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Abstract

Anthrax, caused by the spore-forming bacterium Bacillus anthracis, is a zoonosis affecting animals 

and humans globally. In the United States, anthrax outbreaks occur in wildlife and livestock, 

with frequent outbreaks in native and exotic wildlife species in Texas, livestock outbreaks in 

the Dakotas, and sporadic mixed outbreaks in Montana. Understanding where pathogen and host 

habitat selection overlap is essential for anthrax management. Resource selection and habitat 

use of ungulates may be sex-specific and lead to differential anthrax exposure risks across the 

landscape for males and females. We evaluated female elk (Cervus canadensis) resource selection 

in the same study areas as male elk in a previous anthrax risk study to identify risk of anthrax 

transmission to females and compare transmission risk between females and males. We developed 

a generalized linear mixed-effect model to estimate resource selection for female elk in southwest 

Montana during the June to August anthrax transmission risk period. We then predicted habitat 

selection of female and male elk across the study area and compared selection with the distribution 

of anthrax risk to identify spatial distributions of potential anthrax exposure for the male and 

female elk. Female and male elk selected different resources during the anthrax risk period, which 

resulted in different anthrax exposure areas for females and males. The sex-specific resource 

selection and habitat use could infer different areas of risk for anthrax transmission, which 

can improve anthrax and wildlife management and have important public health and economic 

implications.
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Summary for online Table of Contents:

Female and male elk are under different resource selection pressures during the anthrax risk 

period, which resulted in different potential anthrax exposure areas. The areas highly selected by 

male and female elk overlapping with anthrax areas should be prioritized for carcass detection and 

anthrax surveillance efforts.
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Anthrax, caused by the spore-forming bacterium Bacillus anthracis, is a globally distributed 

zoonotic disease, primarily affecting wildlife and livestock, and secondarily humans 

(Alexander et al. 2012, Carlson et al. 2019). The spores of anthrax are usually 

environmentally maintained and can remain viable in specific soil environments for an 

extended period of time ranging from days to years, possibly decades (Van Ness 1971, 

Hugh-Jones and Blackburn 2009). In the United States, anthrax outbreaks occur in wildlife 

and livestock. After an infected animal dies from anthrax, spores from the carcass 

contaminate the surrounding environment (Turner et al. 2014). When susceptible hosts, 

especially grazing herbivores, ingest the spores within the contaminated soils, grasses, 

rhizosphere, animal hides, and bones, anthrax transmission could occur (Blackburn et al. 

2014, Turner et al. 2014). Currently, anthrax control and management in the wildlife 

population still focus on the surveillance and decontamination of carcasses during the 

anthrax risk season (Bellan et al. 2013, Morris et al. 2016a). Therefore, identifying the 

distribution of anthrax in the environment and where anthrax distribution overlaps with 

susceptible wildlife populations is important to estimate the spatial distribution of anthrax 

transmission risk (Blackburn et al. 2015, Morris et al. 2016a). Delineating the potential 

places where the transmissions occur and quantifying the anthrax exposure risk across the 

landscape can identify the priority areas for effective disease surveillance and management 

(Blackburn et al. 2015).

A significant, multi-species outbreak of anthrax occurred in southwestern Montana, USA, 

in 2008. Because no cases have been reported in southwestern Montana since the 1980s, 

the outbreak was considered a re-emergence of the disease from contaminated soils that 

infected domestic plains bison (Bison bison bison) and free-ranging elk (Cervus canadensis; 

Blackburn et al. 2014a, Morris et al. 2016a, Nekorchuk et al. 2018). The reported anthrax 

cases in the bison and elk populations suggested significant male-biased prevalence rates 

of anthrax exposure in both species, with no female elk anthrax cases being reported and 

a skew towards the male population for anthrax mortalities in bison (i.e., 28% of male 

bison died from anthrax vs. 8% of females; Bagamian et al. 2013, Nekorchuk et al. 2018). 

The differences in the disease exposure between sexes may arise because of the differences 

in movement behaviors, resource selection, and activity space between male and female 

animals during the anthrax risk season.

