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ABSTRACT 

 

 

Rocky Mountain Bighorn Sheep (Ovis canadensis) restoration continues to be a 

challenge throughout western North America despite nearly a century of efforts dedicated 

to the species’ recovery. A persistent problem for restoration is populations failing to 

expand into surrounding areas of habitat even during years of population growth. While 

populations can be constrained by several environmental factors and behavioral 

tendencies, we contend habitat availability is not the primary limiting factor. This study 

incorporated GPS data from bighorn sheep within the Taylor-Hilgard population in the 

Madison Mountain Range, located in the northwestern extent of the Greater Yellowstone 

Ecosystem (GYE), to develop summer and winter resource selection function (RSF) 

habitat models. The objective of this study was to evaluate a hypothesis that habitat was 

not the primary factor limiting distributions of bighorn sheep within the Madison Range 

by developing biologically-plausible RSF models and using covariates expected to 

influence selection. Multiple functional forms and spatial grains for covariates were 

considered and sets of summer and winter resource selection models compared using 

AICc. Results indicated that bighorn sheep resource selection was grain dependent, with 

bighorn sheep generally selecting covariates at the larger 500 m and 1,000 m spatial 

grains. Summer selection was characterized by rugged terrain, steep slopes, reduced 

canopy cover, southwestern aspects and ridgelines. Winter selection was characterized by 

low elevations, southwestern aspects, steep slopes, reduced canopy cover, ridgelines, 

high summer NDVI amplitude, and areas close to steep terrain (slopes ≥ 45°). Predicted 

winter habitat occurred in a non-contiguous distribution primarily along low-elevation, 

southwest-facing aspects within the Madison Valley, and predicted summer habitat was 

concentrated along high elevation ridgelines. Model results were successfully validated 

using independent GPS data. Potential abundance for the Madison Range was estimated 

by linking the winter RSF to population estimates for the Taylor Hilgard and results 

suggested that the Range may be capable of supporting 2 to 4 times the number of 

bighorn sheep currently estimated. Study results supported the hypothesis that habitat was 

not the primary factor limiting extant bighorn sheep populations, suggesting that broader 

distributions within the Range are possible if novel restoration strategies are considered.   
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INTRODUCTION 

 

 

 Rocky Mountain bighorn sheep (Ovis canadensis), like all ungulate species native 

to western North America, experienced devastating population declines during the mid to 

late 1800’s. Overharvest, habitat loss, resource competition with livestock, and disease all 

contributed to the species’ decline and by the 1940’s, bighorn sheep were considered a 

species of management concern throughout their range (Buechner 1960). Although early 

efforts focused on translocation, harvest regulation, and habitat protection were 

successful in broadly restoring species such as elk (Cervus canadensis), mule deer 

(Odocolieus hemionus) and pronghorn (Antilocapra americana), bighorn sheep have not 

attained comparable levels of recovery (Singer et al. 2000a, Picton and Lonner 2008). 

Despite nearly a century of management and conservation efforts, current bighorn sheep 

abundance is estimated at <10% of historic levels (Buechner 1960, Toweill and Geist 

1999) and the factors impeding successful restoration remain a complex and challenging 

issue.  

 Although capable of occupying a diversity of rugged landscapes, from prairie-

breaks to alpine (Shackleton et al. 1999), bighorn sheep generally exhibit a limited 

propensity to disperse and colonize areas of potential, yet unoccupied habitat (Geist 1971, 

Bleich et al. 1996). Translocations have been instrumental in restoring bighorn sheep into 

unoccupied habitat, but have not always been successful in creating viable, self-

sustaining populations (Gross et al. 2000, Woodroffe 2003, Singer et al. 2000a). 

Although bighorn sheep populations have been re-established throughout much of the 

species’ historic range, many remain small, isolated and densely concentrated in the 
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vicinity of the reintroduction site throughout the year (Risenhoover et al. 1988, Singer et 

al. 2000a, 2001).  

The long-term persistence and growth of bighorn sheep populations may be 

limited by several factors. Given the successful restoration of most mid-to large sized 

carnivores (e.g. mountain lions) throughout western North America, predation may 

suppress small and isolated populations (Wehausen 1996, Rominger et al. 2004, Festa-

Bianchet et al. 2006). Pathogens introduced by domestic livestock are capable of causing 

all-age die-offs with mortality ranging from 10% to 90% (Enk et al. 2001, Sells et al. 

2015). Depressed lamb recruitment is also commonly documented for years following an 

outbreak (Cassirer and Sinclair 2007) creating a persistent problem. Finally, habitat 

availability may influence population success. As habitat specialists (MacArthur and 

Wilson 1967) bighorn sheep rely upon the seasonal availability and distribution of key 

resources for survival and reproduction and are highly associated with steep, and rugged 

terrain (Geist 1971). This often results in naturally-structured metapopulations within 

geographically distinct areas (e.g. mountain ranges) composed of localized herds of 

individuals with discrete seasonal ranges (Bleich et al. 1996, Demarchi et al. 2000, Singer 

et al. 2000b). Anthropogenic induced habitat loss or fragmentation may constrain bighorn 

sheep populations into increasingly small and unconnected patches of habitat (Shackleton 

et al. 1999, Schoeneker and Krausman 2002), and discourage natural exploration of 

surrounding habitat (Smith et al. 1999). While most native populations of bighorn sheep 

migrate to exploit seasonal resources (Geist 1971), restored populations which fail to re-
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establish migration patterns may also experience seasonal deficiencies in forage quality 

(Festa-Bianchet 1988, Enk et al. 2001, Jesmer et al. 2018). 

Given the factors that can limit bighorn sheep populations, experimentation with 

new management strategies may be needed to ensure restoration efforts create and 

promote persistent populations. Since the risk of disease transmission can limit the 

advisability of moving animals into novel areas or between geographically separate 

populations (Butler et al. 2017, 2018), it has been suggested that short distance 

translocations aimed at restoring a metapopulation structure, may promote viable long-

term populations of bighorn sheep (Bleich et al. 1996, Singer et al. 2000c). 

Metapopulations are less vulnerable to extirpation by stochastic events than small 

isolated populations (Berger 1990, Hanski 1999, Festa-Bianchet et al. 2006), and 

translocations aimed at restoring metapopulation structure rather than establishing small, 

isolated populations, may not only increase overall abundance and distribution, but also 

promote natural recolonization of unoccupied habitat (Bleich et al. 1996, Epps et al. 

2010), encourage genetic heterozygosity (Epps et al. 2005), and potentially lower the risk 

of disease events by reducing local herd densities and pathogen transmission rates (Sells 

et al. 2015). Efforts focused in part on restoring a metapopulation structure are proving 

effective for the Sierra Nevada bighorn sheep (Ovis canadensis sierra) (U. S. Fish and 

Wildlife Service 2007) and desert bighorn sheep (Ovis canadensis nelson) where targeted 

translocations have resulted in natural recolonization of historic habitat (Epps et al. 

2010). Given the historic distribution of bighorn sheep (Buechner 1960), there are likely 

areas with unrealized potential for restoring metapopulations of bighorn sheep. 
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Identifying and describing these areas may provide further insights to enhance bighorn 

sheep restoration throughout western North America. 

The Madison Mountain Range, located on the western edge of the Greater 

Yellowstone Ecosystem (GYE), is an example of a mountain complex with apparent 

unrealized potential for restoring a bighorn sheep metapopulation. Although historically 

observed throughout the Madison Range, only two modest populations of native bighorn 

sheep were recognized by management agencies at the time of this study (Figure 1: 

Montana Fish Wildlife and Parks [MFWP] 2010). Occurring on opposite ends of the 

range, the northern Spanish Peaks and southern Taylor-Hilgard populations occupy 

relatively small portions of the landscape. Despite increases in population size and 

established migratory behavior, these two populations have largely not expanded into 

adjacent habitat during nearly eight decades of management and conservation (MFWP 

2013). Given the current and historic distributions of bighorn sheep, we propose that the 

Madison Range is capable of supporting a metapopulation of bighorn sheep and 

hypothesize that habitat availability is not the primary limiting constraint on the 

distribution of current bighorn sheep populations within the range.    

To test this hypothesis, an important step and challenge is to quantify bighorn 

sheep habitat use in occupied areas, which can then be used to predict areas of 

unoccupied habitat and inform restoration decisions throughout the mountain range. 

Habitat use is driven by the availability of resources on a landscape, which animals 

disproportionally select for based on behavioral responses and choices that ultimately 

determine individual fitness (Boyce and McDonald 1999). To quantitatively describe this 
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relationship between the availability and utilization of resources, resource selection 

functions (RSFs) are useful in that they can provide quantitative characterizations of 

resources being selected and generate spatially-explicit predictive models, thus linking a 

species to a set of habitat characteristics (Boyce and McDonald 1999, Manly et al. 2002).  

In this study, we utilized GPS data from female bighorn sheep in the Madison 

Range to develop and validate seasonal resource selection models that quantified bighorn 

sheep habitat use within the range and identified areas of potential (unoccupied) habitat. 

Using our model results, we further estimated the potential number of bighorn sheep that 

the Madison Range may be able to support if all predicted habitat was eventually 

occupied. Our objective was to evaluate a hypothesis that a broader distribution of 

bighorn sheep habitat exists in the Madison Range, supporting a prediction that spatial 

expansion of extant populations is limited by behavioral or other constraints rather than a 

lack of habitat availability. As a result, we could identify areas that may be considered for 

future management efforts designed to restore a continuous metapopulation of bighorn 

sheep throughout the Madison Range.  
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METHODS 

 

 

Study Area 

 

 

The study area (Figure 1) consisted of approximately 3,420 km2 within 

southwestern Montana in what is considered the most geologically diverse uplift in the 

GYE (Turiano 2003). Flanked east and west by the Gallatin and Madison Rivers, the 

north-south oriented Madison Range was the result of a series of faulting events and four 

stages of Pleistocene glaciation (Patten 1963), creating a sharp and rugged appearance. 

Elevations ranged from 1,219 to 3,449 m, with the tallest and most rugged terrain in the 

south where the heaviest glaciation occurred, and active faulting continues (Turiano 

2003). The underlying bedrock was largely metamorphic (e.g., gneiss), and soils were 

young with no definite horizons, varying according to slope, elevation and aspect (Patten 

1963, Turiano 2003). Annual precipitation in the study area ranged from 50 cm in the low 

elevations to 150 cm at high elevations and average annual snowfall recorded at Natural 

Resource Conservation Service (NRCS) SNOTEL sites varied from 510 to 760 cm 

(NRCS 2017). Vegetation varied according to slope, aspect and elevation (Roy and Irby 

1994). Douglas fir (Psuedotsuga menziesii) was the predominant climax tree species 

below 2,133 m, dominating north aspects and drainages, as well as occurring in a mosaic 

with mountain grassland and shrub communities characterized by species such as Idaho 

fescue (Festuca idahoensis), bluebunch wheatgrass (Agropyron spicatum) and big 

sagebrush (Artemesia tridentate) (Patten 1963). Above 2,133 m, the climax vegetation 

was characterized by tree species such as subalpine fir (Abies lasiocarpa), Engelmann 
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spruce (Picea engelmannii) and limber pine (Pinus flexilis) before transitioning to high 

alpine and krummholz communities characteristic of high elevation cirque basins, ridges 

and peaks (Patten 1963, Roy and Irby 1994). 

Approximately 2,019 km2 (60%) of our study area consisted of publicly-owned 

land primarily managed by the United States Forest Service (USFS). Of this, roughly 

1,093 km2 comprised the Lee Metcalf Wilderness, composed of four units separated by 

public and private lands (USFS 2018). Approximately 30% of our study area was 

privately owned and primarily consisted of agricultural lands within the Madison River 

valley and northern foothills of the Madison Range, though some residential and 

recreational development surrounded the Big Sky community and ski resorts, and along 

the southern edge of the Spanish Peaks.  

At the time of study, grazing allotments for domestic cattle and horses existed on 

public lands within the study area and a herd of domestic sheep was grazed cooperatively 

on land managed by the Bureau of Land Management (BLM), Montana State University 

(MSU) and private landowners (MFWP 2013). Domestic cattle, horses and sheep 

occurred on private lands throughout the study area.  

The study area supported robust populations of elk, mule deer, and mountain 

goats (Oreamnos americanus), lower densities of white-tailed deer (Odocoileus 

virginianus), moose (Alces alces), and a full suite of medium to large sized predators 

including grizzly bears (Ursus arctos), black bears (Ursus americanus), grey wolves 

(Canis lupis), coyotes (Canis latrans), wolverines (Gulo gulo), mountain lions (Puma 
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concolor), bobcats (Lynx rufus) and golden eagles (Aquila chryseatos; Montana Heritage 

Program 2017). 

Two isolated populations of bighorn sheep were recognized by management 

agencies within the Madison Range study area (Montana Fish, Wildlife, and Parks 

[MFWP] 2010: Figure 1). The Spanish Peaks population occurred in the northeastern 

portion of the range, within the Gallatin River watershed, and was estimated to have 

approximately 165 animals. Although experiencing steady growth since the early 2000’s 

this native population had historically remained relatively small, experiencing chronic 

low-level pneumonia-related mortalities during the winter (MFWP 2010). Approximately 

75 km distant from the Spanish Peaks population, within the Madison River watershed in 

the southwestern corner of the range, the native Taylor-Hilgard population was estimated 

at approximately 180 animals. This population experienced an epizootic die-off in 1987, 

was subsequently augmented, and experienced a second die-off event in 1997 from which 

the population recovered without management intervention (MFWP 2010). Since then, 

the Taylor-Hilgard population steadily grew in number without perceptible range 

expansion (MFWP 2013). At the time of this study, local herd densities placed the 

population at high risk for another disease event (Sells et al. 2015). A few small groups of 

bighorn sheep (10 to 30 animals) were consistently observed outside of the two primary 

populations, (J. Cunningham, MFWP, personal communication) and the total number of 

bighorn sheep within the Madison Range was estimated to be between 300 and 400 

animals, based on minimum observed counts (Table 1). Active bighorn sheep restoration 

within the Madison Range occurred within the timeline of this study. Between 2014 and 
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2018, MFWP translocated 97 bighorn sheep from the Taylor-Hilgard population to 

historic winter range in Wolf Creek, approximately 20 km north of the capture site on 

Taylor-Hilgard winter range (MFWP 2013).  The objectives of this experiment were to 

evaluate the effectiveness of using translocations to establish a bighorn sheep 

metapopulation within the Madison Range and to reduce local herd densities in the 

Taylor-Hilgard population (MFWP 2013).  

