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ABSTRACT 
 
 
 

POPULATION ECOLOGY OF BLACK-FOOTED FERRETS (MUSTELA NIGRIPES) IN 

RELATION TO SYLVATIC PLAGUE 

 
 

 Infectious diseases can have significant impacts, both direct and indirect, on the 

conservation of endangered species. A full understanding of these impacts is hindered by the 

difficulty of teasing apart disease effects from other factors that led to endangerment, the scarcity 

of population data from before and after disease detection, and the inherent challenge of studying 

rare species, which are often difficult to detect. Ideally, a disease and population monitoring 

strategy will detect outbreaks so effective management and mitigation strategies can be 

implemented. Disease mitigation strategies, such as vaccination or removal of infected 

individuals, can be effective but costly to implement and rigorous evaluations of such efforts are 

rare. Here we present a case study and evaluation of a multi-faceted effort to manage multiple 

impacts of sylvatic plague (plague hereafter), an invasive disease, in a reintroduced population of 

endangered black-footed ferrets (Mustela nigripes) and their prey, black-tailed prairie dogs 

(Cynomys ludovicianus), in Conata Basin/Badlands National Park, South Dakota. Since 

reintroduction in 1994-1999, this is the largest free-ranging ferret population.  

 Chapter One provides a broad introduction to black-footed ferret natural history, ecology, 

and conservation efforts. We briefly described the life history of black-footed ferrets, their 

reliance upon prairie dogs (Cynomys spp.) as prey and habitat engineers, and the conflicts 

between prairie dogs and agricultural interests that motivated human efforts to eradicate prairie 

dogs and inadvertently drove ferrets towards extinction. Ensuing captive breeding and 
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reintroduction efforts averted extinction of the species, but plague, caused by Yersinia pestis 

bacteria, led to high mortality in both black-footed ferrets and prairie dogs, was a second factor 

in ferret decline, and continues to threaten reintroduced populations. Plague management, 

through flea vector control and vaccination, is a high priority for the black-footed ferret recovery 

program, along with maintaining genetic diversity and securing habitat. We concluded that 

black-footed ferret recovery to date has been partially successful, but challenges remain, and 

plague represents the largest biological threat. 

 In Chapter Two, we evaluated the efforts to manage plague for black-footed ferrets and 

prairie dogs at Conata Basin/Badlands National Park. We effectively monitored plague using 

carnivore serology, prairie dog testing, and visual surveys to detect the invasion of plague and 

inform our mitigation efforts. Both prairie dog colonies and black-footed ferret populations 

declined precipitously with the plague epizootic. We applied deltamethrin dust into prairie dog 

burrows to kill fleas and vaccinated black-footed ferrets against plague during annual monitoring 

efforts. Our results suggested that dusting was effective in maintaining prairie dog colonies 

compared to non-dusted colonies and significantly increasing survival of black-footed ferrets. 

Additionally, our vaccination of black-footed ferrets added incremental gains in ferret survival. 

These combined efforts of plague surveillance, dusting prairie dog burrows, and vaccinating 

black-footed ferrets likely prevented extirpation of this population. 

 In Chapter Three, we used stable isotope analysis to understand the effects of plague on 

the proportion of prairie dogs in black-footed ferret diets. Previous studies on black-footed 

ferrets found up to one-third of ferret diet is comprised of non-prairie dog rodents. Plague causes 

high mortality in prairie dogs and other small mammals found on prairie dog colonies, 

potentially increasing variability in prey available for black-footed ferrets. We sampled black-
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footed ferrets and two prey items, prairie dogs and deer mice (Peromyscus sonoriensis), before 

and during a plague epizootic and used stable isotope analysis to estimate the diet proportions in 

relation to plague and dusting. We found that prior to plague black-footed ferret diets in Conata 

Basin/Badlands National Park were similar to previous studies, but during a plague epizootic 

ferrets shifted their diet almost completely to prairie dogs. Dusting prairie dog burrows prior to 

the invasion of plague had a similar effect in shifting black-footed ferret diets. We concluded that 

despite observed foraging plasticity, black-footed ferrets can be considered prairie dog colony 

specialists, and any diet effects following deltamethrin dust treatment are likely less severe than 

the impacts of plague on unprotected ferret populations. 
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1. CONSERVING ENDANGERED BLACK-FOOTED FERRETS: BIOLOGICAL THREATS, 

POLITICAL CHALLENGES, AND LESSONS LEARNED 

 

Summary 

 There may be few stories in the annals of wildlife management that are as dramatic as the 

near demise and comeback of the black-footed ferret (Mustela nigripes). Endemic only to North 

America, this charming little carnivore found only in the continent’s central grasslands was 

hardly known to science until the mid-20th century. By then, vast colonies of the prey it 

depended on for food and shelter, the prairie dog (Cynomys spp.), had been wiped out through 

disease (sylvatic plague) and an agricultural industry with little tolerance for burrowing and 

grazing rodents. At its low point, the species’ fate would come down to 18 remaining ferrets and 

a scientific gamble that humans could intervene to save a species on the very brink of extinction. 

With heroic efforts by federal, state, and private scientists, immediate extinction was forestalled, 

and a comeback effort mounted. Like so many endangered species stories, the ferret’s tale is a 

story of tragedy, luck, science, and the acts of people that will determine its ultimate fate. 

Understanding the challenges going forward for the ferret requires an understanding of the 

natural history and ecology of black-footed ferrets and prairie dogs, diseases and disease 

management, and the political landscape, which we present here. The future for black-footed 

ferrets remains unclear. Ultimately we will need to summon the efforts of conservation 

biologists, policy makers, and the agricultural industry to determine if ferrets will continue to 

exist as a valued and unique part of North America’s natural heritage. 
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Natural history 

 Black-footed ferrets (Mustela nigripes) are small, sinuous carnivores in the weasel family 

(Mustelidae, sub-family Mustelinae), whose closest relatives include Siberian polecats (M. 

eversmanii) and European polecats (M. putorius) (Anderson et al. 1986). Their fur is black on the 

lower legs, feet, and tail tip in addition to a black mask, but most of the body is tan with black-

tipped hairs along the back and lighter coloration on the underside (Figure 1.1). The fur is 

approximately 1 cm long throughout the year without any seasonal change in color. Adult body 

length of black-footed ferrets is 35–45 cm plus a 12 cm tail and body weight of 550–1340 g. 

Black-footed ferrets are sexually dimorphic with females 93% of body length and 68% of body 

weight of males (Anderson et al. 1986). 

Ancestral black-footed ferrets are thought to have entered North America from Asia 

during the Pleistocene (approximately 600,000 years before present) and are the only ferret 

species native to the continent (Koepfli et al. 2008). Initially generalist predators, North 

America’s ferrets evolved to become specialists on colonial, burrowing prairie dogs 

(Rodentia:Sciuridae; Cynomys spp.). The range of black-footed ferrets has an approximate 30–50 

degrees extent in latitude and coincides with the collective ranges of three prairie dog species 

(Figure 1.2): black-tailed (C. ludovicianus; Figure 1.3), white-tailed (C. leucurus), and 

Gunnison’s (C. gunnisoni). The relationship that developed makes black-footed ferrets obligate 

predators, dependent upon prairie dogs as prey and prairie dog colonies and burrow systems for 

habitat. 

Black-footed ferrets are polygynous breeders and largely solitary as adults. Adult females 

are induced ovulators, with eggs available for fertilization only after copulation. Breeding occurs 

underground during March-April with a 42-day gestation period. Females whelp kits during 
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May-June and provision young with milk for 30–40 days, later feeding their kits prey, primarily 

prairie dogs. Kits generally first emerge above ground in early summer at 50–60 days of age. 

Female black-footed ferrets are often observed with 2–3 kits, on average, but litter counts can be 

up to 7 in the wild and 10 in captivity (Biggins and Eads 2017, Eads and Marsh 2020). Kits 

become increasingly independent in late August through September when they reach adult size 

and begin dispersal from their natal territories. 

Black-footed ferrets are considered adults during their first winter. On black-tailed prairie 

dog habitat (Figure 1.4), adult male ferrets use home ranges (~130 ha) that are about 2-times 

larger than, and spatially overlap, those of adult females (65 ha; Livieri and Anderson 2012). 

Like other mustelids, black-footed ferrets are territorial, with males prioritizing access to females 

and females selecting for resources (Powell 1979, Biggins et al. 2006, Eads et al. 2014). In 

particular, adults concentrate their activities in areas with relatively high densities of active 

prairie dog burrow openings, thus providing them not only with numerous escape routes from 

predators, but also relatively high prey densities (Eads et al. 2011, Livieri and Anderson 2012). 

The average life span of wild-born black-footed ferrets is approximately 1 year (Biggins 

and Eads 2017), though individuals up to 5 years old have been observed. Predation and disease 

are important sources of mortality. Coyotes (Canis latrans) appear to be the primary predator of 

black-footed ferrets and have accounted for 67% (49/73) of recorded predation events on radio-

collared ferrets (Biggins et al. 2006, Biggins and Eads 2017). In some cases, American badgers 

(Taxidea taxus) and great horned owls (Bubo virginianus) also contribute to ferret losses. Plague, 

a non-native disease, can be particularly devastating because it is highly fatal in both black-

footed ferrets and prairie dogs, thus having multiple effects on black-footed ferrets and efforts to 

conserve them (Eads and Biggins 2015, Biggins and Eads 2017). 
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Black-footed ferrets hunt mostly at night, when prairie dogs are sleeping in their burrows 

with close kin. A kill is typically made underground by rousing a prairie dog to expose its throat 

and applying a suffocation bite. The black-footed ferret’s elongated body and ability to twist and 

turn in 10 cm-wide tunnels is well-suited for leverage against the tunnel walls while subduing the 

intended victim that may outweigh the ferret. Other hunting strategies include early morning 

ambush attacks (Eads et al. 2010), although prairie dogs may be more aggressive and thwart 

black-footed ferret attacks during the day (Livieri et al. 2013). Black-footed ferret scats contain 

prairie dog hair, bones, claws, and paws, suggesting they consume most or all of a prairie dog. 

While ~75% of black-footed ferret assimilated diets are prairie dogs, they will opportunistically 

prey upon other available species like ground squirrels, mice, voles, and rabbits that occur on 

prairie dog colonies (Henderson et al. 1969, Sheets et al. 1972, Campbell et al. 1987, Brickner et 

al. 2014, Tretten 2019). While this foraging “plasticity” may suggest a broader range of habitat 

and prey (Owen et al. 2000, Fox et al. 2017), it is clear that black-footed ferrets can only survive 

by living in the tunnel systems and preying on the prairie dogs that create and maintain that 

unique underground habitat (Anderson et al. 1986, Biggins et al. 2006). Without large, healthy, 

and intact prairie dog ecosystems, the fate of wild populations of black-footed ferrets is bleak. 

 

The near-extinction and rediscovery 

 Black-footed ferrets were first described to science in 1851 from a single specimen 

obtained in, what is now, Wyoming, but many questioned the new species for nearly a half 

century until additional specimens were verified (Audubon and Bachman 1851, Coues 1877). 

Naturalists noted early on the black-footed ferret’s association with prairie dogs and suggested 

that ferrets were not rare, but rather elusive due to their fossorial, and as later discovered, 
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primarily nocturnal habits. By the early 1900s, as western lands were settled in the United States 

(US), intensifying agriculture increasingly displaced or altered prairie dog habitat. In more fertile 

soils, the grasslands were converted to croplands, making them inhospitable to prairie dogs. 

Where intact grasslands remained, livestock producers generally maintained a negative view 

toward prairie dogs as grazers competing with livestock for grass (Miller et al. 2007). This 

concern drove demand for large-scale poisoning campaigns carried out at all levels of 

government in the US and Canadian portion of the range. In particular, federal programs were 

responsible for poisoning millions of hectares from 1916 to 1945 throughout the 12 states within 

the prairie dog’s historical range (Forrest and Luchsinger 2006). The resulting declines in prairie 

dogs, and thus black-footed ferrets, were catastrophic. For example, a poisoning campaign in 

South Dakota from 1932 to 1939 treated more than 400,000 ha total in all counties within the 

prairie dog range with reported eradication of prairie dogs in 30 of 34 counties. In Kansas, there 

were an estimated 800,000–1,000,000 ha of prairie dog colonies statewide in the early 1900s 

(Lantz 1903), but by the 1970s only 14,526 ha remained, a reduction of 98% (Anderson et al. 

1986). 

To add further stress on this ecosystem, a lethal bacterial pathogen, plague (Yersinia 

pestis), became established in parts of the prairie dog range during this same period. The 

bacterium was unintentionally introduced to California in the early 1900s, arriving in infected 

fleas and rats aboard Asian trading ships. It spread quickly, expanding >2,000 km eastward in 

only 60 years and overtaking a significant portion of the prairie dog and black-footed ferret range 

(Figure 1.2). Plague continued to expand eastward, and now encompasses nearly the entire 

historical range of black-footed ferrets (Miller and Reading 2012). Epizootic outbreaks of 
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plague, relatively short but explosive events with high transmission rates lasting from a few 

months to years, often result in near total elimination of affected prairie dog colonies. 

The effects of poisoning, exacerbated by plague, resulted in a highly fragmented mosaic 

of distantly separated prairie dog colony “islands,” which in turn isolated remaining clusters of 

black-footed ferrets across the range and greatly increased the probability of extirpation for each 

remaining population. Black-footed ferrets dwindled in distribution and population size rapidly 

and after 1937 were no longer observed in Arizona, Utah, Oklahoma, Texas, and Saskatchewan. 

By 1957 the last black-footed ferrets occupying New Mexico, Colorado, Kansas, Nebraska, and 

North Dakota were reported (Anderson et al. 1986). By this time, the species was widely 

recognized as imperiled and calls for conservation and biological studies were increasing 

(Cahalane 1954, Garst 1954). A population of black-footed ferrets discovered on private lands in 

Mellette County, in southcentral South Dakota in 1964, provided not only the first insights into 

life history, behavior, and survey methodology, but also renewed calls for conservation action 

(Hillman 1968, Henderson et al. 1969). The United States Fish and Wildlife Service (USFWS) 

established an endangered species research program at Patuxent National Wildlife Refuge, 

Maryland in 1965 to attempt captive propagation of a handful of endangered species, including 

the black-footed ferret. The black-footed ferret was one of the first species listed as endangered 

by the International Union for the Conservation of Nature (IUCN) in 1966 and by the USFWS 

under the Endangered Species Preservation Act of 1966, the precursor to the Endangered Species 

Act of 1973. 

Six black-footed ferrets were captured from Mellette County in 1971 and transported to 

Patuxent. Four died of vaccine-induced canine distemper virus when they were prophylactically 

administered a modified-live vaccine that was safe for domestic ferrets (M. p. furo), providing a 
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first harsh lesson in the complexities of captive propagation and the importance of disease 

management for ferrets (Carpenter et al. 1976). Three more black-footed ferrets were captured to 

bring the potential captive breeding population up to five individuals. Although two litters were 

produced, none of the kits survived (Hillman and Carpenter 1984). In the wild, the Mellette 

County population was extirpated by 1974, presumably due to continued prairie dog poisoning, 

and, despite reward programs and active searches, no additional wild populations were located 

(Hanebury and Biggins 2006). The USFWS wrote a black-footed ferret recovery plan in 1978, 

but it appeared to be too late for effective conservation. The last of the captive Patuxent black-

footed ferrets died in 1979 (Carpenter et al. 1980) and many feared the species was now extinct 

(Hanebury and Biggins 2006). 

Hope was restored when a ranch dog named Shep, owned by John and Lucille Hogg, 

killed a black-footed ferret on the night of September 26, 1981 near Meeteetse, Wyoming. This 

serendipitous event led to the discovery of an extant black-footed ferret population living on 

2,800 ha of white-tailed prairie dog colonies scattered over private and public lands (Clark 

1989). The Meeteetse black-footed ferret population, while small in size, appeared to be stable 

with a maximum of 129 individuals estimated in 1984 (Forrest et al. 1988). Field teams, 

composed of Biota Research in partnership with the USFWS, advanced the knowledge of black-

footed ferret ecology, conservation needs, and enhanced research techniques during a period of 

high uncertainty and interagency infighting (Lockhart et al. 2006). After 2 years of field 

demographic studies, researchers believed the population could withstand removal of a small 

number of individuals for captive breeding, consistent with the best practices of the time. 

However, a controversial decision by USFWS ceding management authority over black-footed 

ferrets, a federally listed species, to Wyoming Game and Fish Department (WGFD) led to some 
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degree of paralysis early on and delayed some critical steps advocated by outside groups, such as 

initiation of a captive breeding program. For its part, WGFD was hesitant because funding 

sources were unclear, current facilities were inadequate, and it was believed the population might 

be adversely affected (Lockhart et al. 2006). 

