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Abstract Predictions derived from the optimal foraging the-
ory are interesting to test on wild herbivores living in moun-
tain environments, considering the expected vegetation
changes across altitudinal gradients. A lower food richness
and a more generalist diet are expected as altitude increases,
with higher diet diversity and a shift to browsing as food
availability decreases seasonally.With broad diets and ecolog-
ical adaptability, Lepus europaeus is a non-native herbivore
inhabiting Andean altitudinal gradients. Diet and vegetation
were analyzed using microhistological analysis and point-
quadrat transects at six sampling sites, representative of alti-
tudinal phytogeographic belts. The diet included 67 of the 109
species present in the vegetation. Lepus europaeus proved to
be an intermediate feeder with a generalist and selective diet.
Following the prediction for altitudinal gradients, dietary
generalism increased as plant cover and diversity decreased
with altitude. Differences in plant phenology and toxins justi-
fied changes in food preferences, from shrubs at the summit to
grasses at lower altitudes. Seasonal changes in diet diversity
were consistent with different hypotheses depending on alti-
tude. The tundra climate at the summit determined a strong
phenological decline and food scarcity during winter, when
the less diverse diet was more focused on a preferred shrub,

following the selective quality hypothesis. With a milder cli-
mate at lower altitudes, the winter increase in diet diversity,
with inclusion of avoided shrubs, agrees with the food abun-
dance hypothesis. Climate severity, food shortage, plant phe-
nology, and secondary compounds are relevant for explaining
the feeding strategy of European hares in these mountain
environments.

Keywords Leporidae . Feeding ecology . Food availability .

Dietary flexibility . Mountain environments

Introduction

The distribution, structure, and abundance of vegetation are
expected to change across altitudinal gradients of mountain
environments, conditioned by altitudinal differences in tem-
perature, solar radiation, and rainfall (Körner 2000). As alti-
tude increases, the vegetation presents a lower richness of
species in the Andes (Gentry 1988), as well as in other moun-
tain environments such as the Alps (Erschbamer et al. 2006)
and the Himalayas above 1500 m a.s.l. (Grytnes and Vetaas
2002). In response to the decreased plant diversity at higher
altitudes, a more generalist use of resources was observed in
herbivores of the Alps (Pellissier et al. 2012). The guanaco
(Lama guanicoe), a wild ungulate that shares the altitudinal
gradient of the Southern Andean Precordillera with European
hares, also showed an increased dietary generalism associated
to a decreasing food availability with the altitude (Puig et al.
2014a).

Predictions derived from the optimal foraging theory are
interesting to test on wild herbivores living in mountain envi-
ronments, bearing in mind the expected changes in food avail-
ability and diversity along altitudinal gradients. The food
abundance hypothesis proposes a dietary focus on the most
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nutritive items while food is abundant and a broader diet in
situations of food scarcity (Stephens and Krebs 1986). On the
other hand, the selective quality hypothesis (Weckerly and
Kennedy 1992) proposes a higher selectivity for the few plant
species with acceptable quality to meet nutritional require-
ments, when resources are strongly limited during extreme
drought or in severely arid conditions. Branch et al. (1994)
argued that high selectivity can occur at the upper end of the
resource spectrum because of dietary preferences (food abun-
dance hypothesis) and at the lower end of the spectrum because
of constraints in food availability (selective quality hypothesis).

The presence of European hares in mountains of the
Southern Andean Precordillera allows assessment of feeding
strategies of this lagomorph and testing predictions for altitudi-
nal gradients within the frame of the optimal foraging theory.
The European hare is an interesting herbivore to study consid-
ering its adaptability, with broad diets that change in composi-
tion according to diverse environmental conditions, the current
inclusion of this introduced species in South America’s ecosys-
tems, and its relevance as a prey for native aerial and terrestrial
predators (Montserrat et al. 2005; Bonino et al. 2010).

Most hares (Order Lagomorpha, Family Leporidae) are
characterized by great adaptability to ecologically diverse en-
vironments (Chapman and Flux 1990). Such adaptability in
Lepus europaeus (Pallas), a native lagomorph from the
Palearctic, favored its successful expansion after being intro-
duced into Australasia, North America, and South America
(Angermann et al. 1990). The broad diets of hares include
mainly grasses, shrubs, and forbs, whose relative proportions
vary with habitat characteristics such as food availability, se-
verity of weather conditions, protection from predators, and
interspecific competition. Regarding food availability, the
structure of vegetation and the emergence of seasonal species
influence the composition of the hare’s diet (Flux and
Angermann 1990). Some populations of L. timidus and
L. europaeus showed shifts from grazing to browsing associat-
ed with declines in food availability (Hulbert et al. 2001; Rödel
et al. 2004; Kufner et al. 2008). In fact, the senescence of
grasses represents a food restriction for Lepus timidus, whose
diet changes seasonally from grasses in summer to woody spe-
cies in winter (Hulbert et al. 2001). The low palatability of
grasses post-seeding is responsible for summer to autumn
changes in the diet of L. europaeus (Green et al. 2013).
About the severity of weather conditions, snowfall at high alti-
tudes limit food accessibility in winter, forcing L. europaeus to
use the vegetation protruding through the snow (Green et al.
2013) or growing in windswept areas without snow (Flux
1967). As accessibility to vegetation decreases with altitude
in winter, twigs and barks of a greater number of woody species
are included in the diet of hares (Rödel et al. 2004).

