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Understanding the impact of indirect habitat loss resulting from avoidance of human infrastructure is an
important conservation priority. We evaluated resource selection for 10 global positioning system col-
lared northern mountain woodland caribou (Rangifer tarandus caribou) in British Columbia, Canada, with
seasonal resource selection functions (RSF) developed at the second-order (landscape) and third-order
(within home range) scales. To estimate how much habitat was lost due to avoidance, we estimated
the zone of influence (ZOI) around multiple developments and modeled realized and potential habitat.
Potential habitat was approximated by removing the ZOI from RSF models. By calculating the spatial dif-
ference between potential and realized habitat we estimated the amount of indirect habitat loss. Caribou
displayed hierarchical avoidance of development, with the greatest avoidance occurring at the second-
order. During both seasons caribou avoided high-use roads by 2 km and low-use roads by 1 km. In winter,
caribou avoided town by 9 km compared to 3 km in summer. However, in summer caribou avoided mines
by 2 km and cabins and camps by 1.5 km, while in winter when human activity was low, avoidance of
these features was minor. As a result of avoidance of the cumulative ZOI, approximately 8% and 2% of high
quality habitat was lost in the study area in winter and summer, respectively. Our study provides an
approach to identify the extent and quality of habitat influenced by indirect avoidance. Conservation
efforts should prioritize protecting areas of high quality habitat degraded by avoidance in the vicinity
of human development.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Expanding human development is a global conservation con-
cern and a mounting problem in resource-rich northern ecosys-
tems. The total land area impacted by human activities is
projected to increase dramatically by 2050 (UNEP, 2001). While
direct habitat loss is the primary cause of wildlife population
decline and extinction (Brooks et al., 2002), indirect habitat loss
due to displacement from preferred habitats near human activity
or infrastructure also has potential to negatively influence popula-
tion abundance (Patthey et al., 2008). Patterns of avoidance can
vary with respect to species, season, habitat quality and the inten-
sity of human disturbance. Further, different types of human
disturbance, such as roads and settlements, are likely to have
varying degrees of influence on the strength of avoidance and have
the potential to interact in a cumulative manner with habitat qual-
ity and local population dynamics to influence patterns of habitat
ll rights reserved.

: +1 406 243 4557.
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selection. Habitat selection forms the basis for understanding
how multiple development types affect populations over time
and space (Aarts et al., 2008), yet there have been few quantitative
assessments of the extent and quality of indirect habitat loss that
occurs due to avoidance.

Caribou and reindeer (Rangifer tarandus) are habitat specialists
and are sensitive to anthropogenic activities across their circumpo-
lar range (Vors and Boyce, 2009). Humans directly affect Rangifer
through hunting mortality, habitat alteration and barriers to
movement (Dyer et al., 2002; Weir et al., 2007). In addition, cari-
bou and reindeer avoid areas close to roads, resource development,
infrastructure and human settlements (Dyer et al., 2001; Vistnes
and Nellemann, 2008). The northern mountain ecotype of wood-
land caribou (Rangifer tarandus caribou) occurs throughout the
Yukon Territory, Northwest Territories and northwestern British
Columbia (BC). In winter, northern mountain woodland caribou
forage on terrestrial lichen in forests and alpine windswept areas
(Gustine and Parker, 2008; Johnson et al., 2000) and primarily
forage on herbaceous vegetation and lichen in alpine environments
in summer (Ion and Kershaw, 1989; Oosenbrug and Theberge,
1980), yet forage is not commonly considered a limiting factor
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Fig. 1. Locations of 10 global positioning system (GPS) collared northern mountain
woodland caribou in North America on the border of the Yukon Territory and British
Columbia, Canada. Locations are shown for summer (May 16–November 14) and
winter (November 15–May 15) between 2000 and 2002. The study area represents
the 11,594 km2 buffered minimum convex polygon of all known caribou locations.
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for northern mountain woodland caribou (Hegel et al., 2010). Re-
cent population declines and varying degrees of direct and indirect
habitat loss, fragmentation and human-induced changes to preda-
tor–prey communities prompted federal managers to list northern
mountain woodland caribou as a species of special concern in 2004
under the Species at Risk Act (COSEWIC, 2002).

Studies that examine avoidance of human development by car-
ibou or reindeer vary greatly in methodology, with techniques
ranging from aerial and ground surveys, pellet counts, measure-
ments of lichen biomass and height, movement rates and analyses
of telemetry data (Dyer et al., 2001; Vistnes and Nellemann, 2001;
Vistnes et al., 2008; Weir et al., 2007). These disparate techniques
have lead to political and scientific controversy regarding the effect
of human activity on caribou habitat use, especially when stake-
holders have vested interest in the interpretation of avoidance dis-
tances (Wolfe et al., 2000). Importantly, recent research suggests
that the scale of assessment has a strong influence on the probabil-
ity of detecting impacts (Vistnes and Nellemann, 2008). For exam-
ple, while many small-scale behavioral disturbance studies
indicate minimal effects from human development, large-scale
studies in the same areas often show significant changes in habitat
use patterns (Joly et al., 2006; Vistnes and Nellemann, 2008). Hab-
itat selection studies often identify zones of influence (ZOI) that
represent the area affected by human disturbance. These ZOI buf-
fers are especially important when used to measure cumulative ef-
fects, mitigate impacts or inform population models (Sorensen et
al., 2008), but differences in methods can lead to controversies
about buffer widths, significance and the type of response mea-
sured (Gunn et al., 2011). There is a growing need for a consistent
approach to monitor avoidance that can be applied across scales
for species that are affected by human development. Our objectives
were to estimate a biologically relevant ZOI around human devel-
opments and determine the cumulative indirect impacts of devel-
opment on habitat selection of the Atlin herd of northern mountain
caribou.

