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Abstract

Human population growth is changing the shape of the landscape as we mould the
environment to suit our needs. The transformation of the landscape is potentially the
greatest threat to biodiversity therefore it is important to understand how species respond
to changes in the landscape. Research is hampered by studies only focusing on one aspect
of species response, such as home range, habitat selection or movement patterns. This
study adapts a recently developed methodological framework that incorporates these three
fields of research into one combined approach. The framework is applied to red deer
(Cervus elaphus) that are coming into conflict with forestry landowners in two different
regions of Sweden. The landscape in these two regions is structurally different with one
being dominated by agriculture and the other by managed forestry, thus providing an
excellent framework to compare impacts of land use. The methodology used for this study
was able to identify several differences in the behaviour of red deer between the two
regions. Red deer in the agriculture dominated landscape altered the timing and duration of
their movements, utilised a larger portion of the landscape and changed their pattern of
habitat selection. The reasons for these observed differences are discussed and suggest that
the patterns observed may be due to lower resource availability in the landscape although
future research would be needed to quantify the impacts of different land management
strategies. The results of the study were compared to previous research to validate the
methodological framework and many behaviours reported in previous studies of red deer
are observed in this study. Therefore the methods provide the potential to improve research
of animal space use through the unified approach. The study concludes with some
recommendations that would improve the methods applied to the study and identifies
future areas of research needed to clarify the differences observed in the movements of red
deer in these two Swedish landscapes.

Word Count: 12,201
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1 Introduction

1.1 Landscape change and species response

Human population growth has resulted in an ever increasing demand for food resulting in
greater demand for the conversion of land for pasture and agriculture. Land transformation
has been described as the primary driving force of biodiversity loss (Vitousek et al. 1997;
Foley et al. 2005) and few areas remain on earth that have not been influenced by humans
(Kareiva et al. 2007). Land transformation may result in habitat loss, fragmentation and
degradation therefore altering the structure of the landscape. The implications for
conservation have led to a large body of research that has been devoted to understanding
how species respond to changing landscapes (Banks et al. 2007; Fischer & Lindenmayer,
2007).

One area of research is to understand how the composition and spatial configuration of the
landscape (i.e. landscape structure; McGarigal & McComb 1995) influences the movement
patterns of animals (Johnson et al. 1992). Animals move inter alia, to acquire resources, to
reproduce and to avoid predators or competition with conspecifics (Fahrig 2007).
Therefore changes in the landscape structure such as the availability of resources, patch
size or connectivity will influence animal movements due to factors such as the ability to
find food or shelter (Kareiva 1983; O’Neil 1988; Mysterud & Ims 1998). Methodologies
that have been developed to study animal movement focus on aspects such as individual
movement or dispersal (Bowler & Benton 2005), home range size to quantify space use
(Börger et al. 2006b) and habitat selection to determine resource use (Manly et al. 2002).
The results of studies such as these have improved our knowledge on how habitat
fragmentation may limit dispersal (Baguette & van Dyck 2007) or how landscape structure
impacts habitat selection (Hansen et al. 2009; Morellet et al. 2011). The progress in studies
of animal movement have been facilitated by the advancement of global positioning
system (GPS) technology providing precise spatial and temporal location data of animal
movements (Hebblewhite & Haydon 2010). As a result research has been divided between
improving study designs to remove sources of bias such as spatial autocorrelation and
measurement error (for example see D’Eon & Delparte 2005; Millspaugh et al. 2006) and
developing new methods that further our understanding of animal behaviour. These

methods have developed independently of each other therefore research usually focuses on
just one aspect of an animal’s movement or space use in the landscape. However, a recent
study by Papworth et al. (2012) applied a combined methodology to study both human
movement and resource use with a framework that can applied to animal movement.
Applying these methods provides the opportunity to improve our understanding of species
response to changes in the landscape thereby improving conservation strategies aimed at
mitigating impacts of land use change.

Here I use the red deer (Cervus elaphus) system in Sweden as a case study as they are
managed in human-dominated landscapes and are coming into conflict with forestry
managers, a situation known as a human-wildlife conflict (HWC). HWC arises when the
needs and behaviour of wildlife negatively impact the goals of humans or when humans
negatively impact the needs of wildlife (WPC Recommendation 2004). HWC provides a
challenge for management and conservation due to the conflicting agendas of landowners.
Red deer are hunted for recreation therefore wildlife managers aim to keep populations
high. Forestry landowners believe that the damage caused to their plantations is due to an
overabundance of red deer and are asking for the population to be reduced. The conflict
has become the focus of research in recent decades to improve our understanding of why
deer damage forestry and ways that it can be mitigated.

Red deer come into conflict with forestry landowners by stripping bark from trees
subsequently lowering the quality of the wood and reducing the economic return when the
wood is harvested (Putmin & Moore 1998). The explanation for why red deer strip bark
from trees still remains unclear and therefore so does an effective management strategy.
The most common explanation is that red deer eat bark during times of low food
availability (Gill 1992; Verheyden et al. 2006). Low food availability generally occurs
during winter although an overabundance of red deer and the subsequent competition for
resources would also reduce food availability. Strategies have been developed for both
these hypotheses by providing supplemental feeding or controlling the density of red deer.
The success of supplemental feeding remains uncertain and a review by Putman & Staines
(2004) examined studies where supplemental feeding increased, decreased or had no
impact on the levels of forestry damage. Verheyden et al. (2006) were unable to find a
clear relationship between deer density and bark stripping concluding that the level of bark

stripping may be due to an interaction of density and food availability. Månsson &
Jarnemo (2012) found that the damage to forestry in southern Sweden was much higher in
a predominately agricultural landscape compared to that of a managed forestry landscape,
even though the forestry landscape had a higher density of red deer. Therefore factors other
than density may be impacting the way a red deer interacts with its environment meaning
that reducing the population of red deer may not actually resolve the conflict.

The question that remains is whether the bark stripping behaviour of red deer in this region
is a response to human-induced changes in the landscape. The methods developed by
Papworth et al. (2012) are able to compare the movements and space use of red deer in the
two regions of Sweden. The results can be compared to behavioural patterns observed in
previous research studies that have analysed the impacts of landscape structure on
movement and space use. For instance research into red deer habitat selection indicated
that differences in the availability of certain habitats in a landscape changed its relative
use, a process known as functional responses in habitat selection (Mysturd & Ims 1998;
Godvik et al. 2009). Home range studies of ungulates have shown that animals are required
to range over larger areas when resource availability is low (Tufto et al. 1996) which is
supported by studies of animal movement that have shown that animals moving through a
habitat with low resource availability would have a straighter and quicker movement as the
animal searches for higher quality habitats (Fahrig 2007). Therefore understanding an
animal’s movement patterns within the landscape is vital as it provides information
regarding resource availability and habitat suitability. As low resource availability is
currently the dominant theory for bark stripping, the research could provide the
information necessary for wildlife managers to mitigate the conflict between red deer and
forestry.

1.2 Aims and Objectives

The aim of this project is to use recent advances in spatial ecology to further our ecological
understanding of the impacts that the landscape structure has on the movement patterns of
red deer and the feeding decisions they make

Objective 1: To identify any differences in the movement patterns of red deer in two
different landscapes, one dominated by agriculture and the other by managed
forestry

Objective 2: To identify the habitats selected by red deer and analyse how the landscape
structure impacts habitat selection while feeding and resting

Objective 3: To combine advances in recent methodological frameworks and through this
study provide a platform for the methods to be applied to future research

Objective 4: to contribute to research improving the knowledge of wildlife managers and
forestry managers thereby assisting towards the development of appropriate
mitigation and land management strategies

2 Background

The following section will introduce the study species and provide background information
regarding the ecology and management of red deer in Sweden and the causes of conflict
between red deer and forestry. A review follows of some of the behavioural research that
has already been done for red deer which contributed to the design of this study. The
methods used to identify red deer behavioural patterns are then reviewed, particularly in
reference to the current methodology developed by Papworth et al. (2012).