Figure 1. Madison Mountains study area with estimated home ranges for the Taylor-

Hilgard and Spanish Peaks bighorn sheep populations displayed. 
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Table 1. Observed counts for bighorn sheep populations within the Madison 

Mountain Range. Surveys were conducted by Montana Fish, Wildlife and Parks 

personnel using a combination of aerial and ground survey techniques, 2008-2018. 

Year Spanish Peaks Taylor-Hilgard 
Minimum Rangewide 

Population Estimate 

2018 81* 185 266 

2017 172 155 327 

2016 170 190 360 

2015 159 132* 291 

2014 140 266 406 

2013 154 185 339 

2012 151 131 282 

2011 140 144 284 

2010 212 86 298 

2009 No Survey 94* 94* 

2008 157 105 262 

* Indicates poor or incomplete survey 
 

 

Animal Capture and Instrumentation 

 

 

Our study utilized GPS data from 65 bighorn sheep captured within the Madison 

Range (Appendix A). We targeted adult (>1.5 yr) females for instrumentation and 

handled all animals on site according to Institutional Animal Care and Use Committee 

guidelines (Montana State University permit # 2011-17). We used a baited 24-m drop net 

to capture animals within the Taylor-Hilgard population, and helicopter net-gunning was 

contracted by MFWP to capture animals within the Spanish Peaks population.  
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For RSF model development, we instrumented 15 adult female bighorn sheep, 

within the Taylor-Hilgard population, with paired store-on-board GPS (Telonics TGW-

4400-3) and VHF (Telonics MOD-400-3) radio-collars during the winter of 2013 

(Appendix A: Table A1). These collars were programmed to record fine-scale 

spatiotemporal data at 4-h intervals and transmit a VHF signal for survival monitoring. 

They were further equipped with a mechanism programmed to release the collar from the 

animal after approximately 2 yr. Once released, the GPS collar was retrieved, and the 

VHF collar began transmitting, allowing survival monitoring to continue for an additional 

5 yr.  

To validate our RSF models, we incorporated GPS data from an additional 50 

bighorn sheep captured within the Madison Range, 2015-2018.  Within the Taylor-

Hilgard population, 12 additional animals were captured during the winter of 2016 and 

instrumented with remote-download collars (Telonics TGW-4570-4) programmed to 

transmit a location to managers every 12-h (Appendix A: Table A2). An additional 25 

bighorn sheep were captured on Taylor-Hilgard winter range, instrumented with remote 

download collars which transmitted a location every 13-h (Lotek LifeCycle, and 

LifeCycle Pro 330), and translocated to Wolf Creek, between 2015 and 2018 as part of 

the MFWP translocation experiment (Appendix A: Table A3). Finally, 13 bighorn sheep 

were captured by MFWP within the Spanish Peaks during the winter of 2017 and 

instrumented with remote download collars (Lotek GlobalStar Track Pro LU) 

programmed to collect a location every 13-h (Appendix A: Table A4).  
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Data Censoring 

 

 

Poor quality location data were censored by removing locations with a dilution of 

precision (DOP) or horizontal dilution of precision (HDOP) >10 (D’Eon and Delparte 

2005) or horizontal error > 60 m (Lowrey et al. 2017). We further censored individuals 

from RSF development when fix success was < 75% to avoid habitat-induced GPS bias 

(Johnson and Gillingham 2008), a form of error commonly associated with GPS collar 

data, that occurs when landscape characteristics interfere with satellite reception (D’Eon 

et al. 2002, Frair et al. 2004, Hebblewhite and Haydon 2010).   

 

Delineating Seasons 

 

 

We defined biologically-meaningful seasons based on the dates of spring and fall 

migrations of the Taylor-Hilgard population (Appendix B).  We identified migration 

dates using nonlinear regression models of movement developed by Bunnefeld et al. 

(2011) and modified by Spitz et al. (2017) which estimated migration parameters and 

identified individual migration strategy. To remove bias related to the timing and location 

of capture, we used the mean winter range centroid for each individual during the month 

of December as the starting location (Lowrey 2017). We fit the equations from Spitz et 

al. (2017), compared results for elevation and net-squared displacement (NSD) and 

identified individual migration parameters. We averaged migration start and end dates for 

all instrumented animals to estimate the mid-point of the population’s spring and fall 

migration. We applied a 90th percent quantile buffer to provide estimates for the spring 

and fall migratory periods and removed the migratory periods from the data set. The 
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remaining location data were used to build summer and winter resource selection models 

(Appendix B: Table B1).  

 

Study Design 

 

 

We used a used-availability study design in which used resources were estimated 

through the GPS locations of collared bighorn sheep, and available locations were 

randomly generated within the annual range of the population as a whole (Manley et al. 

2002). The annual range was defined using a minimum convex polygon (MCP) that 

encompassed the pooled winter and summer locations buffered by the 95th percentile 

distance between consecutive 4-h fix locations during the non-migratory timeframe 

(Walker et al. 2007, Laforge et al. 2015). We assumed the availability of resources was 

equal for all collared bighorn sheep, and thus compared characteristics of used locations 

of individuals to available locations at the population level (Manley et al. 2002).  Random 

sample points were generated within the annual range at a 1:5 ratio (used:available), 

adequately describing the distribution of each covariate within the study area and 

avoiding numerical integration and convergence issues (Appendix C; Northrup et al. 

2013).  

 

Resource Selection Model Covariates 

 

 

We developed a suite of environmental covariates expected to influence bighorn 

sheep resource selection and hypothesized their effect (positive or negative) during 

defined winter and summer seasons (Table 2, Appendix D). Terrain covariates were 
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processed from a 30-m resolution digital elevation model (DEM) from the U.S. 

Geological Survey National Elevation Dataset (https://lta.cr.usgs.gov/NED). Terrain 

covariates included elevation (ELV), slope (SLP), landscape curvature (CRV) and two 

measures of landscape ruggedness; slope variance (SLPvar), calculated as the squared 

standard deviation of SLP (DeVoe et al. 2015, Lowrey et al. 2017) and vector ruggedness 

measure (VRM; Sappington et al. 2007). We predicted that bighorn sheep would 

positively select for all terrain covariates with the exception of ELV during the winter 

season when bighorn sheep in the study area migrate to lower elevations (MFWP 2013).  

Aspect (ASPC) was used as a measure of solar exposure (Walker et al. 2007, Lowrey et 

al. 2017), and was transformed into a more interpretable index by taking the inverse 

cosine of the angle -35°, thus changing the N-S axis to NNE-SSW with values ranging 

from -1 to 1 respectively (Cushman and Wallin 2002). We expected bighorn sheep 

selection to be associated with negatively-valued NNE slopes (cooler temperatures) 

during the summer, and positively valued SSW slopes (warmer temperatures) during the 

winter (Walker et al. 2007).  
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Table 2. Covariate descriptions and hypothesized seasonal relationships with the relative 

probability of use (�̂�) for bighorn sheep in the Taylor-Hilgard population Montana, 

2013-2016. 

Covariate Description 
Functional 

form 

Spatial Resolution 

(grain)  

Predicted 

Effect  

(summer, 

winter) 

ELV Elevation (m) Ln, Sq 30 pos, neg 

SLP Slope (°) Ln, Sq 30, 100, 500, 1,000 pos, pos 

DST Distance to steep terrain (m) Ln, Ps 30 neg, neg 

CRV Landscape curvature Ln, Sq 30 pos, pos 

SLPvar Slope variance Ln, Ps 30, 100, 500, 1,000 pos, pos 

VRM Vector ruggedness measure Ln, Ps 30, 100, 500, 1,000 pos, pos 

ASPC The inverse cosine of aspect -35° Ln 30 neg, pos 

CANCO Canopy cover (%) Ln 30, 100, 500, 1,000 neg, neg 

NDVItin 

Time-integrated NDVI: Mean daily 

integrated NDVI above baseline for 

duration of growing season (2014-

2016) 

Ln 30, 100, 500, 1,000 pos, pos 

NDVIamp 

NDVI_amplitude: The mean difference 

between max and baseline NDVI at 

beginning of growing season (2014-

2016) 

Ln 250, 500, 1,000 pos, pos 

SNOW 
Average proportion of winter covered 

in snow (2013-2015) 
Ln, Ps 500 na, neg 

     Note: Ln, linear; Sq, quadratic; Ps, Pseudothreshold (natural log).   
 

 

Distance to escape terrain (DET; i.e. steep slopes) is frequently used when 

modeling resource selection of bighorn sheep as a measure of predator avoidance 

(DeCesare and Pletscher 2006), although definitions for the threshold slope value are 

often subjective, variable, and difficult to interpret biologically. Here, we included 

distance to steep terrain (DST) and evaluated the covariate at three threshold slope values 

27°, 37°, and 45°, predicting a negative relationship with selection as DST increased.  
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Vegetation covariates included an estimate of percent canopy cover (CANCO) 

and two measures of normalized difference vegetation index (NDVI). NDVI is a 

remotely sensed measure of vegetative greenness often used to characterize relative 

primary productivity of forage (USGS EROS Center 2016; Appendix D). NDVI 

amplitude (NDVIamp) was estimated by calculating the mean difference between the 

base and maximum NDVI values in a growing season from 2013 to 2016 (Petttorellie et 

al. 2007, 2011, Walker et al. 2007). Time integrated NDVI (NDVItin) was estimated as 

the average daily interpolated integration of NDVI above the baseline for the entire 

duration of the growing season (Pringle 2013). Although vegetation is largely covered 

with snow in the winter, we included NDVI as a winter covariate to evaluate whether 

vegetation productivity in the previous summer influenced selection by bighorn sheep in 

the winter. We predicted that bighorn sheep would positively select for NDVI in both 

seasons and that canopy cover would be avoided (Wakelyn 1987).  Finally, we used 

MODIS (Moderate Resolution Imaging Spectroradiometer) satellite imagery 

(MOD10A1; Hall and Rigs 2016) to create a snow severity index (SNOW). We 

calculated the proportion of the winter season (Dec 8 – May 10) that each remotely 

sensed pixel was covered in snow and averaged the values across study years (2013-

2015) for which winter GPS locations were collected (Hebblewhite et al. 2011). Winter 

selection was expected to be negatively associated with increased snow severity (Tilton 

and Willard 1982, Smith et al. 1991). 

While covariate functional forms were largely assumed to be linear (Table 2), we 

also evaluated quadratic forms of ELV and SLP, allowing selection for these resources to 
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peak at optimal intermediate values (Gross et al. 2002, Walker et al. 2007, Poole et al. 

2016). Similarly, we evaluated a pseudothreshold form for our two measures of landscape 

ruggedness (SLPvar and VRM) where by using the natural log transformation, selection 

for rugged terrain asymptotes above a threshold value (DeVoe et al. 2015, Lowrey et al. 

2017).  

Traditional resource selection studies evaluate covariates at the minimum 

resolution of the data, although recent work has highlighted the importance of evaluating 

covariates at multiple grain (pixel) sizes to create more predictive and process-driven 

models (Meyer and Thuiller 2006, Laforge et al. 2015). Multi-grain models incorporate 

the concept that animals make resource selection decisions based on their “perceptual 

range”, which is influenced by both their immediate surroundings (e.g., minimum data 

resolution) and broader landscape characteristics (Laforge et al. 2015). Using the Raster 

package (Hijmans et al. 2016) in R (R Core Team 2015) we performed neighborhood 

analyses at 30-, 100-, 500-, 1000-m circular buffers to evaluate each visually-perceptible 

covariate (Lowrey et al. 2017). We did not attempt to evaluate spatial grains below the 

minimum resolution of the data for any given covariate (Table 2) and hypothesized that 

bighorn sheep would select terrain covariates at larger spatial grains, and vegetation 

covariates at smaller grains (DeVoe et al. 2015). 
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Statistical Framework and Model Selection 

 

 

We used the exponential resource selection function (RSF): 

�̂� (𝑥) = exp (𝛽0
^ + 𝛽1

^ 𝑥1 + 𝛽2
^ 𝑥2 + ⋯ 𝛽𝑛

^ 𝑥𝑛) 

to calculate a relative probability of use(𝑤)̂, where 𝛽1
^ … 𝛽𝑛

^  are the scaled and centered 

coefficients derived as a function of the covariates 𝑥𝑛. Using a mixed model framework, 

we considered the individual collared bighorn sheep as the sample unit (Johnson 1980, 

White and Garrott 1990) and specified a random intercept to minimize autocorrelation 

between locations (Gillies et al. 2006, Hebblewhite and Merrill 2008). For improved 

interpretation of the predicted RSF value, we rescaled �̂� between 0 and 1 using a linear 

stretch transformation (Johnson et al. 2004): 

�̂� = (
𝑤(𝑥) − 𝑤𝑚𝑖𝑛

𝑤𝑚𝑎𝑥 − 𝑤𝑚𝑖𝑛
) 

 

We used corrected Akaike’s information criterion to select the most supported 

model (AICc; Burnham and Anderson 2002) and adopted a tiered approach to evaluate 

covariates and develop competing models for summer and winter (Franklin et al. 2000, 

Lowrey et al. 2017). We screened collinear covariates using a Pearson’s correlation 

coefficient of r > |0.6| and selected the covariate that explained the greater portion of 

deviance or was more biologically interpretable.  In tiered model selection, we first 

evaluated multiple spatial grains and functional forms for specific covariates by fitting 

univariate models, resulting in the selection of a single spatial grain and functional form 
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for each covariate (Tier 1). From these most supported covariates, we evaluated strongly 

correlated covariates and similar indices for NDVI (i.e., NDVItin, NDVIamp) and terrain 

ruggedness (i.e., VRM, SLPvar) in tier two of model selection. We again used univariate 

modeling and AICc and identified the final covariates to be carried forward to the third 

tier. Because bighorn sheep are strongly associated with rugged landscapes (Geist 1971), 

we began tier three of model selection by building a base terrain model. We used non-

collinear combinations of covariates identified in the previous tiers which were 

commonly associated with bighorn sheep resource selection and typified the species’ 

strong association with steep and rugged terrain (SLP, ELV, SLPvar and DST). Building 

from this base terrain model, we used an all combinations approach with the covariates 

identified in tiers one and two (NDVI, ASPC, SNOW, and CANCO) to develop 

candidate models for each season. Model fitting and selection was performed with the 

lme4 package (Bates et al. 2015) in program R (R Core Team 2015).  

