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Abstract. Across North America, many ungulate species that experienced historic population declines
and range contractions are now broadly distributed across their native ranges after the implementation of
successful restoration programs. The use of translocation continues to serve as an important restoration
tool and is often informed through habitat models used to identify potential translocation areas based on
biotic and abiotic landscape characteristics. Within the context of partially migratory wildlife populations,
resident and migrant population segments can select for varying habitat characteristics, yet these popula-
tion segments are often pooled when building habitat models. We used a large spatial dataset collected
from eight bighorn sheep (Ovis canadensis) populations to build separate winter and summer resource
selection models for migrant and resident animals with the purposes of (1) characterizing differences in
seasonal selection patterns between resident and migrant population segments and (2) generating broad
spatial predictions of bighorn sheep habitat to inform future translocations across western Montana, USA.
Lastly, we used the model to inform two potential management scenarios, first to establish a new popula-
tion in an unoccupied area and second to expand the distribution of existing populations through intra-
mountain translocations. Selection patterns were generally similar among migrants and residents, espe-
cially in winter. Summer selection patterns varied between the two behaviors, with migrants selecting for
higher elevations and residents selecting for lower elevations. Throughout the western Montana prediction
area, bighorn sheep habitat was centered around mountain areas in all seasons. In the first management
scenario, our model predicted that adequate resident and migratory bighorn sheep habitat existed in the
restoration area, thus justifying the use of either resident or migrant source populations in translocation. In
the second management scenario, our model predicted that there was broad potential for translocations
into unoccupied areas adjacent to the current bighorn sheep distribution in western Montana. The
behavior-specific approach to predicting bighorn sheep seasonal habitat captures the specific habitat char-
acteristics of multiple migratory behaviors and may help to inform targeted and effective translocation
programs.
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INTRODUCTION

Across North America, many ungulate species
that experienced historic population declines
and range contractions are now broadly dis-
tributed across their native ranges after the
implementation of successful restoration pro-
grams (Kallman et al. 1987, Picton and Lonner
2008, IUCN/SSC 2013, Batson et al. 2015).
Translocation, the intentional movement of ani-
mals from one area to another, has a long his-
tory in wildlife and fisheries management and is
the foundation of native fauna restoration (Kall-
man et al. 1987, Griffith et al. 1989). The use of
translocation continues to serve as an important
tool in the restoration and augmentation of
native taxa with varied management goals,
including expanding the distribution of sensitive
species (Brewer et al. 2014), increasing genetic
diversity in small populations (Hedrick and
Fredrickson 2010), increasing hunter, angler, and
wildlife viewing opportunities (Kallman et al.
1987), bolstering population dynamics in small
or declining populations (Griffith et al. 1989,
Komers and Curman 2000), or reducing popula-
tion abundance of source populations (Duka
and Masters 2005, Wyoming Game and Fish
Department 2016). Moreover, as climate change
and other anthropogenic stressors continue to
alter existing habitat conditions at a rate that
exceeds the ability of species to change their dis-
tribution, there has been an increase in the use
of translocation to help species track favorable
habitat conditions (Thomas 2011, IUCN/SSC
2013).

Technological advances have provided man-
agers tools to inform translocation programs
and increase the probability of translocation suc-
cess. For example, wildlife researchers and man-
agement practitioners routinely collect location
data from devices on marked individuals to con-
struct habitat models (Boyce and McDonald
1999, Johnson et al. 2006). Such models can
identify covariates that influence habitat selec-
tion and be predicted spatially to generate habi-
tat maps across large landscapes. Within the
context of translocation, habitat selection models
can help to identify unoccupied habitat or possi-
ble translocation sites (Niemuth 2003, Cianfrani
et al. 2010) and are an effective tool to increase

the probability of translocation success (Griffith
et al. 1989, Zeigenfuss et al. 2000).
The broad deployment of animal tracking

devices also has highlighted the diversity of
migratory behaviors both among populations
and among individuals within a single popula-
tion. For example, partial migration in which a
population subset is migratory while the remain-
ing individuals are resident on a shared winter
range is common among migratory wildlife spe-
cies (Chapman et al. 2011). Resident and migrant
population segments can experience demo-
graphic trade-offs stemming from differing range
conditions (Hebblewhite and Merrill 2009, 2011,
Johnson et al. 2013), as well as varying selection
patterns on shared winter ranges (Hebblewhite
and Merrill 2009, Robinson et al. 2010, Barker
et al. 2018). Although inter- and intraspecific dif-
ferences in migration and selection patterns are
being increasingly well described for many spe-
cies (Cagnacci et al. 2011, Sawyer et al. 2016, Bar-
ker et al. 2018, Lowrey et al. 2019, 2020), these
differences are not routinely included in habitat
models used to inform translocation. Rather,
location data from both residents and migrants
are often pooled, resulting in an “average” habi-
tat model that might not describe the more
nuanced habitat characteristics of any single pop-
ulation segment (Lowrey et al. 2019, Spitz et al.
2020).
When selection patterns are strongly divergent

among migratory behaviors, pooling location
data across multiple migratory behaviors can
produce a mismatch in which the models used to
inform translocations do not reflect the migra-
tory behavior of translocated individuals. For
example, habitat models constructed from loca-
tion data collected from migrants may misinform
translocations where residents are used as the
source population. By developing behavior-
specific habitat models (i.e., separate models for
each migratory behavior), managers can (1) eval-
uate possible differences in the habitat require-
ments of multiple migratory behaviors, (2)
predict behavior-specific habitat selection models
across the restoration area, and (3) strategically
target source populations with specific migratory
behaviors that best match the landscape attri-
butes in the areas that are being restored. Addi-
tionally, when a restoration area has favorable
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habitat conditions for multiple migratory behav-
iors, translocations from both resident and
migrant source populations may help to build
diverse migratory portfolios in restored popula-
tions (Lowrey et al. 2020), which can provide a
buffer from the effects of interannual variation in
environmental conditions or perturbations, and
result in more stable populations through time
(Schindler et al. 2015, Gilroy et al. 2016).

