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Canmore Corridor Model 

 
 

Modeling Carnivore Habitat-Use, Travel Patterns 
and Human Activity around the Town of Canmore, Alberta 

 
 
Abstract 

This research provides a decision framework to government regulatory agencies, 
parks, town managers, developers, and private landowners that can facilitate better-
informed decisions regarding wildlife corridors.  The spatial modeling approach 
developed herein is an objective method of integrating ecology, sociology, and 
economics for environmental decision-making.  This multi disciplinary approach uses an 
adaptive decision framework that can help maintain, improve, and restore landscape 
connectivity for large carnivores, in regions where habitat fragmentation and land-use 
conflicts threaten species.  The primary objective of this research was to synthesize 
existing local ecological research findings in a decision support model to analyze how 
different landscape configurations may alter habitat connectivity for gray wolves (Canis 
lupus) and cougars (Puma concolor) around the Town of Canmore, Alberta. 
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Introduction 

The debate that surrounds resource development near protected areas 
exemplifies the difficulties of making decisions.  Often, researchers are unable to agree 
on the exact effect of development activity, much less on the larger question of how 
serious the influence is.  With so many conflicting opinions, everyone – scientists, the 
public, and regulators – has been confused about just what the experts know, and how 
certain they really are.  As are many towns within the Yellowstone to Yukon landscape, 
the Town of Canmore is confronted with this dilemma, as it attempts to balance 
continued growth with a sustainable environment. 

If conservation and restoration are to progress, a well-connected network of 
habitat patches is necessary to sustain the region's wildlife populations.  The design of a 
large-scale system, however, requires a systematic and rigorous approach that 
integrates the social and economic aspirations of humans with the ecological 
necessities of wildlife.  The focus should not be restricted to “wild lands” but also 
consider habitat that surrounds protected areas.  To conserve biological diversity, 
protected area networks must be based upon current species distribution and the 
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landscape’s long-term capacity to support populations.  This requires a mechanism to 
address pragmatic issues such as socio-economic needs and to resolve conflicts that 
inevitably arise between humans and wild animals. 

We believe the long-term goal of conservation is to plan and design an urban 
landscape that can sustain wildlife populations as human numbers increase.  However, 
in most regions of North America the extent of human development limits attainment of 
this goal.  We expect to sustain a wider range of species and greater ecosystem 
functionality in less populated urban settings, such as Canmore.  One important 
element in achieving this objective is identifying and protecting wildlife travel corridors 
that connect patches of habitat for a broad variety of wildlife species. 

Herein, we outline a computer-assisted decision making process for identifying 
critical wildlife linkage zones.  The approach is systematic, scientifically rigorous, 
repeatable, easily documented, and adaptable to new information.  The output provides 
decision-makers with the best available information in a spatially explicit format, which 
can help guide informed decisions.  The explicitness of the process can reduce conflict 
among special interest groups, as the information used to reach a decision is available 
to everyone.  This contrasts with the too often used “black box” approach to decision-
making, where stakeholders cannot trace the decision process.  Lack of transparency in 
decision-making can raise suspicion. 

The previously mentioned attributes make this decision process of particular 
interest to Y2Y and other landscape level conservation efforts.  The process explicitly 
details decision methods that can be adapted to any geographic setting (e.g., 
Crowsnest Pass, Pincher Creek, Jasper), can accommodate ecological data on any 
indicator species (for which expert opinion or empirical data are available), and can be 
modified to address any landscape-based allocation problem (e.g., road fragmentation, 
residential development, recreation development). 
 
The Canmore Corridor Model 

The integrated approach we developed resulted in a decision support model that 
can help reconcile land-use conflicts between the needs of wildlife and humans 
(Alexander 1997).  We incorporated information from current research projects (e.g., 
Alexander 2001, Duke 2001) and regional spatial data sets.  We used a Geographic 
Information System (GIS) to synthesize ecological and socio-economic data and to 
examine habitat connectivity under different landscape configurations that account for 
the needs of humans.  

A common problem in ecological modeling is determining which species to focus 
on, as it is impossible to survey and model all species.  One cost-efficient approach is to 
identify and maintain the habitat needs of focal species whose spatial and ecological 
requirements encompass those of many other species (Noss 1990).  The approach 
assumes that protecting the habitat of focal species will help protect many other species 
(Power 1996, Mills et al. 1993).  In theory, area requirements for these large vertebrates 
should provide an “umbrella” for smaller species (Power et al 1996), assuming patch 
dynamics are considered.  We used wolves and cougar to develop our decision model 
because of their demonstrated functional ecosystem linkages, available data, and 
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because these species best match the scale of analysis possible with existing spatial 
data (Alexander 2001).  

 
Project Objectives 
Our approach comprises 3 integrated objectives.   
1. Synthesize existing datasets (ecological and spatial) in the study region. 
2. Design a decision framework that models wildlife and human needs in a spatial 

context.  This framework will iteratively examine changes in wildlife linkages with 
different configurations of human use.  

3. Provide the product to regulatory agencies and town officials to integrate the 
decision framework into protective planning in the Town of Canmore.  

 
Literature Review 
 
Habitat Fragmentation  

Habitat fragmentation is a principal cause of our conservation crisis (Debinski 
and Holt 2000, Wilcox and Murphy 1985).  Habitat fragmentation begins with a 
disturbance that creates a gap or patch in the landscape, which reduces the total 
amount of habitat and isolates remaining patches (Andren 1994).  The more fragmented 
the landscape, the more likely a species will perish if it is dependent upon contiguous 
habitat or if the patch type has a negative effect on the species.  A negative “effect” may 
include direct mortality (e.g., road traffic) or may include less direct "edge effects”, such 
as light, wind, and sound penetration or increased predation by edge tolerant species 
(see examples in Debinski and Holt 2000, Keyser et al. 1998).  

The biological consequences of a reduction in habitat area and patch isolation 
include changes in community structure and composition, reduced genetic exchange, 
and altered competitive interactions and predator-prey dynamics, all of which may have 
negative demographic effects (Debinski and Holt 2000, Mader et al. 1990, Palomares et 
al. 1996, Hobbs 1993, Stamps et al. 1987).  These demographic changes may be 
sufficient to drive vulnerable species to local or global extinction, depending on the 
scale of disturbance (Weaver et. al. 1996, Burkey 1995).  For example, Fahrig and 
Merriam (1985) demonstrated that white-footed mice (Peromyscus leucopus) in 
fragmented woodlots had lower growth rates and were more prone to extinction than 
those in connected woodlots.  

Use of Geographic Information Systems (GIS) has greatly enhanced habitat 
modeling by increasing the scale, complexity, and precision of analysis.  GIS is an 
excellent medium for predicting patterns of fragmentation, biological diversity, identifying 
areas of conservation significance and assessing the habitat potential of unstudied sites 
(Lenton et al. 2000).  In the study area, we used GIS to define habitat corridor selection 
by wildlife. 

 
Wildlife Corridors 

Wildlife corridors reduce the adverse effects of habitat fragmentation by providing 
connectivity within human-dominated landscapes (O’Donnel 1991, Saunders and 
deRebeir 1991, Beier 1995, Dunning et al. 1995, Odette and Thomas 1996, Newmark 
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1993, Walker and Craighead 1997).  Corridors facilitate genetic exchange between 
individuals from subpopulations by providing movement opportunities for breeding 
adults, dispersing juveniles, surplus individuals seeking territories, and wandering 
individuals during daily movements and seasonal migrations (Soule and Gilpin 1991).  

