
Elk Resource Selection and Implications for Anthrax 
Management in Montana

LILLIAN R. MORRIS,
Department of Geography, Spatial Epidemiology and Ecology Research Laboratory, Emerging 
Pathogens Institute, University of Florida, Gainesville, FL 32611, USA

KELLY M. PROFFITT,
Montana Fish Wildlife and Parks, 1400 South 19th Avenue, Bozeman, MT 59718, USA

VALPA ASHER, and
Turner Enterprises, 1123 Research Drive, Bozeman, MT, USA

JASON K. BLACKBURN1

Department of Geography, Spatial Epidemiology and Ecology Research Laboratory, Emerging 
Pathogens Institute, University of Florida, Gainesville, FL 32611, USA

Abstract

Anthrax, caused by the spore-forming bacterium Bacillus anthracis, is a zoonotic disease that 

affects humans and animals throughout the world. In North America, anthrax outbreaks occur in 

livestock and wildlife species. Vaccine administration in wildlife is untenable; the most effective 

form of management is surveillance and decontamination of carcasses. Successful management is 

critical because untreated carcasses can create infectious zones increasing risk for other 

susceptible hosts. We studied the bacterium in a re-emerging anthrax zone in southwest Montana. 

In 2008, a large anthraxepizootic primarily affected a domestic bison (Bison bison) herd and the 

male segment of a free-ranging elk (Cervus elaphus) herd in southwestern Montana. Following the 

outbreak, we initiated a telemetry study on elk to evaluate resource selection during the anthrax 

season to assist with anthrax management. We used a mixed effects generalized linear model 

(GLM) to estimate resource selection by male elk, and we mapped habitat preferences across the 

landscape. We overlaid preferred habitats on ecological niche model-based estimates of B. 
anthracis presence. We observed significant overlap between areas with a high predicted 

probability of male elk selection and B. anthracis potential. These potentially risky areas of elk 

and B. anthracis overlap were broadly spread over public and private lands. Future outbreaks in the 

region are probable, and this analysis identified the spatial extent of the risk area in the region, 

which can be used to prioritize anthrax surveillance.
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Infectious diseases affecting wildlife and domestic animals can present challenges to 

wildlife conservation and human health (Fouchier et al. 2004, Proffitt et al. 2011, Alexander 

et al. 2012, Bagamian et al. 2013). Understanding wildlife disease ecology is related to 

animal behavior and movement; an animal must encounter a pathogen (e.g., ingestion, 

inhalation, inoculation by a vector, or physical contact) for transmission to take place and 

movement behaviors can facilitate these interactions. Analyzing specific resources that are 

selected for, or avoided, using a resource selection function modeling framework has been 

employed for linking wildlife movement to disease transmission (Brook and McLachlan 

2009, Kilpatrick et al. 2009, Proffitt et al. 2011). This approach may be particularly useful in 

disease systems, such as anthrax, where the host contacts infectious material on the 

landscape.

Anthrax, caused by the spore-forming bacterium Bacillus anthracis, is an indirectly 

transmitted disease that can be transmitted through encountering infectious material in the 

environment (e.g., soil, vegetation, bones). The ability of the bacteria to persist on the 

landscape is related to climatic and soil conditions (Van Ness 1971, Hugh-Jones and 

Blackburn 2009). When an animal dies from anthrax, spores from the carcass may 

contaminate the area leading to exposure or infection in susceptible hosts that interact with 

the site (Blackburn et al. 2014b, Turner et al. 2014). In geographic areas that support B. 
anthracis, it is possible to have a landscape with a widespread distribution of infectious sites 

that are potentially attractive to grazing species (Turner et al. 2014). Therefore, defining 

where B. anthracis can persist on the landscape, and characterizing how wildlife use these 

areas is an important part of understanding transmission risk and identifying places where 

wildlife could become infected with anthrax. Quantifying anthrax risk is critically important 

because anthrax outbreaks in wildlife and livestock have significant and wide ranging 

impacts including agricultural economic losses, conservation concerns, wildlife management 

challenges, and public health threats (Turner et al. 2013).

