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Abstract

Changes in land use have resulted in range shifts of many wildlife species, including those
entering novel environments, resulting in the critical need to understand their spatial ecology
to inform ecosystem effects and management decisions. Dispersing elk (Cervus elaphus)
were colonizing areas of suitable habitat in the Northern Great Plains, USA, resulting in crop
depredation complaints in these areas. Although state resource managers had little informa-
tion on these elk herds, limited evidence suggested temporal movements into Canada. We
collected and analyzed essential information on home range and habitat selection for 3 elk
herds residing in North Dakota. We captured 5 adult female elk in each study area, affixed
global positioning system collars, and monitored them for 1 year (2016—2017). We esti-
mated diel period, seasonal, and hunting season home ranges using Brownian Bridge
Movement Models for each individual. We analyzed habitat selection using multinomial logit
models to test for differences in use of land classes, and for departures from proportionate
use based on random sampling; our predictor variables included individual elk, diel period,
and season. Home ranges differed between the 3 herds, seasons, and diel period; gun and
winter season home ranges were both larger than in summer, as was night when compared
with day. Female elk generally restricted themselves to cover during the day and entered
open areas at night and during winter months. Our results also suggest that elk in our study
areas tended to seek more cover, and in the case of our Turtle Mountain study area, some
cross into Canada during gun season. Our study provides a better understanding of the spa-
tial ecology of elk in the Northern Great Plains while highlighting the need for enhanced
international cooperative management efforts.
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Introduction

Elk (Cervus elephus) were extirpated from most of their range [1][2][3], including North
Dakota, near the end of the 19" century [4]. Since then, elk have been reintroduced into his-
torical locations and have expanded their range [5]. Their reintroduction and dispersal from
historical range has led to recolonization of areas with suitable habitat [6], and today, elk are
again among the most widely distributed member of Cervidae in North America [7]. In some
areas, elk are overabundant, which can lead to human-wildlife conflicts such as property dam-
age, crop depredation, car collisions, and disease transmission, which may result in lower land-
owner tolerance, especially from growers experiencing crop depredation [8][9][10][11].

Elk conservation and management success is particularly dependent on knowledge of their
spatial ecology [12]. For example, by studying movements of individual elk, researchers gain
insight into population distributions, resource use, dispersal strategies, social interactions, and
general patterns of space use [13]. In addition, habitat resource selection functions (RSFs),
defined as any function proportional to the probability of use of a resource unit or unit area by
an animal [14], can provide insights on resource-use patterns that influence survival and fit-
ness in various habitats [15]. Home range size may be affected by body size, sex, age, and land-
scape heterogeneity [16]. Moreover, elk movements and habitat use may vary by geographic
location, available cover, season, and diel period [17][18]. For example, elk may have smaller
home ranges in areas with a high percent of forest cover, because forest cover is an important
resource for reducing predation risk [19][20]. Researchers may assess seasonal time periods
because of changing habitat conditions, biology (e.g., calving), or anthropogenic forces such as
hunting. For example, reduced habitat quality due to snow and cold temperatures may force
elk to travel farther to seek adequate forage and cover [21], while calving season may reduce
travel for female elk [22]. Hunting may affect elk distributions, but the timing and degree of
changes reported in the literature are not consistent across populations [23]. Others have
reported that elk may avoid hunters by moving into areas that offer more protection [24] or
increase distance traveled by individual elk [25] during hunting seasons. Inclusion of shorter
sampling periods such as diel categories that reflect animal foraging activities, although less
common, may improve overall RSFs [18]. Although elk are among the most studied member
of Cervidae, supportive data for elk ecology and management has often focused on forested
environments in more montane habitats [26][7][27][28]. Less is known about their spatial
ecology in prairie regions, with the few studies on resource selection of elk in North Dakota
conducted in the western badlands region of the state [29][30][31].

Although elk first reappeared in northeastern North Dakota in the 1970s and have since
established herds in other areas of the state [4], in recent years, North Dakota Game and Fish
Department (NDGFD) had been receiving increased sighting reports and nuisance complaints
within the Turtle Mountain (Bottineau and Rolette counties) and Pembina Hills (Pembina
and Cavalier counties) regions of North Dakota that border Canada (W. F. Jensen, NDGFD,
personal communication). In addition, sighting reports had been increasing in the Porcupine
Hills region (Sioux County) in the southcentral part of the state where elk once were rarely or
infrequently observed. The northern elk populations presumably dispersed from established
herds in Manitoba, Canada as early as the 1970s and 1980s [4], but the source for the newly
established population in the Porcupine Hills region was unclear. The most probable source
for elk immigrating into the Porcupine Hills are from established populations in the Badlands
region of North Dakota about 200 km to the west. Other potential sources are herds in the
Black Hills of South Dakota about 300 km to the southwest, the aforementioned Turtle Moun-
tain and Pembina Hills herds 310 km and 370 km to the north, respectively, or escaped game
farm animals from an unknown location (W. F. Jensen, NDGFD, personal communication).
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Aerial elk counts in Pembina Hills yielded 128 individuals in 2014 [32]. Although aerial counts
for Porcupine Hills and Turtle Mountain were unavailable prior to this study, later reports
yielded counts of up to 110 elk in Porcupine Hills [33]. Aerial counts in the Turtle Mountain
area yielded approximately 62 elk on the U.S. side of the border [33] and subsequently 190 elk
when cross-border counts were conducted [34]. These surveys, and incidental reports of small
groups of elk outside the home ranges of collared elk reported elsewhere [33], suggested that
there were multiple herds of elk in the Turtle Mountain area. As large herd animals, even mod-
est-sized elk herds can cause localized depredation problems [9], particularly when they cross
political jurisdictions lines such as international and reservation borders.

We investigated spatial ecology of elk herds in 3 study areas in the Northern Great Plains
that varied in landscape composition to expand our understanding of elk ecology in this lesser
known portion of their range. Specifically, we 1) estimated female elk seasonal, annual, and
diel period home range sizes and differences between these attributes by study area, and 2)
analyzed habitat selection at the landscape level in each study area. We hypothesized differ-
ences in home range by herd, season, and diel period. Specifically, we predicted larger home
ranges from elk residing in more open habitat within the Porcupine Hills study area. We also
predicted differences in home range sizes by season and diel period, with those during winter
months, hunting season, and nighttime being largest, respectively. Predominant land class
types varied among our 3 study areas; therefore, we predicted differences in use of land classes,
and for departures from proportionate use as a function of diel period, and season. For exam-
ple, we predicted that female elk would seek more cover such as forested areas during day and
select for more open areas at night during foraging hours. We also predicted that elk would
prefer areas of cover in winter.

Materials and methods
Study area

We focused efforts in 3 regions: Turtle Mountain region (-100.118613, 49.009258) in the
northcentral portion of the state (Bottineau and Rolette counties), Pembina Hills region
(-97.978842, 48.843417) in the northeastern portion of the state (Cavalier and Pembina coun-
ties), and Porcupine Hills region (-100.838175, 46.095123) in the southcentral portion of the
state (Sioux County; Fig 1). Our study areas generally had a continental climate marked by hot
summers and harsh, cold winters, with an average annual precipitation of 42.7 cm [2][35]. We
compare proportions of available land class types among study areas in supporting informa-
tion (S1-S3 Figs).

