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ABSTRACT Mule deer (Odocoileus hemionus hemionus) populations have experienced widespread declines in
much of western North America and alteration or loss of habitat could be contributing to these declines.
Consequently, understanding habitat features that are important to mule deer is necessary for effective
management of the species and their habitat. From 2005–2012 we radio-marked 452 mule deer with global
positioning system collars across 9 distinct winter ranges to evaluate winter habitat use along the east slope of
the Cascade Range in south-central Oregon, USA. Using data from 357 mule deer across 9 analysis areas, we
developed regional habitat use models for mule deer on winter range at 3 spatio-temporal scales: herd range
based on 100% minimum convex polygons around deer locations, home range based on 90% kernel density
estimates of deer locations, and foraging range based on locations obtained within 2 hours of sunrise or sunset
within the boundaries of the home range scale.We assessed habitat use of mule deer using a generalized linear
model with a negative-binomial link function. We validated our models with locations from an independent
dataset of 95 deer that wintered within 8 of our analysis areas. Model validation indicated that regional
models for all spatio-temporal scales predicted probability of use moderately to very well. At all spatio-
temporal scales, predicted use by mule deer was greater in areas with forest canopy cover. These findings call
into question large-scale removal of western juniper (Juniperus occidentalis) in Oregon and other portions of
western United States to enhance habitat for sagebrush-dependent wildlife species. Across all spatio-
temporal scales, we documented increased probability of use of areas farther from roads open to motorized
vehicle use by mule deer, highlighting the importance of limiting motorized vehicle use and access on mule
deer winter range.We also documented increased use of areas with lower snow depth and on moderate slopes
by mule deer. Our models can be used in land management planning to spatially predict mule deer
distribution and probability of use under alternative management scenarios that affect forest canopy cover or
motorized vehicle use on roads while accounting for other physical features of the landscape. Additionally,
our models can be used to develop juniper removal projects to mitigate effects on mule deer winter range
habitat while benefiting other wildlife. � 2018 The Wildlife Society.

KEY WORDS habitat use, juniper, Juniperus occidentalis, mule deer, multiscale, Odocoileus hemionus, Oregon, roads,
winter range.

Mule deer (Odocoileus hemionus hemionus) populations
throughout the western United States have experienced

decades-long population fluctuations over the past century
(Wallmo 1981, Unsworth et al. 1999), including populations
in Oregon (Cliff 1939, Ebert 1976, Salwasser 1979, Peek
et al. 2002). Mule deer populations in Oregon peaked at
approximately 575,000 in the 1960s (Workman and Low
1976) and declined to nearly 230,000 by early 2015 (Oregon
Department of Fish and Wildlife [ODFW] 2003; ODFW,
unpublished data). Several hypotheses have been proposed to
explain population declines of mule deer (Ballard et al. 2001,
Peek et al. 2001, Hurley et al. 2011, Shallow et al. 2015,
Johnson et al. 2017). One compelling argument is that
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increased forest canopy cover due to wildfire suppression and
declining timber harvest has reduced available forage
resources for mule deer, reducing mule deer nutritional
condition, and concomitantly contributing to population
declines (Peek et al. 2001, 2002). Although effects of reduced
nutritional conditions on summer range may influence
population performance of mule deer, it is unknown whether
changes to forest canopy cover on winter range is beneficial or
detrimental to mule deer. For example, forest canopy cover is
an important habitat component for mule deer during winter
(Leckenby and Adams 1986, D’Eon and Serrouya 2005,
Anderson et al. 2012, Webb et al. 2013, Smith et al. 2015).
In contrast, increased western juniper (Juniperus occidentalis)
encroachment may reduce availability of forage (Rowland
et al. 2011, Witt and Patterson 2011, Bombaci and Pejchar
2016) on winter range and be detrimental to mule deer.
Most mortality of mule deer in northern climates, outside

of hunting, occurs in winter as a result of weather, predation,
or starvation (Wallmo 1981, Ballard et al. 2001, Forrester
and Wittmer 2013). Adult mule deer have adapted to losing
weight in winter (Torbit et al. 1985), but during severe
winters, adult survival declines, and given the high sensitivity
of ungulate population growth to adult survival (Gaillard
et al. 1998) populations also decline (Loveless 1967, Gilbert
et al. 1970, Hurley et al. 2011). This is particularly true if
sufficient winter range habitat is not available (Wallmo 1981,
Bergman et al. 2015). Further, fawn survival has increased in
areas where supplemental forage was provided during winter
(Baker and Hobbs 1985, Bishop et al. 2009), indicating that
a lack of abundant and high quality forage on winter range
could be a factor limiting mule deer population growth.
Consequently, identifying habitat use patterns of mule deer
on winter range is important for identifying habitat features
critical to overwinter survival of mule deer.
In the western United States, most mule deer winter range

occurs on publicly owned land managed by the Bureau of
Land Management (BLM; Cox et al. 2009) or the United
States Forest Service (USFS). For example, in Oregon, BLM
administers 33% of mule deer winter range including >50%
of our study area. Land management activities, including
livestock grazing (Robinette et al. 1952, Willms et al. 1979),
timber harvest (Bergman et al. 2014, Bombaci and Pejchar
2016), energy development (Johnson et al. 2017, Sawyer
et al. 2017), and recreational activities (Wisdom et al. 2004,
Stankowich 2008) could affect mule deer distributions and
population dynamics. Additionally, industrial and residential
development on or near public lands is increasing, resulting
in reduced winter range area and increased disturbance to
deer (Sawyer et al. 2006, Kline et al. 2010, Duncan and
Burcsu 2012). Identifying and protecting important habitat
features of mule deer habitat could mitigate the potential
negative effects of human development on mule deer.
In many parts of the western United States, including

central Oregon, fire suppression activities and disruptions to
historical disturbance regimes has resulted in increased
density of western juniper in shrub-steppe plant communi-
ties, causing declines in understory productivity of shrubs,
grasses, and forbs (Rowland et al. 2011, Bombaci and Pejchar

