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Abstract

Animals may respond to spatial and temporal heterogeneity by altering their movement patterns. The time
an animal spends in an area of a given size is termed ‘first-passage time’ and can be used to identify the
scales at which different movement processes occur. Using first-passage time and 2-h observations, we
identified nested spatial scales representing three movement behaviours for elk (Cervus elaphus) – inactive/
resting (moves <50 m), active/foraging (�x ¼ 276:7 m, SD = 56.6), and active/relocating (�x ¼ 1628:3 m,
SD = 436.6). Our ability to identify inactive behaviour was limited by GPS accuracy. The scale separating
relocating and foraging behaviour ranged 550–1650 m across individuals and varied quadratically with the
mean patch size of cutover forest in an animal’s home range. We classified path segments into the 3
movement behaviours and related behaviours to local environmental conditions. Elk were likely to be
inactive in areas having a low predicted use by wolves (Canis lupus), farther than 50 m from anthropogenic
linear clearings, and where microclimatic conditions were cool (high shrub cover and north to east-facing
slopes). In contrast, elk were most likely to forage in areas having intermediate levels of herbaceous
biomass and low movement costs. Elk were most likely to be relocating when in areas of high wolf use,
when close to linear clearings, and in energetically costly situations such as moving upslope. We discuss
how elk use of potential foraging habitats may be restricted in this landscape by risks imposed by predators,
humans, or both.

Introduction

Movement is a fundamental process underlying
animal distributions (Turchin 1998) and simple
movement models, e.g. correlated random walks
(CRW; Kareiva and Shigesada 1983), are being
applied increasingly to the study of movements by
large herbivores (e.g., Ward and Saltz 1994;
Bergman et al. 2000). Although CRW models can
effectively predict the redistribution pattern of
animals over short time scales they tend to fail

over longer time horizons likely because behav-
iours change when different habitat conditions are
encountered (Jonsen and Taylor 2000) or different
activities are undertaken (Firle et al. 1998; Van
Dooren and Matthysen 2004). For example, a
wide variety of taxa alter their movement rates
and/or frequency of turns in response to local re-
source abundance by adopting an area-concen-
trated search pattern that results in slow, sinuous
trajectories within patches and fast, directed tra-
jectories between patches (Ward and Saltz 1994;
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Haskell 1997; Vernes and Haydon 2001; Nolet and
Mooij 2002). Further, long distance migrations
may occur in response to large-scale environmen-
tal gradients (Fryxell and Sinclair 1998; Mysterud
1999) irrespective of small-scale heterogeneity.
Understanding the scales at which animals alter
their movements in response to landscape hetero-
geneity should help us identify the underlying
processes involved and ultimately facilitate our
ability to model animal movements. In particular,
identifying discrete movement states and relating
those states to landscape structure could help
extend the applicability of CRW models to larger
spatio-temporal domains (Skalski and Gilliam
2003).

Approaches to identify distinct states or modes
of movement from animal trajectories range from
methods based on the distance and direction
moved between consecutive locations (Johnson
et al. 2002; Franke et al. 2004; Morales et al. 2004)
to path-based metrics such as tortuosity (Haskell
1997; McIntyre and Wiens 1999), fractal dimen-
sion (With 1994; Bascompte and Vilà 1997; Mårell
et al. 2002; Fritz et al. 2003), and first-passage time
(Fauchald and Tveraa 2003). Based on Fickian
diffusion, first-passage time was originally defined
as the time required for a walking animal to first
move out of a circle centered on the origin of the
walk (Johnson et al. 1992). For a simple random
walk, first-passage time scales proportionately to
the square of the radius of the circle in a homo-
geneous environment (Johnson et al. 1992) and to
the spectral and spatial dimensions of a fractal
environment (d’Auriac et al. 1983). In contrast,
Fauchald and Tveraa (2003) demonstrated that an
area-concentrated search process results in a qua-
dratic response of the variance in first-passage time
to increasing circle sizes with curve maxima dis-
closing spatial scales at which movements are
concentrated. Although Fauchald and Tveraa
(2003) identified nested spatial scales at which
migrating shorebirds altered their movement pat-
terns, they did not relate those scales to specific
indices of landscape heterogeneity nor did they
investigate local movement responses to resources
along the migration route. Indeed, studies relating
movement trajectories to landscape heterogeneity
have been largely limited to controlled settings
where both animal trajectories and forage
resources can be directly observed. However, the
coupling of global positioning system (GPS)

collars with remotely sensed imagery now allows
us to track both animal movements and resources
within the large spatio-temporal domain over
which wild animals roam (e.g., Johnson et al.
2002).

We used first-passage time to explore the move-
ment behaviours of GPS-collared wild elk (Cervus
elaphus) in a northern temperature ecosystem in
western Canada. We focus on three specific ques-
tions. First, do non-migratory elk exhibit distinct
scales of movement? Second, are the scales of dif-
ferent movement behaviours related to landscape
patterns within individual elk home ranges? Third,
is the occurrence of path segments belonging to
different movement behaviours related to local
environmental variables? Past research in this re-
gion indicates that elk distributions are influenced
by the distribution of forage resources, terrain
conditions, and predators (Morgantini and Hud-
son 1989; Jones and Hudson 2002; Hebblewhite et
al. 2002; White et al. 2003). In our study area,
landscape heterogeneity originates from a diverse
topographic relief that affects the distribution of
soils and microclimatic conditions associated with
elevation, aspect, and drainage. In this otherwise
forested landscape, heterogeneity in forage re-
sources is created by the interspersion of natural
meadows and anthropogenic habitats, specifically
large areas regenerating after timber harvest and
extensive linear clearings resulting from the explo-
ration for oil and gas resources. We hypothesized
that patterns in elk movements would reflect spa-
tial characteristics of forage patches. Also, we ex-
pected spatial heterogeneity in the risk of predation
by wolves (Canis lupus), the major predator of elk
in the region, to be largely related to encounter
rates (Lima and Dill 1990), thus, we hypothesized
that elk movement behaviors would be related to
the relative probability of wolf occurrence across
the landscape.

