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Population increases of primary prey can negatively impact alternate prey populations via demographic and  
behavioural responses of a shared predator through apparent competition. Seasonal variation in prey selection 
patterns by predators also can affect secondary and incidental prey by reducing spatial separation. Global warming 
and landscape changes in Alberta’s bitumen sands have resulted in prey enrichment, which is changing the large 
mammal predator–prey system and causing declines in woodland caribou Rangifer tarandus caribou populations. We 
assessed seasonal patterns of prey use and spatial selection by wolves Canis lupus in two woodland caribou ranges in 
northeastern Alberta, Canada, that have undergone prey enrichment following recent white-tailed deer Odocoileus 
virginianus invasion. We determined whether risk of predation for caribou (incidental prey) and the proportion of 
wolf-caused-caribou mortalities varied with season. We found that wolves showed seasonal variation in primary prey 
use, with deer and beaver Castor canadensis being the most common prey items in wolf diet in winter and summer, 
respectively. �ese seasonal dietary patterns were reflected in seasonal wolf spatial resource selection and resulted  
in contrasting spatial relationships between wolves and caribou. During winter, wolf selection for areas used by deer 
maintained strong spatial separation between wolves and caribou, whereas wolf selection for areas used by beaver in 
summer increased the overlap with caribou. Changing patterns in wolf resource selection were reflected by caribou 
mortality patterns, with 76.2% of 42 adult female caribou mortalities occurring in summer. Understanding seasonal 
patterns of predation following prey enrichment in a multiprey system is essential when assessing the effect of predation 
on an incidental prey species. Our results support the conclusion that wolves are proximately responsible for woodland 
caribou population declines throughout much of their range.

Ecological effects of generalist predators in multiprey sys-
tems are complex. Shared predation can permit the coexis-
tence of competitively incompatible species (Roughgarden 
and Feldman 1975, Gleeson and Wilson 1986), mediate 
habitat partitioning among prey in spatially heterogeneous 
environments (Holt 1984), or generate indirect interactions 
that mimic competition among otherwise non-interacting 
prey, a phenomenon known as apparent competition (Holt 
1977, DeCesare et al. 2010). Where spatial partitioning 
among prey types occurs and a predator targets habitat 
occupied by primary prey, secondary prey may be encoun-
tered only incidentally (Schmidt 2004). However, inciden-
tal predation can adversely affect populations of secondary 
prey, despite only weakly affecting populations of predators 
or primary prey (Chaneton and Bonsall 2000, DeCesare 
et al. 2010).

Prey enrichment occurs when populations of native spe-
cies increase or when an introduced or invading species 
enters a system (Müller and Godfray 1997, Roemer et al. 
2002). Predators generally exhibit a positive numerical 

response to prey enrichment, either through population 
growth (demographic response; Holt et al. 1994), predator 
aggregation in a particular patch within a heterogeneous 
environment (behavioural response; Holt and Kotler 1987, 
Schmitt 1987), or both. An increase in predator numbers in 
habitat occupied by primary prey can maintain a high spill-
over of dispersing predators into habitats occupied by sec-
ondary or incidental prey, or result in a proportional increase 
in cross-edge foraging by predators into these habitats (Holt 
1984, Müller and Godfray 1997, DeCesare et al. 2010). 
Consequently, prey enrichment can negatively impact sec-
ondary and incidental prey populations via demographic 
and behavioural responses of a shared predator, through the 
process of apparent competition. Apparent competition then 
results in the two prey species experiencing unequal preda-
tion by the shared predator, leading to a negative correlation 
between the abundance of the two prey species as well as 
between their population growth trajectories (DeCesare 
et al. 2010). �us, prey enrichment as described above can 
trigger apparent competition, which can cause exclusion of 
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secondary or incidental prey from otherwise suitable habitat 
(Holt 1977, 1984) and/or an increase in incidental preda-
tion on the secondary prey that can ultimately cause popula-
tion declines (Wittmer et al. 2005).

Populations of caribou and wild reindeer Rangifer  
tarandus have been declining in many areas in North America 
and Eurasia (Vors and Boyce 2009). Woodland caribou  
R. t. caribou are a threatened boreal forest species that spa-
tially separate from other ungulates to minimize the risk of 
predation by wolves Canis lupus, their primary predator 
(Bergerud 1974, Seip 1992, James et al. 2004). Across much 
of the boreal forest of North America, wolves hunted moose 
Alces alces, their historic primary prey, in upland forest, and 
only incidentally encountered and killed caribou in old 
growth coniferous forest or peatlands where the densities of 
other prey were low (Fuller and Keith 1980, Bergerud 1985, 
James et al. 2004, McLoughlin et al. 2005, Wittmer et al. 
2005). Although incidental predation by wolves was respon-
sible for most caribou mortalities (McLoughlin et al. 2003), 
spatial separation facilitated coexistence of caribou and 
moose (James et al. 2004). However, changes in the land-
scape and recent warmer winters have resulted in prey and 
predator population increases, which is changing the large 
mammal predator–prey system and is hypothesized to cause 
declines in woodland caribou populations across their distri-
bution (Boisjoly et al. 2010, Festa-Bianchet et al. 2011, 
Latham et al. 2011a, Pinard et al. 2012).

Forest harvesting and energy development activities have 
converted large tracts of forest within or adjacent to caribou 
ranges to early-seral-stage forest that is attractive to moose, 
elk Cervus elaphus, and deer Odocoileus spp. (Cumming 
1992, Serrouya et al. 2011). Recent warmer winters are also 
believed to have contributed to the range extension and 
increasing populations of white-tailed deer Odocoileus  
virginianus (hereafter referred to as deer) in the boreal forest 
across Canada (Côte et al. 2004, Dawe 2011). In northeast-
ern Alberta, Canada, deer have increased 17.5-fold since the 
mid-1990s and deer have replaced moose as the primary 
prey of wolves (Latham et al. 2011a). Wolves have shown a 
strong demographic numerical response to prey enrich-
ment, and their density has nearly doubled since the mid-
1970s to approximately 11/1000 km2 (Fuller and Keith 
1980, Latham et al. 2011a). Recent evidence shows that 
caribou have increased 10-fold in annual wolf diet since the 
mid-1990s and following deer invasion (James et al. 2004, 
Latham et al. 2011a).

