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ABSTRACT. National parks are important for conservation of species such as wolves (Canis lupus) and 
elk (Cervus canadensis). However, topography, vegetation conditions, and anthropogenic infrastructure 
within parks may limit available habitat. Human activity on trails and roads may lead to indirect habitat 
loss, further limiting available habitat. Predators and prey may respond differentially to human activity, 
potentially disrupting ecological processes. However, research on such impacts to wildlife is incomplete, 
especially at fine spatial and temporal scales. Our research investigated the relationship between wolf and 
elk distribution and human activity using fme-scale Global Positioning System (GPS) wildlife telemetry 
locations and hourly human activity measures on trails and roads in Banff, Kootenay, and Yoho National 
Parks, Canada. We observed a complex interaction between the distance animals were located from trails 
and human activity level resulting in species adopting both mutual avoidance and differential response 
behaviors. In areas < 50 m from trails human activity led to a mutual avoidance response by both wolves 
and elk. In areas 50 - 400 m from trails low levels of human activity led to differential responses; wolves 
avoided these areas, whereas elk appeared to use these areas as a predation refugia. These differential 
impacts on elk and wolves may have important implications for trophic dynamics. As human activity 
increased above two people/hour, areas 50 - 400 m from trails were mutually avoided by both species, 
resulting in the indirect loss of important montane habitat. If park managers are concerned with human 
impacts on wolves and elk, or on these species’ trophic interactions with other species, they can monitor 
locations near trails and roads and consider hourly changes of human activity levels in areas important to 
wildlife.
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INTRODUCTION

Habitat loss from an increasing and expanding 
human population is the greatest threat to a wide 
diversity of species (Wilcove et al. 1998, Brooks et 
al. 2002). The establishment of parks has been an 
important strategy to prevent direct habitat loss and 
to preserve biologically important flora and fauna 
(Margules and Pressey 2000). However, parks may 
be susceptible to habitat degradation or indirect 
habitat loss from both natural and anthropogenic 
disturbances (Peters and Darling 1985, Baker 1992, 
Hobbs and Huenneke 1992). For example, many 
wildlife species in mountainous areas are affected 
by topographical fragmentation and indirect habitat 
loss by steep rugged mountain ranges. Additionally,

anthropogenic infrastructure and human activity in 
mountainous landscapes are primarily located on 
valley bottoms, which often contain the most 
productive habitat for wildlife species, further 
increasing fragmentation and limiting available 
habitat (Gibeau et al. 1996, Paquet et al. 1996).

Recreation and transportation may have an array of 
immediate and long-term impacts on species within 
wilderness parks (Boyle and Samson 1985, Forman 
and Alexander 1998, TrombulakandFrissell 2000). 
Activities such as hiking and biking on trails, and 
vehicle activity on roads may affect a wide range of 
species such as moose {Alcesalces; Yost and Wright
2001), mule deer {Odocoileus hemionus; Freddy et 
al. 1986), bobcats {Lynx rufus) and coyotes {Canis
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latrans', George and Crooks 2006), bighorn sheep 
{Ovis canadensis', Keller and Bender 2007), bison 
{Bison bison) and pronghorn {Antilocapra 
americana', Taylor and Knight 2003), small 
mammals (Oxley et al. 1974), Brown-headed 
Cowbirds {Molothrus ater), bald eagles {Haliaeetus 
leucocephalus', Buehler et al. 1991, Miller et al. 
1998), and black bears (Ursus americanus', 
Kasworm and Manley 1990). For many of these 
species, wildlife use near human activity decreased 
substantially, often leading to indirect habitat loss. 
For example, avoidance of human activity by 
woodland caribou {Rangifer tarandus caribou) on 
seismic exploration lines and roads resulted in loss 
of up to 48% of habitat in Alberta, Canada (Dyer et 
al. 2001). However, in other systems, wildlife 
species differentially responded to human activity 
according to trophic level. For example, in Grand 
Teton National Park, Berger (2007) found that 
grizzly bear avoidance of human activity because 
of presumed higher risk of mortality (e.g., Nielsen 
et al. 2004), created a refugia for female moose and 
their calves. This suggests a cascading top-down 
trophic interaction hypothesis whereby carnivores 
but not their prey avoided human activity, resulting 
in a refugia for prey. These indirect human effects 
on trophic dynamics could lead to human mediated 
trophic cascades on plant communities and species 
dependent upon those plants (e.g., Hebblewhite et 
al. 2005). Understanding how increasing human 
activity affects the intensity and extent of habitat 
use by different trophic levels has important 
implications for land managers and for indirect 
habitat loss mitigation strategies.

Indirect habitat loss caused by avoidance of trails 
and roads has been documented for wolves {Canis 
lupus', Theuerkauf et al. 2003, Whittington et al. 
2004, Hebblewhite and Merrill 2008), consistent 
with this species treating human disturbance as 
predation risk, perhaps because of higher mortality 
near humans despite protection (Hebblewhite et al. 
2003). For elk {Cervus canadensis), however, 
responses were more variable; where some authors 
reported avoidance (Cassirer et al. 1992, Gagnon et 
al. 2007), others reported selection for areas near 
human activity (Hebblewhite et al. 2005), 
suggesting that both avoidance and trophic 
interaction may occur in different populations. 
However, most previous research on the effects of 
human activities on wolf and elk selection has 
occurred at relatively coarse spatial-temporal 
scales. For example, previous research that has used 
human activity models at broad spatial scales

