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ABSTRACT 

Historically, American bison (Bison bison) occupied one of the largest ranges and 

widest niches of any North American mammal and are considered to play a keystone role 

in the ecosystem. Though spared from complete extinction due to overhunting and habitat 

loss, bison are considered by some to be ecologically extinct. Contemporary management 

paradigms (e.g. fencing, artificial feeding, and frequent human interaction) heavily 

influence spatial patterns of today’s bison but has yet to be accounted for in their 

conservation. We assessed space-use patterns of two free-ranging bison herds and three 

captive herds at two spatial scales, using autocorrelated kernel density estimated home 

range and radius of maximum variance in first-passage time, over three temporal scales 

(annual, growing, and non-growing). We also calculated resource selection functions to 

assess annual habitat preferences. Free-range bison had significantly larger home ranges 

across seasons than the captive bison (p<0.05), but no differences were apparent for first-

passage time between herd categories or seasons. Landscape covariates seemed to explain 

home range patterns but not first-passage times. In the order of decreasing resource 

selection strength, we found that bison generally preferred areas which had gentle slopes, 

higher elevations, and greater vegetation productivity. However, the free-range herds 

notably differed in road and vegetation productivity preferences by selecting for farther 

proximities to roads and intermediate levels of NDVI compared to captive bison. Our 

results suggest that management practices may prevent bison from responding to seasonal 

landscape changes, which may have ecological consequences for this historically 

nomadic herbivore. Understanding the general patterns in resource use of bison and 
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accounting for differences influenced by management practices can help to improve 

bison conservation efforts. Although sociopolitical realities currently prevent bison 

restoration at a continental scale, managers should strive towards increasing available 

space for bison where possible in order to replicate historical ecological processes.  
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Chapter 1: Introduction 

Upon the arrival of Europeans, North America was home to an estimated 30 

million bison (Bison bison) from Alaska to northern Mexico (Bates and Hersey 2016). 

Overhunting dwindled the population of known animals to 1,644 by the year 1903. Most 

of the survivors existed in privately owned herds and zoos. Bison endured in two wild 

populations which included Yellowstone National Park in Wyoming, USA and Wood 

Buffalo National Park in Alberta, Canada (Meagher 1986). Since then, bison have slowly 

been reintroduced to parts of their former range. Due to the efforts of numerous private 

individuals, conservation organizations, and government and tribal agencies, there are 

approximately 500,000 bison in the United States today (Sanderson et al. 2008). 

However, the majority of these are in commercially raised herds while fewer than 11,000 

bison exist on public lands for the purpose of conservation (Bates and Hersey 2016). 

There are two major types of bison conservation herds: free-range and captive. Free-

range bison typically occur in large tracts of relatively contiguous habitat which are not 

enclosed by fences, thus allowing for more natural movement patterns. The term captive 

bison will refer to herds which live completely within fenced areas which encompass 

either a single pasture or are moved between multiple pastures, consequently restricting 

movements and pre-defining available space and habitat. This diversity of management 

strategies has allowed for the continued development of additional bison conservation 

herds which further bolsters their population.  

Although they are no longer in danger of numeric extinction and widely 

celebrated as a conservation success (Sanderson et al. 2008), the future of bison in North 



2 
 

America is far from certain. The population crash over a century ago reduced bison 

genetic variation, which could lead to inbreeding depression. Several remaining bison 

herds were crossbred with cattle during their recovery, which has resulted in cattle gene 

introgression in bison genomes (Kolipinski et al. 2014). In fact, very few bison 

conservation herds are free from introgression (Ranglack et al. 2015). An association 

between mitochondrial cattle DNA and reduced body size in bison has been detected 

(Douglas et al. 2011). Furthermore, anthropomorphic selection of larger, more docile 

bison in commercial herds may also negatively alter bison genetics (Kolipinski et al. 

2014). Herds raised for markets are intentionally bred for meat production and ease of 

handling which may reduce evolutionary and ecologically favorable behaviors (Freese et 

al. 2007). While the objectives of conservation herds are different from commercial 

production, management similarities could inadvertently alter the natural tendencies of 

bison within their historic ecosystems.   

Local circumstances of bison occurrence may also influence how they use space 

and resources. The former range of bison in North America encompassed a diversity of 

ecoregions, each with unique vegetation communities and climatic conditions (Omernik 

1987) which may influence bison habitat preferences. For example, bison seem to prefer 

close proximities to water in northern Montana (Kohl et al. 2013a) but not in southern 

Utah (Van Vuren 1979). However, other habitat features may be universally important to 

bison such as reduced woody vegetation (Ranglack and du Toit 2015a; Schoenecker et al. 

2015) and gentle terrain slopes (Van Vuren 2001; Kohl et al. 2013a). In addition to 

influencing preference strength, availability of resources could also affect the amount of 
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space bison will require. The home range sizes of bison seem to decrease when more 

forage is locally available (Van Vuren 1983; Larter and Gates 1994; Krasińska et al. 

2000). Bison have also been documented to respond to temporal variations in forage 

availability by increasing their range during the winter relative to summer (Merkle, 

Cherry, et al. 2015). However, movement can also become more difficult in the winter 

for bison when snow accumulation, is high which could lead to relative decreases in 

space use (Krasińska et al. 2000). Understanding the ecological features of bison spatial 

patterns is important for their conservation, but the influence of anthropogenic 

characteristics must also be considered.  

Following their near extinction, ranching, agriculture and urbanization fragmented 

the former range of bison. Though bison populations are increasing in number, land-use 

conflict is likely to constrain their spatial patterns. When unrestricted, bison are 

seasonally migratory and can travel as far as 240 km between habitats (Meagher 1986) 

which could require an estimated 2,000 km2 or more of continuous space (Sanderson et 

al. 2008). The effect of fences on the space use of captive herds is illustrated by their 

correlation with reserve size (Kohl et al. 2013a). Vehicles and other human presences 

have also been documented to increase daily movements of bison when disturbances 

were frequent (Fortin and Andruskiw 2003). However, studies of bison spatial patterns 

often focus on either captive bison or free-range bison but seldom compare the impacts of 

management type on the extent of space use or selection of habitat. An assessment of 

bison spatial patterns across these management types and over a variety of landscape 
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features is necessary to further our understanding of the abiotic, biotic, and anthropogenic 

influences of space and resource use. 

Study Areas 

In order to address the multitude of influences on bison space use, it was 

necessary to acquire location data from herds with a diversity of local environmental 

characteristics and management restrictions. This study examined five bison conservation 

herds which occurred in four distinct ecoregions spanning approximately 1,600 km of a 

north-south latitudinal gradient. These were comprised of two free-range and three 

captive herds, including the fenced Texas State Bison Herd at Caprock Canyon State Park 

in Texas, Medano-Zapata Ranch at San Luis Valley in Colorado, and the American 

Prairie Reserve in Montana, as well as the free-ranging Henry Mountains and Book Cliffs 

bison herds in Utah. The ecoregions included Southwestern Tablelands (Caprock 

Canyon), Northwestern Great Plains (American Prairie Reserve), Colorado Plateau (Book 

Cliffs and Henry Mountains), and Arizona/New Mexico Plateau (Medano-Zapata Ranch; 

Omernik 1987) 

Caprock Canyons, TX  Captive 

The Texas State Bison Herd (34˚26’N, 101˚3’W; Figure 1.1) at Caprock Canyon 

State Park was established with 36 bison descended from five wild bison captured in the 

1880s and currently consists of approximately 150 individuals which are managed by the 

Texas Parks and Wildlife Department. They occupy a completely fenced pasture 

encompassing about 44.5 km2 in north-central Texas. Since these individuals have not 
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been crossed with other bison herds, some consider this to be remnants of a unique 

Southern Plains bison subspecies. Although the herd has suffered from severe inbreeding 

and were previously crossed with cattle, genetic analysis suggests these bison hold a 

mitochondrial type separate from plains (B. b. bison) or wood bison (B. b. athabascae) 

but there has been no formal recognition of this distinction (Halbert et al. 2004). Though 

habitat was historically comprised of short and tall grasses, woody vegetation is 

encroaching the native vegetation (McAnally 2018). There are no large predators present 

and the bison are vaccinated annually (Halbert et al. 2005). 

San Luis Valley, CO Captive 

The Medano-Zapata Ranch bison herd located in the San Luis Valley of south-

central Colorado (37˚39’N, 105˚35’W; Figure 1.1) is privately managed by The Nature 

Conservancy and is surrounded by public lands including Baca National Wildlife Refuge 

and Great Sand Dunes National Park and Preserve. It was established in 1986 for meat 

production with source animals from ranches in Montana and purchased by The Nature 

Conservancy in 1999 to be managed as a conservation herd. The herd is currently 

maintained at a lower population size than it was for production in order to promote 

species diversity and reduce grazing pressure, however the density of the herd is still 

fairly high with approximately 1,500 bison occurring within the 153 km2 fenced 

boundary. The bison are managed through annual round-ups which remove half of the 

yearling males and some mixed age females. The landscape is comprised primarily of 

shrublands, sand sheets and salt flats with adjacent wetlands and desert (Schoenecker et 

al. 2015). This area does not support predators capable of affecting adult bison, but calves 
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may be susceptible to coyotes (Schoenecker et al. 2015). Genetic analysis indicates cattle 

gene introgression in this population (Schoenecker et al. 2015). 

American Prairie Reserve, MT Captive 

The American Prairie Reserve bison herd in the Upper Missouri River Breaks of 

Montana (47˚45’N, 107˚41’W; Figure 1.1) was established in 2005 with 16 bison from 

Wind Cave National Park on less than 0.5 km2 of land. Additional individuals from 

Broken Kettle Grassland Preserve in Iowa and Elk Island National Park in Alberta were 

added intermittently until 2014 (Austin and Kunkel 2015). Today nearly 860 animals 

occupy about 1,616 km2 of deeded and leased properties stewarded by the American 

Prairie Reserve (Freese et al. 2017). The herd is currently disease free and genetically 

pure (Austin and Kunkel 2015). The area does not currently support major predators. The 

major habitat type of the region are sage-steppe and mixed grass prairie (Kunkel et al. 

2005). To control population growth in order to ensure grazing sustainability, bison have 

been regularly translocated to other herds beginning in 2008. Hunting at APR began in 

2018 to simulate natural predation by targeting specific age classes, totaling six 

individuals  (2018a). 