Recent anthrax outbreaks have been reported in free-ranging plains bison (Bison bison; 

Shury et al. 2009), white tailed deer (Odocoileus virginianus; Blackburn and Goodin 2013, 

Blackburn et al. 2014b), and elk (Cervus elaphus; Hugh-Jones and Blackburn 2009, 

Blackburn et al. 2014a) in North America. The outbreak in elk occurred in southwest 

Montana during summer 2008. This outbreak was of particular concern because it was the 

first reported outbreak in a wild elk population in North America and occurred in a region 

that has not reported anthrax in decades (Blackburn et al. 2014a). During this outbreak, 

domestic plains bison and free-ranging male elk died from anthrax. There were significant 

economic losses attributed to material used to decontaminate carcasses, loss of livestock, 

and the loss of mature male elk.

Management and surveillance strategies for anthrax in wild ungulate populations are 

challenging because vaccination, the primary means of control in livestock, is untenable in 

wildlife (Hugh-Jones and De Vos 2002), and carcasses are difficult to find (Bellan et al. 
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2013). Proactive surveillance of wildlife populations during the anthrax season is important 

to the prevention of future outbreaks. Identifying cases early and destroying or 

decontaminating carcasses can reduce the quantity of spores released from the carcass into 

the environment, and may reduce future exposures. Knowledge of high-risk anthrax zones is 

essential for effective surveillance and ecological niche models are useful in predicting the 

potential geographic distribution of B. anthracis (Blackburn et al. 2007). Ecological niche 

models have been used to map B. anthracis across several landscapes (Blackburn et al. 2007, 

Joyner et al. 2010, Mullins et al. 2011, 2013). Quantifying spatial overlap of B. anthracis 
and wildlife populations, or transmission risk, is an important step for defining priority areas 

for surveillance.

The purpose of this study was to assist with anthrax surveillance in southwest Montana by 

identifying landscapes where male elk are likely at the highest risk of B. anthracis exposure. 

Our objectives were to 1) estimate male elk resource selection during the anthrax season, 2) 

identify areas where the environment supports the persistence of B. anthracis, 3) quantify the 

degree of overlap between male elk and B. anthracis presence, and 4) identify stakeholders 

in an effort to assist with management and surveillance strategies.

STUDY AREA

Our study area was defined as the Northern Madison Study Area, which is a 1,652-km2 

region in the Madison range in southwest Montana (Atwood 2006). The study area includes 

an approximately 300-km2 privately owned ranch managed for grazing bison and wildlife 

conservation and was the site of the 2008 anthrax outbreak (Fig. 1). Our study focused on 

summer months (Jun–Aug) because this is the historical anthrax season in the region 

(Blackburn et al. 2014a). Bison fences limit bison to the private ranch but do not prohibit the 

movement of elk or other cervids across property boundaries. The study area is bordered by 

the Gallatin National Forest to the south, Gallatin River to the east, and Madison River to the 

west. The study area is 27% shrubland, 31% grasslands, 36% coniferous forests, and 5% 

deciduous forests. The southern portion of the study area is dominated by steep forested 

terrain and the eastern portion is gentler sloped grassland and shrubland. Elevations in the 

study area range from 1,334 m to 3,352 m in the high peaks region. Land ownership 

includes 39% United States Forest Service (USFS) land, 4% state land, and 57% privately 

owned land. There are hunting opportunities on some regions of public and private land in 

the study area. Carnivores in the region include grizzly bears (Ursus arctos horribilis), 

American black bears (Ursus americanus), coyotes (Canis latrans), mountain lions (Puma 
concolor), and wolves (Canis lupus; Atwood 2006, Blackburn et al. 2014a). Ungulates 

present in the study area include elk, mule deer (Odocoileus hemionus), white-tailed deer, 

moose (Alces alces; Atwood 2006), and pronghorn (Antilocapra americana) in the northern 

portion of the study area.

METHODS

Telemetry and Environmental Data

We captured 14 adult male elk on the ranch using chemical immobilization delivered from 

helicopter and fitted with global positioning system (GPS) collars (model GPS3300L; Lotek, 
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Newmarket, ON, Canada) in April 2010 (n = 10) and January 2012 (n = 4). We captured 

individuals across the private ranch, and we made efforts for capture locations to be 

distributed across the private ranch. Collars were programmed to record GPS fixes every 30 

minutes for 1–3 years. To estimate male elk resource selection during the anthrax season, we 

included location data collected from 1 June to 31 August from 2010 to 2012. Elk capture 

protocols were developed by Montana Fish, Wildlife and Parks (FWP) and approved by the 

University of Florida Institutional Animal Care and Use Committee (UF IACUC 

#201105751 to JKB).

