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9·9/¦¢L±9 {¦aa!w¸ 

Landscape disturbance is typically synonymous with habitat loss and fragmentation, and 

subsequent biodiversity loss. However, the effects of landscape disturbance vary among species and 

disturbance types; multiple disturbances also act synergistically, resulting in cumulative effects of 

different resource sectors on species. In Canadaôs oil sands, petroleum extraction interacts with logging 

and road-building to create an extensively disturbed landscape. This anthropogenic disturbance is 

implicated in woodland caribou declines, mediated by predators and apparent competitors; however, the 

specific responses of different species to the changing landscape are poorly known. We investigated the 

numerical response of moose, wolves, bears, and other species, to natural and anthropogenic features 

within Albertaôs northeast boreal forest. We used three years of camera data collected using a systematic 

stratified design in ca. 3000 km
2
 study area near Winefred and Christina Lakes, Alberta. We modelled 

the number of months of species occurrence as an index of abundance, against natural and 

anthropogenic features using an information-theoretic approach. For every species, anthropogenic 

features were a key component of the best-supported model, indicating their importance in shaping 

species distribution. Some species were positively, and others negatively, associated with landscape 

disturbance, and anthropogenic and natural features had similar effect sizes on species abundance. 

Increasing landscape fragmentation and permeability are likely changing wildlife community dynamics 

in the oil sands, favoring generalist predators and browsers, and possibly altering ecosystem processes. 

A reclamation program that targets only seismic lines but ignores the effects of forest harvesting, road 

infrastructure, and other petroleum extraction features is unlikely to be effective at mediating those 

mechanisms of woodland caribou declines that involve moose, deer, and predators. We therefore 

recommend a more integrated approach to mitigating the impacts of anthropogenic disturbance on 

wildlife in Albertaôs oil sands. 

Lb¢wh5¦/¢Lhb 

     Boreal woodland caribou (Rangifer tarandus) populations are declining across Canada. 

Consequently, the Government of Canada listed boreal woodland caribou as óThreatenedô under the 

Species at Risk Act, requiring the provinces to develop range plans for conserving local boreal caribou 

herds. The proximate cause of caribou population decline is predation, and wolves (Canis lupus) are 

thought to be the primary predator of caribou in the oil sands region of northeast Alberta (McLoughlin et 

al. 2003, Latham et al. 2011b). However, through apparent competition (Holt 1977, Holt and Kotler 
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1987) other ungulates likely play a major role. Increasing white-tailed deer (Odocoileus virginianus) and 

moose (Alces alces) populations bolster wolf numbers, thus increasing predation rates on caribou 

(Latham et al. 2011c, Latham et al. 2013), with consequences for caribou persistence (DeCesare et al. 

2009). Moreover, other predators such as black bears (Ursus americanus) may predate caribou neonates 

and thus play a large role in caribou persistence (Latham et al. 2011a). 

These complex interspecific interactions occur against a backdrop of an equally complex 

landscape. The boreal forest is a highly heterogeneous patchwork of upland deciduous and lowland 

conifer, with wetlands, mixedwoods, and bogs interspersed. Overlaying the forest is a meshwork of 

extensive landscape disturbance ï defined here as anthropogenic changes to the quantity, structure, and 

distribution of native vegetation communities. Landscape disturbance is typically synonymous with 

habitat loss and fragmentation, which have well-known impacts on biodiversity (Fahrig 1997, 2003). 

However, emerging research illustrates that landscape disturbance complexly affects species population 

size, distribution, and persistence, and that these effects vary among disturbance types and species 

(Tscharntke et al. 2012). Differential response to disturbance allows some species to increase (or invade) 

whereas others decrease, creating ñwinners and losersò in human-dominated ecosystems (McKinney and 

Lockwood 1999, O'Brien and Leichenko 2003).  

Extensive landscape disturbance has contributed to collapsing ranges and altered trophic 

dynamics within North Americaôs mammalian communities (Terborgh and Estes 2010). Modern 

distributions of many mammals reflect patterns of human land use in the US and southern Canada 

(Laliberte and Ripple 2004), and rates of industrial disturbance are expanding rapidly in Canadaôs 

northern boreal forests (Hansen et al. 2010). Anthropogenic activities leading to ecological disturbance 

are often economically important (Czech et al. 2000) and politically popular. Moreover, disturbance is 

usually attributable to multiple landscape development activities, creating cumulative effects on 

ecological processes and biotic communities (Spaling et al. 2000, Schneider et al. 2003). Reconciling 

conservation goals with the realities of lingering historical impacts and humanityôs growing resource 

consumption is one of the most controversial topics in ecology today (Kareiva et al. 2011, Doak et al. 

2014). Petroleum extraction is one of the prime catalysts of this debate (Parmesan and Yohe 2003, Kelly 

et al. 2009, Souther et al. 2014), and the oil sands region (OSR) in Alberta, Canada, sits at its epicenter. 

In Albertaôs boreal forest, oil and gas industry, timber harvesting, and increasing road density all 

contribute to expanding spatially extensive landscape disturbance (Spaling et al. 2000). Petroleum 

extraction in particular creates "profoundly novel" landscapes completely different from historical 
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systems (Pickell et al. 2015). These novel and cumulative disturbances have been implicated in 

woodland caribou (Rangifer tarandus) declines through a convolution of direct and indirect effects 

(Wasser et al. 2011, Boutin et al. 2012). Abundant linear features ï seismic lines, pipelines, roads, and 

trails ï facilitate wolf (Canis lupus) movement, increasing predation rates on caribou (Whittington et al. 