includes Theuerkauf et al. (2001), Anderson et al. 
(2005), and Shively et al. (2005). Research using 
human activity models at broad temporal scales, 
i.e., summer vs. winter, includes Jedrzejewski et al. 
(2001) and Sawyer et al. (2007). Other research has 
compared human activity levels between circadian 
cycles, i.e., day vs. night (Schultz and Bailey 1978, 
Ciucci et al. 1997, Ager et al. 2003, Theuerkauf et 
al. 2003) or between different activity-level trails/ 
roads, i.e., high vs. low activity (Rost and Bailey 
1979, Thurber et al. 1994, Ager et al. 2003). These 
analyses assume a constant response across spatio- 
temporal scales, and may obscure the true 
relationship between humans and wildlife. Human 
activity levels vary both spatially and temporally. 
For example, if  a species response to human activity 
is measured at the temporal scale of day vs. night 
across the entire study area, there may be locations 
within the study where the daytime human activity 
level, i.e., a low activity road, equals the nighttime 
level, i.e. a high-activity road. In this case, research 
may incorrectly assume that these two roads incur 
similar responses by wildlife during the day or night. 
To identify fme-scale wildlife responses to human 
activity levels, researchers would ideally use 
temporally varying human activity levels spatially 
across many different trails and roads. Such an 
approach would allow researchers to understand 
whether wildlife were able to distinguish changes 
in human activity levels at finer spatio-temporal 
scales, i.e., within the circadian cycle at individual 
trails and roads. As a result, managers could 
potentially mitigate the negative effects of human 
activity by managing the timing and amount of 
human activity.

Our research investigates the relationship between 
modeled fme-scale (hourly) human activity levels 
on roads and trails and the distribution of wolves 
and elk near these linear features. Specifically, we 
tested the effects of modeled hourly human activity 
on wolf and elk use of areas adjacent to trails and 
roads across three mountainous national parks of 
the Canadian Rockies. We tested the hypothesis that 
humans had an equal effect on both species, vs. the 
trophic interaction hypothesis of Berger et al. 
(2001), whereby wolves but not elk would avoid 
human activity, thus providing elk with a ‘human’ 
shield. We test these hypotheses using GPS radio 
telemetry from 32 individuals of the two species in 
a paired-logistic resource selection function 
framework (Compton et al. 2002). Finally, we tested 
for thresholds in the response of wildlife to human 
activity levels. Our study is among the first to
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Fig. 1 Location of study area: Banff, Kootenay, and Yoho National Parks within the provinces of 
British Columbia and Alberta, Canada.
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combine GPS collars with hourly human activity 
data to test for fme-scale wildlife-human 
interactions.

METHODS 

Study area

Banff, Kootenay, and Yoho National Parks are 
located in the Canadian Rocky Mountains 
approximately 150 km west of Calgary (Fig. 1). 
They are adjacent parks covering 9360 km^ in 
southwestern Alberta and southeastern British 
Columbia. The topography of the area is 
mountainous with rugged slopes, steep-sided 
ravines, and flat valley bottoms. Ecoregions include 
montane, subalpine, and alpine, which correspond 
to increasing elevation and decreasing productivity 
(Holland and Coen 1983). Vegetation in the area 
includes lodgepole pine {Pinus contorta), white 
spruce (Picea glauca), Engelmann spruce (Picea 
engelmannii), subalpine fir {Abies lasiocarpa), 
poplar {Populus sp.), and Douglas fir (Pseudotsuga 
menziesii\ Holroyd and Van Tighem 1983). In

addition to our research species, wildlife in the area 
includes black bear, grizzly bear {Ursus arctos), 
cougar {Puma concolor), lynx {Fells lynx), coyote, 
wolverine {Gulo gulo), white-tailed deer {Odocoileus 
virginianus), mule deer {Odocodeus hemonius), 
bighorn sheep, and moose. For more details, see 
Hebblewhite et al. (2005).

Human activity

Humans have widespread presence in the three 
national parks primarily at valley bottoms and in 
particular the Bow River Valley. The Canadian 
Pacific Railway line, Trans Canada Highway 
(TCH), Highways 93 and 1 A, and other lesser-used, 
secondary two-lane paved roads run through the 
national parks. Approximately 5 - 6  million people 
travel through the area annually (Green at al. 1996). 
Vehicle volumes during 199^2004 ranged from
50,000 to 800,000 vehicles per month along the 
TCH, 25,000 to 150,000 vehicles per month along 
Highway 93, and 4,000 to 100,000 vehicles per 
month along Highway lA  (Parks Canada, 
unpublished data). Facilities include the towns of
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Lake Louise and Banff, three ski hills, 
campgrounds, a golf course, and other tourism 
related developments. An extensive network of 
trails along valley bottoms is primarily used for 
hiking with some biking and equestrian use. In the 
winter, trails are used for skiing, snowshoeing, and 
hiking for recreation and access routes for other 
mountaineering activities. Human activity levels on 
various trails in the summer range from 100 to
70,000 per month along the Bow River Valley and 
0 to 1000 per month in backcountry areas (Parks 
Canada, unpublished data). Volumes in the winter 
decrease dramatically with backcountry locations 
receiving almost no human activity.

To model hourly human activity we obtained data 
on trails and roads in Banff, Kootenay, and Yoho 
National Parks from Parks Canada (Fig. 1). Data on 
137 trails were gathered using passive (Trafx 
Research Ltd., Canmore, Alberta, Canada) and 
active (Goodson & Associates, Inc., Lenexa, 
Kansas, USA) infrared counters deployed along 
trails between 2000 and 2007 (Watson et al. 2000, 
Cessford and Muhar 2003). We accounted for 
possible over counting due to false triggers, for 
example, movements of vegetation by wind, by 
deleting counts that were > 50% higher than any 
other counts on that trail if  local park experts also 
indicated such counts as inexplicably high. 
Additionally, we only used data from infrared 
counters that were evaluated by field personnel as 
reliable. Examples of unreliable infrared counters 
include those temporarily covered by branches, 
blocked by spider webs, tampered with, or 
experiencing malfunctioning hardware issues. 
Deleted or lost data occurred in < 1% of the 
documentation period for all counters. We further 
assessed data reliability by setting up infrared 
cameras (Reconyx LLP, Holmen, Wisconsin, USA) 
simultaneously along infrared counters at five trails. 
The mean hourly count using infrared cameras on 
the five documented trails was 0.27 (se = 0.11) user/ 
hour less than counts documented by infrared 
counters. The observed hourly human trail activity 
in our data ranged from 0 - 1500 users/hour and 
averaged 1.1 user/hour. We concluded that the slight 
overestimation (0.27 user/hour) of infrared counters 
resulted in conservative estimates of wildlife and 
trails in our study. To quantify vehicle activity on 
roads in the study area, hourly road count data was 
obtained from the Parks Canada Traffic Count 
database (Parks Canada, unpublished data).