Habitat preferences of ungulates are sex-specific (Geist 1971, Varland et al. 1978, Franklin 

and Leib 1979). Animals usually respond to the changes in the environmental space through 
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decisions in movements to meet demands for refuge and resources (Nathan et al. 2008, 

Van Moorter et al. 2016). Female ungulates select habitat that enhances offspring survival 

to maximize their fitness and males compromise security to increase nutrient intake and 

breeding success (Geist 1982, McCorquodale 2003). The morphological and behavioral 

differences between sexes also allow the individuals in some ungulate species to occupy 

different niches (Bowyer 1981). For example, it is typical that female elk and calves live 

together in groups in summer following calving and during the lactation period, whereas 

male elk live away from the females in solitary or small groups (Martinka 1969). Different 

preferences in elevation, density of canopy stands, slope, aspect, and responses to roads have 

been identified and documented between male and female elk (Marcum 1975, Leptich and 

Zager 1994, Smith and Anderson 2001, McCorquodale 2003, Montgomery et al. 2013). In 

addition, elk resource selection varies by location (i.e., herds), given the different spatial 

heterogeneity in environments and resources (McCorquodale 2003, Proffitt et al. 2011, Van 

Moorter et al. 2016). Morris et al. (2016) previously studied male elk resource selection 

during the anthrax risk period (i.e., Jun–Aug) in southwestern Montana and observed 

significant spatial overlap between preferred elk use areas and predicted anthrax risk areas. 

Because Morris et al. (2016) were limited to male-only data and given the known sexual 

segregation in ungulate behaviors, their findings prioritized anthrax management areas for 

male elk and may not directly apply to female elk. In the United States, most wildlife are 

managed by the state government, but with limited state manager access to wildlife on 

private lands controlled by landowners (Watson 2012). Elk usually have a relatively large 

seasonal home range in summer and can move freely across public and private land to 

commingle with livestock, which can results in disease spillover to livestock (Blackburn et 

al. 2014a, Schmitt et al. 2002, Proffitt et al. 2011).

We were interested in resource selection differences between male and female elk during 

the anthrax risk period in southwestern Montana. We hypothesized that female and male elk 

have different resource selection patterns, which could lead to different geographical extents, 

likelihoods of anthrax exposure, and disease management strategies. We were also interested 

in the distribution of different land ownership across the anthrax exposure areas for wildlife 

to inform disease management.

STUDY AREA

This study focused on the 1,652-km2 Northern Madison Study Area (NMSA) in 

southwestern Montana, following Morris et al. (2016) for comparability (Fig. 1). Atwood 

et al. (2007) provide additional details on the ecology of the region. Briefly, the NMSA is 

located ~50 km northwest of Yellowstone National park, bordered by the Gallatin River to 

the west and the Madison River to the east. Habitat varies by elevation from dry savannah 

(juniper, Juniperus scopulorum) at lower elevation (1300 m) to closed canopy Douglas-fir 

(Psueotsuga menziesii)- lodgepole pine (Pinus contorta) forests at higher elevation moist 

areas and dry sage (Artemesia tridentata tridentata)-grassland mosaic in higher dry areas 

(south facing slopes). Temperatures range from winter lows of ‒34° C to 21–32° C in 

summer. Land ownership in the study area consists of 57% private lands, 39% United 

States Forest Service (USFS) lands, and 4% Montana state lands (Morris et al. 2016a). This 

area includes a 380-km2 privately owned ranch managed for grazing domestic bison and 
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wildlife conservation. The private ranch was the center of the study area because the elk 

population in the NMSA usually aggregate on the ranch. In summer, elk tend to move within 

a larger geographical area around the ranch. The potential commingling with bison and 

other wildlife inside the ranch increases the likelihood of wildlife disease burdens (Proffitt 

et al. 2011, Morris et al. 2016a, Nekorchuk et al. 2018). Land cover in the study area 

includes 36% coniferous forests, 31% grassland, 27% shrubland, and 5% deciduous forests 

(Morris et al. 2016a). Hunting opportunities are available on some part of both public and 

private lands in the study region. Wildlife populations include grizzly bears (Ursus arctos 
horribilis), coyotes (Canis latrans), mountain lions (Puma concolor), black bears (Ursus 
americanus), wolves (Canis lupus), elk, mule deer (Odocoileus hemionus), white-tailed deer 

(O. virginianus), moose (Alces alces), and scavenging birds (Atwood 2006, Morris et al. 

2016a).

METHODS

Elk Locations and Environment Data

We captured adult female elk via helicopter net-gunning (Jacques et al. 2009) around the 

private ranch in the study area, and fitted them with global positioning system (GPS)-collars 

following Montana Fish Wildlife and Parks protocols (Montana Fish Wildlife & Parks 

2015, 2016) and with approval from the University of Florida Institutional Animal Care 

and Use Committee (201308206). Yang et al. (2019) provide details of animal capture. We 

programmed collars to record GPS fixes for 1–3 years from 2014 to 2016 with 30-minute 

intervals. There was 1 collar programmed to record locations with 2-hour intervals. The 

collars were programmed to record GPS fixes with 4-hour intervals in 2017. Morris et al. 

