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Abstract

The decline of Caribou (Rangifer tarandus) is mainly attributed to anthropogenic disturbance from resource development
(i.e., logging, oil and gas extraction), which causes habitat loss and increased predation risk. Natural landscape disturbance,
particularly from fire, can have similar effects, and cumulative effects from disturbance have been associated with lower neo-
nate recruitment. Our objective was to evaluate the potential effects of land cover types on resource selection by females,
with an emphasis on clear-cuts and fire, during the calving season (May—June) in three neighbouring herds (Middle Ridge,
Gaff Topsails, and Pot Hill) on insular Newfoundland, Canada, and compare results with pre-existing information on calf
recruitment. We applied a resource selection framework to analyze location data collected from global positioning system
collars between 2007-2010 and estimate relative probability of use for different cover types. Recruitment was lowest in Pot
Hill, where <10-year old clear-cuts were favoured, whereas recruitment was highest in Middle Ridge and Gaff Topsails,
where females favoured burns, suggesting that burns could be more beneficial to Caribou fitness. Further investigation will
be needed to more closely examine how anthropogenic versus natural disturbance affects Caribou fitness in Newfoundland
and improve our understanding of important habitat for calving females.
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time (Nagy et al. 2011; Gunn et al. 2012; Taillon et
al. 2012). We speculate that such shifts could be a
response to resource availability, predation risk, and
human use.

Female Caribou on insular Newfoundland, Can-

Introduction

Birthing and rearing sites are an important aspect
of reproductive ecology in ungulates because site
selection can influence survival and success of neo-
nates (Fox and Krausman 1994; Bangs et al. 2005;

Gustine et al. 2006; Monteith et al. 2014) and recruit-
ment may ultimately influence population dynamics
in large herbivores (Gaillard et al. 1998). For Cari-
bou (Rangifer tarandus), calving site locations are
typically determined by distance from predators, food
availability, hiding cover, and familiarity with the
landscape (Bergerud 1996, 2000). Caribou commonly
exhibit strong site fidelity to calving grounds (i.e., the
geographical area used by most parturient females in
a herd; Gunn and Miller 1986; Schaefer et al. 2000),
although calving grounds may also shift spatially over

ada (hereafter Newfoundland) typically move from
winter range to calving grounds during March and
April and aggregate on calving grounds from May to
June during the pre-calving, calving, and post-calv-
ing phases of their annual cycle (Bergerud 1974). In
the Middle Ridge herd, females demonstrated south-
ward shifts in their seasonal aggregations between
1987 and 1996, whereby the distribution in May—June
shifted with increasing distance away from expanding
clear-cuts across years (Chubbs et al. 1993; Schae-
fer and Mahoney 2005). By 2009-2010 the calving
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distribution appeared to be concentrated in an area
that burned in 1986 (23-24 years earlier). Calf mor-
tality in the Middle Ridge herd also increased between
1997 and 2003, which was attributed to an increase in
predation by American Black Bear (Ursus america-
nus, Mahoney and Weir 2009; Lewis and Mahoney
2014). Clear-cuts are associated with increased pred-
ator density (Mahoney and Virgl 2003; Wittmer et
al. 2007; Brodeur et al. 2008; Leblond et al. 2016)
and predation risk may have increased as clear-cuts
expanded, causing shifts in space-use. Logging is also
associated with road construction, increased traffic
and noise, and surface disturbance, similar to mining
operations, and oil and hydroelectric development, to
which female Caribou have demonstrated sensitivity
and avoidance during calving (Cameron et al. 1992;
Vistnes and Nellemann 2001; Mahoney and Schaefer
2002; Weir et al. 2007).

The decline of Caribou in Canada is attributed
mainly to resource development and associated hab-
itat loss and predation risk (COSEWIC 2014). Since
2000, the Boreal population, which occupies mature
boreal forest and occurs throughout mainland Can-
ada from the western to eastern seaboards, has been
assessed as Threatened by the Committee on the Status
of Endangered Wildlife in Canada (COSEWIC 2014).
An estimated one-third of subpopulations comprising
the Boreal population are projected to decline contin-
ually as a result of anthropogenic disturbance (COSE-
WIC 2014). The Boreal population faces increasing
predation pressure by Gray Wolf (Canis lupus) that
use linear features associated with resource extrac-
tion (e.g., roads, seismic lines; COSEWIC 2014).
Additionally, logging in particular results in habitat
conversion from old forest to early seral stands that
attract opportunistic predators, such as Black Bear
and Coyote (Canis latrans; Brodeur et al. 2008; Bois-
joly et al. 2010) and can increase abundance of alter-
nate prey species such as White-tailed Deer (Odocoi-
leus virginianus) and Moose (4lces americanus), that,
in turn, increase predator abundance (Mahoney and
Virgl 2003; Wittmer et al. 2007). Natural fire distur-
bance can also contribute to functional habitat loss
and higher predation in the same way as logging, and
as such may be considered tantamount to human dis-
turbance (Courtois et al. 2007; Wittmer et al. 2007,
Sorensen et al. 2008).

The Newfoundland population, which occupies
coniferous forest, barrenland, shrubland, and wetland
complexes on insular Newfoundland, was assessed as
Not at Risk in 2002 by COSEWIC, but the population
thereafter declined by approximately 60% and was
reassessed as Special Concern in 2014 (COSEWIC
2014). The decline was associated with high popu-
lation density, harvest, and predation (COSEWIC
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2014). Current projections, unlike those for the Boreal
population, do not indicate this population is in peril
(Randell et al. 2012; Weir et al. 2014). Caribou on
insular Newfoundland are unique from mainland Car-
ibou populations because they do not face predation
pressure from wolves, which were extirpated from the
island around 1922 (Allen and Barbour 1937). Black
Bear and the recently recruited Coyote that colonized
the island in 1985 (Mahoney and Schaefer 2002) are
major predators (Lewis and Mahoney 2014; Mahoney
et al. 2015). Moreover, the level of landscape distur-
bance within Caribou ranges in mainland Canada may
be seven times higher, if not more, than that of insular
Newfoundland (Sorensen et al. 2008; McCarthy et al.
2011; Natural Resources Canada 2020).

