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SPACE USE OF FEMALE ELK (CERVUS CANADENSIS NELSONI)
IN THE BLACK HILLS, SOUTH DAKOTA
Tess M. Gingery1,3, Chadwick P. Lehman1, and Joshua J. Millspaugh2
ABSTRACT.—Following recent elk (Cervus canadensis nelsoni) population declines in South Dakota, we evaluated
space use of elk in response to biotic and abiotic covariates at a regional scale. We built Brownian bridge movement
models to examine summer (parturition date to 31 October) and winter (1 November to following year’s parturition
date) seasonal movements of radio-collared female elk from 2011 to 2013 at 99% home range and 50% core area contour
levels. Our primary objective was to evaluate seasonal movements of female elk in response to drought, vegetation
resources, and road density. Higher road densities and increased amounts of open-canopied vegetation were correlated
with an increase in core area size. Elk inhabiting open-canopied areas may increase their movements in an attempt to
find cover and avoid disturbance factors associated with roads. The high levels of human visitor activity in the Black
Hills and accompanying disturbance of wildlife highlight the importance of management strategies that consider elk
security cover, or lack of cover in open-canopied areas, when devising road management strategies.
RESUMEN.—Evaluamos el uso espacial del alce (Cervus canadensis nelsoni) en respuesta a covariables bióticas y
abióticas a escala regional, luego del reciente declive de la población en Dakota del Sur. Construimos Modelos de Movimiento de Puente Browniano para examinar el desplazamiento estacional, en verano (fecha de parto–31 de octubre) y en
invierno (1ero de noviembre–siguiente año después del parto) del 2011 al 2013, de alces hembra con radio-collares
en 99% del rango local y en 50% del área central. Nuestro objetivo principal fue evaluar los movimientos estacionales de
alces hembra en respuesta a un período de sequía, a recursos de vegetación y a la densidad de caminos. Una mayor
densidad de caminos y un aumento en la vegetación del dosel abierto se correlacionaron con un incremento en el
tamaño del área central. Los alces que habitan en áreas de dosel abierto pueden desplazarse más al buscar refugio y evitar
factores de perturbación asociados a las carreteras. Los niveles altos de actividad humana y el potencial de su perturbación en Black Hills, destacan la importancia del manejo de refugios seguros para los alces, o a la falta de refugios en las
zonas abiertas, al gestionar el manejo de los caminos.

The way a species uses space can indicate
which high-use resources are needed for its
proper conservation at a region-specific level
(Millspaugh 1995). Assessments of home range
size have been used to observe behavioral
responses and adaptability of elk to human
disturbances (Harris et al. 1990, Millspaugh
1999, Benkobi et al. 2005), and can act as a
proxy for evaluating resource conditions such
as forage quality and quantity (Kapfer et al.
2010, Mitchell and Powell 2012, Goldingay
2015). Estimation of home range size can also
aid in the evaluation of population dynamics,
foraging behaviors, and resource distribution
(Harris et al. 1990). Previous models estimating home range size have been scrutinized for
creating biased estimates of space use and for
misidentifying areas of high use (Millspaugh
1999, Mitchell and Powell 2004, Benhamou
and Cornelis 2010, Goldingay 2015). We utilized Brownian bridge movement models