We used a large spatial dataset collected from
eight bighorn sheep (Ovis canadensis) popula-
tions across western Montana to build behavior-
specific habitat models with the purpose of char-
acterizing differences in seasonal selection pat-
terns between resident and migrant population
segments and generating broad spatial predic-
tions of bighorn sheep habitat to inform future
translocations. Bighorn sheep are an iconic
mountain ungulate that occur throughout west-
ern North America but have struggled to
rebound to historic numbers despite extensive
translocation and restoration efforts over the last
century (Buechner 1960, Brewer et al. 2014). Big-
horn sheep populations can be resident, migra-
tory, or partially migratory, and previous
translocation efforts have indicated that translo-
cations of migratory animals were more success-
ful than translocations of resident animals
(Singer et al. 2000b). We expected to observe sim-
ilar selection patterns between residents and
migrants when sharing seasonal ranges in winter
but different summer selection patterns specific
to each behavior. Additionally, we expected to
observe unoccupied habitat beyond the current
distribution of bighorn sheep in western Mon-
tana, indicating broad restoration potential.
Lastly, we used the model to inform two poten-
tial management scenarios, one to establish a
new population in an unoccupied area and sec-
ondly to expand the distribution of existing pop-
ulations through intra-mountain translocations
into adjacent, unoccupied areas (Lula et al.
2020).

METHODS

Study area
Our study included eight bighorn sheep popu-

lations that were broadly distributed across
mountainous regions of western Montana Fig.1).
Migratory behaviors of study populations

included elevational migrations in six popula-
tions (Castle Reef, Lost Creek, South Madison,
Spanish Peaks, Stillwater, and the Upper Yellow-
stone) and resident behavior in two populations
(Paradise and Petty Creek, see Lowrey et al. 2020
for additional details). All individuals within
each population expressed the same migratory
behavior (Appendix S1). In general, migrant
populations had low-elevation winter ranges
and high-elevation summer ranges, while resi-
dents remained at low elevations year-round.
Migrant populations consisted of a combination
of restored, augmented, and native management
histories (Lowrey et al. 2019), and the two resi-
dent populations were both restored (MFWP
2013).
All eight study populations were located in

mountainous landscapes characterized by
rugged topography. The populations experi-
enced strong seasonal variation in annual climate
typical of temperate latitudes. Winters were char-
acterized by cold temperatures and moisture
occurring as snow, while summers were charac-
terized by relatively warm temperatures with
snow persisting into the summer months at
higher elevations. Climate varied among the
populations with average annual precipitation
ranging from 597 to 1013 mm and mean temper-
atures for July ranging from 12.3° to 18.9°C and
for January ranging from −8.5° to −3.1°C (PRISM
Climate Group 2016). Vegetation cover types
were diverse across the populations and gener-
ally included alpine and subalpine meadows and
mesic coniferous forests (e.g., subalpine fir [Abies
lasiocarpa] and Engelmann spruce [Picea engel-
mannii]) at higher elevations, mixed coniferous
forests (e.g., Douglas fir [Pseudotsuga menziesii]
and lodgepole pine [Pinus contorta]) at mid-
elevations, and a mosaic of grasslands, shrub-
lands, and agricultural areas at lower elevations.
Across all populations except the Paradise popu-
lation, which was primarily within the Flathead
Indian Reservation, land ownership was pre-
dominantly federal lands managed by the U.S.
Forest Service or National Park Service with pri-
vately owned lands along the valley bottoms.
Potential predators of bighorn sheep present in
all populations included black bears (Ursus amer-
icanus), coyotes (Canis latrans), wolves (C. lupus),
mountain lions (Puma concolor), bobcats (Lynx
rufus), and golden eagles (Aquila chrysaetos).
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Grizzly bears (U. arctos horribilis) were also pre-
sent in all populations except Petty Creek and
Lost Creek. All populations were sympatric with
one or more additional ungulates, including
mule deer (Odocoileus hemionus), white-tailed
deer (O. virginianus), elk (Cervus elaphus), and
mountain goats (Oreamnos americanus). Recent
minimum population counts varied by popula-
tion and ranged between 100 and 325 animals
(Lowrey et al. 2019).

We defined the area for predicting habitat
models as the mountain regions of western Mon-
tana that were within the Western Cordillera
ecoregion designation and ≤500 km2 (Fig.1).
Additionally, we included portions of Yellow-
stone National Park in Wyoming that were occu-
pied by the Upper Yellowstone population. The
prediction area encompassed the historic distri-
bution of bighorn sheep in montane areas of
Montana (Couey 1950, Buechner 1960, Omernik

Fig. 1. The eight study populations used to model migratory and resident female bighorn sheep resource selec-
tion in the montane regions of western Montana, USA, 2012–2018. Migrant populations are shown in green, while
the residents are shown in orange. The study areas were defined using an annual minimum convex polygonwhich
we buffered by 2.5 km. Elevation is represented by the dark gray (low) to light gray (high) gradient.
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and Griffith 2014) and the current distribution of
bighorn sheep in mountain areas of western
Montana (i.e., we excluded the prairie areas of
eastern Montana, see DeVoe et al. 2020).