Habitat characteristics that may be important for species as they use corridors 
include width, length, hiding cover, vegetative structure, habitat quality, topography, 
human influences, noise, light, edge effects, degree of connectivity, patch geometry and 
the presence of barriers (Soule and Gilpin 1991, Harrison 1991, Lindenmayer and Nix 
1993, Newmark 1993, Fleury and Brown 1997, Rosenberg et al. 1997, Jackson 1999, 
Mann and Plummer 1995, Lindenmeyer 1993, Saunders et al. 1990).  Tischendorf and 
Fahrig (2000) cautioned that connectivity exists only when both structural and functional 
attributes are present in the landscape.  It is possible to have corridors designated in a 
landscape, which are used only by a subset of species in a community.  For example, if 
the measure of corridor efficacy is ecological integrity (i.e., intact community pattern and 
process), and only a subset of species may use a corridor, then structural connectivity 
has been achieved but functional connectivity has not.  This has particular relevance to 
the region around Canmore, as corridor design has been mostly limited to single 
carnivore species and ungulates.  The use of a single species in corridor design will not 
capture the needs of all wildlife species (Alexander 2001). 

Corridors function at scales ranging from large regional corridors that link entire 
watersheds, to small local corridors that link patches of residual habitat (Duke et al. 
2001).  Large-scale corridors comprise networks of smaller corridors that include 
remaining pieces of land surrounding residential areas, agricultural areas, ski resorts, 
hiking trails, golf courses, and transportation routes (Duke et al. 2001).  The success of 
regional corridors depends on the viability and maintenance of small-scale corridors.  
Small-scale corridors become increasingly important as habitat fragmentation increases 
with human activity.  Persistence of wildlife populations depends on small-scale 
corridors to maintain regional connectivity.  Few human-dominated areas remain today 
that contain adequate tracts of natural lands to ensure connectivity at a regional scale 
(Heuer 1995).  The Rocky Mountains are one of the last areas with the potential for 
such large-scale connectivity. 

The restoration of connectivity in landscapes using corridors is an ongoing topic 
of debate.  The science itself, however, is not in doubt.  Although, uncertainties remain 
about the proportion of natural to human-driven change in the modification of animal 
movements, the existence of human driven change is clear.  Moreover, a broad 
consensus with little serious dissent exists among conservation scientists and 
practioners regarding the need for landscape connectivity to ensure the viability of 
increasingly disjunct wildlife populations. Theoretical arguments against connectivity 
center on the potential for immigration of disease, predators, and exotic species, in 
addition to the potential homogenization of metapopulations (Mann and Plummer 1995).  
Admittedly, these are concerns.  Corridors, however, have never been proposed to link 
landscapes not previously connected.  Many scientists contend that the known 
importance of dispersal to population persistence makes it reasonable to maintain 
connectivity (Mann and Plummer 1995).  Under any other scenario, long-term 
population persistence will require intensive management of the species, including the 
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introduction of in situ animals to maintain numbers and genetic variability.  Arguments 
that corridor studies are not useful because they lack empirical basis are unfounded, as 
indicated by Beier and Noss (1998), who reviewed published studies that addressed the 
question of corridor efficacy.  In general, they found evidence that supports the utility of 
corridors for conserving species and biodiversity.   

  
Basis for Dempster-Shafer Modeling Approach 

Ecologists, among other scientists, are in a period of introspection about the use 
of classical statistics in the evaluation of ecological phenomena (Ellison 1996, Anderson 
et al. 2000).  Ellison (1996) argues that the central assumptions of traditional statistics 
are violated in most ecological studies.  For example, true randomization is difficult, 
replication is often small, misidentified, or nonexistent, and ecological experiments 
rarely are repeated independently.  Alternatives to classical statistical tests have been 
presented.  These include variants on Probability Theory (e.g., Bayesian probability, 
Dempster-Shafer Theory) and Information Theory (Ellison 1996, Wade 2000, Anderson 
et al. 2000).  Of these, Dempster-Shafer Theory is the only modeling approach 
developed within a spatial platform, making it uniquely suitable to the examination of 
wildlife-habitat relationships and conservation biology. 

Landscape attributes and probability theory have been used to predict movement 
of species across Rocky Mountain landscapes.  For example, research in Banff National 
Park (BNP) has shown that landscape features, such as slope, aspect, elevation, 
vegetation type, human presence, and human infrastructure can influence travel 
patterns of wolves (Paquet 1993, Paquet et al. 1996, Callaghan 2002).  In these 
studies, disproportionate use and behavioral responses to specific physiographic 
features and conditions were modeled as discrete probabilities.  However, wildlife do 
not use distinct habitat types unambiguously, but rather in a continuum. 

Fuzzy set theory is well suited to problems that deal with habitat analysis, where 
“no clear separation between areas that are suitable and those that are not” exist (Bartel 
2000, Eastman 1999, Zadeh 1965).  Although typically applied to spatial boundaries, 
such as problems related to soil classification (Dragicevic and Marceau 2000), the 
theory is extended easily to describe the fuzziness in species’ associations with habitat 
types.  For example, the probability of track detection may be represented as low (0) in 
areas where tracks occur the least and high (1) where they occur the most.  Any track 
density may be represented by a value between 0 and 1, depending on where it falls 
relative to observed endpoint density values (e.g., 1 and 35 tracks/meter).  Fuzziness, 
as a measure of inconclusiveness (i.e., lack of clear separation in selection), is handled 
well with Bayesian probability or its variant Dempster-Shafer (D-S) Theory (Alexander 
2001, Eastman 1997).  D-S theory was developed by Bayes researchers to handle 
absence of information.  The Idrisi Geographic Information System integrated D-S 
Theory into a decision module, which we used in his study. 
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Study Area 

We defined an area of 3,664 ha as our study area to assess simulated 
movement patterns of wolves and cougars through the Bow Valley near the Town of 
Canmore.  Canmore is approximately 100 km west of Calgary, 4km east of Banff 
National Park (BNP).  BNP is the most heavily visited national park in Canada with more 
than 5 million visitors per year (Green et al. 1996).  Human influences in Canmore 
include a permanent population of 12,000, residential housing, commercial buildings, an 
international Nordic skiing facility, a national transportation route (Trans Canada 
Highway), the Canadian Pacific Railway, utility infrastructure, numerous secondary 
roads, hiking, biking, equestrian trails, and golf courses.  The major industrial influence 
is the cement industry, which uses open pit quarry techniques to gather limestone for 
cement production.  Canmore is currently experiencing explosive urban growth of more 
than 8% annually.  That is a doubling of the population about every 9 years.  The 
residential build-out objective is 30,000 people within the next 15 years (Town of 
Canmore 1998). 

The study region is characterised by rugged mountainous terrain, steep valleys, 
and narrow (2-5 km), flat valley bottoms.  Average annual precipitation ranges from 455 
mm in montane regions to 763 mm in the upper Subalpine (Paquet 1993).  
Accumulations of precipitation vary according to slope, elevation, and aspect.  Summer 
precipitation is slightly higher than winter.  Monthly precipitation peaks in May through 
July, and snow thickness maximums occur in November-December and March-April 
(Paquet 1993).  Chinook activity is common in the region, resulting in intermittent high 
wind and snow free periods in the montane region.  Elevation, aspect, slope, soil, and 
local climate determine vegetation communities in the study area.  Vegetation can be 
classified into the 3 broad ecoregions of montane (1300 - 1600 m), Subalpine (1600 – 
2300 m), and alpine (2300 + m).  lodgepole pine (Pinus contorta), Douglas fir 
(Pseudotsuga menziesii), white spruce (Picea glauca), aspen (Populus tremuloides), 
and grasslands are common in the Montane.  Mature lodgepole pine, Englemann 
spruce (Picea engelmannii), sublapine fire (Abies lasciocarpa), and subalpine larch 
(Larix lyalli) characterize the subalpine.  Tundra vegetation dominates Alpine, including 
low shrubs, herbs, mosses and lichens. 