Although evidence of a demographic response by wolves 
to prey enrichment is clear (Latham et al. 2011a), potential 
behavioural responses are less well understood. Spatial over-
lap between wolves and caribou has increased in tandem 
with greater deer and beaver Castor canadensis in wolf diet 
(Latham et al. 2011a), but the mechanisms driving increased 
wolf use of caribou habitat are poorly understood. Season, 
in particular, may play an important role because most  
adult woodland caribou mortalities due to wolf predation in 
western Canada have been shown to occur in summer  
and early-autumn (i.e. April–October; McLoughlin et al. 
2003: 78.8%, n  112; Whittington et al. 2011: 83.3%, 
n  12), and in Finland virtually no wild reindeer were 
killed by wolves in mid-winter (Kojola et al. 2004). �e 
importance of seasonal variation in predation patterns for 

understanding large mammal predator–prey dynamics has 
recently been highlighted (Sand et al. 2008, Knopff et al. 
2010, Metz et al. 2012), and season may also play an  
important role in apparent competition and incidental pre-
dation if it affects the spatial relationships between a gener-
alist predator and its prey (Holt and Kotler 1987, Schmitt 
1987, Latham et al. 2011b). Consequently, understanding 
the relationships between wolves, common prey species 
(moose, deer, and beaver), and caribou following prey 
enrichment in both winter and summer is essential for effec-
tive management of this system (Boutin et al. 2012, Wittmer 
et al. 2013).

�e objectives of this study were to assess seasonal pat-
terns of prey use and spatial selection by wolves in two 
woodland caribou ranges in northeastern Alberta that have 
undergone prey enrichment following recent deer invasion 
(Latham et al. 2011a), and to determine whether seasonal 
variation results in changes in predation risk for caribou 
and in the proportion of wolf-caused adult caribou mor-
talities in each season. We used a multi-model approach to 
test three competing hypotheses (historic primary prey, 
common alternative prey, and total prey biomass). First, we 
hypothesized that irrespective of season wolves select areas 
preferred by their historic primary prey, moose, resulting in 
low spatial overlap between wolves and caribou, and mini-
mal caribou in wolf diet (as found by James et al. 2004). 
We define moose as the historic primary prey based on 
studies by Fuller and Keith (1980) and James et al. (2004), 
and traditional environmental knowledge from Schramm 
(2005). Our second hypothesis is that wolves select areas 
preferred by the two most common alternative prey spe-
cies, deer and beaver. Irrespective of season deer were most 
abundant in upland forest (Latham et al. 2011a), whereas 
caribou were more abundant in peatlands, and thus we pre-
dict that if wolves select deer, spatial overlap between 
wolves and caribou will be low in both seasons. Beaver were 
abundant in uplands and peatlands (Latham 2009), but 
were largely unavailable in winter (Mech 1966). �us, if 
wolves switch to beaver when they become available, we 
predict higher spatial overlap between wolves and caribou, 
more caribou in wolf diet, and greater wolf-caused caribou 
mortalities during summer. �e third hypothesis we test is 
that wolves select areas with the highest total prey biomass, 
irrespective of season. Because prey biomass was highest in 
upland forest, we predict that wolf selection for total prey 
biomass will result in low spatial overlap between wolves 
and caribou, and minimal caribou in wolf diet at all times 
of year.

Methods

Study site

�e study area included the West Side of the Athabasca  
River (WSAR) and Algar portion of the East Side of the 
Athabasca River (ESAR) caribou ranges in northeastern 
Alberta, Canada (Fig. 1). �is area encompassed 21 000  
km2 of western boreal plains near the town of Wabasca-
Desmarais (55°57′N, 113°49′W). Topographic relief was 
minimal within the two caribou ranges (elevation varied 
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Figure 1. West Side of the Athabasca River and western portion of the East Side of the Athabasca River caribou ranges in northeastern 
Alberta, Canada (the town of Wabasca is located at 55°57′N, 113°49′W). Solid-line, numbered polygons represent wolf pack territories 
(100% minimum convex polygons) generated from Global Positioning System data collected between 2006 and 2008. Pack names are:  
(1) GoCan, (2) Pelican Lake, (3) Rock Island, (4) Calling, (5) Pelican River, (6) Joli, (7) Algar, and (8) Livock. Rock Island and Calling 
occupied the same southern area, but in different years.

from 500 to 700 m). Vegetation consisted of a naturally  
fragmented mosaic of peatlands (approximately 60% of  
the study area) and upland mixed-woods (Fig. 1). Peatlands 
consisted of black spruce Picea mariana bogs (approximately 
60%) and black spruce-tamarack Larix laricina fens (approx-
imately 30%), interspersed by numerous marshes and 
swamps. Willows (Salix spp.) were abundant along water-
courses. During summer, peatlands were typified by shallow 

surface water (Vitt 1994). Upland mixed-woods consisted 
primarily of trembling aspen Populus tremuloides, white 
spruce Picea glauca, balsam fir Abies balsamea, and jack pine 
Pinus banksiana (see Latham et al. 2011a for further details 
on topography and vegetation).

Potential prey for wolves included moose, woodland  
caribou, deer, beaver, and snowshoe hare Lepus americanus. 
Moose were most abundant in uplands during winter  
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Latham et al. (2011a), we attempted to capture and radio-
collar  1 individual in all wolf packs within or bounding 
the study area. We fitted 12 of 32 captured animals  
with GPS radiocollars (GPS4400s, LOTEK, Aurora, ON, 
Canada) that were programmed with a 2 h relocation  
schedule: late-April to mid-June (i.e. wolf denning season) 
2006 was an exception and we programmed collars with a  
45 min relocation schedule. We differentially corrected  
GPS locations to reduce measurement error (Dussault et al. 
2001). Previous trials in Alberta using Lotek GPS collars 
(with a high number of channels) have demonstrated mini-
mal GPS habitat-induced bias, suggesting that further cor-
rections were unnecessary (Hebblewhite et al. 2007). We 
defined two seasons, winter (i.e. snow-covered months, 
October–March) and summer (i.e. months with no perma-
nent snow on the ground, April–September), based on  
seasonal differences in wolf pack cohesion (Fuller 1989, 
Latham 2009), strong seasonal caribou mortality bias 
(McLoughlin et al. 2003), and to ensure appropriate sample 
sizes in each season.

Prey covariates

We assessed wolf seasonal spatial resource selection by esti-
mating resource selection functions (RSF) (Manly et al. 
2002, Johnson et al. 2006) based on seasonal prey distribu-
tion layers, i.e. our models considered those resources  
that directly contribute to a wolf ’s survival and reproductive 
success (Mitchell and Hebblewhite 2012).

