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Abstract

Knowledge about deer spatial use is essential for damage mitigation, conservation, and harvest management. We assess annual
and seasonal home range sizes in relation to habitat composition for red deer (Cervus elaphus) in Sweden, using GPS-data
from two regions with different management systems. We compare our findings with reviewed data on red deer home range
sizes in Europe. Annual and seasonal home ranges during calving, hunt, and winter-spring, decreased with increasing
proportion forest. Female annual home ranges in a mixed agricultural-forest landscape were three times larger than in a forest-
dominated landscape. Core areas (50% Kernels) were approximately 1/5 of the full annual and seasonal home ranges (95%
Kernels) regardless of habitat composition. Home range size in the forest-dominated landscape showed little inter-seasonal
variation. In the agricultural-forest landscape, home ranges were larger during calving, hunt, and winter-spring compared to
summer and rut. In the forest-dominated landscape, management areas are large enough to cover female spatial use. In the
agricultural-forest landscape, female spatial use covers several license units. Here, the coordinated license system is needed
to reach trade-offs between goals of conservation, game management, and damage mitigation. Males had in general larger
home ranges than females, and the majority of the males also made a seasonal migration to and from the rutting areas. The
license system area in the agricultural-forest landscape is large enough to manage migrating males. In the forest landscape,
a coordination of several management areas is needed to encompass male migrations. We conclude that management needs
to adapt to deer spatial use in different types of landscapes to reach set goals.

Keywords Cervus elaphus - Deer management - Landscape structure - Large herbivores - Spatial use - Ungulates

Introduction

Knowledge about deer spatial use is profound for an effec-
tive deer management (Jarnemo 2008; Meisingset et al.
2018; Fattorini et al. 2020). Intra-specific variations in home
range size among cervids (Hewison et al. 1998; Kie et al.
2002; Anderson et al. 2005) suggest that environmental fac-
tors play an important role and needs to be considered in
management. A home range must contain resources enough
to meet the requirements of energy and cover for the ani-
mal, often implying multiple habitat patches to satisfy their
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needs. Forage scarcity, or a patchy distribution of forage,
is suggested to induce movements over larger areas (Ford
1983; O’Neill et al. 1988; Said and Servanty 2005). Conse-
quently, spatial resource heterogeneity on a landscape level
may impact home range size (Kie et al. 2002; Anderson et al.
2005; Reinecke et al. 2014), movements (Frair et al. 2005;
Kie et al. 2005; Coulon et al. 2008), and animal distribution
(Clutton-Brock and Harvey 1978; Beier and McCullough
1990; Kie et al. 2002). During the course of the year, the
availability and distribution of forage may vary. The need
for cover may also change due to climate (Borkowski and
Ukalska 2008; van Beest et al. 2012; Bobek et al. 2016),
predator presence, or because of the onset of the hunting
season (Naugle et al. 1997; Sunde et al. 2009; Jarnemo and
Wikenros 2014). These seasonal variations may thus modify
home range sizes (Richard et al. 2011; Van Beest et al. 2011;
Reinecke et al. 2014).

Red deer (Cervus elaphus) is one example of a species
where studies reveal a large variation in home range size

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10344-023-01719-6&domain=pdf
http://orcid.org/0000-0003-3174-8604
http://orcid.org/0000-0003-4822-7864
http://orcid.org/0000-0002-2825-8834

92 Page 2 of 16

European Journal of Wildlife Research (2023) 69:92

across Europe (Table 1). Average annual home range sizes
can vary from less than 100 ha (Lovari et al. 2007) to more
than 7000 ha (Zlatanova et al. 2019), and average seasonal
home ranges from 26 ha (Bocci et al. 2010) to well above
5000 ha (Nahlik et al. 2009). Home range size of red deer
has been shown to be affected by age (Froy et al. 2018), sex
(Szemethy et al. 1998; Reinecke et al. 2014; Zlatanova et al.
2019), resident or shifter/migratory strategies (Luccarini
et al. 2006; Bocci et al. 2010; Kropil et al. 2015; Meisingset
et al. 2018), climate factors such as snow cover and tem-
perature (Schmidt 1993; Luccarini et al. 2006; Rivrud et al.
2010), forage abundance and supplemental feeding (Schmidt
1993; Richard et al. 2011; Reinecke et al. 2014), and human
disturbance such as hunting and other outdoor activities
(Jeppesen 1987; Lovari et al. 2007; Gillich et al. 2021). Jerina
(2012) found that annual home range sizes of red deer were
more affected by anthropogenic factors such as roads and
supplemental feeding than by natural factors such as tem-
perature and snow cover. Laguna et al. (2021) observed dif-
ferences in ranges between areas with and without hunting,
as well as an impact of human land use. It has also been
suggested that the comparably large home ranges observed
in the broad-leaved forests in Eastern Europe, may be an
effect of the presence of large carnivores (Kamler et al. 2008;
Zlatanova et al. 2019). The effect of climate factors and for-
age abundance suggest that home range sizes could vary
between seasons, and a seasonal impact has indeed been
shown in some studies (Kamler et al. 2008; Nahlik et al.
2009; Richard et al. 2011). It seems also likely that climate
effects, and the distribution of forage and cover, vary between
different types of landscapes, and that landscape structure
and habitat composition can also affect home range size
(Reinecke et al. 2014; Bevanda et al. 2015; Borkowski et al.
2016). From a background of large variations in home range
sizes in Europe and several impacting factors, red deer home
range sizes in Sweden are difficult to predict. Located in
northernmost Europe, stretching from the nemoral zone in
the south to the northern boreal zone in the north, shifting
from a landscape dominated by modern agriculture in the
south to one dominated by homogenous coniferous forests
in the north, and with approximately 1000 km between the
southernmost and the northernmost red deer population,
there is a potential for large variations in home range sizes
and movement patterns among red deer in Sweden.