2016). As a result, intensive harvest of western juniper on
public and private lands has increased to provide habitat for
sagebrush-dependent species, or to enhance conditions for
growth of shrubs, forbs, and grasses that provide nourish-
ment to a wide range of wild and domestic animals (Bombaci
and Pejchar 2016). However, the effects of vegetation
manipulations that reduce forest canopy cover on mule deer
winter range and subsequent effects on habitat use, survival,
and rate of population change is not well understood and in
fact could be detrimental given forest cover may be an
important component of mule deer winter range (Leckenby
and Adams 1986).
Assessments of habitat use can provide robust indictors of

animal distribution in heterogeneous environments and may
be directly linked to animal abundance (Manly et al. 2002,
Boyce et al. 2016). Further, habitat use models may be
extended to a mapping environment and used in spatial
analyses to estimate changes in animal distribution when
habitat conditions change because of environmental or
human perturbations. This will allow land managers to better
understand and predict effects of timber harvest, fuels
treatments, changes in road access and motorized use, or
increased human developments on animal behavior and
distribution. Scale (i.e., extent, timing, and resolution) can
influence inference about ecological patterns and processes
(Wiens 1989, DeCesare et al. 2012) and, consequently,
models developed at several spatio-temporal scales may be
useful for understanding underlying biological phenomenon
and effects of different management applications (Senft et al.
1987, Prokopenko et al. 2017). Consequently, we developed
models at 3 spatio-temporal scales for estimating habitat use
of mule deer on winter range. Our objectives were to identify
habitat features that were related to habitat use on mule deer
winter range at 3 spatio-temporal scales (i.e., herd range,
home range, and foraging scales) to apply at a regional level
and develop predictive maps and models that could be used
by land managers to inform future land management.

STUDY AREA
We conducted our study on 9 winter ranges east of the
crest of the Cascade Range in the high desert region of
south-central Oregon and northern California, USA from
418N–458N and 1208W–1228W (Fig. 1; Table 1) from
2006–2012. Mule deer winter range occurred primarily in
sagebrush steppe in proximity to mid-elevation forests
(Zalunardo 1965, Dealy 1971). These wintering areas
occurred <1,500m elevation where mule deer concentrated
at high densities during mid-winter. Climate in this region
was strongly influenced by an orographic rain-shadow effect
of the Cascade Mountains that restricted moisture from
Pacific storms. Climate was temperate, with hot and dry
summers and cold, wet winters with increased snow
accumulation at higher elevations. On mule deer winter
ranges, during January to March, 2006–2012 mean monthly
minimum temperature was �7.68C to �2.48C and mean
monthly cumulative precipitation was 19.7mm to 92.5mm
(Oregon State University PRISM Climate Group 2012).
Topography of winter ranges is relatively flat with gently
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rolling hills ranging in elevation from 587–2,192m. Other
ungulate species present in our study area included elk
(Cervus canadensis) and small, disjunct populations of
bighorn sheep (Ovis canadensis). Potential predators of mule
deer included cougar (Puma concolor), black bear (Ursus
americanus), coyote (Canis latrans), and bobcat (Lynx rufus).
All mule deer populations in our study were hunted
annually. Authorized hunting was restricted to harvest of
antlered animals through a limited permit system with
hunts occurring annually during a 12-day hunt from
approximately 1–12 October. Hunting of antlerless mule
deer was not authorized during our study. Dominant land
use on public lands in our study area was livestock grazing
during summer with limited timber harvest that primarily
occurred through removal of western juniper for habitat

improvement projects. On private lands, land use was
dominated by livestock grazing and agriculture operations.
Winter ranges consisted of forested and non-forested

ecological systems (Dealy 1971, Leckenby 1978). Forested
ecological types were dominated primarily by western juniper
at lower elevations, and ponderosa pine (Pinus ponderosa),
lodgepole pine (Pinus contorta), and Douglas-fir (Pseudotsuga
menzesii) at higher elevations (U.S. Geological Survey 2001).
Understory vegetation in ponderosa pine–Douglas-fir plant
associations consisted of bitterbrush (Purshia tridentata),
greenleaf manzanita (Arctostaphylus patula), and snowbrush
ceanothus (Ceanothus velutinus); graminoids were dominated
by western needlegrass (Achnatherum occidentale), Ross’s
sedge (Carex rossii), and bottlebrush squirreltail (Elymus
elymoides; Franklin and Dyrness 1973). Non-forested

Figure 1. Study area depicting year-round minimum convex polygon of locations of 452 adult mule deer in south-central Oregon and northern California,
USA, 2006–2012. Hatched lines represent herd range analysis areas used to model mule deer winter habitat use. Solid gray depicts designated mule deer winter
range as defined by the Oregon Department of Fish and Wildlife.
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ecological types were dominated by Inter-Mountain Basin
Big Sagebrush Steppe and Inter-Mountain Basin Big
Sagebrush Shrubland in the north and by Columbia Plateau
Low Sagebrush Steppe and Columbia Plateau Steppe and
Grassland in the south (U.S. Geological Survey 2001). Shrub
species consisted primarily of Wyoming big sagebrush
(Artemisia tridentata wyomingensis), low sagebrush (A. t.
arbuscula), mountain sagebrush (A. t. vasyana), antelope
bitterbrush (Purshia tridentata), gray rabbitbrush (Chrys-
othamnus nauseosus), and yellow rabbitbrush (C. viscidiflorus).

METHODS
In our analysis of mule deer habitat use, we generally followed
the analysis approach of Rowland et al. (2018) used to assess
regional habitat use of elk across multiple study areas. Our
overall objectivewas similar toRowland et al. (2018) in thatwe
were interested in assessing habitat use across multiple study
areas to develop a regional habitat use model for mule deer on
winter range. We used mule deer locations from 9 distinct
winter ranges to model intensity of use in relation to habitat
characteristics using negative-binomial regression (Nielson
and Sawyer 2013), which is considered an analysis of habitat
use. By modeling use as a continuous variable, we considered
habitat use in a probabilistic manner that relies on the relative
amount of time spent by the animals in each sampling unit
(NielsonandSawyer2013).This is different than ananalysis of
habitat selection (Manly et al. 2002), which Lele et al.
(2013:1185) define as “strictly a binary decision, with
outcomes of use or nonuse of a resource unit.” The modeling
approach we used reveals where animals are on the landscape
and the relative amountof time spent by themin each sampling
unit, rather than presence or absence of animals as typically
reported in use-availability studies (Manly et al. 2002,Nielson
and Sawyer 2013).We considered ourmodeling to represent a
population-scale or regional analysis; at this scale, spatial
variation in habitat features should account for differences in
mule deer habitat use (Gaillard et al. 2010). Consequently, our
approach allowed us to make regional inference on mule deer
habitat use that may be useful for landscape-level land
managementplanning,whichwas theultimateobjectiveof our
research.