(2016a) captured male elk on the ranch and fitted them with GPS-collars in April 2010 and 

January 2012. To analyze female elk resource selection during the anthrax risk period, we 

trimmed the GPS fixes to focus on the anthrax period (i.e., 1 Jun–31 Aug) for all female elk 

with approximately 25-m accuracy.

Studies on female elk resource selection have previously included measures of wolf 

density or predation, elevation, slope, habitat (land cover type), distance to roads, and 

distance to water. Covariates used in this study reflect those variables for our study 

area (Table 1). We measured the environmental covariates slope, aspect (i.e., southerly 

= 134–224°; not southerly = 0–135°, 225°–360°), elevation, distance to primary roads 

(National Highway System [NHS] interstate, NHS non‐interstate, and state roads), distance 

to secondary roads (main ranch roads and county roads), distance to tertiary roads (2-track 

and logging roads), and density of wolf kills, which have also been measured for male 

resource selection (Morris et al. 2016a). For the land cover data, we used the 2011 

Montana Spatial Data Infrastructure (MSDI) land cover data (http://geoinfo.msl.mt.gov/

Home/msdi/land_use_land_cover, accessed 21 Sep 2018). We considered 2 land cover 

types, forested versus non-forested (i.e., shrublands and grasslands) to be included in model 

development. We also included distance to streams, as another potential predictor. We 

downloaded MSDI stream data (https://mslservices.mt.gov/Geographic_Information/Data/

DataList/datalist_Details.aspx?did={5e706ec0-aa27-11e3-a5e2-0800200c9a66}, accessed 

21 Sep 2018) and calculated the Euclidean distance to streams via ArcMap version 
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10.3 (ESRI, Redland, CA, USA). Consequently, we considered 9 possible environmental 

variables and all covariates were generated or resampled to a spatial resolution of 30 m.

Female Resource Selection and Anthrax Exposure

We employed a similar use-available modeling framework as in Morris et al. (2016) to 

estimate selection for resources within the population-level seasonal home range during the 

anthrax risk season (Johnson 1980, Blackburn et al. 2014a). We defined the available area 

as the population-level seasonal home range during the risk season. To be consistent with 

Morris et al. (2016), we used a 100%, herd-level, minimum convex polygon around all GPS 

fixes to estimate available areas. We randomly selected 4 GPS fixes/elk/day from 1 June 

to 31 August in 2014–2017 to represent the used points and then generated 5 random points/

each used point within the available areas to represent the available points. We screened 

variables for multicollinearity (Pearson’s correlation coefficient |r| ≥ 0.7) and significance 

in univariate analyses (P < 0.1; Morris et al. 2016a). We standardized continuous variables 

(elevation, slope, distances to roads and streams) using the scale function in R (Morris et al. 

2016a).

For resource selection function (RSF) model development, we used the generalized linear 

mixed-effect model (GLMM) with individual elk and year as random effects (Manly et al. 

2002). The RSF model compared environmental conditions at the locations selected by the 

female elk with those at a set of randomly selected points within available areas (Manly et 

al. 2002). The RSF is described in a logistic regression model framework:

w x = exp β0 + β1X1 + ⋯ +  βiXi ,

where w(x) is the relative probability of a location being selected by female elk, β0 is 

the intercept, and βi is the estimated coefficient for the potential environmental covariates 

that could influence elk resource selection (Manly et al. 2002). We extracted the values of 

covariates (Xi) to the pixel centroid. We built the RSF models using the glmer function from 

the lme4 R package, optimized using the lnbobyqa algorithm from the nloptr R package, 

under the assumption that the response is binomially distributed (Bates et al. 2007, Powell 

2009, Johnson 2014, R Core Team 2017). R code for the analyses are available online in 

Supporting Information.

