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Mammals are imperiled worldwide, primarily from habitat loss or modification, and exhibit downward trends in their populations and distributions. Likewise, large-bodied herbivores have undergone a collapse in numbers and are at the highest extinction risk of all mammals. Bighorn sheep (Ovis canadensis) are among those large-bodied herbivores that possess a slow-paced life history, suffer from debilitating diseases, and have experienced range contractions across their historical distribution since the late 1800s. Translocations and reintroductions of these mountain ungulates are key aspects of restoration and often are used to re-establish populations in historical habitat or to supplement declining herds. Millions of US dollars and much effort by state and federal natural resource agencies, as well as public and private organizations, have been expended to restore bighorn sheep. Despite those efforts, translocated populations of bighorn sheep have not always been successful. We assessed restoration of bighorn sheep to provide insights in the context of conservation of populations of bighorn sheep, because this management tool is a frequently used to re-establish populations. We focused briefly on past efforts to restore bighorn sheep populations and followed with updates on the value of habitat enhancements, genetic issues, the importance of ecotypic or phenotypic adaptations when restoring populations, predation, and disease transmission. We also raised issues and posed questions that have potential to affect future decisions regarding the restoration of bighorn sheep. This information will help conservationists improve the success of conserving these iconic large mammals.
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1. Introduction

Mammals are imperiled worldwide (Bowyer et al., 2019). Rates of recent extinctions far exceed previous levels, constituting a conservation crisis for many species (Ceballos and Ehrlich, 2002; Ceballos et al., 2017). Indeed, numerous mammals exhibit downward trends in their populations and distributions (Schipper et al., 2008; Ceballos et al., 2017), which necessitate efforts to ensure their continued survival (Goble et al., 2012). Threat of extinction and body size are positively correlated (Purvis et al., 2000; Cardillo et al., 2005), and large mammals are especially vulnerable to threats to their existence. Loss, modification, and fragmentation of habitat pose the greatest threats to mammals worldwide (Wilcox and Murphy, 1985; Schipper et al., 2008), and such threats typically are driven by human population density or climate change, which present increasingly greater dangers to the continued existence of mammals (Vitousek et al., 1997; McKee et al., 2013; Bowyer et al., 2019).

Large herbivores have undergone a collapse in numbers worldwide (Figure 1 in Ripple et al., 2015), and are at the highest extinction risk of all mammals (Atwood et al., 2020). High risks of extinction among large herbivores also are related to intrinsic characteristics, including susceptibility to disease, limited geographic distributions, and a slow-paced life history typified by low adult mortality, iteroparity, small litter size, high maternal investment in large young, long generation times, and low intrinsic rates of increase (Caughley and Krebs, 1983; Davidson et al., 2017; Bowyer et al., 2019). Those life-history characteristics are linked with strong density-dependent processes in the dynamics of ungulate populations, and such populations are connected intrinsically with the habitats they occupy (Bowyer et al., 2014).
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FIGURE 1
 Historical (1850), at ostensibly the lowest extent of distribution (1960), and more recent distribution of bighorn sheep based on restoration of these ungulates in North America (Wild Sheep Foundation and WAFWA Wild Sheep Working Group, 2012).


Ungulates have experienced massive contractions in their distributions across North America (Laliberte and Ripple, 2004), and are undergoing elevated threats of extinction (Bowyer et al., 2019; Berger et al., 2020). Bighorn sheep (Ovis canadensis) are endemic to North America, are among the large-bodied ungulates that have experienced range contractions, and populations have declined considerably since the late 1800s (Buechner, 1960; Geist, 1971; Krausman, 2000; Figure 1). These ungulates are listed as least concern under The IUCN Red List of Threatened Species although some subspecies are endangered.1 Krausman (2000), and more recently Donovan et al. (2020), analyzed the status of many bighorn sheep populations in western North America. Restoration of populations has been an important tool for the conservation of bighorn sheep (Seddon, 2010; Taylor et al., 2017), but there is much to be learned from an examination of the overall circumstances leading to success or failure of efforts to conserve populations of these iconic large mammals.

Translocations and reintroductions (herein referred to as restoration), both key aspects of restoration, often are used to re-establish bighorn sheep in historical habitat or to supplement declining populations (Risenhoover et al., 1988; Roy and Irby, 1994; Singer et al., 2000a; Figure 2). Despite those efforts, translocations have not always been successful (Roy and Irby, 1994; Krausman, 2000; Singer et al., 2000b). Translocations and reintroductions, however, can be critically important to the restoration of bighorn sheep, particularly for endangered taxa or distinct population segments of those specialized mountain ungulates (Rubin et al., 1998; Ostermann et al., 2001; Cahn et al., 2011).
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FIGURE 2
 Examples of capturing bighorn sheep using a helicopter and a net gunner (top left) and a drop net (top right), as well as methods of releasing bighorn sheep after captures (bottom; Jessup et al., 2015).


Translocation has three forms: introduction, reintroduction, and restocking (IUCN, 1987). Hale and Koprowski (2018) refer to these as: (1) intended or unintended movement of an organism out of its native range; (2) intentional movement of an organism into native range from which it has been extirpated, and (3) movement of members of a species to augment the number of individuals in an original habitat. Whether in the context of introduction, reintroduction, or restocking, translocation has been, and remains, an essential component of wildlife management and conservation biology (Armstrong and Seddon, 2008; Seddon, 2010; Polak and Saltz, 2011), and is a positive step in restoring function to ecosystems of western North America, whether with bighorn sheep or other species (Kie et al., 2003; Bleich, 2020). Millions of US dollars and much effort by state and federal natural-resource agencies, as well as public and private organizations, have been expended to restore bighorn sheep to historical ranges (Krausman, 2000; Krausman et al., 2001; Hurley et al., 2015; Donovan et al., 2020).

Twenty-three years ago, Singer et al. (2000b) assessed factors associated with translocation success and provided recommendations for future translocations of bighorn sheep (Singer et al., 2000a). Herein, we conducted a review of translocation as a management tool for bighorn sheep with emphasis on new insights stemming from subsequent research, particularly regarding disease, evolutionary history, local adaptation, genetics, and climate change, as well as habitat considerations and the role of hunting.



2. Past success and habitat considerations

Bighorn sheep are endemic to North America. Suitable habitat extends from the northern Rocky Mountains in western Canada south through the western United States to northern Mexico (Buechner, 1960; Geist, 1971; Trefethen and Corbin, 1975; Valdez and Krausman, 1999; Figure 1). Bighorn sheep populations declined as human settlement expanded through much of their range; that downward trend in numbers began with the human settlement of vast, uninhabited areas (Grinnell, 1928; Buechner, 1960). Much attention has been accorded to unregulated market hunting and habitat loss, or modification, as causes of population declines (Grinnell, 1928; Buechner, 1960). Another, more onerous, factor that exacerbated declines was the introduction of livestock, primarily domestic sheep (O. aries), across much of the range of bighorn sheep (Buechner, 1960). As a result, naïve bighorn sheep populations were exposed to novel bacterial pathogens, resulting in epizootics of respiratory disease and depressed population performance (Grinnell, 1928; Skinner, 1928; Marsh, 1938), which may have begun during the late 1700s in some locations. Indeed, an ancient Kaliwa legend makes reference to a pestilence that destroyed many of the bighorn sheep in northern Baja California within a few years after Spanish padres arrived with their livestock (Tinker, 1978).

