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Abstract
Woodland caribou (Rangifer tarandus caribou) ranges in northeast British Columbia (BC) have been altered by industrial forestry and
oil and gas development. In addition to numerical and functional changes in the predator-prey system, these habitat changes might be
altering habitat use by caribou. Our objective was to understand impacts of anthropogenic disturbances and ire on the composition
of woodland caribou home ranges to inform decisions about where, and to what extent, diferent habitats need to be restored to serve
as efective caribou habitat. We used a non-parametric Bayesian analysis to model selection of habitats in their current condition, and
then estimated selection in an hypothesized landscape without anthropogenic features and ire to identify potential areas for habitat
restoration in the Parker woodland caribou range of northeast BC. Treed bogs and poor fens were selected by woodland caribou among
all seasons analyzed (based on comparisons with a random dataset) and areas of high linear feature density were avoided, particularly
in late fall and late winter. Unexpectedly, areas closer to early seral/immature forest habitats were selected. he slopes of selection
curves were relatively shallow and model precision (i.e., proportion of correct predictions) was <60% for all seasons, suggesting that
woodland caribou were not particularly discriminating in their selection of home ranges, at least with respect to the factors analyzed.
Anthropogenic features and ires negatively afected 43-75% of the Parker range and selection of these areas by woodland caribou was
8-11% lower than expected compared to the hypothesized landscape without anthropogenic features and ire, depending on season.
he models generated by the Bayesian approach were more intuitive than traditional parametric methods and provided a platform for
generating predictions regarding the efectiveness of mitigation or restoration activities.
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INtROdUCtION
Woodland caribou (Rangifer tarandus caribou) currently pose one
of Canada’s most signiicant conservation challenges. he species
is in decline throughout most of its circumpolar distribution (Vors
and Boyce 2009) and the Committee on the Status of Endangered
Wildlife in Canada rated the boreal population as Threatened
(COSEWIC 2002). The proximate threat to most woodland
caribou local populations is hypothesized to be high predation
rates resulting from human-caused habitat change. Changes have
increased the abundance of other ungulates and consequently the
abundance of predators (principally wolves [Canis lupus]), which
have in turn affected woodland caribou survival (Seip 1992;
Wittmer et al. 2005; Latham et al. 2011b; Environment Canada
2012). Climate change (Vors and Boyce 2009; Latham et al.
2011b), disease, nutrition, disturbance (Wasser et al. 2011), and
hunting (Courtois et al. 2007) have also been identiied as potential
factors contributing to the species’ decline.
In addition to the demographic impacts of habitat change,
woodland caribou in the boreal forest alter their behaviour in the
presence of linear features and forest harvesting, although results of
studies have been inconsistent (e.g., Stuart-Smith et al. 1997; Dyer
et al. 2001; Courtois et al. 2007; Proulx 2013; Johnson et al. 2015).
Habitat selection by woodland caribou and other wildlife species
is usually estimated by modelling resource selection functions
(Manly et al. 2002), using a series of candidate explanatory variables
and model selection criteria (Burnham and Anderson 1998).
Despite its popularity, we argue that this technique generates
results that are diicult to interpret for management purposes, in
particular when >1 model has support, when categorical variables
are analyzed, or when inferences about absolute, rather than
relative selection, are of interest. hese are all important factors
when considering the management implications of habitat selection
studies.
We conducted a study of habitat use by woodland caribou in
northeast British Columbia (BC) using radio-collar data to inform
decisions about where, and to what extent, diferent habitats need
to be restored to serve as effective caribou habitat. We present
an analysis technique based on fitting habitat use data to nonparametric Bayesian networks. This method is conceptually
simpler than many parametric alternatives and can be used to
test hypotheses regarding the expected benefit of management
actions.

stUdy AReA
Our study area was composed of 5, federally designated
woodland caribou ranges in the northeast corner of BC (Figure
1; Environment Canada 2012). he landscape is a mosaic of
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deciduous and mixed-wood uplands, poorly drained low-lying
peatlands, and riparian areas (DeLong et al. 1991). Common
upland tree species include white spruce (Picea glauca), lodgepole
pine (Pinus contorta), trembling aspen (Populus tremuloides),
and paper birch (Betula papyrifera). Low-lying peatlands are
characterized by black spruce (Picea mariana) intermixed with
stands of tamarack (Larix laricina). Terrain is predominantly lat
to undulating (elevation range: 214-1,084 m) and the climate is
northern continental, characterized by long, cold winters and short
summers (Environment Canada 2015). Forest ire is a frequent
natural disturbance with a mean ire interval of approximately
100 years (Johnstone et al. 2010).