With respect to protection from predators, most hare spe-
cies favor open habitats (tundra, steppe, agricultural land, sa-
vanna, desert), provided they have some kind of protective

cover (shrubs, bushes, rocks) (Flux and Angermann 1990).
Snow cover and a low plant cover increase the requirements
of protection during winter and can affect the diet of hares.
Indeed, the foraging activity of L. timidus was restricted to
the vegetation available in forest habitats (Rehnus et al.
2013), while L. americanus used poorer food items available
on less risky sites (Hik 1995). About interspecific competition,
competitive exclusion usually occurs between hare species in
regions where they overlap geographically. The diet composi-
tion of each species can reflect differences in the vegetation of
the habitat that it occupies as a consequence of this exclusion
(Flux and Angermann 1990). Despite L. europaeus has been
associated with the steppe and L. timiduswith the tundra, these
species can be mutually replaced if ecological conditions
change (Flux and Angermann 1990). In environments where
L. timidus is absent, the type of habitat originally associated
with this species can be successfully occupied by L. europaeus,
whose diet includes more shrub items as an adaptation to the
vegetation of this habitat (Flux et al. 1990; Green et al. 2013).

The Southern Andean Precordillera and its Piedmont con-
stitute an altitudinal gradient extending from 800 to
3200m a.s.l. This gradient, comprising three phytogeographic
provinces arranged in altitudinal belts (Dalmasso et al. 1999),
presents important environmental changes in food availability
for the European hare. Climate changes with altitude in the
Southern Andean Precordillera are consistent with those ex-
pected for mountain environments (Körner 2000), with an
increasing severity from a steppe climate at lower altitudes
to a tundra climate at the summit (Videla and Suárez 1991).
As altitude diminishes, the gradual increase in temperatures
confirms the expected milder climate at the bottom of the
altitudinal gradient (Puig et al 2014a). Additionally, the snow
cover decreases in extent and persistence from higher to mid-
dle altitudes and it is absent at lower altitudes. The growing
severity of climate conditions and food scarcity as altitude
increases also allows assessing the relevance of shifts from
grazing to browsing in the European hare’s diet.

The objective of this study is to analyze the seasonal com-
position of the European hare’s diet, in relation to food avail-
ability and diversity in three phytogeographic provinces (Puna,
Cardonal, and Monte) present across an altitudinal gradient
within a protected area in the Southern Andean Precordillera.
According to predictions for altitudinal gradients, we expect
that plant species richness will be lower and that the
European hare’s diet will be more generalist as altitude in-
creases. Considering the food abundance hypothesis, we expect
a higher diet diversity and the seasonal inclusion of species
used with avoidance when food availability decreases. Taking
into account that shifts from grazing to browsingwere observed
in other hare populations when vegetation declines, we expect
that the winter decline in the availability and diversity of veg-
etation and the increase of shrubs in the diet will be stronger on
the summit than at the bottom of the altitudinal gradient.
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Materials and methods

Study area and habitat characteristics

The study area, belonging to the BReserva Villavicencio^
protected area (32° 35′ S 69° 02′ W, 620 km2, Mendoza,
Argentina), is representative of the southernmost part of the
Andean Precordillera (Polanski 1954), as well as of Puna and
Cardonal phytogeographic provinces (Roig and Martínez
Carretero 1998; Roig 1994). The scarce rainfall, elevated
evapotranspiration, and immature surface soils allow charac-
terizing the Southern Puna as an Andean desert (Roig and
Martínez Carretero 1998). A tundra climate occurs above
3000 m a.s.l., with permafrost soils from May to September,
whereas a steppe climate occurs below this altitude, character-
ized by scarce rains (Videla and Suárez 1991). Temperatures
in this area show high variability, according to altitude, expo-
sure of slopes to sun, and relative humidity (De Fina 1992).
Annual precipitation ranges from 120 to 300 mm and occurs
mainly from October to March (Capitanelli 1971).

The area is composed of a central elevated plateau
surrounded by slopes with a strong altitudinal gradient, with
the steepest slopes facing eastward and crossed by narrow
valleys following the line of tension joints (Harrington
1971). Three phytogeographic provinces are represented in
the study area (Ambrosetti et al. 1986; Dalmasso et al.
1999): Puna in the large plateau on the mountain summit,
Cardonal in the Eastern valleys at intermediate altitudes, and
Monte in the extensive East Piedmont corresponding to the
lowest altitudes. Hunting, extraction of woody plants, fires,
and livestock overgrazing have been historical negative im-
pacts at lower altitudes. Since the protected area was created in
2000 and management actions were carried out, these impacts
have markedly decreased. Consequently, there was a slow
recovery in the historically impacted vegetation.

Field and laboratory design

Considering the steep altitudinal gradient, the phytogeograph-
ic belts, and geomorphologic heterogeneity, six landscapes
were selected in the study area, with a mean area of 16 km2

(SD = 9) per landscape. A requisite for the selection of all
these landscapes was the presence of European hares through-
out the year. In order to achieve better representativeness of
environmental heterogeneity, two landscapes were selected
within each phytogeographic belt (Table 1).

Seasonal fecal sampling and vegetation recording were
conducted in the six above-defined landscapes during 2010–
2011, corresponding to winter (July), spring (October), sum-
mer (February), and autumn (April). A 5-ha sampling site was
selected within each landscape, and the mean distance among
sampling sites was 12 km. Throughout the year, 40 fecal sam-
ples were collected from each landscape and 40 vegetation T

ab
le
1

L
oc
at
io
n
an
d
ch
ar
ac
te
ri
st
ic
s
of

sa
m
pl
in
g
si
te
s
in

th
e
V
ill
av
ic
en
ci
o
R
es
er
ve

(e
xt
ra
ct
ed

fr
om

A
m
br
os
et
ti
et
al
.1
98
6;

D
al
m
as
so

et
al
.1
99
9;

D
e
F
in
a
19
92
)

To
po
gr
ap
hy

an
d
so
il

C
lim

at
e

V
eg
et
at
io
n
st
ru
ct
ur
e

Sa
m
pl
in
g
si
te
s

(l
oc
at
io
n
an
d
al
tit
ud
e)

P
hy
to
ge
og
ra
ph
ic
pr
ov
in
ce
:P

un
a
(s
ur
fa
ce

in
th
e
st
ud
y
ar
ea
:2

50
km

2 ,
al
tit
ud
in
al
be
lt:

32
00

to
28
00

m
a.
s.
l.)