Red deer is a highly important game species (Milner
et al. 2006; Apollonio et al. 2010), but as one of the large
natural herbivores it is also a keystone species in the
ecosystems, shaping vegetation (De Vires 1995; Svenning
2002; Kuijper et al. 2010) and being an important prey for
large carnivores (Jedrzejewski et al. 2002; Gazzola et al.
2005; Nowak et al. 2005). Numbers of red deer increase
in Europe, resulting in increased interactions with other
species, the environment, and human activities such as
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agriculture and forestry, and thus stressing the need for an
evidence-informed management to minimize such impacts
and an understanding of how the deer interact with factors
in the landscape in order to find effective countermeasures
(Apollonio et al. 2017; Linnell et al. 2020; Valente et al.
2020; Carpio et al. 2021). Damage on crops and forest
plantations by deer can be affected by factors in the
surrounding landscape (Jarnemo et al. 2014; Sorensen
et al. 2015; Takarabe and Iijima 2020). Knowledge about
deer spatial use and how it varies between different seasons
can thus be one key to the understanding of spatiotemporal
variation in damage risk and thus where and when damage
prevention should be prioritized. The most severe and
widespread damage is probably bark stripping on trees—a
complex problem where damage levels can be affected by
many factors, e.g. population density, forage availability,
supplemental feeding, crop intake, landscape structure,
climate, and human disturbance (Gill 1992; Gerhardt et al.
2013; Jarnemo et al. 2014, 2022), and show large variations
between areas and seasons (Verheyden et al. 2006; Spake
et al. 2020). Traditionally, damage mitigations have
focused on reducing deer population densities alongside
with fencing and supplemental feeding. More recent
findings, however, conclude that an increased harvest is
not necessarily effective, as other factors (see above) than
density affect damage levels, wherefore management needs
to adopt a more holistic approach where other factors in
addition to population density are integrated (Reimoser
2003; Kuijper 2011; Jarnemo et al. 2014).

One harvest-problem is that local management units
are too small to manage a population of its own (Jarnemo
2008; Kropil et al. 2015; Meisingset et al. 2018). Con-
flicting management aims, competition over deer between
hunting units, the same deer being subject to different har-
vest regimes, that deer may cause damage in areas har-
bouring deer off-season but not during the hunting sea-
son, and that unknown spatial use and migrations may
bias monitoring, complicate management with the possible
consequence that goals are not reached (Jarnemo 2008;
Putman 2012; Torres-Porras et al. 2014; Fattorini et al.
2020). Being subject to intensive trophy hunting, males
are often over-harvested (Clutton-Brock and Albon 1989;
Buckland et al. 1996; Milner-Gulland et al. 2004). Males
generally have larger home ranges than females (Kamler
et al. 2008; Reinecke et al. 2014; Zlatanova et al. 2019),
and can also perform seasonal migrations between a rut
area and a winter-summer area (Jarnemo 2008; Kropil
et al. 2015), which could further increase a male over-
harvest as they face different hunting regimes. In com-
bination with a reluctance to harvest females, this leads
to populations with a sex ratio highly skewed towards
females and with a low average age for males (Beddington
1974; Ginsberg and Milner-Gulland 1994; Langvatn and
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Loison 1999), with possible negative effects on popula-
tion dynamics (Mysterud et al. 2002) and a potential for
high population growth (Caughley 1977). To efficiently
counteract damage, to obtain a goal-oriented harvest, and
to manage deer on a population scale, it is thus important
that sizes of management units are coordinated with deer
spatial use in an integrated management system (Clutton-
Brock et al. 2002; Jarnemo 2008; Meisingset et al. 2018;
Fattorini et al. 2020).

With the main objectives to analyse home range sizes in
relation to habitat composition within the home range and
to relate home range sizes to hunting regimes, we investi-
gated annual and seasonal home range sizes in two hunted
populations of red deer in two different regions in Sweden.
The regions included a homogeneous forest landscape with
a system of independent red deer management areas rang-
ing in size from 2800 to 10,000 ha, and a mixed landscape
dominated by agriculture with a license-regulated harvest
coordinated in an area of approximately 260,000 ha. Previous

65°N

60°N

55°N

10°E 20°E

studies have revealed significant differences between these
regions regarding red deer damage to forest plantations
(Mansson and Jarnemo 2013; Jarnemo et al. 2014), red deer
movement patterns (Allen et al. 2014), and habitat and crop
selection (Méansson et al. 2021). We estimated total and core
area home range sizes on two temporal scales: annual and for
five distinct seasons pre-defined on the basis of external fac-
tors and of the annual cycle of red deer ecology: (1) calving,
(2) summer, (3) rut, (4) hunt, and (5) winter-spring. We com-
pare our results with reviewed data on red deer home range
sizes in Europe and discuss implications for management.

