University

UVicSPACE: Research & Learning Repository LV of Victoria

Faculty of Social Science

Faculty Publications

Functional response of wolves to human development across boreal North America

Tyler B. Muhly, Cheryl A. Johnson, Mark Hebblewhite, Eric W. Neilson, Daniel Fortin,
John M. Fryxell, Andrew David M. Latham, Maria C. Latham, Philip D. McLoughlin,
Evelyn Merrill, Paul C. Paquet, Brent R. Patterson, Fiona Schmiegelow, Fiona
Scurrah, & Marco Musiani

August 2019

© 2019 Tyler B. Muhly et al. This is an open access article distributed under the terms of
the Creative Commons Attribution License. https://creativecommons.org/licenses/by/4.0/

This article was originally published at:
https://doi.org/10.1002/ece3.5600

Citation for this paper:

Muhly, T. B., Johnson, C. A., Hebblewhite, M., Neilson, E. W., Fortin, D., Fryxell, J.
M. ... Musiani, M. (2019). Functional response of wolves to human development
across boreal North America. Ecology and Evolution, 9(18), 10801-10815.
https://doi.org/10.1002/ece3.5600.


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/ece3.5600

t.)

Received: 11 December 2018 | Revised: 29 July 2019 Accepted: 30 July 2019 |

Check for
DOI: 10.1002/ece3.5600 ‘ updates
Ecology and Evolution
ORIGINAL RESEARCH WILEY
Functional response of wolves to human development across
boreal North America
1 2 . 3 . . 4
Tyler B. Muhly® | Cheryl A. Johnson | Mark Hebblewhite® | Eric W. Neilson™ |
. - 5 6 . 7 o 7
Daniel Fortin® | John M. Fryxell® | Andrew David M. Latham’ | Maria C. Latham’ |
e . 8 14 9 10

Philip D. McLoughlin® | Evelyn Merrill® | Paul C. Paquet” | BrentR. Patterson™ |
Fiona Schmiegelow!! | Fiona Scurrah’® | Marco Musiani'?

iona Schmiegelow" | Fiona Scurra | Marco Musiani
'Forest Analysis and Inventory Branch, Ministry of Forests, Lands, Natural Resource Operations and Rural Development, Government of British Columbia,
Victoria, BC, Canada
2Science and Technology Branch of Environment and Climate Change Canada, Ottawa, ON, Canada
Swildlife Biology Program, Department of Ecosystem and Conservation Sciences, W.A. Franke College of Forestry and Conservation, University of Montana,
Missoula, MT, USA
4Department of Biological Sciences, University of Alberta, Edmonton, AB, Canada
5Department of Biology, Centre d'étude de la forét, Université Laval, Québec, QC, Canada
"Department of Integrated Biology, University of Guelph, Guelph, ON, Canada
’Manaaki Whenua Landcare Research, Lincoln, New Zealand
8Department of Biology, University of Saskatchewan, Saskatoon, SK, Canada
9Department of Geography, University of Victoria, Victoria, BC, Canada
Owildlife Research and Monitoring Section, Ministry of Natural Resources and Forestry, Trent University, Peterborough, ON, Canada
11Department of Renewable Resources, University of Alberta c/o Yukon Research Centre, Whitehorse, YT, Canada
2Transmission Line and Civil Construction, Manitoba Hydro, Winnipeg, MB, Canada
BDepartment of Biological Sciences, Faculty of Science, University of Calgary, Calgary, AB, Canada
Correspondence
Marco Musiani, Department of Biological Abstract
Sciences, University of Calgary, 2500 Aim: The influence of humans on large carnivores, including wolves, is a worldwide
University Dr NW, Calgary, AB T2N 1N4, . . . ) .
Canada. conservation concern. In addition, human-caused changes in carnivore density and
Email: nmusiani@ucalgary.ca distribution might have impacts on prey and, indirectly, on vegetation. We therefore

Funding information tested wolf responses to infrastructure related to natural resource development (i.e.,

Alberta Innovates-Technology Futures; human footprint).

Alberta Conservation Association; . . .

Alberta Outfitters Association; Wildsheep Location: Our study provides one of the most extensive assessments of how preda-
Foundation Alberta; Safari Club tors like wolves select habitat in response to various degrees of footprint across bo-

International Northern Alberta Chapter;
Alberta Fish and Game Association;
Chaire de Recherche Industrielle; CRSNG- Methods: We deployed GPS-collars on 172 wolves, monitored movements and used
Université Laval en Sylviculture et Faune;
Parks Canada; University of Montana;

real ecosystems encompassing over a million square kilometers of Canada.

a generalized functional response (GFR) model of resource selection. A functional

Natural Sciences and Engineering Research response in habitat selection occurs when selection varies as a function of the avail-
Council of Canada, Grant/Award Number: - ) . . . .
261091-02; National Aeronautics and Space ability of that habitat. GFRs can clarify how human-induced habitat changes are influ-
Administration , Grant/Award Number: encing wildlife across large, diverse landscapes.

NNX15AW71A

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2019 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Ecology and Evolution. 2019;9:10801-10815. www.ecolevol.org | 10801


www.ecolevol.org
https://orcid.org/0000-0002-2149-2492
mailto:﻿
https://orcid.org/0000-0002-6097-5841
http://creativecommons.org/licenses/by/4.0/
mailto:mmusiani@ucalgary.ca
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fece3.5600&domain=pdf&date_stamp=2019-08-30

10802 WI LEY—ECOlon and Evolution

MUHLY ET AL.

Open Access,

Results: Wolves displayed a functional response to footprint. Wolves were more
likely to select forest harvest cutblocks in regions with higher cutblock density (i.e.,
a positive functional response to high-quality habitats for ungulate prey) and to se-
lect for higher road density in regions where road density was high (i.e., a positive
functional response to human-created travel routes). Wolves were more likely to use
cutblocks in habitats with low road densities, and more likely to use roads in habitats
with low cutblock densities, except in winter when wolves were more likely to use
roads regardless of cutblock density.

Main conclusions: These interactions suggest that wolves trade-off among human-
impacted habitats, and adaptively switch from using roads to facilitate movement
(while also risking encounters with humans), to using cutblocks that may have higher
ungulate densities. We recommend that conservation managers consider the contex-

tual and interacting effects of footprints when assessing impacts on carnivores. These

KEYWORDS

trade-offs, wolves

1 | INTRODUCTION

The influence of humans on large carnivore populations is a world-
wide conservation concern. The number of terrestrial mammalian
carnivores threatened by exposure to roads in particular is increas-
ing across the globe, with Asia and North America being hotspots for
species at risk (Ceia-Hasse, Borda-de-Agua, Grilo & Pereira, 2017).
Humans can also have indirect effects on ecosystems by influenc-
ing carnivore distribution and abundance (also including wolves',
Canis lupus, Figure 1), which in turn can induce changes in prey dis-
tribution, herbivory, and vegetation (Ripple et al., 2014). In North
America, wolves are important predators of mammalian herbivores,
from large ungulates such as moose (Alces alces) to medium sized

animals such as beaver (Castor canadensis). In addition, wolves may

FIGURE 1 A wolf (Canis lupus) in the Boreal Forest of Northern
Alberta, Canada, where roads were presumably more energetically
favorable for travel (i.e., lower sinking depths)

effects likely have indirect impacts on ecosystems too, including on prey species.

boreal forest, ecosystem conservation, forestry, functional response, habitat selection, roads,

influence the abundance of prey species via predator-mediated
apparent competition (Holt, 1977; Serrouya, McLellan, van Oort,
Mowat, & Boutin, 2017) and these interactions may also be affected
by human disturbance.