(BBMMs), which are more efficient than other
models when small time intervals between
successive locations are available, to provide a
stochastic model through time and space
(Horne et al. 2007).
Documentation of core areas, areas of
intensive use that likely include optimal shelter
and foraging sites, is a key aspect of home
range studies (Goldingay 2015). Within a
species, large core areas can indicate
depressed local resources, inflated energy
expenditure, and the necessity of enlarging
conservation areas (Benkobi et al. 2005,
Goldingay 2015). Core areas have been
observed to expand in response to roads,
vegetation attributes, and drought (Rumble
and Gamo 2011, Montgomery et al. 2012,
Middleton et al. 2013). However, space use
that is affected by factors such as these can
be influenced by interactions between landscape characteristics (Proffitt et al. 2013). For
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example, a combination of both rugged terrain
and vegetative security cover can be more
effective than vegetative cover alone in encouraging wildlife to use space near roaded areas
(Edge and Marcum 1991, Millspaugh et al.
2000, Rowland et al. 2000, Montgomery et
al. 2012). Further, the spatial distribution of
these resources can influence space use as
wildlife attempt to minimize the distance they
traverse and maximize access to resources
such as food and shelter (Mitchell and Powell
2004, Goldingay 2015).
Elk (Cervus canadensis nelsoni) make space
use decisions in climates, in vegetative communities, and at levels of human disturbance
that are all highly variable (Rumble et al.
2005, Stubblefield et al. 2006, Rumble and
Gamo 2011, Montgomery et al. 2013). Custer
State Park (CSP) in the southern Black Hills
(South Dakota, USA) has 1.6 million annual
visitors, resulting in high levels of disturbance
for a nonmigratory elk population that has
been declining since 2006 (South Dakota
Department of Game, Fish and Parks 2015,
Lehman 2015). The changes in movement patterns and space use that follow anthropogenic
habitat modification can alter biodiversity and
individual fitness (Seebacher and Post 2015).
Previous analyses of space use in CSP elk
were completed when elk populations were
higher than at any time in the past century or
were limited to examination of summer ranges
(Benkobi et al. 2005, Montgomery et al. 2013,
Ranglack et al. 2016). Declining elk populations and increasing numbers of human visitors
to CSP during recent years justify analyzing
current conditions to aid in making effective
resource management decisions.
Our objective was to quantify BBMM 99%
home range and 50% core area contours, and
to model core area size in response to road
density, vegetation attributes, and drought.
We hypothesized (1) that high road densities
would be associated with increased core area
size (Rumble et al. 2005, Montgomery et al.
2013), (2) that open-canopied vegetative
resources would be associated with larger core
area size (Morellet et al. 2013), and (3) that
core area size would be larger during a year of
drought (2012) (Börger et al. 2006).
Our study area was located in the Black
Hills of South Dakota and encompassed both
private and public land in Custer and Pennington Counties, including 286 km2 in Custer
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State Park. Elevations varied from 1108 m to
2208 m. Forested regions were prevalent at
higher elevations and were dominated by ponderosa pine (Pinus ponderosa). Openings in the
forest were created by logging, wildfire, and
infestations of mountain pine beetle (Dendroctonus ponderosae). Lower elevations, especially the southeastern portion of the study
area, were mainly composed of grasslands.
Average annual precipitation for our study
area is 54.69 cm, and during our study average
annual precipitation was 68.58 cm, 36.65 cm,
and 61.29 cm for 2011, 2012, and 2013, respectively. Average annual temperature ranged
from 6 °C to 9 °C across the study area
(National Climatic Data Center 1981–2010).
Road density was 2.1 km/km2 in Custer State
Park (CSP unpublished data) and averaged
3.2 km/km2 in the Black Hills National Forest (T. Mills, Black Hills National Forest,
personal communication).
Female elk were captured during February
2011–2013 by use of tranquilizer dart guns
fired from helicopters. Elk were sedated
using a butorphanol, azaperone, and medetomidine sedation protocol (Mich et al. 2008).
During sedation, elk were blindfolded and
equipped with a Global Positioning System
(GPS) telemetry unit, which included a very
high frequency (VHF) transmitter (Telonics
Inc., Mesa, AZ.; Advanced Telemetry Systems
Inc., Isanti, MN). GPS transmitters were set
to collect satellite waypoints every 1.5–2 h
daily. The South Dakota State University
Research Committee approved all handling,
marking, and monitoring procedures (Animal
Care and Use Committee Approval Number
11-012A). When elk died or when collars
were retrieved at the end of the study, GPS
waypoints were downloaded for home range
analysis. Chronic wasting disease (CWD) was
present in our study area; however, no captured elk appeared affected by CWD and no
CWD-attributed deaths were recorded (Lehman 2015). Female elk movements were
monitored daily via VHF from May to August
in order to determine parturition dates of
marked females.
Home range (99%) and core area (50%)
contours were estimated during summer and
winter periods. Contours of 99% and 50% are
commonly used to assess overall elk home
ranges and core areas respectively for summer and winter ranges in our study system
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TABLE 1. Summary of covariates thought to influence core area size of female elk in the southern Black Hills, South
Dakota, from 2011 to 2013.
Covariates

Description

Year
Open-canopied vegetation
Moderate-canopied forest vegetation
Dense forest vegetation
Roads

Meadows and open-canopied forest with 0%–40% canopy cover (ha)
Forest vegetation with 41%–70% canopy cover (ha)
Forest vegetation with >70% canopy cover (ha) and seedling/shrub (ha)
Road density (km/km2)

TABLE 2. Summary of candidate models used to explain
core area size of female elk during winter and summer in
the southern Black Hills, South Dakota, from 2011 to 2013.
Model
1
2
3
4
5
6
7
8
9
10
11
12
13
aDescriptions

Covariatesa
Year
Open-canopied vegetation
Moderate-canopied forest vegetation
Dense forest vegetation
Roads
Year + Open-canopied vegetation
Year + Moderate-canopied vegetation
Year + Dense forest vegetation
Year + Roads
Open-canopied vegetation + Roads
Moderate-canopied vegetation + Roads
Dense forest vegetation + Roads
Global
of covariates can be found in Table 1.