To evaluate whether male and female elk used the landscape in a similar fashion, we first 

fit the best model for resource selection of male elk as identified by Morris et al. (2016) to 

female elk data. Our model parameter estimates from that model for female elk, however, 

had poor model performance and predictive accuracy based on cross validation (Table 2; 

Table S1, available online in Supporting Information), which indicated different resource 

use or different responses to the environment between male and female elk. We then 

modified the RSF models by adding an additional predictor (distance to stream) reflecting 

the selection of riparian areas in summer as found in previous work on female elk biology 

(McCorquodale 1993). We generated all additive combinations of covariates and selected 

the top model based on the lowest Akaike’s Information Criterion (ΔAIC) and the highest 

Akaike weight (wi; Anderson et al. 2000, Burnham and Anderson 2003).
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We assessed the predictive performance of the top selected model by k-fold cross validation 

(Boyce et al. 2002). We used 5-fold cross-validation and withheld 20% of the data each 

of 5 times. We refitted the model each time with the unstandardized variables using the 

fixed effect from the GLMMs to predict and map resource selection on the landscape. We 

scaled the values from the RSF output based on Boyce et al. (2002) via 10 equal-area 

bins, with 1 as the lowest probability of selection and 10 as the highest. The equal-area 

classification partitions the values into groups that cover the same amount of the area on the 

landscape (Morris et al. 2016b). The median value of the RSF was 5; therefore, all pixels 

>5 represented the 50% of the landscape with the highest predicted values of suitability 

(or areas selected by) female elk. We calculated Spearman rank correlation coefficients (rs) 

based on the number of points per bin and the bin rank (Boyce et al. 2002).

To identify the geographical extent of potential anthrax transmission for female elk, we 

adopted the definitions of potential risk zones for B. anthracis from a previously published 

ecological niche model (Genetic Algorithm for Ruleset Prediction [GARP]; Morris et al. 

2016a). Most ecological niche models predict distributions of species based on non-random 

relationships between species occurrence and environmental variables; that is, each pixel on 

the landscape represents the likelihood of species presence. The GARP method employs a 

random walk approach based on rules of genetics to influence the rule selection process 

(Stockwell and Peters 1999). These rules are Boolean strings in the form of if-then logic 

statements applying 1 of 4 rule types (range rules, negated range rules, logistic regression 

rules, and atomic [bioclimatic] rules) to presence or absence. These rules are then fit to 

the landscape to estimate presence (1) and absence (0) with binary maps. Any GARP 

experiment generates multiple models and binary maps and a best subset procedure is 

used to select and summate the top models into a final prediction (Anderson et al. 2003). 

We recently defined the GARP process in detail (Yang et al. 2020a). We calculated the 

geographic extent of the presence of B. anthracis to generate the moderate anthrax risk 

surface based on the commonly used threshold of 5 out of 10 best model agreements from 

that final subset. In other words, for any pixel predicted by ≥5 best models, we assumed the 

(potential) presence of the pathogen (Blackburn et al. 2007, Fitzpatrick et al. 2013, Yang et 

al. 2020b). We overlaid the resource selection surface (RSF values ≥ 5; ≥ fifth equal-area 

bin) with the moderate anthrax risk surface to identify where female elk potentially overlap 

with B. anthracis. In addition, we also adopted another 2 cutoffs to estimate the liberal 

(model agreement ≥1 of 10 best models) and conservative (model agreement ≥9 of 10 best 

models) anthrax risk surfaces from Morris et al. (2016) and overlapped male and female 

predicted high suitability with those 2 anthrax risk surfaces.

Compare Resource Selection and Anthrax Exposure between Female and Male Elk

We employed a niche overlap similarity estimate (Warren’s I metric; Warren and Seifert 

2011) twice in this study to quantify the differences in resource selection and anthrax 

exposure areas between male and female elk. The statistic ranging from zero (no overlap) 

to 1 (perfect overlap) has been used to estimate spatial overlap of niche model predictions 

(Warren and Seifert 2011, Börger and Fryxell 2012, Broennimann et al. 2012). First, to 

evaluate the similarity of the space use between female and male elk during the anthrax risk 

period, we transformed the RSF results for male (adopted from Morris et al. [2016]) and 
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female elk into a binary raster layer with the top 6 RSF bins (RSF ≥5) reclassified as 1 

and the rest as zero (Nekorchuk 2017) and compared the overlaps of the 2 habitat selection 

surfaces using the Warren’s I metric calculated in the SDMTools R package (VanDerWal et 

al. 2014).

Second, to estimate the similarity of the anthrax exposure risk between female and male 

elk, we used a similar process with the Warren’s I metric to quantitatively compare the 

female anthrax exposure surface with male elk anthrax exposure areas (i.e., male elk 

habitat overlapping with moderate anthrax risk surface) adopted from Morris et al. (2016). 

