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Abstract 
Context  The Complementary Habitat Hypothesis 
posits that animals access resources for different 
needs by moving between complementary habitats 
that can be seen as ‘resource composites’. These 
movements can occur over a range of temporal scales, 
from diurnal to seasonal, in response to multiple 
drivers such as access to food, weather constraints, 
risk avoidance and human disturbance. Within this 

framework, we hypothesised that large herbivores 
cope with human-altered landscapes through the 
alternate use of complementary habitats at both daily 
and seasonal scales.
Objectives  We tested the Complementary Habitat 
Hypothesis in European roe deer (Capreolus capreo-
lus) by classifying 3900 habitat-annotated movement 
trajectories of 154 GPS-monitored individuals across 
contrasting landscapes.
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Methods  We considered day-night alternation 
between open food-rich and closed refuge habitats 
as a measure of complementary habitat use. We first 
identified day–night alternation using the Individual 
Movement - Sequence Analysis Method, then we 
modelled the proportion of day–night alternation 
over the year in relation to population and individual 
characteristics.
Results  We found that day-night alternation is a 
widespread behaviour in roe deer, even across mark-
edly different landscapes. Day–night alternation fol-
lowed seasonal trends in all populations, partly linked 
to vegetation phenology. Within populations, seasonal 
patterns of open/closed habitat alternation differed 
between male and female adults, but not in juveniles.
Conclusion  Our results support the Complemen-
tary Habitat Hypothesis by showing that roe deer 

adjust their access to the varied resources available 
in complex landscapes by including different habitats 
within their home range, and sequentially alternating 
between them in response to seasonal changes and 
individual life history.

Keywords  Animal trajectories · Habitat use · 
IM-SAM · Resource composites · Roe deer · 
Sequential analysis methods · Spatio-temporal 
patterns · Vegetation green up

Introduction

Fitness is influenced by spatial and temporal hetero-
geneity in the distribution of multiple, often comple-
mentary, resources (Gaillard et  al. 2010). A given 
habitat may not fulfil all the needs of an individual 
simultaneously, while the functional role of a habitat 
may fluctuate over time in relation to modifications 
in an individual’s requirements, or in the value of the 
habitat per se (Peters et al. 2017; Couriot et al. 2018), 
for example, driven by vegetation phenology. In 
response, animals may adjust their behaviour through 
‘complementary habitat use’, defined as the use of 
different habitats at different times by individuals dur-
ing the course of their daily and seasonal activities 
(Complementary habitat hypothesis, CHH) (Dunning 
et  al. 1992; Mandelik et  al. 2012). For many ungu-
lates, for example, accessibility to forage and protec-
tion from predation risk are two key resources that 
are selected (Hebblewhite and Merril 2009). Indeed, 
these two types of resource are both positively related 
to fitness, but are often spatially distinct (Benhaiem 
et al. 2008) and fluctuate seasonally, driving comple-
mentary use (sensu Mandelik et  al. 2012) of ‘open’ 
vs. ‘cover’ habitats (Mysterud and Østbye 1999; Ber-
ryman and Hawkins 2006). For example, forest can-
opy can provide cover from adverse conditions (e.g., 
deep snow: Mysterud and Østbye 1995, Ewald et al. 
2014, Ossi et  al. 2015) and protection from preda-
tors or human disturbance (Bonnot et al. 2013), while 
the understorey provides seasonally rich foraging 
(i.e., during the vegetation green up and re-growth, 
Mancinelli et  al. 2015). In contrast, open areas may 
be used by ungulates as a seasonal source of for-
age (Abbas et al. 2011), but mainly at night to avoid 
human disturbance (Godvik et al. 2009; Bonnot et al. 
2013; Dupke et al. 2017; Salvatori et al. 2022), or to 
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diminish the risk of ambush predation (Lone et  al. 
2014; Gehr et  al. 2017). Hiding cover may also be 
seasonally available in open habitats, for example, in 
summer, when row crops are mature and provide con-
cealing (Mysterud et al. 1997; Bjørneraas et al. 2011; 
Bonnot et al. 2013; Dupke et al. 2017).

In heterogeneous landscapes, open and closed 
habitats, hence, may represent composites of different 
resource types, and animals must alternate between 
them to satisfy their requirements (see Dunning et al. 
1992). Large herbivores use these composites at dif-
ferent spatio-temporal scales, so that the open and 
closed habitats visited along the movement trajec-
tories generate specific patterns of sequential habi-
tat use (De Groeve et al. 2016). For example, at the 
daily scale, the day–night alternation between open 
and closed habitats may be linked to activity cycles 
e.g., foraging vs. resting and ruminating, or the forage 
acquisition-predation risk avoidance trade-off (Heb-
blewhite and Merril 2009). In turn, daily alternating 
use of open and closed habitats may vary in relation 
to seasonal changes in perceived risk (e.g., anthro-
pogenic disturbance, hunting activity; Bonnot et  al. 
2013, Gehr et al. 2017, 2020), vegetation productiv-
ity (i.e., green up and senescence, or cultivation / har-
vesting; Peters et al. 2019), and physiological cycles 
(e.g., growth, reproduction, dispersal). The under-
standing of the complementary use of resource com-
posites across spatio-temporal scales by ungulates 
could inform managers regarding the functional role 
of different habitat types in human-modified environ-
ments. In particular, the spatial association between 
open agricultural habitats and forest patches could 
support thriving populations of wild ungulates in 
matrix landscapes (Hewison et al. 2009; Linnell et al. 
2020). These concepts are well-addressed within 
the Complementary Habitat Hypothesis framework 
(Dunning et  al. 1992) and well established in eco-
logical theory, but rarely tested for wild populations, 
especially vertebrates, as most studies concern insects 
(Mandelik et al. 2012).