Wolf predation is often influenced by infrastructure related to
natural resource development (i.e., footprint), with varying effects
on prey. For example, rapid energy and forestry development in the
boreal forest of North America (Timoney & Lee, 2001; Venier et al.,
2014) create movement corridors for predators, particularly wolves,
therefore enhancing predation (e.g., Demars & Boutin, 2017; Dickie,
Serrouya, Scott McNay, & Boutin, 2017; Latham, Latham, Boyce,
& Boutin, 2011; Paquet, Alexander, Donelon, & Callaghan, 2010;
Whittington et al., 2011). In addition, forestry may produce early
seral forests that support higher abundance of prey such as moose
and deer (Odocoileus spp.), and in turn higher abundance of preda-
tors such as wolves (e.g., Dussault, Courtois, & Ouellet, 2006; Houle,
Fortin, Dussault, Courtois, & Ouellet, 2010; Peters, Hebblewhite,
DeCesare, Cagnacci, & Musiani, 2012). Human footprint can also de-
grade habitat by increasing wolf-caused mortality on sensitive spe-
cies such as woodland caribou (Rangifer tarandus), which are listed
as Threatened under the Species at Risk Act in Canada (Fortin et al.,
2017; Hervieux et al., 2013; Wittmer, Sinclair, & McLellan, 2005).
This has led to the implementation of intensive wolf management in
some areas of the boreal forest (Hervieux, Hebblewhite, Stepnisky,
Bacon, & Boutin, 2014). Predicting how top carnivores, including
wolves, respond to human-induced changes to habitat at scales that
are commensurate with the wide-ranging land use changes under-
way in the boreal forest is therefore necessary for carnivore conser-

vation, ecosystem management, and threatened species recovery.
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A functional response in habitat selection, including human
footprint, occurs when habitat selection varies as a function of the
availability of that habitat. Such functional responses are likely com-
mon where animals make trade-offs, for example, between mortality
risk from humans and food (Mysterud & Ims, 1998). Functional re-
sponses have been revealed in a variety of mammals, including polar
bears (Ursus maritimus; Mauritzen et al., 2003), raccoons (Procyon
lotor; Tardy, Massé, Pelletier, Mainguy, & Fortin, 2014), and moose
(Beyer, Ung, Murray, & Fortin, 2013; Street et al., 2015). Statistical
models of wildlife habitat selection that include functional responses
have recently been developed (Gillies et al., 2006; Matthiopoulos,
Hebblewhite, Aarts, & Fieberg, 2011; Moreau, Fortin, Couturier, &
Duchesne, 2012) to assess how wildlife make trade-offs in habitat
selection as habitat availability changes.

Previous studies show that wolves exhibit a highly variable
response to human footprint. Wolves may avoid human footprint
(Benson, Mahoney, & Patterson, 2015; Mladenoff & Sickley, 1998;
Oakleaf et al., 2006) or select for it (Bowman, Ray, Magoun, Johnson,
& Dawson, 2010; Lesmerises, Dussault, & St-Laurent, 2012; Paquet
et al., 2010; Whittington, St. Clair, & Mercer, 2005), and some re-
searchers concluded wolves were indifferent to human activity (e.g.,
Mech, Fritts, Radde, & Paul, 1988). However, there is potential for
functional responses in wolves, as most assessments of resource
selection occurred in areas where habitat availability did not vary,
and thus the results of these studies represented resource selection

within a unique habitat availability condition. The plasticity in wolf
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response to human footprint has recently been suggested as poten-
tially indicating functional responses (e.g., Hebblewhite & Merrill,
2008; Houle et al., 2010; Newtonet al., 2017). However, studies to
date modeled wolf response to human footprint across limited spa-
tial scales (i.e., resource availability defined over 100's to 1,000's of
square kilometers). Functional responses to human footprint across
1,000,000's of km? using data from a large sample of individuals,
like in this study, are required to capture and understand the full
range of responses to environmental conditions experienced by
wide-ranging species such as wolves.

In Canada's boreal forest, forestry operations produce areas of
partially or completely removed and disturbed vegetation, which are
referred to as “cutblocks” (Grindal & Brigham, 1999). Wolves might
select for cutblocks, as these areas are characterized by early seral
vegetation and abundance of primary prey species (Bowman et al.,
2010; Kittle et al., 2017; Peters et al., 2012). In the boreal forest,
wolves might also select for roads, as these provide increased travel
efficiency and ease of finding prey (Dickie et al., 2017; Newton et al.,
2017; Paquet et al., 2010; Whittington et al., 2011). However, wolf
selection for roads might be diminished by perceived increased risk
of human-wolf interactions there, with potential trade-off between
ease of travel and fear of encounters with humans (Benson et al.,
2015; Lovari, Sforzi, Scala, & Fico, 2007). Finally, wolves' selection
of forestry cutblocks and roads may also interplay. For example,
Kittle et al. (2017) suggested that wolves are more likely to use lin-

ear features, including roads, that facilitate movement when prey
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FIGURE 2 Boreal forest of Canada
and its seven ecoprovinces, where wolf
location data was available
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abundance is low, but may switch to using cutblocks to find prey in
landscapes with higher prey densities.

We empirically modeled wolf selection of human footprint
across 1,000,000 km? of the boreal forest of Canada. Specifically,
we examined two aspects of human activity (forestry cutblocks and
roads) that may act as opposing resources for wolves. We predicted
that wolves would increase use of forest harvest cutblocks as their
availability increases. We tested how wolves responded to roads,
knowing that roads could be selected for ease of travel, but avoided
for fear of humans there. We also tested for interactions of cutblock
and road availabilities in wolf habitat selection. Finally, we evaluated
model generalizability at predicting wolf distribution outside of con-
ditions under which the model was trained. Our study therefore pro-
vides one of the most spatially extensive and large sample (n = 172

wolves) tests of how predators respond to human footprint.

2 | METHODS

2.1 | Study area and wolf data

The study occurred in the boreal forest of North America, which
spans >1,000,000 km? from Labrador to the Yukon across central
Canada (Figure 2). The study area consisted of seven ecoprovinces
(from west to east): boreal foothills, central boreal plains, western
taiga shield, western boreal shield, eastern boreal plains, midboreal
shield, and eastern boreal shield. Ecoprovinces are areas of uniform
climate, geological history, and physiography (Demarchi, 1996). See
Brandt (2009) for a detailed review of the ecology of the boreal for-
est and its ecoprovinces.

First, we compiled Global Positioning System (GPS) telemetry
datasets from 255 wolves collected by research groups and govern-
ment agencies from across Canada from 1997 to 2013 (see Table
S1). The fix rate interval of the wolf location data was subsampled
to either be weekly (data from Ontario, Canada) or daily (all other
data). Location data were collected by an assortment of GPS telem-
etry collar makes and models. We removed from the dataset any
wolves with fewer than 40 telemetry locations collected, therefore
achieving a number adequate to determine the distribution of wolf
packs in a region (Fuller & Snow, 1988). Results by Fuller and Snow
(1988) indicated that territories described from >40 locations should
be large enough (85%-90% of total size obtained with more loca-
tions) to determine whether another wolf pack (potentially “compet-
ing” for habitat selection) might reside between two territories. We
also removed wolves with yearly home ranges overlapping with each
other's (indicating same pack) and kept the individual with more lo-
cations or with home ranges not overlapping with the edge of the
study area. This resulted in further reduction of the dataset as many
participating studies had collared multiple individuals in packs (often
to allow continued monitoring of packs also after a given acciden-
tal collar failure). However, with this strategy we avoided issues of
pseudo-replication, which could have occurred as wolf packs com-
promise individuals whose movements (and therefore habitat se-
lection) are not fully independent (see Benson & Patterson, 2015).

After filtering for these criteria, 172 individual wolves remained in
the dataset. Sex and age distribution were as follows: 83 females,
77 males and 11 of unknown or unreported sex, and 140 adults and
32 classified as yearlings or pups. In total, 83% of wolf location data
used in the analysis were collected between 2006 and 2012, and
<10% were collected prior to 2005. Capture and handling of collared

wolves followed approved animal care protocols (see Table S1).

2.2 | Resources measured at used and
available locations

Our model evaluated individual wolf selection of resources within
an area they could occupy over the course of a year based on their
movement ecology. We sampled resources (i.e., habitat) available
to each individual wolf at locations up to a maximum distance of
one wolf home range away from each wolves' telemetry (i.e., used)
locations. Thus, our sample of available resources was representa-
tive of an area that could realistically be accessed by each individual
wolf we monitored. We acknowledge that some of these areas may
not have been easily accessible because of the territorial nature of
neighboring wolf packs, and territoriality of wolves could limit the in-
ference to be gained by our study with regard to habitat used versus
available. In addition, in this study creation of available points was
restricted to the ecoprovince where the GPS locations of a given
wolf occurred, as the human footprint data was available by eco-
province. However, wolves could consider as available some areas
outside of their ecoprovince too. Overall, our sample of 172 GPS
collared wolves guaranteed that the areas frequented, and the areas
around, which were potentially reachable by each wolf were highly
variable with regard to environmental conditions. Therefore, our
available sample adequately represented the variability of habitat
within and near each individual wolf's range likely without biases,
regardless of the presence or absence of neighboring wolves.

