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Resource selection by animals varies depending on spatial and temporal context, thus 
it is important to account for these factors when conducting studies that examine this 
behavior relative to the availability and distribution of resources. Many resource selec-
tion studies combine fine-scale animal location data obtained using global positioning 
system (GPS) technology and coarse-scale, remotely sensed, spatial layers. Fewer stud-
ies combine fine-scale animal location data with vegetation data collected in the field, 
which can identify important fine-scale drivers of resource selection. Understanding 
fine-scale resource selection of ungulates inhabiting regions dominated by closed-can-
opy forests may provide important information regarding management actions that 
improve habitat quality. From April 2021 to August 2022, we conducted vegetation 
surveys at locations (n = 1294) used by 39 GPS-collared elk Cervus canadensis and 
at paired random locations (n = 2509) available to elk. We used conditional logistic 
regressions to compare seasonal (spring, summer, fall, winter) vegetation characteris-
tics between used and available locations. We also conducted a species indicator analy-
sis to compare plant species found at used and available locations during peak foraging 
periods (dawn/dusk). Regardless of season, the probability of use by elk increased as 
tree basal area (m2/ha) decreased, and the presence of herbaceous plants increased. 
Clovers (Trifolium spp.) were indicators of locations used by elk during primary forag-
ing periods regardless of season. Other plants that were indicators of locations used by 
elk during at least one season included purple-crown vetch Securigera varia, bird’s foot 
trefoil Lotus corniculatus, and black medick Medicago lupulina. This research highlights 
the importance of managed openings, ecotones, and other communities characterized 
by reduced tree cover and increased herbaceous plants to meet the foraging needs of elk 
in landscapes dominated by closed-canopy forests. Creating and maintaining managed 
herbaceous openings and restoring open-forest communities will likely facilitate elk 
population growth and expansion.
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Introduction

The interplay between species behavior and the availabil-
ity of resources at different temporal and spatial scales are 
known to influence patterns of movement and resource 
selection (Johnson 1980, Arthur  et  al. 1996, Boyce and 
McDonald 1999). Therefore, the evaluation of resource 
selection across multiple scales is important, particularly 
when the goal is to inform management (Johnson 1980, 
Manly 2002, Roberts et al. 2017). While multiscale studies 
that use resource selection functions (RSFs) are not uncom-
mon (McGarigal et al. 2016, Linden et al. 2018), they typi-
cally rely solely on GPS tracking technology coupled with 
remotely sensed data such as National Land Cover Data 
(NLCD) (Anderson et al. 2005a, Hebblewhite and Haydon 
2010). In the early years of using GPS technology, location 
accuracy was low (Tomkiewicz et al. 2010), justifying the use 
of remotely sensed environmental data to provide informa-
tion at a coarse spatial scale (i.e. cover type at 30 × 30 m 
resolution). Current GPS technology has increased accuracy, 
with location error ranging from 8 to 15 m (Smith  et  al. 
2021). As such, using coarse-scale remotely sensed environ-
mental data along with highly accurate GPS animal location 
data can limit the ability to assess fine-scale resource selec-
tion. Moreover, remotely sensed data layers do not capture 
all environmental features, such as plant biomass and species 
composition, that are known to influence resource selection 
behaviors (Fleming et al. 2004, Briand et al. 2009). Resource 
selection studies that incorporate fine-scale data, while logis-
tically challenging, can more effectively capitalize on highly 
accurate GPS-telemetry data to better understand the fac-
tors influencing animal movements and resource selection 
(Lamont et al. 2019, Hooven et al. 2024).

Because of their significant ecological, economic, and cul-
tural importance, ungulates including elk Cervus canaden-
sis (Anderson et al. 2005b), moose Alces alces (Brown et al. 
2018), caribou Rangifer tarandus (Briand et al. 2009), bison 
Bison bison (DeMars  et  al. 2020), and white-tailed deer 
Odocoileus virginianus (Jenkins et al. 2007) have long been the 
focus of resource selection studies. Such studies have exam-
ined diverse topics like predator avoidance (Hebblewhite 
and Merrill 2009, McGreer  et  al. 2015), seasonal foraging 
behavior (Jenkins et al. 2007, Thompson et al. 2015), par-
turition (McLaren et al. 2017), and response to human dis-
turbances (Brown et  al. 2018, DeMars  et  al. 2020). While 
past research has substantially improved our understanding 
of ungulate resource selection at landscape scales, studies that 
incorporate detailed environmental and ecological data col-
lected on the ground to understand fine-scale selection pat-
terns are less common (Briand  et  al. 2009, McGreer  et  al. 
2015). Nonetheless, there is a growing acknowledgement of 
the need for studies that incorporate fine-scale environmen-
tal data to further characterize ungulate resource selection 
and thus better inform habitat management (McGreer et al. 
2015, DeMars et al. 2020).

Although research on eastern North America elk popula-
tion dynamics, diet, and home range has increased (O’Neil 

and Bump 2014, Smith et al. 2019, Padilla et al. 2023), fewer 
studies have incorporated field data collected at known elk 
locations to explore factors that influence fine-scale resource 
selection (i.e. Montgomery et al. 2018, Duchamp et al. 2019, 
Brose 2021). Gathering information on fine-scale habitat 
characteristics such as plant species composition or density 
can help researchers further understand elk behaviors. For 
example, fine-scale mechanisms of plant phenology, quality, 
and abundance predicted landscape-scale resource selection of 
migratory elk in Alberta (Hebblewhite et al. 2008). Similarly, 
a study of elk winter foraging in Yellowstone National Park 
demonstrated that elk adjusted their foraging activities based 
on fine-scale habitat structure (Fortin  et  al. 2005). Indeed, 
fine-scale studies have provided managers with insight 
regarding important aspects of elk ecology in eastern North 
America such as parturition sites (Duchamp  et  al. 2019), 
diet composition (Smith et al. 2018), and forage availability 
(Lupardus  et  al. 2011), that could not have been obtained 
via coarse-scale studies. To date, few studies in eastern North 
America have incorporated fine-scale vegetation data collected 
at locations used by elk fitted with GPS collars (Smith et al. 
2019) and such studies are needed to provide insight into 
the ecology of elk foraging behavior and response to land 
management activities. This is especially true in landscapes 
wherein important resources are patchily distributed with a 
matrix of relatively low-quality conditions and at scales that 
are finer than what can be detected using broader cover type 
designations (McCann et al. 2014). The failure to recognize 
such relationships has the potential to result in less effective 
habitat management recommendations.