Throughout the Bow River Valley Watershed, the effectiveness of the Montane to 
support wildlife has been reduced by the loss, alienation, and alteration of key habitats 
(Paquet 1993, Green et al. 1996, Alexander 2001, Duke 2001).  The area is dissected 
by highways, secondary roads, railways, and power line corridors.  These disturbances 
combine to affect the availability, relative distribution, and connectivity of habitats 
thought to be important for survival of most native species.  Highways and railways 
amplify the landscape-related problems because they are direct, and increasingly 
important, causes of wildlife mortality.  Moreover, the permanence of these facilities has 
foreclosed future opportunities for restoration of impaired landscapes (Paquet and 
Hackman 1995). 

Within the Canmore region the availability and quality of movement corridors and 
habitat are increasingly limited by competing land uses that conflict with wildlife 
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requirements for survival.  Historically, the entire Bow River Valley was a broad travel 
corridor partitioned into a network of wildlife trails at different elevations and habitats.  
The location of the trails probably depended on the security needs and life requisites of 
individual species, including humans.  Thus, the trails followed paths that were safe and 
energetically effective. Now, within the Town of Canmore Municipality, clearing of the 
original forest has created a landscape dominated by buildings and infrastructure.  
Remnant forest vegetation is restricted to small patches of less than 350 ha, loosely 
linked by narrow forested strips (Paquet et al. 1994).  Remaining corridors are likely 
secondary routes that wildlife are compelled to use because of human disturbance in 
the valley bottom (e.g., Trans Canada Highway, Town of Canmore).  Consequently, 
alternate travel routes are no longer available, which elevates the importance of 
securing those that remain.  
 
Summary of Previous Research and Monitoring  

The importance of maintaining ecological linkages between the lower Bow 
Corridor, Banff National Park, and Kananaskis Country in is emphasized in Three 
Sisters Golf Resort Environmental Impact Assessment (UMA Engineering Ltd. 1991b), 
World Wildlife Fund's (WWF) Endangered Spaces Progress Report (WWF 1992), Banff 
National Park's corridor report (CPS 1992a), the Natural Resources Conservation Board 
(NRCB) Decision Report on the Three Sisters proposal (NRCB 1992), the Town of 
Canmore Blue Ribbon review of corridors (Paquet et al. 1994), and the Bow Valley 
Study (Green et al. 1996).  These reports agree that to preserve the ecological integrity 
of the Bow Valley, adverse effects of development on movement of wildlife must be 
avoided or mitigated.   

In January 1992, Banff National Park published The Preservation of Wildlife 
Populations in the Bow Valley, Alberta: A Banff National Park Proposal to Neighboring 
Municipalities (Canadian Park Service [CPS] 1992a).  The report identified putative 
wildlife travel corridors used by large mammals moving between the park and adjacent 
areas.  The corridors were believed to provide linkages between regional 
subpopulations, helping to ensure the integrity of the ecosystem.  Subsequent field 
studies confirmed the presence and location of these corridors (U.M.A. Engineering 
1991a,b; McCallum and Paquet 1992, Paquet et al. 1994, Paquet et al. 1996, Green et 
al. 1996, Heuer 1995, Alexander 2001, Duke 2001), and showed wildlife movements 
occur in broad swaths of undisturbed habitat encompassing a network of trails.  All 
studies agreed that the valley bottom has been severely altered in recent years and 
wildlife avoid disturbed areas near the towns of Banff, Canmore, Dead Mans Flats, and 
Exshaw.  In several narrow areas of the valley, developments have created restrictive 
bottlenecks ("pinch points"), which have been shown to preclude movements of some 
species (e.g., wolves [Paquet 1993]).  Paquet et al. (1994) in a comprehensive review of 
wildlife corridors in the Bow River Valley commented that: 
 

In recent years, the concept of maintaining and enhancing biological 
diversity has attracted considerable attention (International Treaty on 
Biodiversity 1992).  Accordingly, questions have been raised regarding the 
compatibility of tourism, recreational, and residential facilities in the Bow 
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River Valley, with the preservation of wildlife.  Although the scale and 
nature of threats have changed over time, there is widespread concern 
within the scientific community that cumulative adverse effects may lead to 
permanent loss of some and perhaps most large mammalian and other 
sensitive wildlife species in the Bow River Valley.  Even a cursory review 
of conditions in the area leads to the inescapable conclusion that the 
present status is ecologically untenable.  Ecologists believe the remaining 
fragments of land are becoming too small and too insular to permanently 
sustain populations of many wildlife species now present in the Bow River 
Valley (Environment Canada 1992, Natural Resource Conservation Board 
1992).  This concern is based on convincing evidence that isolation and 
constriction of natural communities reduce biodiversity and the numbers of 
animals that occupy an area (Franklin 1980, Gilpin and Soulé 1986, Soulé 
1987). 

 
Human activities already have resulted in the loss or alienation of 
important wildlife habitats1, large numbers of animals being killed on roads 
and the rail, and obstruction of movement of wildlife between key habitats 
(Natural Resource Conservation Board 1992, CPS 1992, Gibeau 1993a, 
Paquet 1993).  As a consequence, the diversity of wildlife species and 
numbers of animals in the Bow River Valley have declined.  We can be 
assured that additional degradation of habitat quality will occur because 
the intensity of human activity is increasing.  Further impoverishment will 
likely cause populations of many species to drop below viable or self-
sustaining levels. 

 
 
METHODS 

Corridor habitat requirements were designated by research findings of several 
local research projects.  Primarily, cougar and wolf habitat responses to fragmentation 
were derived from Alexander (2001) and Duke (2001).  Proportional use of prey species 
by each carnivore was estimated from combined findings of Paquet (1993) and 
Hebblewhite (2000).  Prey species selection for vegetation classes were defined from 
research findings of McCallum Paquet Associates (1995), which examined habitat use 
on the Silvertip Property in Canmore.  Additional reference material, which was used to 
augment the model, included Jalkotzky et al. (1999). 

The following section summarizes the methods and results of the 2 principle 
works, Alexander (2001) and Duke (2001), used to define habitat relationships used in 
our Canmore Corridor Model. 
 
 

                                                           
1 Our use of the term habitat corresponds with the definition in Morrison et al. (1992 p. 11). 
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Data Sources  
 
i) Alexander (2001) 
 Alexander (2001) used multispecies track densities to estimate winter habitat 
selection of various habitat attributes in corridors influenced by roads.  The principal 
goal of this research was to examine trends in habitat use by species and integrate the 
results into a spatial “weight-of-evidence” model.  Thus, over or under-use of a habitat 
attribute, relative to its availability, was assumed to have biological significance 
regardless of “statistical” significance.  We note that Alexander and Waters (2000) 
analyzed 1 year of habitat selection data and found statistically significant use patterns 
for all species by the listed habitat variables.  Table 1 below summarizes individual 
classes of habitat where evidence indicates “selection” by wolves and cougars 
(Alexander 2001). 

Following Table 1 are a series of graphs showing the selection ratios for each 
class of each attribute.  These ratios were determined by calculating the difference 
between observed and expected for each attribute class, and then dividing by the 
sample size for respective attribute class.  Expected values were calculated under the 
assumption of uniform use of a habitat attribute class, relative to abundance.  For 
example, if 10% of habitat occurred on south slopes, 10% of observed tracks would be 
expected to occur within the south class. 

This ratio shows a variance around “non-selection”, indicated by the zero (0) line 
on the graph.  Ratios were calculated for the entire study period (see legend class: 3 
years) and for each year of survey (see legend classes 1997, 1998, and 1999).  Details 
on the use of GIS to determine these ratios and implications for conservation are in 
Alexander (2001).  These relationships are shown only for variables deemed suitable for 
modeling habitat movement (Alexander 2001).  Distance to roads and distance to cross 
drainages were removed because of sampling bias effects. 
 
