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Abstract.—The status of the wolverine (Gulo gulo) in eastern Canada was designated as Endangered in 2003, 
due to a scarcity of recent, verified observations suggesting the species may have been extirpated from the 
region or persists in extremely low densities. We developed a habitat model to precede surveys planned for 
Québec and inform conservation planning. Reproductive habitat served as the focus of our modeling due to 
the far more stringent habitat requirements for spring denning as compared to foraging for this wide-
ranging species. The Monts Groulx and Monts Otish in southeastern Québec were selected for our study 
area as they were the most likely areas to provide high-quality habitat, consistent with widespread 
descriptions of subarctic wolverine habitat. Variables important to the selection of wolverine denning 
habitat, including those related to snow cover, the alpine-treeline ecotone, topographic ruggedness, and 
distance from human activity were developed as GIS datalayers at 30-m resolution and incorporated into a 
deductive, knowledge-based model. A summer snow persistence datalayer was also developed as a stand-
alone layer to serve as a proxy for summer rearing habitat. The habitat model suggests that the western 
massif of the Monts Groulx is the most suitable area for spring denning, and that the Monts Otish provides 
very little habitat largely due to minimal spring snow persistence. The summer snow persistence data layer 
highlights the significance of the eastern side of the area of highly-suitable habitat in the Monts Groulx. 
These results support survey efforts to potentially document an existing population, as well as land 
protection efforts to secure high-quality habitat for future use within the western massif of the Monts 
Groulx.

1. INTRODUCTION

1.1  Background

The wolverine (Gulo gulo) is a circumboreal mustelid occurring in North America, Europe, and Asia that is typically 

associated with arctic tundra, alpine tundra, and remote sub-alpine forests (Banci, 1994; Wilson, 1982). Range 

reductions during the 19th and 20th centuries have been noted throughout much of the geographic range of the 

wolverine (Banci et al., 1994; Fortin et al., 2005; Linden et al., 1994; Zhang et al., 2007). Extirpations and population 

declines within its current range have been attributed to habitat loss, diminished ungulate and wolf (Canis lupus) 

populations (influencing food availability), and accidental poisoning, as well as naturally low reproductive rates 

which make the species vulnerable to overharvesting (Banci et al., 1994; Fortin et al., 2005; Persson et al., 2006). 

Wolverine are of conservation concern throughout Canada, but are most imperiled in Québec and Labrador where 

the species is federally listed as endangered (COSEWIC, 2003). It is believed that wolverine in this region have either 

experienced dramatic population declines or have been extirpated, based on a lack of verified observations in Québec 

since 1978 and Labrador since the 1950s, and the failure to detect wolverine during aerial surveys in Labrador in 

2005 (Fortin et al., 2005; Slough, 2007). At the provincial level, Québec's status designation of Critically Imperiled is 

the direst designation for the species in all of the Canadian provinces (Fortin et al., 2005). However, the relative 

rarity of extensive alpine tundra, considered to be the core of sub-arctic high-quality wolverine habitat in western 

North America, suggests the possibility that records from Québec could have represented immigrants from western 

Canada or Ontario, where breeding populations currently exist, rather than individuals from a local population 

(Dawson et al., 2010; Krebs and Lewis, 2000; Lofroth et al., 2007). 
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Wolverine trapping bans initiated in the 1980s, as well as resurgent caribou (Rangifer tarandus) and wolf populations 

may have allowed an eastern Canadian wolverine population to persist or become re-established (Fortin et al., 2005). 

Data on the current status of wolverine in Québec, where concerted survey efforts have not yet been undertaken, are 

of great interest to natural resource managers for the development of recovery plans, including the protection of 

critical habitat. In many locations, wolverine habitat is threatened by logging and mining operations, development 

and maintenance of hydroelectric reservoirs, human encroachment, and fragmentation by transportation corridors 

(Krebs et al., 2004). Therefore, documentation of occupied wolverine habitat is much needed in order to protect 

existing populations, and knowledge of a breeding wolverine population, in particular, would play a key role in 

conservation planning in eastern Canada. To this end, a predictive habitat map would be particularly useful for 

focusing and prioritizing camera trap and aerial surveys. In addition, a better understanding of the distribution of 

high-quality suitable wolverine habitat in this region, where a population could potentially become re-established in 

the future could also inform land protection efforts, in the absence of a known population. 

1.2.  Habitat modeling 

 Species distribution modeling has become an increasingly practical and effective tool for conservation planning, 

allowing biologists to estimate or predict the spatial distribution of organisms. Species distribution models can be 

broadly classified into two main groups: inductive (or empirical) and deductive (knowledge-based/deterministic). 

Inductive models relate local species observations to a set of environmental conditions, and then extrapolate the 

relationships into space. Deductive models, on the other hand, develop those relationships through expert 

knowledge. The development of methods in inductive modeling has rapidly expanded in recent years with regard to 

popularity and quality of performance, and these models are considered to be a powerful tool for predicting 

distributions based on correlations between habitat variables and species locations (Miller, 2010). However, one of 

the limitations of inductive modeling is that reliable species observations are needed as inputs to the model. 

Therefore, deductive models are particularly useful to model rare species for which occurrence records may be scarce 

or nonexistent, or for species with low detectability (Ottaviani, 2004), or for species that have suffered regional 

extirpations prior to modern element-based data collection. Deductive models have been widely used in suitability 

analyses to create, for example, maps depicting the best locations for agricultural purposes and protected areas, as 

well as for species habitat suitability maps (Ceballos-Silva and Lopez-Blanco, 2003; MacDonald et al., 2010; Phua and 

Minowa, 2005; Wood and Dragicevic, 2007). 

Deductive species distribution models can take different forms, ranging from complex physiological models to 

simpler environmental envelope models. In the area of GIS, an envelope model can be represented as a fuzzy-sets 

multi-criteria evaluation (MCE) (Eastman et al., 1995). In this type of model, the relationship between the presence 

of the species and habitat variables is determined through published data and expert knowledge, and represented 

through a fuzzy function. Fuzzy set theory is applied so that the range of values in a continuous datalayer can be 

represented as a range of suitability values.  Suitability values are specified based on the species response to the 

gradient through rescaling and standardization to pixel values ranging from 0.0 to 1.0, making aggregation of the 

variables, (i.e., factors, in the context of fuzzy-set MCE) possible. Species responses to environmental variables can be 

expressed in different ways, with the most common general shapes used in MCE being symmetrical, monotonically 
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increasing, and monotonically decreasing (Eastman et al., 1995). Responses to variables can be further expressed by 

describing membership functions as linear, sigmoidal, or J-shaped. In addition to factors, which are generally 

continuous datalayers, variables can also be represented as constraints in the form of boolean maps where pixels are 

reclassified as either suitable (1.0) or not suitable (0.0). Therefore, factors indicate soft rules concerning relative 

suitability, and constraints indicate hard rules (suitable or not suitable). 

Following fuzzy set standardization, factors are assigned weights based on their relative importance to the 

distribution of the species, and a decision rule is used to aggregate the factors into a suitability map (Eastman et al., 

1995). Following factor aggregation, the constraints are applied. Constraints are not weighted and either maintain 

the suitability value derived from the factors for pixels where all constraints agree on suitability, or replace the 

suitability value with 0.0 at pixel locations where at least one constraint has a value of 0.0. The result is a map 

containing values ranging 0.0 to 1.0 for each pixel that indicates the degree of habitat suitability at that location, 

taking all of the selected environmental variables into account. 

