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Abstract Habitat use of prey species is often subjected to
strong trade-offs when foraging needs and predator avoidance
cannot be met simultaneously. Trade-offs may be particularly
pronounced for species dwelling above ground throughout the
year. Identifying habitat use of such species may help to de-
termine crucial and limited environmental resources and has
strong implications for habitat management. We investigated
the relative importance of habitat structure and composition
for mountain hares in the Swiss Alps at the small scale for two
time periods, throughout the year and during the reproductive
period. Habitat use was assessed by a non-invasive approach
that considers the spatio-temporal distribution of fecal pellets,
sampled along systematically distributed transects. We found
that heterogeneous habitats with high diversity of vegetation
layers and/or abundance of saplings and storeyed vegetation
structures are strongly used. The availability of shelter was
more important in summer when hares strongly used dense
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habitats that offered protection from predators. The availabil-
ity of food was more important as predictor for year-round use
compared to the reproductive period when food is overabun-
dant for hares. A heterogeneous habitat provides an optimal
distribution and availability of shelter and food resources and
allows the hare to adjust its activity pattern to changing envi-
ronmental conditions. Therefore, the occurrence of a structur-
ally heterogeneous ecotone at the upper timber line with a
mosaic of different vegetation types and hiding structures
should be considered in the management of the species.

Keywords Food - Habitat use - Patchiness - Pellets - Shelter -
Structure - Transect

Introduction

The spatio-temporal pattern of a species habitat use is a crucial
key for the understanding of its distribution and abundance
(Krebs et al. 2001). Insights into habitat use contribute to the
effective conservation and management of investigated spe-
cies (Boyce and McDonald 1999; Nielsen et al. 2006). Yet,
patterns of habitat use are rarely consistent over time due to
pronounced seasonal changes in habitat requirements and
quality, such as the availability of food and shelter (Marchand
1991). Moreover, habitat use is often subjected to a strong
trade-off when different needs in foraging and predator avoid-
ance cannot be met at the same place. This trade-off may be
particularly pronounced in prey species living under harsh
environmental conditions that offer only limited possibilities
for optimizing all requirements simultaneously. Identifying
the habitat use of such species may have strong implications
for its management.

The mountain hare (Lepus timidus) has an arctic-alpine
distribution, with palearctic occurrences in tundra and taiga
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habitats from Ireland to Japan, as well as isolated populations
in the European Alps (Thulin and Flux 2003). The species is a
potential prey of several endangered species in the Alps (e.g.,
golden eagle Aquila chrysaetos, eagle owl Bubo bubo, and
lynx Lynx lynx) and a traditional game species in several re-
gions (Rehnus 2013). The mountain hare is active throughout
the year and well adapted to seasonal environmental changes,
with flexible seasonal and 24-h activity cycles that allow for
adapting its food and cover needs to local conditions (Hewson
1990; Rehnus 2014). The species can reduce its metabolic rate
in winter (Nieminen and Mustonen 2008; Pydrnila et al. 1992;
Rehnus et al. 2010; Thulin and Flux 2003), as well as adjust its
daily activity budget to cope with alpine conditions (Nodari
2006; Rehnus et al. 2013; Slotta-Bachmayr 1998) by an op-
portunistic feeding strategy (Hulbert et al. 2001; Iason and
Van Wieren 1999; Loidl 1997; Rehnus et al. 2013).

The availability of food and shelter are the two most
important factors affecting a hare’s habitat use (Bisi
et al. 2013; Hewson and Hinge 1990; Hiltunen et al.
2004; Hulbert et al. 1996; Keith and Windberg 1978;
Nodari 2006; Pehrson and Lindlof 1984; Wolff 1980).
Previous studies have shown that the availability of
shelter against predators is more important than the
availability of food because hares prefer habitat types
that offer security from predators over habitat types that
offer high-quality food (Hik 1995; Wolff 1980). Yet,
this use pattern can be expected to vary seasonally, as
the relative costs (lower food quality) and benefits (low-
er risk of predation) associated with occupying each
habitat may vary with environmental conditions and
changing requirements throughout the individual’s repro-
ductive cycle (Lima and Dill 1990). For instance, open
habitats with high-quality food generally allow hares to
forage efficiently (high nutrient intake in a short time)
and to readily sense and escape from terrestrial preda-
tors. However, such open habitats increase the risk of
being detected (Mills et al. 2004). The tendency to min-
imize predation risk may be particularly pronounced
during certain periods of an individual life, such as
the lactation period (Olsson et al. 2008). Seasonal dif-
ferences in the importance of habitats rich in under-
growth can also be expected because they limit the loss
of body heat by buffering the exposure to wind (Grace
and Easterbee 1979), thereby reducing the hare’s energy
demands. However, knowledge about the relative impor-
tance of various habitat elements and the factors
influencing habitat use is sparse, in particular for moun-
tain hares.

