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Abstract

Alpine and Arctic species are considered to be particularly vulnerable to climate

change, which is expected to cause habitat loss, fragmentation and—ultimately—ex-

tinction of cold-adapted species. However, the impact of climate change on glacial

relict populations is not well understood, and specific recommendations for adaptive

conservation management are lacking. We focused on the mountain hare (Lepus

timidus) as a model species and modelled species distribution in combination with

patch and landscape-based connectivity metrics. They were derived from graph-the-

ory models to quantify changes in species distribution and to estimate the current

and future importance of habitat patches for overall population connectivity. Models

were calibrated based on 1,046 locations of species presence distributed across

three biogeographic regions in the Swiss Alps and extrapolated according to two

IPCC scenarios of climate change (RCP 4.5 & 8.5), each represented by three down-

scaled global climate models. The models predicted an average habitat loss of 35%

(22%–55%) by 2100, mainly due to an increase in temperature during the reproduc-

tive season. An increase in habitat fragmentation was reflected in a 43% decrease

in patch size, a 17% increase in the number of habitat patches and a 34% increase

in inter-patch distance. However, the predicted changes in habitat availability and

connectivity varied considerably between biogeographic regions: Whereas the great-

est habitat losses with an increase in inter-patch distance were predicted at the

southern and northern edges of the species’ Alpine distribution, the greatest

increase in patch number and decrease in patch size is expected in the central Swiss

Alps. Finally, both the number of isolated habitat patches and the number of

patches crucial for maintaining the habitat network increased under the different

variants of climate change. Focusing conservation action on the central Swiss Alps

may help mitigate the predicted effects of climate change on population

connectivity.
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1 | INTRODUCTION

Climate change is leading to higher temperatures, changing precipita-

tion patterns and more frequent extreme weather events (IPCC,

2014). These changes are affecting species’ distributions, phenology

and physiology worldwide (Hughes, 2000; Menzel et al., 2006;

Parmesan, 2006; Parmesan & Yohe, 2003; Root et al., 2003; Walther

et al., 2002). Alpine and Arctic species have been identified as being

especially vulnerable to global warming (Beever, Ray, Wilkening,

Brussard, & Mote, 2011; Hughes, 2000; Jackson, Gergel, & Martin,

2015; Moritz et al., 2008; Parmesan, 2006; Thuiller, Lavorel, & Ara-

ujo, 2005; Wilkening, Ray, Beever, & Brussard, 2011), partly because

warming may occur more rapidly at higher elevations (Pepin et al.,

2015). Moreover, these species have evolved specific adaptations to

cold environments and often lack the capacity to adapt quickly

enough to climatic changes (Hof, Levinsky, Araujo, & Rahbek, 2011;

Mace & Purvis, 2008; Parmesan, 2006) or may already be living near

their physiological limits (Furrer et al., 2016; Hoffmann & Sgro,

2011).

One way of adapting to climate change is to shift to colder envi-

ronments in higher latitude and altitude (Parmesan & Yohe, 2003).

However, for mountain species this further exacerbates the extinc-

tion risk as the more they progress upwards on mountain slopes, the

smaller is the area and the narrower the availability of a given habi-

tat due to the intrinsic conic shape of mountains (Elsen & Tingley,

2015). Here, increasing temperatures will not only lead to habitat

loss but concurrently increase habitat fragmentation, that is, the dis-

tances between mountain-top habitats (Fahrig, 2003). This may

result in reduced gene flow among populations, inbreeding within

isolated populations, a further reduction in the population’s ability to

adapt to the changing environment (Reed & Frankham, 2003; Rud-

nick et al., 2012; Van Strien et al., 2014), and ultimately extinction

(Calkins, Beever, Boykin, Frey, & Andersen, 2012; Erb, Ray, & Gural-

nick, 2011; Hanski, 1998; Moritz et al., 2008; Thomas et al., 2004).

Understanding the drivers and spatial response patterns of threat-

ened mountain biodiversity to climate change has therefore become

crucial for developing appropriate conservation measures.

Species distribution models (SDMs), which simulate climate

change effects on habitat availability and configuration, are increas-

ingly being used to support decision-making in conservation (Elith &

Leathwick, 2009; Guisan & Thuiller, 2005; Guisan et al., 2013; Por-

firio et al., 2014). SDMs extrapolate current species-habitat associa-

tions to future environmental conditions so that potential changes in

species distributions can be forecast. This allows to develop and

implement targeted conservation measures for the benefit of the

focal species (Bollmann & Braunisch, 2016; Braunisch et al., 2014;

Hope et al., 2015).

Changes in the size and distribution of habitat patches over time

affect structural, and often also functional, habitat connectivity. Pre-

dicting these changes and identifying key areas for maintaining or

restoring habitat networks so as to allow species to track suitable cli-

mate conditions is therefore of major importance (e.g. Elith &

Leathwick, 2009). Functional responses to habitat connectivity are

inherently species-specific. Modelling connectivity therefore requires

information about species’ movement in relation to the landscape

matrix (Fahrig, 2003; Fischer & Lindenmayer, 2007; Hanski, 1998;

Nicol et al., 2016; Pascual-Hortal & Saura, 2006; Rudnick et al.,

2012). Graph modelling approaches are an increasingly popular

method of analysing habitat networks (Baranyi, Saura, Podani, & Jor-

dan, 2011). These models consider habitat patches as nodes in a

landscape matrix connected by links defined by the species’ move-

ment ability and have the advantage that they can also be applied to

situations where the habitat patches and dispersal distances are

known, but the species-specific landscape permeability is not. The

models produce a range of connectivity metrics that allow to

quantify the overall habitat connectivity for a given species in a

given landscape as well as the contribution of single habitat patches

to the network (Galpern, Manseau, & Fall, 2011; Saura & Torne,

2009).

The mountain hare (Lepus timidus) is considered a suitable

model species to analyse climate-induced habitat fragmentation in

mountain ecosystems (Hackl€ander, Ferrand, & Alves, 2008)

because it is a genuine Arctic species in its Alpine range where it

lives in isolated glacial relict populations with high site fidelity at

high elevations (Bisi et al., 2011; Rehnus, 2013; Schai-Braun &

Hackl€ander, 2016; Thulin, 2003; Thulin & Flux, 2003). Mountain

hare populations seem, however, decreasing in the Alps slowly

which led to increasingly restrictive hunting regulations in some

regions. Such restrictions have been introduced in, for example,

Bavaria and Baden-W€urttemberg in Germany (Adrian, 2015), Salz-

burg in Austria (Environment Agency Austria, 2015) and Cantons

Berne, Lucerne and Fribourg in Switzerland (Rehnus, 2013). The

species is classified as “near-threatened” in the Red Lists of

France (The National Red List project, 2015) and Carinthia in Aus-

tria (Gutleb, Komposch, & Spitzenberger, 1999). Understanding

how climate change will probably influence the spatial distribution

and connectivity of mountain hare habitats should therefore eluci-

date general patterns of habitat changes, which may also affect

other Alpine glacial relict species with similar habitat requirements,

such as Black grouse (Tetrao tetrix) or Rock Ptarmigan (Lagopus

mutus) (Geary, Fielding, & Marsden, 2013; Pernollet, K€orner-Nie-

vergelt, & Jenni, 2015; Schweiger, Nopp-Mayr, & Zohmann, 2012;

Signorell et al., 2010).