We conducted on-the-ground vegetation surveys at 
used GPS elk locations and available (random) locations in 
Pennsylvania, USA, to identify fine-scale factors that influ-
ence seasonal resource selection by an elk population inhab-
iting a heavily forested portion of the central Appalachians 
Mountains. The notion of elk being intermediate grazers is 
common in the literature (Cook 2002), therefore during the 
spring and summer seasons, we predicted that elk would pri-
oritize herbaceous forage acquisition and be near forest-open 
ecotones. Elk are known to use mast as a food source dur-
ing fall (Lupardus et  al. 2011), therefore we predicted that 
in fall elk would select for areas with higher basal areas of 
mast-producing trees such as oaks Quercus, American beech 
Fagus grandifolia, and hickories Carya, prioritize herbaceous 
forage acquisition, and be near forest–open ecotones. During 
winter, we predicted elk would prioritize thermoregulation 
(i.e. use conifers for cover) by being in or near mixed or ever-
green forests and also prioritize herbaceous forage acquisition 
during a period of low food availability (Christianson and 
Creel 2007). Additionally, we analyzed plant species occur-
rence data at locations where elk were presumably foraging, 
to identify species indicative of areas used by elk to inform 
more detailed management practices. Findings from our 
study along with those from a concurrent landscape-scale 
study (Padilla et al. 2023) provide a more holistic assessment 
of elk resource selection than previously available to agency 
biologists and land managers. Moreover, this study can serve 
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as a model for others who desire to explore fine-scale influ-
ence of ungulate ecology.

Study area

We conducted our study within the Pennsylvania Elk 
Management Area (EMA) in northcentral Pennsylvania, 
located within the central Appalachian Mountains. The 
EMA encompasses 973  100 ha (9713 km2) and consists of 
private (26%) and public land (74%) including state game 
lands (SGL), state forests (SF), and state parks (Banfield and 
Rosenberry 2020). The elevation of the EMA ranges from 
267 to 732 m and this area experiences cold winters (mean 
January temperature is −3°C) and warm summers (mean 
July temperature is 22°C) (Padilla  et  al. 2023). Mature 
northern hardwood and oak–hickory forests make up 87% 
of the EMA and are dominated by American beech Fagus 
grandifolia, maples Acer spp., oaks Quercus spp., birch Betula 
spp., and hickory Carya spp. (Banfield and Rosenberry 
2020). The EMA is composed of 8% herbaceous-dominated 
communities which include reclaimed surface mine lands, 
fields maintained specifically for wildlife, utility corridors, 
and agriculture. These cover types consist of various grasses 
such as timothy Phleum pratense, orchardgrass Dactylis glom-
erata, and fescues (Festuca spp.), and forbs such as golden-
rods (Solidago spp.), clovers (Trifolium spp.), bird’s foot trefoil 
Lotus corniculatus, and purple-crown vetch Securigera varia 
(Heffernan 2009, Banfield and Rosenberry 2020). At the 
time of this study, Pennsylvania’s elk population consisted of 

approximately 1300 individuals that occupied roughly one-
third of the EMA; therefore, this research was restricted to 
three public land blocks managed by the Pennsylvania Game 
Commission (PGC) and the Department of Conservation 
and Natural Resources (DCNR) (Fig. 1) (hereafter focal 
landscapes) in the core EMA. These focal landscapes are rep-
resentative of the cover types and topography available to 
elk across the EMA (Table 1) and were chosen to maximize 
survey effort and inform future implementation of habitat 
management on public lands. Collectively, the three focal 
landscapes total 96 400 ha and consist of mixed hardwoods, 
dry oak–heath forests, northern hardwoods, reclaimed sur-
face mines, and managed herbaceous areas (Banfield and 
Rosenberry 2020).

Material and methods

Fine-scale vegetation sampling

We obtained location data from 39 adult elk (female = 23, 
male = 16) marked with Vertex Plus Iridium collars 
(Vectronic Aerospace, Berlin, Germany, 8–15 m resolution) 
between 1 April 2021 and 31 August 2022 which were pro-
grammed to acquire a location every 13 h. Elk were captured 
by Pennsylvania Game Commission staff in accordance with 
standard procedures to capture, handle, and fit GPS col-
lars on elk (PGC SOP 40.9). To identify potential sampling 
locations, we obtained GPS location data (hereafter ‘used 

Figure 1. The Pennsylvania Elk Management Area (EMA) in northcentral Pennsylvania. The dashed black line encompasses the portion of 
the EMA currently occupied by elk and the three polygons with solid black outlines represent three focal landscapes (A–C) in which fine-
scale habitat selection of GPS-collared elk was studied. Within each focal landscape vegetation was sampled from April 2021 to August 
2022 at locations used by elk (black dots).
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locations’) from collared elk every two weeks. From the pool 
of all used locations, we randomly selected 30 used locations 
in each focal landscape. Additionally, for each used location 
we generated 2–3 random (hereafter ‘available’) locations 
using the geoprocessing tool ModelBuilder (ArcGIS Pro 
2.8.3). We generated three available locations for every used 
location in spring and summer 2021, but due to time and 
resource constraints we only generated two available loca-
tions for every used location for the remainder of the study. 
All available locations were generated within 900 m of their 
respective used location. We used a 900-m distance because 
it is the average step-length for collared elk with 13-h fix rates 
in the study area (B. J. Padilla, unpubl.).