Here, we considered the patterns of alterna-
tion between open and closed habitats in European 
roe deer (Capreolus capreolus) to test the Comple-
mentary Habitat Hypothesis in a highly managed 
large herbivore (Apollonio et al. 2010) that has suc-
cessfully adapted to human-modified landscapes 
(Andersen et  al. 1998), including open agricultural 
areas (Hewison et  al. 2009). Roe deer is an ideal 

model species to test the Complementary Habitat 
Hypothesis because it occupies a wide range of land-
scapes (i.e., different arrangements of complementary 
habitats, sensu Dunning et al. 1992), from completely 
forested areas to wide open agroecosystems, exhib-
iting marked behavioural and ecological plasticity 
(Hewison et  al. 1998; Morellet et  al. 2013). Moreo-
ver, roe deer are known to prefer ecotonal and forest 
habitats, complemented by the use of open habitats 
(meadows and crops), typically at night (Bonnot et al. 
2013; Dupke et al. 2017), in relation to their bimodal 
crepuscular activity pattern (Pagon et al. 2013; Krop-
Benesch et al. 2013; Bonnot et al. 2020). Finally, roe 
deer are characterized by sex-dependent space use 
patterns (Malagnino et al. 2021), especially in spring 
and summer, when adult males display territorial 
behaviour (Hewison et  al. 1998), and females give 
birth and care for their young.

We applied the Individual Movement - Sequence 
Analysis Method (IM-SAM, De Groeve et al. 2020a) 
to six populations of European roe deer living in 
contrasting landscapes to evaluate how day-night 
alternation between closed and open habitats varied 
across the seasons and environmental contexts. We 
first hypothesized that day-night alternation between 
closed and open habitats would mirror the landscape 
composition (sensu Dunning et  al. 1992; Table  1: 
Landscape Composition and Structure Hypothesis, 
LCSH, H1). In particular, we expected that day–night 
alternation would occur mainly in heterogeneous 
landscapes (Table  1: H1, P1). Second, we hypoth-
esized that day–night alternation would also vary 
seasonally, in relation to the phenology of vegeta-
tion (Pettorelli et al. 2006), according to the Comple-
mentary Habitat Hypothesis (Mandelik et  al. 2012). 
Specifically, we predicted frequent alternation during 
vegetation green-up to maximize access to high qual-
ity food in rich-open habitats, but less alternation in 
winter, when meadows and crops provide less food 
resources and are more exposed to extreme weather 
conditions (e.g., snow cover, wind exposure; Table 1: 
CHH, H2, P2.1). Also, we hypothesized that day-
night alternation between open and closed habitats 
would vary over seasons according to key life history 
events that are linked to sex and age, such as births, 
or the rut (Table 1: H2, P2.2; Andersen et  al. 2000, 
Bongi et  al. 2008). In particular, we predicted that 
the day-night alternation of females and males should 
differ the most during the spring–summer season, 



1036	 Landsc Ecol (2023) 38:1033–1049

1 3
Vol:. (1234567890)

Ta
bl

e 
1  

S
um

m
ar

y 
of

 h
yp

ot
he

se
s a

nd
 a

na
ly

se
s (

se
e 

fo
ot

no
te

 fo
r a

bb
re

vi
at

io
ns

)

a =
 da

ily
 h

ab
ita

t a
lte

rn
at

io
n 

(0
/1

); 
po

p =
 po

pu
la

tio
n;

 1
|in

d =
 in

di
vi

du
al

 id
en

tit
y 

as
 a

 ra
nd

om
 e

ffe
ct

 o
n 

in
te

rc
ep

t; 
s(

bw
) =

 cy
cl

ic
 sp

lin
e 

sm
oo

th
 o

f t
he

 b
iw

ee
k;

 s
(N

D
V

I)
 =

 cu
bi

c 
sp

lin
e 

sm
oo

th
 o

f t
he

 N
or

m
al

iz
ed

 D
iff

er
en

ce
 V

eg
et

at
io

n 
In

de
x;

 a
ge

 =
 fa

w
ns

 &
 y

ea
rli

ng
s (

<
 2 

yr
s)

; a
du

lts
 (>

 2 
yr

s)
; s

ex
 =

 m
al

e 
or

 fe
m

al
e;

 L
 =

 lo
g 

Li
ke

lih
oo

d;
 G

A
M

M
; A

N
O

D
EV

H
yp

ot
he

se
s

Pr
ed

ic
tio

ns
A

na
ly

si
s

In
pu

t d
at

a

H
1:

 L
an

ds
ca

pe
 C

om
po

si
tio

n 
an

d 
St

ru
ct

ur
e 

H
yp

ot
h-

es
is

 (L
C

SH
)

“P
ro

po
rt

io
n 

of
 a

lte
rn

at
io

n 
be

tw
ee

n 
cl

os
ed

 a
nd

 o
pe

n 
ha

bi
ta

ts
 in

 ro
e 

de
er

 p
op

ul
at

io
ns

 d
ep

en
ds

 o
n 

th
e 

pr
op

or
tio

n 
an

d 
sp

at
ia

l s
tr

uc
tu

re
 o

f t
he

se
 h

ab
ita

ts
 

in
 th

e 
la

nd
sc

ap
e”

P1
 D

ay
-n

ig
ht

 a
lte

rn
at

io
n 

m
ai

nl
y 

oc
cu

rs
 in

 h
et

er
og

e-
ne

ou
s l

an
ds

ca
pe

s
1.