Mule Deer Capture and Monitoring
From 2005 to 2011, we captured adult female mule deer
during winter from 9 distinct wintering herds within 7
Wildlife Management Units (WMU) using net guns fired
from a helicopter (Jacques et al. 2009). We attempted to
randomly sample animals in proportion to wintering
densities (�1 collar/150 deer) to obtain a representative
sample of the mule deer population in south-central Oregon.
For winter captures, we physically restrained mule deer
during capture and released them following attachment of a
global positioning system (GPS) collar (Coe et al. 2015). We
also captured deer on summer range in a systematic effort to
collar 1 deer/100 km2. For summer captures, we used Clover
traps (Clover 1954) baited with alfalfa to attract deer or we
chemically immobilized deer using darts fired from projectile
guns. We immobilized deer with a combination of Telazol,
xylazine, and ketamine, with Tolazine used as an antagonist
for xylazine (Kreeger et al. 2002). Summer capture methods
differed from winter because deer were widely dispersed in
forested areas during summer making helicopter capture
logistically challenging. During all captures we restrained
deer and blindfolded them to reduce stress; we then ear-
tagged, sexed, and aged deer and collected blood, tissue, and
fecal samples. Wildlife veterinarians from ODFW approved
and supervised capture operations, which followed the
Guidelines of the American Society ofMammalogists for the
use of wild mammals in research (Sikes and Gannon 2011).
We fitted adult deer with GPS collars programmed to

record a location every 4 hours and self-release after 52–72
weeks (Coe et al. 2015). We assessed winter habitat use of
mule deer using locations obtained between 1 January–31
March because this was the time period when deer were non-
migratory and concentrated on winter ranges. We calculated
fix success as the number of GPS locations obtained divided
by the number attempted. Mean fix success for GPS collars 1
January–31March was>93% so we did not adjust for habitat
induced observation bias (Friar et al. 2004) in our assessment
of habitat use by mule deer.

Defining Analysis Areas
Wedefined each distinct wintering population ofmule deer as
an analysis area (n¼ 9; Fig. 1). We calculated the 100%

Table 1. Name of wildlife management unit (WMU), estimated number of mule deer inWMU, name of analysis area, and number of individual radio-collared
adult female mule deer used in model development and model validation to assess habitat use of mule deer on winter range in south-central Oregon, USA,
2006–2012.

WMU Mule deer populationa Analysis area name Radio-collars used in model development Radio-collars used in model validation

Metolius 8,400 Metolius 54 5
Paulina 13,800 North Paulina 27 11

South Paulina 47 13
Wagontire 4,000 Wagontire 30 6
Fort Rock 11,000 Fort Rock 43 8
Silver Lake 9,400 Silver Lake 60 25
Interstate 7,000 East Interstate 32 0

West Interstate 50 15
Klamath 5,000 Klamath 16 12

Total 359b 95

a Oregon Department of Fish and Wildlife, unpublished data.
b Two deer occurred in different winter ranges in different years so total number of deer used in model development was 357.
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minimum convex polygon (MCP) of all locations of all
sampled deer in a distinct winter range to define our 9 analysis
areas.We retained only the portion of theMCP that occurred
within designated winter range as defined by ODFW and we
defined this largest geographical extent as a herd range.Winter
range designated by ODFW delineates areas where most
wintering populations of mule deer concentrate from
December–April while excluding high elevation sites with
increased snow depth and large tracts of lands converted to
agriculture or other human development. We excluded areas
outside of defined winter range from the analysis because we
were interested in assessing habitat use by mule deer within
habitats that were not dominated by human use and where
most of the deer population resides during winter.We did not
exclude private land from our analysis areas if they occurred
within areas designated as winter range by ODFW.
We identified 3 spatio-temporal scales to assess habitat use

of mule deer (Fig. S1, available online in Supporting
Information). Our first spatio-temporal extent was the herd
range, defined as the 100% MCP created from all deer
locations obtained during winter (1 Jan–31 Mar) clipped to
defined winter range boundaries (Fig. S1). Next, we
calculated the 90% bivariate kernel density estimate
(KDE) from all locations of all deer within a herd range
(Fig. S1). We used a 90% KDE to ensure we captured areas
where deer spent most of their time while restricting the
areas infrequently used by wintering deer within their herd
range.We defined each 90%KDE as the home range analysis
area to provide a finer scale spatial extent of habitat use of
mule deer on winter range. Finally, we selected locations
from within the home range analysis area boundaries when
deer were likely to be actively foraging, which we defined as
locations that occurred between 0600–1000 and 1400–1800
(Ager et al. 2003). We defined this spatio-temporal scale as
the foraging range. At all 3 spatio-temporal scales, we
included a buffer of 4 km around each analysis boundary to
ensure we captured the influence of habitat features beyond
the analysis areas for distance-based covariates (e.g., distance
to roads) to which mule deer may respond.

Habitat Variables
We developed an a priori set of 31 landscape characteristics
(i.e., covariates; Table S1, available online in Supporting
Information) that may influence winter habitat use of mule
deer based on existing literature (Leckenby 1978, Peek et al.
2001, D’Eon and Serrouya 2005, Anderson et al. 2012,
Webb et al. 2013) and expert opinion of wildlife managers
within our study areas. Several landscape characteristics (e.g.,
forest canopy cover) had multiple geographic information
system (GIS) data sources available, which increased the
number of potential covariates to consider in our analysis of
winter habitat use by mule deer to 41.We grouped covariates
into 4 categories to predict mule deer winter habitat use:
vegetation, topographic, human disturbance, and weather.
We defined categories to distinguish those variables that
could be influenced by managers (vegetation, human
disturbance) from those that could not (topographic,
weather).