Unfortunately, events overtook ongoing debate. During the summer of 1985, an epizootic 

of plague initially raised the alarm for managers. Large portions of prairie dog colonies suddenly 

became inactive and a plague-infected dead prairie dog was confirmed. The Meeteetse black-

footed ferret population declined by ~50% to an estimated 58 individuals (Forrest et al. 1988). 

The inability to produce viable captive black-footed ferret kits from the Patuxent breeding effort 

a decade earlier loomed large over the remaining, and dwindling, Meeteetse ferret population. 

The plummeting numbers supplied the impetus to advance plans for attempting a captive 

population. Six black-footed ferrets were captured in fall of 1985 and transferred to a recently 

converted WGFD facility. Shockingly, all died within days from canine distemper virus, likely 

contracted in the wild. With literally the existence of the entire species in the balance, there was 

little choice but to attempt an expedited removal of all remaining individuals from the wild. Six 

more black-footed ferrets were captured from Meeteetse in October and placed in quarantine, 

leaving four known ferrets in the wild over the winter of 1985–86. Captive breeding in 1986 was 

unsuccessful, but two litters were born in the wild (Clark 1987) and by early 1987 biologists 

captured the last remaining 12 free-ranging black-footed ferrets for captive breeding. The 

entirety of M. nigripes, a species that once spanned 12 US states and portions of southern Canada 

and northern Mexico, was now 18 individuals in captivity, most with familial relationships, from 

one population, and on the periphery of the historical range. 
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Back from the abyss 

 The completion of a new black-footed ferret captive breeding facility in Sybille Canyon, 

Wyoming, along with lessons learned from the Patuxent breeding efforts, facilitated a tentative, 

but successful captive breeding season in 1987. WGFD led the captive breeding efforts and 

research, eventually distributing black-footed ferrets to six other facilities in North America to 

minimize the risk of holding and breeding all the remaining animals at a single facility (Lockhart 

et al. 2006). 

 The limited genetic diversity of the 18 black-footed ferret founders prompted careful 

breeding strategies. Much was learned about nutrition, disease management, and reproductive 

health (Marinari and Kreeger 2006). During this period, the USFWS began preparing for the 

hopeful return of black-footed ferrets to the wild by intensively studying pre-release conditioning 

and release techniques (Biggins et al. 1998, Biggins et al. 1999, Biggins and Eads 2017; Figure 

1.5). A revised recovery plan, completed in 1988, guided the breeding program and 

reintroduction efforts. In 1991, four years after the last individuals were removed from the wild, 

the first black-footed ferrets produced in captivity were reintroduced into the wild, a remarkable 

success after the species was nearly extinct. Captive breeding to maintain the essential 

population and to support reintroduction efforts continues today (Table 1.1). The USFWS 

worked closely with WGFD, and many other partners, to reassume primary control of the 

recovery program in 1996. 

 An international organization of federal, state, tribal, and non-governmental entities, 

known as Black-Footed Ferret Recovery Implementation Team (BFFRIT), advises the USFWS 

on recovery activities (Lockhart et al. 2006, Jachowski and Lockhart 2009). Coordinated captive 

breeding efforts now occur at five zoos, including the Toronto Zoo, Phoenix Zoo, Cheyenne 
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Mountain Zoo, Louisville Zoo, and Smithsonian’s National Zoo & Conservation Biology 

Institute, in addition to the National Black-Footed Ferret Conservation Center operated by the 

USFWS (Figure 1.6). Captive breeding and reintroduction of black-footed ferrets has faced both 

biological and social challenges. Guided by adaptive management, early releases of black-footed 

ferrets were often paired with hypothesis-driven learning objectives to improve reintroduction 

success. To a large degree, the technical challenges of ensuring ferrets persist following 

reintroduction have been mostly met. 

 The social challenges have proven more daunting. In some states, prairie dogs are 

regarded as varmints or pests, often with legal obligations to limit or eliminate them, and 

afforded very little protection from poisoning, shooting, land conversion, or plague (Miller and 

Reading 2012). Throughout the range of black-footed ferrets there are lands under various 

jurisdictions containing prairie dog colonies that may be suitable for reintroduction, and even 

some federal lands that have regulatory obligations to conserve them, but securing sufficiently 

large areas for ferret conservation has proven difficult. The livestock industry generally opposes 

large areas of prairie dog colonies that are needed to support viable populations of black-footed 

ferrets. Even where wildlife conservation is a priority and in protected areas, prairie dogs are still 

persecuted and plague remains a persistent threat (Miller et al. 2007, Miller and Reading 2012). 

Institutional support may be lacking, in some cases, to promote protection or restoration of 

prairie dog colonies. Some state wildlife agencies are highly involved and engaged in black-

footed ferret reintroduction and actively manage reintroduction sites (e.g., habitat mapping, post-

release monitoring, plague management), but other states, due to strong livestock industry 

political influence, are sometimes limited by policy or regulation from participating. 
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 The result is that all but three of the 28 reintroduction sites to date (Table 1.1) have yet to 

establish self-sustaining black-footed ferret populations that persist without supplementation of 

additional captive-born animals (U.S. Fish and Wildlife Service 2019). Many black-footed ferret 

reintroduction sites are inactive because of devastating plague epizootics that eliminated habitat, 

or due to a collapse in political/economic support. Despite these setbacks, reintroduction sites 

serve as important natural laboratories for experimentation and learning where perseverance can 

pay off by demonstrating the potential of wild ferret populations. For instance, the reintroduced 

black-footed ferret populations at Shirley Basin, Wyoming and Aubrey Valley, Arizona (Figure 

1.2, Table 1.1) initially were unable to establish self-sustaining populations, but continued efforts 

resulted in ferret populations exhibiting rapid population growth 15–16 years after the inaugural 

reintroductions (Grenier et al. 2007, Wisely et al. 2008). 

 Black-footed ferret recovery has progressed significantly since the last 18 individuals 

were removed from the re-discovered, and last remaining wild population near Meeteetse, 

Wyoming in 1987 and used to establish a successful captive breeding program. Nearly 10,000 

black-footed ferrets have been born in captivity since then. Six facilities housing ~275 black-

footed ferrets annually now produce 100–200 kits each year for reintroduction, in addition to 

maintaining the essential captive population. 

 More than 5,100 black-footed ferrets have been released at 28 sites in 8 US states, 

Mexico, and Canada (Table 1.1). Additionally, translocation of wild-born kits has been used to 

start new sites or supplement existing sites (Biggins et al. 2011). In 2016, after 29 years of 

absence, black-footed ferrets were returned to the wild near Meeteetse, Wyoming. This species 

has been brought back from the abyss of extinction by securing captive breeding, experimenting 

with reintroduction techniques, and substantial efforts to mitigate the devastating effects of 
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plague. The next step for the black-footed ferret program is to realize full recovery of the species, 

a task that will require overcoming more hurdles. 

 

The challenge of Black Death 

 Plague, caused by the flea-borne bacterium Yersinia pestis, originated 15,000–22,000 

years ago in Asia and is best known for killing hundreds of millions of people during the Black 

Death, a devastating pandemic that peaked during the mid-1300s in Europe (Achtman et al. 

1999). Plague also impacts a wide variety of wildlife directly and indirectly, primarily via lethal 

impacts on rodents and lagomorphs (Antolin et al. 2002, Eads and Biggins 2015). In Asian 

ecosystems where animals evolved with plague, the disease plays a role in the cyclic dynamics of 

mammal populations. However, in naïve ecosystems like North America, plague can be 

particularly disruptive (Biggins and Kosoy 2001). The importance of plague in black-footed 

ferret conservation cannot be overstated. Put simply, plague is so lethal that it functions as a 

unique type of predator of both prairie dogs and black-footed ferrets, posing a multi-faceted and 

daunting challenge for ferret recovery (Biggins and Eads 2017). 

 As devastating as epizootic plague can be to prairie dog populations, during inter-

epizootic time periods, termed enzootic plague, transmission is dampened and the impacts are 

subtle, but nonetheless ecologically important, even though significant mortality can be difficult 

to detect (Matchett et al. 2010). Epizootic and enzootic plague can limit prairie dogs to small, 

scattered fragments of occupied areas that are incapable of supporting black-footed ferret 

populations. Furthermore, ferrets themselves are directly susceptible to plague throughout the 

continuum of plague transmission from low, enzootic smoldering states to epizootic eruption. 
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 It wasn’t until the 1990s that the full extent of the threat plague poses to black-footed 

ferrets was wholly realized. Because domestic ferrets can be fairly resistant to plague, it was 

mistakenly assumed that black-footed ferrets would also have some level of inherent resistance 

(Williams et al. 1991). During the precipitous decline of prairie dogs from plague epizootics 

from 1985 to 1987 at Meeteetse, the black-footed ferret population simultaneously crashed. The 

best science at the time assumed the cause was related to habitat loss (i.e., prairie dog colonies) 

and canine distemper virus and not a direct impact of plague. Later in 1993, researchers 

documented fatal plague in a captive black-footed ferret (Williams et al. 1994). Then in 1995, 27 

of 30 captive black-footed ferrets died within days after accidental exposure to plague-infected 

meat, including some that ate only surface-contaminated meat, suggesting that even low doses of 

the bacteria can be fatal (Godbey et al. 2006). It is now well accepted that black-footed ferrets 

are highly susceptible to plague, can be infected by flea bites, and by consuming infectious prey 

or carrion. 

The combined impacts of plague on prairie dogs and black-footed ferrets can be 

devastating. For example, at Conata Basin/Badlands National Park in South Dakota (Figure 1.2, 

Table 1.1), a plague epizootic among black-tailed prairie dogs reduced approximately 14,000 ha 

of habitat by 73% and the population of black-footed ferrets declined from 355 to 49 in 5 years. 

The efforts of multiple agencies and non-governmental organizations prevented extirpation of 

that population through flea vector control and direct vaccination of black-footed ferrets to 

preserve about 4,000 ha of black-tailed prairie dog colonies at a cost of more than $200,000 

annually. A study in Montana, during a period of enzootic plague, found either flea control or 

vaccinating black-footed ferrets against plague significantly increased their survival rates 

(Matchett et al. 2010). Neither prairie dogs nor black-footed ferrets have evolved immune 
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responses sufficient to limit severe population reductions caused by plague. Unfortunately, 

invasive plague is persistent and relentless. The disease will play a continued, critical role in 

black-footed ferret conservation. 

 

The future 

 Recovery of black-footed ferrets ultimately requires resilient wild populations that 

display a breadth of ecological and genetic diversity across its historical range (U. S. Fish and 

Wildlife Service 2019). Currently, the total number of breeding adult black-footed ferrets in the 

wild is approximately 10% of the down-listing goal of 1500 breeding adults and 5% of the 3000-

adult de-listing goal. Clearly there is much work to be done and keys to recovery will involve 

three main elements: (1) maintaining and restoring genetic diversity with continued 

improvements in captive breeding (Marinari and Kreeger 2006, Wisely et al. 2015); (2) securing 

multiple areas where resilient black-footed ferret populations are protected, and managers are 

allowed and supported to protect and maintain functioning prairie dog habitat (Lockhart et al. 

2006); and (3) advancing our knowledge and tools for managing plague (Biggins and Eads 

2017). 

 

Captive breeding and genetic diversity 

 In the near term, captive breeding will remain important in black-footed ferret 

conservation by providing animals for continued reintroduction efforts and maintaining genetic 

diversity in the relatively secure captive population (U. S. Fish and Wildlife Service 2019). 

Research has shown the survival of reintroduced black-footed ferrets is improved through pre-

release conditioning of captive-born black-footed ferrets (Biggins et al. 1998, 1999, 2011, 
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Biggins and Eads 2017). Standard operating procedures for black-footed ferrets destined for 

release now include 30–45 days in quasi-natural outdoor pens with burrows and live prey to 

enhance their innate skills at killing prairie dogs and avoiding predation. Pre-release conditioning 

occurs at the National Black-Footed Ferret Conservation Center in Carr, Colorado (Figure 1.5). 

Maintaining this captive breeding program with pre-conditioning pens will continue to be vital 

for black-footed ferret recovery. 

 Another important role of captive breeding is to maintain genetic diversity which is 

critical for minimizing potential effects of inbreeding (Santymire et al. 2019) and providing the 

long-term adaptive potential needed for future environmental challenges. The near extinction of 

black-footed ferrets severely restricted the genetic diversity of the species such that careful 

breeding is essential to minimize the loss of genetic diversity. A primary goal is to optimize 

genetic management and the captive breeding program successfully maintained >80% of the 

genetic diversity present in the founder population. However, long-term captive breeding is not 

ideal and the limitations could be overcome if sufficient habitat existed for wild propagation. For 

example, whelping rates in captivity have declined >50% over the past 26 years, from 75% to 

35% (U. S. Fish and Wildlife Service 2019), but reintroduced wild populations maintain high 

whelping rates near 90% annually. Understanding and altering this pattern is an important 

priority for the captive breeding program. Nonetheless, given the rates of habitat restoration and 

protection to date because of social intolerance for prairie dogs, combined with the challenges of 

mitigating plague, a productive captive population of black-footed ferrets will remain essential. 

 Whether bred in captivity or in the wild, black-footed ferret genetic diversity will 

continue to slowly decline over time, thus it is important that the recovery program also finds 

ways to increase genetic diversity of black-footed ferrets. Recently, the USFWS and partners 
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announced the birth of the first cloned black-footed ferret utilizing cryopreserved cells from a 

decades-deceased wild ferret that was no longer genetically represented in the extant population 

(Wisely et al. 2015). In addition to cloning, the advent of CRISPR-Cas9 genetic editing tools 

could replace and express genes for an increased immune response to plague (Novak et al. 2018), 

thus reducing the impact of this devastating disease, or restore genetic diversity with alleles from 

unrepresented populations (e.g., the 1960s Mellette County, South Dakota black-footed ferrets). 

These technologies are in early stages of development and, if successful, may be hailed as great 

steps forward in conservation science. Gene banking and cryopreserving materials from 

contemporary ferrets is being considered to safeguard against any catastrophic events that may 

arise in the future (U. S. Fish and Wildlife Service 2019). 

 

Securing habitat 

 Black-footed ferret recovery must focus on maintaining and enhancing current recovery 

sites (Table 1.1) as well as restoring prairie dogs in areas for future recovery sites. The U. S. Fish 

and Wildlife Service (2013, p. 7) identified “the single, most feasible action that would benefit 

black-footed ferret recovery is to improve prairie dog conservation.” However, the opposition of 

politically influential agricultural interests mostly prevents effective large-scale prairie dog 

conservation (Miller et al. 2007, Miller and Reading 2012). In the US, there are more than 163 

million hectares of rangeland that are suitable for prairie dogs, yet only 1.5 million hectares 

(0.9%) are currently occupied by prairie dogs (U. S. Fish and Wildlife Service 2013). Black-

footed ferrets currently occupy 97,197 ha of which 12,206 ha are managed for plague at some 

level (U. S. Fish and Wildlife Service 2019). In other words, black-footed ferrets currently 

occupy 0.06% of their potential range. At most, 3 sites likely had a minimum spring 2020 
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breeding population of 30 adults, the minimum population size to count towards recovery goals. 

Ten of the 28 reintroduction sites at their maximum potential size contained <2,000 ha of prairie 

dog colonies and have a very low probability of ever sustaining >30 breeding adults (Table 1.1). 

18 of the 28 reintroduction sites currently have <2,000 hectares of prairie dog colonies. At the 

nine largest sites, current active prairie dog colony area was only ~25% of the potential or 

maximum size and 5 of those sites reported no known ferrets in 2019 (U. S. Fish and Wildlife 

Service 2019). Since 2006, only one new black-footed ferret reintroduction site has been 

established that contained >10,000 ha of prairie dog colonies (Table 1.1). 

 Increasing the number of large recovery sites will involve a consortium of federal, state, 

private and tribal efforts. It is becoming increasingly clear that large recovery sites will mostly 

occur on public and tribal lands. Private lands play an important role in black-footed ferret 

recovery and cooperation with landowners is essential, but prairie dog protections on private land 

are often difficult and sometimes ephemeral. For instance, a 1901 state law in Kansas authorizes 

townships to destroy prairie dogs on private lands (Lantz 1903), effectively relinquishing private 

property rights of any landowner with prairie dog colonies (U. S. Fish and Wildlife Service 

2019). Landowner incentive programs to maintain large prairie dog colonies have only 

temporarily worked, in a few limited cases, and have suffered from a lack of funding and 

effective implementation. Native American tribes are sovereign nations with their own 

governments that make decisions about wildlife management. Currently, seven tribes are 

partnering in black-footed ferret recovery and most have the potential for large populations of 

prairie dogs and ferrets. Recovery sites on federal public lands, such as Conata Basin/Badlands 

National Park, South Dakota, are critical because these vast areas can provide the amount of 

habitat needed to sustain large black-footed ferret populations in addition to management 
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stability and economic resources. That said, political complexities often make it difficult for 

public land managers to proactively manage for large prairie dog colonies (Miller et al. 2007). 