 
Table 1: Selected Attribute Classes by Carnivore Species (Alexander 2001) 
ATTIBUTE Wolf Cougar 
ASPECT FLAT, SW, S S, W, NW, SE 
TOPOSHAPE 
 

Ridge 
Ravine 
Flat 
Slope h 

Ridge 
Ravine 
Pit  
Saddle h, Slope h, 
Convex h, Inflect. h, 
Concave h 

SLOPE 0-10 10-20 
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Figure 1: Summary of Selection Ratios, Alexander (2001) 
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Figure 28: Wolf Obs vs Exp Track Density by Aspect
(45 deg. classes), Temporal Scales (BNP and KC 1997-

1999)
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Figure 34: Wolf Obs vs Exp Track Density by Slope (Degrees), 
Temporal Scales (BNP and KC 1997-1999)
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Toposhape  
 

 
 
 
 
Cougar 
 
Aspect  
 

 

Figure 36: Wolf Obs vs Exp Track Density by TopoShape 
(Critical Points), Temporal Scales (BNP and KC 1997-1999)
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Figure 50: Cougar Obs vs Exp Track Density by Aspect 
(45 deg. classes), Temporal Scales (BNP and KC 1997-1999)
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Figure 56: Cougar Obs vs Exp by Slope (degrees), 
Temporal Scales (BNP and KC 1997-1999)

-1.2
-1

-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

<10 <20 <30 <40 <53

di
ff(

o-
e)

/e
xp All Years

All 1999
All 1998
All 1997

Figure 58: Cougar Obs vs Exp Track Density by Toposhape 
(Critical Points), Temporal Scale (BNP and KC 1997-1999)
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ii) Duke (2001) 

Duke (2001) examined winter wildlife use of corridors around developed areas in 
the Canadian Rockies, with a focus on the Bow Valley of Banff National Park (BNP).  
The primary objective of the research was to assess the ecological importance of 
habitat characteristics within wildlife corridors used by wolves and cougars.  
Compositional analysis, selection ratios, and multiple logistic regressions were used to 
explore preference and avoidance of habitat characteristic classes. 

Table 2 below outlines the habitat characteristics important for wolves and 
cougars.  The graphs that follow present the selection ratios for each habitat 
characteristic individually.  They also outline which classes of each habitat characteristic 
were used more than their availability (values >0) and which characteristics were used 
less than their availability (values<0). 
   
 
 
 
Table 2: Summary of preferred corridor habitat characteristics (Duke 2001). 
 
Habitat 
Characteristic Wolf Cougar 

Slope Flat, Gentle Moderate   

Distance to Cover <25m  <10m  

Distance to Trails <50m  <50m  

Distance to Human 
Disturbance <500m <500m 

Relative Prey 
Abundance High Moderate 
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Figure 2: Summary of Selection Rations, Duke (2001) 
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CANMORE CORRIDOR ANALYSIS 

To examine the response of large carnivores to different socio/economic 
conditions, we developed predictive movement pathways for wolves and cougar under 
pristine, current, and future “development” scenarios. 

The “pristine” scenario represented a landscape undisturbed by human 
development.  However, we could not objectively represent “pristine” conditions, as no 
historical data are available on vegetation composition and distribution.  The “current” 
scenario depicted present conditions of the landscape and the “future” scenario 
portrayed the landscape in the year 2020.  The following table outlines the different 
landscape metrics used in each scenario.  These scenarios were run for wolf and 
cougar.  
 
Table 3 Landscape Metrics 

 
 

Scenario Landscape Metric

1. Pristine Pristine Hiding Cover
Terrain Complexity
Slope
Aspect
Pristine Veg. Surrogate

2. Current Current Hiding Cover
Terrain Complexity
Current Human Disturbance
Linear Disturbance
Trails
Slope
Aspect
Current Veg. Surrogate

3. Future Future Hiding Cover
Terrain Complexity
Future Human Disturbance
Linear Disturbance
Trails
Slope
Aspect
Future Veg. Surrogate
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The flowchart in Figure 3, below, shows how attribute coverages were combined 
and the process used to arrive at the final movement pathways (corridors).  This 
diagram is a useful reference when reading our summary of coverages and 
methodology. 
 
Figure 3:  Flowchart of Pathway Analysis for Current Development Scenario 
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Description of Predictive Landscape Metrics 

This section describes the derivation of each landscape metric used in the model.  
All attribute surfaces were standardized to NAD83 map datum, UTM zone 11-map 
projection, with 30m-pixel size.  Where applicable, separate images were created for 
each landscape metric for each scenario (pristine, current, future).  Tables are provided 
for metrics that were first ranked to assign a linear relationship.  These tables 
summarize the “selectivity” of classes for wolves and cougar by each variable.  
 
Hiding Cover 

All hiding cover images were created using a supervised classification on 1999 
Indian Remote Satellite (IRS) satellite imagery.  All pixels were assigned a binary 
classification (i.e., 1 or 0) to represent cover and non-cover.  Pixels classified as cover 
were valued 1; non-cover pixels were valued as 0.  The classified image was “cleaned” 
using ArcInfo’s “focalmajority” grid function.  This function finds the ‘majority’ value (i.e., 
the value that appears most often) for each cell location on the input grid within a 
specified neighborhood (3x3 window) and sends it to the corresponding cell location on 
the output grid (ArcInfo Help Files), resulting in a cover density value.  

The classified cover/non-cover grid was validated against a series of 1:20,000 
scale images, including black and white digital aerial photographs of the study area 
(1999), and vector base-features.  This validation confirmed the classification was 
successful, except for areas covered by water.  Reclassifying areas covered by water 
as non-cover rectified this problem.  
 The pristine hiding cover image was created by identifying all human disturbance 
features from 1:20,000, 1999 ortho-rectified aerial photographs.  Human disturbance 
features included all permanent anthropogenic features that act as barriers or 
impediments to animal movement in the winter.  These features also included old mine 
scars, golf courses, and similar human features that resulted in altered canopy cover.  
These polygons were then reclassed to approximate the canopy cover of neighboring 
polygons.  We assumed that without human disturbance, these areas would be 
vegetated similar in percent cover to the surrounding vegetation matrix.  In addition, this 
process assumed a random distribution of vegetation cover, which violates underlying 
spatial dependency in ecological phenomena.  The percent cover that a particular 
polygon represented was determined by comparing the area with the 1:20,000 air 
photos.  

The current configuration for hiding cover (i.e., current-cover) was derived by 
performing a supervised classification on 1999 IRS satellite imagery (82o03, 82j14) at a 
5-mr resolution. 

To create the future-cover scenario, a digital file of the Town of Canmore was 
obtained from Alberta Environment (Government of Alberta, Natural Resource Services 
2002).  This digital vector file included polygons for future projected/proposed urban 
growth and future planning areas for the Town of Canmore.  These future development 
areas were converted to a grid with a value of 0 (to represent non-cover) and merged 
with the human disturbance image, resulting in a future human disturbance image.  The 
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future human disturbance image was then merged with the current-cover image, 
resulting in the future hiding cover image. 

Two additional cover/non-cover images were created, including current-cover 
without golf courses and future-cover without golf courses.  This entailed excluding the 
polygons representing golf courses from the human disturbance layer in both the 
current-cover and future-cover images. 
 
