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ABSTRACT During late summer and fall, elk (Cervus canadensis) need access to adequate nutrition to

support physiological requirements for reproduction and overwinter survival. The archery hunting season
often occurs during this period and can affect distributions of elk as they seek areas that minimize perceived
harvest risk. Areas that confer lower harvest risk may provide relatively low-value nutrition, resulting in a
potential tradeoff between minimizing risk and accessing adequate forage. We used radio-collar data
collected from female elk during late summer and fall (Aug–Oct) and estimated resource selection models to
evaluate the extent of this potential risk-nutrition tradeoff. To evaluate if elk exposed to a greater hunting risk
altered selection for forage resources, we assessed the relationship between individuals’ selection coefﬁcients
for forage and the proportion of their late-summer-fall home range accessible to hunters (our metric of
hunting risk). Our results indicate that during the archery season, elk with higher-risk home ranges selected
more strongly for areas farther from motorized routes than elk with lower-risk home ranges. Regardless of the
level of risk, however, elk maintained or increased selection for areas with higher forage quality, suggesting
that elk did not compromise access to nutritional resources during the archery season. Elk with higher-risk
home ranges were also exposed to the poorest nutrition and increased their selection for areas with higher
forage quality more strongly than elk with lower-risk home ranges during the hunting season. Elk with
lower-risk home ranges had access to the highest nutrition, which may be due to the availability of
concentrated sources of high-quality forage from irrigated agricultural areas on private lands that restricted
hunter access. Resource agencies interested in encouraging elk to remain on public lands during the hunting
seasons might consider closing motorized travel during the archery season to increase security on public lands,
limiting hunter pressure on public lands, improving forage quality on public lands, and working with private
land owners to enhance hunter accessibility and restrict elk access to high-quality forage resources. Ó 2019
The Wildlife Society.
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In temperate climates, the availability and distribution of
nutritional resources during summer and fall are important
factors inﬂuencing ungulate survival, reproductive performance, and distributions (Cook et al. 2013, 2016; Monteith
et al. 2014; Long et al. 2016; Profﬁtt et al. 2016a). This time
period is critical for female ungulates to accrue sufﬁcient body
fat to support demands of lactation and calf-rearing, become
pregnant in fall, and survive the nutrient-limited winter (Cook
et al. 2004, 2013; Monteith et al. 2014). The availability of
adequate forage abundance and quality (digestibility) are
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important for elk (Cervus canadensis) to meet these nutritional
demands, with high-quality forage playing an essential role
(Cook et al. 2004, 2013, 2016). The onset of the archery
hunting season in late summer and fall (late Aug or early Sep)
may inﬂuence resource selection and distributions of ungulates
as they seek areas with less hunting pressure (Kilpatrick and
Lima 1973, Conner et al. 2001, Vieira et al. 2003, Cleveland
et al. 2012, Ranglack et al. 2017). This behavioral strategy may
negatively affect the nutritional condition and, ultimately,
survival and reproduction of ungulates, if access to nutritional
resources is limited or reduced as animals alter their
movements to reduce harvest risk (Hebblewhite 2006,
Davidson et al. 2012, DeCesare et al. 2014).
The risk-related effects of the archery season on elk
selection for forage has received little attention even though
1
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nutrition during this time period is crucial, particularly for
female elk (Cook et al. 2004, 2016; Bender et al. 2008). Elk
are expected to select areas of higher nutritional value when
risks of using those areas are low (Pyke 1984, Ferrari et al.
2009, Godvik et al. 2009). When elk perceive high mortality
risks, they may select areas of inferior nutritional value in
favor of increased security beneﬁts, implying a potential
tradeoff between forage and risk (Morgantini and Hudson
1985, Hernandez and Laundre 2005, Hebblewhite and
Merrill 2009, Lone et al. 2015). Although a strong tradeoff
between forage and risk during the hunting season may
reduce an elk’s chance of being harvested (Lone et al. 2015),
it may also incur longer-term consequences to survival or
reproduction through reduced nutritional condition (Cook
et al. 2004).
During the archery season, elk select for areas providing
security from harvest (Conner et al. 2001, Vieira et al. 2003,
Profﬁtt et al. 2016b, Ranglack et al. 2017). Security areas
typically offer hiding cover, which obscures the animal from
view or allows it to swiftly escape danger (Skovlin et al.
2002), or isolation from hunter activity, such as areas away
from roads open to vehicle travel (Montgomery et al. 2013,
Profﬁtt et al. 2013, Ranglack et al. 2017). Selection by elk for
security areas, and the potential forage-risk tradeoff, may
vary depending on the level of hunting pressure and the
availability of areas providing security (Conner et al. 2001;
Profﬁtt et al. 2013, 2016b; Ranglack et al. 2017). Many
landscapes in the western United States have freely accessible
public land adjacent to private lands that often restrict the
access of hunters, providing a variety of opportunities for elk
to increase security during the hunting season (Conner et al.
2001, Vieira et al. 2003, Cleveland et al. 2012, Profﬁtt et al.
2013). Although elk may choose to remain on public lands
during late-summer and fall (i.e., summer-fall), some elk
may move to, or remain as permanent residents on, areas
restricting hunter access where hunter density and harvest
risk may be lower (Burcham et al. 1999, McCorquodale et al.
2003, Profﬁtt et al. 2016b). The nutritional consequences of
these varying strategies during the archery hunting season are
unknown.
Traditional management of elk habitat is based on providing
security on public land through management of motorized
travel routes and hiding cover to balance elk survival and
provide hunter opportunity (Christensen et al. 1993). These
management plans, however, have focused primarily on male
elk during the riﬂe season (Hillis et al. 1991) even though
hunting seasons in many areas are designed to manipulate
survival of female elk in efforts to increase or decrease elk
populations. In Montana, USA, statewide sales of archery
hunting licenses have increased 98% from 21,758 in 1985 to
43,071 in 2014 (Montana Fish, Wildlife and Parks,
unpublished data). The continued increase in hunters aﬁeld
during the archery season may affect distributions of elk more
than previously recognized in habitat management plans.
Additionally, increased harvest pressure during the archery
season may affect hunter success during the riﬂe season by
redistributing elk to areas less accessible to public hunters,
thereby limiting the effectiveness of traditional harvest and
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population management strategies (Burcham et al. 1999,
Haggerty and Travis 2006). Increased use and extended stay of
elk on areas restricting hunter access may result in increased
damage to crops and property and the potential dissatisfaction
of private land owners (Bunnell et al. 2002, Haggerty and
Travis 2006) and elk hunters seeking opportunity on public
lands (Lewis et al. 2014). These conditions create challenges
for managing elk populations through traditional harvest
methods, particularly for elk populations that exceed
management population objectives. Land management agencies recognize the effect of the archery season on the
redistribution of elk (Canﬁeld et al. 2013, United States
Forest Service [USFS] 2016); however, agencies seek a better
understanding of the role the archery season plays in selection
of security and foraging areas by female elk, particularly on
landscapes with highly variable hunter accessibilities.
To assess the nutritional consequences of risk-related
effects of archery hunting on female elk, we evaluated
summer-fall resource selection in a population occupying a
landscape with varying nutritional resources and levels of
hunting risk. We tested 3 hypotheses: the archery season
does not substantially affect selection for security and forage
by elk; elk do not trade off forage and risk during the archery
season because elk can select areas providing forage and
security regardless of hunter accessibility; and elk trade off
forage for increased security during the archery season, and
the strength of the tradeoff increases as hunter accessibility
increases (i.e., harvest risk). We tested these hypotheses by
developing resource selection functions for female elk using
2 years (2014–2015) of radio-collar location data and
evaluating the effect of the archery season on selection of
forage and security resources across varying levels of hunter
accessibility.