Additionally, to evaluate how transmission risk varied across land ownerships, we overlaid 

the distribution of anthrax transmission risk for female elk with land ownership parcel 

data adopted from Morris et al. (2016) for disease management for female elk, and then 

compared it to results for male elk. Following Morris et al. (2016), we considered 3 types of 

ownership: USFS land, Montana state land, and privately owned land.

RESULTS

We captured 12 adult female elk in the study area in 2014–2017, including 3 individuals 

with 1-year GPS-collar data collected in 2014, 5 elk with 2-year GPS-collar data recorded 

in 2014–2015, 3 elk with 3-year movement data in 2014–2016, and 1 with 2014–2017 

data collected. This resulted in 26 animal-years used in estimating RSF during the anthrax 

risk season. The 13 mature male elk data adopted from Morris et al. (2016) included 8 

elk collected in 2010, 2 elk collected in 2010 and 2011, and 3 individuals recorded in 

2012, resulting in 15 animal-years in that study. The GPS fix success rates of location data 

for female elk in each animal-year ranged from 0.86–0.99 (Table S2, available online in 

Supporting Information).

Female Resource Selection and Anthrax Exposure

We did not detect multicollinearity among the environmental covariates or significant 

correlations. We used all 9 covariates as possible predictors in the female RSF model 

development. We tested all additive combinations of covariates and identified the top 10 

ranked models with relatively low ΔAIC (i.e., higher Akaike weights; Table 2).

We selected the model with the structure of w(x) ~ exp (wolf + elevation + forest + aspect 

+ stream + slope + primary road + secondary road + tertiary road) as the best model to 

describe resource selection for female elk during anthrax season of 2014–2017 (Table 2). 

The mean Spearman rank correlation coefficient (rs) estimating the predictive accuracy from 

the 5-fold cross validations for the best model was 0.93 ± 0.03 (SE). The standardized 

coefficients of the best model indicated that female elk during the anthrax season selected 

areas away from wolf predation events with high elevation, forested land cover (compared 

to grasslands and shrublands), farther distances to streams, gentler slopes, non-southerly 

aspects, and closer distances to primary roads, secondary roads, and tertiary roads (Table 3). 

The conditional variances for random effects were 0.014 for individuals and 0.001 for years.

The odds ratio for distance to streams indicated that the probability of female elk selection 

increased by 15% when distance increased by 1 km. Female elk selection was expected 
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to decrease by 42%, 43%, and 23% for every 1-km increase in distance from primary, 

secondary, and tertiary roads, respectively. For every 1-degree increase in slope, there was 

an expected 11% decline in probability of female elk selection. For every 1-km increase 

in elevation, the probability of female elk selection was expected to increase by 97%. The 

expected probability of female elk selection was 22% greater in forests than in grasslands 

or shrublands (Fig. S1, available online in Supporting Information). The prediction of the 

final selected RSF model on the landscape showed the highest probability of selection at the 

southeast part of the private bison ranch in the study area (Fig. 2).

We detected an extensive spatial overlap between female elk resource selection surface and 

anthrax risk surface (Fig. 3; Fig. S2, available online in Supporting Information). The areas 

selected by female elk (RSF value ≥5) that overlapped with the pathogen were distributed 

across the study area with greater overlap on the private ranch and in the east of the study 

area outside the ranch.

Comparisons between Male and Female Elk

The best RSF model to describe female elk resource selection was different than the best 

model for males, suggesting different resource selection pressures on the sexes during the 

anthrax risk period. Male elk in the study area during the anthrax risk period selected habitat 

closer to tertiary roads, with gentler slopes, in forested land, at lower elevations, and farther 

from secondary roads (Morris et al. 2016a). Female elk selected areas farther from wolf 

predation areas, closer to all types of roads, with gentler slope, at higher elevation, farther 

from streams, on hillsides with non-southerly aspect, and in forested lands (Table 3).

The high use areas (RSF values ≥ 5) for female elk covered 1,026 km2 of 1,652 km2 across 

the study area, and the high use areas (RSF values ≥ 5) for male elk was reported to cover 

1,056 km2 in the previous study (Morris et al. 2016; Fig. 2). The spatial differences of 

the high use areas between male and female elk had a Warren’s I metric of 0.632, which 

suggested that high use habitat of male and female (RSF values ≥ 5) was different during the 

anthrax risk period with 63.2% overlap.