We evaluated 4 landscape factors potentially affecting male elk resource selection: land 

cover type, slope, aspect, and elevation. We selected these covariates based on their 

relationship to male elk habitat selection in other studies. Multiple studies have found that 

male elk select forested land cover during summer months (Altmann 1951, Unsworth et al. 

1998, McCorquodale 2003, Brook and McLachlan 2009). We defined 2 land cover types 

based on the 2010 Montana Spatial Data Infrastructure (MSDI) land cover dataset (http://

geoinfo.montanastatelibrary.org/data/msdi/landuse/, accessed 31 Jul 2013): forested and 

non-forested. We included elevation to test the hypothesis that male elk select higher 

elevations during summer months (Altmann 1951, McCorquodale 2003). We estimated a 

digital elevation model (DEM) using the United States Geological Survey (USGS) National 

Elevation Dataset (NED) with a 30-m resolution (http://ned.usgs.gov/, accessed 31 Jul 

2013). A relationship between slope and male elk habitat selection during summer months 

has also been reported (Unsworth et al. 1998, McCorquodale 2013), and we derived a slope 

raster surface from the DEM using ArcGIS 10.1 (Environmental Systems Research Institute, 

Inc., Redlands, CA). Proffitt et al. (2011) identified aspect as a significant predictor of 

female elk resource selection on our study area, and we derived an aspect raster surface from 

the DEM using ArcGIS 10.1. We categorized aspect as southerly (134–224°) and not 

southerly (0–135°, 225–360°; Proffitt et al. 2011).

Multiple studies have established a relationship between proximity to roads and male elk 

habitat selection (Edge et al. 1987, Unsworth et al. 1998, Rowland et al. 2005, 

McCorquodale 2013, Montgomery et al. 2013), and we evaluated 3 different road covariates: 

distance to primary, secondary, and tertiary roads. We categorized roads based on intensity 

of use following the methods of Montgomery et al. (2013). Primary roads included National 

Highway System (NHS) interstate, NHS non-interstate, and state roads. We derived road 

variables from a USFS road map, MSDI road data, and a map of ranch roads provided by 

ranch staff. Secondary roads included main ranch roads and county roads. Tertiary roads 

included 2-track and logging roads. We generated a 30-m raster surface for each of the 3 

road categories using the Euclidean distance tool in ArcGIS 10.1.

The effect of wolves on male elk habitat selection has been discussed in multiple studies 

(Laundré et al. 2001, Creel et al. 2005, Hebblewhite et al. 2005, Christianson and Creel 

2008), and their effect on elk resource selection appears to vary across study sites. A wolf 

pack has been established in the study area since 2002 (Blackburn et al. 2014a). To map 

wolf risk, we estimated the density of wolf kills reported through ongoing efforts to monitor 

interactions and predation by wolf of elk and bison. Routine spring and summer surveys of 

the private study ranch are conducted to identify wolf kills through the presence of 
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scavengers, wolf tracking, and radio telemetry of wolves collared in the area. For this study, 

we limited wolf data to kills between April and August during 2010–2013, months when 

ranch roads were accessible for surveys. To estimate wolf predation risk for the study area, 

we calculated densities of kill locations from 2010 to 2013 using kernel density estimation 

in ArcGIS 10.1 (Fotheringham et al. 2000); we calculated bandwidth settings following 

Blackburn et al. (2014c) with the number of kills used as the sample size.

Resource Selection Model Development

We employed a use-versus-availability framework to estimate a resource selection function 

(RSF; Manly et al. 2002). We were interested in the selection of resources at the landscape 

scale, which corresponds to second-order selection defined by Johnson (1980) and more 

recently by Meyer and Thuiller (2006). Second-order selection is a comparison of 

population-level seasonal range (available habitat) and individual seasonal ranges (used 

habitat; DeCesare et al. 2012). We randomly selected 4 GPS locations/collared 

individual/day to represent used locations under the assumption that GPS locations were 

representative of each collared individuals’ seasonal range composition. We selected 5 

available points/used point from within a seasonal, herd-level 100% minimum convex 

polygon.

We employed a generalized linear mixed effect model, which includes fixed and random 

effects, to estimate resource selection. Gillies et al. (2006) suggested employing mixed effect 

models to account for random variation in sampling, and we included a random intercept for 

individual and year. The random intercept is calculated as the difference between the mean 

intercept for all groups and the intercept for the individual group (Gillies et al. 2006). We 

selected the final model using only fixed effects, and added random effects to the final 

model.