Wildlife data and habitat selection

We obtained wolf and elk Global Positioning 
System (GPS) telemetry locations from previous 
research in the study area (Hebblewhite and Merrill 
2007, Hebblewhite et al. 2008). Twelve wolves 
(nine females and three males) from four packs were 
captured between 2002-2004 using modified foot­
hold traps in the summer and helicopter net-gunning 
and limited aerial darting during the winter, and 
were outfitted with GPS radio-telemetry collars 
(GPS3300 model, LOTEK Inc., Newmarket, 
Ontario, Canada). W olf location data was collected 
between December 2002 and July 2005. Twenty 
female elk were captured between 2002-2004 using 
corral traps or net-gunning and outfitted with GPS 
radio-telemetry collars (GPS3300 and 4400 collars, 
LOTEK Inc., Newmarket, Ontario, Canada). Elk 
location data were collected between June 2002 and 
October 2004. Details of wolf and elk capture and 
monitoring procedures can be found in Hebblewhite 
and Merrill (2007) and Hebblewhite et al. (2008), 
respectively. Capture and handling methods were 
approved under B anff N ati onal Park Permit Numb er 
B-1994-29 and University of Alberta Animal Care 
protocol ID# 35112. All collars were programmed 
to acquire locations every two hours, which was 
considered sufficiently temporally accurate to 
estimate movement parameters of wildlife (Jerde 
and Visscher 2005).

We investigated resource selection as a function of 
human activity along roads and trails for these two 
species using paired or matched-case control 
logistic regression (Hosmer and Lemeshow 2000, 
Compton et al. 2002, Whittington et al. 2005). 
Matched-case control logistic regression, also 
known as conditional logistic regression, is quickly 
becoming the recommended method for evaluating 
resource selection because it appropriately 
measures availability from a mechanistically 
biological perspective (Moorcroft and Barnett 
2008), and results in robust relative probabilities of 
selection in a used-availability design (Keating and 
Cherry 2004). We compared resource selection 
between telemetry locations and availability 
measured using 10 random locations paired to each 
observation. We derived the 10 random locations 
from the empirical step length and turning angle 
distribution between consecutive two-hour locations 
in a classic matched-case control design (Fortin et 
al. 2005). The distributions for elk were averaged 
across all individuals, but to account for possible 
differences between wolf packs, we used step length
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and turning angle distributions from each individual 
pack. We created random locations using Hawth’s 
Analysis Tools (Beyer 2004) and ArcMap 9.2 (ESRI 
Inc. 2006), and ensured that each available location 
did not occur outside the study area. We assigned 
the date and time of each animal location to the 
paired random locations. Although habitat induced 
fix-rate bias is a concern in habitat selection studies 
(D’Eon et al. 2002, Frair et al. 2004, Hebblewhite 
et al. 2007), habitat induced GPS-bias was not 
incorporated into analyses for wolves and elk 
because rates were < 10% (Hebblewhite et al. 2007).

Model variables

In order to model the effects of human activity on 
wildlife distribution at different distances from trails 
and roads, we categorized distances to roads and 
trails using the following distance categories: 0 -5 0  
m, 51 - 200 m, 201 - 400 m, 401 - 600 m, 601 - 800 
m, and > 800 m. The 0 - 50 m distance represents 
an animal being on or immediately adjacent to a 
road or trail. We chose a 50 m distance as a balance 
in GPS location accuracy (see Hebblewhite 2006) 
such that it incorporates an area large enough to 
include the bulk of locations when an animal is on 
a trail or road and small enough to minimally include 
locations away from a trail. In addition, given the 
temporal resolution of the human activity dataset 
(+/-1 hour), using categories for distances to trails/ 
roads seemed appropriate. In sum, using a 
continuous variable for distance would have 
exaggerated the inference warranted from wildlife 
locations’ accuracy and from the resolution of the 
human influence data. We used 800 m as the upper 
range to include the area an animal may be displaced 
to when disturbed. We used 800 m as the reference 
category because it was furthest away from human 
linear features and therefore likely the least affected 
by human activity. Modeled hourly human activity 
counts on the trail or road nearest to observed 
telemetry and random locations were derived using 
the rules listed below and similar to the human 
activity model described in Musiani etal. (2010, see 
also Shepherd and Whittington 2006). Observed 
human activity counts from the telemetry location 
date and hour-of-day were obtained from the nearest 
trail and road (100% of road data, 28% of trail data). 
If this was not available, we used the mean of 
previous years of human activity of the observed 
telemetry location month, week, day-of-week, and 
hour-of-day from the nearest trail or road (57% of 
trail data). If this was not available, we used the

average human activity value of the observed 
telemetry location date and hour-of-day for similar 
trails and roads (15% of trail data). Similar trails 
and roads were defined on a monthly log-scale by 
Green et al. (1996).

In addition to human activity, we addressed possible 
confounding effects of other resources by including 
covariates commonly known to be important 
predictors of species occurrence in other studies 
(Mysterud and 1ms 1998). We included these 
covariates in models whether or not they improved 
model performance to isolate the effects of human 
activity and distance to trails and roads on species’ 
behaviors. These covariates included slope, 
elevation, and cover for wolves (Massolo and 
Meriggi 1998, Kunkel and Pletscher 2000, Ciucci 
et al. 2003, Mech and Boitani 2003, Oakleaf et al. 
2006); and elevation, slope, and greenness as 
measured by the Normalized Difference Vegetation 
Index (NDVI; Pettorelli et al. 2005) for elk (Toweill 
and Thomas 2002, Fortin et al. 2005, Mao et al. 
2005, Hebblewhite 2006, Stubblefield et al. 2006). 
Cover and greenness were derived from Landsat 7 
TM satellite imagery (McDermid et al. 2005). 
Greenness is the measure of herbaceous phytomass 
and correlates to primary productivity and biomass. 
Elevation and slope were derived from a 30 m^ 
Digital Elevation Model (DEM) of the study area.