The moderate anthrax exposure areas (i.e., overlap of high use areas and anthrax risk surface 

from the ecological niche model) for female elk covered 332 km2, whereas the anthrax 

exposure areas for male elk covered 285 km2 (Morris et al. 2016a; Fig. 3). The Warren’s 

I metric to quantify the spatial differences between male and female elk anthrax exposure 

areas was 0.659, which indicated a 65.9% overlap between the 2 surfaces. We also found 

similar patterns with more anthrax exposure areas for female elk than for male elk under the 

liberal and conservative cutoffs of the anthrax risk surfaces (Table S3 and Fig. S2, available 

online in Supporting Information).

Female elk primarily selected for private lands and USFS lands (Table 4). Because B. 
anthracis was predicted across the study areas on USFS lands, state lands, and private 

lands but with high proportions on the private lands (Blackburn et al. 2014, Morris et al. 

2016), most overlap between female elk preferred habitat and anthrax risk were identified 

on private lands, followed by the USFS lands and state lands (Fig. 4, Table 4). This pattern 

was similar patterns to the relationship of male elk selection and anthrax risk areas and land 
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ownership (Morris et al. 2016a). Similarly, anthrax exposure areas for female and male elk 

were largest on private land compared to other land ownership categories under the liberal 

and conservative cutoffs of the anthrax risk surfaces (Table S4 and Fig. S3, available online 

in Supporting Information).

DISCUSSION

Our findings indicated that male and female elk selected resources differently and had 

different movement behaviors during summer anthrax season. There were extensive areas 

selected by female elk overlapping with anthrax risk areas, which were more widespread and 

distributed differently compared to the spatial patterns of male elk anthrax exposure. These 

areas where female elk potentially interact with the pathogen were located across public and 

private lands.

Our results found similar responses of male and female elk to land cover and slope. They 

both selected for forested land cover and gentler slope. Similar findings have also been 

suggested in previous work (McCorquodale 1993, 2003; Montgomery et al. 2013). In 

summer, male and female elk have a preference for mature semi-closed or closed forests and 

high elevation, which could potentially allow them to avoid the summer heat (McCorquodale 

1993, 2003; Montgomery et al. 2013). McCorquodale (2003) also categorized the slope into 

7 classes (6 classes of 10% slope categories and a seventh class of >59% slope) and reported 

males preferred moderate slope (20–39%) and females preferred gentle to moderate slope 

(0–39%) in summer.

Male and female elk responded to some resources differently. Although wolf predation risk 

and aspect were not the primary factors that influenced male elk summer distributions, 

those 2 factors significantly affected the summer resource selection of female elk in the 

study areas. Female elk avoided risky areas and selected areas with the non-southerly 

aspect. The avoidance of wolves has been reported in some other elk resource selection 

studies (Hebblewhite et al. 2005, Atwood 2006, White et al. 2010). Also, the selection of 

forested non-southerly aspects for females over southerly aspect supported the preference 

of forested land cover, and similar findings of forested northerly and easterly aspects have 

been suggested in McCorquodale (2003). Aspect was not a significant predictor in male 

elk resource selection. Although McCorquodale (2003) reported the preference of riparian 

areas for female elk at low elevation in late summer, we found that female elk selected 

habitat farther from streams at high elevations in the summer in the NMSA. Additionally, 

differences in the capture areas may also result in the differences in resource selections 

between female and male elk. Not all female elk were captured on the private ranch, whereas 

the males were, although females used the ranch extensively in summer. The differences 

in model selection methods from this study and Morris et al. (2016) may also explain the 

differences in results. Despite differences in the variables sets and best models for each 

sex, we identified differences in resource selection for female and male elk on the same 

landscape during the anthrax risk period.

Elk selection of habitat near roads may be related to the sex-age class and highly dependent 

on the density, types, and traffic volume of the roads, and may vary in different places and 
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years because of different levels of human disturbance (McCorquodale 2003, Montgomery 

et al. 2013). Morris et al. (2016) did not detect any evidence of an effect of primary 

road; however, male elk selected habitat farther from secondary roads and closer to tertiary 

roads. Male elk may also move significantly farther from open road systems than females 

(Marcum 1975). In our study, female elk selected habitat closer to all 3 road types than 

expected from random selection. Other studies reported significant avoidance for both male 

and female elk to primary and secondary roads but a higher road density in female summer 

home ranges (McCorquodale 2003, Montgomery et al. 2013). Montgomery et al. (2013) 

also reported female elk increased their space use closer to tertiary roads (Montgomery et 

al. 2013). Additionally, multiple researchers have suggested that the resource selection for 

elk populations varies across different landscapes and years because of spatial heterogeneity 

and inter-annual changes in environmental suitability (McCorquodale 2003, Proffitt et al. 