In this study, we addressed how habitat and vege-
tation structures at the small scale are related to sea-
sonal habitat use of the mountain hare. We expect a
seasonal change in habitat use due to changes in shel-
ter and food availability, and that hare occurrence
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increases with the abundance of hiding elements. Fur-
ther, we provide evidence-based recommendations for
habitat management.

Materials and methods
Study area

The study was conducted in the Swiss Alps, in six study sites
(Fig. 1, A to F with total 44.0 km?) located in three biogeo-
graphic regions (two sites per region) (Gonseth et al. 2001).
The sites were selected so as to represent the overall area
occupied by the mountain hare with different climatic condi-
tions and composition of tree species, yet excluding areas of
sympatric occurrence with the European hare (Lepus
europaeus). Mountain hares in the Alps occur between 700
and 3800 m a.s.l., and the distribution may overlap with Eu-
ropean hares at the lower altitudes (Rehnus 2013) which were
excluded our study. Evidence for allopatric occurrence in the
study sites A, B, E, and F stem from interviews with local
hunters and representatives of the cantonal wildlife depart-
ments; allopatry in sites C and D was confirmed by long-
term observations of park rangers in the Swiss National Park
between 1979 and 2012 (Swiss National Park unpublished)
and interviews of local hunters and gamekeepers from nearby
hunting districts (Rehnus unpublished).

The Northern Alps (study sites A and B)

The Northern Alps are characterized by an oceanic climate
with dominant winds from the north and the west. Precipita-
tion exceeds 1200 mm/year at 1000 m a.s.L. (Ott et al. 1997),
and temperatures are relatively cool compared to other regions
and show slight daily and seasonal variations. The soil sub-
stratum is primarily limestone, but silicates also occur. Spruce
(Picea abies) dominates the forests in the subalpine zone and
co-occurs with fir (4bies alba) at lower elevations. The timber
line in study site A and B was between 1800 and 1900 m a.s.1.
and 1900-2000 m a.s.L., respectively.

The Central Alps (C, D)

In the Central Alps, a continental climate prevails. The valleys
are largely protected from oceanic and insubric (mild and wet)
influences by the Alpine massif. Precipitation is low, with an
average of 600-900 mm/year at 1000 m a.s.1. (Ott et al. 1997).
Temperatures show high daily and seasonal variations, and
solar radiation in this region is high (Ott et al. 1997). The
substratum consists of limestone and silicates. Subalpine for-
ests are dominated by spruce with larch (Larix decidua) and
Swiss stone pine (Pinus cembra) taking over at higher eleva-
tions. In addition, Swiss stone pine occurs with mountain pine
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Fig. 1 The distribution of
mountain hares in Europe,
according to Thulin (2003), and
locations of the six study sites (4
46°35'N, 7°43'E; B 46°40'N, 8°7'
E; C46°39'N, 10°11'E; D 46°42’
N, 10°16'E; E 46°17'N, 8°28'E; F
46°10'N, 9°8'E) in the
biogeographical regions Northern
Alps (black), Central Alps (light
gray), and Southern Alps (dark
gray) in Switzerland (Gonseth

et al. 2001; adapted)

(Pinus mugo) along the upper timber line and/or in areas in-
fluenced by avalanches. Scotch pine (Pinus silvestris) occurs
at lower elevations (Ott et al. 1997). The timber line in study
site C was between 2200 and 2300 m a.s.l. and in study sites D
between 2100 and 2200 m a.s.l.

The Southern Alps (E, F)

Mountain ranges of the Southern Alps are influenced by a
mild climate with winds from the south and the west and
heavy precipitation events during a year. The average annual
precipitation at 1000 m a.s.l. is >2000 mm/year; temperatures
are warm and solar radiation is high (Ott et al. 1997). The
substratum is mostly silicate. In the subalpine zone, larch
and Swiss stone pine are the predominant tree species next
to spruce and fir at lower elevations. The timber line in study
site E and F was between 2000 and 2100 m a.s.l. and 1900—
2000 m a.s.l., respectively.