Cary (1911) provided additional evidence that disease was a factor in the early decline of bighorn sheep. Such declines were thought to have coincided with the advent of domestic livestock grazing on ranges occupied by bighorn sheep (Warren, 1910; Grinnell, 1928; Shillinger, 1937; Honess and Frost, 1942). Epizootics among native bighorn herds were reported in various locations following European settlement and establishment of domestic livestock grazing throughout the central and southern Rocky Mountains. Diseases, therefore, likely were the primary cause of decline among bighorn sheep populations across much of western North America (Beecham et al., 2007). Many native populations fell to <10% of historical numbers (Wild Sheep Working Group, 2012); as a result, bighorn sheep currently occur in far fewer locations and in fewer numbers than in the past (Figure 1). Despite an estimate of at least 1.5 million bighorn sheep occupying North America in 1850 (Seton, 1929), a number that was popularized by Buechner (1960), Valdez (1988) suggested that the number of wild sheep (O. canadensis and O. dalli combined) inhabiting North America probably never exceeded 500,000. Similarly, others have noted the absence of reliable historical population estimates and acknowledged that the number of wild sheep inhabiting North America in pristine times likely was in the hundreds of thousands (Wild Sheep Working Group, 2015). A combined total (Larkins, 2010; Sandoval et al., 2019) of about 81,000 bighorn sheep currently exist across the range of the species in Canada (~12,000), Mexico (~12,000), and the United States (~57,000).

Bighorn sheep occur largely in a metapopulation structure (Schwartz et al., 1986; Bleich et al., 1990a, 1996; Epps et al., 2006) and, as habitat specialists, are slow to colonize vacant habitat (Geist, 1971), although such events may occur more frequently than previously recognized (Bleich et al., 2021). The use of translocations to restore wild sheep to historical ranges began in 1922 with the capture of 20 Rocky Mountain bighorn sheep (O. c. canadensis) in Alberta, Canada, and release of 12 animals in Montana and eight animals in South Dakota. As of 2015 at least 1,460 additional projects have resulted in the translocation of ≥21,500 bighorn sheep in the United States and Canada (Wild Sheep Working Group, 2015; Figures 2–5). In the United States, states from which bighorn sheep had been extirpated—Nebraska, North Dakota, Oregon, South Dakota, Texas, and Washington—were completely dependent on the availability of translocation stock originating from outside of their jurisdictions.
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FIGURE 3
 Examples of historical restoration of Rocky Mountain (A) and California bighorn sheep (B) from Canadian provinces to states of the western United States (Wild Sheep Working Group, 2015).
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FIGURE 4
 Examples of historical interstate restoration of Rocky Mountain bighorn sheep in Colorado, United States (top), California bighorn sheep in Oregon, United States (middle), and desert bighorn sheep in Nevada, United States (bottom; Wild Sheep Working Group, 2015).
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FIGURE 5
 Currently occupied habitat of bighorn sheep populations in western North America with the number of restoration events (imported, exported, and moved within states and provinces).


Bighorn sheep formerly occurred in at least six Mexican states, but native populations remain only in Baja California, Baja California Sur, and Sonora (Valdez, 2011). Bighorn sheep occur in only 40% of their historical range in Baja California and Baja California Sur (DeForge et al., 1997). Elsewhere in Mexico, bighorn sheep have been re-established in historically occupied habitat in Sonora, Chihuahua, and Coahuila, and bighorn sheep in Mexico now number nearly 13,000 individuals (Sandoval et al., 2019; Brewer and McEnroe, 2020).

Bighorn sheep used to restore formerly occupied habitat in Mexico have originated largely from insular populations, captive populations, or from free-ranging populations on privately owned land (Sandoval et al., 2019). Mexico has a successful captive-breeding program, and current laws allow individual landowners to maintain facilities for the captive propagation of wildlife (Gonzalez-Rebeles Islas et al., 2019; Valdez, 2019). Economic considerations have been an important force driving those efforts, and they have occurred largely in the context of a demand for hunting opportunities for this iconic species (Lee, 2011; Gonzalez-Rebeles Islas et al., 2019). These efforts have resulted in establishment of ≥40 management areas in Sonora alone, with similar programs existing elsewhere in Mexico where the benefits to conservation are becoming widely recognized (Sandoval et al., 2019; Brewer and McEnroe, 2020).

Recovery of bighorn sheep throughout North America largely has been a function of successful programs, carried out by state or provincial wildlife agencies, to return those mountain ungulates to their historical ranges wherever possible. Most restoration efforts have involved the translocation of animals from existing, free-ranging populations to areas from which the species had been extirpated. Although uncommon, some successful restorations or augmentations have depended on captive populations to produce stock for translocation in Nebraska (Fairbanks et al., 1987), Texas (Hailey, 1971; Kilpatrick, 1980), New Mexico (Snyder, 1980), California (Ostermann et al., 2001), and perhaps other jurisdictions. There are, however, no commercial enterprises that breed bighorn sheep to be released in the wild. Regardless of the origin of translocation stock, recovery has restored an important biological component of many desert and alpine ecosystems. For example, in the most arid portions of the Mojave Desert in California, United States, bighorn sheep are the only large native herbivore present and serve as prey for native predators, including mountain lions (Puma concolor), bobcats (Lynx rufus), coyotes (Canis latrans), and golden eagles (Aquila chrysaetos; Ober, 1931; Wehausen, 1996; Bleich et al., 1997).

Among habitat characteristics shared throughout the distribution of bighorn sheep is their association with steep, rugged terrain, which plays a vital role in predator-evasion strategies and in survival of lambs (Berger, 1991; Bleich et al., 1997; Bleich, 1999; Schroeder et al., 2010). Additionally, openness of terrain and vegetation enhances the ability of bighorn sheep to detect predators (Berger, 1991; Bleich et al., 1997) and spend less time vigilant while foraging (Berger, 1978; Risenhoover and Bailey, 1985), with probable energetic benefits to individuals. Additionally, surface water (as well as condensation and as preformed water in forage) is a critically important resource for bighorn sheep occupying desert ecosystems in which those large mammals are unable to meet their physiological needs via metabolic water during the hot summer (Turner, 1973; Leslie and Douglas, 1979; Epps et al., 2004). The availability of water and vegetation, however, in historical range may not be suitable for reintroduction because the landscape and land use may have changed. There are four attributes of critical habitat for bighorn sheep: availability of surface water in desert ranges, vegetation composition or structure, isolation from diseases carried by domestic sheep, and rugged terrain. All of these attributes can be considered in selecting a translocation site but water, vegetation, and diseases are much more dynamic than terrain if the animals remain in the selected area. Despite this limitation, the potential for success of translocations can be enhanced by selecting areas with appropriately rugged terrain for translocations (Smith et al., 1991; Zeigenfuss et al., 2000), or by manipulating and emphasizing the importance of several other habitat features that are important to bighorn sheep (Smith et al., 1999; Bleich, 2009; Whiting et al., 2011a).

