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Introduction

The ecological impacts of roads are considered to be as severe as many
other major environmental issues, such as modern forestry, agriculture, invasive
species and global warming. It is however difficult to compare and quantify its
effects in relation to the others, because infrastructure relates to many of these
other environmental issues. The infrastructure affects the landscape
connectivity, the degree to which a landscape facilitates or impedes the
movement of individuals (Taylor et al. 1993).
Today, there are more than 600 million passenger cars worldwide, more
than 12 times the number in the late 1940s (Smith 1999). Since 1950 the public
road system in Sweden has increased nearly fivefold and today entails
approximately 415 000 km (Table 1) (Eriksson and Skoog 1996) and the land
area used by roads and road verges is more than 5000 km2, which corresponds
to approximately 1.2 % of the total land area of Sweden (Eriksson and Skoog
1996). In comparison, the railroad system in Sweden is approximately 10 000
km and occupies an area of about 100 km2 (Eriksson and Skoog 1996).
Table 1. Road length and number of vehicles in selected countries.
Country
Australia
China
Germany
Great Britain
India
South Africa
Sweden
USA

Road length
(km)
870 000
1 400 000
(expressways)
644 400
372 000
2 030 000
534 000
415 000
6 200 000

Vehicles

Sources

13 000 000

Straker 1998, Austr. transp. stat.
2006
Spellerberg 2002, Turner 2006

18 020 000
45 000 000
27 800 000
6 990 000
4 000 000
200 000 000

European road statistics 2006
European road statistics 2006
Spellerberg 2002
Turner 2006
SNRA statistics
Hamilton and Harrison 1991

The impacts of infrastructure have gained much attention during the last
decades as the wildlife-traffic interactions have increased, and with that an
increased use of different measures to mitigate those negative effects. This
thesis focuses on highway impacts on moose (Alces alces) and roe deer (Capreolus
capreolus), and the use of wildlife crossings and conventional road passages to
increase the connectivity for those species.
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The effect of infrastructure on wild animals

Roads and traffic are considered to have four major impacts on wildlife
populations: (1) habitat loss due to the area that roads occupy; (2) avoidance by
wildlife due to disturbances, (3) mortality due to collisions with vehicles; and (4)
barriers that fragment habitats and limit recourse accessibility, individual
movements, and gene flow (Mader 1984, Putman 1997, Forman and Alexander
1998, Spellerberg 1998, Jaeger et al. 2005, Riley et al. 2006). The effects of roads
on species are related to species-specific characteristics such as habitat
requirements, diet, reproduction rates and movement patterns. Species with
slow reproduction rate, large home ranges or highly specialized habitat demands
are considered to suffer most from road development.
This introduction focuses on large mammals but the theories can also be
applied to other animals. Road effects on mammals can be studied and
described at different levels, from individual- to population levels, and from
local- to landscape scales.
Loss of habitats
The construction of roads uses large areas of land and road
encroachment leads to a loss of natural habitats. The total area occupied by
infrastructure in Sweden is approximately 1.2 % (Eriksson and Skoog 1996),
which can be compared to the total area of national parks in Sweden which was
estimated to be 1.5 % (699 863 ha) of the Swedish land area in 2005 (SCB
2005).
Traffic mortality
The effect of traffic mortality may vary greatly among different species
and among different populations within the same species. The mortality may
either be compensatory or additive depending on how the mortality strikes the
population. Among the species that are directly threatened (locally or globally)
as a consequence of traffic mortality include the Florida panther (Felis concolor
coyri) (Maehr et al. 1991), the badger (Meles meles) in Netherlands (Zee et al.
1992) and the Iberian lynx (Felis pardina) (Ferreras et al. 1992).
High ungulate densities and increased traffic volume on Swedish
highways have resulted in an increased number of ungulate-vehicle accidents
(Figure 1). During the 1990s, Swedish police recorded approximately 4500
moose-vehicle and 22 600 roe deer- vehicle collisions annually (Seiler 2004,
(SNRA database), which accounted for approximately 60% of the total number
of traffic accidents (Land and Nilsson 2002, Seiler 2004). However, the total
number of ungulate-vehicle collisions may be twice as high because many go
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unreported (Seiler et al. 2004). A questionnaire among Swedish drivers
indicated that traffic accidents in 1992 may have killed between 7000 - 13 500
moose and 43 500 – 59 000 roe deer (95% C.I) (Seiler et al. 2004).
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Figure 1. Number of reported moose-vehicle and roe deer-vehicle accidents on Swedish roads 19722006 (SNRA database, Swedish Environmental Protection Agency database and Nationella
viltolycksrådet database). No records of ungulate-vehicle accidents were available from 2000 to 2002.

Disturbance
Increased noise levels and human activity along roads may disturb
sensitive species. Avoidance caused by highway disturbance has been
documented for black bear (Ursus americanus) (Broady and Pelton 1989), gray
wolf (Canis lupus) (Thurber et al. 1994) and bobcat (Felis rufus) (Lovallo and
Andersson 1996). Avian communities may also be disrupted, both in forested
and grassland habitats (Reijinen et al. 1995 and 1996, Brotons and Herando
2001). Increased accessibility often also increases hunting (and poaching) in
areas that previously were inaccessible (McLellan and Shackleton 1988).
Barrier effect
The barrier effect on wild animals results from a combination of
disturbance and avoidance effects, physical hindrances, and traffic mortality, all
of which reduce the movements across infrastructure (Seiler and Folkeson
2006). Large mammals are generally not completely hindered by roads, as long
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as the road is unfenced and the traffic volume is low (Müller and Berthoud
1997). Müller and Berthoud (1997) distinguished three levels of barrier effects
of unfenced roads depending on speed limits and traffic volumes: 1) Roads
with less than 1000 vehicles a day may be rather permeable to most wildlife
species. Many individuals cross the road successfully and the number of
casualties is limited. 2) Roads with between 4000 and 10 000 vehicles per day
impose a strong barrier. Noise and movements from the traffic will repel many
individuals, and many of those that try to cross will get hit. 3) Highways with
traffic levels above 10 000 vehicles/day are considered as impermeable to most
species.
Barriers may reduce the ecological connectivity within the landscape and
thus alter different ecological processes that maintain local populations. For
example, reduced access to vital habitats can have effects on small isolated
populations. Mountain goats (Oreamnos americanus) in Glacier National Park,
Montana, regularly have to cross U.S. Highway 2 in order to reach mineral rich
areas (Singer and Doherty 1985). In the absence of wildlife crossings along the
highway, the population would have been hindered to reach vital recourses.
Fragmentation
A new road divides previously connected landscapes into small
fragments. It also alters the biotope mosaic within the landscape, resulting in a
reduction of core areas and an increase of edge habitats (Spellerberg 2002).
Thus, habitat fragmentation results in an increase in the number of habitat
patches, an increase in edge habitats, and a species-specific degree of isolation
of populations. This phenomenon may disrupt historic spatial and temporal
patterns in the ecology of many wildlife species.
The effects of fragmented landscapes are species-specific and depend
mainly on two factors, fragment size and barrier effects. Reduced gene flow,
altered demographics and habitat degradation may increase vulnerability to
stochastic environmental and demographic events in small populations
(Forman and Alexander 1998, Jaeger and Fahrig 2004). In extreme cases
animals can be isolated in areas that are too small to sustain viable populations,
leading to local extinctions (Fahrig and Merriam 1994). The density of roads
(km/km2) is an often used measure to quantify fragmentation caused by roads.
A few studies have described critical thresholds in road density that affect the
occurrence of wildlife. Populations of wolves (Canis lupus) and mountain lions
(Felis concolor) were not sustainable when road densities exceeded 0.6 km/km2
(Mladenoff et al. 1999).
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Genetic effects of isolation due to roads
Several studies have demonstrated the importance of gene flow in
maintaining genetic diversity (Reh and Seitz 1990, Keller and Largiardér 2003,
Riley et al. 2006). An altered genetic composition between subpopulations on
either side of the road may occur when a barrier persists over many generations.
Mills and Allendorf (1996) suggested that a minimum of 1 to 10 migrants per
generation into isolated populations would be an appropriate general rule of
thumb for genetic purposes. Thus, ungulates may break exclusion fences
(Almqvist et al. 1980) and use wildlife crossings and conventional road underand overpasses (Paper IV) at a rate that would prevent genetic differentiation in
small populations isolated by roads.

Human perspective of ungulate–vehicle interactions

Traffic safety and economical concerns
Moose (Alces alces) and roe deer (Capreolus capreolus) populations began to
increase considerably in Sweden during the 1960’s (Cederlund and Liberg 1995,
Lavsund et al. 2003). The increase of both species were attributed to habitat
improvements created by modern forestry techniques, changes in sex- and agespecific harvest regulations, and a functional lack of native predators such as
wolves (Canis lupus), lynx (Lynx lynx) and brown bears (Ursus arctos) (Cederlund
and Markegren 1987, Cederlund and Liberg 1995, Lavsund et al. 2003).
Moose has been the focal species for traffic safety concerns in Sweden
due to its large size and dramatic increase in numbers since the 1960s. The
number of collisions between moose and vehicles rapidly increased during the
1970s (Figure 1), and with that also the number of injured and killed people
(Figure 2). The rapid increase was in part due to the major growth in moose
numbers, but also to the fact that the traffic increased considerably during the
same period. An increased number of ungulate-vehicle collisions prompted
changes in highway construction policies and an increased use of exclusion
fences.
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Figure 2. Reported number of human injuries and fatalities from moose-vehicle accidents on Swedish
roads 1970-2005 (SNRA, database).

Fences are evidently effective, but do not give complete protection,
particularly if no alternative possibility to cross the road is offered (Ratcliffe
1974, Bekker and Canters 1995, Foster and Humphrey 1995). Studies indicate
that fencing can reduce the rate of accidents with moose by up to 80 % and
with roe deer by up to 55 % (Almqvist et al. 1980). Roadside clearing has
proven effective in reducing moose and roe deer accidents by removing
palatable vegetation along roadsides. It also increases the visibility of
approaching mammals along road verges, and thus an increased time for drivers
to react (Rea 2003).
Wildlife-vehicle collisions and their importance for traffic safety differ
by species composition within the country. For example, only 0.3% of the total
number of traffic accidents in the Netherlands resulted in human loss or
personal injury was due to wildlife-vehicle collisions (Borer and Fry 2003). In
contrast, 11 % of the light, 5 % of the sever injuries and 4% of the human loss
in Swedish traffic accidents were due to moose-vehicle accidents in 1997, and
60 % of the total police reported road accidents involved ungulates (Seiler and
Folkeson 2006). Traffic safety and economics are often the driving forces that
promote mitigation efforts (Romin and Bissonette 1996). SNRA estimates an
average cost of 7400 to 20 000 € per moose-vehicle accident and 1400 to 2800
€ per roe deer-vehicle accident, depending on speed and severity of human
injury (Seiler and Folkeson 2006). With these estimations the direct cost of
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moose-vehicle collisions probably exceeds 100 million € each year in Sweden
(Lundin and Sjölund 2005). Annual ungulate-vehicle accidents in Europe are
calculated to cause over 300 human fatalities and 30 000 injuries at a cost of
more than 1 billion € (Groot-Bruinderink and Hazebroek 1996).

Mitigations against ungulate-vehicle accidents

Remedial measures have the explicit goal of limiting the negative effects
of roads on animals and to reduce the number of wildlife-vehicle accidents. A
wide range of different mitigation efforts have been tested and evaluated
throughout the years. The aim to increase traffic safety, protection of large and
valuable game species and conservation of endangered species are the primary
motivating forces behind most of the measures used (Foster and Humphrey
1995, Romin and Bissonette 1996). While roads and traffic themselves restrict
movements of many animal species, fences that keep animals off the road are
widely used and increase barrier effects even more. Mitigation measures can be
divided into non-structural and structural approaches.
Non-structural approaches
Most of the non-structural methods are focused on altering animal
behavior, making the animals aware of the road. The methods are often in need
of a long term management strategy and need to be maintained over many
years.

Olfactory repellents, sound-scarers and reflectors
No long term effects were found in the studies that evaluated olfactory
repellents, sound-scarers or reflectors. The scents (foam repellents) of humans,
predators or other unpleasant odours are spread along the roadsides with the
intention of raising animal awareness, and keeping them away from the road.
The olfactory repellents are suggested to provide a temporary barrier but have
not yet been adequately evaluated on a large scale (Almqvist et al. 1980). A
number of commercial companies are now offering sound-scarers, which emit a
high frequency whistle, claimed to deter deer from entering roads. However, in
a study in Utah (Romin and Dalton 1992), mule deer showed no behavioural
response to such equipped vehicles. Reflectors were evaluated in Sweden in
1975-1978 and no effect on traffic accidents with moose or roe deer could be
found for the 80 road segments that were investigated (Ekström 1980).
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Population control
A controversial method to reduce wildlife-vehicle accidents is
population control of the fauna in the vicinity of roads. The observed
relationship between collisions and harvest statistics of moose and roe deer
suggests that population control influences the number of accidents involving
these species (Seiler 2004). Thus, a large scale population reduction should
influence the number of accidents. However, it would be difficult to find
support of such an effort, both from a biological and ethical point-of-view,
even though the species are widespread and abundant. Two states in USA,
Illinois and Michigan, used deer harvest to decrease deer–vehicle accident, but
only Michigan reported success using the strategy (Romin and Bissonette 1996).
A local population reduction around roads is more easily achieved but
the results may not be the desired (Almqvist et al. 1980). Animals that disperse
into managed areas might have a lower perception against roads, and thus, may
get hit at a higher proportion than the former local population. Hence, the
activity and movement patterns of local populations might influence traffic
accidents to a higher degree than local densities. The effect can be compared to
construction of a new road where the accidents seem to be highest during the
first couple of years when the local fauna is not used to the new traffic situation
(Almqvist et al. 1980, Jones 2000). This phenomenon has also been observed
by hunters that remove carcasses from ungulate-vehicle accidents on new roads
in Sweden. It appears that after a few years, a high proportion of local ungulates
have either been killed in traffic accidents or shot during hunting, or have
modified their movements with regard to the new road.
Roadside clearing and re-distribution efforts
Both roadside clearing and habitat modification have proven effective at
reducing ungulate-vehicle accidents. Roadside clearing increases the visibility of
approaching animals and gives the driver more time to react (Waring et al.
1991, Rea 2003). The removing of palatable vegetation also reduces the time
that animals spend in the vicinity of the road, and thereby decreases potential
interactions (Nielsen et al. 2003, Rea 2003). Jaren et al. (1991) found that
removal of vegetation in a 20-30 m strip on each side of a railway caused a 56
% reduction in moose-train collisions along managed segments.
Feeding stations allocated at strategic places along roads might have a
potential effect on the collision risks during critical times (Boutin 1990, Storaas
et al. 1999). Andreassen et al. (2005) found a general 46 % reduction in the
number of moose-train collisions on sections mitigated through scent marking,
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forest clearing (20-60 m strip) and supplemental feeding. The effect of scentmarking was questionable but forest clearing and supplemental feeding seem to
be reliable ways to reduce moose-train collisions. In Norway, placement of
feeding stations redistributed migrating moose on a local scale, and the results
indicated that moose-vehicle collisions decreased during the two year study
(Nystedt 2005). Providing salt licks in the area adjacent to roads may also
reduce the attractiveness of roads to deer (Feldhammer et al. 1986).
Public information
In Sweden, moose is the focal species of most public information
campaigns, which generally take place in the fall when the risk of collision is
highest. The effects of these campaigns are argued but they may decrease the
injuries and fatalities that are associated with secondary accidents (Allen and
McCullough 1976).
Structural approaches
Exclusion fences
One of the most common methods to prevent wildlife-vehicle accidents
is the use of exclusion fences (Falk et al. 1978). Increased vehicle collisions with
moose and roe deer since the 1970’s prompted changes in highway
construction policies in Sweden (Lavsund and Sandegren 1991). As a result,
various methods intended to reduce ungulate-vehicle collisions on Swedish
roads have been tested (Almquist et al. 1980). However, only exclusion fencing
and roadside clearing were found to be cost-effective (Niklasson and Johansson
1987). Exclusion fences, 2.2 m high, are present along approximately 34%
(5000 km) of highways and national roads in Sweden (Seiler 2004, O. Eriksson
SNRA pers. comm.).
The effectiveness of fencing in reducing wildlife-vehicle accidents and
interactions between wildlife and vehicles has been documented in several
studies. Feldhammer et al. (1986) documented fewer deer on the road in areas
where 2.7 m fencing was installed compared to areas with 2.2 meter fencing.
Reed et al. (1982) documented a decline of deer-vehicle accident by of 78.5 %
after installation of a 2.4 m high exclusion fence at six highway sections in
Colorado. Seiler (2005) observed that the presence of fences significantly
reduced the probability of moose-vehicle accidents per km road. Together with
traffic volume and vehicle speed, fencing appeared to be the dominant road
factor determining collision risk with moose.
However, an important issue evaluated by Falk et al. (1978) is the
maintenance of the fence to insure proper function. Gaps greater than 23 cm
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were common where the fence crossed streams, ravines and rock formations
and allowed deer to crawl under the fence. Deer were also observed to jump
over fences at locations were fallen trees laid over the fence (Falk et al. 1978).
There is also evidence that deer continually test the fences, making a proper
maintenance program necessary (Ward 1982). Also, fences that are too short
may not have the desired function but simply shift the problems toward the
fence ends (Ward 1982, Clevenger et al. 2001). The problems with proper
maintenance were also documented by SNRA in a study along Highway 6 (E6)
in southwestern Sweden (M. Lindqvist pers. comm.). Altogether, 30 km of
fence was examined to insure proper function. The examination revealed 15
fence gaps associated with fallen trees, human violence, and improper
connection to bridges and to the ground.
Few studies have addressed the construction of exclusion fence and
wildlife crossings in monetary terms. Reed et al. (1982) estimated that there is a
deer-vehicle accident rate, below which the cost-benefit will not be favored. In
Colorado, 2.4 m high fencing along one side of the road, both sides of the road
and both sides of the road with one underpass, was found to be cost effective if
8, 16, or 24 deer-vehicle accidents occurred per year along a 1.61 km stretch of
highway, respectively (Reed et al. 1982).
Wildlife crossings
The construction of wildlife crossings along fenced roads can provide
both safe road conditions for humans and mitigate barrier effects on wildlife
(Andrews 1990, Bekker and Canters 1995, Rodriguez et al. 1996 and 1997,
Clevenger and Waltho 2000). Wildlife crossing structures have been
constructed in many parts of the world in an effort to mitigate the negative
effects of highways and exclusion fences on wildlife (Andrews 1990, Bekker
and Canters 1995, Spellerberg 2002, Rodriguez et al. 1996 and 1997, Clevenger
and Waltho 2000 and 2005, Lundin and Sjölund 2005). Wildlife crossings in
combination with exclusion fences reduced road kills and enhanced resource
accessibility in the United States and Canada (Foster and Humphrey 1995,
Clevenger et al. 2003). Furthermore, several studies have documented that
conventional road bridges and tunnels provide crossing opportunities for
wildlife (Yanes et al. 1995, Rodriguez et al. 1996 and 1997, Clevenger and
Waltho 2000). These structures have increased the permeability of the road at
the same time as they have reduced traffic mortality for a wide range of species
(Yanes et al. 1995, Ng et al. 2003, Clevenger and Waltho, 2005). Seiler (2005)
found that the risk of moose-vehicle collisions in Sweden decreased where
conventional tunnels or bridges separated the intersected roads. However,
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Hubbard et al. (2000) observed increased white-tailed deer-vehicle accident
likelihood where bridges were associated with deer travel corridors.
In Sweden, underpass structures for small mammals are more common
than passages designed for moose and other large mammals (SNRA annual
reports, O. Eriksson SNRA pers. comm.). From 1997 to 2005, 34 structures
were built to facilitate movements across highways by large ungulates (Table 2),
but this number is somewhat unreliable due to limited documentation (A.
Sjölund, O. Eriksson and M. Lindqvist (SNRA) pers. comm.). However, a
preliminary list of minimum criteria for any wildlife crossing has been
proposed. So far, most of the wildlife crossings for ungulates are adapted
conventional road underpasses and few are designed as overpasses. The
development of highway crossing structures for wildlife is regarded by SNRA
as an experimental initiative, where efforts are made to evaluate a wide range of
highway crossing designs relative to their use by ungulates and other wildlife
species (Paper IV). Previous studies have evaluated the importance of structure
design and size for ungulates (Olbrich 1984, Rodriguez et al. 1996, Clevenger
and Waltho 2000 and 2005), but few studies involved moose which is the target
species for most large ungulate mitigations in Sweden.
Table 2. The number of crossing structures built for wild animals in Sweden, from 1997 to 2005.
1
Wildlife crossing, 2For ungulates (moose, red deer and roe deer) and 3includes wildlife crossings
designed for small mammals as badger, fox and otter (Source: SNRA, annual reports, O. Eriksson,
SNRA pers. comm.).
Year
WC1 for
ungulates2
WC for
mammals3
Passages for
amphibians
Fish passages
Total