 

RSF Extrapolation 

 

After RSF development, we used the raster package in R (R Core Team 2015, 

Hijmans 2015) to extrapolate our top seasonal models beyond the annual range of the 

Taylor-Hilgard population and across the Madison Range. A key assumption of RSF 

extrapolation is that the range of covariates used in model development is the same as the 

range of covariate values across the extrapolated extent (Hirzel and Le Lay 2008). We 

evaluated this assumption by comparing distributions of model covariates within the 
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population range and extrapolated extent (Appendix F) and removed areas from our 

extrapolation that fell outside of the covariate range used during model development.  

 

RSF Validation 

 

We validated our top seasonal models using four independent sources of bighorn 

sheep GPS data (Appendix G), conducting two internal validations of our top seasonal 

RSFs within the spatial extent used to build the model, and two external validations of 

our extrapolated RSF results within the Madison Range. First, within the defined Taylor-

Hilgard population annual range, we used k-fold cross validation, where locations for 

each individual used in model development, 1-k, were iteratively withheld and predicted 

by the RSF with the retained individuals (Boyce et al. 2002). Secondly, we performed 

another validation within the annual range using independent location data from 12 

bighorn sheep instrumented with remote download GPS collars (Telonics TGW-4570-4) 

and monitored between 2016 and 2018. We evaluated model performance throughout our 

extrapolation of the Madison Range by conducting two validations incorporating GPS 

data from bighorn sheep translocated to an area (Wolf Creek) between the occupied 

Taylor-Hilgard and Spanish Peaks herd ranges and monitored from 2016 to 2018, and 

from bighorn sheep in the Spanish Peaks population instrumented during the winter of 

2017 and monitored until fall 2018. For each validation, we censored individuals with 

<20 locations per season, summed the occurrence of used locations into 10 equal-area 

RSF bins defined by the distribution of available RSF values within the Taylor-Hilgard 
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annual range, and used the Spearman-rank correlation (rs) to evaluate model performance 

(Appendix G; Boyce et al. 2002).  

 

Estimating Potential Abundance 

 

 

To explore the potential for metapopulation restoration within the Madison 

Range, we linked our winter RS model to two measures of abundance within the Taylor-

Hilgard population (Boyce and McDonald 1999, Boyce and Waller 2003). We utilized 

the Taylor-Hilgard population management objective (Nmin=120) and 5 yr maximum 

observed population count (2013 – 2018, Nmax= 255) to estimate densities of bighorn 

sheep on Taylor-Hilgard winter range. We then applied those densities to our 

extrapolated results and estimated a range of abundance values, assuming all potential 

habitat were occupied (Appendix H). We assumed that winter was the primary limiting 

season for bighorn sheep (Tilton and Willard 1982) and focused our estimation on areas 

of high-RSF-value winter habitat, defined by a RSF probability cut point (P) which 

captured 95% of bighorn sheep GPS locations used in model development (Hebblewhite 

et al. 2011). We validated our abundance estimates by defining a MCP around locations 

of animals in the Spanish Peaks used in model validation (Appendix A, Appendix G), 

estimated the abundance of bighorn sheep within this area (Appendix H, Table H3), and 

compared these estimates to observed population counts (Table 1).  
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RESULTS 

 

 

Data Collection, Censoring, and Season Definitions 

 

 

Animals used in model development (n = 15) were monitored for an average of 

842 d (range 516-865). Fourteen of the 15 animals carried their collars until the 

programmed release date (1 May 2016) and one animal died 516 days after capture. After 

censoring poor-quality fixes, the mean fix success was 94% and 97% for summer and 

winter, respectively. We defined 29 animal-years (>250 d) and classified all animals as 

elevational migrants. Using a 90th percent quantile buffer around the spring and fall 

migration midpoints, we defined the summer season as June 20 to October 8 and the 

winter season as December 8 to May 10, providing 14,471 and 30,302 locations for 

development of summer and winter resource selection models, respectively (Appendix 

B).  

 

Seasonal RS Model Development and Selection 

 

 

Within tier one, where we evaluated multiple spatial grains and functional forms, 

differences in AICc scores clearly identified a top-ranked spatial grain and functional 

form for each covariate considered (Appendix E: Table E1). Consistent with our 

predictions, top-ranked terrain covariates were best characterized at the largest 1000 m 

spatial grain, with a general reduction to 500 m for CRV, SLP, CRV and VRM during the 

summer (Appendix E: Table E1, Figure E1).  
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Contrary to our predictions, the majority of NDVI covariates were best 

characterized at the larger 1000 m grain, with the exception of NDVIamp which was top-

ranked at the 250 m resolution during the winter. CANCO was best characterized at 500 

m during the summer and 100 m during the winter. Within tier one, we evaluated three 

slope thresholds for DST (27°, 37°, 45°), with 27° and 45° being top ranked during 

summer and winter respectively.  

 For all covariates, the functional form was consistent between seasons, with the 

exception of the two ruggedness indices, SLPVar and VRM, where both were best 

characterized as pseudothreshold during the summer and linear during the winter. 

Quadratic functional forms were top-ranked for ELV, SLP and SNOW. All other 

covariates were linear (Appendix E: Table E1, Figure E1). 

In tier two, where similar competing covariates were considered, substantial 

differences in AICc identified the top ranked covariate. Across seasons, VRM 

outperformed SLPVar as a measure of landscape ruggedness and NDVIamp 

outperformed NDVItin as an index for primary productivity (Appendix E: Table E2). 

Within our summer model, CANCO was collinear with and outperformed NDVIamp. 

DST, collinear with both SLP and ELV was not evaluated further in the summer model 

after it was outperformed by the other two covariates in model selection (Appendix E: 

Table E3). Within our winter model, ELV explained more variation within our data than 

the collinear SNOW. Also within the winter model, VRM was collinear with both SLP 

and ELV and was outperformed by these covariates in model selection (Appendix E: 

Table E3). 
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The base terrain model developed in tier three differed between seasons due to 

collinearity between ELV and VRM. In summer, the most supported non-collinear 

combination of terrain covariates was VRMPS, SLP2, and CRV, while the winter base 

terrain model included ELV2, SLP2, CRV, and DST_45PS (Appendix E: Table E3). We 

evaluated the winter and summer base models with the remaining top-ranked covariates 

from tiers one and two and identified our final winter and summer models (Table 3). 
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Table 3. Tier three model selection results for winter and summer utilizing covariates 

identified in tiers one and two of model selection. AICc for the top ranked summer model 

= 56266, and winter model = 46528. 

 

 

Model K ∆AICc AICc Wt 

Summer    
VRMPs

500 + SLP500 + SLP2
500 + CRV500 + CANCO500 + 

ASPC30 
8 0 1 

VRMPs
500 + SLP500 + SLP2

500 + CRV500 + CANCO500 7 1342 0 

VRMPs
500 + SLP500 + SLP2

500 + CRV500 + NDVIamp1000 + 

ASPC30 
8 2121 0 

VRMPs
500 + SLP500 + SLP2

500 + CRV500 + ASPC30 7 2874 0 

VRMPs
500 + SLP500 + SLP2

500 + CRV500 + NDVIamp1000 7 3382 0 

VRMPs
500 + SLP500 + SLP2

500 + CRV500 6 4032 0 

 
   

Winter    

ELV30 + ELV2
30 + SLP1000+SLP2

1000 + CRV1000 + DST_45Ps + 

CANCO100 + NDVIamp250 + ASPC30 
10 0 1 

ELV30 + ELV2
30 + SLP1000+SLP2

1000 + CRV1000 + DST_45Ps + 

CANCO100  + ASPC30 
9 636 0 

ELV30 + ELV2
30 + SLP1000+SLP2

1000 + CRV1000 + DST_45Ps + 

NDVIamp250 + ASPC30 
9 2924 0 

ELV30 + ELV2
30 + SLP1000+SLP2

1000 + CRV1000 + DST_45Ps + 

ASPC30 
8 4319 0 

ELV30 + ELV2
30 + SLP1000+SLP2

1000 + CRV1000 + DST_45Ps + 

CANCO100 + NDVIamp250 
9 5467 0 

ELV30 + ELV2
30 + SLP1000+SLP2

1000 + CRV1000 + DST_45Ps + 

CANCO100 
8 6958 0 

ELV30 + ELV2
30 + SLP1000+SLP2

1000 + CRV1000 + DST_45Ps + 

NDVIamp250 
8 10804 0 

ELV30 + ELV2
30 + SLP1000+SLP2

1000 + CRV1000 + DST_45Ps 7 13732 0 

Note: Subscripts identify covariate (x) spatial grain and superscripts identify functional 

form, where x2 = quadratic and xPs =pseudothreshold. 
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Our top ranked summer model included VRM500
PS, SLP500, SLP500

2, CRV500, 

CANCO500, and ASPC30 where bighorn sheep selected for rugged terrain, steep slopes, 

convex curvatures (ridges) and warmer southwest aspects while avoiding areas of high 

percent canopy cover (Table 4, Figure 2). Top-ranked winter covariates included ELV30, 

ELV30
2, SLP1000, SLP1000

2, DST_45PS, CRV1000, CANCO100, NDVIamp250, and ASPC30, 

where bighorn sheep selected against high elevations, high percent canopy cover and 

areas far from steep terrain, best categorized as slopes ≥ 45°. (Figure 2, Table 4). 

 

Figure 2. Predictions of the relative probability of use for the top covariates in the winter 

and summer RS models. Predictions were generated across the observed covariate range 

with all other covariates held at their mean value. Ninety five percent confidence bands 

were generated using bootstrap techniques within the merTools R package (Knowles and 

Fredrick 2016) and do not account or any variation associated with the random effect. 
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Table 4. Unscaled estimates for covariates in the top-ranked seasonal RSFs. Estimates 

and standard errors (SE) were unscaled using the mean and standard deviation of the 

observed data for each season and can be applied to landscape covariates in their 

respective units. The 95% confidence intervals were calculated as the estimate ± 1.96 

*SE. 

Summer    

Covariate Estimate SE 
95% CI 

Upper Lower 

Intercept 4.9847 0.0937 5.1683 4.8011 

VRM500
ps 4.5154 0.0920 4.6958 4.3350 

SLP500 0.1344 0.0034 0.1410 0.1279 

SLP2
500 -0.0011 0.0001 -0.0010 -0.0012 

CRV500 0.0137 0.0008 0.0153 0.0122 

CANCO500 -1.2039 0.0247 -1.1555 -1.2522 

ASPC30 2.3173 0.0649 2.4445 2.1900 

 

Winter         

Covariate Estimate SE 
95% CI 

Upper Lower 

Intercept 1.6696 -0.6334 0.4281 2.9110 

ELV30 -0.0090 0.0001 -0.0088 -0.0092 

ELV2
30 0.0000 0.0000 0.0000 0.0000 

SLP1000 0.2529 0.0044 0.2616 0.2243 

SLP2
1000 -0.0015 0.0000 -0.0015 -0.0016 

CRV1000 10.5180 0.3600 11.2235 9.8124 

DST_45PS -0.7424 0.0087 -0.05727 -0.0912 

CANCO100 -0.0645 0.0013 -0.0619 -0.0670 

NDVIamp250 0.0707 0.0028 0.0763 0.06518 

ASPC30 2.8111 0.0490 2.9072 2.7149 
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Extrapolation 

 

 

We evaluated the range of each covariate included in our summer and winter RS 

models to delineate an extrapolation extent within the Madison Range with similar 

covariate values (Appendix F). There was wide overlap in covariate values within the 

annual range of the Taylor-Hilgard population and the full extent of the Madison 

Mountain Range study area, making extrapolation of models beyond the model 

development area appropriate (Appendix F: Figure F1). An important exception was 

elevation within the winter RS model, where the minimum value observed within the 

population annual range (1,813) was approximately 300 m higher than the minimum 

values observed in the area considered for extrapolation. Given the influence of elevation 

in our winter model (Figure 2), we masked areas below 1,813 m from our extrapolation. 

This removed approximately 829 km2 (24%) from within our proposed extrapolation area, 

primarily along the Madison River corridor and the lower elevation foothills at the 

northern end of the Madison Range (Appendix F: Figure F2). The range of DST also 

differed between our two extents, with much greater distances being observed outside of 

the Taylor-Hilgard population annual range (Appendix F: Figure F1). However, we chose 

not to mask areas from our extrapolation based on DST given the relatively small 

coefficient estimate (Table 4).  