Data collection
From 2012 to 2018, we used ground darting,

drop nets, and helicopter net gunning to capture
female bighorn sheep, primarily during winter.
Collar model and programming varied among
study populations. Most individuals were fitted
with store-on-board GPS (TGW-4400-2 or TGW-
4400-3; Telonics, Mesa, Arizona, USA) radio col-
lars programmed to record a location at 4-, 5-, or
8-h intervals and release from the animal after 1–
2 yr. A subset of animals was fitted with Iridium
(TGW-4570; Telonics, Mesa, Arizona, USA) or
Globalstar (Lotek LifeCycle and LifeCycle Pro
330) satellite-linked collars programed to record
a location at 12-h intervals. All animals were cap-
tured and handled according to protocols
approved by the Montana State University Insti-
tutional Animal Care and Use Committee (per-
mits 2011–17, 2014–32, 2016–6). Where metrics
were provided by the GPS collar manufacturer,
we censored GPS locations with an HDOP > 10
(D’eon and Delparte 2005) and a horizontal error
>100 m (Lowrey et al. 2019). After censoring, the
mean fix success rate of individual bighorn sheep
was 92% (SD = 17%).

Seasonal periods and resource covariates
We constructed separate winter (24 Novem-

ber–6 May) and summer (7 June–7 October)
resource selection models for the migrant and
resident populations. This approach allowed us
to include season-specific covariates in our mod-
els and compare seasonal patterns in resource
selection between resident and migratory popu-
lations (Johnson et al. 2000). While other meth-
ods are available when comparing habitat
selection models (i.e., latent selection differences;
Latham et al. 2011), creating separate behavior-
season models best accommodated our varied
sample size among the allopatric resident and
migrant populations and also advanced our
goals of generating spatial predictions for each
behavior that could help inform future transloca-
tion. We defined the seasonal periods using
migration parameters estimated from nonlinear
regression modeling of population-mean eleva-
tion profiles of the migrant populations and then
applied the seasonal periods to the resident pop-
ulations (Appendix S2; Bunnefeld et al. 2011,
Spitz et al. 2015).
We used non-collinear combinations of covari-

ates that have been shown to influence bighorn
sheep resource selection across multiple study
populations within the inter-mountain region of
the western United States and Canada Table 1;
Wakelyn 1987, Turner et al. 2004, DeCesare and

Table 1. Covariate descriptions and hypothesized direction of selection for covariates used in modeling migra-
tory and resident female bighorn sheep resource selection in the montane regions of western Montana, USA,
2012–2018.

Covariate Abbreviation Description Form†

Hypothesized
relationship

Migrants Residents
(summer,
winter)

(summer,
winter)

Aspect ASP The inverse cosine of aspect minus 35 degrees. North-
northeast to south-southwest (−1 to 1)

Li pos, neg pos, neg

Canopy cover COV Canopy cover Li neg, neg neg, neg
Distance to
steep terrain

DST Euclidean distance from slopes ≥40 degrees Li neg, neg neg, neg

Elevation ELEV Elevation (m) Sq pos, neg neg, neg
NDVI amplitude NDVIAmp Mean difference between max and baseline NDVI

at start of growing season (May–October of 2012–2018)
Li neg, na neg, na

Slope SLP Slope (degrees) Sq pos, pos pos, pos
Slope variance SLPvar Standard deviation² of SLP Ps pos, pos pos, pos
Snow water
equivalent

SWE Mean Dec–Jan from 2011 to 2014 Li na, neg na, neg

† Li = linear, Sq = quadratic, and Ps = natural log/pseudothreshold.
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Pletscher 2006, Poole et al. 2016, Lowrey et al.
2018, Lula et al. 2020). Terrain covariates
included elevation (ELEV), slope (SLP), and
slope variance (SLPvar) which characterized land-
scape ruggedness and was calculated as the
squared standard deviation of slope within a 300
× 300 m neighborhood (DeVoe et al. 2015, Poole
et al. 2016, Lowrey et al. 2017, 2018). We also
included distance to steep terrain (DST) and
defined steep as slopes ≥40° (DeCesare and
Pletscher 2006, Poole et al. 2016). Although the
definition of steep can be arbitrary (DeVoe et al.
2015), the relatively high slope angle helped to
reduce collinearity with slope (Lowrey et al.
2018). We expected all models to indicate a posi-
tive relationship with moderate or high values of
slope and ruggedness and a negative relation-
ship with distance to steep terrain. We expected
to observe a seasonal response to elevation for
migrants with positive selection in summer and
negative selection in winter and a negative rela-
tionship with elevation for residents in both sea-
sons, resulting from their annual use of relatively
low-elevation areas (Poole et al. 2016, Lowrey
et al. 2018).