Securing habitat for black-footed ferrets is largely an issue of politics, sociology, and economics 

that is often beyond the purview of most biologists, thus it will require engaging with politicians, 

communities, and agricultural interests. 

 

Managing plague 

 Any habitat that is secured for black-footed ferret recovery will likely require some level 

of plague management to sustain viable populations of ferrets. Currently, the most effective way 

of limiting the impact of plague is to use insecticides to kill fleas, the vectors of plague (Eads and 

Biggins 2019). This method utilizes direct application of insecticide-laden dust directly into each 

prairie dog burrow opening across hundreds or thousands of hectares. The active ingredient of 

one of the most effective insecticides is deltamethrin which causes prolonged nerve action and 

paralysis, thereby killing fleas that vector plague. Field studies demonstrate deltamethrin is an 

effective tool for protecting prairie dogs and black-footed ferrets (Biggins et al. 2010, Matchett et 

al. 2010), but it must be applied annually, can be costly, and fleas can develop resistance with 

repeated applications and under dosing (Eads et al. 2018). Recently, a systemic, orally-ingested 

insecticide bait containing fipronil was registered for use in prairie dogs and demonstrates 

effective flea control (Eads et al. 2019). Fipronil related products have the potential to be more 

cost effective than deltamethrin (Matchett et al. 2023) and provide an additional tool that can be 

rotated in an integrated plague management strategy. 

 Black-footed ferrets can be protected against plague using an injectable F1-V fusion 

protein vaccine (Rocke et al. 2008, Matchett et al. 2010). All black-footed ferrets released from 
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captivity are routinely vaccinated before release. In the wild, black-footed ferrets are live-

captured for vaccination and implantation of an identifying passive integrated transponder (PIT) 

tag (Figure 1.7). The vaccine is most effective with the injection of two doses, a primary and a 

booster, >2 weeks apart. Vaccinating wild black-footed ferrets produces protective titers against 

plague for individuals but their prairie dog prey and habitat remains vulnerable to plague. An 

experimental oral sylvatic plague vaccine (SPV) for prairie dogs was tested in four prairie dog 

species across seven states, providing partial protection when plague was detected (Rocke et al. 

2017). Further refinements in SPV are needed as the current formulation may not provide 

sufficient protection to maintain high quality black-footed ferret habitat. 

 Currently, an integrated plague management strategy utilizing both insecticides for vector 

control and vaccination of black-footed ferrets is the most effective strategy to protect both 

species from plague. While this combined plague management strategy is costly and labor 

intensive, those treatments resulted in the persistence of many reintroduced wild black-footed 

ferret populations. 

 There is an urgent need to learn more about plague ecology in prairie dog ecosystems so 

plague mitigation can be strategized in time and space. Data suggest weather influences plague 

frequency. In some studies, epizootics of plague have occurred in conjunction with increased 

precipitation and mild temperatures, especially after periods of drought. Paltry precipitation may 

predispose prairie dogs to malnourishment and higher rates of flea parasitism that may increase 

plague transmission rates to epizootic levels as mild, wetter patterns provide more favorable 

conditions for prairie dog reproduction and plague bacterium replication (Eads and Biggins 

2017). Accumulating studies, from both North America and Asia, support this notion of dry 

conditions followed by returning rains and mild temperatures stimulating epizootic events. 
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Climate change may play a role in the occurrence of plague epizootics; contemporary global 

warming is forecasted to amplify the hydrological cycle, causing an increased occurrence of 

prolonged droughts interceded by shorter periods of intense precipitation. If so, effective plague 

mitigation will become even more important. 

 

Lessons beyond black-footed ferrets 

 The rich and dramatic history of black-footed ferrets provides lessons that may be 

applicable to conservation of other species at risk. Many of these lessons are clear, in hindsight, 

and are not a critique of past biologists, who often understood the problems but struggled with 

the hurdles of politics, sociology, and economics. 

 The primary lesson is that every effort should be made to preserve, or restore as quickly 

as possible, a species in the wild so that captive breeding and reintroduction are unnecessary. 

From the perspective of black-footed ferret program recovery coordinators, Lockhart et al. 

(2006, p.7) opined “however difficult the challenges of recovering wild populations in native 

habitat may be, those challenges pale in comparison to the trauma, demands, and resources 

required for last-ditch captive breeding and reintroduction efforts.” The costs of captive breeding 

and reintroduction of black-footed ferrets are difficult to calculate but easily exceeds several 

million dollars annually. The historic preservation of several wild black-footed ferret 

populations, particularly in the eastern part of the range where plague was not yet present (Figure 

1.2), may have avoided the need for captive breeding and reintroduction efforts. 

 While preservation efforts should be made to negate the need for captive breeding, 

conservationists should also prepare for the possibility of captive breeding while wild 

populations are still relatively robust. Often the intricacies of a species’ breeding biology are 
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unknown, particularly for species that are rare or difficult to observe. Also, by the time captive 

breeding is necessary for a species, there may not be excess animals available for learning 

objectives. While wild populations can still sustain the removal of some individuals, 

conservation partners could begin to experiment with captive breeding techniques to reduce 

uncertainties if captive breeding should be needed. Further, high-quality and diverse genetic 

samples should be preserved that could facilitate potential extreme measures such as cloning to 

increase genetic diversity. Captive breeding efforts with the Meeteetse black-footed ferrets in the 

1980s benefited from lessons learned during the “failed” attempts with the Mellette County 

ferrets in the 1970s (Lockhart et al. 2006). Also, high quality tissue samples of at least two 

Meeteetse black-footed ferrets were cryopreserved, providing a basis for genetic rescue cloning 

today. But what if captive breeding with Meeteetse black-footed ferrets had been initiated earlier, 

as some biologists had suggested (Bogan 1985)? What if more black-footed ferrets had been 

rescued from Meeteetse? Or what if high quality tissue samples from the Mellette County black-

footed ferrets had been preserved? The answer to all these questions is likely that black-footed 

ferret conservation would have benefited. We ask these questions to be instructive thought 

exercises for future biologists and managers that could help decision-making for other species. 

 Politics, sociology, and economics play significant and dynamic roles in the conservation 

of many species around the world, making the opportunities for significant conservation gain 

sometimes elusive or fleeting. Decisions that support conservation can often be made or 

overturned with a new political administration, social movement, or re-allocation of funding. 

Thus, conservationists should be prepared to take advantage of opportunities when they arise, 

even if they are not necessarily optimal. 
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 Finally, the success of conservation efforts including recovery of black-footed ferrets will 

rely upon diverse partnerships and the creative ideas and problem solving that can emerge from 

such groups that agree to and are dedicated to a common cause. Black-footed ferret conservation 

efforts in the 1980s were often “marred by poor planning, inadequate resources, conflict, 

controversy, and crisis” (Lockhart et al. 2006, p. 9). This dynamic created tremendous in-fighting 

and likely delayed important decisions like removing individuals from the wild for captive 

breeding. In 1996, when the USFWS reassumed authority of the program, BFFRIT was 

established to include states, federal agencies, tribes, non-governmental organizations, zoos, and 

universities to advise and implement the recovery program. While politics cannot be eliminated, 

the strength of BFFRIT lies in multiple committees working with captive breeding, 

reintroduction, disease, and education/outreach. The USFWS and black-footed ferret recovery 

program is completely reliant upon these partnerships as demonstrated by the number of captive 

breeding facilities (one of six) and reintroduction sites (two of 28; Table 1.1) that are operated by 

the USFWS. 

 

Conclusions 

 Black-footed ferret conservation and recovery has been partially successful in that the 

species was rescued from the brink of extinction, captive breeding efforts annually produce ~150 

ferrets for reintroduction, and a handful of populations persist in the wild. The program still faces 

many difficult challenges, including genetic diversity and disease, although tools to mitigate 

these biological problems are being developed and implemented. A continuing and formidable 

challenge is improving the politics, collaboration, partnerships, sociology, and economics of 

prairie dog conservation. Changes in public lands prairie dog management policy are needed to 
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allow the re-building, enhancement, and protection of large prairie dog colonies that function as 

ecosystems. It will involve continued engagement with landowners and agricultural interests to 

find solutions that work for all involved parties, but most importantly that provides enough 

habitat for self-sustaining, viable populations of black-footed ferrets. Funding these efforts of 

prairie dog protection, including plague management, will largely be borne by taxpayers. In this 

way, black-footed ferrets will be a species that is perpetually managed at some level, even after 

recovery goals are achieved. These are not easy tasks and the black-footed ferret recovery 

program clearly understands the issues. But “what we know about saving species is much greater 

than what we do about saving species” (Clark 1997). We know what needs to be done to restore 

black-footed ferrets to the North American prairies and we must redouble our efforts to do it. 
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Table 1.1: Black-footed ferret reintroduction sites, corresponding with Figure 1.2, including site characteristics and history.  

 
 
 
 

Site (number 
corresponds to 

map Figure 1.2) 

 
 
 
 
 

State or 
province 

 
 
 
 
 

Year 
initiated 

 
 
 
 
 
 

Ownership 

 
 
 
 

Prairie 
dog 

species1 

 
Potential 

or 
maximum 

size of 
prairie 

dog area2 

 
 
 

Total # 
of 

release 
years 

 
 

Total # 
black-
footed 
ferrets 

released 

 
 

Estimated 
# black-
footed 

ferrets in 
fall 20193 

Highest 
annual 

estimated # 
of black-

footed 
ferrets 
(year)4 

Shirley Basin 
(1) 

WY 1991 Federal, 
state, 

private 

WTPD X-Large 11 562 39 229 
(2006) 

UL Bend 
National 
Wildlife 
Refuge (2) 

MT 1994 Federal BTPD Small 10 273 0 63 
(2000) 

Conata 
Basin/Badlands 
National Park 
(3) 

SD 1994 Federal BTPD Large 12 382 120 355 
(2007) 

Aubrey Valley 
(4) 

AZ 1996 Private, 
state 

GPD X-Large 17 546 20 123 
(2012) 

Fort Belknap 
Reservation (5) 

MT 1997 Tribal BTPD Medium 7 247 15 55 
(1998) 

Coyote Basin 
(6) 

UT 1999 Federal WTPD Large 16 517 1 45 
(2003) 

Cheyenne 
River 
Reservation (7) 

SD 1999 Tribal BTPD Large 9 385 0 173 
(2006) 

Wolf Creek (8) CO 2001 Federal WTPD Large 8 254 0 38 
(2001) 

BLM 40-
complex (9) 

MT 2001 Federal BTPD Small 4 95 0 10 
(2004) 
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Janos (10) Chihuahua, 
Mexico 

2000 Community, 
private 

BTPD Large 6 299 0 15 
(2003) 

Rosebud 
Reservation 
(11) 

SD 2004 Tribal BTPD Large 5 166 0 30 
(2004) 

Lower Brule 
Reservation 
(12) 

SD 2006 Tribal BTPD Medium 8 190 13 29 
(2010) 

Wind Cave 
National Park 
(13) 

SD 2007 Federal BTPD Small 6 113 20 49 
(2010) 

Espee Ranch 
(14) 

AZ 2007 Private GPD X-Large 3 97 0 22 
(2008) 

Butte Creek 
Ranch (15) 

KS 2007 Private BTPD Medium 8 241 14 79 
(2011) 

Northern 
Cheyenne 
Reservation 
(16) 

MT 2008 Tribal BTPD Medium 4 88 0 6 
(2009) 

Vermejo Park 
Ranch (17) 

NM 2008 Private BTPD Medium 7 163 0 28 
(2010) 

Grasslands 
National Park 
(18) 

Saskatchewan, 
Canada 

2009 Federal BTPD Medium 4 75 0 17 
(2010) 

Vermejo Park 
Ranch (19) 

NM 2012 Private GPD Small 3 59 0 5 
(2013) 

Walker Ranch 
(20) 

CO 2013 Private BTPD Small 3 121 3 3 
(2014) 

Soapstone 
Prairie/Meadow 
Springs Ranch 
(21) 

CO 2014 City BTPD Small 6 125 8 11 
(2016) 
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North-South 
Holly (22) 

CO 2014 Private BTPD Medium 4 100 0 2 
(2015) 

Liberty (23) CO 2014 Private BTPD Small 3 60 0 2 
(2015) 

Rocky 
Mountain 
Arsenal 
National 
Wildlife 
Refuge (24) 

CO 2015 Federal BTPD Small 3 55 50 79 
(2018) 

Crow 
Reservation 
(25) 

MT 2015 Tribal BTPD Medium 4 86 4 22 
(2017) 

Meeteetse (26) WY 2016 Private, 
federal, 

state 

WTPD Medium 3 81 5 26 
(2018) 

Bad River 
Ranch (27) 

SD 2017 Private BTPD Small 1 19 0 8 
(2017) 

Moore Ranch 
(28) 

NM 2018 Private BTPD Small 2 12 3 3 
(2018) 

Total      177 5,411 315 1,520 
1Prairie dog species: BTPD = black-tailed prairie dog, WTPD = white-tailed prairie dog, GPD = Gunnison’s prairie dog. 
2Potential or maximum recorded size of prairie dog colony area: Small = <2,000 hectares, Medium = 2,000-10,000 hectares, Large = 
10,000-50,000 hectares, X-Large = >50,000 hectares. 
3Minimum number alive estimate based upon annual spotlighting surveys. 
4Highest minimum number alive observed.  
Data based partially on USFWS (2019). 
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Figure 1.1: A black-footed ferret on a prairie dog burrow mound in South Dakota. Photo by 
Travis Livieri. 
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Figure 1.2: Historical range of black-footed ferrets (black outline) and reintroduction sites 
(numbered squares corresponding with Table 1.1). Counties in red have documented plague in 
animal or flea samples (partially based on Centers for Disease Control and Prevention data). 
Created by Travis Livieri. 
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Figure 1.3: Black-tailed prairie dogs on a burrow mound in Montana. Photo by Travis Livieri. 
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Figure 1.4: A black-tailed prairie dog colony in Grasslands National Park, Saskatchewan, 
Canada. Photo by Travis Livieri. 
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Figure 1.5: A black-footed ferret in a pre-release conditioning pen at the National Black-Footed 
Ferret Conservation Center, Carr, Colorado. Photo by Travis Livieri. 
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Figure 1.6: Black-footed ferret cages at the National Black-Footed Ferret Conservation Center, 
Carr, Colorado. Photo by Travis Livieri. 
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Figure 1.7: Black-footed ferret in a live-trap for vaccination against plague in South Dakota. 
Photo by Travis Livieri. 
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2. MANAGING MULTIPLE IMPACTS OF A DISEASE IN AN ENDANGERED 

CARNIVORE: BLACK-FOOTED FERRETS, PRAIRIE DOGS, AND PLAGUE 

 

Summary 

 Diseases can directly and indirectly impact wildlife populations, but understanding these 

effects in endangered species is challenging because rare species typically have small 

populations and comparative data before and after disease events may not exist. Ideally, effective 

disease monitoring strategies in susceptible wildlife populations would inform timely mitigation 

if diseases emerge. Plague, a bacterial disease invasive to North America and caused by Yersinia 

pestis, causes high mortality in endangered black-footed ferrets (Mustela nigripes) and their 

prairie dog prey (Cynomys spp.). We evaluated plague surveillance and the impacts of mitigation 

efforts on annual survival of black-footed ferrets and the persistence of prairie dog colonies in 

South Dakota. To detect a plague epizootic, we sampled serology of 812 carnivores and tested 

111 prairie dogs. To mitigate impacts of plague we annually dusted prairie dog burrows ( 𝑥̅𝑥 = 

418,226, SE = 49,798) with insecticides for flea vector control and vaccinated 847 black-footed 

ferrets. Dusting maintained the area of prairie dog colonies that had signs of prairie dog activity 

while non-dusted colonies decreased in active area by 96.6%. Estimated black-footed ferret 

annual survival increased 49-78% on dusted colonies, and vaccination increased ferret survival 

an additional 13-20%. Our results suggest that epizootic plague may be detected in time for 

effective mitigation and the combined efforts of vector control and vaccination of black-footed 

ferrets can be highly effective for recovery of this endangered species. 
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Introduction 

 Endangered species face a wide variety of threats, including habitat loss, invasive 

species, pollution, overexploitation and disease, factors that often work synergistically to push 

species towards extinction (Heard et al. 2013, Ducatez and Shine 2017, Hu et al. in press). 