2.1 Red Deer (Cervus elaphus)

The red deer (Cervus elaphus Linnaeus 1758) is a member of the Cervidae family and are
a Holarctic species occurring in North Africa, Europe, southern Siberia, the Far East, North
America and parts of central Asia (Koubek & Zima 1999). Red deer have been classified
as one species (C. elaphus) containing 22 subspecies (Geist 1999) although recent papers
suggest it should be classified as two distinct species (C. elaphus and C. canadensis; Geist
1998; Ludt et al. 2004). The species can be separated using phylogenetics but confusion
remains as subspecies readily interbreed and produce viable offspring (Koubek & Zima
1999). Red deer are sexually dimorphic with only the male typically having antlers and
weighing up to 1.7 times more than a female (Clutton-Brock et al. 1982). Their lifespan is
approximately 15 years (Lovari et al. 2008) reaching sexual maturity at 2 years of age
(Clutton-Brock et al. 1982). The rutting season occurs from the end of August to midOctober (Jarnemo 2011; Pepin et al. 2009) during which a male will defend harems of
hinds (females) for mating. The gestation period is approximately 233 days (Kelly et al.
1987) and the calving season starts in May ending in June (Pepin et al. 2009).
Red deer are ruminants and spend 70 – 96% of their active time foraging and most of the
non-foraging time is spent ruminating (Bunnell & Gillingham 1985). They are intermediate
feeders (Hofmann, 1989) and the feeding strategy may vary seasonally according to forage
availability with previous studies showing that deer are predominately browsers from
spring to autumn and grazers during winter (Dumont et al. 2005; Homolka & Heroldova
2001). A review of the red deer’s diet can be found in Straus (1981) and Gebert &
Verheyden-Tixer (2001) but generally includes leaves, conifer needles, twigs, nuts, shoots,

tree bark, herbaceous flowering plants (forbs), grasses and even seaweed. Red deer
originally lived in open deciduous woodland but can now be found in forests or woodlands
and are often associated with land of low productivity, such as open moorland in Scotland
(Koubek & Zima 1999; Milner et al. 2006).

The red deer has been evaluated as least concern using the IUCN red list criteria (Lovari et
al. 2008) due its large range and presumed large population. The main threat to red deer is
the interbreeding of subspecies as translocated individuals mix with native populations.
The red deer is a popular game animal which is hunted for recreation, meat and for its
trophy antlers (Milner et al. 2006; Milner-Gulland et al. 2004). Over the past few decades
many populations of red deer in Europe have been increasing due to increasing densities or
range expansions (Apollonio et al. 2010).

2.1.1 Red Deer in Sweden

Red deer arrived in Sweden during the Boreal period, approximately 9000BP where they
arrived in the south and then expanded their range northwards (Ahlen, 1965). The range
was largely restricted to the southern half of Sweden, with no fossil records of it extending
beyond Östergötland (Liberg et al. 2010). Red deer were pressured by hunting and
competition with domestic livestock and by the beginning of the 19th century they had been
extirpated from most parts of Sweden except a few large estates in Skåne in southern
Sweden (Ahlen, 1965). The population remained stable until modern day when efforts
were made to translocate native red deer to new areas because it was the only remaining
population of the subspecies C.e.elaphus (Liberg et al. 2010). Unfortunately during the
20th century translocations were also made from other parts of Europe so it is unknown
whether any native red deer exist outside of Skåne. The status of C.e.elaphus inside Skåne
is uncertain as recent genetic research indicates male immigration into Skåne from
introduced populations in other parts of the country (Haanes 2008). The population
estimate of red deer in Skåne is 1,200 (Jarnemo, 2008) and 10,000 for Sweden (Liberg et
al. 2010). As the population of red deer has increased in Sweden so has hunting with
annual harvests of 90, 1420 and 3000 in 1965, 2002 and 2009 respectively (Milner et al.
2006; Liberg et al. 2010).

2.1.2 Management

The following section provides a summary of the management of red deer in Sweden as
detailed in Liberg et al. (2010). In Sweden the hunting rights on all game are granted to the
landowner who may in turn lease out the rights to another person. The only general
principal for the management of game species is that they are preserved in viable
populations and do not allow serious damage to other vital interests in society. Red deer
hunting in Skåne is controlled by licenses which provide a quota for the number of animals
that can be taken in an open season. Outside of Skåne, landowners and hunting teams may
form voluntary red deer management units (RDMU). RDMUs are required to submit
shooting and harvest plans which detail harvest quotas based on information available for
red deer density, production and forest damage. Hunters that are not part of an RDMU are
only allowed to shoot calves. A common management action is winter feeding of red deer
aimed at maintaining population size, attracting deer to the estate and to prevent damage to
forestry. Other than harvest records there is very little information regarding densities
however census methods have recently been trialled for red deer using aerial surveys that
appear to be promising. Landowners that are not part of an RDMU report the number of
harvested red deer on a voluntary basis and the Swedish Association for Hunting and
Wildlife Management has been collecting this information since 1939. Red deer are
hunted using a variety of methods that include stalking, remaining in a fixed position while
beaters drive the game towards them or using dogs to flush deer. For a long time, red deer
numbers were purposefully kept low and the range was restricted to Skåne as they had a
bad reputation for damaging forestry, particularly Norway Spruce (Picea abies).

2.2 The Conflict between Forestry and Red Deer

Red deer may cause damage to forestry by browsing the new growth of forest stands,
stripping bark from trees or fraying bark with their antlers (Gill 1992). Although browsing
damage by ungulates is a concern for foresters, it is not deemed to be as serious as bark
stripping because trees often recover once they grow out of the herbivores reach (Kalén
2006). Red deer strip bark from trees by either gnawing off pieces of bark using their
incisors during the winter when the bark is tough or tearing off sheets of bark in the spring
when the bark is softer (see Fig 2.1 for examples of the two types of damage).

Fig 2.1 Bark stripping damage from gnawing (left) and peeling (right)

Once the bark has been stripped, the tree may become susceptible to fungal infections (Gill
1992; Putman & Moore 1998). Fungal infections discolour and stain the wood and as the
stripping is usually done near the base of a tree it devalues the most valuable part used for
timber production (Vasiliauskas 2001). Bark stripping rarely results in the death of a tree
(Puman & Moore 1998) however the damaged area may be more susceptible to breakage
during high winds or heavy snow (Gill et al. 2000). Over 21 tree species have been
reported to be bark-stripped by deer (Gill 1992) although Norway Spruce, Scots Pine
(Pinus sylvestris) and willows (Salix sp.) are amongst the most highly susceptible to bark
stripping (Gill 1992; Verheyden et al. 2006). As the population of red deer has grown and
spread in recent years, the damage from red deer has increased increasing the conflict
between red deer and forestry. Therefore identifying solutions to mitigate the conflict is
becoming increasingly important.

2.3 Behavioural Research of Red Deer

The activity patterns of red deer are generally influenced by cycles of light and darkness
(Kamler et al. 2007) and season (Georgii 1981) however these may be impacted by
human-related disturbance. In disturbed areas red deer may become mostly nocturnal or
have peak periods of activity at dawn and dusk (Pepin et al. 2006) whereas in areas with
little or no human disturbance red deer may be active throughout the day and night
(Kamler et al. 2007). During winter feeding is normally done in open habitats where there
is more forage available, whereas rumination or resting takes place in sheltered habitats

with less forage due to shading of plants (Mysterud & Østbye 1999). Habitat preferences
of red deer may vary according to the time of day, activity, season and availability
(Dumont et al. 2005; Adrados et al. 2008; Godvik et al. 2009). Seasonal variation is due to
the intermediate feeding strategy described earlier meaning that deer alternate between
browsing and grazing structured habitats in summer and winter. A study in Norway
revealed that red deer selected for pastures while feeding at night but selected for forests
during the day while resting, suggesting a trade off in habitat selection related to forage
quantity/quality and shelter (Godvik et al. 2009). Therefore the habitat selection patterns of
red deer are influenced by activity such as feeding or resting and the activity patterns are
influenced by the time of day due to predation risk or disturbance. There has been a degree
of variation observed in the home range behaviour of red deer. In the Alps in Italy, home
ranges varied in size seasonally with larger home ranges in spring and summer compared
to winter when the home range was smallest due to restricted movement due to snowfall
(Georgii 1981). In contrast, in North America the home range was larger in winter in
Yellowstone due to less available forage (Anderson et al. 2005). Red deer may also adopt
migratory strategies moving to lower elevations in winter during high snowfall (Mysterud
et al. 2011).

It is important to incorporate the results of previous behavioural research studies into the
study design. The study design would need to account for variation in red deer behaviour,
such as the alternating cycles of activity or the seasonal adaptation of feeding strategy in
order to accurately measure behavioural patterns. Therefore methods in spatial ecology are
constantly adapting as the results of research are incorporate into research designs.

2.3 Methods in Spatial Ecology

2.3.1 Progress in Movement
“Movement is beguiling in its variety and complexity” (Holyoak et al. 2008). This
statement is a good introduction to a branch of population ecology that for a long time has
been avoided by ecologists for its conceptual and practical difficulties (Turchin 1998).
However, ecologists have become aware that movement is important for processes such as
dispersal, genetic variation and population dynamics (Turchin 1998). Research of animal
movements has developed in three key areas concerning (i) characterising space use of
animals using home ranges (Börger et al. 2006b), (ii) habitat selection to understand
resource use (Millspaugh et al. 2006) and (iii) quantifying and understanding animal
movement and how this is influenced by the environment (Holyoak et al. 2008). These
three fields of ecology have developed independently of each other however developments
in research methodologies have meant that these studies can now be combined into one
combined approach. The following sections will provide background to how research in
home ranges, habitat selection and movement have progressed resulting in the combined
approach to study animal movement patterns and their feeding decisions.