We used resource selection function (RSF) models to estimate
caribou habitat selection by statistically comparing use of re-
sources and conditions relative to availability (Manly et al.,
2002). To examine if the cumulative effects of human develop-
ments have different consequences at multiple scales and seasons
(Houle et al., 2010) we developed seasonal RSF models at Johnson’s
(1980) second-order (landscape) and third-order (within home
range) scales. Since human developments are often correlated in
space, they can have confounding effects when modeled together.
Therefore, to incorporate the cumulative impact of different types
of development into our RSF models we used empirical data to
estimate the biologically relevant ZOI around roads, mines, cabins,
camps and towns. This approach builds on previous techniques
that based the width of a ZOI buffer on expert opinion or published
literature (Florkiewicz et al., 2007; Johnson et al., 2005). We
hypothesized that the ZOI would vary between season and devel-
opment type and that caribou would exhibit the strongest avoid-
ance of the ZOI at the second-order scale because caribou are
known to respond to risk in a hierarchical fashion (Rettie and
Messier, 2000). Thus, at the third-order scale we predicted that hu-
man developments would have less of an effect on selection be-
cause of predominant avoidance at the larger scale (Johnson et
al., 2001).

To quantify the amount of habitat affected by avoidance of the
ZOI we spatially analyzed predictions of realized and potential
habitat (Hirzel and Le Ley, 2008; Nielsen et al., 2010). We consid-
ered realized habitat to be the current habitat selected by caribou
when avoidance of the cumulative ZOI was included in the RSF
models (Hirzel and Le Ley, 2008). We estimated potential habitat
by removing the ZOI from the RSF models (Johnson et al., 2005).
Thus, potential habitat can be considered the habitat caribou
would select if they did not avoid the cumulative ZOI (Hirzel and
Le Ley, 2008; Soberón, 2007). We assumed that areas of high
probability of use were biologically important and thus repre-
sented high quality habitat (Railsback et al., 2003). Finally, we cal-
culated the spatial differences between potential and realized
habitat to estimate the amount and quality of habitat lost due to
avoidance of the cumulative effects of multiple human develop-
ments (Johnson et al., 2005; Nielsen et al., 2010).
2. Materials and methods

2.1. Study area

The study area encompassed 11,594 km2 within the Atlin north-
ern mountain woodland caribou herd’s home range located be-
tween Atlin Lake and Teslin Lake along the Yukon-BC border
(Fig. 1). Elevations ranged from 660 to 2000 m. The climate is typ-
ified by long, cold winters and short, warm summers. Annual pre-
cipitation in Atlin is approximately 33 cm (MacKinnnon et al.,
1999). Low to mid-elevation boreal forests include open coniferous
stands dominated by lodgepole pine (Pinus contorta latifolia), sub-
alpine fir (Abies lasiocarpa) and white spruce (Picea glauca). Decid-
uous stands of trembling aspen (Populus tremuloides), black
cottonwood (Populus balsamifera trichocarpa), alder (Alnus tenuifo-
lia) and willow (Salix spp.) occupy valley bottoms. Alpine habitats
(above 1500 m) consist of extensive areas of rolling alpine tundra
characterized by sedge, Altai fescue (Festuca altaica) and lichens.
Other ungulates include moose (Alces alces), mountain goats
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(Oreamnos americanus) and Stone’s sheep (Ovis dalli stonei). The
large mammal predator community consists of grizzly bears (Ursus
arctos), black bears (Ursus americanus), wolverines (Gulo gulo),
wolves (Canis lupus), coyotes (Canis latrans) and lynx (Lynx
canadensis).

The study area composes approximately a quarter of the tradi-
tional territory of the Taku River Tlingit First Nation (TRTFN). The
town of Atlin (59�350N, 133�400W) is the largest settlement in
the study area with approximately 350 residents. Paved roads ex-
tend out from the town (98.1 km) and unimproved gravel and dirt
roads (398.4 km) and ATV trail systems (739.3 km) connect placer
and hardrock mines (n � 94). Timber harvest is limited to a small-
scale operation near the town of Atlin. The total road density with-
in 10 km of Atlin is 0.53 km km�2 while the overall road density
across the study area is 0.11 km km�2. Caribou hunting includes
First Nation harvest and a combined limited entry hunt and
guide-outfitter quota of 10 males/year. First Nation harvest is as-
sumed to be small, due to a voluntary hunting ban in place since
1993.