S
um

m
it
of

A
nd
ea
n
Pr
ec
or
di
lle
ra
.O

pe
n
pl
ai
ns

w
ith

so
ft
hi
lls

an
d
ex
te
nd
ed

fo
ot
hi
lls
.

L
ith
os
ol
s
of

co
ar
se

sa
nd

an
d
ro
ck
s
fr
ag
m
en
te
d
du
e
to

cr
io
ge
ni
c
pr
oc
es
se
s.

M
ea
n
te
m
pe
ra
tu
re
s:
13

°C
in

su
m
m
er
,

0.
8
°C

in
w
in
te
r.
Sc
ar
ce

ra
in
fa
ll

(1
75

m
m
)
w
ith

ir
re
gu
la
r
di
st
ri
bu
tio
n.

L
ar
ge

de
ep

pa
tc
he
s
of

sn
ow

co
ve
r
du
ri
ng

w
in
te
r,
pe
rs
is
te
nt

un
til

m
id

sp
ri
ng

in
ea
st
er
n

sl
op
es
.S

tr
on
g
w
es
tw

in
ds
,e
sp
ec
ia
lly

fo
eh
n.

C
oa
rs
e
gr
as
sl
an
ds

of
P
ap
po
st
ip
a
sp
p.
,

w
ith

lo
w
su
bf
ru
tic
es
.H

ig
h
pr
op
or
tio
n

of
nu
de

so
il.

O
pe
n
sh
ru
bb
y
pa
tc
he
s

in
si
te
s
pr
ot
ec
te
d
fr
om

th
e
w
in
d.

C
an
ar
io

(P
am

pa
de

Pa
ra
m
ill
os
,3
13
9
m

a.
s.
l.)

C
an
ot
a
(P
am

pa
de

C
an
ot
a,
29
31

m
a.
s.
l.)

P
hy
to
ge
og
ra
ph
ic
pr
ov
in
ce
:C

ar
do
na
l(
su
rf
ac
e
in

th
e
st
ud
y
ar
ea
:1

50
km

2
,a
lti
tu
di
na
lb

el
t:
28
00

to
17
00

m
a.
s.
l.)

A
nd
ea
n
Pr
ec
or
di
lle
ra

go
rg
es
.S

ha
dy

sl
op
es

ve
ry

pr
on
ou
nc
ed

w
ith

ro
ck
y
so
ils
.

M
ea
n
te
m
pe
ra
tu
re
s:
17

°C
in

su
m
m
er
,5

°C
in

w
in
te
r.
R
ai
nf
al
l(
32
5
m
m
)
co
nc
en
tr
at
ed

in
au
tu
m
n.
S
no
w
co
ve
r
du
ri
ng

m
or
e
th
an

a
m
on
th

in
sh
ad
y
sl
op
es

du
ri
ng

w
in
te
r.

L
ow

sh
ru
bl
an
ds

of
A
de
sm

ia
us
pa
lla
te
ns
is
an
d

M
ul
in
um

sp
in
os
um

in
sh
ad
y
sl
op
es
,w

ith
hi
gh

he
rb
ac
eo
us

co
ve
r.
S
un
ny

sl
op
es

w
ith

ca
ct
i

(L
ob
iv
ia

fo
rm

os
a
an
d
D
en
m
oz
a
rh
od
ac
an
th
a)
.

H
or
ni
llo

s
(Q

ue
br
ad
a
H
or
ni
llo

s,
27
44

m
a.
s.
l.)

M
es
ita
s
(Q

ue
br
ad
a
M
es
ita
s,
26
61

m
a.
s.
l.)

P
hy
to
ge
og
ra
ph
ic
pr
ov
in
ce
:M

on
te
(s
ur
fa
ce

in
th
e
st
ud
y
ar
ea
:2

20
km

2
,a
lti
tu
di
na
lb

el
t:
17
00

to
80
0
m

a.
s.
l.)

U
pp
er

pa
rt
of

th
e
E
as
tP

ie
dm

on
t.
D
ee
p
lit
ho
so
ls
w
ith

gr
av
el
an
d
co
ar
se

sa
nd
.

M
ea
n
te
m
pe
ra
tu
re
s:
21

°C
in

su
m
m
er
,7

°C
in

w
in
te
r.
R
ai
nf
al
ls
po
ra
di
c
an
d
lo
ca
liz
ed

(1
96

m
m
),
co
nc
en
tr
at
ed

in
su
m
m
er
.F

re
qu
en
th

ot
dr
y
w
in
ds

Fo
eh
n
ty
pe
.G

re
at
he
lio
ph
an
y.

H
ig
h
de
ns
e
sc
ru
bl
an
ds

of
La

rr
ea

di
va
ri
ca
ta
,

w
ith

ta
ll
sh
ru
bs
,l
ow

sh
ru
bs
,a
nd

gr
as
se
s.

C
om

m
er
ci
al
ex
tr
ac
tio
ns

of
w
oo
dy

sp
ec
ie
s,

m
ai
nl
y
P
ro
so
pi
s
fle
xu
os
a,
hi
st
or
ic
al
ly

im
pa
ct
ed

th
e
ve
ge
ta
tio

n.

Pi
nt
ad
as

(P
ie
dr
as

Pi
nt
ad
as
,1
38
1
m

a.
s.
l.)