Although disease is rarely identified as the primary cause of endangerment (Smith et al. 2006), 

emerging or re-emerging infectious diseases have recently increased in frequency to pose threats 

to many wildlife species (Daszak et al. 2000, Jones et al. 2008, Tompkins et al. 2015). Common 

and abundant species may ultimately survive catastrophic epizootics, but small endangered 

populations could suffer irreversible declines (McCallum and Dobson 1995, Woodroffe 1999, 

Breed et al. 2009, Smith et al. 2009, Russell et al. 2020).  

Disease effects on endangered species are often direct, causing mortality, reducing 

populations and/or modifying behaviors (Preece et al. 2017). Vulnerable species may be 

impacted by multiple diseases. For instance, island foxes (Urocyon littoralis) on the California 

Channel Islands were exposed to four diseases that may have contributed to their decline 

(Clifford et al. 2006), and the smallest extant population of Ethiopian wolves (Canis simensis) 

was drastically reduced by rabies and canine distemper (Marino et al. 2017). Alternatively, 

diseases that impact an abundant or keystone species may have indirect, cascading effects upon a 

reliant endangered species (de Castro and Bolker 2005, Collinge et al. 2008) or ecosystem 

(Selakovic et al. 2014). For example, rabbit hemorrhagic disease virus caused declines in 

European rabbits (Oryctolagus cuniculus), a key prey item, leading to decreases in two 

endangered predators, the Iberian lynx (Lynx pardinus) and the Spanish imperial eagle (Aquila 

adalberti; Monterroso et al. 2016). 
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 Understanding the effects of disease on endangered populations is hindered by the 

difficulty of separating disease impacts from other factors that led to endangerment (Scott 1988, 

McCallum and Dobson 1995), the scarcity of population data from before and after disease 

detection (McCallum and Dobson 1995, Tompkins et al. 2015), and the inherent challenge of 

studying rare species, especially those that are difficult to detect (Chades et al. 2011, Preece et al. 

2017). Carcasses may be difficult to locate for rare species, such that disease epizootics are 

usually detected well after they have begun (McCallum and Dobson 1995). Ideally, a disease 

monitoring strategy would include population surveillance prior to the emergence of disease and 

subsequent study of the disease incidence and morbidity/mortality caused by the disease so that 

effective management and mitigation strategies can be implemented (Artois et al. 2009, Grogan 

et al. 2014). 

Strategies to manage and mitigate disease in wild populations include targeting the 

pathogen and vectors directly, manipulating the hosts, or changing the environment (Wisely 

2019). Removal of infected individuals from the population was a successful strategy for 

Tasmanian devils (Sarcophilus harrisi) with devil facial tumor disease, resulting in a reduction 

of large tumors and maintenance of high animal densities compared to an area without removals 

(Jones et al. 2007). Vaccination can be an effective strategy for conserving populations of 

endangered species, such as Ethiopian wolves (Haydon et al. 2006) and Iberian lynx (Lopez et al. 

2009). However, the efficacy of vaccination can be difficult to evaluate in endangered species 

because low sample sizes and concern over putting the species at further risk often preclude the 

use of a non-vaccinated control group (Woodroffe 1999, Breed et al. 2009, Cleaveland 2009). 

Despite these examples of successful disease intervention to conserve endangered species and a 

recognized need for rigorous evaluations of mitigation, many disease management programs rely 
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on epidemiological models or frameworks that have yet to be fully implemented and evaluated 

(Woodroffe 1999, Delahay et al. 2009, Scheele et al. 2014). Here we present a case study and 

evaluation of a multi-faceted effort to manage multiple impacts of sylvatic plague (plague 

hereafter), caused by the introduced bacterium Yersinia pestis, in a free-ranging population of 

endangered black-footed ferrets (Mustela nigripes), in Conata Basin, a portion of the Buffalo 

Gap National Grasslands, and the adjacent Badlands National Park (CB/BADL), in southwestern 

South Dakota. The black-footed ferret population at CB/BADL is the largest reintroduced free-

ranging population of the species studied to date (Livieri et al. 2022). 

The endangered black-footed ferret is an obligate predator of prairie dogs (Cynomys spp.) 

and uses prairie dog colonies and burrows as habitat (Biggins et al. 2006c). Both animals are 

highly susceptible to plague. Prairie dogs are hosts of plague, exhibiting low resistance and high 

mortality, and their plague risk is exacerbated by their typically heavy infestations of flea vectors 

(Gage and Kosoy 2006). Black-footed ferrets are incidental hosts of Y. pestis, suffering multiple 

impacts, including direct mortality, loss of prey (prairie dogs), and loss of habitat (prairie dog 

colonies and burrows; Eads and Biggins 2015). Conversion of native prairie habitat, extensive 

prairie dog poisoning campaigns, and disease caused widespread decline and extirpation of 

black-footed ferrets from most parts of their historic range by the 1970’s with only two remnant 

populations studied: one in Mellette County, South Dakota from 1964-1974, and one near 

Meeteetse, Wyoming from 1981-1987 (Forrest et al. 1988, U. S. Fish and Wildlife Service 

2013). The last remaining individuals of the species were removed from the wild by 1987 to 

establish a captive breeding program and reintroductions back into the wild, which began in 

1991. Reintroductions have occurred throughout the historic range of black-footed ferrets in 
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eight U.S. States and portions of Mexico and Canada with varying degrees of success (Jachowski 

and Lockhart 2009, U. S. Fish and Wildlife Service 2013, Livieri et al. 2022). 

Managing disease for black-footed ferrets, both in captivity and the wild, has been a high 

priority for the recovery program (Marinari and Kreeger 2006, U. S. Fish and Wildlife Service 

2013). Historically, the primary concern regarding disease in black-footed ferrets was focused on 

canine distemper virus rather than plague, because ten black-footed ferrets from Mellette County 

(four in 1971) and six from Meeteetse (1985) died of canine distemper in captivity (Carpenter et 

al. 1976, Williams et al. 1988). Further, black-footed ferrets were mistakenly assumed to be 

resistant to plague (Williams et al. 1991, 1994). More recently, 27 of 30 captive black-footed 

ferrets died after being accidentally fed plague-infected prairie dogs, demonstrating the high 

lethality of plague for black-footed ferrets (Godbey et al. 2006). Field studies confirmed the 

insidious and often undetectable effects of plague on prairie dogs (Biggins et al. 2010) and black-

footed ferrets (Matchett et al. 2010). Both plague and canine distemper are highly fatal to black-

footed ferrets, but plague has likely played a historically underestimated and important role in 

the near extinction of the species. 

Plague is a vector-borne disease that was accidentally introduced to North America 

around 1900 and quickly spread eastward across the western half of the United States, causing 

fatalities in many wildlife species, primarily rodents (Biggins and Kosoy 2001, Antolin et al. 

2002). By the 1930’s the disease had spread to the ranges of white-tailed (C. leucurus) and 

Gunnison’s (C. gunnisoni) prairie dogs (Eskey and Haas 1940) and eventually further eastward 

into the range of black-tailed prairie dogs (C. ludovivianus). As prairie dog populations were 

impacted and became increasingly fragmented, the black-footed ferret was pushed to the brink of 

extinction. Plague spread to eastern Wyoming by the 1940’s but was not detected east of the 



 

49 

 

Black Hills in South Dakota until 2005 (Mize and Britten 2016). Plague was detected in 2008 in 

the CB/BADL area, prompting project managers and partners to undertake extensive efforts to 

protect the black-footed ferret and prairie dog populations. Here, we describe a long-term field 

study documenting the first known invasion of plague into CB/BADL and its effects on prairie 

dog colonies and reintroduced black-footed ferret populations. We used carnivore serology, 

diurnal searches for prairie dog carcasses, and observations of prairie dog activity to document 

the prevalence of plague and canine distemper in the study area. We also evaluated the effects of 

disease management, flea vector control, and direct vaccination of black-footed ferrets on prairie 

dog colony (i.e., ferret habitat) size and ferret survival. We demonstrate how managing the 

multiple impacts of a single disease appears to have prevented extirpation of this important 

black-footed ferret population. 

 

Methods 

Disease surveillance 

 Surveillance occurred annually for plague (1990-2009) and canine distemper (1990-

2006) using carnivore seroprevalence (Gage et al. 1994, Schuler et al. 2021) and veterinary 

diagnostic tests to inform black-footed ferret recovery actions at CB/BADL. Between 1990 and 

2009 we harvested, live-trapped with release, or opportunistically sampled 560 coyotes (Canis 

latrans), 114 American badgers (Taxidea taxus), 23 raccoons (Procyon lotor), 44 striped skunks 

(Mephitis mephitis), three bobcats (Lynx rufus), 61 swift fox (Vulpes velox), and seven red fox 

(Vulpes vulpes) for serological testing. We sent carcasses, sera, and blood samples on filter paper 

to Wyoming State Veterinary Laboratory (Laramie, WY; WYSVL) or United States Department 

of Agriculture National Wildlife Research Center (Fort Collins, CO) for testing. Carcasses of 
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black-tailed prairie dogs (n = 111) found dead in the field or that died during quarantine as food 

for captive black-footed ferrets were sent to WYSVL or Centers for Disease Control (Fort 

Collins, CO) for plague testing by direct fluorescent antibody or bacterial culture (Gage 1999). In 

2007 we ceased seroprevalence surveillance efforts for canine distemper because our results 

suggested the disease was common in the area. Similarly, we ceased active carnivore 

seroprevalence surveillance for plague in 2010 after the confirmed invasion of plague in 2008, 

although other research in the area documented the continued presence of plague in carnivores 

through 2016 (Mize 2015, Nevison 2017). We calculated annual prevalence for both canine 

distemper and plague as the proportion of individuals sampled that were detected with disease or 

serological evidence of exposure (Thrusfield and Christley 2018) bracketed by 95% binomial 

exact confidence intervals. 

 Diurnal ground surveys of prairie dog activity on colonies were conducted to infer the 

presence of plague in addition to serological and diagnostic tests. Plague epizootics are the only 

known disease events that can cause large-scale mortality in black-tailed prairie dogs (Barnes 

1993, Biggins et al. 2021). Plague presence was suspected if few or no prairie dogs were 

observed on a colony after several visits on consecutive days and vegetation was emerging on or 

near burrow mounds. We mapped the extent of the inactive area with a Trimble Global 

Positioning Systems (GPS) unit, and these data were imported into ArcGIS 9.1. We conducted 

weekly or monthly ground surveys in the summer months beginning in 2005 and continuing 

through 2015, and other field activities (e.g., black-footed ferret surveys, prairie dog colony 

mapping, insecticide dust application) also contributed to assessing prairie dog activity that may 

have indicated the presence of plague. 
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Disease management 

 We controlled fleas, the vector of plague, through application of a pulicide dust 

(DeltaDust, Bayer Environmental Science, Research Triangle Park, NC; active ingredient 0.05% 

delatmethrin) into prairie dog burrows (Biggins et al. 2010, Matchett et al. 2010). We applied 

dust once per year during spring-fall at a rate of ~6 g per burrow opening (Table 2.1) to 𝑥̅𝑥 = 

418,226 (SE = 49,798) burrows on 𝑥̅𝑥  = 3,374 (SE =418) ha of prairie dog colonies (Table 2.1, 

Figure 2.1). In 2005, when plague was detected in a prairie dog complex ~48km to the south, we 

prophylactically dusted a subset of colonies at CB/BADL. Dusting was initiated in 2005 on 8 

prairie dog colonies (2,838.1 ha), continued on 2 colonies in 2006-2007, then expanded to 

additional colonies with the confirmed invasion of plague in 2008. After 2008, we re-dusted 

colonies annually through 2016. As more funding became available after 2008, 41 additional 

prairie dog colonies were dusted (Table 2.1, Appendix Figures S1-S13). We selected prairie dog 

colonies for dusting based upon black-footed ferret presence and density, with the goal of 

maximizing preservation of ferrets by dusting as many ferret-occupied prairie dog colonies as 

possible.  

We vaccinated 847 black-footed ferrets during nocturnal spotlight surveys, which were 

used to locate and count ferrets on prairie dog colonies from August-November 1998-2017 and 

occasionally at other times of the year (Biggins et al. 2006a). We captured animals in live-traps, 

anesthetized them with isoflurane at a mobile station, implanted a passive integrated transponder 

(PIT) tag (AVID Friendchip 125 kHz, Norco, CA) for individual identification (Black-Footed 

Ferret Recovery Implementation Team 2016), and injected one dose of F1-V fusion protein 

plague vaccine (Rocke et al. 2008, Matchett et al. 2010). We administered a second dose of F1-V 

to black-footed ferrets upon recapture, even if recapture occurred in a subsequent year. After 
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processing, we immediately returned all animals to the point of capture. Our goal was to 

vaccinate all black-footed ferrets with a total of two doses of vaccine, with at least one month 

between doses, which should confer lifetime protection against plague (Rocke et al. 2008). Not 

all ferrets received two doses because they were not all recaptured, and occasional temporary 

vaccine shortages left some ferrets without vaccine. All black-footed ferret activities were 

conducted under United States Fish and Wildlife Service Endangered Species permit 

#TE064682-1 and followed the animal handling guidelines of Sikes and the Animal Care and 

Use Committee of the American Society of Mammalogists (2016). 

 

Evaluation of disease management 

 We evaluated the effects of disease management (dusting and vaccination) on prairie dog 

colony size and black-footed ferret survival. We mapped all prairie dog colonies in CB/BADL 

biennially from 2007-2017 with GPS by circumscribing the outer-most prairie dog burrows 

(Biggins et al. 2006d) and imported data into Geographic Information Systems (GIS) to calculate 

colony area. Using the 2007 prairie dog colony GIS layer, which was the year of the largest 

colony extent, we assigned each polygon a unique identifier and used that same identifier if the 

polygon fragmented in subsequent years. Colony polygons that were partially dusted were split 

in the GIS layer to track the size of dusted and non-dusted areas. We compared the change in 

total colony area (hectares) of all dusted and non-dusted prairie dog colonies at 2-year intervals 

to evaluate the effects of dusting on black-footed ferret habitat. If a colony was dusted once in a 

2-year interval, then we categorized it as dusted for that interval.   

We estimated annual survival of 1,774 wild-born black-footed ferrets from 1998-2017 

(Table 2.2), excluding all animals that were translocated out of the population and all captive-
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born black-footed ferrets released into CB/BADL because pre-release conditioning affects 

survival rates (Biggins et al. 1998). We used the Barker model (Barker et al. 2004) in Program 

MARK (White and Burnham 1999), a joint live-dead model that uses resightings outside of the 

primary recapture periods to increase precision of survival estimates (Sandercock 2006). It 

estimates survival from sampling period t to t + 1 (St), probability of capture in sampling period t 

(pt), probability an animal that dies in the interval (t, t + 1) is found and reported (rt), the 

probability an animal that survives the interval (t, t + 1) is resighted in the interval (Rt), the 

probability an animal that dies in the interval (t, t + 1) and is not reported and is instead resighted 

alive in that interval before dying (Rt'), site fidelity (Ft), and immigration (Ft '). We fixed r = 0 

because direct observation of black-footed ferret mortality is rare and we directly observed only 

seven deaths over 20 years. We assumed F = 1, no emigration, because we had no sampling 

effort outside the study area with which to inform this parameter. Models included covariates for 

sex, colony dusting, plague vaccination (0, 1, 2 doses), and distance to known plague. We ranked 

models using Akaike’s Information Criterion (AIC; Burnham and Anderson 2004) and 

considered models within 5 AIC units of the top model as informative. 

The primary annual period for detecting black-footed ferrets by spotlighting surveys was 

16 August – 8 November because we surveyed >75% of the study area every year between those 

dates. We conducted occasional spotlight surveys outside of the primary period, and these data 

were considered auxiliary, helping to refine estimates of both S and p. Black-footed ferrets 

entered the data set upon their first capture in a primary period as a juvenile or adult and were 

considered to be adults in their second primary period. Animals that were first captured during 

the auxiliary period were not included in the data set until they were resighted during a primary 

period and entered as adults. Beginning in 2005, each animal in the data set was coded for 
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occupation of a dusted (1) or non-dusted (0) prairie dog colony in the same year. After the last 

detection of an animal, the dusting status of the last occupied colony was used for the remainder 

of the detection history. Each black-footed ferret was also coded for plague vaccination status 

that was cumulative up to two doses in the ferret’s lifetime and carried through the detection 

history. Beginning with the 2007 primary period, we used GIS to annually measure distance to 

plague (km) for each black-footed ferret as the distance between the first capture point location 

of a primary period and the proximate polygon edge of current or past suspected plague presence 

as mapped during disease surveillance. 