Methods
Study area

The study was conducted in two different regions in Sweden:
Skéane and Kolmarden (Fig. 1). Skane is the southernmost

Fig. 1 Map showing the locations of the two study areas in Sweden (left) and the habitat composition in the Kolmarden study area (top right)

and Skéne study area (bottom right). From Ménsson et al. 2021

@ Springer
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region in Sweden (N55°65E13°50). The region is dominated
by agricultural land 45%, whereas forest cover 35%. The pro-
ductive forest area consists of broadleaved 37%, spruce 36%,
pine 10%, mixed conifer/broadleaved 7%, and mixed conifer
5% (Nilsson and Cory 2011). The mean annual temperature
is 6.5 °C with mean annual precipitation of 800 mm, and the
average number of snow days per year was 40 with a mean
max depth of 10 cm (https://www.smhi.se/).

Kolmarden is situated in south-central Sweden
(N58°75E16°40). Kolmarden has no exact borders but is
an old name of an area of deep and inaccessible forests and
rocky terrain, stretching over the border between the coun-
ties of Sodermanland and Ostergétland. The Soderman-
land County has an agricultural cover of 20% and a forest
cover of 55%. Scots pine (32%), Norway spruce (28%), and
mixed conifer forests (18%) are the most common forest
types (Nilsson and Cory 2011). The mean annual tempera-
ture is 5.5 °C with a mean annual precipitation of 787 mm,
and the average number of snow days per year is 80 with a
mean max depth of 35 cm (https://www.smhi.se/). In Kol-
marden, red deer were marked (see Jarnemo & Wikenros
2014 for further details) on the two bordering estates,
Stavsjo and Vira, and on the estate Valinge. Stavsjo-Vird
consists of 84% forest, 8% mire, 6% bedrock, 1% agricul-
tural land, and 1% buildings etc., whereas Valinge consists
of 64% forest, 2% mire, 8% bedrock, 22% agricultural land,
and 5% buildings etc.

The study area in Skane is situated in a coordinated man-
agement area of 260,000 ha in the south-eastern part of
the county, where harvest is regulated in a license system.
Outside the license area, there is an open hunting season in
the rest of Skéane on all animals (calves, hinds, stags). The
hunting season lasts from the second Monday in October
to 31 January, i.e. after the rut that in Sweden takes place
from the last week of August until the beginning of October
(Jarnemo 2011; Jarnemo et al. 2017). In the license area
there are approximately 180 hunting units, varying in size
from 200 to 10,000 ha, that apply annually for a license to
harvest red deer. Based on size of hunting unit, local red deer
abundance, type of area (female-calf or male area (Jarnemo
2008)), habitat composition, and damage situation, applying
units are given a license of a specified number of deer in the
categories calf, female, male with maximum five tines, male
with maximum eight tines, and deer free of choice. The 2006
harvest in the license area was on average 2.3 deer/1000 ha
for the license applying hunting units, but with large vari-
ations between units. For the estates where deer were cap-
tured the average harvest was 5.9 deer/1000 ha.

In the rest of Sweden, north of Skane, there are two
hunting regimes. In order to be allowed to hunt adult red
deer, a hunting unit has to be a member of a red deer
management area. Areas that are not registered to a red
deer management area are only allowed to harvest calves.

@ Springer

In red deer management areas, the hunters make 3-year
culling plans that must be approved by the county admin-
istrative board. The general hunting season starts post-rut
on the 2nd Monday in October and lasts until 31 January.
However, during 16th of August to the 2nd Monday in
October, culling females and calves are allowed in red deer
management areas, but only by using sit-and-wait or stalk-
ing hunting methods. In the Kolmarden study area there
were six management areas ranging in size from 2800 to
10,000 ha, during the study period. The 2006 harvest in
these six areas was 12.1 deer/1000 ha.

In both study areas, wolves (Canis lupus) only made
rare visits during the years of study. The same applies
for lynx (Lynx lynx) in the Skéne area, whereas in Kol-
marden the occurrence of lynx probably was continuous,
although sparse.

GPS locations

Adult red deer were tranquilised at supplemental feeding sta-
tions in February—March and fitted with a Vectronic Global
Positioning System (GPS) collar and plastic ear-tags (Allen
et al. 2014; Jarnemo and Wikenros 2014). Females were
at least 2 years old, and only males estimated to be at least
5-6 years old were chosen. GPS locations (n=97,486) from
39 tagged deer (12 females and 4 males in Skane, and 13
females and 10 males in Kolmarden) during 20062013 was
used. The collars were mostly set to record 5—6 GPS fixes
per 24 h. The pre-defined seasons used were set according to
external factors such as climate and hunting season, and to
distinct periods in red deer ecology such as calving and rut:
calving (15 April-31 May), summer (1 June-20 August), rut
(21 August—7 October), hunt (8 October—31 January), and
winter-spring (1 February—14 April). An annual cycle was
defined as 1st of February to 31st of January, to follow the
defined seasons.