Analysis

We tested for wolf and elk selection of areas near 
trails and roads using separate models for trails and 
road. We assessed species’ responses to these 
features by comparing models with and without 
distance, level of human activity, and their 
interaction. We compared nested models using 
likelihood ratio tests. We assessed multicollinearity 
of model variables using the variance inflation 
factor (VIE), which is a measure of the amount of 
multicollinearity in a set of multiple regression 
variables; VIF values > 10 indicate collinearity. We 
examined the spatial effects of increasing human 
activity by estimating relative predicted probabilities 
of occurrence vs. human activity for each distance 
category. For each specific level of trail activity the 
predicted probability for a given distance category 
was the probability of wildlife occurrence in that 
distance category compared with other distance 
categories. The cumulative predicted probabilities 
of all distance categories for a specific level of trail 
activity summed to one. We graphed relative
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Table 1. Likelihood ratio test and P-value (significance at < 0.05) results of distance-to-trail/road categorical 
variable and distance-to-trail/road*hourly trail/road activity categorical interaction variable using nested 
models for each species. Mean Spearman’s rho and P-value of 5-fold cross validation tests performed on 
models with significant interaction variables.

Trails Roads

Explanatory Variable Wolf Elk Wolf Elk

L-R Test of Distance t 33.92 58.88 28.00 9.23

P < 0.000 < 0.000 <0.000 0.100

L-R Test of Distance * Activity t 12.39 44.63 17.18 11.25

P 0.030 < 0.000 0.004 0.047

K-fold Cross Validation of Model // rho 0.971 0.905 0.959 0.314

// P < 0.000 0.002 <0.000 0.396

predicted probabilities of occurrence by human 
activity for each distance category using a linear 
stretch to scale the relative predicted probabilities 
between 0 and 1 (Johnson et al. 2004). We assessed 
the magnitude of response using the derivatives of 
relative predicted probabilities (Long and Freese 
2006).

We used Stata 10 (Stata Corp. L.P. 2008) for 
statistical analysis. Matched case-control logistic 
regression was performed using robust variance 
estimates (Huber-Wbite sandwich estimator) to 
account for autocorrelation in GPS data (Nielson et 
al. 2002). For studies in which unbalanced samples 
occur, sample weighting can be used to rectify 
unequal observations (Long and Freese 2006). Our 
research bad unequal telemetry observations per 
animal for elk and per pack for wolves, potentially 
leading to greater leverage for those animals or 
packs with more observations. To rectify this, we 
inversely weighted observations by each animal’s 
or pack’s proportion of the total observations, so 
that all animals for elk or packs for wolves bad the 
same statistical weight in analysis (Long and Freese 
2006).

We performed a Spearman’s rank correlation based 
on a case-control k-fold cross validation (k=5) to

assess the predictive capability of each model 
(Boyce et al. 2002, Fortin et al. 2009). The 5-fold 
cross validation used 80% of the data to create a 
model that predicted the frequency of occurrence of 
the withheld 20% using bins that represented the 
range of predicted RSF scores; the process was 
repeated five times replacing the withheld 20%.

RESULTS 

Wolf responses to trails

W olf use of areas near trails was affected by distance 
to human activity and trail activity level. The 
distance-to-trail variable improved model performance 
(%2 = 33.9, P < 0.0005; Table 1), and the interaction 
variable distance-to-trail *trail activity further 
improved model performance (%̂  = 12.4, P = 0.030; 
Table 1). W olf response to increasing trail activity 
for distance classes < 400 m differed from distances 
> 800 m (P < 0.05, Appendix Table A TI), whereas 
wolves showed neither selection nor avoidance for 
distance classes > 400 m regardless of human 
activity.

As trail activity increased, wolf selection of areas 
in distances 0 - 50 m, 51 - 200 m, and 201 - 400 m
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Fig. 2. Graphs of the change in wolf relative probability of use as a function of increasing trail activity 
within six ‘distance-to-traiT’ categories. The x-axis is hourly trail activity and y-axis is relative 
probability of use. A linear stretch was used to scale the predicted values between 0 and 1 following 
Johnson et al. (2004).
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decreased (Fig. 2). Conversely, wolf selection of 
areas in distances 401 - 600 m, 601 - 800 m, and > 
800 m increased with increasing trail activity (Fig.
2). W olf response changed from avoidance of 
distances < 400 m to attraction of distances > 400 
m with increasing trail activity, because wolves may 
move from areas < 400 m to > 400 m from trails. 
W olf responses to increasing trail activity leveled 
off for all distances at higher trail activity levels 
(Fig. 2). Derivatives were lowest (decreasing slope) 
in areas near trails, suggesting wolves had a stronger

and quicker avoidance of human activity near trails 
(Table 2). Elevation, slope, and cover were strong 
predictors of wolf occurrence (P < 0.05, Appendix 
Table A TI). The mean VIF for all variables was 
1.23 and no VIF was greater than 2, indicating 
minimal collinearity. The 5-fold cross validation 
had a mean Spearman’s rank correlation of 0.97 (P 
< 0.0005) indicating that the model predicted the 
distribution of wolves accurately (Table 1).
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Table 2. Hourly human activity at the peak negative derivative. ‘Peak derivative level’ represents the 
greatest rate of negative change in probability of use of locations within listed distances-to-trails/roads. 
Distance-to-trail/road categories that did not have negative derivatives were not included. |  = Derivative 
was continuously negative. N/A = Not applicable.