Concurrent with the wolf collaring programme, we con-
ducted five fixed-wing aircraft surveys for ungulates during 
the winters of 2004–2007 (Latham et al. 2011a) and 176 
1-km by 2-m ungulate pellet group transects in mid- to late-
summer of 2005–2007 (Latham 2009, McPhee et al. 2012). 
�e aerial surveys assessed the relative distribution of visible 
ungulate species and consisted of east-west transects flown 
at 1 (ca 1860 m)- or 2-min-of-latitude intervals within a 
7000 km2 portion of the study area that consisted of most 
of the WSAR range, Athabasca River valley, and adjacent 
uplands. �e pellet group transects were randomly placed in 
upland and peatland forest-types across the entire study 
area. Transect direction from the random starting point was 
based on the cover-type that the random point had been 
generated in, i.e. if the random point started in a black 
spruce bog we oriented the transect in a direction that, when 
possible, fell exclusively in that cover type. Of the 176 
transects, 15% were conducted in deciduous forest, 10% in 
upland conifer forest, 7% in mixed-wood forest, 5% in cut-
blocks, 43% in bog, 16% in fen and 5% in burns. We used 
a simplification of Lehmkuhl et al. (1994) to age pellet 
groups as fresh (moist or oily texture), old (dry, slightly 
crusted), or aged (decaying). Because we were only inter-
ested in those pellet groups deposited in spring and sum-
mer, aged pellet groups were assumed to have been deposited 
in winter and thus were excluded from analyses.

We modelled ungulate sightings from winter aerial sur-
veys using logistic regression (Hosmer and Lemeshow 
2000) to estimate winter RSFs for moose, deer, and cari-
bou separately. We modelled ungulate pellet group sight-
ings using logistic regression to estimate summer RSFs for 

(James et al. 2004), and in uplands and near riparian  
features and wet meadows during spring and summer (Osko 
et al. 2004, Latham 2009); woodland caribou were found 
almost exclusively in peatlands (Stuart-Smith et al. 1997); 
deer were abundant in uplands year-round; and beaver were 
abundant around lakes, rivers, and streams in both peatlands 
and uplands (Latham 2009). Elk Cervus elaphus and mule 
deer O. hemionus occurred at low densities within small  
portions of the study area. Black bears Ursus americanus, 
Canada lynx Lynx canadensis, red fox Vulpes vulpes, and  
coyote Canis latrans also occurred in the area. Wolves have 
been trapped at low levels in the study area since the early-
1900s (James et al. 2004); no other type of intensive wolf 
management has occurred in the area.

Estimates of moose densities vary spatially across  
northeastern Alberta (range: 13–35/100 km2; Alberta 
Environmental Protection 1998, 2003). However, Latham 
et al. (2011a) found little temporal variation in the number 
of moose seen in aerial surveys conducted in our study area 
between 2005 and 2007 (range from all surveys  3.0–4.8 
moose seen 100 km21 of aerial flight path). Provincial deer 
density estimates for the boreal-agricultural fringe directly  
to the south of the study area were 164/100 km2 ( 23.8%) 
in 2002 and 174/100 km2 ( 19.1%) in 2003; whereas 
Latham (2009) reported a lower estimate of 76.5/100 km2 
for the study area in 2005–2007 based on a ratio-estimator. 
Further, Latham et al. (2011a) showed an increasing trend  
in the number of deer seen during aerial surveys between 
2005 and 2007 (1.8  0.8 (mean  SE) and 5.2  0.8 deer 
seen 100 km21 of aerial flight path, respectively). Caribou 
density estimates for our study area range between 4.1 and 
7.7/100 km2 (Stuart-Smith et al. 1997), and Latham (2009) 
found little temporal variation in number of caribou seen in 
aerial surveys conducted between 2005 and 2007 (range 
from all surveys  0.9–2.3 caribou seen 100 km21 of aerial 
flight path). Beaver density in our study area was estimated 
at 154/100 km2 (Latham 2009).

�e study area is located in the Athabasca bitumen-sands 
deposits and comprises mostly public lands; however, most 
of the region has been allocated to forest management  
agreements and oil and gas extraction leases. Industrial  
activity increased markedly in the mid- to late-1990s (Tracz 
et al. 2010), and has impacted approximately 7% of the 
study area. Industrial activity has resulted in an average of 
1.8 km km22 of linear developments 100 km22 land survey 
unit (Schneider 2002). Conventional seismic exploration 
lines are the most pervasive linear development, whereas  
all-season and seasonal roads and trails, pipeline-right- 
of-ways, and transmission lines occur at lower densities 
(Schneider 2002).

Wolf telemetry data

We assessed resource selection and prey use for eight wolf 
packs: Algar, Calling, GoCan, Livock, Pelican Lake,  
Pelican River, and Rock Island (Fig. 1), January 2006– 
January 2008. We captured wolves in winter by helicopter 
net-gunning and trapped wolves in summer using modified 
foot-hold traps (Univ. of Alberta Animal Care and Use 
Protocol no. 471503). Following the methods described in 
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each pixel’s RSF score. �e relative density surfaces for each 
species were then summed, weighted by their relative bio-
mass contributions, i.e. moose (6), deer (1), beaver (0.25), 
and caribou (2) (Keith 1983, Fuller 1989; beaver value is 
assumed to be a quarter that of an 80 kg deer, Lancia and 
Hodgdon 1984), to generate a total prey biomass surface in 
winter and summer separately. In this case, seasonal total 
prey biomass available to wolves is expressed as deer-sized 
prey 625 m22 pixel.

Wolf pack resource selection

We assessed selection for areas used by prey at the home 
range scale for each wolf pack in both summer and winter 
(i.e. third order selection, sensu Johnson 1980) by compar-
ing prey resource selection values at wolf GPS locations 
(used) and random (available) locations using RSF. Random 
locations were sampled at a density of 1 km22 of wolf terri-
tory (Hebblewhite and Merrill 2008). Wolf territories were 
estimated as 100% minimum convex polygons (MCP) 
delimited annually for each wolf pack using an average of 
1872 GPS locations (range: 772–3816) per pack. Although 
competition between packs arising from territorial defence 
may influence wolf use of territory boundaries (Mech and 
Boitani 2003), we assumed that all of the area within a 
100% MCP was equally available to wolves within a pack. 
Because many of the interactions between wolves and cari-
bou occur within the distal portion of wolf territories in 
WSAR and ESAR, we believed that important information 
about wolf forays into caribou range could be overlooked  
if we used a 95% MCP or a kernel density estimator. 
Furthermore, because we were interested in assessing wolf 
selection for areas used by prey, i.e. hunting behaviour, we 
excluded GPS locations associated with known wolf den 
and rendezvous sites (as determined from ground investiga-
tions; see Latham 2009 for detailed methods).