(Anderson et al. 2005, Benkobi et al. 2005,
Ranglack et al. 2016). We based seasonal time
periods on timing of parturition and also on vegetation conditions. Summer was defined as date
of parturition through 31 October while winter
was defined as 1 November to parturition the
following year. These dates reflect primary plant
growth and dormancy periods, respectively. For
females that were barren or that aborted calves,
we used the median date of parturition for each
year as the start time for the summer season.
Because elk in Custer State Park do not exhibit
seasonal migrations and because much of the
summer and winter home range boundaries
overlap, no further designation of spring/fall
home ranges was necessary (Millspaugh 1995,
Benkobi et al. 2005, Lehman 2015).
We used the BBMM package (Nielson et
al. 2014) in program R (R Version 3.01.0, 2014,
www.R-project.org, accessed 25 April 2015) to
fit a BBMM to observed GPS locations of elk
in space and time. The BBMM package provides an empirical estimate of the movement
path of an animal using location data obtained
at short time intervals (Horne et al. 2007). The
Brownian bridge probability density connecting
each pair of successive locations is an estimate

of the relative time spent in an area during the
time interval between each location. Means,
standard errors, motion variances, satellite
error, and sizes of home ranges and core areas
were estimated for summer and winter home
ranges. ArcGIS 10.2 was used to evaluate the
area of BBMM-generated contours (Esri, Redlands, CA). We compared elk home range size
across years using an analysis of variance and
the “aov()” function in R version 3.1.0 (R Development Core Team 2014) (R Version 3.1.0, 2014,
www.R-project.org/, accessed 14 Mar 2016).
Core area contours were intersected with
the Black Hills National Forest (BHNF) Forest
Service Vegetation (FSVEG) Geographic Information System (GIS) coverage (BHNF unpublished data) and the CSP Land Cover GIS
coverage (CSP unpublished data). Vegetation
communities in GIS coverages were described
using a hierarchical classification based on
vegetation types and structural stages (Buttery
and Gillam 1983). Forested stands were usually
classified as seedling/shrub (<2.54-cm diameter at breast height [DBH] ), sapling/pole
(2.54–22.9 cm DBH), or mature/sawtimber
(>22.9 cm DBH). The sapling/pole and
mature/sawtimber forest stands were further
classified into overstory categories of 0%–40%,
41%–70%, and >70% overstory canopy cover.
Appropriate vegetation structural stages
were updated in GIS coverages for each year.
National Agricultural Imagery Program (NAIP)
imagery data (NAIP 13) were used to add private land polygons. We evaluated core area
size in response to vegetation communities,
road density, and year covariates (Table 1). We
included the following vegetation community
categories in our analysis: (1) open-canopied
vegetation, which included both open-canopied forest (0%–40% overstory canopy cover)
and meadows, (2) moderate-canopied forest
vegetation (41%–70% overstory canopy cover),
and (3) dense forest vegetation, which included forests with >70% overstory canopy
cover and seedling/shrub stands.
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TABLE 3. We report mean and standard error (in parentheses) for number of satellite locations, satellite error, motion
variance, and Brownian bridge movement model (BBMM) home range (99% contour) and core area (50% contour) size
in square kilometers (km2) for both winter and summer seasons. Data were collected in the Black Hills, South Dakota,
from 2011 to 2013.

Year
Winter
2011
2012
2013
Overall
Summer
2011
2012
2013
Overall

n

Satellite
locations

Satellite
error (m)

Motion
variance

99%
Home range
size (km2)

50%
Core area
size (km2)

18
36
35
89

1180.67 (54.28)
1797.75 (105.54)
2636.37 (137.03)
2002.74 (90.86)

23.15 (0.83)
18.07 (2.06)
17.81 (2.07)
18.99 (1.18)

839.63 (203.64)
739.59 (98.3)
615.52 (35.87)
711.03 (45.67)

35.70 (4.06)
40.04 (3.42)
44.76 (5.51)
41.02 (2.67)

3.26 (0.34)
4.21 (0.54)
4.21 (0.5)
4.04 (0.3)

18
35
35
88

1777.94 (71.28)
2002.11 (82.16)
2015.54 (79.42)
1961.60 (47.85)

32.34 (1.95)
21.09 (2.65)
21.76 (2.75)
23.66 (1.61)

1026.70 (112.71)
864.32 (53.48)
991.09 (99.9)
947.9561 (50.02)

44.38 (4.3)
40.17 (2.56)
42.87 (3.91)
42.10 (2.01)

4.99 (0.51)
3.91 (0.36)
5.25 (0.56)
4.67 (0.29)

TABLE 4. Results of model selection for winter and
summer core area sizes in response to covariates of influence in the Black Hills, South Dakota, 2011–2013. Only
models with ∆AICc < 4 are presented.
modela

Winter
Open-canopied
vegetation + Roads
Summer modela
Open-canopied
vegetation + Roads

AICc

∆AICc

K

wi

160.14

0.00

4

1

191.65

0.00

4

1

aCovariates

include open-canopied vegetation = meadows and open-canopied
forest with 0%–40% canopy cover (ha), and roads = road density (km/km2).