 E
xp

lo
ra

tio
n 

w
ith

 m
os

ai
c 

pl
ot

2.
 G

LM
—

H
ab

ita
t c

om
po

si
tio

n 
(p

ro
po

r-
tio

n 
da

ta
; b

et
a 

di
str

ib
ut

io
n)

; K
ru

sk
al

 
W

al
lis

 n
on

-p
ar

am
et

ric
 c

om
pa

ris
on

M
_P

: p
(c

lo
se

d)
 ~

 po
p

H
ab

ita
t u

se
 se

qu
en

ce
s, 

cl
as

si
fie

d 
ac

co
rd

in
g 

to
 

th
e 

fo
llo

w
in

g 
pa

tte
rn

s:
H

om
og

en
eo

us
 o

pe
n 

(o
)

H
om

og
en

eo
us

 c
lo

se
d 

(c
)

R
an

do
m

 (u
)

A
lte

rn
at

io
n 

(a
)

3.
 G

LM
 –

 H
ab

ita
t s

tru
ct

ur
e 

(c
on

tin
uo

us
 

sk
ew

ed
 d

at
a;

 g
am

m
a 

di
str

ib
ut

io
n)

; 
K

ru
sk

al
 W

al
lis

 n
on

-p
ar

am
et

ric
 c

om
-

pa
ris

on
M

_E
D

: e
dg

e_
de

ns
ity

 ~
 po

p
4.

 G
A

M
M

s –
 A

lte
rn

at
io

n 
(0

/1
) (

se
e 

be
lo

w
)

M
1:

 a
 ~

 s(
bw

 *
 p

op
) +

 po
p +

 1|
in

d
H

2:
 C

om
pl

em
en

ta
ry

 H
ab

ita
ts

 H
yp

ot
he

si
s (

C
H

H
)

“R
oe

 d
ee

r a
lte

rn
at

io
n 

be
tw

ee
n 

ha
bi

ta
ts

 v
ar

ie
s s

ea
-

so
na

lly
, i

n 
re

la
tio

n 
to

 e
nv

iro
nm

en
ta

l a
nd

 ro
e 

de
er

 
in

tr
in

si
c 

cy
cl

es
”

P2
.1

. W
ith

in
 a

 g
iv

en
 la

nd
sc

ap
e,

 a
lte

rn
at

io
n 

be
tw

ee
n 

ha
bi

ta
ts

 v
ar

ie
s s

ea
so

na
lly

 fo
llo

w
in

g 
th

e 
ph

en
ol

og
y 

of
 th

e 
ve

ge
ta

tio
n,

 w
ith

 m
or

e 
da

y-
ni

gh
t a

lte
rn

at
io

n 
du

rin
g 

th
e 

ve
ge

ta
tio

n 
gr

ee
n-

up
 in

 sp
rin

g

1.
 G

A
M

M
s –

 A
lte

rn
at

io
n 

(0
/1

)
M

1:
 a

 ~
 s(

bw
 *

 p
op

) +
 po

p +
 1|

in
d

2.
 A

N
O

D
EV

 N
D

V
I

A
N
O
D
E
V
=
1
−

L
(M

N
D
V
I
)−

L
(M

F
U
L
L
)

L
(M

N
U
L
L
)−

L
(M

F
U
L
L
)

W
he

re
:

M
FU

LL
: a

 ~
 bw

 *
 p

op
 +

 1|
in

d
M

N
U

LL
: a

 ~
 1|

in
d +

 po
p

M
N

D
V

I: 
a ~

 s(
N

D
V

I *
 p

op
) +

 po
p +

 1|
in

d

B
in

om
ia

l v
ar

ia
bl

e 
ba

se
d 

on
 th

e 
ha

bi
ta

t u
se

 
se

qu
en

ce
s, 

de
fin

ed
 a

s 
fo

llo
w

s:
c,

 o
, u

 =
 0

a =
 1

P2
.2

 D
ay

-n
ig

ht
 a

lte
rn

at
io

n 
be

tw
ee

n 
ha

bi
ta

ts
 v

ar
ie

s 
se

as
on

al
ly

 in
 re

la
tio

n 
to

 in
tri

ns
ic

 c
yc

le
s l

in
ke

d 
to

 
lif

e-
hi

sto
ry

G
A

M
M

s –
 A

lte
rn

at
io

n 
(0

/1
)

M
2:

 a
 ~

 s(
 b

w
 *

 a
ge

:s
ex

) +
 ag

e*
se

x +
 1|

in
d



1037Landsc Ecol (2023) 38:1033–1049	

1 3
Vol.: (0123456789)

when adult females should alternate less due to the 
constraints of provisioning for their young (Andersen 
et al. 2000), while adult males should alternate more 
to patrol and defend their mating territory, especially 
during rut (Johansson 1996). Therefore, we expected 
these sex-specific seasonal patterns to be more evi-
dent in adults than juveniles linked to reproductive 
status and behaviour (Sempéré et al. 1998).

Materials and methods

The habitat use sequences were obtained from roe 
deer movement trajectories of the Eurodeer database 
(Urbano and Cagnacci, 2021), as processed in De 
Groeve et  al. (2020a, b), with some simplifications 
(see below). In the Eurodeer database, roe deer tra-
jectories obtained from GPS collars deployed across 
European populations are stored and curated together 
with individual-based information obtained during 
capture (Urbano and Cagnacci, 2021). In particular, 
individuals sexed and aged at capture as juveniles 
(< 1  year old) are considered to become yearlings 
from 1st April (just before the birth period of roe deer 
over most of its range) of the year of first monitoring 
and for the subsequent 12 months. All other individu-
als are considered adults.