Seasonal differences in habitat selection between males and females are a consequence of differential distributions between sexes of bighorn across the landscape, resulting principally from modifications in digestive morphology and physiology (Barboza and Bowyer, 2000, 2001) and varying susceptibility to predation (Bleich et al., 1997) by the sexes—those differences have important implications for the conservation of bighorn sheep (Bowyer, 2022). Males and females exhibit disparate life-history patterns (Bleich et al., 1997; Schroeder et al., 2010; Whiting et al., 2010a,b), and the restoration of bighorn sheep to previously occupied ranges is complicated by these behavioral differences in their habitat requirements (Bleich et al., 1997; Villepique et al., 2015). Unfortunately, the differential selection of habitat by males and females during much of the year has not often been considered in translocation efforts but is necessary for successful restoration of these large mammals (Bowyer, 2022).


2.1. Benefits of water development

In the Chihuahuan, Sonoran, and Mojave deserts, and to a lesser extent in the Great Basin Desert, water development has been a prominent and widespread habitat-enhancement technique (Rosenstock et al., 1999; Bleich, 2009; Larsen et al., 2012) albeit, in some instances, a contentious activity, as bighorn sheep may not always rely on these features (Cain et al., 2008). That aside, water-development projects have played a critical role in managing habitat for extant populations and have been implemented widely to ensure the availability of that important resource prior to restoration efforts in desert ecosystems (Bleich, 2009; Whiting et al., 2011a).

Numerous techniques for providing surface water have been developed, ranging from enhancing storage of water flowing from natural springs, the use of horizontal wells to create surface water where it previously was unavailable, modification of natural water sources that previously were unavailable because bighorn sheep could not negotiate the near-vertical walls of tenajas (natural features that retain run-off water for long periods of time), the use of sand dams for underground storage, and construction of artificial catchments that trap and store rainfall in areas where no surface water previously existed (Bleich et al., 2020). Water developments can accomplish several objectives simultaneously, among which is provision of a resource without which bighorn sheep cannot persist. This is particularly important where water has become unavailable in desert environments because of anthropogenic activities that have resulted in shifts in the water table, or loss of free water resulting from a changing climate (Epps et al., 2004; Whiting et al., 2011a; Larsen et al., 2012).

Given the metapopulation structure of bighorn sheep in desert regions (Schwartz et al., 1986; Bleich et al., 1990a, 1996; Epps et al., 2007), enhancement of water availability also facilitates metapopulation processes, encourages colonization events, increases population size (albeit not necessarily population density), enhances gene flow among subpopulations, and increases the probability of individual survival during periods of drought (Bleich, 2009). As such, water provision has played a major role in translocation of desert bighorn sheep (O. c. nelsoni) to areas from which they had been extirpated and helps to ensure their persistence in currently occupied areas.

Early habitat-assessment models (Smith et al., 1991; Zeigenfuss et al., 2000) identified the need to consider availability of reliable water sources to existing populations, and prior to re-establishing bighorn sheep, particularly in deserts. Recent work has highlighted the need to consider water sources that will benefit males and females separately, because sexual segregation is a life-history characteristic of these ungulates (Bleich et al., 1997; Bowyer, 2004; Rubin and Bleich, 2005; Bleich, 2009; Schroeder et al., 2010). For example, in one re-established population, although female and male bighorn sheep used small, adjacent areas during segregation, the sexes still visited different sources of water (Whiting et al., 2010a). This information highlights the value of water sources in areas used by sexes regardless of the size of the area occupied by these animals. Whiting et al. (2010a) also reported that all water sources were within 3.2 km of 50% core areas used by either sex of re-established bighorn sheep. Use of that resource differed, however, according to the proximity of water to habitats used by males or females. Indeed, some sources of water were used rarely by either males or females during particular seasons (Whiting et al., 2010a; Larsen et al., 2012).



2.2. Vegetation management

In addition to maintaining or providing reliable sources of surface water, manipulation of vegetation often is desirable, and in some situations is necessary to enhance success of translocation efforts or ensure the persistence of populations. Numerous methods that are mechanical or biological in nature, as well as the application of prescribed fire, offer viable approaches (Green, 1977a,b; Bleich and Holl, 1982; Bleich et al., 2020). Prescribed burning is a tool for reducing fuels and restoring a process to landscapes that historically experienced fire, but that have been altered by decades of fire exclusion or fire suppression. Results from prescribed ignitions are dependent, however, on numerous variables, each of which can affect the final outcome (Stephens et al., 2009). Nevertheless, vegetation manipulation in the form of prescribed fire is widely recognized as an important method of enhancing forage quality or availability for bighorn sheep (Peek et al., 1979; Hobbs and Spowart, 1984; Seip and Bunnell, 1985;Smith et al., 1999; Clapp and Beck, 2016) and other large herbivores, or enhancing habitat quality indirectly by decreasing barriers to visibility (Risenhoover and Bailey, 1980; Smith et al., 1999). Vegetation management to enhance habitat quality is likely to be successful in those areas of the southwestern United States occupied by bighorn sheep and dominated by coastal chaparral, or by Madrean evergreen woodland, vegetation types in which shrub density increases, and forage quality declines with time elapsed since previous fire or other types of perturbation (Green, 1977a; Cain et al., 2005; Bleich et al., 2008; Holl et al., 2012). Vegetation types differ, but similar positive results have been obtained in areas occupied by Rocky Mountain bighorn sheep (Peek et al., 1979; Smith et al., 1999; Clapp and Beck, 2016).

Although the U.S. Forest Service has changed its policy from fire suppression to fire management (DeBruin, 1974), use of prescribed fire to enhance or maintain conditions suitable for restoring bighorn sheep is infrequent and, even when implemented, is limited in scope (Smith et al., 1999; Clapp and Beck, 2016). Further, the phenomenon of sexual segregation dictates that habitat requirements of male and female bighorn sheep be considered when implementing prescribed fire for habitat enhancement, and physical characteristics of the landscape have important implications for success (Bowyer, 2022). Regardless of the amount of ‘high-quality’ habitat created as a result of prescribed ignition, the relative increase in habitat possessing suitable physical or geological characteristics (e.g., steepness or ruggedness) will dictate the degree of benefit independently of any increase in forage availability, quality, or visibility (Holl, 1982). Further, many areas identified for reintroductions, even though occupied historically by bighorn sheep, likely have changed considerably since bighorn sheep were extirpated (Risenhoover et al., 1988), and decreases in suitability of habitat may have been subtle and likely not evaluated prior to translocations (Wakelyn, 1984; Wakelyn, 1987). Moreover, management of vegetation specifically to enhance bighorn sheep habitat has been severely constrained within legislated wilderness areas in the United States since the Wilderness Act was passed in 1964, and existing policy will continue to complicate such efforts (Bleich, 2005, 2016; Bleich et al., 2019).