Road density was calculated by intersecting
the GIS road coverages with core area contours in ArcGIS. Road density was expressed
as road length (km) within a polygon over the
area of the polygon. Also, year was evaluated
as a variable to discern the effects of drought
because 2012 received 67% of normal precipitation levels, and 2011 (125%) and 2013
(112%) were slightly above normal precipitation levels (National Climatic Data Center
1981–2010).
We used Akaike information criterion (AICc)
adjusted for sample size to evaluate 13 different
candidate models (Burnham and Anderson
2002; Table 2). Candidate models included
underlying variables thought to influence core
area size. We used 3 forms of covariates when
first evaluating univariate models with a
response variable of core area size: linear
form, natural log form, and quadratic form
(Franklin et al. 2000, Lehman et al. 2016). The
linear covariate form indicated the lowest
AICc score in a comparison of all 3 forms;

therefore, we used the linear form when fitting
multivariate models (Franklin et al. 2000).
Vegetative communities, road density, and year
were included in multivariate models as potential factors affecting core area size.
We modeled elk core area size using linear
regression with the “lme()” function in R version 3.1.0 (R Development Core Team 2014).
The data set included several instances
where core areas were evaluated for the same
elk in sequential years, and we accounted for
repeated measures using the linear mixed
effects functions found in the “nlme()” package. We assessed model fit for the best-ranked
model, using a coefficient of determination
(R2) diagnostic, as R2 = 1 − (residual sum of
squares/total sum of squares).
A total of 37 cow elk were included in our
analyses from 2011 to 2013, resulting in a total
of 88 summer home ranges and core areas and
89 winter home ranges and core areas (Table 3).
Home range sizes did not differ by year for
either winter (F2, 86 = 0.82, P = 0.44) or summer periods (F2, 85 = 0.34, P = 0.71; Table 3).
The top-ranked model for both summer and
winter seasonal core area sizes included opencanopied vegetation and road density (Table 4).
Core area size increased with higher amounts of
open-canopied vegetation (t ≥ 25.17, P ≤ 0.01)
and higher road density (t ≥ 11.60, P ≤ 0.01)
in both winter (Fig. 1) and summer (Fig. 2).
Model fit assessments indicated that the topranked model fit our data well during winter
(R2 = 0.96, P < 0.01) and summer (R2 = 0.93,
P < 0.01). Core areas were roughly 12% the
size of the 99% contours for both winter and
summer periods.
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Fig. 1. Response of core area size (km2) as a function of open-canopied vegetation (ha of meadows and forest 0%–40%
canopy cover) (panel a), and roads (km/km2) (panel b) from our best-ranked model during winter (1 November to date
of parturition subsequent year) in the Black Hills, 2011–2013.

A small percentage of CSP elk home ranges
were being utilized as core areas holding the
majority of resources needed to fill the basic
life requirements (Millspaugh 1995, Goldingay 2015). Both open-canopied vegetation communities and high road densities may explain
the differences that we observed in overall
space use by elk. Increased space use in opencanopied vegetation communities should be
expected as elk travel from optimal foraging
sites in open-canopied areas to ranges of
increased security cover (Thomas et al. 1979).
As hypothesized, both road densities and
open-canopied vegetative resources were

associated with an increase in core area size
(Rumble et al. 2005, Montgomery et al. 2013).
Negative effects of road networks on wildlife
are widespread and can result in fragmented
habitat, dispersal barriers, and increased
human–wildlife interactions (Rowland et al.
2000, Dyer et al. 2001, Frair et al. 2008,
Montgomery et al. 2013). Elk frequently select
areas devoid of roads (Rowland et al. 2000,
Benkobi et al. 2005), and altered ranges and
movement patterns are common following
human disturbance associated with roads in
many ungulates (Rowland et al. 2000, Proffitt et
al. 2013, Johnson and Russell 2014). Resources
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Fig. 2. Response of core area size (km2) as a function of open-canopied vegetation (ha of meadows and forest 0%–40%
canopy cover) (panel a), and roads (km/km2) (panel b) from our best-ranked model during summer (date of parturition to
31 October) in the Black Hills, 2011–2013.

such as rugged terrain and vegetative cover can
reduce the effects of road-related disturbances
(Edge and Marcum 1991, Hillis et al. 1991,
Millspaugh et al. 2000, Rowland et al. 2000,
Webb et al. 2011, Montgomery et al. 2012),
yet use of these resources can vary given
their proximity to road networks (Blan and
West 1997, Millspaugh et al. 2001, Rumble et
al. 2005, Stubblefield et al. 2006, Sawyer et al.
2007, Montgomery et al. 2013). Environments
devoid of roads are almost nonexistent in CSP,
with no portion of elk home range habitats
(>50th use contour) existing >1 km from at
least a tertiary road (Montgomery et al. 2012).