STUDY AREA
Our study area encompassed 2,482 km2 in the northern
Sapphire Mountains and Bitterroot River valley of westcentral Montana and included summer-fall (31 Jul–19 Oct)
range of the North Sapphire elk population during 2014 and
2015 (Fig. 1). Land ownership was a matrix of publicly
accessible state (5%), federal (54%), and corporate timber
lands (3%) that dominated the higher elevation summer
range and privately owned residential and agricultural lands
(38%) that dominated the valley bottom winter range.
Development along the study area’s wildland-urban interface
had increased during the previous 20 years. Mean annual
precipitation ranged from 284 mm on the valley ﬂoor to
963 mm on mountain summits, and mean temperatures for
July and January were 17.18C and 4.48C, respectively
(PRISM [Parameter-elevation Regressions on Independent
Slopes Model] Climate Group 2016). During the summerfall period, annual precipitation and temperature averaged
128 mm and 10.18C, respectively. Elevations ranged from
942 m to 2,505 m, and topography varied from ﬂat
bottomland to gentle foothills giving way to steep mountain
slopes. Lower elevation areas were primarily irrigated and
non-irrigated agricultural land composed of pasture grasses,
corn, or leguminous forbs; sagebrush (Artemisia tridentata)
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Figure 1. The North Sapphire female elk population summer-fall (31 Jul–19 Oct) range in the northern Sapphire Mountains and Bitterroot Valley of westcentral Montana, USA, 2014–2015.

steppe and grassland with Idaho fescue (Festuca idahoensis),
rough fescue (Festuca campestris), and bluebunch wheatgrass
(Pseudoroegnaria spicata); and riparian wetlands. Higher
elevation areas were predominately dry open coniferous
forests with ponderosa pine (Pinus ponderosa) and Douglas ﬁr
(Pseudotsuga menziesii) and moist mixed coniferous forests
with lodgepole pine (Pinus contorta), grand ﬁr (Abies grandis),
and subalpine ﬁr (Abies lasiocarpa). Patchily distributed
wildﬁres and timber harvests have produced areas varying in
successional stages.
Mule deer (Odocoileus hemionus), white-tailed deer (O.
virginianus), moose (Alces alces), and bighorn sheep (Ovis
canadensis) were sympatric with elk in the study area.
Carnivores that occupied the study area included mountain
lion (Puma concolor), bobcat (Lynx rufus), gray wolf (Canis
DeVoe et al.
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lupus), coyote (C. latrans), and American black bear (Ursus
americanus). One established wolf pack inhabited and
additional wolves occasionally traversed the study area.
We assumed the inﬂuence of non-human predators (notably
wolves and mountain lions) was consistent across the time
periods of our study. No collared elk were killed by nonhuman predators during or after our study, indicating nonhuman predation was likely minimal. In addition, wolf
densities were low in the study area, so we expected minimal
effects of wolves on elk behavior compared to human
predators (Profﬁtt et al. 2009, Middleton et al. 2013).
The core of the annual range for the North Sapphire elk
population was within Montana hunting district 204.
Montana Fish, Wildlife and Parks measured population trend
using aerial surveys each spring. The population steadily
3
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increased from 600 in the late-2000s to a high of 1,051 in 2016
owing to a combination of high calf recruitment and limited
female harvest. Archery hunting took place during a 6-week
season in September and early October, and harvest of browtined male or antlerless elk was allowed with a general hunting
license. A 5-week riﬂe hunting season followed the archery
season during late October and November. Hunters with a
general elk hunting license were allowed to harvest brow-tined
male elk, and hunters 12 to 15 years old were allowed to harvest
antlerless elk. Additionally, 30 and 100 hunters successful in
drawing limited special permits were allowed to harvest
antlerless elk in 2014 and 2015, respectively. Archery and riﬂe
season regulations were consistent on both public and private
lands. Antlerless-only elk damage hunts also took place on
some private properties before, during, and after the archery
and riﬂe hunting seasons. Although damage hunts occurred
prior to the archery season beginning in 2015, we assumed that
behavioral responses of elk to these harvests were minimal or
temporary given the isolation, irregularity, and rarity of the
hunts (Cleveland et al. 2012) and based on anecdotal
observations by the authors. During the 2 years of our study,
there was an annual estimated average of 7,205 hunter-days
and 108 elk harvested. Hunters harvested an annual average of
14 elk in the archery season, 84 in the riﬂe season, and 10 in
late-winter damage hunts. Female elk comprised 53% of the
harvest in 2015.

METHODS
Data Collection
We captured 41 female adult (1.5 years old) elk in
February 2014 and an additional 3 elk in February 2015 using
helicopter net-gunning or chemical immobilization (i.e.,
carfentanil and xylazine). We captured all elk in accordance
with animal welfare protocols approved by Montana Fish,
Wildlife and Parks (FWP19-2013). We outﬁtted elk with
Iridium remote upload global positioning system (GPS) radiocollars (Lotek Wireless, model IridiumTrackM 3D, New
Market, Ontario, Canada) programmed to record a location
every 2 hours, transmit a mortality notiﬁcation 6 hours postmortality, and drop off after 2 years.
Analysis Design
We classiﬁed location data as pre-archery (i.e., 1 month prior
to a buffer of 5 days before the start of archery season) and
archery (i.e., 5 Sep–20 Oct in 2014 and 4 Sep–19 Oct in
2015) to represent times of relatively low and high risk of
harvest, respectively. We used only 1 year of data for each elk;
for elk with 2 years of data, we randomly selected 1 of the
years to assure independence. We removed locations with
low spatial precision (i.e., dilution of precision values >10;
D’Eon and Delparte 2005). After removing these locations,
the mean ﬁx success rate of individual elk was 98.9%
(range ¼ 94.9–99.9%) across individual collars. We randomly selected 5 locations per individual per day to reduce
spatial autocorrelation in the data (Hansteen et al. 1997) and
standardize the number of locations per animal.
Our modeling approach consisted of 4 basic steps: determine
a single, best-supported model of resource selection by elk
4804

during summer-fall using pooled data from all individuals; use
the best-supported model to estimate resource selection
functions for individual elk (Johnson 1980); estimate exposure
of individuals to harvest risk as the proportion of each
individual’s summer-fall home range accessible to public
hunters; and relate harvest risk of individuals to selection
coefﬁcients to determine if the forage-risk tradeoff varied for
elk exposed to different levels of hunter access.
To determine the single, best-supported model, we ﬁrst
pooled used locations for all individuals and selected
available locations at a ratio of 1:5 from within the
population’s summer-fall range, which we deﬁned using a
95% kernel density estimator contour based on locations
combined across all individuals. This method avoids the
complexities associated with averaging selection coefﬁcients
across individual models that would likely vary considerably
in covariate structure (Sawyer et al. 2007, Profﬁtt et al.
2016b). We chose the 1:5 used-available ratio to accurately
describe the distribution of resources within the summerfall range and to aid in model convergence (Northrup et al.
2013). We excluded land cover types that provided no
resources to elk (e.g., rivers, lakes). We used generalized
linear regression in Program R (R Development Core
Team, Vienna, Austria) to estimate resource selection
models as a function of standardized risk, forage, and
landscape covariates selected based on review of elk studies
and our hypotheses of habitat relationships (see Model
Covariates; Table 1). We then evaluated the level of
empirical support for the covariates within several model
tiers (see Model Selection) to reduce the number of
covariates, improve the ﬁt of models in successive tiers
(Franklin et al. 2000), and select the best-supported model
for ﬁtting to each individual’s used-available dataset (see
Forage-Risk Tradeoffs).
Model Covariates
We evaluated 5 risk covariates representing security areas elk
could use to avoid harvest mortality during the archery
period: canopy cover, distance to cover, distance to motorized
routes, and 2 variations of security patches. We used percent
canopy cover from LANDFIRE (www.landﬁre.gov, accessed
21 Jul 2016) to describe areas elk may use as hiding cover
(Rowland and Wisdom 2012). We deﬁned distance to cover
as distance (m) to areas with canopy cover 40% to describe
areas elk may use that allow them to swiftly move to secure
areas with hiding cover (Canﬁeld et al. 2013, Profﬁtt et al.
2016b). We deﬁned distance to motorized routes as distance
(m) to roads (2-track, dirt, or paved) or trails designated as
open to public motorized travel, respective to each prearchery and archery period (McCorquodale 2013). On USFS
lands, we classiﬁed routes based on current National Forest
travel management plans implemented to regulate motor
vehicle use on roads (2-track, dirt, and paved) and trails. We
assumed areas farther from motorized routes represented
areas with reduced hunter pressure and greater security for
elk than areas closer to motorized routes. We deﬁned the 2
security patch covariates based on current National Forest
management plans for providing elk security (Hillis et al.
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Table 1. Covariates, functional forms, and hypothesized direction of selection considered for modeling resource selection by female elk during summer-fall in
the North Sapphire population, west-central Montana, USA, 2014–2015. Pseudothreshold forms are a natural log transform.
Covariate