Methods

Study area and animal data

We conducted our research in an area of
15,800 km2 along the eastern slopes of the Rocky
Mountains in central Alberta, Canada (Figure 1).
Approximately 2000 elk inhabited the area during
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the period of this study (James Allen, Alberta
Sustainable Resource Development, unpublished
data). Elevation ranged from approximately 500–
1500 m and the area was largely forested (68.7%
of the total area). Dominant tree species included
lodgepole pine (Pinus contorta), white spruce
(Picea glauca) and aspen/poplar (Populus tremu-
loides and P. balsamea). Interspersed throughout
the forested matrix were wet and dry meadows
(7.1%), cutover forest following timber harvest
(4.3%), bare soil/rock outcrops (12.3%), rivers
and lakes (2.1%), and areas regenerating from
wildfire or site reclamation (<1%). Anthro-
pogenic linear clearings were extensive (‡28,000
linear km; Figure 1) and included typically 5–15 m
wide trails and seismic exploration transects.
Concentrated human use areas (e.g. urban, roa-
ded, and agricultural areas) accounted for only
4.1% of the area.

We captured 18 adult, female elk during two
winters (2000–2001 and 2001–2002) using a net
gun from a helicopter. Each animal was fitted with
a Lotek GPS2200 collar (Lotek Wireless, Ontario,

Canada) that collected locations every 2 h for up
to 11 months. Although home ranges of collared
elk overlapped between years (Figure 1), only one
animal was collared per herd during any given
year to insure independence among animals. We
focused on movements during summer (1 Jun–30
Sep) when elk were most active and snow was
absent. Although collars were active for the
duration of each summer, the number of locations
obtained per animal ranged from 797 to 1324 with
a mean of 1154 (SD = 160). The four collars
collecting <1000 locations suffered intermittent
periods of obvious collar malfunction rather than
systematic bias (Frair et al. 2003). Collar tests
across the range of cover and terrain conditions
encountered within the study area indicated posi-
tional accuracy of £ 50 m 80% of the time
(J. Frair, unpublished data).

Identifying scales of movement

Following Fauchald and Tveraa (2003), we
calculated first-passage time as:

Figure 1. Location of the study area in west-central Alberta, Canada. The inset shows heterogeneity in herbaceous biomass, the

distribution of linear clearings, and the MCP home ranges of elk used in this study.
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tðrÞi ¼ FPTBi þ FPTFi

where FPTBi (first-passage time backward) was
the number of minutes it took the animal to move
from the edge of a circle having radius r to the
center of the circle at location i (technically
calculated backwards from location i) and FPTFi

(first-passage time forward) was the time it took to
move from location i forward along the path to the
edge of the circle. Because path segments were
bisected at circle edges, we assumed a straight-line
path and a constant rate of movement between
locations to determine the remaining proportion of
the path (converted to time in minutes) that
occurred within each circle. Variation in t(r)
increases with increasing circle sizes as progres-
sively more of the movement trajectory is cap-
tured. For this reason, we expressed variance in
t(r) on a per unit area basis as:

r2
r=Ar ¼ Var½tðrÞ�=pr2

Peaks or asymptotes in the plot of rr
2/Ar against

r coincide theoretically with the spatial extent of
the underlying dynamical process (Rand and
Wilson 1995; Haydon et al. 2000). In this
application, such points identified the circle size
that best isolated tortuous path segments from
more directed movements. We fit second or
higher order polynomials to the plots of rr

2/Ar

against r to identify the circle radius corre-
sponding to peaks or asymptotes (hereafter
rvmax).

Relating movement scales to heterogeneity in home
ranges

We regressed rvmax for each individual against the
total amount and arrangement of foraging habi-
tat, density of linear clearings, mean predation
risk, and terrain ruggedness within elk home
ranges (see Environmental variables). Home ran-
ges were delineated by a minimum convex poly-
gon enclosing the set of all locations for an
individual during the period of study. Our sam-
ples sizes (‡797 locations/elk/summer) far
exceeded those required for an unbiased, seasonal
MCP estimate (Girard et al. 2002). Linear
regression was used to detect a linear, quadratic,
or loglinear response in rvmax to each home range

variable. Five individuals did not have cutover
forest habitat within their home range, thus,
sample sizes were not equivalent among analyses
and model selection via Akaike’s Information
Criterion (AIC) would be invalid (Burnham and
Anderson 2002). Thus, we compared univariate
models using likelihood ratio tests between the
model containing a given variable and the inter-
cept-only model. Likelihood ratio tests were also
conducted for models containing multiple, non-
correlated variables (r < 0.5 when p < 0.05) for
nested models.

Relating movement behaviour to local heterogeneity

We classed each path segment, i.e., the displace-
ment between consecutive 2-h locations, as
belonging to one of three movement behav-
iours—largely ‘‘inactive/resting’’ when the dis-
tance moved was <50 m (see Results), ‘‘active/
foraging’’ when distances were ‡50 m but <rvmax,
and ‘‘active/relocating’’ when distances were
‡rvmax. To better understand these behavioural
classes, we first evaluated whether or not greater
move distances corresponded to increased activity
levels as determined by sensors in GPS collars.
Prior to estimating the animal’s location, tip-
switches stored in the GPS collars counted the
number of head up/down and side/side transitions
within a 4 or 10-min sampling frame depending
upon the year of collar deployment. We summed
the two counts, standardized values by the sam-
pling duration (transitions/min), and estimated a
Pearson correlation coefficient between counts and
move distances. Second, we split the data by time
of day (0400–0800, 0800–1800, 1800–2200, and
2200–0400 h) to determine if elk were more often
active (foraging or relocating) vs. inactive during
crepuscular periods. Third, we evaluated if relo-
cating behavior was indeed less tortuous than
foraging behavior by summarizing the turn angle
distributions. For each behaviour, we calculated
the mean vector direction and length (Batschelet
1981) to determine how concentrated turns were
around 0� (straight-ahead).

To discriminate between movement behaivours
based on local environmental variables we
employed multinomial logistic regression and
chose foraging as the reference category. Given
this model, the probability of exhibiting a given
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movement behaviour is calculated as:

Prðy ¼ 1Þ ¼ 1=1þ eXbð2Þ þ eXbð3Þ

Prðy ¼ 2Þ ¼ eXbð2Þ=1þ eXbð2Þ þ eXbð3Þ

Prðy ¼ 3Þ ¼ eXbð3Þ=1þ eXbð2Þ þ eXbð3Þ

where X and b (i = 2,3) are vectors equal to (x1,
x2,…, xn) and (bi1, bi2,…,bin)¢, respectively, y is the
movement behaviour (1 = foraging, 2 = inac-
tive, 3 = relocating), and

P
y = 1

3 (Pr) = 1
(Hosmer and Lemeshow 2000). Model covariates
included forage resources (herbaceous and browse
biomass), distance to the nearest linear clearing,
terrain conditions (aspect, steepness, and net
change in elevation), predation risk, and distance
to cover (see Environmental variables).