Turtle Mountain, straddles the U.S. and Canadian border, and rises 200-275 m above the
surrounding prairie, allowing oak-aspen forests to thrive in these areas [2]. Common tree spe-
cies include aspen (Populus tremuloides), paper birch (Betula papyrifera), box elder (Acer
negundo), and bur oak (Quercus macrocarpa) [36][2]. Turtle Mountain is predominately for-
ested, but includes a mosaic of forest, small lakes and wetlands, and agriculture fields, with a
somewhat greater proportion of cropland on the U.S. side of the border [2]. The Canadian
portion of Turtle Mountain is managed as a public recreation area (Turtle Mountain Provin-
cial Park) primarily comprised of oak-aspen forest. Pembina Hills are similar in types of vege-
tation to Turtle Mountain, but differ substantially in representation, with crop and agriculture
fields more prevalent. While the elevation range is 266 m in Pembina Hills [37], characteristic
of this area are coulees (deep ravines) and rivers; downcutting of these rivers also differentiates
this terrain from Turtle Mountain. Porcupine Hills is a drier region of highly eroded areas,
steep escarpments and buttes, rising 120 m above surrounding plains. Specifically, this land-
scape consists of woody draws of ash and bur oak forests, eroded draws, and surrounding
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Fig 1. Study area map depicting aggregate elk home ranges with 1 km buffer, available land cover types within buffers, and known elk range in
North Dakota prior to this study. Study areas included Turtle Mountain (Bottineau and Rolette counties), Pembina Hills (Pembina and Cavalier
counties), and Porcupine Hills (Sioux County) regions, North Dakota, USA, 2016-2017.

https://doi.org/10.1371/journal.pone.0211650.g001

mixed and shortgrass prairie, including blue grama (Bouteloua gracilis), western wheatgrass
(Pascopyrum smithii), prairie Junegrass (Koeleria macrantha), needle-and-thread (Hesperos-
tipa comate), needleleaf sedge (Carex duriuscula), yarrow (Achillea millefolium), gumweed
(Grindelia squarrosa), silver sage (Salvia argentea), and prickly pear cactus (Opuntia polya-
cantha) [2][35]. Both plant community composition and overall makeup of the landscape dis-
tinguish Porcupine Hills from the other study areas.

Elk in North Dakota are managed by NDGFD via hunting, and most hunting activities
occur on private lands given 93% of land within the state is held under private ownership
(NDGEFD, https://gf.nd.gov/private-lands, accessed 20 December 2018). During fall 2016, Tur-
tle Mountain and Pembina Hills study areas fell within a single elk management unit where
elk-archery hunting season ran from 2 to 25 September, and elk-gun hunting season ran from
7 October to 31 December; 101 available elk permits were distributed to hunters via lottery.
Porcupine Hills was closed to elk hunting during the fall of 2016. Statewide archery and gun
seasons for deer, including the Porcupine Hills, ran from 2 September 2016 to 8 January 2017
and 4 to 20 November, respectively. In Canada, limited hunting was available within Turtle
Mountain Provincial Park and the surrounding area via lottery during an archery (29 August
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to 18 September) and rifle season (19 to 24 December); 45 available elk permits were distrib-
uted to hunters in 2016. Archery and gun seasons for deer in Turtle Mountain Provincial Park
ran from 5 September 2016 to 13 November 2016 and 14 to 27 November, respectively.

Capture

In February 2016, we captured 15 adult female elk via helicopter (Native Range Capture Ser-
vice, Elko, Nevada, USA) and net-gun [38] on private and state lands. We generally focused
capture and collaring efforts in areas central to known elk range or reported nuisance com-
plaints or sightings. Upon capture, elk were restrained, blindfolded, and processed without
anesthesia to reduce handling time. We fitted captured elk with livestock ear tags (Premier1
Supplies, Washington, IA, USA) and global positioning system (GPS) tracking collars capable
of <3 m location accuracy (Iridium Model #G2110E, Advanced Telemetry Systems, Minne-
sota, USA). We programmed collars to record a GPS location fix every 4 hours, providing 6
locations per day and estimated battery life through May 2018. All aspects of elk capture and
handling protocols followed the general guidelines of the American Society of Mammalogists
[39] and complied with UND’s animal care standards (Animal Welfare Assurance Number
A3917-01 and Institutional Animal Care and Use Committee Protocol Number 1602-1). This
research was approved by NDGFD (Study No. C-XI).

Home range

We used Brownian Bridge Movement Models (BBMM) [40] to estimate home ranges for each
female elk and time period of interest. BBMM accounts for proportional intensity of area use
and non-independence of observations over short time periods, assuming that movements are
random during the interval between fixes [41][42]. Because we wished to test whether the
extent of elk space use varied by time of day and year, we estimated home ranges for each
female elk separately for each time period of interest, including diel period (daytime and night-
time) and during 5 consecutive, but non-overlapping, biologically or management-defined
seasons. Diel period was determined based on a sun angle calculation of sunset and sunrise as
a function of latitude and longitude, and time of year. We included the following seasons for
analysis: calving (May 1-June 30), summer (July 1-August 31), archery elk hunting season
(September 1-September 30), gun elk hunting season (October 1-December 31), and winter
(January 1-April 30). We included April in the winter season to accommodate calving season.
We estimated BBMM using both 50% and 95% isopleth contours in the R package adehabi-
tatHR R version 3.3.2, https://www.r-project.org/, accessed 10 January 2017) [43]. We used
scripts from the Manual of Applied Spatial Ecology [44] for all home range estimates.

To test for differences in home range size (response) among herds, and effects of time of
day and season, we used a general linear mixed effects model [45] with individual female elk,
nested in herds, treated as a random effect to account for repeated measures on individuals.
Our primary focus for this component of space use, however, was discerning differences
among herds and effects of specific times and seasons, and not on idiosyncratic behavior of
individual elk. All other factors were considered fixed effects, for which estimates of effects
would be generated. We considered herd, season, and time of day as categorical factors, requir-
ing the designation of a baseline against which to compare other levels. We used summer as
the baseline for comparing seasonal effects, daytime as the baseline for diel period, and Pem-
bina Hills herd as the baseline for herd differences, only because the Pembina Hills herd has
been established for the longest period of time (ca. 1975). We analyzed log,, transformed
home range estimates to meet the assumptions of residual normality. We used R and package
nlme (R version 3.3.2, https://www.r-project.org/, accessed 10 May 2017) to estimate models
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with main effects and two-way interactions to test for differences among factors that depended
on other factor levels. We did not consider our analysis as a model selection problem because
our goal was to test the effects of all of the included factors and not simply to produce a single
or set of models that yielded the optimal prediction of home range size.

Habitat classification

We used 2016 USDA National Agriculture Statistics Service’s (NASS) Cropland Data Layer
(CDL) [46][47] to acquire habitat data within the U.S. We derived habitat data for Manitoba,
Canada from the 2016 Agriculture and Agri-Food Canada (AAFC) Annual Crop Inventory
(ACI) [48]. We reconciled land classes that differed between U.S. and Canada data sets given
that CDL grouped grass and pasture, with hay as a separate class, while ACI grouped pasture
and forage, with grass as a separate class. Therefore, we recoded data to the following classes
used in initial analyses: open water, developed/barren, forested, shrub, grass, hay/forage, crop,
and wetland. However, we subsequently removed shrub from the analysis due to its infrequent
occurrence across all study areas (1.4% overall). We also conducted a habitat accuracy assess-
ment by visually checking 500 random points against reference data in the form of 2016 true
color National Agriculture Imagery Program (NAIP) and 2015 DigitalGlobe imagery available
through ESRI World Imagery for U.S. and Canadian territory, respectively. Both NAIP and
DigitalGlobe offer comparable resolution: 2016 North Dakota NAIP is 60 cm and 2015 ESRI
DigitalGlobe is 50 cm. We performed analysis, which yields a K statistic quantifying actual
agreement between a land-cover classification and reference data to expected agreement
between the data sets by chance [49]. K greater than 0.8 indicate highly accurate, non-random,
classifications and those between 0.4 and 0.8 are moderately accurate [50]. K values and overall
accuracy were 0.734 (84.9%) for Porcupine Hills, 0.832 (89.0%) for Turtle Mountain, and
0.805 (91.2%) for Pembina Hills. Accuracies among forested (31-75%), wetland (33-85%), hay
(33-68%), and developed (36-95%) land classes varied more than others. Accuracies for crop
(83-98%), grass and pasture (64-98%), and open water (89-100%) were all relatively high
among the three study areas.