2011, McKenzie et al. 2012). Moreover, wolf populations are apparently increasing in Alberta's boreal 

forest, due in part to expanding populations of white-tailed deer (Odocoileus virginianus) (Latham et al. 

2011c), and perhaps beavers (Castor canadensis) (Latham et al. 2013). Moose (Alces alces) are also 

expected to increase in this landscape, where conversion of mature forest into early seral vegetation 

provide abundant ungulate forage (Fisher and Wilkinson 2005).  

Whereas wildlife management in the OSR is primarily focused on woodland caribou, little is 

known about the effects of extensive landscape disturbance on other boreal mammals. We expect the 

shifting vegetation structure and spatial configuration of this industrializing landscape (Pickell et al. 

2015) to have widespread effects across the entire mammalian community (Figure 1).  

CƛƎǳǊŜ мΦ !ƴǘƘǊƻǇƻƎŜƴƛŎ ŦŜŀǘǳǊŜǎ ŀǊŜ ŜȄǇŜŎǘŜŘ ǘƻ ŀũŜŎǘ ǘƘŜ ǎǳƛǘŜ ƻŦ ƳŀƳƳŀƭ ǎǇŜŎƛŜǎ ƛƴ ǘƘŜ ƴƻǊǘƘŜŀǎǘ 
ōƻǊŜŀƭ ŦƻǊŜǎǘΣ ōŀǎŜŘ ƻƴ ƪƴƻǿƴ Ƙŀōƛǘŀǘ ŀǎǎƻŎƛŀǝƻƴǎΦ [ŀǊƎŜ ŀƴŘ ǎƳŀƭƭ ƘŜǊōƛǾƻǊŜǎ ŀǊŜ ƪƴƻǿƴ ǘƻ ōŜƴŜŬǘ 
ŦǊƻƳ ŜŀǊƭȅ ǎŜǊŀƭ ǾŜƎŜǘŀǝƻƴ ƛƴ ŎǳǘōƭƻŎƪǎΣ ŀƴŘ ǇŜǊƘŀǇǎ ŀƭǎƻ ƛƴ ƛƴŘǳǎǘǊƛŀƭ ōƭƻŎƪ ŦŜŀǘǳǊŜǎ ŀƴŘ ǿŜƭƭ ǎƛǘŜǎΦ 
tǊŜŘŀǘƻǊǎ ŀǊŜ ƪƴƻǿƴ ǘƻ ǳǎŜ ƭƛƴŜŀǊ ŦŜŀǘǳǊŜǎ ǎǳŎƘ ŀǎ ǎŜƛǎƳƛŎ ƭƛƴŜǎ ŦƻǊ ǘǊŀǾŜƭΣ ōǳǘ Ƴŀȅ ŀǾƻƛŘ ŀŎǝǾŜ ǊƻŀŘ 
ƴŜǘǿƻǊƪǎ ŘǳŜ ǘƻ ƳƻǊǘŀƭƛǘȅ ǊƛǎƪΦ ¢ƘŜǎŜ ƘȅǇƻǘƘŜǎƛȊŜŘ ǊŜƭŀǝƻƴǎƘƛǇǎ ƻǾŜǊƭŀȅ Ƙŀōƛǘŀǘ ŀǎǎƻŎƛŀǝƻƴǎ ǿƛǘƘ 
ƴŀǘǳǊŀƭ ƭŀƴŘǎŎŀǇŜ ŦŜŀǘǳǊŜǎΥ ǳǇƭŀƴŘ ŀƴŘ ƭƻǿƭŀƴŘ ŦƻǊŜǎǘΣ ǿŀǘŜǊΣ ŀƴŘ ōƻƎǎΦ LƭƭǳǎǘǊŀǝƻƴ ōȅ WŜũ 5ƛȄƻƴΣ 
ōŀǎŜŘ ƻƴ ǊŜǎŜŀǊŎƘ ōȅ CƛǎƘŜǊ ŀƴŘ ²ƛƭƪƛƴǎƻƴ όнллрύ ŀƴŘ CƛǎƘŜǊ Ŝǘ ŀƭΦ όнлммύΦ 
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We used camera trappingða powerful, noninvasive survey method (O'Connell et al. 2011, 

Burton et al. 2015) ðand species distribution models (Guisan and Thuiller 2005) to assess the influence 

of anthropogenic features on the distribution of species implicated in caribou declines in northeast 

Alberta boreal forest: black bear (Ursus americanus), wolf, white-tailed deer, and moose. However, we 

did not expect the effects of landscape development to be restricted to these species. A meta-analysis of 

past research showed that the introduction of early seral vegetation and removal of mature forest has 

effects on the entire mammal community of the boreal forest (Fisher and Wilkinson 2005). Recent 

research on Alberta's East Slopes showed that anthropogenic features can also affect mid-size carnivores 

(Heim 2015). We therefore also assessed the effects of anthropogenic landscape features on coyote 

(Canis latrans), Canada lynx (Lynx canadensis), fisher (Pekania pennanti), red fox (Vulpes vulpes), 

snowshoe hare (Lepus americanus), and red squirrels (Tamiasciurus hudsonicus). Our objectives were: 

(1) Determine the relative effects of natural and anthropogenic landscape features in explaining spatial 

variation in the relative abundance of mammal species in the northeast boreal forest around Winefred 

and Christina Lakes. (2) Identify which feature types have the greatest effect size on moose and predator 

relative abundance and distribution, to inform ongoing planning for feature reclamation or mitigation. 