Our extrapolation identified substantial unoccupied summer and winter habitat 

adjacent to the Taylor-Hilgard population and throughout the Madison Range (Fig 3). 

Based on an evaluation of high-RSF-value habitat, identified by the 95% RSF probability 

cut point (P) for each season, we estimated that approximately 85 km2 and 208 km2 of 
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winter and summer habitat existed within the Madison Range. Of this, approximately 

82% of predicted winter and 42% of predicted summer habitat was considered 

unoccupied at the time of study. However, since bighorn sheep may also utilize habitat < 

P, these estimates likely represent the minimum amount of potential habitat predicted to 

exist within the Madison Range. The majority of identified summer habitat occurred 

within the Madison River watershed (i.e. western half), with the highest predicted RSF 

values occurring on high elevation, southwest facing ridgelines in a relatively continuous 

distribution between Quake Lake and Jack Creek (Figure 3). Although not as abundant 

within the Gallatin River watershed (i.e. eastern half), our model did identify a large 

amount of summer habitat within the Spanish Peaks. Similar to our summer model 

extrapolation, the majority of predicted winter habitat occurred within the Madison River 

watershed, again with the exception of predicted habitat within the Spanish Peaks. 

Compared to the summer habitat predictions, winter habitat occurred in a less uniform 

distribution along the entirety of the western front of the Madison Range along low-

elevation, southwest facing, foothill slopes. Additional winter habitat was also identified 

on the northern end of the Madison Range, within the Taylor Creek drainage and along 

the north shore of Hebgen Lake at the southern end of the Range (Figure 3). 
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Figure 3. Seasonal RS model results extrapolated to the Madison Range study area where 

RSF scores were classified into 10 equal-area bins based on the seasonal predictions 

within the Taylor-Hilgard bighorn sheep population annual range. Cool colors represent 

low relative RSF probabilities while warm colors depict higher RSF values.  
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Validation 

 

 

Validations of our top seasonal models, both within the Taylor-Hilgard population 

annual range (internal) and the Madison Range extrapolation (external) indicated good 

model performance throughout the Madison Range (Table 5). By conducting the three 

validations with location data independent of that used to build our RS models (i.e., 

second sample of Taylor-Hilgard animals, Wolf Creek translocation, and Spanish Peaks), 

we were also able to evaluate the temporal and spatial robustness of our models 

throughout the Madison Range. As expected, our second internal validation, using 

temporally-independent data from Taylor-Hilgard animals monitored 2016-2018, resulted 

in very similar correlations as those found with the k-fold validation, demonstrating 

temporal robustness for our summer (rs=1) and winter (rs= 0.985) RS models within the 

Taylor-Hilgard population range. The Wolf Creek translocation validation lent further 

support for temporal robustness, but more importantly evaluated model performance 

outside of annual range of the Taylor-Hilgard population and the ability of our models to 

predict habitat use of translocated animals. Winter locations were as highly correlated 

(rs=0.988) as our internal validations, although with demonstrably more individual 

variation of binned RSF values (Appendix G: Fig G6) that is perhaps indicative of habitat 

exploration post-release. As expected, summer locations from the Wolf Creek 

translocation animals produced a slightly lower Spearman-rank correlation (rs= 0. 877) 

than our internal validations, although the number of individual locations available for 

external validation was limited due to some translocated bighorn sheep either returning to 
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the Taylor-Hilgard population or occupying the same summer range as the Taylor-

Hilgard population. Finally, the Spanish Peaks validation produced strong correlations 

during summer (rs =0.887) and winter (0.988), thus clearly demonstrating the spatial 

robustness of our extrapolation; accurately predicting bighorn sheep habitat use by the 

only other extant population of bighorn sheep within Madison Mountain Range. 

 

Table 5. Spearman-rank correlations for validations of the top winter and summer RSFs 

in the Madison Mountain Range, MT, USA.  

 

 

Abundance Estimation 

 

 

We classified high-RSF-value winter bighorn sheep habitat by defining a 

probability cut point (P=0.0035) which captured 95% of our used winter locations and 

identified approximately 86 km2 throughout the Madison Range. Using the Taylor-

Hilgard population management objective and the 5-yr observed maximum, we estimated 

that the Madison Range may be capable of supporting between 780 and 1,730 bighorn 

sheep if all predicted habitat were occupied (Appendix H: Table H2).  In reclassifying 

winter habitat by P, we assumed that bighorn sheep would not utilize habitat below P, 

Validation Data 
Summer Winter 

rs  p rs p 

Internal 
k-fold 1 < 0.0001 0.957 < 0.0001 

 Independent sample 1 < 0.0001 0.985 < 0.0001 

 
     

External 

Wolf Creek 

translocation 0.877 0.0009 0.988 < 0.0001 

Spanish Peaks 0.887 0.0006 0.988 < 0.0001 
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possibly biasing our abundance estimates low (Boyce and McDonald 1999). Our 

validation within the Spanish Peaks predicted between 57 and 126 animals to occur on 

winter range, which contrasted with observed counts (150 to 212 bighorn sheep) during 

the last 10 years for the population (Appendix H: Table H3). While our validation may 

provide further support for low-bias within our Madison Range abundance estimation, 

potential abundance as predicted by our winter RS model indicated that the Madison 

Range was capable of supporting at least twice as many bighorn sheep estimated to 

occupy the range at the time of this study.  
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DISCUSSION 

 

 

Our study builds upon the established knowledge of bighorn sheep resource 

selection and explores the potential for broader restoration within a mountain range 

containing two established, but non-expanding bighorn sheep populations. By evaluating 

the relationship between GPS data from bighorn sheep within the Taylor-Hilgard 

population and a suite of landscape characteristics expected to influence habitat selection, 

we developed predictive summer and winter RS models and identified potential habitat 

throughout the Range. The successful validation of our models, both within the Taylor-

Hilgard annual range and against GPS data from the Spanish Peaks population and Wolf 

Creek translocations strongly support our models’ ability to quantify bighorn sheep 

resource selection and predict seasonal habitat throughout the Madison Mountain Range. 

We predicted habitat adjacent to the Taylor-Hilgard and Spanish Peaks populations, 

supporting our hypothesis that habitat was not the primary factor limiting these 

populations from expanding their distributions. Additionally, our results support our 

assertion that bighorn sheep were once widely distributed throughout the Madison Range, 

and suggests that the Range may be capable of supporting a bighorn sheep 

metapopulation. Assuming resource selection within the Taylor-Hilgard population to be 

representative of a more fully restored bighorn sheep metapopulation, our results indicate 

that habitat within the Madison Range could possibly support two to four times the 

number of bighorn sheep currently estimated within the Range.   

Overall, our results are consistent with previous studies of bighorn sheep habitat 

selection. During the winter, bighorn sheep within the Taylor-Hilgard migrated to low-
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elevation winter range in response to decreased forage availability and increasing snow 

levels (Tilton and Willard 1982, Richard 2014). ELV was the most influential predictor 

of relative probability in our winter model with relative probabilities approaching zero 

when ELV > 2000 m. Bighorn sheep are typically associated with steep slopes (Geist 

1971, Johnson and Swift 2000, DeCesare and Pletcher 2006) and we found that selection 

was highest near slopes of 38°. ASPC was of nearly equal relative importance as slope 

within our winter model. Previous studies have used aspect as a measure of solar 

exposure (Shannon et al. 1975, Johnson 1983, DeCesare and Pletcher 2006) and, in 

agreement with these studies, we found strong selection for warmer (i.e. SSW) aspects. 

Visibility is important for bighorn sheep (Geist 1971), and bighorn sheep within the 

Taylor-Hilgard population selected for ridgelines (Villepique et al. 2015, Roffler et al. 

2017) and avoided areas with > 35% CANCO (Tilton and Willard 1982, Wakelyn 1987) 

during the winter. Bighorn sheep also selected for areas with higher summer NDVIamp 

during the winter, perhaps indicative of selection for residual forage (MacCullum and 

Geist 1992,). Finally, DST has been demonstrated to be an important predictor of 

selection by bighorn sheep (DeCesare and Pletcher 2006) and was included in our winter 

model. Univariate modeling identified slopes ≥ 45° as ‘steep’ and we found that relative 

probabilities approached zero when distances were > 1000m.  While DST was the least 

influential covariate within our winter model, the importance of this resource may be 

underestimated given the extent of our available MCP at the population annual range 

(Beyer et al. 2010, Northrup et al. 2013).  
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During the summer, bighorn sheep in the Taylor-Hilgard population migrate to 

high elevation summer range. VRM was the most influential covariate within our 

summer model, outperforming ELV in the second tier of our model evaluation procedure. 

The inclusion of VRM is consistent with other studies that have emphasized the 

importance of considering overall terrain variability (Sappington et al. 2007, Poole et al. 

2016). Selection for steep slopes was very consistent with that during the winter, with the 

highest probability of selection occurring near slopes of 36°. Contradictory to our 

predictions, we found that bighorn sheep still preferred the warmer aspects though the 

relationship with selection was not as positive as indicated in our winter model. 

Similarly, although bighorn sheep selected for ridgelines during the summer, the 

relationship with selection was not as strong. Finally, summer selection against CANCO 

was nearly identical to that found in winter.  

The distribution of predicted habitat has important implications for bighorn sheep 

restoration within the Madison Range. While summer habitat generally occurred as 

essentially three large expanses of high RSF value habitat within the high-elevation, 

mountainous regions of the Madison Range, high RSF value winter habitat occurred on 

low-elevation foothills primarily within the Madison River watershed in a non-

contiguous distribution of discrete habitat patches. Although we estimated 2.4 times less 

winter habitat than summer, only 18% is considered occupied by bighorn sheep, 

compared to roughly 58 % occupied during the summer. Considering the migratory 

behavior and strong fidelity exhibited by instrumented animals in our study to their 

established seasonal ranges, we hypothesize that a metapopulation of bighorn sheep 
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historically existed within the Madison Range as a collection of distinct wintering groups 

(i.e. herds) which migrated to shared summer ranges to capitalize on seasonally-variable 

resources such as the emergence of nutritious forage (Hebblewhite et al.  2008). Our 

hypothesized structure is consistent with other wild sheep metapopulations composed of 

discrete herds which occupy at least one distinct seasonal range and interact with other 

herds to some extent through established seasonal migration (Festa-Bianchet 1986, 

Bleich et al. 1996, Shackleton et al. 1999, Demarchi et al. 2000, Poole 2013). Recent 

work has demonstrated that bighorn sheep may establish and maintain knowledge of 

seasonal ranges via cultural transmission, the process by which knowledge of an area 

beyond the animal’s perceptual range is passed down from generation to generation 

through social interaction (Jesmer et al 2018). In the context of our hypothesized 

metapopulation, we speculate that cultural transmission may have been critical in 

maintaining localized wintering herds of bighorn sheep, and that their historic extirpation 

resulted in an overall reduction of the broader geographic landscape known to the 

remaining herds. Once extirpated, wintering populations are unlikely to be naturally 

reestablished by neighboring herds given the high fidelity that female bighorn sheep 

exhibit to their natal home range (Bleich et al. 1996). We speculate that this behavioral 

tendency, in combination with subsequent disease related die-offs and factors such as 

increased predator densities, may have effectively suppressed the remaining herds of 

bighorn sheep within the Madison Range (i.e. Taylor-Hilgard and Spanish Peaks) from 

expanding into adjacent habitats by lengthening the number of generations needed to 

explore, learn and eventually colonize areas of unoccupied habitat (Jesmer et al. 2018).    
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If a metapopulation of bighorn sheep could be restored within the Madison 

Range, our abundance estimates using high RSF-value winter habitat suggest that the 

Madison Range may support at least twice the number of bighorn sheep observed at the 

time of this study (Table 1). However, since this estimate is based on a management 

objective of 120 bighorn sheep on Taylor-Hilgard winter range and the population had 

consistently been observed above this objective in recent years without experiencing the 

negative effects sometimes associated with higher densities (Sells 2015), true potential 

abundance likely falls above our minimum estimate of 780 animals. Our upper 

abundance estimate (1,730 bighorn sheep) is based on the 5-yr high count observed for 

the Taylor-Hilgard population and may more closely reflect the potential for bighorn 

sheep restoration within the Madison Range, provided that all patches of predicted winter 

habitat be utilized similarly to the Taylor-Hilgard winter range. This assumption may not 

apply to all predicted habitat and some habitat patches may be too small or lacking 

important small-scale resources to support persistent herds (Singer et al. 2000a, 2001). 

However, small patches of habitat, or those with lower RSF values, should not be 

undervalued as they may promote exploration and provide crucial linkages between 

habitat patches (Bleich et al. 1991). Furthermore, predicted abundances for the Spanish 

Peaks population (57 to 126 bighorn sheep) were lower than counts observed during the 

past 10 years (150 to 212 bighorn sheep). This suggests that our abundance estimates 

may be biased low. This bias could be the result of our reclassification of winter habitat 

by P, instrumented animals within the Spanish Peaks population failing to fully delineate 

the winter range of bighorn sheep observed during surveys or observed densities of 
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bighorn sheep on Taylor-Hilgard winter range being lower than the habitat can actually 

support. Density equilibrium is an important assumption for abundance estimation 

(Johnson and Seip 2008) and the 5-yr maximum observed population count on Taylor-

Hilgard winter range (Nmax= 255) may not represent true equilibrium, given that the 

population has consistently been growing and was actively managed towards a much 

lower objective via harvest and translocation. However, given our lower than observed 

abundance estimates within the Spanish Peaks and the relatively stable number of 

animals managed on the Taylor-Hilgard winter range, we contend that our upper 

abundance estimate for the Madison Range is reasonable and demonstrates that there is 

unrealized restoration potential for bighorn sheep, perhaps upwards of 4 times the 

number currently estimated to occupy the Range. While our RS model validations using 

GPS data from the Spanish Peaks and animals translocated to Wolf Creek strongly 

support the notion that bighorn sheep translocated to winter range would be able to access 

summer range, we did not directly evaluate connectivity between seasonal ranges. 