Habitat Use Model Development
We used our 9 individual analysis areas as replicates in
generating a regionalwinter habitat usemodel formule deer in
south-central Oregon at 3 spatio-temporal scales. This
approach is analogous to that of using individual animals as
the primary sampling units when creating a population-level
model for a single study site (Sawyer et al. 2006, Fieberg et al.
2010).We followed the approach ofRowland et al. (2018) and
used a 4-step process to develop regional winter mule deer
habitat use models for all 3 spatio-temporal scales by 1)
measuring covariates within systematically selected circular
sampling units within each analysis area and spatio-temporal
scale, 2) estimating the relative frequency of use in the
sampling units for all collared mule deer within each analysis
area duringwinter, 3)modeling the relative frequency of use as
the response variable in a generalized linear model (GLM)
using a negative-binomial habitat-use model (Nielson and
Sawyer 2013), and 4) averaging coefficients across analysis
areas to generalize habitat relationships and develop a regional
winter habitat use model at each spatio-temporal scale.
After identifying our 9 analysis areas, and defining the

extent of each spatio-temporal scale of analysis, we
randomly selected a starting point and systematically placed
non-overlapping 350-m diameter circular sampling units
within the boundaries of each analysis area (Fig. S1, inset).
The size of the sampling units was large enough to detect
changes in animal movements while providing counts of
animal locations that approximated a negative-binomial
distribution (Nielson and Sawyer 2013). In addition, we
ensured that the size of the sampling units exceeded the
inherent error in GPS locations and covariate layers
considered during modeling (Nielson and Sawyer 2013).
Next, we summarized habitat variables within these circular
sampling units by calculating the point value, mean,
distance to, or proportion within the circle of habitat
variables, creating 41 independent covariates for consider-
ation in model development at all 3 spatio-temporal scales.
We conducted Pearson’s pairwise correlation tests for
multi-collinearity among covariates prior to modeling. If
covariates were highly correlated (i.e., |R|> 0.60), we either
dropped 1 of the 2 related covariates or did not include them in
the same model. When deciding to drop a covariate from
consideration because of multi-collinearity, we retained the
covariate thathadeithermoremanagementutility orwaseasier
to interpret biologically. We also investigated histograms of
covariates to identify substantial differences in distributions of
covariates among analysis areas. These differences could
indicate potential problems in either identifying a common
relationship between mule deer winter habitat use and that
covariate, or applying our final regional model for winter
habitat use across all analysis areas. Thus, if we identified a
marked difference in distributions among analysis areas, we
dropped the covariate from further consideration prior to
modeling. We further analyzed combinations of covariates or
biologically meaningful quadratic relationships within each
covariate category prior to model development.
We used the number of locations observed within each

sampling circle as the dependent variable in a GLM to assess
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habitat use for each analysis area. We used the natural log of
the number of locations obtained from a particular analysis
area as an offset term (McCullagh and Nelder 1989) in the
GLM to estimate probability of use for all radio-collared
deer in an analysis area as a function of a linear combination
of predictor covariates. Inclusion of the offset term scales the
response to ensure modeling of intensity of use (e.g., 0.01,
0.03, . . .) instead of integer counts (e.g., 0, 1, 2, . . .; Nielson
and Sawyer 2013). We used a negative-binomial model
(Nielson and Sawyer 2013) because our dependent variable
was count data and we estimated probability of use for each
analysis area and each spatio-temporal scale as:

ln E ti=totalð Þ½ � ¼ b0 þ b1x1i þ b2x2i . . . þ bpxpi; ð1Þ

where ti is the number of GPS locations from all mule deer
within sampling circle i, total is the total number of locations
for all deer in the analysis area, b0 is an intercept term, b1, b2,
. . ., bp are coefficients to be estimated, x1i, . . . xpi are the
values of p covariates measured in sampling circle i, and E[.]
denotes the predicted probability of use. We conducted our
analysis in R (R version 2.11.1, www.r-project.org, accessed
6 Jul 2017) using the NB2 formulation available in the
MASS contributed package (Venables and Ripley 2002).
Model selection.—We followed the model selection

approach of Rowland et al. (2018), when determining the
best regional model across our 9 analysis areas for each of our
3 spatio-temporal scales (Fig. S2, available online in
Supporting Information). After reducing our list of
candidate covariates for use in model development through
assessing correlations and histograms of covariate distribu-
tions, we fit a univariate model for each covariate with
multiple data sources to determine which data source best
explained habitat use. We then fit univariate models for each
remaining covariate and assessed consistency of estimated
coefficients across analysis areas. We removed covariates
from further consideration when estimated coefficients were
inconsistent at 3 or more analysis areas. This approach
ensured that patterns of habitat use across analysis areas were
not attributable to errors in underlying GIS data layers, or
differences in habitat features among analysis areas, but were
actual differences in habitat use.
We then used a 2-stage information-theoretic approach

(Burnham and Anderson 2002) when developing our final
models. First, after eliminating correlated covariates or
covariates with inconsistent results across analysis areas, we
fit a set of models within each covariate category to
determine which models best explained mule deer habitat
use. We then ranked models by Akaike’s Information
Criterion (AIC) values, where a rank of 1 indicated the
model had the lowest AIC at a particular analysis area. We
then summed ranks of models within each covariate category
across analysis areas to identify the consistently best model
for that category (i.e., the lowest AIC rank). For example, if a
model ranked first in 6 of 9 analysis areas and second in the
other 3 analysis areas, its summed rank would be 12
([6�1]þ [3�2]) and if a second model ranked first in 3 of 9
analysis areas and second in the remaining 6 analysis areas, its

summed rank would be 15 ([3�1]þ [6�2]). In this scenario,
the model with the lower summed rank would be retained for
further model development. Using this approach, rather than
the AIC values, gives equal weight to each data set in
identifying the best model across analysis areas. Further, the
summed ranks allow a qualitative assessment of differences
and similarities across analysis areas. After identifying the
best models within each category, we created all possible
model combinations, excluding interaction terms, using the
best summed rank models from vegetation, human distur-
bance, topographic, and weather categories. We then ranked
this model set using the summed ranks procedure outlined
above to determine our best rankedmodel across all 9 analysis
areas. We retained the best ranked model (i.e., lowest
summed rank) at each spatio-temporal scale for interpreta-
tion and model validation at a regional scale.
After identifying our best ranked model, we estimated

regional habitat use coefficients by calculating the geometric
mean of the coefficients across our 9 analysis areas for each of
our 3 spatio-temporal scales of analysis. Our regional habitat
use models represent relative probability of use because
predictions from the regional model represent geometric
means of analysis area probabilities rather than true
probabilities (Nielson and Sawyer 2013). To estimate 95%
confidence intervals for regional coefficients in our habitat
use models, we bootstrapped (Manly 2006) the primary
sampling units (i.e., our 9 analysis areas) 1,000 times and re-
estimated regional model coefficients for each sample. We
used the central 95% of the 1,000 estimates for each
coefficient as the estimated confidence interval in our
regional models. This approach should result in more
conservative estimates than standard confidence limits for
meta-analysis of ecological data (Adams et al. 1997).
The model ranking approach we used allowed us to give