Transect description

We assessed the habitat use of mountain hare by surveying for
the presence of fecal pellets on transects. Pellet surveys are a
cost- and time-effective method (Krebs et al. 2001; Litvaitis
et al. 1985) for indexing habitat use by hares (Lepus
americanus, Adams 1959; Erwacha et al. 2014; Hodges
et al. 2009; Lewis et al. 2011; Litvaitis et al. 1985; Newbury
and Simon 2005; O’Donoghue 1983; Wolff 1980;
L. europaeus, Perry and Robertson 2012; L. timidus,

0 50
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Angerbjorn 1983; Hiltunen and Kauhala 2006), and transects
have proven to be useful for assessing the spatio-temporal
distribution of lagomorph species (Angerbjorn 1983; Hiltunen
and Kauhala 2006; Murray et al. 2005). Knowledge of moun-
tain hare densities were limited or unknown in most study
sites. To be effective in finding pellets and assessing a repre-
sentative distribution pattern, we surveyed 2-m-wide line tran-
sects along all contour lines at 100-m intervals. Steep rocky
sites and inaccessible parts on transects (e.g., rock falls), for
instance, were excluded because they were considered unsuit-
able for hares (Nodari 2006). A total length of 67.9 km tran-
sects were surveyed. Transect length differed between study
sites (Table 1). The length of individual transects ranged be-
tween 0.2 and 1.9 km between all sites.

Species data

Surveys were carried out in early summer and autumn of the
year 2012. In order to balance the variation in the detection
probability of pellets, surveys in the six study sites were un-
dertaken in periods of congruent vegetation stage. Surveys
were conducted by two observers. To ensure a high pellet
detection accuracy which can vary between experienced and
unexperienced persons up to 8 % (Rehnus unpublished), the
unexperienced field worker was trained before fieldwork.
During the first survey, all occurrences of mountain
hare pellets were mapped and afterwards cleared from
transects. The first survey was conducted shortly after
snow-melt, between mid-June and the beginning of
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Table1 Elevation range and length of surveyed transects (I) and number of pellet locations in two time periods (summer and year-round (II)) in the six
study sites (A to F) in the Northern, Central, and Southern Alps of Switzerland
North Central South
A B C D E F

O Elevation range (m a.s.l.) 16002200 1600-2500 1700-2500 1700-2400 1600-2400 1600-2200
Total length of transects (km) 11.7 13.1 18.1 6.5 9.7 8.8
Transect length at 1600 a.s.l. (km) 0.9 2.8 - - 12 1.0
Transect length at 1700 a.s.l. (km) 3.0 2.1 1.7 0.9 2.3 14
Transect length at 1800 a.s.l. (km) 1.9 0.9 2.7 0.7 1.8 1.7
Transect length at 1900 a.s.l. (km) 1.4 1.0 2.5 1.0 1.0 1.9
Transect length at 2000 a.s.l. (km) 1.9 2.6 2.3 0.6 0.9 1.7
Transect length at 2100 a.s.l. (km) 2.0 1.0 1.6 0.8 0.7 0.8
Transect length at 2200 a.s.l. (km) 0.6 1.2 1.2 0.6 1.0 0.2
Transect length at 2300 a.s.l. (km) - 0.2 1.5 1.0 0.3 -
Transect length at 2400 a.s.l. (km) - 0.7 1.8 0.9 04 -
Transect length at 2500 a.s.l. (km) - 0.8 2.7 - - -
Area of study site (km?) 9.7 114 9.6 6.7 43 23
Transect length per unit area (km/km?) 1.2 1.1 1.9 1.0 2.3 3.8

n Total number of plots year-round (&) 45 110 272 148 115 104
Total number of plots summer (V) 47 141 289 153 126 101