IM‑SAM roe deer habitat use sequences and 
classification as open/closed day–night alternation

To prepare the obtained habitat use sequences, De 
Groeve et  al. (2020a) regularized the roe deer GPS 
trajectories using a fixed four-hour relocation inter-
val (0, 4, 8, 12, 16 and 20  h) and segmented them 
into 16-day periods (i.e., referred to as “biweekly” 
sequences) starting on January 1st (i.e., 01/01–16/01, 
17/01–01/02, etc.; 23 biweekly sequences over a 
year). Then, GPS locations were intersected with 
the reclassified High-Resolution Raster Layer Tree 
Cover Density 2012 (TCD, EEA 2012, 20 m spatial 
resolution), distinguishing closed (C, TCD ≥ 50%) 
and open (O, TCD < 50%) habitats (De Groeve et al. 
2020a). These sequences were then classified fol-
lowing the IM-SAM procedure, where sequences of 
observed habitat use were clustered together (i.e., 
classified or ‘tagged’) with sequences of simulated 
habitat use, reflecting specific patterns of sequential 
habitat use. The final data contained the following 

patterns of sequential habitat use: homogeneous 
closed (c), homogeneous open (o), day–night alterna-
tion between closed and open habitats (a) and random 
(u). Seasonal and latitudinal changes in day length 
were accounted for when classifying day-night alter-
nation (De Groeve et al. 2020a). The final classifica-
tion of sequences into these four patterns of sequen-
tial habitat use is illustrated for two representative 
populations in Fig. 1 (see also Appendix S1, Figure 
S1.2 for the final classification of all populations). 
From the resulting dataset, we extracted the data for 
six roe deer populations with a representative num-
ber of individuals (≥ 10 individuals): Southern France 
(Eurodeer database study area identifier: FR8), Swit-
zerland (CH25), Southern Germany (DE15), South-
east Germany (DE2), and Northern Italy (IT1, IT24; 
see Figure S1.1, Table S1.2 for a description of each 
population). Because we were interested in model-
ling seasonal variations in day–night alternation, we 
removed individuals which had less than 10 biweekly 
habitat use sequences. Our final dataset consisted of 
3900 habitat use sequences from 154 animals (95 
females and 59 males, made up of 44 juveniles/year-
lings and 132 adults, with 22 animals switching from 
fawns to adults during monitoring; Table S1.2).

Covariates linked to roe deer habitat use sequences

To test whether day–night alternation is linked to veg-
etation phenology, we computed the landscape level 
vegetation productivity profile for each biweekly 
period estimated by the Normalized Difference Veg-
etation Index (NDVI; smoothed and pre-processed as 
in Vuolo et  al. 2012) using the following workflow. 
First, we defined the study area as the Minimum Con-
vex Polygon (MCP) of all locations from all individu-
als within a population. For each population’s MCP, 
we sampled 1000 random points within that area 
(corresponding to a survey density of 1.06 ± 0.06 
points per hectare, average ± standard deviation) and 
extracted the weekly NDVI values. Next, we matched 
each biweekly period with the corresponding aver-
aged weekly NDVI values.

Sequential habitat use through space: landscape 
composition and structure hypothesis (H1)

First, we investigated the variation in the propor-
tion of habitat use sequences across populations. 
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The input for this analysis consisted of an abun-
dance table of patterns of sequential habitat use 
(day–night alternation, a; homogeneous closed, 
c; homogeneous open, o; random, u) per popula-
tion. The results were visualized using a mosaic 
plot, along with a chart indicating the proportion 
of closed habitat and closed and open edge density 
(as a proxy of landscape fragmentation) for each 
population, a circular map extract covering the 
population range and the number of individuals and 
sequences (Fig. 2). To test the Landscape Composi-
tion and Structure Hypothesis (H1), we first verified 
whether the probability of alternation varied across 
landscapes. We expressed habitat alternation as a 
binomial variable where day–night alternation (a) 

is 1 and all other patterns of sequential habitat use 
(c, o, u) are 0. We built Generalized Additive Mixed 
Models (GAMMs) with a binomial distribution of 
residuals, with day-night alternation as the response 
variable, the cyclic spline smooth of the biweek to 
account for temporal variation, and population as 
a fixed (ordered) factor, or as a factor-specific tem-
poral effect (e.g., a population‐specific spline of 
biweek; M1, see below and Table 1: H1; H2.1). We 
included individual identity as a random effect on 
the intercept. The most parsimonious model was 
selected based on minimization of the Akaike Infor-
mation Criterion (Burnham and Anderson 2002). 
Second, we compared the landscape composition 
between populations, measured as proportion of 

Fig. 1   The IM-SAM classification of biweekly habitat use 
sequences (light green, open habitat; dark green, closed habi-
tat) in the four sequential patterns: daily alternation (color of 
the y-axis: light brown), homogeneous closed (dark green), 
homogeneous open (turquoise) and random (blue), for ani-

mals ranging in mainly open (CH25, Switzerland) and mainly 
closed (IT1, Northern Italy) landscapes. Aligned on the right: 
proportion of closed habitat used for each sequence. See Fig-
ure S1.2 for all populations
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Fig. 2   Mosaic plot of the proportion of different daily sequen-
tial habitat use patterns (first panel), bar plots of the proportion 
of closed habitat (second panel) and the proportion of open 
and closed edge per hectare (third panel) in each population 
(codes along the x-axis of the third panel). The number of indi-
viduals (ind) and the number of sequences (seq) for each popu-
lation are shown in the bottom panel. Further, a visualization 
of the open-closed landscape composition is presented as cir-
cles (study area codes as in main text; see also Appendix S1)

closed habitat, closed edge and open edge densities. 
To do that, for each population’s MCP, we sam-
pled 1000 random points within that area, buffered 
them with a 200 m radius, and measured these met-
rics. We built a Generalized Linear Model (GLM) 
with proportion of closed as the response variable 
with beta distribution of residuals, and population 
as a fixed (ordered) factor; and two GLMs with 
open edge and closed edge density, respectively, 
as response variables with gamma distribution of 
residuals, and population as a fixed (ordered) factor. 
We also applied the non-parametric Kruskal–Wallis 

test to each variable separately, using the measures 
in the buffers as repetitions, grouped by population, 
as a further confirmation of the robustness of the 
analysis. The Landscape Composition and Structure 
Hypothesis (H1) cannot be supported if a clear link 
between the probability of alternation and landscape 
composition and structure cannot be established, for 
example if the probability of alternation does not 
vary across populations, but the composition and 
structure of landscape is different. The GLM anal-
yses were performed in R 4.0.0 (2020-04-24) with 
the package glmmTMB (Brooks et al. 2017).