Functional form (hypothesis)

Risk variables
Canopy cover
Distance to cover (>40%)
Distance to motorized route
Security patch
Security patch with cover (>30%)
Forage variable
Forage abundance
Forage quality
Landscape variables
Land cover type
Slope
Archery effect
Archery period

Linear
Linear
Linear
Binary
Binary

(þ), pseudothreshold (þ)
(), pseudothreshold ()
(þ), pseudothreshold (þ)
(þ)
(þ)

Rowland and Wisdom (2012), Ranglack et al. (2017)
Canfield et al. (2013), Proffitt et al. (2016b)
McCorquodale (2013), Ranglack et al. (2017)
Hillis et al. (1991), Christensen et al. (1993)
Hillis et al. (1991), Christensen et al. (1993)

Linear (þ), pseudothreshold (þ)
Linear (þ), pseudothreshold (þ)

Cook et al. (2004, 2013, 2016), Proffitt et al. (2016a)
Cook et al. (2004, 2013, 2016), Proffitt et al. (2016a)

Categorical
Linear (þ), pseudothreshold (þ), quadratic (þ/)



Skovlin et al. (2002); Proffitt et al. (2013);
Ranglack et al. (2017)

Binary

1991, Christensen et al. 1993, Ranglack et al. 2017). Each
security patch covariate was binary and included contiguous
areas of 100 ha located 0.8 km from the nearest road open
to motorized travel during each pre-archery and archery
period. The second security patch covariate additionally
incorporated contiguous areas with 30% canopy cover and
was designed to evaluate whether cover was an important
component of security patches.
We evaluated 2 forage covariates representing nutritional
resources for elk during summer-fall (Cook et al. 2004, 2013,
2016; Hebblewhite 2006; Profﬁtt et al. 2016a), including
forage abundance (grams of herbaceous forage/m2) and
forage quality (digestible energy/g of forage, kcal/g). We
extracted both forage covariates from spatially explicit
landscape models estimated from elk diet and vegetation
surveys collected during late summer (Appendix A, Profﬁtt
et al. 2016a). Brieﬂy, ﬁeld staff collected 68 summer
composite pellet samples for diet analysis to identify
important summer forage plant species and sampled 782
vegetation survey locations. Field staff estimated composition, biomass, phenological stage, and percent cover of forage
species at each sampling location. We used this information,
together with digestible energy estimates of each forage plant
species in each phenological stage, to estimate forage
abundance and forage quality at each sampling location.
Lastly, we developed landscape forage models by modeling
forage abundance and forage quality as a function of remotely
sensed spatial landscape covariates.
We additionally evaluated 2 landscape covariates to capture
general characteristics of the landscape that elk may use: land
cover and slope (Skovlin et al. 2002, Profﬁtt et al. 2013,
Ranglack et al. 2017). We classiﬁed land cover types into 3
categories: coniferous forests, montane riparian, and valley
bottom areas (grasslands, shrublands, riparian, and agricultural areas). We selected these land cover categories to
capture variation in habitats used by elk while also providing
a reasonable means of estimating animal-speciﬁc parameters
by lumping relatively similar vegetation community types
(Fieberg et al. 2010). We combined riparian with valley
bottom areas because riparian areas occurred in grasslands
and comprised <4% of the population summer-fall range.
DeVoe et al.
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Model Selection
We used 4 model tiers to select a best-supported model based
on the pooled data for subsequent use in estimating
individual resource selection patterns. We competed models
based on corrected Akaike’s Information Criterion (AICc)
rankings and advanced models 4 DAICc to subsequent
model tiers (Burnham and Anderson 2002). We considered
only covariates with low multi-collinearity in the same
models (Pearson correlation coefﬁcient |r| < 0.6).
In model tier 1, we sought to determine the best-supported
functional form of each of our continuous covariates. We ﬁt
univariate models evaluating different hypothesized functional forms for each continuous covariate (e.g., slope,
canopy cover, distance to cover, distance to motorized route,
forage abundance, forage quality) that included linear,
pseudothreshold (natural log transformation; Franklin et al.
2000), and quadratic forms (Table 1). If necessary, we
adjusted covariates considered for the pseudothreshold form
by adding a small value to allow log transformation. We
advanced the best-supported functional form(s) of each
covariate to subsequent model tiers.
In model tiers 2 and 3, we sought to determine the bestsupported risk and forage covariates, respectively. In model
tier 2, we ﬁt and competed the different risk covariates in
models that included a null model, all univariate models, and
additive models of all combinations of risk covariates. To
avoid potential correlation in binary and continuous
covariates, we did not include in the same model 1) the
security patches and distance to motorized route; or 2) the
security patch variant with incorporated canopy cover and
canopy cover or distance to cover. In model tier 3, we ﬁt and
competed the different forage covariates in models that
included a null model, each univariate model, and an additive
model with both forage abundance and forage quality.
We advanced the risk and forage covariates from the
best-supported models to model tier 4.
In model tier 4, we sought to determine the bestsupported model for subsequently applying to individual elk
datasets and evaluating the effect of the archery season on
potential tradeoffs between forage and risk. We competed
all additive combinations of landscape covariates and the
5
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most-supported risk and forage covariates from model tiers
2 and 3, respectively.
Forage-Risk Tradeoffs
To assess the effect of the archery season on potential
tradeoffs between forage and risk, we ﬁrst added to the bestsupported model from tier 4 a binary archery season covariate
(0 for the pre-archery period, 1 for the archery period) as an
interaction with each forage and risk covariate. We then ﬁt
this best-supported population model to each individual elk’s
used-available dataset with available locations selected at a
ratio of 1:5 from within the individual’s summer-fall home
range to estimate selection coefﬁcients for individual elk. We
evaluated the overall explanatory power and ﬁt of individual
models (Shmueli 2010, Sainani 2014) using the le Cessievan Houwelingen unweighted sum of squares test for
assessing overall goodness-of-ﬁt (Hosmer and Lemeshow
1989, le Cessie and van Houwelingen 1991, Hosmer et al.
1997).
To evaluate if the tradeoff between forage and risk varied
for elk exposed to different levels of hunter access (i.e.,
different levels of harvest risk), we ﬁrst classiﬁed hunter
access into 2 categories: areas restricted to public hunting
(i.e., low risk) and areas accessible to public hunting (i.e.,
high risk). Areas of restricted public hunting access included
private lands that allowed hunting by family and friends, or
through any other system that restricted free, equalopportunity public access. These areas represent places elk
may use to increase security during the hunting seasons.
Areas accessible to public hunting included public lands and
private lands enrolled in Montana’s Block Management
Program, a program designed to enhance free public hunter
access on private lands. We estimated the proportion of the
summer-fall home range of each elk that was accessible to
hunters, with high values representing areas of high risk. We
assessed the relationship between the selection coefﬁcients
and the proportion of the home range accessible to hunters
using a linear model and interpreted the slope value to
represent the effect of hunter accessibility on elk selection.
We interpreted the effect of the archery hunting season on
tradeoffs between forage and risk by assessing the direction
and magnitude of coefﬁcients for the risk and forage
covariates. For the risk and forage coefﬁcients, positive and
negative values indicate selection for a resource that is greater
and less than expected based on availability, respectively, and
values of 0 indicate no selection. For the archery interaction
coefﬁcients, positive and negative values indicate a change in
selection for a resource that is stronger and weaker during the
archery season, respectively, and values of 0 indicate no
change in selection.
Based on our hypothesis that elk do not change selection
during archery season, we expected to ﬁnd coefﬁcient
estimates with 95% conﬁdence intervals that span zero for
risk and forage interactions with archery and no relationship
between the interactions and proportion hunter access. Based
on our hypothesis that elk do not trade off forage for security
when altering selection during archery season, we expected to
ﬁnd coefﬁcient values for the archery  risk interaction
6806