However, the amount of overlap between predicted summer and winter range suggests 

that bighorn sheep restored on low-elevation winter range should readily be able to 

access areas of high RSF value summer habitat providing migratory behavior is 

maintained.  

In conclusion, our results indicate significant potential for bighorn sheep 

restoration within the Madison Mountain Range and describe a potential population 

structure which may maximize the potential for higher abundances and broader 

distributions within the Range. Given the factors that have historically limited the success 
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of restored populations of bighorn sheep, novel restoration strategies may need to be 

considered. One strategy that may be effective within the Madison Range could be a 

progressive series of short-range translocations to adjacent winter ranges using animals 

from either the Taylor-Hilgard or Spanish Peaks populations as a source. By moving 

animals within the same geographic region, short-range translocations may reduce the 

risk of novel pathogen introduction (Butler et al. 2017) and perhaps maintain migratory 

behavior. Furthermore, by moving animals with an established knowledge of the broader 

landscape, rather than introducing naïve animals to a novel landscape, short-range 

translocations may promote exploration decrease the number of generations needed to 

naturally recolonize unoccupied habitat. While steps will likely need to be taken to 

maximize the survival and reproductive success of restored herds, as well as encourage 

establishment on seasonal ranges, our results suggest that such a restoration strategy may 

be highly effective in maximizing the potential for bighorn sheep within the Madison 

Mountain Range.  

 

Management Implications 

 

 

Habitat is a primary determinate influencing translocation success (Griffith et al. 

1989), with bighorn sheep often establishing home ranges near the site of release (Smith 

et al. 1991). Our results can most directly be applied to continued bighorn sheep 

restoration efforts within the Madison Range by providing wildlife managers with a 

useful description of bighorn sheep habitat within the Madison Range. Our results 

indicate that metapopulation restoration may greatly enhance the distribution and 
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abundance of bighorn sheep within the Madison Range, and should provide managers 

with a useful tool for not only identifying future translocation sites that maximize the 

probability of herd establishment, but also provide a blueprint with which to help monitor 

the success of restoration efforts within the Madison Range. Given our predicted seasonal 

distributions of habitat, the strong behavioral fidelity that bighorn sheep exhibit towards 

seasonal ranges (Geist 1971, Festa-Bianchet 1986) and the slow generational process by 

which populations of animals accumulate geographic knowledge (Sasaki 2017, Jesmer 

2018), it may be useful to consider short-range translocations into adjacent habitats as a 

means for restoring a metapopulation while preserving migratory behavior. Furthermore, 

the underlying implications of our research may be worth considering in the context of 

broader bighorn sheep restoration. Our predictions identified available habitat within a 

single mountain range supporting two well-established native populations of bighorn 

sheep and supported our hypothesis that the range contained unrealized restoration 

potential. As managers face increasingly complex biological and social constraints to 

restoring and maintaining bighorn sheep populations, the implication that mountain 

ranges with established bighorn sheep populations may contain greater restoration 

potential than previously realized may provide new opportunities for creating and 

enhancing persistent populations of bighorn sheep. 
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GPS LOCATION DATA AND MONITORING PERIODS FOR INDIVIDUAL 

BIGHORN SHEEP IN THE MADISON MOUNTAIN RANGE, MT, USA. 
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Table A1. Details of GPS data collected from 15 adult female bighorn sheep used in RSF 

model development and collared in the Taylor-Hilgard population occupying the southern 

portion of the Madison Mountain Range, Montana, USA, 2013 to 2016. 

          

Individual ID 

Time Monitored 
Days 

monitored 

HDOP* 

> 10 

HorzError** 

> 60 

Successful 

Fixes Start date End date 

BHS_039_A 18-Dec-13 1-May-16 865 28 192 3935 

BHS_040_A 18-Dec-13 1-May-16 865 16 184 3952 

BHS_041_A 18-Dec-13 1-May-16 865 27 184 3942 

BHS_042_A 18-Dec-13 1-May-16 865 11 125 4016 

BHS_045_A 18-Dec-13 1-May-16 865 19 116 4014 

BHS_046_A 18-Dec-13 18-May-15 516 15 122 2343 

BHS_048_A 18-Dec-13 1-May-16 865 12 161 3979 

BHS_049_A 18-Dec-13 1-May-16 865 20 198 3931 

BHS_050_A 18-Dec-13 1-May-16 865 14 217 3914 

BHS_051_A 18-Dec-13 1-May-16 865 23 203 3929 

BHS_052_A 18-Dec-13 1-May-16 865 15 164 3971 

BHS_053_A 18-Dec-13 1-May-16 865 16 184 3959 

BHS_062_A 18-Dec-13 1-May-16 865 12 115 4022 

BHS_065_A 18-Dec-13 1-May-16 865 17 156 3975 

BHS_066_A 18-Dec-13 1-May-16 865 16 162 3981 

Mean   842 17 166 3858 

Totals        261 2483 57863 

* Horizontal Dilution of Precision = unitless metric of precision based on satellite configuration  

** Horizontal Error (m) = a measure of horizontal GPS accuracy     
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Table A2. Details of GPS data collected from 12 adult female bighorn sheep used for 

RSF model validation and collared in the Taylor-Hilgard population occupying the 

southern portion of the Madison Mountain Range, Montana, USA, 2016 to 2018. 

        

Individual ID 

Time Monitored Days 

monitored 

HorzError* > 

60 

Successful 

Fixes Start date End date 

BHS_047_B 18-Dec-16 5-Sep-18 626 11 1198 

BHS_059_B 18-Dec-16 5-Sep-18 626 21 1190 

BHS_1123_A 18-Dec-16 5-Sep-18 626 14 1190 

BHS_1127_A 18-Dec-16 22-Jun-18 551 13 1050 

BHS_1130_A 18-Dec-16 5-Sep-18 626 12 1199 

BHS_1131_A 18-Dec-16 5-Sep-18 626 15 1185 

BHS_1135_A 18-Dec-16 5-Sep-18 626 10 1197 

BHS_1136_A 18-Dec-16 2-May-17 135 3 231 

BHS_1139_A 18-Dec-16 14-Jun-17 178 1 317 

BHS_1254_A 22-Feb-17 5-Sep-18 560 11 1107 

BHS_345_B 20-Jan-18 5-Sep-18 228 7 443 

BHS_349_B 18-Dec-16 31-Jan-17 44 0 51 

Mean   454 10 863 

Totals        118 10358 

** Horizontal Error (m) = a measure of horizontal GPS accuracy   
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Table A3. Details of GPS data collected from 25 translocated adult female bighorn sheep 

used in RSF model validation. Animals were captured on Taylor-Hilgard winter range 

and translocated to Wolf Creek in the southern portion of the Madison Mountain Range, 

Montana, USA, 2015 to 2018. 

        

Individual ID 

Time Monitored Days 

monitored DOP* > 10 

Successful 

Fixes Start date End date 

BHS_001_B 6-Jan-15 14-Feb-16 404 11 622 

BHS_326_A 6-Jan-15 3-Oct-15 270 20 392 

BHS_329_A 6-Jan-15 1-Feb-15 26 5 21 

BHS_330_A 6-Jan-15 20-Feb-16 410 9 377 

BHS_341_A 6-Jan-15 6-Nov-15 304 13 307 

BHS_345_A 6-Jan-15 22-Jan-15 16 0 6 

BHS_350_A 6-Jan-15 21-Feb-17 777 65 1190 

BHS_354_A 6-Jan-15 16-Jun-17 892 70 1078 

BHS_361_A 6-Jan-15 20-Jun-17 896 32 714 

BHS_332_A 6-Jan-15 20-Feb-16 410 3 102 

BHS_648_A 20-Feb-16 17-Mar-16 26 0 10 

BHS_649_A 20-Feb-16 7-Aug-17 534 18 610 

BHS_655_A 20-Feb-16 9-Apr-16 49 0 58 

BHS_659_A 20-Feb-16 1-Aug-17 528 27 726 

BHS_660_A 20-Feb-16 27-Nov-17 646 22 427 

BHS_666_A 20-Feb-16 27-Dec-16 311 24 353 

BHS_1319_A 20-Jan-18 30-Aug-18 222 4 128 

BHS_1322_A 20-Jan-18 28-Jan-18 8 1 7 

BHS_1326_A 20-Jan-18 4-Apr-18 74 1 112 

BHS_1327_A 20-Jan-18 30-Aug-18 222 6 314 

BHS_1330_A 20-Jan-18 15-Feb-18 26 2 30 

BHS_1333_A 20-Jan-18 30-Aug-18 222 14 211 

BHS_1335_A 20-Jan-18 30-Aug-18 222 21 343 

BHS_1337_A 20-Jan-18 30-Aug-18 222 9 333 

BHS_1340_A 20-Jan-18 2-Mar-18 41 0 54 

            

Mean   310 15 341 

Totals        377 8525 

*  Dilution of Precision = unitless metric of precision based on satellite configuration 
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Table A4. Details of GPS data collected from 13 adult female bighorn sheep used in 

RSF model validation and collared in the Spanish Peaks population occupying the 

northeastern portion of the Madison Mountain Range, Montana, USA, 2018. 

        
 

Individual ID 

Time Monitored Days 

monitored 

DOP* > 

10 2D-Fix 

Successful 

Fixes Start date End date 

BHS_1362_A 20-Feb-18 30-Aug-18 193 3 3 875 

BHS_1363_A 20-Feb-18 30-Aug-18 193 5 12 3847 

BHS_1364_A 20-Feb-18 30-Aug-18 193 3 9 2698 

BHS_1366_A 20-Feb-18 30-Aug-18 193 2 17 2511 

BHS_1367_A 20-Feb-18 30-Aug-18 193 5 9 2742 

BHS_1368_A 20-Feb-18 30-Aug-18 193 4 18 2998 

BHS_1369_A 20-Feb-18 30-Aug-18 193 2 13 1992 

BHS_1370_A 20-Feb-18 30-Aug-18 193 1 6 780 

BHS_1371_A 20-Feb-18 30-Aug-18 193 4 10 1477 

BHS_1372_A 20-Feb-18 30-Aug-18 193 2 0 61 

BHS_1373_A 20-Feb-18 30-Aug-18 193 2 6 1743 

BHS_1374_A 20-Feb-18 30-Aug-18 193 3 14 3308 

BHS_1375_A 20-Feb-18 30-Aug-18 193 6 16 4487 

        

Mean     193 3 10 2271 

Totals        42 133 29519 

* Dilution of Precision = unitless metric of precision based on satellite configuration  
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APPENDIX B 

 

 

DELINEATING SUMMER AND WINTER SEASONS FOR BIGHORN SHEEP 

RESOURCE SELECTION MODELING 
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In order to develop models that accurately capture resource selection by bighorn 

sheep, we first needed to define the population’s migration strategy (resident, migrant, or 

mixed migrant) and organize the data into biologically meaningful seasons. We used GPS 

data from bighorn captured on Taylor-Hilgard winter range 2013 (n = 15), and defined 

summer and winter periods through comparison of migration parameters estimated from 

nonlinear regression modeling of net-squared displacement (NSD) and elevation 

(Bunnefeld et al. 2011, Spitz et al. 2017). Following the methods described by Bunnefeld 

et al. (2011), we rarified the data to include only a single location for each day, then 

defined animal year based on monitoring >250 days. Twenty-nine animal years were 

defined that produced coefficients for each of the five NSD models and three elevation 

models. To reduce capture location bias, we measured NSD and elevation from each 

individual’s core winter range, defined as the centroid of locations obtained during 

December (Lowrey et al. 2017). If animals were monitored for more than one winter, 

core winter range was estimated from the December locations collected during both 

winters.  

Utilizing the migrateR package (Spitz et al. 2017) for the program R (R Core 

Team 2015), we fit 8 movement models to each individual-year. Exploratory analysis of 

unconstrained models suggested an overall better fit with the elevational models, rather 

than NSD, with less observed variation in individual movement parameter estimates and 

migration strategy. From this initial analysis, a number of biologically reasonable 

constraints were applied to the models. 
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Constraints specific to the elevational and NSD models were applied as follows. The 

midpoint of the spring migration (Theta) was specified to occur between 15-April and 15-

June for the elevational models and between 15-May and 15-July for NSD. Phi quantifies 

the number of days required to complete ½ to ¾ of the migration and was specified with 

respective upper and lower bounds of 1 to 5 during the spring and 1 to 10 in the fall for 

all models. Rho, the length of time spent on the migratory range, had a lower bound of 30 

days. The distance separating the seasonal ranges (delta) was set with a minimum of 700 

m for elevation and between 30 and 140 km (Euclidian distance) for NSD. Of the 

remaining parameters: gamma, the mean NSD of locations in an individual's range was 

estimated dynamically with no starting value; zeta, an adjustment to delta for the return 

migration had default lower and upper limits of 0.05 and 0.95, respectively; and kappa, 

the logarithm of the rate constant had default lower and upper limits of -1.00 and -0.01, 

respectively (Spitz et al. 2017).  