equal weight to each analysis area in developing the final
regional habitat use model. This approach also allowed us to
highlight similarities and differences among analysis areas.
Although each analysis area model represents a measure of
probability of use, the regional model, based on the average
of coefficients from individual analysis areas, represents
relative probability of use; predictions from the regional
models are geometric means of study-area probabilities
rather than true probabilities (Nielson and Sawyer 2013).
Although our approach allowed us to identify the best
candidate model across analysis areas, it did not ensure that
the candidate model contained covariates that had consistent
relationships with mule deer habitat use in each individual
analysis area. This approach is referred to as meta-replication
(Johnson 2002) and allowed us to identify the most
consistent habitat use relationships across our large modeling
area comprised of multiple analysis areas. Further, it allowed
us to report effects that were spatially robust and to estimate
effect size at a higher precision than was possible when
analyzing analysis areas individually (Borenstein et al. 2009).
By combining information from 9 distinct analysis areas, we
created a broader, more robust understanding of mule deer
habitat use during winter and developed a regional inference
space useful for management applications.
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Model validation.—We evaluated predictive performance
of our regional models using an independent sample of
animals (Johnson et al. 2006). We withheld our independent
sample of adult female mule deer (n¼ 95) from model
development and it did not contribute information to
predicted habitat use patterns by mule deer in our 9 analysis
areas. For each spatio-temporal scale of analysis, we used the
best ranked regional model to calculate probability of use for
90-m grid cells in each of our 9 analysis areas. We calculated
predicted use within each grid cell as:

Prk ¼ exp b1X 1 þ . . .þ bpX p

� �
k
; ð2Þ

where Prk was the probability of use at grid cell k, and ß1, . . .
ßp were the estimated global model coefficients, p was the
number of covariates, and X1, . . . Xp were the values of each
covariate at grid cell k. We calculated observed use within
each grid cell as:

Obk ¼ locsk=
X

locsð Þ; ð3Þ

where Obk was the proportion of total locations (locs) at grid
cell k.
For model validation, predicted probability of use for each

cell was normalized across an analysis area to sum to 1, sorted
from 0 to 1, and assigned to 20 equal-area bins. Thus,
prediction bin 1 had the lowest 5% of predicted values on the
grid, and bin 20 had the highest 5%. We calculated a
Spearman rank correlation coefficient (Johnson 2001)
between bin rank and the number of observed mule deer
locations within each bin for our independent sample of mule
deer. We further compared expected (bin rank) with
observed (number of observations from summer-caught
deer) using linear regression (Johnson et al. 2006). A
regression line with an intercept of zero and a slope of 1.0
would indicate that predictions were proportional to
intensity of use. We performed all statistical analyses in R.

RESULTS
We used 193,130 locations from 357 adult female mule deer
to assess habitat use of mule deer on winter range across 3

spatio-temporal scales. Mean herd range size was 932 km2

(range¼ 549–2,017 km2; Table S2, available online in
Supporting Information). Mean home range size was 194
km2 (range¼ 140–623 km2; Table S2). After assessing
histograms of covariate distributions among study areas
and collinearity between covariates, we retained 17 covariates
for consideration in model development (Table S3, available
online in Supporting Information).
We estimated regional winter habitat use models for each

of 9 analysis areas and for each spatio-temporal scale using a
mean of 21,460 (range¼ 11,714–46,878) locations per
analysis area. Estimates of predicted use varied spatially
across our 9 analysis areas and by spatio-temporal scale (Figs.
S3–S11, available online in Supporting Information). Our
best ranked regional model to predict winter habitat use at
the herd range included 6 covariates: distance to forest,
proportion shrubland, snow depth, aspect, slope, and
distance to open roads (Table 2). At the herd range scale,
intensity of use declined as snow depth and distance from
forest increased (Fig. 2). Intensity of use was greatest on
moderate slopes (15–25%) and with increasing distance from
roads open to motorized vehicle access (Fig. 2). We also
observed a decline in intensity of use as proportion of
shrubland increased, and an increase in intensity of use on
north-facing aspects (Fig. 2), but these relationships had
minimal influence on intensity of use by mule deer and 95%
confidence intervals for estimated coefficients overlapped 0.
At the home range scale, our best ranked regional model

included 4 covariates: proportion of area classified as forest,
snow depth, slope, and distance to road open to motorized
vehicle use (Table 3). Intensity of use by mule deer at this
spatial scale was highest when the proportion of forested
area was between 0.50 and 0.70 (Fig. 3). As observed at the
herd range scale, intensity of use was greater at lower snow
depths and moderate slopes (10–30%; Fig. 3). Intensity of
use increased as distance to roads open to motorized vehicle
use increased (Fig. 3), but this relationship was weak and
95% confidence intervals for the estimated coefficient
overlapped 0.
At the foraging range scale, our best ranked regional model

included 4 covariates: proportion of forested area with 1–20%

Table 2. Herd range coefficients for analysis area models of mule deer habitat use during winter in south-central Oregon and northern California, USA, 2006–
2012. Regional estimates are the geometric mean of coefficients from individual analysis areas.

Analysis area Intercept
Distance to
forest (m)

Proportion
shrubland

Proportion
shrubland2

Mean snow
depth (cm)

Mean
cosine
aspect

Slope
(%)

Slope2

(%)

Distance to
open road

(km)

Distance to
open road2

(km)