Vegetation covariates included canopy cover
(COV) and normalized difference vegetation
index amplitude (NDVIAmp; Table 1). Canopy
cover was sourced from the 2011 National Land
Cover Database (Homer et al. 2015) and repre-
sented areas that bighorn sheep may avoid
because of reduced visibility (Smith et al. 1991,
Johnson and Swift 2000). NDVI amplitude was
derived from 8-d surface reflectance images with
250 m resolution from moderate resolution imag-
ing spectroradiometer (MODIS) Terra satellites
(MODIS product MOD09Q1) and indexed the
mean difference between the max NDVI and the
baseline at the beginning of the growing season
from 2012 to 2018. Although various NDVI met-
rics are commonly included in ungulate habitat
models to represent forage and have shown a
positive relationship for bighorn sheep (Pettorelli
et al. 2007, Hoglander et al. 2015), the relation-
ships are inconsistent. For example, multiple
studies have documented bighorn sheep and
other mountain ungulates avoiding higher NDVI
values (Lowrey et al. 2017, 2018, Lula et al. 2020).
While forage is an important component of big-
horn sheep habitat, the relationship may be
masked by strong selection for steep and rugged

slopes at broad spatial scales, which are charac-
teristically rocky and have relatively low NDVI
values (Lowrey et al. 2017). Following regional
work in the northern Rocky Mountains, we pre-
dicted that both resident and migrant popula-
tions would have a negative relationship with
NDVIAmp in both seasons.
To characterize heat load, we transformed

aspect into a biologically interpretable covariate
by taking the inverse cosine of the angle −35°
(Table 1; ASP; Cushman and Wallin 2002). This
transformation changed the axis from north-
south to north-northeast–south-southwest and
ranged from −1 to 1, respectively. We predicted
both migrant and resident populations would
select for relatively warm aspects in winter and
relatively cool aspects in summer. Lastly, we
used annual accumulated snow water equivalent
(SWE; NOHRSC 2004) from 2012 to 2018 to cal-
culate mean SWE, which served as an index of
winter severity. We predicted both migrant and
resident populations would have a negative rela-
tionship with SWE in winter.
While covariate functional forms were largely

assumed to be linear, we included quadratic
forms of elevation and slope, allowing selection
for these resources to peak at intermediate val-
ues, and a pseudothreshold (natural log) form
for slope variance, allowing selection for rugged
terrain to asymptote at a threshold value (Table
1). These functional forms consistently outper-
form linear forms of the same covariate when
used in bighorn sheep or other mountain ungu-
late habitat models (Gross et al. 2002, DeVoe
et al. 2015, Poole et al. 2016, Lowrey et al. 2017,
2018, Lula et al. 2020).

Statistical framework, model selection, and model
validation
For all models, we employed a used-available

design (i.e., Design II; Manly et al. 2002) where
values associated with individual GPS locations
represented the used set and availability was sam-
pled from pixel values associated with random
locations that were cast using a 1:10 (used:avail-
able) ratio within population annual ranges. The
1:10 ratio ensured a sufficient sample to avoid
numerical integration error and convergence
issues within the mixed-model framework
(Northrup et al. 2013). Annual ranges were
defined using a minimum convex polygon (MCP)
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which we buffered by 2.5 km, the 95% distribu-
tion quantile of all individual daily step lengths
between a single randomly selected location for
each day. We identified individuals nested within
populations as the sample unit and accounted for
the autocorrelation within each group (e.g., popu-
lation and individual) and unbalanced sample
size among groups by specifying a random inter-
cept for each population and individual (Fieberg
et al. 2010, Rayl et al. 2019). We fit generalized lin-
ear mixed-effect models with an inverse link func-
tion and scaled and centered the covariates using
the mean and one standard deviation (Gillies
et al. 2006, Fieberg et al. 2010).

We evaluated aspect, canopy cover, distance to
steep terrain, elevation, slope, and slope variance
in all models and included NDVIAmp in summer
and SWE in winter. When two or more covariates
were collinear (i.e., r > |0.7|), we used an informa-
tion criteria (AIC) to select a single covariate
using univariate models (Burnham and Ander-
son 2002). When fitting univariate models, we
pooled data for residents and migrants within a
season in order to have the same covariate struc-
ture when fitting the full models separately for
each behavior. We validated the final behavior-
specific models using a modified k-fold cross-
validation where k indexed a population rather
than a random data fold (Boyce et al. 2002, Ran-
glack et al. 2017). More specifically, for each
behavior-specific model we used an iterative pro-
cess to withhold the locations for all individuals
in a population, 1 through k, fit an exponential
resource selection function (RSF) with the popu-
lations that were retained, and then predicted the
fitted values for the observations that were with-
held. We then summed the occurrence of used
locations within 10 equal-area RSF bins and eval-
uated the correlation between the frequency of
occurrence and the relative RSF score using the
Spearman’s rank correlation (Boyce et al. 2002).
This approach allowed us to evaluate predictive
performance across populations for each model.