Home range size and habitat composition

We estimated annual and seasonal utilization distributions
for all individual red deer by using the Kernel method. The
Kernel method asses a probability density function based
on the included locations, and thus gives a probability of
the individual animal being at any given location within
the defined home range (Worton 1989). We assessed both
annual and seasonal home ranges using the 95% to estimate
the total areas used (i.e. excluding very rare excursions), and
50% isopleth to estimate the core area of use. We used the
standard reference bandwidth, after visual inspection of var-
ying bandwidth in relation to the focal locations (e.g. mini-
mizing separation between activity areas, as recommended
in Kie (2013)). We only calculated annual and seasonal
home range sizes when > 30 locations per individual were
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available. We derived the habitat composition within the
home ranges from the Swedish land cover data (0.1 0.1 km;
Swedish Environmental Protection Agency) and thereafter
used the proportion of forest as an index for habitat compo-
sition (i.e. to avoid collinearity). Kernel calculations was
conducted using the package ‘adehabitatHR’(Calenge 2020)
in R version 3.6.3 (R Core Team 2021) and visual inspection
of home ranges and assessment of habitat composition in
ArcMap (version 10.7). We compared the home range sizes
with reviewed data on red deer home range sizes in Europe
(Table 1).

Analyses

We included all females in the analyses but excluded males
(except for descriptive calculations of annual home range
size) due to the small sample size of males in Skane. We
conducted analyses in R using linear mixed models (LMMs)
in the Ime4 package (Bates et al. 2015). First, we used
annual home range size (first with 95% Kernel estimates
than repeated with 50% Kernel estimates) as response vari-
ables and the proportion of forest as explanatory variable.
Second, we used seasonal home range size (first with 95%
Kernel estimates than repeated with 50% Kernel estimates)
as response variables and proportion of forest, season (calv-
ing, summer, rut, hunt, and winter-spring), and the interac-
tion between proportion of forest and season as explana-
tory variables. Female-ID was included as random variable
in all analyses to account for repeated observations of the
same individual, and study area (Skane or Kolmarden) was
included as random factor to account for additional unex-
plained variation due to the location of the study areas. In
order to meet the assumption of normally distributed resid-
uals, the response variables were transformed by In(x) or
In(x+ 1) (for seasonal 50% Kernel estimates). We compared

Table 2 Home range size (average, min-max for 95% and 50% Kernel)
of female red deer in two study areas in Sweden, Kolmérden (n=13)
and Skéne (n=12), 2006-2011. Annual and seasonal home range sizes
(ha) estimated with 95% and 50% Kernel. Seasons are classified accord-

candidate models using the sample-size corrected Akaike
information criterion (AICc) and AICc weights (w;) from
the ‘MuMIn’ package (Barton 2013) in R. Model estimates
were derived from the top model and back-transformed in
the figures.

Results
Annual home range size

Females in Skane had on average larger annual home ranges
than females in Kolméarden (Table 2). For both 95% and 50%
estimates of home range size, the top model included the
proportion of forest and the two random variables (Table 3).
Annual home range size decreased with increasing propor-
tion of forest both for 95% (Fig. 2) and 50% Kernel (Fig. 3)
estimates.

Annual home range size (n=38) of the males in Skéne
(n=4) averaged 3690 ha (median = 1480, range 1200-11940)
and 750 ha (median =340, range 280-2180) for 95% and
50% Kernel, respectively. Corresponding annual home range
sizes (n=16) of the males in Kolmarden (n=10) averaged
5750 ha (median =4090, range 1770-20,450) and 1280 ha
(median =930, range 310-4950).

The females in Kolmarden were all resident in their home
ranges. In Skéne, one female displayed a seasonal migration
between an area where she spent autumn and winter, and an
area where she spent spring, summer, and rut. The distance
between the two areas was 10 km. Two females in Skane
displayed a pattern where they more irregularly shifted, or
commuted, between different areas. One between two areas
7 km apart, and one between three areas where the distance
from the marking area was 10 and 26 km, respectively.

ing to calving (15 April-31 May), summer (1 June—20 August), rut (21
August—7 October), hunt (8 October-31 January), and winter-spring (1
February—14 April). Also shown are number of GPS locations used per
home range size estimate

Dataset Study area Annual Calving Summer Rut Hunt Winter-spring
Home range 95% Kernel Kolmarden 810 (154— 595 (139- 307 (75-794) 391 (38-1651) 813 (90-2236) 665 (132-3021)
size 3914) 2059)
Skane 2469 (436— 2844 (82— 512 (69-1759) 677 (2-1755) 1711 (227- 3314 (521-
10,348) 29,694) 4714) 37,306)
50% Kernel Kolmarden 163 (37-645) 133 (34-442) 67 (13-194) 80 (6-304) 163 (15-454) 138 (31-388)
Skane 436 (57-1939) 563 (21-5653) 100 (10420) 126 (0.06— 327 (44-837) 660 (101-7917)
376)
GPS locations Kolmérden 930 (111- 157 (33-254) 204 (105-429) 158 (64-272) 347 (133-642) 217 (60-4138)
1862)
Skéne 1446 221(99-264) 356 (55-447) 230(87-289) 476 (32-670) 275 (98-411)
(98-2039)

@ Springer
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Table 3 Linear mixed models to assess the effect of proportion of
forest on the annual home range size (n=59) of red deer females in
Sweden during 2006-2011. Analyses were conducted using annual
home range size (95% and 50% Kernel estimates) as the response
variables (transformed by In(x)) and deer ID and study area (Skane
and Kolmarden) as random factors. For each model, degree of free-
dom (df), difference in AICc relative to the highest-ranked model
(AAICc), and AICc weights (w;) are shown. Model-averaged param-
eter estimates with standard error (SE) are shown for each variable
retained in the best model (lowest AAICc)

Dataset Intercept  Forest  df AAICe w;

95% Kernel X 5 0 1.00
X 4 14.6 <0.001

B 8.93 0.35

SE -3.20 0.55

50% Kernel X 5 0 0.93
X 4 3.5 0.07

B 6.38 0.36

SE —-1.86 0.54

In Kolmarden, seven males made a seasonal migration
between a distinct rutting area and the area where they spent
the rest of the year. The average distance in-between was
11 km (centre-centre, range 6—18 km). Of the four males in
Skane, one performed a rutting migration of 19 km, whereas
the three remaining had rutting areas bordering the areas
where they spent the rest of the year.