2.2. Animal capture

Eight adult female and two adult male caribou from the Atlin
herd were monitored with global positioning system (GPS) telem-
etry collars (GPS 2000, LOTEK, Aurora, ON) between January 2000
and January 2002 by the Ministry of Water, Land, and Air Protec-
tion of British Columbia. Caribou were captured by helicopter
net-gunning according to Wildlife Radio-Telemetry, Standards for
Components of BC’s Biodiversity No. 5, RIC 1998. Five GPS collars
were deployed 10 January 2000 and scheduled to self-release in
November 2000. The five GPS collars were retrieved, refurbished
and re-deployed on new individuals on 13 February 2001 and
self-released between 29 November 2001 and 27 January 2002.
Collars were scheduled to attempt a location every 4 h. Because
GPS fix success was >90%, we did not need to correct for habitat-in-
duced bias in the RSF models (Frair et al., 2004).

2.3. Cumulative zone of influence

To assess the cumulate effects of multiple development types
on caribou habitat selection, we estimated the ZOI around develop-
ments that caribou avoided (Johnson et al., 2005). This was neces-
sary because of high collinearity between development types
(roads, mines, cabins and hunting camps and the town of Atlin, Ta-
ble 1). We estimated buffer width by breaking distance to each
development type into distance categories (i.e., 0.5, 1, 1.5 km,
etc.). For each season and development type we chose the smallest
distance category possible that retained at least one caribou loca-
tion within each division. This made comparisons between used
Table 1
Pearson’s correlation r between distance to low and high use roads, the town of Atlin,
cabins and hunting camps and placer and hardrock mines in the home range of the
Atlin herd of northern mountain woodland caribou in northern British Columbia.
Summer (May 16–November 14) variables shown in italics in the bottom left and
winter (November 15–May15) variables shown in top right.

Distance to
(km)

Low use
roads

High use
roads

Town
(Atlin)

Cabins and
camps

Mines

Low use
roads

1 0.811 0.656 0.320 0.484

High use
roads

0.872 1 0.527 �0.009 0.138

Town (Atlin) 0.865 0.937 1 0.750 0.794
Cabins and

camps
0.714 0.419 0.459 1 0.870

Mines 0.728 0.435 0.494 0.861 1
and available points possible within each distance category (Manly
et al., 2002). Thus, distance category divisions ranged from 0.25 km
to 3 km depending on the development type and season (Fig. 2).
Each distance category was evaluated for each development type,
one by one, as a categorical variable in the top seasonal RSF model.
Selectivity coefficient estimates for each distance category and for
each development type were recorded. Negative coefficients indi-
cated avoidance of the distance category and neutral or positive
coefficients indicated caribou use of the distance category was pro-
portional or greater than expected based on availability. We con-
sidered the biologically relevant ZOI buffer around each
development type to be the distance category prior to where the
standard errors of the selectivity coefficient first crossed zero
(i.e., Frair et al., 2008). We then merged the ZOI buffer for each
development type to create a cumulative ZOI that was incorpo-
rated into the seasonal RSF models as a binary variable and indi-
cated when a used or available location fell within or outside of
the ZOI (Florkiewicz et al., 2007). This covariate represented the
cumulative effect of human development and accounts for the high
correlation between the ‘distance to’ development variables.

2.4. Second-order resource selection function models

We developed RSFs at the second- and third-order scales during
winter (15 November–15 May) and summer (16 May–14 Novem-
ber). Seasons were defined based on caribou use of elevation. The
use-availability design is an approximation of a true probability
function because use is compared to available locations, not true
absences (Keating and Cherry, 2004). However, the relative proba-
bilities are still useful for ranking habitat quality because the design
approximates the logistic discriminant function (Johnson et al.,
2006). We estimated RSFs at the second-order scale with a use-
availability design described in Manly et al. (2002) by comparing
resource covariates at used GPS locations to random available loca-
tions. We sampled availability using a 1:1 ratio of used to available
locations within the pooled 99% fixed kernel seasonal home ranges
for all collared caribou. Home ranges were estimated using Home
Range Extension (Rodgers and Carr, 2002) with a smoothing factor
of 0.7 � the reference smoothing factor (href; winter = 0.229, sum-
mer = 0.218) which is appropriate for large sample sizes and
short-interval GPS data (Hemson et al., 2005). To account for unbal-
anced sample sizes between individual caribou and for temporal
and spatial autocorrelation, we evaluated selection at the second-
order using generalized linear mixed models (GLMM) with a
random intercept for each animal (Bolker et al., 2009; Gillies
et al., 2006). The form of the mixed-effects model for location (i)
and individual caribou (j) with a random intercept is given as:

w�ðxÞij ¼ b0 þ c0j þ b1x1ij þ � � � þ bnxnij þ �ij

where w�(x) is proportional to the predicted relative probability of
use as a function of covariates x1 . . . n, and b1 . . . n are the selection
coefficients estimated from mixed-effects logistic regression (Manly
et al., 2002). Note that because of the use-available design, the fixed
and random intercepts, b0 + c0j, are meaningless and are often
dropped by convention resulting in a relative probability, although
they still affect the fixed-effect coefficients (Gillies et al., 2006).
Mixed-effects models were estimated with STATA 11.0 (StataCorp,
2007) using xtlogit and GLLAMM (www.gllamm.org) depending
on the ability of the model to converge.