We annually (1 May – 30 April) estimated the black-footed ferret population at 

CB/BADL as the minimum number alive (MNA; Black-Footed Ferret Recovery Implementation 

Team 2016) identified by PIT tag and retrospectively revised estimates with PIT-tagged ferrets 

missed during the previous year and newly tagged adults (i.e., undetected but alive in the 

previous year). We used the number of PIT-tagged black-footed ferrets during the primary period 

(16 August – 8 November) divided by pt, probability of capture in a sampling period, to estimate 

population size during the primary period which we compared to estimated survival rates to 

better understand the effects of plague, dusting, and vaccine (e.g., whether the population trended 

downward when plague was documented). We calculated % change in black-footed ferret 

survival within a period as ((St,no plague mangement - St,dusted)/ St,no plague management)*100 to estimate the 

effect of dusting status and vaccination. 
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Results 

Disease surveillance 

Of the 812 carnivores we submitted for serological testing, we detected plague twice 

prior to 2008, in 1994 and 2005, both times in coyote sera (Table 2.3, Figure 2.2), but we did not 

observe any evidence of a plague epizootic, such as widespread decline in prairie dog activity. In 

2008 plague titers were detected in serology of six individuals of two different species (three 

coyotes and three swift fox), and seven prairie dog carcasses tested positive using fluorescent 

antibody tests. We also observed colonies (burrows) without activity across 6,563.9 ha of 

previously active prairie dog colonies. We detected canine distemper, primarily in coyotes, in 14 

of 15 years we sampled (Table 2.3, Figure 2.2) with only three samples analyzed in the single 

year without a detection. Average annual prevalence of canine distemper was 𝑥̅𝑥 = 0.28 +0.04 

(SE). 

 

Evaluation of disease management 

 Non-dusted prairie dog colonies decreased in active area by 60.5% during each of the 

first three biennial mapping periods from 2007-13 when plague was present, compared to a 

15.0% decrease in area of dusted colonies (Table 2.4, Figure 2.3, Appendix Figures S3-S9). 

Total area of non-dusted prairie dog colonies increased 49.0% compared to 12.7% on dusted 

colonies over each of the last two biennial periods from 2013-17.  

 The top-ranked models for black-footed ferret survival included age class, year, sex, 

dusting status, vaccination status, distance from known plague, and interactions between dusting 

status and distance from plague (Table 2.5). Estimated survival was highest in females and 

juveniles in all years, and during the plague epizootic it was highest for black-footed ferrets 
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vaccinated with two doses, occupying dusted prairie dog colonies, and farther from known 

plague. Dusting status, distance to plague, and an interaction between the two covariates 

appeared in all top-ranked models, suggesting the relative importance of those variables may be 

greater than others. Models that included vaccination status without dusting status were not 

competitive. We used the second ranked model (Table 2.5) to estimate annual survival rates 

because that model included vaccination status. Estimated annual survival rates for both sexes 

and age classes declined precipitously with the invasion of plague, reaching the nadir in 2009, 

and then gradually increasing through 2013 before returning to pre-plague levels after 2014 

(Tables 2.6-2.9, Figure 2.4). During 2007-2009, the period during the plague epizootic for which 

we had data on non-dusted/non-vaccinated ferrets and dusted/vaccinated ferrets (Table 2.2), 

dusting and vaccination with 2 doses improved annual black-footed ferret survival rates 49 to 

116% over non-vaccinated ferrets that occupied non-dusted colonies. Dusting alone increased 

estimated annual survival rates for all sex and age classes, but increases in male survival (63-

78%) were slightly greater than increases in female survival (49-73%). On dusted colonies, 

survival for black-footed ferrets with just one vaccination was approximately equivalent to non-

vaccinated ferrets, but two vaccinations increased survival by 13-20% over non-vaccinated 

ferrets, emphasizing the value of two vaccine doses, even when applied across seasons. The 

survival of black-footed ferrets on dusted colonies did not depend on distance to plague, while 

the survival of ferrets occupying non-dusted colonies increased with distance to plague, 

becoming comparable to those on dusted colonies when >4 km from plague. Probability of 

capture, p, varied annually with survey effort and ranged from 0.33 – 0.97 (Figure 2.5). Annual 

MNA population estimates and primary period estimates increased prior to the invasion of 
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plague in 2008, dramatically declined through 2013, and slowly increased again through 2016 

(Table 2.10, Figure 2.6).  

 

Discussion 

 Using carnivore serology, testing of prairie dog carcasses, and monitoring of prairie dog 

colony activity, we found no evidence of epizootic plague in the CB/BADL ecosystem from 

1990-2007. Two coyotes tested positive during this period but we did not observe any large-scale 

mortality of prairie dogs indicative of epizootic plague (Matchett et al. 2010, Biggins et al. 

2021). The plague positive coyote in 1994 may have been a long-distance immigrant from a 

known plague area in eastern Wyoming or a spurious test result (Williams et al. 1998). We 

suggest these two plague positive coyotes were not indicators of epizootic plague at CB/BADL. 

Although we cannot dismiss enzootic plague, it is unlikely in this case, as plague can be readily 

detected by carnivore serology even when present at low, enzootic levels. For instance, Matchett 

et al. (2010) used carnivore serology to conclude that plague was almost always present on their 

Montana prairie dog colonies after detecting plague-positive carnivores in 14 of 15 years 

sampled, with a mean prevalence of 55% and only six samples collected in the single year 

without a detection. The 2005 plague detection in a coyote in the CB/BADL area might have 

been associated with a plague epizootic in a prairie dog complex ~48 km south (Rocke et al. 

2008) and an early indicator of the coming plague invasion. Our detection of plague in both 

carnivores and prairie dogs in 2008 was further confirmed by large-scale inactivity on large areas 

of prairie dog colonies. Past reports and observations of prairie dog inactivity were associated 

with poisoning, shooting, or drought (Bruggeman and Licht 2020), but plague is the only disease 
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that is known to cause large-scale die-offs (Biggins et al. 2021). We conclude that the 2008 

invasion of plague into CB/BADL was the first incursion of this disease.   

 Contrary to our plague results, we found canine distemper was commonly present in 

carnivores, primarily coyotes, at CB/BADL from 1990-2006. Despite the high susceptibility of 

black-footed ferrets to canine distemper, we did not observe any apparent decline in ferret 

populations that could be attributed to canine distemper. We did frequently vaccinate black-

footed ferrets at CB/BADL against distemper, but the killed vaccines used early in these efforts 

may have been less effective than canarypox-vectored vaccines available after 2001 that produce 

higher titer levels (Wimsatt et al. 2006, Wright et al. 2022). Canine distemper transmission is 

typically by direct contact or fomites (Deem et al. 2000), but black-footed ferrets may not 

naturally contract the disease very often in the wild because it is short-lived in the environment. 

Direct transmission of canine distemper from coyotes to black-footed ferrets is unlikely because 

coyotes prey upon ferrets (Biggins et al. 2006b) and any contact is likely fatal for ferrets. The 

territorial nature of black-footed ferrets (Livieri and Anderson 2012) would reduce any 

opportunity for widespread transmission among ferrets. Undoubtedly, canine distemper is a risk 

to black-footed ferrets, particularly in captivity, but we suggest that the hazard to wild ferret 

populations may be minimal compared to the dual threat of direct mortality and habitat loss 

posed by plague. Black-footed ferrets are one of the oft-cited endangered species associated with 

canine distemper (Thorne and Williams 1988), but plague was the disease that largely 

contributed to historical range-wide declines of the species along with prairie dog poisoning and 

land conversion (U. S. Fish and Wildlife Service 2013, Livieri et al. 2022).  

When plague reached CB/BADL in 2008, managers understood that flea vector control, 

through dusting prairie dog burrows, could protect both prairie dogs and black-footed ferrets, 
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whereas the injectable vaccine would only protect ferrets (Matchett et al. 2010). Plague reduced 

prairie dog colony area on both dusted and non-dusted colonies for a minimum of five years after 

the initial detection of the epizootic (2008-2013) but the impact was more severe on non-dusted 

colonies, causing up to 65% reduction in colony area between mapping periods. Our annual 

dusting efforts preserved ~4,800 ha of colony area through the first five years of the epizootic 

while the area of non-dusted colonies fell sharply from 10,839.3 ha to 372.3 ha, an overall 

reduction of 96.6%, in that same period. If we had not dusted prairie dog colonies and allowed 

the plague epizootic to entirely invade the CB/BADL, it is likely that >90% of all the prairie dog 

colony area would have been impacted by plague, leading to extirpation of the black-footed 

ferret population.  

 Dusting with deltamethrin prevented the collapse of prairie dog colonies at CB/BADL, 

similar to results reported by Tripp et al. (2017) and Biggins et al. (2021), reducing overall 

plague transmission rates for both prairie dogs and black-footed ferrets while providing a 

somewhat stable prey base for ferrets compared to non-dusted areas. The area of dusted prairie 

dog colonies in the present study declined as much as 28.5% during the epizootic, suggesting 

that dusting is not 100% effective in protecting a prairie dog colony from plague; timing of 

annual dusting, human error, and flea resistance to deltamethrin may lessen the overall efficacy 

of this tool (Eads et al. 2018, Eads and Biggins 2019). Further refinements of dusting are needed 

for plague management, but dusting continues to be an effective tool for controlling fleas to 

maintain prairie dog populations (Biggins et al. 2021) and thus black-footed ferret populations. 

Black-footed ferret annual survival dramatically decreased in 2008 and remained lower 

than pre-plague survival rates until 2014, coinciding with the invasion of plague and reduction in 

population size. In Montana, during enzootic plague circulating at low levels, vaccine 
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dramatically increased survival of black-footed ferrets with effects equivalent to dusting 

(Matchett et al. 2010). However, during the observed plague epizootic at CB/BADL, dusting was 

more important than vaccination to black-footed ferret survival, increasing survival rates from 

49-78% compared to ferrets occupying non-dusted areas, while two vaccinations were needed to 

additionally increase survival by 13-20% over dusting alone. For small populations of 

endangered animals even small increases in annual survival may make a difference between 

extirpation and recovery. Nevertheless, dusting or some form of effective vector control should 

continue to be the primary tool for managers to mitigate a plague epizootic, while vaccination of 

black-footed ferrets may be a secondary tool that provides incremental gains in ferret survival. 

Our results demonstrate that epizootic plague may be monitored using carnivore serology 

and visual surveys, and that effective mitigation measures can be employed when epizootic 

plague is detected. However, it may be difficult for managers of smaller prairie dog complexes to 

mount a timely response to a plague epizootic because of the typically rapid spread of the disease 

(Biggins and Eads 2019). In the CB/BADL area there were >15,000 ha of active prairie dog 

colony prior to the detection of epizootic plague (2005-2007) and the disease impacted thousands 

of hectares in the first year (2008), yet we were able to dust nearly 5,000 hectares that were not 

yet impacted. Most prairie dog complexes where black-footed ferrets have been reintroduced are 

smaller in colony area than CB/BADL (Livieri et al. 2022), and the entire complex may be 

impacted before vector control can be employed; therefore, smaller ferret reintroduction areas 

should consider regular prophylactic dusting treatment of colonies. Black-footed ferret 

vaccination against plague should be administered whenever possible, particularly during the 

summer/fall seasons when population surveys are typically conducted in reintroduction areas. 

The combined efforts of vector control and vaccination of black-footed ferrets may be labor 
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intensive but can be highly effective tools that are critically necessary for recovery of this 

endangered species.  
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Table 2.1: Total prairie dog colony area and area treated with insecticide dust from 2005-2017 at 
Conata Basin/Badlands National Park, South Dakota. 

Year Total prairie dog 
colony area (ha) 

Dusted active 
prairie dog 

colony area (ha) 

# Dusted prairie 
dog burrows 

Dusting dates 
(month/day) 

2005 13,840.7 2,838.1 292,955 9/1 – 10/15 

2006  549.0 93,867 9/5 – 10/20 

2007 15,835.7 622.6 93,276 8/14 – 10/1 

2008  4,385.2 453,560 6/2 – 9/16 

2009 9,101.9 4,257.5 454,881 5/4 – 8/17 

2010  4991.4 543,214 4/7 – 9/27 

2011 5,130.3 3,889.0 478,398 4/5 – 9/7 

2012  4,524.0 648,460 3/27 – 7/24 

2013 4,287.3 4,018.2 545,320 4/29 – 8/23 

2014  4,014.6 465,034 4/14 – 10/28 

2015 4,042.0 3,608.1 499,765 3/18 – 9/16 

2016  2,789.5 449,980 3/14 – 8/30 

2017 5,524.6    
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Table 2.2: Number of black-footed ferrets and plague treatments analyzed for survival using 
Program MARK. Ferrets resided on prairie dog colonies that were treated with insecticide dust 
and ferrets also received up to 2 doses of plague vaccine. 

Year Dusted 
– No 
Vax 

Dusted 
– 1 
vax 

Dusted 
– 2 
vax 

No 
dust 
– No 
vax 

No 
dust 
– 1 
vax 

No 
dust 
– 2 
vax 

# Adults 
(male.female) 

 # Juveniles 
(male.female) 

Total 

1998 0 0 0 40 0 0 8 (5.3) 32 (15.17) 40 

1999 0 0 0 128 0 0 27 (10.17) 101 (46.55) 128 

2000 0 0 0 151 0 0 70 (25.45) 81 (36.45) 151 

2001 0 0 0 176 0 0 88 (29.59) 88 (45.43) 176 

2002 0 0 0 182 0 0 84 (29.55) 98 (44.54) 182 

2003 0 0 0 234 0 0 107 (36.71) 127 (58.69) 234 

2004 0 0 0 192 0 0 101 (34.67) 91 (39.52) 192 

2005 84 28 4 69 24 12 89 (37.52) 132 (57.75) 221 

2006 20 16 6 133 29 10 100 (41.59) 114 (43.71) 214 

2007 44 7 3 178 8 4 121 (43.78) 123 (56.67) 244 

2008 24 84 33 3 42 2 97 (33.64) 91 (47.44) 188 

2009 19 46 33 2 22 6 63 (17.46) 65 (31.34) 128 

2010 14 58 15 0 8 1 34 (5.29) 62 (28.34) 96 

2011 0 59 37 0 6 0 36 (7.29) 66 (32.34) 102 

2012 0 42 42 0 6 3 41 (11.30) 52 (26.26) 93 

2013 0 16 21 0 0 1 19 (6.13) 19 (6.13) 38 

2014 0 26 44 0 3 3 25 (9.16) 51 (30.21) 76 

2015 0 30 54 0 3 6 35 (17.18) 58 (27.31) 93 

2016 0 49 52 0 4 9 43 (14.29) 71 (36.35) 114 

Total 205 461 344 1,488 155 57 1,188 
(408.780) 

1,522 
(702.820) 

2,710 

 

  



64 

 

Table 2.3: Prevalence and 95% binomial exact confidence interval of plague and canine distemper in carnivores and rodents in the 
Conata Basin/Badlands National Park, South Dakota, 1990-2009. Other category includes raccoon, red fox, swift fox, and bobcats. 

Year Plague prevalence Canine distemper prevalence 
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1990 0/36 0/15 0/18  0/11 0/80 0.0 (0.0-0.05) 8/37 1/15 0/18 0/11 9/81 0.01 (0.05-0.20) 

1993 0/21 0/39 0/8  0/16 0/84 0.0 (0.0-0.04) 6/19 0/41 0/7 1/17 7/84 0.08 (0.03-0.16) 

1994 1/21 0/13 0/8 0/9 0/2 1/51 0.02 (0.0-0.10) 2/21 1/13 0/7 0/2 3/43 0.07 (0.01-0.19) 

1995 0/10 0/12 0/8 0/33  0/63 0.0 (0.0-0.06) 7/10 0/12 0/5  7/27 0.26 (0.11-0.46) 

1996 0/11   0/29  0/40 0.0 (0.0-0.09) 6/11    6/11 0.55 (0.23-0.83) 

1997 0/35 0/9  0/21 0/3 0/68 0.0 (0.0-0.05) 18/35 0/9  0/3 18/47 0.38 (0.24-0.54) 

1998 0/21 0/3    0/24 0.0 (0.0-0.14) 9/19 0/3   9/22 0.41 (0.21-0.64) 

1999 0/18 0/3   0/1 0/22 0.0 (0.0-0.15) 5/18 0/3  0/1 5/22 0.23 (0.08-0.45) 

2000 0/3     0/3 0.0 (0.0-0.71) 0/3    0/3 0.0 (0.0-0.71) 

2001 0/10  0/1   0/11 0.0 (0.0-0.28) 3/10  0/1  3/11 0.27 (0.06-0.61) 

2002 0/43  0/1 0/1 0/1 0/46 0.0 (0.0-0.08) 16/43    16/43 0.37 (0.23-0.53) 

2003 0/69    0/1 0/70 0.0 (0.0-0.05) 16/69    16/69 0.23 (0.14-0.35) 

2004 0/61     0/61 0.0 (0.0-0.06) 21/61    21/61 0.34 (0.23-0.48) 

2005 1/67     1/67 0.01 (0.0-0.08) 9/27    9/27 0.33 (0.17-0.54) 

2006 0/57     0/57 0.0 (0.0-0.06) 3/5    3/5 0.60 (0.15-0.95) 

2007 0/29 0/2  0/3  0/34 0.0 (0.0-0.10)       

2008 3/29   7/10 3/61 13/100 0.13 (0.07-0.21)       

2009 1/18 4/16  4/5  9/39 0.23 (0.11-0.39)       
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Table 2.4: Size (hectares) of prairie dog colonies with and without treatment of insecticide dust, with the total colony area at the start 
and end of each 2-year colony mapping interval. 