Sequential habitat use through time: Complementary 
Habitats Hypothesis (H2)

For this set of analyses, we used habitat alternation as 
a binomial variable, defined as above. We built two 
Generalized Additive Mixed Models (GAMMs) with 
a binomial distribution of residuals, with day–night 
alternation as the response variable, the cyclic spline 
smooth of the biweek to account for temporal varia-
tion, and a given predictor (Model 1, M1: population- 
see also H1; Model 2, M2: age x sex) for each set of 
models, as a fixed (ordered) factor, or as a factor-spe-
cific temporal effect (e.g., population or sex/age class‐
specific spline of biweek). In all models, we included 
individual identity as a random effect on the intercept 
(see full models in Table 1: H2.1 and H2.2). The most 
parsimonious model was selected based on minimi-
zation of the Akaike Information Criterion (Burn-
ham and Anderson 2002). For the population model 
(M1), we subsequently used the ANODEV procedure 
(Grosbois et  al. 2008) to quantify the proportion of 
variation in day–night alternation that was accounted 
for by NDVI (see Table 1, H2.1 for the formula). For 
visual purposes, we also modelled the annual pattern 
of NDVI (see Fig. 3) using a GAMM with the exact 
same model structure as M1 (i.e., population-specific 
cyclic spline smooth of the biweek, with individual 
identity as a random effect on the intercept), but with 
the population-level NDVI value of the sequence as 
the response variable. All statistical analyses were 
performed in R 4.0.0 with the packages mgcv (Wood 
2017) and visreg (Breheny and Burchett 2017).
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Results

Sequential habitat use through space: landscape 
composition and structure hypothesis (H1)

Visually, the proportion of the four sequential habi-
tat use patterns was not characterised by the popula-
tions. Indeed, although the homogeneous closed (c) 
and homogeneous open (o) sequential habitat use 
patterns were specific to certain populations (Fig. 2), 
the day–night alternation (a) was present in all popu-
lations, with approximately 40% of all habitat use 
sequences (38–47%) classified as such, except when 

closed habitats were widely prevalent (in population 
IT24, 14%; Fig.  2). This was statistically confirmed 
by the fact that the probability of alternation did not 
depend on population (i.e., as a fixed effect; Table 2a, 
Table S3.2), but only its temporal variation did (i.e., 
interaction between spline of biweek and population). 
Random sequential habitat use patterns (u) were 
rarely observed in any population.

In contrast, landscape composition (i.e., pro-
portion of closed habitats) differed across popula-
tions (GLMM - ref. level: FR8, IT1: 2.13, SE 0.05, 
p < 0.001, DE2: 1.31, SE 0.06, p < 0.001, DE15: 0.15 
SE 0.05, p < 0.001, IT24 2.26, SE 0.06, p < 0.001, 

Table 2   Approximate significance of smoothing terms and 
fixed effects in the selected model (a. cyclic spline of biweek 
per population, AIC = 3777.7, adj R2 = 37.1; b. cyclic spline of 

biweek per modality of the age and sex interaction term, added 
as a fixed factor, and the spline of the biweek, AIC = 3837.9, 
adj R2 = 35.2)

To better assess age and sex differences, we provide the general time-dependent model, followed by the age and sex differences from 
this general model. The latter model gives the same results as the M1 model in Table 1, which was used in the predictions of Fig. 4. 
Both models include individual identity as a random effect on the intercept to avoid pseudo-replication

(a) edf Ref df Chi.sq p

s(biweek): population CH25 6.965 8 1878.5  < 0.0001 ***
s(biweek): population DE15 6.288 8 2935.4  < 0.0001 ***
s(biweek): population DE2 6.582 8 2182.9  < 0.0001 ***
s(biweek): population FR8 6.015 8 1660.0  < 0.0001 ***
s(biweek): population IT1 4.733 8 238,0 0.0499 *
s(biweek): population IT24 6.242 8 768.3  < 0.0001 ***
individual 144.473 148 663.7  < 0.0001 ***

Estimate sd z P

intercept −1.174 1.715 −0.102 0.919
DE15 −1.270 2.860 −0.444 0.657
DE2 −2.012 3.833 −0.525 0.600
FR8 −0.321 2.906 −0.111 0.912
IT1 −1.182 3.137 −0.377 0.706
IT24 −2.860 4.093 −0.699 0.485

(b) edf Ref df Chi.sq p

s(biweek) 6.753 8 2006.048  < 0.001 ***
s(biweek): ordered(sex*age) juvenile female 1.115 8 23.331 0.169
s(biweek): ordered(sex*age) adult male 3.228 8 2639.053  < 0.001 ***
s(biweek): ordered(sex*age) juvenile male 0.002 8 0.001 0.513
individual 148.501 152 732.484  < 0.001 ***