-97

-98

-99

-00

-01

-02

-03

-04

-05

Tot

0

0

1

1

0

2

6

16

8

34

0

0

5

5

8

6

15

17

18

74

0

2

0

0

0

1

0

2

2

7

16

12

11

10

10

63

14

136

6

6

8

9

21

35

28

251

0

2

Cross-walks
The development of underpasses and overpasses is expensive and may
not be justified in all new road constructions, especially if mean daily traffic
volume is less than 5000 vehicles (Iuell 2005). An alternative may then be crosswalks (fence gaps). A 20 – 100 m gap in the fences on both sides of the road
allows movements of ungulates across the road area (Iuell 2005, Lundin and
Sjölund 2005). The use of automatic alarms to notify motorists of crossing
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animals can be used to increase traffic safety. Cross-walks have the advantage
that they can be installed after completion of any roadway where crossing
locations are deemed necessary (Lehert and Bissonette 1997). In a Norwegian
study, about 5 % (5 of 97) of the crossing moose were hit by vehicles and, it
was questionable if the measure increased the traffic safety (Kastdalen 1996).
Warning signs, animal detection and warning systems
Ungulate warning signs are the most common approach to reduce
accidents at known crossing points at unfenced roads. It is however doubtful
that they have an effect on driving awareness and accident frequency in the
long run, since drivers tend to habituate to them (Almqvist et al. 1980, Sullivan
and Messmer 2003). Almqvist et al. (1980) reported that only between 37 – 50
% of the drivers that just passed a moose sign paid attention to it. It is also
difficult to judge which road sections that should be posted with signs since
accident rates tend to differ widely between years (Almqvist et al. 1980).

Objectives and General Methods

This thesis focuses on highway impacts on ungulates, and to what extent
wildlife crossings and conventional road passages are used. The focus is on
moose, but roe deer is also monitored in two manuscripts. I used both an
ungulate behavior approach and a wildlife crossing use approach to document
use and effects of wildlife crossings.
Problem/Goal

Solution?

Reduce traffic
accid ents

Effectiv e w ildlife crossings
in combination w ith
exclusion fences

Research methods

Track count studies
in w ildlife crossings
and convent ional
road passages
Camera surveillance
of a w ildlife crossing
Studies of GPS
collared moose

Reduce barrier effects

Monit oring of
ungulat e-vehicle
accid ents

Figure 3. The general description of methods used within this thesis.
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The main methods involved track count studies, use of camera
surveillance and monitoring of GPS-collared moose (Figure 3). The different
manuscripts span from a detailed analysis of a single overpass to more general
track count studies at several highway crossings.
Ungulate behavior approach
Paper I describes the habitat selection and space use of moose in southwestern Sweden. In southwestern Sweden, human population growth and
concomitant infrastructure and development pressures in or near coastal areas
increasingly threaten to fragment and isolate local moose populations. We
monitored 22 adult moose fitted with global positioning system radio collars
and characterized their space and habitat use patterns and response to highway
E6 reconstruction.
The objective of the study in paper II was to evaluate moose response to
exclusion fencing and wildlife passages. Specifically, we studied pre- and postmovements of GPS-collared moose in relation to a non-fenced road that was
transformed to a fenced highway with three wildlife crossings designed for
moose.
Wildlife crossing structure approach
In paper III we evaluate ungulate use of a wildlife overpass in
southwestern Sweden that was designed specifically for moose and roe deer
(Figure 5 and 6). We used infrared cameras (Figure 4) and GPS-collared moose
to examine crossing frequencies and behaviour in relation to time of day and
highway traffic volume.

Figure 4. Moose at the overpass “Grytingen”, in southwestern Sweden 2002.
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Paper IV focuses on wildlife crossings and conventional road passages
and how structure design, disturbances and location affected ungulate use
(Figure 7). The primary aims of the study were to evaluate different structures
and to determine if underpass structures that were not specially designed as
wildlife crossings were used by wildlife. Furthermore, we aimed to identify
important variables as structural underpass design, human disturbances and
landscape factors that ungulates responded to, in order to anticipate future
development of wildlife underpasses.

Study areas

The study in papers I, II and III was conducted in coastal southwestern
Sweden between the cities of Uddevalla and Munkedal (Figure 5). We defined
the 320 km2 study area by generating a minimum convex polygon (Mohr 1947)
around all moose telemetry locations and modified it to exclude ocean using the
Animal Movement Extension (Hooge and Eichenlaub 2000) in ArcView 3.3
(ESRI , Redlands, CA). A 15 km section of European Highway 6 (E6) spanned
the study area and also conveniently delineated the approximate boundary
between boreonemoral and nemoral ecoregions (Abrahamsen et al. 1977). The
320 km2 study area east and west of E6 differed in their land use composition.
The area east of the highway was within the boreonemoral zone and the area
west within the nemoral zone. However, local forestry practices west of the
highway have altered forest composition so that there is little difference in
forest composition between the two sides of the highway. By area, coniferous
forests dominated the landscape east of the highway (61%) with low amounts
of deciduous forests (9%), farmlands (7%), mires (6%), water (4%), glades (2%)
and human development (1%). The landscape west of the highway was
dominated by a mosaic of coniferous forests (32%), farmlands (31 %), glades
(12%) and deciduous forests (11%) with a low amount of human development
(3%), water (0.8%) and mires (0.2%). The percentage of clear-cut and young
forest was equal (10 %) for both sides of E6. Norway spruce (Picea abies) and
Scots pine (Pinus sylvestris) dominated forested habitats, with patches of
deciduous species such as common alder (Alunus glutinosa), pendunculate oak
(Querqus robur), birch (Betula sp.) and rowan (Sorbus aucuparia). Agricultural lands
were comprised of crops that primarily included wheat (Triticum aestivum), barley
(Avena sativa), oats (Horedelymus vulgare), and rye (Secale cereal), as well as hay and
pastureland. The pastureland was dominated by a mosaic of grasses that
included perennial rye (Poa pretensis), quackgrass (Elytrigia repens), orchardgrass
(Dactylis glomerata), and timothy (Phleum pretense).
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underpass). (2) The period during highway construction (speed limit 70 km/hr),
from October 2002–May 2004 when six kilometers of the highway through the
study area was under road construction. (3) The period after highway
construction (speed limit 110 km/hr), from June 2004–December 2005. The
highway in the study area was fenced in June 2004 and ungulates could only
cross the highway at three wildlife crossings, five conventional under- and
overpasses and at an unfenced section north of the study area.
Wildlife crossings within the study area
Three wildlife crossings were located within the study area, two
overpasses and one underpass. The southernmost overpass was hour-glassshaped, 80m long, 17m wide at the center, and 29m wide at the entrances
(Figure 6).

Figure 6. The highway overpass “Grytingen” in southwestern Sweden, which was studied in paper
III, photographed from east in 2002. Photo: Mattias Olsson.

The second overpass had smaller dimensions, 67 m long and 13 m wide
at the center, and 20 m wide at the entrances. The sides of each overpass were
equipped with 2-m high shields to reduce reflections from headlights and noise.
The distance to forest cover was < 50 meter from each entrance on both
overpasses. Both overpasses were covered with sand and combined with gravel
roads with low traffic use (0.4 and 1.6 vehicles/hr, respectively). The underpass
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(35 m long, 4.7 m high and 13 m wide) was combined with a paved road (400 ±
84 vehicles/day) (SNRA, traffic volume database) and located between the two
overpasses (Figure 5). Two wildlife crossings designed for smaller mammals as
badgers (Meles meles), foxes (Vulpes vulpes) and hares (Lepus spp.) were also
present in the study area. A paved road with a traffic volume of 800 (± 168)
vehicles/day (SNRA, traffic volume database) was situated parallel to the
highway, and passed less than 30 m from the eastern side of each overpass
(Figure 6).
Study area paper IV
The study in paper IV was conducted in southwestern Sweden along
four major highways; E6, E20, rv44 and rv40. All roads were fenced and had
two lanes in each direction. E6 (18 passages) stretched along the coastline from
Trelleborg in the south to Svinesund at the Norwegian border. Rv44 (n=3),
rv40 (n=11) and E20 (n=2) were all oriented in a east-west direction. The 34
monitored crossing structures were of different design and size; 21 were
conventional road tunnel or bridges (Figure 7), eight were wildlife crossings
designed for moose and roe deer, three were viaducts and two were ecoducts.
All selected crossing structures for this study were of relative large size, making
them at least theoretically possible for large animals such as moose and roe deer
to use. Not all passages were open for vehicles, but humans on foot, on
bicycles or horse-back used all of them, more or less frequently.

Figure 7. A conventional road underpass monitored in the track count study, paper IV. Photo:
Mattias Olsson
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Summary of results
Moose space use (paper I)
The home range sizes (minimum convex polygon method) of 22 adult
moose, 13 females and 9 males were analyzed to determine sex, season and sex
x season interaction effects. There was a significant sex x season interaction
effect on moose home range size. Home range size of cows did not differ
among seasons; however, bulls had larger home ranges during fall than all other
seasons. Mean home range size of bulls during fall and spring was larger than
cows during all seasons.
We analyzed 16 adult moose (10 F, 6 M) with at least one complete year
of telemetry data to determine differences between sexes in composite home
ranges. Males (52.2 km2 � 10.9 km2) had larger mean composite home ranges
than females (15.6 km2 � 2.6 km2).
Moose habitat use and highway reconstruction effects (paper I)
Animals are believed to select habitats at different hierarchical levels
(Johnson 1980). We performed a Euclidian based approach to test for moose
habitat use at second order (landscape) and third order (within home range)
selection. The advantage of a distant-based approach over a classification-based
one, is that the relation to linear structures such as roads can be analyzed
(Conner et al. 2003).
Season and the sex x season interaction did not affect second order
habitat selection, and consequently, we pooled data across seasons within the
composite home range of each individual and examined sex effects on second
order habitat selection. We found no differences between males and females,
but moose selected habitats when choosing a home range. Moose selected
mature coniferous forest and mires, but no preference between these habitats
was found.
Season was found to affect third order habitat selection, but the sex x
season interaction did not, and consequently, we pooled sexes within season.
Moose generally preferred clear-cuts and early successional forest, mature
coniferous forest, and glades, but avoided agricultural areas and open water.
During spring, moose preferred mature coniferous forest over glades and early
successional forest and avoided agriculture. During summer, moose preferred
early successional forest over deciduous forest and avoided open water. During
fall, moose preferred early successional forest over urban areas and avoided
mires and agriculture. During winter, moose preferred early successional forest
over other habitats but avoided mires and agriculture.
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We found few movements across E6 as two of the three highway
sections were finished and fenced, even though three wildlife crossings were
present (Paper II). We therefore analyzed the effects of E6 road construction
on habitat use and the distance of moose locations to E6 by comparing paired
seasonal location data across two of three consecutive road construction
phases. We performed seasonal pair-wise comparisons of the distances of 7
moose (10 seasons x 2 construction phases) to E6 during pre-construction and
construction road phases. Moose were found at expected distances to E6
before (2.65 km � 0.48 km) and during construction (2.77 km � 0.68 km). We
performed seasonal pair-wise comparisons of the distances of 10 moose (20
seasons x 2 construction phases) to E6 during construction and postconstruction road phases. Moose were found at closer distances to E6 during
construction (1.82 km � 0.21 km) than post-construction (2.19 km � 0.16 km).
Even though moose moved away from the highway as it was upgraded and
fenced, no effect could be found for habitat use on selected habitat classes as
mature coniferous forest, clear-cuts, early successional forest and glades.
Effect of fencing and highway crossings on moose movements (paper II)
We studied movements of 24 GPS-collared moose before, during and
after a existing two-lane road (highway E6) was reconstructed to a fenced fourlane highway with three wildlife crossings designed for moose. Movements
across highway E6 were analyzed using three datasets: 1) Before-After
construction, 2) Before-During construction, and 3) During-After construction.
We recorded 135 highway crossings during a total of 8830 moose-days.
Of these, 47 occurred before construction began, 76 during construction, and
12 occurred after the highway was fenced. All highway crossings after fencing
occurred on the two overpasses designed for moose. Males crossed the highway
more frequently than females, accounting for 95% of the total number of
crossings during the entire study. Males also crossed the wildlife overpasses
more often than females, accounting for 60% of the total number of crossings.
We observed no seasonal effects among crossing frequencies, although there
was an indication that wintertime movements across the highway were less
frequent than crossings during spring, summer, and fall.
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Figure 8. Mean number of highway E6 crossings per moose–day near Uddevalla, Sweden, 2002 –
2005. Three datasets were used: 1) Before-After construction, 2) Before-During construction, and 3)
During-After construction.