We screened variables prior to inclusion in model development for correlation with other 

variables in the data set (Pearson’s correlation coefficient |r| ≥ 0.7), and significance in 

univariate analyses (P < 0.1). We standardized all continuous variables to allow for a direct 

comparison between model coefficients. We pooled data across all individuals and years for 

model creation. There was evidence that each of our covariates could affect male elk 

resource selection during summer; however, the combination of covariates that best 

described resource selection at our study site was not known. We generated a model list 

including all additive combinations of our covariates (Womack et al. 2013): land cover, 

elevation, slope, aspect, secondary roads, tertiary roads, and wolf predation. We fit a 

generalized linear fixed effect model to each combination of covariates:

w(x) = exp(β0 + β1X1 + … + βiXi)

where w(x) is the relative probability of a pixel being selected, β0 is the intercept, and β1 is 

the estimated coefficient for variable X1. If β > 1, a preference for that resource is indicated, 

and a β < 1 indicates avoidance of that resource (Manly et al. 2002). An RSF is not 

equivalent to a true probability and Boyce (2006) recommend employing the exponential 

form of w(x), which is interpreted as the odds ratio. We generated fixed effect RSFs for each 
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model in the list. We used Akaike’s Information Criterion (AIC) to rank models by their 

ability to describe empirical data at the population level (Burnham and Anderson 2002). The 

AIC score identifies the most parsimonious model, which has the fewest variables 

explaining the greatest amount of variation (Thompson and Lee 2000). We ranked models 

using the difference in AIC between the model of interest and the model with the smallest 

AIC (DAIC; Anderson et al. 2000, Burnham and Anderson 2002) and calculated Akaike 

weights (wi; Burnham and Anderson 2002) to identify a suite of competing models (Sittler 

et al. 2015). We defined competing models as all those required for Σwi to be >0.95 because 

the best model identified with an AIC approach is not necessarily representative of 

landscape use (Sittler et al. 2015).

To select the final model, we compared the predictive accuracies of competing models 

(Sittler et al. 2015) using a 5-fold cross validation approach to determine the relationship 

between predicted selection and use (Boyce et al. 2002). We randomly selected and withheld 

20% of used GPS points from model creation. We employed the logistic equation, using 

unstandardized model coefficients, to calculate and map the RSF values for each pixel. We 

split RSF values into 10 quantiles that were adjusted for area (Boyce et al. 2002) so each bin 

represented an equal proportion of the landscape, with 1 corresponding to the lowest relative 

probability of selection and 10 corresponding to the highest. We overlaid the excluded used 

points on the RSF surface, and calculated the number of used points within each of the 10 

bins. We employed the Spearman rank correlation coefficient (rs) to compare the bin rank 

and number of used points per bin (Boyce et al. 2002). We calculated the average correlation 

coefficient across 5 iterations. We selected the final model by comparing the average 

correlation coefficients across competing models. A stronger relationship between bin 

number and number of points/bin indicates a stronger relationship between predicted 

selection and use. We mapped the final model across the study area at a 30-m resolution 

using the same methods employed for model validation: solving the logistic equation with 

unstandardized model coefficients and splitting RSF values into 10 equal area bins.

B. anthracis Ecological Niche Models

To define the geographic distribution of B. anthracis, we used an ecological niche modeling 

approach to model infected carcass locations identified during the 2008 outbreak. For this 

study, we use the genetic algorithm for rule-set prediction (GARP; Stockwell 1999). The 

methodology is described in detail for modeling B. anthracis elsewhere (Blackburn et al. 