We conducted vegetation surveys at used and available 
locations from April 2021 and August 2022 during four rel-
evant seasons determined by local climate and elk biology 
(Duchamp et al. 2019, Padilla et al. 2023): spring (1 April–
31 May), summer (1 June–31 August), fall (1 September–30 
November), and winter (1 December–31 March). We com-
pleted all vegetation surveys within 16 (± 6) days of a given 

location’s acquisition date to ensure vegetation characteriza-
tion was synchronous with the time the elk used the loca-
tion. Plant community composition data were recorded for 
the herbaceous layer, small woody stems (< 10 cm diameter 
at breast height), and trees for each plot. To characterize the 
ground layer, we visually estimated percent ground cover of 
grass, forbs, ferns, and woody stems < 0.5 m tall using five 
cover classes (1: > 0–5%, 2: 6–25%, 3: 26–50%, 4: 51–75%, 
5: 76–100%) in five 1 m2 quadrats located at the center of 
each sampling location and at 10 m in each cardinal direction 
(Fig. 2). When possible, we attempted to identify all plants to 
the species level but sometimes could only determine genus 
or family. Percent cover estimates were determined as if a spe-
cies or functional group (i.e. grasses) were the only plant in 
the quadrat (adapted from Smith et  al. 2018). We did not 
record percent ground cover if the snow depth was > 0.25 m 
unless plant material was exposed above the snow. To assess 
woody stem density, we recorded the species name and num-
ber of all saplings and shrubs (> 0.5 m in height) within a  
20 m long × 1 m wide belt transect that was oriented north to 

Table 1. Landscape attribute descriptions of the Pennsylvania Elk Management Area (EMA), occupied elk range, and focal landscapes. Focal 
landscapes represent where vegetation surveys were conducted at locations used by GPS-collared elk and paired available locations. 
Vegetation surveys were conducted from April 2021 to August 2022.

Landscape attribute Pennsylvania EMA Occupied elk range Focal landscape A Focal landscape B Focal landscape C

Area (ha) 973  306 343  603 18 313 46 748 343  956
Elevational range (m) 154–787 199–737 268–719 255–720 217–722
Forest cover (%) 88.98 92.5 93.67 97.16 94.51
Herbaceous cover (%) 6.15 3.4 3.2 0.57 2.24
Developed area (%) 4.32 3.63 3.2 2.24 2.77
Water (%) 0.52 0.44 0.02 0.02 0.45

Figure 2. Diagram of vegetation survey layout conducted at used and available sampling locations to analyze elk resource selection in north-
central Pennsylvania. Surveys included using a 10-factor prism to determine basal area, five 1 m2 quadrats for percent cover of plant species, 
and a 1 × 20 m2 transect to determine the number of stems of saplings and shrubs > 0.5 m.



Page 5 of 13

Table 2. Candidate model sets by season to test with conditional logistic regressions to evaluate seasonal resource selection of GPS-collared 
elk in northcentral Pennsylvania. Elk locational data and field vegetation data were collected from April 2021 to August 2022.

Season Variables K Delta_AICc AICcWt

Spring basal area, distance2, graminoid 4 0.00 0.20
basal area, distance2 3 0.05 0.20
basal area, distance2, forb 4 0.45 0.16
basal area, distance2, graminoid, forb 5 1.02 0.12
basal area, graminoid 2 1.37 0.10
basal area 1 1.89 0.08
basal area, forb 2 2.00 0.07
basal area, graminoid, forb 3 2.24 0.07
distance2, graminoid, forb 4 47.27 0.00
distance2, graminoid 3 48.19 0.00
distance2, forb 3 57.86 0.00
distance2 2 62.73 0.00
graminoid, forb 2 69.43 0.00
graminoid 1 71.31 0.00
forb 1 91.07 0.00

Summer basal area, distance2, graminoid, forb 5 0.00 0.39
basal area, distance2, graminoid 4 0.86 0.25
basal area, distance2, forb 4 0.87 0.25
basal area, distance2 3 3.73 0.06
basal area, graminoid, forb 3 5.96 0.02
basal area, graminoid, forb 2 6.96 0.01
basal area, forb 2 8.01 0.01
basal area 1 11.49 0.00
distance2, graminoid, forb 4 76.63 0.00
distance2, graminoid 3 78.85 0.00
distance2, forb 3 89.11 0.00
distance2 2 97.99 0.00
graminoid, forb 2 116.61 0.00
graminoid 1 119.81 0.00
forb 1 140.09 0.00

Fall model set 1 basal area, graminoid, forb 3 0.00 0.36
basal area, graminoid 2 0.88 0.23
basal area, graminoid, forb, distance 4 0.90 0.23
basal area, graminoid, distance 3 1.89 0.14
basal area, forb 2 5.26 0.03
basal area, forb, distance 3 6.24 0.02
basal area 1 9.42 0.00
basal area, distance 2 10.59 0.00
graminoid, forb 2 32.18 0.00
graminoid, forb, distance 3 33.90 0.00
graminoid 1 37.90 0.00
graminoid, distance 2 39.22 0.00
forb 1 47.67 0.00
forb, distance 2 48.85 0.00
distance 1 63.29 0.00

Fall model set 2 ba_mast, forb, graminoid 3 0.00 0.54
ba_mast, distance, graminoid, forb 4 0.81 0.36
ba_mast, graminoid 2 5.18 0.04
ba_bast, distance, graminoid 3 6.23 0.02
graminoid, forb 2 6.62 0.02
distance, gramnoid, forb 3 7.71 0.01
ba_mast, forb 2 11.59 0.00
graminoid 1 11.71 0.00
ba_mast, distance, forb 3 12.47 0.00
distance, graminoid 2 13.03 0.00
forb 1 21.48 0.00
distance, forb 2 22.66 0.00
ba_mast 1 24.67 0.00
ba_mast, distance 2 25.99 0.00
distance 1 37.10 0.00

(Continued)
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south through the plot center. We used a 10-factor prism at 
plot center to tally the number of ‘in-trees’ and subsequently 
estimate basal area (m2/ha).