Recent studies on Caribou on Newfoundland have
examined landscape disturbance and calf recruitment
(McCarthy et al. 2011), predation and neonate sur-
vival (Mahoney et al. 2015; Rayl et al. 2015), effects
of vegetation and predation risk (inferred from hab-
itat characteristics) on resource selection by calving
females (Bastille-Rousseau et al. 2015), and the influ-
ence of landscape heterogeneity on neonate mortality
risk (Rayl et al. 2018). McCarthy et al. (2011) detected
a negative correlation between calf recruitment and
total landscape disturbance (i.e., from anthropo-
genic and natural factors including clear-cuts and fire)
within calving and post-calving ranges. Mahoney et
al. (2015) reported that predation by Black Bear and
Coyote was the leading cause of mortality for Cari-
bou calves from 2003 to 2012, which coincided with
the period of population decline after a period of
sustained growth between 1979 and 1997. Bastille-
Rousseau et al. (2015) concluded that calving females
selected calving grounds with greater access to for-
age, while avoiding predation risk in varying degrees
across herds. Rayl et al. (2018) further revealed that
neonate mortality risk from bear predation increased
in areas with higher proportions of conifer scrub (i.e.,
stunted conifer forest) and water, presumably because
conifer scrub provides dense cover that enables
ambush tactics, and water may limit mobility and
escape routes for young calves.

To our knowledge, the effects of fire and clear-
cuts associated with resource selection by female
Caribou during calving on Newfoundland have not
yet been specifically addressed. Given the distribu-
tion shifts displayed by calving females in the Mid-
dle Ridge herd, we wanted to analyze selection
of land cover types with an emphasis on clear-cuts
and burns and compare our results with pre-exist-
ing information about calf recruitment in selected
herds to expand the discussion on habitat selection,
landscape disturbance, and calving. Thus, we exam-
ined resource selection by females during the calving
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season between 2007 and 2010 in three neighbour-
ing Caribou herds (i.e., Middle Ridge, Pot Hill, and
Gaff Topsails) that used ranges where progressive
logging and natural fires occurred. These herds are
considered subpopulations and occupy ranges that
typically overlap year-round (COSEWIC 2014),
although females aggregate by herd affiliation during
the calving season and use separate calving grounds.
We also visualized spatial shifts in Middle Ridge by
comparing mean activity centres during the calving
season across years. We hypothesized that negative
effects associated with clear-cuts would trigger an
avoidance response in calving females and we pre-
dicted that females would therefore have a low rela-
tive probability of use associated with clear-cuts com-
pared to other available cover types in May and June.
Although some studies equate logging to fire distur-
bance, suggesting burns have similar negative effects
on Caribou (Wittmer et al. 2007; Sorensen et al.
2008; McCarthy et al. 2011; Lafontaine et al. 2019),
researchers have also reported use of burns by calv-
ing females (Bergerud 1974; Skatter et al. 2017), and
Skatter et al. (2017) concluded that burns with residu-
als (i.e., unburned patches) are important calving hab-
itat for the mixture of food-security and safety they
may provide. As such, we further hypothesized that
burned areas could be variably important for calving
females, and we predicted that selection for this cover
type might vary across herds. We assumed that selec-
tion of land cover types on the calving grounds ade-
quately characterized habitat use by calving females,
and considered available cover types within the larger
home range traversed by females in May and June to
investigate third-order habitat selection (i.e., within
the seasonal home range; Johnson 1980) and draw
comparisons across herds.

Study Area

The study area was between 49.4570°N and
47.6389°N, and 57.5167°W and 54.2806°W, span-
ning ~32000 km? of land managed by the Govern-
ment of Newfoundland and Labrador. This area
encompassed ranges used by adult female Caribou
during the calving season in the Middle Ridge, Pot
Hill, and Gaff Topsails herds, from 1987 to 1996 and
from 2007 to 2010. We refer to the calving season as
the period 1 May—30 June, when females aggregate
on calving grounds (Bergerud 1974).

The study area included the Long Range Barrens
(Buchans Plateau subregion), Central Newfound-
land Forest, and Maritime Barrens ecoregions char-
acterized by a combination of rocky uplands, conif-
erous and deciduous forests, heaths, barrens, and
bogs (Government of Newfoundland and Labrador
2020; Figure 1). The Long Range Barrens occurred
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within a portion of the range occupied by the Gaff
Topsails herd, and Central Newfoundland Forest and
Maritime Barrens occurred in all herd ranges. Eleva-
tions ranged from sea level to ~600 m. Common veg-
etation associated with the ecoregions included Bal-
sam Fir (4bies balsamea [L.] Miller), Black Spruce
(Picea mariana [Miller] Britton, Sterns & Poggen-
burgh), Tamarack (Larix laricina [Du Roi] Koch),
birch (Betula spp. L.), Mountain Maple (Acer spi-
catum Lamarck), Trembling Aspen (Populus tremu-
loides Michaux), and alder (A/nus spp. Miller), com-
mingled with lichen, moss, and Sheep Laurel (Ka/mia
angustifolia L.) dominated dwarf shrub plant com-
munities. Common native mammal species included
Black Bear, Canada Lynx (Lynx canadensis), Coyote,
Red Fox (Vulpes vulpes), Northern River Otter (Lon-
tra canadensis), Arctic Hare (Lepus arcticus), and
Caribou. Moose, which are not native to Newfound-
land, were also common and were the only other
ungulate species present.

In the three ecoregions, summers (July—August)
are mild and winters (December—March) are moder-
ate to severe from the coast to inland areas, respec-
tively (Bell 2002). In the Long Range Barrens, mean
annual temperature is ~4°C, mean summer tempera-
ture is 12°C, and mean winter temperature is —4°C.
Mean annual precipitation ranges from 1000 mm to
1400 mm (Bell 2002). In the Central Newfoundland
Forest, mean annual temperature is ~4.5°C, mean
summer temperature is 12.5°C, and mean winter tem-
perature is —3.5°C. Mean annual precipitation ranges
from 1000 mm to 1300 mm (Bell 2002). In the Mar-
itime Barrens, mean annual temperature is ~5.5°C,
mean summer temperature is 11.5°C, and mean win-
ter temperature is —1°C. Mean annual precipitation
ranges from 1200 mm to over 1600 mm (Bell 2002).