indicating increased selection for more secure areas and
coefﬁcient values for the archery  forage interaction with
95% conﬁdence intervals that span 0, indicating no change in
selection for areas with better forage. We expected that
although we may ﬁnd a relationship between archery  risk
interaction coefﬁcients and proportion hunter access, we
would not ﬁnd a relationship between the archery  forage
interaction coefﬁcient and proportion hunter access. Based
on our hypothesis that elk trade off forage for security during
archery season, we expected to ﬁnd coefﬁcient values for the
archery  risk interaction that suggest increased selection for
more secure areas (e.g., positive values for distance to
motorized route) and negative coefﬁcient values for the
archery  forage interaction. We also expected to ﬁnd a
relationship between the archery  risk interaction coefﬁcient and proportion hunter access (e.g., positive relationship
between proportion hunter access and distance to motorized
route) and a negative relationship between the archery 
forage interaction coefﬁcient and proportion hunter access,
indicating elk exposed to higher levels of hunter access show
a stronger tradeoff between forage and risk.

RESULTS
We collected radio-collar location data from 44 female elk.
After constraining the radio-collar location data to the prearchery and archery periods, we retained 14,855 locations
from 41 elk, or an average of 362 (range ¼ 255–370)
locations/elk. Five elk died during the 2-year monitoring
period. Four mortalities were harvest-related and included 1
archery season harvest, 2 riﬂe season harvests, and 1 harvest
as part of late-season game damage hunts. The remaining
mortality was of unknown cause. No mortalities occurred
during the pre-archery period.
Used locations varied for the pre-archery and archery periods
and available locations varied for the summer-fall across
individual elk for the landscape, risk, and forage covariates
(Table 2). Summer-fall home ranges of individual elk averaged
50.2  4.3 (SE) km2 in area. The proportion of the elk home
ranges comprising areas accessible to hunters averaged
0.47  0.05 (range ¼ 0.05–0.99). The availability of risk and
forage resources within individual home ranges varied with the
proportion of the home range comprising hunter-accessible
lands (Fig. 2A). More accessible home ranges were on average
closer to motorized routes (R2 ¼ 0.27), had lower forage
abundance (R2 ¼ 0.67), and had lower forage quality
(R2 ¼ 0.61) than elk with less accessible home ranges.
Model Selection
In model tier 1, the best-supported functional forms for each
continuous covariate were quadratic slope, linear forage
abundance, linear forage quality, pseudothreshold distance to
motorized route, pseudothreshold canopy cover, and linear
distance to cover (Table 3). In model tier 2, the only
supported risk model included pseudothreshold distance to
motorized route and pseudothreshold canopy cover. In
model tier 3, the only supported forage model included linear
forage abundance and linear forage quality. In model tier 4,
the only supported model included land cover type, quadratic
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Table 2. Average (SE) of pre-archery and archery used locations and summer-fall available locations across individual female elk (n ¼ 41) datasets used in
modeling resource selection and tradeoffs between forage and harvest risk during summer-fall in the North Sapphire population, west-central Montana, USA,
2014–2015.
Used
Pre-archery
Covariate summary
Percent in forests
Percent in valley bottom areas
Percent in montane riparian
Mean slope (8)
Mean distance to motorized route (m)
Mean canopy cover (%)
Mean distance to cover (>30%; m)
Percent in security patch
Percent in security patch with cover
Mean forage abundance (g/m2)
Mean forage quality (kcal/g)

Archery

Available

x

SE

x

SE

x

SE

54.7
40.7
4.8
15.6
888.8
23.7
150.1
41.8
37.5
14.8
2.78

3.6
3.7
0.9
0.8
96.2
1.8
16.4
4.8
5.0
0.8
0.15

43.8
52.9
4.4
13.2
888.2
20.2
214.4
44.3
41.5
15.2
2.81

3.8
4.3
0.7
0.8
71.8
2.0
23.0
4.3
4.5
0.6
0.17

46.4
47.0
6.5
15.7
849.0
20.1
200.0
39.7
36.5
17.5
2.79

3.5
3.8
0.4
0.7
76.7
1.7
19.5
3.7
3.8
0.8
0.01

slope, pseudothreshold distance to motorized route, linear
forage abundance, and linear forage quality.
Forage-Risk Tradeoffs
We included in our best-supported model the interactions
between the archery period and pseudothreshold distance to
motorized route, linear forage abundance, and linear forage

quality, and we ﬁt the model to each individual’s usedavailable dataset. The mean P-value associated with the
goodness-of-ﬁt tests across individual elk models was
0.22  0.05 with 66% of the models indicating no evidence
of lack of ﬁt (P > 0.01). Standardized selection coefﬁcients
indicated that the strength of selection by elk for the risk
and forage covariates varied across individuals (Table 4).

^ panel B and C) of forage and harvest risk variables for adult female elk
Figure 2. Availability (panel A) and standardized, resource selection coefﬁcients (b;
occupying summer-fall home ranges with varying proportions of hunter-accessible lands in the North Sapphire elk population, west-central Montana, USA,
2014–2015. Bold lines and shaded areas are simple linear regression lines and 95% conﬁdence intervals, respectively. Panel B represents selection across the latesummer-fall period, where positive and negative values indicate selection for a resource that is greater and less than expected based on availability, respectively,
and values of zero indicate no selection. Panel C represents the change in selection with respect to the archery period, where positive and negative values indicate
a change in selection for a resource that is stronger and weaker during the archery season, respectively, and values of zero indicate no change in selection. The
dashed line indicates the threshold (2.75 kcal/g) of forage quality that is adequate for meeting nutritional requirements of adult female elk (Cook et al. 2004,
2016). Pseudothreshold covariates are indicated with subscripted ps. DMOT ¼ distance to motorized route.
DeVoe et al.
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Table 3. Model tier corrected Akaike’s Information Criterion (AICc) rankings comparing models based on pooled used-available locations used to select a
most-supported model for subsequent estimation of resource selection by female elk during summer-fall in the North Sapphire population, west-central
Montana, USA, 2014–2015. All models within each model tier are presented excepting tier 4 (n ¼ 16) showing only the top model and the next most-supported
model. The null model had AICc ¼ 80,315.0. For each model, we present the number of parameters (K) and AICc weight (wi).
Modela

K

AICc

DAICc

wi

Slope
Slope
SlopePS
Forage abundance
Forage abundancePS
Forage quality
Forage qualityPS
DMOTPS
DMOT
Canopy coverPS
Canopy cover
DCOV
DCOVPS
DMOTPS þ canopy coverPS
DMOTPS þ DCOV
DMOTPS
Security patch þ canopy coverPS
Security patch þ DCOV
Security patch
Security patch with canopy cover
Canopy cover
DCOV
Forage abundance þ forage quality
Forage abundance
Forage quality
Land cover þ slope2 þ DMOTPS þ forage abundance þ forage quality
Slope2 þ DMOTPS þ forage abundance þ forage quality

3
2
2
2
2
2
2
2
2
2
2
2
2
3
3
2
3
3
2
2
2
2
3
2
2
7
6

79,776.5
79,889.3
80,169.0
79,990.7
80,191.8
80,209.2
80,228.1
79,032.7
79,607.9
80,203.2
80,311.2
80,291.4
80,298.2
78,935.3
79,011.5
79,032.7
79,504.8
79,574.4
79,595.4
79,615.5
80,203.2
80,291.4
79,363.4
79,990.7
80,209.2
76,575.6
77,064.0

0.0
112.7
392.5
0.0
201.1
0.0
18.9
0.0
575.3
0.0
107.9
0.0
6.8
0.0
76.2
97.4
569.6
639.1
660.2
680.2
1267.9
1356.2
0.0
627.3
845.8
0.0
488.4

1.00
0.00
0.00
1.00
0.00
1.00
0.00
1.00
0.00
1.00
0.00
0.97
0.03
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.00
0.00
0.00
1.00
0.00

Model tiera
Tier 1: Slope

Tier 1: Forage abundance
Tier 1: Forage quality
Tier 1: DMOT
Tier 1: Canopy cover
Tier 1: DCOV
Tier 2: Risk

Tier 3: Forage

Tier 4: All combinations

a

2

DMOT ¼ distance to motorized route, DCOV ¼ distance to cover. Covariate superscripts indicate functional form (2 ¼ quadratic, PS ¼ pseudothreshold,
[none] ¼ linear).

