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Abstract Resource selection is a fundamental ecological

process impacting population dynamics and ecosystem

structure. Understanding which factors drive selection is

vital for effective species- and landscape-level manage-

ment. We used resource selection probability functions

(RSPFs) to study the influence of two forms of wolf (Canis

lupus) predation risk, snow conditions and habitat variables

on white-tailed deer (Odocoileus virginianus), elk (Cervus

elaphus) and moose (Alces alces) resource selection in

central Ontario’s mixed forest French River-Burwash eco-

system. Direct predation risk was defined as the frequency

of a predator’s occurrence across the landscape and indirect

predation risk as landscape features associated with a higher

risk of predation. Models were developed for two winters,

each at two spatial scales, using a combination of GIS-

derived and ground-measured data. Ungulate presence was

determined from snow track transects in 64 16- and 128

1-km2 resource units, and direct predation risk from

GPS radio collar locations of four adjacent wolf packs.

Ungulates did not select resources based on the avoidance

of areas of direct predation risk at any scale, and instead

exhibited selection patterns that tradeoff predation risk

minimization with forage and/or mobility requirements. Elk

did not avoid indirect predation risk, while both deer and

moose exhibited inconsistent responses to this risk. Direct

predation risk was more important to models than indirect

predation risk but overall, abiotic topographical factors

were most influential. These results indicate that wolf pre-

dation risk does not limit ungulate habitat use at the scales

investigated and that responses to spatial sources of pre-

dation risk are complex, incorporating a variety of anti-

predator behaviours. Moose resource selection was influ-

enced less by snow conditions than cover type, particularly

selection for dense forest, whereas deer showed the opposite

pattern. Temporal and spatial scale influenced resource

selection by all ungulate species, underlining the impor-

tance of incorporating scale into resource selection studies.

Keywords Antipredator behaviour � Ecological tradeoff �
Limiting factors � Predator avoidance � Spatial dynamics

Introduction

What drives a species’ resource selection decisions at dif-

ferent spatial scales is essential to understanding its

ecology and planning relevant management strategies

(Boyce and McDonald 1999). Factors that strongly influ-

ence ungulate resource selection include predation (Mech

1977), forage distribution (Fryxell et al. 2004), climatic

conditions (Dussault et al. 2004), terrain features (Boyce

et al. 2003) and competition (Fretwell and Lucas 1970), all

mediated by inter-specific differences in body size and life

history (Telfer and Kelsall 1984).
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Behavioural responses to the non-lethal risk of predation

are important factors shaping the movement patterns and

spatial distribution of prey (Lima and Dill 1990). This

‘‘ecology of fear’’ (Brown et al. 1999) may even be more

important to herbivore foraging patterns, and thus the spa-

tial distribution of prey, than direct mortality events

(Schmitz et al. 1997). Numerous studies have investigated

ungulate resource selection (e.g. Telfer 1978; Forbes and

Theberge 1993; Johnson et al. 2000; Boyce et al. 2003;

Dussault et al. 2005) but relatively few have explicitly taken

predator presence into account (e.g. Nelson and Mech 1991;

Kunkel and Pletscher 2000; Anderson et al. 2005b) and only

recently have researchers used a direct measure of risk in

modelling resource selection (e.g. Fortin et al. 2005; Friar

et al. 2005; Mao et al. 2005; McLoughlin et al. 2005).

Direct predation risk is measured by the frequency of a

predator’s occurrence across the landscape (Fortin et al.

2005; Mao et al. 2005). The predator’s presence, unlinked to

any predefined location, creates the necessary initial con-

dition (an encounter) for a predation event. Indirect

predation risks arise from landscape features associated with

an increased probability of predator presence or prey vul-

nerability (Hebblewhite et al. 2005). We can then make a

theoretical link between these landscape features and the

perception of predation risk, independent of the spatio-

temporal presence of the predator. For example, gray wolves

(Canis lupus) use certain roads, railways and trails for travel

(Whittington et al. 2005) because they offer easy routes

across the landscape with low associated probabilities of

encountering people (Musiani et al. 1998). This can result in

a perception of increased predation risk in proximity to these

features no matter the actual location of wolves (Bowyer

et al. 2003). Similarly, dense coniferous forest is used by

both moose (Alces alces) (Kunkel and Pletscher 2000) and

elk (Cervus elaphus) (Fortin et al. 2005) to avoid winter

wolf predation (lower risk), whereas white-tailed deer

(Odocoileus virginianus) are more vulnerable to wolf pre-

dation (higher risk) in this habitat (Kunkel and Pletscher

2001). Direct and indirect predation risk measures have

recently been incorporated into resource selection studies;

however, their differences have not been acknowledged (see

Kristan and Boarman 2003; Hebblewhite and Merrill 2007)

and it is unclear to which ungulates more readily respond.

In addition to predation risk, ungulates react to a com-

plex suite of climatic, physiographic and vegetative

attributes when making habitat decisions (Johnson et al.

2000). For example, due to increased mortality risk for

white-tailed deer in deep snow (Nelson and Mech 1986) it

has been hypothesized that their northern distribution is

strongly affected by winter severity (especially snow depth)

whereas moose in the same range, being better able to cope

with deep snow, are more affected by browse availability

(Telfer 1970).

Heterogeneous resource distribution across the land-

scape differentially influences the resource selection of

both predators and prey at different spatial scales (Orians

and Wittenberger 1991; Johnson et al. 2002; Boyce 2006).