2007, Mullins et al. 2011). In those studies, mean normalized difference vegetation index 

(NDVI) and NDVI amplitude were among the most important variables for predicting B. 
anthracis. For this study, we developed a coverage set of continuous environmental variables 

including 16-day moderate resolution imaging spectroradiometer (MODIS) images from 

June to August 2008 to derive raster coverages of NDVI mean, minimum, maximum, range, 

and standard deviation, distance to streams, elevation, and slope. We also performed a 

tasseled-cap transformation in ERDAS IMAGINE (Hexagon Geospatial, Norcross, GA) on a 

Landsat image from August 2008 to derive the wetness band (blue band). B. anthracis has 

affinity to moist, low lying soils (Van Ness 1971, Hugh-Jones and Blackburn 2009), which 

can be detected by the wetness band, elevation, and slope. We resampled all variables to 30 

m to match the RSF resolution. We mapped GPS coordinates of bison, elk, and deer 
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carcasses from the 2008 outbreak and filtered coordinates for spatially unique locations 

(defined as 1 point/ 30-m cell; Joyner et al. 2010). We randomly divided spatially unique 

carcass locations into 75% training and 25% post hoc testing subsets using Geostatistical 

Analyst in ArcGIS 10.1. We constructed a GARP experiment in DesktopGARP 1.1.3 

(University of Kansas Center for Research, Lawrence, KS) using the environmental 

coverages and the 75% training subset. We used an internal data split of 75% training/25% 

testing for model building and internal testing to optimize rules within GARP. We developed 

200 models using all 4 rule types (logit, range, negated range, and atomic), convergence 

limit 0.01, and 1,000 iterations. We employed the best subset procedure with a 10% 

omission cutoff and 50% omission cutoff to optimize model selection and arrive at a best 

subset of 10 models (Anderson et al. 2003). We used omission (false negative; carcass sites 

omitted by models), commission (false positive; proportion of the landscape predicted 

present), and an area under the curve (AUC) estimate to evaluate model accuracy following 

McNyset (2005). We limited model building and accuracy metrics to the ranch (Fig. 1), the 

boundary of the 2008 surveillance effort, and projected the models onto our larger study area 

to compare with RSF estimates of male elk habitat.

To map B. anthracis, we summated the 10 models in the best subset using the raster 

calculator in ArcGIS 10.1. We chose 3 cutoffs for B. anthracis presence to compare to elk 

resource selection. The conservative cutoff defined presence as agreement between 9 or 10 

models in the best subset (from the summation). The moderate cutoff defined presence as 

agreement between 6 and 10 best models. The liberal approach defined presence as any pixel 

predicted by ≥1 of the 10 best models.

B. anthracis and Male Elk Spatial Overlap

We generated a map of the relative probability of spatial overlap between male elk and B. 
anthracis presence for each cutoff: conservative, moderate, and liberal. We classified an RSF 

value ≥ 5, which corresponds to the upper 50% area adjusted quartile, as high probability of 

elk habitat use. We overlaid high probability elk habitat (RSF ≥ 5) with regions predicted as 

pathogen presence. Owner parcel data for the study area was downloaded from the Montana 

state library geographic information services (http://nris.mt.gov/gis/, accessed 13 Aug 2014) 

to explore the relationship between anthrax risk and land ownership. We collapsed the data 

into 3 ownership categories: USFS, state, and privately owned land. We calculated the area 

of each land ownership type that comprised the high probability RSF surface, B. anthracis 
presence surface, and overlap between high RSF and B. anthracis presence.

RESULTS

We used GPS collar data from 13 mature male elk collected during the 2010 (n = 10 

individuals), 2011 (n = 2 individuals from 2010), and 2012 (n = 3 individuals) anthrax 

seasons in the analysis (Table S1). All GPS fixes were an average of 6,170 m from primary 

roads, 3,228 m from secondary roads, and 984 m from tertiary roads. Approximately 60% of 

GPS fixes occurred in the forested land cover category. The average elevation of GPS fixes 

was 1,940 m, average slope of used points was 12.8°, and 14% of used points had a 

southerly aspect.
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There were no variables in the data set with a Pearson’s correlation coefficient |r| ≥ 0.7. 

Primary roads was not significant in a univariate analysis (P = 0.8) and was not included in 

model list development. We identified 7 competing models from our model list based on Σwi 

> 0.95 (Table 1). The average Spearman rank correlation coefficient between bin number 

and number of used points/bin across 5 iterations for competing models ranged from rs = 

0.358 to rs = 0.847.

We selected the model with the structure elevation + slope + forest + tertiary road + 

secondary road as the final model based the strength of the relationship between predicted 

and used habitat, as compared to the other competing models. Closer proximity to tertiary 

roads, farther proximity to secondary roads, forested land cover (compared to shrubland and 

grasslands), gentler slopes, and lower elevations were all significantly associated with a 

higher probability of male elk resource selection during the anthrax season (Table 2 and Fig. 