We hypothesized that different natural and anthropogenic landscape features have consistent and 

predictable effects on moose and predator relative abundance and distribution. 

a9¢Ih5{ 

Study Area 

Our research was conducted in the boreal forest northeast of Lac La Biche, Alberta, Canada 

(Figure 2).  The study area is approximately 3000 km
2
 and encompasses the area around Christina Lake 

and Winefred Lakes, north of the Cold Lake Air Weapons Range. This landscape is a boreal mosaic of 

white (Picea glauca) and black spruce (Picea mariana), aspen (Populus tremulodies), jack pine (Pinus 

banksiana), and Ledum groenlandicum-dominated muskeg. There is extensive forestry, roads (major and 

minor), petroleum extraction and other development dispersed throughout the study area (Figure 2). 

Mammal Relative Abundance  

We sampled mammal occurrence at sites deployed across a 3000 km
2
 area in a stratified random 

design based on digital forest inventory data in a geographic information system (GIS). We deployed 

one Reconyx PC900 Hyperfire
TM
 infra-red remote digital camera (Holmen, WI, USA) at each of 61 



8 

 

sampling sites for three years: October 2011 - October 2014. Species were identified from 141,140 

images. See Fisher et al. (2016) for more information. 

 

CƛƎǳǊŜ нΦ aŀƳƳŀƭ ƻŎŎǳǊǊŜƴŎŜ ǿŀǎ ǎǳǊǾŜȅŜŘ hŎǘƻōŜǊ нлмм ς нлмп ƛƴ ǘƘŜ ƴƻǊǘƘŜŀǎǘ ōƻǊŜŀƭ ŦƻǊŜǎǘ ƴŜŀǊ 
²ƛƴŜŦǊŜŘ [ŀƪŜΣ !ƭōŜǊǘŀΣ /ŀƴŀŘŀΣ ŀǘ ŎŀƳŜǊŀ-ǘǊŀǇ ǎƛǘŜǎ όōƭŀŎƪ ŘƻǘǎύΦ ¢ƘŜ ƭŀƴŘǎŎŀǇŜ ƛǎ ǎǳǇŜǊƛƳǇƻǎŜŘ ōȅ 
о5 ǎŜƛǎƳƛŎ ƭƛƴŜǎ όƎǊŜȅύΣ ǘǊŀŘƛǝƻƴŀƭ ǎŜƛǎƳƛŎ ƭƛƴŜǎ όōƭŀŎƪύΣ ǿŜƭƭ ǎƛǘŜǎ όǊŜŘ ŀƴŘ ƻǊŀƴƎŜύΣ ŦƻǊŜǎǘ ŎǳǘōƭƻŎƪǎ 
όƎǊŜŜƴύΣ ōƭƻŎƪ ŦŜŀǘǳǊŜǎ όƎǊŜȅ Řƻǘǎύ ŀƴŘ ǊƻŀŘǎ ŀƴŘ ǘǊŀƛƭǎ όƭƛƎƘǘ ƎǊŜŜƴύΦ 
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Tracking numerical responses of mammals to natural and anthropogenic landscape features 

requires converting numbers of camera trap images into an index of abundance. There are multiple 

possible ways that this is done, most without any statistical basis (Burton et al. 2015). We could use raw 

numbers of images, but doing so introduces a design confound: a single animal can appear multiple 

times on a camera, inflating the abundance estimate. The most rigorous way is to estimate density using 

new methods applicable to camera trapping that account for imperfect detection, multiple re-sites, and 

varying sizes of home ranges (Chandler and Royle 2013, Sollmann et al. 2013). We are doing this for 

white-tailed deer (Fisher et al. 2015), but to do so for the suite of mammals in the boreal forest is 

computationally extensive and beyond the scope of this project. We opted for a very conservative 

measure of numerical response: the repeated occurrence of a species across a series of one-month survey 

periods. This measure assumes that a species is more likely to consistently use a site over subsequent 

months when the population size is such that the species persists at that site for an extended period of 

time. We therefore recorded the occurrence of each species at each site within month-long survey 

periods, yielding a response variable of 0-36 months for each species at each site, which we treated as 

relative abundance. As we are comparing one site to another, the absolute value of this metric does not 

matter; it is how this metric compares among sites that we are measuring. 

Quantifying Landscape Structure 

We quantified the landscape from three spatial digital resource inventories. First, we quantified 

natural landscape composition based on the Alberta Vegetation Inventory (AVI), a digital forest 

inventory dataset provided by Alberta Environment and Parks. We categorized tree species as coniferous 

[black spruce (Sb), jack pine (Pj), white spruce (Sw), and balsam fir (Fb)] or deciduous [paper birch 

(Bw), aspen (Aw), balsam poplar (Pb), and tamarack (Lt)]. We determined the area of each polygon 

within each grid cell represented by each canopy species, and multiplied that by the percentage of the 

canopy in that polygon. We designated each polygon as lowland if the moisture regime was designated 

aquatic or wet, or upland if not. For each polygon, the canopy cover designations and moisture regime 

information were combined to create thirteen land cover categories (Table 1). We calculated the percent 

area of each habitat category around each camera site. 