We estimated the distance across a wolf home range from our
data by measuring the maximum net displacement (i.e., Euclidean
distance) between all telemetry locations for each individual wolf
using the “ltraj” function from the “adehabitat” library (Calenge,
2006) in program R (R Core Team, 2013). Telemetry locations were
collected over an approximately 1-year period for each wolf and
thus the maximum net displacement reasonably represented the
distance across an annual home range of a wolf. Overall, we cre-
ated a frequency distribution of maximum net displacements for the
172 wolves, except we removed the top 5% displacement values as
outliers (accounting for potential extraterritorial forays, Messier,
1985). For each telemetry location (“used” by wolves), we sampled
10 “available” locations at random directions and distances drawn
randomly from the frequency distribution. These available locations
were specific to the individual wolf from which the sample location
was drawn (see Figure S1).

Thus, the spatial distribution of habitat available to an individual
wolf was defined based on a biological parameter: The maximum net
displacement by each radio collared wolf over the course of a year.
In addition, available habitat was further constrained in our study to
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an area that is reasonably and practically accessible to an individ-
ual wolf over the course of a year, based on quantified movement
capabilities (van Moorter et al., 2013), rather than across the entire
distribution of the wolf population in the boreal forest-i.e., a vast
region, not practically available to each wolf.

Our methodology shared similarities with an approach based
on second-order selection, specifically because we consider habi-
tat information outside of home ranges (Boyce, 2006). However, we
defined the domain of availability as the area both inside and out-
side (according to movement capacities) of home ranges. Our study
thus includes elements of both second-order selection (i.e., outside
home ranges) and third-order selection (i.e., within home ranges), as
in Boyce et al. (2003), Gagné, Mainguy, and Fortin (2016) and Losier
et al. (2015).

Habitat selection is a multiscale process (Boyce, 2006), and stud-
ies can assess habitat selection at multiple scales (see McGarigal,
Wan, Zeller, Timm, & Cushman, 2016). Even movement analysis such
as step selection functions (Fortin et al., 2005) is generally based on
habitat information taken not only within but also outside of home
ranges (i.e., a number of random steps should fall outside of home
ranges). Boyce et al. (2003) showed how habitat selection can be
studied at multiple scales based on the same observed locations, but
on random locations distributed over different domains of availabil-
ity. Some of the scales Boyce et al. (2003) considered were based on
a domain of availability that exceeded the home ranges of individu-
als, an approach similar to ours. As with any habitat selection model,
the interpretation of our model should be done while considering
the spatial domain of availability. Specifically, our study evaluates
habitat features that are used more or less than expected given the
availability of those features within an area that is reasonably and
practically accessible to an individual wolf over the course of a year.

Changes in forest landscapes are temporally dynamic. However,
environmental data sets comprehensively covering the telemetry
period (ideally at regular time intervals) and the whole study area
were not available. We had to rely on datasets that were diligently
assembled, largely by Environment Canada. A standardized method-
ology was developed and implemented by Pasher, Seed, and Duffe
(2013) to create a single geospatial dataset representing anthropo-
genic disturbances across a significant portion of Canada's boreal
ecosystem. The boreal ecosystem anthropogenic disturbances data
are a vector disturbance dataset of individual linear and polygonal
disturbance types that were manually collected through the inter-
pretation of 2008-2010 Landsat imagery at a 1:50,000 viewing
scale. For our study, we compiled spatial datasets of forest cutblock
density, road density and vegetation biomass (i.e., a proxy of wolf
prey) to estimate habitat at locations used by and available to wolves.
We relied on Environment Canada's disturbance maps, which were
created using Landsat imagery, to estimate (a) forest cutblock den-
sity (km?/km?) and (b) road density (km/km?), both at a 1 km? spa-
tial resolution. These spatial layers represented the most recent and
comprehensive attempt available at assessing human footprint in the
study area (Pasher et al., 2013), similar to the satellite imagery data
described below.

Ecology and Evolution . Jﬂ
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Wolves prey and rely on a variety of ungulate species across
boreal North America, including moose, woodland caribou, and
deer (Latham et al., 2011; Latham, Latham, Knopff, Hebblewhite, &
Boutin, 2013; Messier, 1994). However, data on wolf prey densities
were unavailable. We therefore used the average summer NDVI
value (i.e., peak of vegetation productivity in the boreal forest) as
an indicator of prey biomass distribution throughout that particu-
lar year, which is known to correlate with high-quality forage (e.g.,
Pettorelli et al., 2011; Street et al., 2015). NDVI information was
obtained from MODIS data collected by the U.S. Geological Survey
Earth Resources Observation and Science Center at 16-day inter-
vals during the summer (June 1 to September 30) at a 1 km? spatial
resolution.

2.3 | Resource selection function analysis

We used a resource selection function (RSF) approach (Boyce &
McDonald, 1999; Johnson, Nielsen, Merrill, McDonald, & Boyce,
2006; Manly, McDonald, Thomas, McDonald, & Erickson, 2007) to
model wolf occurrence across boreal Canada as a function of den-
sity of forest harvest cutblocks, density of roads, and vegetation
biomass estimated using the normalized difference vegetation index
(NDVI). We estimated the values of these covariates at wolf loca-
tions using point sampling tools in ArcGIS 10.1. Resources measured
at locations used by wolves were compared with those measured at
locations available to wolves in a binomial mixed-effects regression
model (Gillies et al., 2006; Hebblewhite & Merrill, 2008). The effect
of habitat availability on resource selection was modeled with inter-
action terms in a GFR (Matthiopoulos et al., 2011) to test for func-
tional responses of wolves to human footprint. GFRs extend the RSF
approach to enable it to estimate generalized functional responses
from spatial data. GFRs employ data from several sampling instances
characterized by diverse profiles of habitat availability. In this study,
we measured interaction terms of average forestry cutblock density
and road density at locations available to wolves, by ecoprovince
(see above).

We developed seasonal models of wolf resource selection, in-
cluding summer (June 1 to September 30) and winter (October 1
to May 31). We tested for collinearity of habitat covariates using
a Pearson correlation and found none that were highly correlated
(lr] > .7; sensu Boyce, Vernier, Nielsen, & Schmiegelow, 2002). In
addition, we calculated variance inflation factors (VIFs) to remove
covariates in case they had a VIF >10 (high collinearity, Neter,
Wasserman, & Kutner, 1990), and none was found.

In regression analyses, we employed generalized linear mixed
models (GLMMs) in the package “Ime4” (Bates, Maechler, Bolker, &
Walker, 2015) in R 3.0.2 (R Core Team, 2013) with random intercepts
for individual wolves. Models were fit with random slopes for indi-
vidual wolves for each fixed-effects covariate (i.e., NDVI, cutblock
density and road density). Random intercepts and slopes were in-
cluded to account for unbalanced sample sizes among wolves and for
individual variability in wolf selection of resources, when estimat-

ing fixed effects of the sampled population. To estimate functional
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Average road den-

TABLE 1 Number of wolves monitored

EEDEIEALE S with GPS-telemetry in summer and winter,

Number of wolves sity (kem/km?) density (km?/km’) and average road and cutblock densities in
Ecoprovince name Summer Winter Summer Winter  Summer Winter sampled areas available to wolves in seven
Western taiga shield 6 14 0.001 0.001 0.000 0.000 ecoprovinces of boreal Canada
Central boreal plains 33 39 0.085 0.084 0.041 0.041
Western boreal shield 26 44 0.027 0.027 0.009 0.010
Boreal foothills 26 2 0.122 0.011 0.122 0.010
Eastern boreal plains 5 12 0.078 0.074 0.011 0.013
Eastern boreal shield 8 9 0.017 0.017 0.115 0.116
Midboreal shield 13 33 0.044 0.048 0.062 0.078
responses to cutblocks and roads, we also included the following 3 | RESULTS

covariates as interaction terms: (a) average cutblock density and (b)
average road density, in each ecoprovince (sampled from locations
available to wolves, see above). Models were fit with the bobyqa op-
timizer (R Core Team, 2013).

2.4 | Mapping wolf resource selection, model
generalizability and validation

We constructed maps of wolf resource selection across boreal
Canada at a 9 km? spatial resolution using the fixed-effect co-
efficients from the GFR model for each season. We also tested
for model generalizability (i.e., the ability of the model to predict
wolf distribution as accurately with new data as with the model
training data; Vaughan & Ormerod, 2005) using a k-fold validation
approach.

Using groups of withheld data rather than independent data to
test generalizability makes it difficult to distinguish between errors
in (a) overfitting (i.e., modeled idiosyncrasies in the data) and (b)
transportability (i.e., inability of the model to predict the species-
environment relationships outside of conditions under which the
model was trained; Vaughan & Ormerod, 2005). However, over-
fitting is typically tested by bootstrapping from the training data-
set (Vaughan & Ormerod, 2005). The k-fold validation approach
we used (a form of bootstrapping) can also test for overfitting. In
addition, our k-fold validation was designed to subdivide the data
spatially (i.e., in ecoprovinces). Thus, it explicitly tested for gener-
alizability of models built from wolf location data outside an eco-
province on wolf location data within an ecoprovince. Our approach
was the only reasonable alternative, given the lack of a broad-scale
independent dataset (e.g., from wolves in a similarly large expanse
of boreal forest).