We assessed resource selection by wolf packs individually 
because population-level analyses generally describe the 
mean pattern of selection within a population and often 
miss important interactions between individuals and char-
acteristics of their environment (Boyce et al. 2003, Forester 
et al. 2009). Because we only had one GPS-collared wolf per 
pack (in all instances breeding adults) we did not need to 
accommodate for non-independence between wolves within 
packs as described in Hebblewhite and Merrill (2008). 
Further, we assessed individual pack resource selection  
using fixed-effect logistic regression rather than a more  
complicated multiple random-effects mixed model (as advo-
cated by Murtaugh 2007 for ecological analyses). We devel-
oped a set of three a priori candidate models based on our 
three hypotheses: 1) historic primary prey model, including 
only moose; 2) common alternative prey model, including 
deer and beaver; and 3) total prey biomass model. We  
used AIC to select the top model for each pack and season. 
We were constrained to use this multi-model approach 
rather than constructing a single model including all  
prey variables for each wolf pack because the resource  
selection surfaces of some of the prey species were highly  
correlated with each other (Pearson correlation  0.7). 
Further, we did not include a caribou model among the  
candidate models because wolves have been shown to avoid 

moose, deer, and caribou separately. Akaike’s information 
criterion corrected for small samples (AICc) was used to 
select between four a priori candidate models (Burnham 
and Anderson 2002) for each species and season 
(Supplementary material Appendix 1, Table A1, A2). We 
constructed each candidate model to reflect hypothesized 
resource preferences of each species while at the same time 
avoid parameter over-fitting (as described by Harrell 2001). 
Explanatory variables included in the ungulate models 
were: proportion of landcover-type within a 500-m circular 
buffer (bog, burns, deciduous forest, fen, mixed-wood for-
est, upland conifer forest, old cutblocks ( 30 yr), middle-
aged cutblocks (6–30 yr), young cutblocks ( 6 yr), and 
water), distance to nearest all-season road (m), distance to 
the Athabasca river (m), distance to nearest stream (m), 
distance to nearest upland boundary (m), elevation (m), 
and linear feature density within a 500-m buffer (km 
km22). We chose a 500 m circular buffer to contextualize 
explanatory variables because this buffer-size has been pre-
viously used in large mammal resource selection studies in 
Alberta (Webb et al. 2008, McPhee et al. 2012). In addi-
tion, we included interpolated deer and moose abundance 
layers as explanatory variables in our deer and moose sea-
sonal RSFs to reflect large-scale patterns in the abundance 
of these two species. Moose and deer aerial counts and  
pellet counts were interpolated within 25  25 m pixels 
across the whole study area using inverse-distance weight-
ing (1/d2) (as described by McPhee et al. 2012). We assessed 
the predictive ability of the top RSF for each ungulate spe-
cies and season using k-fold cross validation (Boyce et al. 
2002). �e top RSF models for each prey species were used 
to generate seasonal resource selection surfaces using 
ArcGIS ver. 9.3 (ESRI 2008).

�e resource selection surface for beaver was estimated 
using data collected from a fixed-wing aircraft survey of 
active beaver lodges, October 2007 (Latham 2009). Although 
beaver availability to wolves may change seasonally (Mech 
1966), we assumed that their distribution remained station-
ary across seasons, which is supported by their fidelity to a 
fixed landscape feature such as a lodge or river bank den 
(Lancia and Hodgdon 1984). We modelled beaver lodge 
sightings using logistic regression to estimate a RSF of beaver 
lodge occurrence as a function of landcover type within  
a 500-m buffer (bog, deciduous forest, fen, mixed-wood  
forest, and water), elevation (m), and distance to nearest 
stream (m). AICc was used to select between four a priori 
candidate models (Supplementary material Appendix 1, 
Table A3) and k-fold cross validation was used to assess  
predictive ability of the top RSF model.

Species-specific resource selection surfaces were com-
bined to create total prey biomass surfaces for winter and 
summer separately. To do this, we first converted prey 
resource selection surfaces to relative density surfaces by 
using density estimates obtained from aerial surveys con-
ducted within the study area (Stuart-Smith et al. 1997 for 
caribou: 4.1/100 km2, Alberta Environmental Protection 
1998, 2003 for moose: 17/100 km2, Latham 2009 for deer 
and beaver: 76.5/100 km2 and 154.2/100 km2, respec-
tively). Density estimates were used to calculate the number 
of animals of each species present in our area, which we 
then spatially distributed across the study area according to 
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Predation risk for caribou

We assessed seasonal changes in predation risk for caribou 
by quantifying wolf use of areas with moderate to high  
relative probability of caribou use (see below) during  
winter and summer. We first estimated quantiles by which 
pixels comprising the winter and summer caribou habitat 
selection surfaces (see Prey covariates section) were parti-
tioned into five equal-sized subsets. We then reclassified 
these two surfaces based on these quantiles, establishing five 
ranks of relative probability of use, i.e. pixels with rank  
1 represent areas rarely used by caribou whereas pixels with 
rank 5 represent areas most frequently used by caribou.  
We computed the percentage of GPS locations per wolf 
pack that overlapped areas of moderate to high caribou use 
(pixels with ranks of relative probability of use of 3, 4 and  
5) during winter and summer, and compared these values 
using a paired t-test (Zar 1996). Finally, we examined  
the seasonality of 42 radio-collared adult female caribou 
mortalities that occurred in our study area in 2004–2008. 
We determined which season radio-collared caribou died in 
through aerial telemetry flights conducted three to four 
times per season. In most cases, ground investigations of the 
dead animals were not conducted. However, we assumed 
that all caribou mortalities with signs of predator-inflicted 
injuries or disarticulated skeletons were due to wolves (six 
confirmed and 36 suspected) because other North American 
predators that commonly depredate adult caribou do not 
occur in our study area. We further based this assumption 
on McLoughlin et al. (2003) who found that ~ 75% of  
adult caribou mortalities in northeastern Alberta could be 
attributed to predation by wolves, whereas mortalities 
caused by black bears, coyotes or humans were uncommon 
or rare.

All statistical analyses were performed in R ver. 2.13.1 for 
Windows (R Development Core Team).

Results

Wolf pack resource selection

We obtained 14 018 GPS locations from the eight wolf 
packs, with 5114 locations in winter and 8904 in summer. 
During winter aerial surveys, deer observations were most 
common in uplands (72%  1%; mean  SE), whereas 
moose observations were more common in uplands (57%   
1%) than in peatlands (43%  1%). In summer, deer were 
most common in uplands (71%  4%); however, moose 
observations in peatlands increased markedly (67%  4%). 
Beaver lodges were more common in caribou range (59%) 
than in upland areas adjacent to caribou range (41%). 
Caribou observations were more abundant in peatlands  
both in winter (80%  9%) and summer (84 %  10%).