Habitat selection

Our analysis of habitat selection centered on the landscape composition where female elk were
spending time versus where they were not within each of the 3 regions of interest (Fig 1).
Accordingly, we focused on inference at the landscape level (2"-order selection) [51] for the
entire set of individual elk to gain an understanding of broader scale, herd level behavior over
the course of a year. The 3 sites were analyzed separately because landscape composition dif-
fered dramatically between them. We limited our analysis of habitat selection to the frequency
of land classes within a 1 km buffer around the area defined by the entire set of GPS locations
for all elk in an area for each of the 3 sites, irrespective of time of day, season, or individual elk.
However, we compared the scaling of land cover by sampling random points inside buffers of
1 km, 2 km, 4 km, and 8 km. The purpose of this comparison was to judge the potential for
inference of habitat selection to be qualitatively altered at different scales, perhaps either
becoming less apparent or reversed in direction. If landscape composition did not change
much across scales, then clearly neither would the results of the resource selection analysis.
However, if landscape composition changed such that a land class that appeared overrepre-
sented at elk locations (forest) declined in overall representation on the landscape as the scale
increased, as it appears to do as reported in supplemental information (S1-S3 Figs), then a
finding of non-random association at the 1 km scale would be even more strongly supported
at the larger extent. We conducted Poisson regression of point counts as a function of buffer
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extent and land class, and these results indicated that landscape composition in all areas shifts
away from forest towards greater proportion of non-forest classes as buffer size expands away
from elk locations. The specific changes varied among the 3 areas and in different ways for dif-
ferent land classes, but always in a manner that would accentuate rather than diminish the
visually apparent bias towards forest use by elk.

To achieve our objective of determining how female elk use habitat in relation to land-
scape-level availability, we drew random points equal to the combined number of GPS fixes
taken for all elk from each area within 1 km buffer surrounding observed locations. We ana-
lyzed habitat selection within these boundaries using multinomial logit models [52][53] to test
for differences in use of land classes, and for departures from proportionate use based on ran-
dom sampling. Using R and multinom in package nnet (Version 3.3.2, www.r-project.org,
accessed 28 March 2018) [54], we developed and compared multi-factor models using a model
selection approach [55]. Our response variable was land class associated with each location
(elk observation or random point). Predictor variables were all categorical fixed effects and
included elk ID (5 categories per herd), diel period (day or night), and season (summer,
archery, gun, winter, calving), and any two-way interaction terms. We treated elk ID as a
fixed factor because we have only a small sample of elk in each area and areas (herds) were ana-
lyzed separately. We used land class at random locations in aggregate as the baseline reference
for contrast to each level of each predictor variable. Prior to modeling, we examined a correla-
tion matrix for all covariates to screen for collinearity. We used a Wald statistic to test signifi-
cance of coefficients (o = 0.05) and estimated strength of model fit by comparing residual
deviances to null deviances. To aid in visualization of contributions of main effects to model
prediction, we present in supplemental information (S4-S11 Figs) effects plots, or back-trans-
formed probabilities of observations of each land class generated using the R package effects
[56].

Results
Home range

We collected 36,051 GPS locations from 15 GPS-collared female elk during February 2016-
April 2017 and present means for study areas by herd, season, and diel period (Tables 1 and 2).
During our study, 2 collared elk were harvested during gun season, precluding winter home
range estimates for these animals. The largest annual 95% and 50% isopleth contours for herd
home range came from the Porcupine Hills elk herd at X = 31.9 km? (95% CI: 27.9-35.9) and
% = 5.6 km* (95% CI: 4.7-6.5), respectively (Table 1). The largest 95% isopleth contour home
range for season was from the Pembina Hills herd during gun season at X = 47.5 km? (95% CI:
34.5-60.6; Table 1). The largest 50% isopleth contour home range for season was from the Por-
cupine Hills herd during gun season at X = 8.3 km” (95% CI: 6.5-10.1; Table 1). The largest
home range for diel period was from the Pembina Hills herd during the nighttime at x = 36.9
km? (95% CI: 26.2-47.5; Table 2). Home range estimates for all Turtle Mountain elk included
location fixes in Canada, and this mostly occurred during gun season [33]. Only 1 female elk
in the Pembina Hills herd was observed crossing into Canada, and this occurred during calv-
ing season.

We found differences (P < 0.05) between 95% home ranges and season, diel period, and
interactions between study area and season and diel period (Table 3). When compared to
Pembina Hills, Turtle Mountain and Porcupine Hills elk home ranges were smaller and larger,
respectively. Gun and winter season home ranges were both larger than summer home ranges,
as were night in comparison with day. Two-way interactions that differed from baseline
included herd by season, with Turtle Mountain elk expanding home ranges during gun season,
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Table 1. Mean 95% and 50% female elk home range size (km®) by herd and season (including annual), North Dakota, USA during 2016-2017.

95% Home Ranges 50% Home Ranges
95% CI 95% CI

Herd Season Mean SE Lower Upper Mean SE Lower Upper

Turtle Mountain Calving 10.8 0.9 8.7 13.0 2.0 0.3 1.4 2.6
Summer 8.7 1.0 6.5 11.0 1.7 0.2 1.2 2.3
Archery 11.6 2.7 5.5 17.7 2.3 0.5 1.1 3.5
Gun 46.1 6.6 31.2 61.0 7.0 0.9 4.8 9.1
Winter 14.6 1.6 10.9 18.3 2.2 0.1 1.9 2.4
Annual 18.5 2.6 134 23.7 3.1 0.4 2.3 3.8

Pembina Hills Calving 23.1 7.9 5.06 41.2 3.6 1.1 1.1 6.0
Summer 229 6.0 9.3 36.6 3.8 0.9 1.8 5.9
Archery 13.7 2.2 8.8 18.7 2.1 0.4 1.1 3.0
Gun 47.5 5.8 34.5 60.6 7.9 1.1 5.3 10.5
Winter 43.7 7.4 26.2 61.3 5.6 1.1 29 8.3
Annual 29.5 3.2 23.1 36.2 4.5 0.5 3.5 5.6

Porcupine Hills Calving 30.7 4.5 20.5 40.8 6.3 1.3 3.5 9.2
Summer 315 5.0 20.1 42.9 4.7 0.7 3.2 6.2
Archery 19.5 2.2 14.5 24.4 2.9 0.5 1.9 4.0
Gun 43.3 5.0 32.0 54.6 8.3 0.8 6.5 10.1
Winter 34.6 1.2 31.9 374 5.8 0.4 4.8 6.7
Annual 319 2.0 27.9 35.9 5.6 0.4 4.7 6.5

https://doi.org/10.1371/journal.pone.0211650.t001

and Porcupine Hills elk contracting during gun season. The Porcupine Hills herd also con-
tracted in their area used during winter. We discerned no interactions in the effect of time of
day and season.

Habitat selection

We analyzed habitat selection within landscapes defined by 1 km buffers common to all female
elk in each study area. We observed single interval movements well in excess of 1 km, with the
maximum observed 8.5, 12.8, and 9.0 km in a single 4 hr interval for Turtle Mountain, Pem-
bina Hills, and Porcupine Hills, respectively. Mean over all herds, including intervals with <25
m net displacement, was 585 m + 791 SD. By study area, mean movements were 572.4 m + 268
SD, 646.5 m + 313 SD, and 538.0 m + 252 SD for Turtle Mountain, Pembina Hills, and Porcu-
pine Hills, respectively. Movements were highly skewed, with nearly 20% of movements
exceeding 1 km and 90" percentile distance of 1.6 km. However, the representation of each

Table 2. Mean 95% and 50% female elk home range size (km?) by herd and diel period, North Dakota, USA during 2016-2017.