Home range size in different seasons

The number of individual seasonal home ranges used in
the analyses constituted 96.7% (264 out of 273) of the
total number of seasons for females with functioning col-
lars during the study period. The best model explaining
variation in seasonal home range size (both for 95% and

Fig.2 Annual home range size
(ha, n=59) of red deer females N
(n=25) in relation to proportion 100001
of forest within the home ranges
in Skane (blue points) and
Kolmaérden (red points), Sweden
during 2006-2011 estimated
with 95% (left) and 50% (right)
Kernel. The lines show back-
transformed parameter estimates
from the model (see Table 3)
and 95% confidence intervals.
Note the different scales of the
y-axis

7500

50001

Home range size (ha)

25001

95% kernel

50% Kernel estimates) included proportion of forest, sea-
son and the interaction between proportion of forest and
season (Table 4). Seasonal home range size decreased with
increasing proportion of forest during the calving, hunting,
and winter-spring seasons both with 95% and 50% Ker-
nel estimates but not during the summer and rut seasons
(Fig. 3). In Skane, the seasonal home ranges were larger
during the calving, hunting, and winter-spring seasons
than during the summer and rut seasons, and during these
seasons they were also larger than during the correspond-
ent seasons in Kolmarden. In Kolmérden, home range size
was similar for all seasons (Table 2).

Discussion

We found an effect of habitat composition on red deer home
range sizes, as annual home range size, as well as home
range sizes during calving, hunting season, and winter-
spring, were negatively related to proportion forest in the
home range. Comparing our study with other studies in
Europe (Table 1), the home range sizes in our study areas
(Table 2) are in the mid to upper end of the range of resi-
dent deer, but below deer performing altitudinal migrations.
Annual home ranges of the red deer females were on average
three times larger in the mixed forest agricultural landscape
compared to the forest landscape. The core area use (Samuel
et al. 1985; Powell 2000; Kernohan et al. 2001) was also
larger in the mixed landscape than in the forest landscape,
and the females in the mixed landscape also showed a larger
variation in home range size between seasons than in the for-
est landscape. The seasonal home ranges were larger in the
mixed landscape than the forest landscape during calving,
hunting, and winter-spring, but were similar sized during
summer and rut. Contrary to the females, the average home

50% kernel
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Fig.3 Seasonal home range size with 95% Kernel estimates (top fig-
ures) and 50% Kernel estimates (bottom figures) of female red deer
(n=25) in relation to proportion of forest within the home ranges
in Skéne (blue points) and Kolmérden (red points), Sweden during
2006-2011. Seasons are classified according to calving (15 April-31
May), summer (1 June-20 August), rut (21 August—7 October), hunt

range size was larger for the males in the forest landscape
than the males in the mixed landscape. However, as we only
had four marked males in the mixed landscape, this result
should be interpreted with caution. There was also a large
overlap in male home range sizes between the areas.

Female annual home range sizes

Annual home range size decreased with increasing propor-
tion forest, a pattern shown by females both in Skéne and in
Kolmaérden (Figs. 2 and 3). As expected, the females in Kol-
marden had a higher proportion forest in their annual home
ranges than the females in Skéne (Figs. 2 and 3). The home
ranges in Kolmarden were thus generally smaller than in
Skane, both regarding the 95% and the 50% Kernels (Figs. 2
and 3; Table 2). Other studies have shown that red deer home
range sizes are smaller in forest dominated landscapes com-
pared to mixed forest-agricultural landscapes (Szemethy et al.
1998, 2003; Nahlik et al. 2009; Reinecke et al. 2014)—note,
however, that Kamler et al. (2008), Kropil et al. (2015), and
Zlatanova et al. (2019) observed among the largest home range
sizes for red deer in Europe, and did so in forest dominated
landscapes, a pattern that is suggested to be explained by the
presence of large carnivores and a dominance of broad-leaved
forests. The relationship of home range sizes decreasing with

(8 October—31 January), and winter-spring (1 February—14 April). The
lines show back-transformed parameter estimates from the model (see
Table 4). Four data points (29,694 ha during calving and 37,306 ha
during winter-spring with 95% Kernel estimates, and 5653 ha during
calving and 7917 during winter-spring with 50% Kernel estimates) are
not visualized