2.3.2 Home Range

The most commonly used definition of a home range is the one used by Burt (1943) as
“that area traversed by the individual in its normal activities of food gathering, mating, and
caring for young”. Early methods of home range estimation used minimum convex
polygons to connect the outermost points and define an area of maximum use (Marzluff et
al. 2001). Since then numerous methods have been developed for home range analysis
with no consensus of which methods are best (Laver & Kelly 2006). However, there has
been recognition of the temporal variation in home ranges, such as seasonal variation
(Tufto et al. 1996) and that the intensity of space use within a home range varies (Hayne
1947). The best known method for quantifying the intensity of space use is the “utilisation
distribution” (UD) (Van Winkle 1975) which uses a probability density function to depict
the probability of an animal occurring within its home range (Marzluff et al. 2001).
Kernohan et al. (2001) capture both these aspects in their definition of home range as “the

extent of area with a defined probability of occurrence of an animal during a specified time
period”.

The most popular methods used to calculate UDs are kernel methods (Worton 1989) which
smooth observed locations to create an average probability of use for each square in a
gridded area. These were initially calculated using location-based kernel density estimators
(LKDE) where each point is treated individually however methods
have recently moved onto using movement-based kernel density
estimators (MKDE) (see Fig 2.2) that considers the time between
successive pairs of locations (Benhamou 2011). The MKDE
method initially used random walks to estimate the kernel function
however a method recently developed, known as the biasedrandom bridge (BRB), biases the movement to the next location
(Benhamou & Cornélis 2010; Benhamou 2011) thus providing
more biologically relevant UDs. The natural progression after
identifying which areas are used more intensively is to understand
why they are used more intensively. Therefore the next step is to
combine home range research using the UD with habitat selection

Fig 2.2 UDs estimated using
LKDE (left) and MKDE (right)
(Downs & Horner 2012)

research.

2.3.3 Habitat Selection

Research in habitat selection aims to determine whether a particular type of habitat is used
more or less often than would be expected if all types were used randomly (Johnson 1980).
A common method of studying habitat selection is by using resource selection functions
(RSF; Boyce et al. 2002) which is defined as any function that is proportional to the
probability of use by an organism (Manly et al. 2002). RSFs use location data to determine
whether habitats were used vs. unused or used vs. available (Boyce et al. 2002).
Identifying habitats that are not used may be challenging therefore use vs. availability is
the preferred method for calculating RSFs (Boyce et al. 2002; Johnson et al. 2006).
However determining what habitat is available can be difficult with some studies using the
study area (Aebischer et al. 1993), but does the boundary of the study area accurately
reflect the available space use of an individual? Using the UD to calculate habitat selection

overcomes these issues as selection is no longer defined as use or non-use but instead as a
continuum of intensity of use. This is done by using a resource utilisation function (RUF;
Marzluff et al. 2004) that relates spatially defined resources to the UD. The RUF improves
on previous RSFs by increasing sensitivity as it quantifies resource use and removes the
impacts of serial correlation as auto-correlated data collected with a systematic sampling
strategy actually improves UD estimation (Marzluff et al. 2004).

The development of studies in habitat selection has also begun to consider the temporal
variation in habitat selection. The selection of habitats may not only vary by season but
also through the course of the day as activity patterns of wildlife are divided between
periods of feeding and resting, for example white-tailed deer (Odocoileus virginianus)
prefer open habitats for foraging but rest in forest habitats that provide shelter (Massé &
Côté 2009). Splitting the analysis of habitat selection between feeding and resting would
provide results that differ to an analysis that combined the two behaviours. Some studies
are able to divide these movements using specialised GPS collars fitted with motion
sensors that detect lateral and vertical head movement (for e.g. Van Beest et al. 2010) or
by dividing the activity patterns between day and night (for e.g. Godvik et al. 2009). If
specialised GPS collars are not an option, an alternative method would be to use an
animal’s movement patterns to divide activity between feeding and resting.

2.3.4 Quantifying Movements

The daily movement patterns of humans were recently analysed by Papworth et al. (2012)
using methods developed to model the migration patterns of Moose (Alces alces) using
net-squared displacement (NSD; Bunnefeld et al. 2011). NSD is described as the square of
the distance to the first location from each location of an animal’s movement path (Turchin
1998). Movement data is 3 dimensional (latitude, longitude and time) which are
conceptually more difficult to analyse as random walk models provide an infinite number
of directions to keep track of (Turchin 1998). NSD converts this to 2 dimensional data
(distance and time) which is easier to analyse with statistics as distance can only increase,
decrease or stay the same over time. Bunnefeld et al. (2011) created movement models to
distinguish migratory movement patterns from dispersal, nomadic and home range
movements. Although the models were developed to analyse yearly movements, the

models are scale-independent therefore they can theoretically be applied to analyse daily
patterns. The migration movement model would follow the daily activity patterns of a
central place forager, i.e. a species that regularly returns to a fixed point such as a den or
nest (Orians & Pearson 1979). The following illustration provides an example of the
expected daily movement pattern for a nocturnal central place forager (see Fig 2.3) and is
adapted from Bunnefeld et al. (2011). While the animal is resting (1) the NSD remains
stable at zero until dusk when the animal begins its outward movement (2) to the feeding
range. The outward movement results in a sharp increase in the NSD. When the animal
reaches the feeding grounds (3) the NSD stabilises, indicated by the asymptote in the Sshaped curve. The second movement phase starts as dawn approaches resulting in a reverse
S-shaped curve. The return movement (4) results in a sharp decrease in NSD until it
reaches its resting grounds (5) and the NSD stabilises close to zero again. The parameters
from the movement model can be used to identify these different activities therefore
providing a more accurate means of separating feeding from resting movement phases (as
opposed to using night and day).

Fig 2.3 Theoretical movement model of a central place forager adapted from
Bunnefeld et al. (2011) that divides daily movements into five movement phases,
(1) Resting, (2) Travelling, (3) Feeding, (4) Travelling and (5) Resting.

2.4 Study Site

This study was undertaken in two regions of southern Sweden (see Fig 2.4). Skåne
(N55°65E13°50) is the southernmost county (hereafter South) and SödermanlandÖstergötland (N58°75E16°40) is in the south-east (hereafter North). The dominate
landscape in the South is agriculture covering 45% of the county while forestry covers
35%. Norway spruce is the main forest type (38%) followed by valuable broadleaf forests
(18%) and other broadleaf forests (17%; Skogsdata 2011). In contrast, the North’s
dominate landscape is forestry covering 55% of the county while agriculture is only 20%.
Forestry in the North is predominately split between Scots Pine (32%), Norway spruce
(28%) and Mixed Conifer forests (18%; Skogsdata, 2011). The mean annual temperature in
the South is 6.5°C with mean annual precipitation of 800mm (WMO normal period 1961 –
1990; SMHI, 2012). During the same period, the average number of snow days per year
was 40 with a mean max depth of 10cm (SMHI, 2012). In the North, the mean annual
temperature is 5.5°C with mean annual precipitation of 787mm (WMO normal period 1961
– 1990; SMHI, 2012). During the same period, the average number of snow days per year
was 80 with a mean max depth of 35cm (SMHI, 2012).

Fig 2.4 Location of the North and South study sites in Sweden (map source: Dalet 2012) and the
landscape structure

3 Methods

3.1 Methodology Framework

The study analyses the movements of red deer hinds during winter when resource
availability is lowest and their movements are not influenced by additional factors such as
calving or the rut. The study combines methods from movement ecology and habitat
selection in order to determine the movement patterns, utilisation distribution and habitat
selection using three clearly definable steps (Fig 3.1).

1 - Movement Patterns
The movements of red deer are analysed using net-squared displacement in order to
identify when red deer are feeding (active) or resting (inactive)

2 - Utilisation Distribution
The locations during feeding and resting are analysed using a biased-random bridge to
identify which areas are utilised by red deer, the UD size and the intensity of use.

3 - Habitat Selection
The utilisation distribution is compared to the landscape characteristics using a resource
utilisation function to identify which habitats are selected in relation to their availability.

Fig 3.1 Methodology Framework for the analysis of red deer movement patterns and
feeding decisions in both study sites

1 - Red deer movement patterns will be analysed using the NSD mixed effects model
approach from Bunnefeld et al. (2011). The method uses GPS location data collected at
regular time intervals and models the daily movement patterns of red deer. The results of
the model will provide information on the distance, timing and duration of movements and

therefore indicate how the movement path of red deer is being impacted by the landscape.
The model parameters will be used to separate movement phases between feeding (active)
and resting (inactive). Separating movements between these two phases allows for the
calculation of behaviour specific UDs and RUFs.

2 - The UD is estimated using the BRB method and it calculates the area utilised by red
deer and the intensity of use for a given grid square. This is done for the feeding and
resting movement phase and provides information on whether behaviours are spatially
segregated, a method rarely used in home range analysis (Marzluff et al. 2001). The size
of the UD would be expected to vary based on resource availability (Tufto et al. 1996)
therefore larger UDs would be expected for areas of low resource availability.