2.3. Managing disease susceptibility

In addition to the physical or vegetational characteristics of sites to be considered, the potential for exposure to pathogens remains a key consideration. Disease, in addition to habitat quality, has primary consequences for conservation of wild sheep in North America (Bleich, 2009). Thus, the third aspect of bighorn sheep habitat that can be manipulated or managed prior to a restoration is the proximity of translocation sites to domestic sheep, whether on private or public lands. Bighorn sheep are especially vulnerable to Mycoplasma ovipneumoniae as an agent predisposing them to respiratory disease; Pasteurella multocida, Mannheimia haemolytica, and Bibersteinia trehalosi also occur widely among domestic sheep (Besser et al., 2013; Cassirer et al., 2013, 2018). As a result, even areas that are geologically or topographically suitable, provide vegetation characteristics that are adequate to meet predator-evasion strategies and nutritional requirements, and meet the physiological needs of bighorn sheep through the availability of reliable surface water, may be excluded from consideration because of the potential for pathogen transmission from domestic sheep.

Prudent and responsible stewardship dictates that the potential for pathogen transfer to bighorn sheep be a primary factor when considering restoration locations. Current guidelines caution strongly against implementing such actions where the probability of translocated animals coming into contact with domestic sheep does not approach zero, or where there is substantial uncertainty of the disease status of either source or recipient populations (Brewer et al., 2014; Jex et al., 2016). Efforts to restore native bighorn sheep to historical ranges that otherwise were suitable have been postponed, and even canceled, because of risks associated with the presence of, or proximity to, grazing of domestic sheep (Shannon et al., 2014). Until such risks are eliminated, proposed restoration efforts should be halted. While survival of desert bighorn sheep infected by M. ovipneumoniae has been observed to be higher when forage conditions are good (Dekelaita et al., 2020), the risks of allowing novel pathogen strains to enter a restored system likely outweigh the quality of the habitat.



2.4. Climate change and future habitat conditions

Climate change provides challenges for managing wildlife populations, and the need for climate-informed management of species, particularly in restoration of alpine specialists such as bighorn sheep, is now well-recognized (Gude et al., 2022). Studies have attempted to estimate effects of past and future climate variation on bighorn sheep, including both native and restored populations (Epps et al., 2004; Colchero et al., 2009). Nonetheless, a study investigating temporal mismatch between vegetation green-up and parturition date in Rocky Mountain bighorn sheep, an expected consequence of climate change, concluded that mismatch did not have major consequences for fitness (Renaud et al., 2022).

Changes in precipitation regimes across western North America may be more dramatic and less predictable than current conditions and could have major implications for management of both natural and artificial water sources (Dolan, 2006; Terry et al., 2022), snowpack and avalanche risk (Conner et al., 2018), forage quantity and quality (Epps et al., 2004), or metapopulation dynamics in desert systems (Epps et al., 2004, 2006). For instance, in Colorado, increased precipitation increased deposition of inorganic nitrogen, acidifying surface waters and potentially affecting the bottom of the food chain with consequences for bighorn sheep foraging (Williams et al., 2002). Increased variation in rainfall in Baja California Sur, Mexico, is expected to disrupt conservation of bighorn sheep and the associated hunting-based economy (Zamora-Maldonado et al., 2021); indeed, translocation of individuals might be necessary to sustain huntable populations under some climate conditions, although the long-term success of such an approach is questionable if nutrition limitations are the cause of the decline. Alternatively, Creech et al. (2020) considered vulnerability of desert bighorn sheep across a portion of their range with respect to climate change as a function of adaptive capacity (genetic diversity and connectivity) and predicted rates of environmental change. Some reintroduced populations ranked poorly in that assessment because of low genetic diversity caused by founder effects from translocations (Creech et al., 2020).

Across the range of bighorn sheep, managers of restored systems or those contemplating restoration would be well advised to consider habitat resources in a changing climate, and whether historically occupied but now unoccupied habitats would still support populations if restored (Wehausen and Epps, 2021). Likewise, climate change is a primary reason to maintain the ability of restored bighorn sheep to adapt by preserving genetic diversity and connectivity where not precluded by other considerations.




3. Genetic considerations

Efforts to restore bighorn sheep in North America during the 20th and 21st centuries exemplify the challenges posed by an incomplete understanding of their evolutionary histories. Two primary problems exist: first, when both local and regional extirpation of species have occurred, which potential source stocks are most evolutionarily and ecologically appropriate for restoration? Second, how can genetic diversity in translocated populations be maximized and maintained without precipitating outbreeding depression? Both questions warrant serious consideration and require a spatially detailed and correct assessment of the evolutionary history of extirpated and remaining populations. The second question also requires careful assessment of population history or genetic variation in remaining populations (Bleich et al., 2021).

Wild sheep colonized North America from Asia approximately 2 million years ago (Bunch et al., 2006; Rezaei et al., 2010), diverging subsequently into two species, bighorn sheep and Dall’s sheep. Subspecies designations remain unresolved, but specific divergence likely resulted from isolation of bighorn sheep in different refugia during the glacial cycles of the Pleistocene (Buchalski et al., 2016). Cowan (1940) recognized up to seven subspecies on the basis of morphology, but subsequent morphometric and genetic analyses indicated that all four desert subspecies (O. c. nelsoni, O. c. mexicana, O. c. cremnobates, and likely O. c. weemsi; although O. c. weemsi was not formally included in the analyses) should be synonymized and referred to taxonomically as O. c. nelsoni (Wehausen and Ramey, 1993). Specifically, PCA and discriminant function analyses of 17 skull and horn measurements from 198 rams and 145 ewes did not support clear distinction among those taxa, nor did RFLP analyses of mitochondrial DNA haplotypes (Ramey, 1993a,b). More recent genetic analyses, however, show some evidence for distinction of populations previously described as O. c. cremnobates (in part, although the lines of distinction differ somewhat from the estimation of Cowan, 1940) and O. c. mexicana from O. c. nelsoni (Buchalski et al., 2016). Sierra Nevada bighorn sheep represent a deeply divergent evolutionary lineage (Buchalski et al., 2016) and are now recognized as a distinct subspecies (O. c. sierrae; Wehausen and Ramey, 2000; Wehausen et al., 2005). Based on morphological analysis of horn and skull characters, Wehausen and Ramey (2000) proposed synonymizing Rocky Mountain and California (O. c. californiana), as well as the extinct O. c. auduboni, as O. c. canadensis. Wildlife agencies in North America, however, mostly continue to manage bighorn sheep from those lineages separately, and microsatellite analysis of populations in British Columbia, Washington, Oregon, and Idaho showed clear distinction by lineage (Barbosa et al., 2021).