Henry Mountains, UT Free-range 

 The Henry Mountains bison herd is located in southern Utah (38˚5’N, 110˚50’W; 

Figure 1.1) and was established with 18 individuals (3 males and 15 females) in 1941 

from Yellowstone National Park. The herd established near the release site on the San 

Rafael Desert, but dispersing animals necessitated an addition of 5 bulls the next year. 
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There have been no additional introductions since. Following the capture and vaccination 

of the herd in 1963 against brucellosis, the bison dispersed south into the Henry 

Mountains where they have remained ever since (Jeffrey et al. 2007). There are currently 

about 325 bison in the Henry Mountains which occupy approximately 1,250 km2 

(Ranglack and du Toit 2015) of public land managed by the Utah Department of Wildlife 

Resources. Public hunting of this herd began in 1950 and is located primarily on public 

land managed by the Bureau of Land Management and Utah Department of Wildlife 

Resources. The terrain is characterized by deserts, canyons, and mesas with elevations 

between 1,500-3,540 m. Habitat composition ranges from arid to subalpine (Koons et al. 

2017) which correlates with elevation, typically containing pinyon-juniper woodlands in 

the lower areas and higher areas establishing coniferous forest and aspen parkland (Van 

Vuren 1979). Cougars and coyotes occur in the Henry Mountains and are known to 

predate on bison but are not a considerable threat. Although occasional dispersing wolves 

are expected from neighboring states, they are not anticipated to establish in this area 

(Jeffrey et al. 2007). 

Book Cliffs, UT Free-range 

 The Book Cliffs (BC) are located in eastern Utah (39˚23’N, 109˚30’W; Figure 

1.1). The herd was established in 2008 on public land managed by the Utah Department 

of Wildlife Resources with 15 bison from Ute Tribe, which were originally sourced from 

National Bison Range, and supplemented with 71 additional individuals from the Henry 

Mountains between 2009 and 2010. This herd regularly mixes with the neighboring Ute 
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Tribal herd which is introgressed with cattle genes, but the Book Cliffs are estimated to 

consist of approximately 200 animals excluding animals in the Ute herd (Bates and 

Hersey 2016). The Book Cliffs herd is considered to be free of diseases. Hunting began 

in 2012 with a total harvest of 35 bulls and 5 cows to date. The total area available to the 

herd, including tribal land, is 5,665 km2 (Bates and Hersey 2016). Although predators are 

not currently present in the Book Cliffs, one study predicts dispersing wolves from the 

Greater Yellowstone Ecosystem have the potential to colonize and thrive in this area if 

tolerated (Switalski et al. 2002). Habitat characteristics of the Book Cliffs are similar to 

the Henry Mountains with a gradient of arid biotic communities at lower elevations to 

sub-alpine at higher elevations, including conifer and aspen forests (Sexton et al. 2006).  

Objective 

The objectives of this study were to evaluate the variations in bison space use and habitat 

selection between free-range and captive bison occurring over a gradient of ecological 

characteristics within their historic range. Although environmental factors vary between 

each of the herds, this analysis aims to identify factors which are universally important to 

bison in addition to understanding how both management and the landscape contribute to 

variations in spatial patterns. Assessment of space use will involve calculating the sizes 

of home range and foraging patches for individuals from each herd and modeling their 

relationship to local ecological variables. Habitat preferences will be analyzed using 

resource selection functions. 
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Chapter 2: Seasonal space use patterns of American bison across multiple 

management regimes 

ROBERT RITSON,1 Department of Biology, University of Nebraska-Kearney, 2401 11th 

Avenue, Kearney, NE 68845, USA  

NATE BICKFORD, Department of Biology, University of Nebraska-Kearney, 2401 11th 

Avenue, Kearney, NE 68845, USA 

DUSTIN H. RANGLACK, Department of Biology, University of Nebraska-Kearney, 

2401 11th Avenue, Kearney, NE 68845, USA  

ABSTRACT Plains bison (Bison bison) were spared from numerical extinction but have 

been considered by some to be ecologically extinct, partially due to spatial restrictions in 

their former range. In order to understand how management and local environmental 

conditions influence space-use patterns, we calculated home range using autocorrelated 

kernel density estimators (95% UD) and foraging patch size with first-passage time at 

three temporal scales (annual, growing, and non-growing seasons) for two free-ranging 

and three captive bison herds. Management and seasonal differences in home range and 

foraging patch sizes were determined using Kruskal-Wallis tests and Wilcox pairwise 

comparison of medians. The influence of landscape characteristics were modeled for each 

spatial scale using generalized linear mixed models. Free-range bison had significantly 

larger home ranges across seasons than the captive bison (p<0.05), but no significant 

differences were apparent for first-passage time. Mean precipitation significantly 

explained variations in home range size across seasons (p<0.05), but distance to roads 
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was the most important factor annually (β=-7.33, p<0.05), reserve size was most 

important during the growing season (β=3.55, p<0.05) and ruggedness was most 

important during the non-growing season (β=-9.42, p<0.05). First-passage time variations 

were explained better by herd than landscape patterns. Our results suggest that fences 

may prevent bison from using the landscape seasonally, which could have ecological 

consequences for this historically nomadic herbivore. Although sociopolitical realities 

currently prevent bison restoration at a continental scale, increasing the amount of space 

available to bison where possible has the potential to replicate previous ecological 

processes. Further research is necessary to evaluate the influence of local environmental 

conditions on seasonality of bison space-use. 

Key words: autocorrelated kernel density estimation, Bison bison, first-passage time, 

home range, seasonality, space-use 

Introduction 

American plains bison (Bison bison) were once the most numerous large vertebrate in 

North America. By the turn of the 20th Century, their estimated population of over 30 

million individuals dwindled to ~1,000 from the collective impacts of overhunting and 

habitat loss (Bates and Hersey 2016). Though conservation efforts ultimately prevented 

the numerical extinction of bison, lack of space remains one barrier to their restoration 

(Freese et al. 2007; Sanderson et al. 2008). While there are over half a million bison alive 

in the United States today, fewer than 2% exist outside of commercial production and are 

generally relegated to small, isolated herds (Freese et al. 2007; Sanderson et al. 2008; 
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Gates et al. 2010). Intensive management of bison distributions over the past 100 years 

has obscured the underlying temporal and ecological influences of their spatial patterns 

(Freese et al. 2007; Sanderson et al. 2008). Although current management practices 

enabled bison to persist into the present day, today’s management regimes may induce 

divergent patterns of space use.  

When unencumbered by management restrictions, ecological and evolutionary 

characteristics are expected to be the primary influence of bison space use. Population 

attributes like density (Van Vuren 1983; Fortin et al. 2009; Merkle, Cherry, et al. 2015), 

social and individual tendencies (Daleszczyk 2007; Merkle et al. 2014; Merkle, Sigaud, 

et al. 2015; Sigaud et al. 2017), and predation risk (Laundré et al. 2001; Hernández and 

Laundré 2005; Harvey and Fortin 2013) can affect distributions and foraging decisions at 

localized scales. However, broader space use patterns tend to be influenced by abiotic 

and biotic landscape features. Biotic characteristics such as vegetation productivity 

fluctuate with temperature, water availability, and other seasonal changes which 

influence space use of bison (Steuter et al. 1995; Fortin et al. 2002; Dancose et al. 2011; 

Bergmann et al. 2015; Ranglack and du Toit 2015b). Bison movement can also be 

affected by abiotic attributes like terrain. Since bison coevolved with these environmental 

factors, they are expected to be consistent in the face of disturbances. Bison prefer to 

graze areas with abundant and high quality forage which leads to frequent shifts to new 

sites (Frank et al. 2016; Merkle et al. 2016). Although topography is sometimes related to 

forage quality (Van Vuren 2001), frequent extreme changes (i.e. ruggedness) can affect 

the ability of animals to efficiently move through the landscape (Sappington et al. 2007). 



16 
 

While certain features like steep slopes are avoided throughout the year (Van Vuren 

1983, Steenweg et al. 2016) others may be influenced by season such as preference for 

aspect with low snow accumulation during the winter and areas close to water when 

temperatures are warm (Van Vuren 2001). Landcover type may also affect bison space 

use including avoidance of dense over-story canopy cover given their reliance on grasses 

(Kohl et al. 2013; Ranglack and du Toit 2015a; Schoenecker et al. 2015). While biotic 

and abiotic environmental components are strong drivers of bison spatial patterns, 

anthropogenic influences could manipulate these relationships.  

Based on their body mass, bison should have the largest spatial requirements of 

any North American mammal (Ofstad et al. 2016), yet they are among the most 

geographically restricted due to current management regimes (Gates et al. 2010). More 

than half of bison herds managed for conservation are confined to fenced pastures 

encompassing areas less than 16 km2, which is ~80 times smaller than the expected 

minimum space use of free-range bison (Bailey 2013). Anthropogenic restrictions like 

this render bison incapable of responding to seasonal changes in landscape 

characteristics, including shifts in forage productivity (Merkle et al. 2016), resulting in 

increasingly intensive use of existing patches (Frank et al. 2016). Movement and diet 

patterns of European bison (Bison bonasus) are impacted by similar practices such as 

supplemental feeding (Kowalczyk et al. 2011; Ramos et al. 2016) and other human 

disturbances, including settlements and roads (Kuemmerle et al. 2018). Bison are also 

known to increase their daily movements when disturbed by humans  (Fortin and 

Andruskiw 2003). At worst, bison may be induced to fall into ecological traps resulting 
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from human alterations (Sigaud et al. 2017). Multiple landscape factors influence bison 

space use but their relative strengths may differ across seasons and management types. 

Accounting for management restrictions and temporal variations in landscape 

features is necessary to understand the influences of bison spatial patterns. Although 

European bison space use has been assessed across multiple herds (Kuemmerle et al. 

2018), no such investigation has yet been made for American bison. The objective of our 

study was to examine the seasonal spatial patterns of five bison herds at multiple scales 

under different management regimes, including two free-ranging and three captive herds 

of varying numerical and spatial size. To assess total space use, we calculated annual and 

seasonal home ranges for individuals within each herd and used first-passage time (FPT) 

analysis to determine fine scale space use (i.e. foraging patch). We also examined the 

influence of local ecological characteristics on these spatial patterns. We expected home 

ranges of intensively managed captive bison to be smaller than those of free-range bison 

but anticipated FPT to be smaller when local conditions supported higher forage 

productivity. Space use at each scale was also predicted to be highest during the most 

limiting season for each herd.  