The average number of crossings over the highway per moose-day
decreased by 89 %, from an average of 0.036 crossings per day before fencing
to 0.0038 after fencing (Figure 8, dataset one). In the second dataset, we
monitored 7 moose (5 females and 2 males) before and during the construction
phase. Two males routinely crossed the unfenced road during this period. A
total of 97 (47 crossings before construction and 50 during construction)
crossings were recorded during a total of 2862 moose-days. The average
number of highway crossings per moose-day decreased by 36 % from an
average of 0.044 before construction to 0.028 during construction (Figure 8,
dataset two).
In the third dataset, we monitored 12 moose (7 females and 5 males)
during and after construction. Of those, six moose routinely crossed the
highway during the construction phase and two after the highway was fenced.
A total of 38 highway crossings were recorded during a total of 5093 moosedays. 26 crossings occurred before and 12 after the highway were fenced. The
average number of highway crossings per moose-day decreased by 67 %, from
an average of 0.012 before fencing to 0.0041 after fencing (Figure 8, dataset
three). The results indicated that overpasses were preferred even though an
underpass was situated between the two overpasses.
Detailed use of a highway overpass (paper III)
We used infrared remote cameras, track surveys, aerial inventory of
moose and GPS telemetry to monitor the use of a highway overpass by moose
and roe deer in southwestern Sweden. Specifically, studies included crossing
frequencies and behaviour in relation to time of day and highway traffic
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Figure 9. Number of overpass crossings (bars) by moose (a) and roe deer (b) plotted against mean
hourly traffic volume by hour (dotted line).

b. Effects of natural movement patterns and highway traffic volumes on crossing frequencies
We used multiple linear regressions to test for movement rate and traffic
volume effects on moose crossing frequencies during operational times of the
camera (17:00 to 07:59 hrs). The number of moose crossings was negatively
correlated with mean traffic volume (P<0.05). The number of moose crossings
was positively correlated with hourly movement rate for moose, but was not
significant at the P=0.05 level. Thus, most overpass crossings by moose did not

24

T raffic volum e (vehicles/hr)

20

21:00

09:00

06:00

03:00

21:00

00:00

18:00

0

600

00:00

200

800

30

18:00

400

1000

40

15:00

600

50

1200

b.

12:00

800

60

C rossings (n)

1000

Traffic volum e (vehicles/hr)

1200

a.

15:00

16
14
12
10
8
6
4
2
0

12:00

C rossings (n)

volume, number of moose individuals using the overpass annually and an
estimation of the “highway overpass zone”. The highway overpass monitored
during this study was completed in June 2000. The structure was hourglassshaped, 80 m long, 17 m wide at the center, and 29 m wide at the entrances.
The sides were covered with 2 m high gray tempered glass-shields intended to
reduce disturbances from highway E6. We used two methods to monitor
overpass use by ungulates: 1) track counts in sand beds and 2) digital infrared
cameras. We monitored GPS-collared moose to quantify the influence of daily
movement patterns on the time of day that moose used the overpass.
a. Crossing frequencies
Roe deer crossings increased throughout the six-year study, but moose
crossings did not. Crossing frequencies did not differ among the seasons for
roe deer, but did for moose. Moose used the overpass less during winter than
during summer. Most (84%) (Figure 9a) moose crossings occurred during
21:00 to 04:59 h even though this period only comprised 1/3 of the day. Roe
deer used the overpass primarily (76%) between 22:00 and 05:59 (Figure 9b).
Most moose (64%) and roe deer (75%) crossings occurred during hours when
traffic volume was <200 vehicles/hour.

occur at times of peak moose movement, but rather when traffic volume on E6
was low.
c. Sex and age class effects on crossing frequency
Adult female (n=154) and fawn (n=145) roe deer used the overpass
most, whereas adult males (n=61) used it least. Adult male (n=45) and female
(n=38) moose used the overpass more than calves (n=3). We found an overall
difference in overpass crossing frequency for moose due to sex/age class when
compared to the expected results from an aerial inventory. Adult males and
solitary females used the overpass more than expected, whereas cows with
calves used it less than expected.
d. Behavior and traffic volume
We were able to document both crossing behavior and concurrent
traffic volume for 83 and 177 moose and roe deer crossings events,
respectively. Moose walked across the overpass, shifted between walking and
trotting, and trotted-galloped on 33 (40%), 32 (38%), and 18 (22%) occasions,
respectively. Roe deer behaved similarly whereby they walked, shifted between
walking and trotting, and trotted-galloped on 81 (46%), 45 (25%), and 51 (29%)
occasions, respectively. Both moose and roe deer walked at low traffic volumes
and shifted to trotting as the traffic volume increased.
e. Estimated number of individual moose using the overpass
Of 131 moose crossings documented by camera during the period when
GPS-collared moose were present in the area (February 2002 - December
2005), 44 (33%) were made by 4 collared individuals. Those 4 individuals
correspond to 20% of the number of moose that were collared more than three
seasons (n=20). Our estimations suggest that approximately 5-7 individual
moose used the overpass annually. This estimate corresponds to 14.9-18.4 %
of the total number of moose in a 57.1 km2 zone surrounding the overpass.
f. Reduction of ungulate-vehicle accidents
The number of moose- and roe deer-vehicle accidents reported to the
police on E6 within the study area decreased after fencing and the construction
of highway crossings. There was a 70 % reduction in roe deer-vehicle collisions
during the first 29 months post-fencing compared to the same amount of time
pre-fencing. On average, 2.7 moose (total n=35) and 5.3 roe deer (total n=67)
accidents were reported annually along the entire 15 km segment of unfenced
road from 1990 – 2001 (153 months). During the 20-month construction
period of the middle 6 km segment, 1.8 moose (total n=3) and 4.8 roe deer
(total n=8) collisions were reported annually. No moose and four (1.5/year) roe
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deer collisions were reported since the middle 6 km segment of E6 was
completely fenced in June 2004 (31 months).
Use of different crossing structures (paper IV)
Ungulate use of different crossing structures is dependent on various
variables related to size of structure, location and human disturbances. We
conducted a sand plate track count study of 34 structures that were of relatively
large sizes, making them at least theoretically possible for animals such as
moose and roe deer to use. The crossing rate was calculated for each passage
using the ratio between the number of tracks found in the passage and the
number of operative days. All structures were categorized into one of three
groups; (1) Conventional road crossings: Over- (n=4) and underpasses (n=17)
without adaptation for ungulates. (2) Wildlife crossings for ungulates: Over(n=2) and underpasses (n=6) designed for moose and roe deer. (3) Viaducts
(n=3) and ecoducts (n=2): Large (between 45 and 140 m wide) structures with
vegetation.
8
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Wildlife crossings
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Viaducts and ecoducts

Roe deer

Figure 10. The relative use of wildlife crossings, viaducts and ecoducts by moose and roe deer. Use of
conventional road crossings was indexed to one.

Both moose and roe deer used viaducts and ecoducts to a greater extent
than smaller structures. The viaducts and ecoducts were all used to the greatest
extent by roe deer compared to other structures and all had crossing rates
exceeded one crossing per day. The mean number of moose tracks across
wildlife crossings was more than three times as many as those across
conventional road crossings (Figure 10). Roe deer did not follow the same
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pattern and wildlife crossings and conventional road crossings were used to
about the same extent.
Use of underpasses in relation to size, disturbance and landscape
features (paper IV)
A total of 23 underpasses (17 conventional underpasses and 6 wildlife
underpasses) were monitored to identify structure preference in relation to
various variables. The sand beds were placed in the middle of the crossing
structure in a 100 cm wide and five cm thick band across the whole width of
the passage. Depending on topographic characters of the surroundings, one to
three reference beds with equal dimensions as the sand bed at the passage were
placed within 100 meters from the entrance on each side of the passage. Each
underpass was characterized according to 12 independent variables describing
different attributes. The variables were related to dimensions of the passages
(height, width, length and relative openness), human disturbances (traffic/hr,
humans/hr, and distance to nearest house) and landscape features (distance to
forest, distance to nearest other passage, proportion of forest within 1 000 m
radius from passage, proportion clear-cut within 1 000 m radius from passage
and number of clear-cut patches within 1 000 m radius from passage).
High rates of human use decreased the preference for roe deer. Also,
roe deer used underpasses that were situated close to forest edges to a higher
degree than those situated further away. None of the structural variables
significantly reflected roe deer use although a positive response was found to
higher, wider and shorter passages.
The structural variable that had most influence on moose preference
was relative openness; moose used larger structures to a higher degree than
small. Contrary to roe deer, moose used underpasses located at long distances
from forest edges to a higher degree than those situated near edges. Moose
used underpasses to a higher degree when located in areas with lower
proportions of forest in the surroundings. Human disturbances (humans/hr or
traffic/hr) had low influence on any of the high ranked explanatory models for
moose.
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Conclusions and management implications

Time should always be a factor to consider when constructing wildlife
crossings. The corridors used for the major infrastructure have a long life span,
often more than 100 years, and thus mitigations should be planned to limit
impacts for a changing landscape and fauna. One example in Sweden is the wild
boar (Sus scrofa) that has been absent since the 1700s, but now increases and
expands at a high rate. The number of wild boars shot during hunt has on
average increased with 29.2 % per year since 1990 until 2005, as calculated from
the Swedish association for hunting and wildlife management harvest statistics
(Svenska Jägareförbundets viltövervakning), and the population is still
expanding (Lemel 1999). It is important that this animal is taken into
consideration in the plans for new and upgraded roads in Sweden, even though
it might not be present at the time of road construction.
The upgrading of a non-fenced road to a fenced highway with three
wildlife crossings decreased the moose movements across the highway by 67 %
(Paper II). If we estimate that a fenced highway without crossing opportunities
would decrease the number of passages by 90 % (Skölving 1985, Nilsson 1987),
then the two overpasses might have reduced the barrier by about 23 %. If we
also assume that the two overpasses were equally effective for moose, then each
overpass reduced the barrier by 11.5 %. However, more research is needed to
be able to predict the effect of different crossing structures. All crossings after
construction were documented at the two highway overpasses and no at the
underpass, which indicated that moose selected overpasses even though an
underpass (width 13 m, height 4.7 m) were situated less than 3 km from each
overpass.
An issue that has been debated is what the optimal distance between
wildlife crossings should be, both with respect to construction costs and effect
for wildlife. For non-migrating moose, the effect zone around each passage is
theoretically equal to an area based on the average diameter that encompasses a
moose home range (Figure 11). An approach to calculate the optimal distances
between wildlife crossings or other crossing opportunities for moose is to use
this zone. It might not be necessary to build moose passages closer to each
other within each zone; however landscape features and known crossing points
must be taken into consideration, and be judged with special emphasis. For
moose, we calculated that zone to be 57.1 km2 (a radius of 4.26 km), based on
the diameter of the average annual home range size of both males and females.
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Thus, the distance between wildlife crossings for non-migrating moose could
with this approach be about 8.5 km.
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Figure 11. The study area with the “highway overpass zone” and wildlife passages (in solid dots, from
south to north: highway overpass June 2000, highway underpass June 2000, highway overpass June
2004) and highway segments (A: finished in June 2000, B: finished in June 2004, C: finished in
spring 2008). The large circle indicates the 57.1 km2 “highway overpass zone” and the smaller one is
the average annual 95 % fixed-kernel home range of moose in the area.

Conventional road underpassages can serve as a complement to wildlife
crossings for both moose and roe deer if emphasis is taken to each species
demands. For moose, structural variables of underpasses were of great
importance, and based on the results in paper IV, I would recommend a
minimum size of 10x5 m (width x height), and as short as possible (a minimum
relative openness of 1.85 and up for passages with a length of 27 m). However,
these results may only imply to a non-migrating moose population. For
migrants, the crossing structure may have to be larger since these moose do not
have the time to adjust their movements and behavior to new constructions,
rather wildlife crossings must appear safe at first encounter. Observations of
this problem have been reported for partially migrating moose in north-eastern
Sweden (Seiler et al. 2003). Roe deer were not sensitive to size down to a
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relative openness of 0.7; however human use had a strong negative influence. I
suggest that (1) it is important to limit human access to conventional passages
(where possible) and wildlife crossings. (2) Passages should be constructed in a
variety of biotopes along a highway and (3) moose should be the focal species
for ungulate passages in Fennoscandia.
I would encourage a greater cooperation among the road administration,
municipalities (or other regional division) and land owner in the vicinity of
wildlife crossings. The municipalities should treat areas surrounding wildlife
crossings as any other important conservation areas for preservation of nature
and resources in the landscape. A connectivity plan could preferably be
established within the land use plan that limits activities (development, mining
etc.) that could decrease the accessibility and use of the wildlife crossing for any
species. Our results indicates that no matter how well designed wildlife
crossings may be, use will be limited if human activity is not managed around
them. To my knowledge, no such actions have been taken in Sweden yet, but
by doing so, wildlife crossings could be secured for future wildlife, and wildlife
management.
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Abstract
Increasingly wildlife managers and land managers are challenged to
maintain the viability of large mammal populations threatened by habitat
fragmentation. Although the moose is an ecologically, economically, and
culturally important ungulate species found throughout most of Sweden, little is
known about its ecology throughout most of the country. In southwestern
Sweden, human population growth and concomitant pressure from
infrastructure and development in or near coastal areas increasingly threaten to
fragment and isolate local moose populations. To begin to address these
management concerns, we monitored 22 adult moose fitted with global
positioning system radio collars in this area and characterized space and habitat
use patterns of this population. Home range size of cows did not differ among
seasons (P > 0.10), however, bulls had larger home ranges during fall than all
other seasons (P < 0.010). Mean home range size of males during fall and
spring was larger than females during any season (P < 0.010). Males also had
larger mean composite home ranges (52.2 km2 � 10.9 km2) than females (15.6
km2 � 2.6 km2). We used a Euclidean distance-based approach to analyze
moose habitat use. Moose preferred boreal forest and mires to about the same
extent when selecting a home range, and there were no sex or seasonal
differences (P > 0.10). Moose had seasonal differences in habitat selection
within their home range (P = 0.001), and generally preferred clear-cuts and early
successional forests, mature coniferous forests, and glades, but avoided
agricultural areas and open water. Although our analyses were insufficient to
characterize the ideal arrangement of preferred habitats, we recommend that
land managers develop plans that create new or protect existing patches of

preferred habitats that are designed to maintain connectivity among moose
populations.

Key words: Alces alces, coastal, Euclidean distance-based analysis, global

positioning system, habitat, home range, moose, radio-telemetry, Sweden

Introduction

The moose (Alces alces) is an ecologically and economically important
ungulate species of the Holarctic (Franzmann and Schwartz 1997). Moose were
common in Sweden during the 1500s and 1600s but were extirpated from large
parts of the country by the early 1800s because of overharvest (Lavsund et al.
2003). Moose hunting was regulated in 1836 and resulted in slow population
growth of the species during the first half of the 1900s. Habitat improvements
created by modern forestry techniques, changes in sex-and age-specific harvest
regulations, and a lack of native predators such as wolf (Canis lupus) and brown
bear (Ursus arctos) have been identified as important factors that have caused
moose numbers to dramatically increase in Sweden from the 1960s to mid
1980s (Cederlund and Markegren 1987, Lavsund et al. 2003). The moose
population has decreased since the peak in mid 1980s and today comprises
approximately 250,000 animals in the winter population after the hunt (Lavsund
et al 2003).
The moose is regarded as one of Sweden’s most valuable game species.
Moose hunting is an important recreational and economic activity in Sweden
that annually contributes over 100 million U.S. dollars to the national economy
(Mattsson 1990), and approximates 10 % of the equivalent mass in cattle meat
consumed (Sylvén 2003). Despite the economic and cultural importance of
moose, the species is increasingly coming into conflict with humans in areas of
timber production and urban development. High densities of moose can
impede forest regeneration through intensive browsing of regenerating forest
stands < 15 years old (Hjelhjord et al. 1990, Hörnberg 2001, Cassing et al.
2006). Moose-vehicle collisions are a primary traffic safety concern in Sweden,
with an average of 14 people killed and over 800 injured annually (Seiler 2003).
To minimize moose-vehicle collisions, ungulate exclusion fences have been
installed along approximately 34% (5000 km) of highways and national roads
(Seiler 2004, O. Eriksson SNRA pers. comm.).
Characterization of space and habitat use patterns of large, mobile
mammals is an important research goal in areas where urbanization and
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associated road construction and competing land uses increasingly challenge
wildlife managers to maintain connectivity within a population, particularly one
that is hunted and subject to considerable demographic stochasticity (Manley et
al. 2002, Aebischer et al. 2003). In this study, we employed the latest GPS
telemetry technology, used in other wildlife studies in the boreal forest of
Sweden (Sand et al. 2005), to characterize moose ecology in a rapidly
developing area of coastal southwestern Sweden where these pressures
increasingly threaten to fragment and isolate local moose populations. Our
study objectives were to 1) document space and habitat use patterns of moose
in this coastal area, 2) evaluate how a highway reconstruction affected moose
movements and habitat use over time and 3) provide wildlife managers and
land use planners with information that would assist in maintaining viable,
connected moose populations and reduce human-moose conflicts.