95% Home Ranges 50% Home Ranges
95% CI 95% CI
Herd Diel Mean SE Lower Upper Mean SE Lower Upper
Turtle Mountain Day 15.8 3.7 8.1 23.4 2.6 0.5 1.6 3.6
Night 21.3 3.5 14.1 28.5 3.5 0.6 2.3 4.6
Pembina Hills Day 224 3.5 15.3 29.6 34 0.5 2.4 4.4
Night 36.9 5.1 26.2 47.5 5.7 0.8 4.0 7.4
Porcupine Hills Day 30.2 2.5 25.1 35.4 5.2 0.5 4.2 6.3
Night 33.6 3.2 27.1 40.1 6.0 0.7 4.6 7.4

https://doi.org/10.1371/journal.pone.0211650.t002
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Table 3. Linear mixed effects analysis discerning differences in elk (Cervus elaphus) home range sizes using Brownian Bridge Movement Models by season and diel
period. Output includes coefficient estimates and standard errors (SE) using log;o transformed data on 95% home ranges in Turtle Mountain (Turtle), Pembina Hills, and
Porcupine Hills (Porcupine) study areas, North Dakota, USA (data collected from 2016-17).

(Intercept)

Turtle Mountain
Porcupine Hills

Calving

Gun

Archery

Winter

Night

Turtle Mountain*Calving
Porcupine Hills*Calving
Turtle Mountain*Gun
Porcupine Hills*Gun
Turtle Mountain* Archery
Porcupine Hills* Archery
Turtle Mountain*Winter
Porcupine Hills*Winter
Turtle Mountain*Night
Porcupine Hills*Night
Calving*Night
Gun*Night
Archery*Night
Winter*Night

https://doi.org/10.1371/journal.pone.0211650.t003

Estimate SE DF t-value P-value
1.092 0.089 112 12.207 0
-0.294 0.118 12 -2.500 0.0279
0.332 0.118 12 2.825 0.0153
-0.067 0.104 112 -0.643 0.5217
0.477 0.104 112 4.589 0
-0.096 0.104 112 -0.921 0.3593
0.359 0.110 112 3.250 0.0015
0.263 0.087 112 3.015 0.0032
0.152 0.127 112 1.195 0.2347
0.035 0.127 112 0.273 0.7857
0.277 0.127 112 2.182 0.0312
-0.292 0.127 112 -2.299 0.0234
0.216 0.127 112 1.699 0.092
-0.051 0.127 112 -0.404 0.6868
-0.130 0.136 112 -0.957 0.3406
-0.268 0.132 112 -2.033 0.0444
-0.051 0.082 112 -0.619 0.5374
-0.216 0.081 112 -2.659 0.009
0.063 0.104 112 0.608 0.5444
-0.110 0.104 112 -1.057 0.2926
-0.073 0.104 112 -0.702 0.4839
-0.003 0.108 112 -0.028 0.9778

land class on the landscapes did not vary much across scales until distances > 8 km were
included, as reported in supplemental information (S1-S3 Figs).

Turtle mountain. Percent cover of most land classes at the landscape level were similar
across spatial extents represented by the tested series of buffers, albeit with decreasing cover of
forest and complementary increases in crops at the broadest extent (S1 Fig). Forest was the
most common land class on the landscape at all scales in Turtle Mountain, including the 1 km
buffer used for habitat selection analysis.

There was variation in habitat use that was not accounted for by included factors, but the
top multinomial regression model demonstrated that these factors still accounted for a portion
of that variation (null deviance = 42,466.60, residual deviance = 37,150.04). In the single, top-
ranked model (AIC = 37,150.04, 2™ ranked model: AAIC = 29.4; S1 Table), departures from
random land use were best explained by elk ID, diel period, season, and interactions between
diel period and season and elk ID and season (Table 4). There was generally little variation
among individual elk in land use, but the odds of using crop versus forest was lower for 2 indi-
vidual elk than would be expected at random. Forest was used with higher probability and
lower variance in the day than at night. The odds of using crop versus forest were also lower
during archery and winter seasons than would be expected at random, but higher in gun and
summer seasons. Among interactions, the odds of using crop versus forest were lower during
the day in archery and calving seasons than would be expected at random, but higher in gun
and summer seasons (Table 4). The odds of using crop versus forest was lower during the
night during calving season than would be expected at random, but higher in archery and win-
ter seasons.
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Table 4. Coefficient estimates (ﬁ) and standard errors (SE) for contributions to log-odds of significant explanatory variables (o = 0.05; based on Wald-statistics) of
the multinomial logit regression models of habitat use in Turtle Mountain, Pembina Hills, and Porcupine Hills study areas, North Dakota, USA (data collected
from 2016-17). The 3 study areas were analyzed separately; land covers are the response categories that exhibited significantly different odds of use for the listed predictor
level, relative to availability. Individual elk differed from other predictor variables in that only a subset was present in each herd; other predictors were tested in all study
areas.

Study areas
Turtle Mountain Pembina Hills Porcupine Hills
Crop Grass Wetland Grass Crop
B SE B SE B SE B SE B SE
Elk D036792 -1.65 0.16
Elk D036793 0.56 0.05
Elk D036796 -0.40 0.03
Elk D036799 -0.51 0.03
Elk D036804 -1.48 0.17
Elk D036805 -0.55 0.04
Day -8.05 0.18 -1.71 0.08 -0.68 0.05 -1.57 0.03 -1.66 0.07
Night 0.64 0.04 -0.36 0.03 0.51 0.05
Archery -4.71 0.09 -0.61 0.06 0.80 0.06
Calving -0.35 0.03
Gun 1.55 0.15 0.57 0.04 -0.47 0.03
Summer 1.39 0.10
Winter -4.62 0.04 -1.36 0.12
Day* Archery -8.92 <0.01 -0.83 0.22
Night* Archery 4.21 0.09
Day*Calving 3.67 0.32
Night*Calving -3.35 0.21
Day*Gun 3.05 0.30
Day*Summer 4.06 0.21
Night*Winter 5.28 0.04

https://doi.org/10.1371/journal.pone.0211650.t004

Pembina Hills. The Pembina Hills study area was characterized by less forest and more
crop, wetland, and grass compared to Turtle Mountain (S2 Fig). The top multinomial regres-
sion model fit was modest with a null deviance of 54,685.87 and a residual deviance of
47,414.13. In the single, top-ranked model (AIC = 47,774.13, 274 ranked model: AAIC = 30.8;
S1 Table.), land use was best explained by diel period, season, and interactions between diel
period and season and elk ID and season (Table 4). The odds of using grass and wetland versus
forest was lower during the day than would be expected at random; however, odds of grass use
were higher at night. The odds of using wetland versus forest was higher in gun season than
would be expected at random. The odds of using grass versus forest was also lower during the
day in archery season than would be expected at random. We detected no significant differ-
ences among individual female elk in this analysis.

Porcupine Hills. In comparison to our other study areas, availability of forest in Porcupine
Hills was low, with commensurate higher availability of grass (S3 Fig). The top multinomial
regression model fit was modest with a null deviance of 41,660.43 and a residual deviance of
33,673.02. In the single, top-ranked model (AIC = 34,093.02, 2" ranked model: AAIC = 9.3; S1
Table.), land use was best explained by elk ID, diel period, and season. However, no interaction
terms were significant (Table 4). The odds of using grass versus forest was lower for 3 individual
elk than would be expected by chance, and higher for crop use for 1 elk without a calf, but overall
individual variation was slight. Despite a lower proportion of forest availability, female elk were
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found disproportionately more in forest during the day. The odds of using grass and crop versus
forest was lower during the day than would be expected at random. At night, the odds of grass use
were also lower, but the odds of crop use were higher. The odds of using grass versus forest was
also lower during archery, calving, and gun seasons than would be expected at random, but the
odds of crop use were higher in archery season and lower during winter season.