Before producing multinomial models, we tested
for autocorrelation in our data using the contin-
uous variable step length. Autocorrelation and
partial autocorrelation plots indicated an AR-1
process and low-level periodicity. To control for
these effects, we added the previous step length
(SLt�1) as a covariate in our multinomial models
and fit a wave function to time of day as:

SINt ¼ sinð2pt=12Þ and COSt ¼ cosð2pt=12Þ

where t is time of the location expressed to the
closest hour. Thus, candidate models were identi-
fied as SINt, COSt, and SLt�1 in addition to all
plausible combinations of non-correlated envi-
ronmental variables. When estimating standard
errors for coefficients, we employed a clustering
algorithm to account for the individual elk
(N = 18) rather than the GPS location
(N = 17,692) as the unit of replication
(Pendergast et al. 1996; Nielsen et al. 2002).
Sample sizes were identical among all models, thus
model selection proceeded using the difference in
AIC values (D AIC) and model weights (Burnham
and Anderson 2002). For all categorical variables,
classes having similar effect sizes were pooled and
alternative categorizations were tested within the
AIC framework. After identifying the best-sup-
ported model, we estimated binary logistic models
for each comparison (Begg and Gray 1984;
Hosmer and Lemeshow 2000) to report the overall
classification accuracy as the area under the

receiver-operating characteristic curve (AUC;
Hanley and McNeil 1982).

Environmental variables

Landcover classes
Using ArcGIS (Environmental Systems Research
Institute, Redlands, California), we derived 27
landcover classes from a Thematic Mapper (TM)
satellite image acquired in September 2001 and
GIS data on terrain, hydrology, and anthropo-
genic features. The landcover classification had a
resolution of 28.5 m (cell size 0.08 ha) and an
overall classification accuracy of 82.7% (based on
an out-of-sample set of 513 random locations;
Beyer 2004). We considered natural foraging
habitats to include wet or dry meadows and
shrublands while anthropogenic foraging habitats
included cutover forests. The boundaries of cut-
over forest were delineated using timber harvest
records and the TM image. Fragstats (McGarigal
and Marks 1995) was used to calculate the total
area, mean patch size and Euclidean nearest-
neighbor distance between natural and anthropo-
genic foraging habitats as well as for both foraging
habitats combined. We considered all forested
cover types and tall shrublands (>2 m height) to
provide security cover for elk (Hillis et al. 1991).
For the multinomial model, we calculated the
minimum distance to security cover from the start
location of each 2-h path segment.

Herbaceous biomass
To predict forage abundance, we first reduced the
27 landcover classes to 10 attempting to minimize
within – while maximizing between-class differ-
ences in forage resources. With the exception of
one rare class, recent burn, we established 14–17
transects in each class, split evenly between high-
(‡1300 m) and low-elevation (<1300 m) areas.
Transects were revisited approximately every
15 days throughout summer for 2001 and 2002.
We recorded the resting height of a 0.25 m2 plastic
disc on 16 plots along each transect. Total biomass
underlying the disc was predicted from disc height,
vegetation class, and sampling period (Visscher
et al. 2004). This disc-calibration model was de-
rived from ‡ 50 0.25 m2 plots in each vegetation
type (N = 638) that occurred adjacent to tran-
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sects, were clipped to ground level, and were dried
to a constant weight at 50 �C for 48 h (Vartha and
Matches 1977). To extrapolate the mean biomass
along transects to each 28.5-m cell across the
landscape, we modeled herbaceous biomass as a
function of julian day, landcover class, and eleva-
tion (N = 139). Cutover areas were handled sep-
arately to account for time since cut with
data from an additional set of 159 transects
(D. Visscher, unpublished data). These data
yielded herbaceous biomass at peak for each of
three regeneration classes, which we adjusted
throughout summer with a phenology model de-
rived from 15 long-term transects (Visscher et al.
2004). For the multinomial analysis, we calculated
the total herbaceous biomass within a 100 · 100 m
moving window (to account for potential errors in
both elk locations and landscape layers) for each
month and assigned month-specific values to the
starting point of each 2-h path segment.

Browse biomass
Within a 0–2.5 m browse stratum (Bobek and
Bergstrom 1978; Newton et al. 1989), we measured
the species and basal diameter of each shrub in
4 8-m2 plots along each transect. For species uti-
lized by elk (Cook 2002), we calculated the total
biomass of leaves and stems to 7-mm diameter
(Lundberg and Danell 1990) using species-specific
basal diameter to browse weight regressions
(Visscher et al. 2004). Regression models were de-
rived from 20 to 60 individuals per species in each
landcover type clipped adjacent to transects and
dried at 100 �C for 72 h (Brown 1976; MacCracken
and Van Ballenberghe 1993) . Browse biomass on
each transect was calculated as the sum of the
estimates for individual species and was not influ-
enced by julian day, elevation, slope, or aspect. To
extrapolate browse across the landscape we applied
the mean biomass to each of the 10 landcover
classes. We calculated the total browse biomass
within a 100 · 100 m area around the starting
point of each 2-h path segment.

Linear clearings
Linear clearings typically had a width less than the
minimum mapping unit of our TM image and,
thus, were not included in our forage biomass
estimates. The central line of all linear clearings
was mapped using Indian Radar Satellite Imagery

having a 5-m resolution. We calculated the density
of linear clearings within home ranges and the
minimum distance to a linear clearing at the start
of each 2-h path segment. To determine if there
was a threshold distance at which linear clearings
affected elk movements, we recoded distance to
linear feature as a series of binomial variables
using cutoffs of 50, 75, 100, or 150 m and substi-
tuted each for the continuous distance variable in
the model selection process.

Terrain
Terrain variables were derived from a 30-m digital
elevation model. To determine if rvmax was con-
strained by terrain conditions, we calculated the
standard deviation in elevation within home ran-
ges as an index to overall terrain ruggedness. As an
index to the energetic costs of local movements, we
measured the degree slope at the start of each 2-h
path segment and calculated the net difference in
elevation across the path segment. Aspect at the
start of each path segment was categorized as
belonging to 1 of 8 45 � classes with south identi-
fied as the indicator contrast.