Study Area 

The five bison conservation herds we assessed included the Henry Mountains (HM) in 

southern Utah (38˚5’N, 110˚50’W), Book Cliffs (BC) in eastern Utah (39˚23’N, 

109˚30’W), American Prairie Reserve (APR) in northern Montana (47˚45’N, 107˚41’W), 

Medano-Zapata Ranch (MZR) in southern Colorado (37˚39’N, 105˚35’W), and the Texas 
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State Bison Herd (TSBH) at Caprock Canyons State Park in northern Texas (34˚26’N, 

101˚3’W; Figure 1.1). The amount of space available to each herd varied between 13-

1,250 km2 and total population sizes ranged from 150-1,500 bison (Table 1.1). The HM 

and BC bison are considered to be free-ranging, as there are no boundary fences 

restricting their movements (Bates and Hersey 2016; Ranglack and du Toit 2016). The 

remaining herds undergo more intensive management, including fenced pastures, round-

ups, and regular vaccinations (Halbert et al. 2005; Kohl et al. 2013; Schoenecker et al. 

2015). While restricted to single contiguous pastures throughout the year at both MZR 

and TSBH, APR bison occurred in five separate pastures ranging in size from 13-114 

km2 (Table 1.1). The highest average temperatures are experienced by TSBH at Caprock 

Canyons while the lowest mean temperatures are found at APR. The HM bison 

experience on average the lowest precipitation and highest elevations of the herds we 

looked at while TSBH experienced the highest precipitation and lowest elevations overall 

(Table 1.2). 

Methods 

Location data was collected from GPS (n= 59) and VHF (MZR only, n=14) collared 

bison between the years 2005-2018 (Table 1.1). The locations were collected daily for 

GPS collars at intervals ranging from 1-13 hours over a period of at least 3 months while 

VHF collar locations were only recorded 1-3 times per week over a single month. All 

location data were transformed to UTM coordinates prior to analyses and screened to 

remove outlying points. For captive bison, outlying points were defined as locations 

which occurred outside of their fenced pastures. If an individual was transferred to a new 
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pasture within a particular season, only the area where the majority of points were 

recorded was considered. For free-range bison, locations which occurred close to 

settlements or other areas known to be unused by the herds were considered outliers.  

We defined the growing season for each study area by calculating the average day 

measurable photosynthesis, as indicated by normalized difference vegetation index 

(NDVI), began and ended using the zonal statistics tool in ArcMap 10.6.1 (2018). The 

remainder of the year was designated as the non-growing season (Table 1.2). The bison 

with VHF collars were only included in annual home range calculations since the data 

were insufficient for seasonal home range assessment and inappropriate for FPT analysis. 

For bison with GPS collars, we defined the annual period as at least 10 months of 

regularly collected location data over a single year while those collected within the 

locally defined designations were used to identify seasonal space use. Individuals with 

multiple years of data were included as separate observations to supplement sample size. 

Spatial Calculations 

 Individual home ranges were estimated using autocorrelated kernel density 

estimates (AKDE) following the methods of Fleming and Calabrese (2017) with the 

‘ctmm’ package in R version 3.5.1 (RStudio Team 2016; Fleming and Calabrese 2018). 

This relatively new development for assessing animal home ranges accounts for the 

inherent autocorrelation structure of relocation data by fitting continuous time movement 

models to estimate space use, giving this method improved accuracy over traditional 

techniques (Fleming et al. 2018; Noonan et al. 2019). This approach relaxes assumptions 
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of independence and enables a greater comparability of individuals with different 

location sampling schedules than standard kernel density estimators. Our AKDE’s were 

specified to incorporate smooth error distributions, area-corrected estimates of model fit 

(Fleming and Calabrese 2017), and defined a target probability error of 0.001 using a 

95% utilization distribution. 

 First-passage time was estimated following the methods of Fauchald and Tverra 

(2003) and conducted using the R package ‘adehabitatLT’ (Calenge 2006). Prior to 

calculations, the movement path of each bison was interpolated with additional locations 

every 500 m to remove spatial bias. Our assessment considered circles of radii between 

50 to 150,000 m at 100-m intervals. The variance of log-transformed first-passage times 

were then calculated for each individual. The radius of the circle corresponding with the 

maximum variance was considered to be the approximate area which the bison perceived 

a foraging patch (Fauchald and Tveraa 2003; Kohl et al. 2013). We reported this area in 

km2 to facilitate comparison with the individual’s home range size. 

 We evaluated 10 ecological covariates as potentially influencing home range and 

foraging patch size for bison, including precipitation, elevation, ruggedness (Sappington 

et al. 2007), time integrated and amplitude of NDVI (2018), distance and density of 

roads, distance and density of water, and percentage of overhead canopy cover (Table 

1.3). NDVI amplitude is the maximum increase from the baseline NDVI, and time 

integrated NDVI accounts for photosynthetic activity across the entire growing season 

(2018). Since many individuals had GPS data for multiple years, we used averaged NDVI 
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values across the years 2001-2015. Distance from roads and water was calculated using 

Euclidean distance, and density of roads and water was calculated using line density in 

ArcMap 10.6.1 from TIGER line features (United States Census Bureau 2018). 

Ruggedness was calculated using the Vector Ruggedness Measure (VRM) tool in 

ArcMap 10.6.1 following the methods of Sappington et al. (2007). The mean value for 

each covariate was extracted for each home range using zonal statistics in ArcMap 10.6.1 

and R version 3.5.1 (RStudio Team 2016).   

Statistical Analyses 

 We assessed differences of home range and foraging patch sizes between free-

range and captive herds within each season as well as seasonal differences within each 

management type using nonparametric Kruskal-Wallis tests in R version 3.5.1 (RStudio 

Team 2016). This test was used instead of a one-way ANOVA due to violation of 

normality and equal variance assumptions. Significance was defined a priori as α=0.05 

for each comparison. Medians were compared using Wilcox pairwise comparisons test 

with a correction factor for multiple comparisons (Benjamini and Hochberg 1995).  

We then examined how ecological covariates influenced the sizes of home ranges 

and foraging patches using generalized linear mixed models with gamma errors using log 

link functions. Gamma distributed errors were used as measures of home range and FPT 

contained skewed and non-negative continuous values (Anderson et al. 2012), while the 

log link functions accounted for their expected asymptotic responses to landscape 

characteristics (McCullagh and Nelder 1991). This also prevented negative estimates for 
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space usage in model predictions. The fixed effects contained the mean values for the 

covariates precipitation, elevation, ruggedness, NDVI, road proximity, linear water 

proximity, and canopy cover. To control for the effect of local variations and 

management, we included study area as random effect. We modeled home range size and 

first-passage time separately for each individual season. In order to scale our comparisons 

on the effect of environmental characteristics on space use, we standardized all covariate 

values by taking the difference from the mean and dividing by twice the standard 

deviation before the analysis (Gelman 2008). We also accounted for potential nonlinear 

relationships by fitting pseudothreshold functional forms using natural log transformation 

(Franklin et al. 2000) and quadratic functional forms using square transformation.  

We followed a multi-tiered approach to model selection to reduce the number of 

competing models (Burnham and Anderson 2002). For the first tier, we created univariate 

models to evaluate the most explanatory functional forms for each covariate and ranked 

using Akaike’s Information Criterion corrected for small samples (AICc). As road, water, 

and NDVI were each represented by two landscape covariates, their model functional 

forms were ranked against each other in order to select the best version of the variable. 

Pearson’s correlation coefficients were calculated for each covariate to ensure candidate 

models only included combinations of variables which were not collinear (<|0.6|). For the 

second tier, we combined all covariates from models within 2 AICc units of the top 

ranked models in the first tier for each covariate in all possible combinations, while 

accounting for collinearity, to determine the best overall model. The best overall model in 

second tier was evaluated for uninformative parameters (Arnold 2010). This was repeated 
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for each season for both home range and foraging patch, totaling six overall models. We 

used the functions ‘glmer’ in package ‘lme4’ (Bates et al. 2015) to create our generalized 

linear mixed effects models and ‘dredge’ in package ‘MuMIn’ (Barton 2018) for 

selecting the top models.  

Results 

Home Range 

A total of 224 home ranges were calculated, including 57 annual ranges, 84 

during the growing season, and 83 during the non-growing season (Table 1.4). The free-

range bison had larger home ranges than captive individuals across all seasons (Figure 

1.2). Only the free-range bison displayed significant changes in home range size between 

seasons, using larger areas in the growing than non-growing season (Figure 1.2). Though 

captive bison tended to use more space in the non-growing season, the relationship was 

not significant (Figure 1.2). Overall, total space use of captive bison appeared to be 

consistent with the amount of space available (Table 1.4).  

From the generalized linear mixed models, the top model for annual home ranges 

included, in order of relative importance, average distance from roads, mean 

precipitation, and mean percentage of canopy cover (AICc=658.2, wt.=0.95, Table 1.5). 

Increasing distance from roads and percentage of canopy cover tended to decrease annual 

home range size but seemed to be maximized when mean precipitation was about 283 

mm (Figure 1.3). The top model for growing season home ranges included reserve size, 

mean precipitation, and average landscape ruggedness (AICc=1026.2, wt.=0.44, Table 
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1.5). Home range sizes during the growing season tended to increase with reserve size 

and ruggedness, but decreased with mean precipitation (Figure 1.3). The top model 

during the non-growing season included average landscape ruggedness, mean 

precipitation, and mean percentage of overhead canopy cover (AICc=1064.6, wt.=0.58, 

Table 1.5). Non-growing season home ranges tended to increase with ruggedness and 

decrease with canopy cover, but was maximized when mean precipitation was about 333 

mm (Figure 1.3). Annual and growing season home range models each included 

anthropogenic landscape features while the non-growing season home range models did 

not (Table 1.5, Figure 1.3).  

First-Passage Time 

A total of 210 foraging patches were calculated from first-passage times, 

including 43 annual patch sizes, 84 during the growing season, and 83 during the non-

growing season (Table 1.6). Although the free-range bison tended to have slightly larger 

foraging patches than captive bison there were no statistical differences (p=0.39 for 

growing season, p=0.9 for non-growing season; Figure 1.2). Foraging patches also tended 

to be smallest during the growing season on average for both free-range and captive bison 

but these differences were also not significant (Figure 1.2). Overall, the area of captive 

bison foraging patches tended to be similar to their pasture size (Figure 1.2).  