The confounding effect of spatial scale is an impediment in

the development of foundational theory that would allow

for the application of conventional behavioural ecology to

landscape-level ecological issues (Lima and Zollner 1996).

Resource selection is a hierarchical process under which

the most limiting factors for a species should be avoided at

the largest scale (McLoughlin et al. 2004; Dussault et al.

2005), and continue to dominate selection across finer

scales until the next most important limiting factor emerges

(Rettie and Messier 2000). Wolf predation can be a limit-

ing factor for white-tailed deer (Messier 1991) and moose

(Messier 1991; Van Ballenberghe and Ballard 1998) and is

the dominant cause of mortality among reintroduced elk in

our study area (Rosatte et al. 2007). Alternately, abiotic

environmental factors have been shown to primarily

determine broad-scale ungulate distribution and be most

strongly selected at the larger scale (Bailey et al. 1996;

Boyce et al. 2003). Resource selection is also dependent on

temporal scale (Orians and Wittenberger 1991) with factors

such as varying winter severity resulting in different

selection patterns in the same season over different years

(Boyce 2006).

Resource selection probability functions (RSPFs) are

functions scaled to determine the probability of use of a

resource unit and can be used to investigate scale-depen-

dent resource selection (Manly et al. 2002). We used

RSPFs to model white-tailed deer, elk and moose winter

resource selection at two scales in 2005 and 2006. The

study was conducted in a mixed-forest ecosystem in central

Ontario occupied by a single top predator, the eastern

Canadian wolf (Canis lupus lycaon).

The primary objective of this study was to determine the

importance of wolf predation risk to ungulate resource

selection patterns. If wolf predation is the dominant factor

limiting ungulate resource selection in this system, we

predicted that the best resource selection models for deer,

elk and moose would include direct predation risk. Because

the most limiting factor should be dominant at the larger

scale, this risk should be the most influential selection

variable for all species at this scale. At the smaller scale,

where secondary limiting factors emerge, we predicted

snow depth would feature most prominently in deer models

since study area snow depths routinely exceed those con-

sidered critical to deer movement ([50 cm; Ungulate

Winter Range Technical Advisory Team 2005). These

snow depths are rarely sufficient to inhibit moose (60–

90 cm), which instead may be limited at fine scales by

forage abundance (Jenkins et al. 2007). We therefore pre-

dicted cover type, which represents forage availability,
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would be most important in smaller scale moose models.

We predicted direct predation risk would remain the

dominant variable in small-scale elk models due to the

strong mortality effects of wolf predation on elk (Rosatte

et al. 2007). Alternately, if abiotic factors are the primary

determinants of ungulate distribution, we would expect to

see them more strongly selected at the larger scale (Bailey

et al. 1996). Secondly, we wanted to determine whether

ungulates actively attempt to minimize the detrimental

effects of wolf predation. If so, their occurrence should be

negatively associated with direct predation risk as they

attempt to avoid the presence of predators. They should

also be negatively associated with the study area’s roads,

railways and trails, which are low-use features of the type

preferred as wolf winter travel corridors, and upon which

we routinely found evidence of wolf use. Dense coniferous

forest cover should be avoided by deer but have a positive

effect on elk and moose presence. Thirdly, we wanted to

know whether ungulates respond more strongly to direct or

indirect predation risk. If the former, direct predation risk

should be ranked more highly in models, particularly at the

larger scale, whereas if the latter, the avoidance of linear

human infrastructure should be more highly ranked. A final

aim was to determine whether species responses to envi-

ronmental conditions and forage availability depend on

species-specific morphology. Due to different morpholog-

ical characteristics (Telfer and Kelsall 1984) we predicted

current snow conditions would be more important than

cover type in deer models and the reverse true in moose

models. We further predicted deer would be negatively

associated with snow depth whereas moose would not,

based on typical snowfall levels in the region.

Materials and methods

Study area

The 1,024-km2 study area is located in central Ontario’s

French River region, between Lake Nippissing and Geor-

gian Bay (Electronic supplementary material, S1), based on

the established home range extents of four adjacent wolf

packs. It includes the southern extremity of Killarney

Provincial Park and is in the transition zone between the

eastern Great Lakes lowland and the boreal forest terres-

trial eco-regions (Ricketts et al. 1999), characterized by

temperate, mixed deciduous–conifer forest of birch (Betula

sp.), aspen (Populus sp.), oak (Quercus sp.), maple (Acer

sp.), pine (Pinus sp.), fir (Abies balsamea) and spruce

(Picea sp.). Pockets of eastern hemlock (Tsuga canadensis)

and eastern white cedar (Thuja occidentalis) are inter-

spersed. Lakes, streams, bogs and marshes are abundant, as

are hollows of gravel and sandy till created by retreating

glaciers (Vankat 1979). The topography is flat to rolling

with rugged, rounded granite outcrops rising to 300 m (Jost

et al. 1999). In the southwest are the La Cloche Mountains,

rugged white orthoquartzite and granite outcrop ridges with

peaks of almost 450 m. Average winter (December–April)

snowfall is 52 cm/month with a snow cover of 40 cm

through January and February.

The study area is at the southern range extent of the

eastern moose (Alces alces americana) (Bowyer et al.