Study area
Our study was conducted in coastal southwestern Sweden between the
cities of Uddevalla and Munkedal (Figure 1). We generated a 100% minimum
convex polygon (Mohr 1947), modified to exclude ocean, around moose
telemetry locations using the Animal Movement Extension (Hooge and
Eichenlaub 2000) in ArcView 3.3 (ESRI , Redlands, CA) to define the 320 km2
study area. The most important environmental influences on regional
biodiversity in the study area included forestry, agriculture, infrastructure and
urban development. Elevation within the study area ranged between 0 – 169 m
above mean sea level. A 15 km section of European Highway 6 (E6) spanned
the study area and also conveniently delineated the approximate boundary
between boreonemoral and nemoral ecoregions (Abrahamsen et al. 1977). The
area east of E6 was within the boreonemoral ecoregion and the area west of E6
was within the nemoral ecoregion. The boreonemoral region was dominated
by mature coniferous forest (61 %), followed by early successional forest (10
%), deciduous forest (9 %), agriculture (7 %), mire (6 %), water (4 %), glade (2
%) and urban development (1 %). The nemoral region was comprised of
mature coniferous forest (32 %), agriculture (31 %), glade (12 %), deciduous
forest (11 %), early successional forest (10 %), urban development (3 %), water
(0.8 %), and mire (0.2 %).

3
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Figure 1. The highway E6 study area with wildlife passages (solid dots) from south to north: overpass
completed June 2000, underpass completed June 2000, overpass completed June 2004. Highway
reconstruction segments are indicated: A) finished in June 2000, B) finished in June 2004, C)
finished in spring 2008. Open dots indicate capture locations of the 24 collared moose. Circles
indicate mean composite home ranges of males (52.2 km2) and female (15.6 km2) moose calculated
with minimum convex polygon method (MCP).

The dominant tree species in the mature coniferous forest were Norway
spruce (Picea abies) and Scots pine (Pinus sylvestris), with an intermixture of birch
(Betula spp.), aspen (Populus tremula), willow (Salix spp.) and other deciduous
species. The mature coniferous forest had a dwarf-shrub layer dominated by
bilberry (Vaccinium myrtillus), cowberry (Vaccinium vitis-idaea) or heather (Calluna
vulgaris). The deciduous forest stands were dominated by birch, rowan (Sorbus
aucuparia), willow, common aspen, common alder (Alunus glutinosa) and
pendunculate oak (Quercus robur). The early successional stages after logging
had a high abundance of birch, rowan, willow and other deciduous species, with
a field layer of wavy hair grass (Deschapsia flexuosa). However, within three years
after logging, these stands were planted (or self generated) with either spruce or
pine and managed to favor those species. Agricultural areas were comprised of
hay and pastureland composed of a mosaic of grasses that commonly included
perennial rye (Poa pretensis), quackgrass (Elytrigia repens), orchardgrass (Dactylis
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glomerata), and timothy (Phleum pratense), and crops that primarily included wheat
(Triticum aestivum), barley (Avena sativa), oats (Horedelymus vulgare), and rye (Secale
cereal).
The southern 6 km section of E6 in the study area was upgraded in June
2000 from a two-lane, unfenced highway (90 km/hr speed limit) to a fenced,
four-lane highway (110 km/hr speed limit) with 2 wildlife crossings (1 overpass
and 1 underpass) installed primarily to allow moose and roe deer to safely
traverse the highway and reduce vehicle-ungulate collisions. Fences along
highways were 2.2 m high and designed to prevent moose and deer from
crossing the highway, and to instead funnel these ungulates towards
constructed wildlife crossings. The 6 km middle section of E6 was similarly
upgraded from October 2002 to May 2004, and with the addition of 1 wildlife
overpass. The northernmost 3 km section of E6 within the study area was
unfenced and had no wildlife crossings during our study. After June 2004,
moose in the study area could only cross E6 using constructed wildlife
crossings, conventional road bridges or tunnels, or by moving to the 3 km
unfenced section of the highway.
A helicopter inventory of moose density and sex/age classes was
conducted during February 2004 in a 520 km2 area bisected by the segment of
E6 associated with this study. The average moose density was higher on the
eastern side of E6 (9.2 moose/10 km2 than on the western side (5.1 moose /10
km2) (Anonymous, 2004). Ungulates inhabiting the 220 km2 peninsula on the
west side of E6 are likely to be most negatively impacted by the isolating effects
of the exclusion fencing.

Methods

Capture and radio-collaring
We used a helicopter-based platform to shoot and immobilize 24 moose
(14 F, 10 M) with a dart containing Large Animal ImmobilonTM (Etorfin
hydrochlorid 2.45 mg/ml, Acepromazin 10 mg/ml and Xylazine 100 mg/ml)
(C-vet Ltd. Leyland, United Kingdom) in a 55 km2 area bisected by E6 during
February 2002, 2003, and 2004 (Figure 1). Each captured moose was equipped
with a non-differentially-corrected GPS collar (GPS-SIMPLEXTM; Televilt
Positioning AB Inc., Lindesberg, Sweden) programmed to obtain a
geographical location every 2 hours and equipped with a pre-programmed
electronic breakaway device. Other data associated with each location included
date, time, satellite geometry, and fix status based on communication with GPS
satellites. Mean position accuracy of non-differentially-corrected GPS-
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SIMPLEXTM collars were tested in similar forest habitats in France. The mean
location error for 2D locations with DOP < 5 was 13.1 m (SD = 17.1 m, max
= 160.1 m, n = 108), and 8.8 m (SD = 5.9, max = 27.1 m, n = 151) for 3D with
DOP < 5 (Janeau et al. 2001).
Moose locations were collected year-round from 5 Feb 2002 thru 15
December 2005 and included 71,103 locations of 22 adult (aged 2-13 years)
moose (13 F, 9 M). Moose GPS-data were divided into four seasons based on
climate (Swedish Meteorological and Hydrological Institute) and moose
biology: spring (16 March – 15 May); summer (16 May – 30 August); fall (1
September – 30 November); and winter (1 December – 15 March) (Pulliainen,
1974, Cederlund and Okarma, 1988). Moose were located approximately every
2 months from the ground to download radio-collar data. GPS collar locations
with 2D fixes and a DOP > 7 (n = 1402) were removed from the dataset.
Data Analysis
We used Euclidean distance-based analysis (EDA) to measure actual
Euclidean distances to land cover types classified on digitized land cover maps
(Conner and Plowman 2001, Cox et al. 2006). The digital land use map used in
our analyses was developed by Swedish National Land Survey using Landsat
Thematic Mapper Satellite Data collected from 2000-2002 and contained 57
land use classes at a pixel size of 25 m and an of classification accuracy > 75%
(Anonymous 1999). Our study area contained 34 of the original 57 land use
classes. We reclassified the study area land use map into 8 classes that included
mature coniferous forest, mature deciduous forest, early successional forest
(including clear-cuts), agriculture, urban areas, open water, mire, and glades
(bare rock-upper elevated areas with shallow soils and rock outcrops dominated
by heath (Calluna vullgaris) and lichens with < 30% tree cover).
We used the Animal Movement Analysis (Hooge and Eichenlaub 2000)
for ArcView 3.3 (ESRI, Redlands, California) to generate 100% minimum
convex polygon (MCP) home ranges for each moose, and generated both a
composite home range using all location data for those individuals monitored
for � 1 year (n=16), and a seasonal home range for all individuals (n=133)
(Table 1). We used 100% MCP home ranges because kernel analyses extended
home range boundaries of some individuals beyond features (e.g., fjords,
highways) they were known not to cross. We performed statistical analyses
using SAS software (SAS Institute, Cary, North Carolina) and considered
statistical significance at P � 0.10. For seasonal moose home range analyses, we
used a multivariate analysis of variance (MANOVA) to test for differences of
home range size between sexes, among seasons, or within a sex x season
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interaction. A student’s t-test was used to test differences in composite home
range sizes between sexes.
We estimated second order (selection of the home range) and third
order (selection within the home range) habitat selection following Johnson
(1980). Our Euclidean distance-based habitat analysis was conducted as
follows. First, we used the random point generator of the Animal Movement
Extension for ArcView 3.3 to create 50,000 random locations throughout the
moose study area and 1000 random locations within each moose home range.
We then used the Nearest Feature Extension (Jenness Enterprises 2004) to
calculate the Euclidean distance (m) of each random point and moose location
to the nearest polygon of each land cover class. To determine second order
habitat selection, we created 8 distance ratios (1 per habitat type) for each
moose by dividing the average distances from random locations within each
individual home range by the average distances found throughout the study
area. To determine third order habitat selection, we created 8 distance ratios
for each moose by first calculating an average distance of moose locations to
each habitat, and then dividing it by the average distances from random
locations within each individual home range. We used a multivariate analysis of
variance to test the hypothesis that overall habitat selection did not differ from
random with sex and season as main effects and individual moose as the
experimental unit. When season or the sex x season interaction was not found
as a significant main effect, we tested differences between sexes using a
composite home range for each individual moose. If our model was significant,
univariate t-tests were used to determine which habitats were used
disproportionately. Habitat types with distance ratios significantly < 1 were
preferred, and those significantly > 1 were avoided. Habitat types were ranked
by performing pairwise mean comparisons using univariate t-tests (Conner and
Plowman 2001, Perkins and Conner 2004).
We used the Animal Movement Extension (Hooge and Eichenlaub
2000) in ArcView 3.3 (ESRI, Redlands, California) to generate polylines from
chronologically sequential locations of each radio-collared moose and found
only few movements across E6 as two of the three highway sections were
finished and fenced, even though three wildlife crossings were present (Olsson
and Widén, in press). We therefore analyzed the effects of E6 road
construction on habitat use and the distance of moose locations to E6 by
comparing paired seasonal location data across two of three consecutive road
construction phases (pre-construction, 05 February 2002 thru 30 September
2002; construction, 01 October 2002 to 31 May 2004; and post-construction, 01
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June 2004 thru 15 December 2005) as follows. We measured the Euclidian
distance of each moose location and each random location generated within
seasonal home ranges. We then created a distance to E6 ratio for each
individual moose by dividing the mean distance of moose locations to E6 by
the mean distance of random locations to E6 within the same season. We
compared the mean distance of each moose to E6 between sequential road
construction phases using a Wilcoxon matched pair test. We also used a one
way ANOVA to test the hypothesis that moose habitat use of a reduced
number of habitat classes (distant ratios significantly differed from 1.00) and
distant ratios to the highway on third order data treatment did not differ from
random with highway reconstruction phases as the main effect. No individuals
were monitored across all 3 construction phases. We pooled sexes for both
datasets because of low sample size.

Results

Home range size
We analyzed 22 adult moose (13 F, 9 M) to determine sex, season, and
sex x season interaction effects on home range size. We found a significant sex
x season interaction effect on moose home range size (F1,3 = 6.18, P = 0.001).
Home range size of cows did not differ among seasons (P > 0.10), however,
bulls had larger home ranges during fall than all other seasons (P < 0.010)
(Table 1). Mean home range size of males during fall and spring was larger
than females during any season (P < 0.010).
We analyzed 16 adult moose (10 F, 6 M) with at least one complete year
of telemetry data to determine differences between sexes in composite home
ranges. Males (52.2 km2 � 10.9 km2) had larger mean composite home ranges
than females (15.6 km2 � 2.6 km2) (t6 = -3.25, P = 0.009) (Table 1).
Habitat Use
We determined season and sex x season interaction effects on second and third
order habitat selection of 22 (13 F, 9 M) adult moose. Season (F24, 183 = 0.76, P
= 0.779) and the sex x season interaction (F24, 183 = 0.42, P = 0.992) did not
affect second order habitat selection, and consequently, we pooled data across
seasons within the composite home range of each individual and examined sex
effects on second order habitat selection. Although we found no differences
between sexes (F8, 13 = 1.26, P = 0.341), moose selected habitats when choosing
a home range (F8, 14 = 6.15, P = 0.002) (Table 2). Moose selected mature
coniferous forest (t21 = -2.71, P = 0.013) and mires (t21 = -2.71, P = 0.027)
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when choosing their home range, but preference between these habitats was
not found (P = 0.805).
Table 1. Seasonal and composite minimum convex polygon (100%) home range sizes of moose in southwestern
Sweden, 2002-2005.

Mean home
range size (km2)

SE

spring

10.6

12.0

22

summer

7.0

3.6

19

fall

12.5

17.0

25

winter

5.7

5.1

Sex

na

Females

26

Males

b

10

composite

15.6

2.6

11

spring

20.6

21.2

9

summer

17.6

10.0

9

fall

34.2

21.0

winter

7.7

5.7

compositeb

52.2

10.9

12
6
a

Time period

Number of moose seasons.
Only included moose with at least one year of data.

b

Season (F24, 183 = 1.59, P = 0.047) was found to affect third order habitat
selection, but the sex x season interaction did not (F24, 183 = 1.27, P = 0.189),
and consequently, we pooled sexes within season. Moose selected habitats
within their home ranges during each season (spring, F8, 14 = 12.84, P < 0.001;
summer, F8, 12 = 4.30, P = 0.012; fall, F8, 10 = 3.08, P = 0.050; winter, F8, 10 =
30.57, P < 0.001) (Table 2). During spring, moose preferred mature coniferous
forest (t21 = -4.00, P < 0.001) over glades (t21 = -5.63, P < 0.001) and early
successional forest (t21 = -3.88, P < 0.001) and avoided agriculture (t21 = 4.92, P
< 0.001). During summer, moose preferred early successional forest (t19 = 5.14, P < 0.001) over deciduous forest (t19 = -2.35, P = 0.030) and avoided
open water (t19 = 2.25, P = 0.037). During fall, moose preferred early
successional forest (t17 = -3.98, P < 0.001) over urban areas (t17 = -1.77, P =
0.094) and avoided mires (t17 = 1.88, P = 0.077) and agriculture (t17 = 1.81, P =
0.088). During winter, moose preferred early successional forest (t17 = -5.12, P
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< 0.001) over other habitats but avoided mires (t17 = 1.87, P = 0.079) and
agriculture (t17 = -4.00, P < 0.001).
Moose used mature coniferous forest (F = 3.51, P = 0.020), agriculture
(F = 4.99, P = 0.003), glades (F = 2.60, P = 0.058), and urban areas (F = 2.82,
P = 0.045) differently by season. Post-hoc analysis revealed that differences in
seasonal habitat selection occurred in use of mature coniferous forest (P =
0.020) and urban areas (P = 0.070) during spring and fall, in use of mature
coniferous forest (P = 0.096), agriculture (P = 0.002), glades (P = 0.091), and
urban areas (P = 0.090) during spring and summer, and in use of glades (P =
0.087) during spring and winter.
We also examined third order habitat selection of 16 moose (10 F, 6 M)
using composite home ranges for those individuals with at least one complete
year of telemetry data. We pooled data between sexes because the number of
males was less than the number of habitat variables. Moose selected habitats
within their home ranges (F8,8 = 6.54, P = 0.008). Moose equally preferred
early successional forest (t21 = -7.70, P < 0.001) and mature coniferous forest
(t21 = -4.71, P < 0.001) over glades (t21 = -2.03, P = 0.061), but avoided open
water (t21 = 2.08, P = 0.060) (Table 2).
Highway reconstruction effects
We performed seasonal pair-wise comparisons of the distances of 7
moose (10 seasons x 2 construction phases) to E6 during pre-construction and
construction road phases. Moose were found at expected distances to E6
before (2.65 km � 0.48 km) and during construction (2.77 km � 0.68 km) (z =
0.05; N = 10; P = 0.96). The small sample size precluded a habitat use
comparison between these 2 road construction phases.
We performed seasonal pair-wise comparisons of the distances of 10
moose (20 seasons x 2 construction phases) to E6 during construction and
post-construction road phases. Moose were found at closer distances to E6
during construction (1.82 km � 0.21 km) than post-construction (2.19 km �
0.16 km) (z = 2.24; N = 20; P = 0.025). However, moose habitat use within
home ranges, however, did not differ between construction and postconstruction road phases (F5,34 = 2.58, P = 0.044).
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ESF (0.82) >> URB (0.92) > GLD (0.93) > DFR (0.94) > CFR (1.00) > WAT (1.07) >> MIR (1.13) > AGR (1.15)

ESF (0.79) > CFR (0.92) > URB (0.96) > DFR (0.99) > GLD (1.00) > WAT (1.06) > MIR (1.08) > AGR (1.15)

FA

WI

= spring, SU = summer, FA = fall, WI = winter.
= mature coniferous forest, AGR = agriculture, DFR = deciduous forest, ESF = early successional forest, GLD = glade,
MIR = mire, URB = urban areas, WAT = open water.
cHabitat types in bold had a distance ratio (in parentheses) that differed significantly (P � 0.10) from 1.00.
d > = a rank-order difference with P � 0.05, >> = P � 0.05.
eUsing seasonal home ranges.
fUsing composite home ranges.

bCFR

aSP

ESF (0.69) > CFR (0.70) >> GLD (0.89) > DFR (0.94) > URB (0.99) > MIR (1.03) > AGR (1.11) > WAT (1.13)

ESF (0.73) >> DFR (0.90) >> CFR (0.93) > URB (0.94) > GLD (1.00) > AGR (1.01) > MIR (1.06) > WAT (1.07)

SU

-

CFR (0.67) >> GLD (0.84) > ESF (0.85) >> WAT (0.99) > MIR (1.01) > DFR (1.04) > URB (1.08) >> AGR (1.38)

SP

3rde

3rdf

MIRc (0.73) >d CFR (0.75) > AGR (0.90) > ESF (0.97), GLD (0.97) > WAT (0.98) >> DFR (1.05) > URB (1.07)

-

Habitatb ranking

2nd

Habitat
selection Seasona
order

Table 2. Johnson’s (1980) second and third-order habitat selection by moose in southwestern Sweden, 2002-2005.