Spatial predictions and validation
To better understand our limitations in pre-

dicting the behavior-specific models across the
montane areas of western Montana, we first eval-
uated the similarities between the covariate con-
ditions within the study area and the prediction
area for both resident and migrant populations

(Appendix S3). Because of the relatively small
sample of resident populations (N = 2) and their
limited distribution, we were unable to spatially
predict the resident seasonal models due to the
narrow distribution of covariate values relative
to the broad prediction area (Appendix S3). For
the seasonal migrant models, we generated pre-
dictions using the exponential RSF:

ŵ xð Þ¼ exp β̂0þ β̂1x1þ β̂2x2þ . . .þ β̂nxn
� �

(1)

where β’s are the coefficients of the effects of the
covariates andXi, on ŵ xð Þ, the relative probability
of selection. Within the prediction area, we
defined our inference space as the areas within
the range of covariate values used in model build-
ing, yet also provide predictions for areas beyond
the range of observed data (Appendix S3). While
the majority of areas outside of the observed data
range were not occupied by bighorn sheep or
generally considered bighorn sheep habitat, we
urge caution in interpreting predictions in areas
characterized by covariate values beyond those
observed in the study areas (Appendix S3).
We performed two independent validations of

our predictions of the seasonal migrant models.
First, because we were unable to spatially pre-
dict the resident seasonal models, we performed
a cross-validation of the winter migrant model
with the resident annual used GPS locations.
This approach allowed us to quantify the corre-
lation between the migrant winter model and
annual resident use. We were specifically inter-
ested in the winter migrant model because of
the potential similarities between migrant selec-
tion patterns during winter and the annual pat-
terns of residents, which often share low-
elevation ranges. Similar to the methods of
Boyce et al. (2002), we extracted the migrant
winter model predictions to resident annual
locations, summed the number of points in each
RSF bin (1–10), and used the Spearman rank
correlation coefficient to assess correlation
between the migrant winter predictions and
annual resident use.
Second, we used seasonal bighorn sheep distri-

bution polygons generated from expert opinion
(Appendix S4) to validate the migrant predic-
tions. More specifically, for each seasonal range
polygon within the prediction area, we summed
the number of each RSF bin (1–10) and used the
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Spearman rank correlation coefficient to assess
the correlation between the frequency of occur-
rence and each RSF bin. Following Boyce et al.
(2002), our expectation was that we would
observe a larger proportion of high bin values in
each polygon if the model performed well. How-
ever, model performance was also influenced by
the accuracy of the generalized distribution poly-
gons, which varied by season. For example, while
winter polygons were often well defined and cov-
ered specific core areas, summer polygons were
broad and encompassed large areas of diverse
landscapes that were suspected summer range
(Appendix S4). Because of the broad and varied
nature of bighorn sheep summer range (Lowrey
et al. 2018), we expected to observe better predic-
tive performance within the relatively confined
winter polygons when compared to summer.

Model management application scenarios
We demonstrated two examples of how the

model predictions could be used to inform big-
horn sheep translocations with the purposes of
(1) establishing a new population within unoc-
cupied historic range and (2) expanding the
distribution of existing populations through
within-mountain range translocations. For the
first example, we focused on the restoration of
bighorn sheep in the Tendoy Mountains in
southwest Montana. After the historic native
population was extirpated, bighorn sheep were
restored with multiple translocations totaling 53
individuals in the mid-1980s. The restored pop-
ulation experienced multiple die-offs associated
with both lungworm and pneumonia, resulting
in poor demographic performance and low suc-
cess of continued translocation efforts (Montana
Fish, Wildlife and Parks 2010). In response, the
state wildlife management agency depopulated
the Tendoy population and plans to restore the
range with animals that are free of respiratory
pathogens. We used the model predictions of
relative habitat quality in the Tendoy Moun-
tains to (1) identify areas with a relatively high
probability of translocation success based on
landscape characteristics and (2) identify the
most appropriate migratory behavior(s) to tar-
get as a source population that best matches
the landscape attributes of the Tendoy Moun-
tains.

The second example explored the potential to
expand current distributions of bighorn sheep
through short-distance translocations from a sin-
gle population to unoccupied, adjacent areas in
the same mountain range. This approach can be
an effective translocation strategy to promote a
broader distribution of bighorn sheep with spa-
tially structured subpopulations that may inter-
act throughout the year but also occupy distinct
seasonal ranges (Bleich et al. 1996, Singer et al.
2000a). These intra-mountain translocations have
reduced risk of introducing novel pathogens or
pathogen strains and have shown positive results
in California and Montana bighorn sheep
restoration programs, but require habitat near or
adjacent to extant populations (Epps et al. 2010,
Montana Fish, Wildlife and Parks 2013). We char-
acterized bighorn sheep habitat, as indexed by
the RSF bin values, adjacent to extant popula-
tions in western Montana by summing the fre-
quency of each RSF bin value within a 15 km
buffer surrounding (but not including) each sea-
sonal polygon. The 15 km distance represented
the 95th quantile of Euclidean distances between
individual seasonal range centroids (Lowrey
et al. 2019) and provided a buffer distance
derived from movement data. In this scenario,
we used the model predictions of relative habitat
quality to (1) evaluate the potential for broad
implementation of intra-mountain translocations
across western Montana and (2) identify and dis-
cuss existing populations that provided exam-
ples of possible restoration scenarios with
abundant habitat adjacent to winter and summer
ranges, abundant habitat adjacent to only the
winter range, or little habitat adjacent to both
seasonal ranges.
We performed data processing and analyses

using the sf (Pebesma 2018), raster (Hijmans
2017), tidyverse (Wickham 2017), and lme4
(Bates et al. 2015) packages in the R environment
for statistical computing (R Core Team 2019).

RESULTS

We monitored 194 female bighorn sheep across
eight study populations with an average of 24
individuals (range = 10–52) in each population.
Individuals were monitored for an average of
488 (SD = 231) d. We obtained a total of 518,748
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GPS locations with an average of 2674 (SD =
1586) locations collected from each individual.