2003). Regional moose density estimates range from 0.18

to 0.6/km2 [McKenney et al. 1998; Ontario Ministry of

Natural Resources (OMNR) 2005]. White-tailed deer are

common in the area, their densities unknown but fluctuat-

ing seasonally (OMNR 2005). Eastern elk (Cervus elaphus

canadensis) were extirpated in Ontario in the 1880s,

probably due to habitat destruction and hunting (Bryant

and Maser 1982). Since 1998, one hundred and seventy-

two elk (Cervus elaphus nelsonii) from Alberta have been

released in the French River–Burwash area to restore via-

ble provincial populations (Rosatte et al. 2007). The area

encompassing the study site has an elk population of

*120, estimated by annual helicopter calf-recruitment

surveys (J. Hamr, personal communication). Elk are pro-

tected from hunting throughout the province whereas deer

and moose are subject to seasonal hunting pressure. The

wolf population is estimated at 19–27 individuals/

1,000 km2, based on pack sightings during trapping and

aerial monitoring (G. Desy, unpublished data).

Ungulate surveys

The study area was divided into 64 4 9 4-km quadrats and

within each a 3-km, U-shaped line transect was established

(Electronic supplementary material, S2). Transect arms

were 1-km long at right angles to each other. Surveys

were conducted an average of 3.2 days (n = 128; range

1–14 days) after a minimum 5-cm snowfall. Most surveys

(91.4%) were conducted within 7 days of snowfall with

consecutive surveys spatially separated across the study

area. When track identification was uncertain, we followed

the animal’s trail until scat was located and positively

identified.

Between-winter and spatial scale comparisons

To compare selection between years we surveyed all

transects once each in the winter of 2005 (20 January–18

March 2005) and 2006 (29 December 2005–28 March

2006). To investigate the impact of spatial scale we used

GIS (ArcView 3.2; ESRI) to delineate 128 1 9 1-km

quadrats, centred on the mid-point of each of the two

parallel arms of every U-shaped transect (Electronic sup-

plementary material, S2). By reducing the size of resource
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units to 1/16th that of the larger units we changed the

extent at which available resources could be characterized,

thus narrowing the spatial domain of selection. This offers

the potential to identify selection patterns resulting from

small-scale landscape heterogeneity that might be obscured

at a larger extent (Boyce 2006).

We used a type 1, design A resource selection study

design (Manly et al. 2002) with ungulate presence or

absence determined by recording intersecting tracks. An

ungulate species was considered present in the 16-km2

quadrat if its tracks were identified anywhere on the 3-km

transect, whereas its presence in the 1-km2 quadrat required

tracks be identified on the associated 1-km transect arm.

No tracks equated to a classification of absent from the

given quadrat. An undetected species is not necessarily

absent and may be in an un-surveyed part of the resource

unit (MacKenzie 2005); however, the transect length

combined with the study ungulate’s size and mobility

should result in a high detection probability, reducing

this bias.

Ungulates exhibit high variation with respect to winter

home range size both within and across species. White-

tailed deer home ranges in northern New York State

average 1.4 km2 (Tierson et al. 1985) and elk ranges in

forested areas 28.4 km2 (Anderson et al. 2005a). Average

moose home ranges are 5.7 km2 in northwestern Ontario’s

boreal forest (Addison et al. 1980) and 7.5 km2 in New

York’s Adirondack Mountains (Garner and Porter 1980).

Our exact resource unit sizes were arbitrary, but at 16 and

1 km2, the quadrats differ by an order of magnitude and

represent two distinct spatial scales. Johnson’s (1980)

levels of hierarchical habitat selection include the selection

of a species’ range (first order), individual home ranges

within the landscape (second order), sites within a home

range (third order) and items within a site (fourth order).

The 16-km2 quadrats therefore represent second-order

selection for elk and moose, but are closer to first-order

selection for deer, whereas the 1-km2 quadrats represent

third-order selection for elk and moose and second-order

selection for deer.

Direct predation risk

This is a measure of the frequency of a predator’s physical

occurrence across the landscape, dependent on definitive

spatial locations. To get these locations, wolves were

captured using rubber-padded leg-hold traps (Livestock

Protection; Alpine, Tex., USDA) from August to October

of 2003 and 2004, and by helicopter net gunning in Feb-

ruary 2004 and 2005, and 15 adults (five male, ten female)

from four adjacent packs fitted with a total of 19 GPS

collars (Lotek 3300 and 4400S). Collars were identically

programmed to record locations every 4 h and the data

downloaded during aerial telemetry flights or directly from

the collar upon retrieval. To ensure equal pack represen-

tation we used the winter data from one collar per pack.

Direct predation risk was determined by plotting all loca-

tions on a map of the study area (ArcView; ESRI) and

determining the proportion of a pack’s total locations in

each quadrat. This was multiplied by 1,000 to mimic the

true magnitude of observed location numbers:

PrðnÞ ¼ 1000 R
wi;n

wi

� �
;

where Pr(n) is the predation risk for the nth pixel, wi,n is the

number of wolf locations from pack i in quadrat n and Wi is

the total number of wolf locations from pack i. Wolf pack

size ranged from two to seven individuals. Since individual

wolves frequently separate from and re-join their packs

over short temporal periods (Mech 1970) and the ability of

ungulates to differentiate group sizes in a forest setting is

unknown, we did not weigh risk by pack size. The presence

of un-collared wolf packs adjacent to the study area might

influence direct predation risk measures in peripheral

quadrats; however, there tends to be an unoccupied ‘‘no-

man’s land’’ between neighbouring packs which should

minimize this potential impact (Mech 1977).