Discussion

Home range size
Home range sizes of cervids typically differ between sexes because of
different food requirements related to body size, predator avoidance strategies,
and rearing of young (Bowyer 2004, Cederlund and Sand 1994). In this study,
males had composite home ranges more than three times larger than females, a
pattern also observed by Cederlund and Sand (1994). Female composite home
range sizes were similar to those reported in other regions of Sweden
(Cederlund and Okarma 1988, Cederlund and Sand 1994). Male home ranges
appeared to be relatively large compared to other Fennoscandian studies
(Cederlund and Sand 1994), but the low sample size (n = 6) precludes an
accurate comparison.
Female home ranges did not differ among the seasons but males did.
Male home ranges during fall were more than 4 times larger than home ranges
during winter. During winter, movements may be reduced to conserve energy
(Moen 1976) and be restricted by accumulated snow (Van Ballenberghe and
Peek 1971). However, snow cover during the study never exceeded the amount
that would impede moose movements (Kelsall 1969, Cederlund and Okarma
1988). Also, important forage stands such as clear-cuts and early successional
forests (Cederlund and Okarma 1988, Nikula et al. 2004) were common and
evenly distributed through the study area and provided moose ready access to
patches even though winter home ranges were small.
Habitat use
EDA has only recently been employed to determine wildlife habitat use
(Conner and Plowman 2001, Perkins and Conner 2004, Cox et al. 2006). This
method has been described as being more robust to telemetry error than
classification-based analyses (Conner et al. 2003), but as others have pointed
out (Cox et al. 2006), further evaluation of the type 1 error distribution of EDA
is needed. Several factors may determine the habitat selection of moose.
Among those are the quality and quantity of palatable browse, but also external
influences as predator avoidance, thermal cover and snow cover. Several
studies have documented moose habitat selections both at the landscape level
(Forbes and Theberge 1993, Nikula et al. 2004) and at the habitat level
(Cederlund and Okarma 1988, Hjelhjord 1990) using VHF-telemetric devises in
Fennoscandia. However, we are not aware of studies that have assessed multiscale habitat selection of moose using GPS telemetry.
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Second order
When selecting a home range, moose preferred mature coniferous forest
and mires; however no preference between those habitats was found. The
preference for mature coniferous forest when selecting a home range reflects
the importance of this cover type for shelter and forage (Markegren 1974). In
general, moist coniferous forests and complexes of marsh-land have been
identified as important moose habitats during the snow-free periods
(Markegren 1974, Bergström and Hjeljord 1987). Within the coniferous forest,
a mosaic of the other habitat classes were found and selected for, or avoided at
the next hierarchical level, within the home ranges. Our results were in
agreement with Hjelhjord et al. (1990), who described the importance of a mix
of older and younger forests to moose versus larger areas of early successional
forests.
During the 1960s, mires were described as important winter habitat for
moose (Bergström and Hjeljord 1987). However, since that time, the
emergence of young forests, and an increase in moose population and
concomitant over-browsing of low-productive habitats are thought to have
altered moose habitat preferences since that time (Bergström and Hjeljord
1987). In contrast to our result, where areas with mires were selected for,
previous recent studies have found that moose avoid mires when selecting a
home range (Nikula et al. 2004). The selection of mires in our coastal study
area might have occurred because of the strong correlation of boreal forest ad
mire habitats and because of the high relative proportion of agricultural land
compared to other habitat types, especially west of highway E6.
In this study, moose did not prefer early successional forests when
selecting a home range. Clear cuts and early successional forests were evenly
distributed throughout the study area and thus, selection for this habitat type
may not appear at the landscape scale. Cederlund and Sand (1992)
hypothesized that the intensive forestry that creates evenly distributed patches
of clear-cuts with different successional stages at a smaller scale than a moose
home-range would increase moose philopatry. Because habitat selection at the
landscape scale is dependent on the scale chosen for comparison, caution is
warranted in interpretation of results. We limited the landscape to the area
encompassing all telemetry locations. If a larger scale had been chosen, the
results may have been different, especially since the study was conducted in a
varied landscape with two ecoregions, separated by a significant barrier,
highway E6.
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Third order
Moose were observed to select habitats within the home ranges within
each season and also differently by seasons (Table 2), but no sex effect could be
found. Moose significantly selected clear cuts and early successional forests
during all seasons (differed significantly from 1.00), and also significantly more
than other habitat classes in summer and fall. However, moose did not select
this habitat class differently between the seasons, which contrasts with the
results of Nikula et al. (2004), who observed a greater use of early successional
pine-dominated plantations during winter than in summer. In Fennoscandia,
Scots pine is generally the most commonly browsed winter food in quantity for
moose (Cederlund et al. 1980, Bergström and Hjeljord 1987). In this study,
pine and spruce dominated clear-cuts and early successional forests were not
separated, which might have affected the general results of this habitat class.
The mature coniferous forest was used significantly more by moose during
spring than in summer and fall (Table 2), which contradicts the results of
Hjelhjord et al. (1990), who addressed the importance of mature coniferous
forest to moose in late summer, and hypothesized that the delayed phenological
changes in preferred food plants were the main reason for this pattern. Glades
were also selected for during spring, but not during other seasons which may
indicate the importance of heather and juniper (Juniperus communis) at the glades
and bilberry in mature coniferous forest during the spring season (Cederlund et
al. 1980, Bergström and Hjeljord 1987). Markegren (1974) considered mature
forests important during snow-free periods because of the presence of palatable
food plants in the shrub layer, and Cederlund and Okarma (1988) reported no
selection of mature forest; instead use was close to expected levels.
We also found a seasonal difference in habitat selection among
agriculture, glade and urban areas. Glades were used more during spring than
in summer and winter when use was at random, a result that could reflect
summer avoidance of these areas because of high temperatures, and winter
avoidance because of snow accumulation at these high elevated areas.
Although agriculture was not a selected habitat, it was used more during
summer than spring. During summer, agricultural fields primarily with oat
often attract moose and may be an important and nutritious food resource
(Ekman et al. 1993). Urban areas were used more during summer and fall than
in spring, a pattern that may be explained by garden foraging on apples in late
summer and fall. Houses with gardens are evenly distributed throughout the
study area and field observations (tracks) of this behavior during late
summer/fall were common. Male moose also become more emboldened
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during the rut and may enter urban areas in search of females where otherwise
they would avoid these areas.
Highway reconstruction effects
Moose have been observed to change habitat use as a response to food
availability, predation and rapidly changing environmental conditions such as
that created logging (Peek et al. 1976, Mastenbrook and Cumming 1989).
Previous studies have shown that elk avoid foraging close to roads (Grover and
Thompson 1986). However, no studies of our knowledge have analyzed
changes in habitat use and avoidance of local areas as a response to nearby
large-scale construction. After construction of the E6 highway, actual and
random (within seasonal home ranges) moose locations were found 366 m and
501 m respectively further away from the highway compared to locations
during the construction phase. That might reflect a greater disturbance when
the highway was finished and speed limit was increased from 70 km/hr to 110
km/hr. Also exclusion fences created a barrier for moose movements even
though three wildlife crossings for moose were built (Olsson and Widén, in
press). This effect, however, was measured during the initial period (within 19
months) immediately after highway reconstruction. Moose may subsequently
adapt to the new conditions created by the highway and begin to move closer
to or over crossings at E6 if benefits outweigh costs. The three wildlife
crossings offer crossing opportunities and thus movements and ranging may in
future be directed to these areas. Although moose were observed further from
the highway after construction, effects on habitat use were not found, an effect
that could be explained by the evenly distribution of clear-cuts and early
successional forests throughout the study area (Figure 1).

Management implications
Given the continued changes that will occur in south Sweden due to
human development and infrastructure, we suggest that future analyses
temporally match land cover and telemetry data as closely as possible, and that
EDA continue to be used as a tool to examine questions relating to moose
habitat selection. Also, land cover data may be combined and updated with field
surveys to identify habitats and forest stands at a finer scale. By doing that,
important moose habitats could be better distinguished.
Clear-cut logging practices have created plant species communities
similar to those that historically were found after forest fires (Peek 1997).
Young forests will remain an important component of moose diet and may be
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especially crucial during winter when young pine dominated forest stands are
important forage resources (Cederlund and Okarma 1988, Nikula et al 2004). A
small scale forest management creates patches of different successional stages
within a moose home range that will attract moose during all seasons. The
evenly distribution of resources may increase home range fidelity (Cederlund et
al. 1987) and thus decrease dispersal to new areas (Gasaway et al. 1980). Based
on our findings and others, we recommend that managers establish a mosaic of
clear cuts, early successional forests, mature coniferous forest and deciduous
forests that will create optimize cover and available forage for moose during all
seasons. We further recommend that logging operations be accomplished in
time and space to conform with moose habitat needs, and that managers
consider the sensitivity of other organisms to this type of disturbance before
proceeding.
The construction of roads and urban areas may induce disturbance
zones that decrease animal’s preference for nearby areas (Forman and
Deblinger 2000). Fenced highways reduced dispersal rates and may lead to
reduced viability or loss of local wildlife populations by rendering them more
susceptible to stochastic events or genetic isolation. The construction of
effective wildlife crossings along fenced roads will remain an important tool for
traffic safety and to maintain meta-population dynamics across otherwise
isolated areas.
Finally, managers of relatively isolated moose populations should set
harvest limits in relation to local densities and not to regional averages.
Overharvesting and unsound harvest strategies in isolated areas may more
rapidly alter population densities and demographics compared to larger areas,
especially when coupled with habitat fragmentation and movement barriers
created by urban development and associated infrastructure.
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Appendix A. Reclassification scheme of landcover maps used to analyze moose
habitat selection in Southwestern Sweden, from 2002-2005.
__________________________________________________________________
Reclassified landcover category
Original landcover category
________________________________________________________________________
Mature coniferous forest

Coniferous forest 5-15 m, not on lichen-rich
ground
Coniferous forest >15 m, not on lichen-rich ground
Coniferous forest > 15 m, on lichen-rich ground
Coniferous forest on mire
Mixed forest on mire
Mixed forest, not on mire
Mixed forest, not on glade

Deciduous forest

Deciduous forest on mire
Deciduous forest, not on mire
Deciduous forest, not on glade

Glade

Glade and boulder-rich ground
Coniferous forest (< 30% coverage) on glade
Deciduous forest (< 30% coverage) on glade

Early successional forest

Early successional forests 0-5 m high
Clear-cut

Mire

Bog
Mire

Agriculture

Pasture
Arable land
Not urban park
Golf course

Urban area

Communities, with <200 citizens
Communities, with >200 citizens
Camp grounds or holiday cottages
Sport facilities
Industrial estates
Provincial estates
Urban green areas
Road and railroad areas
Gravel pit
Mineral extraction

Water

Lakes and ponds, covered with vegetation
Lakes and ponds, with open water
Streams

________________________________________________________________________________
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Abstract
The use of exclusion fencing is an effective method to reduce moose-vehicle
collisions and is commonly installed along Swedish highways. However,
exclusion fences may pose a threat to the viability of wildlife populations
because they serve as barriers to individual movements and may limit
accessibility to resources. Various types of wildlife crossings intended to reduce
road-kills and increase habitat connectivity across fenced highways have been
constructed throughout the world. However, few studies have evaluated the
effectiveness of those crossing structures with respect to movements before,
during and after construction of highways and exclusion fencing. We studied
movements of 24 GPS-collared moose (Alces alces) before, during and after an
existing two-lane road was reconstructed to a fenced four-lane highway with
three wildlife crossings designed for moose. We recorded 135 movements
across the highway during 8,830 moose-monitoring days. Of these, 47 occurred
before construction began, 76 during construction, and 12 occurred after the
highway was fenced. All movements after fencing were across two of the three
wildlife crossings. The average number of highway crossings per moose-day
decreased by 67 - 89 % after fencing. Although the number of moose-vehicle
collisions decreased, the fenced highway served as a barrier to moose
movements even though construction of three wildlife crossings. Thus,
exclusion fencing may reduce moose mortality and provide safer conditions for
automobile travel; the fencing may negatively impact accessibility to resources,
gene flow, and recolonization rates.

Introduction
Transportation infrastructure has drastically changed the Swedish
landscape over the past century and the road network occupies approximately
1.2 % of Sweden’s land surface (Eriksson & Skoog 1996). Because of their large
home range and preference for disjunctive foraging areas moose (Alces alces)
may be particularly impacted by roads. Moose numbers began to increase
drastically in Sweden during the 1960s as a result of improved habitats
(Lavsund et al. 2003), age- and sex-specific hunting strategies, and lack of
predators (Cederlund & Markegren 1987). Due to high moose densities and
increased traffic volumes, moose-vehicle accidents have increased substantially
over several decades (Seiler 2003). During the 1990s, Swedish police recorded
over 4,000 moose collisions annually, but the total number of accidents is likely
twice as high (Seiler 2003).
Various measures to limit moose-vehicle collisions have been tested
(Almquist et al. 1980). However, only exclusion fencing (2.2 m high) and
roadside clearing have been cost-effective (Niklasson & Johansson 1987). More
than 5,000 km, approximately 34 %, of the highways and national roads have
been fenced in Sweden (Seiler 2003). Although exclusion fencing reduces the
risk of moose-vehicle accidents, the potential negative effects these structures
may have on moose and other wildlife is unclear. Reduced gene flow, reduced
accessibility to resources, habitat degradation, and small population size can
lead to greater vulnerability to environmental and demographic stochastic
events (Jaeger & Fahrig 2004, Riley et al. 2006).
The construction of wildlife crossings along fenced roads can provide
both safe road conditions for humans and mitigate barrier effects on wildlife
(Andrews 1990, Bekker & Canters 1995, Foster & Humphrey 1995, Rodriguez
et al. 1996, 1997; Clevenger & Waltho 2000). In Sweden, underpass structures
for smaller vertebrates are common but few passages designed specifically for
large mammals exists (A. Sjölund & M. Lindqvist, Swedish National Road
Administration (SNRA), pers. comm.). The objective of this study was to
evaluate moose response to exclusion fencing and wildlife crossings in
southwestern Sweden. Specifically we monitored moose movements and space
use before, during and after construction of a highway with three wildlife
crossings.