2.5. Third-order resource selection function models

At the third-order scale, we used a matched-case control (also
known as conditional) logistic regression to estimate the relative
probability of caribou selection from one location to the next.
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Fig. 2. Selectivity (beta) coefficients for distance (km) to high and low use roads, cabins and hunting camps, Atlin and mines divided into distance categories for the Atlin herd
of northern mountain woodland mountain caribou in northern British Columbia from 2000 to 2002. Negative coefficients indicate avoidance, positive coefficients indicate
selection. Distance category divisions were chosen to maintain at least one caribou location within each division. Thus, divisions differ between development types and
seasons. The distance category prior to where the coefficient and associated confidence intervals changed signs was the distance that was used to generate the binary variable
of the cumulative zone of influence (ZOI). Refer to Table 1 for specific ZOI buffer values.
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Matched-case control designs allow selection to be measured
along movement paths rather than across the entire landscape
(Compton et al., 2002). The limited spatial domain allows true ab-
sences to be compared to use (Duchesne et al., 2010). The unused
locations were generated based on the bearing and empirical step-
length and turning angle distributions of caribou movements and
each unused location was matched to one used location (Compton
et al., 2002). Thus, the unused location represented where a cari-
bou could potentially have moved during the next time-step. The
intercept is not estimated in the conditional likelihood because
inferences about b0 are not possible without knowledge of the
sampling fractions (Hosmer and Lemeshow, 2000). Thus, imple-
mentation of mixed-effects conditional logistic regression is chal-
lenging (Duchesne et al., 2010). Instead of using mixed-effect
models, we accounted for unbalanced sample sizes between ani-
mals using sample weighting to give equal weight to each animal.
We weighted animals using the inverse of the probability that an
individual caribou was included in the sample (Alldredge et al.,
1998).
2.6. Potential habitat

To model potential habitat, which we defined as the habitat
available to caribou when not constrained by avoidance of human
developments, we generated RSFs without the ZOI and spatially
mapped the predicted relative probability of use (standardized
by dividing by the maximum) in ArcGIS 9.3.1 (ESRI, Redlands,
CA). Because caribou use was observed within a landscape that al-
ready included human developments, it is difficult to remove the
effects of humans by simply modeling caribou habitat without hu-
man developments. Thus, we assumed the effects of human devel-
opments were independent of other variables (i.e., were not
confounding and had low correlation) and tested this assumption
by comparing the model selectivity coefficients with and without
the human ZOI covariate. We classified the realized and potential
habitat maps into 10 quantiles from low to high quality. To quan-
tify the change in habitat quality we subtracted the realized habi-
tat rank from the potential habitat rank to measure how many
ranks were lost in each cell when human developments were
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Table 2
The biologically relevant zone of influence (ZOI) around multiple development types
predicted with seasonal second-order and third-order resource selection function
models for the Atlin herd of northern mountain woodland caribou in northern British
Columbia. The ZOI is the distance category prior to where the selectivity coefficient
and associated confidence intervals changed signs. Refer to Fig. 2 for details.

Development type Second-order Third-order

Winter Summer Winter Summer

High use road 2.0 km 2.0 km – 0.25 km
Low use road 1.0 km 1.0 km – 0.25 km
Town (Atlin) 9.0 km 3.0 km – 4.0 km
Mine 0.25 km 2.0 km – –
Cabins or camps – 1.5 km – –
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included in the model. The difference between the habitat ranks in
the potential model and the realized model was used to determine
the area (km2) in each habitat rank category (1–10) that was lost
due to the cumulative effect of existing human developments.

2.7. Resource covariates

We included resource covariates known or suspected to be
important predictors of northern woodland caribou habitat selec-
tion in our analysis. All variables were screened for collinearity
by calculating the Pearson’s correlation between variables and
using |r| > 0.6 as the threshold for removing a covariate (Hosmer
and Lemeshow, 2000). Covariates of elevation (m), slope and hill-
shade were extracted from the TRIM digital elevation model
(30 m2 resolution). Vegetation community data were classified
with Landsat TM satellite imagery into 13 landcover types at a
30 m2 resolution (see Supporting data Table S1). Fires are relatively
rare and small in the study area. However, to model mature stands
of lodgepole pine with lichen groundcover known to be selected by
northern mountain woodland caribou in winter (Florkiewicz et al.,
2007; Gustine and Parker, 2008), we divided the lodgepole pine
landcover class into a lodgepole/lichen category and burned lodge-
pole (stands that had burned since 1950) with data from provincial
fire history. An average index of primary productivity (greenness)
was spatially modeled by averaging 16-day composites of the Nor-
malized Difference Vegetation Index (NDVI) at a 250 m2 resolution
from NASA’s Moderate Resolution Imaging Spectroradiometer
(MODIS) satellites across seasons (Pettorelli et al., 2005). Because
snow is known to influence woodland caribou resource selection
(Johnson et al., 2000), we generated percent snow cover from 8-
day composites of maximum snow extent maps at 500 m2 resolu-
tion produced by MODIS satellites (Hall et al., 2000). We divided
the number of days snow occupied a cell by the number of days
in the seasonal period to generate spatial models of percent snow
cover. Winter snow cover was included in summer models to rep-
resent potential areas of residual summer snow patches (Ion and
Kershaw, 1989).