Resource selection

We developed four a priori candidate models to evaluate 
seasonal elk resource selection. We used conditional logis-
tic regression to evaluate resource selection such that each 
paired set of used and available locations were conditional 
strata, using the function clogit in the R package ‘survival’ 
(Therneau 2024). We pooled individual elk IDs within each 
conditional-logistic model to account for non-independence 
of observations from each individual using the ‘cluster’ argu-
ment. When developing model sets, we expected that an inter-
mediate (quadratic) value may be important during selection 
(Signer  et  al. 2019). With that in mind, we ran likelihood 
ratio tests (p ≤ 0.05) for the distance to forest–open ecotone 
variable to assess whether a linear or quadratic term would 
best represent this variable in our models. Multicollinearity 
of variables was tested using Pearson’s correlation coefficient 
and variance inflation factor (VIF). Models were ranked 
using AICc where values < 2.00 from the top model were 
considered equivalent competing models (Burnham and 
Anderson 2015).

To evaluate seasonal patterns of resource selection we ana-
lyzed separate model sets for each season in response to com-
binations of four habitat covariates: two binary measures of 
elk foraging resources – presence of forbs, and presence of 
graminoids; and two measures of secure cover used by elk 
for resting and ruminating – distance to forest–open eco-
tone, and total tree basal area (m2/ha). We considered forbs 
and graminoids to be present at a given location if they were 
observed in at least one of the five 1 m2 sampling quadrats. 
For both spring and summer analyses, model sets contained 
the variables total basal area (m2/ha), the quadratic term for 
distance to a forest–open ecotone (m), and presence of forbs 
and graminoids (Table 2). To analyze fall elk resource selec-
tion, we analyzed two model sets. Model set one included 

the variables total basal area, presence of forbs, presence of 
graminoids, and distance to a forest–open ecotone. Model set 
two included the same variables as model set one except only 
it analyzed the basal area of mast-producing trees Quercus, 
Fagus, Carya (m2/ha), because mast has been shown to be 
a component of elk diets during the fall (Heffernan 2009, 
Lupardus et al. 2011) (Table 2). Finally, during the winter, 
elk must prioritize thermoregulation and forage acquisition 
during a time of low food availability (Christianson and 
Creel 2007). Therefore, the candidate model set to analyze 
elk resource selection in the winter included total basal area 
(m2/ha), presence of forbs and graminoids, and distance to 
a conifer/mixed cover forest type (Table 2). Total basal area 
was log transformed to improve normality. All continuous 
covariates were scaled separately for each season ( x = 0 , 
SD = 1) prior to conducting analyses. All sampling locations 
that did not have a complete set of paired used or available 
surveys due to field logistics (i.e. access) were removed from 
the analysis.

We used the 2019 National Land Cover Database (Dewitz 
2021, 30 m resolution) in ArcGIS Pro 2.8.3 (ESRI 2021) 
to quantify distance edges between open-canopied herba-
ceous communities and closed-canopy forests to define eco-
tone boundaries. To do this, we classified deciduous forest 
[NLCD-41], mixed forest [NLCD-43], evergreen forest 
[NLCD-42], scrub/shrub [NLCD-52], and woody wetlands 
[NLCD-90] into a single cover type called ‘forest’. We reclas-
sified emergent herbaceous wetlands [NLCD-95], cultivated 
crop [NLCD-82], grassland herbaceous [NLCD-71], hay/
pasture [NLCD-81], and barren land [NLCD-31] into a sin-
gle cover type called ‘herbaceous’. Conifers are an important 
habitat component for elk during winter (Padilla et al. 2023), 
therefore we combined evergreen [NLCD-42] and mixed for-
ests [NLCD-43] for analysis of winter resource selection. The 
boundaries between the herbaceous and forested cover types 
were defined as the intersection of the newly created polygons 
(‘forest’ and ‘herbaceous’), hereafter referred to as ecotones, 
and the distance between these polygons was generated using 
the tool generate near table (ESRI 2021).

Season Variables K Delta_AICc AICcWt

Winter basal area, graminoid, forb 3 0.00 0.69
basal area, graminoid, forb, distance_con 4 2.00 0.25
basal area, graminoid 2 5.87 0.04
basal area, graminoid, distance_con 3 7.84 0.01
basal area, forb 2 9.09 0.01
basal area, forb, distance 3 10.91 0.00
basal area 1 17.86 0.00
basal area, distance_con 2 19.71 0.00
graminoid, forb 2 31.31 0.00
graminoid, forb, distance_con 3 33.24 0.00
graminoid 1 41.20 0.00
graminoid, distance_con 2 43.06 0.00
forb 1 52.82 0.00
forb, distance_con 2 54.64 0.00
distance_con 1 72.01 0.00

2 quadratic term.