1.3.  Wolverine ecology

In order to accurately describe and model wolverine habitat, we conducted an extensive literature search that yielded 

37 published articles and 14 grey literature publications from North America and Europe that reported data on 

habitat use, causes of mortality, feeding habits, foraging behavior, and home ranges within montane ecosystems. The 

results from our literature review indicated that wolverine reproductive habitat may serve as a more useful focus for 

habitat modeling efforts designed to guide field surveys because it is characterized by more narrow landscape 

requirements than those associated with year-round adult habitat. Wolverine reproductive habitat generally refers to 

winter/ spring denning locations, including natal dens where the kits are born in February and March, and maternal 

dens where the kits are protected until the weaning period in late April and May (Landa et al., 1998b; Magoun and 

Copeland, 1998; Persson et al., 2003). However, it may more broadly include dens used after weaning, known as 

rendezvous sites, where females leave weaned kits while foraging alone or mating in late spring and early summer 

(Magoun, 1985; Copeland, 1996). 

Female wolverine are known to re-use reproductive den sites (i.e., natal and maternal dens), in subsequent years, 

suggesting that adequate den sites may be a limited resource and that reported den site characteristics are essential 

for successful reproduction (Banci, 1994; Copeland, 1996; Lee and Niptanatiak, 1996; Magoun and Copeland, 1998). 

The literature suggests that the placement of reproductive dens is governed by several motivations of the female: 

thermal protection of kits, predator avoidance, food availability, avoidance of human activity, and proximity to 

summer rearing habitat. Female wolverine locations, in general, have also been positively associated with predator 

avoidance, food availability, and the avoidance of humans (Krebs et al., 2007). 

Wolverines are known to inhabitat areas with snow cover that persists throughout the entire denning period 

(February - May) (Aubry et al., 2007; Inman et al., 2007; Copeland and Yates, 2008; Copeland et al., 2010), and snow 

cover is also a consistent feature of described reproductive den sites. Dens are characterized as complex tunnels 

beneath deep, hard-packed snow, and are often associated with objects that provide structural support or additional 

security such as large rocks, boulder talus, and downed trees including avalanche debris (Copeland, 1996; Landa et 

al., 1998b; Copeland and Yates, 2008; Magoun and Copeland, 1998 and references therein; Inman et al., 2007). Deep 
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snow cover is thought to provide thermal protection from cold temperatures (Pulliainen, 1968; Bjärvall et al., 1978) 

as well as concealment from predators (Bjärvall et al., 1978; Persson et al., 2003). Rugged terrain has also been 

associated with den sites and may provide additional security from predators that are not adapted for steep slopes 

(Krebs et al., 2007; May et al., 2008a). Areas of rugged terrain may also be more likely to trap snowdrifts that provide 

sufficiently deep snow for denning than flatter terrain (Banci, 1994; Landa, 1998a; Magoun and Copeland, 1998 and 

references therein).  

Den sites were often associated with the treeline ecotone (Landa, 1998a; Inman et al., 2007; Copeland and Yates, 

2008; Mattsing, 2008). This association may be related to food availability since productivity is generally low in 

alpine environments and the treeline ecotone may provide a greater availability of food items (Weaver et al., 1996; 

May et al., 2010). The consequences of the relatively unproductive environment can be seen in the low reproductive 

output, low densities, and large home ranges of wolverine (Banci, 1990; Krebs and Lewis, 2000; Persson et al., 2006; 

Inman et al., 2007). Starvation has been documented as a cause of mortality in adult wolverines, and the availability 

of food in winter appears to limit reproduction (Krebs et al., 2004; Persson, 2005). Magoun (1987) found that no 

reproductive activity occurred after a winter with atypically low ungulate availability. During the winter months, 

wolverines are known to scavenge ungulate remains, which are thought to be a particularly important food source for 

reproducing females (Landa et al., 1997; Persson, 2003; Lofroth et al., 2007). However, rodents may also be an 

important to the winter diet of denning females. Landa et al. (1997) documented greater small rodent abundances 

near den sites and greater frequencies of rodent remains in scat collected from dens that had higher rates of kit 

survival (Landa et al., 1997). Depredating small mammals and birds may also be important to the rearing of kits 

(Magoun, 1987; Copeland, 1996; Landa et al., 1997). In general, adult wolverines have been observed hunting large 

and small rodents, shrews, birds, and eggs (Magoun, 1987; Persson, 2003; Lofroth et al., 2007), although females have 

been reported eating more small prey items than males (May et al., 2008a; van Dijk, 2008). Whitman et al. (1986) 

speculated that adult wolverines were observed spending more time above treeline in summer than in winter due to 

the availability of small mammals and birds at higher elevations.

Wolverines appear to be sensitive to the presence of humans, generally avoiding areas near human infrastructure or 

activity (May et al., 2006). Low road densities have been associated with high-quality wolverine habitat (Carroll et al., 

2001; Rowland et al., 2003; May et al., 2006; Copeland et al., 2007). Krebs et al. (2007) found that adult females were 

positively associated with roadless areas and negatively associated with winter recreation activity areas. May (2009) 

found that the re-use of dens was higher when sites were farther away from roads. While trails do not appear to 

negatively influence adult wolverine locations (Copeland et al., 2007), reproductive females may experience 

heightened sensitivity to human disturbances during the denning period thus influencing den placement farther 

away from developed areas, active logging, roads, railways, trails, and recreational facilities (Myrberget, 1968; Weaver 

et al., 1996; Heinemeyer, 2001).

With regard to suitable land cover types, den sites have been located in alpine heath, birch woodland, conifer forest, 

peat bogs, alpine cirques, subalpine cirque basins, and bare rock areas (Copeland, 1996; Landa, 1998a; Magoun and 

Copeland, 1998 and references therein; Krebs and Lewis, 2000; Mattsing, 2008; May et al., 2008a). Sparse forest has 

been specifically mentioned as the surrounding habitat in den site descriptions (Edelmann and Copeland, 1999; 
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Copeland and Yates, 2008). In addition to den sites, adult wolverine locations in general have also been documented 

within alpine heath and forest (May et al., 2006), Hornocker and Hash (1981) noted that most locations were in low 

and medium density forest, with dense forest as well as burned areas largely avoided by adults. 

The location of summer rearing habitat may also influence the placement of reproductive dens. Rearing habitat 

selection is influenced by the availability of food caching locations, rendezvous sites, and food items. Snowfields 

remaining in the summer months provide food caching locations and may also provide habitat for rendezvous sites 

(Magoun, 1985; Bevanger, 1992). Wolverines have also been observed using summer food caches in cold tundra, 

swamps, and cool locations under boulder talus (Bevanger, 1992; Magoun and Copeland,1998). Similar to 

reproductive dens, rendezvous sites have been found near treeline (Copeland, 2006; Inman et al., 2007). Females have 

been observed foraging within the alpine-treeline ecotone in the summer (May et al., 2008a).  

1.4.  Research objectives

The Monts Groulx and Monts Otish in central Québec have been selected as the focus of our habitat modeling. These 

mountain ranges encompass two of the largest areas of low-latitude, alpine tundra in the province, as well as in 

eastern North America, which was identified by the Canadian Wolverine Recovery Team (Eastern Population) as a 

habitat type most likely to provide high-quality denning habitat (Fortin et al., 2005). These two ranges contain 

substantial amounts of alpine tundra surrounded by mature forest and are isolated from densely populated urban 

centers by several hundred kilometers.  

The objectives of this research are to identify the most important habitat variables influencing wolverine den site 

selection through a comprehensive literature review, develop GIS data layers to represent these variables, create a 

continuous suitability map for reproductive habitat within the Monts Groulx and Monts Otish from a deductive 

model, and identify areas with the greatest densities of high-quality habitat within the study area. 

2.  Study Area

The analysis was conducted within two mountain ranges in the Manicouagan Region of Quebéc Province in Canada - 

the Monts Otish and Monts Groulx (Figures 1-3), lying within or immediately adjacent to the Grenville geologic 

province of the Canadian Shield. The Monts Groulx and Monts Otish are approximately 200 km apart and lie to the 

east and northwest of the Manicouagan Reservoir, respectively. They are remotely positioned at latitudes N51o - 

N52o, with the more southerly Monts Groulx located approximately 725 km north of Quebéc City and 325 km north 

of the nearest large town, Baie-Comeau. The tallest peaks of the Monts Groulx and Monts Otish are at 1104 m a.s.l. 