Second, we used the Alberta Biodiversity Monitoring Institute (ABMI) 2010 Human Footprint 

Map Ver 1.1 (ambi.ca) to calculate the percent of area of several anthropogenic features (Table 1) around 
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each camera site. Third, as this map did not provide contemporary information about linear features, 

which is changing rapidly in this landscape, we used an ABMI & University of Alberta linear features 

layer updated to 2012 to calculate the area of linear features (buffered to create polygons from polylines) 

around each camera site.  

 

¢ŀōƭŜ мΦ  [ŀƴŘǎŎŀǇŜ ǊŜŎƭŀǎǎƛŬŎŀǝƻƴ ŦƻǊ ŎŀƳŜǊŀ-ōŀǎŜŘ ǎǇŜŎƛŜǎ ŘƛǎǘǊƛōǳǝƻƴ ƳƻŘŜƭ ŀƴŀƭȅǎŜǎΦ DL{ Řŀǘŀ ŦǊƻƳ 
ƳǳƭǝǇƭŜ ǎƻǳǊŎŜǎ ǿŜǊŜ ǊŜŎƭŀǎǎƛŬŜŘ ŀƴŘ ŎƻƳōƛƴŜŘ ǘƻ ŎǊŜŀǘŜ нл ŘƛũŜǊŜƴǘ ƭŀƴŘǎŎŀǇŜ ŦŜŀǘǳǊŜ ŎŀǘŜƎƻǊƛŜǎΦ ²Ŝ 
ŎŀƭŎǳƭŀǘŜŘ ǘƘŜ ǇŜǊŎŜƴǘ ŀǊŜŀ ƻŦ ŜŀŎƘ ŎŀǘŜƎƻǊȅ ŀǊƻǳƴŘ ŜŀŎƘ ŎŀƳŜǊŀ ǎƛǘŜΣ ǘƻ ŎǊŜŀǘŜ нл ƛƴŘŜǇŜƴŘŜƴǘ ǾŀǊƛŀōƭŜǎΦ 

І Iŀōƛǘŀǘ /ƭŀǎǎ {ƻǳǊŎŜ
м
 5ŜǎŎǊƛǇǝƻƴ

н
 

м ¦ǇƭŀƴŘ ŘŜŎƛŘǳƻǳǎ !±L ό!ǿΣ tōΣ .ǿ ҔҐтл҈ ŎŀƴƻǇȅύΣ ƳƻƛǎǘǳǊŜ Ґ Ř ƻǊ Ƴ 

н [ƻǿƭŀƴŘ ŘŜŎƛŘǳƻǳǎ !±L ό!ǿΣ tōΣ .ǿ ҔҐтл҈ ŎŀƴƻǇȅύΣ ƳƻƛǎǘǳǊŜ Ґ ǿ ƻǊ ŀ 
о ¦ǇƭŀƴŘ ƳƛȄŜŘǿƻƻŘ !±L όпл҈ -сл҈ύ ŎŀƴƻǇȅΣ ƳƻƛǎǘǳǊŜ Ґ Ř ƻǊ Ƴ 
п [ƻǿƭŀƴŘ ƳƛȄŜŘǿƻƻŘ !±L όпл҈ -сл҈ύ ŎŀƴƻǇȅΣ ƳƻƛǎǘǳǊŜ Ґ ǿ ƻǊ ŀ 
р ¦ǇƭŀƴŘ ǎǇǊǳŎŜ !±L ό{ōΣ {ǿΣ Cō ҔҐтл҈ ŎŀƴƻǇȅύΣ ƳƻƛǎǘǳǊŜ Ґ Ř ƻǊ Ƴ 
с [ƻǿƭŀƴŘ ǎǇǊǳŎŜ !±L ό{ōΣ{ǿΣCō ҔҐтл҈ ŎŀƴƻǇȅύΣ ƳƻƛǎǘǳǊŜ Ґ ǿ ƻǊ ŀ 
т tƛƴŜ

h
 !±L !ƭƭ tƧ όҔҐтл҈ύ 

у ¢ŀƳŀǊŀŎƪ !±L !ƭƭ [ǘ όҔҐтл҈ύ 
ф hǇŜƴ ǿŜǘƭŀƴŘ !±L ғс҈ ŎǊƻǿƴ ŎƭƻǎǳǊŜΤ ƳƻƛǎǘǳǊŜ Ґ ǿ ƻǊ ŀ 
мл ¦ǇƭŀƴŘ ǎƘǊǳōǎ !±L Ҕнр҈ ǎƘǊǳō ŎƻǾŜǊΤ ғс҈ ǘǊŜŜ ŎƻǾŜǊΤ ƳƻƛǎǘǳǊŜ Ґ Ř ƻǊ Ƴ 
мм ²ŀǘŜǊ !±L {ǘŀƴŘƛƴƎ ƻǊ ƅƻǿƛƴƎ ǿŀǘŜǊ 
мн /ǳǘōƭƻŎƪǎ !.aL CƻǊŜǎǘ ƘŀǊǾŜǎǘŜŘ ŎǳǘōƭƻŎƪǎ ƻŦ ŀƴȅ ŀƎŜ 
мо bƻƴŦƻǊŜǎǘ