Discussion

Our results provide a novel contribution to the spatial ecology of elk herds in varying land-
scapes within the Northern Great Plains. We found differences in size of home range based on
season, diel period, and herd among female elk. Porcupine Hills is predominantly mixed and
shortgrass prairie, possibly forcing elk to travel farther from forest cover to find adequate for-
age. In contrast, Turtle Mountain is heavily forested and intermixed with cropland, potentially
reducing the necessary travel distance from security cover [21]. Vegetation and landscape dif-
ferences [2] between our study areas may explain differences in size of home range among all 3
elk herds [57][58]. Home range size increased during winter and at night. During winter,
reduced habitat quality due to snow and cold temperatures may have forced elk to travel far-
ther to seek adequate forage and cover [21]. We expected our study elk to display larger home
ranges at night, given elk are known to rest and forage in cover throughout the day and forage
in more open areas at night [59]. This was corroborated by our habitat selection analysis
which show that female elk were generally spending more time in forest cover during daylight
hours and entered open areas at night. There were no differences in home range between sum-
mer and calving and archery seasons and size of home range was consistently smaller during
these three seasons when compared to gun and winter seasons. These differences are likely due
to behaviors related to calving, calf presence, abundance of high quality forage, and harem for-
mation by males for breeding for calving, summer, and archery seasons, respectively.

We found differences in habitat use by individual elk, time of day, and season. We noted
that elk especially preferred forest in winter. It has been hypothesized that elk diets may be
related to winter severity [60]. In some studies, it was suggested that elk in winter tend to
choose locally open areas to feed [61], but that snow depth may impede these efforts [62][63].
No selection patterns were observed within differing stages of secondary forest succession for
an elk study in Idaho [64]. Others suggested that elk select feeding sites in timber stands or
dense vegetation to lessen thermoregulatory demands [65][66] or for ambulatory ease in snow
cover [62]. We speculate the latter, in part, given that long North Dakota winters offer elk
snow, extreme wind, and some of the coldest temperatures in the U.S. [67].

Our results emphasize the importance of how individual elk space use may vary across geo-
graphical range due to available cover in different habitat types, elk biology, and response to
hunting pressure [57]. We speculate that hunting may explain some differences in home range
and habitat selection within our study. For example, female elk home range was greater for all
3 elk herds during the gun season than any other season, and this is likely due to hunter pres-
sure from both elk and deer-gun hunters, which displace elk from their usual habitat to seek
alternative cover and forage [23][24]. Specifically, elk may avoid hunters by moving into areas
that offer more protection, such as national parks (if available), densely vegetated areas, and
private lands, as summarized elsewhere [68]. Although there was no elk hunting season in the
Porcupine Hills in 2016, this elk herd still appeared to have increased size of home range like
the other two herds during this time of year. In addition to direct elk hunting pressure, elk dis-
tributions may vary during concurrent deer-gun hunting seasons due to resource selection
and dependence on available resources [23]. During the archery season (September) Turtle
Mountain and Porcupine Hills elk appeared to use crops more than expected, unlike Pembina.
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Effects of hunting during archery season on elk movements vary based on studies [23], and are
thus unclear for our study areas, but we further note that the physiological demands for cow
elk to build fat reserves [69] in preparation for winter after the nutritional demands of nursing
a calf are important during this time of year [70]. Presumably this shift in habitat use may also
be driven by foraging requirements on the cow. Ultimately, elk that flee from hunted areas
may complicate management efforts [27], which may be complicated further when elk, such as
those in Turtle Mountain, move into Canada during North Dakota’s longer gun season, thus
requiring international cooperative management efforts.

Differences in habitat used during night differed between study areas, and this variation
likely occurred due to influences of forage and cover. For example, Turtle Mountain had the
most forest, followed by the Pembina Hills and Porcupine Hills study areas. The Pembina
Hills study area was characterized by less forest that is distributed linearly along the Pembina
River drainage system, and more crop, wetland, and grass compared to Turtle Mountain. In
the Porcupine Hills, availability of forest was fairly low, with commensurate higher availability
of grasslands. Differences in habitat between our 3 study areas highlight the difficulty in mak-
ing comparisons to other studies, but also expands our understanding of elk behavior in a
greater range of situations. Although our study areas varied in forest cover, we note that elk
are adaptable, and may meet their year-round forage and cover requirements for survival in
non-forested areas [7]. Few studies conducted in North Dakota also limit comparisons, and
those regarding habitat use were mostly limited to western North Dakota [29][30][31]. Two
studies in the North Dakota Badlands demonstrate starkly different observations. Elk within
Theodore Roosevelt National Park, where hunting is not permitted, did not use overhead
cover in winter, and foraged primarily on upland grass throughout the year [30]. In another
study, 40 km to the north, a hunted elk herd spent a majority of their time in forested areas
throughout the day and night [31]. In Pembina Hills, however, diets from hunter-killed elk
during fall and suggest that corn (Zea mays) comprised 60% of elk’s diet [71]. While a higher
proportion of crops was available in our Pembina Hills study area, we did not discern a differ-
ence in the odds of using this land cover compared to forest relative to its availability.

Conclusions

This is the first study to report on three distinct elk subpopulations in the Northern Great Plains
and the variability exhibited by these subpopulations in relation to home range and seasonal
resource selection. Size of home range and habitat selection for each elk herd was influenced by
season and diel period regardless of the distinct habitat compositions each subpopulation occu-
pied. Resource selection during elk and deer gun hunting season allows resource managers to rec-
ognize how elk react to and are influenced by hunter pressure regardless of habitat composition.
Since 2 of these elk populations border Canada, future studies may benefit from exploring the ecol-
ogy of elk on both sides of the international border. Our study will also allow resource managers
to better focus management efforts on areas more likely to be used by elk. For example, elk in this
region may be restricted to small pockets of forested habitat common in riparian corridors in the
Great Plains. How these fragmented landscapes affect elk viability is unknown but may be prob-
lematic for elk managers given that much of the surface area in these areas is privately owned. Lim-
itations of sparse forest combined with private land ownership may confound efforts by natural
resource agencies to manage elk herds in similar areas if not interconnected with other elk herds.

Supporting information

S1 Fig. Percent cover of each included land class of random points inside each buffer,
based on ~9,000 points inside 1 km, 20,000 inside 2 km, 40,000 inside 4 km, and 80,000
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inside 8 km in the Turtle Mountain study area, Bottineau and Rolette counties, North
Dakota, USA (data collected from 2016-17).
(TIF)

S2 Fig. Percent cover of each included land class of random points inside each buffer,
based on 10,000 points inside 1 km, 20,000 inside 2 km, 40,000 inside 4 km, and ~75,000
inside 8 km in the Pembina Hills study area, Cavalier and Pembina counties, North
Dakota, USA (data collected from 2016-17).

(TIF)

S3 Fig. Percent cover of each included land class of random points inside each buffer,
based on 10,000 points inside 1 km, 20,000 inside 2 km, 40,000 inside 4 km, and ~75,000
inside 8 km in the Porcupine Hills study area, Sioux County, North Dakota, USA (data col-
lected from 2016-17).

(TIF)

$4 Fig. Estimated back-transformed probabilities of land class use with 95% CI for individ-
ual elk ID with random points for comparison in the Turtle Mountain study area, Botti-
neau and Rolette counties, North Dakota, USA (data collected from 2016-17).

(TIF)

S5 Fig. Estimated back-transformed probabilities of land class use with 95% CI for diel
period with random points for comparison in the Turtle Mountain study area, Bottineau
and Rolette counties, North Dakota, USA (data collected from 2016-17).

(TIF)

S6 Fig. Estimated back-transformed probabilities of land class use with 95% CI for season
with random points for comparison in the Turtle Mountain study area, Bottineau and Rol-
ette counties, North Dakota, USA (data collected from 2016-17).

(TIF)

S7 Fig. Estimated back-transformed probabilities of land class use with 95% CI for diel
period with random points for comparison in the Pembina Hills study area, Cavalier and
Pembina counties, North Dakota, USA (data collected from 2016-17).

(TIF)

S8 Fig. Estimated back-transformed probabilities of land class utilization with 95% CI for
season with random points for comparison in the Pembina Hills study area, Cavalier and
Pembina counties, North Dakota, USA (data collected from 2016-17).