2

Study area
Our study was conducted in southwestern Sweden along European
highway 6 (E6) north of Uddevalla. In our study area, E6 was converted from a
two-lane, non-fenced road to a fenced four-lane highway. A 15-km segment of
E6 divides the study area in two equal-sized fragments (Figure 1). The southern
6 km of that section was finished in June 2000 and the middle 6 km in June
2004. The northern 3 km will be converted to a fenced highway in summer
2007 and thus was not fenced during this study. After fencing, moose could
only cross the highway through three wildlife crossings, three conventional
bridges, two conventional tunnels, and an unfenced section in the north.
Ungulates inhabiting a 220 km2 peninsula on the west side of E6 are likely to be
most negatively impacted by the isolating effects of the fence. The segment of
E6 that bisected the study area had an average traffic volume of about 12 000
vehicles/day throughout the study (SNRA traffic volume database).
Forests dominated the landscape east of the highway (70 % of land area)
with a low amount of farmlands (7 %), whereas west of the highway was
comprised of a mosaic of forests (40 %) and farmlands (30 %). The percentage
of clear cut forest was equal (10 %) on both sides. Norway spruce (Picea abies)
and Scots pine (Pinus sylvestris) dominated the forest, but it also included
deciduous species, such as common alder (Alnus glutinosa), oak (Quercus sp.),
birch (Betula sp.), and mountain ash (Sorbus aucuparia). In February 2004, a
helicopter inventory estimated the moose density within the study area to be 5.1
moose/10 km2 (Anonymous 2004).
There were two stages of road development that potentially could have
altered the space use and movements of moose (Figure 1): (1) the period before
construction (speed limit 90 km/hr), from February 2002–September 2002 (the
road in the southern portion [6 km] of the study area was a fenced highway
with two wildlife crossings, one overpass, and one underpass). (2) The period
during highway construction (speed limit 70 km/hr), from October 2002–May
2004. 6 km of the highway through the study area was under road construction.
(3) The period after highway construction (speed limit 110 km/hr), from June
2004–December 2005. The highway in the study area was fenced in June 2004
and moose could only cross the highway through three wildlife crossings, five
conventional under- and overpasses and through an unfenced section north of
the study area. Two mountain tops were removed along the 15 km section and
the highway was lowered to level-out the topography. The surrounding land
was untouched and the two overpasses were built on the former topographic
ground level. The southernmost overpass was hourglass-shaped, 80 m long, 17
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Methods
Methods
A total of 24 moose, 10 males and 14 females, were collared during three
A total of 24 moose, 10 males and 14 females, were collared during three
winters in 2002, 2003 and 2004, and monitored until December 2005. Each
winters in 2002, 2003 and 2004, and monitored until December 2005. Each
captured moose was equipped with a GPS-collar (Televilt Inc., Lindesberg,
captured moose was equipped with a GPS-collar (Televilt Inc., Lindesberg,
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Sweden) for up to 22 months before pre-programmed drop-off mechanisms
were activated. All moose were captured within a 55 km2 area transected by the
highway. The average linear distance to highway E6 from the point of capture
was 2 km (min=470 m, max=4097 m, SD=986 m). Because all three wildlife
crossings were built within a four-km stretch of highway E6, all collared moose
theoretically had access to any of the three crossing points. Moose positions
were collected at two-hour intervals, and the number of moose positions
totaled 76,170 during the 46 months of this study. Data for individual animals
were divided into four seasons based on climate conditions and moose biology:
spring (16 March – 15 May), summer (16 May – 30 August), fall (1 September –
30 November), and winter (1 December – 15 March).
We used Arc View 3.3 (Environmental System Research Institute,
Redlands, California, USA) and digital geographic land cover data (data
acquisition; 2001) obtained from the National Land Survey (Gävle, Sweden) to
determine highway crossings by collared moose. We defined a movement
across the highway by two subsequent locations documented on each side of
the highway and concern was taken to GPS errors and their influence on
location accuracy. Movements were analyzed using three datasets: 1) BeforeAfter construction, 2) Before-During construction, and 3) During-After
construction (Table 1).
Table 1. The reconstruction of highway E6 near Uddevalla, Sweden, and moose monitoring data
during each period, 2002 - 2005. *Fence and highway construction relates to the construction of the
middle 6 km section of the study area.
Fence*
Highway construction*
Time period
Months
Moose monitoring days

Before fencing
Before construction
During construction
Feb. 02– Sept. 02
Oct. 02–May 04
7
20
1302
4384

After fencing
After construction
June 04– Dec. 05
19
3144

The first dataset included the total number of highway crossings per
moose-day by all GPS-collared moose (n=21) before (Feb. 2002-Sept. 2002)
and after (June 2004-Dec. 2005) construction of the highway (Table 1). The
second dataset only included data for moose (n=7) that were monitored both
before and during the construction phase (Feb. 2002-June 2004). No exclusion
fence was present at the middle section during this stage of construction. The
third dataset only included data for moose (n=12) that were monitored both
during construction and after fencing of the middle section (Feb. 2003 – Dec.
2005). For all analyses, the number of road crossings was standardized based on
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the total number of moose-days within each period. Wildlife crossing use was
determined from GPS-data, infrared camera surveillance (southern overpass)
and by track counts in sand traps. All highway crossings (n=20) that occurred
outside the study area were excluded from analysis. Because data were not
normally distributed, we used chi-square tests to determine whether differences
existed in movement frequencies across the highway. We used Yeates
correction to correct for estimation errors within 2 x 2 tables. We used KruskalWallis tests on ranks to examine seasonal effects among frequencies of highway
crossings (Statistica 7.1).
We used the Animal Movement extension (Hooge & Eichenlaub 2000)
to generate seasonal home ranges using the 100 % minimum convex polygon
(MCP) method (Mohr 1947). We used MCP since outer home range border and
its location to the highway was of interest, rather than how core areas related to
the highway. We analyzed the location of seasonal home ranges (west of, east
of, or intersected by the highway) before and after fencing using chi-square
tests. Home-range frequencies in relation to the road during construction were
used as the expected frequencies. Home-range data only were used for moose
that were collared over the period during construction and after fencing of the
highway (n=12, dataset three).

Results
We recorded 135 highway crossings during a total of 8,830 moose-days.
Of these, 47 occurred before construction began, 76 during construction, and
12 occurred after the highway was fenced. All highway crossings after fencing
occurred on the two overpasses designed for moose. No movements were
observed across the wildlife underpass or the five conventional over- and
underpasses during the entire study. Males crossed the highway more frequently
than females, accounting for 95% of the total number of crossings during the
entire study. Males also crossed the wildlife overpasses more often than
females, accounting for 60% of the total number of crossings (x2=3.87, df=1;
p<0.049). We observed no seasonal effects among crossing frequencies
(H3,128=2,15; p=0.54), although there was an indication that wintertime
movements across the highway were less frequent than crossings during spring,
summer, and fall. The average number of crossings over the highway per
moose-day decreased by 89 %, from an average of 0.036 crossings per day
before fencing to 0.0038 after fencing (x2=65.4, df=1; p<0.005; Figure 2,
dataset one).
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Crossings per moose da y

In the second dataset, we monitored 7 moose (5 females and 2 males)
before and during construction phase. Two males routinely crossed the
unfenced road during this period. A total of 97 (47 crossings before
construction and 50 during construction) crossings were recorded during a total
of 2862 moose-days. The average number of highway crossings per moose-day
decreased by 36 % (x2=4.76, df=1; p<0.029) from an average of 0.044 before
construction to 0.028 during construction (Figure 2, dataset two).
In the third dataset, we monitored 12 moose (7 females and 5 males)
during and after construction. Of those, six moose routinely crossed the
highway during the construction phase and two after the highway was fenced.
A total of 38 highway crossings were recorded during a total of 5,093 moosedays. Of these, 26 occurred before and 12 after the highway were fenced. No
crossings were documented at the wildlife underpass or at the conventional
over- and underpasses. The average number of highway crossings per mooseday decreased by 67 % (x2=24.8, df=1; p<0,005), from an average of 0.012
before fencing to 0.0041 after fencing (Figure 2, dataset three).
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Figure 2. Mean number of highway E6 crossings per moose–day near Uddevalla, Sweden, 2002 –
2005. Three datasets were used: 1) Before-After construction, 2) Before-During construction, and 3)
During-After construction.

There was a significant change in home-range location during
construction and after highway fencing (x2=9,44, df=2; p =0,009). The
percentage of seasonal home ranges that intersected the highway decreased
from 26 % (10 of 38) before fencing to 13 % (5 of 38) after fencing. Most of
the moose that had home ranges bisected by the highway prior to fencing
changed movement behavior and allocated their home ranges to the west of the
highway after fencing
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Discussion
We documented reduced crossing rates during both stages of road
reconstruction. The overall effect (dataset one) revealed an 89% reduction in
crossing frequency; however, different animals were collared during these two
periods. In dataset three, crossing rates decreased by 67%. However, these
moose may also have been affected (as moose in dataset two) during
construction, and hence an initial lowered crossing rate might have occurred.
Male crossings were decreased more by exclusion fencing than those of
females. However, females had a very low crossing frequency during the whole
study, which may relate to their smaller home ranges and that they thus
encounter roads less often than males. The importance and use of wildlife
crossings are not only affected by passage dimensions and landscape features
(Yanes et al. 1995, Rodriguez et al. 1996, Ng et al. 2004, Clevenger & Waltho
2005) but also by presence of other more preferred crossing opportunities
(Clevenger et al. 2002). As in previous studies (Clevenger et al. 2002), moose in
this area were selective towards overpasses even though an underpass was
located less than 700 m away.
Few studies have quantified barrier effects from road networks on large
ungulates. Studies with GPS-collared caribou (Rangifer tarandus) in Alberta have
identified unfenced roads as potential barriers which were crossed up to 6 times
less frequently than simulated road networks (Dyer et al. 2002). Other linear
structures, such as pipelines, also can inhibit movement patterns of large
ungulates. Caribou in Alaska crossed roads parallel to pipelines less frequently
than expected (Curatolo & Murphy 1986, Murphy & Curatolo 1987). Although
a restricted movements caused by fencing may negatively impact wildlife
populations (Jaeger & Fahrig 2004, Jaeger et al. 2005) decreased mortality due
to vehicle collisions might be beneficial to population viability (Bekker &
Canters 1995, Foster & Humphrey 1995). However, moose-vehicle collisions
are today not a threat to the viability of Sweden’s moose population, but local
impacts can be significant (Seiler 2003). The number of reported moose-vehicle
accidents within the E6 study area decreased after fencing and the installation
of wildlife crossings. On average, 2.7 moose-vehicle accidents per year (n=35)
were reported along the unfenced road segment from 1990 – 2001 (90 km/h,
153 months), whereas only 1.8 accidents per year (n=3) were reported during
the construction phase (70 km/h, 20 months) of the middle section. Further,
no moose-vehicle accidents have been reported since the highway was
completed in June 2004 (110 km/h, 31 months).
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Barriers caused by infrastructure may reduce gene flow (Riley et al. 2006)
and recolonization rates, and small isolated populations may be more vulnerable
to external effects such as hunting (Sæther et al. 2003). While too few individual
moose used the overpass to compensate for annual mortalities associated with
hunting, enough did cross to maintain gene flow between otherwise isolated
subpopulations (Mills & Allendorf 1996). It is most likely that the wildlife
crossings will be used more frequent in the future, as individuals adapt to
structural attributes and redirects movements to their location (Clevenger et al.
2002). Subjects related to barriers and their effect on the demographics of small
populations, recolonization rates, and the effects of hunting must be evaluated
further. It is important that effective wildlife crossings are identified and
optimized, both with respect to construction cost and efficiency for ungulates
and other wildlife, and by their ability to reduce wildlife-vehicle collisions at
associated highways.
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Abstract
Ungulate-vehicle accidents accounted for approximately 60% of the total police
reported traffic accidents in Sweden during the 1990s. While exclusion fences
are effective at reducing such collisions, they create a new threat to wildlife by
limiting individual movements and access to resources. To promote movements
across fenced highways, wildlife crossing structures have been constructed in
many countries. We used infrared remote cameras, track count surveys, and
GPS telemetry to monitor the use of a highway overpass by moose (Alces alces)
and roe deer (Capreolus capreolus) in southwestern Sweden. Moose and roe deer
used the overpass mostly during nocturnal hours (84% and 76%, respectively).
Overpass use declined with increased traffic volume on the highway. Moose
and roe deer usually walked across the overpass during periods of low highway
traffic volumes and shifted to trotting as traffic intensity increased, indicating
that highway traffic affected the frequency in which ungulates used the overpass
and their behavior while using the overpass. We calculated that 5-7 individual
moose used the overpass annually which is enough to maintain gene flow
between otherwise disjunct subpopulations.
Keywords: moose, roe deer, remote camera, GPS-collar, wildlife crossing,
highway overpass, connectivity, exclusion fencing

1. Introduction

Moose (Alces alces) and roe deer (Capreolus capreolus) populations began to
increase considerably in Sweden during the 1960’s (Lavsund et al., 2003). The
increase of both species was attributed to habitat improvements created by
modern forestry techniques, changes in sex- and age-specific harvest
regulations, and a functional lack of native predators such as wolves (Canis
lupus) and brown bears (Ursus arctos) (Cederlund and Markegren, 1987; Lavsund
et al., 2003). High ungulate densities and increased traffic volume on Swedish
highways have resulted in an increased number of ungulate-vehicle accidents.
During the 1990’s, ungulate-vehicle accidents accounted for 60% of the total
number of police-reported traffic accidents in Sweden (Land and Nilsson, 2002;
Seiler, 2004). During the 1990’s, Swedish police recorded approximately 4,500
moose-vehicle and 22,000 roe deer-vehicle collisions annually (Seiler, 2004).
However, the total number of ungulate-vehicle collisions may be twice as high,
because many go unreported (Seiler, 2004). An increased number of ungulatevehicle collisions prompted changes in highway construction policies and an
increased use of exclusion fences. Today, fences 2.2 m high are present along
approximately 34% (5000 km) of the Swedish highways and national roads
(Seiler, 2004; O. Eriksson SNRA, pers. comm.).
Highway crossing structures have been constructed in many parts of the
world in an effort to mitigate negative effects of exclusion fencing (Andrews,
1990; Bekker and Canters, 1995; Spellerberg, 2002; Rodriguez et al., 1996, 1997;
Clevenger and Waltho, 2000, 2005; Lundin and Sjölund, 2005). Crossing
structures in combination with exclusion fencing reduced road kills and
enhanced resource accessibility in the United States (Foster and Humphrey,
1995), Canada (Clevenger et al., 2003) and the Netherlands (Bekker and
Canters, 1995). The development of highway crossing structures for wildlife in
Sweden is regarded by SNRA as an experimental initiative, where efforts are
made to evaluate a wide range of highway crossing designs (Olsson and Seiler,
unpublished data; Olsson and Widén, unpublished data). Previous studies have
evaluated the importance of structure design and size for ungulates (Olbrich,
1984; Rodriguez et al., 1996; Clevenger and Waltho, 2000, 2005), but few
studies involved moose which is the target species for most large ungulate
mitigations in Sweden.
It is important that effective highway crossings are identified and
optimized with respect to construction cost, facilitation of ungulate
movements, and ability to reduce wildlife-vehicle collisions. The objective of
this study was to evaluate ungulate use of a highway overpass designed
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specifically for moose and roe deer. We used track count studies, infrared
cameras, aerial moose inventory and GPS-collared moose to examine different
aspects of highway crossing use by moose and roe deer. Specifically, studies
included crossing frequencies and behaviour in relation to time of day and
highway traffic volume, number of moose individuals using the overpass
annually, and sex and age class effects on crossing frequencies. The results of
this study are intended to facilitate the development of wildlife crossings that
reduce wildlife-vehicle collisions while limiting negative impacts of roads on
ungulate movements and demographics.

2. Methods

2.1. Study area
The study was conducted in southwestern Sweden along European
Highway 6 (E6), 6 km northwest of Uddevalla. The highway stretches along the
west coast of Sweden, from Trelleborg in the southern part of the country to
the Norwegian border. Our study focused on a 15 km segment of E6 that is
being converted from a two-lane, non-fenced road to a four-lane highway with
2.2 m high ungulate exclusion fencing. The southern 6 km and middle 6 km of
this segment were completed in June 2000 and 2004, respectively (Figure 1).
The northern 3 km will be converted to a highway in spring 2008 and were thus
not fenced during this study. In June 2004, highway crossings by moose and roe
deer were limited to two highway overpasses, one highway underpass, three
conventional bridges, two conventional tunnels and the unfenced 3 km segment
of the highway in the northern part of the study area. The segment of E6
associated with this study had an average traffic volume of 12,000 vehicles per
day (SNRA, traffic volume database).
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Open dots indicates locations where moose were collared. The large circle indicates the 57.1 km
“highway overpass zone” and the smaller one is the average annual fixed-kernel home range of moose
“highway overpass zone” and the smaller one is the average annual fixed-kernel home range of moose
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Figure 2. The highway overpass photographed from the west. Photo: Mattias Olsson, March 2002.