Predation risk
The relative probability of wolf occurrence was
modeled as a resource selection function (RSF;
Manly et al. 2002) using telemetry locations from
two wolf packs acquired from 1984 to 1986 in our
area (John Gunson, Alberta Fish and Wildlife,
unpublished data). We used these data to develop
a RSF specific to our area because more recent
data was available only for adjacent, mountainous
areas where wolf distributions are largely deter-
mined by a strong elevation gradient (Callahan
2000) that does not occur in our study area.
However, by using these data we assumed that the
habitat use patterns of wolves have remained sta-
tionary over time. We believe this to be a reason-
able assumption because both trend counts of the
major ungulate species – deer (Oidocoileus
virginianus and O. hemionus), moose (Alces alces),
and elk – and trapping records of wolves indicate
that the spatial distribution and relative abun-
dance of these species have not changed substan-
tially since the 1980s (James Allen, Alberta Fish
and Wildlife, personal communication). In con-
trast, land uses have changed and we adjusted our
existing landcover and linear clearings data to the
conditions present in 1985 based on archived aerial
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photos. Using logistic regression, we developed a
wolf RSF based on 107 independent wolf locations
and 191 locations selected at random within 95%
kernel ranges for two adjacent wolf packs. Kernel
ranges were produced using a fixed smoothing
factor determined by least-squares cross-validation
(Hooge and Eichenlaub 1997) and were used in
lieu of MCPs, which tended to overestimate the
area potentially utilized by these wide-ranging
animals. Although the locations were divided
roughly equally among the packs, we employed a
clustering algorithm to appropriately identify the
pack as the sample unit (Pendergast et al. 1996).
To account for uncertainty in the placement of
wolf telemetry locations we re-sampled landscape
data to a 250-m cell size by taking the average of
terrain variables and using a majority rule for
landcover classes. The relative probability of wolf
occurrence was modeled as a function of landcover
class, degree slope, aspect, proximity of pipeline
right-of-ways (>10 m wide linear clearings), and
the density of roads. We applied this model to the
2001–2002 landscapes and considered predictions
to be adequate based on a visual comparison to
contemporary telemetry records and known wolf-
killed elk locations, which were too few to conduct
a formal evaluation. To represent predation risk,
we calculated the mean wolf RSF value within elk
home ranges and the RSF value at the start of each
2-h path segment.

Results

Scales of movement

Patterns of rr
2/Ar varied among individuals but we

consistently observed a peak or asymptote at
intermediate circle sizes (Figure 2a). We estimated
rvmax Figure 2b) from 550 to 1650 m depending on
the individual with an average of 1033 m
(SD = 314, N = 18) for the population.

Animals also consistently showed a tendency
towards a second, very small-scale peak poten-
tially below the resolution of GPS locations
(�50 m) and some showed tendencies toward
additional, larger scales of movement.

Movement scales and home range heterogeneity

The spatial patterning of foraging habitat within a
home range depended on the dominant habitat

type (meadows vs. cutover forest) because the total
amount of cutover forest and natural meadows
within a home range were inversely correlated
(r = �0.543, p = 0.020, N = 18), and the mean
patch size and nearest neighbor distances of cut-
over forest patches (9.6 ha, SD = 8.4 and
427.1 m, SD = 374.7, respectively, N = 18) were
greater than those observed for meadows (1.25 ha,
SD =1.43 and 132.5 m, SD = 28.7, respectively,
N = 18). We observed rvmax to correspond most
closely to the mean patch size of cutover areas
(r2 = 0.743, p = 0.001, N = 18; Table 1), but the
relationship was quadratic rather than linear
(Figure 3). The inverse relationships between the
amount of cutover area and meadows precluded us
from testing the relative effects of each foraging

Figure 2. Variance in first-passage per unit area, rr
2/Ar, given

an increasing circle radius, r, for a sample of elk demonstrating

the various patterns observed among individuals (a). Fitted

polynomials were used to identify curve maxima or asymptotes

that correspond to the circle size at which movement patterns

change, rvmax (b).
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type in a multivariable model, but combining
meadows and cutover forest into one foraging
habitat did not improve model fit (Table 1).
Although the total area of foraging habitat was
not correlated with the mean patch size of cutover
forest (r = 0.168, p = 0.542, N = 18), no
improvement in fit was achieved by including total
foraging habitat in the model with mean patch size
(LR = 2.93, p = 0 .0870, N = 18). Nearest
neighbor distances between foraging patches, ter-

rain ruggedness, and the mean level of predation
risk within elk home ranges also did not improve
model fit.

Movement behaviour and local heterogeneity

Due to GPS error, we could not determine whe-
ther or not an animal was active when path
segments were <50 m in length. However, activity
sensor counts at the start of each path segment
were highly correlated with the distances moved in
2 h (r = 0.778, p = 0.003, N = 17,692), thus,
very short segments coincided with low activity
levels. More inactive path segments were observed
during the day/night period (0800–1800 and 2200–
0400 h; 65.2%, SD = 5.7; two-sided binomial
p < 0.001, N = 18) whereas more foraging seg-
ments occurred during crepuscular hours (0400–
0800 and 1800–2200 h; 56.1%, SD = 4.2;
p < 0.001, N = 18). Temporal patterns in relo-
cating were the most consistent with 77.6%
(SD = 6.4) of these path segments occurring
during crepuscular hours ( p < 0.001, N = 18).
With respect to turn angle distributions, the mean
vector was £ 5.5� for all movement behaviours
and differences in vector strength indicated that
the distribution of turns was more concentrated

Table 1. Relationship between rvmax and home range metrics. Shown is the likelihood ratio test statistic (LR) with significance level

(LR p) for the given model vs. the null model (intercept only), the F-test statistic (F) with significance level (p), and model fit (r2).