increasing proportion forest can be affected by several factors,
e.g. landscape structure, dispersion of resources, and sensi-
tivity to disturbance. Increases in spatial heterogeneity can
increase home range size (Kie et al. 2002; Anderson et al.
2005). Fragmentation leading to fewer, smaller, and more
scattered forest patches providing shelter for the deer, could
induce longer movements for the deer between different for-
est patches, and thus also larger home range sizes. Bevanda
et al. (2015) found that red deer displayed a hump-shaped
pattern where home range size was largest at intermediate
patch aggregation. Moreover, the sensitivity to human dis-
turbance through hunting (Jeppesen 1987; Sunde et al. 2009;
Jarnemo and Wikenros 2014) and recreation (Sibbald et al.
2011; Coppes et al. 2017; Scholten et al. 2018) (something
that also might be affected by sex (Laguna et al. 2021)) should
increase with decreasing forest patch size, further inducing
deer movements and increasing home range size. Gillich
et al. (2021) though found smaller home range sizes in an
area with high human disturbance than in an area with low
disturbance, possibly due to constrained movement possi-
bilities and/or few alternative safe areas. However, in an open
landscape with small and scattered forest patches, human dis-
turbance may result in enlarged home range sizes as the deer
have to move large distances between places offering security
cover. Moreover, sensitivity to disturbance should be more
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Table4 Linear mixed mod;ls to Dataset Intercept Forest Season Forest X Season df AAICe w;
assess the effect of proportion
of forest and season (calving, 95% Kernel X X X 13 0 1.0
summer, rut, hunt, and winter-
spring) and their interaction X X 0 18.5 <0.001
on seasonal home range size X 8 24.3 <0.001
(n=264) of red deer females X 4 83.1 <0.001
in Sweden during 2006-2011. X 5 84.4 <0.001
Analyses were conducted using
seasonal home ranges size B 8.14 =230 =2 unmer 2O porestsummer
with 95% Kernel estimates —2.04,, 2.10gqrest:rut
(transformed by In(x)) and 50% —0.04, e 0.3 1orest-hunt
Kernel estimates (transformed 0.67 intersorine —0-36Forestainter-sorin
by 1n(x+ 1)) as the response winter-spring orest:winter-spring
variables and deer ID and study SE 0.43 0.63 043 ummer 067 Forestsummer
area (Skane and Kolmarden) 0.45,, 0.72 g resterut
as random factors. For each 0.4% e 0.76pgrest:hunt
mOdel’ degree of freedom (df)7 0'47wimer—s ring 0'72Foresl'wimer—s ring
difference in AICc relative 50% Kernel X X sprine X o sprine 13 0 0.997
to the highest-ranked model ¢ ’
(AAICc), and AICc weights X X 9 11.6 0.003
(w;) are shown. Model-averaged X 8 18.2 <0.001
parameter estimates with X 7 74.9 <0.001
standard error (SE) are shown X 6 76.8 <0.001
for each variable retained in the ’ ’
best model (lowest AAICc). B 6.49 —220 = 1.99%ummer 1690 reqt:summer
The rfsference in the analyses is —2.35. 24650 rest-rut
“Calvmg " for season - 0‘58hum 0‘85F0re>t:hum

0'046wimer-spring 0‘28F0reat:wimer-spring

SE 040 054 0'425ummer 0‘65F0resl:summer

0'44rut 0‘68F0rest:rut

0'44hunt 0‘68F0rest:hum

0'46winler—spring 0'66F0resl:winler—spring

pronounced during the leafless period, and this effect is likely
to be especially strong in the nemoral zone in Skane, where
broadleaved forests and trees are more abundant (Nilsson
and Cory 2011).

In accordance with the inverse relationship between food
abundance and home range size (Ford 1983; O’Neill et al.
1988; Anderson et al. 2005), Schmidt (1993) and Reinecke
et al. (2014) found that red deer home range sizes were
smaller in areas with supplemental feeding. Mysterud et al.
(2023), however, did not see an effect of supplemental feed-
ing on size of red deer core areas or home range sizes. We
did not have detailed data on supplemental feeding, but it
was extensive in both regions during the hunting and win-
ter-spring seasons. However, there are differences between
Skane and Kolmérden regarding abundance and distribution
of forage that probably are of significance for the variations
in home range size and movements. An earlier study in the
two areas found that the forests in Kolmarden were rich in
vegetation in field and bush layers, as opposed to Skéne
where vegetation was sparse inside the forests. This study
could then show a strong negative relationship between
availability of forage in the forests and level of deer damage
on trees (Jarnemo et al. 2014). The deer in Kolméarden can
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thus forage inside forests, whereas the deer in Skéne find
little to eat, except for bark, in the forests, especially from
late autumn until spring. Instead, the deer in Skane must
to a large extent rely on foraging on crops (Mansson et al.
2021). The modern and strongly rationalized agriculture in
this area has single fields that may be up to 100 ha, meaning
that if the deer want to vary food intake, they may have to
move over large areas. Allen et al. (2014) found that the red
deer in the mixed forest-agricultural landscape in Skane in
winter (January—March) used more than twice as large areas
during the night-time feeding as compared to the deer in
the forest dominated landscape in Kolmarden. Location of
attractive crops does also change as different crops mature
and vary in palatability with season. Deer feeding on crops
will also experience that an abundant attractive food source
can disappear from 1 day to another during harvest and
ploughing, forcing the deer to shift area for foraging. The
large home range sizes shown for red deer in mixed forest-
agricultural landscapes (Szemethy et al. 1998; Nahlik et al.
2009; Reinecke et al. 2014) might thus not only be an effect
of fragmented and scattered forest patches, but also a con-
sequence of that deer foraging on crops may need to move
over large areas to vary their diet, and may have to adapt to
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seasonal changes in availability of crops and of preferable
combinations of attractive crops and secure daytime resting
sites. When the crop land decreased due to a replacement
with natural vegetation in DeSoto National Wildlife Refuge
in Nebraska, USA, Walter et al. (2009) observed that mean
annual home range size of white-tailed deer was halved.