Elevation and SWE were highly collinear in
winter (r = 0.80), with SWE being top ranked
when competing univariate models of the two
covariates (ΔAICc = 63,347.38). The final winter
model for both migrants and residents contained
aspect, canopy cover, distance to steep terrain,
slope, slope variance, and SWE. Collinearity was
not a concern (i.e., r < 0.5) in summer where the
final model for both migrants and residents con-
tained aspect, canopy cover, distance to steep ter-
rain, elevation, slope, slope variance, and
NDVIAmp.

Although there were differences in strength of
selection, specifically in summer, selection pat-
terns were generally similar among migrants and
residents within each season Fig.2). The notable
exception was elevation in summer, where resi-
dents selected for low elevations while migrants
selected for relatively high elevations, as
expected. This was the strongest difference
between the two migratory behaviors and the
only covariate for which migrants and residents
had an opposite direction of selection. The
strength of the negative association with canopy
cover and distance to steep terrain was similar
across both migratory behaviors and seasons. In
winter, both migrants and residents selected for
relatively warm south-southwest aspects, while
the relationship with aspect was negligible to
slightly positive (i.e., selection for cool north-
northwest aspects) for residents and migrants in
summer, respectively. As predicted, we observed
a negative relationship with NDVIAmp for both
migrants and residents, although there was vari-
ation in the strength of avoidance, which was
stronger for residents than for migrants. All
behaviors selected relatively rugged and steep
slopes but varied in the optimal slope angle
which was less steep in winter than in summer
(winter migrants = 48°, winter residents = 42°,
summer migrants = 64°, summer residents = 58°).
Both residents and migrants avoided high SWE
in winter.

The interpolations within the study areas val-
idated well for all models using k-folds cross-
validation. The average Spearman’s rank corre-
lation among the model validations was 0.99
(SD = 0.01) and 0.95 (SD = 0.07) for migrants
and resident in summer, respectively, and 0.97

(SD = 0.02) and 0.99 (SD = 0.002) for migrants
and residents in winter, respectively. Addition-
ally, the winter migrant model was strongly
correlated with resident annual use for both
Petty Creek (r = 0.96) and Paradise (r = 0.70)
populations, with >95% of the used resident
annual locations within the highest ranked
habitat (i.e., bin 10) of the migrant winter
model. There were mixed results when validat-
ing the seasonal migrant predictions with the
general bighorn sheep distribution polygons
(Appendix S4). In winter, we observed strong
correlation with an average Spearman’s rank
correlation coefficient of r = 0.75 (SD = 0.47)
among all winter polygons, and an average of
61% (SD = 33%) of each polygon was associated
with relatively good habitat quality with an
RSF bin value ≥9. In contrast, the summer
model validation was low with an average
Spearman’s rank correlation coefficient of r =
0.52 (SD = 0.49) among all summer polygons,
and an average of 32% (SD = 28%) of each
polygon was associated with relatively good
habitat quality with an RSF bin value ≥9. For
both seasons, there was a wide range of varia-
tion in model performance among the seasonal
polygons (Appendix S4).
Throughout the prediction area, bighorn sheep

habitat was centered around mountainous areas
in all seasons Fig.3). Habitat for migrants in sum-
mer was broadly distributed across rugged and
steep areas at high elevations. Winter migrant
and resident habitat were broadly dispersed
throughout the prediction area at mid- to low
elevations proximal to steep and rugged slopes.

Model management application scenarios
Our predictions within the Tendoy Mountain

restoration area indicated widespread seasonal
habitat with relatively large percentages of pre-
ferred habitat areas associated with high RSF bin
values for both seasons Fig.4). We identified win-
ter ranges within the northern, central, and
southern parts of the restoration area which
could be used as release sites to place animals
into the highest quality habitat. Each of these
potential wintering areas was adjacent to high-
quality summer habitat in the high mountain
areas. Given the broad expanses of seasonal habi-
tat for migrants, sourcing individuals from
migrant populations would be appropriate for
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future translocations. Additionally, because of
the strong correlation between migrant selection
patterns in winter and resident annual use, resi-
dent individuals could also be considered in
future translocation efforts.

Our characterization of bighorn sheep habitat
adjacent to extant populations in western Mon-
tana generally indicated a positive relationship
between the RSF bin values and their relative
abundance surrounding the extant populations
Fig.5). Although the proportion of each bin value
was relatively small and did not exceed 15% on
average for any single bin, there was a larger
proportion of relatively high RSF bin values
within the 15 km buffer surrounding existing
populations, indicating a larger proportion of

preferred habitat areas. Across the extant popu-
lations, many showed potential for intra-
mountain translocations to expand the current
distribution, while for others, this restoration
strategy would not be recommended because
our models predicted little habitat adjacent the
current populations (Appendix S5). For some
populations, over 25% of the area adjacent to
both summer and winter ranges was classified as
bin 10 indicating high restoration potential
through intra-mountain translocations and broad
possibilities for range expansion on both summer
and winter ranges. For example, the summer and
winter range of the Stillwater population and
winter range of the Beartooth WMA population
were embedded within a broad distribution of

Fig. 2. Prediction plots showing the relationship with the exponential resource selection function (�95% CI)
for the seasonal behavior-specific habitat models (summer, red; winter, blue; migrant, solid line; and resident,
dashed line) developed for female bighorn sheep, western Montana, USA, 2012–2018. DST, distance to steep ter-
rain and SWE, snow water equivalent.
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bighorn sheep habitat Fig.6; Appendix S5). For
other populations, for example, Ural Tweed in
northwest Montana, there was relatively little
habitat adjacent to the existing distribution of
animals.