Species Human
Activity

Type

Distance from 
Trail or Road (m)

Peak Negative 
Derivative 

Level

Hourly Human 
Activity Level at Peak 
Negative Derivative

Homly Human Activity Level 
When Species Began Avoidance

Elk Trail 0-50 -0.05116 < 1 t

51-200 -0.00477 8 1

201-400 -0.00463 10 2

401-600 -0.00355 45 12

601-800 -0.00345 45 12

Wolves Trail 0-50 -0.01540 < 1 N/A

51-200 -0.00639 8 N/A

201-400 -0.00540 10 N/A

Road 0-50 -0.00026 25 N/A

51-200 -0.00008 700 N/A

201-400 -0.00001 1500 N/A

Wolf responses to roads

The distance-to-road variable improved model 
performance = 28.0, P < 0.0005; Table 1). The 
interaction variable distance-to-road*road activity 
further improved model performance = 17.2, P 
= 0.004; Table 1). W olf response to increasing road 
activity at distances 0 - 200 m was significantly 
different than for distances > 800 m (P < 0.05, 
Appendix Table A1.2).

As road activity increased, wolf selection 
progressively changed from avoidance (< 200 m) to 
neutral (201 - 400 m) to attraction (> 400 m; Fig.
3), suggesting that wolves at distances < 200 m 
move to distances > 400 m as road activity increases. 
W olf selection for the 201 - 400 m distance changed 
from mild attraction to mild avoidance at the road 
activity level of -1500 vehicles/hr (Table 2). 
Derivatives were lowest near roads, suggesting a 
greater avoidance response to human activity when

animals were nearer to roads (Table 2). Elevation, 
slope, and cover were strong predictors of wolf 
occurrence (P < 0.05, Appendx Table A1.2). The 
mean VIF for all variables was 1.81 and no VIF was 
greater than 4, indicating minimal collinearity. The 
5-fold cross validation had a mean Spearman’s rank 
correlation of 0.96 (P < 0.0005) indicating that the 
model consistently predicted the distribution of 
wolves (Table 1).

Elk responses to trails

The categorical distance-to-trail variable improved 
model performance (%̂  = 58.88, P < 0.05; Table 1). 
The interaction variable distance-to-trail*trail 
activity further improved model performance (%̂  = 
44.63, P = 0.05; Table 1). Elk response to increasing 
trail activity at distances 201 - 400 m and 601 - 800 
m was significantly different than for distances > 
800 m (P < 0.05, Appendix Table A1.3).
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Fig. 3. Graphs of the change in wolf relative probability of use as a function of increasing road activity 
within six ‘distance-to-road’ categories. The x-axis is hourly road activity and y-axis is relative 
probability of use. A linear stretch was used to scale the predicted values between 0 and 1 following 
Johnson et al. (2004).
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As trail activity increased, elk selection of locations 
in distance 0 - 50 m immediately and sharply 
decreased, than leveled off at between 10-20 users/ 
hour (Fig. 4). Elk responded to increasing trail 
activity at distances 51 - 400 m initially with mild 
attraction; then avoided these distances when trail 
activity reached one to two users/hr (Table 2, Fig.
4). Similarly, elk at distances 401 - 800 m responded 
to increasing trail activity with attraction; then 
avoided these distances when trail activity reached 
-12  users/hr. Derivatives were lowest near trails, 
suggesting a greater avoidance response to human

activity when animals were nearer to trails (Table 
2). Elevation, slope, and greenness were strong 
predictors of elk occurrence (P < 0.05, Appendix 
Table A1.3). The mean VIF for all variables was 
1.34 and no VIF was greater than 3, indicating 
minimal collinearity. The 5-fold cross validation 
had a mean Spearman’s rank correlation of 0.91 (P 
= 0.002) indicating that the model consistently 
predicted the distribution of elk (Table 1).
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Fig. 4. Graphs of the change in elk relative probability of use as a function of increasing trail activity 
within six ‘distance-to-traiT’ categories. The x-axis is hourly trail activity and y-axis is relative 
probability of use. A linear stretch was used to scale the predicted values between 0 and 1 following 
Johnson et al. (2004).
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Elk responses to roads

The categorical distance-to-road variable did not on 
its own improve model performance = 9.23, P 
= 0.100; Table 1). However, the interaction variable 
distance-to-roads*road activity was a predictor of 
elk occurrence (x^ = 11 -25, P = 0.047; Table 1). Elk 
selected for lower elevations and higher greenness 
(P < 0.05, Appendix Table A1.4) but not lower 
slopes (P > 0.05, Appendix Table A1.4). The mean 
VIF for all variables was 1.63 and no VIF was 
greater than 3, indicating minimal collinearity. The 
5-fold cross validation had a mean Spearman’s rank 
correlation of 0.31 (P = 0.396) indicating that the

model did not consistently predict the distribution 
of elk (Table 1). As the model did not consistently 
predict elk distribution, relative predicted 
probabilities were not calculated for the elk near 
roads model.

DISCUSSION

Wolf and elk avoidance of hnman activity

Our study documented clear changes in habitat 
selection patterns by wolves and elk in response to 
increased human activity with marked implications
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for their ecology and community interactions. We 
found wolves and elk selected areas farther away 
from trails and roads with increasing human activity 
(Figs. 2-4). For example, as human activity 
increased, wolf relative probability of use decreased 
in areas < 400 m and increased in areas > 400 m 
from trails. Similarly, elk responded to increasing 
human activity on trails by progressively decreasing 
their relative probability of use in areas < 800 m. In 
particular, elk seemed to prefer areas at distances 
401 - 800 m from trails (medium distances) over 
those > 800 m at low levels of human activity. 
However, those elk located at medium distances 
from trails were avoiding human activity as it 
increased. In accordance with our findings, previous 
research observed that wolves in Jasper National 
Park, Canada more strongly selected low activity 
trails compared with high activity trails 
(Whittington et al. 2005), wolves in Scandinavia 
fled from an approaching human when between 17 
and 310 m away (Karlsson et al. 2007), and wolves 
in Finland showed greatest human-avoidance at the 
most heavily used roads (Kaartinen et al. 2005). Elk 
and other ungulates have displayed similar behavior 
in response to increasing human activity. For 
example. Wisdom et al. (2004) found that elk were 
provoked to flee more frequently during higher 
levels of trail activity and Keller and Bender (2007) 
found that increased human presence negatively 
affected bighorn sheep use of a preferred mineral 
lick site. Our research found insufficient evidence 
of elk response to road activity. In contrast to this, 
other research has found negative effects of road 
activity on elk and other ungulates. In other studies, 
elk occurred at greater distances to open than closed 
roads (Ager et al. 2003) and were found to decrease 
their use in areas < 200 m from roads at increasing 
vehicle activity (Gagnon et al. 2007). Similarly, 
Dussault et al. (2007) found that moose increased 
their movement rates near roads and Papouchis et 
al. (2001) found that bighorn sheep were found 3 9% 
farther from roads in a high-use area than in a low- 
use area. A possible reason for this contrast may be 
the mountainous topography of our study area in 
which both roads and optimal elk foraging habitat 
might occur at valley bottoms (Dodd et al. 2007).