July, and before green-up when emerging herbaceous
plants cover the ground. Thus, we ensured high detec-
tion of pellets because pellet detection can be influ-
enced by the type and density of understory vegetation
(Neff 1968). The GPS position of each pellet location
(defined as a minimum of one pellet with a minimum
distance of 20 m to the next observation) was recorded
(Garmin GPSmap 60 CSx). The pellets surveyed dur-
ing this first inventory were assumed to represent hab-
itat use during all seasons before cleaning (further
called “year-round”). Counts of pellets on uncleared
plots are considered to be adequate for ranking relative
hare abundance (Mills et al. 2005; Murray et al. 2002)
and are well established to study relative abundances
of snowshoe hares (Erwacha et al. 2014; Hodges et al.
2009; Lewis et al. 2011; Newbury and Simon 2005).
Between mid-September and mid-October, after an
average of 85 days, transects were revisited. The pellets
mapped during the second survey therefore represent
habitat use in summer only. To estimate the influence
of the ground vegetation cover on the detection proba-
bility of pellets in the vegetation period, we estimated
the detection rate for the four major vegetation types in
a field experiment (Rehnus unpublished). The rates were
high for single pellet (0.97 on scree, 0.97 on litter, 0.90
on Ericaceae, 0.88 on grass), and for pellet groups with
three pellets (1.00 on all types of ground cover; Rehnus
unpublished). These figures indicate high detection prob-
abilities for pellet locations during the second survey.
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Habitat variables

To compare habitat characteristics of plots with and without
evidence of mountain hare use, we randomly selected—for
both time periods (year-round and summer)—an equivalent
number of random plots among transects. All random plots
did not contain pellets at the first survey. However, pellets
were found in 73 of these random plots at the second survey.
These plots were classified as presence for summer but were
not included in the absence dataset for year-round, as
ascertained summer presence also entailed year-round pres-
ence. In summary, plot number for year-round was 794 and
for summer 857 (Table 1).

Habitat characteristics were recorded at each pellet and
random location within a circular plot with a radius of 3 m.
We assumed that a plot size of 28 m” characterizes the small-
scale habitat use of mountain hares. We recorded habitat var-
iables that characterize shelter and food availability as well as
comfort resources (Table 2). Resource variables were defined
according to existing literature for mountain hares (Rehnus
2013; Sokolov et al. 2009; Thulin and Flux 2003).

Data analysis
Habitat use

Mountain hare occurrence was modeled as a function of hab-
itat composition using Mixed Effects Logistic Regression
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Table 2  Habitat variables used for analyzing mountain hare habitats at sampling plots distributed across six study sites in the Northern, Central, and

Southern Alps of Switzerland

Habitat variable Resource

Description

Vegetation successional stage Food and shelter

Horizontal dead wood Shelter
Basal-branched trees Shelter
Grass-sedge cover Food

Dwarf-shrub cover Food and shelter

Other vegetation cover Food

Layer diversity Food and shelter
Tree cover Shelter

Scree cover Shelter

Bare ground cover Comfort

Vegetation height Food and shelter

Tree height Shelter

Successional stage in six classes (Keller 2005): non-forested,
sapling (diameter at breast height DBH<10 cm), pole
(10 cm<DBH<30 cm), timber (30 cm<DBH<60 cm),
mature (DBH>60 cm), storeyed (mix of trees with different
DBH-classes)

Presence/absence of fallen dead trees (diameter >12 cm and
length >1.3 m)

Presence/absence of trees or groups of trees >5 m in height;
basal branches must be <0.5 m above the ground

Proportion of grasses and sedges at the investigated plot in
10 %—classes

Proportion of dwarf trees and shrubs (1.3 m>height<5 m)
at the investigated
plotin 10 %—classes

Proportion of other ground vegetation (e.g., Bryophytes)
at the investigated plot in 10 %—classes

Shannon diversity index of cover layer (scree, grass-sedges,
dwarf-shrub, other vegetation, bare ground, and tree cover),
calculated by Shannon and Weaver (1963), where an index
value of 0 means no diversity in cover layers

Proportion of trees (height>5 m) at the investigated plot in
10 %—<classes

Proportion of scree at the investigated plot (height >10 cm)
in 10 %—classes

Proportion of bare (e.g., for sand bath) ground at the
investigated plot in 10 %—classes

Average height of grass-sedge cover, dwarf-shrubs, and other
vegetation in 5 cm—classes

Average tree height (height >5 m) in 1 m—<classes

with the study site and biogeographic region as random effect
to account for spatial clustering and to consider the area occu-
pied by the mountain hare with different climatic conditions
and composition of tree species. We selected only variables
with a pairwise Pearson correlation of 7 <0.5 for our models.
We applied a model selection approach (Burnham and Ander-
son 2002), based on Akaike Information Criteria (AICc=AIC
with a correction for small sample sizes) (Johnson and
Omland 2004), to identify the most parsimonious
model from a set of candidate models generated from
all possible variable combinations using the R-package
MuMIN (Barton 2014). Akaike weights (AIC,,) were
calculated to indicate the level of support for a given
model relative to all models in the candidate model set
(Burnham and Anderson 2002). To estimate relative
importance of selected variables, we calculated their
AAIC, to the calculated AIC. of the best model for
year-round and summer habitat use.