Providing security cover for elk and an 800-m
buffer of forest vegetation along roads as recommended by Hillis et al. (1991) could increase
elk use of spaces near roads if vegetative cover
were adequate (Montgomery et al. 2012).
Vegetative quantity and quality have been
cited as primary factors determining space
use requirements in ungulates (Christianson
and Creel 2007, Esparza-Carlos et al. 2011,
Morellet et al. 2013). Inherent in the home
range theory is that an animal’s life requisites
are met by the resources available within its
home range (Mitchell and Powell 2012), and
life requisites are heavily prevalent in core
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areas (Millspaugh 1995). Elk strongly select
for vegetation communities with greater herbaceous vegetation, such as open-canopied pine
or aspen communities and grasslands, but
avoid vegetation communities with high canopy
cover, which provide less understory herbaceous vegetation (Rumble et al. 2007, Rumble
and Gamo 2011). While open-canopied vegetation communities can produce high-quality
foraging, open environments can lack security
cover and protection from predation, harsh
weather, and thermal radiation (Skovlin et al.
2002), which should be noted as a cost in
optimal foraging theory described by Cook
(2002) and Mitchell and Powell (2004, 2012).
Elk utilizing open-canopied communities
might increase the size of their core areas to
compensate for the depression in security cover
resources (Mitchell and Powell 2004, Anderson
et al. 2005). Inflated core areas can result in
increased energy expenditure and increased
potential of human–wildlife conflicts, and indicate a need for comparatively large conservation areas (Benkobi et al. 2005). Ecotones contrasting open-canopied vegetation communities
with higher canopy cover are potentially highuse areas and result in (1) smaller home ranges
due to optimal foraging opportunities and (2)
lower energy expenditures to access security
cover (Skovlin et al. 2002, Anderson et al.
2005). Use of vegetative cover as a disturbance
buffer, especially along roads located near
open-canopied areas, could be advantageous.
Despite a period of drought in 2012, our
study found no difference in core area size
among years. Vegetation communities, space
use, and wildlife population densities can be
modified by drought (Wang et al. 2002, Rivrud
et al. 2010, Grovenburg et al. 2011). Cases of
altered space use during or immediately following drought have been documented in elk
(Singer et al. 1989), bighorn sheep (Ovis canadensis; Cain et al. 2008), mule deer (Odocoileus hemionus; Esparza-Carlos et al. 2011),
and white-tailed deer (Odocoileus virginianus;
Grovenburg et al. 2011). The number of investigations citing climate as a variable responsible for altering wildlife space use and movement is growing rapidly (Mysterud 1999,
Singh et al. 2012, Seebacher and Post 2015).
Future evaluation of long-term drought effects
could be beneficial in light of the predicted
worsening of droughts over the 21st century
(Duncan et al. 2012).
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Climate, vegetative resources, and anthropogenic disturbance can influence wildlife
space utilization and movement patterns, resulting in altered individual fitness (Morellet et
al. 2013, Seebacher and Post 2015). Elk inhabiting open-canopied areas may increase their
movements and home ranges in an attempt to
find cover and avoid disturbance associated
with roads. Implementing management strategies which mitigate human disturbance is
especially important for areas with high road
densities, as occurs in Custer State Park and
the Black Hills, to reduce the likelihood of
inflated core areas. We suggest that management provide forest vegetation buffers next to
roads while also providing open-canopied forage resources to enhance optimal foraging
opportunities and provide adequate security
cover resources. Closing roads or limiting
human disturbance in areas with optimal foraging resources may also enhance elk habitat.
ACKNOWLEDGMENTS
Field support was provided by S.R. Lindsey, J.J. Kragel, A.N. Coleman, K.D. Kaskie,
N.D. Markl, L.E. Schmitz, M.N. Lenny, G.S.
Brundige, D.T. Fogarty, and K.W. Knudsen.
B.A. Bancroft and M.S. Weeg reviewed drafts
of this manuscript. Additional field assistance
and technical support was provided by The
U.S. Forest Service Rocky Mountain Research
Station and the University of Missouri. Funding for this research was provided by the
Rocky Mountain Elk Foundation and the
South Dakota Department of Game, Fish and
Parks, Federal Aid to Wildlife Restoration
Fund (Project W-75-R-53, No. 7544).
LITERATURE CITED
ANDERSON, D.P., J.D. FORESTER, M.G. TURNER, J.L.
FRAIR, E.H. MERRILL, D. FORTIN, J.S. MAO, AND
M.S. BOYCE. 2005. Factors influencing female home
range sizes in elk (Cervus elaphus) in North American
landscapes. Landscape Ecology 20:257–271.
BENHAMOU, S., AND D. CORNELIS. 2010. Incorporating
movement behavior and barriers to improve kernel
home range space use estimates. Journal of Wildlife
Management 74:1353–1360.
BENKOBI, L., M.A. RUMBLE, C.H. STUBBLEFIELD, R.S.
GAMO, AND J.J. MILLSPAUGH. 2005. Seasonal migration and home ranges of female elk in the Black
Hills of South Dakota and Wyoming. Prairie Naturalist 37:151–166.
BLAN, L., AND E. WEST. 1997. GIS modeling of elk calving habitat in a prairie environment with statistics.