There was no distinguishable relationship between annual or non-growing 

foraging patches and landscape characteristics given the high ranking of the null models 

during model selection (ΔAICc<2; Table 1.7). Similar to the home range model, growing 
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season patch size was best predicted by average landscape ruggedness and mean 

precipitation in order of relative importance (AICc=640.6, wt.=0.363). Foraging patch 

size appeared to be maximized when average landscape ruggedness was 0.616 on a scale 

from 0-1 and mean precipitation was 408 mm (Figure 1.4).  

Discussion 

Our comparison of free-range and captive bison spatial patterns indicates fences may 

have a larger influence on their space use than local environmental characteristics, 

manifested by the lack of seasonal variations in space-use. Local characteristics of 

movement and selection are generally emphasized as major influences of bison spatial 

distributions (Fortin 2003; Dancose et al. 2011; Merkle et al. 2014; Merkle, Cherry, et al. 

2015; Merkle, Sigaud, et al. 2015; Raynor et al. 2017), but understanding the emergent 

properties of these patterns across the modern landscape is important for bison 

conservation. Only recently has research begun to address the incompatibility of small 

scale management for ungulates with large spatial requirements (Meisingset et al. 2018). 

Our models of home range suggest anthropogenic features heavily impact bison home 

range sizes. The amount of space available to bison in the study areas we examined was 

the most important explanatory factor for the size of growing season home ranges. 

Overall, free-ranging bison used nearly 40 times more space than captive bison during the 

equivalent season while space use of captive bison predictably concurred with their 

pasture size (i.e., available space). We also found that proximity to roads significantly 

described trends in annual home ranges. Space use tended to be greater in areas closer to 

roads on average, which may be related to frequent human disturbances leading to 
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increased bison movement rates (Fortin and Andruskiw 2003). However, due to the large 

portion of the bison sampled for these models coming from the Henry Mountains, 

interpretation should proceed with caution.  

Our estimates of annual home range reflected those of wood bison (Bison bison 

athabascae) in Canada which averaged 1,240 km2 (Larter and Gates 1994). However, the 

same study attributed decreased forage availability to larger home range sizes. As forage 

tends to become scarcer during the winter, it is expected that space use would increase 

during the non-growing season. Surprisingly, we found that free-range plains bison 

actually used more space during the growing season than the non-growing season, at least 

those in the Henry Mountains. While no significant differences were detected in the 

captive bison or the free-ranging Book Cliffs bison, the remaining four herds did tend to 

have larger non-growing season home ranges. It is worth noting though that the average 

non-growing season home range of American Prairie Reserve bison may have been larger 

due to transfer of individuals to new pasture during this time which would expand their 

typical available space (Table 1.3; Figure 1.3). Regardless, increased space use through 

seasons with limited resources has also been noted in the free-ranging bison of Prince 

Albert National Park in Canada, which had a winter range of 693 km2 and summer range 

of 140 km2 (Merkle, Cherry, et al. 2015). A similar trend has also been identified in 

European bison but found that periods of deep snow actually saw contractions in total 

space used (Krasińska et al. 2000). Snow can decrease mobility and reduce search 

efficiency of foragers (Courant and Fortin 2012), which could explain its negative effect 

on home ranges. Similarly, we found that mean precipitation was significantly related to 
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home range size across all seasons (Figure 1.4). While landscape ruggedness also 

influences mobility (Frair et al. 2005), the amount of space bison used in this study 

actually tended to increase when terrain was rougher. This could be related to individuals 

circumventing obstacles rather than expending energy traversing them.  

It is well established that large ungulates use space at multiple spatial scales 

(Anderson et al. 2005; van Beest et al. 2010; Northrup et al. 2016) including bison (Fortin 

et al. 2003). In our study, free-range bison tended to have first-passage times nearly twice 

that of captive bison across seasons on average, however, there was considerable 

variation within herds and none of the observed differences were statistically significant 

(Table 1.5; Figure 1.2), suggesting bison may use similarly sized foraging patches 

regardless of local ecological characteristics. Nonetheless, captive bison seemed to use 

foraging patches approaching or exceeding that of their home range estimates (Figure 

1.2), a pattern also detected in previous studies (Williams, A.C. Dechen Quinn, et al. 

2012). Kohl et al. (2013) suggested that the similarity between summer FPT and pasture 

size supported the need to manage bison at a larger spatial scale. While these patterns 

could be an artifact of large grazers being confined to fixed areas, FPT of domestic cattle 

was detected to be consistently  smaller than the total pasture extent (Kohl et al. 2013; 

Larson-Praplan et al. 2015). However, we only focused on the absolute maximum 

variance in FPT to calculate size of foraging patches, but several individuals did appear 

to have two peaks in variance which would indicate a multi-scaled area-restricted search 

(Le Corre et al. 2008; Pinaud 2008). This may explain the relatively small FPT values at 

the Medano-Zapata Ranch (Table 1.6), which could be the focus of future work. 
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However, a study with roe deer (Capreolus capreolus) suggests that the first identified 

patch size in multi-patch detection tended to be the most heavily used (Le Corre et al. 

2008). It is possible that MZR differences in FPT could be related to their relatively high 

population density positively influencing intense use at foraging patches (Courant and 

Fortin 2012). 

Though our findings and previous studies suggest free-range bison vary their 

space use temporally at the scale of home range, we found little statistical support for this 

pattern at the foraging patch scale. However, we did see a slight increase in foraging 

patch size during the non-growing season relative to the growing season (Figure 1.2). 

Although we are not the first to attempt modeling FPT as a function of environmental 

variables (Cleveland et al. 2012; Williams, A. Dechen Quinn, et al. 2012; Williams, A.C. 

Dechen Quinn, et al. 2012; Byrne et al. 2014; Henry et al. 2016), the patterns of bison 

FPT we detected tended to be explained best by the random effect on study area as 

opposed to particular landscape factors during the annual and non-growing seasons. The 

high AICc value of the null model, which contained only the random effect of study area 

to model FPT, indicated that the fixed effects of the ecological covariates were no better 

than random at explaining the observed patterns during these seasons (∆AICc<2). Our 

top-ranked model for growing season FPT was better than random and suggested a 

nonlinear relationship between foraging patch size and the fixed effects of average 

landscape ruggedness and mean precipitation, but had a relatively low model weight. 

However, the values for the ecological covariates we used in the FPT models were 
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calculated at the home range scale which may explain their poor fit. Future studies should 

investigate these patterns using finer scale habitat characteristics.  

Despite the strides made in the last century to conserve bison, practices deemed 

necessary to prevent their extinction may have actually removed essential spatial 

components of their evolutionary history and contributed to their possible ecological 

extinction (Freese et al. 2007; Sanderson et al. 2008). The vast extents required by bison 

necessitates a landscape approach to their conservation (Gates et al. 2010). Although 

restoring their influence to the entirety of North America is not viable, nor are small scale 

efforts less important, our findings indicate that future efforts may need to allocate more 

space for bison conservation (Knapp et al. 1999; Sanderson et al. 2008). We suggest that 

sufficient space could positively contribute to the long-term success of bison and may not 

be at odds with minimizing conflict with humans on public land (Ranglack and du Toit 

2016). Further investigations into encouraging temporally relevant bison spatial patterns 

within the limitations of current land uses is an essential step forward in bison 

conservation.  

Management Implications 

Our multi-scale assessment of bison spatio-temporal patterns suggest that fencing may 

inhibit bison from responding to seasonal landscape variations. While sociopolitical 

influences preclude bison from returning to their entire historic range and population 

levels, more space may be necessary to replicate ecologically beneficial behaviors. As 

innately intensive grazers, bison have a natural tendency to move frequently to avoid 
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overgrazing patches. This work can be used by managers to help identify spatial extents 

for future bison restoration which allow for temporal variations in space use.  
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Tables 

Table 1.1. Summary of characteristics for each bison herd assessed in this study. This 

includes type of management, approximate area of the reserve, estimated total population, 

number of individuals analyzed from each herd, the years during which data was 

collected, and the fix-rate interval for GPS relocations.  

Herd Type 
Reserve Size* 

(km2) 

Population 

Size 

Sample 

Size 
Years 

GPS  

Fix-Rate 

(hours) 

Henry 

Mountains 
Free-range 1250 325 25 2011-2014 6 

Book 

Cliffs 
Free-range 5665 200 2 2014 6 

American 

Prairie 

Reserve 

Captive 13-114a 860 10 2012-2017 2 & 13b 

Medano-

Zapata 

Ranch 

Captive 153 1500 16c 2005-2007 1 

Caprock 

Canyons 
Captive 44.5 150 4 2015-2018 2 

*  Reserve size for the free-range herds are approximated by the area of their management 

unit, but they are free to move beyond these boundaries. Although American Prairie 

Reserve owns over 1616 km2, these properties are not yet contiguous, restricting portions 

of their herd to variously sized pastures. 

a Bison were in different pastures during different years, so amount of available space 

varied 

b Some of the bison had GPS collars set to different sampling schedules 

c Sample included 2 individuals with GPS and 14 with VHF collars 
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Table 1.2. Summary of habitat characteristics for each of the bison herds we assessed. 

This includes average maximum and minimum temperatures, mean precipitation and 

elevation, as well as average day the growing season started and ended according to 

measures of NDVI. 

Herd 

Mean 

Temperature 

(˚C) 

Mean 

Precipitation 

(cm) 

Mean 

Elevation 

(m) 

Growing Season 

Max Min Start End 

Henry 

Mountains 
21.4 2.2 14.4 2,500 14 Mar 5 Oct 

Book Cliffs 19.2 0.1 16.0 1,600 13 Apr 4 Nov 

American 

Prairie 

Reserve 

12.4 -1.1 48.3 930 27 Mar 31 Oct 

Medano-

Zapata Ranch 
14.3 -1.1 28.2 2,300 6 May 23 Nov 

Caprock 

Canyons 
24.4 9.0 55.0 745 12 May 19 Nov 
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Table 1.3. Landscape characteristics and functional forms used for models of home range 

size and first-passage time.  