Metolius �9.327 �0.002 2.919 �1.863 �0.017 0.330 �0.034 0.000 0.518 0.135
North Paulina �8.395 0.000 �2.546 1.340 �0.033 0.410 0.084 �0.002 �0.851 0.082
South Paulina �9.580 �0.001 �0.463 0.348 �0.004 0.331 0.103 �0.004 0.306 0.027
Wagontire �10.942 �0.001 �0.419 1.094 �0.080 0.451 0.180 �0.005 0.487 �0.067
Fort Rock �8.594 �0.003 3.105 �2.849 �0.006 0.057 �0.031 0.001 �0.136 0.035
Silver Lake �8.903 �0.001 �0.634 1.061 �0.005 0.271 0.013 �0.001 0.197 �0.030
East Interstate �10.346 �0.001 2.679 �2.147 �0.007 0.393 0.076 �0.001 1.616 �0.572
West Interstate �10.795 0.000 1.371 �2.559 0.003 �0.080 0.180 �0.007 1.563 �0.365
Klamath �9.371 �0.009 �0.989 0.275 �0.002 �0.683 0.011 �0.000 1.613 �0.412
Regional �9.584 �0.002 0.558 �0.589 �0.017 0.164 0.065 �0.002 0.590 �0.130
Lower 95% CI �0.003 �0.446 �1.485 �0.031 �0.064 0.024 �0.003 0.202 �0.267
Upper 95% CI �0.001 1.599 0.213 �0.005 0.338 0.104 �0.001 1.062 �0.007
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canopy cover, proportion of forested area with >20% canopy
cover, slope, and distance to roads open to motorized vehicle
use (Table 4). At this spatio-temporal scale, intensity of use
was higher in areas with lower tree canopy cover (0–20%;
Fig. 4). In contrast, intensity of use declined in areas with
forest canopy cover >20% (Fig. 4). Although the 95%
confidence interval for the effect of forest canopy cover
>20% did not overlap 0, this effect was relatively weak
compared to other covariates in the model. Similar to the
herd range and home range scales, intensity of use at the
foraging range scale was greatest in areas with moderate
slopes (10–30%) and farther from roads open to motorized
vehicle use (Fig. 4).
We were unable to evaluate predictive performance in the

East Interstate analysis area because the validation data set
did not include any deer that wintered in this area. Mean

Spearman rank correlation coefficients (rs) across analysis
areas were 0.72 for herd range, 0.46 for home range, and 0.47
for foraging range models (Fig. S12a–S12c, Table S4,
available online in Supporting Information). Application of
our regional models to individual analysis areas indicated our
regional models performed better at some analysis areas than
others. At the herd range scale, predicted and observed use
was highly correlated (rs� 0.75) at 5 of 8 analysis areas,
moderately correlated (0.75> rs> 0.50) at 2 analysis areas,
and negatively correlated (rs¼�0.50) at 1 analysis area
(Table S4). At the home range scale, predicted and observed
use was highly correlated (rs� 0.75) at 1 of 8 analysis areas,
moderately correlated (0.75> rs> 0.50) at 2 analysis areas,
and marginally or weakly correlated (rs< 0.50) at the
remaining 5 analysis areas (Table S4). At the foraging
range scale, predicted and observed use was highly correlated

Figure 2. Marginal plots from an analysis of mule deer winter habitat use in south-central Oregon and northern California, USA, 2006–2012. Plots are for the
regional herd range model and show intensity of use in relation to individual model covariates, when all other covariates included in the model are held at their
medians.
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(rs� 0.75) at 1 of 8 analysis areas, moderately correlated
(0.75> rs> 0.50) at 3 analysis areas, and marginally or
weakly correlated (rs< 0.50) at 3 analysis areas, and
negatively correlated at 1 analysis area (Table S4). Across
our 3 spatio-temporal scales of analysis, Wagontire, Silver
Lake, and Klamath had consistently high validation scores,
whereas Metolius, North Paulina, and Fort Rock had the
lowest.

DISCUSSION
Perhaps the primary determinant of distribution of mule deer
during winter is snow depth, with depths >46 cm effectively
precluding use (Gilbert et al. 1970). Our results supported
this conclusion; one of the strongest relationships we
observed in our analysis was decreased use of areas with

increased snow depth in the herd range and home range
models. This pattern of increased use in areas with decreased
snow depth is likely influenced by energy costs and foraging
efficiency. For example, increased snow cover and depth
reduces forage availability and foraging efficiency of
ungulates (Wickstrom et al. 1984). Further, energy
expenditure from locomotion increased in a log-linear
manner with increased snow depth (Parker et al. 1984).
Consequently, it was not surprising that mule deer used areas
with lower snow depth within our analysis areas. We did not
observe a relationship between snow depth and habitat use by
mule deer in our foraging range models. We contend we did
not observe this relationship because patterns of habitat use
at coarser scales (e.g., herd range and foraging range) already
accounted for deer using areas with reduced snow cover.

Table 3. Home range coefficients for analysis areas in models of mule deer habitat use during winter in south-central Oregon and northern California, USA,
2006–2012. Regional estimates are the geometric mean of coefficients from individual analysis areas.

Analysis area Intercept Proportion forest Proportion forest2 Mean snow depth (cm) Slope (%) Slope2 Distance to open road (km)

Metolius �8.110 1.884 �1.610 �0.006 0.007 �0.000 0.251
North Paulina �7.782 1.717 �1.002 �0.014 0.030 0.000 �0.781
Wagontire �9.498 1.566 �1.546 �0.030 0.095 �0.002 0.238
South Paulina �8.347 0.362 �0.472 �0.001 �0.007 0.000 0.136
Fort Rock �7.586 1.633 �1.400 �0.001 �0.018 0.000 �0.163
Silver Lake �8.239 1.826 �1.314 �0.002 �0.034 0.000 �0.054
East Interstate �8.528 2.476 �2.525 0.002 0.064 �0.001 0.188
West Interstate �8.878 0.346 �0.347 0.000 0.160 �0.006 0.352
Klamath �8.398 3.573 �1.817 �0.003 0.006 �0.001 0.097
Regional �8.374 1.709 �1.337 �0.006 0.034 �0.001 0.029
Lower 95% CI 1.255 �1.715 �0.011 0.003 �0.002 �0.154
Upper 95% CI 2.232 �0.997 �0.001 0.067 �0.000 0.185

Figure 3. Marginal plots from an analysis of mule deer winter habitat use in south-central Oregon and northern California, USA, 2006–2012. Plots are for the
regional home range model and show intensity of use in relation to individual model covariates, when all other covariates included in the model are held at their
medians.
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Across our 3 spatio-temporal scales of analysis, we
documented several associations between forest cover and
habitat use by mule deer. Interpretation of these patterns
varied across spatial and temporal scales and likely
highlighted the importance of mule deer balancing the
needs of thermal and hiding cover with foraging opportunity.
At the herd range scale, we documented increased intensity
of use by deer in areas closer to forest cover and at the home
range scale, increased intensity of use was associated with
areas composed of 60–70% forest. We contend this indicates
mule deer were using areas at these spatial scales that allowed
them to seek thermal or hiding cover. In contrast, at the
foraging range scale, we documented increased use of areas

with low forest canopy cover (i.e., 1–20%) and decreased
intensity of use of areas with >20% forest canopy cover.
Areas with lower canopy cover likely had increased forage
because herbaceous understory vegetation decreases substan-
tially where juniper cover is >20% (Miller et al. 2000, Witt
and Patterson 2011). The need for shrubs and associated
vegetation for forage (Leckenby 1977) and tree cover for
thermal and hiding (Leckenby and Adams 1986) necessitates
the use of forested and unforested areas during winter (Kie
et al. 2002). We contend mule deer in our study area
concentrated use in areas that provided sufficient thermal
and hiding cover while also providing foraging opportunities
in areas with relatively low forest canopy cover (<20%).