Terrain Complexity: Toposhape 
 The Terrain Complexity landscape matrix was derived from a 30m Digital 
Elevation Model (DEM) of the study area using Idrisi’s TOPOSHAPE function.  A 
surface shape classification consisting of 11 possible topographic features: peak, ridge, 
saddle, flat, ravine, pit, convex hillside, saddle hillside, slope hillside, concave hillside, 
and inflection hillside was created.  Any pixels not assigned to these classes are 
assigned to the “unclassified” class.  Water was reclassed to “flat”.  The TOPOSHAPE 
classes were then ranked for cougar and wolf preferences as shown in Table 3, below, 
resulting in 2 separate terrain complexity images – 1 for cougar and 1 for wolf: 
 
Table 4: Toposhape Rankings 
FEATURE CLASS FEATURE NAME RANK COUGAR RANK WOLF 
1 PEAK - 10 - 10 
2 RIDGE + 5 +  3 
3 SADDLE -  7 - 10 
4 FLAT -  9 +  2 
5 RAVINE + 5 +  4 
6 PIT + 1 -   9 
7 CONVEX HILLSIDE -  6  -   7 
8 SADDLE HILLSIDE + 2 -   5 
9 SLOPE HILLSIDE + 3 +  1 
10 CONCAVE HILLSIDE + 4 - 10 
11 INFLECTION HILLSIDE + 7 -   6 
12 UNKNOWN HILLSIDE -  8 -   8 
 
Distance to Human Disturbance 
 The human disturbance landscape metric was digitized on-screen from 1:20,000 
1999 ortho-rectified aerial photographs.  All permanent, anthropogenic structures that 
act as a virtual barrier to animal movement in the winter were included in this layer.  
This included the townsite of Canmore, active mines, and golf course clubhouses.  A 
1999 cadastral layer of the Town of Canmore (University of Calgary), aided in the 
identification of all permanent human structures.   
 
Distance to Water 

A “Distance to Water” coverage was created using a distance buffer from all water 
sources.  However, in the analysis this coverage was removed (not included as a layer) 
because of high correlation to distance to roads, which is a reverse image of water 
distance, and because in winter water areas are captured by cover/non-cover.   
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Distance to Linear Disturbance 
 The distance to linear disturbance layer included roads and railway lines from the 
vector base features.  Roads and railway lines were merged together as linear 
disturbance because no modeling of traffic volume was possible and disturbance effect 
other than disturbance is permeability (volume based metric 
 
Distance to Trails 
 A high-resolution trails layer (Central Rockies Human Use Digital Atlas 2001) 
identified all linear features used for hiking, biking, and equestrian use.  Trails were 
analyzed separately from human disturbance as previous research has shown that 
some species use trails during winter months as it reduces energy expenditure (Paquet 
1993, Paquet et al. 1996; Alexander 2001, Duke 2001).  
 
Elevation 

Elevation was not considered as a variable because previous research has 
shown slope and elevation to be highly correlated (Paquet 1993, Paquet et al. 1996; 
Duke 2001).  Slope was determined to represent more accurately the “cost of 
movement” and was selected for the model. 
 
Aspect and Slope 
 Aspect and Slope variables were derived from the 30 m Digital elevation Model.  
The slope and aspect layers were reclassed into rankings for cougar and wolf 
preferences as indicated in Tables 4 and 5, below: 
 
Table 5: Aspect 
FEATURE CLASS FEATURE NAME RANK COUGAR RANK WOLF 
1  North 337.5 – 22.5 -  7 -  8 
2  Northeast 22.5 – 67.5 -  8 -  6 
3  East 67.5 – 112.5  -  6 -  4 
4  Southeast 112.5 – 157.5 + 4 -  7 
5  South 157.5 – 202.5 + 3 + 2 
6  Southwest 202.5 – 247.5 + 5 + 3 
7  West 247.5 – 292.5 + 1 -  5 
8  Northwest 292.5 – 337.5 + 2 -  9 
9  Flat -1    9    1 
 
Table 6: Slope 
CLASS DEGREES RANK/SIGN 

COUGAR 
RANK/SIGN 
WOLF 

1 0-5 -   7    +  1  
2 5-10 -   6 +  2 
3 10-15 +  3  +  3 
4 15-20 +  2 +  4 
5 20-25 +  1  +  5 
6 25-30 +  1 +  6 
7 30-35 +  4 -   7 
8 35-90 -   8 -   8 
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 (1-MOST PREFERRED, 8 LEAST PREFERRED) 
 
 
Vegetation Surrogate  

The pristine vegetation surrogate layer was created from a 1999 digital Alberta 
Vegetation Index (AVI).  Cropland was aggregated with grassland in this model.  The 
AVI layer was aggregated into the following 12 classes according to Jalkotzky et al. 
(1999):  

1. Anthropogenic Non-Vegetated 
2. Deciduous 
3. Douglas Fir 
4. Grass 
5. Mixed Wood 
6. Naturally Non-Vegetated 
7. Other Vegetation 
8. Pine 
9. Rock, Barren 
10. Shrubland 
11. Spruce 
12. Subalpine Fir 
13. Anthropogenic - Vegetated 

 
The aggregated AVI polygon layer was used as the pristine-AVI layer.  Merging 

the pristine-AVI grid with the human disturbance layer and the golf courses layer 
created the current-AVI layer.  The human disturbance layer was given a grid-code of 1 
to class it as “anthropogenic non-vegetated” and the golf course layer was given a grid-
code of 13 to class it as unique.  The future-AVI layer was created by merging the 
current-AVI layer with the future human disturbance layer (the same one that was used 
to create the future-cover scenario in the Density of Hiding Cover layers).  Current and 
future scenarios were also created without golf courses for the vegetation surrogate 
layer in the same manner as was done for the cover layers.  As discussed later these 
scenarios were omitted as they had little effect on movement pathways. 
 The AVI layers for each of the scenarios (pristine, current, future, current – no 
golf courses, and future – no golf courses) were then reclassed into rankings for elk 
(Cervus elaphus) and sheep (Ovis canadensis) preferences resulting in 10 separate 
grid images for the various scenarios.  We were unable to define selection for deer 
(Odocoileus sp.) because no literature existed regionally to assist in determining this 
reclassification.  

The ranking of AVI vegetation classes was done by comparing the AVI aggregate 
classes to the BURNCO classes (McCallum-Paquet Associates 1995) and assigning 
related ungulate suitability rankings (as provided by McCallum-Paquet).  Table 7 below 
shows the Burnco Id, the AVI aggregated class and the related descriptions.  The AVI 
was ranked according to elk and sheep selection rankings provided by McCallum and 
Paquet (1995), as indicated in Table 8. 
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Table 7:  BURNCO – AVI Reclassification 

 
BURNCO ID AVI CLASS 

(AGGREGATE) 
BURNCO DESCRIPTION 

C16 2 ASPEN/HAIRY WILD RYE-PEAVINE 
C22 2 ASPEN/HAIRY WILD RYE-SHOWY ASTER 
C6 8 LODGEPOLE PINE/BUFF/SHOWY ASTER 
C3 8 LODGEPOLE PINE/JUNIPER/BEARBERRY 
C44 5 ASPEN-CONIFER MIXEDWOOD 
C1 3 DOUGLAS FIR/HAIRY WILD RYE 
C5 11 WHITE SPRUCE-DOUG.FIR/FEATHERMOSS 
C37 11 WHITE SPRUCE/BUFF BERRY/FEATHERMOSS 
O3 11 WHITE SPRUCE/SHRUBBY 

CINQUFOIL/BEARBERRY 
04 11 ENGELMANN SPRUCE-SUBALPINE FIRE – 

WHITEBARK PINE-LODGEPOLE PINE 
05 3 DOUGLAS FIR/JUNIPER/BEARBERRY 
L1 10 SHRUBBY CINQUEFOIL/BEARBERRY-BEDSTRAW 
H6 4 JUNEGRASS-PASTURE SAGE – WILD BLUE FLAX 
H13 4 RICHARDSON’S NEEDLEGRASS-JUNEGRASS-

EVERLASTING 
H7 4 WHEATGRASS-PASTURE SAGE 
CLG 1 CLEARING-RESEEDED 
 
Table 8: Reclassification to Suitability Scores (McCallum-Paquet 1995) 

 
AVI CLASS ELK 

RANK 
(BURNC
O) 

SHEEP RANK (BURNCO) 

1 Anthropogenic Non-Vegetated 13 13 
2 Deciduous 3 8 
3 Douglas Fir 11 10 
4 Grass 2 1 
5 Mixed Wood 7 7 
6 Naturally Non-Vegetated 13 13 
7 Other Vegetation 13 13 
8 Pine 1 2 
9 Rock, Barren 13 13 
10 Shrubland 5 5 
11 Spruce 10 10 
12 Subalpine Fir 13 13 
13 Anthropogenic Vegetated 2 1 

 
Table 8 shows rank scores between 1 and 13.  As observed in the rank columns, 

some rank scores did not have an associated variable.  This resulted from the 
discrepancy between the number of AVI and Burnco classes – some classes were so 
similar (e.g., 6 and 7 AVI) that they received identical rankings according to the lowest 
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rank defined by McCallum-Paquet (1995).  This ranking is an expert interpretation of 
McCallum-Paquet’s rank scores. 