DISCUSSION

We developed habitat models for migratory
and resident bighorn sheep to understand differ-
ences in selection patterns between resident and
migrant population segments and demonstrated
applications for informing future translocation
efforts throughout the montane areas of western
Montana. We observed similar selection patterns
for residents and migrants during the winter per-
iod when animals expressing each of the behav-
iors predominantly used mid- to low-elevation
areas proximal to steep and rugged terrain.
Selection patterns were more variable in summer
with differential selection for elevation. While
residents tended to remain within rugged areas
at relatively low elevations for the summer
months, migrants traveled to high elevations, yet
continued to select steep and rugged areas on
their high-elevation summer ranges. Although
both residents and migrants selected for similar
landscape attributes with respect to terrain, they
were doing so at different elevations. Given the
similarity in winter selection patterns between
the two behaviors, the traditional methods of
aggregating residents and migrants in habitat
model development would likely have produced
similar models as the behavior-specific approach.
However, aggregating residents and migrants in
summer habitat model development would have
obscured the behavior-specific relationship with
elevation and missed the specific habitat charac-
teristics of each migratory behavior (Appendix
S6).

Combining the behavior-specific approach
with a broad GPS dataset, our models provided
several improvements over the existing habitat
models available in Montana. Our models (1)
provide separate summer and winter habitat pre-
dictions, (2) were constructed with a large sam-
ple of GPS locations from collared individuals as
opposed to management data collected from
annual surveys, and (3) were validated using
multiple methods and data sources that span
western Montana. When paired with other

habitat models for bighorn sheep throughout the
state, there is now a state-wide habitat map to
help inform restoration in both mountain and
prairie (DeVoe et al. 2020) regions of Montana.
Additionally, the behavior-specific approach
allows managers to match the migratory behav-
ior of source populations with landscape charac-
teristics of the area being restored. In the Tendoy
Mountain scenario, our models indicated that
both resident and migrant source populations
are appropriate for translocation given the pre-
dicted habitat available. This gives managers
increased versatility in identifying a source pop-
ulation and could potentially allow managers to
introduce both resident and migrant animals to
increase migratory diversity in restored popula-
tions (Lowrey et al. 2020).
As an alternative to starting new populations,

previous work in the Madison Range of south-
west Montana indicated that the availability of
adjacent habitat does not constrain bighorn
sheep restoration (Lula et al. 2020). As a result,
the state wildlife agency has been conducting a
multi-year intra-mountain translocation to assist
the expansion of bighorn sheep northward to
areas identified as habitat but that have
remained unoccupied (Montana Fish, Wildlife
and Parks 2013). By characterizing unoccupied
areas that are adjacent to the known distribution
of bighorn sheep across western Montana, our
work expanded on Lula et al. (2020) in evalu-
ating the potential of habitat to limit bighorn
sheep distributions more broadly across the
state. We observed a larger proportion of pre-
ferred habitat areas, as indexed by the relative
RSF bin values, within the 15 km buffer sur-
rounding many existing populations and sug-
gest there is broad restoration potential
through intra-mountain translocations.
Nonetheless, our intent with this restoration
scenario was to broadly characterize the
potential for implementing the intra-mountain
translocation approach across western Mon-
tana using the RSF values within the 15 km
buffer as a standard index of relative habitat
quality across all populations. As a result, our
interpretations are specific to the areas within
the 15 km buffer of existing populations.
While the buffer approach enabled us to gen-
erally characterize the surrounding landscape,
it may not adequately capture the broader
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Fig. 3. Seasonal resource selection model predictions for migratory bighorn sheep, which in winter also charac-
terizes resident annual use, western Montana, 2012–2018. Resource selection bins are numbered 1–10 (blue–red).
The population annual minimum convex polygons (black) are shown as are the generalized expert opinion big-
horn sheep seasonal ranges (dark gray).
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(Fig. 3. Continued)
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Fig. 4. (A) Summer and winter migrant model predictions in the Tendoy Mountains, southwest Montana,
USA, 2012–2018. Because of the strong correlation between winter selection of migrants and resident annual use,
we interpreted the winter model for both migrants in winter and residents annually. (B) The frequency of occur-
rence of RSF bin values from the seasonal migrant models predicted across the Tendoy Mountains.
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landscape where restorations could occur, for
example, in the Stillwater population example
(Fig. 6). We encourage local working groups
to further evaluate the restoration potential of
these areas beyond the 15 km buffer distance
included in our analysis.

Our work was conducted with both resident
and migrant populations with little variation
among individuals within a population (Appen-
dix S2). Recent work however has highlighted
the diversity of migratory behaviors and that a
single ungulate population can contain residents
as well as short-, mid-, and long-distance
migrants (Cagnacci et al. 2011, Sawyer et al.
2016, Barker et al. 2019, Lowrey et al. 2020).
Moreover, residency, which occurred exclusively
on low elevations in our study populations, can
also occur at high elevations where bighorn
sheep remain at elevations ≥3000 m annually
(Courtemanch et al. 2017, Spitz et al. 2020). The
relative lack of intraspecific migratory diversity
in our study populations likely minimized the
differences in selection between the resident and
migrant behaviors. Expanding from our binary

comparisons between residents and migrants,
the behavior-specific modeling approach we
used can be applied to populations with diverse
migratory portfolios to better understand poten-
tial differences in selection patterns among indi-
viduals with varying migratory behaviors. In
particular, models of high-elevation winter or
resident ranges may help to restore bighorn
sheep into these historic ranges where there is
reduced risk of overlap with domestic livestock
and associated deleterious pathogens (Wyoming
Game and Fish Department 1980, Lowrey et al.
2020).
The purpose of our study was to implement a

behavior-specific approach to developing and
predicting habitat models that could inform
future translocation across western Montana.
While the difference in selection with respect to
elevation for residents and migrants was
expected, the behavior-specific approach pro-
vided a framework for explicitly modeling differ-
ences in selection between the two migratory
behaviors. In our study, incorporating the
behavior-specific relationships resulted in