To quantify the models’ accuracy to predict year-
round and summer habitat use, we used spatial cross-
validation calculating the mean and standard error of

squared-error losses. The squared-error loss averages
the squares of the “errors,” i.e., the amount by which
the value implied by the estimator differs from the
quantity estimated. A squared-error loss of zero means
that the estimator predicts observations of the param-
eter with perfect accuracy. All analyses were per-
formed in R 3.0.2. (R Development Core Team 2013).

Results
Species data

Observed densities of pellet locations were higher during the
first survey (representing year-round habitat use) compared to
the second (summer). The highest densities of pellet locations
were found in the two sites C and D in both seasons (Fig. 2).

In most study sites, pellet densities followed the same alti-
tudinal pattern: the highest densities were found in the timber-
line zone. Above the timberline, in the adjacent areas domi-
nated by alpine pastures, pellet densities declined, but
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Fig. 2 Densities of pellet locations (NV/km) of mountain hares year-round
(white) and during summer (black) in the six study sites in the Northern
(4, B), Central (C, D), and Southern Alps (£, F) of Switzerland

Densities of pellet locations (N / km)

|HL

Cc D E F

increased again in the highest areas which are dominated by
scree (Appendix).

Habitat use

The best model selected to explain year-round habitat use
contained more than twice the number of habitat variables as
compared to the best summer model (Table 3). Layer diversity
and vegetation successional stage were important predictors
of the year-round and summer models, whereas the cover of
grass-sedge, dwarf-shrub, basal-branched trees, and other veg-
etation were only important in the year-round model. The
presence of mature stands (year-round) and timber stands
(summer) had a negative effect on the occurrence of the moun-
tain hare while the other variables had positive effects
(Table 3). In both the year-round and summer models, layer
diversity showed the highest relative importance of the select-
ed predictor variables (Table 3).

Discussion

Our study shows that the trade-off of mountain hares between
foraging needs and predator avoidance can be best achieved in
heterogeneous habitats that provide a suitable distribution of
shelter and food under changing seasonal conditions.

Species data

The higher densities of pellet locations recorded during the
first survey in early summer on uncleared plots were expected
because pellets accumulate over an unknown period (Murray
et al. 2005; Prugh and Krebs 2004).

The observed densities varied between study sites during
both surveys, suggesting differences in population densities
(Krebs et al. 1987; Mills et al. 2005; Murray et al. 2002).
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Due to the high persistence of pellets, we assume that only a
minimal number of pellets have disappeared during the survey
periods. Thus, possible differences in decay rates among the
six study sites, e.g., due to different climatic conditions, are
negligible. It is not known how small-scale differences in hab-
itat type influence pellet-decay rates of hares (e.g., Prugh and
Krebs 2004; Perry and Robertson 2012). Prugh and Krebs
(2004) showed that habitat-specific decay rates can occur over
years—Ilikely due to differences in microsite moisture levels
and substrate type—but only 1 % of pellets of snowshoe hare
had disappeared in the willow (Salix ssp.) habitat after 1 year.
Median persistence time of pellets was approximately 6 years.
In our study, a potential degradation of hare pellets by leaf
litters (Eaton 1993) can be excluded because investigated sites
were dominated by conifers. According to Perry and Robert-
son (2012), pellet counts on uncleared plots are not unduly
biased by differential decay rates. In analogy, we assume
that pellet counting works particularly well in alpine
climates with snowy winters and cold summer climate
which both are expected to delay the breakdown of
pellets by insects and bacteria.

The highest densities of pellets were observed in the
two sites located in the Central Alps in the Swiss Na-
tional Park (sites C and D; Fig. 1). It is a Strict Nature
Reserve of category la according to the TUCN classifi-
cation (IUCN 2014) that was established 100 years ago.
There, forest use, agricultural activities, and hunting are
prohibited and touristic activities are restricted to desig-
nated trails during the snow-free period and the closure
of the park area during the winter seasons with snow
cover (Haller et al. 2013). Natural reforestation on pre-
vious Alpine farmland which was used as summer pas-
tures is strongly delayed because these subalpine grass-
lands are heavily grazed by red deer Cervus elaphus
and chamois Rupicapra rupicapra (Schiitz et al. 2003).
Thus, an upper forest ecotone with habitats composed
of heterogeneous structures has been preserved in the
Park. This suitable habitat in combination with spatially
and temporally predictable human activities and a rela-
tively low amount of precipitation might explain the
high densities of pellets. High precipitation during the
reproduction period or in winter cause higher mortality
of hares (Kielland et al. 2010), whereas restricted tour-
istic activities allow mountain hares to cope with human
disturbance (Rehnus et al. 2014).