With the constrained models, population level migration was still best described 

through elevation, with less individual heterogeneity in parameter estimates and 

migration strategy. All 29 animal years were therefore classified as elevational migrants, 

and population migration start and end dates were calculated as the mean of individual 

theta ± 2 * phi and theta2 ± 2 * phi 2 for spring and fall migration respectively (Figure 

B1; Lowrey 2017).  Additional temporal buffers were added to the population migratory 

period to account for individual heterogeneity and ensure that the majority of locations 

from the migratory periods were not included in the summer and winter RS analysis.  An 

estimated 90th percent quantile was used and the spring and fall start dates were shortened 
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by 10 and 15 days respectively, while the spring and fall end dates were lengthened by 15 

and 10 days respectively. As such, the spring migration was estimated to occur in a 41 

day period from 10-May to 20 June, while the fall migration occurred in a 61 day period 

from 8-October and 8 December. We removed these migratory periods, defined summer 

and winter seasons as 20-June to 8-October and 8-December to 10-May respectively and 

censored our GPS locations by the defined seasons (Table B1). 

 

Figure B1.  Elevation and net-squared displacement distributions for all study individuals 

with inner vertical lines representing averaged individual theta values ± 2phi, and outer 

vertical lines representing the buffered values to further remove migratory periods from 

the summer and winter analysis periods.  
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Table B1.  Seasonal GPS locations for individual bighorn sheep used in RS analysis.  

Individual ID 
Number of  fixes Fix success rate 

TOTAL Summer Winter Summer  Winter 

BHS_039_A 3046 995 2051 0.93 0.97 

BHS_040_A 3055 991 2064 0.93 0.97 

BHS_041_A 3051 1001 2050 0.94 0.97 

BHS_042_A 3091 1006 2085 0.94 0.98 

BHS_045_A 3097 1013 2084 0.95 0.98 

BHS_046_A 1858 493 1365 0.93 0.96 

BHS_048_A 3075 1012 2063 0.95 0.97 

BHS_049_A 3036 984 2052 0.92 0.97 

BHS_050_A 3022 968 2054 0.91 0.97 

BHS_051_A 3054 998 2056 0.94 0.97 

BHS_052_A 3076 1003 2073 0.94 0.98 

BHS_053_A 3066 990 2076 0.93 0.98 

BHS_062_A 3104 1022 2082 0.96 0.98 

BHS_065_A 3066 1001 2065 0.94 0.97 

BHS_066_A 3076 994 2082 0.93 0.98 

Mean   965 2020 0.94 0.97 

Totals 44773 14471 30302     

 

 

LITERATURE CITED 

Bunnefeld, N., L. Börger, B. van Moorter, C. M. Rolandsen, H. Dettki, E. J. Solberg, and G. 

Ericsson. 2011. A model-driven approach to quantify migration patterns: individual, 

regional and yearly differences. Journal of Animal Ecology 80:466–476. 

Lowrey, B., R. A. Garrott, H. M. Miyasaki, G. Fralick, and S. R. Dewey. 2017. Seasonal resource 

selection by introduced mountain goats in the southwest Greater Yellowstone Area. 

Ecosphere 8. e01796. 

R Core Team. 2015. R Core Team (2015). R: A language and environment for statistical 

computing. R Foundation for Statistical Computing, Vienna, Austria. URL 

https://www.R-project.org/. 

Spitz, D. B., M. Hebblewhite, and T. R. Stephenson. 2017. “MigrateR”: extending model-driven 

methods for classifying and quantifying animal movement behavior. Ecography: 40:788-

799 



62 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX C 

 

 

DEFINING A USED TO AVAILBLE RATIO BY SIMULATING MULTIPLE 

SAMPLING INTENSITIES 
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Resource selection functions (RSFs) are one of the most commonly used methods 

of quantifying habitat selection, the behavioral process where animals disproportionately 

utilize landscape characteristics (i.e. covariates) relative to their availability (Manley et 

al. 2002). A used-available framework is often employed where used locations (e.g. GPS 

locations) are evaluated against locations considered to be available to an animal within 

an extent defined as appropriate for the scale of inquiry (Johnson 1980). Since both the 

extent of availability and ratio of used to available locations can influence coefficient 

estimates and overall conclusions (Beyer et al. 2010, Northrup et al. 2013) care must be 

taken to ensure that the number of available locations is sufficient to allow model 

convergence and accurately describe the distributions of covariates used in the RSF 

(Northrup et al. 2013).  

We defined the extent of availability as that of the annual range for the Taylor-

Hilgard bighorn sheep population. This was done by encompassing all summer and 

winter GPS locations used in model development with a minimum convex polygon 

(MCP) buffered by the 95th percentile of the distribution of straight line distances 

between consecutive 4-h GPS relocations (Fig C1; Laforge et al. 2015).  

Within the availability extent, we evaluated the influence of 6 sampling intensities 

of randomly distributed available locations on the distributions of seasonal RS covariates. 

We extracted covariate values of samples of 500, 1,000, 5,000 10,000, 15,000, and 

20,000 random locations sampled and ran 25 simulations. (Fig C2).  We expected that as 

sampling intensity increased the variance between simulations would decrease, thus 

identifying a ‘true’ distribution for each covariate. We used boxplots to summarize the 
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mean covariate value for each of the 25 simulations as a function of sampling intensity 

(Fig C3) and visually evaluated the sampling intensity where variance among the 

replicated samples of a fixed size and covariate means stabilized. (Fig C4) 

 

Figure C1: Summer (red) and winter (blue) GPS locations of 15 adult female bighorn 

sheep surrounded the 95% MCP extent of availability (dashed polygon) for the Taylor-

Hilgard population, Madison Mountains, Montana, 2013-2016.  

 

Results indicate that a sampling intensity of approximately 5,000 locations is 

necessary to accurately describe the available distribution of the 12 pre-determined 

covariates within the defined extent of availability. After censoring for imprecise GPS 

locations, the number of used locations for each individual ranged from 493 – 1,022 in 

the summer and 1,365 – 2,085 in the winter (Table C1). Given the number of used 
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locations, a used to available ratio of 1:5 ensured that nearly all individuals approximated 

5,000 available locations per season and represents an effective balance between 

accurately describing covariate availability within the study area while not over inflating 

the available sample (Northrup et al. 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table C1: Use and available sample with a 1:5 used to available ratio for 15 

female bighorn sheep in the Taylor-Hilgard population, Montana, USA, 2013 

2015. 
Individual ID Summer Used Summer Available Winter Used Winter Available

BHS_039_A 995 4975 2051 10255

BHS_040_A 991 4955 2064 10320

BHS_041_A 1001 5005 2050 10250

BHS_042_A 1006 5030 2085 10425

BHS_045_A 1013 5065 2084 10420

BHS_046_A 493 2465 1365 6825

BHS_048_A 1012 5060 2063 10315

BHS_049_A 984 4920 2052 10260

BHS_050_A 968 4840 2054 10270

BHS_051_A 998 4990 2056 10280

BHS_052_A 1003 5015 2073 10365

BHS_053_A 990 4950 2076 10380

BHS_062_A 1022 5110 2082 10410

BHS_065_A 1001 5005 2065 10325

BHS_066_A 994 4970 2082 10410

Mean 965 4824 2020 10101
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Figure C2: Example density plots of elevation (ELV), slope (SLP) and snow cover 

(SNOW) obtained from 25 simulations using 6 sampling intensities. Each line 

represents a single simulated distribution of generated locations. 
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Figure C3: Boxplots of the mean value for 12 covariates derived from 25 simulations 

using six different sampling intensities.  
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APPENDIX D 

 

 

BIGHORN SHEEP LANDSCAPE COVARIATES USED FOR WINTER AND 

SUMMER RSF MODEL DEVELOPMENT 
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Elevation 

Elevation was derived using a 1-arc-second (approx. 30 m) resolution digital elevation 

model (DEM) from the U.S. geological Survey National Elevation Dataset 

(https://lta.cr.usgs.gov/NED).  

 

Slope (SLP) 

Slope was derived from a 30-m DEM using the Slope tool within the Spatial Analyst 

toolbox in ArcMap 10. Values for each raster pixel are calculated with a 3 x 3 

neighborhood analysis which calculates the maximum rate of change in elevation.  

 

Distance to steep terrain (DST)  

Using ArcMap 10.6, distance to steep terrain was calculated for three slope threshold 

values (DST = 27°, 37°, and 45°) using the 30 m resolution slope raster. Each pixel was 

revalued to either 0 when slopes were less than the desired threshold or 1 if greater than 

or equal to the threshold. DST was calculated by measuring the Euclidean distance (m) 

from each 30m pixel to the nearest pixel with the value of 1.  

 

Landscape curvature (CRV) 

The Curvature tool within the Spatial Analyst toolbox in ArcMap 10.6 was used to 

describe the shape of the slope in each pixel of a 30 m DEM. Values ranged from -1 to 1, 

with positive values indicating convex curvatures (i.e. ridgelines) and negative values 

indicating concave curvatures (i.e. valleys).  
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Slope variance (SLPvar) 

As a measure of landscape ruggedness, we used the SLP raster and estimated variance as 

standard deviation2 for each 30 x 30 m pixel (DeVoe et al. 2015). 

 

Vector ruggedness measure (VRM) 

Using the Terrain Ruggedness (VRM) tool in the Terrain Tools toolbox within ArcMap 

10.4 (Sappington et al. 2007), vector ruggedness measure covariates were developed 

using the 30 m DEM. The tool captures the variation in the three-dimensional orientation 

of pixels resulting in unitless values which range from 0 indicating no terrain variation to 

1 indicating high variation.   

 

Aspect (ASPC) 

Aspect was derived from a 30 m DEM using the Aspect tool within the Spatial Analyst 

toolbox in ArcMap 10.6. This raster was transformed into a biologically interpretable 

index by taking the inverse cosine of the angle -35°, changing the axis from N-S to NNE-

SSW (Cushman and Wallin 2002). Values ranged from -1 to 1, respectively. 

 

Canopy cover (CANCO) 

We used 1 arc-second (approx. 30 m) resolution percent tree canopy raster from the 

National Land Cover Dataset (Homer et al. 2011). Pixel values ranged from 0 to 100 

percent, describing the proportion of the pixel covered by tree canopy cover.  
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Normalized difference vegetation index (NDVI) 

NDVI is a remotely sensed measure of landscape greenness calculated by measuring the 

difference between near-infrared (NIR; reflected by vegetation) and red (RED; absorbed 

by vegetation) light using the following equation:  

𝑁𝐷𝑉𝐼 =  
(𝑁𝐼𝑅 − 𝑅𝐸𝐷)

(𝑁𝐼𝑅 + 𝑅𝐸𝐷)
 

In R-Studio (R Core Team 2015), mean NDVI was calculated as a measure of relative 

forage production during the timeframe of the study (2013 – 2016). Two metrics for 

NDVI derived from time-series NDVI data collected during the growing seasons were 

evaluated (USGS EROS Center 2016). At the resolution of the data (approx. 250 m), 

NDVI amplitude (NDVIamp) was estimated as the maximum NDVI value recorded 

above the baseline during the growing season and daily time integrated NDVI (NDVItin) 

was the interpolated integration of NDVI above the baseline for the entire growing 

season. NDVI values ranged from -1 to 1, with positive values indicating a higher level 

of greenness. 

 

Snow severity (SNOW)  

SNOW was developed using daily snow cover imagery derived from Moderate 

Resolution Imaging Spectroradiometer (MODIS) satellite imagery (Hall and Riggs 2016). 

For each image (approx. 500 m resolution), percent snow cover was estimated using the 

Normalized Difference Snow Index (NDSI) and processed through an algorithm to 

alleviate errors and flag uncertain snow conditions (Hall and Riggs 2016). Within R-

Studio, each daily raster was reclassified so that each 500 x 500 m pixel was classified as 
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either 1, indicating snow cover, or 0 indicating bare ground. Values flagged as erroneous 

were also reclassified to 0. For each pixel, the number days with snow cover (1) was 

summed and divided by the total number of days in the winter season to estimate the 

proportion of the winter that the pixel contained snow. Some pixels within the study area 

may have be more susceptible to erroneous satellite images due to increased winter cloud 

cover thereby biasing the estimates of SNOW low in some areas (e.g. high mountain 

ridgelines). However, by estimating SNOW as the mean proportion for the three winters 

of the study (2013-2015), some of this bias may have been mitigated.  
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APPENDIX E 

 

 

MODEL SELECTION RESULTS FROM TIERS 1, 2, AND 3, EXPLAINING 

VARIATIONS IN SUMMER AND WINTER RESOURCE SELECTION IN THE 

MADISON MOUTAIN RANGE, MT, USA. 
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Tier one results 

We fit univariate models for each covariate to evaluate and select the most supported 

grain size and functional form (Table E1, Figure E1, E2). We fit a total of 102 models (50 

summer; 52 winter), and selected the top-ranked form and/or grain for each covariate 

using AICc. The top ranked covariate was carried forward to tiers two and three of the 

model selection process. Covariates evaluated in tier one included canopy cover 

(CANCO), landscape curvature (CRV), distance to steep terrain (DST), elevation (ELV), 

NDVI amplitude (NDVIamp), time integrated NDVI (NDVItin), slope (SLP), slope 

variance (SLPVar), snow cover (SNOW), and a vector ruggedness measure (VRM; 

Sappington et al. 2007). All covariates are further described in Appendix D.  
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Table E1. Tier one univariate model results ranked by ∆AICc for each covariate where 

multiple spatial grains and functional forms were considered.   