Estimate sd z P

intercept –1.0681 1.2351 –0.865 0.387
juvenile female 0.2464 0.3259 0.756 0.450
male 0.3487 1.9989 0.174 0.862
juvenile male -–0.0238 2.0079 –0.012 0.991
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CH25: 0.34 SE 0.05, p < 0.001; res dev= −10665.4; 
β disp par = 1.11; Kruskal–Wallis test for propor-
tion of closed habitats: chi-squared = 2213.5, df = 5, 
p < 0.0001; also confirmed by pairwise post-hoc 
t tests between all pairs of populations), such that 
some populations were mainly ranked as ‘closed’ 
(IT24, IT1 and DE2; median proportion of closed: 
0.94, 0.85, 0.74, respectively), while others as ‘open’ 
(CH25, DE15 and FR8; median proportion of closed: 
0.30; 0.18; 0.13). Similarly, landscape structure (i.e., 
closed and open edge densities) was overall differ-
ent across populations, however non-significant dif-
ferences between paired populations were observed 
(open edge density, GLMM - ref. level: FR8, IT1: 
−573.8, SE 549.8, n.s., DE2: −2203.5 SE 501.1, 
p < 0.001, DE15: 2641.0 SE 660.3, p < 0.001, IT24 
5881.1 SE 785.0, p < 0.001, CH25: −3092.3 SE 
477.6, p < 0.001; res dev= −100044.3; σ2 = 2.15; 
Kruskal-Wallis test = 1597.0, df = 5, p < 0.0001; pair-
wise post-hoc t-test n.s. for: IT24/CH25 and DE15/
FR8; closed edge density, GLMM - ref. level: FR8, 
IT1: −13645.4 SE 830.4, p < 0.001, DE2: −14136.5 
SE 825.0, p < 0.001, DE15: −568.9 SE 1113.4, n.s., 
IT24 −11444.3 SE 860.1, p < 0.001, CH25: −11717.0 
SE 855.9, p < 0.001; res dev= −98804.0; σ2 = 1.77; 

Kruskal–Wallis = 1021.7; df = 5; p < 0.0001; pairwise 
post-hoc t-test n.s. for: DE15/IT1).

Hence, our results do not support the hypothesis 
that day–night alternation simply mirrors landscape 
composition and structure, or that alternation is lim-
ited to highly heterogeneous landscapes (Table 1: P1).

Sequential habitat use through time: Complementary 
Habitats Hypothesis (H2)

The probability of day–night alternation varied over 
the year with contrasting seasonal patterns among 
populations, as shown by the interaction between the 
cyclic spline smooth of the biweek being in interac-
tion with population retained in all the best models to 
explain the temporal pattern of alternation (Fig. 3 and 
Table 2a, AIC = 3777.70, ΔAIC = 146.0 with the sec-
ond best model, R2 (adj.) = 0.37; Table S2.1 for model 
selection results).

In all six populations, the probability of day–night 
alternation followed a bimodal pattern, with an 
increase in early spring (between late March and 
late May, from 6th to 9th biweek), followed by a 
drop in late spring (between mid-May and mid-July, 
from 9th to 12th biweek), and a second increase in 

Fig. 3   Predictions for the probability of habitat alterna-
tion between open and closed habitats by roe deer in the six 
populations over biweekly periods of the year. The smoothed 
averaged annual NDVI pattern is overlaid as a second y-axis. 
The sampling units for both curves are biweeks (dots colored 

by season; blue: winter; green: spring; red: summer; brown: 
autumn; a larger dot indicates every other fifth biweek; months 
indicated on x-axis for readability). The background of the 
panels represents the landscape (open habitat in light green vs. 
closed habitat in dark green) of the respective study area
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early autumn (between mid-August and mid-Novem-
ber, from 18th to 20th biweek). However, while a 
decrease in day–night alternation between mid-Janu-
ary and early-March (2nd and 4th biweek) occurred 
in all populations, alternation was more frequent in 
winter (Dec. – May), before falling in summer (May 
– Dec.) in South-Germany (DE15: Fig. 3, top-central 
plot). We found that 44% of the variation in day-night 
alternation across the year was explained by NDVI 
(Table S3.1; ANODEV). In particular, the first spring 
peak in day-night alternation generally corresponded 
to the steepest positive slope of the modelled NDVI 
curves (in turn varying across populations: best 
model including the spline of the interaction between 
biweek and population, Table  S3.2; ΔAIC = 7754.4 
with the second-best model) i.e., the spring vegeta-
tion green up in each study site (Fig.  3, overlaying 
NDVI curves). Our results, thus, support the predic-
tion that day-night alternation is not a fixed property 
at the landscape level, but varies in time to track sea-
sonal cycles of vegetation phenology, such as green 
up or harvesting (Table 1: H2.1, P2.1).

We also found that the seasonal pattern in the 
probability of day–night alternation was significantly 
different between adult females and males (Fig.  4, 
left panel and Table  2b; AIC = 3837.9, ΔAIC > 12.0 
with all other models, R2 (adj.) = 0.35; Table  S2.1). 
While the temporal pattern followed a similar general 

pattern, adult females alternated less than adult males 
during the summer (Fig. 4, left panel: probability of 
alternation for females = 0.29 (CI: 0.20–0.42) vs. 
males = 0.59 (CI: 0.40–0.76) at the end of June-12th 
biweek). On the contrary, adult females alternated 
more than adult males during winter i.e., from late 
December to early March (probability of alternation 
for females = 0.49 (CI: 0.34–0.63)  vs. males = 0.18 
(CI: 0.09–0.34) during the 3rd biweek). During other 
parts of the year, the confidence intervals of the pre-
dictions overlapped strongly, indicating little differ-
ence in habitat alternation between sexes. Our model 
also showed that the seasonal pattern in the prob-
ability of day–night alternation was not significantly 
different between female and male juveniles (Fig. 4, 
right panel; Table  2b; Table  S2.1). Specifically, the 
temporal pattern of alternation in juveniles of both 
sexes followed the same trend as that of adult females. 
Overall, we thus found some support for the hypothe-
sis that temporal variation in alternation between hab-
itats is also linked to life-history constraints (Table 1: 
H2.2, P2.2). Finally, the two-way interaction between 
age and sex did not feature in the retained model as 
a fixed factor, indicating that the average overall 
amplitude in alternation across the year did not vary 
between factor-levels.