Indirect predation risk

This is represented by landscape features associated with

an increased probability of predator presence or prey vul-

nerability to predators and, unlike its direct form, does not

rely on actual predator presence. As wolves used the study

area’s low-intensity linear human infrastructure as winter

travel corridors, we used the density/distance to roads,

railways and trails as sources of indirect predation risk

(Anderson et al. 2005b; Whittington et al. 2005). Densities

(km/km2) were determined using the Feature Density and

Spatial Analyst extensions of ArcView 3.2. To avoid an

overabundance of zeros due to a lack of roads/rails and

trails in the 1-km2 quadrats, we recorded the distance from

the quadrat centre to the nearest road or railway line and

trail (see DeCesare and Pletscher 2006). Dense coniferous

forest cover proportions were determined with GIS [Arc-

View 3.2 (ESRI) with Landsat 5, zone 17 map (OMNR) at

a 25-m2 pixel resolution].

Other variables

Based on a review of published literature we identified

several important additional landscape predictors for

white-tailed deer, elk and moose resource selection. These

were cover type (Jost et al. 1999; Johnson et al. 2000;

Boyce et al. 2003), snow depth, density and crust (Mech

et al. 1987; Bowyer et al. 2003), terrain ruggedness
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(Julander and Jeffrey 1968; Johnson et al. 2000), elevation

(D’Eon 2001; Bowyer et al. 2003; Boyce et al. 2003) and

availability/proximity of water (Johnson et al. 2000).

Cover type and open water proportions were determined

as above for dense coniferous forest. All land cover cate-

gories covering \1.5% of the study area were discarded

and open and treed fen and bog categories combined into a

single wetland category. Linear water and contour (rug-

gedness) densities (km/km2) were determined in the same

way as human infrastructure densities above.

We recorded elevation (m) and UTM coordinates with

GPS at seven equally spaced (500 m) points along each

transect. Snow characteristics were measured at point 1, 4

and 7 in the winter of 2005 and at all points in the winter of

2006 (Electronic supplementary material, S2). In the 1-km2

analysis only those snow points on the relevant 1-km

transects were used for calculations. Snow depth was

measured using a 3-inch diameter PVC tube, inserted

vertically into the snow until contacting the ground.

Quarter-inch gradations marked on the tube exterior

allowed snow depths to be read. Upon excavation, the

tube’s contents were transferred to a plastic bag of known

weight and measured using a hand-held Pesola scale.

Measurements were converted to metric and snow density

calculated by dividing the snow mass (grams) by its vol-

ume (square centimetres) and converting to kilograms per

cubic metre. At each location we took five separate sam-

ples within a 3-m radius. There is debate as to whether

moose and white-tailed deer populations respond to

previous years’ and cumulative snow conditions (Mech

et al. 1987; Messier 1991, 1995; McRoberts et al. 1995).

To account for any possible lags manifest in resource

selection behaviour, 2006 model sets included snow mea-

surements from the current winter, previous winter and

both winters.

We explicitly included the number of days since snow

that surveys were conducted to account for sampling

effects. We conducted a correlation analysis using Pear-

son’s correlation coefficient (r) with all parameters to

detect any that were highly correlated. Logistic regression

is sensitive to covariate collinearity so when two parame-

ters exhibited r C 0.7, the one deemed least informative,

most difficult to accurately measure, or with the most

missing data, was eliminated (Hosmer and Lemeshow

2000). The 17 remaining parameters were all continuous

(Table 1).

Model development and comparison

We determined four sets of a priori models for each species

based on the literature: one for each individual winter

(2005 and 2006) at two scales (16 and 1 km2) (Electronic

supplementary material, S3). Factors with the potential to

influence resource selection for deer, elk and moose

overlapped to a degree sufficient to justify the use of the

same model sets for all species. To keep model and

parameter numbers manageable, we did not include inter-

action terms a priori. If results indicated possible

interactions we conducted post hoc analysis to determine

their existence (Hosmer and Lemeshow 2000).

Table 1 Description of model

parameters used to quantify

resource selection of white-

tailed deer, elk and moose in the

French River–Burwash area of

central Ontario in 2005 and

2006. All means and ranges are

for the larger (16-km2) quadrats

Model Mean Range

Term Variable Parameter description (n = 64) (n = 64)

COVTYP Cover type % Forest depletion—cuts 2 0–36.3

% Sparse forest 16.4 3.8–50.3

% Dense deciduous forest 14.6 0.3–34.6

% Dense coniferous forest 5.6 0.7–18.2

% Wetland 4.9 0–14.8

SNW06 Snow06 Snow depth 2006 (cm) 45 18–90

Snow density 2006 (kg/m3) 266 179–379

SNW05 Snow05 Snow depth 2005 (cm) 44 24–74

Snow density 2005 (kg/m3) 247 195–322

DPRED Direct predation risk Direct predation risk (fixes/pixel) 41.4 0–187.7

RUG Ruggedness Contour density (km/km2) 8 3.1–14.9

ELE Elevation Elevation (m) 216 183–251

H2O Water % Open water 8 0.7–50.9

Linear water density (km/km2) 0.8 0.3–1.5

HUMIN Human infrastructure Road/rail density (km/km2)/distance (km) 0.5 0–1.8

Trail density (km/km2)/distance (km) 0.2 0–0.7

SD05/06 Days since snow Days since last snowfall in 2005 2.7 1–11

Days since last snowfall in 2006 3.8 1–14
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We used binary logistic regression (SPSS version 12.0)