Selection varied with the amount of hunter-accessible land
within individual summer-fall home ranges and with the
archery period (Fig. 2). During the summer-fall (i.e., across
both pre-archery and archery periods), elk generally selected
for areas away from motorized routes (Table 4) across all
levels of hunter accessibility (Fig. 2B). We found some
evidence that selection for areas away from motorized routes
^ ¼ 0.4,
decreased with increasing hunter accessibility (b

P ¼ 0.07, R2 ¼ 0.06) during the summer-fall. During the
same period, elk generally avoided areas with higher forage
abundance, with some evidence that elk with home ranges
more accessible to hunters avoided these areas less than elk
^ ¼ 0.6,
with home ranges less accessible to hunters (b
P  0.04, R2 ¼ 0.07). Selection by elk for forage quality
^ ¼ 1.1,
decreased with increasing hunter accessibility (b
P  0.001, R2 ¼ 0.23) during the summer-fall, and elk with

Table 4. Summary of standardized selection coefﬁcients and P-values of terms from the most-supported model used to estimate resource selection of female elk
(n ¼ 41) during the summer-fall in the North Sapphire population, west-central Montana, USA, 2014–2015. Effects of cover classes are in relation to the
reference (intercept) cover class forest.
^
b
a

Term

Intercept
Archery
Valley bottom areas
Montane riparian
Slope
Slope2
Distance to motorized routePS
Forage abundance
Forage quality
Archery  distance to motorized routePS
Archery  forage abundance
Archery  forage quality
a

P

x

95% CI

x

3.47
0.23
0.02
0.99
0.30
0.18
0.25
0.56
0.22
0.05
0.08
0.45

(4.40, 2.53)
(1.43, 0.96)
(0.06, 0.11)
(1.17, 0.80)
(0.39, 0.21)
(0.24, 0.12)
(0.13, 0.38)
(0.74, 0.38)
(0.02, 0.42)
(0.13, 0.22)
(0.30, 0.13)
(0.15, 0.74)

0.02
0.15
0.29
0.10
0.17
0.16
0.14
0.13
0.18
0.14
0.16
0.21

95% CI
(0.00,
(0.07,
(0.20,
(0.04,
(0.07,
(0.09,
(0.07,
(0.05,
(0.09,
(0.07,
(0.10,
(0.11,

0.05)
0.24)
0.37)
0.17)
0.26)
0.24)
0.22)
0.21)
0.27)
0.21)
0.22)
0.31)

Covariate superscripts indicate functional form (2 ¼ quadratic, PS ¼ pseudothreshold, [none] ¼ linear).
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home ranges more accessible to hunters showed no selection
for or against areas with higher forage quality.
During the archery period, elk selected more strongly for
areas away from motorized routes as hunter accessibility of
^ ¼ 0.7, P ¼ 0.02, R2 ¼ 0.11;
their home range increased (b
Fig. 2C); elk with home ranges least accessible to hunters
showed no change or a decrease in selection for areas away
from motorized roads. During the same period, elk generally
did not change their selection for forage abundance (Table 4);
however, there was some evidence that elk with home ranges
most accessible to hunters increased their avoidance of areas
^ ¼ 0.3, P ¼ 0.44, R2 ¼ 0.01).
of high forage abundance (b
Elk generally increased selection for areas of higher quality
forage across all levels of hunter accessibility during the
archery period, and there was some evidence that elk more
strongly increased selection for these areas as hunter
^ ¼ 0.5, P ¼ 0.35, R2 ¼ 0.01). Overaccessibility increased (b
all, these results support our hypothesis that elk do not trade
off forage and risk because elk can select areas providing both
security and forage regardless of hunter accessibility. These
results refute our hypotheses that selection for security and
forage are not substantially affected by the archery season and
that elk trade off forage for increased security during the
archery season.

DISCUSSION
Forage-Risk Tradeoffs
We found support for our hypothesis that female elk in our
study area did not trade off forage and risk during the archery
season. The areas providing the most security also provided
the highest-quality forage, a critical nutritional resource for
female elk during summer-fall (Cook et al. 2004, 2013,
2016). Although elk that experienced more risk (i.e.,
proportion of public hunter accessibility within their
summer-fall home range) changed their selection for security
more strongly in response to the archery season, they
maintained or increased their selection for high-quality
forage (Fig. 2C). This result provides additional support for
the importance of high-quality forage on resource selection
of female elk during the fall (Cleveland et al. 2012; Ranglack
et al. 2016, 2017). It is likely that many of the elk in our study
were lactating given high pregnancy rates (x ¼ 0.91) and calf
recruitment rates (26 calves/100 adult females) surveyed
during the following winter (2015; Montana Fish, Wildlife
and Parks 2017). Our ﬁndings may reﬂect the priority of
female selection for forage over risk, particularly for females
trying to meet the greater nutritional requirements of
lactation (Cook et al. 2004, 2016). Our results also suggest
that forage quality may be more important than forage
abundance (Cook et al. 2004, 2013, 2016); elk avoided forage
abundance across all levels of risk during the summer-fall
(Fig. 2B), a response that may be in part due to intermediate
or lower abundances having the highest forage quality
(Fryxell et al. 1988, Hebblewhite et al. 2008, Hebblewhite
and Merrill 2009).
Elk exposed to the poorest nutrition during summer-fall
(Fig. 2A), even below the threshold considered to be
DeVoe et al.
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sufﬁcient forage quality for meeting nutritional requirements
of lactating female elk during late-summer and fall
(2.75 kcal/g; dashed line in Fig. 2A; Cook et al. 2004,
2013, 2016), also occupied the highest-risk home ranges (i.e.,
most accessible to hunters). These elk appeared to reduce risk
by moving to areas farther from motorized routes during the
archery season, a result consistent with other studies
(Cleveland et al. 2012, McCorquodale 2013, Profﬁtt et al.
2016b, Paton et al. 2017, Ranglack et al. 2017), and
simultaneously increased their selection for high-quality
forage. To meet nutritional requirements and compensate for
the low availability of nutritional resources, these elk may be
increasing use of areas away from roads with greater
concentrations of the highest-quality forage, increasing
forage intake rates, or selecting high-quality forage at ﬁner
spatial scales (Cook et al. 2016). These elk additionally
showed relatively weaker avoidance of areas with high forage
abundance than elk with lower-risk home ranges across the
summer-fall period, indicating selection for forage abundance may have some importance for elk occupying public
lands with poor nutritional capacities.
In contrast, elk occupying the lowest-risk home ranges
were exposed to the highest-quality nutrition and responded
minimally to the archery season in their selection for forage
and security resources. This may be due to the high
availability of irrigated agricultural areas, which can provide
elk with consistent sources of both security and concentrated
areas of high-quality forage throughout the summer-fall
(Burcham et al. 1999, Middleton et al. 2013). Irrigated
agricultural areas in our study area existed only on private
properties with restricted hunter access and contained
approximately 2–4 times the forage quality than mature
dry coniferous forests, grasslands, and shrublands that
dominated this landscape (K. M. Profﬁtt, Montana Fish,
Wildlife and Parks, unpublished data). This may also explain
the increase in selection for forage quality by elk with
intermediate levels of hunter accessibility that used both
public and private lands during summer-fall or shifted their
distributions from public to private lands at the onset of the
archery season.
Alternatively, some movements of elk may be attributed
more to changes in the availability of high-quality forage due
to late-season senescence of plants than to elk seeking
enhanced security (Ager et al. 2003). This may explain the
large increase in selection of areas with higher forage quality
coinciding with the archery season for the majority of elk in
our study. In addition, the authors of this paper have
observed large numbers of elk arriving onto irrigated
agricultural ﬁelds several days or weeks prior to the onset
of the archery season. Such behavior would further
emphasize the importance of high-quality forage to elk
selection during the summer-fall (Cleveland et al. 2012,
Cook et al. 2016, Ranglack et al. 2017).
Whereas we did not ﬁnd tradeoffs between forage and risk
during the archery season, we did ﬁnd evidence that elk
occupying high-risk home ranges avoided areas with higherquality forage during the summer-fall period (Fig. 2B). We
suggest this result may be explained by high levels of
9
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recreational activities on public lands (USFS 2016).
Extensive networks of public roads from past timber harvest
activities on this landscape provide important recreational
access and opportunities to residents of the adjacent
Bitterroot Valley and city of Missoula that include allterrain vehicle (ATV) riding (authorized and unauthorized),
hiking, horseback riding, mountain biking, and pre-hunting
season scouting. Elk increase movements, reduce feeding
times, and elevate stress levels in response to ATV riding,
mountain biking, and hiking (Millspaugh et al. 2001;
Preisler et al. 2005; Wisdom et al. 2005, 2018; Naylor et al.
2009). Our results suggest that displacement of elk from
forage during the summer may be exacerbated if recreational
use on public lands continues to increase in association with
the steady growth of the human population (USFS 2016).
Our study provides insight into selection of forage and
security during the archery season for an elk population
occupying a landscape with highly variable nutritional
resources and levels of harvest risk. Our results may or
may not be applicable to other populations of elk and likely
depend on the availability of security and forage resources
and amount of hunting pressure. On landscapes where
security opportunities or high-quality forage are more
limited, or where greater numbers of archery hunters are
present (Cleveland et al. 2012, McCorquodale 2013, Little
et al. 2016), elk may demonstrate tradeoffs between forage
and risk. Tradeoffs may also occur at larger or across multiple
scales of selection (Hebblewhite and Merrill 2009) if elk
select home ranges (e.g., second-order selection) in response
to the archery season that displace them from accessing
forage; however, addressing multiple scales of selection fell
outside the scope of this study.
Elk Security During the Archery Season
Managers of public lands should recognize that management
of motorized access plays an important role in inﬂuencing elk
distributions and resource selection patterns, and motorized
access management is an important part of achieving harvest
objectives. The closure of motorized routes on public lands at
the onset of the archery season may provide important
security beneﬁts for female elk occupying higher-risk home
ranges. We found motorized routes to be the most supported
risk variable, similar to other studies of elk response to
hunting pressure (Johnson et al. 2004; McCorquodale 2013;
Montgomery et al. 2013; Profﬁtt et al. 2013; Ranglack et al.
2016, 2017), and particularly inﬂuential for elk on higherrisk home ranges (Fig. 2C) that also averaged closer to
motorized routes (Fig. 2A). These results suggest that
closures of motorized routes during the archery season may
be useful to effectively balance security resources across
landscapes with variable public hunter accessibility.
Shortly after our study ended, the Bitterroot National
Forest implemented a new travel management plan that
closed approximately 105 km of motorized routes within our
study area at the onset of the archery season (USFS 2016).
To assess the potential effectiveness in increasing elk security
under the travel update, we calculated the average distance to
motorized route of the elk summer-fall home ranges under
810
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Figure 3. The difference in availability of areas away from motorized routes
to female elk summer-fall home ranges with varying levels of hunteraccessible lands between the previous (implemented at the time of this study)
and new (implemented beginning 2016) travel management plans of the
Bitterroot National Forest, west-central Montana, USA.