Table 4. Foraging range coefficients for analysis area models of mule deer habitat use during winter in south-central Oregon and northern California, USA,
2006–2012. Regional estimates are the geometric mean of coefficients from individual analysis areas.

Analysis area Intercept
Proportion canopy cover

1–20%
Proportion canopy

cover >20%
Slope
(%)

Slope2

(%)
Distance to open

road (km)
Distance to open

road2 (km)

Metolius �8.221 0.654 0.007 0.003 �0.000 �0.126 0.198
North Paulina �7.711 0.895 0.565 0.015 �0.000 �0.677 0.004
Wagontire �9.721 0.426 �0.007 0.090 �0.003 0.795 �0.266
South Paulina �8.234 0.106 �0.226 0.005 �0.001 �0.519 0.306
Fort Rock �7.879 0.518 0.197 �0.004 0.000 0.565 �0.334
Silver Lake �8.389 0.879 0.356 �0.020 0.000 �0.145 0.074
East Interstate �8.634 0.630 �0.083 0.064 �0.001 0.887 �0.361
West Interstate �9.823 0.660 0.183 0.170 �0.006 2.295 �0.915
Klamath �9.421 1.944 1.673 0.021 �0.001 2.015 �0.803
Regional �8.670 0.746 0.296 0.038 �0.001 0.566 �0.233
Lower 95% CI 0.517 0.041 0.009 �0.003 0.012 �0.459
Upper 95% CI 1.042 0.618 0.074 �0.000 1.149 �0.001

Figure 4. Marginal plots from an analysis of mule deer winter habitat use in south-central Oregon and northern California, USA, 2006–2012. Plots are for the
regional foraging range model and show intensity of use in relation to individual model covariates, when all other covariates included in the model are held at
their medians.
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Forest cover is an important component of mule deer winter
habitat use throughout the inter-mountain west in Colorado,
Oregon, Washington, British Columbia, and Idaho (Leck-
enby and Adams 1986, Carson and Peek 1987, D’Eon and
Serrouya 2005, Anderson et al. 2012, Smith et al. 2015).
Perhaps the most compelling function of forest cover is that it
provides important energetic benefits formuledeer.Because of
their low ratio of body mass to surface area, mule deer have a
small thermal neutral zone and may have increased needs for
thermal cover, particularly during winter (Raedeke and Taber
1982). Consequently, mule deer in our study likely used forest
cover to regulate body temperature during cold winter
conditions (Leckenby and Adams 1986). Further, forest
canopy intercepts snowfall and influences snow accumulation
patterns so that snowdepth is lower in forested areas (Pomeroy
et al. 1998). Mule deer use areas with forest cover to mediate
effects of snow (Mysterud and Østbye 1999) and this pattern
was present in our study area.
Predation is often a proximate cause of mortality in mule

deer populations (Bleich and Taylor 1998, Ballard et al.
2001, Forrester and Wittmer 2013) and forest cover may be
used by mule deer in an effort to reduce risk of predation
(Mysterud and Østbye 1999). For example, forest cover may
allow increased concealment and escapement from pred-
ators (Bowyer and Bleich 1984, Jedrzejewska et al. 1994).
Consequently, minimization of predation risk may be an
alternative or supplemental explanation to the patterns we
documented of increased use of forest cover by mule deer on
winter range. However, we lacked data on mule deer
predators within our study areas to test this hypothesis, so
we can not explicitly link use of forest cover to reduced
predation risk.
In our analysis areas, western juniper was the primary tree

species and given our associations between mule deer habitat
use and forest cover, juniper is likely an important habitat
feature for mule deer winter range. Western juniper has been
expanding within shrub-steppe communities in Oregon since
1900 (Miller and Rose 1999). In Oregon, juniper removal has
occurred on>165,000 ha from2010–2015 in efforts to benefit
sage-grouse (Centrocercus urophasianus; Natural Resources
Conservation Service 2015, Sage-Grouse Conservation
Partnership 2015) and other sagebrush-dependent species;
however, evidence to support any positive or detrimental
benefits of juniper removal on mule deer habitat use or
demography is lacking. Leckenby (1978) suggested that clear-
cutting juniper on winter range could be detrimental to mule
deer because thermal and hiding cover would be removed.
Increases in juniper cover across mule deer winter range,
however, may have negatively affected forage availability for
mule deer because abundance of shrubs, forbs, and grasses
decline in juniper stands (Miller et al. 2000, Peek et al. 2001).
Past research has indicated that nutritional resources during
winter can influence survival and population dynamics ofmule
deer (BakerandHobbs1985,Bishopetal.2009,Bergmanetal.
2014) and if increases in juniper cover have reduced forage
quantity and quality formule deer, this could have population-
level consequences. Given the lack of knowledge on effects of
juniper treatments on mule deer habitat use and demography,

future research to elucidate effects of juniper removal on mule
deer is warranted.
One of the strongest patterns we observed across all 3 spatio-