We delineated the 300 km2 study area by using all positions from moose
fitted with GPS collars using the minimum convex polygon method (Mohr
1947). Forests dominated the landscape east of the highway (70 % of land area)
with a low amount of farmlands (7 %), whereas the area west of the highway
was comprised of a mosaic of forests (40 %) and farmlands (30 %). The
percentage of clear-cut forest was equal (10 %) on both sides. Norway spruce
(Picea abies) and Scots pine (Pinus sylvestris) dominated the forest, wich also
included deciduous species, such as common alder (Alnus glutinosa),
pendunculate oak (Querqus robur), birch (Betula sp.), and rowan (Sorbus aucuparia).
A helicopter inventory of moose density and sex/age classes was conducted
during February 2004 in a 520 km2 area bisected by highway E6 associated with
this study. The average moose density was higher on the eastern side of E6 (9.2
moose/10 km2) than on the western side (5.1 moose /10 km2) (Anonymous,
2004). Ungulates inhabiting the 220 km2 peninsula on the west side of E6 are
likely to be most negatively impacted by the isolating effects of the exclusion
fencing.
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2.2. Capture and monitoring of moose
We monitored GPS-collared moose to quantify the influence of daily
movement patterns on the time of day that moose used the overpass. A total of
24 moose (10 males and 14 females) were captured within a 55 km2 area
bisected by E6 during February 2002, 2003, and 2004. The average linear
distance to E6 from the point of capture was 2 ± 0.9 km (Range: 0.47 - 4.1 km)
(Figure 1). Each captured moose was equipped with a non-differential GPS
collar (GPS-SIMPLEXTM; Televilt Positioning AB Inc., Lindesberg, Sweden)
programmed to obtain simultaneous positions every 2 hours. Collars remained
on moose for up to 22 months (Mean=17.0, Min=3, Max=22, Std. Dev.=8.0)
before a preprogrammed electronic breakaway device was activated. Moose
GPS-data were divided into four seasons based on climate (Swedish
Meteorological and Hydrological Institute) and moose biology: spring (16
March – 15 May); summer (16 May – 30 August); fall (1 September – 30
November); and winter (1 December – 15 March) (Pulliainen, 1974, Cederlund
and Okarma, 1988).
2.3. Track counts, remote camera system, and traffic counter
We used two methods to monitor overpass use by ungulates: 1) track
counts in sand beds and 2) digital infrared cameras. We visited the overpass
twice weekly from June 2000 to December 2005. During each visit, we counted
all moose and roe deer tracks observed in the sand beds. Sand beds were raked
smooth after each visit in preparation for the next track count. Two digital
infrared cameras (S-Link Inc. Stockholm, Sweden) were positioned at the center
of the overpass in March 2002. We mounted the cameras on a 6 m high steel
pole attached to one of the shield railings. Each camera was directed toward an
overpass entrance. Location and focal length of the cameras allowed us to
monitor the entire overpass as well as ~5 m beyond each entrance. Four pairs
of infrared detectors activated the cameras when an animal crossed the
overpass. No apparent disturbance was associated with the camera system
because it worked in absolute darkness and was silent. We programmed the
camera system to operate from 17:00 to 07:59 hrs. The camera system was
programmed to shut down from 8:00 to 16:59 hrs because of limited data
storage capacity. The camera was operational 1056 of 1188 days (89 %) from
March 2002 until June 2005 (39 months). The only time the camera was not
functioning was during scheduled maintenance and occasional malfunctions.
The camera system registered time and date for each animal detection event.
The hourly traffic volume on E6 was measured during the entire study period
by a vehicle counter located 3 km south of the highway overpass.
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2.4. Statistical analyses
2.4.1. Crossing frequencies
We used multiple linear regressions to identify the relative importance of
variation in traffic volume on highway E6 and movement patterns of moose
using the overpass (Statistica 7.1, StatSoft, Inc.). Specifically, the average
distance moved by GPS-collared moose during each of seven 2-hour time
periods (1700-0759 hrs) and mean traffic volumes during crossing hours were
regressed on the total number of overpass crossings by moose during respective
2-hour time periods. Datasets were divided by seasons since the movement
pattern differed throughout the year. We used linear regression to analyze
seasonal roe deer crossing frequencies and how those related to the traffic
volume during crossing times.
We used a one-way ANOVA (with Tukey´s HSD post hoc test) to
examine the effects of time since overpass construction and season on moose
and roe deer crossing frequencies.
2.4.2. Sex and age class effects on crossing frequency
We analyzed sex and age (calf/fawn or adult) effects on crossing
frequency for moose and roe deer. Sex and age were assigned to each animal
filmed, based on body size and other morphological differences (Figure 3). Due
to difficulties in determining the sex of solitary adult roe deer during late
fall/early winter when males shed antlers, uncertain identifications were
excluded from analyses during this period. Moose sex/age classes recorded
during the 2004 aerial inventory were compared to the overpass crossing
frequencies of each sex/age class using chi-square tests with inventory results as
expected frequencies. Cows with calves were treated as one unit since calves are
strongly associated with cow movements, and thus not likely to use the
overpass without the cow. Moose yearlings that crossed the overpass were
categorized as adults to facilitate comparisons with the results from the moose
inventory, which only classified animals as calves or adults.
2.4.3. Behavior and traffic volume
Moose and roe deer filmed while using the overpass were placed into
one of three behavioral categories: 1) walking; 2) walking and trotting; and 3)
trotting or galloping. The influence of traffic volume, measured by a vehicle
counter located 3 km south of the overpass, on crossing behavior was analyzed
using a Kruskall-Wallis test.
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Figure 3. A male moose walks across the overpass.

2.4.4. Estimated number of individual moose using the overpass
We used ArcView 3.3 (Environmental System Research Institute,
Redlands, CA, USA) to compare GPS positions from each moose to the
location of the overpass in an attempt to identify each collared moose filmed
using the overpass. We estimated the total number of individual moose that
used the overpass annually by comparing the number of crossings by collared
individuals to those by uncollared individuals. We made the assumption that
collared moose were a representative sample of uncollared moose. Based on
this assumption, we used the following relationship to estimate the total
number of individual moose that used the overpass annually; (CM/CI) =
(UCM/UCI). Where, CM = number of crossings by collared moose; CI =
number of individual collared moose that crossed the overpass; UCM =
number of crossings by uncollared moose; and UCI = number of individual
uncollared moose that crossed the overpass.
Estimates of the total number of individual moose that used the
overpass were compared to the average density of moose within a distance of
4.26 km from the overpass, i.e. “the highway overpass zone” (Figure 1). The
radius of the highway overpass zone was based on the diameter of the average
annual fixed-kernel home range of the GPS-collared moose monitored during
this study. Thus, we assumed that all moose within the highway overpass zone
could potentially have used the overpass. After excluding non-preffered land
cover types such as agriculture, urban, ocean, and freshwater, 33.8 km2 of
potential moose habitats remained. The number of moose within the highway
overpass zone was calculated to vary between 33.6 and 41.5 (mean = 37.6)
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based on the average moose density (11.1 moose/10 km2 forest) obtained from
the aerial inventory of the 520 km2 moose management area.

3. Results
The number of moose- and roe deer-vehicle accidents reported to the
police on E6 within the study area decreased after fencing and the construction
of highway overpasses. There was a 70 percent reduction in roe deer-vehicle
collisions during the first 29 months post-fencing compared to the same
amount of time prior to fencing. On average, 2.7 moose (n=35) and 5.3 roe
deer (n=67) accidents were reported annually along the entire 15 km segment
of unfenced road from 1990 – 2001 (153 months). During the 20-month
construction period of the middle 6km segment, 1.8 moose (n=3) and 4.8 roe
deer (n=8) collisions were reported annually. No moose and four (1.5/year) roe
deer collisions were reported after the middle 6 km segment of E6 was
completely fenced in June 2004 (31 months).
3.1. Crossing frequencies
Over the 39-month study period (March 2002 - June 2005) when the
camera was operating, roe deer and moose crossed the overpass 437 and 95
times, respectively. Slightly more crossings were directed towards west for both
moose (52 %) and roe deer (51 %). The remote camera documented 87 (92%)
of the moose crossings and 377 (86%) of the roe deer crossings. The remaining
crossing events were documented via track counts in the sand beds, and thus
occurred during the hours when cameras were not operational. Roe deer
crossings increased throughout the six-year study (F5=6.27, p<0.001), but
moose crossings did not (F5=1.97, p=0.096). Roe deer used the overpass more
during the last four years compared to the two first (p<0.05). Crossing
frequencies did not differ among seasons for roe deer (F3=2.24, p=0.092), but
did for moose (F3=3.18, p=0.030). Moose used the overpass less often during
winter than during summer (p=0.02). Most (84%) moose crossings occurred
during 21:00 to 04:59 h even though this period only comprised 1/3 of the day
(Figure 4a). Roe deer used the overpass primarily (76%) between 22:00 and
05:59 (Figure 4b).
Most moose (64%) and roe deer (75%) crossings occurred during hours
when traffic volume was <200 vehicles/hour. Actual mean traffic volume
during crossings was 177 vehicles/hr (Std.Dev.=130.2) for moose and 186
vehicles/hr (Std.Dev.=190.6) for roe deer. Mean traffic volume during hours
when the camera system was operative (17:00 to 07:59) was 275 vehicles/hr
(Std.Dev.=226.8).
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Figure 4. Number of overpass crossings (bars) by moose (a) and roe deer (b) plotted against mean
hourly traffic volume by hour (line).

Roe deer crossed the overpass less often during hours with high traffic
volumes on the highway (F(1,49)=11.8, r2=0.19, p=0.001). We used multiple
linear regressions to test for movement rate and traffic volume effects on
moose crossing frequencies during operational times of the camera. A model
containing traffic volume and hourly movement data for moose explained 39%
of the variation in the timing of overpass use by moose (F(2,14)=2.14, r2=0.39,
p=0.03). The number of moose crossings was negatively correlated with mean
traffic volume (Beta=-0.71+0.24 SE, n=17, p=0.01), and positive, although not
significantly related to the hourly movement rate for moose (Beta=0.041+0.24
SE, n=17, p=0.11). Thus, most overpass crossings by moose did not occur at
times of peak moose movement, but rather when traffic volume on E6 was
low.
3.2. Sex and age class effects on crossing frequency
We were able to identify sex and age class of 360 roe deer (82% of total
crossings) and 86 moose (90.5% of total crossings) (Figure 3). Adult female
(n=154) and fawn (n=145) roe deer used the overpass most, whereas adult
males (n=61) used it least. Adult male (n=45) and female (n=38) moose used
the overpass more than calves (n=3). We found an overall difference in
overpass crossing frequency for moose due to sex/age class when compared to
the expected results from the aerial inventory (X2=59, df =2, p<0.05) (Table 1).
Adult males and solitary females used the overpass more than expected,
whereas cow with calf used it less than expected (Table 1).
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Table 1. Sex and age classes of moose crossing the wildlife overpass. * Expected value were the results
from the February 2004 aerial moose inventory
Sex/age class
Adult male
Solitary adult female
Female with calf

Observed
moose
crossings (%)
52
44
4

Expected
moose
crossings* (%)
29.1
29.3
41.5

3.3. Behavior and traffic volume
We were able to document both crossing behavior and concurrent
traffic volume for 83 and 177 moose and roe deer crossings events,
respectively. Moose walked across the overpass, shifted between walking and
trotting, and trotted-galloped on 33 (40%), 32 (38%), and 18 (22%) occasions,
respectively. Roe deer behaved similarly whereby they walked, shifted between
walking and trotting, and trotted-galloped on 81 (46%), 45 (25%), and 51 (29%)
occasions, respectively. Both moose (H=12.8 (df=2, N=86), p=0.002) and roe
deer (H=12.5 (df=2, N=180), p=0.002) walked at low traffic volumes and
shifted to trotting as the traffic volume increased.
3.4. Estimated number of individual moose using the overpass
Four of 20 (20%) moose, that were collared three seasons or more, used
the monitored highway overpass during the study. Of 131 moose crossings
documented during the period when GPS-collared moose were present in the
area (February 2002 - December 2005), 44 (33%) were made by 4 collared
individuals (Table 2). We calculated that approximately 5-7 individual moose
used the overpass annually (Table 2). This estimate corresponds to 14.9-18.4 %
of the total number of moose in the 57.1 km2 highway overpass zone.
Table 2. Annual estimates of individual moose that used the overpass, from 2002 - 2005.
Year

2002
2003
2004
2005

No. of
crossings by
collared
moose
3
22
16
3

No. individual
collared moose that
crossed the overpass
1
2
3
1

No. of
crossings of by
uncollared
moose
17
41
12
18

Estimated number of
individual moose
using the overpass
6.7
5.7
5.3
7.0
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4. Discussion
Our results indicate that the degree of highway overpass use differed
between moose and roe deer, but that highway traffic intensity affected
overpass use for both species. Specifically, highway traffic volume influenced
the time of day when ungulates used the overpass and the speed at which they
crossed. Additionally, despite a local moose density of 11.1/10 km2 forest area
(Anonymous, 2004), our results indicate that relatively few individual moose
used the overpass.
4.1. Crossing frequencies
It has been proposed that ungulates and other wildlife require time to
adapt to crossing structures (Reed et al., 1975; Land et al., 1997; Clevenger and
Waltho, 2000). In this study we observed that crossing frequencies increased
over time for roe deer, but not for moose. The underlying factors responsible
for the observed differences in overpass use between these two ungulate
species may relate to differences in home range size. Roe deer have relatively
small annual territories that are seldom larger than 50 - 100 ha (Jeppesen, 1989;
Cederlund and Liberg, 1995). Hence, individual roe deer may more often be in
the presence of the overpass and associated disturbances. Conversely, moose
have larger home ranges up to 50 km2 (Cederlund and Sand, 1994). Thus,
individual moose may not have encountered the overpass frequently enough to
have habituated to associated disturbances and structural attributes (Reed et al.,
1975; Land et al., 1997; Clevenger and Waltho, 2000).
The timing of any ungulate use of the overpass is theoretically affected
by movement patterns, disturbances, and abiotic factors such as weather and
time of the day. We tested if traffic volume on E6 limited overpass use by
moose and roe deer, and if movement patterns of GPS-moose influenced the
timing of overpass use. Traffic volume on the highway had a negative impact
on crossing frequencies of both moose and roe deer. The daily movement
patterns of GPS-collared moose, however, did not affect the timing of overpass
use by moose. The time of day when moose were most active was not when
most overpass crossings occurred. Thus, for this particular overpass we suggest
that movement patterns of moose had less influence on the timing of overpass
use than traffic volume. Perhaps our results would have been different if the
overpass had appeared more secure to moose. We argue that an increased
presence of natural vegetation, location further from human settlements, and a
wider overpass not combined with human use would benefit use by moose and
roe deer and also by a wide range of other species (Olbrich 1984; Yanes et al.
1995; Clevenger and Waltho, 2000, 2005).
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We did not radio collar roe deer in this study, but previous studies give
some indication of activity and movement patterns of this species. Cederlund
(1989) documented general similarities between the activity patterns of roe deer
and moose. Generally, both species were most active at sunrise and sunset
(Cederlund, 1989), a pattern also documented among GPS-collared moose in
this study. Like moose, roe deer used the overpass primarily during nocturnal
hours and less during crepuscular hours. Hence, it seems likely that also roe
deer may be influenced more by traffic volume than the daily movement and
activity patterns.
4.2. Sex and age class effects on crossing frequency
Few studies have examined the effects of sex and age on ungulate use of
highway crossing structures (Mathiasen and Madsen, 2000). Our results indicate
that all roe deer age/sex classes used the overpass to a great extent, but that
overpass use by moose was skewed towards an under-representation of cows
with calves as compared to the number observed during the aerial inventory.
Female moose have reduced home ranges during the first several months
following parturition (LeReche, 1974), which coincides with the period when
moose used the overpass most frequently (summer and fall). Thus, the behavior
of females with calves may limit their need to cross roads as compared to
solitary adult moose. Female moose with calves may also exhibit stress
responses and avoid areas near the highway. Increased cover on and adjacent to
the overpass might reduce the intensity of disturbances, and potentially increase
overpass use by females with calves and ungulates in general.
4.3. Behavior and traffic volume
Previous studies in Colorado documented mule deer (Odocoileus hemionus)
behavior while using a concrete box underpass (Reed et al., 1975; Reed, 1981).
Most mule deer (67 %) trotted while using the underpass. Furthermore, 75
percent of the mule deer showed stress responses during passage. We observed
similar behavior for moose and roe deer whereby both species exhibited
increased crossing speeds as traffic volume increased (Figure 4). More than half
of both moose (60 %) and roe deer (54 %) trotted when using the overpass.
Such observations suggest that both ungulate species were generally
uncomfortable using the overpass.
4.4. Estimated number of individual moose using the overpass
Short-term monitoring of underpass use by roe deer in Denmark
revealed that one individual accounted for all observed passage events
(Mathiasen and Madsen, 2000). Our estimation that the overpass was used by 57 individual moose annually is consistent with visual estimations of individuals
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based on morphological characteristics observed on the camera sequences.
Non- migratory moose, like those monitored in this study, have stable home
ranges that are established during their first two years after separation from the
cow (Cederlund et al., 1987; Cederlund and Sand, 1992). The distance between
natal and yearling home ranges of moose in Sweden varied between 0.5 and 6.5
km (Cederlund et al., 1987). If moose in our study area also exhibited short
dispersal distances, then it is likely that relatively few individuals encountered
the highway overpass during their dispersal. Average roe deer dispersal
distances in Sweden are also short, 2.9 km for males and 1.2 km for females and
long distance movements are relatively rare (Wahlström and Liberg, 1995).
Theoretically, as for moose, relatively few individuals may use one single
overpass on an annual basis.