Variable LR LR p Fdf p r2

Cutover MPS1 (quadratic) 17.646 <0.001 14.432,10 0.001 0.743

Foraging habitat2 TA3 (linear) 4.419 0.036 4.451,16 0.051 0.218

Foraging habitat ENN4 (linear) 4.003 0.045 3.991,16 0.063 0.199

Meadow ENN (linear) 3.252 0.071 3.171,16 0.094 0.165

Meadow TA (linear) 1.927 0.165 1.811,16 0.198 0.102

Line density5 (quadratic) 3.123 0.210 1.422,15 0.272 0.159

Cutover TA (linear) 0.976 0.323 0.891,16 0.359 0.053

Cutover MPS (linear) 0.528 0.468 0.461,11 0.514 0.039

Cutover ENN (linear) 0.275 0.600 0.251,16 0.627 0.015

Terrain ruggedness6 (linear) 0.118 0.732 0.101,16 0.750 0.007

Predation risk7 (linear) 0.034 0.853 0.031,16 0.863 0.002

Foraging habitat MPS (linear) 0.007 0.933 0.011,16 0.937 <0.001

Meadow MPS (linear) 0.005 0.944 0.001,16 0.948 <0.001

1Mean patch size (ha).
2Cutover forest and natural meadows combined.
3Total area (ha).
4Mean Euclidean nearest neighbor (m).
5Density of linear clearings (km/km2).
6Standard deviation in elevation.
7Mean value of wolf RSF.

Figure 3. Relationship between the circle size separating for-

aging and relocating behaviours, rvmax, and the mean patch size

of cutover forest (black circles) and natural meadows (open

circles) within elk home ranges.
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around the mean direction when relocating than
when foraging (Table 2).

After accounting for time of day (SINt, COSt)
and autocorrelation in path segments (SLt�1), all
autocorrelation and partial correlations in the
residuals from the multinomial model were low

( £ 0.071, p < 0.001). The highest ranked multi-
nomial model indicated that movement behaviour
could be discriminated best by terrain, predation
risk, forage, and linear clearings (Table 3). Little
support was observed for the model including
distance to cover (Table 3). Overall, the effect of

Table 2. Movement behavioural by adult female elk in west-central Alberta, Canada identified using first-passage time and 2-h

location intervals.

Movement mode Percent occurrence mean (SD) Distance moved (m) mean (SD) Vector strength

Inactive/resting 21.4 (5.3) 25.3 (2.2) 0.192

Active/foraging 71.3 (6.0) 265.7 (42.5) 0.250

Active/relocating 7.3 (4.6) 1518.7 (388.8) 0.326

The mean values across animals are given for percent occurrence and distances moved with standard deviations in parentheses

(N = 18). The vector strength indicates how concentrated turn angles are around the mean direction (� 0� in all cases).

Table 3. Multinomial logistic regression models for the probability of a 2-h path segment belonging to the inactive (N = 3,798),

foraging (N = 12,569), or relocating behavioural state (N = 1,325). The top control + environmental component models are shown

with the model log-likelihood (LL), number of estimable parameters (K), change in Akaike’s Information Criterion (D AIC), and

model weight (xi). All models include three variables that control for autocorrelation and periodicity.

Rank Model components LL K D AIC xi

1 Terrain1, Risk2, Forage3, Lines4 �11077.1 29 0.00 0.60

2 Terrain1, Risk2, Forage3, Lines4, Cover5 �11076.5 31 2.70 0.16

3 Terrain6, Risk2, Forage3, Lines4 �11080.9 27 3.44 0.11

4 Terrain7, Risk2, Forage3, Lines4 �11081.4 27 4.62 0.06

5 Terrain1, Risk2, Forage3, Lines8 �11081.6 27 4.94 0.05

6 Terrain9, Risk2, Forage3, Lines4 �11084.7 25 7.18 0.02

7 Terrain1, Risk2, Forage3, Lines11 �11083.9 27 9.58 0.01

8 Terrain12, Risk2, Forage3, Lines4 �11085.2 27 12.20 0.00

9 Terrain1, Risk2, Forage13, Lines4 �11089.0 25 15.72 0.00

10 Terrain1, Forage3, Lines4 �11089.9 25 17.46 0.00

11 Terrain1, Risk2, Forage3, Lines14 �11088.1 27 17.86 0.00

12 Terrain15, Risk2, Forage3, Lines4 �11092.1 27 22.08 0.00

13 Terrain16, Risk2, Forage3, Lines4 �11092.5 25 22.66 0.00

1Difference in elevation over segment (m), difference in elevation2, slope (�), slope2, north to east-facing aspect at start location

(binary).
2Wolf RSF value at start location.
3Mean herbaceous biomass at start location (g/m2), herbaceous biomass2, mean browse biomass at start location (g/m2).
4Linear clearing within 50 m (binary).
5Distance to security cover (m).
6Remove squared term for difference in elevation.
7Substitute southwest to southeast facing slopes for north to northeast facing slopes.
8Substitute linear clearing within 75 m (binary) for linear clearing within 50 m (binary).
9Remove north to east-facing aspect at start location (binary).
10Substitute linear clearing within 100 m (binary) for linear clearing within 50 m (binary).
11Substitute absolute value of the net difference in elevation for the net difference in elevation.
12Remove herbaceous biomass2.
13Remove predation risk.
14Substitute continuous distance to linear clearing for linear clearing within 50 m (binary).
15Remove squared term for net difference in elevation.
16Remove squared term for degree slope.
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linear clearings was best explained as a threshold
effect with a distance cutoff of 50 m because we
observed considerably more support for models
containing the variable in this form compared to
larger cutoffs or to distance entered as a continu-
ous variable (DAIC ‡ 12.46, xi < 0.01; Table 3).
We observed more support for the model including
the net difference in elevation, i.e., discriminating
between moves directed up-slope (positive values)
vs. down-slope (negative values), vs. the absolute
value of the difference in elevation (Table 3).
There was also more support for a quadratic vs.
linear relationship between movement behaviour
and net difference in elevation, degree slope, and
herbaceous biomass (Table 3). As a result, elk
were most likely to be foraging vs. relocating or
remaining inactive in moderately steep areas
(�10–25�), when moving down-slope, and in areas
having intermediate levels of herbaceous biomass
(�220–270 g/m2; Table 4, Figure 4). When a net
loss of up to 100 m elevation occurred, the model
predicted foraging and resting behaviours to be
equally likely (Figure 4). Grouping the data by
month indicated that when relocating elk incurred
a net gain in elevation (positive mean for the net
difference in elevation) during June–August (with
a peak in July) and a net loss in elevation (negative
mean) during September. The multinomial model
additionally indicated that elk were more likely to
relocate rather than forage in areas with abundant

herbaceous biomass, high predation risk, close to
linear clearings, and where slopes exceeded � 30�
(Table 4; Figure 4). In contrast, elk were more
likely to remain inactive vs. forage on north to
east-facing slopes and in areas of low herbaceous
biomass, high browse biomass, low predation risk,
and farther than 50 m from a linear clearing
Table 4; Figure 4. Binomial logistic models indi-
cated moderate classification accuracy for both the
inactive vs. foraging and relocating vs. foraging
comparisons (AUC = 0.665, N = 14,133 and
AUC = 0.676, N = 11,972, respectively).