The study area also featured Routes 1 and 360,
and the urban communities of Buchans and Bad-
ger, which occurred in the Gaff Topsails range.
Towns close to the Pot Hill and Middle Ridge ranges
included Howley, Grand Falls-Windsor, and Gander.
Land-use consisted of logging, hunting, and recre-
ation. In 2007, the Pot Hill and Gaff Topsails Cari-
bou herds had an estimated 3066 and 2182 individu-
als, respectively, whereas the Middle Ridge herd had
an estimated 8814 individuals in 2010, and the island
wide population was estimated to be 38241 individ-
uals in 2008 (Randell 2019). Based on autumn herd
composition surveys, average yearly calf recruitment
ratios (calves:females) were ~7:100 for Pot Hill and
~19:100 for Gaff Topsails in 20052008 (McCarthy et
al. 2011), and an estimated 18:100 for Middle Ridge
in 2009-2010 (Ellington et al. 2020).

We note that between 1960 and 1966, herds occu-
pied calving grounds that were different from each
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FIGURE 1. a. Delineations of the Gaff Topsails (dashed), Pot Hill (solid, black), and Middle Ridge (dash-dot) Caribou (Rangifer
tarandus) herd ranges used from 1 May to 30 June in Newfoundland, Canada. Ranges were estimated with 100% minimum
convex polygons using location data collected from adult females in 20072009 (Gaff Topsails and Pot Hill), and 1987-1996
and 2009-2010 (Middle Ridge). Ecoregions associated with herd ranges are also shown. b. Island of Newfoundland, Canada.

other in terms of cover characteristics (Bergerud
1974), and we therefore expected to find some varia-
tion in resource selection patterns across herds during
our study. Bergerud (1974) reported that females in
the Middle Ridge herd previously occupied areas with
large marshes dominated by sedge (Carex spp. L.) dur-
ing the calving season, whereas females in the Pot Hill
herd occupied a bog complex with islands of closed-
canopy spruce forest and females in the Buchans Pla-
teau occupied open terrain consisting of sedge marshes
and dry uplands that had burned 40 years prior.

Methods

Telemetry data
We used location data collected from adult female
Caribou during the calving season in 2007-2010 to

delineate calving grounds for each herd, which we
identified as the area where the highest concentra-
tion of locations occurred in those years. We used
additional May—June location data collected in
1987-1996 and 1993-1996, respectively, from adult
females and calves in Middle Ridge to estimate ear-
lier calving distributions. Adult female Caribou were
net-gunned or darted from helicopter and collared on
wintering grounds by the Newfoundland and Labra-
dor Department of Environment and Conservation.
Darted animals were chemically immobilized using
a combination of Telazol (Zoetis, Parsippany-Troy
Hills, New Jersey, USA) and xylazine (LGM Phar-
maceuticals, Boca Raton, Florida, USA; 1.5 mg/kg
Telazol + 0.75 mg/kg xylazine), etorphine hydro-
chloride (0.06 mg/kg), or Carfentanil (0.03 mg/kg;
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Glenmark Pharmaceuticals, Mumbai, India). Calves
were located by helicopter and captured at <5 days
old without use of net-guns or chemical restraints. In
Middle Ridge, females were fit with very high fre-
quency (VHF) radio-collars (Lotek Engineering,
Aurora, Ontario, Canada; Telonics, Mesa, Arizona,
USA) monitored from 1987 to 1996. Calves were fit
with expandable VHF radio-collars (Lotek Engineer-
ing; Telonics) in 1993-1996. Between 2007 and 2010,
adult females from the three herds were fit with global
positioning system (GPS) satellite-collars (Lotek
Wireless, Newmarket, Ontario, Canada). Locations
from VHF collars were obtained at altitude via fixed-
wing aircraft approximately every 1-2 weeks. Loca-
tion data from GPS collars were downloaded through
an ultra-high frequency (Schwartz and Arthur 1999)
modem or received through the Iridium satellite sys-
tem (Iridium Communications, McLean, Virginia,
USA). Locations from GPS-collars were recorded at
varying intervals and we resampled data to achieve a
standard frequency of five locations/day spaced 4-5 h
apart for resource selection models.

Land cover covariates
We obtained spatial land cover data from the
North American Land Change Monitoring System
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(NALCMS; https://www.mrlc.gov/data/north-american-
land-change-monitoring-system, accessed 6 June 2020).
The data were based on Landsat 7 satellite imagery
with 30 m resolution collected in 2010 (Latifovic
et al. 2017; CEC 2020). Land cover classifications
were specified by NALCMS (Table 1; CEC 2020).
We included four additional land cover classes: < and
>10-year clear-cut, 10-year burn, and 20-year burn.
Twenty-year burns were the oldest burns in the avail-
able dataset while the oldest clear-cut was 37 years
(see below). We differentiated between clear-cuts
< and >10 years old based on research in boreal for-
est ecosystems showing that vegetation trends in
regenerating stands shift after 10 years following
clear-cut logging (Archambault et al. 1998). Spatial
clear-cut data were provided by the Newfoundland
and Labrador Department of Natural Resources. We
used the National Burned Area Composite from the
Canadian Wildland Fire Information System (https://
cwfis.cfs.nrcan.gc.ca/datamart, accessed 6 June 2020)
to map historical burns retrospective to 1980.
Clear-cuts >10 years old had a median age of 24
years in Middle Ridge (range 11-37 yr), 17.5 years in
Pot Hill (range 11-24 yr), and 18 years in Gaff Top-
sails (range 11-25 yr), whereas clear-cuts <10 years
old in all ranges had a median age of 5.5 years (range

TaBLE 1. Land cover types classified in the North American Land Change Monitoring System spatial data layer, which we
used to analyze habitat use by adult female Caribou (Rangifer tarandus) during the calving season (1 May to 30 June) in
Newfoundland, Canada, 2007-2010.