Year 
interval 

Treatment # colonies Mean colony size 
(ha) +SE 

Range (ha) Total area 
(ha) start 

Total area 
(ha) end 

% change in 
total area (ha) 

2007-09 Dust 8 601.6 +173.3 228.3 – 1,571.1 4,812.8 4,626.6 -3.9% 

2007-09 No dust 115 94.3 +23.9 0.5 – 1,769.1 10,839.3 4,275.4 -60.6% 

2009-11 Dust 18 286.3 +96.8 2.2 – 1,538.5  5,153.8 3,687.1 -28.5% 

2009-11 No dust 97 38.7 +7.6 0.2 – 560.0 3,750.8 1,285.7 -65.7% 

2011-13 Dust 49 94.0 +27.6 0.6 – 1,103.2 4,605.4 4,023.3 -12.6% 

2011-13 No dust 56 6.6 +1.4 0.1 – 41.5 372.3 166.7 -55.2% 

2013-15 Dust 44 91.4 +26.5 0.1 – 1,062.6 4,021.1 3,724.0 -7.4% 

2013-15 No dust 44 3.9 +1.6 0.2 – 66.6 173.7 218.9 +26.0% 

2015-17 Dust 47 76.9 +24.5 1.0 – 1,067.6 3,616.4 4,797.3 +32.7% 

2015-17 No dust 38 9.1 +3.7 0.2 – 124.7 343.9 591.0 +71.9% 
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Table 2.5: Full set of models evaluated using the Barker model for annual black-footed ferret survival at Conata Basin/Badlands 
National Park, South Dakota, 1998-2017. The top competitive models are in italics.  

Model1 AICc ∆ AICc AICc Weight K Deviance 

S(a, t, sex, dust, plague, dust*plague) p(t, effort) R(t) R'(t) 6073.4 0 0.46 72 5927.4 

S(a, t, sex, dust, vx1, vx2, plague, dust*plague) p(t, effort) R(t) R'(t) 6074.8 1.4 0.23 74 5924.7 

S(a, t, sex, dust, vx1, plague, dust*plague) p(t, effort) R(t) R'(t) 6075.4 2.0 0.17 73 5927.4 

S(a, t, sex, dust, vx1, plague, dust*plague*vx1) p(t, effort) R(t) R'(t) 6075.9 2.5 0.13 74 5925.8 

S(a, t, sex, dust, plague) p(t, effort) R(t) R'(t) 6083.3 9.9 0.00 71 5939.4 

S(a, t, sex, dust, vx1, vx2, plague) p(t, effort) R(t) R'(t) 6084.5 11.1 0.00 73 5936.5 

S(a, t, sex, dust, vx1, plague) p(t, effort) R(t) R'(t) 6085.3 11.9 0.00 72 5939.4 

S(a, t, sex, dust, vx1, plague, vx1*plague) p(t, effort) R(t) R'(t) 6085.4 12.0 0.00 73 5937.4 

S(a, t, g, plague) p(t, effort) R(t) R'(t) 6086.1 12.7 0.00 70 5944.3 

S(a, t, sex, vx1, vx2, plague) p(t, effort) R(t) R'(t) 6087.1 13.7 0.00 72 5941.1 

S(a, t, sex, vx1, plague) p(t, effort) R(t) R'(t) 6088.1 14.7 0.00 71 5944.2 

S(a, t, sex, dust) p(t, effort) R(t) R'(t) 6110.2 36.8 0.00 70 5968.4 

S(a, t, sex) p(t, effort) R(t) R'(t) 6112.1 38.7 0.00 69 5972.3 

S(a, t, sex, vx1, vx2) p(t, effort) R(t) R'(t) 6113.8 40.4 0.00 71 5969.9 

S(a, t, sex, vx1) p(t, effort) R(t) R'(t) 6114.0 40.6 0.00 70 5972.1 

S(a, t, sex) p(t, g, effort) R(t) R'(t) 6114.5 41.1 0.00 69 5974.7 

S(a ,t, sex) p(t) R(t) R'(t) 6114.6 41.2 0.00 66 5980.9 

S(a, t, sex) p(a, t, effort) R(t) R'(t) 6115.2 41.8 0.00 69 5975.4 

S(a, t, sex) p(a, t) R(t) R'(t) 6116.5 43.1 0.00 67 5980.8 

S(a, t, sex) p(t, effort) R(t) R'(t) 6116.6 43.2 0.00 68 5978.9 

S(a, t, sex) p(t, g) R(t) R'(t) 6122.6 49.2 0.00 67 5986.8 

S(a, t) p(t) R(t) R'(t) 6182.7 109.3 0.00 65 6051.1 

S(t) p(t) R(t) R'(t) 6183.4 110.0 0.00 65 6051.8 

S(t) p(.) R(t) R'(t) 6249.2 175.8 0.00 52 6144.1 

S(.) p(.) R(.) R'(.) 7450.9 1377.5 0.00 4 7442.9 
1 Parameters include survival (S), probability of capture (p), a = age, t = year, dust = dusted, plague = distance from plague, vx1 = 1 
dose of plague vaccine, vx2 = 2 or more doses of plague vaccine, effort = spotlighting effort, (.) = constant. F=1 and r=0 for all 
models. 
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Table 2.6: Estimated annual survival (bold), standard error, and 95% confidence intervals for adult female black-footed ferrets at 
Conata Basin/Badlands National Park, South Dakota, 1998-2016 with no plague management (no dust, no vaccine), insecticide dust 
only, dust and 1 vaccination, and dust with 2 vaccinations.  

Year Survival (SE), 95% confidence interval 

 No dust, no vaccine Dust only Dust, 1 vaccine Dust, 2 vaccine 

1998 0.57 (0.08), 0.41-0.72    

1999 0.58 (0.05), 0.48-0.67    

2000 0.55 (0.04), 0.46-0.64    

2001 0.51 (0.04), 0.43-0.59    

2002 0.59 (0.04), 0.51-0.66    

2003 0.51 (0.05), 0.42-0.60    

2004 0.44 (0.05), 0.35-0.54    

2005 0.41 (0.05), 0.32-0.52    

2006 0.48 (0.05), 0.39-0.57    

2007 0.23 (0.04), 0.16-0.31 0.35 (0.05), 0.26-0.46 0.34 (0.06), 0.23-0.47 0.40 (0.07), 0.28-0.54 

2008 0.21 (0.05), 0.13-0.32 0.33 (0.06), 0.22-0.46 0.32 (0.05), 0.23-0.42 0.38 (0.06), 0.27-0.50 

2009 0.07 (0.03), 0.03-0.16 0.13 (0.05), 0.06-0.25 0.12 (0.04), 0.06-0.23 0.15 (0.05), 0.08-0.29 

2010  0.37 (0.10), 0.20-0.57 0.35 (0.09), 0.20-0.54 0.42 (0.10), 0.24-0.62 

2011   0.26 (0.06), 0.16-0.40 0.32 (0.07), 0.21-0.46 

2012   0.47 (0.11), 0.27-0.67 0.53 (0.10), 0.35-0.71 

2013   0.30 (0.08), 0.17-0.48 0.36 (0.09), 0.21-0.54 

2014   0.49 (0.08), 0.33-0.65 0.56 (0.08), 0.40-0.70 

2015   0.52 (0.09), 0.35-0.68 0.59 (0.08), 0.43-0.73 

2016   0.68 (0.12), 0.41-0.87 0.74 (0.11), 0.48-0.90 
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Table 2.7: Estimated annual survival (bold), standard error, and 95% confidence intervals for juvenile female black-footed ferrets at 
Conata Basin/Badlands National Park, South Dakota, 1998-2016 with no plague management (no dust, no vaccine), insecticide dust 
only, dust and 1 vaccination, and dust with 2 vaccinations. 

Year Survival (SE), 95% confidence interval 

 No dust, no vaccine Dust only Dust, 1 vaccine Dust, 2 vaccine 

1998 0.63 (0.08), 0.47-0.76    

1999 0.64 (0.05), 0.54-0.72    

2000 0.61 (0.04), 0.52-0.69    

2001 0.57 (0.04), 0.49-0.65    

2002 0.65 (0.04), 0.57-0.72    

2003 0.57 (0.05), 0.48-0.66    

2004 0.50 (0.05), 0.40-0.60    

2005 0.47 (0.05), 0.37-0.58    

2006 0.54 (0.05), 0.44-0.63    

2007 0.27 (0.04), 0.20-0.37 0.41 (0.05), 0.31-0.52 0.39 (0.07), 0.27-0.53 0.46 (0.08), 0.32-0.61 

2008 0.25 (0.06), 0.16-0.38 0.39 (0.07), 0.26-0.52 0.37 (0.06), 0.27-0.48 0.44 (0.07), 0.31-0.57 

2009 0.09 (0.04), 0.04-0.20 0.16 (0.06), 0.07-0.30 0.15 (0.05), 0.07-0.28 0.19 (0.06), 0.09-0.34 

2010  0.42 (0.11), 0.24-0.63 0.41 (0.10), 0.24-0.60 0.47 (0.11), 0.28-0.68 

2011   0.31 (0.06), 0.20-0.45 0.37 (0.07), 0.25-0.52 

2012   0.52 (0.11), 0.32-0.72 0.59 (0.10), 0.40-0.76 

2013   0.35 (0.09), 0.20-0.54 0.42 (0.09), 0.25-0.60 

2014   0.55 (0.08), 0.39-0.70 0.62 (0.08), 0.46-0.75 

2015   0.58 (0.08), 0.41-0.73 0.64 (0.08), 0.48-0.78 

2016   0.73 (0.11), 0.47-0.89 0.78 (0.10), 0.54-0.92 
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Table 2.8: Estimated annual survival (bold), standard error, and 95% confidence intervals for adult male black-footed ferrets at 
Conata Basin/Badlands National Park, South Dakota, 1998-2016 with no plague management (no dust, no vaccine), insecticide dust 
only, dust and 1 vaccination, and dust with 2 vaccinations. 

Year Survival (SE), 95% confidence interval 

 No dust, no vaccine Dust only Dust, 1 vaccine Dust, 2 vaccine 

1998 0.39 (0.08), 0.25-0.56    

1999 0.40 (0.05), 0.31-0.50    

2000 0.37 (0.04), 0.29-0.46    

2001 0.34 (0.04), 0.26-0.42    

2002 0.41 (0.04), 0.33-0.49    

2003 0.33 (0.04), 0.26-0.42    

2004 0.28 (0.04), 0.20-0.37    

2005 0.25 (0.04), 0.18-0.35    

2006 0.31 (0.04), 0.23-0.39    

2007 0.13 (0.03), 0.08-0.18 0.21 (0.04), 0.14-0.29 0.20 (0.04), 0.13-0.30 0.25 (0.05), 0.15-0.37 

2008 0.12 (0.03), 0.07-0.19 0.19 (0.04), 0.12-0.30  0.18 (0.04), 0.12-0.26 0.23 (0.05), 0.15-0.33 

2009 0.04 (0.02), 0.02-0.09 0.07 (0.03), 0.03-0.14 0.06 (0.02), 0.03-0.13 0.08 (0.03), 0.04-0.16 

2010  0.22 (0.07), 0.11-0.40 0.21 (0.07), 0.11-0.37 0.26 (0.08), 0.13-0.45 

2011   0.15 (0.04), 0.09-0.24 0.19 (0.05), 0.11-0.29 

2012   0.30 (0.07), 0.17-0.46 0.36 (0.10), 0.19-0.57 

2013   0.17 (0.05), 0.09-0.30 0.21 (0.07), 0.11-0.37 

2014   0.32 (0.07), 0.19-0.47 0.38 (0.07), 0.25-0.53 

2015   0.34 (0.08), 0.21-0.51 0.41 (0.08), 0.26-0.57 

2016   0.51 (0.14), 0.25-0.76 0.58 (0.14), 0.30-0.81 
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Table 2.9: Estimated annual survival (bold), standard error, and 95% confidence intervals for juvenile male black-footed ferrets at 
Conata Basin/Badlands National Park, South Dakota, 1998-2016 with no plague management (no dust, no vaccine), insecticide dust 
only, dust and 1 vaccination, and dust with 2 vaccinations. 

Year Survival (SE), 95% confidence interval 

 No dust, no vaccine Dust only Dust, 1 vaccine Dust, 2 vaccine 

1998 0.45 (0.08), 0.30-0.61    

1999 0.46 (0.05), 0.37-0.55    

2000 0.43 (0.05), 0.34-0.52    

2001 0.39 (0.04), 0.31-0.47    

2002 0.47 (0.04), 0.39-0.55    

2003 0.39 (0.05), 0.30-0.48    

2004 0.33 (0.05), 0.24-0.43    

2005 0.30 (0.05), 0.22-0.40    

2006 0.36 (0.05), 0.28-0.45    

2007 0.15 (0.03), 0.11-0.22 0.25 (0.04), 0.18-0.34 0.24 (0.05), 0.15-0.35 0.29 (0.06), 0.18-0.43 

2008 0.14 (0.04), 0.08-0.23 0.23 (0.05), 0.15-0.35 0.22 (0.04), 0.15-0.31 0.27 (0.05), 0.18-0.39 

2009 0.05 (0.02), 0.02-0.11 0.08 (0.03), 0.04-0.17 0.08 (0.03), 0.04-0.16 0.10 (0.04), 0.05-0.20 

2010  0.26 (0.09), 0.13-0.46 0.25 (0.08), 0.13-0.43 0.30 (0.09), 0.15-0.51 

2011   0.18 (0.04), 0.11-0.28 0.22 (0.05), 0.14-0.35 

2012   0.35 (0.08), 0.21-0.52 0.41 (0.11), 0.22-0.63 

2013   0.21 (0.06), 0.11-0.36 0.26 (0.08), 0.13-0.44 

2014   0.37 (0.08), 0.24-0.53 0.44 (0.08), 0.29-0.59 

2015   0.40 (0.08), 0.25-0.56 0.46 (0.08), 0.31-0.63 

2016   0.57 (0.14), 0.30-0.80 0.63 (0.13), 0.36-0.84 
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Table 2.10: Annual black-footed ferret minimum number alive (MNA) population estimates, 
number of PIT-tagged ferrets identified during the late summer/fall primary period, and 
estimated population size during the primary period using p, probability of detection in Conata 
Basin/Badlands National Park, South Dakota from 1999-2016. 

Year Minimum number 
alive (MNA) 

Number identified during 
primary period 

Primary period 
population estimate 

1999 206 167 189 

2000 242 195 222 

2001 210 186 201 

2002 210 191 197 

2003 296 266 276 

2004 231 194 260 

2005 276 247 324 

2006 286 204 315 

2007 355 280 442 

2008 257 213 323 

2009 187 140 213 

2010 126 81 170 

2011 119 72 119 

2012 100 68 92 

2013 49 30 92 

2014 78 43 57 

2015 95 90 127 

2016 125 114 156 
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Figure 2.1: Prairie dog colony area (ha) treated with insecticide dust and number of prairie dog burrows annually treated 2005-16 at 
Conata Basin/Badlands National Park, South Dakota. 
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Figure 2.2: Annual estimated prevalence with 95% confidence intervals of plague and canine distemper seroprevalence in carnivores 
and black-tailed prairie dogs (plague only) in Conata Basin/Badlands National Park, South Dakota, 1990-2009. No sampling for 
canine distemper occurred 2007-2009.  
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Figure 2.3: Effect of annual dust application on prairie dog colony area during a plague epizootic in Conata Basin/Badlands National 
Park, South Dakota, 2007-2017. Colonies dusted at least once during a bi-annual period (solid black lines) maintained area compared 
to colonies without any insecticide dusting (dashed gray lines). 
 