Finally, the Idrisi Multi-Criteria Evaluation (MCE) module was used to combine 
the ranked vegetation images, which represented elk and sheep preferences, to create 
weighted images representing wolf and cougar suitability.  The MCE combination 
method used was the Weighted Linear Combination (WLC) method, where criteria are 
combined using weighted factors.  The higher the factor weight the more influence that 
factor has on the final suitability map.  Hebblewhite (unpublished data) determined that 
in Banff National Park (1986/86 – 1999/2000), a wolf’s winter diet consisted of 64% elk, 
22% deer and 8% sheep, whereas a cougar’s winter diet consisted of 38% elk, 43 % 
deer and 18% sheep.  We used the ratio of elk to sheep in wolf and cougars diet to 
calculate the different effect on vegetation selection that the two prey species have for 
each carnivore.  We omitted deer due to lack of information pertaining to deer 
vegetation preferences.  We acknowledge these are not accurate representations of 
actual consumption rates.  The diet percentages were used to weight the ranked elk 
and sheep images when they were combined using Idrisi’s MCE module. 
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Deriving the Model Landscape Metrics for the Canmore Corridor Model  
 Table 9 summarizes habitat variables used to develop the corridor model.  The 
table column titles indicate, in order, the “coverage” used, the spatial metric that the 
coverage is intended to represent (e.g., toposhape = terrain complexity), the type of 
probability function used to express the “selectivity” or “preference” for attribute classes 
within each coverage, the direction of the curve, and an indication of the hypothesis 
supported (the latter is important for building the knowledge).  This table serves as a 
reference for the preceding summary of each variable. 
 
Table 9: Summary of Coverages and Probability Determination 
COVERAGE METRIC PROBABILITY 

FUNCTION 
DIRECTIONALITY SITE/ 

NONSITE 

COVER/NON-COVER 
• WOLF 
• COUGAR 

(pristine, current, future, no 
golf c & f) 
      1 – LOW 
      9 – HIGH  

DENSITY OF 
COVER 

WOLF – USER 
DEFINED 
 
 
 
COUGAR - LINEAR 

1 = 0.1 
3 = 1.0 
9 = 1.0 
 
 
INCREASING (1 – 9) 
 

SITE 
 
 
 
 
SITE 

TERRAIN COMPLEXITY 
• WOLF 
• COUGAR 
1- HIGH 
12 - LOW 

RANK LINEAR DECREASING SITE 

HUMAN FOOTPRINT 
(PERM. STRUCTURE) 

DISTANCE TO 
FEATURE 

USER DEFINED 0 = 1.0 
50 = 0.50 
225 = 0.0 
500 = 0.50 
max. value = 1.0 

NONSITE 

LINEAR DISTURBANCE 
(ROADS & RAILWAY 
MERGED) 

DISTANCE TO 
LINEAR 
DISTURBANCE 

USER DEFINED 0 = 1.0 
50 = 0.5 
225 = 0.0 
500 = 0.5 
max. value = 1.0 

NONSITE 

TRAILS DISTANCE TO 
TRAILS 

LINEAR DECREASING 
0 - max. value 

SITE 

SLOPE  
• WOLF 
• COUGAR 
1- HIGH 
8 - LOW 

SLOPE RANK LINEAR INCREASING NONSITE 

ASPECT  
• WOLF 
• COUGAR 

        1 – HIGH 
        9 – LOW 

ASPECT RANK LINEAR DECREASING SITE 

VEG – SURROGATE  
• WOLF 
• COUGAR 

(pristine, current, future, no 
golf c & f) 
      1 – HIGH 
     13 – LOW 

VEG RANK LINEAR DECREASING SITE 
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Bayesian Analysis 
 
Map Coverage Normalization using Probability Theory  

Each of the landscape metrics (and all corresponding scenarios) was converted 
to a probability surface, using the Idrisi FUZZY module.  This module produces surfaces 
for each attribute with values ranging from 0 to 1, which represent the likelihood of wolf 
or cougar using any given attribute class within the surface. 

The 3 tables in this section are provided as examples of the translation of habitat 
selection ratios to probability curves or “fuzzy functions”.  Tables 10, 11, and 12 show 
the rank scores for each attribute class (rank order indicates the relative selection and 
avoidance).  The column “sign” indicates selection (+) or avoidance (-) and the change 
point between the two values provides inflection points for the probability functions.  The 
tables describe and depict visually the probability functions for cougar and wolf.  The 
tables and illustrative diagrams are provided for wolf only, to reduce redundancy.  

The inflection point on these functions is defined by the change in sign from a 
positive to a negative, as indicated in the third column of the tables below.  The 
inflection points are indicated in each image were either manually specified (as in the 
case of the user-defined symmetric function) or specified by adjusting the break point of 
the monotonic sigmoidal functions. 
 
 
Table 10: Wolf by Aspect 
Aspect  Rank      Sign 
North 8 - 
Northeast 6 - 
East 4 - 
Southeast 7 - 
South 2 + 
Southwest 3 + 
West 5 - 
Northwest 9 - 
Flat 1 + 
 
 
 
Table 11: Wolf by Slope  
 
Slope   Rank      Sign 
0-10 1 + 
10-20 2 + 
20-30 3 + 
30-53 4 - 
 
 
 

P(SITE) 
1.0  

 0°      10°       20°            30°              76° 

Inflection 0.5 

P(SITE) 
    1.0 

P(NON-SITE)
0.00 

 Flat  S     SW  E     W      NE    SE    N    NW 

   1     2     3     4       5        6       7      8      9 

P(SITE) 
0.01 
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Table 12: Wolf by Toposhape 
 
Toposhape  Rank      Sign 
Peak                   (PE) 10 - 
Ridge                  (RI) 3 + 
Saddle                (SA) 10 - 
Flat                     (FL) 2 + 
Ravine                (RA) 4 + 
Pit                       (PI) 9 - 
Convex hillside   (CH) 7 - 
Saddle hillside    (SH) 5 - 
Slope hillside    (SLH) 1 + 
Concave hillside (CCH) 10 - 
Inflection hillside (IH) 6 - 
Unknown hillside (UH) 8 - 
 
 
 
 
 
Creating the Movement Pathways   

Least cost pathways were created for wolf and cougar for each scenario.  
Regional scale least cost pathways included the following assumptions: 

 
1) Good corridors are composed of preferred habitat  
2) Current developments are permanent.  
3) Least cost pathways offer an animal the most desirable travel route.  Although an 

animal may not choose the least cost pathway, if it did it would reduce travel 
time, encounter fewer barriers, and would travel through habitat with more 
favorable characteristics (e.g., vegetation/cover).  

 
The creation of least cost pathways involved the following steps: 
 
i) Belief  

The BELIEF module in IDRISI aggregates data from different lines of evidence 
by applying rules of combination based on Dempster-Shafer Weight-of-Evidence 
modeling.  Knowledge bases were built by entering all the appropriate probability 
surfaces as lines of evidence and indicating whether the supported hypothesis was 
SITE or NONSITE (see Table 8). 

