothesis (4). The analyses used an informative prior based on
the data gathered in 2009. It was thus very conservative in the estimate of the proportion for
2021. Nevertheless, it revealed an increase over time in the proportion of the European hare.

Conclusions on the trends of hare populations need support from long-term studies, also
because hares are certainly susceptible to population fluctuations. Nevertheless, our two
surveys represent a first attempt in this direction and they can be regarded as a reference
points for future studies. Our results confirm with field data the predictions of modelling
attempts conducted to assess the future evolution of the mountain and European hares in
the Italian (Bisi et al. 2015; La Morgia and Venturino 2017) and Swiss (Rehnus et al. 2018)
Alps. The evidence that rapid climatic changes will facilitate the expansion of European
hare populations at the expense of mountain hares has also been recently supported by the
models developed by Caravaggi et al. (2017). According to these authors, niche overlap
metrics between the two species describe an increasing probability of geographic overlap
and, hence, interspecific interaction between European hares and neighbouring mountain
hare subspecies in the coming decades.

Global warming can affect the survival and distribution of the two hare species, e.g.,
because of the shortening of the snow-cover duration (Levénen et al. 2017; Zimova et al.
2020), and under climate change scenarios, Rehnus et al. (2018) predicted a loss of habi-

@ Springer



3888 Biodiversity and Conservation (2023) 32:3875-3891

tat area and an increased fragmentation for the mountain hare. Although their models did
not include interspecific interactions, these authors recognized that increasing temperatures
could favour the European hare and increase the relevance of processes such as competition
and introgression. In England, Bedson et al. (2021) also predicted a range contraction, on
hilltops, for the mountain hare, and a contrasting expansion of the European hare. In this
context, some alleles transferred from the mountain to the European hare might also offer
adaptive advantage for the latter (Pohjoisméki et al. 2021), offering an additional advantage
to the expanding species. In some areas of the Italian Alps, the proportion of introgression
in areas of sympatry as recently been estimated around 5—14% (Hacklénder et al. 2022).

Conclusions

Overall, our survey supports the hypothesis of a retreat of the mountain hare to high eleva-
tions, where the species is now restricted to a very narrow, high-altitude strip, and an expan-
sion of the European hare, probably favoured by climate change.

For these reasons, there is now an urgent need for conservation measures to mitigate
the adverse effects of global warming and avoid the evolution of the European-mountain
hare alpine system towards a complete admixture situation (Allendorf et al. 2001). In the
Alps, nowadays, climate change is undoubtedly a main driver of change. However, wildlife
management interacts with global warming and it could potentially exacerbate its effects
on hares. Despite a clear difference in the spatial and temporal scales, the two drivers affect
the local communities. Climate change must be contrasted at broad scales, but locally, wild-
life managers should at least try to mitigate any adverse effect due to improper manage-
ment practices. Rehnus et al. (2018) suggested that activities for improving habitat quality
should focus on patches with high importance for connectivity, and that habitat improve-
ments should be put beside by other measures such as limiting the impact of winter recre-
ational activities in critical habitat patches and applying schemes for sustainable hunting. In
this respect, strategies for conserving the Alpine mountain hare should also aim to manage
the European hare appropriately. As already proposed by La Morgia and Venturino (2017),
management practices such as the deliberate release of European hares for hunting purposes
in the Alps should be avoided, as they may lead to local ”founder effects”, with an artificial
increase in the contact zones between European and mountain hares that would ultimately
promote hybridization and biotic homogenization (Allendorf et al. 2001). Finally, more
research is needed to clarify the extent, magnitude, and direction of the European-mountain
hare hybridization in the Alps. Data from other geographical regions published so far mainly
supported the hypothesis that the introgression is highly asymmetrical in the direction of
gene flow from mountain hare to brown hare (e.g., Levinen et al. 2017; Melo-Ferreira et al.
2005), but a reciprocal transfer of mtDNA has been observed in Russian populations (Thulin
et al. 2006) and in Finland (Levédnen et al. 2017). In this respect, the study carried out by
Scandura et al. (2008) represented a first, valuable attempt for the Alpine region. Neverthe-
less, an increase in the sampling effort and the spatial extent of investigated areas seems
mandatory to adequately describe the current scenario of hybridization and introgression in
the Alps and to produce better estimates of its future evolution.
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