Land cover type

Description

Barrenland

Lichen—moss barren
Lichen—moss grassland
Lichen—moss shrubland
Mixed forest

Subpolar broadleaf deciduous
forest

Subpolar grassland
Subpolar needleleaf forest
Subpolar shrubland
Urban

Water

Wetland

Areas characterized by bare rock, gravel, sand, silt, clay, or other earthen material, and
vegetation generally accounts for less than 10% of total cover

Areas dominated by a mixture of bare areas with lichen and moss that typically account
for at least 20% of total vegetation cover

Areas dominated by grassland with lichen and moss typically accounting for at least 20%
of total vegetation cover

Areas dominated by dwarf shrubs with lichen and moss typically accounting for at least
20% of total vegetation cover

Generally taller than 3 m and more than 20% of total vegetation cover, neither needleleaf
nor broadleaf tree species occupy more than 75% of total tree cover, but are co-dominant

Generally taller than 3 m and more than 20% of total vegetation cover, greater than 75%
of tree crown cover represented by deciduous species

Areas dominated by graminoid or herbaceous vegetation, generally accounting for greater
than 80% of total vegetation cover

Generally taller than 3 m and more than 20% of total vegetation cover, tree crown cover
contains at least 75% of needle-leaved species

Areas dominated by woody perennial plants with persistent woody stems less than 3 m tall
and typically greater than 20% of total vegetation

Areas that contain at least 30% or more of urban constructed materials for human activities
(cities, towns, roads)

Areas of open water, generally with less than 25% cover of non-water cover types and
consistently covered by water

Areas dominated by perennial herbaceous and woody wetland vegetation with the water
table at or near surface over extensive periods of time (includes marshes, swamps, bogs)
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1-10 yr). We removed used and available locations
associated with clear-cuts that overlapped both age
classes during the study. Burns were classified as 10
years and 20 years old (10-year and 20-year burn were
~ages whereby 10-year represented burns 8—12 years
old and 20-year represented burns 18-24 years old,
24 years being the oldest burn for which there were
data). We modified the NALMCS land cover layer to
accommodate clear-cut and burn polygons using Arc-
GIS 10.5 (Esri 2016), such that clear-cut and burn
classifications replaced other cover types identified
by NALCMS in those areas.

Visualizing distribution shifts in Middle Ridge

To examine apparent shifts in calving distribu-
tions in Middle Ridge, we applied the kernel density
tool in ArcGIS 10.5 (Esri 2016) to all May—June loca-
tion data collected from VHF collars in 1987-1996
and from GPS collars in 2009-2010. We used a 98%
contour to delineate the area where most use occurred
for each year, based on fixed kernels with reference
bandwidth (Worton 1995; Seaman and Powell 1996;
Borger et al. 2006). We then visualized distribution
shifts using locations within the 98% contours to cal-
culate weighted centroids representing mean cen-
tres of activity for each year. (Note: we used a 98%
contour to conservatively estimate calving ground
boundaries, such that a single area with the highest
concentration of use was defined, and outlier loca-
tions were excluded. The location data captured using
a 95% versus 98% contour were essentially the same,
but the 98% contour allowed for a continuous bound-
ary around the entire area, whereas the 95% contour
resulted in several smaller areas containing the same
location data.)

Evaluating resource selection

We used a resource selection framework to evalu-
ate habitat selection, whereby we compared sampling
proportions of used and available units to analyze
relative use (Manly et al. 2002). We used a logistic
regression model with a /ogit link function following
the log-linear resource selection function (RSF) for
fixed-effects as defined by Manly ez al. (2002: 100):

W(x) = exp (B, + B, -+ + B,x,) (Equation 1)

where W (x) is the predicted relative probability of
use and f,,...,B, are coefficients for covariates x,...,
x,. To account for individual variation and unequal
sampling among individuals, we added a random
intercept (y,) to equation 1 for each individual and
included the intercept B, as per Gillies et al. (2006),
whereby the individual animal is specified as the sam-
ple unit, yielding the following mixed effects model:

g(x)=exp (B, + B]xli/+ Bzng'+ et anni/' + Yo,')
(Equation 2)
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which estimates the relative probability of use, g(x),
at location 7 for animal ;.

To obtain samples of available units, we applied
100% minimum convex polygons to all (i.e., non-
resampled) May—June location data for each herd (we
included VHF collar locations for Middle Ridge) and
generated random points within polygons using Arc-
GIS 10.5 (Esri 2016). We assumed that a 100% min-
imum convex polygon encompassing all May—June
locations from adult females within a given herd pro-
vided an accurate estimate of the area and resources
available to those females during this period and rep-
resented the spatial extent of the herd home range tra-
versed by females in May—June. For used units, we
pooled all May—June GPS locations for each herd and
study period and estimated calving ground boundar-
ies using 98% fixed kernels with reference bandwidth
(Silverman 1986). We assumed GPS locations out-
side of kernel boundaries were not representative of
space-use by calving females at the herd level, and
consequently identified them as potential outliers and
removed those observations from the analysis.

To reduce location error, we excluded all GPS
locations with 2D fix dimensions (i.e., if fewer than
four satellites were used to obtain the fix) or dilution
of precision >10, presumably yielding locations with
low mean error (<30 m; Lewis et al. 2007; Ironside et
al. 2017). We resampled locations such that individu-
als had five used units/day (unless data were missing
because of location error or failed fixes), and we used
a 1:5 ratio for used:available units to achieve large
samples of available units (i.e., >10 000 locations) and
ensure adequate sampling of land cover availability
and convergence of coefficient estimates (Northrup
et al. 2013). Finally, we projected used and available
locations onto the land cover layer and extracted land
cover types for all used and available locations using
ArcGIS 10.5 (Esri 2016). We did not combine cat-
egorical levels of land cover types because we felt
doing so would result in a loss of important informa-
tion regarding use and could possibly bias results.

We evaluated relative use of all available cover
types for each herd in separate analyses using the
“lme4” package (version 1.1-23; Bates et al. 2020)
in R version 3.6.3 (R Development Core Team 2020).
We coded cover types as categorical variables (i.e., <
and >10-year clear-cut, 10-year burn, 20-year burn,
and cover types identified in Table 1) and assigned
water as the reference category because availability
was similar across ranges; parameter estimates for
cover types therefore represented apparent effects on
relative use compared to the effect associated with
water (i.e., fixed intercept). Each observation (i.e.,
data point) was mutually exclusive in terms of cover
type. We removed cover types from the models if
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estimates did not converge because of too few or no
used locations associated with them. Our final mod-
els estimated parameters successfully, and because
the number of used observations was >800 times the
number of parameters (9—12) in each model, theoreti-
cally the number of parameters we evaluated should
not interfere with model performance. To examine
multicollinearity among land cover covariates, we
used the variance inflation factor (VIF) and inter-
preted VIF values <5 as indicative of low correla-
tion between a given covariate and alternate covari-
ates, values between 5-10 as indicative of moderate
correlation, and values >10 indicative of high cor-
relation (Wooldridge 2012; Vanhove 2019; Lidecke
2020). We calculated VIFs using the “performance”
package (Ludecke 2020) in R (R Development Core
Team 2020).