E
nj
am

br
e
(L
om

as
de
lE

nj
am

br
e,
13
15

m
a.
s.
l.)

Mamm Res

Author's personal copy



records were carried out. Plant cover and relative frequencies
of plant species were estimated for each season by the point-
quadrat method (Daget and Poissonet 1971), applied to 10
fixed transects per sampling site. All 30-m transects, separated
from one another by more than 100 m, were distributed within
each sampling site in a stratified random design in order to
better reflect the heterogeneity in topography and vegetation.
Each transect had 100 sampling points, separated from one
another by 30 cm. Ten fecal samples were collected in each
season from each sampling site. Each fecal sample, composed
of 10 fresh pellets (i.e., bright brown feces), was collected
from a different group of feces, which were more than
100 m apart.

Fecal samples were analyzed with the microhistological
method of Baumgartner and Martin (1939), modified by
Holechek (1982), and the relative frequency of food items
was determined based on the count of fragments.
Microhistological analyses, extensively used to evaluate the
diet composition of wild herbivores, have been considered to
have good precision despite that in some cases forbs can be
underestimated and grasses overestimated due to differential
digestion (Holechek et al. 1982). After being oven-dried at
60 °C, each fecal sample was ground, cleared with diluted
lye (aqueous sodium hypochlorite, 25 % w/v), and passed
through two sieves, one over the other, with aperture sizes of
0.249 and 0.149 mm, respectively. Two microscope slides
were prepared from the material trapped in the second sieve.
This procedure allowed obtaining even-sized plant fragments,
in order to avoid bias resulting from counting fragments that
differ widely in size (Smith and Shandruk 1979; Kuijper et al.
2009). On each slide, fifty fields were systematically exam-
ined through a microscope at 400× and all identifiable frag-
ments (those showing at least three diagnostic features) were
counted. A microscopic field at the high resolution used had
only one or two fragments, whose epidermal features were
easily identified. Plant reference material from the
Villavicencio Reserve was collected and stored in the Ruiz
Leal Herbarium (IADIZA, Argentina). Plant cuticle was iden-
tified to genus level and to species level when possible.

Statistical analyses

Plant cover (as complementary to bare soil) was determined
for each point-quadrat transect by dividing the number of
points at which vegetation was contacted (except dead plants)
by the 100 points setup along the transect. Food availability
analyses only considered potential food items for European
hares, i.e., all plant species consumed by European hares in
the study area on at least one occasion. Relative frequency of a
given item in the available food was determined by dividing
the absolute frequency of this species by the sum total of
absolute frequencies for all food items identified on each
point-quadrat transect. The relative frequency of a species in

the diet was determined for each fecal sample by dividing the
number of microscopic fields in which a given species oc-
curred by the sum total of frequencies for all species identified
(Holechek and Gross 1982). Taking into account the expected
altitudinal differences in diversity and richness of vegetation
and its probable influence on diet diversity and richness, diet
generalismwas estimated using the proportion of plant species
used by European hares on each site and season (i.e., the
number of species included in the diet divided by the number
of species present in the vegetation).

Plant species were grouped into four categories according
to life form: grasses, shrubs, forbs, and succulents. Diversity in
food availability and diet was estimated using the Simpson’s
diversity index (Krebs 1999). A linear model of plant cover
(transformed by Box and Cox) was fitted as a function of
distances among sampling units (F = 34.06 P < 0.001). The
null hypothesis of spatial independence among sampling units
was not rejected by the test of Diblasi and Bowman (2001),
applied to residuals of the mentioned model (P = 0.195).
Generalized linear models were fitted for vegetation and diet
variables (plant cover, species richness, diversity, percentages
of categories, and species), in order to detect the effects of
altitude, seasons, and their interactions. A Poisson distribution
of errors was used for integers, and a binomial distribution of
errors with a logistic link function was used for proportions
(Bolker 2007). Variables were not transformed for use in the
models. Models with the lowest AIC values (Akaike informa-
tion criterion) were selected through a stepwise function in
both directions (MASS package). Normality and homoscedas-
ticity of the model residuals were checked by means of a nor-
mal probability plot and a graph of residuals versus fitted
values. GzLMs were performed with the R 3.1.0 software
(The R Foundation for Statistical Computing Platform 2014).
Food selectivity (i.e., a diet with food items represented
disproportionately to their availability, Manly et al. 2002)
was detected by significant differences between observed
values (diet proportions) and expected values (food availabil-
ity proportions) using the χ2 test (Zar 1984). The Chesson’s
electivity index (Chesson 1983), with 95% confidence interval
estimated by bootstrapping (following Schai-Braun et al.
2015), identified selective use of each plant category and main
species (species with mean frequency higher than 0.10 in the
diet and/or availability). Plant use was qualified as indifference
(use proportional to availability) if the lower and upper limits of
the confidence interval had different algebraic signs; otherwise,
the use was qualified as preference (positive selection) if the
Chesson’s index had a positive value or avoidance (negative
selection) if the index value was negative. In the Spearman’s
rank correlation coefficient, R (Siegel and Castellan 1988)
determined the association between diet and food availability,
in terms of relative frequencies of species. Similarity
between the European hare’s diet and food availability was
estimated using the percent overlap index (Hurlbert 1978).
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Results

Composition of the vegetation

The vegetation was characterized by grasses (65 %), supple-
mented with shrubs (19 %) or forbs (17 %) at higher altitudes
(Puna sites), a codominance of shrubs (47 %) and grasses
(34 %) or forbs (19 %) at middle altitudes (Cardonal sites),
whereas shrubs (61 %), supplemented with grasses (34 %),
prevailed at lower altitudes (Monte sites) (Fig. 1). The grass
Pappostipa spp. was prevalent in the vegetation of Puna, to-
gether with the forb A. caespitosa in Canota (Table 2). The
vegetation of Cardonal was dominated by the grass Poa spp.
and the shrub A. mendozana in Hornillos, whereas the shrub
C. gilliesi and the forb C. arvense were codominant in
Mesitas. The shrub L. divaricata and the grass Pappostipa
spp. predominated in the vegetation of Monte.