3 - The final aspect of the analysis is to relate the UD to the habitat types of the landscape
using the RUF. The resulting co-efficient indicates the strength of selection for a particular
habitat in relation to the availability of that habitat. This will identify which habitats are
important for red deer during feeding and resting behaviours. Previous research indicates
that red deer have a functional response in habitat selection (Godvik et al. 2009) therefore
selection of important habitats is expected to increase as availability decreases.

The methodology framework makes some assumptions about the behaviour of red deer in
Sweden based on behavioural knowledge from previous studies:


A1: Red deer have bi-modal peaks in activity at dusk and dawn (Pepin et al. 2006)



A2: Red deer exhibit typical winter feeding behaviour and are feeding (active) at
night and resting (inactive) during the day (Georgii 1981)

The method combination has been used once before to analyse human resource users
(Papworth et al. 2012) and to my knowledge this is the first time the methods will be
applied to a non-human animal. The fields of study in movement ecology and habitat
selection are rarely done in unison and the application of this methodology provides a
unique opportunity to assess its effectiveness within an excellent experimental framework
of wild red deer occurring in structurally different landscapes.

3.2 Data Collection

The fieldwork for this project was undertaken between February and March 2006 in the
North and during the course of 2007/8 in the South. Red deer hinds were tranquilised at
feeding stations using a Dan-inject rifle and immobilised with Fentanyl and Xylazin. The
hinds were fitted with a Vectronic Aerospace GPS collar and a plastic ear tag for
identification and then given Naltrexon as an antidote. Only adult hinds (at least two years
old) were fitted with a collar however the exact age of collared deer is unknown. Ten
individuals in the North and 12 individuals in the South were fitted with GPS collars. GPS
positions were taken every 4 – 6 hours and once a week a position was recorded every 15
minutes for 24 hours starting at midnight. The locations were received by e-mail and if
possible, taken directly from the collar when the hind died or the collar fell off.

3.3 Data Analysis

3.3.1 GPS Data Screening

Approximately 105,000 GPS data points were collected from the South and 110,000 from
the North during the course of the study period. The first step required before analysis is to
screen the data for any errors. Two types of error can occur which are missing location
fixes and location error (Lewis et al. 2007). There were 4,907 missing location fixes
overall providing a fix success rate of 97.7%. Previous studies have shown that missing
location fixes are usually systematic and not random (Frair et al. 2004). The success rate of
location fixes may be influenced by habitat features such as canopy height and cover
(DeCesare et al. 2005; Di Orio et al. 2003) or temporal features such as the time of year
(Edenius 1997). This habitat-induced data loss may result in biased habitat selection
models potentially leading to type II errors of failing to detect significant model
coefficients (Nielson et al. 2009). Despite the potential bias of missing locations the issue
has been largely ignored (Frair et al. 2004) resulting in data thinning as the points are
removed from the datasets. However, the methods proposed for this study do not require
data thinning therefore preventing some of the bias caused by missing locations. Nonlinear
NSD models estimate missing locations by extrapolating between known locations for the

movement study (Papworth et al. 2012) and the BRB method can interpolate between
recorded locations (Benhamou 2011).

The second type of error in GPS data is location error. A location error is the difference
between an animal’s true location and the position recorded by a GPS collar (Bjørneraas et
al. 2010). Location errors may result in the misclassification of habitats used in resource
selection functions (Visscher 2006) and may introduce bias into movement data (Hurford
2009). There are two measures of accuracy for a GPS location; these are the number of
satellites and the satellite geometry. A two-dimensional (2D) fix is when three satellites are
recorded simultaneously and a three-dimensional (3D) fix is four or more satellites (Lewis
et al. 2007). Satellite geometry is measured by the dilution of precision (DOP) and a low
DOP value represents higher accuracy due to improved triangulation by the satellites
(Langley, 1999). The GPS data collected during the study period has a high degree of
accuracy as over 95% of records have 3D fixes and over 97% of records have a DOP of
less than 10 metres. Some screening methods suggest the removal of 2D fixes (D’Eon et
al. 2002; Lewis et al. 2007) or points with a high DOP (D’Eon & Delparte 2005) or a
combination of the two (Lewis et al. 2007). These screening methods could result in the
loss of between 1,200 to 16,000 data points for this study depending on the method used.
Instead, a recently adapted method that incorporates the movement characteristics of an
animal will be used to screen the data for location errors. The method outlined in
Bjørneraas et al. 2010 uses two steps to identify potential location errors. The first step
identifies locations farther away than a pre-set distance from surrounding points and the
second step identifies erroneous spikes in turning angle and speed (Bjørneraas et al. 2010).
Based on knowledge of Red deer movement and behaviour in the study areas, the
following parameters were used in the screening model:
Δ = 10km
μ = 5km
α = 1.5 km/hour
θ = 0.97
where Δ is a large, predefined distance that the animal is unlikely to travel within the
maximum sampling interval, μ is a large, predefined distance that the animal is not likely

to have travelled, α is a predefined threshold for speed and θ is a predefined threshold for
turning angle (Bjørneraas et al. 2010). The screening method was done using the opensource statistical software R (R Development Core Team 2012, Version 2.15.0) and it
requires the package Adehabitat (Calenge 2006). This method detected a total of 98
location errors that were removed from the dataset.

3.3.2 Movement Characteristics
To detect the fine scale movements of Red deer’s daily patterns the data was filtered to
contain only periods when GPS points were taken every 15 minutes. The focus of the study
is movement patterns during winter therefore all other points were removed from the
dataset. Winter months were December, January, February and March when temperatures
are lowest and deciduous trees are bare of foliage. Movements of red deer needed to occur
over the same time period for the results to be comparable therefore only data points
during the winter of 2007/8 were used. The purpose of the study was to analyse the
movement of red deer exhibiting normal resting and feeding behaviour. Hunting in both
regions caused a flee response by deer causing them to travel several kilometres before
returning back to the study site a few days later and this response has been reported in
previous studies (for example Sunde et al. 2009). Hunting dates were provided for both
regions therefore the movements on these days were removed. The remaining sample size
for statistical analysis was 6 deer from the South with 8,774 points and 6 deer from the
North with 5,312 points.

3.3.2.1 Movement analysis

Red deer are not known as central place foragers (i.e. they do not return to a fixed point)
therefore the migration model (Fig 2.3) used in Bunnefeld et al. (2011) and Papworth et al.
(2012) would not be appropriate. An alternative approach would be to divide the migration
model into two equal portions. The first model would analyse the movement from the
resting ground to the feeding ground (the “outward journey”). The second model would
analyse the journey from the feeding ground back to a resting ground (the “return
journey”). Each model would analyse a 12 hour time period in order to identify the
expected movements at dawn or dusk and the stationary period on either side of a

movement when deer are either feeding or resting. The 12 hour time period for the outward
journey began at midday ending at midnight to detect the expected peak of activity at dusk.
The return journey began at midnight and ended at midday to record the second expected
peak of activity at dawn. This method still identifies the bi-modal peaks in activity of a
migration model however it removes the assumption of returning to a fixed point.

The outward and return journeys were modelled using a logistic model, i.e. just half of the
equation for a double sigmoid migration model, which is the equivalent of a dispersal
strategy (Bunnefeld et al. 2011):

NSD =

(

)

Eqn1

where δ is the asymptotic height (in km2), θ is the timing (in minutes) at which the
movement reaches half its asymptotic height, φ models the timing (in minutes) elapsed
between reaching ½ and ~¾ of the asymptote and t is the number of minutes since trip start
(Bunnefeld et al. 2011; Papworth et al. 2012).

The dispersal strategy was also compared to the linear models of home range and nomadic
strategies (Bunnefeld et al. 2011) using the Akaike Information Criterion (AIC; Burnham
& Anderson 2002) to determine best fit. Movements were grouped by region therefore the
random effect was that trip was nested within individual to account for variation between
individuals and that there were multiple trips by the same individual. The fixed effects
structure of the model was asymptote (δ), timing (θ) and duration (φ). Different
combinations of fixed effects were modelled with the random effects to determine the best
model structure. Once the best random effects structure had been determined an additional
comparison was made to determine whether movements varied between the North and
South study sites. The analysis was performed using R software (R Development Core
Team 2012, Version 2.15.0). Movement trajectories and NSD was calculated using the
package Adehabitat (Calenge 2006). The data was then modelled using nonlinear mixed
effect models in the statistical package nlme (Pinheiro et al. 2012). The results of the
model provided estimates for the distance, timing and duration of movements.