In all models, the ‘individual’ random effect (i.e., 
including individual identity as a random effect on the 

Fig. 4   Predictions for the probability of day–night habitat alternation between open and closed habitats by roe deer according to sex 
and age (left panel: female/male adults; right panel: female/male fawns) over biweekly periods of the year. x-axis as in Fig. 3
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intercept) contributed considerably towards explain-
ing the variance (R2 (adj.) NULL model = 0.31; see 
Table S2.1), indicating marked inter-individual varia-
bility in habitat alternation within a given population.

Discussion

In spatially heterogeneous environments, wild ani-
mals must access various resources with different 
spatial distributions and, often, asynchronous phe-
nology. Our analysis shows that day–night alterna-
tion between open and closed habitats is a prevalent 
characteristic of roe deer movement tactics across a 
wide range of landscapes with contrasting composi-
tion and spatial arrangement (Dunning et al. 1992; H1 
overall not supported). The most likely explanation of 
this behaviour is that animals use day–night alterna-
tion to access food and cover in these resource com-
posites (Padié et  al. 2015; Bonnot et  al. 2018). The 
observed seasonal variation in day–night alternation 
within a given landscape supports this interpreta-
tion. Roe deer likely exploit the diversity of resources 
offered by those habitats at different times of the year, 
and according to their needs (Mandelik et al. 2012). 
Our results indirectly support the Complementary 
Habitats Hypothesis (H2) by showing marked cycles 
of day–night alternation over the seasons (H2.1), with 
clear differences between the adult sexes (H2.2).

Understanding the complexity of animal resource 
requirements and consequent habitat use is important 
as it affects a range of ecosystem processes. The fre-
quent alternation between habitats documented here 
likely affects transportation of seeds and nutrients 
between cultivated and more natural habitats (Abbas 
et al. 2012; Earl and Zollner 2017 for an example on 
roe deer), as well as spatial dynamics of parasites, 
including vectors of vector-borne zoonotic patho-
gens (Carpi et al. 2008; Mysterud et al. 2017; Chast-
agner et  al. 2017). Further, such habitat alternation 
may influence human-wildlife interactions relevant 
for management, from harvesting efficiency and for-
est damage, to road-crossing and risk of deer-vehicle 
collisions (Hothorn et al. 2015; Passoni et al. 2021). 
Indeed, in highly anthropogenic European landscapes, 
the availability of essential resources for free-ranging 
large herbivores – food and cover – vary both natu-
rally (i.e., due to phenological cycles of vegetation, 
Pettorelli et al. 2006), and as a consequence of human 

activities (e.g., agriculture and forest management 
practices; Lande et  al. 2014). In this context, large 
herbivores must continually adjust their use of habi-
tat to these changes, trading off access to resources 
and protection from predators and human disturbance 
(Godvik et al. 2009; Gehr et al. 2017). Several studies 
have shown that ungulates in temperate environments 
modulate habitat selection at different spatial (e.g., 
Boyce et al. 2003, DeCesare et al. 2014) and tempo-
ral scales, especially diel and seasonal scales (Dupke 
et al. 2017; Roberts et al. 2017; Martin et al. 2018). 
Yet, comparisons across contrasted environmental 
contexts are rare, limiting the possibility for testing 
hypotheses on the behavioural responses to land-
scape-level heterogeneity. In this work, we were able 
to test two alternative hypotheses on diel habitat alter-
nation by comparing the occurrence of this behaviour 
spatially (across landscapes) and temporally (across 
seasons). According to our results, the order in which 
habitats were used varied over the year and across life 
history stages, likely in relation to different resource 
needs and constraints (De Groeve et al. 2020a).

Temporal variation in alternation between open 
and closed habitats is likely due to a complementary 
functional use of habitats that occur within the home 
range (Dunning et  al. 1992; Mandelik et  al. 2012; 
Couriot et al. 2018). In our study, individuals in most 
populations alternated between open and closed habi-
tats more frequently in spring, possibly due to earlier 
green-up in open habitats, with fresh high-quality 
herbaceous vegetation (Abbas et  al. 2011; Dupke 
et al. 2017), and in the fall, perhaps due to the avail-
ability of plants with delayed leaf loss or crop stubble 
in open habitats. Indeed, we found that about half of 
the temporal variation in the probability of alterna-
tion between open and closed habitats was explained 
by variation in the population-level NDVI value 
(Fig. 3). A recent large-scale study on several boreal 
ungulate species showed that roe deer tended not to 
move across the landscape to ‘surf’ the green wave, 
instead, they maximized the ‘greenness’ quality of 
their ranges (Aikens et al. 2020). Alternating between 
habitats could be a tactic to achieve such maximiza-
tion locally, accessing complementary resources in 
different habitat types (see also Peters et al. 2017).