Plant cover and diversity decreased as altitude increased
(Table 3). The decrease in plant cover with altitude became
significantly more pronounced in winter than in spring and

summer. Plant cover showed a slight seasonal change at lower
altitudes (6 %), but important winter decreases at higher and
middle altitudes (27 % in both cases; Fig. 2). The altitude-
related decrease in plant diversity did not differ among sea-
sons. Vegetation species richness also decreased as altitude
increased (Fig. 3), especially in the number of shrubs and
forbs. The decrease in the number of forb species with increas-
ing altitude becamemore pronounced in winter, when the forb
richness was higher at lower altitudes.

Sixty five percent of all plant species recorded on the sam-
pling sites (109 species) was food items for European hares:
all grasses (9 species), 33 of 50 shrubs, 24 of 43 forbs, three of
four succulents. The proportion of grasses in the food avail-
able increased with altitude (Fig. 1), whereas the proportion of
shrubs and succulents decreased. The decrease in shrub pro-
portion with altitude was less pronounced during winter
(Fig. 4). Availability of the grass Pappostipa spp., the shrub
E. breana, and the forb A. caespitosa increased with altitude,
whereas the shrubs L. divaricata and A. mendozana decreased
in availability (Table 3). The grass Poa spp. presented a higher
proportion in winter, particularly in the vegetation of lower
altitudes.

Diet of the European hare

The diet included 67 plant species from the study area. Shrubs
or forbs were the main food items at higher altitudes (Puna
sites, Fig. 1), whereas grasses dominated the diet at middle
and lower altitudes (Cardonal and Monte sites). The diet in
Puna was dominated by the shrub E. breana in Canario and
the forb A. caespitosa in Canota. The grass Poa spp. prevailed
in the Cardonal diet followed by the grass Pappostipa spp. in
Hornillos and by the forb C. arvense in Mesitas. The diet in
Monte was dominated by the grasses Pappostipa spp. and Poa
spp..

Diet diversity and species richness (particularly the number
of grass species) decreased with increasing altitude, and these
decreases were stronger in winter (Table 3). The number of
shrub species was higher during winter at lower altitudes
(Fig. 3), especially because the winter diet included the shrubs
L. divaricata and A. mendozana. It is useful to mention that
the microhistological structures of both shrubs helped to easily
identify them during the fecal analysis.

The dietary proportion of shrubs (particularly E. breana)
and forbs (with presence of A. caespitosa only in Puna) in-
creased with altitude (Fig. 1, Table 3), whereas the proportion
of grasses decreased (particularly Poa spp. and Pappostipa
spp., with presence of Eragrostis spp. only in Monte). The
decrease with altitude was stronger in winter for Poa spp., in
spring for Pappostipa spp., and in summer for Eragrostis spp.
The dietary proportion of shrubs (particularly A. mendozana)
increased in winter, whereas grasses and forbs occupied lower
proportions in the diet.
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Fig. 1 Mean proportions of plant categories: grasses (GR), shrubs (SH),
and forbs (FO) in available food and in the diet of the European hare at
lower altitudes (the Monte sites Enjambre and Pintadas), middle altitudes
(the Cardonal sites Hornillos and Mesitas), and higher altitudes (the Puna
sites Canario and Canota) of Villavicencio Reserve. Vertical bars
correspond to confidence intervals calculated using Neu et al. (1974)
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A low similarity between diet and food availability oc-
curred throughout the year at lower altitudes (Fig. 2).
Similarity decreased in winter at middle and higher altitudes
(Table 3), with very low values in Canario. As the altitude
increased, the number of grass and forb species included in
the diet corresponded to a higher proportion of the total num-
ber of species present in the vegetation. The winter diet in-
cluded a higher proportion of the total species present than the
summer diet, particularly at middle altitudes (Fig. 3, Table 3).
A higher proportion of shrub species and a lower proportion of
grass species were included in the winter diet, particularly at
lower and middle altitudes.

Dietary preferences

An overall selective use of plant categories was detected
throughout the year at the summit (Puna sites), middle alti-
tudes (Cardonal sites), and lower altitudes (Monte sites)
(Table 2, Fig. 4). Within the vegetation of higher altitudes, a
preference was detected for using shrubs (almost all year
round in Canario, during winter in Canota) and forbs (almost
all year round in Canota, too scarce in Canario), whereas
grasses were avoided throughout the year. Within the vegeta-
tion of middle and lower altitudes, shrubs were avoided all
year round, grasses were mostly used with preference, and
forbs were mostly used with indifference (even though they
were used with preference in Hornillos during summer).
Succulents were only consumed at lower altitudes and in very
low proportions.

An overall selective use of plant species was detected
throughout the year in all three altitudinal belts (Table 2).
Among the main species present in the vegetation of higher
altitudes, the shrub E. breana was used with preference in
Canario, whereas the grasses Pappostipa spp. and Poa spp.
were avoided at both summit sites. At middle altitudes, the
shrub A. mendozana and the grasses Poa spp. and Pappostipa
spp. were avoided in Hornillos.Within the vegetation of lower
altitudes, the grasses Poa spp. and Eragrostis spp. were used
with indifference, Pappostipa spp. was used with avoidance,
whereas the shrubs L. divaricata and A. mendozana were
avoided in winter and not eaten during the rest of the year.