Raster Layer Functional Forms Description 
Resolution 

(m) 
Units 

Precipitation1 

Linear, 

pseudothreshold, 

quadratic 

30 year average 

measured precipitation 
800 Millimeters 

Elevation2 

Linear, 

pseudothreshold, 

quadratic 

Digital elevation 

model 
30 Meters 

Ruggedness2 

Linear, 

pseudothreshold, 

quadratic 

Vector ruggedness 

measure (Sappington 

et al 2007) 

30 index 

Canopy Cover3 

Linear, 

pseudothreshold, 

quadratic 

Percentage of upper 

canopy cover 
30 Percent 

Roads4             

(distance & density) 

Linear, 

pseudothreshold 

Euclidean distance & 

Line density 
30 

Meters & 

Kilometer per 

square kilometer 

Water4              

(distance & density) 

Linear, 

pseudothreshold, 

quadratic 

Euclidean distance & 

Line density 
30 

Meters & 

Kilometer per 

square kilometer 

NDVI5           

(amplitude & time 

integrated) 

Linear, 

pseudothreshold, 

quadratic 

Average amplitude & 

time integrated NDVI 
250 Index 

1 PRISM Climate Group, Oregon State University, http://prism.oregonstate.edu, created 4 Feb 

2004. 

2 U.S. Geologic Survey: https://viewer.nationalmap.gov/advanced-viewer/  

3 Multi-Resolution Land Characteristics Consortium- National Land Cover Database: 

https://www.mrlc.gov/nlcd11_data.php 

4 U.S. Census Bureau: https://www.census.gov/geo/maps-data/data/tiger-line.html 

5 U.S. Geologic Survey: https://doi.org//10.5066/F7PC30G1.  

https://doi.org/10.5066/F7PC30G1
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Table 1.4. Summary of mean home range sizes for each during each season across the 

study areas. N indicates the number of bison home ranges calculated for each study area. 

The only bison herd which showed a significant difference in home range size between 

seasons was the Henry Mountains, which also had the largest sample size and is free-

range. Available space and home range size are reported in square kilometers. 

Study 

Area 

Available  

Space  

Annual Growing Non-growing 

N HR (±SE) N HR (±SE) N HR (±SE) 

Henry 

Mountains 1250 25 
1204.36 

(±96.50) 
57 

1270.36 

(±56.67) 
47 

823.37 

(±79.38) 

Book 

Cliffs 
5665 2 

467.91 

(±169.09) 
3 

267.28 

(±57.08) 
3 

690.17 

(±89.22) 

American 

Prairie 

Reserve 

114 10 
109.05 

(±23.95) 
14 

117.10 

(±21.47) 
22 

353.61 

(±142.25) 

Medano-

Zapata 

Ranch 

153 16 
143.78 

(±5.95) 
2 

107.09 

(±4.94) 
2 

183.66 

(±25.04) 

Caprock 

Canyons 
44.5 4 

32.01 

(±3.29) 
8 

31.87 

(±3.61) 
9 

25.92 

(±2.94) 

All 1445.3* 57 
601.04 

(±83.37) 
84 

896.68 

(±71.10) 
83 

525.84 

(±60.09) 
 *Average space available to the herds 
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Table 1.5. Top bison home range models for each season. Ecological covariates are 

ranked by their significance as measured by the absolute value of their β coefficient 

estimates. P-values of covariates less than 0.05 were considered to be statistically 

significant (bolded). Coefficients with ‘ln()’ were natural log transformed for the model 

(psuedothreshold functional form) and those with ‘2’ were square transformed (quadratic 

functional form). 

Season/Models Intercept β SE p 

Annual 4.947  1.590 0.002 

Road Distance  -7.329 1.699 <0.001 

Canopy Cover  -1.182 0.320 <0.001 

Canopy Cover2  0.162 0.137 0.238 

Precipitation  -0.622 0.211 0.003 

Precipitation2  -2.231 0.632 <0.001 

Growing 6.183  0.679 <0.001 

ln(Reserve Size)  3.550 0.200 <0.001 

ln(Precipitation)  -1.230 0.100 <0.001 

Ruggedness  0.877 0.235 <0.001 

Non-growing 2.692  2.040 0.187 

Ruggedness  -9.418 2.211 <0.001 

Precipitation  -0.017 0.302 0.955 

Precipitation 2  -2.771 0.646 <0.001 

ln(Canopy Cover)  -1.113 0.171 <0.001 
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Table 1.6. Summary of mean radii at maximum variance in first-passage time during each 

season across study areas. N indicates the number of bison home ranges calculated for 

each study area. None of the seasonal FPT comparisons were significant. Available space 

and FPT are reported in square kilometers. 

Study 

Area 

Available  

Space  

Annual Growing Non-growing 

N 
FPT 

(±SE) 
N 

FPT 

(±SE) 
N 

FPT 

(±SE) 

Henry 

Mountains 
1250 25 

203.73 

(±93.61) 
57 

101.08 

(±63.17) 
47 

202.54 

(±58.16) 

Book 

Cliffs 
5665 2 

143.83 

(±124.9

7) 

3 
93.02 

(±68.34) 
3 

154.91 

(±86.09) 

American 

Prairie 

Reserve 

114 10 
155.68 

(±95.96) 
14 

68.43 

(±30.76) 
22 

109.56 

(±35.99) 

Medano-

Zapata 

Ranch 

153 2 
0.95 

(±0) 
2 

0.48 

(±0.47) 
2 

0.48 

(±0.47) 

Caprock 

Canyons 
44.5 4 

49.11 

(±48.16) 
8 

24.52 

(±22.77) 
9 

43.22 

(±18.86) 

All 1445.3* 43 
165.96 

(±59.03) 
84 

85.67 

(±43.23) 
83 

150.70 

(±34.89) 

* Average space available to the herds 
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Table 1.7. Top bison first-passage time models for each season. Both annual and non-

growing season models are ‘NA’ because the proximity of the null model (∆AICc<2) to 

the top ranked model indicates none of the covariates were explanatory. The ecological 

covariates for the growing season model are ranked by their significance as measured by 

the absolute value of their β coefficient estimates. P-values of covariates less than 0.05 

were considered to be statistically significant (bolded). Coefficients with ‘2’ were square 

transformed (quadratic functional form). 

Season/Models Intercept β SE p 

Annual NA NA NA NA 

Growing 7.196  0.724 <0.001 

Ruggedness  -6.159 1.042 <0.001 

Ruggedness2  -13.644 2.873 <0.001 

Precipitation  2.575 0.838 0.002 

Precipitation2  -2.636 0.778 <0.001 

Non-growing NA NA NA NA 
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Figures 

 

Figure 1.1. Map of the herd locations we assessed for this study. The yellow pin indicates 

American Prairie Reserve, green is the Book Cliffs, blue is the Henry Mountains, red is 

Medano-Zapata Ranch, and purple is the Texas State Bison Herd. 
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Figure 1.2. Mean home range size and first-passage times for each management type 

within each season. Free-range bison (HM and BC) had larger home ranges than captive 

herds (APR, MZR, CC) within each season and had significantly larger home ranges 

during the growing season than non-growing season (p<0.05). Although first-passage 

time tended to be larger for free-range herds within each season and greatest during the 

non-growing season for each management type, none of the comparisons were significant 

(p>0.05).  
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Figure 1.3. Home range sizes were estimated with the top ranked model for each season 

using simulated values for each ecological correlate while the remaining covariates were 

held at their means. The black line indicates the home range prediction at each simulated 

covariate value and the gray ribbons represent the 95% confidence intervals (of the 

predictions. All simulated values were derived within the range of the measured values. 
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Figure 1.4. Estimated foraging patch size as indicated by first-passage time during the 

growing season using the top ranked model with simulated values for each ecological 

correlate. The black line indicates the first-passage time prediction at each simulated 

covariate value and the gray ribbons represent the 95% confidence intervals of the 

predictions. All simulated values were derived within the range of the measured values. 
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Chapter 3: Terrestrial castaway as a competing hypothesis to the refugee concept: 

an example using American bison habitat selection   

Robert Ritson,1* Nate Bickford1, Dustin H. Ranglack1  

1Department of Biology, University of Nebraska-Kearney, 2401 11th Avenue, Kearney, NE 

68845, USA  

Abstract: The establishment of multiple bison (Bison bison) conservation herds across 

their former range offers a unique natural experiment to assess the relative importance of 

management constraints and habitat suitability on their future restoration. Despite their 

broad niche, fencing may offer a barrier to bison resource selection. Differences in 

selection patterns may indicate a fundamental lack of suitability, as explained by the 

refugee species concept, while a high level of agreement could suggest barriers 

themselves are more limiting to their long-term survival, which we term “terrestrial 

castaways.” We propose testing these competing hypotheses by assessing patterns of 

habitat selection between separate herds. We used resource selection functions (RSFs) to 

compare the preferences of bison in five different conservation herds, including two free-

range and three fenced herds, occurring over an ecological gradient of their prior range, 

to assess the relative importance of eight continuous measures of biotic (NDVI and 

canopy cover), abiotic (elevation, ruggedness, slope, solar radiation, and water), and 

anthropogenic (roads) landscape characteristics. Bison generally preferred areas which 

had gentle slopes, higher elevations, greater vegetation productivity, were closer to linear 

water features, had lower intensity of solar radiation, sparse canopy cover, homogenous 

terrain, and were generally close to roads. However, the two free-range herds had notable 
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differences from the fenced herds. Bison in the Henry Mountains noticeably preferred to 

use areas farther from roads while those in the Book Cliffs selected areas with 

intermediate vegetation productivity. The overall high level of resource selection 

agreement between the herds suggest that bison may be a “terrestrial castaway” rather 

than “refugee species” which could indicate bison require more continuous instead of 

better quality habitat. This important distinction may help conservationists to prioritize 

potential bison restoration areas within their historic range. Future assessments can 

improve this framework by incorporating more detailed investigations of diet and fitness 

relative to spatial availability. 

Keywords: Bison bison, fencing, habitat preference, refugee species, resource selection 

function, terrestrial castaway 

Article impact statement: Comparing habitat preferences of spatially isolated bison herds 

may suggest factors limiting their conservation.  

Introduction 

The American plains bison (Bison bison) has a long history of conservation challenges. 