Human development covariates included distance to roads,
mines, cabins and hunting camps and the town of Atlin (km; BC
geodatabase, www.geogratis.ca). Roads were categorized as high
use (paved or plowed during winter) and low use (gravel/dirt roads
excluding ATV trails). We updated the best available provincial
road network data with GPS Routes from Garmin GPS Map60 hand-
held units. Mines were selected that reported work costs of
>$50,000 to the Assessment Reporting Index System (www.empr.-
gov.bc.ca/mining/geoscience/aris) or were known to be active dur-
ing the summer in the study area. Very few mines in the area were
active in the winter.

2.8. Model evaluation

We used generalized additive models (GAM) to test whether
coefficients were non-linear (Hastie and Tibshirani, 1990), and
either transformed (e.g., square transformation) or used quadratic
functions (X + X2) to capture non-linearity in GLMMs (Hosmer and
Lemeshow, 2000). The maximum of a quadratic relationship was
used to estimate the intermediate value selected by caribou in
the case of non-linear selection responses. To determine the
importance of each variable, we used manual stepwise entry to
select models and then compared a small subset of models using
Akaike’s information criterion (DAIC) to select a top model (Manly
et al., 2002). Models were mapped in ArcGIS 9.3.1 at a 30 m2

resolution. Model fit was evaluated using k-fold cross-validation
(Boyce et al., 2002). Because RSFs describe the habitat selection
of specific animals, we withheld 20% of data (i.e., k = 5) from each
animal at random (Koper and Manseau, 2009). Predicted values
were generated for the withheld caribou observations and assigned
to 10 equal habitat rank bins of available relative probabilities cal-
culated for each cross-validated model (Boyce et al., 2002). Spear-
man’s rank (rs) correlation was used to compare the RSF bins to the
area-adjusted frequencies of predicted values in each bin; if an RSF
model had high predictive power, then the frequency of caribou
locations should have increased in higher habitat ranks.
3. Results

In total, 16,270 GPS locations were collected. Resource selection
of males did not vary more or less than females (Chi-square test
winter p-value = 0.455, summer p-value = 0.816), especially for
the human ZOI buffer covariate (J. Polfus, unpublished data), thus
all 10 GPS collared caribou (male and female) were pooled in
models.

3.1. Zone of influence

At the second-order, the ZOI buffer, or the distance category
where the human development coefficient changed signs, was sim-
ilar between seasons for high and low use roads (2 km and 1 km,
respectively; Table 2). In winter, the ZOI around Atlin was 9 km
compared to 3 km in summer. There was low avoidance of mines
and no avoidance of cabins and hunting camps in winter when
human activity is generally limited. Alternately, in summer the
ZOI was 2 km around mines and 1.5 km around cabins and hunting
camps (Fig. 2). At the third-order, there was no significant avoid-
ance of human developments during winter and only limited
avoidance during summer (Table 2).

3.2. Second-order resource selection

At the second-order scale, inclusion of a random intercept for
individual caribou marginally improved model fit over the fixed-
effect RSF for both seasons (winter DAIC = 14.4, summer
DAIC = 20.4; see Supporting data Table S2). Variation between
individuals (winter 0.129, summer 0.115) was relatively high, but
of a similar magnitude between seasons. Caribou showed signifi-
cant avoidance of both the summer and winter cumulative ZOI buf-
fer (Table 3). The summer and winter models had high predictive
capacity with an average rs of 0.997 (SD = 0.0054) and 0.993
(SD = 0.0108) respectively in 5-fold cross-validation.

Caribou showed strong seasonal differences in selection for
resource and landcover covariates. In winter, caribou selected pre-
dominately mid-elevations of 1179 m and selected for lodgepole
pine/lichen complexes, spruce/fir forests, and low elevation river
valleys comprised of Salix spp. Caribou avoided krummholz, rock,
burned lodgepole pine, alpine tundra, water and steep slopes.
Caribou selected intermediate percent snow cover (60%) and high
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Table 3
Estimates of caribou selectivity (b) coefficients of the cumulative zone of influence
(ZOI) and standard errors (SE) from second-order and third-order resource selection
function models for the Atlin herd of northern mountain woodland caribou in
northern British Columbia. Selection was measured in winter (November 15–May 15)
and summer (May 16–November 14) from 2000 to 2002. Positive selectivity
coefficients indicate selection and negative selectivity coefficients indicate avoidance.
The most parsimonious winter third-order model did not include a cumulative ZOI
buffer.

Covariate Summer Winter

Selectivity b SE Selectivity b SE

Second-order ZOI �0.478 0.0608 �0.954 0.0739
Third-order ZOI �1.182 0.3375 – –

Fig. 3. Indirect habitat loss associated with the avoidance of human developments
at the second-order and third-order scale for the Atlin northern mountain
woodland caribou herd in northern British Columbia from 2000 to 2002. The
difference between potential and realized habitat ranks 8–10 can be considered the
amount of high quality habitat that was lost due to current human development
(second-order: 276.2 km2 in winter, 60.9 km2 in summer; third-order: 6.4 km2 in
summer). Total study area size was 11,593.8 km2 at the second-order and 3828 km2

at third-order.
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values of hillshade, which represented selection for western slopes
with high sun exposure. Conversely, in the summer, caribou re-
source selection shifted to higher elevations (1363 m) and caribou
displayed strong selection for krummholz, alpine shrubland, alpine
tundra, rock, slopes with high sun exposure and areas that had
high percent snow cover in winter. Finally, caribou were negatively
associated with water and steep slopes (see Supporting data Table
S3).