Dietary proportions of plant categories increased as their
relative availability in the vegetation increased, considering
forbs (R = 0.73 P < 0.001, particularly A. caespitosa R = 0.89
P < 0.001), the main grasses Pappostipa spp. (R = 0.70
P < 0.001 in Canota, R = 0.54 P = 0.019 in Mesitas, R = 0.59
P < 0.001 in Enjambre) and Poa spp. (R = 0.62 P < 0.001 in
Canario, R = 0.60 P < 0.001 in Hornillos). The dietary propor-
tion of shrubs at middle and higher altitudes increased as their
relative availability in the vegetation increased (R = 0.66
P < 0.001 in Canota, R = 0.80 P < 0.001 in Mesitas), particu-
larly E. breana (R = 0.52 P < 0.001 in Canario, R = 0.48
P = 0.002 in Hornillos). At lower altitudes, where the shrubT
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L. divaricata prevailed, the proportion of shrubs in the diet
decreased as their relative availability increased (R = −0.35
P = 0.025 in Pintadas, R = −0.53 P < 0.001 in Enjambre).

Discussion

The dietary generalism of European hares, observed in other
environments including the HighAndes mountains (Puig et al.
2015), was confirmed in the study area given that the number
of species in the diet corresponded to a considerable percent-
age of the total number of species present in the vegetation.
Generalism favors the survival of species in environments
where food is a limiting resource, for it enhances their ability

to shift among food items (Schleuter and Eckmann 2007).
Lepus europaeus behaves as an intermediate feeder in the
Southern Andean Precordillera, since both grasses and shrubs
were eaten at the different altitudes and seasons studied. The
dietary relevance of grasses in summer and shrubs in winter
also allowed considering L. timidus as an intermediate feeder
on an annual basis (Hulbert et al. 2001). Differing from the
case of hares that ate bark during winter (Rödel et al. 2004),
woody stems of shrubs were never observed debarked by
European hares in the study area. Diversity, richness of spe-
cies, and proportion of several main items increased in the diet
following the respective increases in food availability in the
study area, which supports the expected dietary adaptability of
European hares to diverse ecological conditions (Chapman

Table 3 Effects of altitude and seasons on vegetation and diet variables, detected using generalized linear models

Intercept Altitude Springa Summer Autumn Altitude:spring Altitude:summer Altitude:autumn AIC

Composition of the vegetation
Plant cover 8.09*** −5.39*** 2.23* 2.04* 467.36
Diversity Simpson 16.58*** −7.65*** 443.53
Number of plant species 43.02*** −5.49*** 1213.00
Number of grass species 21.91*** 719.06
Number of shrub species 26.79*** −6.60*** 1003.80
Number of forb species 5.87*** −4.29*** −2.34* −4.77*** 2.15* 3.55*** 6.04*** 967.35
Food availability
Proportion of grasses −12.07*** 11.78*** 3.66*** 362.52
Proportion of shrubs 4.09 *** −4.83*** −2.28* −3.15** 350.10
Proportion of forbs −4.66*** −2.52* 2.64** 289.21
Proportion of succulents −2.84** 326.22
Poa spp. (grass) −4.85*** −2.44* 2.01* 2.49* 309.21
Pappostipa spp. (grass) −9.68*** 5.87*** 308.66
A. mendozana (shrub) −5.30*** −2.89** 224.22
E. breana (shrub) −3.59*** 2.24* 176.61
L. divaricata (shrub) 5.29*** −7.15*** 272.85
A. caespitosa (forb) −7.05 *** 5.18 *** 224.05
Diet of the European hare
Diversity Simpson 3.58*** −2.42* 3.45*** 3.48*** 343.78
Number of species 17.65*** −3.09** 2.15* 1071.00
Number of grass species 11.18*** −5.64*** 2.33* 2.16* 710.86
Number of shrub species 7.47*** −2.97** −2.36* 2.65** 799.07
Number of forb species 2.16* −2.03* 2.45* 783.61
Proportion of grasses 12.19*** −14.80*** 2.67** 4.33*** 4.07*** 296.67
Proportion of shrubs −8.58*** 8.35*** −4.25*** −3.68*** −4.46*** 280.41
Proportion of forbs −9.31*** 6.55*** 2.29* 265.14
Poa spp. (grass) −4.54*** −4.80*** 4.91*** 301.34
Pappostipa spp. (grass) −2.71** 3.26** −3.09** 256.32
Eragrostis spp. (grass) 3.34*** −4.55*** 3.21** −3.26** 274.27
A. mendozana (shrub) −5.96*** −2.98** −2.68** 127.94
E. breana (shrub) −2.65** 2.34* 30.43
L. divaricata (shrub) 2.87** −3.61*** 218.52
A. caespitosa (forb) −6.09*** 4.95*** 218.40
Number of species in the diet/number of species in the vegetation
Plant species −6.48*** −3.13** 3.51*** 2.34* 559.75
Grasses 2.56* 3.56*** 4.33*** 4.56*** 314.94
Shrubs −3.93*** −2.31* −4.68*** −3.58*** 4.16*** 2.66** 427.85
Forbs −5.89*** 4.29*** 328.51
Similarity between diet and food availability
Similarity 0.00** 3.42*** 3.45*** 428.98

a Spring, summer, and autumn are referred to seasonal changes from winter to spring, from winter to summer, and from winter to autumn, respectively

*P < 0.05, **P < 0.01, and ***P < 0.001 (significant levels of the z values)
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Fig. 2 Plant cover, species
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and Flux 1990). According to categories of herbivores defined
by Hofmann and Stewart (1972), the European hare behaves
during favorable seasons as a mixed herbivore at the summit
and as a grazer at middle and lower altitudes, whereas during

unfavorable seasons it behaves as a browser at the summit and
as a mixed herbivore at middle and lower altitudes.