Ungulate and beaver survey data were used to develop 
models describing winter and summer resource selection  
for each ungulate species and annual resource selection for 
beaver (Supplementary material Appendix 1, Table A1, A2 
and A3). �e top models performed well based on  
5-fold cross-validation (Spearman rank correlation (rs) for 
moose: rs winter  0.83, rs summer  0.80; deer: rs winter  0.95,  

areas frequented by caribou at the population level (James 
et al. 2004, Latham 2009); however, to support this claim 
we also report the selection coefficients from a caribou 
model. To depict individual-pack responses and average 
wolf pack-responses, we plotted relative probability of wolf 
use as a function of changes in the relative probability of use 
by each prey species in winter and summer. Individual-pack 
responses were directly predicted using each of the models 
tested. Average wolf pack-responses were predicted using 
models constructed from averaging the coefficients for each 
prey species across packs, i.e. the two-stage modelling 
approach described by Fieberg et al. (2010) and Northrup 
et al. (2012). Standard errors around predicted average 
wolf-pack responses were estimated using bootstrapping.

Wolf diet

We assessed seasonal wolf prey use via analysis of 397 scats 
collected from seven packs in early-2006 to early-2008; we 
were unable to collect scats from the Livock pack because of 
their remote location (Fig. 1). Scats were collected at GPS 
location clusters (defined as  5 consecutive locations 
within 100 m, Anderson and Lindzey 2003) representing 
wolf kill and resting sites. �is method of defining kill sites 
might underestimate small prey species, thus we also col-
lected scats at den and rendezvous sites. Because we were 
able to assign approximate dates to each scat, these were 
grouped into winter (n  113) and summer (n  284). 
Seasonal scat sample sizes were both larger than the mini-
mum of 94 samples recommended by Trites and Joy (2005) 
as being required to compare diets over time or between 
areas. Targeting GPS clusters reduced the likelihood of  
confusing wolf scats with those of sympatric canid species 
(coyotes and red foxes). However, if there were no clear 
tracks associated with a scat to verify species, and the scat 
was  25 mm in diameter (Reed et al. 2004) we excluded it 
from the analysis. Wolf den and rendezvous sites were an 
exception and we assumed that scats  25 mm at these  
locations were from wolf pups.

We randomly selected 20 hairs per scat and identified 
them to species following Kennedy and Carbyn (1981). 
Ungulate hairs found in summer scats were further classified 
into adults or juveniles (Kennedy and Carbyn 1981). In 
addition, we created a reference set based on hair samples 
collected from wolf kill sites, hunter and road killed animals. 
�e reference set was used to aid species identification, and 
to evaluate observer reliability. We could not differentiate 
between white-tailed deer and mule deer; however, because 
of the rarity of mule deer in our study area, we assumed all 
deer remains were from white-tailed deer. �e regression 
method of Weaver (1993) was used to convert percent occur-
rence in scats to percent of total biomass provided by moose, 
deer, beaver, and caribou. To do this, we assumed average 
northeastern Alberta-specific weights of: 400 kg adult  
moose; 75 kg calf moose; 80 kg adult deer; 25 kg fawn deer; 
20 kg beaver; and 140 kg caribou (Lancia and Hodgdon 
1984, Renecker and Hudson 1993, Bubenik 1998). Standard 
errors (SE) around percent occurrence and percent biomass 
of each prey species in wolf diet were estimated using the 
binomial confidence estimator (Sokal and Rohlf 1995).
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Mimicking changes in selection for areas occupied by  
different prey, wolf diet shifted substantially between sea-
sons. Use of beaver increased in summer when they were 
found in 58.1% ( 2.9%) of scats and constituted 29.8% 
( 2.7%) of biomass in wolf diet (Fig. 5a, b). White-tailed 
deer use by wolves declined in frequency (32.8  2.8%)  
as well as biomass (24.0  2.5%). Scats contained adult  
deer (16.3%) and fawn deer (16.5%). �e estimated contri-
bution of moose to wolf diet in summer remained static,  
but comprised both adult (10.5%) and calf moose (8.5%).

Caribou were rarely found in wolf scats in either winter 
(7.1  2.4%) or summer (4.2  1.2%) (Fig. 5a). Likewise, 
caribou provided little in terms of biomass in wolf diet  
during winter (7.1  2.4%) and summer (5.6  1.4%,  
Fig. 5b). Only one scat contained hairs from calf caribou. 
We found that 60% of wolf scats containing caribou (n  20) 
were from summer (April–September) or 90% using the 
definition of summer used by McLoughlin et al. (2003) 
(April–October).

To ensure that commonly sampled packs did not influ-
ence our diet results, we randomly selected 10 and 20 scats 
per wolf pack per season to analyse prey occurrence in wolf 
diet. �ese results were similar to those reported above 
(Supplementary material Appendix 1, Fig. A1).

Predation risk for caribou

�e mean percentage of wolf GPS locations recorded  
within areas of moderate to high relative probability of cari-
bou use (ranks 3, 4, and 5) was higher in summer 
(38.1%  6.0%) than winter (24.8%  5.1%; t 7  23.559; 
p  0.0046). Further, the mean percentage of wolf locations 
in areas with low probability of caribou use (rank 1) decreased 
from 61.5% ( 7.8%) in winter to 44.3% ( 7.4%) in  
summer (Fig. 6). �e mean percentage of wolf locations in 
areas of high probability of caribou use (rank 5) was low in 
both winter (7.5%  3%) and summer (8%  2.8%),  
suggesting that regardless of season core peatland  
areas selected by caribou were not regularly frequented by 
wolves.

Changing patterns in wolf resource selection and diet 
were reflected by caribou mortality patterns. Of the 42  
adult female caribou mortalities recorded in our study  
area between 2004 and 2008, 23.8% occurred in winter 

rs summer  0.99; caribou: rs winter  0.97, rs summer  0.90;  
beaver: rs annual  0.99; all p  0.001), thus justifying their 
inclusion as explanatory variables in wolf seasonal RSFs.

�e prey species that influenced wolf spatial resource 
selection in winter showed variation across packs (Table 1). 
�e common alternative prey model was the top model for 
five packs whereas the historic primary prey model was the 
top model for the remaining three packs. We found no  
evidence to support the total prey biomass model for any of 
the packs, suggesting that wolves did not select resources 
based solely on prey biomass. Probability of wolf use was 
positively influenced by areas selected by moose and deer for 
all wolf packs in winter (Table 2, Fig. 2a). Selection for  
areas with high probability of use by beaver was more vari-
able with only five packs showing statistically significant 
positive selection for this variable (Table 2, Fig. 3).

In summer, the common alternative prey model was the 
top model for six packs (Table 1). Only the Livock pack 
showed higher support for the historic primary prey model, 
suggesting that moose continue to drive resource selection 
for some packs. �e total prey biomass model was the top 
model for the GoCan pack. Summer resource selection by 
wolves was positively influenced by beaver for seven packs 
(Table 2, Fig. 2b). Six packs selected areas used by deer 
whereas these areas were avoided by the remaining two  
packs (Table 2, Fig. 4). Selection for moose was positive for 
five packs (Table 2, Fig. 4). However, moose and deer influ-
ences on wolf resource selection were not as strong as in  
winter (Fig. 2a, b).