2017]

NOTES

Photogrammetric Engineering and Remote Sensing
63:161–167.
BÖRGER, L., N. FRANCONI, F. FERRETTI, F. MESCHI, G. DE
MICHELE, A. GANTZ, AND T. COULSON. 2006. An
integrated approach to identify spatiotemporal and
individual-level determinants of animal home range
size. American Naturalist 168:471–485.
BURNHAM, K.P., AND D.R. ANDERSON. 2002. Model selection
and multimodel inference: a practical informationtheoretic approach. 2nd edition. Springer-Verlag, New
York, NY.
BUTTERY, R.F., AND B.C. GILLAM. 1983. Forested ecosystems. Pages 43–71 in R.L. Hoover and D.L. Wills,
editors, Managing forested lands for wildlife. Colorado Division of Wildlife and U.S. Forest Service,
Rocky Mountain Region, Denver, CO.
CAIN, J.W., III, P.R. KRAUSMAN, J.R. MORGART, B.D.
JANSEN, AND M.P. PEPPER. 2008. Responses of desert
bighorn sheep to removal of water sources. Wildlife
Monographs 171:1–32.
CHRISTIANSON, D.A., AND S. CREEL. 2007. A review of
environmental factors affecting elk winter diets.
Journal of Wildlife Management 71:164–176.
COOK, J.G. 2002. Nutrition and food. Pages 259–349 in
D.E. Toweilli and J.W. Thomas, editors, Elk of North
America—ecology and management. Stackpole
Books, Harrisburg, PA.
DUNCAN, C., A.L.M. CHAUVENET, L.M. MCRAE, AND N.
PETTORELLI. 2012. Predicting the future impact of
droughts on ungulate populations in arid and semiarid environments. PLOS ONE 7(12):e51490.
DYER, S.J., J.P. O’NEILL, S.M. WASEL, AND S. BOUTIN. 2001.
Avoidance of industrial development by woodland
caribou. Journal of Wildlife Management 65:531–542.
EDGE, W.D., AND C.L. MARCUM. 1991. Topography ameliorates the effects of roads and human disturbance
on elk. Pages 132–137 in A.G. Christensen, L.J. Lyon,
and T.N. Lonner, editors, Proceedings of a symposium on elk vulnerability. Montana State University,
Bozeman, MT.
ESPARZA-CARLOS, J.P., J.W. LAUNDRE, AND V.J. SOSA. 2011.
Precipitation impacts on mule deer habitat use in
the Chihuahuan Desert of Mexico. Journal of Arid
Environments 75:1008–1015.
FRAIR, J.L., E.H. MERRILL, H.L. BEYER, AND J.M. MORALES.
2008. Thresholds in landscape connectivity and
mortality risks in response to growing road networks. Journal of Applied Ecology 45:1504–1513.
FRANKLIN, A.B., D.R. ANDERSON, R.J. GUTIÉRREZ, AND
K.P. BURNHAM. 2000. Climate, habitat quality, and
fitness in Northern Spotted Owl populations in
northwestern California. Ecological Monographs
70:539–590.
GOLDINGAY, R.L. 2015. A review of home-range studies on
Australian terrestrial vertebrates: adequacy of studies,
testing of hypotheses, and relevance to conservation
and international studies. Australian Journal of Zoology 63:136–146.
GROVENBURG, T.W., C.N. JACQUES, R.W. KLAVER, AND
J.A. JENKS. 2011. Drought effect on selection of
Conservation Reserve Program grasslands by whitetailed deer on the Northern Great Plains. American
Midland Naturalist 166:147–162.
HARRIS, S., W.J. CRESSWELL, P.G. FORDE, W.J. TREWHELLA,
T. WOOLLARD, AND S. WRAY. 1990. Home-range
analysis using radio-tracking data—a review of