As expected, we found the highest densities of pellets
around the timberline in most study sites. This region is
known to represent the core distribution of mountain hares
in the European Alps (Rehnus 2013; Slotta-Bachmayr
1998). We assume that mountain hare feed on alpine pastures
and move to sites with shelter at higher or lower altitudes of
their home ranges. There, they can safely re-ingest their pellets
in scree or sapling stands (Hirakawa 2001).
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Table 3 Models explaining
habitat use of mountain hares @ Season Model Intercept K LogL AIC,,
year-round and during summer Year-round Basal-branched trees+dwarf-shrub -2.23 12 -527.18 0.79
(I), with model parameter esti- cover+vegetation successional
mates incl. standard errors and p- stage+grass-sedge cover+other
values (¥**<0.001, **<0.01, vegetation cover+layer diversity
*<0.05) (II), and relative impor- Summer Vegetation successional stage+ -2.19 8 —436.43 1.00
tance of selected variables by in- layer diversity
creasing AAIC, values compared n Season Variable Estimate SE p value
to the full model (I1) Year-round Sapling stands 0.98 031 0.001**
Pole stands 0.57 0.64 0.373
Timber stands 0.17 0.22 0.439
Mature stands -0.52 0.38 0.170
Storeyed stands 0.53 0.28 0.057
Layer diversity 0.93 0.23 <0.001%**
Basal-branched trees 0.69 0.26 0.008**
Grass-sedges cover 0.01 0.00 <0.001***
Dwarf-shrub cover 0.01 0.00 <0.001***
Other vegetation cover 0.02 0.01 0.015*
Summer Sapling stands 0.67 0.28 0.018*
Pole stands 0.14 0.70 0.836
Timber stands -0.76 0.25 0.003**
Mature stands 0.16 043 0.704
Storeyed stands 0.27 0.28 0.349
Layer diversity 1.13 0.25 <0.001***
(1 Season Variable AAICc
Year-round Layer diversity 14.0
Dwarf-shrub cover 13.0
Grass-sedges cover 10.4
Vegetation successional stage 6.4
Basal-branched trees 5.1
Other vegetation cover 4.0
Summer Layer diversity 19.0
Vegetation successional stage 12.9
With an average squared-error loss of 0.17 (SE£0.01; range 0.14-0.20), habitat use in summer was more
accurately predicted than year-round (0.24+0.02; range 0.15-0.28)
K number of parameters, Log L maximized log-likelihood, AIC,, AICc weight
Habitat use decrease the encounter rate by terrestrial predators such as

The positive influence of layer diversity on year-round and
summer habitat use mirrors the mountain hares’ preference
for heterogeneous habitat structures (Sokolov et al. 2009)
and terrain roughness. Highly diverse and patchy habitats bet-
ter meet the food and shelter needs of mountain hares living in
seasonally variable environments. For instance, some decidu-
ous shrub species like green alder (4lnus sp.) lose their leaves
in fall and, thus, increase a hare’s predation risk. Snow cover
may impede the access to some shelters and food resources,
but it may also influence the availability of new shelters and
food resources when heavy snow causes branches to bend
toward the ground. Occurrence of snow increases the detect-
ability of mountain hares, for example, by fresh tracks but

the red fox Vulpes vulpes which cannot chase a hare with the
same speed on soft snow. Snow depths at a given site is
strongly modulated by its structural diversity (Gorini et al.
2012). Hence, habitat heterogeneity affects both the mobility
of hares, who prefer hard snow (Rehnus 2013; Slotta-
Bachmayr 1998), as well as the hunting efficiency of the red
fox (Oksanen et al. 2001) and, thus, determines sites where
mountain hares cope with their trade-off in needs for foraging
and predator avoidance.