2). The private land in the central portion of the study area and the public lands to the 

southeast had the highest predicted relatively probability of male elk selection. The high use 

area, defined by the RSF bin ≥ 5, covered an area of 1,056 km2 (Table 3).

The ecological niche modeling process reached convergence of accuracy (0.01) prior to 

reaching the maximum iteration setting (1,000). The overall predictive accuracy was high 

(average omission 4.7%), with an AUC of 0.74, confirming a reasonable model (Table 4). 

Several regions of the study area were predicted to be supportive of B. anthracis for each 

definition of presence (Fig. 3). The conservative cutoff predicted presence in the northeast 

and eastern border of the study area. An additional region of presence was identified across 

the center of the study area, and expanding to the northeast boundary. The moderate cutoff 

also predicted B. anthracis presence in the central and northeast portions of the study area. 

The liberal cutoff predicted potential B. anthracis presence across the majority of the study 

area, and particularly the central and northeast regions. B. anthracis presence was predicted 

for some portion of private, state, and USFS land at each cutoff (Table 3); the greatest area 

of predicted presence was on privately owned land (Table 3).

For the conservative B. anthracis cutoff, areas with the highest probability of male elk 

contacting the pathogen were distributed across the study area (Fig. 4). The north central 

portion of the study area was predicted as high risk of overlap between male elk and B. 
anthracis. Additional areas along the eastern and western boundaries of the study area were 

also identified as high-risk areas. The moderate cutoff of high-risk regions was spatially 

similar to the conservative approach, but the areas of high risk were larger. The liberal cutoff 

of presence identified additional portions of the southeast border of the study area as the 

highest probability of elk coming into contact with B. anthracis. Predicted spatial overlap 

between male elk and B. anthracis occurred on public and privately owned land (Fig. 5 and 

Table 3).

DISCUSSION

Anthrax is underreported, underdiagnosed, and is undervalued as a public health concern 

(Fasanella et al. 2010, Bagamian et al. 2013). The 2008 outbreak was the first reported 

anthrax in southwest Montana for several decades (Blackburn et al. 2014a) and the first 
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reported outbreak in wild elk in North America. There were extensive regions on the 

landscape where preferred male elk habitat overlapped with potential B. anthracis presence. 

These regions of elk anthrax risk were distributed across private, state, and federal land, 

which has important implications for anthrax management in the region.

During the anthrax risk period (defined here as Jun–Aug) male elk selected areas closer to 

tertiary roads, farther from secondary roads, with gentler slopes, dominated by forested land 

cover types, and with lower elevations. The preference for tertiary roads could be related to 

the high density of such roads throughout the study area. Tertiary roads are 2-track and 

logging roads that get minimal use, and it is plausible that male elk use tertiary roads for 

travel, particularly in steep or heavily forested landscapes. The avoidance of secondary roads 

is in line with other studies that report male elk avoiding heavily traveled roads during 

summer (Montgomery et al. 2013). Male elk in other studies have shown an avoidance of 

primary roads (Montgomery et al. 2013), but distance to primary roads was not significant in 

our analysis. The disparity in our findings could be attributed to a high average distance of 

used habitat to primary roads (6,000 m) that was too far to trigger an avoidance response. 

Male elk selection of higher elevations and forested land cover during summer could 

potentially be related to avoidance of summer heat. Male elk also selected gentler slopes 

compared to the available slopes in the study area. Wolf predation risk and aspect were not 

primary influences of male elk distributions, and our wolf predation risk and aspect 

covariates were not included in the top-ranked model. Wolf kill location data were limited to 

the private ranch where the 2008 outbreak occurred (Fig. S2), and it is possible that this data 

set was not representative of wolf predation across the study area. Fine scale predation 

behavior and occupancy data across the study area would provide a more thorough 

understanding of the relationship between elk and wolves. Areas of high predicted use were 

primarily identified on USFS land, and private land.

The predicted distribution of male elk during the anthrax risk period had a high predictive 

accuracy across our study site, but predictive accuracy was not evaluated beyond our study 

area. Other studies have reported that RSF maps applied to a larger landscape had decreased 

predictive accuracy (Proffitt et al. 2011). This trend has been related to variation in available 

habitat, and seasonal variations in climatic or environmental conditions (Mysterud and Ims 

1998). Obtaining movement data from male elk during summer in other anthrax zones 

would provide an opportunity to determine the ability to extrapolate these findings, and 

explore differences in risk under different landscape compositions. We hypothesize that our 

findings would be relevant in landscapes with similar habitat characteristics.