to estimate 12 RSPFs, one for each species at both scales in

both winters (Manly et al. 2002), as this analysis is

appropriate for presence/absence data (Hosmer and

Lemeshow 2000; Keating and Cherry 2004). We used

the Hosmer and Lemeshow goodness-of-fit test and

Nagelkerke’s pseudo R2 to evaluate general model fit and

Akaike’s information criterion for small sample sizes

(AICc) to rank models (Burnham and Anderson 2002). To

further appraise model fit the sensitivity and specificity

of top models were evaluated with receiver operating

characteristics, where area-under-the-curve (AUC) values

close to 1 indicate excellent predictability whereas

those close to 0.5 are no better than random (Boyce et al.

2002).

Comparisons between models for all species at both

spatial scales were based on differences in AICc values

(Di) (Burnham and Anderson 2002). The best model is not

always clearly defined (Di \ 2), so we determined Akaike

weights (wi) for each model (Burnham and Anderson

2002). To determine the relative importance of variables

and further reduce model ambiguity, we summed wi of all

models containing a common factor for each analysis.

The higher the combined weights for an explanatory

variable, the more important it is for the analysis (Burn-

ham and Anderson 2002). For this measure to be

meaningful it is necessary to have the same number of

models containing each variable (Burnham and Anderson

2002), so we divided the cumulative model weights for a

particular variable by the number of models containing

that variable to get an average variable weight (wi) per

model.

To discriminate more thoroughly between parameters

we used multi-model inference to determine the model

averaged parameter estimate ð�̂hÞ and unconditional SE

ðS �EÞ (Burnham and Anderson 2002). Estimates obtained in

this way show increased precision and less associated bias

than those estimated from a single model (Anderson et al.

2000). To determine the importance of individual variables

we calculated the 90% ð�̂h� ð1:645ÞS �EÞ and 95% ð�̂h�
ð1:96ÞS �EÞ confidence intervals for the model averaged

parameter estimates (Mazerolle 2004). When these confi-

dence intervals do not include 0 we can conclude that the

given parameter has an effect on the dependent variable

(i.e. the estimate is different from 0).

Results

Only models with a substantial level of empirical support

(Di B 2; Burnham and Anderson 2002) are presented

(Table 2). See Electronic supplementary material for

complete model set results.

Does wolf predation risk limit ungulate resource use?

Direct predation risk was in 67% (n = 12) of top model

sets across species but was never the top weighted variable

for an individual analysis (Tables 2, 3). It was influential at

the large scale for elk and moose selection, second to

elevation, whereas in deer models, was mid-ranked at both

scales (Table 3). Ruggedness was the most influential

variable in large-scale deer models. At the smaller scale,

direct predation risk was never highly ranked (Table 3).

The apparent influence of human infrastructure on small-

scale deer selection models was due to the 2005 analysis

(wi = 0.245), as it was unimportant at this scale in 2006

(wi = 0.000). Current snow condition was second ranked

at the larger scale and third ranked at the smaller scale in

deer models. Ruggedness was the most important small-

scale variable for elk and moose.

Predation risk avoidance

Ungulates did not select resources based on the avoidance

of direct predation risk, being negatively associated with

this risk in 25% of analyses, never strongly so (Table 4).

Deer and elk presence were predominantly positively

associated with direct predation risk, and in the larger scale

2006 deer analysis there was a strong positive effect. This

risk was weakly and inconsistently associated with moose

presence.

Ungulates did not consistently avoid linear human

infrastructure (Table 4). Deer and elk were mostly posi-

tively associated with these variables, and only moose

showed limited signs of avoidance. The response by

ungulates to dense coniferous forest was mixed (Table 4).

Deer exhibited varying degrees of negative association

with this cover type, moose were positively associated with

it in both years and at both scales, with association

pronounced in 2006, and elk showed no strong selection

pattern.

Direct versus indirect predation risk

Direct predation risk was more influential than indirect

predation risk (human infrastructure) for all species at all

scales, except deer at the small scale, which was due to

selection in 2005 (Table 3). Furthermore, human infra-

structure was in only 8% (n = 12) of top model sets,

compared to 67% for direct predation risk.

Climatic conditions versus habitat

Current snow condition was more important to deer models

than cover type whereas the opposite was true of moose

models, with cover type appearing in three-quarters of top
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moose model sets (Tables 2, 3). In both species snow

condition was more influential than cover type in 2006, with

the reverse observed in 2005. Irrespective of scale, deer

consistently selected against habitats with deep, dense

snow, and in 2006 this avoidance was pronounced at both

scales, consistent with model weighting (Table 4). Moose

generally avoided deep, dense snow, and avoidance was

small but notable in 2006 at the smaller scale despite a

positive association at the larger scale. Current winter snow

condition was weighted more heavily than cover type in

most elk resource selection analyses but neither was heavily

weighted overall. Elk always selected away from areas of

dense snow and in 2006 also strongly avoided deep snow.

There was an interaction effect between current snow

condition and elevation in the top small-scale 2006 deer

model (SNW06, ELE, SD06; Table 2) indicating that these

covariates depend upon each other for context (Hosmer and

Lemeshow 2000).