The use of a non-site hypothesis allows the model builder to examine where the 
weight of the evidence lies.  For example, in the case of slope variable, most of the 
evidence indicates no use above 30 degrees and that use increases as slope 
decreases.  However, the evidence supporting the use of low slopes is less certain, as 
lower slopes may have other attracting variables, such as higher prey densities, that 
cannot be determined by the univariate analysis.  In this case, the slope hypothesis 
supports the evidence of non-use of areas above 30 degrees, thus, the non-site 

P(SITE) 
1 00

1     2     3     4     5     6     7     8     9    10    11    12   

P(SITE)  
0.00 

Inflection Point 
0.50 
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hypothesis.  No clearly defined determine the supported hypothesis.  However, the 
explicit nature of the process allows others to easily revisit the assumptions that 
underlay the model and to adapt them if new knowledge is attained. 
 
ii) Friction Surfaces 

The cost analysis, including Least Cost Pathway, requires the creation of friction 
surfaces.  A friction surface represents the “cost” or “expense” of an animal moving 
across the landscape.  A friction is a value greater than 1, by which you multiply the 
base cost of movement to arrive at the actual cost of movement.  For this project, 
friction surfaces were created from each of the BELIEF files (aggregated probability 
images) created in the previous section.  Using FUZZY, the belief files were reversed in 
their values to be monotonically decreasing probability images with values ranging from 
0 to 1.  Increasing values represent decreasing likelihood of wolves or cougars using an 
area (i.e., 1 represents areas that are the least likely to be used).  The friction surfaces 
were then reclassed into 100 equal interval classes to convert the values to real data 
type ranging from 1 to 100. 
 
iii) Cost Surfaces 
 Least Cost Path analyses were conducted using Idrisi’s COSTPUSH module, 
which generates a distance/proximity surface (also referred to as a cost surface) in 
which distance is measured as the least cost (in terms of effort, expense, etc.) in 
moving over a friction surface (Eastman 1999).  To run the COSTPUSH algorithm, a 
source feature image is required.  This image indicates the cells from which costs 
should be determined.  Source images were created for this project by digitizing various 
points representing the start and end of each pathway. 
 
iv) Pathway 

Idrisi’s PATHWAY module determines the least cost route between 2 points on 
an “accumulated cost surface” (Eastman 1999).  For this project, the pathways that 
were derived represent the least cost travel routes for wolves and cougars as they move 
through the Bow Valley.  
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RESULTS AND DISCUSSION 
 

The predictive least cost pathways were generated for wolf and cougar for the 
following scenarios:  
 
i) Pristine 
ii) Current 
ii) Future 
 

 
 

Pathways were also generated for the current and future scenarios with all golf 
courses removed.  However, we found no difference between scenarios with golf 
courses and scenarios without golf courses.  This was likely because pathway start and 
end points determined the pathways such that the location of golf courses had very little 
affect on movement.  Fine-scale movement pathways with start and end adjacent to golf 
courses would probably yield very different results. 
 

Start and end points of each predictive pathway were designated so that the 
pathways would represent movement through the Bow Valley to adjoining valleys.  
Pathways were designated with start points at the western edge of the study area (East 
Gates of Banff National Park) and at Wind Valley and were given various end points in 
each of the following adjoining valleys: 

i) Cougar Creek 
ii) Spray Valley 
iii) Wind Valley 
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iv) Bow Valley Provincial Park 
v) Exshaw  

 
In all figures, the future scenario was omitted if it resulted in the same pathway 

as the current scenario.  
 
 
 

 
Figure 4 
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Figure 5 

Figures 4 and 5 outline cougar and wolf predicted pathways from the Banff East 
Gate to Cougar Creek, starting on the north side of the valley.  Results for cougar and 
wolf are similar, showing a slight displacement higher on the slopes of Lady MacDonald, 
located north of the Canmore townsite, in the current scenario.  This movement appears 
consistent spatially with the series of “benches” that occur lengthwise through the valley 
in this region.  Movements of wolves and cougar have been observed numerous times 
along these benches (authors, pers. obs.).  As noted previously, the future scenario is 
not displayed, as it resulted in the same pathway as the current scenario.  This result is 
expected because the future development footprint does not alter the northern regions 
of the Canmore-Bow Valley.  The future scenario only includes proposed development 
for the Three Sisters property, located in South Canmore.  
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Figure 6 
 

 
Figure 7 
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Figures 6 and 7 outline cougar and wolf predictive pathways from the Banff East 
Gate to Bow Valley Provincial Park, starting on the north side of the valley.  Cougar are 
displaced to higher elevations than wolves, which may be due to the lower response of 
wolves to reduced cover. 

Figure 6 shows an important least cost linkage across the Highway 1A and the 
Trans-Canada Highway, to the east of Wind Valley.  Cougar follow the higher slopes 
and cross the highways to the west of Gap Lake (off Highway 1A), crossing to the south 
and skirting the south side of Lac des Arc.  These crossings may be important sites for 
placing mitigation to ensure safe and unobstructed passage of cougars in the region. 

Figure 7 shows a similar movement for wolves across the valley and highways, 
except that the pathway crosses the 1A east of Gap Lake and crosses directly over Lac 
des Arc, most probably due to wolves reduced sensitivity to cover.  Sites where the 
pathways cross the highways indicate important potential sites for the placement of 
mitigation that enhances wolf movement in the region. 
 

 
Figure 8 
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Figure 9 
 

Figures 8 and 9 show cougar and wolf predictive pathways from the Banff East 
Gate to Wind Valley.  The wolf pristine pathway remains on the north side of the Bow 
Valley and travels along the valley bottom in a direct trajectory to Wind Valley.  Similarly 
the cougar pristine pathway follows the valley bottom, outlining the importance of the 
montane valley bottom for both wolf and cougar movements.  

Both wolf and cougar are displaced from the valley bottom between the pristine, 
current, and future scenarios.  Most evident is the avoidance of the Town of Canmore.  
In the case of wolves, the most striking shift is that of the pathway from the north to the 
south side of the Valley.  Once wolf and cougar pathways circumnavigate the townsite, 
they drop back down to the valley bottom to continue east in the current scenario.  In 
the future scenario, both wolf and cougar pathways remain at higher elevations and 
steeper slopes once around the Town of Canmore as they avoid future proposed 
developments on the Three Sisters property.  

While these results show predictive pathways, not all wildlife will use the putative 
travel routes.  The approach we used was deterministic, which means the model always 
provided a least cost solution.  However, by using more accurate metrics and identifying 
thresholds for wolves and cougars, pathways would end when thresholds were met.  
For example, the model could be used to create a barrier to movement when a cell’s 
value passed a threshold of 0.5 friction (e.g., indicating extreme energy expenditure or 
high security risk).  

The current and future pathways illustrate the importance of the south side of the 
valley as a movement corridor.  All pathways, excluding the wolf pristine, started on the 
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north side of the highway and immediately shifted to the south side of the valley.  This 
immediate shift to the south of the Trans-Canada might be due to the barriers involved 
in crossing the valley farther to the east (i.e., Cougar Creek housing development).  This 
is particularly evident in the wolf scenario as in the absence of human development, the 
wolf pathway parallels the north valley bottom.  This suggests that the developments 
around Cougar Creek have a substantial negative effect on landscape permeability for 
north-south movements.  Although wolves and cougars can access habitats above the 
housing developments in Cougar Creek and Eagle Terrace, they are constrained in their 
movements north and south across the valley in this region. 
 
 

 
Figure 10 
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Figure 11 
 

Figures 10 and 11 illustrate cougar and wolf predictive pathways from the Banff 
East Gate to Bow Valley Provincial Park, starting on the south side of the valley.  The 
cougar pathways indicate the importance of Skogan Pass, located south of Wind Valley, 
as a connection to eastern portions of the Bow Valley.  Historical studies showed the 
use of Skogan pass for wolf movement (Paquet 1993).  This has important implications 
for the Town of Canmore design, as proposed developments have the potential to 
compromise this important linkage.  The pristine and current pathways lie directly over 
proposed development sites.  