We evaluated model generalizability by comparing used versus
expected numbers of wolf locations in each relative RSF probability
bin for each withheld ecoprovince (sensu Boyce et al., 2002). We
considered models that predicted the frequency of used locations
within RSF bins as having good generalizability, for example, the fre-
quency of predicted and used locations had strong goodness-of-fit
statistics, including, ideally, high R? values, slopes approaching 1 and

intercepts 0.

3.1 | Wolves' functional responses to infrastructure

We obtained wolf locations (n = 604,650) from 172 GPS collared
wolves from seven ecoprovinces across boreal Canada (Figure 2).
We sampled a range of 5-33 wolves in each ecoprovince in the sum-
mer and 2-44 wolves in each ecoprovince in the winter (Table 1).
Average road density by ecoprovince (i.e., average value of road den-
sity sampled at available locations in the ecoprovince) ranged from
0.001 km/km? in the western taiga shield to 0.122 km/km? in the
boreal foothills (Table 1). Ecoprovince cutblock density ranged from
0 km?/km? in the western taiga shield to 0.122 km?/km? in the bo-
real foothills (Table 1).

The seasonal boreal Canada-wide GFR models (Figure 3)

2 areas)

showed that wolves selected habitat patches (i.e., 1 km
with higher NDVI values (Table 2). The selection of patches with
higher road density varied with average ecoprovince road density,
supporting a functional response to roads (see positive interaction
coefficient in Table 2). Specifically, in the summer, wolves selected
less the patches with high road density in ecoprovinces with rela-
tively low road densities (i.e., <0.075 km/km?; Figure 4, top), but
selected patches with higher road density in ecoprovinces with
relatively high average road densities (i.e., >0.075 km/km?). Similar
selection patterns were observed in winter, with wolves showing
a gradual shift toward selection of habitat patches of high road
densities, as average ecoprovince-scale road densities increased
(Figure 4, bottom).

Similarly, the selection of patches with higher cutblock density var-
ied with average ecoprovince cutblock density, supporting a functional
response to forestry cutblocks (see positive interaction coefficient in
Table 2). In the summer, wolf selection of patches with higher cutblock
density became pronounced as average ecoprovince cutblock den-
sity increased, and wolves selected patches with slightly higher cut-
block density in the ecoprovince with the highest cutblock density
(i.e., 0.125 km?/km?; Figure 5, top). In winter, wolves selected less the
patches with high cutblock density in ecoprovinces with lower average
cutblock densities, but were more likely to select patches with high
cutblock density in ecoprovinces with higher average cutblock densi-
ties (i.e., >0.075 km?/km?; Figure 5, bottom).
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FIGURE 3 Wolf habitat selection
across boreal Canada in summer (top)
and winter (bottom) estimated using a
generalized functional response (GFR)
model. Resource selection function (RSF)
values are displayed using histogram
equalization, i.e., each range contains
approximately the same number of pixels

3.2 | Trade-offs in selection of forestry

cutblocks and roads
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trade-offs. In the summer, wolves selected patches with higher
cutblock density in ecoprovinces with lower average road densities
(i.e., <0.025 km/km?; Figure 6, top), but selected less the patches

We found a significant negative interaction between habitat patch with higher cutblock density in ecoprovinces with higher average
cutblock density and ecoprovince-scale road density in wolf re- road densities. In winter, wolves generally selected less the patches
source selection (Table 2), indicating a functional response with with higher cutblock density in ecoprovinces with higher average
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TABLE 2 Model coefficients (f) standards errors (SE), z-values and p-values for covariates of boreal Canada-wide scale (i.e., generalized

functional response, GFR) wolf resource selection functions in the summer and winter

NDVI

Cutblock density

Road density

Ecoprov road density (rds_E)?
Ecoprov cutblock density (cut_E)?
Cutblock density * cut_E

Road density * rds_E

Road density * cut_E

Cutblock density * rds_E

Summer Winter
p SE z-value p-value p SE z-value p-value
0.18 0.09 2.01 .04 0.43 0.06 7.44 <.01
-8.15 0.83 -9.87 <.01 -4.02 0.38 -10.68 <.01
-1.88 0.22 -8.46 <.01 -0.68 0.13 -5.29 <.01
0.80 0.66 1.22 .22 0.00 0.28 0.00 1.00
-1.90 1.01 -1.89 .06 2.83 0.46 6.13 <.01
5.86 211 2.78 .01 8.26 1.30 6.37 <.01
5.33 0.65 8.15 <.01 1.23 0.37 3.36 <.01
-8.24 1.06 -7.81 <.01 1.09 0.62 1.75 .08
-8.23 1.36 -6.04 <.01 -1.34 0.91 -1.47 14

?Ecoprov covariates (rds_E and cut_E) are the average road density and cutblock density values sampled in each ecoprovince (sampled from locations

available to wolves).

1.00
0.80 -
0.60 -
0.40 -
0.20 -

Relative selection

Relative selection

Summer

road densities (Figure 6, bottom). Similarly, we found a significant

negative interaction between patch-scale road density and average

ecoprovince cutblock density in wolf resource selection (Table 2),

also indicating a functional response with trade-offs. In summer,

wolves selected patches with higher road density in ecoprov-

inces with lower average cutblock densities (i.e., <0.025 km?/km?;

o ¢
o ¢ 7

%, 0 % ,
ity (k™)

Wa)

FIGURE 4 Relative selection by
wolves of road density (measured at a

1 km? scale) as a function of average
ecoprovince road density across boreal
Canada during the summer (top) and
winter (bottom) as modeled using a
generalized functional response approach

(GFR)

Figure 7, top), but selected less the patches with higher road density

in ecoprovinces with higher average cutblock densities. In winter,

wolves selected less the patches with higher road density in eco-

provinces with lower average cutblock densities (i.e., <0.100 km?/

km?; Figure 7, top) but selected patches with high road density in

ecoprovinces with higher average cutblock densities (Figure 7, top).
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3.3 | Model generalizability and prediction of
wolf use

Our winter and summer habitat selection models had very good to
good generalizability in predicting wolf distribution. Very good gen-
eralizability was found in predictions of wolf use in the western taiga
shield and eastern boreal plain ecoprovinces in the winter or sum-
mer, in the boreal foothills and western boreal shield ecoprovinces
in the winter, and in the midboreal shield in the summer (R2 > 99,
-6 < Intercept < 1, 0.96 < Slope < 1.12, p < .01; Table 3). Model gen-
eralizability was still good in the other ecoprovinces including 4 for
the winter and 3 for the summer (R? = .80, -20 < Intercept < 11,
0.87 < Slope < 1.22 p < .01; Table 3).

4 | DISCUSSION

This study describes the response of a large predator to variation in
human-caused habitat alterations across Canada's boreal forest, a
vast landscape with a high diversity of human footprint conditions.
Wolves' selection of roads and forestry cutblocks varied by season
and across ecoregions. Our results confirm that while wolves are

habitat generalists, they adapt and specialize their resource use to

Fcology and Evolution o 10809
= WILEY- 1%

Summer

Winter

specific environments depending on resource availability (Paquet
et al., 2010). Our results are novel in that they also highlight how
functional responses can effectively capture the flexibility of ani-
mal selection and meet the challenges in predicting the effects of
humans on wildlife. Functional responses are not new in the wolf
literature as they were amply described for prey selection (see Dale,
Adams, & Bowyer, 1994; Zimmermann, Sand, Wabakken, Liberg, &
Andreassen, 2015). Our results indicate the species' aptitude for
functional responses in habitat selection too, where similar mecha-
nisms of selection and “switching” may play a role.

Both in summer and winter, wolves selected higher road den-
sity habitat patches in ecoprovinces with higher road densities
(i.e., the “road resource” become more desirable despite it being
more available), and they selected higher cutblock density habitat
patches in ecoprovinces with higher cutblock densities (i.e., the
“cutblock resource” become more desirable despite it being more
available). These results suggested wolves dynamically select both
types of human footprint, which may facilitate wolf predation
as road may be used to travel efficiently and encounter prey in
cutblock areas. Cutblocks provide early seral forest habitat that
provides food for wolf prey (Gagné et al., 2016), and thus may
support higher prey densities (Bowman et al., 2010; Peters et al.,
2012; Rempel, Elkie, Rodgers, & Gluck, 1997). We also found that
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Relative selection

Winter
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wolves selected patches of higher vegetation productivity (i.e.,
high NDVI values), which likely supported higher prey densities
(Street et al., 2015). Roads may increase the travel efficiency of
wolves (Dickie et al., 2017; Latham et al., 2011; Whittington et
al., 2005) and even facilitate wolf predation on prey (Paquet et al.,
2010; Whittington et al., 2011). However, the benefits of roads
and cutblocks for wolves may not be realized at low densities of
these footprint types, where they may be perceived by wolves as
unusual landscape features.