the new plan and compared the results to the previous plan
(Fig. 3). The new plan increased the mean distance to
motorized routes across all elk home ranges by an average of
104.2 m (range ¼ 0.0–1,339.0 m) and for elk with home
ranges comprised of >50% accessible lands by an average of
168.8 m (range ¼ 0.0–1,339.0 m). This increase in security
on public lands is likely to beneﬁt elk; however, to effectively
balance security across the landscape and provide adequate
security for female elk on public lands, further closures may
be necessary.

MANAGEMENT IMPLICATIONS
Where elk populations occupy a diverse public-private
landscape, wildlife managers could consider a combination of
public and private land management strategies during the
archery season to achieve socially acceptable numbers of elk
while providing or enhancing hunter opportunity. Strategies
focused on managing forage for elk could include enhancing
the availability of and access to high-quality forage on public
lands through forest management (e.g., revegetation, timber
harvest, thinning, prescribed ﬁre, and wildﬁre management)
and restricting access of elk to irrigated agriculture or other
high-quality forage resources on private lands through
landowner collaborations. Strategies focused on balancing
harvest risk more evenly across public and private lands could
include closing motorized routes on public lands at the onset
of the archery season rather than the riﬂe season, when
closures traditionally occur, to enhance elk security; reducing
hunter pressure on public lands during the archery season by
altering season structures (e.g., limiting the number of
licenses available to hunters or changing sex and age harvest
restrictions); and collaborating with private land owners to
integrate less-restrictive goals for hunter access into land
owner objectives. These strategies that consider both forage
and risk may encourage elk to become more broadly
distributed on the landscape and to remain on public lands
through to the beginning of the riﬂe season, allowing
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managers to increase harvest opportunity of antlerless elk
during the riﬂe season and more effectively manage
populations through traditional harvest strategies.
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APPENDIX A. ESTIMATION OF
FORAGE QUALITY AND ABUNDANCE
We developed spatially explicit, landscape-scale elk forage
quality and abundance models for late summer using ground
and remote-sensed data. We combined ground vegetation data
from a previous study during 2012–2013 (Profﬁtt et al. 2016a)
with data collected for the current study following similar
methods (K. M. Profﬁtt, Montana Fish, Wildlife and Parks,
unpublished data). These data were collected within the annual
ranges of 3 elk populations occupying the Bitterroot Valley that
included the North Sapphire population.
Identiﬁcation of Forage Species
We identiﬁed summer (May–Sep) forage species using fecal
plant fragment analysis (level B; Wildlife Habitat and
Nutritional Laboratory, Pullman, WA, USA) of 68
composite fecal pellet samples (21 samples in each of
the 3 population ranges). We collected composite pellet
samples in 15-day intervals during summer from areas used
<24 hours prior by global positioning system (GPS)-collared
elk, which included areas used by resident and migratory
individuals. This method enabled sampling across a variety of
vegetation types and geographical gradients used by elk
across the study area. Each composite pellet sample included
The
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10–20 individual pellets selected at random from 10 pellet
groups within a 2–5-ha area. We collected only moist
samples to ensure pellets were fresh and from the summer
season. For each elk population, we ranked the forage plant
species identiﬁed in the samples based on percent of the diet
and considered the species that constituted 95% as forage
species (Table A1). We screened our vegetation data to
include only these forage species in estimates of forage
quality and abundance.
Vegetation Collection
We sampled composition, cover, and phenological stage of
plant species during the time of peak vegetative growth (15
Jul–31Aug) at 752 vegetation plots located within the annual
range of the 3 elk populations. We proportionally allocated
sampling plots to 12 vegetation cover types, then stratiﬁed
plots within vegetation cover types based on aspect and slope
(Krebs 1989). The vegetation cover types included mesic
forests with 3 wildﬁre histories (burned >15 yrs prior, burned
6–15 yrs prior, and burned 5 yrs prior); dry montane mixed
conifer forests with the same wildﬁre histories; dry montane
mixed conifer forests that were burned by prescribed ﬁre 5
years prior (Long et al. 2008); open grasslands, shrublands,
and woodlands; valley bottom riparian; montane riparian;
irrigated agriculture; and dry agriculture. Each sampling plot
consisted of a 40-m transect placed along the contour of the
slope with 5 1-m2 quadrats located every 10 m along the
transect and 0.25-m2 clip plots nested within the 0-m, 20-m,
and 40-m quadrats. At each quadrat, we recorded species
composition and percent cover of forbs, graminoids, shrubs,
and trees <2 m tall; however, we only considered herbaceous
(graminoid and forb) species in this study because of the
limited importance of shrub species in the diet (Table A1).
Estimates of cover were independent of each other, allowing
total cover per quadrat to exceed 100%. At each clip plot, we
clipped all forb and graminoid biomass >1 cm above ground
(however, see differences in sampling methods between
2012–2013 and 2014–2015). We dried samples at 508C in a
drying oven for 48 hours and measured dry weight to the
nearest gram. In 2012–2013, we allocated the dry weight to
each lifeform (e.g., forb and graminoid) based on the percent
cover of each lifeform. In 2014–2015, we made a minor change
to sampling that included collecting separate weights of forbs
and graminoids to more precisely estimate biomass by lifeform.
To account for variation in nutritional availability due to
plant phenology, we estimated the dominant phenological
stage (emergent, ﬂowering, fruiting, mature seed, or
senescent) of each species at plots using 2 similar approaches.
In 2014–2015, we estimated phenological stages at each of
the aforementioned sampling plots that were stratiﬁed
across vegetation type, slope, and aspect. In 2012–2013,
we established phenology plots stratiﬁed across major
phenological gradients including elevation, aspect (north,
south, ﬂat), and canopy coverage (open and closed).
We estimated phenological stages at each phenology plot
during the time of peak vegetative growth and applied the
species-speciﬁc phenological classiﬁcations to all sampling
plots (Profﬁtt et al. 2016a).
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Estimation of Forage Quality at Sampling Plots
To estimate forage quality at each sampling plot, we ﬁrst
estimated the phenological stage-speciﬁc digestible energy
(DE; kcal/g) of each forage species and then applied those
estimates to the phenological stages of forage species
observed at each sampling plot. To estimate the phenological
stage-speciﬁc DE of forage species, we ﬁrst collected 5
plant samples of each forage species in each of the 5
phenological stages. We collected the replicate samples from
different areas within the annual ranges of the elk
populations and combined the samples into 1 composite
sample that was dried at 508C for 48 hours. We then
estimated the phenological stage-speciﬁc DE of each forage
species using sequential detergent ﬁber analysis (Van Soest
1982; Wildlife Habitat and Nutrition Lab, Washington
State University, Pullman, WA, USA), an equation
developed for calculating dry matter digestibility (DMD;
%, or grams per 100 grams of forage) for wild ungulates
(Equation 1; Robbins et al. 1987a,b; Hanley et al. 1992), and
an equation for converting dry matter digestibility values to
DE (Equation 2; Cook et al. 2016). We collected samples for
32 forage species and used literature values from previous
studies for remaining forage species (Hebblewhite 2006).
We applied the same phenological stage-speciﬁc DE values
for each forage species at all sampling plots.
DMD ¼