Most of the packs analysed showed avoidance of areas  
of high caribou use in both winter and summer (Table 2,  
Fig. 2a, b). �e Rock Island pack was an exception, showing 
statistically significant selection for areas of high caribou use 
in both seasons (Fig. 3, 4).

Wolf diet

During winter, deer were found in 61.1% ( 4.6%) of  
scats and provided 42.6% ( 4.7%) of biomass in wolf diet 
(Fig. 5a, b). Although moose were present in a comparatively 
low percentage of scats (17.7  3.6%), they provided a high 
proportion of biomass (41.7  4.6%). Beaver were found  
in 22.1% ( 3.9%) of winter scats, accounting for a small 
percentage of winter biomass (8.5  2.6%).

Table 1. Akaike weights (w
i
) providing relative support for each of three logistic regression models used to assess seasonal wolf resource 

selection. Models were fitted to Global Positioning System data collected from eight wolf packs during winter (October–March) and summer 
(April–September) in the West and East Sides of the Athabasca River caribou ranges, northeastern Alberta, Canada, 2006–2008.

Pack

Modela Algar Calling GoCan Joli Livock Pelican Lake Pelican River Rock Island

Winter
1. Historic primary prey 0 0.95 1 0 0 0 0 0.85
2. Common alternative prey 1 0 0 1 1 1 1 0
3. Total prey biomass 0 0.05 0 0 0 0 0 0.15

Summer
1. Historic primary prey 0 0 0 0 1 0 0 0
2. Common alternative prey 1 1 0.01 1 0 1 1 1
3. Total prey biomass 0 0 0.99 0 0 0 0 0

 aHistoric primary prey model  moose; common alternative prey model  white-tailed deer  beaver; total prey biomass model  total prey 
biomass combining moose, white-tailed deer, beaver, and caribou.
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Table 2. Standardized selection coefficients (b) and standard errors (SE) for the three models (Table 1) used to assess seasonal wolf resource 
selection. Coefficients from a caribou-only model are also presented. Models were fitted to Global Positioning System data collected from 
eight wolf packs during winter (October–March) and summer (April–September) in the West and East Sides of the Athabasca River caribou 
ranges, northeastern Alberta, Canada, 2006–2008. Values in boldface type indicate statistically significant selection (positive values) or 
avoidance (negative values) as determined by Wald tests.

Pack

Modela Algar Calling GoCan Joli Livock Pelican Lake Pelican River Rock Island Average

Winter
1. Historic primary prey

Moose
b 0.773 0.223 0.522 0.713 0.353 0.713 0.469 0.255 0.503
SE 0.053 0.053 0.038 0.052 0.055 0.053 0.054 0.038 0.049

2. Common alternative prey
Deerb

b 0.668 0.057 0.292 1.077 0.728 0.519 0.493 0.053 0.486
SE 0.067 0.046 0.037 0.060 0.058 0.051 0.064 0.053 0.055

Beaver
b 0.443 0.070 20.020 0.416 –0.332 0.638 0.153 0.212 0.198
SE 0.068 0.059 0.041 0.076 0.070 0.061 0.064 0.047 0.061

3. Total prey biomass
b 0.851 0.172 0.410 1.058 0.494 0.848 0.509 0.259 0.575
SE 0.053 0.049 0.035 0.056 0.053 0.053 0.057 0.041 0.050

4. Caribou
b 20.479 20.005 20.249 20.951 20.659 20.340 20.780 0.150 20.414
SE 0.057 0.065 0.037 0.056 0.064 0.044 0.065 0.050 0.055

Summer
1. Historic Primary Prey

Moose
b 20.076 0.454 0.585 20.161 20.548 0.147 0.121 1.082 0.200
SE 0.042 0.048 0.050 0.040 0.076 0.036 0.036 0.036 0.046

2. Common alternative prey
Deerb

b 0.379 20.290 0.399 0.699 0.549 0.167 0.419 21.173 0.144
SE 0.057 0.048 0.033 0.055 0.082 0.042 0.041 0.040 0.050

Beaver
b 0.485 0.590 0.488 0.504 20.145 0.269 0.405 0.252 0.356
SE 0.063 0.048 0.036 0.057 0.075 0.047 0.046 0.032 0.050

3. Total prey biomass
b 0.341 0.348 0.821 0.504 20.140 0.205 0.393 0.789 0.408
SE 0.047 0.045 0.050 0.047 0.050 0.036 0.038 0.036 0.044

4. Caribou

b 20.672 0.004 20.451 20.831 20.513 20.384 20.426 0.743 20.316

SE 0.048 0.040 0.029 0.051 0.083 0.047 0.042 0.034 0.047

aHistoric primary prey model  moose; common alternative prey model  white-tailed deer  beaver; total prey biomass model  total prey 
biomass combining moose, white-tailed deer, beaver, and caribou; caribou model  caribou.
bDeer  white-tailed deer.

(October–March), whereas 76.2% occurred in summer 
(April–September).

Discussion

We found that the importance of each prey species in wolf 
diet varied by season, as did wolf selection for areas used by 
each prey. Seasonal variation in wolf prey use and selection 
resulted in contrasting spatial relationships between wolves 
and caribou. During winter, deer were most abundant in 
wolf diet and wolves selected areas used by deer, whereas 
during summer beaver were the most frequently consumed 
prey species and wolf selection for areas used by beaver 
increased substantially. Changes in wolf resource selection 
and diet to target abundant beaver as they became available 
during summer is consistent with prey switching (Murdoch 

1969). Moose were used consistently throughout the year 
and although they were found infrequently in wolf scat, their 
large size meant that moose were still important to wolves, 
representing 40% of biomass consumed by wolves in each 
season. Based on our seasonal definitions, we found compa-
rable amounts of caribou in wolf diet in winter and summer. 
However, if we include the cusp month of October into 
summer, we found that 90% of wolf scats containing cari-
bou were from what are commonly termed snow-free months 
(McLoughlin et al. 2003). Seasonal differences in prey use by 
wolves resulted in seasonal contrasts in their use of caribou-
preferred habitats, with overlap between wolves and caribou 
being highest in summer when wolves hunted beaver. 
Because we also found that most caribou mortalities occurred 
in summer, it seems plausible that the behavioural response 
of wolves has resulted in increased predation pressure on 
caribou through the process of apparent competition.
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range and concluded that wolf preference for deer continues 
to draw wolves away from prime caribou habitat, reducing 
the potential for wolves to affect caribou through predation. 
Although based on a smaller sample of scats, we also found 
wolf preference for deer during winter. �ese findings con-
firm that wolves continue to focus predation and hunting 
effort outside of core caribou habitat and that caribou are 
not an important component of wolf diet overall. �us, 
some spatial separation between caribou and wolves still 
occurs in northeastern Alberta and, as in other systems 
(Wittmer et al. 2005), wolf predation on caribou remains 
incidental.