On the other hand, the European hare presented a selective
diet (i.e., a diet with significant differences from food
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availability in terms of the relative frequencies of items) all
year round, with low to moderate similarity with respect to the
food available in the different altitudinal belts of the Southern
Andean Precordillera. A selective use was also found in other
populations of L. europaeus that differs in their food selection,
with a preference for monocots in summer and dicots in winter
in Chacoan forests (Kufner et al. 2008), a preference for
shrubs all year round in open shrublands of Monte (Reus
et al. 2013), a preference for shrubs and avoidance of the
predominant grasses in steppes of Northern Patagonia (Puig
et al. 2007), and a summer preference for shrubs and avoid-
ance of grass-likes in the steppes with wetlands of the High
Andes (Puig et al. 2015). Differences found in dietary prefer-
ences, not only among hare populations but also among alti-
tudinal belts within the Andean Precordillera, can be answer to
differences in several environmental variables. Besides food
availability, the phenological status, nutritional content, and
presence of secondary compounds in the potential food items
also influence the selective feeding strategy of hares in differ-
ent habitats, together with the severity of weather conditions,
protection from predators, and interspecific competition (Flux
1967; Hik 1995; Hulbert et al. 2001; Rödel et al. 2004; Green
et al. 2013; Rehnus et al. 2013).

Altitudinal changes

Changes in the vegetation with altitude across the studied
gradient of the Southern Andean Precordillera agree with the
prediction for altitudinal gradients and concur with observa-
tions made in other mountain environments (e.g., Gentry
1988; Grytnes and Vetaas 2002; Erschbamer et al. 2006).
The European hare finds vegetation with less cover and diver-
sity as temperature decreases from the bottom to the summit of
the gradient, particularly a lower richness of grasses, shrubs,
and forbs. According to the prediction for altitudinal gradi-
ents, the generalism of the European hare increased as plant
species richness decreased with altitude, particularly consid-
ering the proportion of forb and grass species used. This ten-
dency was also detected in herbivores of the Alps (Pellissier
et al. 2012), as well as in the guanaco of the Southern Andean
Precordillera (Puig et al. 2014a).

Influenced by altitudinal changes in the vegetation,
European hares changed their selective use of food at different
altitudes, from a preference for shrubs and forbs on the sum-
mit to a preference for grasses at middle and lower altitudes.
Climate conditions at different altitudes affect phenological
cycles, with a short period of sprouting and fast senescence
of grasses at the summit, due to the rigorous tundra climate
with strong winds, snow pressure, and freezing and solifluc-
tion processes (Roig and Martínez Carretero 1998). The spe-
cific composition of vegetation categories changes with alti-
tude, with different nutritional content, and concentration of
toxins in the dominant plant species. Indeed, the low

nutritional quality and high fiber content of Pappostipa spp.
(Passera and Borsetto 1983), the dominant species in the ex-
tensive grasslands on the summit, justify the avoidance of
grasses at higher al t i tudes. The fossorial rodent
C. mendocinus also avoided Pappostipa spp. throughout the
year on the summit of the Southern Andean Precordillera
(Rosi et al. 2003). The dominance of Pappostipa spp. was
particularly important in the vegetation of Canario, a land-
scape where the hare’s diet had very low similarity to the
available food, and the main dietary item was Ephedra
breana, a shrub with considerable protein content and few
secundary compounds (Borgnia et al. 2010). Contrasting with
higher altitudes, shrubs dominated the vegetation of lower
altitudes but were used with avoidance by L. europaeus.
Despite that dicots are usually present, a better nutritional
content than monocots (Borgnia et al. 2010; Wainstein and
González 1971), the high concentration of secondary metab-
olites in the foliage of the dominant shrubs of Monte reduces
their palatability and digestibility (Dearing et al. 2005). In fact,
the main shrub species in theMonte, Larrea spp., was avoided
not only by European hares but also by guanacos (Puig et al.
2014a) and other herbivores despite being evergreen spine-
less, due to the high resin content in the leaf cuticle (14 % of
polyphenols, Rossi et al. 2008). The similarity between diet
and food availability was particularly low, and the more spe-
cialized diet of L. europaeus was focused on grasses at lower
altitudes in the Southern Andean Precordillera. Differing from
higher altitudes, the milder climate at the bottom of the gradi-
ent favored the presence of grass species with high nutritional
quality such as Diplachne dubia and Eragrostis spp. (Passera
and Borsetto 1983), which were included in the diet of hares.

Protection from predators can also have influence over the
feeding decisions of European hares, taking into account that
Lagomorphs, with an intermediate size and great abundance,
are considered the basis of many predator–prey systems
(Chapman and Flux 1990). Although it is an introduced spe-
cies in South America, the European hare has become an
important prey for native aerial and terrestrial predators
(Montserrat et al. 2005; Bonino et al. 2010). Like in the
High Andes (Puig et al. 2015), both types of predators are
present in the study area, with a lower richness at the summit
than at middle and lower altitudes (Puig et al. 2008).
Considering the absence of trees, the low plant cover and the
seasonal snow cover, the sparse patches of shrubs in the open
environments of higher altitudes become an important protec-
tive cover to minimize predation risk, may be influencing the
feeding activity of hares as was observed in other populations
(Flux and Angermann 1990; Hik 1995; Rehnus et al. 2013).
Indeed, shrubs predominated in the diet of L. europaeus in the
High Andes, where dry slopes constitute main feeding areas
for hares, with shrub patches that provide useful food and
cover against predation (Puig et al. 2015). Lower altitudes
constitute more risky environments for hares, considering that
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the dense vegetation conceals the approach of terrestrial pred-
ators, tall shrubs serve as a perch for prey detection by aerial
predators, and the hare’s strategy to avoid predation is based
on distance of visibility and evasive freeing (Bonino 2007;
Flux and Angermann 1990).