 

75 

 

 

Figure 2.4: Annual survival rates (S) of female adult (A), female juvenile (B), male adult (C), and male juvenile (D) black-footed 

ferrets at Conata Basin/Badlands National Park, South Dakota, 1998-2016 in relation to dusting, vaccination. The lower dashed line 

indicates survival rates for non-vaccinated ferrets occupying non-dusted prairie dog colonies. The middle dashed line indicates 

survival rates for ferrets with one vaccination occupying dusted colonies. The dotted line indicates survival rates of non-vaccinated 

ferrets occupying dusted colonies. The solid line indicates survival rates for ferrets with two vaccinations occupying dusted colonies. 
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Figure 2.5: Annual estimated probability of capture (p; solid line with shaded 95% confidence interval) for black-footed ferrets at 

Conata Basin/Badlands National Park, South Dakota, 1999-2016. Survey effort (hours of spotlighting; dashed line) during the primary 

period are plotted on the secondary vertical axis for comparison. 
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Figure 2.6: Estimated annual black-footed ferret population size in Conata Basin/Badlands National Park, South Dakota from 1999-
2016. We used minimum number alive (MNA; dotted black line), number identified during the primary period (solid black line), and 
estimated primary period population size using annual detection probabilities (dashed gray line) to estimate population size. 
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3. DISEASE SHIFTS DIET OF AN ENDANGERED SPECIALIST CARNIVORE: BLACK-

FOOTED FERRETS, PRAIRIE DOGS, AND PLAGUE 

 

Summary 

Diseases can induce strong direct and indirect effects on wildlife populations. In North 

America, invasive plague (caused by Yersinia pestis) results in high mortality of endangered 

black-footed ferrets (Mustela nigripes) and their primary prey, prairie dogs (Cynomys spp.), as 

well as altering the abundance of secondary small mammal prey resources. To explore the effect 

of plague on black-footed ferret diet and foraging, we used stable nitrogen (δ15N) and carbon 

(δ13C) isotope compositions of mammalian hair to estimate assimilated diets of wild ferrets in 

South Dakota prior to (1998-2007) and during (2008-2015) a plague epizootic. We also 

investigated the effects of plague mitigation through deltamethrin dusting of burrows for flea 

vector control on black-footed ferret diets. We captured and measured isotopes of 859 black-

footed ferrets, 26 black-tailed prairie dogs (C. ludovicianus), and 19 deer mice (Peromyscus 

sonoriensis), which are the most abundant alternative prey item for ferrets in our study area. 

Prior to the invasion of plague and deltamethrin dust application, the diets of black-footed ferrets 

were predominantly composed of prairie dogs (67%) but this increased to 94% following the 

invasion of plague and to 99% on colonies that received deltamethrin dust to manage plague. 

Thus, plague and application of deltamethrin dust to protect ferrets and prairie dogs likely 

reduced deer mouse populations, limiting their availability as alternative prey to black-footed 

ferrets. Prior to plague invasion, deer mice, the most abundant small rodent on the prairie dog 

study colonies, comprised nearly one third of the black-footed ferret diet, which may be typical 

of historical prey preferences of ferret populations. Despite observed foraging plasticity, black-
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footed ferrets can be considered prairie dog colony specialists and any diet effects following 

deltamethrin dust treatment are likely less severe than the impacts of plague on unprotected ferret 

populations. 

 

Introduction 

Disease can have pronounced direct and indirect effects on wildlife populations 

(Tompkins et al. 2011). Direct effects include mortality and reduced fecundity leading to lower 

fitness (Smith et al. 2009). Indirect impacts can be more difficult to observe but may alter 

predator-prey dynamics and community composition or induce trophic cascades (Buck and 

Ripple 2017). For instance, an outbreak of mange reduced populations of Andean vicuñas 

(Vicugna vicugna), restructuring the trophic interactions with a predator (puma, Puma concolor) 

and scavenger (Andean condor, Vultur gryphus), thereby increasing plant biomass and altering 

the ecosystem (Monk et al. 2022). The indirect effects of disease can further imperil endangered 

species, particularly those that are specialists or rely on resources provided by typically abundant 

species. In Spain, a hemorrhagic virus reduced populations of European rabbits (Oryctolagus 

cuniculus), which negatively impacted two endangered predators, Iberian lynx (Lynx pardinus) 

and Spanish Imperial eagles (Aquila adalberti; Monterroso et al. 2016).   

In North America, the bacterium Yersinia pestis causes sylvatic plague in prairie dogs 

(Cynomys spp.), with >90% mortality observed during epizootics (Antolin et al. 2002, Pauli et al. 

2006, Biggins et al. 2021). Black-footed ferrets (Mustela nigripes) are highly specialized 

predators of prairie dogs and utilize their burrows and colonies as habitat (Biggins et al. 2006a). 

In addition to reducing prairie dog abundance on colonies, plague outbreaks directly affect black-

footed ferrets as they are susceptible to plague at even low exposure levels and experience high 
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mortality rates when infected (Godbey et al. 2006, Rocke et al. 2004, 2008). Plague can persist in 

prairie dog colonies at low, enzootic levels while affecting survival of both prairie dogs (Biggins 

et al. 2010) and black-footed ferrets (Matchett et al. 2010), and likely other small mammals. 

Additionally, other rodents associated with prairie dog colonies appear to serve as hosts or 

amplifiers of plague with varying disease susceptibility (Abbott and Rocke 2012). Deer mice 

(Peromyscus sonoriensis) are a common small mammal on prairie dog colonies that exhibit 

variable survival rates in response to plague epizootics (Gage and Kosoy 2005) with documented 

reductions in survival of 40-60% or more due to plague (Bron et al. 2021, Goldberg et al. 

2022b). Thus, plague has the potential to not only cause direct mortality of black-footed ferrets 

and reduce their primary prey but also appears to significantly affect small mammal abundance 

overall (Eads and Biggins 2015).  

Plague is transmitted by fleas, and the disease is often mitigated for both prairie dogs and 

black-footed ferrets through the application of 0.05% deltamethrin dust (DeltaDust®, Bayer 

Environmental Science, Research Triangle Park, NC) into prairie dog burrows (Biggins et al. 

2021, Matchett et al. 2010, Tripp et al. 2017). Dusting may prevent a prairie dog colony from 

collapsing during a plague epizootic, thereby maintaining the prairie dog food source and burrow 

systems for black-footed ferrets, but dusting may also negatively affect short-term survival of 

some small mammals through direct toxicity or reduction in arthropod prey, although high 

reproductive rates and variable survival rates among species and locations may ameliorate this 

effect (Dombro 2016, Goldberg et al. 2022a). While the diet of black-footed ferrets consists 

mostly of prairie dogs, predation on other species, including birds, mice, and other small 

mammals, has been observed in the wild (Henderson et al. 1969, Eads 2012). Black-footed ferret 

scats collected from black-tailed prairie dog (C. ludovicianus) burrows in South Dakota 
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contained prairie dog remains in 91% of scats and mice in 26% of scats (Sheets et al. 1972), 

whereas ferret scats from white-tailed prairie dog (C. leucurus) colonies near Meeteetse, 

Wyoming, had prairie dogs in 87%, mice in 6%, and lagomorphs in 3% of scats (Campbell et al. 

1987).  

Based on stable isotope composition of black-footed ferret hair samples collected from a 

white-tailed prairie dog complex in Shirley Basin, Wyoming, Brickner et al. (2014) found that 

during the summer, adult male and juvenile ferrets consumed mostly white-tailed prairie dogs 

(~75% of their diet) with the remaining portion of the diet filled by mice and mid-sized 

mammals. However, the diet of adult female black-footed ferrets was lower in prairie dogs (63% 

of their diet) and higher in other mammals, supporting the hypothesis that there is greater 

foraging plasticity than typically assumed for this specialized predator (Campbell et al. 1987). 

White-tailed prairie dogs typically occupy colonies at a lower density of individuals compared to 

black-tailed prairie dogs, which may force ferrets to consume alternative prey to meet their 

dietary needs (Brickner et al. 2014). To what degree black-footed ferrets that occupy higher 

density black-tailed prairie dog colonies demonstrate foraging plasticity is unknown. Further, the 

effects of plague and plague management (dusting) on black-footed ferret diets are unknown. 

Indeed, plague may shift black-footed ferrets towards more of a generalist diet (fewer prairie 

dogs, more small mammals) or a specialist diet (more prairie dogs, fewer small mammals) 

depending upon how plague affects prey availability, while dusting may increase prairie dog 

survival and availability when plague is present but reduce short-term small mammal 

availability.  

The goal of our study was to generate stable isotope-based quantitative estimates of 

black-footed ferret diet composition on black-tailed prairie dog colonies in relation to a plague 
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epizootic and plague management (dusting). Specifically, we predicted the invasion of epizootic 

plague would shift black-footed ferret isotopic diet compositions to include fewer prairie dogs 

because increased mortality of annual-breeding prairie dogs (Hoogland 1996) would decrease 

their availability as prey, but a higher reproductive rate in mice and other small mammals 

(Goldberg et al. 2022b) may maintain their relative availability to ferrets, compared with prairie 

dogs. Next, we predicted that dusting prairie dog burrows during the plague period would reduce 

mortality in prairie dogs, thereby increasing prairie dogs in black-footed ferret diets relative to 

small mammals, which may have higher mortality and reduced availability because of both 

plague and dusting combined. Lastly, we predicted that assimilated diet composition of black-

footed ferrets occupying high density black-tailed prairie dog colonies would contain a higher 

proportion of prairie dogs than those reported for lower density white-tailed prairie dogs 

(Brickner et al. 2014). 

 

Methods 

Study area 

Our study area was ~92,000 ha of the Conata Basin, a portion of the Buffalo Gap 

National Grassland, and the adjacent Badlands National Park (CB/BADL hereafter) in 

southwestern South Dakota. Black-footed ferrets were reintroduced to prairie dog colonies in 

CB/BADL during 1994-1999, resulting in a free-ranging population. The area contained 4,100 – 

14,100 ha of black-tailed prairie dog colonies from 1998-2015. Vegetation of this mixed-grass 

prairie is dominated by western wheatgrass (Pascopyron smithii), buffalograss (Bouteloa 

dactyloides), and blue grama (Bouteloua gracilis).  

 

 



 

96 

 

Animal sampling 

 We sampled black-footed ferrets from 1998-2015 during annual population monitoring 

activities (Black-Footed Ferret Recovery Implementation Team 2016) under United States Fish 

and Wildlife Service permit #TE064682-1 and followed the guidelines of Sikes et al. (2016) for 

handling of ferrets, prairie dogs, and small mammals. We collected 1-3 tufts of hair from the 

dorsal surface of anesthetized black-footed ferrets using forceps to quickly remove the full hair 

to the root. Black-footed ferrets molt their pelage bi-annually, and we assumed our sampling 

represented the summer pelage grown since the spring molt. We marked black-footed ferrets 

with passive integrated transponder (PIT) tags (AVID Friendchip 125 kHz, Norco, CA) and 

classified them as adults or juveniles based upon canine tooth characteristics (Santymire et al. 

2012). We collected samples from black-footed ferrets in three prairie dog colony sub-complexes 

(Agate, Heck Table, and Sage Creek; Phillips et al. 2020) to maintain spatial replication across 

the pre-plague and plague periods.  

We opportunistically collected hair in 2014 from black-tailed prairie dogs and other small 

mammals during live-trapping for other studies (Eads et al. 2018, Goldberg et al. 2022a). We 

captured prairie dogs using Tomahawk live traps (Tomahawk Live Trap, Hazelhurst, WI) and 

anesthetized them with isoflurane for flea combing, during which we plucked one tuft of hair 

from the dorsal surface using forceps. We captured small mammals using Sherman traps (HB 

Sherman Inc., Tallahassee, FL), transferred them to a small plastic bag for handling, and plucked 

one tuft of hair from the dorsal surface using forceps. We trapped, handled, sampled, and 

released all prairie dogs and small rodents following the U. S. Geological Survey Institutional 

Animal Care and Use Committee protocol 2015-07 (Eads et al. 2018).  
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Plague was confirmed on our study site for the first time in 2008 (Rocke et al. 2008, 

Chapter 2); thus, black-footed ferret samples from 1998-2007 are considered the pre-plague 

period and from 2008-2015 as the plague period. Dusting of prairie dog burrows for flea vector 

control occurred annually during summer-fall on select colonies beginning in 2005, during the 

pre-plague period as prophylaxis, then during the plague period as a mitigation measure, and 

continued for the duration of our study. Dusted colonies were subsequently dusted again 

annually. Because dusting and black-footed ferret sampling often overlapped temporally 

(Chapter 2), any potential dusting effects on availability of prairie dogs and small mammals 

would not be reflected in the summer pelage. Thus, we classified a black-footed ferret sample as 

occupying a dusted prairie dog colony only if dusting occurred in the previous season, 

potentially affecting prey availability over the fall-winter-spring, which would then be reflected 

in the next summer pelage. For instance, a black-footed ferret sampled in September 2010 on a 

colony dusted the previous year (2009) would be considered as dusted. However, if that colony 

was only dusted for the first time in the same season of capture (2010), then the black-footed 

ferret sample would be considered non-dusted.  

We stored hair samples dry in coin envelopes (5.7 x 8.9 cm) and kept them frozen until 

lab analysis. Hair was washed three times in 2:1 mixture of chloroform:methanol and allowed to 

air dry at room temperature. Approximately 1 mg of hair was massed into tin capsules (4 x 6 

mm; Costech Analytical, Inc.) for stable nitrogen (δ15N) and carbon (δ13C) isotope analyses 

using an elemental analyzer (Carlo Erba NC2500) interfaced to a mass spectrometer (Micromass 

Optima) at the USGS Stable Isotope Laboratory in Denver, Colorado. 

 

 



 

98 

 

Data analyses 

In addition to prairie dogs, we identified and sampled multiple small mammal species in 

our study area that may also be prey for black-footed ferrets, including cottontail rabbits 

(Sylvilagus spp.), northern grasshopper mice (Onchomys leucogaster), deer mice, hispid pocket 

mice (Chaetodipus hispidus), and voles (Microtus spp.). We retained two isotopically distinct 

and meaningful dietary sources for analysis, prairie dogs and deer mice, for several reasons: 1) 

deer mice are consistently the most abundant small mammal on prairie dog colonies in our study 

area with over twice the abundance of grasshopper mice, while hispid pocket mice and voles had 

low abundance or were altogether absent (Agnew et al. 1986, Cully et al. 2010, Bron et al. 2019); 

2) previous research in our study area detected high variation in cottontail abundance on prairie 

dog colonies (Eads et al. 2015, Windell et al. in review) and our isotopic data for cottontails 

overlapped with prairie dogs (MANCOVA;  F2,29 = 1.77, p = 0.19; Table 3.1) making them 

indistinguishable; and 3) our grasshopper mice isotopic estimates were less robust than deer mice 

because of small sample size (n = 2; Table 3.1). Our reduction of dietary sources to only prairie 

dog and deer mouse may have missed rare prey items and potentially caused some bias in our 

dietary estimates (Phillips et al. 2014). However, our primary interest was observing any 

potential shift in the proportion of prairie dogs in black-footed ferret diets relative to 

demography, disease, and disease management rather than accurately estimating proportions of 

all assimilated prey species. Thus, we considered deer mice as a representative alternative prey 

source to prairie dogs. 

We estimated the proportional assimilation of prairie dogs and deer mice by black-footed 

ferrets using a Bayesian-based mixing model in MixSIAR (Stock et al. 2018) with Markov chain 

Monte Carlo (MCMC; chain length = 300,000; burn = 200,000; thin = 100; chains = 3). We used 
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raw isotopic composition values (i.e., in lieu of point estimates) of the prey and the trophic 

discrimination factors of 3.8‰ ± 0.03 for δ15N, based on a species-specific controlled trial for 

black-footed ferrets from diet to hair (Brickner et al. 2014), that were corrected with a muscle-

hair isotopic offset of 2.1‰ ± 0.1‰ for δ13C for carnivores (Stephens et al. 2022). We ran 

MixSIAR model sets with a factorial analysis using age-sex class (adult males, adult females and 

juveniles) and period (pre-plague and plague) as fixed effects and using a hierarchical analysis 

with treatment (dust, no dust) nested within period. For both analyses we used an uninformed 

(i.e., generalist) prior and an informed prior based on previous reports of black-footed ferret diet 

proportions (90% prairie dogs and 10% deer mice; Sheets et al. 1972, Campbell et al. 1987). We 

reported the median and 95% credibility interval (95% CI) to summarize the isotopic mixing 

space and the posterior diet distribution calculated by all models.  

 

Results 

We sampled 851 individual black-footed ferrets for a total of 859 samples with 613 

samples from the pre-plague period and 246 samples during plague (Table 3.2). Within the 

plague period, we sampled seven individuals more than once with six individuals in two different 

years and one individual in three different years. Sampling occurred between 16 August and 31 

October from 1998-2015, although no samples were collected in 2003. During the pre-plague 

period, we collected 37 samples in August, 292 in September, and 284 in October. During 

plague, we collected 49 samples in August, 122 in September, and 75 in October. We collected 

prey samples only in 2014 (23 July-21 October), including grasshopper mice and cottontail 

rabbits, but retained only prairie dogs and deer mice, which were isotopically distinct 

(MANOVA; F2,42 = 80.5, p < 0.001; Table 3.1), for modeling.  
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Black-footed ferret isotopic compositions were dispersed throughout the isotopic mixing 

space, suggesting possible dietary diversity (Figure 3.1). The adult female bivariate mean values 

substantially overlapped with all age-sex classes during both pre-plague and plague time periods. 