We found that wolves and elklocated closerto trails 
or roads displayed greater avoidance rates at similar 
human activity levels than those farther away. For 
example, wolves and elk at locations 0 - 50 m from 
trails reduced their relative probability of 
occurrence at a faster rate than those at 51 - 200 m 
as human activity increased. Similarly, Wisdom et

al. (2004) documented elk movement rates and 
flight response probabilities were substantially 
higher during higher levels of trail activity in 
Oregon. By identifying derivatives of relative 
probability of use, we also found that at closer 
distances to trails, and roads for wolves, smaller 
human activity levels were required to invoke 
avoidance responses.

Human activity may be an important factor in 
predator-prey interactions (Kunkel and Pletscher 
2000, Hebblewhite et al. 2005, Hebblewhite and 
Merrill 2008). Previous research has found that 
human activity may lead to universal avoidance. For 
example, Mech and Boitani (2003) found that 
wolves learned to avoid humans to decrease their 
own mortality risk and Cassirer et al. (1992) found 
elk avoided even small numbers of humans. 
Conversely, in other systems a differential response 
to human activity according to trophic level resulted 
in cascading trophic interactions (Hebblewhite et al. 
2005, Berger 2007).

We observed a complex interaction between the 
distance animals were located from trails and human 
activity levels resulting in species adopting both 
mutual avoidance and differential response 
behaviors. Close distances to trails appeared to 
mediate a mutual avoidance response by both 
wolves and elk. Both species avoided areas 50 m or 
less from trails in response to low levels of human 
activity. W olf and elk responses in areas between 
50 - 400 m from trails were dependent on the level 
of human activity. At low levels of human activity 
differential responses could be mediating trophic 
interactions. Wolves responded to low levels of 
human activity by avoiding areas 50 - 400 m. 
Conversely, elk responded to similar levels of 
human activity by initially increasing their use in 
these areas, perhaps taking advantage of the refugia 
created from the reduced likelihood of predators in 
general. Consistent with this interpretation, wolf 
avoidance of human activity has been described in 
many other systems (Thurber et al. 1994, 
Theuerkauf et al. 2003, Kaartinen et al. 2005, 
Whittington et al. 2005), and a study conducted in 
the study area (Hebblewhite and Merrill 2007) 
showed that ungulates can exploit this to reduce 
their own predation risk. In our study area, wolves 
are the main predators of elk (Hebblewhite et al.
2002). However, elk might need to minimize the 
risk of being predated upon also by other predators, 
including cougars (Kortello et al. 2007) and black 
and grizzly bears (Herrero 2005). Whereas little is
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known for cougars and black bears, a large body of 
information demonstrates grizzly bear spatial 
avoidance of humans at higher levels of use in the 
study area (Gibeau et al. 2002, Chruszcz et al. 2003). 
Therefore, similar speculation is warranted for 
wolves, grizzly bears, and perhaps other predators 
of elk, because large mammalian predators are 
known to avoid humans in other areas (Kasworm 
and Manley 1990, Trombulak and Frissell 2000, 
George and Crooks 2006). However, once human 
activity levels were greater than two persons per 
hour, wolves and elk once again responded with 
mutual avoidance of areas 50 - 400 m from trails, 
resulting in the indirect loss of important montane 
habitat.

During low human activity, wolves in our study 
were more likely to be at locations between 0 - 5 0  
m than distances > 400 m from trails (Appendix 
Table A1.5). This corroborates previous findings 
indicating that wolves may use linear features with 
low levels of human activity for travel routes 
(Thurber et al. 1994, Callaghan 2002) because these 
features may allow wolves ease of travel (James and 
Stuart-Smith 2000). Other research conducted in the 
Canadian Rocky Mountains similarly found wolves 
preferred areas < 25 m from roads and trails 
(Whittington et al. 2005). Wolves preferring to 
travel on or near linear features for short durations 
(under two hours) might explain our research not 
detecting a significant selection for areas 0 - 50 m 
compared with areas 51 - 400 m from trails 
(Whittington et al. 2004).

Confounding factors in human effects on 
habitat use

Trails and roads in our study area often occur in high 
quality habitat along valley bottoms and often near 
streams and rivers. We included elevation as a 
covariate to control for this effect, however wolf 
and elk use of high quality habitat and narrow travel 
corridors near roads and trails could have reduced 
the displacement effects we observed (Kunkel and 
Pletscher 2000, Hebblewhite et al. 2005). 
Interestingly, trails had a stronger spatial effect on 
wolf and elk resource selection than roads. One 
reason for this result could be that animals in our 
study area regularly used wildlife crossing 
structures to cross the Trans Canada Highway 
(Clevenger et al. 2001) perhaps resulting in less 
apprehension of approaching and crossing roads. In 
addition, hiding cover and topographical features 
may be important factors that affect animal response

(Hewison et al. 2001, Ager et al. 2003). For 
example, in the presence of hiding cover or nearby 
ridges wildlife may be more likely to tolerate being 
closer to human presence (Cassirer et al. 1992). It 
is possible that some animals in our study exhibited 
attenuated responses to human activity because of 
such features, which were not accounted for by our 
methodological approach.