Table 2 Top deer, elk and moose resource selection models [Di B 2,

where Di is the difference in Akaike information criterion corrected

for small sample sizes (AICc)] for individual winter analyses for both

scales (16 and 1 km2) in 2006 and 2005. Shown are best ranked

models (Di B 2), number of parameters (k), AICc, Di, AICc weight

(wi), Nagelekerke’s psuedo R2, and the receiver operating character-

istic’s area under the curve (AUC) ± SE. Variables used in models

are defined in Table 1

Year/Scale Species Model k AICc Di wi R2 AUC ± SE

2006/16 km2 Deer SNW06, DPRED, SD06 5 51.962 0 0.663 0.518 0.900 ± 0.041

Elk ELE, SD06 3 46.580 0 0.188 0.223 0.812 ± 0.070

SNW06, ELE, SD06 5 47.240 0.660 0.135 0.323 0.857 ± 0.050

ELE, RUG, SD06 4 47.707 1.127 0.107 0.253 0.821 ± 0.063

DPRED, ELE, SD06 4 47.981 1.401 0.093 0.246 0.837 ± 0.077

H2O, SD06 4 48.323 1.743 0.078 0.237 0.770 ± 0.088

Moose SNW06, ELE, SD06 5 72.404 0 0.173 0.347 0.800 ± 0.055

DPRED, ELE, SD06 4 72.606 0.201 0.156 0.304 0.773 ± 0.057

ELE, SD06 3 72.800 0.396 0.142 0.260 0.748 ± 0.061

COVTYP, SNW06, DPRED, SD06 10 73.838 1.433 0.084 0.524 0.886 ± 0.040

2005/16 km2 Deer COVTYP, RUG, SD05 8 31.227 0 0.461 0.781 0.985 ± 0.013

RUG, SD05 3 32.587 1.36 0.233 0.492 0.942 ± 0.032

Elk DPRED, ELE, SD05 4 28.378 0 0.407 0.395 0.917 ± 0.040

Moose DPRED, SD05 3 89.999 0 0.172 0.073 0.606 ± 0.072

ELE, SD05 3 90.219 0.220 0.154 0.068 0.603 ± 0.071

RUG, SD05 3 91.145 1.146 0.097 0.050 0.589 ± 0.072

DPRED, ELE, SD05 4 91.561 1.562 0.079 0.087 0.618 ± 0.072

COVTYP, SD05 7 91.737 1.738 0.072 0.220 0.733 ± 0.062

2006/1 km2 Deer SNW06, ELE, SD06 5 61.485 0 0.973 0.588 0.931 ± 0.031

Elk COVTYP, SNW05, SD06 9 65.681 0 0.269 0.455 0.909 ± 0.035

COVTYP, SNW05, DPRED, SD06 10 66.662 0.981 0.165 0.474 0.915 ± 0.031

DPRED, ELE, SD06 4 67.273 1.592 0.121 0.266 0.844 ± 0.054

COVTYP, SNW06, DPRED, SD06 10 67.339 1.658 0.117 0.408 0.901 ± 0.047

SNW06, SNW05, COVTYP, SD06 11 67.609 1.927 0.102 0.494 0.922 ± 0.036

Moose ELE, RUG, SD06 4 156.082 0 0.284 0.275 0.753 ± 0.043

2005/1 km2 Deer DPRED, HUMIN, SD05 5 58.308 0 0.383 0.317 0.863 ± 0.043

HUMIN, SD05 4 58.763 0.455 0.305 0.272 0.821 ± 0.062

Elk RUG, SD05 3 41.694 0 0.238 0.305 0.914 ± 0.033

RUG, SNW05, SD05 5 42.131 0.437 0.192 0.390 0.940 ± 0.026

ELE, RUG, SD05 4 42.347 0.654 0.172 0.338 0.930 ± 0.027

RUG, DPRED, SD05 4 43.010 1.317 0.123 0.323 0.918 ± 0.033

Moose COVTYP, RUG, SD05 8 152.257 0 0.265 0.226 0.736 ± 0.048

RUG, SD05 3 153.734 1.476 0.127 0.105 0.652 ± 0.058
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Discussion

Does wolf predation risk limit ungulate resource use?

Direct predation risk does not appear a limiting factor for

ungulates at the spatial scales investigated despite it being

in most top model sets across analyses. Instead, consistent

with the theory that abiotic factors primarily determine

ungulate distribution at broad scales, topographical fea-

tures—ruggedness and elevation—were most influential

(Bailey et al. 1996; Boyce et al. 2003). These features were

also most important to ungulate models at the smaller

scale.

Deer selection of rugged terrain at the large scale is

consistent with the use of deer yards on the sheltered

southern slopes of the La Cloche Mountains. That it was

not influential at the smaller scale indicates that features

associated with rugged terrain were being selected, not

rugged terrain itself (although selected features are

dependent on it). Elk showed the opposite pattern, selecting

for rugged areas of higher elevation at the smaller scale,

consistent with observations of elk resident in the region

prior to reintroduction selectively foraging in ridge habitats

(Jost et al. 1999) and is perhaps due to a preference for the

lower snow cover and greater forage availability on south-

facing slopes (Irwin and Peek 1983). Greater variability in

2006 snow conditions probably exacerbated this effect,

leading to a stronger positive association between elk and

elevation in this year. Similarly, climatic variation was

probably responsible for deer’s stronger selection of low

elevation areas in 2006, when greater snow depths led to

them selecting low elevation deer yards. These yards offer

particular factors (i.e. dense cover) that effectively reduce

snow depths as well as providing thermal protection and

shelter (Morrison et al. 2003).