Discussion

Identifying scales of movement patterns in free-
ranging animals may be an important step in
understanding the processes that lead to animal
distributions (Turchin 1998; Turner et al. 2001).
Although several studies have addressed how
environmental heterogeneity influences scales of
habitat selection (e.g. Ward and Saltz 1994;
Schaefer and Messier 1995; Wallace et al. 1995;
Fortin et al. 2003; Boyce et al. 2003), few studies
have shown how landscape heterogeneity influ-
ences scales of movement in free-ranging ungulates
(e.g. Johnson et al. 2002).

In our study, distinguishing no movement
associated with complete bouts of inactivity was

Table 4. The highest-ranked multinomial model for the probability of a 2-h path segment being associated with resting or relocating

vs. foraging behaviour (LL = �11077.13, v2 = 1424.87, p<0.001). The estimated coefficients (b) are given with robust standard

errors (SE) and significance levels (p).

Variable Inactive vs. foraging Relocating vs. foraging

b SE p b SE p

Time of day (sine function) �0.0899 0.0342 0.009 0.0127 0.0406 0.756

Time of day (cosine function) 0.7574 0.0496 <0.001 �0.6522 0.0568 <0.001

Previous step length (m)/100 �0.0291 0.0090 0.001 0.0599 0.0079 <0.001

Net difference in elevation (m)/50 �0.0516 0.0468 0.053 0.1771 0.0583 0.002

Net difference in elevation2 �0.0516 0.0192 0.007 �0.0142 0.0113 0.210

Slope (�) 0.0018 0.0149 0.904 �0.0800 0.0352 0.023

Slope2 �0.0005 0.0006 0.480 0.0032 0.0011 0.003

North to east-facing aspect (binary) 0.1431 0.0618 0.021 �0.1130 0.1263 0.371

Herbaceous biomass (g/m2) / 100 0.5321 0.2955 0.072 �0.6998 0.3580 0.051

Herbaceous biomass2 �0.2478 0.1046 0.018 0.2585 0.1335 0.053

Browse biomass (g/m2) 0.0018 0.0008 0.019 �0.0016 0.0016 0.304

Relative predation risk �0.1721 0.0616 0.005 0.0842 0.0354 0.017

Linear clearing within 50 m (binary) �0.2785 0.1039 0.007 0.2121 0.0999 0.036

constant �1.5062 0.3109 <0.001 �1.8495 0.3538 <0.001
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limited by error in GPS locations (�50 m). How-
ever, segments £ 50 m likely reflected bouts of
inactivity (bedding and ruminating) because these
observations coincided with periods of low activity
counts recorded in the collars and the majority of

small segments occurred during the times of day
we would have expected elk to be inactive (Ager
et al. 2003; Wolff and Van Horn 2003). Areas
where elk were inactive reflected choices for secure
(low wolf use) and potentially cooler locations
(north- to east-facing slopes, high shrub biomass).
In contrast, elk used areas of high herbaceous
biomass and moderately steep slopes when forag-
ing. These patterns are consistent with previous
studies of habitat selection by elk (see review by
Skovlin et al. (2002)). Similar to what Jones and
Hudson (2002) observed, we also found that elk
were more likely to be foraging rather than resting
when close to linear clearings. Choosing to bed
farther than 50 m from linear clearings may reflect
responses to predation risk at a scale finer than
that captured by our wolf RSF model, which had a
minimum mapping unit of 6.25 ha. Wolves selec-
tively use linear features in winter (Gehring 1995)
and their rates of travel on linear features can be
up to three times faster than through adjacent
habitats (James 1999). As a result, encounter rates
may increase if ungulates also use linear clearings
or areas adjacent to them as foraging habitat
(Kunkel and Pletscher 2000; James and Stuart-
Smith 2000). Similar behaviour by wolves in
summer is likely but has not been documented.
Alternatively, humans readily use linear clearings
in summer to access remote areas and elk may
equate disturbance by humans to the risk of pre-
dation (Lima and Dill 2002).

The scale (rvmax) separating relocating and for-
aging path segments appeared to be related most
to the size of cutover forest patches in elk home
ranges. The nonlinear response we observed may
reflect the tendency for elk to readily use all areas
within small patches but to restrict their move-
ments to smaller areas within large patches
(McIntyre and Wiens 1999). Contrary to our
expectations, we did not observe a relationship
between rvmax and the mean predation risk within
elk home ranges. We expected that a high mean
predation risk in an elk’s home range might result
in more frequent relocating moves and a greater
overall scale of movement, but we did not find this
to be the case. Alternatively, elk might reduce their
overall scale of movement to avoid detection by
wolves as overall predation risk in a home range
increases, but we did not detect this either. How-
ever, we may have failed to capture heterogeneity
in predation risk at the scale of the home range,

Figure 4. The predicted probability of an elk foraging, relo-

cating, or remaining inactive as a function of degree slope at the

start of the path segment, the net difference in elevation across

the segment, and herbaceous biomass at the start of the segment

after setting the effects of all other covariates to zero.

283



because wolves use areas close to territory
boundaries less than core areas (Mech and Harper
2002). We have observed wolf sign in all areas
occupied by elk and daily movements by wolves
even in summer, when tied to a den (see review and
data in Jedrzejewski et al. 2001), exceed the aver-
age width of the home ranges of the elk we studied
(7.06 km, SD = 1.8). Indeed, at the scale of
individual path segments, elk were more likely to
relocate than forage or remain inactive in areas of
high predation risk.