2011, Van Moorter et al. 2016). Therefore, the consideration of traffic volumes in different 

years may help to better understand elk response to human disturbances. Overall, the areas 

selected by female elk overlapped more with the potential anthrax risk areas, compared 

to the male elk; however, the prevalence rates and reported anthrax cases in the NMSA 

suggested a skew towards male elk in the study areas, which indicated male elk may 

be more susceptible to anthrax than the females (Blackburn et al. 2014, Morris et al. 

2016). The possible reason for the inconsistency in the geographical extents of anthrax 

exposures and prevalence rates between male and female elk might be explained by their 

potential contacts with carcasses of previous anthrax deaths. Turner et al. (2014) reported 

that animal carcasses could alter the surrounding environment by increasing the forage 

quality and attracting ungulates to parasite aggregations. The hosts therefore experience 

trade-offs between exposure to anthrax and nutritional intake (Turner et al. 2014). A recent 

motion-sensitive camera study in the same study site has observed a higher frequency of 

interactions between male elk and carcass sites and behaviors of chewing bones of the dead 

animals than females, which indicated more potential contacts occurred between male elk 

and carcasses than females (Walker 2019). Additionally, by comparing higher values of 

habitat suitability predicted from the RSF models with the anthrax risk surface, there were 

more places highly selected by male elk (RSF values ≥ 9) located in the anthrax risk areas 

than female elk (Fig. 3). Although resource selection models estimated the spatial patterns 

of habitat use, the actual behaviors of the animals within those preferred areas, especially 

foraging behavior related to the anthrax transmission, cannot be inferred. Female elk may 

select areas within the anthrax risk zone more often, but forage less within these areas, or 

interact with carcasses less. A finer scale study to explore foraging behavior is needed to 

better understand if males and female forage differently, such as males grazing at carcasses 

more, in ways that may increase male exposure. Therefore, we focus our comparisons 

and discussion only on the different spatial patterns and geographical extents of anthrax 

exposure between male and female elk.

Anthrax can result in severe economic losses for livestock and wildlife. Wildlife outbreaks 

could affect unvaccinated livestock and other susceptible wild animals when they share 

the grazing areas that can support the survival of B. anthracis (Blackburn et al. 2014). 

Our results suggested male and female elk overlap with the pathogen differently because 

they select resources differently during the anthrax risk period. The differences in the 
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potential anthrax exposure areas between sexes for the elk population indicates that anthrax 

surveillance for males and females should target different areas defined by our maps in 

this study. Carcass surveillance for anthrax control and management for this elk population 

should prioritize the areas where both male and female elk overlap with anthrax risk (Fig. 4). 

Given the significant overlap of the private ranch, anthrax risk surface, and elk habitat use 

(male and female), anthrax risk in the study area can be a multi-species concern. Increased 

monitoring for susceptible wildlife and livestock, besides elk, is therefore necessary. Once 

disease occurrence is confirmed, it is important to treat and decontaminate the carcass and 

the surrounding areas promptly (Hugh-Jones and De Vos 2002). Sometimes the exclusion 

(e.g., fencing) from the known risk zones are also used for protecting the susceptible hosts 

from the risk areas (Nekorchuk 2017).

The calls for collaboration between public and private organizations for the control and 

management of wildlife diseases (e.g., anthrax and brucellosis) have been suggested by 

multiple researchers (Proffitt et al. 2011, Morris et al. 2016a, Nekorchuk et al. 2018, Yang 

et al. 2019). In this study, we reiterate the need for such collaboration and consideration of 

all stakeholders for the implementation of effective anthrax surveillance and management 

for wildlife and livestock in the NMSA (Morris et al. 2016a). Areas of elk and anthrax 

risk overlap for all elk were distributed across privately owned lands, state lands, and USFS 

lands, but were primarily located on private lands (Fig. 4; Table 4). The free-ranging infected 

elk could still facilitate spillover events and spread the disease to other places on private 

and public lands based on their movements. Additionally, because some parts of the private 

and public lands in the NMSA allow hunting during the archery season, the potential areas 

where anthrax outbreaks occur in late summer predicted by our results may also have some 

important implications for public health concerns for humans (Morris et al. 2016a).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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MANAGEMENT IMPLICATIONS

Our study of sex-specific elk resource selection and the overlap of elk habitat and 

anthrax risk delineated the potential spatial extent of anthrax transmission risk to male 

and female elk. The areas highly selected by male and female elk that overlapped 

with the distribution of B. anthracis should be prioritized for carcass detection and 

anthrax surveillance efforts. Our predictions of potential anthrax exposure for the elk 

population can be used to define targeted areas for wildlife disease management in the 

study area. Anthrax exposure areas included lands under different types of ownership, 

meaning multi-stakeholder cooperation is essential to anthrax control and surveillance. 