Although moose remain important in terms of biomass in 
wolf diet, they are no longer the most common ungulate 
prey used by wolves in northeastern Alberta, having been 
recently replaced by deer (Latham et al. 2011a, Wasser et al. 
2011). When moose were the most common prey, wolf pref-
erence for moose drew wolves away from prime caribou 
habitat (Bergerud et al. 1984, James et al. 2004), and this 
pattern helped explain how caribou coexisted with alterna-
tive prey and wolves in the boreal forest, i.e. spatial separa-
tion (Bergerud et al. 1984, Seip 1992). Wasser et al. (2011) 
studied winter (mid-December–mid-March) wolf resource 
selection and diet in a small portion of the ESAR caribou 

Figure 2. Relative probability of wolf resource selection in (a) winter (October–March) and (b) summer (April–September) in the West and 
East Sides of the Athabasca River caribou ranges, northeastern Alberta, Canada, 2006–2008. Selection probabilities were calculated using 
the average models presented in Table 2, last column. For each prey species, standard errors (grey envelopes) on the predictions are shown. 
Wolves showed strong selection for white-tailed deer (deer) and moose and avoidance of caribou in winter, and strong selection for beaver 
in summer.

Figure 3. Relative probability of resource selection by eight wolf packs during winter (October–March) in the West and East Sides of the 
Athabasca River caribou ranges, northeastern Alberta, Canada, 2006–2008. Selection probabilities were calculated using the individual 
wolf pack resource selection models presented in Table 2. For each prey species, standard errors (grey envelopes) on the predictions are 
shown. Deer  white-tailed deer.
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( 1%). �e proportional effect of incidental predation on a 
prey population can be inversely density dependent; that is, 
mortality increases proportionately as numbers of prey 
decline (Messier 1994). Moreover, because the numerical 
response of the predator is the mechanism by which appar-
ent competition affects prey species (Holt et al. 1994), 
increasing wolf numbers due to prey enrichment (Latham 
et al. 2011a) can result in increased incidental encounters 
and predation events on caribou by wolves (McCutchen 
2007). �us, even though caribou represent a small portion 

However, recent landscape, climate, and prey community 
changes appear to be affecting spatial separation, increasing 
incidental predation of caribou by wolves. While caribou 
remain an insignificant component of wolf diet overall,  
their proportion in wolf diet has nevertheless increased  
substantially in northeastern Alberta in the last decade. 
Estimates from over-lapping study areas range from a 10-fold 
increase (Latham et al. 2011a) to a 22-fold increase (Wasser 
et al. 2011) compared to the tiny proportion of caribou in 
wolf diet reported by James et al. (2004) in the mid-1990s 

Figure 5. Differences in the diet (determined from prey remains in scats) of wolves between winter (October–March) and summer  
(April–September) in the West and East Sides of the Athabasca River caribou ranges, northeastern Alberta, Canada, 2006–2007.  
Values were calculated as (a) percent occurrence and (b) percent biomass in wolf scats (following Weaver 1993). Standard errors around 
percent occurrence and percent biomass were estimated using the binomial confidence estimator (Sokal and Rohlf 1995). An asterisk  
indicates statistically significant differences (i.e. non-overlapping 95% confidence intervals) between winter and summer estimates for  
the species. Note: moose and white-tailed deer (deer) contributions to biomass in summer include a correction to account for moose  
calf and deer fawn weights.

Figure 4. Relative probability of resource selection by eight wolf packs during summer (April–September) in the West and East Sides of  
the Athabasca River caribou ranges, northeastern Alberta, Canada, 2006–2008. Selection probabilities were calculated using the indi-
vidual wolf pack resource selection models presented in Table 2. For each prey species, standard errors (grey envelopes) on the predictions 
are shown. Deer  white-tailed deer.
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only in mid-winter (Wasser et al. 2011) are likely to under-
estimate it.

Beaver were an important driver of seasonal changes in 
wolf resource selection and reduced spatial separation with 
caribou during summer (i.e. behavioural response of the 
predator), and beaver may also contribute to overall prey 
enrichment and the demographic response by wolves in our 
area. Beaver are important prey for wolves in many parts  
of North America (Mech 1966, Messier and Crête 1985), 
but beaver consumption by wolves in northeastern Alberta 
has not been high since they were extirpated and reintro-
duced in the mid-1900s (Martell et al. 2006). We found 
much higher rates of beaver consumption than have been 
reported previously (Fuller and Keith 1980, James et al. 
2004). �e reasons for this are unclear. One plausible expla-
nation is that beaver populations have been increasing  
since their reintroduction. Whatever the cause of the 
observed change, our results highlight the importance of  
a small but abundant non-ungulate prey for incidental  
predation and apparent competition in a large mammal 
predator–prey community.

Although most beaver consumption by wolves occurred 
during summer, we also found some beaver in winter scats. 
However, over half of these scats were from spring (36%) 
and autumn (24%), i.e. cusp months, as opposed to winter 
(December–February). Similarly, we found that many of 
the scats containing caribou were collected in October  
(a winter month according to our seasonal definition). Both 
of these results suggest that the months that are transitional 
between our definitions of winter and summer are also 
important in terms of wolf use of peatlands and spatial  
overlap with caribou. Further, this highlights the challenge 
of identifying ecologically meaningful seasons in multi- 
prey systems when different prey species may experience  
different seasonal vulnerability to predation. For example, 
Basille et al. (2012) showed that there were important  
differences between seasonal vulnerability to predation  
and overlap between caribou and moose, which would only 
be more complicated in our system with four prey species. 
Understanding the seasonality of vulnerability to predation 
in multi-prey systems remains an important question for 

of the diet of wolves and wolf preference for primary prey  
on average draws wolves away from prime caribou habitat, 
incidental predation by wolves could still drive caribou  
population declines (McLoughlin et al. 2003, Wittmer  
et al. 2005, Latham et al. 2011a).

Our results contribute to the growing acknowledgment 
of the importance of year-round studies for understanding 
large mammal predator–prey systems (Sand et al. 2008, 
Knopff et al. 2010, Metz et al. 2012). We found that sea-
sonal differences in prey use and strength of spatial selec-
tion resulted in complex spatiotemporal relationships 
between wolves and caribou. Most noticeably, our results 
show increased wolf use of caribou-preferred habitats in 
summer when wolves switched from deer to beaver,  
suggesting the potential mechanism (i.e. seasonal prey 
switching) behind why most caribou in northeastern 
Alberta (McLoughlin et al. 2003) and elsewhere in western 
North America and northern Europe (Seip 1992, Kojola 
et al. 2004, Whittington et al. 2011) are killed by wolves 
during summer and early-autumn. Although we could  
not confirm that wolves killed all of the adult caribou mor-
talities that we recorded, we still found seasonal caribou 
mortality patterns matching those of McLoughlin et al. 
(2003), suggesting that wolves remain the most important 
mortality factor. Moose also are commonly associated with 
wet meadows in peatlands during summer (Osko et al. 
2004), and the positive association with moose that we 
identified for some packs may contribute to increased wolf 
overlap with caribou in summer. While spatial separation 
considered on an annual basis persists, it is reduced by  
seasonal prey use and selection.