h
 !±L !ǊŜŀǎ ǿƛǘƘ ғ с҈ ŎŀƴƻǇȅ  

мп .ƭƻŎƪ ŦŜŀǘǳǊŜǎ !.aL /ƻƳōƛƴŀǝƻƴ ǾŀǊƛŀōƭŜ ƛƴŎƭǳŘƛƴƎ ƳƛƴƛƴƎ ōƻǊǊƻǿ ǇƛǘǎΣ ŘǳƎƻǳǘǎΣ ǎǳƳǇǎΣ 
ƛƴŘǳǎǘǊƛŀƭ ǎƛǘŜǎΣ ŀƴŘ ǎƛǘŜǎ ŎŀǘŜƎƻǊƛȊŜŘ ŀǎ ϦƻǘƘŜǊ ŘƛǎǘǳǊōŜŘ ǾŜƎŜǘŀǝƻƴϦΦ 
bƻ ƳŀǘǳǊŜ ǘǊŜŜǎΤ ǳǎǳŀƭƭȅ ǊŜŎƭŀƛƳŜŘ ƻǊ ǎǳǊǊƻǳƴŘŜŘ ōȅ ƎǊŀǎǎ ƻǊ ǎƘǊǳōǎΦ 

мр ²Ŝƭƭ ǎƛǘŜǎ !.aL tŜǘǊƻƭŜǳƳ ŜȄǘǊŀŎǝƻƴ ǎƛǘŜǎ ƛƴŎƭǳŘƛƴƎ ŀ ǿŜƭƭ ŀƴŘ ǎǳǊǊƻǳƴŘƛƴƎ ŀǊŜŀΣ 
ǳǎǳŀƭƭȅ ƎǊŀǎǎȅ ǾŜƎŜǘŀǝƻƴ 

мс о5 ǎŜƛǎƳƛŎ ƭƛƴŜǎ ¦![C о5 ǎŜƛǎƳƛŎ ǇŜǘǊƻƭŜǳƳ ŜȄǇƭƻǊŀǝƻƴ ƭƛƴŜǎΣ ŘŜǇƭƻȅŜŘ ƛƴ ŀ ƘƛƎƘ-ŘŜƴǎƛǘȅ 
ƘŀǎƘƳŀǊƪ ǇŀǧŜǊƴΦ 

мт /ǳǘƭƛƴŜǎ ¦![C ¢ǊŀŘƛǝƻƴŀƭΣ ǎƛƴƎƭŜ ǇŜǘǊƻƭŜǳƳ ŜȄǇƭƻǊŀǝƻƴ ƭƛƴŜǎΣ ƭŜǎǎ ŘŜƴǎŜ ǘƘŀƴ о5 
ǎŜƛǎƳƛŎ ƭƛƴŜǎΦ 

му wƻŀŘǎ ¦![C /ƻƳōƛƴŀǝƻƴ ǾŀǊƛŀōƭŜ ƻŦ ƻƴŜ ŀƴŘ ǘǿƻ ƭŀƴŜ ǊƻŀŘǎΣ ƎǊŀǾŜƭ ŀƴŘ ǇŀǾŜŘΣ 
ŀƴŘ ǳƴƛƳǇǊƻǾŜŘ ǊƻŀŘǎΦ 

мф tƛǇŜƭƛƴŜǎ ¦![C tŜǘǊƻƭŜǳƳ ǇƛǇŜƭƛƴŜǎ ŀƴŘ ǘƘŜƛǊ ǊƛƎƘǘǎ ƻŦ ǿŀȅΣ ǳǎǳŀƭƭȅ ǿƛŘŜ ŀƴŘ ƎǊŀǎǎ-
ŎƻǾŜǊŜŘΦ 

нл ¢Ǌŀƛƭǎ ¦![C /ƻƳōƛƴŀǝƻƴ ƻŦ ǘǊŀƛƭǎ όƴŀǾƛƎŀōƭŜ ōȅ ƻũ ǊƻŀŘ ǾŜƘƛŎƭŜΣ ƘƻǊǎŜǎΣ ŀƴŘ 
ǇŜƻǇƭŜύ ŀƴŘ ǘǊǳŎƪ ǘǊŀƛƭǎ όƴŀǾƛƎŀōƭŜ ōȅ ǘǊǳŎƪǎ ōǳǘ ǿƛǘƘƻǳǘ ƎǊŀǾŜƭύΦ  

м
!±L ς !ƭōŜǊǘŀ ±ŜƎŜǘŀǝƻƴ LƴŘŜȄΤ ¦![C Ґ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ !ƭōŜǊǘŀ [ƛƴŜŀǊ CŜŀǘǳǊŜǎ aŀǇ ¦ǇŘŀǘŜŘ нлмнΤ !.aL Ґ !ƭōŜǊǘŀ .ƛƻŘƛǾŜǊǎƛǘȅ aƻƴƛǘƻǊƛƴƎ 
LƴǎǝǘǳǘŜ IǳƳŀƴ CƻƻǘǇǊƛƴǘ aŀǇ ¦ǇŘŀǘŜŘ нлмлΦ