(Mont Veyrier) and 1135 m a.s.l. (Mont Yapeitso), respectively.                  

The western portion of the Monts Groulx is accessible by automobile via the Québec-Labrador Highway (Route 389), 

and some recreation does occur in its western range including hiking, backcountry skiing, and snowmobiling 

(Gouvernement du Québec, 2009). The Québec-Cartier Railway, a non-passenger iron train, bisects the eastern 

portion of the massif. Approximately 90,000 km2 of boreal forest was lost to logging directly south of the Monts 

Groulx from 1984 - 2009 (Johnson and Rogan, 2012). In 2003, a 1,157 km2 portion of its western range was 
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d e s i g n at e d a s t h e Mo nt s G ro u l x 

Biodiversity Preserve, where industrial 

activities are provisionally prohibited. 

Alpine heath, wetlands, and lichen-

dominated tundra lies above treeline, 

where alpine vegetation communities mix 

with park-like white spruce (Picea glauca), a 

transition zone referred to as the alpine-

treeline ecotone (ATE) (Cogbill and 

White, 1991). The sub-alpine forest is 

dominated by black spruce (Picea mariana), 

balsam fir (Abies balsamea), white spruce, 

white birch (Betula papyrifera), and 

trembling aspen (Populus tremuloides) 

(Gouvernement du Québec, 2009). 

The Monts Otish are apparently more isolated from human activity than the Monts Groulx, and are not accessible by 

road. However, the presence of extensive areas with land cover types classified as exposed land, bryoids, or shrub at 

lower elevations than the usual elevation at which treeline occurs suggests that there are several, large recovering 

burns near the Monts Otish (Figure 3)(Guillaume de Lafontaine, pers. comm.). The higher mountains north and west 

of Mont Yapeitso have been proposed for protected status as part of the Parc national Albanel-Témiscamie-Otish 
(Gouvernement du Québec, 2005). The boreal, subalpine, and alpine vegetation of the Monts Otish is similar to that 

of the Monts Groulx, although the alpine-treeline ecotone apparently occurs at slightly lower elevations (Gillett, 

1954; de Lafontaine and Payette, 2010).

3.  Data and Methods

3.1.  Data

Six datasets (land cover, optical satellite remotely 

sensed data, topography, roads, railroads and 

trails) were acquired for the development of 

factors and constraints (Table 1). All data layers 

were projected in WGS 84/UTM zone 19N and 

resampled to 30 m resolution using the nearest 

neighbor method. IDRISI Selva was used for 

data preparation and analysis unless otherwise 

noted (Eastman, 2012).

3.2.  Factor development
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Fig. 1. Location of the Monts Otish and Monts Groulx in Québec, Canada. 
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We developed GIS datalayers to represent the 

following elements to map suitable wolverine 

reproductive habitat based on our literature 

review: spring and summer snow cover, the 

alpine-treeline ecotone, topographic ruggedness, 

distance from transportation corridors and trails, 

and suitable land cover.  

  3.2.1.  Spring snow persistence

 Landsat-5 Thematic Mapper (TM) images from late May through early June were selected to indicate 

locations where snow was likely to be sufficiently deep for denning earlier in the year. Three dates for two scenes 

(each mountain range was located in a different scene) ranging 22 May - 3 June from years 1986, 2005, and 2007 were 

obtained (Table 2). The dates for the two scenes within a given year are within two days of one another. These dates 

extend beyond the denning period because using imagery acquired earlier in the year would have made it impossible 

to discriminate between variable snow depths. We assume that locations where snow is abundant 2-4 weeks after 

weaning, would have been deep enough to provide suitable habitat throughout the denning period. In addition, if we 

had selected dates coinciding with the end of the denning period, it would have been more likely that snow presence 

could have been the result of freshly fallen snow rather than snow persistence. 

Each Landsat image was corrected to minimize the effects of the atmosphere and converted from at-satellite 

radiances to at-satellite reflectance values with the Chavez Cos(t) model (Chavez, 1996). Following image pre-

processing, snow was identified using a normalized difference snow index (NDSI) (Dozier, 1989). NDSI takes 

advantage of the differential reflectance of snow in the green (TM band 2) and mid-infrared (TM band 5) portions of 

the electromagnetic spectrum, to identify snow-covered areas. While snow strongly reflects in the green wavelengths, 

it is strongly absorbing in the mid-infrared. The NDSI can therefore be calculated as:

    NDSI = TMband2 - TMband5    , 

                                                                TMband2 + TMband5

where values range from -1.0 to +1.0 with those ranging -1.0 to 0.1 indicating the complete absence of snow, and 

values greater than 0.1 indicating the presence of snow with increasing coverage as 1.0 is approached. The NDSI can 

differentiate between snow and other objects with similar reflectance properties such as clouds, light soils, and rock. 

In general, band ratio indices are also able to minimize the effects of topography on the detection of vegetation or 

snow because the influence of topography on each band is similar and therefore the ratio cancels out the noise caused 

by differential solar illumination (Matsushita et al., 2007, Negi et al., 2009). 

Pixels with NSDI values ≥ 0.4 were mapped as snow, as these values indicate areas where snow covers at least 50% of 

the instantaneous field of view (IFOV) (Dozier, 1989). Since vegetation absorbs more visible radiation than non-

vegetated surfaces, mixed pixels of snow and vegetation may have lower NSDI values. Because of this, the threshold 

to identify snow was lowered in areas where substantial amounts of green vegetation were also present. Green 

vegetation was identified through the use of the normalized difference vegetation index (NDVI) that uses red 
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Table 2. Landsat TM imagery used to derive spring snow persistence datalayers for 
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wavelengths (TM band 3) and near-

infrared wavelengths (TM band 4) 

(Rouse et al., 1974). Chlorophyll, the 

green pigment in vegetation, strongly 

absorbs in the red portion of the 

electromagnetic spectrum, while strongly 

reflecting near-infrared wavelengths. 

NDVI is calculated as:

           NDVI = TMband3 - TMband4 ,     

                  TMband3 + TMband4

where values range from -1.0 to +1.0 with 

those ranging -1.0 to 0.1 indicating the 

complete absence of vegetation, and 

values greater than 0.1 indicating the 

presence of vegetation with increasing 

biomass as 1.0 is approached. NDVI was 

used to identify pixels where vegetation 

was abundant enough to reduce NDSI 

values to values < 0.4.  Therefore, pixels 

with 0.1 < NDSI > 0.4 and NDVI ≥ 0.25 

were also mapped as snow (Hall et al., 

1998; Klein et al., 1998). A final datalayer 

representing spring snow persistence was 

created by summing the above generated 

snow layers for the three years for each 

scene, assigning the number of years that 

snow was present (0-3) to each pixel, and 

mosaicing the snow datalayers for each 

mountain range into a single image. The 

Spring Snow Persistence factor was 

standardized so that 0 years indicates no 

suitability and suitability increases 

linearly until 3 years was reached, 

indicating maximum suitability. 
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Fig. 2. Land cover map of the Monts Groulx, Québec, Canada. 
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 3.2.2.  Optimal alpine-treeline ecotone

 Another important variable for denning is proximity to the ATE; however, we sought to develop a factor 

that also incorporated the quantity of adjacent, suitable habitat. The rationale behind an Optimal Alpine-Treeline 

Ecotone factor is based on our hypothesis that the ATE may serve several functions related to food, den site 

structure, and predator avoidance. Placement of dens within or near an ecotone may be important for females 

needing to acquire adequate nutrition to support lactation and provide food for kits just after weaning. The ecotone 

itself may contain a relatively high density and diversity of small rodents as supported in previous studies (Rickart, 

2001; Sekgororoane and Dilworth, 1995), although this has not been substantiated specifically for the ATE.  Since a 

reproductive den site likely serves as a central place for foraging where areas near the den are foraged more intensely 

(May et al., 2010), the ATE may provide access to a wider variety of food resources in this relatively unproductive 

environment, due to its adjacency to both forest and tundra ecosystems. In this regard, the ATE would serve as a 

proximal location to food items available in forested habitats (i.e., ungulate remains and calves, small rodents, and 

hares), as well as alpine birds (e.g., willow ptarmigan, Lagopus lagopus) and mammals (e.g., rock vole, Microtus 
chrotorrhinus ) in the spring and summer. 