Bighorn sheep in the northwestern U.S. and southwestern Canada pose a particular management challenge. Bighorn sheep were extirpated from Oregon, Washington, southeastern Idaho, and northwestern Nevada by the first one-half of the 20th century (Buechner, 1960). At that time, Cowan (1940) considered the range of California bighorn to extend from British Columbia southward to the Sierra Nevada of California (Figure 3). Subsequent restoration efforts relied largely on bighorn sheep translocated from British Columbia. Since then, Wehausen and Ramey (2000) assigned extinct and extant populations in Washington and British Columbia to the Rocky Mountain subspecies, but argued that extirpated native populations in Oregon, southeastern Idaho, northeastern California, and northwestern Nevada represented a Great Basin form of desert bighorn sheep. Managers now question what the most appropriate source for future translocations should be—whether translocation stock representing California and Rocky Mountain bighorn sheep can or should be mixed, or even whether poorly performing populations in the Great Basin region should be augmented with desert bighorn sheep (Epps et al., 2019). Across much of the range of bighorn sheep, resolving questions of evolutionary history thus remains relevant to future management.

Determining appropriate strategies to manage genetic diversity of translocated bighorn sheep populations continues to generate keen interest and debate (Epps et al., 2019; Flesch et al., 2020), but will require distinctive approaches in different systems. In largely intact native systems of bighorn sheep, such as the metapopulations of desert bighorn occurring in the Mojave and Sonoran deserts of California (Schwartz et al., 1986; Bleich et al., 1990a, 2021), genetic diversity is strongly shaped by connectivity among populations (Epps et al., 2005; Flesch et al., 2020), habitat quality (Epps et al., 2006; Creech et al., 2016), and extinction and colonization dynamics (Epps et al., 2010, 2018). Connectivity, in turn, is influenced by both natural and anthropogenic fragmentation (Bleich et al., 1996; Epps et al., 2007).

Translocations of desert bighorn sheep in that region largely have addressed localized extirpations. As a result, and in most instances, potential for those translocated populations to be integrated into the existing metapopulation by dispersal is high. Indeed, for most translocated populations in that region, dispersal has been documented to or from nearby native populations (e.g., Epps et al., 2010, 2018; Bleich et al., 2021) except in instances of extreme isolation (e.g., the Sespe population near San Rafael Peak in Ventura County, California, United States; Bleich et al., 2019). Similarly, integration of translocated populations into current, native population structure has been observed elsewhere, as on the north rim of the Grand Canyon in Arizona (Gille et al., 2019). Nonetheless, relationships between genetic diversity and geographic and genetic measures of isolation largely were decoupled for translocated populations in that region, indicating that genetic equilibrium has not yet been reached (Creech et al., 2020). Over time, genetic diversity of translocated populations can be expected to benefit from connections to nearby native populations, thereby potentially increasing genetic diversity of nearby native populations, as has occurred in the Coxcomb Mountains in southern California, United States (Epps et al., 2010).

As the proportion of translocated populations increases within a particular system, effects of genetic bottlenecks and founder effects can become more apparent. Founder effects are well-documented among translocated and subsequently isolated populations of bighorn sheep (Gutiérrez-Espeleta et al., 2000; Hedrick et al., 2001; Hogg et al., 2006; Johnson et al., 2011; Barbosa et al., 2021). In the Sierra Nevada of California, where bighorn sheep likely declined to fewer than 100 individuals, restoration efforts have relied on translocation as a primary tool, and much consideration has been given to conserving what genetic diversity survived bottlenecks by this subspecies (Few et al., 2013; Bleich et al., 2021). In other systems with significant numbers of translocations but greater connectivity and more source populations, bottlenecks are less apparent, but translocation histories still leave readily detectable genetic footprints of source populations, sometimes admixed with other source populations or native individuals (Jahner et al., 2019; Flesch et al., 2022).

In some parts of the range of bighorn sheep, restoration at the regional scale was necessary, leading to more serious challenges from a genetic standpoint. Restoration of bighorn sheep to historically occupied areas in Washington, Oregon, southern Idaho, northwestern Nevada, and northeastern California, United States, was conducted using animals from British Columbia, Canada (subspecies californiana), or Rocky Mountain bighorn (subspecies canadensis), which likely were of a different evolutionary lineage than animals that were present before extirpation (Wehausen and Ramey, 2000). Using translocated populations as sources for later translocations led to a complicated history of bottlenecks and severe, repeated founder effects, resulting in very low genetic diversity in many contemporary populations in those regions (Whittaker et al., 2004; Barbosa et al., 2021). Recognition of the potential negative consequences of that history led to efforts in Oregon to restore genetic diversity in several populations through additional translocations from other sources (Olson et al., 2012). Maintaining or improving genetic diversity in those regions remains a concern, and further questions, including how well adapted those animals may be to Great Basin environments, and whether bighorn sheep from California or Rocky Mountain sources represent evolutionarily divergent lineages, also have been raised or are now being evaluated (Olson et al., 2013; Epps et al., 2019; Bleich et al., 2021).

Moving forward, low genetic diversity and inbreeding depression remain a common concern for management of small, isolated populations of bighorn sheep, particularly because of growing evidence for links between genetic diversity and fitness. Genetic diversity has been linked to nematode resistance in Soay sheep (Hayward et al., 2014). In the Mojave Desert of California, desert bighorn sheep populations with higher genetic diversity had lower prevalence of exposure to and infection by M. ovipneumoniae, and more genetically diverse individuals had stronger adaptive immune responses (Dugovich et al., 2023). Genetic rescue of an isolated population of bighorn sheep exhibiting inbreeding depression has been reported (Hogg et al., 2006; Miller et al., 2012), but outbreeding depression (Dobzhansky, 1948) is also a concern when selecting source stock for translocations or augmentations. Outbreeding depression can result from inappropriate mixing of individuals from different environments because of disruption of co-adapted gene complexes (Waits and Epps, 2015). Further, individuals from different environments may fare poorly when compared with locally adapted individuals (e.g., Whiting et al., 2012; Wiedmann and Sargeant, 2014; Bleich et al., 2018). Finally, any movement of individuals to actively manage genetic diversity increases the risk of introducing or spreading disease (see Disease section). In areas such as the northwestern United Sates, where extirpations were especially widespread, better understanding of evolutionary history, inbreeding, and adaptive genetic variation in bighorn sheep are urgently needed.



4. Ecotypic and phenotypic considerations

Bighorn sheep are habitat specialists (i.e., dependence on steep, rugged terrain of variable elevations), and the successful restoration of these iconic animals to historical ranges is conditioned on a number of critically important factors that are shared among the various clades (Buchalski et al., 2016), subspecies (Wehausen and Ramey, 2000), or ecotypes (i.e., those possessing physiological, reproductive, or behavioral adaptations to localized environmental conditions or habitats; Bleich et al., 2018). In the past, translocation of bighorn sheep to historically occupied ranges was based largely on selection of a source population thought to represent the appropriate taxon according to subspecies boundaries recognized at the time (Cowan, 1940), the availability of translocation stock (Leslie, 1980), or in an effort to maintain subspecific purity (Ramey, 1993a,b). Although emphasized strongly by Leslie (1980), the importance of similarities between habitat occupied by a source population and the location to which bighorn sheep are translocated has become widely recognized within recent decades (Whiting et al., 2012; Wiedmann and Sargeant, 2014; Bleich et al., 2018, 2021), just as have the genetic consequences of translocations (Whittaker et al., 2004; Jahner et al., 2019; Barbosa et al., 2021). In some instances, hybridization of subspecies or putative subspecies has occurred because of underestimation of the ability of bighorn sheep to make long distance dispersal movements (e.g., Jahner et al., 2019), and managers have stated the need to prevent hybridization between strongly divergent subspecies—e.g., Rocky Mountain and desert bighorn, (Latch et al., 2006), because of concerns about outbreeding depression.