 

н
!ǿ Ґ ŀǎǇŜƴΣ tō Ґ ǇƻǇƭŀǊΣ .ǿ Ґ ǿƘƛǘŜ ōƛǊŎƘΣ {ō Ґ ōƭŀŎƪ ǎǇǊǳŎŜ {ǿ Ґ ǿƘƛǘŜ ǎǇǊǳŎŜΣ Cō Ґ ōŀƭǎŀƳ ŬǊΣ tƧ Ґ ƧŀŎƪ ǇƛƴŜΣ [ǘ Ґ ǘŀƳŀǊŀŎƪκƭŀǊŎƘΤ Ř Ґ 
ŘǊȅΣ Ƴ Ґ ƳŜǎƛŎΣ ǿ Ґ ǿŜǘΣ ŀ Ґ ŀǉǳŀǝŎ 
о
[ƛƴŜŀǊ ŦŜŀǘǳǊŜǎ ǿŜǊŜ ōǳũŜǊŜŘ ŦƻǊ ŀǊŜŀƭ ŎŀƭŎǳƭŀǝƻƴǎ ŀǎ ŦƻƭƭƻǿǎΥ ϥ¢ǿƻ [ŀƴŜ ¦ƴŘƛǾƛŘŜŘ tŀǾŜŘ wƻŀŘϥΥ фƳΤ ϥhƴŜ [ŀƴŜ ¦ƴŘƛǾƛŘŜŘ tŀǾŜŘ wƻŀŘϥΥ 
сƳΤ ϥwŀƛƭ [ƛƴŜϥΥ рΦрƳΤ ϥwŀƛƭ [ƛƴŜ- ǎǇǳǊϥΥ рΦрƳΤ ϥ¢ǿƻ [ŀƴŜ DǊŀǾŜƭ wƻŀŘϥΥ тƳΤ ϥhƴŜ [ŀƴŜ DǊŀǾŜƭ wƻŀŘϥΥ рƳΤ ϥ5ǊƛǾŜǿŀȅϥΥ нƳΤ ϥ¦ƴƛƳǇǊƻǾŜŘ wƻŀŘϥΥ 
сƳΤ ϥ¢ǊŀƛƭϥΥ сƳΤ ϥ¢ǊǳŎƪ ¢ǊŀƛƭϥΥ сƳΤ ϥ9ƭŜŎǘǊƛŎŀƭ ¢ǊŀƴǎƳƛǎǎƛƻƴ [ƛƴŜϥΥ мтƳΤ ϥtƛǇŜƭƛƴŜϥΥ мнƳΤ ϥо5ϥΥ нƳΤ ϥ/ǳǘƭƛƴŜϥΥ нƳΦ 
h
hƳƛǧŜŘ ŦǊƻƳ ŀƴŀƭȅǎƛǎ ǘƻ ǇǊŜǾŜƴǘ ŎƻƭƭƛƴŜŀǊƛǘȅ ǿƛǘƘ ƻǘƘŜǊ ǾŀǊƛŀōƭŜǎΦ 
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We omitted correlated variables (r > 0.7) from multiple-variable models (Zuur et al. 2010) to 

prevent multicollinearity (Faraway 2004). We combined variables only sparsely represented in the data 

(< 1-2% of area) into a single, combination variable (Table 1). We rescaled each variable (subtract mean, 

divide by standard deviation) using the scale function in program R, to allow comparison of effect sizes. 

The Spatial Scale of Analysis 

The species distribution models we use assume that relative abundance is related to the landscape 

within some defined area around that site (Morrison et al. 2006). Defining the appropriate scale of this 

area is difficult, because different processes operate at different spatial scales (Fisher et al. 2011). The 

area affecting a species' occurrence at a camera site may be smaller than a home range, reflecting the 

influence of small-scale, local patch choices by individuals; or larger than a home-range, reflecting 

processes such as predation, or competition (Kotliar and Wiens 1990, Fisher et al. 2011). As we donôt 

know the size of the landscape that might affect a speciesô occurrence ï and getting the size wrong can 

lead to incorrect conclusions ï a rigorous approach is to test several different landscape sizes and 

determine which best predicts that occurrence (Fisher et al. 2011). We quantified the landscape within 

buffers of different sizes, or spatial scales (Figure 3). These spatial scales ranged from a 250-m radius 

circle to a 5000-m radius circle, in 250-m increments, around each camera site. This yielded 20 different 

spatial scales we could compare to test which scale best explained species' relative abundance. At each 

scale, we modelled each species' relative abundance (0-36, over three years) against all landscape 

variables using generalized linear models (Binomial errors, logit link) in R ver. 3.2.2 (R Foundation for 

Statistical Computing 2014). A reliable predictive model is one that best explains the variance in 

response data (e.g. mammal relative abundance) by using the least number of independent variables 

possible (Burnham and Anderson 2002). We generated these models using the minimum adequate model 

approach (Crawley 2012), which starts with a global model containing all independent variables, 

sequentially drops least-significant variables, and tests them for explanatory power.  