mAteRIAls ANd metHOds
Wildlife capture and collaring
We deployed Iridium GPS radio-collars from 2 manufacturers
(Advanced Telemetry Systems [ATS], Isanti, MN, model #2110E,
and Lotek Wireless Inc., Newmarket, ON, model IridiumTrackM
2D) on 27 adult female (≥3 years old) woodland caribou in northeast
BC, Canada. Each radio-collar was equipped with a release
mechanism that either released the collar on remote command or
low battery (ATS), or by a timed blow-of device (Lotek).
We captured caribou by net-gunning from a helicopter
during December-March 2011 and 2012, following approved
government and institutional animal care protocols (BC
Wildlife Act Permits FJ12-76949 and FJ12-80090; University of
Alberta Animal Use protocol # 748/02/13). We deployed collars
programmed to obtain a GPS location (or ix) every 2 or 4 hours
during the calving/post-calving season (15 April-15 July), and
once per day otherwise.
Prior to data analyses, we removed all locations with low
positional accuracy (i.e., non- 3-dimensional ixes; Lewis et al.
2007). We then excluded outlying locations that were beyond
the range of biologically possible movement using the methods
described in Bjørneraas et al. (2010). We also removed the irst 2
weeks of ixes post-capture to reduce the efects of capture-related
behavioural alterations (Morellet et al. 2009) and from 10:0018:00 h on dates of aerial surveys to reduce behavioural efects
associated with helicopter disturbance.
environment variables for modelling
For characterizing habitat, we used Enhanced Wetlands
Classiication (EWC) GIS data (30x30-m pixel resolution)
produced by Ducks Unlimited Canada (Ducks Unlimited, Inc.
2010), which we collapsed into 7 categories that were biologically
meaningful to caribou (Table 1). Areas with little or no terrestrial
vegetation (category “other”), except where captured in other map
layers (see below), were not analyzed.
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For rivers, lakes, major roads and forestry data (ires, cut blocks,
and forestry roads), we used data sets from the BC Geographic
Data Discovery Service (http://data.gov.bc.ca). We combined cut
blocks and forest ires <50 years old to create a uniied variable
describing early seral and immature forest vegetation, which

has been shown to be important in caribou habitat selection
(Dalerum et al. 2007; Sorensen et al. 2008; Hins et al. 2009). For
anthropogenic features such as well sites, pipelines, seismic lines
(1996 to present) and petroleum development roads, we accessed
data sets from the BC Oil and Gas Commission (http://www.

Table 1. Classiication of habitat types used to characterize woodland caribou habitat in northeast British Columbia. Habitat types were developed from Ducks
Unlimited Enhanced Wetlands Classiication data clipped to the study area (Ducks Unlimited, Inc. 2010).
Habitat Type

Enhanced Wetland Classification Class

Treed bog

Treed bog, Open bog, Shrubby bog

Description
Black spruce- and Spaghnum mossdominated bogs with no hydrodynamic low.

Nutrient Poor fen

Graminoid poor fen, Shrubby poor fen, Treed poor fen

Low nutrient peatland soils inluenced
by groundwater lows. Treed poor fens
dominate, composed of black spruce, tamarack
and bog birch, Betula pumila; 25-60% tree cover.

Nutrient Rich fen

Graminoid rich fen, Shrubby rich fen, Treed rich fen Low nutrient peatland soils inluenced by
groundwater lows. Shrubby fens dominate,
composed of bog birch, willow (Salix spp.)
and alder (Alnus spp.).

Conifer swamp

Conifer swamp

Tree cover >60% dominated by black or
white spruce. Occur on peatland or mineral soils.

Deciduous swamp

Shrub swamp, Hardwood swamp

Mineral soils with pools of water often present.
At least 25% of tree cover is deciduous (paper
birch and balsam poplar [Populus balsamifera]).

Upland conifer

Upland conifer

Mineral soils with tree cover >25%. Dominant
tree species: black spruce, white spruce and pine.

Upland deciduous

Upland deciduous

Mineral soils with tree cover >25% and >25%
deciduous trees. Dominant tree species: aspen
and paper birch.

Other

Upland other, Cloud shadow, Anthropogenic,

Uplands: mineral soils with tree cover <25%.