We compared relative odds of use for particular
cover types compared to water to make inferences
about selection strength and assessed general avoid-
ance and selection of cover types based on propor-
tional use versus proportional availability of samples
(i.e., [number of used points associated with a par-
ticular cover type]/[total number of used points] ver-
sus [number of available points associated with a par-
ticular cover type]/[total number of available points])
for each herd. We concluded that animals were select-
ing a particular cover type if proportional use > pro-
portional availability, and that animals were avoiding
a particular cover type if proportional use < propor-
tional availability (Johnson 1980). Lastly, we inter-
preted differences in selection of clear-cut and burn
classes across herds by comparing relative odds of
use if availability of a particular class was compara-
ble across herd home ranges (i.e., <5% difference).

As a final step to verify and compare the impor-
tance of burns and clear-cuts on resource selec-
tion with respect to other cover types, we devel-
oped model sets containing other cover types with
and without burn and clear-cut variables analyzed
for each herd. We ranked models using AICc (Akaike
1973; Hurvich and Tsai 1989) with the “AICcmo-
davg” package in R (Mazerolle 2019; R Develop-
ment Core Team 2020). We assessed the importance
of the burn and clear-cut variables in our models for
each herd by comparing their individual relative vari-
able importance (sum of Akaike weights across all
models in the set where variable j occurs; Burnham
and Anderson 2010) to the grouped relative variable
importance of the remaining covariates representing
undisturbed land cover. We considered variables with
values closer to one as most important (Burnham and
Anderson 2010; Symonds and Moussalli 2011).

Model testing
Equation 2 assumes random effects were normally
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distributed with a mean of zero and unknown vari-
ance components (Breslow and Clayton 1993). We
tested normality of random effects using normal
quantile plots generated with the ggnorm function
in R (R Development Core Team 2020). To evalu-
ate goodness of fit we used the theoretical coefficient
of determination (r°) for binomial generalized lin-
car mixed effects models as defined by Nakagawa et
al. (2017), which we calculated using the “MuMIn”
package (Barton 2020) in R (R Development Core
Team 2020).

Results

Estimation of herd home ranges and calving grounds
To generate 100% minimum convex polygons for
estimation of herd home range boundaries, and 98%
kernels for estimation of calving ground boundaries,
we used 19080 GPS-collar locations from 24 adult
females in Middle Ridge in May—June 2009 and 2010
(Tables S1 and S2) and 1145 locations from VHF col-
lars on 52 females and 75 calves in May—June 1987
through 1996. For Pot Hill, we used 28268 GPS-col-
lar locations from 14 adult females in May—June 2007
through 2009 (Tables S1 and S2). For Gaff Topsails,
we used 31193 GPS-collar locations from 20 adult
females in May—June 2007 through 2009 (Tables S1
and S2). Kernel density estimates captured >79% of
GPS-collar locations for each herd (Figure 2).

Distribution shifts in Middle Ridge

We used 1034 locations from VHF collars on 46
females and 75 calves in May—June 1987 through
1996 (range 36159 locations/year; median 121 loca-
tions/year) and 7416 resampled GPS-collar locations
from 21 females in May—June 2009 and 2010 (4206
locations from 2009; 3210 locations from 2010) to
calculate centroids for each year. Centroids indi-
cated that yearly activity shifted southward away
from clear-cuts between 1987 and 1996 (Figure 3). In
May-June 2009 and 2010, females were clustered in
a 20-year burn (Figure 3).

There were no documented range shifts from the
other two herds. And, we do not have earlier collar
data from these two herds.

Relative use, selection, and avoidance

Availability of some land cover types differed
appreciably across herd ranges (Table 2, Figure S1).
We analyzed resource selection by females on calv-
ing grounds based on 7416 locations from 21 females
in Middle Ridge, 9274 locations from 13 females in
Pot Hill, and 12037 locations from 20 females in Gaff
Topsails. Selection of land cover types varied among
herds (Table S3, Figure S1), whereas individual vari-
ation was not appreciably different within each herd
as indicated by low to no random intercept variance
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FIGURE 2. Delineations of the Gaff Topsails (dashed), Pot Hill (solid), and Middle Ridge (dash-dot) Caribou (Rangifer taran-
dus) herd ranges (black) and calving grounds (grey) based on location data collected from adult females from 1 May to 30
June in Newfoundland, Canada. Herd ranges were estimated with 100% minimum convex polygons applied to data collected
in 2007-2009 (Gaff Topsails and Pot Hill), and 1987-1996 and 2009-2010 (Middle Ridge). We estimated calving ground
boundaries using kernel density estimators with 98% contours to identify areas where the highest concentration of locations

occurred in 2007-2009 (Gaff Topsails and Pot Hill), and in 2009-2010 (Middle Ridge).

(Middle Ridge: 6%, = 0.016; Pot Hill: 6%, = 0.00; Gaff
Topsails: 62,=3.25 x 107"7). In Middle Ridge, 20-year
burn was selected for and had the highest relative
probability of use (f = 4.83, SE 0.09), while all other
cover types were avoided (Table S3, Figures 4 and
S1); clear-cuts and 10-year burn were not included in
this analysis because these cover types did not occur
within the calving grounds and therefore could not be
evaluated. In Pot Hill, females selected for <10-year
clear-cut, which had the highest relative probability of
use (f=2.98, SE 0.11). In Gaff Topsails, 10-year burn
was more strongly selected (f = 2.89, SE 0.16) than
>10-year clear-cut ( = 2.53, SE 0.12) and <10-year

clear-cut (B = 2.35, SE 0.10).

In Middle Ridge, moderate collinearity was asso-
ciated with 20-year burn. In Pot Hill there was high
collinearity associated with needleleaf forest and
moderate collinearity associated with subpolar shru-
bland. In Gaff Topsails, there was high collinearity
associated with needleleaf forest and subpolar shru-
bland, and moderate collinearity associated with
broadleaf deciduous forest and wetland.