For each scale, we created a global generalized linear model (binomial errors, default link) in R 

that included additive effects for all non-correlated predictor variables. We reduced the global model 

with the step-AIC function in R package MASS (Ripley et al. 2011). This stepwise routine ranks models' 

explanatory power and simplicity based on Akaikeôs Information Criterion (AIC) scores (Burnham and 

Anderson 2002), which is a function of the number of variables in the model, and the log-likelihood of 

the model ï a function of the amount of variance in species relative abundance that the model can 



12 

 

explain. A model with a low AIC score indicates that this model better explains species relative 

abundance than a model with a high AIC score. We normalised AIC scores of the best-fit 20 ñscale 

modelsò as AIC weights (Anderson 2008); AIC weights of a set of models sum to 1.0, and are analogous 

to the probability that a model is the best one of the set. For example, if the best-fit model has an AIC 

weight of only 0.2, there is only a 20% chance that it is really best of the lot. If the best model has an 

AIC weight of 0.9, there is a 90% chance it is the really the best. 

 

 

Models at each scale were ranked against one another using the same approach, allowing us to 

identify (1) the best spatial scale for each species, and (2) the best-supported model for each species, 

containing those landscape variables that best explained relative abundance. We tested each best model 

CƛƎǳǊŜ оΦ 5ƛũŜǊŜƴǘ ŜŎƻƭƻƎƛŎŀƭ ǇǊƻŎŜǎǎŜǎ ƻŎŎǳǊ ŀǘ ŘƛũŜǊŜƴǘ ǎǇŀǝŀƭ ǎŎŀƭŜǎΣ ŜŀŎƘ ƛƴǾƻƭǾƛƴƎ ŘƛũŜǊŜƴǘ 
ƭŀƴŘǎŎŀǇŜ ŦŜŀǘǳǊŜǎΦ !ǘ ǎƳŀƭƭ ǎŎŀƭŜǎ ς ǘƘŜ ƛƳƳŜŘƛŀǘŜ ŀǊŜŀ ŀǊƻǳƴŘ ŀ ŎŀƳŜǊŀ ǎƛǘŜ ς ŦƻƻŘ ŀƴŘ ŎƻǾŜǊ 
ōŜ ƛƳǇƻǊǘŀƴǘΦ !ǘ ƛƴǘŜǊƳŜŘƛŀǘŜ ǎŎŀƭŜǎΣ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǇƻǘŜƴǝŀƭ ƳŀǘŜǎ ƻǊ ƻǘƘŜǊ ŎƻƴǎǇŜŎƛŬŎǎ Ƴŀȅ 
ōŜ ƛƳǇƻǊǘŀƴǘΦ tŀǘŎƘ ŜŘƎŜ ŜũŜŎǘǎ Ƴŀȅ Ǉƭŀȅ ŀ ǊƻƭŜΣ ŀǎ ǿŜƭƭ ŀǎ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ƻǊ ǎǳǇǇƭŜƳŜƴǘŀǊȅ 
ŦƻƻŘ ǎƻǳǊŎŜǎΦ !ǘ ŜǾŜƴ ƭŀǊƎŜǊ ǎŎŀƭŜǎΣ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǇǊŜŘŀǘƻǊǎ ƛƴ ǘƘŜ ƭŀƴŘǎŎŀǇŜΣ ŀƴŘ ŀ ǎƻǳǊŎŜ 
ǇƻǇǳƭŀǝƻƴ ƻŦ ŎƻƴǎǇŜŎƛŬŎǎΣ Ƴŀȅ ōŜ ƛƳǇƻǊǘŀƴǘΦ !ǎ ƭŀƴŘǎŎŀǇŜ ǾŀǊƛŀōƭŜǎ ǇǊƻȄȅ ǘƘŜǎŜ ŘƛũŜǊŜƴǘ 
ǇǊƻŎŜǎǎŜǎΣ ǘƘŜ ŘŜƎǊŜŜ ǘƻ ǿƘƛŎƘ ƭŀƴŘǎŎŀǇŜ ǾŀǊƛŀōƭŜǎ ŜȄǇƭŀƛƴ ŘŜŜǊ ƻŎŎǳǊǊŜƴŎŜ ƛǎ ŜȄǇŜŎǘŜŘ ǘƻ ŎƘŀƴƎŜ 
ŀŎǊƻǎǎ ǎŎŀƭŜǎΦ LƭƭǳǎǘǊŀǝƻƴ ōȅ WŜũ 5ƛȄƻƴΣ ŦǊƻƳ CƛǎƘŜǊ Ŝǘ ŀƭΦ όнлмрύΦ 
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for overdispersion (Zuur et al. 2007, Zuur et al. 2010). We assessed the fit of the best supported models 

with 10-fold cross validation using the boot package in software R (Zhang 1993) and calculated the 

deviance explained by each model. We used the program ggplot2 in R software (Wickham 2009) to 

illustrate the relationships between a species and a landscape variable. We used univariate plots and 

Poisson regressions as approximations of the binomial multivariate regressions, to generate plots that are 

only approximations, but illustrate the range of observed data and the general relationship. 

w9{¦[¢{ 

In our three-year survey we detected wolves (2508 images), black bears (2657), moose (500), 

white-tailed deer (112648), coyote (2290), lynx (1940), red fox (197), fisher (326), snowshoe hare 

(10652), and red squirrels (491). We also detected caribou (273), but due to the sparse data caribou 

models performed poorly, so we did not include them in these results. 