However, mean values for adult males were distinct from juveniles without any overlap during 

both time periods. We observed a shift towards prairie dogs in bivariate mean values for each 

age-sex class from pre-plague to plague time periods (Figure 3.1). Likewise, our mixing models 

suggested a notable shift in the proportion of prairie dog in black-footed ferret diet with the 

invasion of plague (Figure 3.2; Gelman-Rubin diagnostic: Out of 869 variables: 3 > 1.01 and 0 > 

1.05). In areas not treated with dust, the proportion of prairie dog in black-footed ferret diet 

increased from a median of 67% (95% CI = 58 - 74%) to 94% (95% CI = 88 – 99%) with the 

invasion of plague (Table 3.3). Considering dusted prairie dog colonies and using informed 

priors, the proportion of prairie dogs in black-footed ferret diets had a median of 98% (95% CI = 

92 – 100%) prior to plague and then 99% (95% CI = 99 – 100%) during plague (Table 3.3). The 

estimated diet was similar across age-sex classes of black-footed ferrets with a slightly higher 

abundance of prairie dogs in the diet of adult males compared to adult females and juveniles 

during the pre-plague period using both informed and uninformed priors (Table 3.4).  

 

Discussion 

Plague can cause high mortality rates in endangered black-footed ferrets and their prairie 

dog prey base (Eads and Biggins 2015); thus, management of this disease is a high priority for 

ferret conservation (U.S. Fish and Wildlife Service 2019). Our study sought to understand if 

plague may alter the proportion of prairie dogs in black-footed ferret diets, and if plague 

mitigation (dusting), would ameliorate any potential effects on diet. Median estimates of prairie 

dog proportions in all black-footed ferret diets shifted from 67% to 94% prairie dogs with the 
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invasion of plague into non-dusted prairie dog colonies, suggestive of a disease-mediated diet 

shift, coinciding with the first known invasion of epizootic plague into our study area that caused 

dramatic declines in prairie dog and ferret populations from 2008-2015 (Chapter 2). On dusted 

prairie dog colonies, we observed a similar human-mediated shift of prairie dog proportions in 

black-footed ferret diets from 67% to 98% prior to plague and the combination of plague and 

dusting further shifted ferret diets to 99% prairie dogs. Our prediction of a disease-mediated diet 

shift was supported, but resulting in a higher proportion of prairie dogs, which was opposite of 

what we anticipated. 

We sampled 57 black-footed ferrets on non-dusted colonies during plague without any 

visual effects of disease (e.g., inactive burrows, reduced prairie dog activity) in those areas, 

although epizootic plague was visually observed on nearby (0.5 – 20.4 km) colonies. 

Interestingly, these sampled black-footed ferrets were not vaccinated against plague (Matchett et 

al. 2010, Chapter 2) and several potential factors may explain why ferrets shifted their diets 

towards prairie dogs prior to those colonies being dusted or visually affected by plague. First, the 

bacterial disease tularemia (Francisella tularensis) may have caused die-offs of deer mice 

(Wobeser et al. 2007) and other small mammals on prairie dog colonies with prairie dogs and 

black-footed ferrets relatively unaffected (Cherry et al. 2019, Matchett et al. 2021). Second, the 

invasion of epizootic plague into CB/BADL may have occurred concurrently with, or possibly 

after, an enzootic level of plague infection among deer mice and their fleas without affecting 

prairie dog and black-footed ferret survival.  Deer mice are a primary host for Aetheca wagneri 

(Salkeld and Stapp 2008, Thiagarajan et al. 2008, Russell et al. 2018), a flea species that can be 

infected with plague (Cully and Williams 2001, Bron et al. 2019). This flea species may not be 

involved in epizootic transmission (Eisen et al. 2008), but could assist in plague maintenance 
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among deer mice on non-dusted prairie dog colonies lacking evidence of epizootic plague (Eads 

et al. 2020, Colman et al. 2021). Aetheca wagneri is rarely found on black-tailed prairie dogs 

(Cully and Williams 2001) or black-footed ferrets (Harris et al. 2014). It is conceivable that 

plague-infected A. wagneri caused a decline of deer mouse populations on non-dusted colonies 

and surviving black-footed ferrets responded by shifting their diet towards prairie dogs. Black-

footed ferrets are very susceptible to plague (Godbey et al. 2006), but a study of enzootic plague 

in Montana found that some can survive temporarily (0.23 six-month re-encounter rate) without 

dusting or vaccination in prairie dog colonies affected by enzootic plague (Matchett et al. 2010). 

Supporting our predictions, it appeared that dusting prairie dog burrows reduced the 

availability of alternative prey, similar to the effect of plague, and black-footed ferrets responded 

by assimilating more prairie dogs, and thus less deer mice, in their diet. Previous studies in South 

Dakota found that deltamethrin dust had no noticeable effect on deer mouse survival on prairie 

dog colonies (Maestas and Britten 2019) but suggested that repeated application of dust could 

reduce arthropod populations that deer mice depend upon (Dombro 2016). Large prairie dog 

colonies in our study area were targeted for repeated annual dust application to provide some 

protection to black-footed ferrets and their prey base (Chapter 2), but those actions may have 

inadvertently altered arthropod and thus deer mouse populations. More recently, Goldberg et al. 

(2022a) found that deltamethrin dust reduced monthly survival of deer mice and other small 

rodents, possibly through direct toxicity (in contrast to the findings of Dombro 2016), although 

high fecundity in mice populations (Brown 1966, Millar 1985) may ameliorate any negative 

effects of deltamethrin dust over longer periods. Although we observed a difference in black-

footed ferret diets related to dusting, deltamethrin is an effective tool for reducing fleas for 

conservation of prairie dogs and black-footed ferrets (Biggins et al. 2010, 2021, Matchett et al. 
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2010, Chapter 2) and the net benefits of potential plague mitigation likely outweigh any 

consequences of changes in alternative prey.   

The black-footed ferret population at CB/BADL was established with the reintroduction 

of captive animals from 1994-1999 and subsequently became the largest wild population with a 

minimum of 355 individuals estimated in 2007, prior to the invasion of plague (Chapter 2). 

During this pre-plague period (1998-2007), the black-footed ferret population at CB/BADL 

likely functioned similarly to historical pre-1900 populations in the region because it was self-

sustaining, and the prairie dog habitat was mostly pristine without invasive plague. Thus, the 

67% proportion of prairie dog that we estimated in pre-plague black-footed ferret diets may be 

similar to historic ferret diets on these habitats. This estimate is also comparable to the 

proportion of white-tailed prairie dog found in the diet of Wyoming black-footed ferrets (~70%; 

Brickner et al. 2014), despite differences in prairie dog density and contrary to our predictions. In 

CB/BADL, active black-tailed prairie dog burrow densities were 158.3/ha (Livieri 2007) 

compared to 69.2 - 116.1/ha observed for white-tailed prairie dogs in Wyoming (Baker et al. 

1999, Biggins et al. 1999), but both areas have prairie dog densities sufficient to support black-

footed ferret populations (Biggins et al. 2006b) and both species may be similarly nourishing for 

ferrets (Dierenfeld et al. 2021).  

The foraging plasticity of black-footed ferrets observed here and elsewhere (Brickner et 

al. 2014), as well as discovered fossil specimens of ferrets outside the range of prairie dogs, has 

led to postulation that reintroduced ferrets could occupy a broader range of habitats beyond 

prairie dog colonies (Owen et al. 2000) and that ferrets may not be strictly prairie dog specialists 

(Fox et al. 2017). Our results suggest approximately one-third of the assimilated diet of black-

footed ferrets could be prey species other than prairie dogs; thus, we posit that ferrets are prairie 
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dog colony specialists rather than dietary specialists. Prairie dog colonies and the extensive 

burrow systems created by prairie dogs, which black-footed ferrets prefer over tunnels created by 

other animals (Biggins et al. 2006a), provide resources for all aspects of the ferret life history, 

including refuge, reproduction, and high-density prey populations. The earliest naturalist 

accounts of black-footed ferrets, prior to widespread prairie dog poisoning campaigns and the 

accidental introduction of plague that initiated the rapid decline of ferrets, described ferret 

specimens as associated with prairie dogs (Coues 1877). Lakota indigenous knowledge described 

the black-footed ferret as a “black-faced prairie dog” and closely associated it with prairie dogs 

(Cahalane 1954, Henderson et al. 1969). Based upon continued contemporary black-footed ferret 

preference for prairie dog colonies and early species descriptions prior to the widespread decline 

of the species, we contend that, while ferrets will consume a variety of prey species, they are 

dependent on prairie dogs for the prey they provide, habitat they create, and secondary prey 

species they facilitate.  

Our estimates of black-footed ferret diet proportions have several limitations: 1) we 

restricted our models to only prairie dog and deer mouse as prey items; 2) we sampled prey 

during only one year in limited portions of our study area; and 3) our ferret hair sampling and 

dusting priorities led to an unbalanced design with fewer adults sampled. While prairie dogs are 

the known primary prey for black-footed ferrets, the true role of abundant deer mice in ferret 

diets is less understood and, in our models, served to represent an alternative prey source to 

prairie dogs. While it is possible that cottontail rabbits comprise some portion of the black-footed 

ferret diet, our rabbit samples (n = 6) were isotopically equivalent to prairie dogs, possibly 

because they are forage competitors (Eads et al. 2016); thus, additional isotopes or scat analysis 

may be needed for estimation. Visual inspection of the bi-variate data plot (Figure 3.1) suggests 
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there may be a prey item in the lower right that was not sampled by our study. We did not 

sample 13-lined ground squirrels (Ictidomys tridecemlineatus), which are present in our study 

area at low abundances, or birds that utilize prairie dog colonies and may be prey for black-

footed ferrets (Eads 2012, Tretten 2019). Next, our prey sampling only occurred in 2014 during 

the plague period and did not include any samples from the pre-plague period that would further 

support our black-footed ferret diet shift observations.  

The demographic consequence of a disease-mediated diet shift towards more prairie dogs 

for the black-footed ferrets at CB/BADL is not fully understood. Nonetheless, the ferret 

population persisted through a plague epizootic, due to extensive plague management efforts 

(i.e., dusting and vaccination; Chapter 2). As researchers continue to identify other potential 

plague mitigation tools (Eads et al. 2019, 2021, Matchett et al. 2023), possible effects on deer 

mice and other alternative prey are being considered and measured (Eads et al. 2022). However, 

the effects of a human-mediated diet change on black-footed ferrets, through plague 

management, are likely to be less severe than the devastating effects of plague on unprotected 

ferrets and prairie dogs. 
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Table 3.1: Mean isotopic values (95% confidence interval) of potential prey items for black-
footed ferrets at Conata Basin/Badlands National Park, South Dakota. 

Species n δ13C δ15N 

Black-tailed prairie dog (Cynomys ludovicianus) 26 -24.2 (0.3) 2.4 (0.2) 

Cottontail rabbit (Sylvilagus spp.) 6 -23.2 (0.6) 2.0 (0.6) 

Deer mouse (Peromyscus sonoriensis) 19 -17.3 (0.5) 4.2 (0.2) 

Grasshopper mouse (Onchomys leucogaster) 2 -21.4 (0.1) 6.7 (0.1) 
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Table 3.2: Black-footed ferret hair samples prepared and analyzed for stable isotope analyses in 
Conata Basin/Badlands National Park, South Dakota. 

Treatment Period Adult Female Adult Male Juvenile Total 

Dust Pre-plague 0 2 21 23 

Plague 20 12 157 189 

No dust Pre-plague 25 25 540 590 

Plague 24 0 33 57 

Total  69 39 751 859 

  



 

109 

 

Table 3.3: Proportion of prairie dog in assimilated diet of black-footed ferrets occupying dust-
treated and non-treated prairie dog colonies prior to the invasion of plague (1998-2007) and 
during plague (2008-2015) based on isotopic Bayesian mixing models (median ± 95% credible 
intervals) using informed and uninformed priors. 

Period (priors) Dusted Non-dusted 

Pre-plague (informed) 98% (92 – 100) 67% (58 – 74) 

Plague (informed) 99% (99 – 100) 94% (88 – 99) 

Pre-plague (uninformed) 96% (90 – 99) 67% (58 – 74) 

Plague (uninformed) 99% (98 – 100) 93% (87 – 98) 
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Table 3.4: Proportion of prairie dog in assimilated diet of black-footed ferrets by age-sex class in 
Conata Basin/Badlands National Park, South Dakota, pre-plague (1998 – 2007) and during 
plague (2008 – 2015) based on isotopic Bayesian mixing models (median ± 95% credible 
intervals). Estimates were made using an informed and uninformed prior. 

Period (priors) Adult males Adult females Juveniles 

Pre-plague (informed) 73% (63 – 83) 66% (53 – 76) 62% (52 – 70) 

Plague (informed) 98% (92 – 100) 97% (90 – 99) 96% (89 – 99) 

Pre-plague (uninformed) 72% (60 – 82) 65% (52 – 75) 61% (52 – 69) 

Plague (uninformed) 97% (91 – 99) 95% (88 – 99) 94% (88 – 98) 
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Figure 3.1: Stable isotope compositions (δ13C and δ15N) of black-footed ferrets; pre-plague 
(blue) and during plague (red) occupying dusted (circle) or non-dusted (triangles) prairie dog 
colonies. Ellipses show the 95% confidence interval around bivariate means for adult males 
(yellow), adult females (black) and juveniles (green) ferrets pre-plague (continuous line) and 
during plague (dashed line). Also shown are the primary prey items, prairie dogs and deer mice, 
in our study area (mean ± SD, corrected by trophic discrimination factor). 
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Figure 3.2: Proportion of deer mice (red) and prairie dog (blue) in the assimilated diet of black-
footed ferrets occupying dust-treated and non-treated prairie dog colonies during pre-plague 
(1998 – 2007) and plague (2008 – 2015) periods at Conata Basin/Badlands National Park, South 
Dakota. Estimates are from a hierarchal Bayesian mixing model based on the informed prior. 
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Figure S1: Black-tailed prairie dog colonies, black-footed ferrets and insecticide dust treatment in 2005 at Conata Basin/Badlands 
National Park, South Dakota.  
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Figure S2: Black-tailed prairie dog colonies, black-footed ferrets and insecticide dust treatment in 2006 at Conata Basin/Badlands 
National Park, South Dakota. 
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Figure S3: Black-tailed prairie dog colonies, black-footed ferrets and insecticide dust treatment in 2007 at Conata Basin/Badlands 
National Park, South Dakota. 
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Figure S4: Black-tailed prairie dog colonies, black-footed ferrets, insecticide dust treatment, and plague-impacted colonies in 2008 at 
Conata Basin/Badlands National Park, South Dakota. 



 

129 

 

 
Figure S5: Black-tailed prairie dog colonies, black-footed ferrets, insecticide dust treatment, and plague-impacted colonies in 2009 at 
Conata Basin/Badlands National Park, South Dakota. 
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Figure S6: Black-tailed prairie dog colonies, black-footed ferrets, insecticide dust treatment, and plague-impacted colonies in 2010 at 
Conata Basin/Badlands National Park, South Dakota. 
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Figure S7: Black-tailed prairie dog colonies, black-footed ferrets, insecticide dust treatment, and plague-impacted colonies in 2011 at 
Conata Basin/Badlands National Park, South Dakota. 
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Figure S8: Black-tailed prairie dog colonies, black-footed ferrets, insecticide dust treatment, and plague-impacted colonies in 2012 at 
Conata Basin/Badlands National Park, South Dakota. 
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Figure S9: Black-tailed prairie dog colonies, black-footed ferrets, insecticide dust treatment, and plague-impacted colonies in 2013 at 
Conata Basin/Badlands National Park, South Dakota. 
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Figure S10: Black-tailed prairie dog colonies, black-footed ferrets, insecticide dust treatment, and plague-impacted colonies in 2014 
at Conata Basin/Badlands National Park, South Dakota. 
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Figure S11: Black-tailed prairie dog colonies, black-footed ferrets, insecticide dust treatment, and plague-impacted colonies in 2015 
at Conata Basin/Badlands National Park, South Dakota. 
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Figure S12: Black-tailed prairie dog colonies, black-footed ferrets, insecticide dust treatment, and plague-impacted colonies in 2016 
at Conata Basin/Badlands National Park, South Dakota. 
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Figure S13: Black-tailed prairie dog colonies, black-footed ferrets, and plague-impacted colonies in 2017 at Conata Basin/Badlands 
National Park, South Dakota. Insecticide dust treatment continued in 2017 but was not included in this study. 