We also found a novel and significant functional response in how
wolves traded off between human footprint types (see negative in-
teraction coefficients in Table 2, Figures 6 and 7). At low densities
of roads and cutblocks (i.e., little benefits provided, as explained
above), wolves may select even less each footprint type (roads or
cutblocks), if human activities associated with roads or cutblocks
increase the probability of wolf mortality through human-wolf in-
teractions (Benson et al., 2015; Lovari et al., 2007). Alternatively, it
may be that in landscapes with high densities of each footprint type,
the risk of human interaction is equally high across habitat patches,
and thus avoidance of these features is no longer a beneficial strat-
egy for reducing mortality risk. Where high densities of only one
type of human footprint occur, wolves may select habitat patches

with higher densities of that footprint because these features may

(4
S .
oad density

FIGURE 6 Relative selection by
wolves of cutblock density (measured at
a 1 km? scale) as a function of average
ecoprovince road density across boreal
Canada during the summer (top) and
winter (bottom) as modeled using a
generalized functional response approach
(GFR)

o)
(Kmlkmz)

facilitate predation (by facilitating movement or providing access to
higher prey density).

Our results revealed that wolf selection of the two footprint
types did not increase with availability simultaneously. Thus, human
activity may limit wolf use of habitat, as wolves may only be able
to maximize their use of cutblocks in regions where road densities
are low, for example. By comparison, high road densities may reduce
wolf habitat suitability despite the potential for the landscapes to
support higher prey densities (Fisher & Wilkinson, 2005; Gagné et
al., 2016). Whereas wolves may be able to trade-off between differ-
ent human footprint types, ultimately, wolves may not select habitat
patches with high densities of both types of human footprint be-
cause wolves may not tolerate cumulative effects of multiple human
activities.

Overall, human footprint and prey density, and its accessibility
through using roads especially in the winter likely determined wolf
habitat selection. Wolves may optimize the use of roads to locate
prey in landscapes with low prey densities, and switch to using cut-
blocks in landscapes with higher prey densities (Kittle et al., 2017).
However, we observed that in winter wolves selected habitat
patches with high road density even in ecoprovinces with high cut-
block density. Newton et al. (2017) found compensatory selection

for roads over natural linear features, presumably because roads
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FIGURE 7 Relative selection by 1.00
wolves of road density (measured at a

1 km? scale) as a function of average
ecoprovince cutblock density across
boreal Canada during the summer (top)
and winter (bottom) as modeled using a
generalized functional response approach
(GFR)

Relative selection

Relative selection

were more energetically favorable for wolf travel (i.e., lower sink-
ing depths). Moreover, mortality risks on roads may be reduced in
winter because human activity related to forestry is typically less
than in summer in remote regions, such as our study area (Houle et
al., 2010).

Our GFR models could predict where wolves were most likely
to occur, given habitat features assessed at fine scale (i.e., at loca-
tions used by wolves) and at assessed at broad scale (i.e., at locations
available to wolves within ecoprovinces), and given their interaction.
The strength of GFRs is their ability to test for generalizable effects
of habitat availability on species distribution, and more accurately
predict those effects across a wide range of habitats. We found our
GFR model to be generalizable, as it predicted actual use by wolves
in each ecoprovince, with a few minor exceptions.

We caution when using this model to predict wolf use in the cen-
tral boreal plains ecoprovince year-round, the boreal foothills and
eastern boreal shield during the summer, and the midboreal shield
and eastern boreal plains during the winter. The model appeared to
underpredict the use of suboptimal habitat and overpredict the use
of optimal habitat for wolves in these ecoprovinces. It is difficult to
distinguish whether this issue was caused by model overfitting or
simply a lack of transportability of the model to these ecoprovinces,

due to unique ecological conditions. Model fit may also depend on

Fcology and Evolution o 10811
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the prey communities present in each ecoprovince. For example,

beaver, which are less associated with cutblocks (i.e., a variable that
is prominent in our model), are important prey in the central boreal
plains (Latham et al., 2013), whereas moose, which are strongly asso-
ciated with cutblocks, may be more important in other areas. Finally,
environmental data sets comprehensively covering the telemetry
period and the whole study area were not available. In addition,
we had to rely on datasets that were diligently assembled, but did
not account for the temporally dynamic nature of changes in for-
est landscapes. For these reasons, we recommend that for this, or
any other broad-scale species distribution prediction, the model be
tested with independent data collected at regular time intervals in
the area where it will be applied, prior to using it to make manage-

ment decisions.

5 | CONSERVATION IMPLICATIONS

Habitat selection models like the one developed in this study are
a useful tool to show or predict how human-induced changes to
habitat influence the ecology of wildlife species, and potentially
the interactions of species. Human modifications of landscapes

are typically complex, which can make predicting and managing
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TABLE 3 K-fold cross validation statistics, where the GFR model was fit iteratively on subsets of data with just one ecoprovince withheld
(subsets used to construct the model), and we then compared predicted and observed distributions of wolf locations for the ecoprovince

withheld

Season Ecoprovince Slope

Summer Western taiga shield 1.02
Central boreal plains 0.94
Western boreal shield 0.87
Boreal foothills 1.07
Eastern boreal plains 1.06
Eastern boreal shield 1.22
Midboreal shield 0.96

Winter Western taiga shield 1.03
Central boreal plains 1.08
Western boreal shield 1.02
Boreal foothills 1.09
Eastern boreal plains 1.12
Eastern boreal shield 0.95
Midboreal shield 1.10

p-value Intercept R?

<.01 -1 1.00
<.01 10 96
<.01 11 96
<.01 -9 .89
<.01 -1 1.00
<.01 -20 .96
<.01 1 .99
<.01 =il .99
<.01 -20 .80
<.01 -4 1.00
<.01 = 1.00
<.01 -6 .99
<.01 8 97
<.01 =7/ .99

human effects on wildlife and ecosystems a significant challenge.
However, some patterns are predictable. The road and forestry
cutblock footprints accounted for in this study have vastly differ-
ent, but predictable environmental impacts, as illustrated here by
the different and interacting effects that roads and cutblocks had
on wolves. In addition, the effects of humans on a given species
likely have indirect effects on other wildlife species, further com-
plicating our ability to manage human influence on ecosystems.
For example, in our study area a key concern is the indirect effect
of humans on woodland caribou mediated by wolves through ap-
parent competition (DeCesare, Hebblewhite, Robinson, & Musiani,
2010; Fortin et al., 2017; Holt, 1977). Woodland caribou are highly
sensitive to predation, and our results confirm that human footprint
in caribou range could enable increased distribution of wolves,
potentially resulting in higher predation rates on this threatened
species (Wittmer et al., 2005). Overall, our findings demonstrate
direct effects of human-caused habitat alterations on wolves, and
potentially support indirect effects rippling on prey and vegeta-
tion. Therefore, this work could serve to help understand, predict
and manage human impacts toward conservation objectives.

Our model is generalizable to all ecoregions encompassing the
vast boreal forest zone of Canada. Indeed, the interactions between
different types of human footprint at a regional scale were integral
to understanding the nuances of human footprint effects on wolves.
Similar methodological approaches could be used for predicting wolf
habitat use in other boreal forests, for example of Alaska or Eurasia,
or across similarly large geographic areas, or into the future, as road
and forestry developments or other developments increase over
time -that is, an analysis that we could not accomplish due to lack
of longitudinal data on human development. In future studies, we
recommend that scientists and conservation managers consider the

contextual and interacting effects of human footprints when assess-

ing the impacts of human development on wildlife.