In winter, individuals in study areas with substan-
tial forest cover (mainly IT24, DE2; Fig. 3) alternated 
less, and showed, instead, a consistent and more 
homogeneous use of closed habitats at a time when 
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forest habitat provides thermal protection, shallower 
snow (Mysterud et  al. 1997; Mysterud and Østbye 
2006; Ratikainen et  al. 2007; Ossi et  al. 2015), and 
potentially higher food availability, either more abun-
dant vegetation forage or supplementary food pro-
vided by hunters (Ewald et al. 2014; Ossi et al. 2017), 
compared to open habitats. Interestingly, the popula-
tion in the agricultural landscape of Southern Ger-
many (DE15; Fig. 3) exhibited the opposite pattern to 
all others, with more pronounced alternation in win-
ter, followed by a consistent and homogeneous use of 
open habitats in summer. This behaviour could be due 
to cover-food complementation: roe deer may access 
open areas at night in winter to consume winter grain 
(no cover but valuable food resource), while using 
open habitat both as a food and cover source in sum-
mer, when crops are abundant in the fields and can 
also provide hiding cover (Bonnot et al. 2013). This 
pattern was not observed in Southern France (FR8), 
a landscape also consisting of patches of forest within 
an agricultural matrix. This could be due to different 
agricultural practices and levels of disturbance, but 
also because of the use by deer of small cover features 
in open landscapes such as tree patches and hedge-
rows that are not defined as forest by the forest cover 
layer (TCD; https://​land.​coper​nicus.​eu/​user-​corner/​
techn​ical-​libra​ry/​hrl-​forest). In this paper, we used 
a high resolution (20  m), but static and simplified, 
classification of open and cover habitats. However, 
habitat alternation may also occur between different 
habitat classes (such as pastures, agricultural fields), 
or between forest units with different forest cover 
thresholds (in very dense landscapes). This suggests 
that roe deer compensate their need for cover within 
a given landscape with different types of ‘functional 
cover’ (Mysterud and Østbye 1999).

To better evaluate these hypotheses, future stud-
ies should look into fine-scale variation in alternation 
behaviour (see Couriot et  al. 2018), while explicitly 
accounting for the spatio-temporal availability of 
anthropogenic resources (Ossi et al. 2017; Ranc et al. 
2020) and their revisitation patterns (Ranc et al. 2021, 
2022). As temporally dynamic remote sensing prod-
ucts indexing the composition and structure of habi-
tats become increasingly available (Pettorelli et  al. 
2014; Neumann et al. 2015; Oeser et al. 2020), alter-
nation between habitats could be more mechanisti-
cally linked to the resources they offer, revealing their 
functional role at different spatio-temporal scales 

(Godvik et  al. 2009; Mandelik et  al. 2012; Couriot 
et  al. 2018). For instance, identification of cover vs. 
non-cover could be improved by quantifying habitat 
visibility explicitly through LiDAR surveys (Zong 
et al. 2022).

Among-individual variation within population also 
seems to be a strong driver of alternation patterns that 
could be linked to intrinsic individual characteristics 
like age and sex, but also personality traits (or behav-
ioural types) (Bonnot et  al. 2015). We found a link 
between the temporal pattern of alternation and the 
sex of individual adult roe deer, with a clear contrast 
in the degree of day–night alternation between open 
and closed habitats during summer (more alternation 
in males) and during the winter (more alternation in 
females). Mammals have a timing and intensity of 
resource allocation to reproduction that differs by 
species, and sex (Williams et al. 2017). For example, 
the separation of sexes outside of the mating season, 
termed sexual segregation, is a wide-spread phenom-
enon among ungulates. Segregation in diet and habi-
tat increase with higher sexual body size dimorphism, 
due to that body size markedly affect digestion and 
dietary requirements of ruminants (Mysterud 2000). 
Here we suggest an alternate form of adaptation to 
sex-specific needs, namely the diel order in the use 
of cover and open-habitat resources, that may not 
emerge as spatial separation. Despite roe deer being 
one of the few ungulates with a low degree of sexual 
size dimorphism, there are marked sex-specific differ-
ences in behaviour in spring-summer. Males are terri-
torial from March until the rut in July–August (Sem-
péré et al. 1998), while females give birth in May or 
early June, allocating heavily to late gestation and 
early lactation during summer. Alternation between 
open and closed habitats was twice as high in males 
than females during the birth season and the period of 
intensive maternal care. Movement rate has also been 
shown to decrease during this period (Malagnino 
et  al. 2021), possibly because of spatial constraints 
imposed by suckling newborn fawns. In contrast, 
males maintained a higher degree of habitat alterna-
tion throughout the summer, likely linked to terri-
tory patrolling and defence (Linnell and Andersen 
1998; Malagnino et  al. 2021). The fact that these 
sex-specific patterns were observed in adults, but 
not fawns, highlights how different habitat use of the 
sexes can arise from sex-specific schedules of alloca-
tion to reproduction. Sex-specific habitat alternation 

https://land.copernicus.eu/user-corner/technical-library/hrl-forest
https://land.copernicus.eu/user-corner/technical-library/hrl-forest
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is inversed during winter, such that females alternate 
around three times more than males between Decem-
ber and March. This marked effect, and particularly 
the switch compared to the summer pattern might 
be related to a difference in the perception of risk 
between males and females linked to hunting prac-
tices (Benhaiem et  al. 2008). The selective hunting 
pressure on male roe deer is suddenly reduced after 
they drop their antlers in November, to become higher 
for females, instead. This hypothesis should be tested 
in future research.

The survival and reproductive performance of 
large herbivores depends strongly on the use of, or, 
as we suggest here, alternation, between habitats 
that are rich enough to ensure the necessary energy 
intake but are also safe enough to provide protection 
against predators (Gaillard et al. 2000). Daily habitat 
use in large herbivores, in particular, has been linked 
to circadian activity cycles (Pagon et al. 2013), to the 
food-cover trade-off (van Beest et  al. 2013), includ-
ing thermal cover (Mysterud and Østbye 1999), and 
to rumination cycles, where the use of cover is higher 
during rumination than during feeding bouts (Ceder-
lund 1981). In this study, we showed how investigat-
ing daily alternation between habitat types may pro-
vide insights into the complementation in resource 
needs at different spatio-temporal scales and in rela-
tion to life-history constraints.
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