Indeed, because of the variation in success of translocations (Singer et al., 2000b), the importance of local adaptations or ecological similarities between habitat occupied by source populations and that at proposed translocation sites now receives greater emphasis (Whiting et al., 2012; Brewer et al., 2014; Wiedmann and Sargeant, 2014; Bleich et al., 2018). Timing of birthing seasons, diet, composition of predator communities, climate, and vegetative structure all have implications for the success or failure of a restoration effort. Although some traits such as birthing season and migration appear to be plastic and do adjust over time (Whiting et al., 2011b, 2012; Jesmer et al., 2018), others may be less malleable because of a genetic basis, such as body size, or size and rates of horn growth (Ramey, 1993a,b).

The potential for adjustment of life-history characteristics and behaviors, thus, is an essential consideration when translocating bighorn sheep that may be adapted to environments different than those that occur, or historically occurred, at a particular release site. For example, female bighorn sheep captured in Canada and released in Utah, United States, did not adjust maternal care to compensate for late-born young within the first 3 years following release, which possibly influenced survivorship of young (Whiting et al., 2010b). Young males and a low male-to-female ratio of bighorn sheep captured in Canada and Montana, United States, and released in Utah did not affect the number of young born per female or timing and synchrony of births (Whiting et al., 2008). Moreover, some of those populations adjusted timing and synchrony of parturition to environmental conditions of their release site within 5 years after release (Whiting et al., 2011b). Slow adjustment of those life-history characteristics by females, however, possibly contributed to lower survival of young to their first winter, which could slow successful establishment of bighorn sheep populations (Whiting et al., 2011b).

In another example, bighorn sheep from British Columbia performed poorly in terms of population dynamics and survival rates when compared with those from Montana, an area much more similar to the Badlands of western North Dakota, United States, where animals had been released (Wiedmann and Sargeant, 2014; Bleich et al., 2018). Thus, consideration should be given to the adjustment of timing and synchrony of births when restoring populations of bighorn sheep, and biologists should select source populations occupying areas that are ecologically similar to proposed release sites (Whiting et al., 2012). Further, ecotypic differences among source stocks may have long-term implications for recruitment and demographic performance of reintroduced populations, and use of appropriate source stock may greatly improve prospects for successful reintroductions of bighorn sheep (Wiedmann and Sargeant, 2014).



5. Predation and its implications for restoration

Mountain lions, coyotes, bobcats, and golden eagles are important predators of adult bighorn sheep (Bleich, 1996, 1999; Bleich et al., 1997, 2004). Relative abundance of coyotes was up to 12× greater on ranges occupied by male bighorn sheep when compared to areas occupied primarily by females and young during sexual segregation, but relative abundance of bobcats was similar between male and female ranges (Bleich et al., 1997). Mountain lions generally occur at exceedingly low densities (0.4–7.0/100 km2; Pierce and Bleich, 2003, 2014). Nevertheless, predation by mountain lions is a common source of mortality for bighorn sheep (Ross et al., 1997; Hayes et al., 2000; Rominger, 2018) and can impede restoration of populations of this ungulate (Wehausen, 1996; Rominger et al., 2004; McKinney et al., 2006). An additional aspect of predation involves apparent competition (Holt, 1977; Holt and Lawton, 1994; Sinclair et al., 1998). Predation can affect a rare competitor negatively if the population dynamics of a shared predator are associated primarily with a more numerous species of sympatric prey (Keddy, 2001). Consequently, the two species of prey appear to be in competition with each other, and the rare competitor may be threatened by increased predation (DeCesare et al., 2010; Wielgus, 2017). The endangered Sierra Nevada bighorn sheep is preyed upon by mountain lions, but the dynamics of the mountain lion population are dependent upon more numerous mule deer (Odocoileus hemionus), and results in the bighorn sheep population being threatened by higher rates of predation from mountain lions than if mule deer occurred at lower densities or were not present (Johnson et al., 2013).

In western North America, mountain lions, mule deer, and bighorn sheep often share ranges, seasonally or year-round (Wehausen, 1996; Holl et al., 2004). In some areas, mule deer have been implicated in negatively affecting bighorn sheep by potentially impeding population growth or contributed to declining populations of bighorn sheep (Wehausen, 1996; Holl et al., 2004; Rominger et al., 2004; Holl and Bleich, 2009, 2010). Such outcomes ostensibly have occurred because mountain lions have switched prey from mule deer to bighorn sheep following declines in numbers of mule deer (Holl et al., 2004; Holl and Bleich, 2009, 2010; Rominger, 2018), although prey switching may not always occur (Villepique et al., 2011). Risk of predation also may have caused bighorn sheep to abandon useable habitat (Wehausen, 1996; Rominger, 2018), although other environmental explanations are plausible (Villepique et al., 2015). Thus, the abundance and distribution of predators are essential considerations when re-establishing populations of bighorn sheep, and likely will receive increasing emphasis in the future.



6. Disease and restoration

Disease long has been recognized as a primary hindrance to the persistence of bighorn sheep populations (Gross et al., 2000; Zeigenfuss et al., 2000; Singer et al., 2000b). Nonetheless, new discoveries, particularly with respect to ovine pneumonia as subsequently described, have greatly clarified the scope and significance of the problem. Indeed, the issue of pathogen transmission has become one of the central challenges to bighorn sheep restoration. Since attempts to restore bighorn sheep to historic range began, disease likely has played a primary role in failures noted in some reviews of translocations (Singer et al., 2000c, 2001). For instance, in 1971, bighorn sheep were translocated to an enclosure within the Lava Beds National Monument in northeastern California (Blaisdell, 1972). In 1980, after contact with domestic sheep, all individuals within the enclosure died from respiratory pneumonia (Foreyt and Jessup, 1982). Subsequently, as agencies struggled to manage new outbreaks, elimination of entire populations—whether native or restored—at times has been deemed necessary to contain outbreaks, albeit with unclear success (Cassirer et al., 2018).

Evidence obtained over nearly 40 years underscores the risk of disease transmission to wild sheep from domestic sheep or goats (Capra hircus; Wild Sheep Working Group, 2012). Managers and researchers consistently have recommended temporal or spatial separation of domestic sheep or goats from wild sheep to reduce the potential for disease in the latter—evidence supporting this recommendation is overwhelming. The risks associated with contact between bighorn sheep and domestic sheep or domestic goats have been clearly identified by recent risk assessments and reviews (Beecham et al., 2007; Schommer and Woolever, 2008; Baumer et al., 2009;Wehausen et al., 2011; Cassirer et al., 2018), conservation management strategies or plans (George, 2009), modeling exercises or locally specific risk assessments (Clifford et al., 2009; Cahn et al., 2011; Carpenter et al., 2014; Anderson et al., 2022), and many wildlife biologists or veterinarians (Dubay et al., 2004; Garde et al., 2005; Jansen et al., 2006; Foreyt et al., 2009).