temporal analyses was a consistent avoidance of roads open to
motorized vehicle use, which has also been documented in
Wyoming, Colorado, and southeast Alaska (Sawyer et al.
2006, Webb et al. 2013, Northrup et al. 2015, Gilbert et al.
2017). In contrast, in Idaho, where mule deer shared winter
range with elk, mule deer were closer to roads during winter,
whereas elk used areas farther from roads (Stewart et al. 2010).
This pattern likely occurs because of competitive interactions
between the mule deer and elk, where mule deer are displaced
by elk to areas closer to roads (Johnson et al. 2000). In our
analysis areas, noor very fewelk co-occurredwithmule deer on
winter range (ODFW, unpublished data), which allowed us to
establish clearer inference regarding effects of roads open to
motorized vehicle use onmule deerwinter habitat use. Inother
areas, ungulates demonstrated avoidance of roads open to
motorized access and open areas (e.g., meadows, non-forest)
during the day but used areas closer to both at increased
frequencies at night (Ager et al. 2003, Crosmary et al. 2012,
Bonnot et al. 2013, Northrup et al. 2015). Given the
associations we documented between use of forest cover and
habitat use bymule deer, forest covermay be used bymule deer
to minimize the effects of human disturbance in our study
areas. Forest cover allows increased concealment and escape-
ment from human hunting (Kufeld et al. 1988) and
minimization of disturbance from other forms of human
recreation (Wisdom et al. 2004), which aligns with our
findings that mule deer spent less time in areas close to roads
open to motorized vehicle use.
We view our findings of mule deer avoidance of roads open

to motorized vehicle use to be linked to human disturbance,
and not the physical features of the road. The strong
avoidance of roads open to motorized vehicle use, and
associated human disturbance, by ungulates observed in our
study and others (Rowland et al. 2000, Sawyer et al. 2006,
Coe et al. 2011, Webb et al. 2013, Gilbert et al. 2017)
suggests a substantial portion of what may be suitable habitat
may no longer be used (Rogala et al. 2011). In a meta-
analysis of the effects of flight responses of ungulates to
human disturbance, it was found that ungulates, including
mule deer, had a strong avoidance and increased movement
rates in response to human activity, especially for hunted
populations (Stankowich 2008) like our study populations in
south-central Oregon. Consequently, human disturbance
associated with motorized vehicle use on roads may cause
mule deer to increase movement rates, leading to a net
reduction in their energy budget, which could ultimately
have demographic consequences (Robinette et al. 1973,
Bishop et al. 2009, Tollefson et al. 2010). Fortunately, given
that ungulates likely respond to the disturbance associated
with motorized vehicle use of roads and not the road itself,
this situation can be rectified through seasonal or permanent
road closures. Finally, increased densities of roads open to
motorized vehicle use are likely to increase human access and
rates of poaching (Cole et al. 1997). In our study areas,
poaching represented 3.1% of adult female mule deer
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mortality (Mulligan 2015). Population growth rates of
ungulates are highly sensitive to changes in adult female
survival (Gaillard et al. 1998, 2000) and the rate of poaching
observed in our study areas could be contributing to
reductions in population growth rates.
At all 3 of our spatio-temporal analysis scales, we observed a

strong association of mule deer using areas of moderate (10–
30%) slopes and at the herd range scale showed a weak
relationship with increased use on northern aspects.
Prevailing winter winds in our analysis areas were from
the south and deer typically seek shelter from wind when
gusts are>40 km/hour and temperatures<�108C (Loveless
1967, Wood 1988). Topography can effectively serve as
thermal cover for deer by providing a windbreak.Most of our
analysis areas were relatively flat (�x slope across the 9 analysis
areas was 8.4%) and we contend deer increased use on
northern aspects and moderate slopes within our analysis
areas as protection from wind, given the scarcity of
topographic complexity on the landscape.
Our overarching objective was to assess habitat use patterns

of mule deer across multiple analysis areas to document
habitat use patterns on a regional scale. Using this approach,
our regional models were able to accurately predict habitat
use in most analysis areas and we identified several robust
patterns of habitat use of mule deer on winter range that are
informative to managers. Despite the benefits of our
modeling approach, validation results across our 3 spatio-
temporal scales and 9 individual analysis areas were not
perfect. There are several possible reasons for poor validation
results in any particular analysis area: difference in
physiographic characteristics, differences in the proportion
of shrub or other covariates, or small validation sample sizes.
No one reason stands out among these options. The most
likely explanation for low correlation between predicted and
observed use in any of the analysis areas is that predictor
variable(s) important at an individual analysis area scale were
not identified prior to our modeling efforts or were not
included in the regional model. Given the geographic area
and diversity of conditions experienced by mule deer in our
analysis areas, this was not unexpected, and it highlights the
complexity of modeling habitat use patterns for species across
large areas.

MANAGEMENT IMPLICATIONS
We encourage wildlife and land managers to employ
predictive models developed here and other areas in a
GIS to assess effects of proposedmanagement actions such as
timber harvest, juniper removal, or closures of roads open to
motorized vehicle use in mule deer winter range. These
models and models developed elsewhere for mule deer will
allow effective assessment of alternative management
practices such as habitat treatments and changes to
motorized vehicle access to quantify the degree to which
management practices may be beneficial or detrimental.
Our models identified 2 robust patterns of mule deer winter

habitat use that are under direct influence of land managers:
increased use of areas with forest cover and decreased use of
areas with roads open to motorized vehicle access. We

encourage land managers to implement permanent or
seasonal road closures on mule deer winter range to
minimize disturbance and displacement of mule deer. We
also recommend managers attempt to retain forested areas
within mule deer winter ranges to increase use by mule deer.
Based on our results showing an association between forest
cover and winter habitat use by mule deer, habitat
management that benefits species such as sage-grouse
(e.g., widespread juniper removal) have the potential to
reduce use of these areas by mule deer during winter.
Consequently, we recommend managers implement projects
that consider and integrate the needs of multiple species. For
example, where mule deer and sage-grouse co-occur,
mitigation of effects of removal of tree cover to benefit
sage-grouse could occur through strategic planning to
minimize vegetation disturbance in areas that have other
attributes associated with increased probability of use by
mule deer but not of sage-grouse (e.g., moderate slopes).
Consideration of multiple vegetation treatment prescriptions
(e.g., thinning vs. complete juniper removal) will also allow
managers to identify alternative management practices that
mitigate or benefit predicted habitat use by mule deer in
conjunction with balancing the needs of other sagebrush-
dependent species. Although snow depth is a factor outside
the control of wildlife managers, our models could be used to
identify areas that have a high probability of use by mule deer
during winters with heavy snowfall. During these years, mule
deer populations are likely to be nutritionally stressed and
have increased risk of overwinter mortality. Our models can
be used to identify these areas and assign a high level of
protection from future land management changes to ensure
the long-term conservation of mule deer winter range.
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