Contrary to our observations, relocating or
‘‘inter-patch’’ movements by mountain caribou
were associated with areas away from the habitats
used by wolves (Johnson et al. 2002). Spatial sep-
aration from wolves may be achieved to some
degree by a species like caribou where their habitat
use patterns do not overlap greatly with alternative
prey species (James 1999; Kojola et al. 2004). Elk
share the central foothills of Alberta with several,
more abundant, ungulate species whose space-use
patterns overlap those of elk. Thus, spatial sepa-
ration from wolves is likely unattainable for elk in a
landscape like ours and modifying group sizes
(Hebblewhite and Pletscher 2002) or remaining
close to cover (Kunkel and Pletscher 2000; Woff
and Van Horn 2003) may be more profitable
strategies. We were limited in our ability to docu-
ment group sizes because the area is largely for-
ested. While it was not clear that elk modified their
movements depending on their proximity to cover,
elk were found within �30 m of cover, on average,
irrespective of their movement behaviour. In fact,
remaining close to cover at all times would restrict
elk use of large open areas to the patch perimeter
and this could explain the quadratic response of
rvmax to the mean patch size of cutover forest. As a
result, an indirect interaction between the spatial
pattern of human activities and wolf predation may
determine the scale of elk movements in our area.

Consistent with previous studies, we observed
foraging behaviour to dominate elk activity during
summer (Green and Bear 1990; Merrill 1994).
Because elk in our study were non-migratory,
relocating moves were only six times larger than
foraging moves and likely reflected transitions
between resting and foraging areas (Collins et al.
1978; Green and Bear 1990; Ager et al. 2003).
Similar to our observations, crepuscular transi-
tions between resting and foraging areas for elk on
the Starkey Experimental Forest and Range in

Oregon, USA coincided with both a sharp increase
in movement rates and upslope movements (Ager
et al. 2003). We suspect that changes in relocating
moves with respect to elevation gains reflected
foraging responses by elk to differences in plant
phenology across an elevation gradient (Albon
and Langvatn 1982; Mysterud 1999; Mysterud
et al. 2001). That the average elevation of foraging
path segments increased by up to 224 m over the
summer, depending upon the individual, supports
our observations. Because movements reflecting
relocation were associated with high rates of
movement, steep slopes, and tended to be directed
upslope, they potentially incur high movement
costs (Parker et al. 1984). Little research has fo-
cused on specific landscape features other than
cover or terrain that might facilitate such pro-
longed or directed movement by elk (Skovlin et al.
2002; Fortin et al. 2005). Traveling along linear
clearings may alleviate movement costs to some
degree (James 1999) and we observed elk to be 24
times more likely to be relocating rather than
foraging when close to linear clearings. However,
the fitness costs of encounters with wolves or
humans, both of which also use linear clearings,
may potentially offset the energetic benefits of
using linear features or habitats adjacent to them.

Summary

We have shown that non-migratory elk inhabiting
the central east slopes of Alberta, Canada exhibited
distinct scales of movement. Broad-scale movement
patterns were strongly and nonlinearly related to
the mean size of cutover forest patches in elk home
ranges, likely reflecting limitations to movements
within and among foraging patches as they become
large. Local changes in elk movements were related
to heterogeneity in forage resources and perceived
predation risk. Our research suggests that anthro-
pogenic ‘‘habitats’’, including cutover forest and
linear clearings, pose a trade-off situation for elk in
Alberta by creating potential foraging opportuni-
ties and travel lanes that may incur high risks
imposed by wolves, humans, or both.
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Bascompte J. and Vilà C. 1997. Fractals and search paths in

mammals. Landscape Ecol. 12: 213–221.

Batschelet E. 1981. Circular statistics in biology. Academic

Press, London, UK.

Begg C.B. and Gray R. 1984. Calculation of polychotomous

logistic regression parameters using individualized regres-

sions. Biometrika 71: 11–18.

Bergman C.M., Schafer J.A. and Luttich S.N. 2000. Caribou

movement as a correlated randomwalk.Oecologia 123: 364–374.

Beyer H. 2004. Vegetation classification, mapping, and assess-

ment from Landsat of TM5 scene. In: Beyer H., Frair J.,

Visscher D., Fortin D., Merrill E., Boyce M. and Allen J.

(comps), Vegetation map and dynamics of elk forage for the

central east slopes elk and wolf study. Department of Bio-

logical Sciences, University of Alberta, Edmonton, Alberta,

Canada, pp. 2–14.

Bobek B. and Bergstrom R. 1978. A rapid method of browse

biomass estimation in a forest habitat. J. Range Manag. 31:

456–458.

Boyce M.S., Mao J.S., Merrill E.H., Fortin D., Turner M.G.,

Fryxell J. and Turchin P. 2003. Scale and heterogeneity in

habitat selection by elk in Yellowstone National Park.

EcoSci. 10: 421–431.

Brown J.K. 1976. Estimating shrub biomass from basal stem

diameters. Can J. Forest Res. 6: 154–158.

Burnham K.P. and Anderson D.R. 2002. Model selection and

multimodel inference: a practical information-theoretic

approach. Springer-Verlag, New York, NY, USA.

Callaghan C. 2002.The ecology of gray wolf (Canis lupus)

habitat use, survival, and persistence in the central Rocky

Mountains, Canada. Ph.D, Dissertation, Department of

Zoology, University of Guelph, Guelph, Ontario, Canada.

Collins W.B., Urness P.J. and Austin D.D. 1978. Elk diets and

activities on different lodgepole pine habitat segments. J.

Wildlife Manag. 42: 799–810.

Cook J.G. 2002. Nutrition and food. In: Toweill D.E. and

Thomas J.W. (eds), North American elk: ecology and man-

agement. Smithsonian Institution Press, Washington, District

of Columbia, USA, pp. 259–349.

d’Auriac A., Benoit J.C. and Rammal R. 1983. Random walk

on fractals: numerical studies in two dimensions. J. Phys.

A– Math Gen. 16: 4039–4051.

Fauchald P. and Tveraa T. 2003. Using first-passage time in the

analysis of area-restricted search and habitat selection.

Ecology 84: 282–288.

Firle S., Bommarco R., Ekbom B. and Natielo M. 1998. The

influence of movement and resting behaviour on the range of

three carabid beetles. Ecology 79: 2113–2122.

Fortin D., Fryxell J.M., O’Brodovich L. and Frandsen D. 2003.

Foraging ecology of bison at the landscape and plant com-

munity levels: the applicability of energy maximization

principles. Oecologia 134: 219–227.