Table 2. Continued.
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Indicator species

Finally, we used multivariate correlation indices to compare 
vegetation species recorded in the 1 m2 quadrants at used and 
available locations associated with peak foraging times. We 
defined peak foraging locations as those that were acquired 
between 30-min pre-sunrise to 150-min post-sunrise and 
60-min pre-sunset to 120-min post-sunset (6 h total; adapted 
from Johnson et al. 2000, Roberts et al. 2017). Plants species 
or groupings that averaged less than five percent cover and spe-
cies or groups that occurred in less than one percent of sam-
pling locations were not included in this analysis. Similarly, 
several species were grouped based on genus and family (e.g. 
cinquefoils, trifoliums, goldenrods) for more concise results 
that can be easily interpreted by land managers. Female and 
male locations were lumped due to finding few differences 
between the sexes (Verch 2023). To determine indicator spe-
cies of herbaceous plants and woody stems < 0.5 m found in 
1 m2 quadrants at locations used by elk, and areas available 
but unused during foraging periods (hereafter referred to as site 
groups), the diagnostic index IndVal from package ‘indicspe-
cies’ (Dufrene and Legendre 1997) was calculated to assess spe-
cies association between site groups. These values were derived 
from the absolute abundance of individual and groups of spe-
cies to estimate the probability of a plant belonging to a specific 
site group as well as the relative frequency of occurrence within 
the site group (De Cáceres and Legendre 2009). These values 

are useful to characterize plant communities by taxa (i.e. spe-
cies found in managed openings, disturbed areas) that reflect 
where elk are located during periods of foraging. Indicator 
values were tested with Monte Carlo randomization and were 
considered significant if p < 0.05. All data were analyzed using 
program R ver. 4.1.1 via Rstudio (www.r-project.org).

Results

Conditional logistic regressions

We completed 3803 vegetation surveys at 1294 used and 
2509 available locations from 39 individuals (23 females; 
16 males) across four seasons from April 2021 to August 
2022. In spring (291 used; 601 available), the top model 
(AICwt = 0.20) for selection included total basal area (m2/
ha), the quadratic term for distance to a forest–open eco-
tone (m), and graminoid presence (Table 2). The probability 
of use by elk decreased as total basal area (m2/ha) increased 
(β = −0.66, SE: 0.1) (Fig. 3) and increased with the presence 
of graminoids (β = 0.31, SE = 0.21). The log odds ratio indi-
cated that likelihood of use decreased 51% for every 6.7 m2/
ha increase in total basal area and increased 36% with the 
presence of graminoids. There was a weak (p = 0.07) qua-
dratic relationship with elk use and distance to a forest–open 
ecotone with the top model; however, the second competing 

Figure 3. Seasonal probability of use by elk with total basal area from the top-ranked models using conditional logistic regressions compar-
ing elk resource selection at used (n = 792) and available (n = 1529) locations from April 2021 to August 2022. Spring: 1 April–31 May, 
summer: 1 June–31 August, fall: 1 September–30 November, and winter: 1 December–31 March. Note: For each figure the light gray 
shading represents the 95% confidence intervals and the black dotted vertical line represents predicted covariate values at 0.5 probability of 
use by elk (red dashed line).

www.r-project.org
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model (dAIC = 0.05) which included basal area (m2/ha) and 
the quadratic term for distance to a forest–open ecotone (m), 
found that distance to a forest–open ecotone (β = −0.42, 
SE = 0.19) had a significant negative effect on probability 
of use. The log odds ratio indicated that likelihood of use 
decreased by 35% for every 291 m from a forest–open eco-
tone. While basal area was the driving variable for resource 
selection in the spring, there were five other competing mod-
els (dAIC = 0.45, 1.02, 1.37, 1.89, 2.00) which included 
two additional variables of presence of forbs and presence of 
graminoids (Table 2). In summer (463 used; 889 available), 
the best-supported model (AICwt = 0.39) included total basal 
area (m2/ha), the quadratic term for distance to a forest–open 
ecotone (m), presence of forbs, and presence of graminoids 
(Table 2). The probability of use by elk decreased as total basal 
area (m2/ha) (β = −0.65, SE = 0.08) (Fig. 3) increased and 
distance to forest–open ecotone increased (Linear: β = −0.51, 
SE = 0.16, Quadratic = β = 0.13, SE = 0.06). The log odds 
ratio indicated that the likelihood of use decreased by 48% 
for every 6.1 m2/ha increase in total basal area, and decreased 
by 40% as distance to a forest–open ecotone increased every 
352 m. The log odds ratio also indicated that the likelihood 
of use increased by 32 and 50% with the presence of grami-
noids and forbs, respectively. There were two competing 
models (dAIC = 0.86, 0.87), both with basal area providing 
the most information on summer resource selection with no 
additional variables. The best-supported model for fall model 
set one (240 used; 438 available) (AICwt = 0.36) included 
variables total basal area, presence of forbs, and presence of 
graminoids, with basal area as the driving factor for resource 
selection. The probability of elk use decreased as total basal 
area increased (β = −0.67, SE = 0.11) (Fig. 3) but increased 
with the presence of forbs (β = 0.35, SE = 0.24) and grami-
noids (β = 0.63, SE = 0.24). The log odds ratio indicated that 
the likelihood of use decreased by 45% for every 14.3 (m2/
ha) increase of total basal area and increased by 49 and 88% 
with the presence of forbs and graminoids, respectively. Two 
competing models (dAIC = 0.88, 0.90) had no additional 
variables. However, a third competing model (dAIC = 1.89, 
Table 2) included distance to a forest ecotone but was con-
sidered to have a weak biological effect. The best-supported 
model (AICwt = 0.54) for fall model set two (240 used; 438 
available) included basal area of mast-producing trees (m2/
ha), presence of forbs, and presence of graminoids (Table 2). 
The probability of elk use decreased as basal area of mast-pro-
ducing trees increased (m2/ha) (β = -0.30, SE = 0.10) (Fig. 3) 
and increased with the presence of forbs (β = 0.59, SE = 0.23) 
and graminoids (β = 0.82, SE = 0.23). The log odds ratio 
indicates the likelihood of use decreased by 28% for every 5.9 
m2/ha increase of basal area of mast-producing trees and use 
increased 81 and 126% with the presence of forbs and grami-
noids, respectively. The competing model (dAIC = 0.81) only 
included one new variable: distance to forest–open ecotone 
(m), which was considered to have a weak biological effect 
(Table 2). Finally, for winter selection (300 used; 581 avail-
able) the top model (AICwt = 0.69) included total basal 