Habitat selection varies as a consequence of population

density (Rosenzweig 1989; McLoughlin et al. 2006). With

*120 individuals in the study area, elk should be free to

utilize the highest quality resources available (Fretwell and

Lucas 1970). However, much depends on their ability to

disperse and detect new habitats (Fahrig and Paloheimo

1988) which may be hampered when low population den-

sity decreases the pressure on individual elk to disperse

from initial reintroduction release sites (Matthysen 2005).

The gregarious nature of elk and isolation of the study area

population may further inhibit dispersal, reducing their

range of habitat choices. The opposite effect may influence

moose, whereby high population density results in a wider

niche breadth, the use of secondary habitats and diluted

resource selection (Fretwell and Lucas 1970). We were

unable to test the importance of ungulate density on

resource selection patterns as the limited spatial distribu-

tion of ungulates resulted in models unable to converge at a

solution. The relatively low moose model R2 and AUC

values (Table 2) may be a reflection of density-dependent

selection deterioration or may be due to different predation

risk responses by males and females, confounding selection

patterns (Bowyer et al. 2003).

Predation risk avoidance

No species effectively avoided areas of high direct preda-

tion risk despite its wide variability across the study area

(Table 1), as 75% (n = 12) of analyses resulted in positive

associations between this risk and ungulate presence

(Table 4). The strong association between deer and direct

Table 3 The overall average wi for all covariates and their resultant

importance ranking from all models in the four individual winter

model sets for deer, elk and moose resource selection: 2006 and 2005

at 16- and 1-km2 scale. Data from 2005 and 2006 winters are also

combined to show spatial scale averages (16 and 1 km2)

Variable

Deer Elk Moose

16 km2 1 km2 Overall 16 km2 1 km2 Overall 16 km2 1 km2 Overall

wi Rank wi Rank wi Rank wi Rank wi Rank wi Rank wi Rank wi Rank wi Rank

Cover type 0.046 3 0.013 5 0.029 6 0.010 8 0.047 4 0.028 6 0.030 4 0.042 3 0.036 3

Current winter

snow

0.053 2 0.057 3 0.055 3 0.027 5 0.033 5 0.030 5 0.028 5 0.020 6 0.023 5

Last winter snow 0.010 6 0.001 8 0.006 7 0.016 7 0.065 3 0.040 3 0.005 8 0.025 4 0.015 8

Direct predation

risk

0.044 4 0.033 4 0.038 5 0.046 2 0.032 6 0.039 4 0.044 2 0.020 6 0.032 4

Ruggedness 0.099 1 0.007 6 0.053 4 0.028 4 0.086 1 0.057 2 0.033 3 0.088 1 0.060 2

Water 0.001 8 0.002 7 0.001 8 0.039 3 0.004 8 0.021 7 0.024 6 0.021 5 0.022 6

Human

infrastructure

0.004 7 0.123 1 0.063 1 0.027 5 0.005 7 0.016 8 0.017 7 0.016 8 0.016 7

Elevation 0.036 5 0.104 2 0.061 2 0.132 1 0.085 2 0.096 1 0.092 1 0.068 2 0.084 1
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predation risk in 2006 compared to 2005 (Table 4) prob-

ably stems from this winter’s denser snow accumulations

(t = 2.843, P \ 0.01) and greater variability in snow

depth (s2006 = 18.873 vs. s2005 = 9.459) and density

(s2006 = 46.369 vs. s2005 = 27.378). This likely inhibited

mobility and foraging (Mech et al.1987), forcing deer to

congregate in areas of shallower, lighter snow (D’Eon

2001), where wolves typically concentrate hunting activi-

ties (Kunkel and Pletscher 2001; Mech and Boitani 2003).

Furthermore, in multi-prey systems, wolves select the prey

which are smallest or easiest to capture (Mech 1970) and

have been observed targeting white-tailed deer in the

winter, even when scarce in comparison to moose (Potvin

et al. 1988). This indicates a possible tradeoff, whereby

deer congregate in areas of heightened predation risk

because other factors are more limiting (i.e. forage, shelter)

and eclipse the need to minimize this spatial risk (Lima and

Dill 1990; Kie 1999). Our direct predation risk measure

(frequency of wolf occurrence) represents the probability

of a predator encounter and not of being killed, so alter-

nately, congregation in deer yards may be an anti-predator

strategy with better mobility reducing an individual’s

probability of being killed given a predator encounter

(Mech et al. 1987). This is supported by observations that

predation is significantly higher for yearlings and adult

females outside deer yards (Nelson and Mech 1991). Deer

may also be employing other anti-predator strategies such

as predation risk dilution or increased overall vigilance in

these high-risk areas (Dehn 1990). We encourage further

investigation into how the probability of being killed

changes relative to snow conditions and the probability of a

predator encounter in this study area (see Hebblewhite

et al. 2005).