In this study, we used high-resolution climate, topographic and

land-cover data to predict the potential effects of climate change on

the distribution and habitat connectivity of the mountain hare in the

Swiss Alps under different scenarios of climate change. We hypothe-

sized climate change would result in habitat loss and increasing habi-

tat fragmentation, and that this would be reflected in an increasing

number of habitat patches, decreasing patch sizes and an increasing

patch isolation. In addition to testing these hypotheses, we also

wanted to identify patches that are especially crucial for maintaining

an interconnected habitat network under future climate conditions

as priority regions for targeted conservation action.
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2 | MATERIALS AND METHODS

2.1 | Study area

The study area comprises three biogeographic regions in the Swiss Alps

(Figure 1), the Northern, Central and Southern Alps (Gonseth, Wohlge-

muth, Sansonnens, & Buttler, 2001), which incorporate the entirety of

the mountain hare range in Switzerland. Thus, we were able to consider

the species’ complete ecological range of topographic, vegetation and cli-

matic conditions, in addition to spatial variance in population densities

(Rehnus, Braunisch, Hackl€ander, Jost, & Bollmann, 2016; Rehnus, Mar-

coni, Hackl€ander, & Filli, 2013). The habitat in the Swiss Alps is mainly

natural or semi-natural. Unproductive areas dominate (36%, 24% of

which is rock), followed by forested areas (31%), agricultural areas (30%)

and residential areas (3%; Bundesamt f€ur Statistik, 1997).

2.1.1 | The Northern Swiss Alps

The Northern Swiss Alps are characterized by an oceanic climate

with dominant winds from the North and the West. Precipitation

exceeds 1,200 mm/year at 1,000 m a.s.l. (Ott, Frehner, Frey, &

L€uscher, 1997). Temperatures are between of those of the Central

and Southern Swiss Alps, with mean January temperatures of �2°C

and July temperatures of 15°C. Sunshine duration as measured at

Engelberg (1,036 m a.s.l.) is rather low, with 1,350 sun hours per

year and slight daily and seasonal variations (Federal Office of Mete-

orology and Climatology, 2016). Spruce (Picea abies) dominates the

forests in the subalpine zone and co-occurs with fir (Abies alba) at

lower elevations (Ott et al., 1997).

2.1.2 | The Central Swiss Alps

The Central Swiss Alps are influenced by a continental climate. The

valleys are largely protected from oceanic and insubric (mild and

wet) influences by the Alpine massif. Precipitation ranges between

600 and 900 mm/year at 1,000 m a.s.l. (Ott et al., 1997). Sunshine

duration in this region is high (1,733 sun hours per year), and daily

and seasonal temperatures vary greatly with mean January tempera-

tures of �9°C and July temperatures of 12°C (Samedan

1,709 m a.s.l.; Federal Office of Meteorology and Climatology,

2016). Subalpine forests are dominated by spruce and larch (Larix

decidua), with Swiss stone pine (Pinus cembra) taking over at higher

elevations. Swiss stone pine co-occurs with mountain pine (Pinus

mugo) along the upper timber line and/or in areas influenced by ava-

lanches, whereas Scotch pine (Pinus sylvestris) occurs at lower eleva-

tions (Ott et al., 1997).

2.1.3 | The Southern Swiss Alps

The Southern Swiss Alps are characterized by a mild climate, with

winds from the South and the West and high precipitation through-

out the year. The average annual precipitation at 1,000 m a.s.l. is

>2,000 mm/year (Ott et al., 1997). Temperatures are warm with

mean January temperatures of 1°C and July temperatures of 19°C,

and sunshine duration is moderate (1,418 sun hours per year;

Acquarossa 575 m a.s.l.; Federal Office of Meteorology and Clima-

tology, 2016). In the subalpine zone, larch and Swiss stone pine are

the predominant tree species, with spruce and fir occurring at lower

elevations (Ott et al., 1997).

2.2 | Species data

We compiled mountain hare presence data covering a 24-year per-

iod from 1990 to 2013 from different sources to ensure a represen-

tative distribution of mountain hares across the study area. The

informal observations stored in the Swiss faunistic database CSCF

(Centre Suisse de Cartographie de la Faune CSCF, 2015) served as a

key source. In areas where CSCF data were sparse or missing, we

F IGURE 1 Distribution of mountain
hare presence data (white dots, N = 1,046)
in the Swiss Alps (Black: Northern Swiss
Alps; light grey: Central Swiss Alps; dark
grey: Southern Swiss Alps; Gonseth et al.,
2001; adapted). Top right: The distribution
of mountain hares in Europe according to
Thulin (2003)
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collected complementary presence data (telemetry and monitoring

data, hunting bag records, observations, presence of faeces) from

research projects (Gamboni, 1997; Rehnus & Bollmann, 2016;

Rehnus, Palme, Filli, & Hackl€ander, 2010; Rehnus, Wehrle, &

Palme, 2014; Rehnus et al., 2013, 2016; Zachos, Ben Slimen,

Hackl€ander, Giacometti, & Suchentrunk, 2010), and the long-term

observations of the park rangers in the Swiss National Park (Swiss

National Park, unpublished). We also compiled records of hunting

bags and observations with exact information on the location

where an animal had been shot or seen. Only locations with a

minimum precision of one hectare were considered (N = 3,338).

As most data were collected with unknown sampling intensity, we

used spatial filtering to minimize the sampling bias and to reduce

spatial autocorrelation (Fourcade, Engler, R€odder, & Secondi, 2014;

Kramer-Schadt et al., 2013; Phillips et al., 2009). We randomly

selected one location within a 400-m radius (i.e. 50.3 ha), which

corresponds to roughly the average annual home range of

mountain hares in the Alps (MCP95%: 57.5 ha, Nodari, 2006),

resulting in the 1,046 presence locations included in the analysis

(Figure 1).

2.3 | Environmental variables

The environmental predictors we considered were topography, land

cover and climate. We focused on variables that had been identified

as relevant to the mountain hare in previous leporid studies

(Table 1). While climate variables were allowed to change over time,

land-cover variables were held constant for future projections

because no reliable projections on land-cover changes were

available.