Burn, Aquatic

Anthropogenic: urban areas, houses, roads and
cut blocks. Burns: recent burns where vegetation
is limited. Aquatic: includes a continuum of
aquatic classes from low turbidity lakes to
emergent marshes with aquatic vegetation (not
analyzed).
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bcogc.ca/public-zone/gis-data). We also used linear feature data
from BC Terrain Resources Information Mapping that included
all linear features visible on the landscape, regardless of type or
age, from 1992 aerial photos (http://www.geobc.gov.bc.ca/basemapping/atlas/trim/). To create a parsimonious linear feature data
set for the study area, we merged all major roads, forestry roads,
petroleum development roads, and seismic lines into one ile and
then integrated the resulting data at a scale of 10-m to eliminate
redundancies among the original data sets. We converted linear
features to a density metric (km/km 2) based on a 400-m radius
moving window and rendered a map coverage at the same
30x30-m pixel resolution as the EWC mapping. Diferent types
of linear features have been associated with diferent behavioural
responses by woodland caribou and their predators (e.g., Dyer
et al. 2001; Latham et al. 2011a) but density provides an overall
index of landscape-level impact that has been correlated with
woodland caribou demographic trends (Environment Canada
2008). Seismic lines currently account for approximately 65% of
the area disturbed by linear features in northeast BC (BC Oil and
Gas Commission 2013).
Analysis
We focused our analyses on the selection of home ranges by
woodland caribou during late summer (13 August-12 September),
late fall (21 October-30 November) and late winter (26 January-15
March; Nagy 2011) seasons within the 5 local population ranges.
Although there is evidence that woodland caribou make habitat
use decisions at multiple scales (e.g., Apps et al. 2001), we focused
on the scale of the home range because this is most informative
for management decisions. Because the movements of calving and
post-calving adult females are restricted (DeMars et al. 2013),
we omitted this season from our analysis and results are reported
elsewhere (DeMars 2015).
To characterize boundaries of home ranges, we generated 80%
kernel utilization distributions (UDs) from the GPS location data
as described by Börger et al. (2006). he 80% utilization isopleth
provides a better estimate of seasonal range size than minimum
convex polygons for non-territorial species (Börger et al. 2006).
UDs were estimated using the R package ‘adehabitatHR’ (he
R Foundation, https://www.r-project.org) using the reference
bandwidth smoothing parameter.
Because we were interested in the selection of home ranges in
relation to the local population range (second-order selection;
Johnson 1980), we generated 5,000 random locations within
the bounds of the 80% utilization isopleth to characterize the
composition of home ranges (DeCesare et al. 2012). We also
generated corresponding sets of 5,000 random points within the
larger local population ranges in which woodland caribou were
collared to serve as sets of locations representing random use.
We modeled the diference between sets of locations generated
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within home ranges and sets of random locations generated
within corresponding local population ranges using Bayesian
networks (BNs) generated via machine learning. A BN is a
graphical model that encodes relationships among variables. he
probabilistic dependencies between variables (or “nodes”) in a BN
are represented by arcs and maintained in conditional probability
tables associated with each node. hese tables characterize the
joint probability distribution of the data (Larrañaga and Moral
2011). In ecological applications, the topology of BNs and
their associated probability tables are often derived from expert
knowledge (e.g., Marcot et al. 2006; McNay et al. 2006); however,
these relationships can also be “learned” from data without any
expert-based prior assumptions.
Because BNs analyze frequency distributions, all continuous
variables were categorized into ordinal bins: 0, 0-2, 2-4, 4-8, >8
km/km 2 for linear feature density (to generate similar frequencies
among bins); 0, 0-100, 100-500, >500 m for use of, or distance
from, early seral/immature forest habitat and lakes; and 0-100,
100-500, and >500 m for distance from well sites and rivers. he
500-m upper limit was selected because distances from early seral/
immature forest habitat and anthropogenic features at a 500-m
scale have been inferred as important parameters for woodland
caribou conservation (Sorensen et al. 2008; Environment Canada
2012).
To contrast home range and random datasets, we used the treeaugmented naïve Bayes classiier to learn network topology (i.e.,
maps predictor variables on a response variable). his method
improves on the computationally simpler naïve Bayes classiier
by accommodating dependencies among predictor variables
(Friedman et al. 1997; Cheng and Greiner 1999). We determined
the most parsimonious model structure using an informationtheoretic criterion called Minimum Description Length (MDL;
Lam and Bacchus 1994). MDL is used in artiicial intelligence to
estimate the number of bits required to represent a model as well as
the data given the model. he metric balances network complexity
by adding an arc between 2 variables only if the relation is strong
enough to compensate (according to the MDL score) for the
complexity added by the additional conditional probability table
required to encode the relationship. Once the most parsimonious
model topology was developed, we it parameters using maximum
likelihood estimation.
he output of the model was the probability that a location
associated with a set of “evidence” (i.e., location-speciic
observations for habitat type, distance to lakes, distance to rivers,
distance to early seral/immature forest habitat, distance to well
sites, density of linear features) was drawn from the sample of
points representing the empirically derived home ranges. For
example, in a simple case of 2 habitat types where a woodland
caribou home range is associated with a distribution of 75 points
in habitat A and 25 points in habitat B, and random points are
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equally distributed in each habitat type, the probability that a point
located in habitat A is drawn from the set of points representing
the caribou home range is 75/(75+50) = 0.6 or 60%. herefore, any
probability of >50% indicates evidence of selection by woodland
caribou. Conversely, probabilities of <50% indicate evidence of
avoidance. his should not be confused with the deinition of
selection presented by Lele et al. (2013); speciically, “the act of
using a resource unit if it is encountered” (page 1185). Note that
the selection probabilities we report represent exact inferences
from models and have no conidence intervals; however, results
need to be interpreted in the context of model precision (i.e.,
proportion of correct predictions).
Because our focus was selection of habitats by woodland
caribou for management purposes, we did not include individual
adult females as a factor in our models. We acknowledge that
individual variation might have reduced the it of our models
but maintain that variation among individuals has limited
relevance for managers.
We assessed the generalizability of the best-it seasonal
models via k-fold (k = 10) cross-validation (Fielding and Bell
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1997), examining the ratio of correct predictions to the total
number of cases in resulting confusion matrices. All analyses
were conducted in BayesiaLab 5.4 (Bayesia S.A.S., Laval,
France).
We determined the independent contribution of each factor
using “likelihood matching” (Conrady et al. 2014), which ixes
the posterior probability distributions of variables related to
the one being assessed. his allowed us to examine the efects
of individual factors while holding others constant.
To demonstrate application of the models, we used them to
infer selection of home ranges by woodland caribou found in
the Parker local population range. he Parker caribou range is
located west of the city of Fort Nelson, BC and covers 752 km 2
(Figure 1; Environment Canada 2012).
We ran data from a 30 x 30-m gridded representation of
all input variables for the Parker caribou range through the
seasonal BN models and mapped output as probabilistic surfaces
of selection by woodland caribou. We then set anthropogenic
features (i.e., linear feature density, well sites, cut blocks) and
early seral/immature forest habitat due to ire to minimums