5. Conclusion
Considering the low amount of crossings made by few (with a skewed
sex/age ratio) individual moose, we suggest that a single overpass will have a
limited effect on the demographics of the small “isolated” moose population on
the west side of the highway. A series of overpasses may promote highway
crossings by a sufficient number of individuals to have an effect on population
demographics. Even though more crossing opportunities were available north
of the monitored overpass, we suggest that the isolated area to the west of E6
should be managed separately.
A single overpass, however, such as the one we monitored during this
study, does appear to provide ample opportunities for gene flow between
otherwise disjunct populations. Several studies have demonstrated the
importance of gene flow in maintaining genetic diversity in many taxa (Reh and
Seitz, 1990; Keller and Largiardér, 2003; Riley et al., 2006). Although the
highway limited moose movements, our estimate of 5-7 individual moose using
the overpass annually implies a gene flow rate sufficient to counteract drift
(Mills and Allendorf, 1996). Mills and Allendorf (1996) suggest that a minimum
of 1 and a maximum of 10 migrants per generation would be an appropriate
general rule of thumb for genetic purposes. Genetic benefits alone warrant
increased use of highway overpasses in road construction projects intended to
reduce ungulate-vehicle collisions while minimizing negative impacts of
highways and fencing on ungulate population health.
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Abstract
Several methods have been tested to reduce ungulate-vehicle collisions in
Sweden. Among those are fencing which has become standard in Swedish
highway management for traffic safety. The disadvantages of fencing are today
relatively well known, also in traffic-planning institutions, but wildlife crossings
specifically designed for ungulates are rarely included in new roads. We
documented use of 34 different crossing structures by moose (Alces alces) and
roe deer (Capreolus capreolus) by counting their tracks at passages, using sand
beds for track identification. Eight were wildlife crossings designed for moose
and roe deer, three were viaducts, two were ecoducts and 21 were conventional
road tunnels and bridges. Both moose and roe deer used viaducts and ecoducts
to a greater extent than smaller wildlife crossings and conventional road
crossings. Moose used wildlife crossings more compared to conventional road
crossings, roe deer did not. Moose use of underpasses was influenced by
structural and landscape attributes, and roe deer use was influenced by human
disturbance and landscape attributes. We suggest that (1) it is important to limit
human access to wildlife crossings, (2) wildlife crossings should be constructed
in a variety of habitats along a highway and (3) moose should be the focal
species when designing ungulate passages in Fennoscandia. By doing so,
structures are likely to serve a wide range of other terrestrial species.
Keywords: connectivity, conservation, ecoduct, highway mitigation, overpass,
underpass, ungulate, wildlife crossing

Introduction
Various methods have been tested to prevent wildlife-vehicle collisions
in Sweden. The most efficient are exclusion fencing and roadside clearing which
have become standard methods used in Swedish road management. There are
indications that road fencing can reduce the risk of collisions between ungulates
and vehicles by 80%, and that a 20% risk reduction is gained from clearing the
roadsides from ungulate forage (Almqvist et al. 1980). But even if fencing
reduces the risk for accidents, it is controversial, especially when seen from a
conservational point-of-view, as the fences are barriers in the landscape. The
disadvantages of fencing are today relatively well known by traffic planners, and
yet use of wildlife crossings specifically designed for ungulates is rarely included
when new roads are built in Sweden. The most common solution is to modify
conventional road passages to facilitate ungulate use. Modified passages have
been constructed for a wide range of species in an attempt to increase the
permeability of the road and to reduce traffic mortality (Yanes et al. 1995, Ng et
al. 2003, Clevenger and Waltho 2005).
The main objectives of this study were to evaluate ungulate use of
conventional over- and underpasses, wildlife crossings and larger viaducts and
ecoducts. The study was conducted to meet problems and questions that SNRA
(Swedish National Road Administration) have in their planning process of new
and upgraded fenced highways.

Materials and Methods

Study area
The study was conducted in southwestern Sweden along four major
highways; E6, E20, rv44 and rv40. All roads were fenced and had two lanes in
each direction. E6 (no. of passages, n=18) stretches along the coastline from
Trelleborg in south to Svinesund at the Norwegian border. Rv44 (n=3), rv40
(n=11) and E20 (n=2) are all oriented in an east-west direction (Figure 1). The
34 monitored crossing structures were of different design and size; 21 were
conventional road under- or overpasses, eight were wildlife crossings designed
for moose (Alces alces) and roe deer (Capreolus capreolus), three were viaducts and
two were ecoducts (Table 1). All selected crossing structures were of relative
large size, making them at least theoretically possible for larger animals such as
moose and roe deer to use. Not all of the passages were open for vehicles, but
humans on foot, on bicycles or horse-back used all of them to a varying degree.
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Figure 1: Map showing the study area with the highways and passages marked.
Figure 1: Map showing the study area with the highways and passages marked.

Track recordings
Track recordings
The passages along highways E6 and RV44 were monitored from 6 July
The passages along highways E6 and RV44 were monitored from 6 July
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Table 1. Mean attribute values of the 34 crossing structures monitored in this study. *Refers only to
underpasses within each group.
Attribute

Description

N
Length
Width
Height*
Traffic/hr
Human/hr
Nearest house
Nearest passage
Nearest forest
Prop. forest

Number within each group
Length of underpass/bridge (m)
Width of underpass/bridge (m)
Height of underpass (m)
Vehicles per hr through passage
Humans per hr through passage
Distance to nearest house (m)
Distance to nearest other passage (m)
Distance to nearest forest (m)
Proportion of forest within 1000 m
radius from passage
Proportion of clear-cut within 1000 m
radius from passage
Number of clear-cut patches within
1000 m radius from passage

Prop. clear-cut
CC patches

Conventional
road
crossings
21
34.6
4.7
4.3
0.05
0.05
268
956
130

Wildlife
crossings
8
35.5
13.8
4.5
0.19
0.11
190
536
151

Viaducts
and
ecoducts
5
36.7
112
10.2
0.04
0.03
162
443
185

0.72

0.55

0.65

0.02

0.03

0.03

2.4

3.4

2.4

Analyses
Two different units of measurements were used, one based on crossing
rate (passages/day) and one based on structure preference (indexed use). In the
analyses of crossing rate only tracks found in or on the passage were analyzed
and all 34 passages were included. Reference beds were used to determine the
effectiveness of the different underpass crossing structures (n=23), i.e. ungulate
preference for different attributes. All analyses were made in Statistica 7.0, and
results were considered significant at p<0.05.
Crossing rates
The crossing rate was calculated for each passage using the ratio
between the number of tracks found in the passage and the number of
operative days. All structures were categorized into one of three groups (Table
1). (1) Conventional road crossings; both over- (n=4) and underpasses (n=17)
without adaptation for ungulates, but theoretically large enough to attract both
moose and roe deer. (2) Wildlife crossings; smaller over- (n=2) and underpasses
(n=6) designed for moose and roe deer. (3) Viaducts (n=3) and ecoducts (n=2);
large structures, between 45 and 140 meters wide with vegetation. Animals walk
under the road through viaducts and over the road at ecoducts. Data were not
normally distributed and use of the three categories was analysed using KruskalWallis tests (Quinn and Keough 2002). Kruskal-Wallis tests were also used to
analyze monthly differences in crossing rates.
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Structure preference
A total of 23 underpasses (17 conventional underpasses and 6 wildlife
underpasses) were equipped with distant sand beds. Each underpass was
characterized according to 12 independent variables describing dimensions
(height, width, length and relative openness), human disturbances (traffic/hr,
humans/hr, and distance to nearest house) and landscape features (distance to
forest, distance to nearest other passage, proportion of forest within 1,000 m
radius from passage, proportion clear-cut within 1,000 m radius from passage
and number of clear-cut patches within 1,000 m radius from passage) (Table 1).
The relative openness was calculated from under-passage dimensions, length,
width and height, according to the formula; width x height / length (Olbrich
1984). Traffic intensity and human movements through the passages were
recorded at each visit by counting tracks in sand beds, and measured as number
of vehicles per hour and humans per hour. Cars, tractors, ATVs and crosscycles were counted as vehicles, while hikers and humans on horse or bicycles
were counted as humans. The radius 1,000 m (3.14 km2) were chosen both with
respect to moose (10 – 30 km2) (Cederlund and Sand, 1994) and roe deer (up to
1 km2) (Cederlund and Liberg 1995) home range/territory sizes in
Fennoscandia, and the distances between the different underpasses.
Because the use of crossing structures may depend on the local
abundance of moose and roe deer, an efficiency index; E was calculated to
standardize for this, as described by Yanes et al. (1995). The ratio of passages
through the crossing structure is described by the formula E = P / (P + K),
where P is the number of tracks through the passage and K is the mean number
of tracks at the reference beds. The value of the index ranged from 0 to 1, with
the highest values corresponding to the most effective passage. We excluded
passages with less than three independent interactions (tracks) at the distant
beds or through the passage. After this exclusion, 20 underpasses used by roe
deer (three underpasses excluded due to few interactions) and 13 by moose
(three underpasses excluded due to few interactions, seven excluded due to no
interactions) remained. Values of E were arcsine transformed before subjecting
them to statistical analyses.
A correlation matrix was made to test for relations between variables
and to exclude multi-correlation between independent continuous variables
within the same analysis. Correlated variables was separated during analysis, but
compared to find the best subset of variables. The data set was analysed using a
generalized linear model (GLZ), with Akaike information criterion (AIC) to
find the best subset of independent variables for each species. It was not the

5

best mathematical models that were selected, instead it was the most practical
model (within range �AIC<2, compared to the best mathematical model) that
was used to explain variables from a traffic-planning perspective. The
independent variables for the chosen model were further analysed using
multiple regressions.

Results

Crossing rate
In total, 1 379 roe deer and 188 moose crossings were recorded during
the study. The average number of moose and roe deer tracks across all passages
was 0.046 (min=0, max=0.19, Std.Dev.=0.056) and 0.353 (min=0, max=1.56,
Std.Dev.=0.42) per observation day, respectively. Monthly crossing rates did
not change throughout the five months for either roe deer (H=0.14 (df=4,
N=277), p=0.99) or moose (H=5.99 (df=4, N=100), p=0.20). During the
study, moose used 62.5 % and roe deer 85 % of all monitored passages.
8
7

Relative use

6
5
4
3
2
1
0
Conventional road crossings

Wildlife crossings

Moose

Viaducts and ecoducts

Roe deer

Figure 2. The relative use of wildlife crossings, viaducts and ecoducts by moose and roe deer. Use of
conventional road crossings was indexed to one.

Both moose (H=8.52 (df=2, N=34), p=0.014) and roe deer (H=13.22
(df=2, N=34), p=0.0013) used viaducts and ecoducts to a greater extent than
smaller structures (Figure 2). Roe deer used viaducts and ecoducts to a greatest
extent than all other structures, with crossing rates exceeding one crossing per
day. Moose mostly used three (more than 0.17 crossing per day) of the five
viaducts and ecoducts. Use of the remaining two was 0.043 and 0 crossings per
day. Wildlife crossing use varied between 0 to 0.168 for moose and 0 to 0.82 for
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roe deer. Crossing rates through conventional road crossings ranged from 0 to
0.134 for moose and 0 to 0.70 for roe deer.
The mean number of moose tracks at wildlife crossings was more than
three times as many as those at conventional road crossings. Roe deer did not
follow the same pattern, and wildlife crossings and conventional road crossings
were used to about the same extent (Figure 2).
Structure preference
Roe deer
The most parsimonious and fourth best AIC-model that described use
of underpasses by roe deer involved the variables human use and distance to
nearest forest (F(3,15)=7.54, r2=0.47, p=0.005) (Table 2). Human use was the
most important variable and was negatively correlated to roe deer use (Beta=0.53+0.18 SE, B=-4.20, p=0.0085). Also, roe deer used underpasses that were
situated close to forest edges to a greater degree than those situated further
away (Beta=-0.38+0.18 SE, B=-0.001, p=0.046). None of the structural
variables significantly reflected roe deer use, although a positive response was
found to higher, wider and shorter passages.
Table 2. The four best AIC models that described moose and roe deer use of underpasses in
southwestern Sweden. The selected model is displayed in italics.
Disturb.
Landscape
Roe deer
Human/hr Nearest
Nearest
forest
passage
Human/hr
Nearest
passage
Human/hr Nearest
Nearest
forest
passage
Human/hr Nearest
forest
Moose

Nearest
forest
Nearest
forest
Human/hr Nearest
forest
Human/hr Nearest
forest

Proportion
forest
Proportion
forest
Proportion
forest
Proportion
forest

Structural

df

AIC

3

-8,85

2

-8,66

0,18

4

-8,04

0,80

2

-7,80

1,04

4

-6,29

4

-5,77

0,52

Rel.
5
openness
5

-4,76

1,52

-4,38

1,91

Width

Clear cut
patches
Clear cut
patches
Clear cut
patches
Clear cut
patches

Width

Width

Rel.
openness

�AIC
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Moose
The AIC-model that best described moose use of underpasses involved
the variables relative openness, distance to nearest forest, proportion forest and
number of clear-cuts within 1000 m radius from the passage (F(3,15)=7.78,
r2=0.80, p=0.007) (Table 2). The structural variable that had most influence on
moose use was relative openness (Beta=0.53+0.19 SE, B=0.17, p=0.021).
Moose used large structures to a greater degree than small ones. In contrast to
roe deer, underpasses located at long distances from forest edges were used to a
higher degree than those situated near edges (Beta=0.56+0.22 SE, B=0.0013,
p=0.034). Moose used underpasses to a higher degree when located in areas
with lower proportions of forest in the surrounding (Beta=-0.59+0.17 SE, B=1.273, p=0.010). The number of clear-cut patches within 1000 m radius from
the passage had no influence on moose preference (Beta=-0.32+0.26 SE, B=0.05, p=0.24). Human disturbances as indicated by the variables humans/hr or
traffic/hr had little influence on any of the high ranked explanatory models for
moose.

Discussion
Several previous studies have documented use of wildlife crossings and
the importance of different variables determining their use. The main variables
appear to be divided into structural (Olbrich 1984, Reed et al. 1975, Cain et al.
2003, Clevenger and Waltho 2005), landscape features (location) (Foster and
Humphrey 1995, Yanes et al. 1995, Clevenger and Waltho 2000, Ng et al. 2006)
and human disturbances (Clevenger and Waltho 2000). The results varied
between species, and use of different crossing structures was dependent on
species-specific factors. Ungulates tend to be most sensitive to structural
attributes, whereas human disturbance and landscape features often appears less
important. Structures that were high, wide, and short in length positively
influenced passage by elk (i.e. red deer; Cervus elaphus) (Olbrich 1984, Clevenger
and Waltho 2005), roe deer (Olbrich 1984), fallow deer (Dama dama) (Olbrich
1984), mule deer (Odocoileus hemionus) (Ward 1982, Ng et al. 2004) and moose
(Clevenger et al. 2002). In this study, relative openness was the variable that
influenced use by moose to the greatest extent. Moose is the largest ungulate
and together with elk (i.e. red deer) appears to be the most demanding ungulate
species regarding construction size (Olbrich 1984, Clevenger et al. 2002).
Ungulate use of passages in relation to structural attributes is often easy
to understand and to interpret, but the importance of habitat and disturbances
are not always so obvious. In our study, moose typically used underpasses that
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were situated in landscapes with low amounts of surrounding forests. The fact
that higher amounts of forest did not increase moose use of crossings might
indicate that movement across roads does not necessarily correspond to habitat
preference. However, only two of the studied underpasses had low proportions
of surrounding forest (< 50 %), which indicated that forest was an important
component in the landscape. Individuals that live in a patchier, more
fragmented landscape (with respect to moose habitats) might have to move
longer distances between forest patches (Johnson et al. 1992) and thus might
have to use crossing structures more often.
Human disturbance was the factor that had the strongest negative
influence on roe deer, which underscores the importance of restricted human
access. Roe deer also used crossings located closer to forest to a greater extent
than those located far from forest edges. Moose behaved differently, and use
was positively correlated to distance to nearest forest edge. Previous studies
differ in their recommendations regarding the presence and distance to forest
cover. The amount and the presence of cover near passages have been
considered important for small mammals (Rodriguez et al. 1996). However, the
effect of cover on large mammal use might differ depending on life-history
traits (Clevenger and Waltho 2005). In Banff National Park, Clevenger and
Waltho (2005) documented a positive correlation between wildlife crossing use
and distance to cover (preferred passages situated at long distances from forest
edges) for elk and a negative correlation for cougar. High amounts of cover
may be important for cougars during the hunt for preys. Conversely, ungulates
may prefer open areas near passages to more easily avoid or escape predators.
In Sweden, lynx (Lynx lynx) density has increased during the last decades
(Liberg and Glöersen 2001) and could have influenced roe deer behavior in this
study. Wolf packs (Canis lupus) are not stationary in the study area
(Anonymous 2006), although solitary wolfs are documented regularly. Despite
an increased density of large predators, human disturbances have probably the
greatest influence on ungulate behavior in this area.
Moose and roe deer do not follow the same pattern in their use of
different structures (i.e. conventional road passages, wildlife crossings and
viaducts). While moose used wildlife crossings to a greater extent than
conventional road crossings, roe deer used them to about the same extent. The
main variable that differs between wildlife crossings and conventional road
crossings is width (Table 1). This indicates that moose are sensitive to structural
dimensions (Clevenger et al. 2002). Previous studies have found that roe deer
are also sensitive, but most underpasses available in this study exceed the
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preferred threshold of 0.7 (Olbrich 1984). If some of the underpasses had a
relative openness < 0.7, then we may well have found that roe deer were
sensitive too.

Conclusion
Land-use planning and construction of new highways will affect a wide
range of species over a long time. On major highways with a high traffic
volume, we believe that a combination of fencing and wildlife crossings
designed for a wide range of species are to be preferred. Also, conventional
road bridges and tunnels can be seen as a complement if constructed to favor
ungulate use. We suggest that (1) it is important to limit human access to
wildlife crossings, (2) wildlife crossings should be constructed in a variety of
habitats along a highway and (3) moose (or red deer) should be the focal species
for ungulate passages in Fennoscandia. Those criteria can also be used in
planning for conventional road passages. By doing so, wildlife crossings and
conventional road passages are likely to serve a wide range of other terrestrial
species within the landscape.
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