2.3.1 | Topography

Topographical variables, including slope, topographic exposure, dis-

tance to the summit and relief roughness, were derived from a

digital elevation model (DEM) with a 25-m resolution (Zimmer-

mann & Kienast, 1999; Table 1). The topographic exposure index

(Topex) describes a point’s position relative to the surrounding ter-

rain by summarizing the angles to the ground measured within a

fixed distance of 150 m (Topex 150) for each of the eight cardinal

directions. Positive values indicate exposed sites such as hilltops

or ridges, whereas negative values represent depressions. Addition-

ally, we used the Topex 1000 (i.e. 1,000-m fixed distance) to

determine “summits,” which were defined as any exposed site

with a Topex 1000 value ≥150. Based on this, the distance of

each presence point in the study area to the next summit was

assessed. Relief roughness was calculated using the topographic

ruggedness index developed by Riley, Degloria, and Elliot (1999),

which expresses the sum of the change in elevation between a

grid cell and its eight neighbouring grid cells. Elevation per se was

not included in the models because it was highly correlated with

climatic conditions and would therefore have blurred the relative

importance of climatic variables.

2.3.2 | Land cover

Land-cover variables included shrub cover of bushes, forests, moor,

glaciers, rocks and scree, as well as the distance to outer forest

edges, water bodies (lakes, rivers and creeks), roads, and anthropized

areas (buildings or settlements). These variables were derived from

the Vector 25 dataset (Federal Office of Topography, 2015). Land-

cover values for meadows, pasture, alpine grassland, other grass-

lands, dwarf shrubs and herbaceous vegetation were obtained from

the area statistics of Switzerland with a pixel size of 100 m (Federal

Statistical Office, 1997). These categories were merged to a single

variable “Alpine grassland.”

2.3.3 | Climate

We used 10 climate variables which are known to influence the dis-

tribution of the mountain hare in the Alps (Table 1): length of the

growing season, mean diurnal temperature range, precipitation sea-

sonality, amount of precipitation in winter, solar radiation during

both summer and winter, as well as mean temperature, precipitation,

number of cold days (mean temperature ≤5°C) and number of warm

days (mean temperature ≥10°C) during the reproductive season.

“Winter” refers to the period from December to February; “summer”

to the period from June to August. The “reproductive season” is the

period from April to August, corresponding to the reproduction time

of the mountain hare in the Alps (Rehnus, 2013).

“Current climate” refers to the period from 1990 to 2013, corre-

sponding to the sampling period of the species data (24 years). To

generate area-wide climate information, we used Daymet (Thornton,

Running, & White, 1997), an interpolation software designed to pro-

duce gridded estimates of daily weather parameters from local

weather station data and a DEM. As input, we used daily tempera-

ture (71 stations) and precipitation measurements (232 stations)

from the Federal Office of Meteorology and Climatology (Federal

Office of Meteorology and Climatology, 2016), and a DEM with a

resolution of 100 m derived from the DEM25 of the Federal Office

of Topography (2015).

Future climate was predicted for a corresponding 24-year period

from 2077 to 2100 (henceforth referred to as “2100”) using mod-

elled climate data from EURO-CORDEX, the European domain of

the CORDEX project (http://euro-cordex.net). We selected three

global climate models (GCMs): (1) CNRM-CERFACS-CNRM-CM5, (2)

ICHEC-EC-EARTH and (3) MPI-M-MPI-ESM-LR, each downscaled

with the regional climate model (RCM) CLMcom-CCLM4-8-17 by

the CLMcom modelling group. These three model chains were

selected to represent a broad range of possible climatic conditions

for Switzerland at the end of the century. Whereas model chain (1)

predicts a moderate increase in temperature, (2) is characterized by

a marked temperature increase and drier summers than in (1) and

(3). In model chain (3), precipitation in summer is lower but winter

precipitation is higher than in the other two model chains

(Appendix S1). For each of the three model chains, we considered

two greenhouse gas concentration trajectories (Representative
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TABLE 1 Topography, land cover and climate variables and their ecological significance for the mountain hare (Lepus timidus), as suggested
in previous studies

Category Variable Description Significance for mountain hare

Topography Slope Slope (°) Indicator for habitat accessibility (Gilcrease, 2013)

Topex Topographic exposure index indicating a point’s position

relative to the surrounding terrain measured within a

fixed distance of 150 m (Topex 150) for each of the

eight cardinal directions

Indicator for the availability of resting sites from

which hares can detect terrestrial predators early

enough (unpublished data)

Relief roughness Topographic ruggedness index, which expresses the sum

change in elevation between a grid cell and its eight

neighbouring grid cells

Indicator for possibilities of escape from predator

(Gilcrease, 2013)

Distance to

summit

Distance to sites where the sum of the angles to the

ground within 1,000 m (Topex 1000), measured for each

of the eight cardinal directions is ≥150 (m)

Indicator of wind and melt/freeze exposure (Yandow,

Chalfoun, & Doak, 2015)

Land cover Alpine grassland Proportion of meadows, pastures, alpine grasslands, other

grasses, shrubs and herbaceous vegetation (%)

Indicator for food availability (Bisi et al., 2013;

Caravaggi et al., 2015; Rehnus et al., 2013;

Wilkening et al., 2011)

Bush cover Proportion of bushes (%) Indicator for food availability and hiding elements

(Acevedo et al., 2012; Bisi et al., 2013; Rehnus et al.,

2013)

Forest cover Proportion of forests (%) Indicator for food availability and hiding elements

(Acevedo et al., 2012; Caravaggi et al., 2015; Rehnus

et al., 2013)

Distance to

forest edge

Distance to outer forest edges; calculated only for

elevations above 1,300 m a.s.l., which corresponds to the

lowest elevation at which mountain hares occur in the

Alps (Rehnus, 2013) (m)

Distance to hiding elements (Caravaggi et al., 2015;

Gilcrease, 2013; Rehnus et al., 2016)

Glacier cover Proportion of glaciers (%) Absence of food and hiding elements (Rehnus, 2013)

Moor cover Proportion of moors (%) Indicator for food availability and hiding elements

(Hewson, 1990)

Rock cover Proportion of rocks (%) Indicator for habitat accessibility and hiding elements

(Bisi et al., 2013)

Scree cover Proportion of scree (%) Indicator for hiding elements (Rehnus et al., 2013,

2016)

Distance to

creeks

Distance to creeks Indicator for topographically suitable dispersal

conditions (Gilcrease, 2013; Sokolov et al., 2009) or

access to water resources in the case of low

precipitation (Erb et al., 2011)

Distance to

roads

Distance to roads (m) Indicator for human disturbance (Acevedo et al.,

2012; Beever, Brussard, & Berger, 2003)

Distance to

anthropized

areas

Distance to buildings with an area of at least 80 sqm (m) Indicator for human disturbance (Acevedo et al.,

2012; Gilcrease, 2013)

Distance to ski

lifts areas

Distance to ski lifts and cableways (m) Indicator for human disturbance in winter (Rehnus

et al., 2014)

Climate Winter solar

radiation

Sum of daily solar radiation (h) between December and

February

Indicator for climatic favourability

Summer solar

radiation

Sum of daily solar radiation (h) between June and August Indicator for heat stress (Acevedo et al., 2015;