109

problems and techniques particularly as applied to
the study of mammals. Mammal Review 20:97–123.
HILLIS, J.M., M.J. THOMPSON, J.E. CANFIELD, L.J. LYON,
C.L. MARCUM, P.M. DOLAN, AND D.W. MCCLEEREY.
1991. Defining elk security: the Hillis paradigm.
Pages 38–43 in A.G. Christensen, L.J. Lyon, and T.N.
Lonner, editors, Proceedings of a symposium on elk
vulnerability, Bozeman, MT.
HORNE, J.S., E.O. GARTON, S.M. KRONE, AND J.S. LEWIS.
2007. Analyzing animal movements using Brownian
bridges. Ecology 88:2354–2363.
JOHNSON, C.J., AND D.E. RUSSELL. 2014. Long-term distribution response of a migratory caribou herd to human
disturbance. Biological Conservation 177:52–63.
KAPFER, J.M., C.W. PEKAR, D.M. REINEKE, J.R. COGGINS,
AND R. HAY. 2010. Modeling the relationship between
habit preferences and home-range size: a case study
on a large colubrid snake from North America. Journal of Zoology 282:13–20.
LEHMAN, C.P. 2015. Evaluation of elk movement, nutritional condition, pregnancy rates, and calf survival in
the southern Black Hills of South Dakota. Division
Report Number 2015-04, South Dakota Department
of Game, Fish and Parks, Pierre, SD.
LEHMAN, C.P., M.A. RUMBLE, C.T. ROTA, B.J. BIRD, D.T.
FOGARTY, AND J.J. MILLSPAUGH. 2016. Elk resource
selection at parturition sites in the Black Hills, South
Dakota. Journal of Wildlife Management 80:465–478.
MICH, P.M., L.L. WOLFE, T.M. SIROCHMAN, M.A.
SIROCHMAN, T.R. DAVIS, W.R. LANCE, AND M.W.
MILLER. 2008. Evaluation of intramuscular butorphanol, azaperone, and medetomidine and nasal
oxygen insufflation for the chemical immobilization
of white-tailed deer, Odocoileus virginianus. Journal
of Zoo and Wildlife Medicine 39:480–487.
MIDDLETON, A.D., M.J. KAUFFMAN, D.E. MCWHIRTER,
J.G. COOK, R.C. COOK, A.A. NELSON, M.D. JIMENEZ,
AND R.W. KLAVER. 2013. Animal migration amid
shifting patterns of phenology and predation: lessons
from a Yellowstone elk herd. Ecology 94:1245–1256.
MILLSPAUGH, J.J. 1995. Seasonal movements, habitat use
patterns and the effects of human disturbances on
elk in Custer State Park, SD. Master’s thesis, South
Dakota State University, Brookings, SD.
MILLSPAUGH, J.J. 1999. Behavioral and physiological
responses of elk to human disturbances in the southern Black Hills, South Dakota. Doctoral dissertation,
University of Washington, Seattle, WA.
MILLSPAUGH, J.J., G.C. BRUNDIGE, R.A. GITZEN, AND K.J.
RAEDEKE. 2000. Elk and hunter space-use sharing in
South Dakota. Journal of Wildlife Management
64:994–1003.
MILLSPAUGH, J.J., R.J. WOODS, K.E. HUNT, K.J. RAEDEKE,
G.C. BRUNDIGE, B.E. WASHBURN, AND S.K. WASSER.
2001. Fecal glucocorticoid assays and the physiological stress response in elk. Wildlife Society Bulletin
29:899–907.
MITCHELL, M.S., AND R.A. POWELL. 2004. A mechanistic
home range model for optimal use of spatially distributed resources. Ecological Modelling 177:209–232.
MITCHELL, M.S., AND R.A. POWELL. 2012. Foraging optimally for home ranges. Journal of Mammalogy 93:
917–928.
MONTGOMERY, R.A., G.J. ROLOFF, AND J.J. MILLSPAUGH.
2012. Importance of visibility when evaluating animal response to roads. Wildlife Biology18:393–405.