3.3. Third-order resource selection

At the third-order scale, the summer model had high predictive
capacity with an average rs of 0.920 (SD = 0.0279) while the winter
model had relatively low predictive performance with an average
rs of 0.704 (SD = 0.1295). In summer caribou avoided the cumula-
tive ZOI buffer (Table 3), but the most parsimonious winter model
did not include a cumulative ZOI buffer. Since inferences of re-
source selection at the third-order represented where caribou
chose to move at the next location, we mapped selection within
the 95th percentile of movement distance around used locations
(2 km in winter, 2.7 km in summer). Within this extent in winter,
caribou occurrence was positively related to lodgepole pine/lichen
forests, spruce/fir forests, mixedwood stands and low slopes. In
summer caribou selected alpine tundra, areas of high percent snow
cover during the previous winter and high elevations (see Support-
ing data Table S4).

3.4. Potential habitat

At the second-order, seasonal RSF models were used to map
habitat selection in the study area. Coefficients between the real-
ized and potential GLMMs were very similar (see Supporting data
Tables S5 and S6), confirming the validity of our assumption that
removing human activity would approximate potential habitat.
High quality habitat was defined as the top 30% of the probability
of use predictions (RSF ranks 8–10) which included 68% of winter
caribou locations and 80% of summer caribou locations. Roughly
30% of the study area was considered medium (RSF ranks 5–7)
and 40% low (RSF ranks 1–4). In winter, the potential habitat
map (modeled without the ZOI coefficient) had 276.2 km2 more
predicted high quality habitat, and 50 km2 more medium quality
habitat than the realized habitat map (Fig. 3). Thus, existing human
developments were responsible for a 7.95% decrease in high qual-
ity habitat and 1.44% decrease in medium quality winter habitat
available within the study area, mostly in the vicinity of the town
of Atlin (Fig. 4). During winter at the third-order, there was no sig-
nificant avoidance of human developments, thus the realized and
potential maps were equivalent.

The overall effect of human development was weaker in sum-
mer. At the second-order, 60.8 km2 of high quality habitat and
58 km2 of medium quality summer habitat was avoided due to
existing human development, which totaled 1.76% of the high
quality habitat and 1.66% of medium quality habitat available
(Fig. 3). At the third-order, caribou avoidance of the ZOI buffer re-
sulted in the loss of 6.4 km2 of high quality and 21.9 km2 of med-
ium quality summer habitat within the 3828 km2 that was mapped
along the movement paths of caribou. This resulted in the loss of
0.55% of high and 1.9% of medium quality summer habitat.
4. Discussion

This study builds on existing techniques that evaluate caribou
avoidance of human development (e.g., Dyer et al., 2001; Johnson
et al., 2005) and provides an innovative approach to quantify the
amount and quality of indirect habitat loss by comparing estimates
of potential and realized habitat. To model avoidance we first gen-
erated a biologically relevant cumulative ZOI that incorporated
multifarious human developments into two-scale seasonal RSF
models. The cumulative ZOI reduced model complexity and served
as a simple tool to evaluate a large range of human development
types as one unit. As we hypothesized, we found avoidance of
the cumulative ZOI was strongest at the second-order (landscape)
scale. This is likely because caribou selected habitat in a hierarchi-
cal fashion with increased sensitivity to human developments at
coarser scales. In our study area, the significant avoidance of hu-
man developments at the second-order restricted avoidance at
the third-order because caribou could likely only maintain individ-
ual home ranges in areas far from human developments (Faille et
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Fig. 4. Example of the reduction in habitat ranks between second-order potential and realized habitat in summer (left) and winter (right) for a portion of the study area
surrounding the town of Atlin. Selection was measured for the Atlin northern mountain woodland caribou herd in northern British Columbia 2000 to 2002. Shading indicates
the loss of 1–4 habitat ranks in each cell. The reduction in rank was used to determine the area (km2) in each habitat rank category that was lost due avoidance of the
cumulative zone of influence (ZOI) for each season.
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al., 2010). Other studies have also demonstrated that woodland
caribou avoid predation risk, the factor with the greatest potential
to limit survival and fitness, at large scales (Gustine et al., 2006;
Johnson et al., 2001; Rettie and Messier, 2000).

We were unable to test which limiting factors were responsible
for avoidance, but the consistent avoidance of roads across seasons
may be due to increased predation risk (by human and non-human
predators) on roads where, for example, wolves may be more effi-
cient predators (James and Stuart-Smith, 2000). Negative behav-
ioral reactions that vary from increased vigilance to panicked
flight have been observed for caribou following human-related
harassment, low altitude aircraft and snowmobile traffic (Reimers
and Colman, 2006; Seip et al., 2007). While these reactions may not
result in large scale demographic consequences, they may increase
perception of risk near infrastructure that results in avoidance.
Avoidance has the potential to influence individuals’ ability to ob-
tain forage or circumvent harsh snow conditions and thus make
caribou more vulnerable to predation (Dyer et al., 2001; James
and Stuart-Smith, 2000).