h


i
0:9231e0:0451ððADL=NDFÞ100Þ  0:03  AIA ðNDFÞ

þ½ð16:03 þ 1:02NDSÞ  2:8  P;

ð1Þ

where ADL is the acid detergent lignin (%), AIA is the acid
insoluble ash (or biogenic silica content; %) of monocots,
NDF is the neutral detergent ﬁber (%), NDS is the neutral
detergent soluble (%), and P is the reduction in protein
digestion (%). In the equation, P is estimated as 11.82 
BSA, where BSA is the level of bovine serum albumin
(Robbins et al. 1987b); BSA is an index of the inhibiting
effect of increasing tannins measured in milligrams of BSA
precipitated per milligram of dry matter forage. The BSA
values were assumed to be zero for graminoids and forbs that
typically do not contain signiﬁcant tannins. For samples
missing AIA values, we used the mean phenological stagespeciﬁc AIA value of the same species. For samples missing
DMD values, we used the mean phenological stage-speciﬁc
DMD value of the same species.
DE ¼ ðDMD=100Þ  GE;

ð2Þ

where GE is the gross energy content and estimated as
4.53 kcal/g for forbs and graminoids (Cook et al. 2016).
We then estimated forage quality (i.e., mean DE) at each
sampling plot (refer to steps in Fig. A1) by ﬁrst multiplying each
phenological stage-speciﬁc proportion cover estimate (step C)
by the respective phenological stage-speciﬁc DE estimates
(step D) and summing across phenological stages to estimate
DE of each forage species (step E) at each of the 5 quadrats. We
then calculated a weighted mean DE at each quadrat using the
proportion cover of each forage species as the weight (step F and
G). We lastly averaged DE across the 5 quadrats (step H).
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Table A1. The percent composition, rank, and cumulative percent (Cum.%) of the diet of forage species in the summer diet of 3 elk populations (North
Sapphire, East Fork, and West Fork) in west-central Montana, USA, 2014–2015. We considered the species comprising 95% of the cumulative diet as forage
species. Asterisks indicate general grouping categories of unidentiﬁable species in diet analysis not used to ﬁlter data to forage species.
North Sapphire
Species
Poa spp.
Agropyron spp.
Lupinus spp.
Carex spp.
Verbascum spp.
Bromus tectorum
Stipa comata
Festuca campestris
Poa pratensis
Balsamorhiza sagittata
Medicago sativa
Salix spp. stem
Elymus glaucus
Centaurea stoebe
Bromus inermis
Other grass
Festuca idahoensis
Shepherdia canadensis leaf
Physocarpus malvaceus leaf
Calamagrostis rubescens
Other forb
Pseudoroegneria spicata
Composite hair
Pinus spp.
Vaccinium spp. stem
Achillea millefolium
Phleum pratense
Cirsium spp.
Astragalus spp.
Trifolium spp.
Alopecurus spp.
Taraxacum spp.
Koeleria macrantha
Other shrub leaf
Galium spp.
Ranunculus spp.
Solidago spp.
Other shrub stem
Agropyron cristatum
Equisetum spp.
Populus spp. stem
Potentilla spp.
Symphoricarpos albus
Berberis repens leaf
Dactylis glomerata
Salix spp. leaf
Zea mays
Phlox spp.
Cornus spp. leaf
Aristida purpurea
Xerophyllum tenax
Prunus spp. leaf
Triticum aestivum
Chamerion angustifolium
Juncus spp.
Shepherdia canadensis
Other shrub
Pinus contorta
Stipa spp.
Bromus spp.
Physocarpus malvaceus
Ceanothus velutinus

West Fork

Common name

Lifeform

%

Rank

Cum.%

%

Rank

Cum.%

%

Rank

Cum.%

Bluegrass spp.
Wheatgrass spp.
Lupine spp.
Sedge spp.
Mullein spp.
Cheatgrass
Needle and thread
Rough fescue
Kentucky bluegrass
Arrowleaf balsamroot
Alfalfa
Willow spp.
Blue wildrye
Spotted knapweed
Smooth brome

Graminoid
Graminoid
Forb
Graminoid
Forb
Graminoid
Graminoid
Graminoid
Graminoid
Forb
Forb
Shrub
Graminoid
Forb
Graminoid
Graminoid
Graminoid
Shrub
Shrub
Graminoid
Forb
Graminoid

12.1
8.9
6.2
5.9
4.7
4.1
3.1
3.1
2.7
2.6
2.4
2.4
2.2
2.1
2.1
1.7
1.6
1.6
1.5
1.5
1.5
1.5
1.2
1.2
1.1
1.0
1.0
1.0
0.8
0.8
0.7
0.7
0.7
0.6
0.6
0.6
0.6
0.5
0.5
0.5
0.5
0.5
0.5
0.4
0.4
0.4
0.4
0.4
0.3
0.3
0.3
0.3
0.3
0.2
0.1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
76

12.1
20.9
27.1
33.0
37.7
41.9
45.0
48.1
50.8
53.4
55.8
58.1
60.3
62.5
64.6
66.3
67.9
69.5
71.1
72.6
74.1
75.5
76.8
78.0
79.1
80.1
81.1
82.2
83.0
83.8
84.6
85.3
86.0
86.6
87.2
87.8
88.4
89.0
89.5
89.9
90.4
90.9
91.4
91.8
92.3
92.7
93.1
93.4
93.7
94.0
94.3
94.7
94.9
95.2
98.8