3.3.3 Utilisation Distribution (UD)

The movement models were used to divide the daily patterns into either feeding or resting
behaviour. The start time, midpoint (θ) and the duration (φ) for the outward and return
journeys were used to calculate the start and end times, as per equations 2 to 5
Feeding Start Time =.So + (θo + (2 x φo))

Eqn2

where So is the start time of the outward journey (i.e. midday), θo is the time that the
outward journey reaches half its asymptotic height and φo is the timing (in minutes) elapsed
between reaching ½ and ~¾ of the asymptote of the outward journey
Feeding End Time = Sr + (θr – (2 x φr))

Eqn3

where Sr is the start time of the return journey (i.e. midnight), θr is the time that the return
journey reaches half its asymptotic height and φr is the timing (in minutes) elapsed between
reaching ½ and ~¾ of the return journey asymptote
Resting Start Time = Sr + (θr + (2 x φr))

Eqn4

where Sr is the start time of the return journey (i.e. midnight), θr is the time that the return
journey reaches half its asymptotic height and φr is the timing (in minutes) elapsed between
reaching ½ and ~¾ of the return journey asymptote
Resting End Time = So + (θo – (2 x φo))

Eqn5

where So is the start time of the outward journey (i.e. midday), θo is the time that the
outward journey reaches half its asymptotic height and φo is the timing (in minutes) elapsed
between reaching ½ and ~¾ of the asymptote of the outward journey

Separate UDs were calculated for feeding and resting behaviour using the BRB method
(Benhamou 2011; Benhamou & Cornélis 2010). An individual was removed if it had less
than the minimum number of 200 locations recommended for UD analysis (Benhamou &

Cornélis 2010; Millspaugh et al. 2006). A sample grid was set up that would incorporate
all GPS locations using a 10m x 10m grid to capture fine scale changes in habitat use while
allowing for the accuracy of the GPS collars. The diffusion coefficient was calculated
using the function BRB.D (Benhamou 2011) in the package Adehabitat (Calenge 2006).
Parameters such as Tmax and Hmin used to calculate the BRB were estimated from the data
and varied for each study site. Once the UD had been calculated the area of use at the 50%
and 95% isopleths was calculated using the function kernel.area in Adehabitat (Calenge
2006). The UD for deer in each study area was combined and the mean taken to compare
between the North and South study areas. The UD for each individual was then extracted
and saved as a shapefile.

Due to the widespread nature of collared deer in each region it was necessary to split each
region into smaller study areas for analysis. Red deer in the North were split into two
distinguishable study areas with three deer in each area. Red deer in the South were split
into three distinguishable study areas with 2 deer in each study area. There was no overlap
between study areas although individual deer may overlap within the same study area. The
areas were simply named study areas 1 & 2 in the North and 3 to 5 in the South (see Fig
3.2). The results of the UD analysis were overlaid with a habitat map (see 3.3.4) in
ArcMap version 9.3 (ESRI) to identify areas of intensive use separated by behaviour type.
The map provides a means of clearly distinguishing the difference in the landscape
structure of the UD and identifying areas of intensive use.

Fig 3.2 Location and size of the study sites 1 & 2 in the North (left) and 3 to 5 in the South (right)

3.3.4 Habitat maps

Habitat maps were generated using ArcMap with shapefiles that contained ground cover
information generated by Sveriges Marktäckedata. The ground cover maps were last
updated in 2002 and have a resolution of 25m x 25m. The map was updated with clear-fell
data that was available for the years 2003 to 2005. The ground cover maps were used in the
UD and RUF analysis. The maps were also used to calculate the area of each habitat in a
10km x 10km grid (100km2) centred over each of the five study sites (see Fig 3.2).

3.3.5 Resource Utilisation Function (RUF)

The shapefile containing the UD for each individual was loaded into ArcMap together with
the ground cover map for the region. Any points with a UD >95 were excluded therefore
only grid squares with a 95% probability of use would be analysed. The dominant habitat
for each 10m x 10m grid cell was extracted using Spatial Join in the Geoprocessing tool
reference. It is possible to complete this step using R however this step was done in
ArcMap due to the format of the groundcover file. Once the habitat information had been
extracted for all individuals, the files were loaded back into R to perform the RUF.

The approximate number of data points used to calculate the RUF is equivalent to the 95%
UD area for an individual deer multiplied by 10,000, for example, the 95% feeding UD for
ID 2122 is 0.70 (Appendix 3) therefore the number of data points is ~7,000. The package
RUF, version 1.5.2 (Handcock 2012), was used to analyse the UD. The log of (100-UD)
was used as the response variable to give a normal distribution (Papworth et al. 2012;
Kerston & Marzluff 2010). The explanatory variable used was the habitat characteristics.
The smoothness parameter was changed for each deer in order to achieve the best model
fit. The mean smoothness for the feeding dataset was 0.51 and 0.55 for the resting dataset.
The range was estimated by the model and the mean value was 37.03m for the feeding
dataset and 24.49m for the resting dataset. The standardised coefficient was calculated as
this allows the comparison of the relative influence of resources on animal use whereas the
unstandardised coefficient is used to map predicted use of resources (Marzluff et al. 2004).
The RUF for each deer was combined and the mean calculated for each study area in order
to compare RUFs according to landscape structure.

4 Results

4.1 Movement Patterns

The best fitting model for the movement patterns of red deer was the dispersal model (see
Appendix 1 for AICs) for both outward and return journeys using a random effects
structure that included trip nested within individual and that these varied with the
asymptote (δ). There was a very high correlation between the asymptote (δ), timing (θ) and
duration (φ) of a journey therefore only the asymptote was included in the random effects
structure to avoid over-complicating the movement model.

Fig 4.1 Outward and return journeys for the North and the South. Trips are shown as grey points with
connecting lines and the modelled output is the solid black line

To determine the fixed effects, a lower AIC was found when trips were separated by
region, i.e. a model was fitted separately to movement in the North and South. If the
regions were combined, the ΔAIC for the outward and return journey was 26 and 95
respectively compared to a ΔAIC of 0 when trips were separated by region. Red deer in the
South travel further than deer in North on both outward and return journeys (Fig 4.1; Table
4.1). This is evident in the model outputs but also from Fig 4.1 where there are a number of
trips in excess of 4km2 for the South compared to just 3 trips exceeding 4km2 in the North.
Both regions travel further on the outward journey compared to the return journey although
this difference is greater in the North. The timing and duration are similar for both types of
journey in each area except deer in the North which return earlier over a longer duration.

Table 4.1 NSD model outputs for outward and return journeys in the North and South
(with 95% confidence intervals)
North
Outward

South
Return

Outward

Return

Asymptote (δ)

1.04 (0.59 – 1.47)

0.68 (0.23 – 1.13)

1.60 (1.25 – 1.95)

1.43 (1.07 – 1.79)

Peak Distance

1.01km

0.81km

1.26km

1.19km

Mid-Point (θ)

365 (355 – 373)

312 (291 – 332)

376 (372 – 380)

354 (350 – 357)

Scale (φ)

66 (58 – 73)

103 (87 – 119)

53 (50 – 56)

64 (60 – 67)

Individuals

6

6

6

6

Trips

57

54

90

91

The model outputs (Table 4.1) were used to separate the data points between feeding and
resting (Table 4.2) in order to calculate behaviour specific UDs. Locations were then
extracted between those times resulting in 2,895 points for South Feeding, 3,160 points for
South Resting, 1,353 points for North Feeding and 1,664 points for North resting. All red
deer met the minimum requirement of 200 points for each behaviour type.

Table 4.2 Feeding and Resting Times for Red deer
Feeding

Resting

Start

End

Start

End

North

20:15

02:00

08:45

16:00

South

20:00

03:45

08:00

16:30

4.2 Utilisation Distribution (UD)

Two examples of the UD maps overlaid with habitat types for the movement phases of
feeding and resting can be seen in Fig 4.2. The maps generated for all individuals are
shown in Appendix 2.

The area of the UD calculated for each deer at the 50% and 95% isopleths can be viewed in
Appendix 3. The UD for each study area in the South was much larger than the UDs in the
North for both feeding and resting (Table 4.3). The ratio of UD area for resting compared
to feeding was between 1.5 to 2.5 times smaller in the South whereas in the South the ratio
was 1.7 to 4.8 times smaller.
Table 4.3 Mean UD area in km2 for study areas 1 & 2 in the North and study
areas 3 to 5 in the South
Feeding

Resting

Area

50

95

50

95

1

0.15

0.86

0.06

0.37

2

0.06

0.34

0.04

0.25

3

0.43

2.47

0.09

0.64

4

0.70

3.99

0.23

1.44

5

0.5

3.06

0.29

1.78

The proportion of habitats found on the study sites can be seen in Appendix 4. The most
noticeable difference is the lack of Arable land in study site 2 and dominance of coniferous
forest.

Fig 4.2 The UD map for two deer, ID 2171 from the North (left) and ID 3159 from the South (right). The intensity of use for feeding is indicated by
a graduated scale from yellow (low intensity) to red (high intensity). The intensity of use for resting is indicated by a graduated scale from blue
(low intensity) to green (high intensity).