Availability of < and >10-year clear-cut was
similar in all ranges. In Middle Ridge, < and >10-
year clear-cuts were not used at the herd level (i.e.,
these cover types did not occur on calving grounds
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FiGurE 3. Weighted centroids representing yearly mean centres of activity based on calving distributions of adult female
Caribou (Rangifer tarandus) in the Middle Ridge herd. Centroids were calculated from location data collected during the
calving season (1 May to 30 June) in Newfoundland, Canada between 1987-1996 and 2009-2010.

and therefore could not be included in our analysis),
whereas Pot Hill females selected for <10-year clear-
cut, relative use being 19.60 (95% CI 15.96-24.29;
Figures 4 and S1) times more likely based on relative
odds compared to water, and appeared to avoid >10-
year clear-cut as much as water (i.e., 95% CI over-
lapped 1; odds ratio = 0.60 , 95% CI 0.19-1.92). In
Gaff Topsails, females selected for < and >10-year
clear-cut, with relative use 10.53 (95% CI 8.67—
12.81) and 12.60 (95% CI 10.07—-15.80) times more
likely compared to water, respectively (Figures 4 and
S1).

Availability of 10-year burn was comparable in
Middle Ridge (0.2%) and Gaff Topsails (0.3%), and
availability of 20-year burn was comparable in Mid-
dle Ridge (4.8%) and Pot Hill (7.5%). In Middle
Ridge, 10-year burn was not used at the herd level,

whereas in Gaff Topsails 10-year burn was selected
for and females were 18.08 (95% CI 13.20-24.78)
times more likely to use 10-year burn than water
based on relative odds (Figures 4 and S1). In Mid-
dle Ridge, 20-year burn was selected for and females
were 125.29 (95% CI 104.58-149.90) times more
likely to use 20-year burn than water, whereas in Pot
Hill, 20-year burn appeared to be avoided as much as
water (odds ratio = 0.99, 95% CI 0.77-1.26; Figures
4 and S1).

In Middle Ridge, the relative variable importance
for 20-year burn was 1 and equalled the grouped rela-
tive variable importance of remaining available cover
types. (Table S4). In Pot Hill, the relative importance
of <10-year clear-cut, which had the highest selec-
tion, was | and equalled the grouped importance of
remaining available cover types barring >10-year
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TABLE 2. Proportions of used and available cover types estimated from female Caribou (Rangifer tarandus) and ran-
dom locations in three herds (i.e., Middle Ridge, Pot Hill, Gaff Topsails) during the calving season (1 May to 30 June) in

Newfoundland, Canada, 2007-2010.

Middle Ridge Pot Hill Gaff Topsails
Land cover type ; - -
Used (%) Available (%)  Used (%) Available (%) Used (%) Available (%)

Barrenland 0.00 0.27 0.03 0.02 0.05 0.30
10-year burn 0.00 0.23 — — 0.59 0.33
20-year burn 79.17 4.81 1.07 7.50 0.05 0.16
<10-year clear-cut 0.00 1.13 291 1.03 3.25 3.13
>10-year clear-cut 0.00 1.00 0.03 0.37 1.62 1.30
Lichen—moss barren 0.04 0.17 0.00 0.03 0.02 0.08
Lichen—moss grassland 0.23 2.78 0.66 0.78 5.16 3.69
Lichen—moss shrubland — — — — 0.02 0.01
Mixed forest 0.69 10.12 5.26 7.61 2.99 12.69
Subpolar broadleaf deciduous forest 2.47 8.98 4.41 4.78 9.55 9.34
Subpolar grassland 0.01 0.09 0.08 0.03 0.22 0.34
Subpolar needleleaf forest 3.83 23.24 53.13 37.20 29.97 32.43
Subpolar shrubland 7.42 26.82 21.64 19.31 35.32 19.65
Urban 0.00 0.04 0.00 0.09 0.02 0.24
Water 1.74 10.29 1.94 13.32 1.01 10.57
Wetland 4.41 10.04 8.84 7.93 10.18 5.75

clear-cut and 20-year burn, which had low relative
variable importance (0.36 and 0.27, respectively). In
Gaff Topsails, the relative importance of < and >10-
year clear-cut and 10-year burn was one and equalled
the grouped importance of remaining available cover
types barring 20-year burn, which had slightly lower
relative variable importance (0.82).

Clear-cuts and burns were mostly good predictors
of use across herds, although their estimated influ-
ence on selection varied. In Middle Ridge, females
appeared to select most strongly for 20-year burn
compared to other cover types evaluated. In Pot Hill,
females appeared to select most strongly for <10-
year clear-cuts compared to other cover types, includ-
ing burn and older age clear-cuts. In Gaff Topsails,
females appeared to select more strongly for 10-year
burn compared to both classes of clear-cuts and
20-year burn.

Residual normality and model fit

Quantile plots indicated that the assumption of nor-
mality for the random intercept had been met in the
Middle Ridge and Gaff Topsails analyses. The individ-
ual intercepts in the Pot Hill model were all equal such
that the residuals were zero. The Middle Ridge model
had the best fit (> = 0.48), followed by Gaff Topsails
(r? = 0.20) and Pot Hill models (+* = 0.18).

Discussion
The selection of clear-cuts and burns by females
during the calving season varied across Caribou