We strongly encourage collaborative anthrax surveillance and disease management 

among federal, state, and private stakeholders in the study area, in particular private and 

public outreach. This outreach should include communication between wildlife managers 

(public agencies and private land owners managing for wildlife), publicly available 

information on the clinical signs of anthrax in live and dead animals, and communication 

between livestock owners in the risk area on the need for vaccination and surveillance.
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Figure 1. 
The northern Madison study area, Montana, USA, and global positioning system (GPS) 

fixes of female elk recorded during anthrax risk season, 2014–2017. Each dot color 

represents a separate animal.
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Figure 2. 
The relative probability (top 6 bins out of 10 equal-area bins) of female elk resource 

selection during anthrax season in the northern Madison Study area, southwestern Montana, 

USA, 2014–2017 based on a resource selection function (RSF).
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Figure 3. 
The predicted relative probability of female elk overlapping with the moderate anthrax 

risk surfaces during the anthrax risk period in northern Madison study areas, southwestern 

Montana, USA, 2014–2017. Elk probability estimated from a resource selection function 

(RSF) value ≥5.
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Figure 4. 
The predicted areas of high risk for male and female elk exposure based on moderate 

anthrax risk surfaces and resource selection function (RSF) values ≥5 in 3 land ownership 

classifications during the anthrax season, in northern Madison study areas, southwestern 

Montana, USA, 2014–2017.
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Table 1.

Environmental covariates used in the resource selection function models to predict female elk habitat use, 

Montana, USA, 2014–2017.

Variable Description Sources

Wolf Density of wolf kills (per 30m pixel) Laundré et al. (2001), Hebblewhite et al. (2005), Atwood (2006), Creel et al. 
(2009)

Elevation Elevation (m) Altmann (1951), Leptich and Zager (1994), McCorquodale (2003)

Forest Forests (compared to grasslands and 
shrublands)

McCorquodale (1993), Leptich and Zager (1994), Unsworth et al. (1998), 
Proffitt et al. (2011)

Aspect Southerly (134–224°), non-southerly (0–
135° or 225°–360°)

Marcum (1975), Leptich and Zager (1994), Proffitt et al. (2011)

Slope Slope Marcum (1975), Leptich and Zager (1994), Proffitt et al. (2011)

Stream Distance to stream (km) McCorquodale (2003)

Primary road Distance to primary road (km) Irwin and Peek (1983), Edge et al. (1988), McCorquodale (2003), Montgomery 
et al. (2013)

Secondary road Distance to secondary road (km)

Tertiary road Distance to tertiary road (km)
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Table 3.

Estimates of coefficients of standardized variables with respective 95% confidence intervals in parenthesis for 

the final selected resource selection function model for female elk during anthrax risk season, southwestern 

Montana, USA, 2014–2017.

Variable Estimated coefficient

Density of wolf kills −0.11 (−0.12, −0.09)

Elevation 0.68 (0.65, 0.70)

Forest (compared to grassland and shrubland)
a 0.20 (0.17, 0.23)

Aspect −0.62 (−0.66, −0.58)

Slope −0.12 (−0.13, −0.11)

Distance to stream 0.14 (0.13, 0.15)

Distance to primary road −0.55 (−0.57, −0.53)

Distance to secondary road −0.56 (−0.58, −0.54)

Distance to tertiary road −0.26 (−0.27, −0.25)

a
The coefficients for the standardized continuous variables cannot be directly compared to the coefficients for the (unstandardized) categorical 

variables, forest and aspect.
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Table 4.

Summary of area (km2) classified as high risk for male and female elk anthrax exposure to the moderate 

anthrax risk surfaces in 3 land ownership classifications during the anthrax season in southwestern Montana, 

USA, 2014–2017. Area of land used by elk determined from resource selection function models (RSFs). 

Anthrax exposure areas determined from overlap with RSF values ≥ 5.

Land ownership RSF surface (RSF values ≥ 5) Anthrax exposure areas

Female Male
a Female Male

U.S. Forest Service 444.9 579.0 32.1 32.2

Private land 559.1 37.7 292.4 253.3

Montana state land 21.4 439.6 7.5 9.1

a
The results for male elk are adopted from Morris et al. (2016a).
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