Females in Kolmarden seemed to conform to a stationary
behaviour, as they did not display any distinct movements
between different areas, a finding that can be expected in
a homogenous landscape with small altitudinal variations.
However, Szemethy et al. (2003) and ProkeSova (2004)
showed that red deer females during the summer translo-
cated from forested areas into agricultural areas, and one
female in Skédne followed this pattern. Another female in
Skane performed a distinct seasonal migration between an
autumn—winter area and a spring—summer-rut area. Both
her areas offered forest cover, although the autumn—winter
area had (for the region) a larger homogeneous coniferous
forest that might be of benefit during snow cover and low
temperatures. Interestingly her departure from the rut area
coincided with the start of the hunting season, a behaviour
that has been observed previously in red deer (Jarnemo and
Wikenros 2014; Rivrud et al. 2016). The more irregular
movements observed for the two shifters might at least
partly be explained by hunting disturbance (Jeppesen 1987;
Sunde et al. 2009; Jarnemo and Wikenros 2014), but the
movements were made also outside the hunting season.
They could be triggered by other types of human distur-
bance (Sibbald et al. 2011; Coppes et al. 2017; Scholten
et al. 2018), but another possible explanation is that these
females sought places where they had favourable combina-
tions of attractive crops and safe daytime cover (i.e. dense
forest plantations). With crop rotation, different crops vary-
ing in attractiveness during the year, and cover in forests
changing with season (i.e. leafless or foliated), the locations
of preferable forage-cover combinations vary.

Male home range sizes

Our results indicated that males in general had larger home
ranges than females, a pattern that seems common for red
deer (see Table 1). The average of the annual home range
sizes in Table 1 (Kernels and MCPs mixed) is 1223 ha for
females and 3175 ha for males. Of 18 studies in Table 1
where annual home range size was studied for both females
and males, the average male/female ratio in home range
size was 2.6 with a range from 0.6 to 6.3, with Clutton-
Brock et al. (1982) as the only example of smaller home
range size for males. In our study, the male/female ratio
of annual home range sizes was 1.9 in Skane and 8.1 in
Kolmarden, keeping in mind that we only had four marked
males in Skane. Seven out of ten males in Kolmarden made
a rut migration similar to what earlier has been observed

for red deer males in Skane (Jarnemo 2008). A plausible
explanation for this migratory behaviour is offered by the
sexual segregation theory (Main et al. 1996; Ruckstuhl and
Neuhaus 2000, 2005). The Kolmarden males left the rut-
ting areas and returned to their winter-summer areas within
1 week after the start of the hunting season, their depar-
ture triggered by hunting activities (Jarnemo and Wikenros
2014), a behaviour also noted by Rivrud et al. (2016).

Seasonal home range sizes

As for annual home range sizes, there is a large variation
between studies regarding sizes of seasonal home ranges.
For males average seasonal home range sizes stretch between
30 and 5310 ha, and for females between 30 and 2570 ha
(Table 1). The studies, however, also show divergent patterns
concerning the size relationship between different seasons,
but also that individual strategies and inter-annual climatic
variations have an impact. Bocci et al. (2010) found that resi-
dent hinds had smaller home range sizes in summer than in
winter, whereas individuals with separated summer and win-
ter ranges had larger home range sizes in summer, but they
also found that this pattern was not true for all years. Win-
ter severity is one example of a factor that can affect home
range size and winters with more snow can restrict deer
movements, and thus, perhaps in the combination with sup-
plemental feeding, result in smaller winter ranges (Georgii
and Schroder 1983; Schmidt 1993; Koubek and Hrabe
1996). On the other hand, larger winter home range sizes
(Kamler et al. 2008; Nahlik et al. 2009; Bojarska et al. 2020)
may reflect a need to roam over larger areas for foraging.
Inter-seasonal variations in home range size clearly can be
affected by several factors such as type of landscape, winter
severity, hunting, as well as the capability of various habitats
to offer food and shelter during different seasons (see e.g.
Kamler et al. 2008; Bocci et al. 2010; Bevanda et al. 2015;
Bojarska et al. 2020; Laguna et al. 2021).

In our study seasonal home range sizes decreased with
increasing proportion forest, but this effect was only evident
during calving, hunting, and winter-spring. The largest home
range sizes in our study were observed during winter-spring,
and secondly, during the hunting season and the calving sea-
son. Hunting activities can induce flight distances over sev-
eral kilometres, sometimes even tens of kilometres, and the
effect of this type of disturbance is stronger in more open
landscapes (Sunde et al. 2009; Jarnemo and Wikenros 2014).

We found that home range sizes were smallest during sum-
mer, a pattern also found in other studies (e.g. Kamler et al.
2008; Nahlik et al. 2009; Gillich et al. 2021), and that may
reflect a higher food abundance. However, during summer,
the deer can find cover also in the open landscape. Hedge-
rows and coppices can now offer daytime shelter as opposed
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to when it is leafless. As crops grow taller, they may also
provide cover for daytime resting (Méansson et al. 2021). This
means that the deer can spend daytime resting in the night-
time foraging habitats, and that the spatial heterogeneity of
different resource patches is reduced.