(TIF)

S9 Fig. Estimated back-transformed probabilities of land class use with 95% CI for individ-
ual elk ID with random points for comparison in the Porcupine Hills study area, Sioux
County, North Dakota, USA (data collected from 2016-17).

(TIF)

S$10 Fig. Estimated back-transformed probabilities of land class use with 95% CI for diel
period with random points for comparison in the Porcupine Hills study area, Sioux
County, North Dakota, USA (data collected from 2016-17).

(TIF)

S11 Fig. Estimated back-transformed probabilities of land class use with 95% CI for season
with random points for comparison in the Porcupine Hills study area, Sioux County,
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North Dakota, USA (data collected from 2016-17).
(TIF)

S1 Table. Multinomial logit models to test for differences in use of land classes, and for
departures from proportionate use based on random sampling in Turtle Mountain, Pem-
bina Hills, and Porcupine Hills study areas, North Dakota, USA (data collected from
2016-17). Response variable was land class associated with each location (elk observation or
random point). Predictor variables were all categorical fixed effects and included elk ID (5 cat-
egories per herd), diel period (day or night), and season (summer, archery, gun, winter, calv-
ing), and any two-way interaction terms. Study area, model rank, variables, Akaike’s
Information Criterion (AIC), AAIC, and Akaike weights (w;) for top 4 logistic regression mod-
els.

(DOCX)

Acknowledgments

Disclaimer: Any use of trade, firm, or product names is for descriptive purposes only and does
not imply endorsement by the U.S. Government.

We thank Brett Goodwin and Susan Ellis-Felege of University of North Dakota and
NDView for project guidance. We thank our collaborators at Standing Rock Sioux Tribe, Sus-
tainable Development, Manitoba Canada, and the Minnesota Department of Natural
Resources.

Author Contributions
Conceptualization: William F. Jensen, Bradley C. Rundquist, Jason R. Boulanger.
Data curation: Jacqueline M. Amor.

Formal analysis: Jacqueline M. Amor, Robert Newman, Bradley C. Rundquist, W. David Wal-
ter, Jason R. Boulanger.

Funding acquisition: William F. Jensen, Jason R. Boulanger.
Investigation: Jacqueline M. Amor, William F. Jensen, Jason R. Boulanger.

Methodology: Jacqueline M. Amor, Robert Newman, Bradley C. Rundquist, Jason R.
Boulanger.

Project administration: William F. Jensen, Jason R. Boulanger.
Supervision: Bradley C. Rundquist, Jason R. Boulanger.

Writing - original draft: Jacqueline M. Amor, Robert Newman, William F. Jensen, Bradley C.
Rundquist, Jason R. Boulanger.

Writing - review & editing: Jacqueline M. Amor, Robert Newman, William F. Jensen, Bradley
C. Rundquist, W. David Walter, Jason R. Boulanger.

References

1. GeistV, O'Gara B, Hoffmann RS. Taxonomy and the conservation of biodiversity. In: Demarais S,
Krausman PR, editors. Ecology and management of large mammals in North America. New Jersey:
Prentice-Hall; 2000. pp. 1-26.

2. Seabloom R. Mammals of North Dakota. Fargo, ND: North Dakota Institute for Regional Studies;
2011.

PLOS ONE | https://doi.org/10.1371/journal.pone.0211650 February 4, 2019 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211650.s012
https://doi.org/10.1371/journal.pone.0211650

®PLOS | one

Home range and habitat selection of North Dakota elk

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Keller BJ, Montgomery RA, Campa HR, Beyer DE, Winterstein SR, Hansen LP, et al. A review of vital
rates and cause-specific mortality of elk Cervus elaphus populations in eastern North America. Mammal
Review. 2015; 45: 146-159. https://doi.org/10.1111/mam.12041

Knue J. Big game in North Dakota. Bismarck, ND: North Dakota Game and Fish Department; 1991.

Yott A, Rosatte R, Schaefer JA, Hamr J, Fryxell J. Movement and spread of a founding population of
reintroduced elk (Cervus elaphus) in Ontario, Canada. Restoration Ecology. 2011; 19: 70-77. https://
doi.org/10.1111/j.1526-100X.2009.00639.x

Miller A, Dahm M, Bagcher PK, Root-Bernstein M, Svenning J-C. Large herbivores in novel ecosystems
—habitat selection by red deer (Cervus elaphus) in a former brown-coal mining area. PLOS ONE.
2017; 12: e0177431. https://doi.org/10.1371/journal.pone.0177431 PMID: 28505192

Sawyer H, Nielson RM, Lindzey FG, Keith L, Powell JH, Abraham AA. Habitat selection of Rocky Moun-
tain elk in a nonforested environment. Journal of Wildlife Management. 2007; 71: 868—874. https://doi.
org/10.2193/2006-131

Hegel TM, Gates CC, Eslinger D. The geography of conflict between elk and agricultural values in the
Cypress Hills, Canada. Journal of Environmental Management. 2009; 90: 222-235. https://doi.org/10.
1016/j.jenvman.2007.09.005 PMID: 18082311

Walter WD, Lavelle MJ, Fischer JW, Johnson TL, Hygnstrom SE, VerCauteren KC. Management of
damage by elk (Cervus elaphus) in North America: a review. Wildl Res. 2011; 37: 630-646. https://doi.
org/10.1071/WR10021

Devore R. Population dynamics and habitat use by elk (Cervus elaphus) at Bosque Del Apache National
Wildlife Refuge, New Mexico, USA. Thesis, Texas Tech University. 2014.

DeVore RM, Butler MJ, Wallace MC, Liley SL, Mertz AA, Sesnie SE, et al. Elk resource selection pat-
terns in a semiarid riparian corridor. Journal of Wildlife Management. 2016; 80: 479—-489. hitps://doi.org/
10.1002/jwmg.1040

Richard JH, White KS, Cété SD. Mating effort and space use of an alpine ungulate during the rut. Behav
Ecol Sociobiol. 2014; 68: 1639—1648. https://doi.org/10.1007/s00265-014-1772-1

Horne JS, Garton EO, Krone SM, Lewis JS. Analyzing animal movements using Brownian bridges.
Ecology. 2007; 88: 2354—2363. https://doi.org/10.1890/06-0957.1 PMID: 17918412

Manly BFJ, McDonald LL, Thomas DL, McDonald TL, Erickson WP, editors. Introduction to resource
selection studies. Resource selection by animals: statistical design and analysis for field studies. Dor-
drecht: Springer Netherlands; 2002. pp. 1-15. https://doi.org/10.1007/0-306-48151-0_1

Boyce MS, McDonald LL. Relating populations to habitats using resource selection functions. Trends in
Ecology & Evolution. 1999; 14: 268-272. https://doi.org/10.1016/S0169-5347(99)01593-1

Anderson DP, Forester JD, Turner MG, Frair JL, Merrill EH, Fortin D, et al. Factors influencing female
home range sizes in elk (Cervus elaphus) in North American landscapes. Landscape Ecol. 2005; 20:
257-271. https://doi.org/10.1007/s10980-005-0062-8

Ager AA, Johnson BK, Kern JW, Kie JG. Daily and seasonal movements and habitat sse by female
Rocky Mountain elk and mule deer. J Mammal. 2003; 84: 1076—1088. https://doi.org/10.1644/BBa-020

Godvik IMR, Loe LE, Vik JO, Veiberg V, Langvatn R, Mysterud A. Temporal scales, trade-offs, and
functional responses in red deer habitat selection. Ecology. 2009; 90: 699-710. https://doi.org/10.1890/
08-0576.1 PMID: 19341140

Wolff JO, Horn TV. Vigilance and foraging patterns of American elk during the rut in habitats with and
without predators. Can J Zool. 2003; 81: 266—271. https://doi.org/10.1139/z03-011

Fortin D, Beyer HL, Boyce MS, Smith DW, Duchesne T, Mao JS. Wolves influence elk movements:
behavior shapes a trophic cascade in Yellowstone National Park. Ecology. 2005; 86: 1320—1330.
https://doi.org/10.1890/04-0953

Seidel DP, Boyce MS. Varied tastes: home range implications of foraging-patch selection. Oikos. 2016;
125: 39-49. https://doi.org/10.1111/0ik.02005

Vore JM, Schmidt EM. Movements of female elk during calving season in northwest Montana. Wildlife
Society Bulletin (1973-2006). 2001; 29: 720-725.