In addition to food resources, the ATE may provide structural support for dens (i.e., downed trees) while still 

occurring at high enough elevations to minimize the risk of predation by heterospecifics (May et al., 2008b; van Dijk 

et al., 2008), although logs are not essential for denning as boulder talus is also commonly mentioned as a component 

of den sites. An Optimal Treeline Ecotone factor was developed from the aggregation of three datalayers, referred to 

herein as components - Proximity to Alpine-Treeline Ecotone, 1:1 Tundra-to-Forest Ratio, and Median Forest 

Density. These factor components were developed from the land cover and elevation datasets, and then standardized 

and aggregated similarly to the development of the factors.  

For the Proximity to Alpine-Treeline Ecotone component, two boolean images were created representing forest and 

alpine tundra. Forested and non-forested cover classes suitable for wolverine denning were selected from the land 

cover data (c. 2000 and containing 14 cover classes) to map treeline (Tables 1 and 3). Bryoids, shrub, and rock were 

chosen to represent alpine tundra, a class that was not explicitly represented in the land cover data. Therefore, areas 

containing bryoids, shrub, or rock above elevations of 775 and 875 m a.s.l. for the Monts Otish and Monts Groulx, 

respectively, were mapped as tundra. The approximations of typical elevation at treeline for each mountain range 

were based on a visual inspection of the land cover and elevation datasets. The area of each contiguous patch of forest 

pixels was calculated and small patches (< 0.5 km2) were deleted to eliminate small forest patches above treeline. 

Likewise, small tundra patches (< 0.02 km2) were eliminated so that small patches of shrub, bryoid, or rock patches 

did not confuse the identification of treeline. Each image was filtered with a 3x3-pixel kernel and the maximum 

kernel number was assigned to all pixels in the kernel. Through this procedure, the boundaries of all forest and 

tundra patches were extended by 1 or 2 pixels. Overlapping pixels from the two images were then selected to 

represent treeline and then the Euclidean distance to treeline was calculated. The Distance to Alpine-Treeline 

Ecotone component was then standardized so that ≤ 90 m indicates maximum suitability (1.0) and suitability 

decreases linearly until 2km, so that values > 2km indicate no suitability. Since mapped treeline ranged 1-2 pixels in 
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width (30-60 m) and maximum suitability was extended another 90 m, a 210 to 240 m wide zone essentially 

represented the ATE.

Based on our assumption that locations near an equal areal amount of suitable forest and tundra habitats are optimal 

for denning, a 1:1 Tundra-to-Forest Ratio component was also developed. Open/sparse forest density and alpine 

tundra density within 5 km of each pixel location were calculated from each boolean image using ArcGIS10. A 5-km 

search neighborhood was chosen based on reported home range sizes for lactating females ranging 76 - 105 km2 

(Hornocker and Hash, 1981; Whitman, 1986; Banci and Harestad, 1990). Then, the ratio of tundra-to-forest and the 

ratio of forest-to-tundra were calculated and summed to form a single image where a value of 2.0 represented 

locations with equal amounts of adjacent forest and tundra. The Tundra-to-Forest Ratio component was then 

standardized so that a value of 2.0 (i.e., a 1:1 ratio) indicates maximum suitability, values ≥ 2.5 (i.e., 1:2 ratio or 

lower) indicates no suitability, and suitability decreases linearly from 2.0 to 2.5. 

Within the study area, low tundra densities generally coincided with high open/sparse forest densities and pixels 

with these characteristics receive low suitability values. However, one caveat of the 1:1 Tundra-to-Forest Ratio 

component is that some locations with low tundra densities coincide with low forest densities due to the presence of 

large areas of water or other unsuitable land cover classes. In these cases, pixels receive high suitability values, even 

though both tundra and open/sparse forest are present in low densities. To correct for this, the open/sparse forest 

density datalayer created earlier was standardized symmetrically so that when open/sparse forest occupies 50% of the 

total area within 5 km (i.e., 555 km2), maximum suitability is indicated, and greater and lower forest densities 

decrease in suitability linearly until forest occupies 33% of the surrounding area to create a Median Forest Density 

component. This standardization is consistent with the 1:1 Tundra-to-Forest Ratio component where 33% forest is 

equivalent to a 2:1 tundra-to-forest ratio and deemed unsuitable. Therefore, forest density values < 183 km2 and > 

928 km2 were assigned a suitability value of 0.0. 

After all three components were generated, the Optimal Treeline Ecotone factor was developed using the minimum 

aggregation rule. Through the minimum operator, Optimal Treeline Ecotone suitability values could only be 

relatively high if suitability scores across all three factor components were high. In other words, pixel locations must 

be relatively close to treeline and have relatively high tundra and forest densities nearby, with densities being 

comparable. Therefore, locations close to treeline with a disproportionate amount of alpine tundra and open/sparse 

forest, or locations with an equal amount of tundra and open/sparse forest, but low tundra densities both receive 

relatively low suitability scores. In order to achieve a high suitability score, the resulting datalayer with values ranging 

0 - 0.97 was linearly re-scaled to develop the final Optimal Treeline Ecotone factor for wolverine habitat suitability 

modeling. 

 3.2.3.  Topographic ruggedness

 A topographic ruggedness factor was developed since rugged terrain has been reported as a component of 

denning habitat. A topographic ruggedness index (TRI) was calculated to represent the mean elevation change 

between a pixel and its eight neighboring pixels throughout the image (Riley et al., 1999):

TRI =  , 
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where the FS equals the focal sum of the center 

pixel and its eight surrounding pixels and ELEV (m 

a.s.l.) is the elevation at each pixel.  This datalayer 

was only weakly correlated with slope (r=0.13), 

and therefore provides additional information 

about the terrain by accounting for lateral changes 

in elevation. The Topographic Ruggedness factor 

was standardized linearly so that 0.0 indicates no 

suitability and values ≥ 100 indicate maximum 

suitability. A maximum suitability value of 100 was 

selected even though the maximum TRI value 

within the study area was 180, since there were few 

TRI values greater than 100. 

 3.2.4.  Distance from transportation corridors

 A factor representing distance from 

transportation corridors was developed since high-

quality wolverine habitat typically contains low 

road densities and denning females are likely to be 

especially sensitive to any disturbances or 

perceived threats to kits. Vector data for roads and 

railways were merged and rasterized, and the 

Euclidean distance to a transportation corridor 

was calculated. The distance to transportation 

corridor datalayer was standardized so that values 

≤ 1 km indicate no suitability, suitability 

increasing linearly until 5 km is reached, and 

values ≥ 5 km indicate maximum suitability. These 

values reflect our best estimates of the distance 

from transportation corridors that would 

experience high-level disturbances (< 1 km), and 

diminishing levels of disturbance (1-5 km). 

 3.2.5.  Distance from recreational trails

 Similar to the Distance to Transportation 

Corridors factor, a factor representing distance 

from recreational trails was developed to indicate locations less suitable for denning due to close proximity to hiking 

and camping activities as well as snowmobiling. Vector data for recreational trails was rasterized and the Euclidean 

distance to trails was calculated. The distance to trails datalayer was standardized so that 0 km indicates no 
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suitability, with suitability increasing linearly until 5 km is reached so that values ≥ 5 km indicate maximum 

suitability. Since the frequency of recreational activities in the Monts Groulx is likely to be fairly low, only the trail 

itself is unsuitable for denning and suitability increases immediately as distance from the trails increases. 