In addition to reduced spatial separation between wolves 
and caribou during summer, changes in wolf hunting behav-
iour at that time of year may increase encounter rates with 
caribou. Wolf packs are less likely to hunt as cohesive units 
during spring and summer (Fuller 1989, Latham 2009), 
increasing the number of wolf hunting units on the land-
scape. Ignoring the effect of season on wolf–caribou dyna-
mics could lead to misguided inference and poor decision 
making. Studies conducted only in summer may overesti-
mate the effect of wolves on caribou, whereas studies conducted 

Figure 6. Percent of wolf Global Positioning System locations that overlapped areas of low, medium and high relative probability of use by 
caribou during winter (October–March) and summer (April–September) in the West and East Sides of the Athabasca River caribou ranges, 
northeastern Alberta, Canada, 2006–2008. Levels of caribou use were defined by reclassifying seasonal caribou resource selection surfaces 
into five ranks of relative probability of use (1  low, 5  high).
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important implications for caribou because wolf selection 
for one prey, beaver, resulted in increased spatial overlap 
between wolves and caribou. Furthermore, our individual-
level analyses showed that although most wolf packs avoided 
caribou, one pack (Rock Island) selected areas used by  
caribou. Spatial or temporal limitations in data collection 
might result in an inability to detect differences in individ-
ual wolf pack specialization and consequently the impact  
of wolves on caribou populations.

Our findings do not negate the importance of other  
factors such as habitat degradation and loss or anthropo-
genic activities that have been implicated in caribou popula-
tion declines (Schneider et al. 2010, Festa-Bianchet et al. 
2011). Indeed, recent industrial activity has an important 
influence on spatiotemporal predator–prey relationships in 
the region. For example, Latham et al. (2011b) reported a 
seasonal effect whereby wolf use of industrial linear features 
as travel corridors into peatlands increased in summer  
and resulted in wolves hunting more frequently in caribou-
preferred habitats (also see James and Stuart-Smith 2000). 
Further, increasing populations of alternative predators have 
also been identified as important factors behind caribou 
population declines, e.g. low calf survival because of black 
bear predation in some parts of eastern Canada (Pinard 
et al. 2012), or increased predation risk for caribou because 
of individual variation in black bear selection for caribou-
preferred habitats (Latham et al. 2011c). �us, we contend 
that a complex combination of biotic and abiotic factors 
have resulted in changes in the spatial relationships between 
alternative prey, caribou, and their shared predator, wolves. 
�e consequence of these changes in our system has been  
an increase in incidental predation by wolves on caribou, 
particularly in summer. �e seasonal shifts in wolf resource 
use and predation patterns we report here coincide with 
adult caribou mortality patterns, supporting the conclusion 
that wolves adversely affect woodland caribou and wild 
reindeer populations throughout much of their western 
North American and European range (Bergerud 1974, Seip 
1992, Kojola et al. 2004, Wittmer et al. 2005, Gustine et al. 
2006, Festa-Bianchet et al. 2011, Latham et al. 2011a, 
Serrouya et al. 2011). Although politically challenging,  
we recommend that, if caribou are to be preserved in sys-
tems that have undergone prey enrichment and landscape 
change, wolf (and possibly alternative predator) and alterna-
tive prey management be included in the three-pronged 
approach to caribou conservation suggested by Schneider 
et al. (2010) and Wittmer et al. (2013).
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declining caribou species in systems affected by apparent 
competition.

We found no support for the total biomass hypothesis, 
i.e. that wolves show generalist hunting patterns by select-
ing for areas with highest total available prey regardless of 
species. However, this result should be taken cautiously 
given some of the challenges associated with estimating 
prey availability over large landscapes. We used aerial sur-
veys in winter and fecal pellet transects in summer to esti-
mate seasonal prey distribution. Both survey methods suffer 
from detection biases and, in the case of fecal pellets, poten-
tially variable decomposition rates between habitat types 
(Lehmkuhl et al. 1994, Vander Wal et al. 2011). Despite 
these biases, we remain convinced our inferences are cor-
rect. First, winter aerial surveys are likely to be biased 
towards underestimating deer in uplands because of closed-
canopy forested stands; although we did not correct for this 
detection bias, we still found that wolves selected for deer 
in uplands during winter. Second, fecal pellets may decom-
pose more quickly in peatlands because the water-table is at 
or near the surface in this habitat (Lehmkuhl et al. 1994, 
but see Webb 2009 who found no differences in pellet 
detection rates across similar habitat types to those in our 
study area), potentially overestimating ungulate prey in 
uplands compared to peatlands in summer. Despite these 
biases, wolves still selected areas used by prey species in 
peatlands during summer, resulting in increased use of  
caribou-preferred habitats. Another potential limitation is 
the coarse approach that we used to calculate total prey bio-
mass, i.e. we did not account for the proportion of calves, 
yearlings, and adults in the population of each prey species. 
By assuming an adult-biased weight value for the contribu-
tion of each prey species we probably overestimated total 
prey biomass available to wolves. Despite this, we found no 
support for the total prey biomass hypothesis, suggesting 
that we would find even less support for this hypothesis  
if we had corrected for younger animals. Finally, because  
we only used one spatial scale (i.e. within a 500-m buffer) 
to contextualize habitat variables, we may have overlooked 
important attributes that influence resource selection 
behaviour at local or larger landscape scales (Leblond et al. 
2011, Lesmerises et al. 2012). However, even though we 
did not assess resource selection hierarchically, our seasonal 
prey models performed well based on 5-fold cross-validation 
(all rs  0.8), supporting their robustness in predicting prey 
behaviour and distribution.

Our results also highlight the potential for population-
level analyses to obscure additional important features of a 
predator–prey system. When averaged across a population, 
resource selection and spatial overlap studies often report 
that predators select different habitats to incidental prey 
such as caribou (James et al. 2004). As a consequence, they 
might miss important interactions between individual  
predators and characteristics of their home range (Boyce 
et al. 2003, Forester et al. 2009), such as individual differ-
ences in spatiotemporal relationships with prey (Latham 
et al. 2011c) or in prey selection patterns (Knopff 2010). 
For example, we found that most wolf packs showed strong 
selection for beaver in summer, but that some packs contin-
ued to select areas used by deer. �ese differences can have 
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