Elk resource selection also resulted in an increased risk

of wolf encounters, again signifying a possible tradeoff

between forage and/or mobility maximization and preda-

tion risk avoidance (Fryxell and Lundberg 1997; Dussault

et al. 2005). From 1998 to 2004 22.5% of reintroduced elk

were killed by wolves, with wolf predation accounting for

40.6% of total elk mortality (Rosatte et al. 2007). As

*80% of the region’s elk were recently reintroduced from

a predator-free environment, it is possible that they repre-

sent a naı̈ve prey source being exploited by the resident

wolf packs (Friar et al. 2007).

That moose lack strong or consistent associations with

direct predation risk may be because deer and elk are more

profitable prey (Weaver 1984). The greater biomass per kill

provided by moose may be offset by the increased energy

expenditure required per predation event (Weaver 1984),

the greater danger posed by their persistent defensive

behaviour (Huggard 1993), and the difficulty that relatively

small eastern Canadian wolves have capturing them (Mech

1970). The Algonquin Provincial Park wolf population

responds through prey utilization and density to fluctuating

deer availability despite moose being more consistently

available and a major food item (Forbes and Theberge

1996). Detailed wolf diet analysis is needed for further

evaluation.

The positive association between deer and human

infrastructure may be an artifact of the Killarney Provincial

Park trail system, which is close to known deer yards.

However, these ski trails are perhaps the most heavily

utilized in the study area and, as wolves avoid areas of high

human activity (Whittington et al. 2005), deer might be

exploiting this avoidance by congregating in proximity to

trails to reduce predation risk (Hebblewhite and Merrill

2007). In 2005, when winter conditions were milder, deer

were strongly associated with trail density and inconse-

quentially or negatively associated with direct predation

risk (Table 4). Perhaps deer preferentially select these

areas to reduce predation risk when snow conditions allow

but are forced into higher risk areas when snow depths

increase. Deer’s negative association with dense coniferous

forest indicates an avoidance of indirect predation risk,

probably resulting from the differential predation vulnera-

bility in different habitats (Kunkel and Pletscher 2001;

Hebblewhite et al. 2005).

Elk did not avoid indirect sources of predation risk, with

human infrastructure associations positive due to the dense

road, rail and trail network around Burwash where elk were

originally released and still congregate. This variable was

the least important to elk resource selection models

(Table 3). Instead of dense coniferous forest, elk selected

for partially cut and sparse forest (Table 4), where better

visibility and more accessible escape routes may offset the

increased risk of an encounter (Geist 1982). Alternately,

sparse forest was correlated with exposed bedrock (Pearson

r = 0.73 at 16-km2 scale and r = 0.55 at 1-km2 scale)

which rapidly warms, reflecting solar radiation and

quickening snow melt to allow increased access to browse

(Gelfan et al. 2004).

Moose did not consistently avoid human infrastructure,

and weak model weights indicate that any avoidance

observed was not a primary concern (Table 3). They were

positively associated with dense coniferous forest, which

moose select to avoid predators (Kunkel and Pletscher

2001; Dussault et al. 2005) but also provides shelter and

contains winter forage—primarily balsam fir—highly uti-

lized in eastern North America (Ludewig and Bowyer

1985). Deciduous forest offers moose better quality forage

(Renecker and Schwartz 1998), so selecting dense conif-

erous forest indicates a tradeoff with abundant but low-

quality forage selected in exchange for a reduced risk of

predation. Determining the importance of moose as wolf

prey in this system might affect the interpretation of these

observed associations.
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Direct versus indirect predation risk

Direct predation risk was clearly more influential to

ungulate resource selection than indirect predation risk.

This despite the fact that an ungulate’s response to the

former is reactive since, uncoupled from any spatial ref-

erence point it cannot easily be anticipated, whereas

sources of indirect predation risk are spatially predictable

and can be proactively incorporated into resource-selection

decisions. However, direct predation risk exclusively rep-

resents an increased mortality risk whereas indirect sources

of risk are more ambiguous and may even represent

potential fitness gains (i.e. higher forage availability) to

offset the risk. These tradeoffs should temper avoidance of

many indirect sources of risk. Furthermore, some apparent

indirect risks might act to reduce risk in certain contexts

(i.e. trails used by wolves when human presence is low

might be selected by ungulates to avoid wolves when

human presence is high) (Hebblewhite and Merrill 2007).

Climatic conditions versus habitat

Our results support previous observations that winter

severity affects deer resource selection more than forage

availability, whereas the opposite is true of moose (Telfer

1970; Kearney and Gilbert 1976). The more severe snow

conditions in 2006 impacted more on deer selection due to

their increased vulnerability to predation in deep snow

(DelGiudice et al. 2002), but also influenced moose

resource selection. In 2006, twenty-five percent of 16-km2

quadrats were characterized by snow depths inhibitory to

moose movement ([60 cm), compared to 4.7% in 2005,

and may have forced moose to select areas close to dense

cover, which intercepts snow and is preferred by moose

across much of their winter range (Forbes and Theberge

1993). At the 1 km2 scale 23.4% of quadrats had snow

depths inhibiting to moose in 2006, when their avoidance

of deep snow at this scale was marked. In 2005, when snow

depth was inhibiting in 9.4% of quadrats, selection was

based more on forage requirements with dense deciduous

forest selected. That moose were positively associated with

snow depth in large-scale 2006 models (Table 4) seems to

contradict the selection for dense coniferous forest; how-

ever, Dussault et al. (2005) found the best landscape level

predictor of moose habitat selection were areas of high

quality forage (deciduous) interspersed with areas provid-

ing shelter from snow (coniferous).
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