4.3 Resource Utilisation Function (RUF)

The description of each habitat and the number of deer that utilised a particular habitat is
displayed in Table 4.4. The results of the RUF for each individual can be seen in Appendix
5. The habitat with the strongest selection for feeding is Clear-felled areas with 8 deer
selecting the habitat. The habitat with the weakest selection for feeding is Broad-leafed
Forest not on mires with 9 deer avoiding the habitat. While resting the habitat with the
strongest selection is Younger Forest (9 deer selected) and Arable Land had the weakest
selection (8 deer avoided).

Table 4.4 Habitat types and the number of deer utilising each habitat
# of Deer: # of Deer:
Habitat Type

Feeding

Resting

Arable Land

10

9

Pastures

12

8

Broad-leafed Forest not on Mires

10

9

Broad-leafed Forest on Mires

2

2

Broad-leafed Forest on Bedrock

4

4

Coniferous Forest 5 – 15m

12

11

Coniferous Forest >15m

11

11

Coniferous Forest on Mires

5

6

Coniferous Forest on open Bedrock

4

4

Mixed Forest not on Mires

7

9

Mixed Forest on Mires

2

2

Clear-felled Areas

11

11

Younger Forest

10

11

Wet Mires

4

1

Other Mires

4

6

The mean of the RUF for each deer combined by study area is displayed in Fig 4.3. There
is no single habitat type that was positively selected for by all study areas. However during
resting deer in all study areas avoided arable land and pastures, with the exception of study
area 2 which had no arable land in the resting UD. The habitats selected for while feeding

varies across all study areas. Red deer in study area 1 strongly selects for clear-felled areas
whereas in area 2 the selection is for clear-felled areas, wet mires and pastures. Red deer in
area 3 are the only ones to select for arable land and is only one of two selecting for
pastures while feeding. Deer in study area 4 show stronger selection for mature coniferous
forest and younger forest while deer in study area 5 select for both young and mature
coniferous forest. While resting, deer in four study areas have strong selection for clearfelled areas and younger forest with only weak avoidance of these habitats in the other
study areas. Red deer in study areas 4 and 5 also showed strong selection for coniferous
forests while resting.
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Fig. 4.3 Standardised RUF co-efficients of each habitat type for feeding (left) and resting (right) for study areas 1 &2 in the North and study areas 3 to 5 in the

South. Positive RUF values indicate that use of a resource is greater than expected based on availability and negative RUF values indicate that use of a
1

2

3

4

5

5 Discussion

The results of the study have identified that there are differences in the movement patterns
and habitat selection of red deer fulfilling the first two objectives of the study. The
following section will provide an overview of the results before comparing them to
previous studies to determine how effective the methodological framework was in
identifying these behaviours. The differences observed between the regions will be
discussed by comparing results to previous research to interpret how landscape structure
may be impacting red deer `behaviour. Concluding remarks will be given with
recommendations for future studies and implications for management.

5.1 Overview

The NSD movement model revealed that the distance travelled between the feeding and
resting locations is greater in the South however the duration of the journey was longer in
the North. As a result, red deer in the South were feeding for an additional 2h and resting
for an additional 1h. The UD identified regional differences in the area utilised for both
feeding and resting. All red deer in the South had larger UDs than red deer in the North
and in some instances the area utilised was 10 times larger in the South compared to the
North. The habitats selected by red deer while feeding tended to vary between study sites
and between regions. However habitats selected while resting showed a general trend of
preference in all study areas for coniferous forest, younger forest and clear-felled areas and
an avoidance of arable land and pastures.

The methodology framework appears to have been appropriate in correctly identifying
several behavioural characteristics of red deer reported in previous studies. The results of
the UD and RUF confirm our assumption (A2) that during winter red deer are feeding
(active) at night and resting (inactive) during the day as found in previous studies (Georgii
1981; Green & Bear 1990). The UD indicates that the area utilised at night was larger as
red deer were active and foraging compared to daytime when the area utilised is smaller as
red deer are inactive or ruminating. This is supported by the results of the RUF as the
strength of selection for open grazing habitats such as arable land, pastures and clear-fell
was higher at night while feeding compared to resting when habitats that provided more

shelter such as younger forest and mature coniferous forest had stronger selection. The
exception is study sites 4 and 5 which had stronger selection for forested habitats while
feeding (discussed in section 5.2.2). However, the avoidance of open habitats was stronger
during the day in these two study sites supporting the results that red deer are resting
during the day and feeding at night. Similar temporal variation in habitat selection was
found for red deer in Norway (Godvik et al. 2009) and France (Adrados et al. 2008) and
indicates that red deer in both regions experience a trade-off between forage and cover. In
addition to identifying feeding from resting behaviour, the methodology appears to
correctly identify the type and timing of movements of red deer. The movement model
confirms our assumption (A1) that red deer have bimodal peaks in activity (Clutton-Brock
et al. 1982; Pepin et al. 2009). The peaks in activity appear to be driven by cycles of light
and darkness (Kamler et al. 2007) as the times that deer leave or return to the resting
location approximates to the hours of daylight during winter. The movement model
identified the resting period as 08:00 to 16:30 in the South. Lund is in a similar location to
the South study sites and the hours of sunlight ranged from 08:40 to 15:30 in December
and 06:10 to 18:20 in March. The resting period for the North was identified as 08:45 to
16:00 and the hours of sunlight for Stockholm which is slightly north of the study site
ranged from 08:50 to 14:45 in December to 05:50 and 18:00 in March. The movement
model is fitting data from December to March and the results fall within the range of
sunrise and sunset times during this period for both the North and South study sites.
Including the month as a variable in the NSD movement model may result in a model
output that resembles the changing daylight patterns more closely.

The methodology framework appears to have been appropriate in identifying the
movement patterns and habitat selection of red deer. However consideration should be
given to the classification of “feeding” and “resting” time scales. Red deer behaviours
alternate between foraging, ruminating and resting at finer time scales than used in this
method. However, without specialised GPS collars that detect head movement, the activity
patterns of red deer would be difficult to detect. This could be a reason why studies of
home ranging behaviour that segregate feeding and resting activity are limited. An
alternative method that could be considered was developed by Frair et al. (2005) using
first-passage time to differentiate movement phases based on distance moved. However,
this methodology operates on some of the same assumptions as this study, i.e. it grouped

movement phases over an extended period (2 hours in their study). The method would also
vary substantially due to the different movement strategies of red deer and the influence
that landscape structure may have on resource availability subsequent movement paths.
Therefore I believe that using the movement model from this study to identify periods of
activity provides an improvement on distance based methods and methods that group
movements into time phases into night and day (e.g. Godvik et al. 2009; Börger et al.
2006a).

5.2 Differences between the North and South study site

The above comparison of behaviours observed in this study with those of previous studies
would indicate that the methodology has accurately identified red deer movements and
space use allowing for meaningful comparisons to be made between the two study sites.

5.2.1 UD size

Estimation of the UD has been described as important for home range studies as it
quantifies the use of space by an animal (Worton 1989; Kernohan et al. 2001). All red deer
in the South had UDs that were at least twice as large as those in the North and for some
individuals it was more than 10 times larger. The intra-specific variation in the size of
home ranges is still poorly understood (Kjellander et al. 2004, Said & Servanty 2005) with
explanations that include age and sex, seasonal variation, availability of resources, shelter,
reproductive cycle and population density (Tufto et al. 1996; Kjellander et al. 2004;
Börger et al. 2006b). However, the study design precludes many of these variables as the
comparison of UDs is for red deer hinds only, during winter and for a specific activity
period such as feeding. During winter the level of snow cover may impact the home range
size of red deer (Luccarni et al. 2006) however the difference in snow days between
December and March 2007/8 is minor with 9 snow days in the South and 26 snow days in
the North (SMHI, 2012). Therefore, the size of the UD of red deer in the two regions
appears to be a factor of resource availability or population density.

Population density has been shown to influence the size of home ranges of ungulates
indicating that the area utilised becomes smaller as the population density increases

(Lesage et al. 2000; Kjellander et al. 2004). Unfortunately no density figures are available
for our study sites however previous harvest quotas and pellet counts indicate that the
density of red deer is higher in the North (Månsson & Jarnemo 2012) which may explain
why the UD is smaller in the North. However a more common body of theory is that home
range size is more strongly related to resource availability (Tufto et al. 1996; Anderson et
al. 2005). Previous research suggests that the size of the home range depends on the energy
requirement of an individual and the available energy within a habitat (Harestad & Bunnell
1979). As resources become scarce across the landscape, organisms may need to operate at
larger spatial scales in order to meet their energy demands (O'Neill et al. 1988). Therefore,
the increase in size of home ranges in the South would indicate a scarcity of resources in
the landscape requiring red deer to expand their home ranges to meet their energy
demands. This would help explain why the level of bark stripping is higher in the South
(Månsson & Jarnemo 2012) if bark stripping is due to low resource availability (Gill 1992;
Verheyden et al. 2006). It is also important to consider not only scarcity but distribution of
resources when assessing availability. The distribution of habitats influences the success of
ungulates finding food (Kareiva 1983) and habitat distribution has been shown to influence
the home range size of ungulates (Anderson et al. 2005; Börger et al. 2006b). The
distribution of habitats was not a focus of this study however the habitats selected by red
deer may provide an indication of resource availability in the study sites.