Habitats which are characterized by a high availability of
hiding elements, e.g., sapling and storeyed vegetation succes-
sional stages, were used both throughout the year and in sum-
mer, while pellet density in other successional stages was low.
In our study area, the former stages consist mainly of conifer
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species like spruce or Mountain pine which provide a constant
availability of hiding elements throughout the year. Both
woody species are important food resources for mountain
hares (Loidl 1997; Rehnus et al. 2013). We conclude that
vegetation successional stages which provide yearlong hiding
elements and food resource seem to be most appropriate for
mountain hares. Although conifer species are generally poor
in nutrients and contain a lot of barely digestible cellulose and
hemicellulose, they can be used by coprophagous species
(Hirakawa 2001). During field work, we observed that moun-
tain hares hide, for example, in Mountain pine sapling stands
when they detect a predator and stay in this position as long as
the predator is in safe distance, but escape from it when the
predator gets closer. Mountain hare habitats that incorporate
plenty of hiding structures lower the predation risk and
provide shelter from which predators can be detected. This
is in line with results from Focardi and Rizzotto (1999) who
showed that habitat cover influence survival probability and
body condition of hares and that their body constitution were
worse in very open habitats.

Interestingly, our results emphasize the significance of for-
est vegetation close to and below the tree line ecotone com-
pared to open areas above it, although hares can be observed
far above the tree line up to 3800 m a.s.l. (Rehnus 2013). This
is in line with results from Erwacha et al. (2014) which
showed that snowshoe hares are more active in areas with
greater forest cover, and with results from Rehnus (2013)
and Slotta-Bachmayr (1998) which could confirm that the
main distribution of mountain hares is around the timber line
which also provides good protection from avian predators.

The fact that basal-branched trees were important for
explaining year-round but not summer habitat use indicates
their importance as shelter element during times of harsh
weather conditions and during the snow season when alterna-
tive shelters are covered and inaccessible.

Grass-sedges, dwarf-shrub, and other vegetation cover
were important for explaining year-round habitat use only,
which indicates their importance as food resources throughout
the year. This is in line with previous results which showed
that graminoids, forbs, and dwarf shrubs are important food
resources in spring and autumn accounting for about half of
the total food intake at these seasons (Rehnus et al. 2013).
Even in winter, these vegetation elements represent a quarter
of mountain hares’ diet (Rehnus et al. 2013) which is taken at
sites free of snow due to wind or active clearing by hares
(Rehnus 2013). Although females have been shown to prefer
Gramineae during the peak breeding season (Hulbert et al.
2001), we could not confirm this finding in our study. We
are convinced that hares in our study area also forage on abun-
dant Gramineae and forbs of meadows and pastures. Howev-
er, pellet counting seems not to adequately reflect this habitat
use because the hares probably regularly return to sheltered
sites within the forest. This would indicate the behavioral

@ Springer

trade-off of wild animals to feed efficiently while avoiding
predators (Lima and Dill 1990; Sih 1980). Open habitats usu-
ally imply higher visibility and higher encounter rates, but
they also support prey species in their perception of danger
(Mills et al. 2004). However, the flexible, opportunistic forag-
ing habits of the mountain hare (Hulbert et al. 2001; Iason and
Van Wieren 1999; Loidl 1997; Rehnus et al. 2013) support its
demand for predator avoidance (Hik 1995; Rehnus et al.
2013) and lower the species’ exposure to humans (Rehnus
et al. 2014).

The model accuracy tended to be higher for the summer
models compared to year-round predictions. This might be
caused by the accumulation of pellets during the first survey
that includes pellets from an unknown period, with seasonal
differences in habitat selection patterns blurring the results.
Squared-error losses in summer varied between sites and were
higher at sites with high densities of pellets (B, C, and D). This
may reflect a density-dependent habitat use because higher
densities can force some individuals to use suboptimal habi-
tats (Pulliainen 1984; Sokolov et al. 2009).

Our results are based on habitat use data which were
derived from pellet distribution patterns and detection
probability. Its estimates during the vegetation period
were very high with figures all above 0.88 for different
small-scale habitat types. They minimize a potential
bias emerging from low, habitat-specific detection
probabilities. However, we cannot exclude that a small
fraction of absence plot was used just because there
were no pellets. Thus, the sampling design might not
be entirely balanced. However, it also indicates the
methodological trade-off between imperfect knowledge
about hare distribution and density in the study area
and an accurate and efficient field method to effective-
ly estimate relative hare abundance under harsh field
conditions. We assume that a probable bias of this first
time applied method is negligible, mainly because the
detection probabilities were high and results are in line
with previous studies and field observations on hares
in general, but novel for mountain hares.