area (m2/ha), presence of forbs, and presence of graminoids. 
Probability of use by elk decreased as total basal area (m2/
ha) increased (Fig. 3) (β = −0.49, SE = 0.09) and increased 
with the presence of forbs (β = 0.57, SE = 0.2) and presence 
of graminoids (β = 0.62, SE = 0.19). The log odds ratio indi-
cated that the likelihood of elk use decreased by 39% for 
every 4.9 m2/ha increase in basal area (Fig. 3) and increased 
by 77% and 87% with the presence of forbs, and graminoids, 
respectively. There was only one competing model, which 
included the same three variables from the top model and 
distance to a forest–open ecotone (β = −0.49, SE = 0.09), but 
was considered to have a weak biological effect.

Species indicator

Indicator species analysis revealed several plant species and 
genera differences between peak foraging used (n = 792) and 
available (n = 1529) locations. In this context, indicators of 
used locations were representative of the plant communi-
ties elk selected for during presumed foraging periods, while 
available locations reflected species elk most likely did not 
use. During spring, seven genera: clovers Trifolium, chick-
weeds/mouse-eared chickweeds (Stellaria and Cerastium), 
plantains Plantago, thistles Cirsium, speedwells Veronica, 
wintercress Barbarea and four species: common dande-
lion Taraxacum officinale, purple crownvetch Securigera 
varia, bird’s-foot trefoil Lotus corniculatus, and ox-eye daisy 
Leucanthemum vulgare were indicators of used locations 
(Table 3). Three species: starflower Trientalis borealis, black 
birch seedlings Betula nigra, and fringed polygala Polygala 
paucifolia, were indicative of available locations during spring 
(Table 3). Nine genera were indicators of used summer loca-
tions: clovers, plantains, thistles, wood sorrels Oxalis, knot-
weeds Persacaria, chickweeds/mouse-eared chickweed, sweet 
clovers Melilotus, and American asters Symphyotrichum and 
eight species: common dandelion, black medick Medicago 
lupulina, wild carrot Daucus carota (IV: 67%, p = 0.002), 
common ragweed Ambrosia artemisiifolia, sheep sorrel Rumex 
acetosella, fireweed Chamaenerion angustifolium, Carolina 
horsenettle Solanum carolinense, common milkweed Asclepias 
syriaca (Table 3). Three species: black birch seedlings, wild 
sarsaparilla Aralia nudicaulis, and American beech seedlings 
Fagus grandifolia were indicative of available locations dur-
ing summer (Table 2). Indicators of locations used during 
fall included eight genera: clovers, plantains, thistles, speed-
wells, wood sorrels, knotweeds, chickweeds/mouse-eared 
chickweed, and American asters, and three species: common 
dandelion, sheep sorrel, and common milkweed (Table 3). 
No species or genera were indicators of available locations 
during the fall (Table 3). One genus: clovers, and one species: 
common dandelion were indicative of locations used by elk 
during winter. Barren strawberry Waldsteinia fragarioides was 
an indicator of available locations during winter (Table 3). 
It is important to note that summer may have more species 
indicators due to the flowering plants being easier to identify 
compared to spring, fall, and winter.
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Discussion

This study provides one of the first assessments of fine-scale 
resource selection of GPS collared elk in eastern North 
America. In all seasons, elk selected areas with low tree cover 
and more herbaceous plants, reiterating the critical impor-
tance of open cover types with ample forage for elk, particu-
larly in heavily forested landscapes. The positive association 
between herbaceous cover and elk has been observed in land-
scape scale studies both in Pennsylvania (Padilla et al. 2023) 
and elsewhere across the species range (Anderson et al. 2005b, 
Smith  et  al. 2019). In a recently translocated population 
in the Missouri Ozarks, elk resource selection was similarly 

influenced by forage openings such as glades and grass-
lands (Smith et al. 2019). Female elk in South Dakota and 
Pennsylvania have also been shown to select parturition sites 
near herbaceous openings with ample forage to fulfill high 
energetic needs (Lehman et al. 2016, Duchamp et al. 2019). 
Additionally, we found distance to a forest–open ecotone to 
only have a strong biological effect in spring but was still an 
important variable for top models in summer and fall. Other 
studies reported the use of forest edge by elk for security cover 
(Boyce  et  al. 2003, Rumble and Gamo 2011, O’Neil and 
Bump 2014), where in areas with high predation, the use of 
ecotones by elk help balance both their nutritional and security 
needs (Boyce et al. 2003, Mao et al. 2005). While adult elk in 

Table 3. Results from the species indicator analysis for herbaceous and < 0.5 m woody stems genera/species. Vegetation data were sampled 
at locations used by GPS-collared elk (n = 39) or available to elk (within 900 m of used location) from April 2021 to 31 August 2022 in 
northcentral Pennsylvania. A = Sample probability of species belonging to a used or available location. B = Sample estimate probability of 
finding species at a used or available location. Stat = IndVal index.