5.2.2 Habitat Selection

Red deer in both regions appear to exhibit a functional response in habitat selection
(Mysterud & Ims 1998) as reported in previous studies of ungulates (Massé & Côté 2009;
Godvik et al. 2009). Red deer increased selection for forest habitats as the availability of
open habitats increased in the South whereas in the North there was increased selection for
open habitats as the availability of forest increased. To illustrate this with an example, deer
feeding in study site 2 in the North had a preference for open areas, specifically pastures
and clear-fell areas. The landscape in this study site contained the lowest proportion of
open habitats but the highest proportion of forest. In contrast, deer in study site 5 in the
South showed a preference for coniferous forests while feeding in a landscape dominated
by arable land and pastures. This would indicate that the landscape structure does impact
habitat selection by red deer in southern Sweden. The type of open or forested habitat

selected varied between the two regions therefore the impact of different land management
strategies should be taken into consideration.

A noticeable difference in habitat selection of clear-felled areas was observed between the
North and South study sites, for both feeding and resting. Clear-felling of forests is a type
of human-induced succession that alters the light and soil conditions resulting in changes
for the growth conditions of vegetation (Kuiters et al. 1996). New plant species colonise
the ground and field layer (Bergquist et al. 1999) and the change in seral vegetation may
increase the supply of forage and cover for ungulates (Kuiters et al. 1996). The
homogenous forestry landscape in the North means that clear-felled areas are less exposed
and contain more habitat edge providing sheltered grazing. The combination of shelter and
forage near clear-felled areas would explain why this open habitat is selected during
feeding and resting by deer in the North. This pattern of selection is not observed in the
South though, particularly during feeding where there is neither a strong selection nor
avoidance of clear-felled areas. The dominance of agriculture in the South means that
clear-felled areas are not surrounded by forests like the North. Therefore there is no
perceived benefit of shelter compared to other open habitats such as pastures or arable
land. This study does not consider the variability of resources within-habitats either.
Resource availability may vary considerably in clear-felled areas due to the different
management regimes used by forestry. Management strategies such as scarification, shelter
woods and slash removal may influence the succession of vegetation and therefore the
availability of resources for ungulates. Unfortunately the management strategies used by
the forestry owners in this study are not available and a comparison in future research
would be useful to provide an indication of whether the clear-fell strategy influences
resource availability and the subsequent habitat selection by red deer.

The second noticeable difference is the selection of coniferous forests while feeding in
study sites 4 and 5. The expectation is for red deer to have stronger selection for open
habitats while feeding due to the dominant winter feeding strategy of grazing (Dumont et
al. 2005; Homolka & Heroldova 2001) and reduced foraging opportunities within forests
(Mysterud and Østbye 1999). There may be a couple of explanations for either the
avoidance of open habitats or selection of coniferous habitats. Open agricultural habitats
have solely been classified as arable land and pastures during this analysis however this

does not reflect the varying state of agricultural land. Arable land may provide foraging
opportunities from crops such as grasses and cereals (Putman & Moore 1998) however it
could also be tilled land containing no foraging opportunities, for example study site 3 may
contain favourable crops as the red deer in this area are the only ones to select for arable
land while feeding. Substituting the category of arable land for more descriptive
agricultural land uses would improve our understanding of the habitat selection pattern in
these study sites. The management strategy of providing supplemental feeding during
winter could influence habitat selection of red deer. Supplemental feeding is usually
provided to either maintain high densities of game animals used for hunting, improve
trophy quality or to minimise damage to forestry (Putman & Staines, 2004). Previous
research has indicated that supplemental feeding can be used to redistribute animals
(Sahlsten et al. 2010) and that habitat selection patterns may change as a result (Van Beest
et al. 2010). Therefore providing food in coniferous forests would increase resource
availability and therefore influence the distribution and habitat selection of red deer in
these study sites. The location of feeding stations could be overlaid with the UD maps
produced during this study in order to determine whether feeding stations were associated
with areas that had high intensity of use. Alternatively, the distance to a feeding station
could be included in the RUF analysis to determine whether habitat selection increased or
decreased with proximity to the feeding station. Finally, the management practices for
young and mature forests would influence the forage availability in the ground and field
layer. Characteristics such as amount, position and type of vegetation influence the light
that reaches the ground (Lieffers et al. 1999) thus impacting growth in the understory (for
example see Fig 5.1). As the level of bark stripping damage was higher in the South it is

Fig 5.1 A naturally regenerated Norway Spruce stand with high resource availability (left) compared
to planted Norway Spruce stand with low forage availability (right)

unlikely that the forests are managed in a way that promotes growth in the understory.
Therefore it is likely that conifer forests are being selected by red deer in study sites 4 and
5 due to either a lack of forage in open habitats or due to the availability of forage from
feeding stations.

5.2.3 Movement Patterns

Red deer in both regions appear to exhibit movement patterns that are influenced by human
disturbance. In regions with little or no human disturbance, red deer are active during the
day and night (Clutton-Brock et al. 1982; Kamler et al. 2007) whereas human disturbance
causes shifts in activity patterns to night (Georgii 1981; Pepin et al. 2009), as observed in
this study. Red deer in the South spend over an hour longer resting compared to the North.
The difference in the hours of daylight between the two study areas is approximately half
an hour during December/January but by March it is approximately equal. This would
indicate that the level of disturbance is higher in the South as red deer wait longer before
leaving the resting location and return earlier after feeding. After leaving the resting
location the time taken to travel between the resting and feeding locations is shorter in the
South and the distance travelled greater. Movement theory reviewed by Fahrig (2007)
indicates that animals moving through risky or low-resource habitats have straighter
movement paths minimising time spent there and that spatial aggregation of habitats would
favour shorter movement distances. The potential lack of growth in the understory
discussed previously would support this theory as deer aren’t able to forage on the way to
their night-time feeding grounds which would result in a faster travel speed. Therefore the
movement patterns of red deer in the South would indicate that resource availability is
lower than the North and these are not spatially aggregated (i.e. the habitat is fragmented).
Red deer in the South study site moved in excess of 4km2 on several occasions compared
to red deer in the North which rarely moved in excess of 4km2. These movements may
indicate a seasonal shift in home range (Georgii 1980) however the possible impacts of
disturbance by hunting should also be considered. Hunting may cause ungulates to leave
their home ranges returning after a few days (De Boer et al. 2004; Sunde et al. 2009 but
also see Neumann et al. 2009) and this response to hunting was observed during this study.
Efforts were made to exclude all movements influenced by hunting however some

information may be missing. The study site in the South is characterised by several
landowners controlling smaller estates therefore it is possible that not all hunting dates
have been removed. Hunting may also influence the movement patterns and feeding
decisions made by red deer after returning to their home range. Research has indicated that
following hunts, deer have depleted carbohydrate resources and exhibited signs associated
with physiological and psychological stress (Bateson & Bradshaw 1997). Hunting happens
during the course of winter when red deer have lowered their metabolic rate in order to
reduce their energy expenditure to cope with low resource availability (Arnold et al. 2004;
Turbill et al. 2011). The movement away from the home range caused by hunting increases
the energy requirements of red deer resulting in an increased heart rate of at least 20%
(Arnold et al. 2004). The combination of these impacts is likely to increase the nutritional
demands of red deer therefore it would be useful to apply the methods of this study and
compare between normal feeding behaviour and the period immediately after a hunt.

The difference between the peak distances moved in each study site is not substantial and
the potential impacts of the NSD method should be considered. NSD is calculated by
squaring the distance between the starting location and the end location of a path (Turchin
1998) therefore the value of NSD will begin to increase exponentially when the distance
travelled exceeds 1km. The movements in the South are characterised by several trips that
exceed a NSD of 4km2 in comparison to the North which only contains a few. The trips
with a high NSD value will have a greater influence on the asymptote (δ) of the model
output therefore distorting the peak distance result. However, the primary purpose of using
NSD was to determine the shape of the movement and therefore the timing and duration
for which the method has been demonstrated as appropriate. Future studies incorporating
this methodology framework that wish to compare distance travelled are recommended to
calculate it separately and should give careful consideration to the time interval of
locations to calculate this accurately (see for example Rowcliffe et al. 2012).