We attempted to account for confounding factors 
by including the commonly found habitat and 
topographical factors important to each species. 
However, other factors such as snow conditions, 
topography, or variability in individual behavior 
may have affected our results (Hebblewhite and 
Merrill 2008). For example, Cassirer et al. (1992) 
observed lhal Ihe dislance moved by elk in 
Yellowslone National Park after being dislurbed by 
cross country skiers ranged widely and was related 
to distance to nearest ridge. Future research might 
investigate the relative importance of other 
covariates with human activity at increasing 
distances to roads and trails to assess their relative 
importance to selection (Rowland et al. 2000). We 
used the human activity level of the nearest trail/ 
road to a wildlife telemetry location as an indicator 
of human presence when assessing effects to 
wildlife. We acknowledge that wildlife may have 
been affected by other trails/roads further away 
from our documented trail/road, but with higher 
human activity levels. Such additional effects on 
wildlife movements in theory have the potential to 
confound, attenuate, or obscure the responses found 
in this study. Trails in our mountainous study area 
generally occurred on valley bottoms that were > 2 
km from their nearest trail. Consequently, the 
disturbance effects produced by the second nearest 
trail or road might have been eliminated or at least 
attenuated, because of the rugged mountainous 
terrain of our study area separating trails, resulting 
in topographic obstacles existing between wildlife 
and multiple locations of human use. Wildlife 
locations that occurred near trail intersections may 
have incurred effects from both trails. We believe 
these effects were minimal in our research, 
considering that opportunities where a high activity 
trail intersects with or occurs within close proximity 
of a low activity trail were very few in our study 
area. In fact, high activity trails/roads occurred in 
proximity to other high activity trails/roads, as was 
similar for low-use areas. Future research might 
investigate cumulative disturbance from human 
activity also incorporating approaches such as 
density indexes over the landscape.
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Implications

Our study documented marked responses to human 
activity by a top predator and by a dominant 
herbivore species (Witmer and deCalesta 1985, 
Thurber et al. 1994, Shepherd and Whittington 
2006). The responses to human activity we 
documented for wolves and elk may have energetic 
costs similar to anti-predator behaviors (Frid and 
Dill 2002). Duchesne et al. (2000) observed that 
woodland caribou increased time spent in vigilance 
behavior at the expense of foraging as eco-tourist 
visits increased in the Charlevoix Biosphere 
Reserve, Canada. Cassirer et al. (1992) estimated 
that elk needed to consume an additional 295 g/day 
of forage to compensate for movement away from 
cross country skiers in Yellowstone National Park. 
Greater energy requirements and reduced foraging 
time caused by anthropogenic disturbance can 
impair animal fitness (Frid and Dill 2002). Our 
research did not directly investigate energetic costs. 
However, proper identification and management of 
human disturbance near trails and roads may be 
important to mitigate a possible predation risk 
response and its associated effects.

The human mediated changes in both human- 
wildlife and predator-prey interactions may lead to 
undesirable consequences. Differential habituation 
among and within species may lead to changes in 
predator-prey dynamics (Caro 2005). For example, 
differential displacement away from human 
presence resulted in unequal predation risks of 
migrant vs. resident elk in our study area (Robinson 
et al. 2010). Additionally, wolf exclusion caused by 
humans led to changes in elk population dynamics 
(Hebblewhite et al. 2002) and cascading trophic 
effects on aspen {Populus tremuloides), willow 
{Salix spp.), beaver {Castor Canadensis), and 
songbirds (Hebblewhite et al. 2005). In this view, 
the role of humans may equally apply to wolves, 
elk, and to other potential species affected as 
humans may de facto serve the role of the 
nonconsumptive keystone predator (Boyle and 
Samson 1985).

Our research documented differential influences on 
wolves and elk that were dependent on the level of 
human activity, with the latter possibly benefiting 
from predator displacement by humans. Studies 
could be conducted in the future on other carnivore 
and herbivore species to highlight similar

mechanisms across ecosystems. Additionally, 
future research focusing on the likelihood of 
returning to disturbance areas would be useful to 
further address possible long term behavioral 
consequences attributed to human activity because 
some studies have suggested persistent low levels 
of disturbance may lessen the likelihood of 
returning to previously used areas (Kuck et al. 1985) 
and lead to permanent shifts in habitat use (Rowland 
et al. 2000), whereas other studies found animals 
returned when activity lowered or desisted (Casirer 
et al. 1992, Gagnon et al 2007).

Understanding how human activity affects species 
distribution has great importance in areas such as 
ours where topography limits suitable habitat. 
Suitable habitat is limited by rock, ice, and steep 
rugged terrain in the mountainous landscape of 
Banff, Kootenay, and YohoNational Parks (Gibeau 
et al. 2001). The anthropogenic infrastructure that 
is required to support a town, transportation, and 
tourism related industry also reduces suitable 
habitat on valley bottoms in mountainous areas. The 
combination of these conditions may threaten 
species viability via higher rates of mortality (Benn 
and Herrero 2002, McNay 2002), habitat 
fragmentation (Alexander et al. 2005), and reduced 
habitat security and species resiliency (Weaver et 
al. 1996, Gibeau etal. 2001). Additional disturbance 
initiated by human activity, as documented in our 
study, at otherwise suitable habitats surrounding 
trails and roads that often occur on valley bottoms 
may further reduce species viability.

The circadian cycle has been the finest temporal 
scale used by previous studies that associate wildlife 
distribution to human activity. Our research 
documented that wildlife avoidance occurs at finer 
spatio-temporal scales than previously studied. We 
found that wolf and elk selection of locations near 
trails and roads was dependent on hourly human 
activity levels and the distance to the human linear 
feature. A failure to properly address the scale at 
which wildlife respond to human activity could lead 
to mistaken conclusions about habitat selection. 
Proper assessment of the relationship between fme- 
scale human activity and wildlife distribution may 
have important implications for animal energy 
budgets, human-wildlife and predator-prey interactions, 
ecological trophic cascades, and wildlife viability.
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Responses to this article can be read online at:
http://www.ecologyandsociety.org/voll6/iss3/artl6/
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APPENDIX 1. Model results. * = reference category.