Beever, Ray, Mote, & Wilkening, 2010; Wilkening

et al., 2011; Yandow et al., 2015; Yang, 1990)

Temperature

during the

reproductive

season

Average daily temperatures (°C) between April and August Indicator for heat stress or exposure of juveniles to

cold temperatures (Jansson & Pehrson, 2007;

Rehnus, 2013)

(Continues)
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Concentration Pathways, RCPs), RCP 4.5 and RCP 8.5, as adopted

by the Fifth Assessment Report (AR5) of the IPCC (IPCC, 2014). This

resulted in six possible paths of climate change, henceforth referred

to as “climate change variants.” Whereas RCP 4.5 represents a mod-

erate pathway in which emissions peak around 2,040 and decline

thereafter, the more extreme RCP 8.5 assumes that emissions con-

tinue to rise throughout the century (IPCC, 2014). The EURO-COR-

DEX data have a resolution of 0.11 degrees (EUR-11, ~12.5 km),

which was much too coarse for our purposes. We therefore used

the change factor method (Anandhi et al., 2011) to further down-

scale the data to a resolution of 100 m. We chose the sampling per-

iod (1990–2013) as the reference period and used the previously

created Daymet raster data as the high-resolution dataset.

2.3.4 | Variable preparation

All variables were prepared as raster maps with a resolution of

100 9 100 m in the Swiss map projection (EPSG 21781). We

assigned to each grid cell the variable means calculated in a circular

moving window of 400 m radius to adjust the resolution to that of

the species data and to take into consideration the environmental

conditions in an area corresponding to the average home range of

the species (Nodari, 2006). The raster maps were calculated with

ARCGIS 10.3 (ESRI, 2016).

2.4 | Modelling approach

We used a maximum entropy modelling approach, implemented in

the software MAXENT (Phillips, Anderson, & Schapire, 2006) because it

is robust with regard to collinearity problems (Dormann et al., 2013)

and able to process presence-only data (Phillips et al., 2006). MAXENT

is a machine-learning technique that contrasts the conditions at the

species’ locations with those prevailing throughout the study area by

applying the principles of maximum entropy (for detailed informa-

tion, see Elith et al., 2006; Phillips et al., 2006). Models were fitted

using the default settings, that is, linear, quadratic, product, threshold

and hinge features, a random background sample of 10,000 cells, a

maximum of 500 iterations and a convergence threshold of 10�5.

Their accuracy was evaluated using the area under the receiver-

operating characteristics curve AUC (Phillips et al., 2006). As no

absence data were available, AUC statistics were calculated on the

random background cells instead (Phillips et al., 2006). In this case,

AUC values reflect the model’s ability to discriminate between pres-

ence and random rather than between presence and absence, and

the maximum achievable AUC is <1 (Phillips et al., 2006; Raes & Ter

Steege, 2007).

In a first step, the topographic and land-cover variables (Table 1)

were tested for collinearity. Of the pairs or groups of variables that

were highly correlated (Spearman’s r ≥ |.7|; Dormann et al., 2013),

we retained the one that best explained the presence of mountain

hares in univariate models. Climate variables were tested for

collinearity but not selected a priori (Appendix S2). Where the causal

relationships with species presence are unknown, models including

all potentially relevant climate variables have been shown to deliver

more robust results (Braunisch et al., 2013).

We used a stepwise backward-forward selection approach to

identify the most parsimonious model. For each step, we used 70%

of the samples as training data and 30% as test data, applying the

TABLE 1 (Continued)

Category Variable Description Significance for mountain hare

Precipitation

during the

reproductive

season

Sum of daily precipitation (mm) between April and August Primary driver of pika persistence patterns in the

Great Basin, for example, sustains plants

communities pikas depend on (Erb et al., 2011);

Indicator for mortality of juveniles in combination

with cold temperatures during reproductive season

(Rehnus, 2013)

Length of

vegetation

growing season

Total # of days above 5°C, starting in spring after 6 days

above 5°C and ending in autumn after 6 days below 5°C

Indicator for food growing conditions (Yandow et al.,

2015)

Reproductive

season coldness

Total # of days with average temperature ≤5°C between

April and August

More cold days are an indicator of increased chances

of fertility due to decreased parasite loads (Newey &

Thirgood, 2004; Newey et al., 2004)

Summer warmth Total # of days with average temperature ≥10°C between

June and August

Indicator for heat stress (Acevedo et al., 2015; Beever

et al., 2010; Wilkening et al., 2011; Yandow et al.,

2015; Yang, 1990)

Diurnal

temperature

range

Difference of monthly mean maximum and minimum

temperature

Indicator for climatic temperature range (Acevedo

et al., 2012, 2015)

Seasonality of

precipitation

Precipitation seasonality (coefficient of variation as a

measure of climatic stability)

Indicator for climatic favourability (Acevedo et al.,

2012, 2015)

Winter

precipitation

Sum of daily precipitation (mm) between December and

February

Indicator for food availability and hiding elements in

winter (Jansson & Pehrson, 2007)
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random seed option to ensure that two iterations never used exactly

the same training and test data. Starting with the full model, we

sequentially removed the variable that contributed least to the mod-

el’s predictive accuracy, as measured by the AUC calculated on the

test data. The process was stopped once the AUC decreased follow-

ing the removal of a variable. To the resulting “minimal model,” we

added each of the previously discarded variables in turn to ensure

that none of them improved model performance.

The importance of each of the retained variables was assessed

as the per cent contribution to the total increase in regularized log

likelihood (gain) of the maximum entropy model compared to a uni-

form distribution provided by this variable (Phillips, 2016). In addi-

tion, we calculated the “permutation importance” for which the

values of that variable on the presence and background data were

randomly permuted, and the resulting drop in training AUC normal-

ized to percentages was calculated (Phillips, 2016).

The final model was evaluated using 10-fold cross-validation and

projected to the future climate conditions of 2100 for each of the

six climate change variants, under the assumption that species-habi-

tat associations remained temporally stable. We did not allow

extrapolations to climatic conditions beyond the range found in the

background data under current climate by treating variables with val-

ues outside the calibration range as if they were at the limit of the

calibration range (“clamping,” Elith, Kearney, & Phillips, 2010). This

conservative approach avoids unrealistic predictions under future

conditions, but may also lead to underestimating the “true” extent of

the species’ response (positive or negative) to future conditions. We

therefore produced a map showing where clamping has been applied

and predictions must be treated with caution (Appendix S3). In addi-

tion, we performed a multivariate environmental similarity surface

(MESS) analysis (Elith et al., 2010) to show the multivariate similarity

of each point of the study area under future climate conditions to

the environmental range measured under current conditions

(Appendix S4).

To discriminate between “suitable” and “unsuitable” habitat

patches, we reclassified the MAXENT logistic output into binary “pres-

ence–absence” predictions using the threshold at which the sum of

sensitivity and specificity calculated on the test data (averaged over

the 10 cross-validation replicates) was maximized.