Although bighorn sheep suffer from a variety of diseases—including scabies (Boyce and Weisenberger, 2005), sinusitis (Paul and Bunch, 1978), contagious echthyma (Jansen et al., 2007), lungworm (Luikart et al., 2008), bluetongue (Singer et al., 2000a,b,c), and others—ovine respiratory pneumonia remains the primary concern for conservation of this unique large mammal (Wehausen et al., 2011; Cassirer et al., 2018). Despite clear evidence that contact between domestic sheep and bighorn sheep often resulted in fatal pneumonia among bighorn sheep, the primary pathogens had, until recently, remained unclear. Bacteria, including Pasteurella multocida, Mannheimia haemolytica, and Bibersteinia trehalosi were implicated, but presence of those species was not always consistent with a disease outbreak (Cassirer et al., 2018). The role of Mycoplasma ovipneumoniae as an agent predisposing bighorn sheep to other pathogens that result in respiratory disease has become increasingly apparent (Besser et al., 2008, 2012, 2013; Dassanayake et al., 2010). This pathogen is spread from domestic sheep or domestic goats to bighorn sheep by incidental contact, but then can spread readily among bighorn sheep populations following conspecific contact with infected individuals.

At first contact with a novel strain of M. ovipneumoniae, all-age die-offs of bighorn sheep frequently are observed (Cassirer et al., 2018). Although animals that survive an initial outbreak appear to maintain immunity for some years, juveniles are naïve, and mortality within the first 4–6 months after birth frequently is high for several years following exposure (Cassirer and Sinclair, 2007; Smith et al., 2014), leading to consistent suppression of recruitment (Butler et al., 2018). Moreover, adult immunity is strain-specific (Cassirer et al., 2017). Thus, continued contact with domestic sheep, or with other bighorn sheep infected with differing strains of M. ovipneumoniae, can result in a new cycle of all-age mortality, followed by suppression of juvenile recruitment that slows, or even prevents, population growth (Manlove et al., 2016; Cassirer et al., 2017), as well as reduction in size and growth rate of sexually selected traits (e.g., horn length; Martin et al., 2022). Virulence appears to differ among strains of M. ovipneumoniae (Johnson et al., 2022), and other factors (host-related or environmental) likewise also cause epidemics to have widely varying effects on adult and juvenile survival (Manlove et al., 2022).

Recent research has demonstrated that removal of chronically infected adult females from wild populations can increase juvenile recruitment (Garwood et al., 2020), but that strategy may be logistically challenging to implement in some systems; when prevalence is low, natural mortality may also remove carriers and allow recovery at least temporarily (Besser et al., 2021). Modeling of M. ovipneumoniae disease dynamics indicates that depopulation and restoration can assist recovery following an epidemic (Almberg et al., 2022). Indeed, following rapid depopulation of bighorn sheep in the Montana Mountains of northwestern Nevada, United States, in 2015 after detection of a new outbreak of M. ovipneumoniae with high mortality, that strain was not detected in subsequent monitoring of the nearby Trout Creek metapopulation of bighorn in southeastern Oregon (Spaan, 2022). Depopulation is likely considered more readily in systems of restored rather than native populations.

Earlier cautions that translocations pose a risk of establishing new lines of transmission of pathogens (Bleich et al., 1990a) have been verified. Newly translocated individuals often range widely and explore new habitats (Robinson et al., 2019), during which contact with livestock becomes more likely, and translocated animals may return to their native area even if moved far from their initial point of capture (Torres et al., 2000). Translocated individuals also may be linked to other nearby populations through natural movements (Epps et al., 2007, 2010). Thus, establishing a new population in an area with a high risk of contracting pathogens, either from wild conspecifics or domestic sheep, could result in inadvertent spread of the pathogen to previously unexposed populations within the region. Consequently, some otherwise suitable habitats may not be available for restoration under existing conditions (Shannon et al., 2014).

The lingering debate over which pathogens play a primary role in outbreaks of respiratory pneumonia clarifies one of the greatest problems with translocation: how can surveillance be conducted for pathogens for which their pathogenicity is unknown? Although managers were well-aware of the risks of disease from contact with domestic livestock, translocations prior to ca. 2012 may have spread M. ovipneumoniae to other herds or metapopulations of bighorn sheep. For instance, archived serum samples demonstrated that populations within California’s Mojave Desert showed evidence of previously unrecognized exposure to M. ovipneumoniae as early as 1986 (Shirkey et al., 2021), including some bighorn sheep used as source stock for within-state translocations (Bleich et al., 1990b).

Recently, a transmissible sinus tumor has been identified (Fox et al., 2011, 2016) that is associated with co-infection by M. ovipneumoniae, and may contribute to chronic shedding of that pathogen (Fox et al., 2015). Adult females that persistently carry and chronically shed M. ovipneumoniae appear to be an important mechanism causing persistent juvenile mortality (Plowright et al., 2017; Garwood et al., 2020). Thus, sinus tumors may have played a role in facilitating chronic shedding of M. ovipneumoniae and furthered the spread of the pathogen through translocation. Therefore, any movement of animals must be acknowledged as having some risk of spreading previously unrecognized pathogens.

Management guidelines developed in the recent past advocate health assessments for source and recipient populations prior to and following translocations. If the presence of pathogens is confirmed, or if substantial uncertainty regarding health status of either the source or recipient (or nearby) populations exists, translocations should be avoided (Brewer et al., 2014). Even when such guidelines are followed, however, the potential for spillover or pathogen transmission between wild populations remains a reality (Werdel et al., 2020).

Finally, tradeoffs between the benefits and costs of inter-population connectivity are of concern, especially for landscapes where large-scale restoration of bighorn sheep was, or is, required. In most ecosystems, bighorn sheep exist in naturally or anthropogenically fragmented populations or groups. As described previously, movement among such populations is critically important to maintain genetic diversity, facilitate demographic rescue, or allow for recolonization of vacant habitat following a local extirpation (Bleich et al., 1990a; Epps et al., 2006). Therefore, when re-establishing bighorn sheep across landscapes, a metapopulation is the ideal distribution to enable these processes to approximate demographics observed in largely intact systems by creating local populations that could be linked by natural dispersal. Yet, that same inter-connectedness likewise provides simultaneous opportunities for the spread of pathogens by contact, as observed in Rocky Mountain bighorn sheep in the Hells Canyon system (Cassirer et al., 2017). One strategy to ameliorate this tradeoff would be to establish systems of populations potentially linked by dispersal but separated from other such systems either by distance or by potential barriers.