Figure 1. Woodland caribou local population ranges in northeast British Columbia, Canada (Environment Canada 2012).
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and generated a second set of mapped probabilities to predict
selection under the hypothesis of no anthropogenic features
or ire.

ResUlts
Telemetry data were available to generate seasonal home ranges
for 25 adult female woodland caribou during late summer, 27 for late
fall, and 22 for late winter. Resulting BNs had the same topology for
the diferent seasons (Figure 2). Total precision was similar among
the 3 seasons but relatively low compared to what would be expected
by random assignment (i.e., 50%): late summer 58.6%, late fall 58.9%,
late winter 59.8%.
Woodland caribou selected treed bogs and poor fens, and avoided
upland habitats and deciduous swamps in all seasons (Figure 3).
Home ranges were more likely to be located at greater distances from
rivers and lakes than random among all seasons, although this was
most evident during late summer (Figures 4a, 4b).
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Woodland caribou selected home ranges with low densities of linear
features, but avoidance of areas with high densities was inconsistent
among seasons (Figure 4c). Selection for areas closer to early seral/
immature forest habitat was evident in all seasons (Figure 4d). here
was no trend with distance to well sites in any season (Figure 4e).
Anthropogenic features and ire afected home range selection by
woodland caribou over 75% of the Parker range in late summer, 75%
in late fall, and 43% in late winter (Figure 5), and the average reduction
in selection among seasons was 11%, 8% and 10%, respectively.
Focusing speciically on the efect of linear feature density in late
winter when its efect was most evident, we found that selection of
diferent habitat types difered considerably among density classes,
with caribou selecting for some habitat types even if they were
associated with relatively high linear feature densities (Figure 6). For
example, woodland caribou selected treed bogs, even where linear
feature density was as high as 8 km/km2, but for rich fens only where
linear feature density was <2 km/km2.