While overhunting nearly led to their extinction towards the end of the 19th Century, 

habitat loss has been an ongoing barrier to their restoration (Freese et al. 2007; Aune et 

al. 2017). Today, most of the range historically occupied by bison has been converted to 

either agriculture, urbanization, or reserved for livestock grazing (Sanderson et al. 2008; 

Gates et al. 2010). Despite their broad niche size (Plumb and McMullen 2018), many 

bison managed for conservation purposes are occupying areas considered to be the 
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periphery of their former range such as intermountain mixed-forest (Meagher 1973) and 

arid steppe ecosystems (Ranglack and du Toit 2015). The potential of these regions for 

decreased conflicts with humans makes them attractive locations for restoration due to 

the sociopolitical limitations (Freese et al. 2007; Gates et al. 2010), but whether such 

areas are optimal for their long-term recovery is not explicit. Ignoring habitat suitability 

of this once widely distributed species may be restricting them to environments which 

inhibit their fitness, putting them in danger of becoming a ‘refugee species’ and 

continuing their extinction risk (Kerley et al. 2012). Bison are particularly susceptible due 

to the anthropogenic influences of their range contraction (Sanderson et al. 2008) and the 

fact that the remaining wild herds were only found in remote areas away from humans 

(Meagher 1973). If disturbances are causing bison to take refuge from humans by 

choosing secluded habitats, those areas may not be have optimal resources for their long-

term survival.  

Currently, the best suggested approach to test the refugee species hypothesis is 

experimental species reintroductions into diverse habitats to discern which habitats result 

in higher overall fitness (Kerley et al. 2012). The presence of multiple bison conservation 

herds across their former range with known management histories offers a unique natural 

experiment following this framework. However, it remains unclear how management and 

environmental features interact to influence bison conservation. Given the spatial 

restrictions on bison (see Chapter 2), it is possible space itself, rather than habitat, has the 

greater influence on their conservation. We propose an alternate hypothesis to the refugee 

species concept (Kerley et al. 2012) in which a wide ranging species, such as bison, are 
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restricted to suitable habitats but of limited size and isolated from other populations, 

which negatively affects their conservation in the long-term. We are referring to this 

concept as “terrestrial castaways.”  

In order to test whether bison should be classified as a refugee species or 

terrestrial castaway, we put forth comparing habitat selection within different bison herds 

to investigate if variations in use are related to particular herds or overall ecological 

characteristics. Though we would expect bison habitat preferences to vary across local 

environmental conditions (Kuemmerle et al. 2018), management practices can artificially 

manipulate selection by either restricting or supplementing access to resources (Ramos et 

al. 2016). Previous studies of bison habitat selection indicate preferences for vegetation 

types consistent with forage quality (Ranglack and du Toit 2015; Schoenecker et al. 

2015) and tendency to avoid woody species (Allred et al. 2011). If a specific herd 

deviates from the expectations of past studies, then such habitat may be not be optimal 

and could suggest classification as a refugee. However, if habitat selection remains 

consistent across reintroduction sites, then isolation may have a stronger influence on 

their long-term conservation, suggesting a terrestrial castaway.   

Though an ideal experiment would survey multiple parameters of successful 

conservation (Kerley et al. 2012), comparing habitat use across multiple reintroduced 

herds is an important first step. Bison conservation herds are often compared with 

adjacent or co-occurring cattle (Van Vuren 1979; Fuhlendorf et al. 2010; Allred et al. 

2011; Kohl et al. 2013) but less frequently compared across their historic distribution 
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(Kuemmerle et al. 2018). Since there are so few ‘wild’ bison herds (Bates and Hersey 

2016), it is important to assess habitat selection patterns over a diversity of historically 

available habitat to account for ecological variations in addition to differences potentially 

related to management. Individually assessed herds do seem to have consistent patterns, 

such as variation in strength of resource selection across seasons (Ranglack and du Toit 

2015; Schoenecker et al. 2015; McAnally 2018) and between sexes (Berini and Badgley 

2017). However, herds which are more actively managed, such as those restricted by 

fencing, have ambiguous conservation value (Hayward et al. 2015) and may use 

resources differently (Lea et al. 2016). There have been no comparisons of habitat use 

between bison herds occupying different habitats in North America. Examining broad 

patterns in resource selection to identify whether bison are a refugee or terrestrial 

castaway can further conservation efforts by determining the factors which are most 

limiting to their restoration.  

The objective of this research was to assess the habitat selection patterns of five 

bison conservation herds occurring from northern Montana to northern Texas to ascertain 

if herd characteristics were more consistent with the expectations of a refugee species or 

a terrestrial castaway. We calculated resource selection functions (RSFs) for two free-

range bison herds and three captive herds with varying spatial availability. A high level 

of agreement in resource selection patterns across the herds was expected if bison 

conservation is taking place in suitable areas, which would support classification as a 

terrestrial castaway, while inconsistencies may indicate potentially suboptimal locations, 

suggesting a refugee species.  
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Methods 

Study Area and Data Collection 

We examined resource selection patterns for a total of 90 bison, including 47 from the 

Henry Mountains (HM) in south-central Utah (38˚5’N, 110˚50’W), 5 from the Book 

Cliffs (BC) in eastern Utah (39˚23’N, 109˚30’W), 17 at the American Prairie Reserve 

(APR) in northern Montana (47˚45’N, 107˚41’W), 16 at the Medano-Zapata Ranch 

(MZR) in the San Luis Valley of south-central Colorado (37˚39’N, 105˚35’W) , and 5 

from the Texas State Bison Herd at Caprock Canyons State Park (CC) in north-central 

Texas (34˚26’N, 101˚3’W; Table 2.1; Figure 2.1). Location data was collected between 

the years 2005-2018 using both GPS and VHF collars, however, VHF was only used at 

MZR. We calculated the extent of available space for the free-range herds (HM and BC) 

using 99% minimum convex polygons with the R package ‘adehabitatHR’ (Calenge 

2006) of all relocations within the study area and buffered it by median step-length of the 

observed individuals. The captive herds were considered to be completely bound by the 

pastures they occurred in, so available space was defined as their non-buffered fenced 

extent. As bison occasionally escaped or are transferred between pastures, we removed 

any locations which occurred outside the fenced extents.  

Landscape Characteristics 

We evaluated eight continuous landscape variables (Table 2.2) as potentially influencing 

bison habitat selection. Digital elevation models (DEM, U.S. National Map) were used to 

create the elevation, ruggedness, slope, and solar radiation rasters for each area. 
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Ruggedness was calculated following the methods of Sappington et al. (2007) with the 

Terrain Ruggedness (VRM) tool for ArcMap. Topographic slope (degrees) was 

calculated using the ‘raster’ package in program R (Hijmans 2018). Solar radiation was 

used as a proxy for aspect and calculated in R package ‘insol’ (Corripio 2019) by 

averaging solar insolation (J*m-2) during the spring equinox, summer solstice, fall 

equinox, and winter solstice for each study area. Distance to roads and water (m) rasters 

were developed from vector layers (TIGER) using the Euclidean distance tool with 

ArcMap 10.6.1 (ESRI 2018). We also acquired normalized difference vegetation index 

(NDVI) amplitude (USGS Remote Sensing Phenology) and canopy cover (National Land 

Cover Database) rasters for each study area.  

Resource Selection Functions 

We calculated third-order resource selection functions following a use-available 

framework (Johnson et al. 2006). The GPS locations collected from each herd were the 

used sample. We ran a simulation to identify the number of available points necessary in 

each study area to accurately represent the distribution of values for each landscape 

characteristic (Lowrey et al. 2017). The minimum ratio necessary to accurately represent 

the variation of each covariate on the landscape was defined and used for each herd. As 

such, we randomly generated available points within the extents of each study area at a 

1:5 ratio of used to available locations. The values of each landscape characteristic were 

then extracted for each point and standardized for each study area by subtracting it from 

the mean and dividing by twice the standard deviation (Gelman 2008). We calculated two 
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additional functional forms for each covariate to account for possible nonlinear 

relationships, including psuedothreshold using natural log transformation (Franklin et al. 

2000) and quadratic using square transformation.  

Our model selection approach followed a multi-tiered framework for reducing the 

number of competing models (Burnham and Anderson 2002). In the first tier, we 

evaluated univariate mixed-effect logistic regressions with a random effect for individual 

animal of each covariate to identify the most explanatory functional form ranked by 

Akaike’s Information Criterion (AICc). We then calculated Pearson’s correlation 

coefficients for each covariate to ensure candidate models only included combinations of 

variables which were not collinear (<|0.6|). In the second tier, we combined all covariates 

in the first tier which were within 5 AICc units of the top ranked models in all possible 

combinations, with consideration for collinearity, in order to find the best overall model. 

We then evaluated the best models from the second tier for uninformative parameters 

(Arnold 2010). This was completed for each herd, totaling five herd-specific best models. 

We also created an additional pooled model which used the data from all five herds and 

included an additional random effect for study area following this multi-tiered approach. 

The packages ‘lme4’ (Bates et al. 2015) and ‘MuMIn’ (Barton 2018) were used to fit and 

select these models in RStudio version 3.5.1 (RStudio Team 2016). In order to compare 

the resource preferences between each herd-specific model and the pooled model, we 

looked at the relative selection strength for each landscape covariate and ranked relative 

importance of each covariate by the absolute magnitude of their beta-coefficient. 
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Results 

In total, 144,320 used points and 721,600 randomly generated available points were 

analyzed (Table 2.1). Overall, the topographical features (i.e., elevation, slope, 

ruggedness, and solar radiation) were the most variable at HM, while APR had the 

highest mean NDVI amplitude and CC had the highest average percentage of canopy 

cover (Table 2.1). Bison at HM used areas farther from roads on average while those at 

MZR were farthest from linear water on average (Table 2.1). 

In general, bison resource selection was fairly consistent across the landscape 

characteristics we assessed (Figures 6 and 7). Steep slopes and heterogeneous terrain 

were consistently avoided in all the study areas while higher elevations and close 

proximity to linear water was typically sought out (Figure 2.2 and 7). NDVI amplitude 

and ruggedness were the only covariates not included in all of the models due to 

collinearity (Table 2.3). Specifically at the HM, bison relative selection for proximity to 

water was minimized at ~1,200 m, after which selection strength began to increase, while 

farther distances from roads and open canopy cover were steadily preferred (Figure 2.2). 

These preferences seemed to generally agree with the pooled model, except for roads 

which had higher relative selection strength for farther distances from roads. NDVI 

amplitude was not modeled for HM as it was collinear with elevation. Higher elevations 

were preferred by bison at HM but selection strength appeared to be maximized at ~3,000 

m, while lower levels of solar radiation were preferred, minimizing at ~2.0e8 J*m-2, 

however, gentle slopes and low terrain ruggedness were preferred consistently (Figure 

2.3). Preference for these covariates generally agreed with the pooled model. At BC, 
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bison preferred areas further than 1,500 m from water, but preferred to be close to roads. 