Management recommendations

Our results showed that fecal pellet survey is a suitable
method for studying habitat use by mountain hares on
cleared and uncleared plots. Pellet counting on
uncleared plots are adequate to investigate the relative
importance of habitat structure and composition for
mountain hares and to study the spatial distribution of
hares in areas with limited knowledge. However, we
recommend the use of pre-cleared plots with inter-
annual revisiting for field studies that strive for a pre-
cise seasonal allocation of the samples and
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simultaneously minimizing the influence of pellet
decomposition.

We determined crucial and limited environmental re-
sources for mountain hares that balance foraging benefits
and predation risks. A structurally and compositionally het-
erogeneous habitat along the upper timberline is important as
patchy habitat mosaics enable the species to adjust its activity
pattern to changing environmental conditions and, thus, to
optimize its trade-off between food and shelter.

The ongoing abandonment of alpine farming and
subsequent reforestation in the Alps (Ceschi 2006;
Speich et al. 2011) can be detrimental because it
causes a vegetation homogenization and loss of struc-
tural diversity by an increasing dominance of timber
and mature tree stands in the long term. The abandon-
ment of grazing and the subsequent vegetation succes-
sion is considered to have negative effects to various
taxa that depend on semi-open, patchy habitats (birds,
(Laiolo et al. 2004; dung beetles,(Tocco et al. 2013;
and vegetation,(Stocklin et al. 2007).

A mosaic of forest habitats intermixed with elements
of dwarf shrub and pastoral vegetation has shown to be
important for the mountain hare. Thus, disturbance
originating from natural (e.g., avalanches, storms, graz-
ing by wildlife) or anthropogenic (pastoralism, forestry
measures) causes at the upper timber line is expected
to increase habitat suitability for the mountain hare.
For instance, irregular thinning activities in timber
and mature stands increase the abundance of gaps and
ecotone elements and simultaneously stimulate ground
vegetation growth as well as natural forest regeneration
and the development of basal-branched trees. Beside
mountain hares, also other medium-sized wildlife spe-
cies such as grouse profit from basal-branched trees as
shelter elements (Bollmann et al. 2005; Braunisch et al.
2014). Grazing by livestock and wild herbivores delays
woody vegetation succession (Mayer and Stockli 2005)
and, thus, increases the patchiness of habitat. It is im-
portant to keep these areas free of touristic infrastruc-
ture and leisure activities because frequent human dis-
turbance has a negative effect on the energy budget of
the mountain hare, in particular during winter, when
access to food resources is limited by snow (Rehnus
et al. 2014).
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Appendix

Table 4  Densities of pellet locations (Nkm) of mountain hares year-
round (I) and during summer (II) in the six study sites in the Northern,
Central, and Southern Alps of Switzerland

North Central South

A B C D E F

(I)  Year-round (N/km) 13 27 7.8 125 45 35
at 1600 a.sl. W/km) 7.5 43 - - 5.0 1.0
at 1700 a.sl. (Wkm) 20 34 00 59 6.1 42
at 1800 a.s.l. (Wkm) 1.0 00 29 43 1.1 23
at 1900 a.sl. (Wkm) 0.0 29 3.2 78 20 41
at2000 a.sl. (Wkm) 0.0 20 9.1 123 43 59
at2100 asl. Wkm) 0.0 41 143 221 72 24
at 2200 a.sl. (Wkm) 0.0 1.7 125 191 38 0.0

at2300 asl. (Wkm) — 183 235 132 145 -
at2400 asl. (Wkm) - 00 49 160 51 -
at2500 asl. (Wkm) - 00 82 - - -

(1)  Summer (N/km) 05 29 45 57 20 15
at 1600 asl (Wkm) 32 36 - - 08 00

at 1700 a.sl. (Wkm) 03 19 0.0 0.0 52 2.1
at 1800 a.s.l. (Wkm) 0.0 5.7 0.0 0.0 1.1 0.6
at 1900 a.s.l. (Wkm) 0.0 0.0 1.2 1.0 1.0 2.1
at 2000 a.sl. (Wkm) 0.0 1.6 22 159 1.1 3.0
at2100 a.sl. (Wkm) 1.0 2.0 9.3 6.1 0.0 0.0
at 2200 a.sl. (Wkm) 0.0 2.6 100 95 1.0 0.0

at 2300 a.s.l. (Mkm) - 0.0 17.6  10.1 0.0 -

at 2400 a.s.l. (Mkm) - 29 4.4 6.4 2.5 -

at 2500 a.sl (Mkm) - 101 45 - - -
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