herds. In Middle Ridge, where females had shifted
away from clear-cuts prior to our study, use of clear-
cuts appeared nonexistent, while females appeared
to select exclusively for a 20-year burn (clear-cuts
and 10-year burn were not evaluated in our models
because these cover types did not occur on the calv-
ing grounds although they occurred within the sea-
sonal range). In Pot Hill, <10-year clear-cuts had the
strongest selection compared to other cover types and
>10-year clear-cuts were avoided along with 20-year
burn. Females in Gaff Topsails appeared to select for
both clear-cut classes and females showed even stron-
ger selection for 10-year burn, which was not used in
Middle Ridge although availability was comparable.
‘We caution that a direct comparison of selection coef-
ficients for all available cover types across herds can
be misleading given differences in availability, which
largely influence estimated effects with respect to rel-
ative use and can lead to changes in habitat use that
reflect a direct or indirect functional response (Mys-
terud and Ims 1998; Holbrook et al. 2019).
Clear-cuts and burns are associated with increased
predation risk because early succession growth pro-
vides quality forage that attracts omnivores, her-
bivorous prey species, and consequently specialist
predators (Mahoney and Virgl 2003; Wittmer et al.
2007; Brodeur e al. 2008; Lafontaine et al. 2019).
‘We hypothesized that negative effects associated with
clear-cuts, including higher predation, would cause
females to avoid them, which was not supported by
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FIGURE 4. Relative odds ratios for use of cover types compared to water based on third-order resource selection by female
Caribou (Rangifer tarandus) during the calving season (1 May to 30 June) in Newfoundland, Canada between 2007 and
2010. a. Middle Ridge herd; b. Pot Hill herd; c. Gaff Topsails herd. Relative odds of use were estimated using resource selec-
tion functions. A value of one indicates no effect (i.e., relative odds of use are equal to water).

our findings. We recognize that females may also
trade off risk with foraging opportunities to meet
nutritional demands (Barten e al. 2001; Gustine et
al. 2006; Bastille-Rousseau et al. 2015), a strategy
that could have contributed to differences in selec-
tion of clear-cuts and burns across herds. Our results
provided support for our second hypothesis that burns
could be important to calving female Caribou.
Clear-cut use by Caribou has been documented
by other researchers and Caribou have demon-
strated differing responses with respect to age of
clear-cuts, associated predation risk, wildfire history,

and availability (Courbin et al. 2009; Dussault et al.
2012; Leblond et al. 2016; Lafontaine et al. 2019).
Courbin et al. (2009) indicated that female Caribou
in the Boreal population (Cote-Nord region of Que-
bec, Canada) avoided recent (5 years) and later stage
(5-10 years) clear-cuts in areas where wolf pres-
ence was strong and bear density was low, whereas
Dussault et al. (2012) reported that female Caribou
north of Québec City (Quebec, Canada) selected both
classes during calving, with predation by bears being
the main mortality factor for neonates in clear-cuts
5-20 years old, and no predation by wolves or bears
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detected in <5-year clear-cuts. Perhaps the absence of
wolves in Newfoundland may partially explain the
use of clear-cuts by female Caribou in the Pot Hill
and Gaff Topsails Caribou herds, although predation
by Black Bears was a major source of calf mortality
during the study (Mahoney ef al. 2015).

More recently, Lafontaine et al. (2019) reported
that female Boreal Caribou historically exposed to
frequent wildfires in regions across Quebec were
more likely to avoid clear-cuts than Caribou that
had less evolutionary experience with fire distur-
bance, likely because of their heightened awareness
to predation risk in regenerating habitat. They also
reported that Caribou avoided older burn areas (6-20
years old), regardless of evolutionary experience with
fire, and Caribou with more historical fire exposure
avoided recent burns (0-5 years old), whereas naive
Caribou displayed selection for recent burns. In con-
trast, Skatter ef al. (2017) reported that burned areas
were important Caribou calving habitat in northern
Saskatchewan and that females preferred residual
unburned patches within burns. Skatter ef al. (2017)
concluded that residuals may act as island refuges
and, given that residual unburned habitat patches can
account for up to one-third of the area within a fire
perimeter (DeLong and Kessler 2000; Kachmar and
Sanchez-Azofeifa 2006), burns may provide a variety
of resources that allow for safety and food-security.
We suspect that patchiness in burns may have also
influenced selection for burns among females in New-
foundland. We could not measure historical fire expo-
sure prior to 1980 or the influence of fire on selec-
tion from an evolutionary perspective, but Chubbs
et al. (1993) reported that female Caribou in New-
foundland avoided <5-year burns and Bergerud et
al. (1974) observed females in Newfoundland using
8-year and 40-year burns during the calving season.

Differences in response to clear-cuts and burns
across herds in our study may have contributed to dif-
ferences in calving success. In Pot Hill, where selec-
tion for <10-year clear-cuts by calving females was
strongest, average yearly recruitment was lowest
compared to Gaff Topsails and Middle Ridge, where
10-year and 20-year burn were strongly selected for,
respectively. Bastille-Rousseau ef al. (2015) detected
differences in the level of predation risk calving
females were exposed to while selecting for habitat
across herds in Newfoundland. Their study did not
specifically evaluate clear-cuts and burns, but they
noted that females in Pot Hill differed from all other
herds by favouring open-canopy coniferous forest
(we presume likely included <10-year clear-cuts), and
in so doing were exposed to higher levels of predation
risk compared to other herds. Evidently, vegetation
density in regenerating boreal forest increases in the
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first 10 years after logging, subsequently decreasing
(Archambault e al. 1998), and higher neonate mortal-
ity risk from bear predation is associated with dense
vegetation that likely enables ambush tactics (Rayl
et al. 2018). We speculate that recruitment may have
been higher in herds where females favoured regen-
erating burns over clear-cuts (assuming vegetation
density of regrowth was somewhat similar) because
residual patchiness, likely absent from logging tracts,
can potentially offset predation risk (Skatter et al.
2017), and burns may also lack the road networks of
logging operations that potentially facilitate predator
access (James and Stuart-Smith 2000).

Differences in selection of clear-cuts and burns
across herds in our study, and in other studies, suggest
that there may be situational factors influencing use
of these cover types. The Caribou population in New-
foundland underwent a period of population growth
(1979-1997) followed by a period of decline (2003—
2012), which has been attributed to density-dependent
food competition that resulted in lower adult and calf
nutrition and ultimately higher rates of neonate mor-
tality (Mahoney et al. 2015). If regenerating clear-cuts
and burns offer good quality foraging opportunities,
perhaps female Caribou in Newfoundland were more
likely to select these cover types during the phase of
population decline, when our study occurred. Fur-
thermore, differences in selection of burns and clear-
cuts across herds in our study may have been influ-
enced by relative availability of those cover types.
For example, the higher proportion of 20-year burn to
10-year burn in Middle Ridge, compared to Gaff Top-
sails, may have led to stronger selection for 20-year
burn in Middle Ridge, even though availability of
each class was comparable across ranges. We also
acknowledge that social cues may have influenced
selection. For example, the herd home range in Pot
Hill encompassed much of the 20-year burn in Mid-
dle Ridge, and females in Pot Hill may have displayed
a negative response to 20-year burn partially because
they were distancing themselves from conspecifics in
another herd (Bergerud 1992).