Selection for NDVI amplitude was greatest at the index value of 20 for BC, while open 

canopy cover was steadily preferred. The pooled model tended to predict greater 

selection for these variables, but was fairly consistent for canopy cover (Figure 2.2). 

Selection for elevation at BC was maximized at ~2,200 m and solar radiation at ~1.6e8 

J*m-2, while lower values for slope and ruggedness were generally preferred (Figure 2.3). 

These preferences were generally consistent with the pooled model, except for solar 

radiation which tended to be overestimated relative to the herd model.  

However, the captive herds (APR, MZR, and CC) seemed to be more similar in 

their resource selection patterns to each other than the free-rang herds mentioned above 

(HM and BC). APR bison preferred to be close to water and roads, as well as in areas 

with open canopies, but preferred for areas with high NDVI amplitude (Figure 2.2). 

While NDVI preference agreed with the pooled model, the other covariates tended to be 

overestimated relative to the herd models. Preference for slope and solar radiation were 

maximized at ~5˚ and ~2.2e8 J*m-2 respectively, while elevation preference was 

minimized at ~775 m (Figure 2.3). Ruggedness preference was not significantly predicted 

at APR. Slope preference was slightly overestimated and elevation preference slightly 

underestimated in the pooled model relative to the herd model while solar radiation 

predictions were dissimilar (Figure 2.3). At MZR, selection for proximity to water was 

predicted to be minimized at ~3,500 m, while closer distances to roads and higher values 

of NDVI were preferred (Figure 2.2). Selection for canopy cover was not significantly 

predicted. Preference for distance to water agreed with the pooled model, while selection 



62 
 

for proximity to roads and NDVI amplitude were generally overestimated (Figure 2.2). 

Selection for elevation at MZR was maximized at ~2,320 m, while gentle slopes and 

higher values of solar radiation were preferred, however ruggedness preference was not 

modeled as it was collinear with slope (Figure 2.3). Elevation and slope predictions 

generally agreed with the pooled model but tended to be overestimated relative to the 

herd models while solar radiation estimates were entirely dissimilar (Figure 2.3). Finally, 

at CC close proximity to both water and roads were preferred, while selection for NDVI 

amplitude was minimized at an index of ~12, and preference for canopy cover increased 

slightly at higher percentages of density (Figure 2.2). Selection for distance to water and 

roads were generally overestimated in the pooled model and underestimated for NDVI 

amplitude. Preference of canopy cover density at CC was dissimilar from the pooled 

model (Figure 2.2). Elevation preference was maximized at ~850 m, while lower values 

of slope and ruggedness were selected at CC, but higher values of solar radiation tended 

to be preferred (Figure 2.3). Slope predictions agreed with the pooled model however 

preference for elevation and ruggedness tended to be overestimated while predictions for 

solar radiation were dissimilar (Figure 2.3). 

All of the covariates fit in the pooled model were significant (p<0.05), but the 

most important were slope and elevation while the weakest predictor was road distance 

(Table 2.3). It seems captive bison tended to prefer more productive areas while BC bison 

seemed to select intermediate productivity as indicated by NDVI amplitude. Interestingly, 

HM bison preference for farther distances from roads was entirely opposite of the 

remaining four herds (Figure 2.2). Also, most of the herds selected for sparse canopy 
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cover while bison at CC seemed to slightly prefer denser canopies. In general, the pooled 

model seemed to agree the most with HM selection strengths across the covariates 

Discussion 

We compared the resource selection between each bison conservation herd to a pooled 

model of all the data in order to assess similarities in habitat preferences across local 

ecological conditions. The amount of consistency in selection between herds may 

indicate whether bison are ‘refugees’ in suboptimal habitat or simply ‘terrestrial 

castaways’ isolated to small tracts of suitable habitat. Our results appear to suggest the 

latter, given the relatively high degree of agreement in resource selection patterns 

between the herds we examined. Particularly, topographic features were used very 

similarly across the study areas regardless of habitat type or available space. Steep slopes 

and heterogeneous terrain ruggedness are expected to reduce landscape permeability 

which explains the tendency of bison to avoid such areas. Their generally high selection 

for areas with greater NDVI, lower density of canopy cover, and increased elevations 

may be related to their preference for productive vegetation (Allred et al. 2011; Merkle et 

al. 2015). This has been previously found to be the case in other studies of bison resource 

selection which also suggest a tendency for preferring productive habitats (Kohl et al. 

2013; Ranglack and du Toit 2015; Schoenecker et al. 2015). Given a sufficient space, 

free-range herbivores may actually track forage quality during vegetation maturation to 

maximize their energy consumption (Merkle et al. 2016). However, there were some 

minor differences in habitat selection between the herds. 
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The preference of the free-range HM bison for farther distances from roads 

suggests the possibility of a different influence on this particular herd, as the others 

tended to select areas closer to roads. Since bison at HM generally have a greater capacity 

to move than the fenced herds, the observed dissimilarities may be due in part to their 

greater spatial availability, allowing them to move farther from roads in general. 

However, it is more likely due to the fact that HM bison have received greater annual 

hunting pressure (Ranglack and du Toit 2016) than the remaining herds which have been 

hunted for only a short period of time (BC and APR; Bates and Hersey 2016, Austin et al. 

2017) or not at all (MZR and CC). Elk (Cervus canadensis) have been previously found 

to avoid motorize routes during hunting seasons compared to the summer season 

(Ranglack et al. 2017). Although, proximity to roads can also be confounded by their 

tendency to follow water courses and natural topography (Bruggeman et al. 2006; 

Bruggeman et al. 2007). While it may be an important explanation of the differences in 

bison habitat selection between herds, we do not believe road proximity selection to be 

useful in distinguishing refugee species from terrestrial castaways. There was also a 

marked difference in their selection for solar radiation. Captive bison preferred higher 

levels of solar radiation than free-range bison, consistent with south and west aspect 

preference for fenced bison and north and east aspect preference in the Henry Mountains. 

Previous studies of the HM bison also detected a propensity for foraging on north facing 

slopes, relative to cattle, which was attributed to the relative proximity of water to these 

locations (Van Vuren 1979). Aspect preference was inconsistent in a previous assessment 

of resource selection at APR (Kohl et al. 2013). Since preferences for this habitat 
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characteristic are inconsistent in the literature and may vary across seasons, we also do 

not consider it helpful for identifying suitable areas for bison.  

The overall resource selection similarities we detected between bison herds across 

their former range suggests they do not fit the definition of refugee species (Kerley et al. 

2012) but rather what we term a ‘terrestrial castaway.’ That is, current bison habitat 

appears suitable and individuals tend to prefer similar environmental characteristics, 

which may be explained by their broad niche and adaptability (Plumb and McMullen 

2018). The differences we observed appear to be a function of management influences 

such as fences and hunting rather than landscape features. Spatial limitations of available 

habitat within their highly fragmented former range is widely regarded as a major barrier 

to bison conservation (Sanderson et al. 2008; Gates et al. 2010; Aune et al. 2017). The 

isolation of these herds is similar to that of island species, which are constrained by a 

fixed amount of space and genetic diversity (Frankham 2003). However, instead of 

oceans, bison conservation herds are separated by sociopolitical restrictions. We believe 

that framing the restoration challenges of bison as a castaway species can help to improve 

their management. By thinking of bison as terrestrial castaways, strategies such as 

improving connectivity between herds become more apparent in their ability to both 

minimize conflict with humans and encourage genetic diversity (Gates et al. 2010). While 

identifying areas suitable for future bison herds is an important long-term goal 

(Sanderson et al. 2008), maintaining connections between current herds may be a more 

immediate concern.  
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This research shifts the focus away from improving habitat quality of bison to 

simply increasing connectivity of existing habitat. The historically large ecological niche 

and historical range bison once occupied suggests their adaptability and potential 

resilience (Gunderson 2000). By taking advantage of these characteristics, managers can 

improve the conservation future of bison while minimizing the conflicts which are 

responsible for their current isolation. Our ‘terrestrial castaway’ concept may also be 

useful for other species at risk which are strongly limited by sociopolitical influences but 

ecologically adaptable. 
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Table 2.2. Landscape variables evaluated in resource selection functions, including the 

source and analysis tool (if derived from another layer). 

Variable Units Resolution Source/Tool 

Elevation Meters 30 meters US National Map (DEM) 

Vector Ruggedness Measure Index 30 meters DEM/Terrain Ruggedness (VRM)a 

Road distance Meters 30 meters TIGER/Euclidean distancea 

Water distance Meters 30 meters TIGER/Euclidean distancea 

NDVI Amplitude Index 250 meters USGS Phenology 

Canopy Cover Percent 30 meters National Land Cover Database 

Slope Degrees 30 meters DEM/‘raster’ packageb 

Solar Radiation 
Joules per 

square meter 
30 meters DEM/‘insol’ packageb 

a ArcMap 10.6.1 

 b RStudio version 3.5.1 
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Table 2.3. Coefficient estimates for landscape covariates of bison resource selection 

functions in the American west. Bolded beta coefficients indicate p-values less than 0.05 

and standard errors of estimates appear in parentheses below the coefficient. ‘NA’ 

indicate a covariate was not included in the top model.  