8.8

4

46.5

11.2

2

37.6

12.1
16.6
0.0

2
1
69

28.7
16.6
99.9

7.2
26.4
0.0

3
1
68

44.8
26.4
100.1

3.2

10

73.1

0.5

24

95.9

4.0

9

69.9

5.5

7

67.4

2.1

14

83.4

1.7

14

87.3

0.0

54

99.9

0.0

48

100.1

4.3
1.7

7
17

61.7
88.8

4.4
1.2

8
16

71.8
90.1

5.5
9.0
1.1

5
3
19

52.0
37.7
91.3

5.5
5.8
2.7

6
4
11

61.9
50.6
82.0

1.3
0.1

18
42

90.2
99.4

0.7
1.8

21
12

94.1
83.9

0.3

29

96.8

0.7

19

92.7

0.4
0.7

25
22

95.5
93.8

0.4
0.4

28
29

97.6
98.0

0.0
0.2

67
39

99.9
99.0

0.0
0.3

65
32

100.1
98.9

0.4

26

95.9

1.7

13

85.6

0.0
0.9
5.5

63
21
6

99.9
93.1
57.5

0.0
0.4
4.4

60
27
9

100.1
97.2
76.2

0.3

28

96.6

0.5

26

96.8

0.2
0.3

33
31

97.9
97.4

0.5
0.0

25
49

96.4
100.1

2.8

11

76.0

0.0

69

100.1

0.6
0.9
4.2
2.7
2.7
1.9
1.8
0.7
0.2

24
20
8
12
13
15
16
23
41

95.1
92.2
65.9
78.6
81.3
85.3
87.1
94.5
99.3

0.7
0.7
0.6
3.2
5.8
1.6
1.1
0.2
0.8

22
20
23
10
5
15
17
35
18

94.8
93.4
95.4
79.3
56.4
88.9
91.1
99.5
92.0

Idaho fescue
Canada buffaloberry
Mallow ninebark
Pinegrass
Bluebunch wheatgrass
Pine spp.
Huckleberry spp.
Common yarrow
Timothy
Thistle spp.
Legume spp.
Clover spp.
Foxtail spp.
Dandelion spp.
Prairie Junegrass
Bedstraw spp.
Buttercup spp.
Goldenrod spp.
Crested wheatgrass
Horsetail spp.
Cottonwood spp.
Cinquefoil spp.
Common snowberry
Oregon grape
Orchard grass
Willow spp.
Corn
Phlox
Dogwood spp.
Three-awn
Bear grass
Chokecherry spp.
Common wheat
Fireweed
Rush spp.
Canada buffaloberry
Lodgepole pine
Needle grass spp.
Brome spp.
Mallow ninebark
Snowbrush ceanothus

Tree
Shrub
Forb
Graminoid
Forb
Forb
Forb
Graminoid
Forb
Graminoid
Shrub
Forb
Forb
Forb
Shrub
Graminoid
Forb
tree
Forb
Shrub
Shrub
Graminoid
Shrub
Graminoid
Forb
unknown
Graminoid
Forb
Shrub
Graminoid
Forb
Graminoid
Shrub
Shrub
tree
Graminoid
Graminoid
Shrub
Shrub

Estimation of Forage Abundance at Sampling Plots
We estimated forage abundance (g/m2) at each sampling
plot (refer to steps in Fig. A2) by ﬁrst apportioning clipped,
dry biomass from the clip plots (g/0.25 m2) for each
814
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East Fork

lifeform (step D) to each species (step E) based on rescaled
percent cover (species cover proportional to cover within
the appropriate lifeform; steps A–C). We then ﬁltered
out forage species (step F), summed biomass across lifeform
The
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Figure A1. Illustrative methods for estimating mean forage quality (i.e., digestible energy [DE]; kcal/g) at each vegetation sampling plot in the Bitterroot
Valley, Montana, 2012–2015. Each sampling plot consisted of 5 1-m2 quadrats (Q1-5) placed at 10-m intervals and 3 0.25-m2 clip plots (C1-3) placed in the 0-m,
20-m, and 40-m quadrats. Estimation methods included A) determining plant species present at each quadrat, B) ﬁltering plant species to include only forage
species found to be important in the diet of elk based on fecal sample analyses, C) estimating phenological stage-speciﬁc proportion cover of each forage species
at each quadrat, D) estimating phenological stage-speciﬁc DE of each forage species from samples analyzed for nutritional content, E) estimating DE of each
forage species based on phenological stage-speciﬁc cover and DE estimates, F) estimating proportion cover of each forage species at each quadrat, G) estimating
DE at each quadrat by weighting each forage species DE estimate by the proportion cover of each forage species, and H) averaging DE across the 5 quadrats.
PSEPSI ¼ Pseudoroegnaria spicata, CARGEY ¼ Carex geyeri, PRUVIR ¼ Prunus virginiana, PINPON ¼ Pinus ponderosa.

(step G), and averaged biomass per lifeform across the 3 clip
plots (step H). We lastly scaled up to m2 (0.25 m2  4 ¼
1 m2; step I).
Landscape Forage Quality and Abundance Models
We used linear and log-linear regression to predict forage
quality and forage abundance, respectively, in 30  30-m
pixels across the study area as a function of spatial landscape
covariates (K. M. Profﬁtt, unpublished data). We predicted
graminoid and forb forage abundance separately. We
selected a top model of the most-explanatory covariates
DeVoe et al.
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for each forage metric using bidirectional stepwise selection
of an initial global model of 8 standardized covariates that
may inﬂuence vegetation growth: vegetation cover type
(described in Vegetation Collection above), elevation, slope,
canopy cover (LANDFIRE; www.landﬁre.gov, accessed 21
Jul 2016), compound topography index, solar radiation
index (solar radiation calculated using the Area Solar
Radiation tool in ArcMap 10.2), spring precipitation (PRISM
[Parameter-elevation Regressions on Independent Slopes
Model] Climate Group 2016), and normalized difference
vegetation index (NDVI) amplitude. All covariates had a
15
815

Figure A2. Illustrative methods for estimating mean forage abundance (i.e., biomass; g/m2) at each vegetation sampling plot in the Bitterroot Valley, Montana,
2012–2015. Each sampling plot consisted of 5 1-m2 quadrats (Q1-5) placed at 10-m intervals and 3 0.25-m2 clip plots (C1-3) placed in the 0-m, 20-m, and 40-m
quadrats. Estimation methods included A) estimating proportion cover of each plant species at each quadrat, B) estimating proportion cover of each lifeform at
each quadrat, C) rescaling proportion cover of each species based on proportion cover of lifeform, D) measuring dry weight (g) biomass of each lifeform from
vegetation clipped in clip plots, E) estimating biomass of each species based on rescaled proportion cover of each species, F) ﬁltering plant species to include only
forage species found to be important in the diet of elk based on fecal sample analyses, G) summing forage biomass for each lifeform, H) averaging biomass of
each lifeform across the 3 clip plots, and I) scaling biomass from g/0.25 m2 to g/1 m2. PSEPSI ¼ Pseudoroegnaria spicata, ACHMIL ¼ Achillea millefolium,
RANGLA ¼ Ranunculus glaberrimus.

Pearson’s correlation coefﬁcient <0.6. The top model
predicting forage quality included vegetation cover type, slope,
canopy cover, solar radiation index, and elevation (r2adj ¼ 0.26).
The graminoid forage abundance model included vegetation
cover type, elevation, canopy cover, compound topography
index, solar radiation index, and NDVI amplitude (r2adj
¼ 0.22). The forb forage abundance model included vegetation
cover type, slope, solar radiation index, and elevation (r2adj ¼

816
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0.17). We used unstandardized coefﬁcient estimates from the
models to develop spatially explicit predictions of forage quality,
graminoid forage abundance, and forb forage abundance across
the Bitterroot Valley. We summed overlapping pixels of
graminoid and forb forage abundance predictions to estimate
forage abundance. We extracted predicted values of forage
quality and forage abundance to the used-available locations for
developing resource selection models of elk.
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