ACKNOWLEDGMENTS

We thank all our collaborators who provided wolf telemetry data
for this study (Table S1). We thank Jason Matthiopolous for early
discussion and assistance with the functional response models.
T.B.M. was partially funded by Alberta Innovates-Technology
Futures. Funding for M. Hebblewhite was provided by University
of Montana and NASA through the Arctic Boreal Vulnerability
Experiment (ABoVE) grant #NNX15AW71A. Funding for E. Merrill,
N. Webb and P. Knamiller was provided by Alberta Conservation
Association, Alberta  Outfitters Association, Wildsheep
Foundation Alberta, Safari Club International Northern Alberta
Chapter, Alberta Fish and Game Association, NSERC Collaborative
Research Grant No. 261091-02 to E. Merrill). D. Fortin was
supported by The Chaire de Recherche Industrielle, CRSNG-
Université Laval en Sylviculture et Faune, NSERC Discovery Grants
(like M. Musiani), and Parks Canada. C.A.J. and T.B.M. would like
to thank Jon Pasher and Jason Duffe for their help summarizing
the anthropogenic disturbance data. Special thanks to Dean Cluff,
Peter Knamiller, Nathan Webb, Stan Boutin, Holger Bohm, Alicia
Goddard, Gerry Racey, Nancy Berglund, Ryan Brook, Brian Joynt,
Vicki Trim, Hank P. Hristienko, Dennis Brannen, Ken Rebizant,
Daniel Dupont, Daryll Hedman, Mark Bradley, and Layla Neufield

for their contributions to the project.

CONFLICT OF INTEREST

None declared.



MUHLY ET AL.

AUTHORS CONTRIBUTIONS

EWN, DF, ADML, MCL, EM, BRP, FS provided wolf data included in
this analysis. The research approach was designed and developed by all
authors in collaboration (TBM, CAJ, MH, EWN, DF, JMF, ADML, MCL,
PDM, EM, PCP, BRP, FS, FS, and MM). TBM lead the statistical analyses.
TBM, MM, CAJ, and BRP lead the write-up components of this work.

DATA AVAILABILITY STATEMENT

All Resource Selection Function model outputs and maps, and all
environmental GIS layers and maps are available through the reposi-
tory: https://doi.org/10.5061/dryad.q%j281m

ORCID

Cheryl A. Johnson https://orcid.org/0000-0002-2149-2492

Marco Musiani https://orcid.org/0000-0002-6097-5841

REFERENCES

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting linear
mixed-effects models using Ime4. Journal of Statistical Software,
67(1), 1-48.

Benson, J. F.,, Mahoney, P. J., & Patterson, B. R. (2015). Spatiotemporal
variation in selection of roads influences mortality risk for canids in
an unprotected landscape. Oikos, 124(12), 1664-1673. https://doi.
org/10.1111/0ik.01883

Benson, J. F., & Patterson, B. R. (2015). Spatial overlap, proximity, and
habitat use of individual wolves within the same packs. Wildlife
Society Bulletin, 39, 31-40. https://doi.org/10.1002/wsb.506

Beyer, H. L., Ung, R., Murray, D. L., & Fortin, M. J. (2013). Functional re-
sponses, seasonal variation and thresholds in behavioural responses
of moose to road density. Journal of Applied Ecology, 50(2), 286-294.
https://doi.org/10.1111/1365-2664.12042

Bowman, J., Ray, J. C., Magoun, A. J,, Johnson, D. S., & Dawson, F. N.
(2010). Roads, logging, and the large-mammal community of an east-
ern Canadian boreal forest. Canadian Journal of Zoology, 88(5), 454-
467. https://doi.org/10.1139/z10-019

Boyce, M. S. (2006). Scale for resource selection func-
tions. Diversity and Distributions, 12, 269-276. https://doi.
0rg/10.1111/j.1366-9516.2006.00243.x

Boyce, M. S., Mao, J. S., Merrill, E. H., Fortin, D., Turner, M. G., Fryxell, J.,
& Turchin, P. (2003). Scale and heterogeneity in habitat selection by
elk in Yellowstone National Park. Ecoscience, 10(4), 421-431. https://
doi.org/10.1080/11956860.2003.11682790

Boyce, M. S., & McDonald, L. L. (1999). Relating populations to habitats
using resource selection functions. Trends in Ecology & Evolution,
14(7), 268-272. https://doi.org/10.1016/50169-5347(99)01593-1

Boyce, M. S., Vernier, P. R., Nielsen, S. E., & Schmiegelow, F. K. A. (2002).
Evaluating resource selection functions. Ecological Modelling, 157,
281-300. https://doi.org/10.1016/50304-3800(02)00200-4

Brandt, J. P. (2009). The extent of the North American boreal zone.
Environmental Reviews, 17, 101-161.

Calenge, C. (2006). The package adehabitat for the R software: A tool for
the analysis of space and habitat use by animals. Ecological Modelling,
197, 516-519. https://doi.org/10.1016/j.ecolmodel.2006.03.017

Ceia-Hasse, A., Borda-de-Agua, L., Grilo, C., & Pereira, H. M. (2017). Global
exposure of carnivores to roads. Global Ecology and Biogeography,
26(5), 592-600.

Ecology and Evolution . Jﬂ
9 e~ WILEY

Open Access,

Dale, B. W., Adams, L. G., & Bowyer, R. T. (1994). Functional responses of
wolves preying on barren-ground caribou in a multi-prey ecosystem.
Journal of Animal Ecology, 63, 644-652.

DeCesare, N. J., Hebblewhite, M., Robinson, H. S., & Musiani, M. (2010).
Endangered, apparently: The role of apparent competition in endan-
gered species conservation. Animal Conservation, 13(4), 353-362.
https://doi.org/10.1111/j.1469-1795.2009.00328.x

Demarchi, D. A. (1996). An Introduction to the ecoregions of British
Columbia. Wildlife Branch, Ministry of Environment, Lands and
Parks, Victoria, British Columbia.

DeMars, C. A., & Boutin, S. (2017). Nowhere to hide: Effects of
linear features on predator-prey dynamics in a large mam-
mal system. Journal of Animal Ecology, 87, 274-284. https://doi.
org/10.1111/1365-2656.12760

Dickie, M., Serrouya, R., Scott McNay, R., & Boutin, S. (2017). Faster and
farther: Wolf movement on linear features and implications for hunt-
ing behaviour. Journal of Applied Ecology, 54, 253-263. https://doi.
org/10.1111/1365-2664.12732

Dussault, C., Courtois, R., & Ouellet, J. P. (2006). A habitat suitability
index model to assess moose habitat selection at multiple spatial
scales. Canadian Journal of Forest Research, 36, 1097-1107.

Fisher, J. T., & Wilkinson, L. (2005). The response of mam-
mals to forest fire and timber harvest in the North American
boreal forest. Mammal Review, 35, 51-81. https://doi.
org/10.1111/j.1365-2907.2005.00053.x

Fortin, D., Barnier, F., Drapeau, P., Duchesne, T., Dussault, C., Heppell,
S., ... Szor, G. (2017). Forest productivity mitigates human distur-
bance effects on late seral prey exposed to apparent competitors
and predators. Scientific Reports, 7, 6370. https://doi.org/10.1038/
s41598-017-06672-4

Fortin, D., Beyer, H. L., Boyce, M. S., Smith, D. W., Duchesne, T., & Mao,
J. S. (2005). Wolves influence elk movements: Behavior shapes a
trophic cascade in Yellowstone National Park. Ecology, 86(5), 1320-
1330. https://doi.org/10.1890/04-0953

Fuller, T. K., & Snow, W. J. (1988). Estimating winter wolf densities using
radiotelemetry data. Wildlife Society Bulletin, 16, 367-370.

Gagné, C., Mainguy, J., & Fortin, D. (2016). The impact of forest har-
vesting on caribou-moose-wolf interactions decreases along a lati-
tudinal gradient. Biological Conservation, 197, 215-222. https://doi.
org/10.1016/j.biocon.2016.03.015

Gillies, C. S., Hebblewhite, M., Nielsen, S. E., Krawchuk, M. A., Aldridge,
C.L., Frair,J.L.,... Jerde, C.L.(2006). Application of random effects to
the study of resource selection by animals. Journal of Animal Ecology,
75(4), 887-898. https://doi.org/10.1111/j.1365-2656.2006.01106.x

Grindal, S. D., & Brigham, R. M. (1999). Impacts of forest harvesting
on habitat use by foraging insectivorous bats at different spatial
scales. Ecoscience, 6(1), 25-34. https://doi.org/10.1080/11956
860.1999.11952206

Hebblewhite, M., & Merrill, E. (2008). Modelling wildlife-human rela-
tionships for social species with mixed-effects resource selection
models. Journal of Applied Ecology, 45(3), 834-844. https://doi.
org/10.1111/j.1365-2664.2008.01466.x

Hervieux, D., Hebblewhite, M., DeCesare, N. J., Russell, M., Smith, K.,
Robertson, S., & Boutin, S. (2013). Widespread declines of woodland
caribou (Rangifer tarandus caribou) continue in Alberta. Canadian
Journal of Zoology, 91, 872-882.