To subsequently evaluate overall connectivity and the impor-

tance of each habitat patch for connectivity in the Swiss Alps, we

generated ensemble predictions by averaging the predictions of the

three model chains under RCP 4.5 into ensemble 4.5, and the three

model chains under RCP 8.5 into ensemble 8.5. The resulting ensem-

ble maps were classified into binary “presence–absence” predictions

using the same type of threshold (maximizing sensitivity plus speci-

ficity) averaged across the three models included.

2.5 | Distribution change

We compared the predicted area of mountain hare occurrence under

current climate conditions with all six variants of potential future cli-

mate, both across the whole Swiss Alps and for each biogeographic

region separately to elucidate regional patterns of distribution

change. To explore the causes of these differences, we plotted the

average regional conditions and predicted changes of the most

important climatic predictors (selected according to their contribu-

tion to the final model) in relation to the species’ response curve.

2.6 | Change in patch number, size and inter-patch
distances

To analyse changes in number, patch size, inter-patch distance and

connectivity, we considered only the suitable habitat patches larger

than the average home range of a mountain hare (57.5 ha Nodari,

2006). To detect aggregations of suitable habitat patches, we

smoothed the patches by applying a neighbourhood statistic retain-

ing only cells for which a minimum of four out of their eight neigh-

bours were classified as suitable.

We compared patch number and patch size (mean, median and

1st and 3rd quartiles) for the Swiss Alps and the biogeographic

regions under all six climate change variants. Next-neighbour dis-

tances were classified into three categories (<1 km, 1–2 km and

>2 km) according to the known average dispersal distance of moun-

tain hares (1–2 km: Dahl & Willebrand, 2005; Harrison, 2011; Leach,

Kelly, Cameron, Montgomery, & Reid, 2015; Nodari, 2006).

2.7 | Importance of habitat patches for connectivity

To assess the overall connectivity of the mountain hare habitat net-

work in the Swiss Alps, we used the Integral Index of Connectivity

(IIC) and the Equivalent Connected Area of the IIC (ECA (IIC)) calcu-

lated using the software CONEFOR SENSINODE 2.6 (Saura & Torne,

2009). Among the various connectivity metrics, the IIC is recom-

mended because it integrates habitat amount and connectivity

between habitat patches into a single metric (Pascual-Hortal & Saura,

2006). The IIC ranges from 0 to 1 (1 = an ideal landscape consisting

only of habitat), and increases with improved connectivity. The ECA

(IIC) makes it easy to interpret changes because it has the same unit

as the attributes of the patches (here: square kilometre). The ECA

(IIC) is defined as the size of a single habitat patch (maximally con-

nected) that would provide the same IIC value as the actual habitat

pattern in the landscape (Saura, Estreguilb, Moutonb, & Rodr�ıguez-

Freireb, 2011).

The relative contribution of each patch to overall habitat connec-

tivity in the Swiss Alps was expressed by the delta of IIC (dIIC). The

dIIC is defined as the relative decrease (in per cent) in the IIC value

caused by the removal of the respective patch, taking into account

(1) the area of the patch, (2) the estimated dispersal fluxes through

that patch and (3) the importance of the patch as a connecting ele-

ment (Pascual-Hortal & Saura, 2006). A sum of dIIC values (ΣdIIC)

>100 across all patches indicates that one or more patches critical

for connectivity can be found in the landscape (Saura & Pascual-Hor-

tal, 2007). For example, if the loss of any key linking patch resulted

in the remaining habitat being split into two disconnected networks,

this node would cause a large decrease in habitat availability (Saura
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& Pascual-Hortal, 2007). To identify isolated habitat patches, as well

as key connector-patches, we used the connector fraction of the IIC

(dIICconn), where a value of zero indicates isolation (Baranyi et al.,

2011). Finally, to identify habitat patches with priority for habitat

management today, we estimated the site overlap of currently suit-

able patches with those under future climate conditions.

Connectivity among patches was calculated in terms of Euclidean

edge-to-edge distances using the extension “Conefor inputs” for

ARCGIS 10.x (Saura & Torne, 2009). We excluded connections exceed-

ing the maximum natal dispersal distance of 12 km of mountain

hares (Hewson, 1990). We also excluded connections crossing slopes

≥70°, as they are considered as barriers for mountain hares. In addi-

tion, since we had only information about habitats within Switzer-

land, the dIICconn values of patches at the border of Switzerland

were not considered.

3 | RESULTS

3.1 | Distribution change

Out of the 26 variables considered, 11 were retained in the final

model (Table 2). With a mean test AUC of 0.787 (SD = 0.018), the

model provided an acceptable discrimination between occupied and

non-occupied mountain hare habitats according to the classification

of Hosmer and Lemeshow (2000). The temperature during the repro-

ductive season, relief roughness and the reproductive season

coldness were identified as the most important variables (Table 2).

Together, they accounted for 64% of the total model gain and 68%

of the permutation importance.

The predicted area of mountain hare habitat in the Swiss Alps

decreased on average by 26% or an equivalent of 2,250 km2 under

RCP 4.5 and by 45% or an equivalent of 3,880 km2 under RCP 8.5

by 2100 (Table 3). All six climate change variants consistently pre-

dicted a decline in habitat availability, with a minimum loss of 21%

and a maximum loss of 55% in the Swiss Alps. The greatest average

habitat loss among the three investigated biogeographic regions was

predicted for the Northern Swiss Alps (RCP 4.5: �43%, RCP 8.5:

�71%; maximum: �76%), followed by the Southern Swiss Alps (RCP

4.5: �21%, RCP 8.5: �41%; maximum: �50%) and the Central Swiss

Alps (RCP 4.5: �19%, RCP 8.5: �33%; maximum: �47%).

The main reason for the predicted habitat loss is the expected

increase in temperature during the reproductive season, which,

under most climate change variants, was predicted to exceed by far

the species’ optimum of 7.5°C, particularly in the Northern and

Southern Swiss Alps (Figure 2).