Covariates 

Study Areas 

Pooled 

Model 
Henry 

Mountains 

Book 

Cliffs 

American 

Prairie 

Reserve 

Medano-

Zapata 

Ranch 

Caprock 

Canyons 

Intercept -1.6457 

(±0.0098) 

-2.1187 

(±0.0553) 

-1.9108 

(±0.0684) 

-1.8017 

(±0.0228) 

-2.4351 

(±0.0279) 

-1.7181 

(±0.0235) 

Elevation 1.6486 

(±0.0141) 

-0.5119sq 

(±0.0150) 

0.1193 

(±0.0565) 

-0.8317sq 

(±0.0861) 

-0.5883 

(±0.0191) 

0.9116sq 

(±0.0315) 

0.3773 

(±0.0344) 

-0.6747sq 

(±0.0512) 

1.1772 

(±0.0301) 

-0.9942sq 

(±0.0345) 

0.8120 

(±0.0088) 

-0.6341sq 

(±0.0106) 

Ruggedness  -0.2784 

(±0.0184) 

0.0129sq 

(±0.0078) 

-0.8446ps 

(±0.0799) 

 

0.0084ps 

(±0.0203) 
NA 

-1.0545ps 

(±0.0384) 

-0.2750ps 

(±0.0091) 

Road distance 0.3338ps 

(±0.0096) 

-0.1446ps 

(±0.0311) 

-0.2565ps 

(±0.0117) 

-0.1864 

(±0.0269) 

-0.7202 

(±0.0217) 

-0.0135ps 

(±0.0056) 

Water distance -0.5103 

(±0.0109) 

0.2277sq 

(±0.0135) 

-0.0985 

(±0.0551) 

0.1937sq 

(±0.0556) 

-0.4009 

(±0.0186) 

-0.1178sq 

(±0.0239) 

-1.1091 

(±0.0440) 

0.8634sq 

(±0.0442) 

-0.5344ps 

(±0.0176) 

-0.5015 

(±0.0081) 

0.1605sq 

(±0.0101) 

NDVI Amplitude 

NA 

-0.2229 

(±0.0649) 

-0.8049sq 

(±0.1004) 

0.3164 

(±0.0195) 

0.1054sq 

(±0.0189) 

0.5784ps 

(±0.0280) 

0.8459 

(±0.0196) 

0.5096sq 

(±0.0139) 

0.6906 

(±0.0064) 

Canopy Cover 

 

-0.1538 

(±0.0210) 

-0.2244sq 

(±0.0206) 

-1.9777 

(±0.0720) 

-0.1073 

(±0.0339) 

-0.0058sq 

(±0.0059) 

-0.0544 

(±0.0311) 

0.0417ps 

(±0.0194) 

-0.4596 

(±0.0077) 

0.0207sq 

(±0.0010) 

Slope -1.2528 

(±0.0160) 

-0.7421sq 

(±0.0253) 

-2.1454 

(±0.1275) 

-0.7972sq 

(±0.2394) 

0.1469 

(±0.0282) 

-0.3781sq 

(±0.0259) 

-0.4302 

(±0.0458) 

0.0042sq 

(±0.0284) 

-2.2582 

(±0.0670) 

-0.0891sq 

(±0.1141) 

-1.0258 

(±0.0129) 

-0.1289sq 

(±0.0156) 

Solar Radiation 0.5914 

(±0.0184) 

0.3389sq 

(±0.1457) 

-0.3378 

(±0.1000) 

-0.2487sq 

(±0.1466) 

0.0537 

(±0.0157) 

-0.0291sq 

(±0.0136) 

0.0707 

(±0.0287) 

-0.0038sq 

(±0.0193) 

0.5911 

(±0.0503) 

-0.4509sq 

(±0.1067) 

0.4633 

(±0.0087) 

0.1324sq 

(±0.0084) 
ps Pseudothreshold, sq Quadratic  
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Figures 

 

Figure 2.1. Available extents of five bison herds across the American west. The extents 

of the free-range herds (Henry Mountains and Book Cliffs) herds are defined by 99% 

minimum convex polygons buffered by the median individual step lengths and were 

calculated using all of the individual locations for each herd. The extents of the captive 

herds (American Prairie Reserve, Medano-Zapata Ranch, and Caprock Canyons) are 

defined by their fenced pastures.   

 



77 
 

 

Figure 2.2. Predicted relative resource selection functions (RSF) of biotic and 

anthropogenic covariates by study area using the original values. ‘HM’ indicates the 

Henry Mountains, ‘BC’ is the Book Cliffs, ‘APR’ is American Prairie Reserve, ‘MZR’ is 

Medano-Zapata Ranch, ‘CC’ is Caprock Canyons, and ‘ALL’ indicates the pooled model. 

‘NA’ indicates a covariate was not included in the model for a herd and ‘NS’ indicates 

the covariate was included in the model but not a significant predictor (p<0.05). 
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Figure 2.3.  Predicted relative resource selection functions (RSF) of biotic and 

anthropogenic covariates by study area using the original values. ‘HM’ indicates the 

Henry Mountains, ‘BC’ is the Book Cliffs, ‘APR’ is American Prairie Reserve, ‘MZR’ is 

Medano-Zapata Ranch, ‘CC’ is Caprock Canyons, and ‘ALL’ indicates the pooled model.  

‘NA’ indicates a covariate was not included in the model for a herd and ‘NS’ indicates 

the covariate was included in the model but not a significant predictor (p<0.05). 
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Chapter 4: Summary 

 Despite the diversity of habitats once occupied by bison (Plumb and McMullen 

2018) and recommendations of landscape-level management for their conservation 

(Sanderson et al. 2008), there has been little emphasis on examining variations in bison 

spatial ecology across their former range, particularly between free-range and captive 

herds. This research contributes towards understanding the relative influences of both 

ecological conditions and management on bison space use patterns. In Chapter 2, I 

focused on how these influences affected the total area bison occupied (home range) and 

the extent of intensive space use (first-passage time) across seasons. At the home range 

scale, bison which were constrained by fences used significantly less space than 

individuals from free-ranging herds overall. While this finding was expected and appears 

intuitive, restrictions on bison movements could be influencing additional differences 

between these herds. We detected seasonal variation in the size of free-range bison home 

ranges, but not in captive bison, which suggests that management limitations may affect 

the ability of bison to respond to landscape changes and has possible consequences on 

their fitness. Temporal fluctuations in resource availability influence spatial 

requirements, especially in herbivores (Merkle et al. 2016). As the majority of bison exist 

in commercially raised herds (Bates and Hersey 2016), it is important that the few 

populations managed for the purposes of conservation maintain their suitability for 

achieving this goal. Preventing bison from altering their movements to suit ecological 

conditions may encourage maladaptive behaviors, which could decrease their value for 

future conservation efforts.  
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We did not detect temporal differences in foraging patch size as indicated by first-

passage time between herds or across seasons. This was surprising, aswe expected local 

vegetation productivity to have a greater impact on the amount of space necessary for 

bison to fulfill their energy requirements (Plumb et al. 2009; Raynor et al. 2016). 

However, this could be an innate characteristic of bison which allows them to be 

successful over their wide ecological niche. An interesting pattern we saw was the 

similarity of captive bison foraging patch sizes to their overall home range extent, a 

marked difference from free-range bison, which had home ranges at least four times 

greater than their foraging patch. This has ramifications for the potential number of 

foraging patches available to captive and free-range bison. It is possible that number 

rather than size of foraging patches could be related to ecological features, however, the 

fact that foraging patch size is similar to home range size only for captive bison is 

suggestive that this pattern is influenced mostly by their movement limitations. In the 

context of bison conservation, decreased access to foraging patches may discourage their 

natural feeding patterns and result in individuals less similar to their wild ancestors. 

Restricting the natural space use tendencies of bison could have cascading effects 

on their long-term conservation. While the physiological needs of captive bison are likely 

being fulfilled by the pastures they occur in (Kohl et al. 2013, Schoenecker et al. 2015), it 

may not be adequate for the large-scale biological interactions bison have as a keystone 

species (Knapp et al. 1999; Freese et al. 2007; Fuhlendorf et al. 2010). These results 

support previous recommendations for managing bison at a larger spatial scale by 

allocating more space for their conservation. Though the sociopolitical challenges of 
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bison conservation cannot be overlooked (Sanderson et al. 2008; Ranglack and du Toit 

2016), this work suggests that future areas for bison restorations which account for 

seasonal space use may address their ecological needs while necessarily reducing the 

potential for land use conflict. Future research can use this to identify a threshold of bison 

space use which minimizes conflict with humans but permits spatially relevant ecological 

interactions at a broader spatial scale. 

In Chapter 3, I examined patterns of bison resource selection across various 

habitats within their historic range under the hypothesis that differences in habitat 

preference attributable to ecological characteristics would indicate the possibility that 

bison were occupying suboptimal habitat (refugee species), while differences in habitat 

use that were related to management could suggest spatial isolation as a greater limiting 

factor (terrestrial castaway). I found considerable consistency in resource selection 

between the bison herds we examined despite the great variation in total available space 

and environmental characteristics. Considering my findings from Chapter 2 suggesting 

management limitations decrease bison space use, it makes sense that resource selection 

could also be influenced. Particularly, free-range herds seemed to prefer different road 

and NDVI characteristics. The unencumbered movement ability of free-range bison could 

enable their response to anthropogenic disturbance (Fortin and Andruskiw 2003) while 

captive individuals may be restrained from such responses. Continued restriction of 

natural responses to disturbance may lead to captive bison becoming desensitized to 

humans, a characteristic selected in commercially raised herds but maladaptive for bison 

conservation (Freese et al. 2007; Sanderson et al. 2008).  
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Free-range bison also seemed to select areas with vegetation productivity (NDVI) 

consistent with their grazing foraging strategy, while captive bison used areas with 

greater productivity than expected. Selection for intermediate NDVI is adaptive for bison 

because it maximizes their instantaneous intake of energy, but this necessitates intensive 

grazing and frequent movement to new foraging patches (Babin et al. 2011; Raynor et al. 

2017). Since constraints on captive bison movements possibly limit the number of 

available foraging patches, as suggested by my Chapter 2 findings, it makes sense that 

areas of higher vegetation productivity would be selected to fulfill their energy 

requirements. The observed differences in resource selection patterns seemed to be 

grouped by management characteristics rather than environmental features, which led to 

our classification of bison as terrestrial castaways as opposed to a refugee species. This 

suggests that spatial isolation is a greater issue for bison conservation than suitability of 

habitat and is complemented by our findings in Chapter 2, indicating differences in 

spatial patterns which could have negative impacts on adaptive behaviors in bison. 

 Overall, the variations we observed in spatial patterns of bison seemed most 

related to management constraints rather than ecological characteristics. The bison space 

use restrictions and inability to respond to temporal variations detected in Chapter 2 are 

likely to contribute to the differences in resource selection observed in Chapter 3. These 

findings suggest the possibility that limitations on bison movement might result in 

behaviors unsuitable for long-term evolutionary fitness, as well as capacity for ecological 

interactions, working against the conservation goals of these herds. However, the reality 

of current land use across their former range is a reminder that space is also the most 
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limiting factor for the long-term conservation of bison  (Aune et al. 2017). The limitation 

of management approaches (i.e., fencing) on bison space use suggests the need for a more 

spatially integrative approach to their conservation. Ensuring the continued value of bison 

conservation herds for their long-term viability as a species can be supported by 

allocating enough space for temporal variation in space use as well as promoting 

connectivity between existing herds. These strategies encourage the need for bison 

conservation to take place at a landscape scale instead of local management of isolated 

herds.  
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