In both study areas, the general rutting system seems to
be one where dominant harem holders defend mobile harems
(Jarnemo 2011, 2014; Jarnemo et al. 2017). Although deer in
both areas commonly seem to move between daytime rest-
ing in forests and night-time feeding in open terrain (Allen
et al. 2014), female movements may be restricted as they join
the harems of dominant males in order to avoid harassment
from younger males (Carranza and Valencia 1999). Whereas
males can visit different rutting grounds within a rutting
season (Jarnemo 2011), females seem to be more resident.
However, there were movements indicating that females
could conduct rut excursions (Stopher et al. 2011). One
interesting example was when three females in Kolmaérden,
that spent the rut in the same rutting ground, one after the
other in the 4th, 5-6th, and 8th of September 2008, left this
rutting ground and moved nearly 4 km to another ground
held by strong, dominant 10-year-old stag (harvested after
the rut and aged by cementum annuli on incisors). They all
returned to their original rutting ground after approximately
24 h. For males, the size of the home range during the rut
may be affected by the status of the male. Dominant harem
holders should be more confined to a single rutting ground,
whereas subordinate males can move over longer distances
visiting different rutting grounds (Jarnemo 2011).

The smallest seasonal home range was 2 ha (Kernel 95)
and was found for a female during the rut 2009. In 2008, the
same female had a home range during the rut of 1755 ha.
During the rut of 2009 she had used a 2.5 ha woodlot for
daytime bedding, and a bordering field with autumn sown
rapeseed for night-time feeding. In March 2010, her trans-
mitter turned silent and in November 2010 her remains were
found. She was then aged (by cementum annuli on incisors)
to 23-25 years. Decreases in home range size of old indi-
viduals have been found to be predictive of mortality within
the following year (Froy et al. 2018).

Management implications

The six red deer management areas in the Kolmarden study
area had an average size of 5300 ha (range 2800-10,000).
The females in Kolmarden were resident and had annual
home ranges with an average size of 810 ha (95% Kernel,
range 154-3914; Table 2). A single red deer management
area should thus be large enough to more or less manage its
own females.

In Skéane, home range sizes were larger, and there were
also females moving between different separated areas. In
the hunting season 2010/2011, 180 license units in Skane
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had an average size of 700 ha and varied between 200 and
10,200 ha. However, one license unit can contain several
estates, and it is common that especially smaller estates join
in a common license application. With larger home range
sizes and a large variation in size of hunting and license
units, it is probably common that red deer females cover sev-
eral hunting and license units in their movements and home
ranges. That females, and perhaps also herds of females, may
move between separated areas, covering different estates and
hunting units, do also complicate damage mitigation, espe-
cially if damage occur outside the hunting season in areas
where the deer spend less time during the hunting season.
The coordinated management in the license area, should be
expedient, and perhaps even necessary, in order to reach
and make trade-offs between different goals of conservation,
game management, and damage mitigation.

Annual and seasonal home ranges estimated with Kernel
50% isopleth had a size that were approximately 1/5 (18-22%)
of the Kernel 95% home ranges, regardless of habitat com-
position, sex, or region (Table 2). Zlatanova et al. (2019) had
similar results with an average core area size that were 19% of
total home range size (variation 9 to 27%). Knowledge of core
areas can be relevant in order to identify critical resources,
and be of help for the understanding and estimation of dam-
age risk, as well as for damage mitigation. One example is
damage to forest plantations through browsing and bark strip-
ping where damage risk increase with human disturbance as
the deer get restricted in their movements and are forced to
seek cover in the dense forest stands during daytime, resulting
in decreased daily home range sizes and high damage rates
(Nahlik et al. 2009). Further studies could focus on differ-
ences in habitat selection between core area and total home
range as well as investigating differences between diurnal and
nocturnal spatial use.

In Kolmarden, seven of ten males seasonally migrated
between rutting areas and winter-summer areas in a similar
pattern as have been previously shown for males in Skane
(Jarnemo 2008). Six of the migrating Kolmérden males were
gathered in the same 2800 ha (MCP) area during the rut, but
were dispersed over approximately 32,000 ha (MCP) during
the rest of the year. The seasonal migration may increase
the risk of overharvesting of males as they are hunted both
in rutting areas in the beginning of the hunting season and
in the winter grounds later on in the season (Jarnemo 2008;
Sibbald et al. 2011; Jarnemo and Wikenros 2014). Further-
more, the male seasonal migrations need also to be taken
into consideration in monitoring. When an aerial survey
was conducted in Kolmarden in February 2006, it was con-
cluded that male ratio was relatively high in the western
part (Ostergotland County), whereas the sex ratio was highly
skewed towards females in the eastern part (S6dermanland
county). However, during the research project it was discov-
ered that males rutting in the eastern part could spend the
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winter in the western part, i.e. deer management should not
be separated in an eastern and western area, but coordinated
despite being separated by an administrative county border.
Whereas, the license area in Skéne covers both rutting areas
and male winter-summer areas, allowing a coordination of
male harvest, the red deer management areas in Kolmarden
are too small to encompass the male movements. In accord-
ance with earlier studies (Jarnemo 2008; Kropil et al. 2015;
Meisingset et al. 2018; Fattorini et al. 2020), we also recom-
mend that local red deer management units should be coor-
dinated over larger areas to match spatial use by seasonally
migrating males.
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