Hervieux, D., Hebblewhite, M., Stepnisky, D., Bacon, M., & Boutin, S.
(2014). Managing wolves (Canis lupus) to recover threatened wood-
land caribou (Rangifer tarandus caribou) in Alberta. Canadian Journal
of Zoology, 92, 1029.

Holt, R. D. (1977). Predation, apparent competition, and the structure
of prey communities. Theoretical Population Biology, 12(2), 197-229.
https://doi.org/10.1016/0040-5809(77)90042-9

Houle, M., Fortin, D., Dussault, C., Courtois, R., & Ouellet, J. P. (2010).
Cumulative effects of forestry on habitat use by gray wolf (Canis


https://doi.org/10.5061/dryad.q9j281m
https://orcid.org/0000-0002-2149-2492
https://orcid.org/0000-0002-2149-2492
https://orcid.org/0000-0002-6097-5841
https://orcid.org/0000-0002-6097-5841
https://doi.org/10.1111/oik.01883
https://doi.org/10.1111/oik.01883
https://doi.org/10.1002/wsb.506
https://doi.org/10.1111/1365-2664.12042
https://doi.org/10.1139/z10-019
https://doi.org/10.1111/j.1366-9516.2006.00243.x
https://doi.org/10.1111/j.1366-9516.2006.00243.x
https://doi.org/10.1080/11956860.2003.11682790
https://doi.org/10.1080/11956860.2003.11682790
https://doi.org/10.1016/S0169-5347(99)01593-1
https://doi.org/10.1016/S0304-3800(02)00200-4
https://doi.org/10.1016/j.ecolmodel.2006.03.017
https://doi.org/10.1111/j.1469-1795.2009.00328.x
https://doi.org/10.1111/1365-2656.12760
https://doi.org/10.1111/1365-2656.12760
https://doi.org/10.1111/1365-2664.12732
https://doi.org/10.1111/1365-2664.12732
https://doi.org/10.1111/j.1365-2907.2005.00053.x
https://doi.org/10.1111/j.1365-2907.2005.00053.x
https://doi.org/10.1038/s41598-017-06672-4
https://doi.org/10.1038/s41598-017-06672-4
https://doi.org/10.1890/04-0953
https://doi.org/10.1016/j.biocon.2016.03.015
https://doi.org/10.1016/j.biocon.2016.03.015
https://doi.org/10.1111/j.1365-2656.2006.01106.x
https://doi.org/10.1080/11956860.1999.11952206
https://doi.org/10.1080/11956860.1999.11952206
https://doi.org/10.1111/j.1365-2664.2008.01466.x
https://doi.org/10.1111/j.1365-2664.2008.01466.x
https://doi.org/10.1016/0040-5809(77)90042-9

MUHLY ET AL.

10814 WI LEY—ECOlOgy and Evolution

Open Access,

lupus) in the boreal forest. Landscape Ecology, 25(3), 419-433.
https://doi.org/10.1007/s10980-009-9420-2

Johnson, C. J., Nielsen, S., Merrill, E. H., McDonald, T. L., & Boyce, M. S.
(2006). Resource selection functions based on use-availability data:
Theoretical motivation and evaluation methods. Journal of Wildlife
Management, 70(2), 347-357. https://doi.org/10.2193/0022-541X(2
006)70[347:RSFBOU]2.0.CO;2

Kittle, A. M., Anderson, M., Avgar, T., Baker, J. A., Brown, G. S., Hagens, J.,
... Fryxell, J. M. (2017). Landscape-level wolf space use is correlated
with prey abundance, ease of mobility, and the distribution of prey
habitat. Ecosphere, 8(3), 1-17. https://doi.org/10.1002/ecs2.1783

Latham, A. D. M., Latham, M. C., Boyce, M. S., & Boutin, S. (2011).
Movement responses by wolves to industrial linear features and
their effect on woodland caribou in northeastern Alberta. Ecological
Applications, 21(8), 2854-2865. https://doi.org/10.1890/11-0666.1

Latham, A. D. M., Latham, M. C., Knopff, K. H., Hebblewhite, M., &
Boutin, S. (2013). Wolves, deer and beaver: Implications of prey en-
richment and seasonal prey switching for woodland caribou declines.
Ecography, 36, 1276-1290.

Lesmerises, F., Dussault, C., & St-Laurent, M. H. (2012). Wolf habitat
selection is shaped by human activities in a highly managed boreal
forest. Forest Ecology and Management, 276, 125-131. https://doi.
org/10.1016/j.foreco.2012.03.025

Losier, C. L., Couturier, S., St-Laurent, M.-H., Drapeau, P., Dussault, C.,
Rudolph, T. D., ... Fortin, D. (2015). Adjustments in habitat selec-
tion to changing availability induce fitness costs for a threatened
ungulate. Journal of Applied Ecology, 52(2), 496-504. https://doi.
org/10.1111/1365-2664.12400

Lovari, S., Sforzi, A., Scala, C., & Fico, R. (2007). Mortality param-
eters of the wolf in Italy: Does the wolf keep himself from
the door? Journal of Zoology, 272(2), 117-124. https://doi.
org/10.1111/j.1469-7998.2006.00260.x

Manly, B. F. L., McDonald, L., Thomas, D., McDonald, T. L., & Erickson, W.
P. (2007). Resource selection by animals: Statistical design and analysis
for field studies. Berlin, Germany: Springer Science & Business Media.

Matthiopoulos, J., Hebblewhite, M., Aarts, G., & Fieberg, J. (2011).
Generalized functional responses for species distributions. Ecology,
92(3), 583-589. https://doi.org/10.1890/10-0751.1

Mauritzen, M., Belikov, S. E., Boltunov, A. N., Derocher, A. E., Hansen,
E., Ims, R. A, .. Yoccoz, N. (2003). Functional responses in
polar bear habitat selection. Oikos, 100(1), 112-124. https://doi.
org/10.1034/j.1600-0706.2003.12056.x

McGarigal, K. K., Wan, H. Y., Zeller, K. A., Timm, B. C., & Cushman, S.
A. (2016). Multi-scale habitat selection modeling: A review and out-
look. Landscape Ecology, 31, 1161-1175. https://doi.org/10.1007/
s10980-016-0374-x

Mech, L. D., Fritts, S. H., Radde, G. L., & Paul, W. J. (1988). Wolf distri-
bution and road density in Minnesota. Wildlife Society Bulletin, 16(1),
85-87.

Messier, F. (1985). Solitary living and extraterritorial movements of
wolves in relation to social status and prey abundance. Canadian
Journal of Zoology, 63, 239-245. https://doi.org/10.1139/285-037

Messier, F. (1994). Ungulate population models with predation: A case
study with the North American moose. Ecology, 75(2), 478-488.
https://doi.org/10.2307/1939551

Mladenoff, D. J., & Sickley, T. A. (1998). Assessing potential gray wolf
restoration in the northeastern United States: A spatial prediction
of favorable habitat and potential population levels. The Journal of
Wildlife Management, 62(1), 1-10. https://doi.org/10.2307/3802259

Moreau, G., Fortin, D., Couturier, S., & Duchesne, T. (2012). Multi-
level functional responses for wildlife conservation: The case of
threatened caribou in managed boreal forests. Journal of Applied
Ecology, 49(3), 611-620. https://doi.org/10.1111/j.1365-2664.
2012.02134.x

Mysterud, A., & Ims, R. A. (1998). Functional responses in habitat use:
Availability influences relative use in trade-off situations. Ecology,
79(4), 1435-1441. https://doi.org/10.1890/0012-9658(1998)079
[1435:FRIHUA]2.0.CO;2

Neter, J., Wasserman, W., & Kutner, M. H. (1990). Multicollinearity di-
agnostics—Variance inflation factor. In J., Neter, M., Kutner, M,
Wasserman & C., Nachtsheim (Eds.), Applied linear statistical models
(pp. 407-411). Homewood, IL: Irwin.

Newton, E. J., Patterson, B. R., Anderson, M. L., Rodgers, A. R., Vander
Vennen, L. C., & Fryxell, J. M. (2017). Compensatory selections for
roads over natual linear features in Northern Ontario: Implications
for caribou conservation. PLoS ONE, 12(11), e0186525. https://doi.
org/10.1371/journal.pone.0186525

Oakleaf, J. K., Murray, D. L., Oakleaf, J. R., Bangs, E. E., Mack, C. M.,
Smith, D. W,, ... Niemeyer, C. C. (2006). Habitat selection by recolo-
nizing wolves in the northern Rocky Mountains of the United States.
Journal of Wildlife Management, 70(2), 554-563. https://doi.org/10.2
193/0022-541X(2006)70[554:HSBRWI1]2.0.CO;2

Paquet, P. C., Alexander, S., Donelon, S., & Callaghan, C. (2010). Influence
of anthropogenically modified snow conditions on movement and
predatory behaviour of gray wolves. In M., Musiani, L., Boitani & P.,
Paquet (Eds.), The world of wolves: New perspectives on ecology be-
haviour and policy (pp. 157- 173). Calgary, AB: University of Calgary
Press.