Table A l.l. Model results for wolves and trails. Results predict wolf occurrence near trails using matched case-control 
logistic regression.

Variable Coeff. Robust SE z P-value

Cover -0.084 0.036 -2.29 0.022

Elevation -0.002 <0.001 -15.32 <0.001

Slope -0.041 0.002 -16.94 <0.001

Trail Activity 0.001 0.003 0.38 0.705

0-50 m 0.320 0.079 4.07 <0.001

51-200 m 0.233 0.062 3.75 <0.001

201-400 m 0.226 0.060 3.77 <0.001

401-600 m 0.017 0.061 0.28 0.779

601-800 m 0.039 0.063 0.63 0.531

>800 m * * * *

0-50 m*Trail Activity -0.129 0.062 -2.08 0.037

51-200 m*Trail Activity -0.079 0.040 -1.98 0.048

201-400 m*Trail Activity -0.067 0.033 -2.03 0.042

401-600 m*Trail Activity 0.005 0.011 0.44 0.658

601-800 m*Trail Activity 0.003 0.003 0.80 0.424

>800 m*Trail Activity * * * *

Table A1.2. Model results for wolves near roads. Results predict wolf occurrence near roads using matched case-control 
logistic regression.

Variable Coeff. Robust SE z P-value

Cover -0.091 0.042 -2.18 0.029

Elevation -0.002 <0.001 -12.58 <0.001

Slope -0.048 0.003 -17.02 <0.001

Road Activity 0.004 <0.001 4.89 <0.001

0-50 m 0.279 0.144 1.94 0.052

51-200 m 0.418 0.112 3.74 <0.001

(con'd)
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201-400 m 0.355 0.107 3.31 0.001

401-600 m 0.182 0.120 1.51 0.130

601-800 m 0.060 0.143 0.42 0.677

>800 m * * * *

0-50 m*Road Activity -0.002 0.001 -2.94 0.003

51-200 m*Road Activity -0.001 <0.001 -1.96 0.049

201-400 m*Road Activity <0.001 <0.001 -0.81 0.418

401-600 m*Road Activity <0.001 <0.001 -0.32 0.747

601-800 m*Road Activity <0.001 <0.001 -0.50 0.617

>800 m*Road Activity * * * *

Table A1.3. Model results for elk near trails. Results predict elk occurrence near trails using matched case-control logistic 
regression.

Variable Coeff. Robust SE z P-value

Elevation <-0.001 <0.001 -0.52 0.605

Slope -0.018 0.003 -5.34 <0.001

Greeimess 0.168 0.023 7.35 <0.001

Trail Activity 0.026 0.019 1.36 0.173

0-50 m 0.229 0.391 0.59 0.558

51-200 m -0.142 0.196 -0.72 0.471

201-400 m 0.027 0.121 0.22 0.822

401-600 m 0.362 0.117 3.10 0.002

601-800 m 0.324 0.113 2.86 0.004

>800 m * * * *

0-50 m*Trail Activity -0.350 0.277 -1.26 0.206

51-200 m*Trail Activity -0.091 0.050 -1.78 0.075

201-400 m*Trail Activity -0.071 0.030 -2.37 0.018

401-600 m*Trail Activity -0.028 0.029 -0.98 0.329

601-800 m*Trail Activity -0.033 0.016 -2.03 0.042

>800 m*Trail Activity * * * *

(con'd)
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Table A1.4 . Model results for elk near roads. Results predict elk occurrence near roads using matched case-control logistic 
regression.

Variable Coeff. Robust SE z P-value

Elevation -0.002 <0.001 -5.71 <0.001

Slope 0.001 0.005 0.11 0.916

Greeimess 0.211 0.026 8.11 <0.001

Road Activity -0.001 0.001 -1.80 0.071

0-50 m 0.103 0.219 0.47 0.637

51-200 m 0.017 0.138 0.12 0.903

201-400 m 0.153 0.126 1.22 0.223

401-600 m 0.100 0.118 0.84 0.400

601-800 m 0.228 0.106 2.16 0.031

>800 m * * * *

0-50 m*Road Activity -0.006 0.002 -2.53 0.011

51-200 m*Road Activity -0.001 0.001 1.26 0.208

201-400 m*Road Activity <-0.001 0.001 -0.02 0.988

401-600 m*Road Activity <0.001 0.001 0.16 0.870

601-800 m*Road Activity <-0.001 0.001 -0.28 0.779

>800 m*Road Activity * * * *

Table A1.5. Model results for wolves on trails. Results predict wolf occurrence near trails using matched case-control 
logistic regression and 0-50 m as the reference category.

Variable Coeff. Robust SE z P-value

Cover -0.084 0.036 -2.29 0.022

Elevation -0.002 <0.001 -15.32 <0.001

Slope -0.041 0.002 -16.94 <0.001

Trail Activity -0.127 0.061 -2.06 0.039

0-50 m * * * *

51-200 m -0.086 0.066 -1.31 0.192

(con'd)
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201-400 m -0.094 0.073 -1.29 0.198

401-600 m -0.302 0.081 -3.76 <0.001

601-800 m -0.281 0.086 -3.25 0.001

>800 m -0.320 0.079 -4.07 <0.001

0-50 m*Trail Activity * * * *

51-200 m*Trail Activity 0.049 0.063 0.78 0.433

201-400 m*Trail Activity 0.061 0.066 0.93 0.355

401-600 m*Trail Activity 0.134 0.063 2.13 0.034

601-800 m*Trail Activity 0.131 0.062 2.12 0.034

>800 m*Trail Activity 0.129 0.062 2.08 0.037
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