Fig. 5. Boxplots (and raw data points) summarizing the seasonal distribution of the proportion of each RSF
bin within the 15 km buffer surrounding the general bighorn sheep distribution polygons. The points with a pro-
portion >0.25 are labeled with the population name for reference.

 v www.esajournals.org 15 August 2021 v Volume 12(8) v Article e03687

METHODS, TOOLS, AND TECHNOLOGIES LOWREY ETAL.



models with additional biological relevance and
utility in informing future translocation, for
example, enabling managers to match the migra-
tory behavior of source populations with the
landscape attributes of the area being restored.
Just as generating sex-, age-, or season-specific
models is common practice in wildlife research,
our study extends these principles to generating
models for population components with unique
migratory behaviors where selection patterns
vary among individuals. While evaluating the
need for multiple habitat models for different
migratory behaviors may not always result in
behavior-specific models, such evaluations are

an important aspect of the modeling approach
with broad implications for ecology, conserva-
tion, and management.
Within the broad context of our study, we were

unable to incorporate local factors which can
influence habitat selection behaviors and translo-
cation success. For example, areas with low
predator densities are often prioritized as
translocation sites as predation can negatively
impact translocation success (Rominger et al.
2004, Frair et al. 2007). Although predators can
have important local influences, the dynamics
are complex and often involve additional domes-
tic or wildlife species through apparent

Fig. 6. Seasonal model predictions for three example extant populations in which there was predicted habitat
beyond the winter range (Beartooth WMA), beyond both seasonal ranges (Stillwater), and relatively limited adja-
cent habitat (Ural Tweed). For each population, the top and bottom panels represent winter and summer, respec-
tively. Both winter and summer ranges are shown in all panels but are in bold for the respective season. Note the
different scale for the Ural Tweed population.
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competition (Rominger et al. 2004, Johnson et al.
2013). As a result, the effects of predator popula-
tions and the responses by their ungulate prey
are highly variable (Elbroch and Wittmer 2013)
and unable to be captured in a broad spatial
covariate. The broad nature of our work may
have also missed some of the more nuanced rela-
tionships with NDVI, which are varied for
mountain ungulates regionally (Lowrey et al.
2017). More targeted research on the role of local
landscape features (i.e., geology and canopy
cover) on the NDVI signal would help to better
define bighorn sheep’s association with NDVI
when used as an index of forage.

Disease is an additional important factor to con-
sider in animal translocation (Woodford and Ros-
siter 1994, Singer et al. 2000a). For bighorn sheep,
mitigating the effects of disease often follows a
policy of separating bighorn sheep from domestic
sheep and not translocating bighorn sheep within
a threshold distance of known domestic sheep
allotments or smaller hobby flocks (Singer et al.
2000c, Montana Fish, Wildlife and Parks 2010,
Wild Sheep Working Group 2012, U.S. Forest Ser-
vice 2015). Accurate data on domestic livestock
densities and distribution are not available across
western Montana and in particular for private
lands, where domestic livestock distribution can
be more dynamic. Consequently, we were unable
to evaluate the effect of domestic sheep on habitat
availability throughout the prediction area based
on current separation distance policies. Recogniz-
ing the importance of local knowledge regarding
the distribution of domestic sheep and other fac-
tors which we were unable to incorporate into the
broad analysis (i.e., access, local politics, or public
opinion), our habitat models are intended to serve
as a tool to be used in combination with local
knowledge and resources to guide specific
translocation projects.

Although many species have greatly benefited
from the use of translocations, the successes are
not ubiquitous. Bighorn sheep have struggled to
rebound to historic numbers and distributions
after nearly a century of concerted restoration
effort (Buechner 1960, Gross et al. 2000). The use
of bighorn sheep translocations as a management
tool has been widespread, resulting in nearly 1500
restoration and augmentation efforts and the
translocation of more than 21,500 bighorn sheep
throughout North America (Brewer et al. 2014).

Although these efforts have been foundational in
the historic successes over the last century, alter-
native translocation practices may be needed to
bolster existing bighorn sheep populations and
establish new populations throughout their his-
toric range. More broadly, as climate and anthro-
pogenic disturbance continue to place an
increasing strain onwildlife populations, the need
for translocations will continue to increase (Tho-
mas 2011, IUCN/SSC 2013). The behavior-specific
approach builds from the existing tools, yet pro-
vides enhanced utility in the ability to compare
selection patterns among migratory behaviors of
partially migratory species, evaluate the need for
multiple behavior-specific habitat models, and
match source population migratory behavior
with the landscape attributes of the area being
restored. As the need for translocations increases
across taxa, novel tools and practices will help to
ensure that the efficacy of translocations meets
the growing demand for their implementation.
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