Pasher, J,, Seed, E., & Duffe, J. (2013). Development of boreal ecosystem
anthropogenic disturbance layers for Canada based on 2008 to 2010
Landsat imagery. Canadian Journal of Remote Sensing, 39(1), 42-58.
https://doi.org/10.5589/m13-007

Peters, W., Hebblewhite, M., DeCesare, N. J., Cagnacci, F., & Musiani, M.
(2012). Resource separation analysis with moose indicates threats
to caribou in human altered landscapes. Ecography, 36(4), 487-498.
https://doi.org/10.1111/j.1600-0587.2012.07733.x

Pettorelli, N., Ryan, S. J., Mueller, T., Bunnefeld, N., Jedrzejewsk, B., Lima,
M., & Kausrud, K. (2011). The Normalized Difference Vegetation
Index (NDVI): Unforeseen successes in animal ecology. Climate
Research, 46, 15-27. https://doi.org/10.3354/cr00936

R Core Team (2013). R: A Language and Environment for Statistical
Computing. Vienna: R Foundation for Statistical Computing. https://
www.R-project.org.

Rempel, R. S., Elkie, P. C., Rodgers, A. R., & Gluck, M. J. (1997). Timber-
management and natural-disturbance effects on moose habitat:
Landscape evaluation. The Journal of Wildlife Management, 61, 517-
524. https://doi.org/10.2307/3802610

Ripple, W. J.,, Estes, J. A., Beschta, R. L., Wilmers, C. C., Ritchie, E. G,
Hebblewhite, M., ... Wirsing, A. J. (2014). Status and ecological ef-
fects of the world's largest carnivores. Science, 343(6167), 1241484.
https://doi.org/10.1126/science.1241484

Serrouya, R., McLellan, B. N., van Oort, H., Mowat, G., & Boutin, S.
(2017). Experimental moose reduction lowers wolf density and
stops decline of endangered caribou. PeerJ, 5, e3736. https://doi.
org/10.7717/peerj.3736

Street, G. M., Vander Vennen, L. M., Avgar, T., Mosser, A., Anderson, M.
L., Rodgers, A. R., & Fryxell, J. M. (2015). Habitat selection following
recent disturbance: Model transferability with implications for man-
agement and conservation of moose (Alces alces). Canadian Journal of
Zoology, 93, 813-821.

Tardy, O., Massé, A., Pelletier, F., Mainguy, J., & Fortin, D. (2014). Density-
dependent functional responses in habitat selection by two hosts of
the raccoon rabies virus variant. Ecosphere, 5(10), art132. https://doi.
org/10.1890/ES14-00197.1

Timoney, K., & Lee, P. (2001). Environmental management in resource-
rich Alberta, Canada: First world jurisdiction, third world analogue?
Journal of Environmental Management, 63, 387-405. https://doi.
org/10.1006/jema.2001.0487


https://doi.org/10.1007/s10980-009-9420-2
https://doi.org/10.2193/0022-541X(2006)70%5B347:RSFBOU%5D2.0.CO;2
https://doi.org/10.2193/0022-541X(2006)70%5B347:RSFBOU%5D2.0.CO;2
https://doi.org/10.1002/ecs2.1783
https://doi.org/10.1890/11-0666.1
https://doi.org/10.1016/j.foreco.2012.03.025
https://doi.org/10.1016/j.foreco.2012.03.025
https://doi.org/10.1111/1365-2664.12400
https://doi.org/10.1111/1365-2664.12400
https://doi.org/10.1111/j.1469-7998.2006.00260.x
https://doi.org/10.1111/j.1469-7998.2006.00260.x
https://doi.org/10.1890/10-0751.1
https://doi.org/10.1034/j.1600-0706.2003.12056.x
https://doi.org/10.1034/j.1600-0706.2003.12056.x
https://doi.org/10.1007/s10980-016-0374-x
https://doi.org/10.1007/s10980-016-0374-x
https://doi.org/10.1139/z85-037
https://doi.org/10.2307/1939551
https://doi.org/10.2307/3802259
https://doi.org/10.1111/j.1365-2664.2012.02134.x
https://doi.org/10.1111/j.1365-2664.2012.02134.x
https://doi.org/10.1890/0012-9658(1998)079%5B1435:FRIHUA%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(1998)079%5B1435:FRIHUA%5D2.0.CO;2
https://doi.org/10.1371/journal.pone.0186525
https://doi.org/10.1371/journal.pone.0186525
https://doi.org/10.2193/0022-541X(2006)70%5B554:HSBRWI%5D2.0.CO;2
https://doi.org/10.2193/0022-541X(2006)70%5B554:HSBRWI%5D2.0.CO;2
https://doi.org/10.5589/m13-007
https://doi.org/10.1111/j.1600-0587.2012.07733.x
https://doi.org/10.3354/cr00936
https://www.R-project.org
https://www.R-project.org
https://doi.org/10.2307/3802610
https://doi.org/10.1126/science.1241484
https://doi.org/10.7717/peerj.3736
https://doi.org/10.7717/peerj.3736
https://doi.org/10.1890/ES14-00197.1
https://doi.org/10.1890/ES14-00197.1
https://doi.org/10.1006/jema.2001.0487
https://doi.org/10.1006/jema.2001.0487

MUHLY ET AL.

van Moorter, B., Bunnefeld, N., Panzacchi, M., Rolandsen, C. M.,
Solberg, E. J., & Seaether, B.-E. (2013). Understanding scales of
movement: Animals ride waves and ripples of environmen-
tal change. Journal of Animal Ecology, 82, 770-780. https://doi.
org/10.1111/1365-2656.12045

Vaughan, I. P., & Ormerod, S. J. (2005). The continuing challenges of
testing species distribution models. Journal of Applied Ecology, 42(4),
720-730. https://doi.org/10.1111/j.1365-2664.2005.01052.x

Venier, L. A., Thompson, I. D., Fleming, R., Malcolm, J., Aubin, 1.,
Trofymow, J. A., ... Brandt, J. P. (2014). Effects of natural resource de-
velopment on the terrestrial biodiversity of Canadian boreal forests.
Environmental Reviews, 22, 457-490.

Whittington, J., Hebblewhite, M., DeCesare, N. J., Neufeld, L., Bradley,
M., Wilmshurst, J., & Musiani, M. (2011). Caribou encounters
with wolves increase near roads and trails: A time-to-event ap-
proach. Journal of Applied Ecology, 48(6), 1535-1542. https://doi.
org/10.1111/j.1365-2664.2011.02043.x

Whittington, J., St. Clair, C. C., & Mercer, G. (2005). Spatial responses of
wolves to roads and trails in mountain valleys. Ecological Applications,
15(2), 543-553. https://doi.org/10.1890/03-5317

Wittmer, H. U., Sinclair, A. R., & McLellan, B. N. (2005). The role of pre-
dation in the decline and extirpation of woodland caribou. Oecologia,
144(2), 257-267. https://doi.org/10.1007/s00442-005-0055-y

Fcology and Evolution o 10815
= WILEY- 1%

Zimmermann, B., Sand, H., Wabakken, P., Liberg, O., & Andreassen,
H. P. (2015). Predator-dependent functional response in wolves:
From food limitation to surplus killing. Journal of Animal Ecology, 84,
102-112. https://doi.org/10.1111/1365-2656.12280

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Muhly TB, Johnson CA, Hebblewhite
M, et al. Functional response of wolves to human
development across boreal North America. Ecol Evol.
2019;9:10801-10815. https://doi.org/10.1002/ece3.5600



https://doi.org/10.1111/1365-2656.12045
https://doi.org/10.1111/1365-2656.12045
https://doi.org/10.1111/j.1365-2664.2005.01052.x
https://doi.org/10.1111/j.1365-2664.2011.02043.x
https://doi.org/10.1111/j.1365-2664.2011.02043.x
https://doi.org/10.1890/03-5317
https://doi.org/10.1007/s00442-005-0055-y
https://doi.org/10.1111/1365-2656.12280
https://doi.org/10.1002/ece3.5600

	Muhly_TylerB_EcolEvol_2019_cover
	Muhly_TylerB_EcolEvol_2019