3.2 | Change in patch number, size and inter-patch
distances

There was a great variance in patch number, size and inter-patch dis-

tances under both current and future conditions, with consistent

trends in changes under the two RCPs: The predicted number of

TABLE 2 Variables retained in the best model for predicting the distribution of Lepus timidus across the Swiss Alps and their mean values at
presence and background locations. Predictor importance is given as the percentage contribution to the total increase in regularized log
likelihood compared to a uniform distribution averaged across the replicates of a 10-fold cross-validation. For “permutation importance,” the
variable values at training for presence and random locations were randomly permuted and the corresponding loss in training AUC (Area under
the receiver operating characteristic curve, normalized as percentages) is given. Mean AUC and standard deviation (SD) across the cross-
valdiation replicates are given. Variable definitions are presented in Table 1. Symbols indicate a positive (+), negative (�) or unimodal
relationship (∩/U)

Variable
Per cent contribu-
tion

Permutation impor-
tance

Response
type

Mean � SD at locations

Presence Random

Temperature during the reproductive

season

36.2 11.0 ∩ 6.9 � 2.6 8.6 � 4.5

Relief roughness 18.9 22.1 ∩ 3.1 � 0.5 3.1 � 0.9

Reproductive season coldness 8.5 34.7 ∩ 55.9 � 23.6 46.2 � 34.3

Precipitation during the reproductive

season

7.4 8.1 � 722.9 � 198.9 781.2 � 202.9

Distance to forest edge 7.0 3.5 � 582.1 � 829.0 929.0 � 1,297.5

Alpine grassland 6.9 1.7 + 0.5 � 0.3 0.4 � 0.3

Seasonality of precipitation 6.7 7.3 U 25.8 � 9.0 24.8 � 8.4

Summer warmth 3.7 3.1 ∩ 48.0 � 21.1 57.5 � 28.6

Distance to summit 3.1 4.4 � 457.4 � 384.4 630.8 � 694.2

Distance to creeks 1.0 2.3 � 293.1 � 243.4 329.5 � 371.8

Winter solar radiation 0.6 1.9 + 3909.8 � 872.8 3674.3 � 840.1

Mean training AUC � SD 0.809 � 0.002

Mean test AUC � SD 0.787 � 0.018

Number of variables 11
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habitat patches in the Swiss Alps increased on average by 25% (118

patches, SD = 54) under climate change variants with RCP 4.5, and

by 80% (38 patches, SD = 91) under climate change variants with

RCP 8.5 (Appendix S5). In contrast, patch size decreased by an aver-

age of 40% (765 ha, SD = 184 ha) and of 46% (888 ha,

SD = 293 ha) under variants 4.5 and 8.5, respectively. Changes in

patch number, size and inter-patch distance varied significantly

among the Northern, Central and Southern Swiss Alps, with changes

being more pronounced at the edges of the mountain hare distribu-

tion range (Table 4; Appendices S5 and S6). Currently, habitat

patches vary considerably in size and nearest-neighbour distance,

and differ across regions. The average patch size in the Swiss Alps is

1,929 ha (SD = 16,026), ranging from 656 to 4,693 ha across

regions (Table 4; details Appendix S5). The respective values for

nearest-neighbour distances are 538 m (SD = 551), ranging from

387 to 735 m (Table 4; details Appendix S6).

3.3 | Importance of habitat patches for connectivity

The overall connectivity index values (IIC) in the Swiss Alps

decreased from 0.041 to 0.013 under ensemble 4.5 and to 0.009

under ensemble 8.5. The ECA (IIC) decreased by 45% from 5,253 to

2,911 km2 under ensemble 4.5, and by 53% to 2,479 km2 under

ensemble 8.5.

The number of habitat patches critical for connectivity also

increased, with increasing ΣdIIC from 173% to 182% under ensem-

ble 4.5, and to 196% under ensemble 8.5. Patch-dIIC was strongly

correlated with patch size (Pearson’s r = .99) under current condi-

tions and the two future projections. The maximum estimated dIIC

of a patch was 72% in the current situation, 85% under ensemble

4.5 and 40% under ensemble 8.5. The most important patches were

consistently located in the eastern part of the Central Swiss Alps

(Figure 3a–c).

The proportion of suitable but isolated patches (dIICconn = 0)

and their percentage area increased from 49% and 17% (patch area

888 km2; average patch size: 4 km2) in the current situation to 66%

and 51% under ensemble 4.5 (patch area 1,474 km2; average patch

size: 4 km2) and to 51% and 32% under ensemble 8.5 (patch area

804 km2; average patch size: 3 km2; Figure 3).

We found that future sites of suitable patches overlapped con-

siderably with those observed in the present. Thus, 92% of the habi-

tat predicted under climate change variant RCP 4.5 overlapped with

current habitat, and 82% under RCP 8.5. This, in combination with

the spatial distribution of future mountain hare occurrence (Fig-

ure 3), suggests that habitat is more likely to contract at the higher

elevations, than to expand to areas beyond the current range (Fig-

ure 3).

4 | DISCUSSION

Our models predict a loss of habitat area and an increase in habitat

fragmentation for the mountain hare under climate change. In partic-

ular, they predict a reduction in the amount of suitable habitat, an
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F IGURE 2 Relative probability of mountain hare occurrence (as MAXENT logistic output; dashed grey line) as a function of the average
temperature during the reproductive season. The vertical lines show the average conditions in mountain hare habitats under current climate
conditions (black line = Swiss Alps, dotted line = Northern Swiss Alps, point-dot line = Central Swiss Alps, dashed line = Southern Swiss Alps).
Arrows indicate the predicted changes by 2100 under the six climate change variants as defined in the section “climate.” Light colours
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REHNUS ET AL. | 3245



increase in the number of habitat patches, a decrease in the size of

habitat patches, an increase in inter-patch distance and a decrease in

overall habitat connectivity. These changes were generally more pro-

nounced for the greenhouse gas concentration trajectory RCP 8.5

than for RCP 4.5.

4.1 | Distribution change

The current distribution of mountain hare is mainly determined by

the average ambient temperature during the reproductive season,

with an optimum between 7 and 9°C. The climate change-induced

increase in temperature beyond this optimum is the main driver for

the predicted loss of suitable habitat by the year 2100. According to

predictive distribution models worldwide, increasing temperatures

will force Alpine and Arctic species to seek cooler temperatures at

higher elevations or at the poleward edges of continents (e.g. Beever

et al., 2011; B€untgen et al., 2017; Moritz et al., 2008; Pedersen,

Odden, & Pedersen, 2017; Pernollet et al., 2015). This is because

Alpine and Arctic species living at the warmer margins of their biocli-

matic niches are especially vulnerable to physiological stress, such as

an inability to thermoregulate during especially warm periods (e.g.

Moritz et al., 2008; Parmesan, 2006; Wilkening et al., 2011). In the

Swiss Alps, the potential for animals to compensate for range losses

at lower elevations by expanding upwards is limited by the shape

and height of the mountains. As a result, the potential habitat area

decreases with increasing elevation (Pepin et al., 2015).