Note: Li = Linear, Ps = Pseudothreshold, Sq = Quadratic 

Covariate Grain Form Beta Beta2 ∆AICc Covariate Grain Form Beta Beta2 ∆AICc

CANCO 500 Li -0.8560 NA 0 CANCO 100 Li -0.8862 NA 0

CANCO 1000 Li -0.7552 NA 620 CANCO 30 Li -0.8574 NA 699

CANCO 100 Li -0.8386 NA 687 CANCO 1000 Li -0.7274 NA 1433

CANCO 30 Li -0.8186 NA 927 CANCO 500 Li -0.7510 NA 1464

CRV 500 Li 0.7224 NA 0 CRV 1000 Li -0.5316 NA 0

CRV 500 Ps 0.7630 NA 606 CRV 1000 Ps -0.3438 NA 3107

CRV 1000 Li 0.6932 NA 1024 CRV 500 Li -0.2634 NA 4661

CRV 1000 Ps 0.7796 NA 1133 CRV 100 Li -0.2219 NA 5169

CRV 100 Li 0.1986 NA 5715 CRV 30 Li -0.2135 NA 5236

CRV 100 Ps 0.1674 NA 5909 CRV 30 Ps -0.1687 NA 5577

CRV 30 Li 0.0913 NA 6134 CRV 500 Ps -0.1574 NA 5645

CRV 30 Ps 0.0669 NA 6188 CRV 100 Ps -0.1548 NA 5677

DST_27 NA Li -4.8038 NA 0 DST_45 45 Ps 1.5955 NA 0

DST_37 NA Li -2.2292 NA 548 DST_37 37 Ps 0.9536 NA 3750

DST_27 NA Ps -0.9038 NA 621 DST_45 45 Li 0.4113 NA 6270

DST_45 NA Li -1.2967 NA 1553 DST_37 37 Li 0.2864 NA 8771

DST_37 NA Ps -0.4827 NA 4640 DST_27 27 Ps 0.0398 NA 11491

DST_45 NA Ps -0.3264 NA 6310 DST_27 27 Li -0.0277 NA 11512

ELV 30 Sq 1.1530 0.1332 0 ELV 30 Sq -8.9987 -3.3171 0

ELV 30 Li 1.1898 NA 111 ELV 30 Li -2.6211 NA 5430

NDVIamp 1000 Li -0.6139 NA 0 NDVIamp 250 Li 0.3802 NA 0

NDVIamp 500 Li -0.5666 NA 626 NDVIamp 500 Li 0.3467 NA 531

NDVIamp 250 Li -0.5017 NA 1486 NDVIamp 1000 Li 0.2913 NA 1261

NDVItin 1000 Li -0.5773 NA 0 NDVItin 1000 Li 0.3600 NA 0

NDVItin 500 Li -0.5507 NA 276 NDVItin 500 Li 0.3052 NA 815

NDVItin 250 Li -0.4912 NA 957 NDVItin 250 Li 0.2858 NA 1064

SLP 500 Sq 1.7647 -0.3623 0 SNOW 500 Sq -4.8862 -1.2774 0

SLP 500 Li 1.4285 NA 428 SNOW 500 Li -2.4892 NA 4343

SLP 1000 Sq 2.0349 -0.3623 608 SLP 1000 Sq -1.0107 -0.4276 0

SLP 1000 Li 1.4855 NA 1317 SLP 1000 Li -0.4443 NA 7192

SLP 100 Sq 1.2809 -0.3623 2892 SLP 500 Sq -0.5383 NA 7216

SLP 100 Li 0.9934 NA 3847 SLP 30 Sq -0.1298 -0.4276 8085

SLP 30 Sq 1.1284 -0.3623 3926 SLP 100 Sq -0.1610 -0.4276 8764

SLP 30 Li 0.9196 NA 4652 SLP 500 Li -0.2660 NA 10802

SLPvar 1000 Ps 1.0568 NA 0 SLP 100 Li -0.0573 NA 12583

SLPvar 500 Ps 0.9384 NA 959 SLP 30 Li -0.0390 NA 12628

SLPvar 1000 Li 0.5551 NA 1028 SLPvar 1000 Li -1.7475 NA 0

SLPvar 500 Li 0.4722 NA 1831 SLPvar 500 Li -1.5838 NA 10466

SLPvar 100 Ps 0.3464 NA 3768 SLPvar 1000 Ps -0.6249 NA 25261

SLPvar 30 Ps 0.2659 NA 4119 SLPvar 100 Li -1.1520 NA 28981

SLPvar 100 Li 0.1654 NA 4443 SLPvar 500 Ps -0.3984 NA 31938

SLPvar 30 Li 0.0654 NA 4799 SLPvar 30 Li -0.7963 NA 33786

VRM 500 Ps 2.5527 NA 0 SLPvar 100 Ps -0.2060 NA 36073

VRM 100 Ps 1.9397 NA 13 SLPvar 30 Ps -0.1266 NA 36876

VRM 500 Li 1.5177 NA 43 VRM 1000 Li -1.4850 NA 0

VRM 100 Li 1.0137 NA 379 VRM 100 Li -1.5779 NA 9818

VRM 30 Ps 0.7857 NA 5597 VRM 500 Li -1.1667 NA 10669

VRM 30 Li 0.5095 NA 6667 VRM 1000 Ps -1.1510 NA 10726

VRM 1000 Ps 0.7483 NA 7231 VRM 30 Li -1.6651 NA 25464

VRM 1000 Li 0.6399 NA 7417 VRM 500 Ps -0.6930 NA 28507

VRM 100 Ps -0.6226 NA 31250

VRM 30 Ps -0.5725 NA 34635

Summer tier one univariate models Winter tier one univariate models
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Figure E1. Tier one univariate model results identifying top ranked spatial grain and 

functional form for summer RSF covariates.  
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Figure E2. Tier one univariate model results identifying top ranked spatial grain and 

functional form for winter RSF covariates.  
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Tier two results 

In tier two we again used univariate modeling and AICc to identify the most supported 

covariate when similar indices were considered to quantify bighorn sheep habitat 

selection. These included two measures of normalized difference vegetation index 

(NDVIamp and NDVItin), as well as two quantifications of landscape ruggedness 

(SLPVar and VRM). In both seasons, VRM outperformed SLPVar as a measure of 

landscape ruggedness. NDVIamp similarly outperformed NDVItin as an index for net 

primary productivity (Table E2).   

 

Table E2. Tier two univariate model results for summer and winter seasons ranked by 

∆AICc.  

Summer 

Covariate Grain  Functional Form Beta  AICc ∆AICc 

Ruggedness      
VRM 500 Ps 2.553 67547 0 

SLPVar 1000 Ps 1.057 73383 5835 

      
Vegetation      
NDVIamp 1000 Ln -0.6139 73665 0 

NDVItin 1000 Ln -0.5773 74418 754 

      
Winter 

Covariate Grain  Functional Form Beta  AICc ∆AICc 

Ruggedness      
VRM 1000 Ln -1.485 120179 0 

SLPVar 1000 Ln -1.747 126539 6361 

      
Vegetation      
NDVIamp 250 Ln 0.38 160631 0 

NDVItin 1000 Ln 0.36 160858 227 
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Tier three model results 

Bighorn sheep are known to be highly associated with steep and rugged terrain (Geist 

1971) and previous studies investigating bighorn sheep resource selection have 

consistently incorporated terrain covariates (DeCesare and Pletscher 2006, Poole et al. 

2016). Therefore, we began tier three multivariate model building by developing a base 

terrain model from non-collinear combinations of terrain covariates (Table E3). When 

two or more covariates were collinear (Pearson’s correlation coefficient >|0.6|) we built 

competing terrain models substituting collinear covariates (Table E3). During the 

summer, ELV was collinear with VRM and DST was collinear with both VRM and SLP. 

During winter, ELV and VRM were the only two collinear terrain covariates. We used 

AICc and identified the most parsimonious covariates for our base models, which 

included ELV, ELV2, SLP, SLP2 and CRV in the summer, and VRMPs, SLP, SLP2, CRV 

and DST_45Ps during the winter.  
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Table E3. Evaluation of collinear covariates within the base terrain model using AICc and 

covariate substitution.  

Season Model Structure K AICc ∆AICc Weight 

       

Summer 

Base with VRM, 

excluding DST 

VRMPs
500 + SLP500+ SLP2

500 + 

CRV500 
6 60297 0 1 

Base with ELV, 

excluding DST 

Elv30 + Elv2
30 + SLP500 + 

SLP2
500+ CRV500 

7 61014 717 0 

Base with DST, 

excluding SLP and VRM 

DST_27 + ELV30 + ELV30
2 

+CRV500 
6 63673 3376 0 

Base with DST, 

excluding ELV and SLP 
DST_27 + CRV500 4 67405 7108 0 

 

      

Winter 

Base_ELV 
ELV30 + ELV2

30 + SLP1000 + 

SLP2
1000+ CRV1000 +DST_45PS 

8 60260 0 1 

Base_VRM 
VRMPs

1000 + SLP1000+SLP2
1000 

+ CRV1000 + DST_45PS 
7 93189 32929 0 

Note: Superscripts indicate the covariate functional form (Ps=pseudothreshold, 2=quadratic) and subscripts 

indicate the top-ranked spatial grain size.  
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Next, we used the base terrain model covariates and the remaining covariates identified in 

tiers one and two in an all combinations model selection approach (Table 3). For both 

seasons, the additional non-collinear vegetation and aspect covariates greatly improved 

model fit. The top ranked summer model contained VRMPs
500, SLP500, SLP2

500, CRV500, 

CANCO500, ASPC30 and was 1342 AICc units below the second highest ranked model. 

NDVIamp was collinear with canopy cover and was not included in the final summer 

model. The top ranked winter model contained ELV30, ELV2
30, SLP1000, SLP2

1000, 

CRV1000, DST_45, CANCO100, NDVIamp250, ASPC30 covariates and was 636 AICc units 

below the second highest ranked model.   

 

Post-hoc analysis 

The winter severity index (SNOW) was collinear with elevation and not included in the 

final winter model. Given the potential impacts that snow has on bighorn sheep winter 

habitat use (Tilton and Willard 1982, Richard 2014), we further evaluated this covariate 

against elevation post-hoc, by substituting SNOW for ELV in our top-ranked model 

(Table E4). Model performance was not improved by replacing elevation with ∆AICc 

=1636 
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Table E4. Winter post-hoc model comparison evaluating the SNOW covariate and ranked 

by AICc. 

Model Structure K AICc ∆AICc Weight 

Top 

Ranked 

ELV30 + ELV2
30 + 

SLP1000+SLP2
1000 + CRV1000 + 

DST_45Ps+CANCO100 + 

NDVIamp250 + ASPC30 

10 46528 0 1 

SNOW 

SNOW500 + SNOW2
500 + 

SLP1000+SLP2
1000 + CRV1000 + 

DST_45Ps+CANCO100 + 

NDVIamp250 + ASPC30 

10 48163 1636 0 
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APPENDIX F 

 

 

EVALUATING EXTRAPOLATION OF TOP SEASONAL MODELS TO THE FULL 

EXTENT OF THE MADISON MOUNTAIN RANGE, MT, USA. 
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Figure F1. Violin plots comparing the distributions of top-ranked RSF covariates between 

the study area used in model development (i.e. Taylor Hilgard population annual range) 

and the full extent of the Madison Mountain Range, Montana, USA.  
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Figure F2. Madison Range study area with crosshatching representing areas with 

elevations below that found within the area used for RSF model development (< 1,803 m) 

and removed from the Madison Range extrapolation. 
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Figure F3. Violin plots comparing the distributions of top-ranked RSF covariates between 

the area used in model development (i.e. Taylor Hilgard population annual range) and the 

extent of the Madison Mountain Range extrapolation area with low elevations outside the 

range of the annual range clipped from the full extent of the the Madison Mountain 

Range, Montana, USA.  
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APPENDIX G 

 

 

SEASONAL VALIDATION RESULTS FOR THE TOP RANKED SEASONAL RSF 

MODELS. 
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  We performed four validations of our top ranked summer and winter RS models, 

using independent sources of bighorn sheep GPS data collected within the Madison 

Range (Appendix A). We censored imprecise locations using methods described within 

the manuscript and additionally removed individuals with < 25 locations for each 

validation  For all validations, we binned used GPS locations into equal-area bins defined 

by the distribution of available RSF values and used the Spearman Rank correlation (rs) 

to evaluate model performance (Boyce et al. 2002). A model was determined to have 

performed well if the bin and frequency of used locations were highly correlated (rs > 

0.8). For the following figures, the upper panel shows the proportion of binned values for 

each individual used to validate the model. The lower panel shows the average proportion 

of locations within each bin for the sampled population. All validations were performed 

using program R (R Core Team 2015). 

 

Internal validation  

We internally validated our top summer and winter RS models within the defined Taylor-

Hilgard population annual range using two sources of location data.  We first used k-fold 

cross validation (Figure G1, G2) where individuals used to build our models were 

iteratively withheld and predicted by the RSF containing the retained individuals (Boyce 

et al. 2002). Secondly, we validated our models using winter and summer locations from 

12 previously un-instrumented Taylor-Hilgard bighorn sheep fitted with remote 

download collars, 2016-2018 (Table G1, Fig G3, G4), thus allowing for evaluation of 

model temporal robustness. 
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Figure G1. Summer and Winter GPS locations of 15 bighorn sheep used in RSF model 

development and k-fold cross-validation of top RS models. Black polygon indicates the 

Taylor-Hilgard population annual range used in model development. 

 

 

 

Figure G2. Summer (rs =1) and Winter (rs =0.957) k-fold results utilizing GPS data 

from15 bighorn sheep used in RSF development instrumented in the Taylor-Hilgard 

population, Madison Mountains, Montana, USA 

Summer Winter 
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Figure G3. Summer and Winter GPS locations of 12 bighorn sheep instrumented with 

remote-download collars within the Taylor-Hilgard bighorn sheep population, 2016-2018 

and used for RSF model validation. Black polygon indicates the Taylor-Hilgard 

population annual range used in model development 

 

 

 

Figure G4. Summer (rs =  1) and winter (rs =  0.985)  validation results utilizing remote-

download GPS data from 9 individuals in the summer and 12 individuals during the 

winter within  the Taylor-Hilgard bighorn sheep population, Madison Mountains, 

Montana, USA. 