Our ecological niche modeling experiment predicted significant portions of the study area as 

suitable for pathogen persistence. Although there were differences in the predicted B. 
anthracis spatial distribution under the conservative, moderate, and liberal definition of 

pathogen presence, each definition is plausible because all cutoffs were derived from the 10 

best models in the ecological niche model experiment. This result suggests that B. anthracis 
may persist beyond the previously documented cases of 2008 and other areas of western 

Montana may be suitable for B. anthracis.
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The current definitions of B. anthracis presence, derived from mortality data, may 

underestimate anthrax intensity (Bellan et al. 2013) and the geographic extent of outbreaks 

(Bagamian et al. 2013). Efforts since 2008 to control the disease in the bison herd have 

included limiting bison grazing in the areas of greatest mortality in 2008, which may have 

partially reduced cases in the subsequent years since the outbreak; however, determining this 

is difficult. Underestimates of the extent or intensity of disease can be attributed to the 

challenges associated with locating and confirming anthrax carcasses across remote 

landscapes (Blackburn et al. 2014a,b). This trend could be particularly relevant to our study 

area where high probability male elk distribution predictions include significant portions of 

heavily forested, steep terrain where infected carcasses are likely to be undetected. In wood 

bison (B. bison athabascae) outbreaks in northern Canada, anthrax mortalities in remote and 

heavily forested landscapes were cited as one of the primary challenges to anthrax 

surveillance in the region (Nishi et al. 2002). Heightened surveillance in the region would 

enhance our understanding of the spatial extent of anthrax risk; however, conducting 

surveillance in these landscapes would be logistically challenging. Targeting surveillance 

with our risk maps may improve anthrax carcass detections. Likewise, these maps can be 

used to define livestock vaccination priority areas in the study area.

Our results suggest that livestock in the region, on public and private land, are likely using 

landscapes supportive of B. anthracis. This is a significant concern because wildlife 

outbreaks can affect unvaccinated livestock when there is overlap in space use in regions that 

can support B. anthracis persistence (Bengis et al. 2002). For example, in 1997, there was a 

significant anthrax outbreak in southwest Texas that primarily affected white-tailed deer 

with hypothesized spillover to neighboring livestock populations (Hugh-Jones and De Vos 

2002), which was confirmed in the region in 2009 and 2010 (Blackburn et al. 2014b). There 

is also the potential for spillover to other susceptible wildlife species in the region. We 

estimated an area of 20–86 km2 (conservative to liberal cutoff) of public land that was 

predicted to support B. anthracis persistence. These findings highlight that disease risk in 

this emerging anthrax region could be a multi-species concern with the capacity to affect 

wildlife and livestock on public and private lands. Increased monitoring of susceptible 

wildlife and livestock on public and private land, and reporting spatial locations of disease 

occurrence should be implemented to relate our predictions to actual transmission dynamics 

on the landscape.

Anthrax outbreaks can lead to severe economic losses, related to the loss of livestock, loss of 

hunted wildlife, and outbreak cleanup and management. An anthrax outbreak on public 

lands in late summer, a situation predicted as plausible by our modeling results, could also 

have implications for hunters during the archery season including a rapid die off of ungulate 

populations and public health concerns for hunters. These findings reflect the need for a 

collaborative approach between all stakeholders to successfully implement anthrax 

surveillance and management for male elk in the region. There has been a call for 

collaborative elk management in the region between public and private organizations in 

recent years in response to challenges related to hunter access, population management 

(Proffitt et al. 2013), and brucellosis control (Cross et al. 2010). This study reiterates the 

need for collaboration between public and private organizations as it relates to disease 

control.
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MANAGEMENT IMPLICATIONS

Our prediction of male elk overlap with the distribution of B. anthracis provides risk maps 

useful for targeting anthrax surveillance efforts in southwestern Montana. These high-risk 

regions should be prioritized for carcass detection efforts. We also recommend a 

collaborative approach to anthrax surveillance and management between federal, state, and 

private land owners because anthrax could pose a risk to multiple wildlife hosts, livestock, 

and potentially archery hunters on public and private land in this emerging anthrax zone.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Study site in southwestern Montana, USA with telemetry global positioning system (GPS) 

points collected from male elk during the anthrax risk period (Jun–Aug) for 2010–2012. 