We found that caribou avoidance of human developments var-
ied between seasons and development types. In winter, caribou
avoided the town of Atlin by 9 km, which is similar to avoidance
of infrastructure found in habitat selection studies of reindeer
(Rangifer tarandus tarandus) in Norway. At large spatial scales, Nel-
lemann et al. (2001, 2003) found that reindeer avoided areas with-
in 4–5 km of resorts, roads, power lines and a hydroelectric
reservoir. Strong avoidance of human developments during winter
is important because it can exacerbate the already high energetic
costs associated with movement in snow, poor winter nutrition
and female gestation (Parker et al., 2009). Since human activity
on the landscape is low during winter, avoidance may occur in re-
sponse to infrastructure alone (Vistnes and Nellemann, 2001).
While we found that caribou avoided roads similarly across sea-
sons, the ZOI around mines and cabins and hunting camps was
much larger during summer. This avoidance corresponds to an in-
crease in the level of human activity on the landscape due to active
mines and ease of access to the road and ATV networks.

Divergent severity of avoidance buffers reported in the scientific
literature may be a result of biological variance observed between
populations, but could also be due to methodological inconsis-
tency. For example, studies have used aerial surveys to measure
caribou density in different seasons around mine sites (4 km, Weir
et al., 2007), lichen height as an indirect indicator of reindeer graz-
ing pressure and avoidance of roads (8 km, Dahle et al., 2008),
proportions of caribou locations near seismic lines and oil well
sites (0.25 km seismic lines, 1 km oil well sites, Dyer et al., 2001)
and caribou use of areas around clearcuts before and after cutting
occurred (15 km, Chubbs et al., 1993). The growing reliance on
radio-telemetry in habitat studies and the widespread use of RSF
models makes empirically driven buffer distances very appealing.
However, models are limited in their ability to explicitly test the
influence of individual developments on avoidance distances in
areas that contain more than one development type. The spatial
correlation of human developments on the landscape can make
determining independent buffer distances difficult. However, in
our study area we found significant avoidance of low use roads,
mines and camps in areas that were separate from other develop-
ments, which suggests that these developments affect caribou hab-
itat selection independently. Alternatively, because high use roads
occurred predominately within the town of Atlin buffer in both
seasons, it is likely that these two buffers are correlated. Thus,
merging the individual avoidance distances into a cumulative ZOI
buffer is appropriate since the exact underlying drivers of avoid-
ance are difficult to separate in areas of aggregated developments.
Further, the significant avoidance of the cumulative ZOI in both
seasons supports the utility of our analysis to provide a consistent
statistical approach that could be used to generate avoidance buf-
fers across studies in the future.
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Furthermore, the cumulative ZOI method limits the amount of
habitat that is statistically affected by development to the area
within the buffer (Fig. 4). In the Canadian high arctic, Johnson et
al., (2005) compared the amount of caribou habitat lost due to
avoidance of human development using ZOI buffers based on pub-
lished literature and coefficients of ‘distance to’ development. Their
ZOI analysis predicted that 6% of high quality habitat was avoided
during the post-calving season, while disturbance coefficients of
‘distance to’ development predicted a 37% loss of high quality hab-
itat. This latter result, based on quadratic functions, suggests that
the effects of avoidance of human development were far reaching;
up to 33 km from major developments. Similarly, quadratic func-
tions indicated avoidance of up to 30 km from Atlin in our study
area. However, we suggest that these results be interpreted with
caution because quadratic functions may reflect landscape-level
patterns in the availability of human development, and not neces-
sarily avoidance per se. In the context of conflicting conservation/
development priorities, we contend that an empirically derived
cumulative ZOI is easily replicated and provides a consistent buffer
that could be realistically implemented in management plans.

To examine the underlying quality of areas near human devel-
opments that were avoided by caribou, we statistically removed
the cumulative ZOI from the realized RSF models to predict poten-
tial habitat (Hirzel and Le Ley, 2008). By spatially comparing the
RSF predictions of potential and realized habitat we were able to
examine how avoidance of human disturbance modified habitat
quality. We found that 8% of high quality winter habitat and 2%
of high quality summer habitat was degraded due to indirect
avoidance of areas near human developments at the second-order
(landscape) scale (Fig. 3). Our approach relied on the assumption
that the probability of caribou occurrence is related to habitat
quality. This may not be the case in areas where extensive habitat
loss could mask true habitat preferences of sampled animals. In
these situations, occurrence may not always be predictive of hab-
itat quality (van Horne, 1983) because individuals may select risky
habitats (attractive sinks) which decrease survival (Nielsen et al.,
2006). Attractive sinks are common in human-altered habitats
because species are unable to adapt to mortality risks that were
absent in their evolutionary history (Schlaepfer et al., 2002). If this
is the case, modeling the loss of high quality habitat may underes-
timate negative demographic consequences, resulting in biologi-
cally conservative ZOIs.