Figure 2. Network topology of the seasonal habitat models generated by the tree-augmented naïve Bayes classiier for late summer (LS),
late fall (LF) and late winter (LW) seasons. Pearson correlations among variables for diferent seasons are presented for each relationship.
Dotted lines denote relationships among predictor variables while solid lines denote relationships between predictors and the response
variable. Naïve Bayes networks typically illustrate response variables pointing to predictor variables.
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Figure 3. Selection for habitat types by woodland caribou in northeast British Columbia (see Table 1), by season. Bars above 50% indicate
selection. Probabilities are exact inferences from the seasonal models.

dIsCUssION
he Bayesian approach developed for this study provides a
number of advantages over resource selection functions (Manly
et al. 2002). First, the analysis is non-parametric and free of the
distributional assumptions of parametric tests that are commonly
violated in ecological studies. Second, categorical factors do not
need to be coded as dummy variables as they do for general linear
models. his simpliies interpretation of selection for habitat types.
hird, output is probabilistic and conceptually simpler to interpret
than coeicients from general linear models.
A consistent result among the 3 seasons analyzed was the relatively
little discrimination between points derived from woodland
caribou home ranges and random locations generated within local
population ranges, based on the factors examined. his limited
the predictive power of the resulting models but was an important
result in itself, suggesting that home range selection by woodland
caribou in northeast BC is relatively indiscriminate with respect
to factors of interest to managers. Analyses at iner spatial scales
might reveal selection or avoidance of speciic features, although
Polfus et al. (2011) reported avoidance of human infrastructure by
mountain caribou to be greatest at the second-order scale.
he ainity of woodland caribou for lowland bog and peatland
habitats is well known (e.g., Bradshaw et al. 1995; Stuart-Smith et
al. 1997; Anderson 1999; Rettie and Messier 2000; Schneider et al.
2000; Proulx 2013). hese habitats are associated with abundant
terrestrial lichens, which serve as a primary food source, particularly
in winter (Dzus 2001; homas and Gray 2002). Inhabiting these
low productivity environments also allows woodland caribou to
segregate from other ungulates and their predators (Seip 1992;
Cummings et al. 1996; Dzus 2001; Latham et al. 2011b). Our study

suggests that caribou make diferential use of these lowland habitats
during diferent seasons.
here was evidence that woodland caribou located their home
ranges away from lakes and rivers. his may indicate a response
to predation risk because wolves follow natural linear features
like shorelines, where travelling may be easier and primary prey
abundance higher (Latham et al. 2011a).
he relatively high selection by woodland caribou for early
seral/immature forest habitats, and areas close to these habitats,
was an unexpected result and is contrary to results reported
in most previous studies (homas and Gray 2002). Early seral
habitats can provide abundant forage and visibility for predator
detection (Schafer and Pruitt 1991; Dussault et al. 2012).
Additionally, there is evidence that the creation of edge can
cause caribou to aggregate near anthropogenic features (Fortin
et al. 2013); however, whether this is occurring or whether it
is an artefact of either mapping or analysis methods requires
further investigation.
Comparing the current condition of the Parker range to that
expected under an hypothesis of no anthropogenic features or
ire suggested that home range selection by woodland caribou
over large portions of the range had been afected by humanrelated activities and wild ire (43-75%, depending on season);
however, the average reduction in selection was relatively small
(8-11%, depending on season). his was a consequence of the low
precision of the models; if woodland caribou are not particularly
discriminating, then habitat changes result in relatively small
changes in habitat selection. his does not necessarily correlate
with demographic trends because factors other than habitat
selection (e.g., distribution and abundance of predators and their
primary prey) afect the system (Warren et al. 1996; Wittmer et
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Figure 4. Selection by woodland caribou for habitat based on: a) distance to lakes; b) distance to rivers; c) linear feature density; d) distance to early seral/
immature habitats; and, e) distance to well sites in northeast British Columbia, by season. Points above 50% indicate selection. Probabilities are exact inferences
from the seasonal models. Lines between data categories are provided for illustrations purposes.
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al. 2005).
he failure of woodland caribou to respond strongly to habitat
changes such as the creation of linear features could ultimately
have consequences for survivorship if predators use these features
to access occupied caribou habitat (Environment Canada 2012);
however, this hypothesis requires further investigation
because the numerical response of primary prey and wolves
to changing early seral and/or climate conditions could be
resulting in higher predation pressure on caribou, regardless
of linear feature density (Latham et al. 2011b).

habitat use significantly.
Seasonal models all identified treed bogs and poor fens as
habitats selected by woodland caribou. These habitats might
require less mitigation or restoration than other habitats in
order to increase their use by woodland caribou.
The models developed for this study are intuitive and
can be used to predict selection by woodland caribou for
any combination of habitat characteristics, thus providing
a platform for forecasting the relative benefits of mitigation
efforts and restoration treatments.
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