7. Conservation, restoration, and the role of hunting

The genesis of current efforts to restore bighorn sheep began with total protection in many jurisdictions during the late 1800s. At that time, total protection was a good-faith effort to halt the decline of bighorn sheep, and it occurred at a time when it was desperately needed; nevertheless, that status ultimately hindered or confounded efforts to conserve or restore bighorn sheep to their historical ranges. For example, in California, such protection was completely insufficient, and indirectly hindered conservation by discouraging allocation of resources to non-game species; the results were inadequate inventory data, absence of awareness that populations were disappearing—with the result that there were no efforts to stop those losses—and, subsequently, a lack of incentive for active management (Wehausen et al., 1987; Bleich, 2006; Bleich and Weaver, 2007).

Continuing losses indicated that legislative protection did not affect factors that led to extirpations; the notion that total protection would stop any declines likely revolved around the mistaken assumptions that: (1) over-hunting was a cause of extirpations, and (2) that protected populations would increase in size and expand into unoccupied habitat. Both of those assumptions were faulty (Wehausen et al., 1987). The first failed to consider the potential role of diseases and habitat destruction, and the second was erroneous, because some mountain sheep may be slow to disperse from occupied ranges (Geist, 1971).

Many may view with irony the essential role that hunting has played in the restoration of bighorn sheep and other large mammals in North America. Thus far, funds from hunting that have helped with restoration have been a remarkable conservation success, as a result of efforts by wildlife and land management agencies, conservation organizations, concerned members of the academic community, private landowners, and other stakeholders (Heffelfinger et al., 2013; Krausman and Bleich, 2013; Hurley et al., 2015; Bleich, 2018). Among those stakeholders have been individuals that hunt “big game,” and numerous conservation organizations that support the scientific management and legal harvest of bighorn sheep (Hurley et al., 2015). Indeed, regulated hunting has played an extremely important role in the restoration of bighorn sheep, both directly and especially indirectly, through provision of funds to implement restoration efforts (Williamson, 1987; Regan, 2010).

Bighorn sheep likely experience the most conservative management of hunted species in North America (LaSharr et al., 2019). As a result, both government and non-governmental organizations have seized opportunities to generate funds specifically for restoration, and millions of US dollars are raised for that purpose through the sale of special permits on an annual basis (Hurley et al., 2015). In the United States and Canada, where most hunting opportunities occur on federal or crown lands, sale of those permits are largely cooperative efforts between state or provincial wildlife agencies and nongovernmental organizations having a special interest in the conservation of bighorn sheep (DiGrazia, 1999). In Mexico, however, most efforts to re-establish bighorn sheep populations have occurred on private land. Financial incentives through the sale of permits by private landowners have resulted in widespread and incredibly successful efforts to restore bighorn sheep to historically occupied mountain ranges in that country (Brewer and McEnroe, 2020). Regardless of the source, available funds will be stretched further as the human population continues to increase, and subsequent demands on the environment create new challenges to conservation (Krausman and Bleich, 2013; Bowyer et al., 2019).

The restoration of bighorn sheep populations through translocation is extremely costly, and costs continue to escalate; for example, from 1983 to 1989 the average cost of translocating a bighorn sheep (n = 336) was $ 2,257 (Bleich, 1990). Corrected for inflation, the average cost was $6,025/animal translocated during 2022. Although agencies provide the bulk of funds associated with translocation efforts, monies generated through the sale of hunting permits, whether through special opportunity permits (i.e., fund-raising tags) made available by conservation agencies, First Nations or Tribes, or enterprising landowners that have realized the financial benefits of bighorn sheep on their property, have played important roles in the conservation of these iconic ungulates. For example, one organization that is comprised largely of hunter-conservationists has raised approximately $136 M since 1977, and from 2011 to 2021 alone, that organization contributed $49.75 M toward bighorn sheep conservation (Wild Sheep Foundation, 2022). Dozens of similar organizations have contributed millions of dollars more specifically to conserve or restore bighorn sheep on an annual basis (Hurley et al., 2015). Fortunately, an increasing proportion of the public is gaining an appreciation of the importance of a broad funding base for wildlife conservation, and “…it is appropriate [and essential] that all citizens contribute to the cost of wildlife conservation” (Regan, 2010), nonetheless, it is essential that even more people understand and practice a conservation ethic. Funds raised through the sale of special opportunity tags are but one example of that conservation ethic and continue to play an important role in efforts to conserve bighorn sheep across North America. We anticipate that source of stakeholder funding will become even more important in the future.



8. Future considerations

While translocation has been the primary tool used to re-establish bighorn sheep in alpine, desert, and other ecosystems across western North America, future use of that method may be more limited (Bleich et al., 2021). Reducing risk of spillover of disease from domestic livestock is critically important to the effective restoration of this species, and future translocation efforts must squarely confront ways to minimize contact with domestic sheep or goats. In many regions, particularly those with large numbers of small private landowners with livestock, the risk of pathogen spillover simply may be too great to overcome. Thus, managers may need to shift from a paradigm where “excess” individuals from successful populations were used primarily as translocation stock to a new paradigm where both males and females are subject to hunter harvest.

Harvest of female bighorn sheep remains uncommon, but it is practiced in several states and provinces (Monteith et al., 2013, 2018; LaSharr et al., 2019). A male-biased harvest, however, has a limited effect on population dynamics of ungulates, because abundance of males has little influence on nutrition of females and, consequently, recruitment of young into the population (McCullough, 1979, 2001; Bowyer et al., 2014, 2020; Monteith et al., 2018). Thus, female harvest offers a beneficial, but underused, management option for regulating density-dependent processes for many ungulate populations by holding populations below K (ecological carrying capacity; Monteith et al., 2018). Consequently, females occupy the principal role in the dynamics of most ungulate populations, and female harvest can allow managers to manipulate population size to decrease nutritional limitations and competition for resources (McCullough, 1979, 2001; Solberg et al., 2002), or to decrease the potential for pathogen transmission by reducing population density. Moreover, body mass and fat reserves of females are strongly related to horn size in mature male bighorn sheep—a management objective for many populations of these ungulates (LaSharr et al., 2019). The decision to implement such harvests, however, rests on several biological and sociological considerations.

Translocation is subject to other constraints as well—the growing recognition that moving animals always includes risk of moving diseases. In some instances, lack of public support for efforts that may increase risk of death of translocated individuals may require removal of apex predators, or otherwise raise concerns about animal welfare. Managers also face continued uncertainty about the appropriateness of allowing mixing of bighorn sheep from different evolutionary lineages, or continued questions about the most appropriate source of bighorn sheep to be used in restoration efforts (Epps et al., 2019). Finally, because of the lingering legacies of founder effects and genetic bottlenecks, managers face questions about how best to manage for genetic diversity while limiting disease transmission risk among bighorn sheep—both from natural movement and translocation. Little is yet known about how variation in genetic diversity contributes to success of restored populations, beyond examples of extreme isolation and inbreeding (e.g., Hogg et al., 2006), and this remains an active and important area of consideration for ensuring the long-term success of extensive restoration efforts in the 21st century.
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Footnotes

1   https://www.iucnredlist.org/species/15735/22146699
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