While starting on the south side of the valley, the wolf pathways immediately 
traverse to the north side of the valley and continue east with results similar to Figure 7.  
Figure 11 clearly demonstrates that to reduce the cost of movement, wolves are forced 
to cross the Trans-Canada highway and the 1A highway. 

The current scenario pathways are displaced to higher elevations, primarily due 
to the human disturbance and loss of cover associated with the Harvie Heights 
residential area and the Silver Tip residential expansion.  
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Figure 12 
 
 

 
Figure 13 
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Figure 12 and 13 show cougar and wolf predictive pathways from the Banff East 

Gate to Wind Valley starting on the south side of the valley.  Figures 8 and 10 show 
similar displacement for cougar in the current and future scenarios.  Figures 9 and 11 
are similar showing displacement for wolves in the current and future scenarios from the 
pristine pathways. 

These results highlight the importance of the montane valley bottom for wolf and 
cougar movements.  The current scenario clearly indicates pathways at lower 
elevations.  However, the future scenario, which includes proposed residential and 
commercial developments, shows a considerable lateral change to the pathways.  This 
displacement results in an elevational increase in the movement pathway, which will 
require greater energetic expenditure in movements by the species.  
 
 
 

 
Figure 14 
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Figure 15 
 

Figures 14 and 15 show cougar and wolf predictive pathways from Wind Valley 
to Bow Valley Provincial Park.  This effect is similar to that observed for cougar in 
Figure 9, and outlines the importance of Skogan Pass.   

Of particular interest is the change in pathways from the wolf pristine to the wolf 
current.  In the pristine environments, the wolf pathway traverses through the Bow 
Valley but in the current scenario the wolf pathway use Skogan Pass, similar to the 
cougar pathways.  This suggests that current developments in the Bow Valley increase 
the cost associated with traveling east-west through the Bow Valley.  In effect, the 
current development is a barrier to east-west movement because it blocks movement to 
the north from Wind Valley.  The increase in energetic expense to cross Skogan pass 
may have survival implications for individual wolves.  Moreover, substantially more 
travel is involved for wolves to move over Skogan Pass to Bow Valley Park and this 
displacement may have an impact on relative distribution of prey species that cannot be 
accessed by traditional (undisturbed) pathways.  Demonstrating the biological effect to 
carnivores, of such an increase or displacement in movement, is difficult without long-
term population data.  However, demographic effects have been observed for other 
species when movement is blocked or displaced by barriers, such as roads. 
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Figure 16 
 

 
Figure 17 
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Figures 16 and 17 illustrate cougar and wolf predictive pathways from Wind Valley to 
Cougar Creek.  Pristine pathways for wolves use the valley floor and access Wind 
Valley through the lower elevations.  In the current scenario, there is still access through 
the valley floor, however in future wolves access Cougar Creek from higher slopes as 
they cross the TCH farther to the east due to barriers from developments.  In all cases, 
wolves must cross the TCH and the 1A highways, although at different sites.  

The variability in highway crossing sites suggests that the most effective 
placement of crossing structures may change depending on the cumulative spatial 
effect of development.  Thus, a structure placed for pristine conditions may not be 
effective under the current or future development scenarios.  A large carnivore may be 
forced to use other sites to avoid back tracking or forward tracking to the proposed 
crossing structure.  These effects may go unnoticed without modeling projects such as 
this study, which consider the cumulative spatial effect of urban development.  These 
results indicate a need for multiple crossings or the creation of structures of larger 
spatial extent (i.e., elevated sections of highway) to accommodate future displacements 
that originate elsewhere in the landscape (i.e., because of development in another site 
far from the existing highway crossing site).  Spatial modeling can save time and money 
in planning, by pre-empting decisions that do not fully consider the spatial effects of 
future development. 
 

 
Figure 18 
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Figure 19 
 

Figures 18 and 19 show cougar and wolf predictive pathways from Wind Valley 
to Exshaw.  In both cases, there is a displacement out of the valley floor and around the 
Pigeon Mt. Development and Thunderstone Quarry, located at the north end of Wind 
Valley.  Thus, a lateral (elevational) displacement requiring greater energetics for 
movement.   

These results suggest potential sites for highway mitigation.  As with previous 
findings (Figures 12-18), the displacement from pristine in the crossing sites indicates 
the need for multiple or spatially extensive crossing sites (i.e., elevated sections).  The 
most effective crossing site under pristine or current may become inaccessible in 
different build-out scenarios, which reinforces the need for the spatially explicit decision 
support models. 
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CONCLUSIONS 
This exploratory project integrated multiple research findings from diverse 

scientific disciplines.  We developed and demonstrated an iterative and repeatable 
process for identifying wildlife corridors that combines ecological, sociological, and 
economic information and encourages interaction by scientists, land managers, urban 
planners, and developers.  The resulting GIS-based models can be revisited and rerun 
with varying inputs, updated with new information, and used to assess countless land-
planning scenarios.  In addition, the process we developed provides a systematic 
structure that can enhance planning by informing decision-makers about the possible 
outcomes of their choices. 
 Importantly, we have shown the usefulness of combining decision support, socio-
economic forecasting, and ecological modeling when considering effects of different 
development plans.  We demonstrated that efficient integration of policy, opinion, and 
science is best carried out using a GIS, as no other approach allows the handling and 
examination of alternative futures in a spatially explicit manner.  Such integrated 
modeling provides insight into the consequences of development plans for wildlife 
movement, allows for assessment of cumulative spatial effects under different 
scenarios, and helps maintain the return-on-investment for the implementation of 
crossing structures and wildlife corridors.  Moreover, it illuminates the complexities and 
inherent uncertainties that bedevil so many scientifically related public debates. 
 The movement pathways we derived from modeling are consistent with 
anecdotal evidence, and can be tested with data now being collected by researchers in 
the Canmore Bow River Valley.  We again stress that while predicted pathways define 
least cost routes, travel routes of individual wolves and cougars might differ.  
Individuality of mammalian species and variation in sensitivity to human disturbance and 
other landscape variables will ultimately determine use of corridors.  Nevertheless, the 
results of this modeling exercise outline probable movement patterns of wolves and 
cougars as they travel through the Bow Valley. 

Previous research demonstrated that slope, elevation, and aspect are dominant 
predictors of wolf and cougar presence in mountainous environments (Paquet et al. 
1996, Callaghan 2002).  Due to the coarseness of data (30m resolution) used in this 
study and the homogenous nature of topographic variables, we were not surprised to 
see wolf and cougar pristine pathways following valley bottoms.  As human 
developments continue in the montane, movement opportunities for wolves and cougars 
become compromised as indicated in numerous modeling iterations. 

The modeling techniques we employed can be used to identify areas where 
restoration efforts to enhance or restore wildlife movements should be focused.  Using 
improved digital data; predictive pathways could be defined at a very fine scale.  Models 
of the type we developed can also be used to address questions about optimal 
configuration of golf course fairways to enhance connectivity, and rehabilitation of 
corridors surrounding commercial, and residential areas. 

Finally, our results predict future structural and ecological changes to corridors in 
the Bow Valley.  These changes are associated with land development strategies 
overseen by the Municipality of Bighorn and town of Canmore, and might adversely 
affect wildlife movements locally and regionally.  In anticipation of unfavorable changes 
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to corridors, we conclude that modifications of current development plans are necessary 
to ensure the continued security of wildlife movement through the Valley.  We recognize 
that making unwelcome and potentially costly modifications now to avoid possible 
consequences in an uncertain future is a difficult proposition to sell to anyone.  Such 
decisions, however, are easier when informed by unbiased and convincing evidence as 
is provided by our models. 
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