Season
Used Available

Species/Group A B stat p-value Group A B stat p-value

Spring Trifolium 0.78 0.31 0.494 0.001 Trientalis borealis 0.92 0.07 0.25 0.005
Taraxcum officinale 0.84 0.23 0.441 0.001 Betula lenta seedlings 0.98 0.06 0.245 0.002
Securigera varia 0.79 0.18 0.38 0.001 Polygala paucifolia 1 0.02 0.165 0.035
Stellaria, Cerastium 0.8 0.15 0.349 0.001
Plantago 0.81 0.13 0.328 0.001
Lotus corniculatus 0.71 0.13 0.307 0.003
Cirsium 0.73 0.13 0.304 0.001
Veronica 0.6 0.08 0.218 0.036
Barbarea 0.86 0.05 0.202 0.008
Leucanthemum vulgare 0.87 0.031 0.166 0.013

Summer Trifolium 0.88 0.35 0.556 0.001 Betula lenta seedlings 0.83 0.06 0.227 0.008
Securigera varia 0.73 0.22 0.404 0.001 Aralia nudicaulis 1 0.4 0.19 0.003
Plantago 0.81 0.17 0.369 0.001 Fagus grandifolia 0.89 0.3 0.176 0.015
Taraxcum officinale 0.8 0.16 0.354 0.001
Circisum 0.85 0.12 0.325 0.001
Oxalis 0.78 0.11 0.297 0.001
Medicago lupulina 0.67 0.11 0.275 0.002
Daucus carota 0.71 0.09 0.259 0.005
Ambrosia artemisiifolia 0.89 0.05 0.222 0.001
Persicaria 0.68 0.07 0.215 0.001
Rumex acetosella 0.78 0.06 0.214 0.001
Chamaenerion angustifolium 0.64 0.07 0.209 0.026
Stellaria, Cerastium 0.78 0.05 0.201 0.001
Melilotus 0.85 0.04 0.181 0.004
Solanum carolinense 0.8 0.03 0.161 0.007
Symphyotrichum 0.79 0.03 0.16 0.026
Asclepias syriaca 0.78 0.03 0.16 0.038

Fall Trifolium 0.83 0.29 0.495 0.001 None
Taraxcum officinale 0.91 0.14 0.363 0.001
Plantago 0.86 0.14 0.346 0.001
Cirsium 0.93 0.1 0.306 0.001
Rumex acetosella 0.74 0.08 0.248 0.002
Veronica 0.86 0.07 0.244 0.002
Oxalis 0.84 0.05 0.206 0.017
Persicaria 0.81 0.04 0.19 0.037
Potenilla 0.77 0.04 0.184 0.045
Stellaria, Cerastium 0.86 0.04 0.18 0.043
Symphyotrichum 0.84 0.03 0.163 0.043
Asclepias syriaca 1 0.02 0.137 0.045

Winter Trifolium 0.74 0.13 0.315 0.015 Waldsteinia fragarioides 1 0.037 0.193 0.021
Taraxcum officinale 0.73 0.05 0.194 0.041
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Pennsylvania are not subject to high predation rates, predation 
of calves occurs by black bears and coyotes (Corondi 2023), 
and forest edges for security cover adjacent to herbaceous for-
age influenced the selection of parturition sites by female elk 
in Pennsylvania (Duchamp et al. 2019). While informative, 
analyses that only incorporate remote-sensed environmental 
data are limited in their ability to identify the fine-scale factors 
that are important drivers of animal movement and resource 
selection (Briand et al. 2009). Indeed, results from our analy-
ses that included both remotely sensed (e.g. distance to an 
ecotone) and micro-habitat covariates such as basal area and 
plant species composition provide a better understanding of 
the ecological contexts that drive elk resource selection in our 
study region. Such information provides land managers with 
more precise target values for vegetation characteristics when 
developing and implementing practices intended to replicate 
conditions selected for by elk.

Our results revealed that regardless of season, elk avoided 
areas with high tree cover and selected for those with highly 
nutritious and palatable graminoids and forbs. Evidence pro-
vided by fecal analyses has also revealed that elk in several 
eastern populations select herbaceous resources during all sea-
sons (Schneider et al. 2006, Heffernan 2009, Lupardus et al. 
2011, Smith et al. 2018). For example, graminoids comprised 
65.9% of elk winter diets in Tennessee (Lupardus et al. 2011) 
and cool-season grasses were highly selected by elk in Missouri 
(Smith et al. 2018). Furthermore, a previous fecal-based study 
in Pennsylvania found graminoids comprised 16% and 46% of 
elk diets during the winter and spring, respectively (Heffernan 
2009). The importance of forbs and graminoids is supported 
by our indicator species analysis which found that in all sea-
sons, graminoids and forbs were indicators of locations used 
by elk, highlighting the value of herbaceous openings.

Many state agencies in the eastern USA promote perma-
nent herbaceous openings to provide quality forage oppor-
tunities for elk throughout the year (Minnesota Department 
of Natural Resources 2016, Banfield and Rosenberry 2020, 
Brose 2021). This includes the creation and maintenance of 
managed herbaceous openings that are often planted with a 
variety of graminoids and forbs (Jones 2014, Brose 2021). 
Importantly, while managed herbaceous openings only repre-
sented 2% of our three focal landscapes, 37% of the areas used 
by elk that we surveyed were in agency-managed herbaceous 
openings planted with a mixture of clovers Trifolium repens, T. 
pratense, various warm season and cool season grasses (Phleum 
pratense, Lolium spp.), and legumes Lotus corniculatus. 
Moreover, an additional 16% of locations used by elk that we 
sampled were within 100 m of agency-managed herbaceous 
openings. The use of herbaceous openings are not uncommon 
among eastern elk populations occupying forest-dominated 
landscapes, for instance, elk in Missouri were found to have a 
strong selection for managed herbaceous openings (Pero et al. 
2023), and diets of elk contained several herbaceous species 
from reclaimed surface mine lands in Tennessee and Kentucky 
(Schneider et al. 2006, Lupardus et al. 2011).