The amount of variance explained by mod-
els for each herd differed, and we suspect that other
habitat components we could not control for (e.g.,
insect harassment, predation pressure, human pres-
ence; Bergerud 1974; James and Stuart-Smith 2000;
Vistnes and Nelleman 2001; Courbin et al. 2009; Leb-
lond et al. 2016) may have contributed to the differ-
ences. Accounting for these variables might have
improved model fit but would not likely change our
conclusions. The low variance associated with ran-
dom intercepts in our models indicated that there was
little variance among individuals within herds, which
is what we would expect among females in the same
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herd, given the social nature of the species. Addition-
ally, we note that strong correlations between covari-
ates generally indicate a lack of independence but,
for indicator variables with more than three catego-
ries, higher multicollinearity can result from a smaller
proportion of observations in the reference category
compared to other categories. In such cases, collin-
earity increases variance estimates but does not affect
mean parameter estimates and can be safely ignored
(Allison 2012; Vanhove 2019).

Caribou population decline is mainly attributed
to anthropogenic disturbance (COSEWIC 2014),
although anthropogenic and natural landscape dis-
turbance are both associated with habitat loss and
increased predation risk (Courtois et al. 2007; Wit-
tmer et al. 2007), and cumulative effects of dis-
turbance have been associated with lower neonate
recruitment (Sorensen et al. 2008; McCarthy et al.
2011). Our study indicated that calving female Car-
ibou on insular Newfoundland responded differently
to two disturbance features, clear-cuts and burns,
whereby two herds showed strong selection for dif-
ferent aged burn classes, apparently favouring them
over clear-cuts, and another herd favoured clear-
cuts over burns. Recruitment was higher in herds
that favoured burns, suggesting that this land cover
type could be more beneficial to calving females in
terms of food-security and safety. We recognize that
other cover types can influence calving success as
well, and may have also contributed to observed dif-
ferences in recruitment. McCarthy et al. (2011), for
example, detected a negative correlation between calf
recruitment and total landscape disturbance (i.e., from
anthropogenic and natural factors including clear-cuts
and fire) within calving and post-calving ranges, but
also detected a negative relationship with total area of
mixed forest. We further acknowledge that our study
occurred during a population decline (associated with
density-dependent regulation), when recruitment
rates were low in general (Weir ez al. 2014; Mahoney
et al. 2015). We submit that differences in recruitment
across herds may be less apparent during years when
the population is less constrained by density-depen-
dent processes.

Nevertheless, the distribution shifts away from
clear-cuts and into a 20-year burn in Middle Ridge
suggest that females may have perceived the burn as
better habitat and begs the question of whether burns
are beneficial to Caribou in terms of fitness, or if both
disturbance features may ultimately act as ecolog-
ical traps (Hale and Swearer 2016). Current projec-
tions indicate that the island-wide Caribou popula-
tion in Newfoundland, unlike the Boreal population,
is not endangered (Randell et al. 2012; Weir et al.
2014), presumably because of lower total landscape
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disturbance within Caribou ranges on the island. But
we submit that negative effects associated with land-
scape disturbance may still have consequences for
local herds. We suspect that spatial shifts, as demon-
strated by females in Middle Ridge, reflect a dynamic
process in an ever-changing landscape in which ani-
mals must make choices that ultimately influence
their survival. As such, we conclude that protecting
areas to ensure adequate resource options for Car-
ibou over space and time may be important for the
future success of the population, but further investi-
gation will also be needed to more closely examine
how anthropogenic versus natural disturbance affects
Caribou fitness. Information from such studies can
guide future management policy on sustainable lev-
els of resource development in the context of Cari-
bou conservation in Newfoundland, and potentially
improve our understanding of important habitat for
calving female Caribou.
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SUPPLEMENTARY MATERIALS:

TaBLE S1. Radio-collar sample sizes and associated location data from Caribou (Rangifer tarandus) in three herds (i.e.,
Middle Ridge, Pot Hill, Gaff Topsails) during the calving season (1 May to 30 June) in Newfoundland, Canada, 1987-1996
and 2007-2010.

TABLE S2. Yearly location data from global positioning system-collars on adult female Caribou (Rangifer tarandus) in three
herds (i.e., Middle Ridge, Pot Hill, Gaff Topsails) during the calving season (1 May to 30 June) in Newfoundland, Canada,
1987-1996 and 2007-2010, used for resource selection modelling.

TABLE S3. Parameter estimates from mixed effects resource selection models analyzing relative use of cover types by adult
female Caribou (Rangifer tarandus) in three herds (i.e., Middle Ridge, Pot Hill, Gaff Topsails) during the calving season (1
May to 30 June) in Newfoundland, Canada, 2007-2010.

TABLE S4. Resource selection model sets evaluating relative use of land cover types by adult female Caribou (Rangifer
tarandus) in three herds (i.e., Middle Ridge, Pot Hill, Gaff Topsails) during the calving season (1 May to 30 June) in
Newfoundland, Canada between 2007-2010.

F1GURE S1. Proportions of used and available cover types estimated from actual and random locations used to analyze hab-
itat use by adult female Caribou (Rangifer tarandus) in three herds (i.e., Middle Ridge, Pot Hill, Gaff Topsails) during the
calving season (1 May to 30 June) in Newfoundland, Canada between 2007-2010.

TABLE S5. Resampled raw data used for resource selection analysis evaluating relative use of land cover types by adult
female Caribou (Rangifer tarandus) in the Middle Ridge herd during the calving season (1 May to 30 June) in Newfoundland,
Canada between 2009-2010.

TABLE S6. Resampled raw data used for resource selection analysis evaluating relative use of land cover types by adult
female Caribou (Rangifer tarandus) in the Pot Hill herd during the calving season (I May to 30 June) in Newfoundland,
Canada between 2007-20009.

TABLE S7. Resampled raw data used for resource selection analysis evaluating relative use of land cover types by adult
female Caribou (Rangifer tarandus) in the Gaff Topsails herd during the calving season (1 May to 30 June) in Newfoundland,
Canada between 2007-20009.
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