A summary of all factors and how they were developed is provided in Table 3. 

3.3.  Constraint development

 3.3.1.  Land cover

 Land cover vector data was rasterized at 30-m resolution and reclassed into a boolean image where all 

suitable land cover types were assigned a value of 1.0 and unsuitable cover types were assigned a value of zero (Table 

4). This datalayer constitutes a constraint since pixels in the final suitability map with unsuitable cover types are 

assigned a value of zero, regardless of the 

suitability values in the other datalayers. 

 3.3.2.  Spring snow persistence

 The spring snow datalayer was used to 

produce a constraint image used in the analysis, so 

that pixels with no snow in all three years are 

assigned a value of zero in the final suitability map, 

regardless of the suitability values in the other 

datalayers. 

3.4.  Summer snow" eld mapping

We developed a datalayer for summer snowfields to provide some information about likely rearing habitats. 

However, we are unsure of the importance of snow to food caching and rendezvous sites since these have been 

reported for wolverine at locations without snow cover, and so we did not include this datalayer in the primary 

analysis. Rather, we created a stand-alone datalayer that be used additionally, if desired. One Landsat-5 TM image 

for each scene was obtained as these were the only available images within the desired time frame without significant 

cloud cover. The images used for summer snowfield mapping were acquired 1 July 1994 for the Monts Groulx and 8 

July 2009 for the Monts Otish. Summer snowfields were mapped using the NDSI, similar to spring snow cover, but 

with a lower threshold (NDSI ≥ 0.01), since snowfields present in July are inherently patchy and snow is likely to be 

mixed with green vegetation in most pixels. This allowed for the detection of almost all snow, regardless of the 

proportion of the pixel it occupies, and adequately represents locations where snow cover generally persists into the 

summer within the study area. 

3.5.  Datalayer aggregation 

The Analytical Hierarchy Process (AHP) was used to derive factor weights (Saaty, 1977). This method facilitates the 

development of weights by presenting a pairwise comparison matrix allowing the user to determine the relative 

importance of two variables at a time, and using the principal eigenvector from the matrix to calculate weights that 

add up to 1.0 (Saaty, 1977; Eastman et al., 1995). Three researchers completed independent AHP matrices based on 
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Table 5. Five factors and their corresponding weights developed by three individual 
researchers whose average values were used to create a suitability map of wolverine 
denning habitat. 
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their interpretation of the environmental 

conditions most suitable for denning described in 

the literature (Table 5), and the calculated weights 

were used to develop separate suitability maps that 

were then averaged together for the final suitability 

map.  

Two analyses were conducted using the same set of 

factor weights, but d ifferent aggregat ion 

procedures to allow for varying levels of risk and 

factor trade-off (Figure 4). Two possible 

aggregation methods for decision-making in a raster GIS are weighted linear combination (WLC) and ordered 

weighted averaging (OWA) (Yager, 1988).  As the name implies, WLC multiplies each factor image by its specified 

weight and sums the products of all weighted factors to calculate a final suitability image. Through WLC, risk is 

moderate and full tradeoff between factors can occur, where a low score on one variable can be compensated by a 

high score on another, and the approach results in a variable amount of tradeoff throughout the map depending on 

the particular combination of factor scores and weights. In this context, "risk" refers to the chance of designating a 

location in an image as suitable when it is not suitable. A risk-taking strategy would result in high suitability scores 

where only one factor was highly suitable, for example. OWA provides more options for the user to designate the 

desired levels of risk and trade-off though an additional set of user-defined weights: the ordered weights. Instead of 

being applied to the factors, the ordered weights are applied to the rank order of the factor value of each pixel, where 

the factor with the lowest suitability value is assigned the first ordered weight, the next lowest suitability values is 

assigned the second ordered weight, and so on. Therefore the number of ordered weights range from 1 to n where n is 

the number of factors in the analysis, and where the first ordered weight is assigned to the factor with the lowest 

suitability score at the pixel being analyzed, and ordered weight n is applied to the factor with the highest suitability 

score for the pixel. The highest level of tradeoff is achieved when ordered weights are evenly distributed (where each 

ordered weight has the same value), and this result would be equivalent to a WLC. 

Two different aggregations were evaluated in this study, Analysis 1 and Analysis 2. In Analysis 1, four factors - 

Optimal Alpine-Treeline Ecotone, Topographic Ruggedness, Distance to Transportation Corridors, and Distance to 

Recreational Trails - were aggregated using WLC. Then the result of that evaluation was aggregated with the Spring 

Snow Persistence factor through OWA with the values of 0.7 and 0.3 assigned to the first and second ordered 

weights, respectively. In this analysis, complete trade-off is allowed among the first four factors, and then tradeoff is 

limited between these factors and Spring Snow Persistence. Risk is minimized in the second step by giving more 

weight to the lower ordered weight. By separating out Spring Snow Persistence, the amount of trade-off between this 

factor and the other factors was minimized since snow is a crucial component of den sites and should not be 

compensated by a high ruggedness value, for example. The Land Cover and Spring Snow Persistence constraints were 

then applied.  
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Fig. 4. A diagram of the range of possible combinations of trade-off and risk 
available from ordered weighted average (OWA) methods, and where Analysis 1, 
Analysis 2, and weighted linear combination (WLC) fall within this range. 
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Fig. 5. Factor images representing spring snow persistence for the A) Monts Groulx and B) Monts Otish in Québec, Canada.
!
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Fig. 6. Factor images representing optimal alpine-treeline ecotone for the A) Monts Groulx and B) Monts Otish in Québec, Canada.
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Fig. 7. Factor images representing topographic ruggedness for the A) Monts Groulx and B) Monts Otish in Québec, Canada.
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Fig. 8. Factor images representing A) distance from transportation corridors and B) distance from recreational trails for the Monts Groulx, Québec, 
Canada.
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In Analysis 2, the same four factors were aggregated using OWA, 

with ordered weights 1, 2, 3, and 4 assigned values of 0.4, 0.3, 0.2, 

and 0.1, respectively.  Then the result of that evaluation was 

aggregated with Spring Snow Persistence with OWA with 

ordered weights 1 and 2 assigned values of 1.0 and 0.0, 

respectively. In contrast to Analysis 1, trade-off among the first 

four factors and risk were minimized in Analysis 2. In addition, a 

risk-averse strategy was taken when aggregating the first four 

factors with Spring Snow Persistence since a location would only 

receive a high suitability score in the final image if the suitability 

scores in both images were high. The Land Cover and Spring 

Snow Persistence constraints were then applied.  

3.6.  Density mapping

Kernel densities were calculated in order to better visualize areas 

with relatively high habitat suitability and to generalize areas 

with high densities of summer snowfields. Densities with a search 

neighborhood of 2 km were calculated from the habitat 

suitability maps and from the summer snowfield datalayer in 

ArcGIS10.  To calculate kernel densities from suitability values, 

each suitability raster image was vectorized so that each pixel was 

represented by a point, maintaining the suitability value as an 

attribute. A quadratic kernel function was then applied to each 

point to create a smoothly tapered surface (Silverman, 1986). The 

overall volume of each surface was equivalent to the 

corresponding suitability value with the surface value highest at 

the point and tapering off to zero as the edge of the search 

neighborhood is approached. The density value for each pixel in 

the final image was calculated by summing the overlapping kernel 

surfaces throughout the image. For the summer snowfield 

datalayer, kernel densities were calculated similarly except the 

attribute values throughout the image were either 0.0 (no snow) 

or 1.0 (snow), rather than a range of suitability values (0.0 - 1.0). 