Ranglack DH, Proffitt KM, Canfield JE, Gude JA, Rotella J, Garrott RA. Security areas for elk during
archery and rifle hunting seasons. Journal of Wildlife Management. 2017; 81: 778—791. https://doi.org/
10.1002/jwmg.21258

Thurfjell H, Ciuti S, Boyce MS. Learning from the mistakes of others: how female elk (Cervus elaphus)
adjust behaviour with age to avoid hunters. PLOS ONE. 2017; 12: e0178082. https://doi.org/10.1371/
journal.pone.0178082 PMID: 28614406

PLOS ONE | https://doi.org/10.1371/journal.pone.0211650 February 4, 2019 15/17


https://doi.org/10.1111/mam.12041
https://doi.org/10.1111/j.1526-100X.2009.00639.x
https://doi.org/10.1111/j.1526-100X.2009.00639.x
https://doi.org/10.1371/journal.pone.0177431
http://www.ncbi.nlm.nih.gov/pubmed/28505192
https://doi.org/10.2193/2006-131
https://doi.org/10.2193/2006-131
https://doi.org/10.1016/j.jenvman.2007.09.005
https://doi.org/10.1016/j.jenvman.2007.09.005
http://www.ncbi.nlm.nih.gov/pubmed/18082311
https://doi.org/10.1071/WR10021
https://doi.org/10.1071/WR10021
https://doi.org/10.1002/jwmg.1040
https://doi.org/10.1002/jwmg.1040
https://doi.org/10.1007/s00265-014-1772-1
https://doi.org/10.1890/06-0957.1
http://www.ncbi.nlm.nih.gov/pubmed/17918412
https://doi.org/10.1007/0-306-48151-0_1
https://doi.org/10.1016/S0169-5347(99)01593-1
https://doi.org/10.1007/s10980-005-0062-8
https://doi.org/10.1644/BBa-020
https://doi.org/10.1890/08-0576.1
https://doi.org/10.1890/08-0576.1
http://www.ncbi.nlm.nih.gov/pubmed/19341140
https://doi.org/10.1139/z03-011
https://doi.org/10.1890/04-0953
https://doi.org/10.1111/oik.02005
https://doi.org/10.1002/jwmg.21258
https://doi.org/10.1002/jwmg.21258
https://doi.org/10.1371/journal.pone.0178082
https://doi.org/10.1371/journal.pone.0178082
http://www.ncbi.nlm.nih.gov/pubmed/28614406
https://doi.org/10.1371/journal.pone.0211650

®PLOS | one

Home range and habitat selection of North Dakota elk

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

Brough AM, Justin DeRose R, Conner MM, Long JN. Summer-fall home-range fidelity of female elk in
northwestern Colorado: implications for aspen management. Forest Ecology and Management. 2017;
389: 220-227. https://doi.org/10.1016/j.foreco.2016.11.034

Irby LR, Norland JE, Westfall JA Jr, Sullivan MA. Evaluation of a forage allocation model for Theodore
Roosevelt National Park. Journal of Environmental Management. 2002; 64: 153—169. https://doi.org/
10.1006/jema.2001.0514 PMID: 11995238

Sunde P, Olesen CR, Madsen TL, Haugaard L. Behavioural responses of GPS-collared female red
deer Cervus elaphus to driven hunts. Wildlife Biology. 2009; 15: 454—460. https://doi.org/10.2981/09-
012

Merkle JA, Monteith KL, Aikens EO, Hayes MM, Hersey KR, Middleton AD, et al. Large herbivores surf
waves of green-up during spring. Proc R Soc B. 2016; 283: 20160456. https://doi.org/10.1098/rspb.
2016.0456 PMID: 27335416

Sullivan M. Distribution, habitat use, and food habits of reintroduced elk in Theodore Roosevelt National
Park, North Dakota. Thesis, Montana State University. 1988.

Westfall J. The ecology of reintroduced elk in Theodore Roosevelt National Park, North Dakota. Thesis,
Montana State University. 1989.

Strassler A. Ecology of the northern Badlands elk herd. Bismarck, ND: North Dakota State Game and
Fish Department; 1996.

Smith J. Moose and elk population study. Bismarck, ND: North Dakota Game and Fish Department;
2016. Report No.: A-235.

Amor JM. An Evaluation of Elk Home Range Variation in North Dakota. Thesis, University of North
Dakota. 2017.

Smith J. Moose and elk population study. Bismarck, ND: North Dakota State Game and Fish Depart-
ment; 2017. Report No.: A-245.

Wilckens DT, Smith JB, Tucker SA, Thompson DJ, Jenks JA. Mountain lion (Puma concolor) feeding
behavior in the Little Missouri Badlands of North Dakota. J Mammal. 2016; 97: 373-385. https://doi.org/
10.1093/jmammal/gyv183

Maskey J. Movements, resource selection, and risk analyses for parasitic disease in an expanding
moose population in the northern Great Plains. Dissertation, University of North Dakota. 2008.

Newman DR, Lindsay JB, Cockburn JMH. Evaluating metrics of local topographic position for multiscale
geomorphometric analysis. Geomorphology. 2018; 312: 40-50. https://doi.org/10.1016/j.geomorph.
2018.04.003

Webb SL, Lewis JS, Hewitt DG, Hellickson MW, Bryant FC. Assessing the helicopter and netgun as a
capture technique for white-tailed deer. Journal of Wildlife Management. 2008; 72: 310-314. https://doi.
org/10.2193/2007-101

Sikes RS. 2016 Guidelines of the American Society of Mammalogists for the use of wild mammals in
research and education. J Mammal. 2016; 97: 663—688. https://doi.org/10.1093/jmammal/gyw078
PMID: 29692469

Bullard F. Estimating the home range of an animal: a Brownian bridge approach. Thesis, University of
North Carolina. 1999.

Kranstauber B, Kays R, LaPoint SD, Wikelski M, Safi K. A dynamic Brownian bridge movement model
to estimate utilization distributions for heterogeneous animal movement. Journal of Animal Ecology.
2012; 81: 738—746. https://doi.org/10.1111/j.1365-2656.2012.01955.x PMID: 22348740

Walter WD, Onorato DP, Fischer JW. Is there a single best estimator? Selection of home range estima-
tors using area-under-the-curve. Movement Ecology. 2015; 3: 10. https://doi.org/10.1186/s40462-015-
0039-4 PMID: 25973204

Calenge C. The package “adehabitat” for the R software: a tool for the analysis of space and habitat use
by animals. Ecological Modelling. 2006; 197: 516-519. https://doi.org/10.1016/j.ecolmodel.2006.03.
017

Walter W, Fisher J. Manual of applied spatial ecology. State College, PA: Pennsylvania State Univer-
sity; 2016.

Zuur A, leno EN, Walker N, Saveliev AA, Smith GM. Mixed effects models and extensions in ecology
with R. New York: Springer-Verlag; 2009.