5.3 Summary of the Impacts of Landscape Structure

The results clearly indicate that the movement patterns and feeding decisions of red deer
differ between the North and South study sites. These differences appear to be influenced
by differences in the landscape structure of the two study sites, as indicated by the

functional responses of red deer and their space use patterns. The results suggest that the
availability of resources in the South is lower due to the larger areas utilised by red deer,
the habitats selected while feeding and the movement patterns of red deer between the
feeding and resting grounds. Low resource availability could potentially lead to increased
levels of bark stripping damage (Gill 1992; Verheyden et al. 2006) therefore supporting the
findings that bark stripping damage is higher in the South and this may be influenced by
landscape structure (Månsson & Jarnemo 2012). However the rate of bark stripping may
also be influenced by forestry management practices and supplemental feeding therefore
further research would be needed to confirm this.

5.4 Recommendations

5.4.1 Management of Red Deer and Forestry

The management of the conflict between red deer and forestry is challenging due to the
different interests of stakeholders. Hunters wish to maintain high numbers of red deer
whereas forestry landowners wish to reduce the population in an attempt to reduce the
damage. To develop an effective management strategy for red deer it is important to
understand the range of factors that influence the response, in this case bark stripping. The
analysis of the results indicated how land management regimes may influence the
availability of resources for red deer. Unfortunately the current land management practices
in the region are unknown therefore the study could be improved by understanding how
these regimes impact habitat selection. This could be achieved by collaborating with
landowners to collect information such as stand age, density, species, clear-fell treatment
and location of feeding stations. Incorporating these variables into the RUF analysis would
improve the study design by identifying how land management practices influence
resource availability in the landscape.

It was unclear how population density impacts the movement and space use of red deer in
the two regions. The results suggest that resource availability is lower in the South,
therefore deer require larger home ranges (Tufto et al. 1996; Anderson et al. 2005),
however the density is believed to be lower in the South which could also lead to larger
home ranges ((Lesage et al. 2000; Kjellander et al. 2004). Additional research into the

population density of red deer would not only improve the design of this study but it would
also be important when evaluating a management strategy for the population. The density
of red deer may influence the availability of resources in the habitat (Côté et al. 2004) and
the level of damage to forestry (Verheyden et al. 2006). A combined program that
monitors population density and damage from bark stripping may identify density
thresholds (Putman et al. 2011) above which the population either needs to be controlled or
the management of habitats improved to increase the availability of resources.

I recommend that the study is expanded to study male red deer in winter. The rut ends in
October meaning that mature males are in poor condition as the winter months begin
(Clutton-Brock et al. 1982). Males are also larger than females and therefore require more
energy (Clutton-Brock et al. 1982). Males have been shown to range over much larger
areas than females (Jarnemo 2008) therefore increasing their energy requirement. These
combined factors result in a greater demand for resources by males. Future research
comparing males in these two regions would improve our knowledge of how the landscape
and land management regimes influence their movement and feeding decisions.

5.4.2 Future Application of the Methodology

The methodology framework has identified a number of differences in the movement
patterns and feeding decisions made by red deer in the North and South study sites. The
subsequent analysis of results has improved our ecological knowledge of red deer in the
two study sites and provided some insight into potential explanations for observed
behaviours while highlighting improvements to this methodology and potential areas for
future research. The study design is adaptable and can be applied to any species that are
able to carry GPS devices and have movement peaks followed by stationary feeding or
resting periods. Therefore I believe this study improves on existing methods in spatial
ecology as it uses the same data as other areas of research (i.e. GPS locations and habitat
data) but provides an improved level of information regarding animal movements and
space use compared to the current practices.
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Appendix 1 – AICc results from analysis of best fitting movement model
ΔAICc

Region

Journey Strategy

AICc

South

Outward Dispersal

15,058.11 0.00

South

Outward Home Range 15,891.57 833.46

South

Outward Nomadic

15,141.06 82.95

South

Return

Dispersal

15,020.06 0.00

South

Return

Home Range 15,665.23 645.17

South

Return

Nomadic

North

Outward Dispersal

North

Outward Home Range 6,872.38

647.60

North

Outward Nomadic

6,278.56

53.78

North

Return

Dispersal

3,559.19

0.00

North

Return

Home Range 4,158.17

598.99

North

Return

Nomadic

19.53

15,061.66 41.60
6,224.78

3,578.71

0.00

Appendix 2 – Remaining UD maps for Red deer in the North and the South

Appendix 2 (cont.)

Appendix 2 (cont.)

Appendix 3 – UD area for the feeding and resting dataset for each Individual at 50% and
95% probability of use, sorted by study area

Area
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1
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2
2
3
3
4
4
5
5

ID
2122
2169
2170
2167
2168
2171
3161
3200
3155
3159
3152
3195

Feeding
50
95
0.15
0.70
0.04
0.22
0.05
0.34
0.15
0.96
0.14
0.91
0.09
0.46
0.50
3.04
0.61
3.62
0.79
4.35
0.24
1.94
0.50
3.08
0.61
3.00

Resting
50
95
0.08
0.38
0.02
0.15
0.03
0.17
0.04
0.28
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0.45
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0.43
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1.91
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Appendix 4 - The area (km2) of habitats found in a 10km x 10km grid centred over study areas in the North (1 & 2) and the South (3 to 5)
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Appendix 5 – RUF results for Feeding (top) and Resting (middle) for each individual
sorted by study area and the coding for each habitat (bottom)
ID
Area 30
2122 1
0.02
2169 1
0.02
2170 1 -0.08
2167 2
2168 2 -0.09
2171 2
3161 3
0.05
3200 3
0.02
3155 4 -0.03
3159 4
0.00
3152 5 -0.01
3195 5 -0.01
Total
-0.01

32
-0.02
-0.05
0.06
0.09
-0.01
0.07
0.03
0.06
-0.01
-0.02
-0.04
-0.02
0.01

40
-0.06
-0.09
-0.11

41

0.00
-0.03
-0.05

-0.11
-0.04
-0.05
-0.01 0.00
-0.01
0.01 -0.01
-0.03
-0.05
-0.05 -0.01 -0.03

ID
Area
30
32
40
41
2122 1 -0.13 -0.06 -0.11
2169 1 -0.08
-0.07
2170 1 -0.17
-0.11
2167 2
2168 2
2171 2
-0.04
3161 3 -0.13 -0.04 0.05 0.02
3200 3
0.01 0.02 -0.00 -0.05
3155 4 -0.07 -0.04 0.05
3159 4 -0.15 -0.00 0.10
3152 5 -0.15 -0.08 -0.05
3195 5 -0.08 -0.04 0.01
Total
-0.10 -0.03 -0.01 -0.02

Code
30

43

44
-0.00
-0.02
0.11
-0.04
0.00
-0.04
-0.02
-0.04
-0.02
0.03
0.06
0.07
0.01

45
46
47
-0.06
-0.00
0.03
0.01
0.12 -0.03 -0.02
-0.14
0.07 -0.07 -0.02
-0.14 -0.08

48
0.03

49

54
0.13
0.07
0.12
0.06
0.15
0.03

55
-0.00

71

72

-0.03
0.03 0.04
0.03 0.05
0.04
0.06 0.12 -0.02
-0.00
-0.03
0.02 -0.00 -0.01 -0.01
0.07 0.04
-0.02 -0.05 0.02 0.05 -0.06 0.01
0.01 0.01
-0.04
-0.00 0.01
-0.00
0.08
-0.03
0.03 -0.07
0.08
-0.03
-0.02 -0.01
0.01 -0.03 -0.01 -0.00 -0.03 0.05 0.01 0.04 -0.01

43

44
45
46
47
48
49
54
55
71
72
0.04 0.02 0.11 0.04
0.08
0.01
-0.04 -0.06 -0.00 0.07 0.02
0.11 0.13
-0.08
-0.07 -0.05 0.10 -0.18 0.20 -0.11
0.01 0.19
0.19
-0.03 -0.03 -0.04
0.06 0.10 -0.06
-0.09
-0.07
-0.05 -0.14 -0.12 0.10 0.37
-0.06 -0.09 -0.04 0.14
-0.07
0.09 0.08
-0.08
0.07
0.11
-0.01 -0.03
-0.03 0.01 -0.02 0.09
0.12 -0.02 -0.10
-0.01
0.01 0.07
-0.01
0.05 0.08 -0.11
-0.12
0.06 0.08
0.01
0.15 0.16
-0.04
0.03 -0.02
0.12 0.02
-0.07
0.07 -0.03
-0.07 0.02 0.01 -0.02 0.07 -0.06 -0.05 0.05 0.10 -0.06 0.04

Habitat Type
Arable Land

32

Pastures

40

Broad-leafed Forest not on Mires

41

Broad-leafed Forest on Mires

43

Broad-leafed Forest on Bedrock

44

Coniferous Forest 5 – 15m

45

Coniferous Forest >15m

46

Coniferous Forest on Mires

47

Coniferous Forest on open Bedrock

48

Mixed Forest not on Mires

49

Mixed Forest on Mires

54

Clear-felled Areas

55

Younger Forest

71

Wet Mires

72

Other Mires