RESULTS

The results of our mapping efforts show that both the Monts 

Groulx and Monts Otish contain areas of high suitability for 

wolverine denning in all environmental variables that we have 
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Fig. 9. Wolverine reproductive habitat suitability maps for the A) 
Monts Groulx and B) Monts Otish in Québec, Canada from 
Analysis 1.  
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Fig. 10. Wolverine reproductive habitat suitability maps for the A) 
Monts Groulx and B) Monts Otish in Québec, Canada from 
Analysis 2.  

!

!"#$%&'()*'' +,-.&%"/&'%&0%,1$23".&'456"353'7$"356"-"38'9507':,%'34&'(;'<,/37'=%,$->'5/1'?;'

<,/37'@3"74'"/' A$B6&2 C'D5/515':%,9'E/5-87"7'F* '

Johnson et al. — Predicting Core Habitat for Wolverine in Québec



deemed important to wolverine reproduction. 

However, the Monts Groulx contains substantially 

greater amounts across all of the variables (shown 

as factors, Figures 5-8) with the exception of 

distances to transportation corridors and trails 

since these are both absent from the Monts Otish 

landscape. The Monts Groulx is also superior in 

terms of overall habitat suitability (Figures 9 and 

10). Quantified habitat parameters measured from 

various datalayers used to develop the factors also 

show striking differences in the amount of 

desirable characteristics that the two mountain ranges contain (Table 6). It appears as though the far greater 

persistent spring snow coverage (15:1) and areas of highly rugged terrain (7:1) are the most significant contributors 

leading to the mapping of more highly suitable habitat in the Monts Groulx (3:1, Analysis 1; 5:1, Analysis 2).

Kernel density mapping further illustrates the marked differences in suitable denning habitat between the two 

mountain ranges (Figures 11 and 12). The western massif of the Monts Groulx clearly contains the highest densities 

of suitable habitat. No areas were mapped as summer snowfields in the image for the Monts Otish, and so kernel 

densities of summer snowfields were only applied to the Monts Groulx (Figures 13 and 14). Similar to the highest 

densities of suitable denning habitat, the greatest densities of summer snowfields also occur within the western 

massif. 

5.  DISCUSSION

Due to the presence of suitable habitat for denning, both mountain ranges could support breeding wolverines, 

although the amount of habitat in the Monts Otish is relatively limited. The Monts Groulx massif is far more likely to 

attract breeding females, as well as males looking for mates in the summer, and is therefore more likely to contain a 

higher density of individuals. While we do not know how the quality of these sites compares with wolverine 

reproductive habitat in other parts of the range, especially with regard to ruggedness, portions of the study area do 

appear to be highly suitable, primarily due to presence of the most important requirement for denning, extensive 

spring snow cover. 

Both analyses provide the same general results, although Analysis 2 emphasizes the western massif of the Monts 

Groulx as offering the highest densities of suitable denning habitat, with very little area occupied by density values 

greater than 0.67 (top 20%) found elsewhere in the study area. Reducing the levels of risk and trade-off in Analysis 2 

was a more conservative approach and resulted in a more refined map that better highlights the best habitat. 

However, Analysis 1 is also useful in that it shows that even with a more risk-taking approach, the western massif of 

the Monts Groulx still appears to contain substantially more high-quality habitat than any other portion of the study 

area. Conveniently for camera trap surveys, the western massif is the most accessible portion of the study area due to 

the Québec-Labrador Highway which lies directly west of the range, with recreational trails that extend 1-2 km above 
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Table 6. A comparison of habitat parameters important to wolverine den site 
selection and suitable habitat in the Monts Groulx and Monts Otish. 
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Fig. 11. Kernel density maps of wolverine reproductive habitat suitability values for the A) Monts Groulx and B) Monts Otish in Québec, Canada from 
Analysis 1 with density values classified into equal intervals. 
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Fig. 12. Kernel density maps of wolverine reproductive habitat suitability values for the A) Monts Groulx and B) Monts Otish in Québec, Canada from 
Analysis 2 with density values classified into equal intervals. 
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Fig. 13. Kernel density map of summer snowfields for the Monts Groulx, Québec, Canada with density values classified into equal intervals. 

Fig. 14. Kernel density map of wolverine reproductive habitat suitability values for the Monts Groulx, Québec, Canada (shown in Fig. 12), overlaid with 
kernel densities of summer snowfields (shades of blue) greater than 0.5. 
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treeline. 

Additionally, the summer snowfield datalayer helped to further refine the model in that within the western massif, 

there are a few small areas that contain persistent summer snow, used here as a proxy for rearing habitat, with the 

largest portion located towards the eastern side of the most suitable wolverine habitat in western Monts Groulx. 

High-quality denning habitat that coincides with or is adjacent to these high densities of summer snow may 

experience the most wolverine traffic, and would serve as an excellent focus for survey efforts.  Incorporating the 

summer snowfield data was useful because the high density area in the eastern portion of the western massif is 22 km 

from the road and 16 km from the nearest trail, and might have otherwise been overlooked for surveys since the 

western portion of the massifalso contains high densities for suitable breeding habitat and is more accessible.  

While this study did not investigate whether or not the Monts Groulx contains enough breeding habitat to sustain a 

viable wolverine population, Québec may contain some reproductive habitat that is only partially montane. Unlike 

breeding populations in most of subarctic Canada, there is a known population of wolverine in Ontario that dens 

within lowland boreal forest (Dawson, 2010). If there are lower elevations serving as breeding habitat for wolverine to 

compensate for the low availability of alpine environments in the region, it seems likely that the Monts Groulx 

provides the highest-quality reproductive habitat, where breeding would be most successful and den site densities are 

highest. Our results indicate that the Monts Groulx could serve as core reproductive habitat in lower-latitude Quebec 

and the western massif is the most likely place to encounter wolverine. If a breeding population does exist there or 

even if wolverine are currently extirpated from Québec, the western massif of the Monts Groulx should be a priority 

for conservation planning, since it is only provisionally protected from development and at the very least contains 

habitat suitable for wolverine denning where immigrants from the west could re-establish a local population.

Acknowledgments.— Clark Labs in Worcester, Massachusetts USA provided computer resources and software support to this 
project. Dominic Boisjoly (MDDEP) and Isabelle Thibault (MRNF) provided thoughtful feedback throughout this process and 
provided the authors with permits to conduct complementary field studies in the Monts Groulx region. Sophie Galais 
(NatureQuébec) provided helpful feedback and ideas. Jean-Philippe Messier and Marie-Pierre Clavette (RMBMU) provided 
helpful insights throughout the process. Michel Denis provided logistical support in the Monts Groulx. This report is part of a 
larger effort to understand the distribution and ecology of wolverine in eastern Canada led by Beyond Ktaadn. We are thankful for 
the fiscal oversight and logistic support of the Walden Woods Project in Concord, Massachusetts.

Recommended citation: Johnson, L.M., L.L. Willey, M.T. Jones, and F. Sangermano. 2012. Predicting Core Reproductive Habitat 
for Wolverine (Gulo gulo) in Québec, Canada Using a GIS-Based Deductive Modeling Approach. Technical report published by 
Beyond Ktaadn, Inc.; New Salem, Massachusetts USA. 28 pp. Available at: http://beyondktaadn.org/ktaadn/
johnson_et_al_2012.pdf

24

Johnson et al. — Predicting Core Habitat for Wolverine in Québec



LITERATURE CITED

Aubry, K.B., K.S. McKelvey, and J.P. Copeland. 2007. Distribution and broadscale habitat relations of the wolverine 
in the contiguous United States. Journal of Wildlife Management, 71(7): 2147-2158.

Banci, V. 1994. Wolverine. In The scientific basis for conserving forest carnivores: American marten, fisher, lynx and 
wolverine in the western United States. Eds L. F. Ruggiero, K. B. Aubry, S. W. Buskirk, L. J. Lyon, and W. J. Zielinski.  
General Technical Report RM-254, USDA  Forest Service, Rocky Mountain Forest and Range Experimental Station, 
Fort Collins, Colorado. 99-127 pp.  