 

 

 

Summer Winter 
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Table G1. Details for the 12 bighorn sheep instrumented with remote-download  GPS 

collars within the Taylor-Hilgard population  and used for RSF model validation, 2016-

2018, Madison Mountain Range, Montana, USA.  

 

 

Extrapolation Validation 

After we extrapolated our top RSFs to the Madison Range (Figure 3), we validated our 

results with two sources of spatially independent data from outside of the Taylor-Hilgard 

population annual range. The first source of data came from 25 bighorn sheep captured 

on Taylor-Hilgard winter range and translocated to nearby Wolf Creek, 2015-2018 (Table 

G2, Figure G5, G6). Since the primary purpose of these validations was to evaluate 

extrapolated model performance, we censored locations of translocated animals that fell 

within the defined Taylor-Hilgard annual range. However, given the relatively close 

proximity of the Wolf Creek release site to the Taylor-Hilgard annual range, and the fact 

that several translocated bighorn sheep died or returned to the Taylor-Hilgard population 

before their second monitored winter (J. Cunningham, Montana Fish, Wildlife and Parks, 

unpublished report), fewer individuals were available to validate our summer model. 

Individual ID 
Time Monitored Validation locations 

Start End Summer Winter 

BHS_047_B 18-Dec-16 5-Sep-18 365 556 

BHS_059_B 18-Dec-16 5-Sep-18 365 552 

BHS_1123_A 18-Dec-16 5-Sep-18 363 554 

BHS_1127_A 18-Dec-16 22-Jun-18 221 553 

BHS_1130_A 18-Dec-16 5-Sep-18 369 555 

BHS_1131_A 18-Dec-16 5-Sep-18 365 548 

BHS_1135_A 18-Dec-16 5-Sep-18 365 556 

BHS_1136_A 18-Dec-16 2-May-17 0 231 

BHS_1139_A 18-Dec-16 14-Jun-17 0 250 

BHS_1254_A 22-Feb-17 5-Sep-18 371 459 

BHS_345_B 20-Jan-18 5-Sep-18 151 215 

BHS_349_B 18-Dec-16 31-Jan-17 0 51 
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Finally, the second source of external location data was from 13 bighorn sheep captured 

in the Spanish Peaks during the winter of 2018 (Table G3, Figure G7, G8). All data are 

further described within the manuscript and Appendix A.   

Figure G5. Summer and Winter GPS locations of 25 bighorn sheep translocated to Wolf 

Creek, 2015-2018 and used for RSF model validation. Location data of translocated 

animals that fell within the Taylor-Hilgard population annual range, depicted by the 

crosshatched polygon, were censored from the validation.  

 

Figure G6.  Extrapolation, summer (rs =  0.877) and winter (rs =  0.988)  validation 

results utilizing GPS data from 6 individuals during the summer and 18 individuals 

during the winter translocated to Wolf Creek, Madison Mountains, Montana, USA. 

 

 

Summer Winter 
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Table G2. Details for the 25 bighorn sheep translocated to Wolf Creek and used for RSF 

model extrapolation validation in the Madison Mountain Range, Montana, USA.  

 

 

 

 

 

 

 

 

Individual ID Time Monitored Validation locations 

Start End Summer Winter 

BHS_001_B 6-Jan-15 15-Feb-16 0 161 

BHS_326_A 6-Jan-15 4-Oct-15 3 21 

BHS_329_A 6-Jan-15 2-Feb-15 0 21 

BHS_330_A 6-Jan-15 16-Feb-16 0 146 

BHS_332_A 6-Jan-15 21-Feb-16 0 1 

BHS_341_A 6-Jan-15 7-Nov-15 122 111 

BHS_345_A 6-Jan-15 23-Jan-15 0 6 

BHS_350_A 6-Jan-15 22-Feb-17 0 202 

BHS_354_A 6-Jan-15 17-Jun-17 6 175 

BHS_361_A 6-Jan-15 21-Jun-17 3 122 

BHS_648_A 20-Feb-16 18-Mar-16 0 10 

BHS_649_A 20-Feb-16 8-Aug-17 152 280 

BHS_655_A 20-Feb-16 10-Apr-16 0 58 

BHS_659_A 20-Feb-16 2-Aug-17 0 60 

BHS_660_A 20-Feb-16 28-Nov-17 74 154 

BHS_666_A 20-Feb-16 28-Dec-16 126 131 

BHS_1319_A 20-Jan-18 30-Aug-18 0 114 

BHS_1322_A 20-Jan-18 29-Jan-18 0 7 

BHS_1326_A 20-Jan-18 5-Apr-18 0 112 

BHS_1327_A 20-Jan-18 30-Aug-18 4 182 

BHS_1330_A 20-Jan-18 16-Feb-18 0 30 

BHS_1333_A 20-Jan-18 30-Aug-18 17 114 

BHS_1335_A 20-Jan-18 30-Aug-18 115 175 

BHS_1337_A 20-Jan-18 30-Aug-18 106 166 

BHS_1340_A 20-Jan-18 3-Mar-18 0 54 
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Figure G7. Summer and Winter GPS locations of 13 bighorn sheep instrumented within 

the Spanish Peaks bighorn sheep population, 2015-2018 and used for RSF model 

validation.  

 

 

 

 

Figure G8.  Summer (rs =  0.887) and winter (rs =  0.988)  validation results utilizing 

GPS data from 11 individuals during the summer and 13 individuals during the winter, 

from the Spanish Peaks bighorn sheep population, Madison Mountains, Montana, USA. 

 

Summer Winter 
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Table G3. Details for the 13 bighorn sheep instrumented with remote-download GPS 

collars in the Spanish Peaks population and used for RSF model validation within the 

Madison Mountain Range, Montana, USA.  

 

Individual ID 

Time Monitored Validation Locations 

Start End Summer Winter 

BHS_1362_A 20-Feb-18 30-Aug-18 79 102 

BHS_1363_A 20-Feb-18 30-Aug-18 107 114 

BHS_1364_A 20-Feb-18 30-Aug-18 98 108 

BHS_1366_A 20-Feb-18 30-Aug-18 33 36 

BHS_1367_A 20-Feb-18 30-Aug-18 98 100 

BHS_1368_A 20-Feb-18 30-Aug-18 5 89 

BHS_1369_A 20-Feb-18 30-Aug-18 33 46 

BHS_1370_A 20-Feb-18 30-Aug-18 32 46 

BHS_1371_A 20-Feb-18 30-Aug-18 26 51 

BHS_1372_A 20-Feb-18 30-Aug-18 8 46 

BHS_1373_A 20-Feb-18 30-Aug-18 83 102 

BHS_1374_A 20-Feb-18 30-Aug-18 65 101 

BHS_1375_A 20-Feb-18 30-Aug-18 86 106 
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APPENDIX H 

 

 

POTENTIAL BIGHORN SHEEP ABUNDANCE ESTIMATION USING WINTER RSF 

FOR MADISON MOUNTAIN RANGE, MT, USA. 
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Since RSFs produce relative probabilities that are proportional to habitat use, they 

have been used to link populations of animals to the habitat that they occupy (Boyce and 

McDonald 1999, Boyce and Waller 2003, Hebblewhite et al. 2011). By assuming that 

resources and patterns of habitat use remain constant across a landscape, we can estimate 

the densities of a known population (N) across RSF defined habitat associated with that 

population, apply these densities to habitat identified within a broader extent and estimate 

potential abundance.  

We linked our top winter RS model to two abundance estimates for the Taylor-

Hilgard bighorn sheep population to generate a range of potential bighorn sheep 

abundances within the Madison Range, evaluating the restoration potential within the 

range. For the lower abundance estimate, we used the population management objective 

for the Taylor-Hilgard population (N = 120). This objective was set by Montana Fish, 

Wildlife and Parks (MFWP) as the recommended number of bighorn sheep on Taylor-

Hilgard winter range, set below what may be considered carrying capacity due to 

concerns over potential disease outbreaks at higher population densities (MFWP 2010). 

Between 2008 and 2018, the Taylor-Hilgard population has ranged between 100 and 266 

individuals observed on winter range (Table 1), and we used the maximum observed 

count from 2014 (N = 266) for our upper abundance estimate. While this year marked a 

recent high point for the Taylor-Hilgard population, there was no evidence of unusually 

high mortality associated with the higher observed densities, nor were the following years 

marked by lower lamb to ewe ratios than that recorded in previous years. 
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To further refine our estimates, we identified areas of high RSF-value habitat 

where bighorn sheep would be most likely to eventually occur. We classified high RSF-

value habitat by applying a cut point (P = 0.0036) which captured 95% of observed RSF 

values within the Taylor-Hilgard population to our top winter model where if w*(x) < P 

then RSF probability was reclassified to 0, and retained if w*(x) ≥ P. (Mladenoff et al. 

1988, Hebblewhite et al. 2011). This assumed bighorn sheep would not use the lower 

RSF value habitats, thus likely biasing our estimates low (Boyce and McDonald 1999).  

Within the defined Taylor-Hilgard population annual range, we identified 10 equal area 

RSF bins, essentially defining 10 habitat types. Since each RSF bin encompassed 

approximately the same range of RSF values, so too did the 10 habitat types encompass 

roughly equal amounts of geographic space.  We distributed bighorn sheep use (U) to 

each habitat type (i.e. RSF) bin as,  

𝑈(𝑥𝑖) =
𝑤(𝑥𝑖)𝐴(𝑥𝑖)

∑ 𝑤𝑗 (𝑥𝑗)𝐴(𝑥𝑗)
 

where w(x) is the RSF bin median, and A(x) is the area (km2) of defined habitat for each 

bin. We calculated the distribution of bighorn sheep across the 10 habitat types within the 

Taylor-Hilgard annual range as, 𝑁𝑖 = 𝑁 ∗ 𝑈(𝑥𝑖). We then calculated the densities of 

bighorn sheep within each habitat type as, D(xi) = Ni / A(xi) (Table H1).  
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Table H1.  Estimated minimum and maximum bighorn sheep densities (D) distributed 

among equal-area RSF bins within the Taylor-Hilgard population annual range, 

Madison Mountain Range, Montana, USA.  
RSF 

bin 
A (km2) w(x) U Nmin Nmin Dmin Dmin 

1 1.16 0.0038 0.0374 4.48 9.94 3.88 8.60 

2 1.16 0.0042 0.0417 5.01 11.10 4.34 9.61 

3 1.16 0.0048 0.0473 5.67 12.57 4.91 10.88 

4 1.16 0.0055 0.0544 6.52 14.46 5.64 12.51 

5 1.16 0.0063 0.0630 7.56 16.77 6.55 14.51 

6 1.16 0.0075 0.0743 8.91 19.76 7.71 17.10 

7 1.16 0.0090 0.0898 10.78 23.89 9.33 20.67 

8 1.16 0.0115 0.1147 13.76 30.51 11.91 26.40 

9 1.16 0.0162 0.1605 19.26 42.69 16.67 36.94 

10 1.16 0.0319 0.3170 38.04 84.33 32.90 72.94 

 

 

Finally, we estimated a potential range of abundance for bighorn sheep by 

applying the densities of bighorn sheep within the Taylor-Hilgard population annual 

range to the estimated area of each habitat type within our extrapolated extent (A’) and 

summing across habitat types (Table H2). 

�̂� = ∑ 𝐷

𝑗

(𝑥𝑗)𝐴′(𝑥𝑗) 
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Table H2.  Estimated minimum and maximum bighorn sheep abundances within the 

Madison Mountain Range. Estimates are based on extrapolated high RSF value winter 

habitat and population estimates from the Taylor-Hilgard bighorn sheep population 

located in the southern Madison Mountain Range, Montana, USA.   

 

RSF bin A' (km2) Dmin Dmax N*min N*max 

1 10.13 3.88 8.60 39 87 

2 9.63 4.34 9.61 42 93 

3 9.74 4.91 10.88 48 106 

4 9.69 5.64 12.51 55 121 

5 8.50 6.55 14.51 56 123 

6 8.64 7.71 17.10 67 148 

7 8.59 9.33 20.67 80 178 

8 7.83 11.91 26.40 93 207 

9 7.17 16.67 36.94 120 265 

10 5.52 32.90 72.94 182 403 

    N̂min N̂max 

        780 1730 

 

To validate our Madison Range abundance estimates, we predicted the abundance 

of bighorn sheep within the Spanish Peaks population based on the RS model developed 

from Taylor-Hilgard animals and compared those values to observed population counts 

(Table 1). We delineated the Spanish Peaks population annual range by drawing an MCP 

around GPS data collected from 13 Spanish Peaks bighorn sheep instrumented with 

remote download GPS collars during the winter of 2017 (Appendix A).  Using the same 

methods described above, we applied the densities of bighorn sheep within each of the 10 

RSF bins defined by the Taylor-Hilgard population to the Spanish Peaks population 

annual range (Table H3).    
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Table H3. Estimated minimum and maximum bighorn sheep abundance within the 

Spanish Peaks used for validation of range-wide abundance estimation.  
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RSF bin A' (km2) Dmin Dmax N*min N*max 
 

1 0.50 3.88 8.60 2 4  

2 0.51 4.34 9.61 2 5  

3 0.50 4.91 10.88 2 5  

4 0.52 5.64 12.51 3 7  

5 0.47 6.55 14.51 3 7  

6 0.49 7.71 17.10 4 8  

7 0.50 9.33 20.67 5 10  

8 0.51 11.91 26.40 6 13  

9 0.61 16.67 36.94 10 23  

10 0.59 32.90 72.94 20 43  

       

    N̂min N̂max 
 

        57 126  