Spatial Scale of Analysis 

 Each species was best predicted by landscape features measured at different spatial scales. As a 

side bar, we modelled this best-fit spatial scale against species' average body mass, as we expected body 

mass to predict habitat selection scale, as per Fisher et al. (2011). Interestingly, we did find a significant, 

quadratic relationship between body mass and habitat selection scale (plog mass = 0.04; plogmass
2
 = 0.03; 

residual deviance = 3.2, 7 D.O.F.) (Figure 4). We used variables measured at these best-fit scales for each 

species, to identify those variables that best predict relative abundance. 

Numerical Responses of Species to Anthropogenic Features 

The influence of anthropogenic disturbance was pervasive across the mammal community. 

Variables describing anthropogenic landscape features were retained in best-supported models for all ten 

species studied, though some relationships were positive, and others were negative (Figure 5). For 

example, relative abundances for 8 of 10 species were best explained by the percent of 3D seismic 

disturbance in the landscape surrounding camera sites ï more than any other natural or anthropogenic 

landcover. Seven species were predicted by industrial block features, and trails; 6 species by well sites, 

and 5 species by cutlines, pipelines, and roads. The relationships between relative abundance and 

cutlines, pipelines, and well sites were mostly negative. Cutblocks affected the fewest species ï 4 of our 

10 mammals, and these relationships were mostly positive (i.e. relative abundances higher at sites with 

greater percentages of cutblock area in surrounding landscape). 
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In addition to the pervasiveness of anthropogenic features in the best-fit models, the mean effect 

sizes ï conceptually, the strength of the relationship between abundance and a feature ï of most 

anthropogenic variables were as great as the effect sizes of natural land cover variables (Figure 6). The 

proportion of area covered by block features (disturbed industrial sites) had the greatest positive effect 

on mammalsô relative abundance; the next greatest was upland deciduous forest, which dominates the 

landscape. The percent of 3D seismic lines had the greatest negative effect on species, eclipsed only by 

lowland mixedwood, which appeared in one model (red fox). The percent of cutlines and well sites also 

had comparatively large negative effects on species' relative abundance. 

 

CƛƎǳǊŜ пΦ ¢ƘŜ ǎǇŀǝŀƭ ǎŎŀƭŜ όǊŀŘƛǳǎ ŀǊƻǳƴŘ ǘƘŜ ŎŀƳŜǊŀ ǎƛǘŜύ ŀǘ ǿƘƛŎƘ ƭŀƴŘǎŎŀǇŜ ŦŜŀǘǳǊŜǎ ōŜǎǘ 
ǇǊŜŘƛŎǘŜŘ ƳŀƳƳŀƭ ǎǇŜŎƛŜǎϥ ǊŜƭŀǝǾŜ ŀōǳƴŘŀƴŎŜ ǾŀǊƛŜŘ ǿƛǘƘ ōƻŘȅ Ƴŀǎǎ ƛƴ ŀ ǉǳŀŘǊŀǝŎ ƭƻƎ-ƭƻƎ 
ǊŜƭŀǝƻƴǎƘƛǇΦ 
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CƛƎǳǊŜ рΦ !ƴǘƘǊƻǇƻƎŜƴƛŎ ƭŀƴŘǎŎŀǇŜ ŦŜŀǘǳǊŜǎ ǇǊŜŘƛŎǘŜŘ ǘƘŜ ǊŜƭŀǝǾŜ ŀōǳƴŘŀƴŎŜ ƻŦ ŀƭƭ 
ǘŜƴ ƳŀƳƳŀƭ ǎǇŜŎƛŜǎ ǿŜ ŜȄŀƳƛƴŜŘΦ {ƻƳŜ ǊŜƭŀǝƻƴǎƘƛǇǎ ǿŜǊŜ ǇƻǎƛǝǾŜ όōƭǳŜ ōŀǊǎύ 
ŀƴŘ ƻǘƘŜǊǎ ǿŜǊŜ ƴŜƎŀǝǾŜ όǊŜŘ ōŀǊǎύΦ  

CƛƎǳǊŜ сΦ aŜŀƴ ŜũŜŎǘ ǎƛȊŜǎ όǎƭƻǇŜ ƻŦ ǘƘŜ ǊŜƭŀǝƻƴǎƘƛǇ ōŜǘǿŜŜƴ ŀōǳƴŘŀƴŎŜ ŀƴŘ ƭŀƴŘǎŎŀǇŜύ ǾŀǊƛŜŘ 
ŀƳƻƴƎ ƴŀǘǳǊŀƭ ŀƴŘ ŀƴǘƘǊƻǇƻƎŜƴƛŎ ŦŜŀǘǳǊŜǎΦ {ƻƳŜ ǊŜƭŀǝƻƴǎƘƛǇǎ ǿŜǊŜ ǇƻǎƛǝǾŜ όƎǊŜŜƴ ōŀǊǎύ ŀƴŘ 
ǎƻƳŜ ǿŜǊŜ ƴŜƎŀǝǾŜ όǊŜŘ ōŀǊǎύΦ bƻǘŜ ǘƘŜ ƴŜƎŀǝǾŜ ȅ ŀȄƛǎ Ƙŀǎ ōŜŜƴ ǘǊǳƴŎŀǘŜŘΦ 




