Seasonal changes

Environmental conditions can be responsible for differences
among populations of European hares in their seasonal dietary
changes. Several populations of L. europaeus in arid environ-
ments of South America showed an increase in diet diversity
during the season with better food availability (Puig et al.
2007; Kufner et al. 2008; Reus et al. 2013). On the other hand,
the richness of species eaten by L. europaeus increased during
winter in alpine habitats of Australia (Green et al. 2013) and so
did the number of eaten woody species as climate severity
increased with altitude in mountain environments of
Germany (Rödel et al. 2004).

With regard to the study area, the stronger winter decline in
plant cover with increasing altitude represents a stronger sea-
sonal decrease in available food for the European hare. Food
scarcity and severe climate conditions, which include large
patches of snow cover, characterize winter on the summit
and account for the lower dietary diversity and richness found
during this season. These changes agree with the selective
quality hypothesis (Weckerly and Kennedy 1992), in terms
of a diet more focused on a few preferred food items during
the unfavorable season, particularly severe at higher altitudes.
Indeed, the similarity between diet and food availability de-
creased at higher altitudes during winter, when the diet was
more focused on the preferred shrub E. breana. Stems of this
species remain green during winter, unlike the dry woody
stems of other shrubs and the senescent grasses burned by
snow. The dietary relevance of shrubs during winter agrees
with the expected higher increase in these food items at the
summit than at the bottom of the altitudinal gradient.
Additionally, shrubs represent useful shelter places against
the severe climate conditions at higher altitudes and hares
were several times observed underneath shrubs.

With a less important winter decline in plant cover at mid-
dle and lower altitudes, the seasonal change in generalism
agrees with the food abundance hypothesis (Stephens and
Krebs 1986). More shrub and forb species were included in
the winter diet of European hares at the bottom of the gradient,
especially the avoided shrubs L. divaricata and A. mendozana.
Most shrubs of lower altitudes, being perennial and evergreen,
still constitute available food during winter. Caecotrophy al-
lows the hares to increase their efficiency to digest low-quality
food items such as leaves and twigs of woody plants
(Hirakawa 2001; Kuijper et al. 2004). Despite the prevalence
of shrubs in the vegetation of lower altitudes, the high resin
content explains the use with avoidance of L. divaricata, the

dominant shrub of Monte that was included in the diet only
during the winter food decline. Reduced palatability and di-
gestive efficiency due to the concentration of terpenoids
(Meyer and Karasov 1991) are responsible for the avoidance
of Artemisia mendozana, another shrub species included in
the hare’s diet only in winter. Dietary shifts, from grasses
and forbs to woody plants, have been observed in situations
of food scarcity in other hare populations (Flux and
Angermann 1990). A higher predominance of shrubs in diets
of L. europaeus also occurred during the winter grass senes-
cence in other environments such as dry Chacoan forests
(Kufner et al. 2008) and steppes of Northern Patagonia (Puig
et al. 2007, 2014b).

The altitudinal differences found in the feeding strategy of
European hares in the Southern Andean Precordillera high-
light the relevant influence of climate severity. Seasonal die-
tary changes at lower altitudes agree with the food abundance
hypothesis (Stephens and Krebs 1986), whereas at higher al-
titudes they agree with the selective quality hypothesis
(Weckerly and Kennedy 1992). It has been proven that, when
resource scarcity is extreme, a lack of palatable plant material
restricts the dietary breadth of plain vizcachas (Lagostomus
maximus, Branch et al. 1994), whereas the diet of white-tailed
deer (Odocoileus virginianus) shifts to favor evergreen shrubs
and drought-resistant plants, the only food available for con-
sumption (Folks et al. 2014). The foraging strategy of deer,
consistent with the food abundance hypothesis in mesic and
stable environments, changed to a higher selectivity during
drought conditions, and the dietary spectrum shrank to the
few items of acceptable quality, in response to the decrease
of crude protein in most plant species (Lashley and Harper
2012).

In conclusion, L. europaeus proved to be a generalist and
selective herbivore, and an intermediate feeder in the altitudi-
nal gradient of the Southern Andean Precordillera. Following
the prediction for altitudinal gradients, generalism increases in
the European hare’s diet as plant cover and diversity decrease
with altitude in this mountain environment. Altitudinal differ-
ences in the selective use of food, from a shrub preference on
the summit to a grass preference at the bottom of the gradient,
are ascribed to differences in climate conditions, plant phenol-
ogy and concentration of secondary compounds. Seasonal
changes in the diet diversity of European hares agree with
different hypotheses depending on altitude and are consistent
with the expected effects of extreme resource scarcity on the
summit. Following the selective quality hypothesis, diet diver-
sity decreases at the summit during the unfavorable season,
affected by the severity of climate conditions, food scarcity,
and an expected high risk of predation. A preferred shrub
species becomes more prevalent in the diet of European hares
during winter, when it remains accessible and green. With a
less important seasonal decline in plant cover due to the milder
climate of lower altitudes, diet diversity at the gradient bottom
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increases during the unfavorable season, consistently with the
food abundance hypothesis. Avoided shrubs are included in
the diet only during winter, due to the high concentration of
toxins in shrub species prevalent at lower altitudes and to the
winter senescence of grasses. Climate severity, food shortage,
plant phenology, and secondary compounds arise as relevant
variables for explaining altitudinal and seasonal changes in the
diet of European hares in mountain environments of the
Southern Andean Precordillera.
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