Fortin D., Beyer H.L., Boyce M.S., Smith D.W., Duchcesne T.

and Mao J.S. 2005. Wolves influence elk movements:

behavior shapes a trophic cascade in Yellowstone National

Park. Ecology (in press).

Frair J.L., Nielsen S.E., Merrill E.H., Lele S.R., Boyce M.S.,

Munro R.H.M., Stenhouse G.B. and Beyer H.L. 2004.

Removing GPS collar bias in habitat selection studies.

J. Appl. Ecol. 41: 201–212.

Franke A., Caelli T., Hudson and R.J. 2004. Analysis

of movements and behaviour of caribou (Rangifer tarandus)

using hidden Markov models. Ecol. Model. 173: 259–270.

Fritz H., Said S. and Weimerskirch H. 2003. Scale-dependent

hierarchical adjustments of movement patterns in a long-

range foraging seabird. Proc. R Soc. Lon Ser B-Biol. Sci. 270:

1143–1148.

Fryxell J.M. and Sinclair A.R.E. 1988. Seasonal migration by

white-eared kob in relation to resources. African J. Ecol. 26:

17–31.

Gehring T.M. 1995. Winter wolf movements in northwestern

Wisconsin and east-central Minnesota: a quantitative ap-

proach. M.S. Thesis, University of Wisconsin � Stevens

Point, Wisconsin, USA 132 pp.

Girard I., Ouellet J.P., Courtois R., Dussault C. and Breton L.

2002. Effects of sampling effort based on GPS telemetry on

home-rangesize estimations. J.WildlifeManag.66:1290–1300.

Green R.A. and Bear G.D. 1990. Seasonal cycles and daily

activity patterns of Rocky Mountain elk. J. Wildlife Manag.

54: 272–279.

Hanley J.A. and McNeil B.J. 1982. The meaning and use of the

area under a receiver operating characteristic (ROC) curve.

Radiology 143: 29–36.

Haskell D.G. 1997. Experiments and a model examining

learning in the area-restricted search behaviour of ferrets

(Mustela putorius furo). Behav. Ecol. 8: 448–455.

285



Haydon D.T., Friar J.K. and Pianka E.R. 2000. Fire-driven

dynamic mosaics in the Great Victoria Desert, Australia.

Landscape Ecol. 15: 407–423.

Hebblewhite M. and Pletscher D.H. 2002. Effects of elk group

size on predation by wolves. Can. J. Zool. 80: 800–809.

Hebblewhite M., Pletscher D.H. and Paquet P.C. 2002. Elk

population dynamics in areas with and without predation by

recolonizing wolves in Banff National Park, Alberta. Can.

J. Zool. 80: 789–799.

Hillis J.M., Thompson M.J., Canfeld J.E., Lyon L.J., Marcum

C.L., Dolan P.M. and McCleery D.W. 1991. Defining elk

security: the Hillis Paradigm. In: Christensen A.G., Lyon L.J.

and Lonner T.N. (compilers), Proceedings of the Elk Vul-

nerability Symposium. Montana State University, Bozeman,

Montana, USA, pp. 38–43.

Hooge P.N. and Eichenlaub B. 1997. Animal movement

extension to arcview, v. 1.1. Alaska Biological Science

Center, U.S. Geological Survey, Anchorage, Alaska, USA.

Hosmer D.W. and Lemeshow S. 2000. Applied logistic regres-

sion. Second edition, John Wiley & Sons, New York, NY,

USA.

James A.R.C. 1999. Effects of industrial development on the

predator-prey relationship between wolves and caribou in

northeastern Alberta. M.Sc. Thesis, University of Alberta,

Edmonton, Alberta, Canada.

James A.R.C. and Stuart-Smith A.K. 2000. Distribution of

caribou and wolves in relation to linear corridors. J. Wildlife

Manag. 64: 154–159.

Jedrzejewski W., Krzysztof S., Theuerkauf J., Jedrzejewska B.

and Okarma H. 2001. Daily movements and territory use of

radio-collared wolves (Canis lupus) in Bialowieza Primeval

Forest in Poland. Can. J. Zool. 79: 1993–2004.

Johnson A.R., Wiens J.A., Milne B.T. and Crist T.O. 1992.

Animal movements and population dynamics in heteroge-

neous landscapes. Landscape Ecol. 7: 63–75.

Johnson C.J., Parker K.L., Heard D.C. and Gillingham M.P.

2002. Movement parameters of ungulates and scale-specific

responses to the environment. J. Animal Ecol. 71: 225–235.

Jones P.F. and Hudson R.J. 2002. Winter habitat selection at

three spatial scales by American elk, Cervus elaphus, in west-

central Alberta. Can. Field-Nat. 116: 183–191.

Jonsen I.D. and Taylor P.D. 2000. Fine-scale movement behav-

iours of caopterygid damselflies are influenced by landscape

structure: an experimental manipulation. Oikos 88: 553–562.

Kareiva P.M. and Shigesada N. 1983. Analyzing insect

movement as a correlated random walk. Oecologia 56:

234–238.

Kojola I., Huitu O., Toppinen K., Heikura K., Heikkinen S.

and Ronkainen S. 2004. Predation on European wild forest

reindeer (Rangifer tarandus) by wolves (Canis lupus) in

Finland. J. Zool. 263: 229–235.

Kunkel K.E. and Pletscher D.H. 2000. Habitat factors affecting

vulnerability of moose to predation by wolves in southeastern

British Columbia. Can. J. Zool. 78: 150157.

Lima S.L. and Dill L.M. 1990. Behavioural decisions made

under the risk of predation: a review and prospectus. Can.

J. Zool. 68: 619–640.

Lima S.L. and Dill L.M. 2002. Human-caused disturbance

stimuli as a form of predation risk. Conserv. Ecol. 6:

11–29.

Lundberg P. and Danell K. 1990. Functional response

of browsers: tree exploitation by moose. Oikos 58: 378–

384.

MacCracken J.G. and Van Ballenberghe V. 1993. Mass-diam-

eter regressions for moose browse on the Copper River Delta,

Alaska. J. Range Manag. 46: 302–308.

Manly B.F.J., McDonald L.L., Thomas D.L., McDonald T.L.

and Erickson W.P 2002. Resource Selection by Animals:

Statistical design and analysis for field studies. Kluwer Aca-

demic Publishers, Dordrecht, The Netherlands.
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