We found that the decline in the number of days with an aver-

age temperature ≤5°C during the reproductive period had a negative

influence on the probability of occurrence of the mountain hare. This

pattern might be explained by a higher parasite load, as parasites

such as nematodes and coccidia are more likely to thrive under war-

mer conditions, and thus negatively impact the health and/or fecun-

dity of mountain hares (Newey & Thirgood, 2004; Newey, Thirgood,

& Hudson, 2004). Although these studies refer to Scottish moorland

where excessive grouse habitat management and associated preda-

tor control can lead to very high hare densities and in turn parasite

loads, similar effects have been found for other species of Alpine

and Arctic environments, including caribou Rangifer tarandus (Albon

et al., 2002; Descamps et al., 2017), musk oxen Ovibos moschatus

(Kutz, Hoberg, Polley, & Jenkins, 2005), Rock Ptarmigan (Stenkewitz,

Nielsen, Skirnisson, & Stefansson, 2016) and Soay sheep Ovis aries

(Gulland, Albon, Pemberton, Moorcroft, & Cluttonbrock, 1993). Alter-

natively, hares might prefer cold days during the reproductive season

as persisting snow could reduce predation risk due to a better colour

match of the fur with the environment (see Mills et al., 2013; Peder-

sen et al., 2017; Zimova, Mills, & Nowak, 2016). In the Alps, how-

ever, the coat colour change from white to brown is mostly finished

by the end of May when the first litter of the same year occurs

(Slotta-Bachmayr, 1998; Thulin & Flux, 2003). It remains unclear,

whether this may already reflect a climate-change-induced mismatch,

given the hare’s limited phenotypic plasticity to adapt its seasonal

camouflage (e.g. Zimova et al., 2016). Thus, further research is

needed to clarify why mountain hares need cold temperatures during

the breeding period.

Finally, European hares (Lepus europaeus), which occupy a similar

niche in the lower altitudes of the study region (Hackl€ander & Jenny,

2011), may benefit from increasing temperatures and expand their

range to higher elevations (Hackl€ander & Jenny, 2011), which may

lead to interspecific competition (Caravaggi, Montgomery, & Reid,

2015; Caravaggi et al., 2017; Jansson & Pehrson, 2007; Reid, 2011;

Thulin, 2003) or even introgression (Zachos et al., 2010) with moun-

tain hares. Since our model does not include interspecific interac-

tions, we cannot exclude the possibility that the observed pattern

may be influenced by competitive exclusion.

Our predictions for habitat loss of the mountain hare in the Swiss

Alps by 2100 are in line with predictions of the decline of other moun-

tain hare populations throughout Europe (Eurasia: Leach et al., 2015;

Europe: Acevedo, Jim�enez-Valverde, Melo-Ferreira, Real, & Alves,

2012; Italy: Bisi, Wauters, Preatoni, & Martinoli, 2015; UK: Anderson

et al., 2009; Ireland: Caravaggi et al., 2015; Sweden: Elmhagen, Kind-

berg, Hellstr€om, & Angerbj€orn, 2015; Jansson & Pehrson, 2007; Thulin,

2003; Norway: Pedersen et al., 2017). However, the magnitude of loss

TABLE 4 Average changes in number, size and inter-patch distance of mountain hare habitat patches in the Swiss Alps under future
predicted (2100) climate conditions assuming the representative concentration pathways RCP 4.5 and RCP 8.5 (IPCC, 2014), compared to the
current situation. The details of changes are given in Appendices S5 and S6

Variable Climate condition RCP
Swiss Alps Northern Swiss Alps Central Swiss Alps Southern Swiss Alps
Mean � SD Mean � SD Mean � SD Mean � SD

Patch number (N total) Current situation – 465 245 120 114

Changes by 2100 4.5 118 � 54 51 � 7 92 � 32 �28 � 16

8.5 38 � 91 �52 � 13 128 � 71 �35 � 21

Patch size (ha) Current situation – 1,929 � 16,026 1,052 � 2,810 4,693 � 28,774 656 � 2,002

Changes by 2100 4.5 �765 � 184 �565 � 48 �2,433 � 490 54 � 108

8.5 �888 � 293 �690 � 65 �2,973 � 631 �62 � 152

Inter-patch distance (m) Current situation – 538 � 551 515 � 498 387 � 303 735 � 743

Changes by 2100 4.5 161 � 33 293 � 55 91 � 6 197 � 68

8.5 201 � 51 719 � 73 102 � 57 3 � 274
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predicted for the Swiss Alps by 2100 between �26% (RCP4.5) and

�45% (RCP8.5) is much higher than that predicted by 2070 for the

Sondrio region in the Italian Alps (�3%; Bisi et al., 2015), a region bor-

dering on the southeastern part of the Swiss Alps. This discrepancy is

not only due to the climate data sources and the higher spatial

accuracy of the species data in our study, but also mainly to the inte-

gration of species-relevant, high-resolution land-cover information.

Including this information led to a more realistic restriction of the

future “climatic envelope” to those areas actually offering suitable

landscape conditions.

F IGURE 3 Predicted mountain hare habitat and the relative importance of the patches for overall habitat connectivity (measured by the
Integral Index of Connectivity IIC) under current conditions (a, d; IIC = 0.041), under ensemble 4.5 (b, e; IIC = 0.013) and under ensemble 8.5
(c, f; IIC = 0.009) in the Swiss Alps (black line). Patch importance is given as the per cent decrease in total IIC (dIIC, left) when removing the
respective patch, and the decrease in the connector fraction of the IIC (dIICconn, right). The importance of patches along the borders of
Switzerland (brown; current situation: N = 24, ensemble 4.5: N = 36, ensemble 8.5: N = 56) is not considered as they might be connected with
habitat patches outside the study area (light grey, elevation ≥1,300 m a.s.l.)
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The predicted changes vary among the three biogeographic

regions, and habitat loss is expected to be much higher in the North-

ern and Southern Alps than in the Central Alps. The two latter

regions are situated at the edge of the species’ distribution, which

may explain this pattern (e.g. Anderson et al., 2009; Beever,

Dobrowski, Long, Mynsberge, & Piekielek, 2013; Calkins et al.,

2012). However, the relative habitat loss is twice as high in the

Northern as in the Southern Alps. The reason for this difference

could be that the patches in the Southern Swiss Alps are closer to

the habitats of highest importance for overall habitat connectivity,

that is, better connected to the main population than those in the

Northern Alps (Figure 3a,d).

4.2 | Change in patch number, size and inter-patch
distances

Under climate change, the average number of habitat patches in the

Swiss Alps is predicted to increase. At the same time, patches are

likely to decrease in size and increase in inter-patch distance, which

corresponds to the definition of increased habitat fragmentation

(Fahrig, 2003). The increased inter-patch distances in all three bio-

geographic regions may specially reduce the likelihood of successful

movement, reproduction and therefore gene flow among subpopula-

tions (Reed & Frankham, 2003; Rudnick et al., 2012; Van Strien

et al., 2014).

The changes in the size and number of patches vary greatly in

the three regions. In the Central Swiss Alps, we predict a decrease in

patch size paralleled by an increase in patch numbers which suggests

that existing large patches become more fragmented. In the North-

ern Swiss Alps, we expect the number of patches to remain similar

to the current number, but with smaller sizes with greater inter-

patch distances as the result of the shrinkage of existing patches. In

the Southern Swiss Alps, fewer patches are likely, but with sizes sim-

ilar to those in the current situation. This suggests that the increased

inter-patch distances are mainly due to the loss of small patches

connecting the low number of existing large patches. Relatively high

amounts of precipitation are predicted during the breeding period in

the North and the South, which may also lead to higher mortality

among young hares (Kielland, Olson, & Euskirchen, 2010). We there-

fore expect that the mountain hare populations in the Northern and

Southern Swiss Alps, which have lower densities than those in the

population in the Central Alps (Rehnus et al., 2016), will suffer more

quickly from the negative effects associated with fragmentation (e.g.

inbreeding, vulnerability to stochastic events) and thus face a higher

risk of extinction, unless they are connected to neighbouring popula-

tions in France, Austria or Italy.