Boryan C, Yang Z, Mueller R, Craig M. Monitoring US agriculture: the US Department of Agriculture,
National Agricultural Statistics Service, Cropland Data Layer Program. Geocarto International. 2011;
26: 341-358. https://doi.org/10.1080/10106049.2011.562309

PLOS ONE | https://doi.org/10.1371/journal.pone.0211650 February 4, 2019 16/17


https://doi.org/10.1016/j.foreco.2016.11.034
https://doi.org/10.1006/jema.2001.0514
https://doi.org/10.1006/jema.2001.0514
http://www.ncbi.nlm.nih.gov/pubmed/11995238
https://doi.org/10.2981/09-012
https://doi.org/10.2981/09-012
https://doi.org/10.1098/rspb.2016.0456
https://doi.org/10.1098/rspb.2016.0456
http://www.ncbi.nlm.nih.gov/pubmed/27335416
https://doi.org/10.1093/jmammal/gyv183
https://doi.org/10.1093/jmammal/gyv183
https://doi.org/10.1016/j.geomorph.2018.04.003
https://doi.org/10.1016/j.geomorph.2018.04.003
https://doi.org/10.2193/2007-101
https://doi.org/10.2193/2007-101
https://doi.org/10.1093/jmammal/gyw078
http://www.ncbi.nlm.nih.gov/pubmed/29692469
https://doi.org/10.1111/j.1365-2656.2012.01955.x
http://www.ncbi.nlm.nih.gov/pubmed/22348740
https://doi.org/10.1186/s40462-015-0039-4
https://doi.org/10.1186/s40462-015-0039-4
http://www.ncbi.nlm.nih.gov/pubmed/25973204
https://doi.org/10.1016/j.ecolmodel.2006.03.017
https://doi.org/10.1016/j.ecolmodel.2006.03.017
https://doi.org/10.1080/10106049.2011.562309
https://doi.org/10.1371/journal.pone.0211650

®PLOS | one

Home range and habitat selection of North Dakota elk

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

Han W, Yang Z, Di L, Mueller R. CropScape: a Web service based application for exploring and dissem-
inating US conterminous geospatial cropland data products for decision support. Computers and Elec-
tronics in Agriculture. 2012; 84: 111-123. hitps://doi.org/10.1016/j.compag.2012.03.005

McNairn H, Champagne C, Shang J, Holmstrom D, Reichert G. Integration of optical and Synthetic
Aperture Radar (SAR) imagery for delivering operational annual crop inventories. ISPRS Journal of
Photogrammetry and Remote Sensing. 2009; 64: 434—449. https://doi.org/10.1016/j.isprsjprs.2008.07.
006

Congalton RG, Mead RA. A quantitative method to test for consistency and correctness in photointer-
pretation. Photogrammetric Engineering. 1983; 49: 69-74.

Jensen JR. Introductory digital image processing. 3 edition. Upper Saddle River, N.J: Prentice Hall;
2004.

Johnson DH. The comparison of usage and availability measurements for evaluating resource prefer-
ence. Ecology. 1980; 61: 65—71. https://doi.org/10.2307/1937156

McCracken ML, Manly BFJ, Heyden MV. The use of discrete-choice models for evaluating resource
selection. Journal of Agricultural, Biological, and Environmental Statistics. 1998; 3: 268—279. https://doi.
0rg/10.2307/1400582

Kneib T, Knauer F, Kiichenhoff H. A general approach to the analysis of habitat selection. Environ Ecol
Stat. 2011; 18: 1-25. https://doi.org/10.1007/s10651-009-0115-2

Venables WN, Ripley BD. Modern Applied Statistics with S [Internet]. 4th ed. New York: Springer-Ver-
lag; 2002. Available: //www.springer.com/us/book/9780387954578

Burnham KP, Anderson DR. Model selection and multimodel inference: a practical information-theoretic
approach. 2nd ed. New York: Springer-Verlag; 2002.

Fox J, Weisberg S. Visualizing fit and lack of fit in complex regression models with predictor effect plots
and partial residuals. Journal of Statistical Software. 2018; 87: 1-27. https://doi.org/10.18637/jss.v087.
i09

Allen AM, Mansson J, Sand H, Malmsten J, Ericsson G, Singh NJ. Scaling up movements: from individ-
ual space use to population patterns. Ecosphere. 2016; 7: e€01524. https://doi.org/10.1002/ecs2.1524

Beck JL, Smith KT, Flinders JT, Clyde CL. Seasonal habitat selection by elk in north central Utah. West-
ern North American Naturalist. 2013; 73: 442—-456.

Lone K, Mysterud A, Gobakken T, Odden J, Linnell J, Loe LE. Temporal variation in habitat selection
breaks the catch-22 of spatially contrasting predation risk from multiple predators. Oikos. 2017; 126:
624—632. https://doi.org/10.1111/0ik.03486

Christianson DA, Creel S. A Review of environmental factors affecting elk winter diets. Journal of Wild-
life Management. 2007; 71: 164—176. https://doi.org/10.2193/2005-575

Unsworth JW, Kuck L, Garton EO, Butterfield BR. Elk habitat selection on the Clearwater National For-
est, [daho. Journal of Wildlife Management. 1998; 62: 1255—1263. https://doi.org/10.2307/3801989

Knight RR. The Sun River elk herd. Wildlife Monographs. 1970; 3—66.

Jenkins KJ, Wright RG. Dietary niche relationships among cervids relative to winter snowpack in north-
western Montana. Can J Zool. 1987; 65: 1397—1401. https://doi.org/10.1139/z87-220

Irwin LL, Peek JM. Elk habitat use relative to forest succession in Idaho. Journal of Wildlife Manage-
ment. 1983; 47: 664—672. https://doi.org/10.2307/3808602

Beall RC. Winter habitat selection and use by a western Montana elk herd. Dissertation, University of
Montana. 1974.

Cook JG, Irwin LL, Bryant LD, Riggs RA, Thomas JW. Thermal cover needs of large ungulates: a review
of hypothesis tests. Transactions of the North American Wildlife and Natural Resources Conference:
708-726. 2004; 69: 708-726.

Chiu CH, Vagi SJ, Wolkin AF, Martin JP, Noe RS. Evaluation of the National Weather Service Extreme
Cold Warning Experiment in North Dakota. Wea Climate Soc. 2013; 6: 22—31. https://doi.org/10.1175/
WCAS-D-13-00023.1 PMID: 27239260

Conner MM, White GC, Freddy DJ. Elk movement in response to early-season hunting in northwest
Colorado. Journal of Wildlife Management. 2001; 65: 926—-940. https://doi.org/10.2307/3803041

Hudson RJ, Haigh JC. Physical and physiological adaptations. In: Toweill DE, Thomas JW, editors.
North American Elk Ecology and Management. Washington, DC: Smithsonian Institution Press; 2002.

Robbins CT, Podbielancik-Norman RS, Wilson DL, Mould ED. Growth and nutrient consumption of elk
calves compared to other ungulate species. Journal of Wildlife Management. 1981; 45: 172—186.
https://doi.org/10.2307/3807885

Osborn RG, Jenks JA, Jensen WF. Diet of North Dakota elk determined from rumen and fecal analyses.
1997; 13.

PLOS ONE | https://doi.org/10.1371/journal.pone.0211650 February 4, 2019 17/17


https://doi.org/10.1016/j.compag.2012.03.005
https://doi.org/10.1016/j.isprsjprs.2008.07.006
https://doi.org/10.1016/j.isprsjprs.2008.07.006
https://doi.org/10.2307/1937156
https://doi.org/10.2307/1400582
https://doi.org/10.2307/1400582
https://doi.org/10.1007/s10651-009-0115-2
http://www.springer.com/us/book/9780387954578
https://doi.org/10.18637/jss.v087.i09
https://doi.org/10.18637/jss.v087.i09
https://doi.org/10.1002/ecs2.1524
https://doi.org/10.1111/oik.03486
https://doi.org/10.2193/2005-575
https://doi.org/10.2307/3801989
https://doi.org/10.1139/z87-220
https://doi.org/10.2307/3808602
https://doi.org/10.1175/WCAS-D-13-00023.1
https://doi.org/10.1175/WCAS-D-13-00023.1
http://www.ncbi.nlm.nih.gov/pubmed/27239260
https://doi.org/10.2307/3803041
https://doi.org/10.2307/3807885
https://doi.org/10.1371/journal.pone.0211650