110

WESTERN NORTH AMERICAN NATURALIST

MONTGOMERY, R.A., G.J. ROLOFF, AND J.J. MILLSPAUGH.
2013. Variation in elk response to roads by season,
sex, and road type. Journal of Wildlife Management
77:313–325.
MORELLET, N., C. BONENFANT, L. BORGER, F. OSSI, F.
CAGNACCI, M. HEURICH, P. KJELLANDER, J.D.C. LINNELL, S. NOCOLOSO, P. SUSTR, ET AL. 2013. Seasonality,
weather and climate affect home range size in roe
deer across a wide latitudinal gradient within
Europe. Journal of Animal Ecology 82:1326–1339.
MYSTERUD, A. 1999. Seasonal migration pattern and home
range of roe deer (Capreolus capreolus) in an altitudinal gradient in southern Norway. Journal of Zoology 247:479–486.
[NAIP] NATIONAL AGRICULTURAL IMAGERY PROGRAM.
2013. United States Department of Agriculture digital ortho quarter quad tile (DOQQs) geotiff data.
[Accessed 29 May 2015]. http://datagateway.nrcs
.usda.gov
NATIONAL CLIMATIC DATA CENTER. 1981–2010. Local climatological data—daily and monthly precipitation
data. [Accessed 31 March 2015]. http://cdo.ncdc
.noaa.gov
NIELSON, R.M., H. SAWYER, AND T.L. MCDONALD. [2013].
BBMM. Brownian bridge movement model. R package, version 3.0. https://CRAN.R-project.org/package
=BBMM
PROFFITT, K.M., J.A. GUDE, K.L. HAMLIN, AND M.A.
MESSER. 2013. Effects of hunter access and habitat
security on elk habitat selection in landscapes with a
public and private land matrix. Journal of Wildlife
Management 77:514–524.
RANGLACK, D.H., K.M. PROFFITT, J.E. CANFIELD, J.A.
GUDE, J. ROTELLA, AND R.A. GARROTT. 2016. Evaluating elk summer resource selection and applications
to summer range habitat management. Technical
Report. http://dx.doi.org/10.13140/RG.2.1.4262.2966
R DEVELOPMENT CORE TEAM. 2014. R: a language and
environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria.
RIVRUD, I.M., L.E. LOE, AND A. MYSTERUD. 2010. How
does local weather predict red deer home range size
at different temporal scales? Journal of Animal Ecology 79:1280–1295.
ROWLAND, M.M., M.J. WISDOM, B.K. JOHNSON, AND J.G.
KIE. 2000. Elk distribution and modeling in relation to roads. Journal of Wildlife Management
64:672–684.
RUMBLE, M.A., L. BENKOBI, AND R.S. GAMO. 2005. Elk
responses to humans in a densely roaded area. Intermountain Journal of Sciences 11:10–22.
RUMBLE, M.A., L. BENKOBI, AND R.S. GAMO. 2007. A different time and place test of ArcHSI: a spatially

[Volume 77

explicit habitat model for elk in the Black Hills. U.S.
Forest Service, Rocky Mountain Research Station,
Research Paper RMRS-RP-64, Fort Collins, CO.
RUMBLE, M.A., AND R.S. GAMO. 2011. Habitat use by elk
(Cervus elaphus) within structural stages of a managed forest of the north central United States. Forest
Ecology and Management 261:958–964.
SAWYER, H., R.M. NIELSON, F.G. LINDZEY, L. KEITH, J.H.
POWELL, AND A.A. ABRAHAM. 2007. Habitat selection
of Rocky Mountain elk in a nonforested environment. Journal of Wildlife Management 71:868–874.
SEEBACHER, F., AND E. POST. 2015. Climate change impacts
on animal migration. Climate Change Responses 2:5.
SINGER, F.J., W. SCHREIER, J. OPPENHEIM, AND E.O.
GARTON. 1989. Drought, fires, and large mammals.
BioScience 39:716–722.
SINGH, N.J., L. BORGER, H. DETTKI, N. BUNNEFELD, AND
G. ERICSSON. 2012. From migration to nomadism:
movement variability in a northern ungulate across
its latitudinal range. Ecological Applications 22:
2007–2020.
SKOVLIN, J.M., P. ZAGER, AND B.K. JOHNSON. 2002. Elk
habitat selection and evaluation. Pages 369–413 in
D.E. Toweilli and J.W. Thomas, editors, Elk of North
America—ecology and management. Stackpole Books,
Harrisburg, PA.
SOUTH DAKOTA DEPARTMENT OF GAME, FISH AND PARKS.
2015. Elk Management Plan for South Dakota.
Completion Report 2015–01. South Dakota Department of Game, Fish and Parks, Pierre, SD.
STUBBLEFIELD, C.H., K.T. VIERLING, AND M.A. RUMBLE.
2006. Landscape-scale attributes of elk centers of
activity in the central Black Hills of South Dakota.
Journal of Wildlife Management 70:1060–1069.
THOMAS, J.W., H. BLACK JR., R.J. SCHERZINGER, AND R.J.
PEDERSEN. 1979. Deer and elk. Pages 104–127 in
J.W. Thomas, editor, Wildlife habitats in managed
forests: the Blue Mountains of Oregon and Washington. Agricultural Handbook No. 553, U.S. Government Printing Office, Washington, DC.
WANG, G., N.T. HOBBS, F.J. SINGER, D.S. OJIMA, AND B.C.
LUBOW. 2002. Impacts of climate change on elk population dynamics in Rocky Mountain National Park,
Colorado, U.S.A. Climatic Change 54:205–223.
WEBB, S.L., M.R. DZIALAK, S.M. HARJU, L.D. HAYDENWING, AND J.B. WINSTEAD. 2011. Influence of land
development on home range use dynamics of female
elk. Wildlife Research 38:163–167.
Received 7 April 2016
Accepted 9 December 2016
Published online 29 March 2017