Our fine-scale resource selection study allowed us to delve 
deeper into species composition of areas used and available to 

elk, specifically managed herbaceous plots, whereas such data 
are often not obtainable from higher (30 × 30 m) resolution 
data. Results from the species indicator analysis are further 
indicative of elk using areas hosting plant species found in 
managed openings. In particular, clover species were indi-
cators of locations used by elk in every season, and clovers 
have been documented in elk diets in Missouri, Tennessee, 
and Kentucky (Schneider et al. 2006, Lupardus et al. 2011, 
Smith et al. 2018). Purple crownvetch Securigera varia, bird’s-
foot trefoil Lotus corniculatus, black medick Medicago lupu-
lina, sheep’s sorrel Rumex acetosella, and other forbs were also 
indicators of areas used by elk in our study, and are represen-
tative of herbaceous openings managed by PGC and DCNR 
(Banfield and Rosenberry 2020). The identification of specific 
plant species that are indicative of locations used by elk can 
be informative to managers when implementing the creation 
or maintenance of herbaceous openings. Additionally, species 
that were found to be indicators of available locations included 
fringed polygala Polygala paucifolia, starflower Trientalis borea-
lis, and beech seedlings Betula lenta. These species are com-
monly found in closed-canopy forests, indicating that during 
foraging periods, elk are not using areas with these plants 
compared to their availability, and thus managers should not 
consider these species as preferred foraging options for elk. 
Results from our resource selection and indicator species anal-
yses stress the importance of managed herbaceous areas to elk 
in Pennsylvania’s heavily forested EMA. Importantly, selection 
of a particular resource does not necessarily equate to better 
survival or reproduction. However, if a management goal is to 
expand the current occupied elk range, our results suggest that 
the creation and maintenance of herbaceous communities in 
areas currently lacking these conditions would likely increase 
elk foraging opportunities and thus facilitate expansion.

It is important to also consider the disadvantages associ-
ated with ongoing management of herbaceous openings. 
Public land managers and private landowners regularly invest 
significant time, money, and effort creating and maintain-
ing herbaceous openings through discing, fertilizing, spray-
ing, planting, and prescribed burns (Banfield and Rosenberry 
2020, Brose 2021). A drawback to planting often includes 
the use of non-native forage species. These can contribute to 
widespread naturalization of invasive plants (Litt and Pearson 
2013). Many non-native forage species (e.g. purplecrown 
vetch, bird’s-foot trefoil) were found to be indicators of elk 
locations in our species indicator analysis. Despite the con-
tinued use of managed food plots, a study on the value of 
permanent forest openings conducted in Wisconsin found 
that enhanced wildlife openings did not appear to provide 
better forage compared to young forest patches, and that use 
of other herbaceous openings such as utility lines and road 
edges provided quality forage to elk (Brose 2021). Indeed, we 
found native plants indicative of elk used locations including 
fireweed Chamaenerion angustifolium, asters Symphyotrichum 
spp., and speedwells Veronica spp., which supports the idea 
that elk are generalist foragers that will take advantage of 
most graminoids and forbs when available, particularly plants 
rich in dietary protein (Cook 2002). Nearly half (47%) of 
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locations used by elk that we sampled were ≥ 100 m from 
managed herbaceous openings, which reveals the importance 
of other cover types to elk including forests (both mature 
and regenerating timber harvests) and open areas including 
rights-of-way, reclaimed surface mines, and old fields. Our 
results support elk use of open community types not spe-
cifically managed for the species and can help guide manage-
ment practices intended to increase foraging opportunities.

Because our RSFs revealed tree density as the driving fac-
tor of resource selection during all seasons, along with the 
selection of herbaceous areas, managing for open woodlands 
could be an alternative to managed herbaceous openings. 
Oak woodlands and savannahs were historically abundant in 
the eastern USA but have become rare in contemporary land-
scapes due to lack of periodic disturbances by fire, resulting 
in closed canopy forest with little herbaceous forage available 
for elk (Hanberry  et  al. 2020). These fire-dependent com-
munities are characterized by having variable tree density 
(50–250 trees/ha) with little to no mid-story, thus creating 
open canopy conditions whereby increased sunlight pro-
motes a rich herbaceous ground layer (Hanberry et al. 2020). 
Efforts to restore open woodlands have begun in parts of the 
eastern USA (Tennessee Wildlife Resources Agency 2018). 
Continued creation and maintenance of these open wood-
lands through prescribed fire and mechanical thinning could 
provide ample high-quality elk forage, thereby reducing the 
need to create managed food plots (Hanberry et al. 2020). 
Indeed, it has been suggested that forests with open to mod-
erate canopies can provide elk with both security cover and 
intermediate forage opportunities that allow elk to reduce 
movement costs (Rumble and Gamo 2011). While these open 
forest ecosystems require some form of successional setback 
(e.g. mechanical thinning, mowing, prescribed fire), ungu-
lates can help maintain these open areas due to the browsing 
of small-diameter trees in canopy gaps (Hanberry and Faison 
2023). Restoring open oak woodlands and similar open-can-
opied forest types (i.e. pitch pine–scrub oak) in heavily for-
ested landscapes will provide sources of forage for elk, while 
also creating much-needed habitat for many declining species 
of birds (Brawn 2006, Bakermans  et  al. 2015), pollinators 
(Lee et al. 2014, Mathis et al. 2022), and mammals (Boyce 
and Barry 2007) that require early successional conditions 
(Hanberry and Thompson 2019, Bragg et al. 2020).

Our work demonstrates the importance of fine-scale 
studies to understand drivers of ungulate resource selec-
tion (Briand et  al. 2009, Hebblewhite and Haydon 2010). 
Vegetation characteristics such as tree density, distance to 
forest–ecotone, and species-level information on herbaceous 
plants, better inform land management practices to benefit 
elk populations in heavily forested portions of eastern North 
America. Our results highlight the importance of man-
aged and unmanaged herbaceous openings to elk inhabit-
ing a heavily forested landscape. We recommend managers 
increase these conditions across the Central Appalachians 
Mountains through the creation of additional herbaceous 
openings and/or the restoration of open woodlands with a 
strong herbaceous component maintained via prescribed fire. 

Such actions will likely provide more forage opportunities 
adjacent to areas with security cover for elk.
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