Banci, V. and A.S. Harestad. 1990. Home range and habitat use of wolverines Gulo gulo in Yukon, Canada. Holarctic 
Ecology, 13: 195-200.

Bevanger, K. 1992. Report on the Norwegian wolverine (Gulo gulo L.). Small Carnivore Conservation, 6: 8–10. 

Bjärvall, A., R. Franzén, and E. Nilsson. 1978. Ja¨rvenensto¨ring inorr. Forskning och Framsteg, 1: 21–28. [In Swedish.]

Carroll, C., R.F. Noss, and P.C. Paquet. 2001. Carnivores as focal species for conservation planning in the Rocky 
Mountain region. Ecological Applications, 11: 961-980.

Ceballos-Silva, A. and J. Lopez-Blanco. 2003. Delineation of suitable areas for crops using a multi-criteria evaluation 
approach and land use/cover mapping: a case study in central Mexico. Agricultural Systems, 77: 117-136.

Chavez, P.S. 1996. Image-based atmospheric corrections - revisited and improved. Photogrammetric Engineering and 
Remote Sensing, 62: 1025-1036.

Cogbill, C.V., and P.S. White. 1991. The latitude elevation relationship for spruce fir forest and treeline along the 
Appalachian mountain chain. Vegetatio, 94: 153-175.

Copeland, J. P. 1996. Biology of the wolverine in central Idaho. M.S. Thesis, University of Idaho, Moscow, Idaho, 
USA.

Copeland, J.P., J.M. Peek, C.R. Groves, W.E. Melquist, K.S. McKelvey, G.W. McDaniel, C.D. Long, and C.E. Harris. 
2007. Seasonal habitat associations of the wolverine in central Idaho. Journal of Wildlife Management, 71(7): 
2201-2212.

Copeland, J.P. and R.E. Yates. 2008. Wolverine population assessment in Glacier National Park: comprehensive 
summary update. U.S. Forest Service, Rocky Mountain Research Station, Missoula, Montana. 16 pp. 

Copeland, J.P., K.S. Kelvey, K.B. Aubry, A. Landa, J. Persson, R.M. Inman, J. Krebs, E. Lofroth, H. Golden, J.R. 
Squires, A. Magoun, M.K. Schwartz, J. Wilmot, C.L. Copeland, R.E. Yates, I. Kojola, and R. May. 2010. The 
bioclimatic envelope of the wolverine (Gulo gulo): do climatic constraints limit its geographic distribution. Canadian 
Journal of Zoology, 88: 233-246. 

COSEWIC. 2003. COSEWIC assessment and update status report on the wolverine Gulo gulo in Canada.  Committee 
on the Status of Endangered Wildlife in Canada. Ottawa, Ontario. 31 pp.

Dawson, N.F., A.J. Magoun, J. Bowman, and J. C. Ray. 2010. Wolverine, Gulo gulo, home range size and denning 
habitat in lowland boreal forest in Ontario. Canadian Field-Naturalist, 124(2): 139–144.

de Lafontaine, G. and S. Payette. 2010. The origin and dynamics of subalpine white spruce and balsam fir stands in 
boreal eastern North America. Ecosystems, 13: 932-947.

Dozier, J. 1989. Spectral signature of alpine snow cover from the Landsat Thematic Mapper. Remote Sensing of the 
Environment, 28: 9-22.

Eastman, J.R., J. Weigen, P.A.K. Kyem, and J. Toledano. 1995. Raster procedures for multi-criteria/multi-objective 
decisions. Photogrammetric Engineering and Remote Sensing 61(5): 539-547.

Eastman, J.R. 2012. IDRISI 17.0 The Selva Edition. Clark University, Clark Labs.

Fortin, C., V. Banci, J. Brazil, M. Crête, J. Huot, M. Huot, R. Lafond, P. Paré, J. Shaefer, and D. Vandal. 2005. National 
recovery plan for the wolverine (Gulo gulo) [Eastern Population]. National Recovery Plan No. 26. Recovery of 
Nationally Endangered Wildlife (RENEW). Ottawa, Ontario. 33 pp.

25

Johnson et al. — Predicting Core Habitat for Wolverine in Québec



Gillett, J.M. 1954. A plant collection from the Mealy Mountains, Labrador, Canada. Canadian Field-Naturalist 
68:188-122. 

Gouvernement du Québec. 2005. Albanel-Témiscamie-Otish Park Project. 2005 Status Report. 92 pp. 

Gouvernement du Québec. 2009. Réserve de biodiversité Uapishka–Conservation Plan. Québec, Ministère du 
Développement durable, de l’Environnement et des Parcs, Direction du patrimoine écologique et des parcs. 28 pp.

Heinemeyer, K.S., B.C. Aber, and D.F. Doak. 2001. Aerial surveys for wolverine presence and potential winter 
recreation impacts to predicted wolverine denning habitats in the southwestern Yellowstone ecosystem. Unpublished 
report. University of California, Santa Cruz Department of Environmental Studies. 33pp. 

Hall, D.K., J.L. Foster, D.L. Verbyla, A.G. Klein, and C.S. Benson. 1998. Assessment of snow-cover mapping accuracy 
in a variety of vegetation-cover densities in central Alaska. Remote Sensing of Environment, 66: 129-137.

Hornocker, M.G. and H.S. Hash. 1981. Ecology of the wolverine in northwestern Montana. Canadian Journal of 
Zoology, 59: 1286-1301.

Inman, R.M., K.H. Inman, M.L. Packila, and A.J. Mccue. 2007. Wolverine Reproductive Rates and Maternal Habitat 
in Greater Yellowstone. Greater Yellowstone Wolverine Program, Cumulative Report. Wildlife Conservation Society, 
North America.

Johnson, L.M. and J. Rogan. 2012. Modification of a pre-existing land cover map to account for stand-replacing 
disturbance events within core wolverine (Gulo gulo) habitat in eastern Canada. Unpublished manuscript. 
Klein, A.G., D.K. Hall, and G.A. Riggs. Improving snow cover mapping in forests through the use of a canopy 
reflectance model. Hydrological Processes, 12(10-11): 1723-1744.

Krebs, J.A. and D. Lewis. 2000. Wolverine Ecology and Habitat Use in the North Columbia Mountains: Progress 
Report. M. Darling, editor. Proceedings of a Conference on the Biology and Management of Species and Habitats at 
Risk, Kamloops, B.C., 15 - 19 Feb.,1999. Volume Two. B.C. Ministry of Environment, Lands and Parks, Victoria, B.C. 
and University College of the Cariboo, Kamloops, B.C. 520 pp.

Krebs, J., E. Lofroth, J. Copeland, V. Banci, D. Cooley, H. Golden, A. Magoun, R. Mulders, and B. Shults. 2004: 
Synthesis of survival rates and causes of mortality in North American wolverines. Journal of Wildlife Management, 68: 
493-502.

Krebs, J., E.C. Lofroth, and I. Parfitt. 2007. Multiscale habitat use by wolverines in British Columbia, Canada. Journal 
of Wildlife Management, 71(7): 2180-2192.

Landa, A., O. Strand, J.E. Swenson, and T. Skogland. 1997. Wolverines and their prey in southern Norway. Canadian 
Journal of Zoology, 75: 1292-1299.

Landa, A., O. Strand, J.D.C. Linnell, and T. Skogland. 1998a. Home-range sizes and altitude selection for arctic foxes 
and wolverines in an alpine environment. Canadian Journal of Zoology, 76: 448-457. 

Landa, A., J. Tufto, R. Franzén, T. Bø, M. Lindén, and J.E. Swenson. 1998b. Active wolverine Gulo gulo dens as a 
minimum population estimator in Scandinavia. Wildlife Biology, 4: 169–178.