Recently, several studies have attempted to link habitat quality
with survival (Nielsen et al., 2010) or abundance (Patthey et al.,
2008). To estimate habitat selection of grizzly bears in Alberta,
Canada, Nielsen et al. (2010) modeled potential habitat that
accounted for growth and reproduction with food resource abun-
dance and realized habitat that accounted for survival with regio-
nal mortality risk. By subtracting the realized habitat quality from
the potential habitat quality they measured the habitat deficit, or
the absolute habitat loss, and found that the greatest deficit
occurred in low elevation forests with high human development
and high food diversity (Nielsen et al., 2010). In the European Alps,
Patthey et al. (2008) counted lekking male black grouse (Tetrao te-
trix) along transects at ski resorts and natural sites. They found that
abundance was approximately 36% lower in ski resort sites which
suggests a large demographic effect of winter tourism on grouse
abundance (Patthey et al., 2008). While both these approaches
use novel methodological techniques linking demographic pro-
cesses with habitat selection, they also rely on data that can be
prohibitive to collect. The cost associated with measuring demo-
graphic parameters can be a strong limitation in many study sys-
tems; especially in northern regions where scientific capacity
may be low but where conservation actions have the potential to
protect at risk populations before large-scale habitat alteration
occurs. However, inferring important links between habitat quality
and fitness will improve our ability to predict the effects of indirect
avoidance of habitat on affected populations.

The results of our RSF models confirm many habitat relation-
ships found in previous studies. In winter, at the second-order
scale, we found that caribou in the Atlin herd selected lodgepole
pine/lichen complexes, spruce/fir and mid-elevations; all of which
are typical of northern mountain populations (Florkiewicz et al.,
2007; Gustine and Parker, 2008; Poole et al., 2000). In our study
area, low elevation lodgepole pine forests were also often the sites
for roads and towns and thus avoidance of these developments
forced a trade-off resulting in the loss of limited high quality hab-
itat. The winter potential habitat map revealed that the areas sur-
rounding the town of Atlin and high use roads contained high
quality habitat that was used less than expected. However, use of
resources by northern caribou populations varies extensively
among regions, and local responses to habitat variables, winter
weather conditions and human developments may differ from
results specific to the Atlin herd. For example, some northern
mountain populations are known to select dry pine/lichen forests
in the winter (Florkiewicz et al., 2007; Gustine and Parker, 2008)
while others avoid pine stands (Gustine et al., 2006). The relatively
lower predictive ability of the third-order winter RSF models may
reflect a mismatch between the resolution of the available predic-
tor covariates and the scale of selection measured (Boyce, 2006).
Fine scale variation in snow conditions, for example, may influence
caribou habitat selection and could affect avoidance of the ZOI.

During summer at both scales, caribou selected alpine habitats,
which is likely a result of selection for new high quality forage and
relief from insect harassment (Ion and Kershaw, 1989). Forage
quality (nitrogen content) has been correlated with snowmelt gra-
dients in Sweden at multiple spatial scales (Mårell et al., 2006).
This may explain summer selection for areas that had high percent
snow cover during the previous winter and suggests that selection
for forage quality is important during summer at both spatial
scales. Overall, high quality summer habitat was not impacted by
indirect avoidance as intensely as winter habitat, likely because
caribou selected for high elevations where conflict with human
development is less severe. However, it is well established that car-
ibou and reindeer tend to be most sensitive to development during
the calving period (Vistnes and Nellemann, 2001), which was
included in our summer season. Thus, human development close
to calving areas could have significant consequences on popula-
tions. Our study was intended to examine large scale habitat selec-
tion patterns in relation to human infrastructure and we did not
specifically analyze fine scale avoidance during calving. However,
exploratory analyses of selection during the month of June
revealed that caribou selected higher elevations and alpine and
krummholz landcovers, but showed no significant difference in
avoidance of the human ZOI buffer (June b = �0.633 SE = 0.178
vs. summer b = �0.478 SE = 0.061). Therefore, in our study area,
habitat selection during calving does not appear to be influenced
to a greater extent by human development than the entire summer
period.
5. Conclusion

Given the widespread avoidance of human developments by
caribou as well as the growing industrial development and the pre-
dicted effects of climate change in northern ecosystems (Pereira et
al., 2010), new tools to quantitatively study the effects of direct and
indirect loss of caribou habitat are required. The tendency for
development to proceed in small increments can make under-
standing the cumulative impacts of multiple development across
space and time difficult (Gunn et al., 2011; Sorensen et al., 2008).
While the cumulative impact of human development types in
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our study area may seem minor compared to the severe threats
facing southern woodland caribou herds, our approach to estimat-
ing indirect habitat loss has the potential to identify the underlying
habitat quality in areas that are avoided and thus, quantifying the
impact of past habitat alterations on selection – an important con-
sideration when evaluating cumulative effects (Krausman, 2011).
Dynamic temporal and spatial comparisons between potential
and realized habitat could promote sustainable management by
identifying high quality habitat in areas close to human develop-
ments. These areas may be important for population persistence
because degraded habitat in close proximity to infrastructure could
provide important restoration or mitigation opportunities (Nelle-
mann et al., 2010). While the mechanisms driving caribou avoid-
ance of human developments merits further study, habitat
selection studies can provide an efficient way to monitor indirect
habitat loss and proactively promote conservation before large-
scale population impacts occur (Patthey et al., 2008). Finally,
understanding the effects of multiple development types on habi-
tat selection can facilitate the development of dynamic models that
can be used to predict the potential impacts of future develop-
ments (Gunn et al., 2011; Nielsen et al., 2010).
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