Each individual male elk is represented with a different shade. The privately owned ranch 

where the 2008 anthrax epizootic took place is outlined in black.
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Figure 2. 
The relative probability of male elk resource selection in the northern Madison study area, 

southwest Montana, USA during the anthrax risk period (Jun–Aug) for 2010–2012. The top 

5 out of 10 bins are displayed, and higher resource selection values reflect higher predicted 

relative probability of selection.
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Figure 3. 
The potential distribution of Bacillus anthracis in the North Madison Study Area, southwest 

Montana, USA predicted from an ecological niche model experiment based on carcasses 

collected during the summer 2008 outbreak. We used 3 cutoffs to predict the potential 

distribution of B. anthracis: conservative (A), moderate (B), and liberal (C).
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Figure 4. 
The predicted relative probability of male elk and Bacillus anthracis spatial overlap during 

the anthrax risk period in the North Madison study area, southwest Montana, USA based on 

elk locations from June through August 2010–2012 and recovered carcasses during a 

summer 2008 anthrax outbreak using 3 definitions of B. anthracis presence: conservative 

(A), moderate (B), and liberal (C). Higher resource selection function (RSF) values reflect 

higher predicted relative probability of selection.
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Figure 5. 
The predicted areas of male elk and Bacillus anthracis spatial overlap across land 

ownerships during the anthrax risk period (Jun–Aug) in the North Madison study area, 

southwest Montana, USA based on elk locations 2010–2012 and recovered carcasses during 

a summer 2008 anthrax outbreak. The male elk distribution included all areas with a 

resource selection function (RSF) value ≥ 5. B. anthracis distribution was defined using 3 

definitions: conservative (A), moderate (B), and liberal (C).
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Table 1

Competing models (Σwi > 0.95) predicting male elk resource selection during the anthrax risk period (Jun–

Aug) in the northern Madison study area, southwest Montana, USA during 2010–2012, derived from the 

model list of all additive combinations of covariates. For each model, we report model covariates, change in 

Akaike’s Information Criterion (DAIC), AIC weights (wi), and the average Spearman rank correlation 

coefficients (rs), which measures the relationship between model prediction and use, across 5 folds.

Model ΔAIC wi rs

Elevation + slope + forest + tertiary road + secondary road + wolf 0.00 0.322 0.672

Elevation + slope + forest + secondary road + wolf 1.00 0.189 0.405

Elevation + slope + aspect + forest + tertiary road + secondary road + wolf 1.35 0.159 0.593

Elevation + slope + aspect + forest + secondary road + wolf 2.25 0.101 0.358

Elevation + slope + forest + tertiary road + secondary road 2.24 0.102 0.847

Elevation + slope + aspect + forest + tertiary road + secondary road 3.46 0.055 0.612

Elevation + slope + forest + secondary road 3.61 0.051 0.418
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Table 2

Standardized coefficient estimates and 95% confidence intervals for covariates included in the final resource 

selection function model for male elk in the northern Madison study area, southwest Montana, USA during the 

anthrax risk period (Jun–Aug), derived from male elk locations during 2010–2012.

95% CI

Variable Estimate Lower Upper

Intercept −2.0724a −2.1255 −2.0200

Distance to tertiary roads −0.0352b −0.0731 0.0024

Distance to secondary roads 0.1660a 0.1263 0.2058

Forest (as compared to grasslands and shrublands) 0.8490a 0.7750 0.9233

Slope −0.1794a −0.2160 −0.1429

Elevation −0.2602a −0.3089 −0.2117

a
Indicates significance with 99% confidence.

b
Indicates significance with 90% confidence.
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Table 4

Anthrax carcass sample sizes and accuracy metrics for the ecological niche modeling experiment to estimate 

the potential geographic distribution of Bacillus anthracis on the landscape in the northern Madison study area, 

southwestern Montana, USA, based on a summer 2008 anthrax outbreak.

Metric Model specifications

N to build models 85a

N to test models (independent) 29

Total omission 3.4

Average omission 4.7

Total commission 62.92

Average commission 41.41

AUCb 0.7416c,d

a
N was divided into 75% training and 25% testing at each model iteration.

b
AUC = area under curve.

c
Z = 8.72 (P < 0.001).

d
SE = 0.0530.
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