4.3 | Importance of habitat patches for connectivity

According to our graph-theory models, the overall habitat connectiv-

ity for mountain hares will substantially decrease in the Swiss Alps

by 2100 under both IPCC scenarios RCP 4.5 and RCP 8.5. This is

reflected in a decrease in ECA (IIC) by nearly half of the current

habitat area, and an increase in both the proportion of isolated

patches and habitats critical for connectivity. The sum of dIIC values

under the current situation is already >100 across all patches, indi-

cating that patches critical for connectivity already exist in the land-

scape. The spatial alignment of important patches for connectivity

from East to West indicates the importance of the habitat corridor

along the central Alpine mountain range, which is not only crucial

for maintaining habitat connectivity today, but will also be essential

under both future climate scenarios. This Swiss mountain range may

also have a vital connectivity function for mountain hare populations

throughout the entire Alpine arch, from France to Austria, as we

identified some important patches at the eastern, western and

southern borders of the study area (e.g. in Goms, Hinterrhein,

R€atikon and Engadine). These important habitat patches are con-

nected to other suitable areas in the neighbouring mountain regions

outside the study area. Connectivity analyses across the entire

Alpine Arc may further elucidate this aspect and may reduce uncer-

tainties in current predictions of future mountain hare distributions

in the Alps under climate change.

Larger patches will be, as we predict, more important than smal-

ler ones in their overall contribution to connectivity (dIIC) and to the

connecting function (dIICconn) alone, in particular if we continue to

consider patch size to be a reasonable surrogate for the landscape’s

carrying capacity for the species (Van Der Wal, Shoo, Johnson, &

Williams, 2009). Studies of gene flow and demographic parameters

are needed to understand how connectivity and source–sink dynam-

ics influence dynamic species range models, as well as the popula-

tion viability of the mountain hare population in particular (Schurr

et al., 2012).

We found a considerable overlap between current and predicted

habitat patches, indicating areas, where we can expect an above

average probability of population persistence. Species conservation

measures, such as hunting limitations and habitat improvement, may

partly compensate the negative effects of climate change in the

future (see below and also Bollmann & Braunisch, 2016; Braunisch

et al., 2014). They are likely to be most effective in these overlap

areas because they cover the bioclimatic requirements of the moun-

tain hare under current and predicted conditions.

4.3.1 | Conservation aspects for Alpine and Arctic
species

We showed that mountain hare populations in the Swiss Alps are

threatened by habitat loss and fragmentation, with increasingly lim-

ited options for successful dispersal under climate change. We

therefore recommend targeted conservation measures aiming at

improving habitat quality and connectivity (Bollmann & Braunisch,

2016; Braunisch et al., 2014; Heller & Zavaleta, 2009; Rudnick

et al., 2012). In this way, our results indicate that terrain roughness

in combination with forest accessibility and grassland abundance

positively affects mountain hare occurrence (Table 2), as this land-

scape configuration provides a diverse mosaic of food and protec-

tion in close distance (Rehnus et al., 2016). The ongoing
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encroachment of forest on agricultural land in the Alps has been

exacerbated by climate warming (Ceschi, 2006; Speich et al., 2011).

Forest encroachment results in vegetation homogenization and the

loss of structural diversity and habitat heterogeneity. It may there-

fore have negative consequences for mountain hares, similar to that

found for other species in the Alpine treeline ecosystem (Bollmann,

2010; Braunisch, Patthey, & Arlettaz, 2016). Furthermore, for moun-

tain hares and other Alpine and Arctic species, habitat quality has

been shown to increase with structural heterogeneity (Patthey, Sig-

norell, Rotelli, & Arlettaz, 2012; Schweiger et al., 2012; Signorell

et al., 2010; Sokolov, Ivanitskaya, Gruzdev, & Heptner, 2009),

mosaic-like configuration of forest habitats intermixed with dwarf

shrubs, alpine pastures and basal-branched trees (Bollmann, Weibel,

& Graf, 2005; Geary et al., 2013; Rehnus et al., 2016), high densi-

ties of large shrubs, saplings and medium-sized trees in the sur-

rounding forest stands (Lewis, Hodges, Koehler, & Mills, 2011), and

a mixture of both deciduous and coniferous trees in woodlands

(Aberg, Swenson, & Angelstam, 2003; Hiltunen & Kauhala, 2006).

Management approaches that forgo salvaging the effects of natural

process dynamics (e.g. avalanches and storms) and forestry mea-

sures creating or facilitating the occurrence of the above-mentioned

structures in multifunctional landscapes are therefore most likely to

benefit the mountain hare as well as a considerable fraction of the

community of Alpine species sharing requirements of semi-open

mosaic habitats.

Activities for improving habitat quality should focus on patches

with high importance for connectivity like within the identified corri-

dor in the Central Swiss Alps, which connects eastern and western

mountain hare populations. We assume that conservation activities

in these patches would also enhance the population connectivity of

other members of the Alpine community such as grouse species with

similar habitat requirements at the upper timberline, which also

occur as isolated glacial relict populations in the Alps and which are

vulnerable to climate change (e.g. Bollmann & Braunisch, 2016; Brau-

nisch et al., 2013, 2014; Furrer et al., 2016; Imperio, Bionda, Viterbi,

& Provenzale, 2013; Pernollet et al., 2015).

Along with habitat improvement, we recommend reducing the

expansion of winter recreational activities, particularly in patches

crucial for maintaining population connectivity, and applying schemes

for sustainable hunting. Winter recreational activities can cause

Alpine species to abandon otherwise suitable habitats (e.g. Black

grouse: Braunisch, Patthey, & Arlettaz, 2011; red deer Cervus ela-

phus: Coppes, Burghardt, Hagen, Suchant, & Braunisch, 2017),

impacting physiology and behaviour and creating an extra demand

for energy when food resources are scarce (e.g. Arlettaz et al., 2015;

Rehnus et al., 2014).

Because climate change predictions are subject to high level of

uncertainty (Elith & Leathwick, 2009), monitoring should be inte-

grated into an adaptive management plan for sustainably harvesting

and conserving the species. A recently developed non-invasive

method based on sampling faeces should help to collect more data

about mountain hare population dynamics and trends in the Alps

(Rehnus & Bollmann, 2016) and also to monitor hybridization rates

(Beugin et al., 2017). Identifying changes in the abundance and dis-

tribution of peripheral populations of vulnerable Arctic and Alpine

species can serve as an early threat indicator for ecologists and wild-

life managers (Beever et al., 2013).
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