Lee, J. and A. Niptanatiak. 1996. Observation of repeated use of a wolverine, Gulo gulo, den on the tundra of the 
Northwest Territories. Canadian Field Naturalist, 110: 349-350. 

Linden, M., M. Sandell, P. Segerstrom, and J. Lantha. 1994. The Swedish wolverine project--ecology and 
conservation. Progress report 1994. Swedish University of Agricultural Sciences, Umeta, Sweden. 

Lofroth, E.C., J.A. Krebs, W.L. Harrower, and D. Lewis. 2007. Food habits of wolverine Gulo gulo in montane 
ecosystems of British Columbia, Canada. Wildlife Biology, 13(2): 31-37.

Magoun, A. J. 1985. Population characteristics, ecology, and management of wolverine in northwestern Alaska. Ph.D. 
Dissertation, University of Alaska, Fairbanks, Alaska, USA.

Magoun, A.J. 1987. Summer and winter diets of wolverines, Gulo gulo, in arctic Alaska. Canadian Field Naturalist, 101: 
392-397.

26

Johnson et al. — Predicting Core Habitat for Wolverine in Québec



Magoun, A.J. and J.P. Copeland. 1998. Characteristics of wolverine reproductive den sites. The Journal of Wildlife 
Management, 62(4): 1313-1320.

Matsushita, B., W. Yang, J. Chen, Y. Onda, and G. Qiu. 2007. Sensitivity of the enhanced vegetation index (EVI) and 
normalized difference vegetation index (NDVI) to topographic effects: a case study in high-density cypress forest. 
Sensors, 7: 2636-2651.

Mattsing, J. 2008. Spatial ecology and habitat selection of cub-rearing wolverine females. Ph.D. Dissertation. Swedish 
University of Agricultural Sciences, Umeå, Sweden.

May, R., A. Landa, J. van Dijk, J.D.C. Linnell, and R. Anderson. 2006. Impact of infrastructure on habitat selection of 
wolverines Gulo gulo. Wildlife Biology, 12: 285-295.

May, R., J. van Dijk, R. Andersen, and A. Landa. 2008a. Wolverines in a Changing World. Final Report of the 
Norwegian Wolverine Project 2003-2007. NINA report 434. 43 pp. 

May, R., J. van Dijk, P. Wabakken, J.D.C. Linnell, J.E. Swenson, B. Zimmermann, J. Odden, H.C. Pedersen, R. 
Andersen, A. Landa. 2008b. Habitat differentiation within the large carnivore community of Norway’s multiple-use 
landscapes. Journal of Applied Ecology. 45: 132-1391. 

May, R., J. van Dijk, A. Landa, R. Andersen, and R. Andersen. 2010. Spatio-temporal ranging behaviour and its 
relevance to foraging strategies in wide-ranging wolverines. Ecological Modelling, 211: 936-943.

Miller, J. 2010. Species distribution modeling. Geography Compass, 4/6: 490-509. 

Myrberget, S. 1968. The breeding den of the wolverine. Fauna, 21: 108-115. [In Norwegian with English summary].

Negi, H.S., A.V. Kulkarni, and B.S. Semwal. 2009. Estimation of snow cover distribution in Beas basin, Indian 
Himalaya using satellite data and ground measurements. Journal of Earth Systems Science. 118(5): 525-538. 

Ottaviani, D., G.J. Lasinio, and L. Boitani. 2004. Two statistical methods to validate habitat suitability models using 
presence-only data. Ecological Modelling, 179: 417–443.

Persson, J., T. Willebrand, A. Landa, A. Andersen, and P. Segerstrom. 2003. The role of intraspecific predation in the 
survival of juvenile wolverines Gulo gulo. Wildlife Biology, 9: 21-28. 

Persson, J. 2005. Female wolverine (Gulo gulo) reproduction: reproductive costs and winter food availability. 
Canadian Journal of Zoology, 83: 1453-1459.

Persson, J., A. Landa, R. Andersen, and P. Segerström. 2006. Reproductive characteristics of female wolverines (Gulo 
gulo) in Scandinavia. Journal of Mammalogy, 87(1): 75-79.

Phua, M. and M. Minowa. 2005. A GIS-based multi-criteria decision making approach to forest conservation 
planning at a landscape scale: a case study in the Kinabalu Area, Sabah, Malaysia. Landscape and Urban Planning, 71: 
207-222.

Pulliainen, E. 1968. Breeding biology of the wolverine (Gulo gulo L.) in Finland. Annales Zoologici Fennici, 5: 338–344.

Rickart, E.A. 2001. Elevational diversity gradients, biogeography and the structure of montane mammal 
communities in the intermountain region of North America. Global Ecology and Biogeography, 10: 77–100.

Riley, S. J., S. D. DeGloria, and R. Elliot. 1999. A terrain ruggedness index that quantifies topographic heterogeneity. 
Intermountain Journal of Sciences, 5: 1-4. 

Rouse, J.W., R.H. Haas, J.A. Schell, and D.W. Deering. 1974. Monitoring vegetation systems in the Great Plains with 
ERTS. Proc. Third ERTS-1 Symposium, NASA Goddard, NASA SP-351. 309-317 pp.

Rowland, M.M., M.J. Wisdom, D.H. Johnson, B.C. Wales, J.P. Copeland, J.P., and F.B. Edelmann. 2003. Evaluation of 
landscape models for wolverines in the interior northwest, United States of America. Journal of Mammalogy, 84(1): 
92-105.

Saaty, T.L. 1977. A scaling method for priorities in hierarchical structures. Journal of Mathematical Psychology, 15(3): 
234-281.

Sekgororoane, G.B. and T.G. Dilworth. 1995. Relative abundance, richness, and diversity of small mammals at 
induced forest edges. Canadian Journal of Zoology, 73: 1432–1437.

27

Johnson et al. — Predicting Core Habitat for Wolverine in Québec



Silverman, B. W. 1986. Density Estimation for Statistics and Data Analysis. New York: Chapman and Hall.

Slough, B.G. 2007. Status of the wolverine Gulo gulo in Canada. Wildlife Biology, 3(Suppl. 2): 76-82.

van Dijk, J., L. Gustavsen, A. Mysterud, R. May, Ø. Flagstad, H. Brøseth, R. Andersen, H. Steen, and A. Landa. 2008. 
Diet shift of a facultative scavenger, the wolverine, following the recolonization of wolves. Journal of Animal Ecology, 
77: 1183-1190.

Weaver, J.L., P.C. Paquet, and L.F. Ruggiero. 1996. Resilience and conservation of large carnivores in the Rocky 
Mountains. Conservation Biology, 10(4): 964-976.

Whitman, J.S, W.B. Ballard, and C.L. Gardner. 1986. Home range and habitat use by wolverines in southcentral 
Alaska. Journal of Wildlife Management, 50(3): 460-463. 

Wilson, D. E. 1982. Wolverine. In Wild mammals of North America: biology, management, and economics. J. A. 
Chapman and G. A. Feldhamer, editors. Johns Hopkins University Press, Baltimore, Maryland, USA. 644-652 pp.

Wood, L.J. and S. Dragicevic. 2007. GIS-based multicriteria evaluation and fuzzy sets to identify priority sites for 
marine protection. Biodiversity Conservation, 16: 2539-2558.

Yager R.R. 1988. On ordered weighted averaging aggregation operators in multi-criteria decision making. IEEE 
Transactions on Systems, Man, and Cybernetics, 18(1): 183–190.

Zhang, M., Q. Liu, R. Piao, and G. Jiang. 2007. The wolverine Gulo gulo population and its distribution in the Great 
Khingan Mountains, northeastern China. Wildlife Biology, 13(2): 83-88.

28

Johnson et al. — Predicting Core Habitat for Wolverine in Québec


