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Special Focus

Emergence of Diseases From Wildlife
Reservoirs

J. C. Rhyan, and T. R. Spraker

Abstract
Interest in the epidemiology of emerging diseases of humans and livestock as they relate to wildlife has increased greatly over the
past several decades. Many factors, most anthropogenic, have facilitated the emergence of diseases from wildlife. Some livestock
diseases have ‘‘spilled over’’ to wildlife and then ‘‘spilled back’’ to livestock. When a population is exposed to an infectious agent,
depending on an interaction of factors involving the host, agent, and environment, the population may be resistant to infection or
may become a dead-end host, a spillover host, or a maintenance host. Each exposure is unique; the same species of host and agent
may respond differently in different situations. Management actions that affect the environment and behavior of a potential host
animal may allow the emergence of a new or as yet undetected disease. There are many barriers in preventing, detecting, mon-
itoring and managing wildlife diseases. These may include political and legal hurdles, lack of knowledge about many diseases of
wildlife, the absence of basic data on wildlife populations, difficulties with surveillance, and logistical constraints. Increasing
interaction between wildlife and humans or domestic animals may lead to disease emergence and require innovative methods
and strategies for disease surveillance and management in wildlife.
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To keep every cog and wheel is the first precaution of intelli-

gent tinkering.—Aldo Leopold

Three fourths of all emerging infectious diseases of humans

are zoonotic; most originate in wildlife, and their incidence

since 1940 has increased.15,34 Wildlife can also serve as vectors

for nonzoonotic diseases of livestock, potentially devastating

to human populations not only economically but, in many regi-

ons, in terms of the resulting loss of human dietary protein.

Wildlife reservoirs have long been recognized for several

important zoonotic diseases, including plague, rabies, and

tularemia. Other diseases of livestock such as tuberculosis and

brucellosis likely were transmitted or ‘‘spilled over’’ to native

wildlife species and recently have ‘‘spilled back’’ to livestock.

The frequency of emergence and reemergence of infectious

diseases in wildlife reservoirs has recently appeared to

increase, posing new questions about disease pathogenesis and

epidemiology and heightening the urgency of finding effective

wildlife disease management techniques. This apparent

increased involvement of wildlife in livestock and human dis-

ease is likely due to several changing factors, most of them

anthropogenic. These anthropogenic factors generally fit into

2 related categories: human encroachment into wildlife habitat,

and increasing interest in and popularity of wildlife. The heigh-

tened interest has likely led to better disease surveillance in

wildlife, resulting in more disease detection, although the

increase in disease detection is arguably an artifact of the

enhanced monitoring. On the other hand, increased wildlife

popularity has also led to more transport of wildlife and

wildlife products, more human contact with wildlife, the devel-

opment of wildlife-associated and captive wildlife industries,

and more intensive management of selected species that may

precipitate increased animal density and resultant behavioral

changes. Together with the encroachment of humans and their

domestic animals on ever more fragmented wildlife habitats,

all these factors increase the potential for dramatically altering

the frequency, duration, and intensity of many interfaces,

including those among wildlife species and other free-living

or captive wildlife, domestic animals and humans. These

interfaces may be direct, through interspecies contact, or

indirect, through shared space or vectors. They may also be

multidirectional, as in intraspecific transmission of brucellosis

in bison and elk populations in the greater Yellowstone area

(GYA), with occasional interspecies transmission also involv-

ing cattle, horses, and humans.4 Another kind of interface is

created with the deliberate or accidental introduction of
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nonnative animals into areas already containing high popula-

tion densities. The recent outbreak of monkeypox in humans

in the USA is a good example of an infection acquired at the

interface created by increased transport of exotic animals and

the public’s interest in nontraditional pets.3 That outbreak

resulted from exposure of humans to pet prairie dogs that had

acquired the monkeypox infection, while in commercial chan-

nels, from rodents imported from Ghana. Changing agricultural

practices produced another outbreak of zoonotic disease, Nipah

virus infection, in Malaysia in 1998–1999.8 Deforestation and

intensive fruit tree cultivation combined with increased pig

farming to elevate the exposure of pigs to fruit bats subclini-

cally infected with and shedding Nipah virus. The virus rapidly

spread through the country’s pig population, certainly through

trade and possibly also between farms by dogs and cats.

Humans in direct contact with pigs then acquired the infection

and its often-fatal encephalitis. Several recent articles examine

these and other examples and their predisposing

causes.5,9,16,18,40

The many difficulties in the surveillance and management

of emerging diseases in wildlife are at the same time exciting

opportunities to develop effective strategies and methods to

address those difficulties. Our purposes in this article are to

describe several concepts that help us understand disease emer-

gence in wildlife; to review some of the difficulties of surveil-

lance and management of emerging diseases in wildlife; and to

identify a few current and potential strategies and techniques

for detecting, monitoring, containing, eliminating, and prevent-

ing emerging diseases in wildlife.

Concepts in Understanding the Role of
Wildlife in Emerging Diseases

When a pathogen enters a new species, many host, agent, and

environmental factors influence the outcome, and these factors

may interact in unforeseen ways. These interactions determine

whether the species is resistant to infection; is a ‘‘dead-end’’

host, not able to maintain the infection without an external

source; is a ‘‘spillover’’ host, able to maintain the infection for

a time but requiring periodic input from another source; or is a

maintenance host, able to maintain infection without further

transmission from another species. Both maintenance and, in

some circumstances, spillover hosts may become disease

vectors, transmitting infection to other species. The most epide-

miologically significant species are maintenance hosts capable

of interspecific disease transmission.

Animal health workers often categorize animals neatly as

wildlife, domestic animals, and zoo animals, with accompany-

ing naive notions such as ‘‘wildlife are usually healthy because

of natural selection’’ or ‘‘wildlife are usually the reservoirs of

livestock diseases.’’ Rather, it is more helpful to consider all

animals as animal populations, each with unique behaviors,

dietary needs, and disease susceptibilities, influenced by vari-

ous types of management. In managing wildlife populations,

we often make the mistake of adding components of intensive

management such as fencing, supplemental feeding, or the

introduction of animals from other populations without taking

ramifications into account. These may include increased ani-

mal density, which results in behavioral changes that facilitate

disease transmission and require mitigating actions such as

vaccination and parasite control to avoid disease outbreaks.

An example of this occurred in the northeastern counties of

lower Michigan during the 20th century, when free-ranging

white-tailed deer, spillover hosts of bovine tuberculosis in most

situations, became maintenance hosts with spillback to cattle

herds when management changes increased population densi-

ties and increased exposure as deer congregated at feed sites.

Since the 1920s there have been rare reports of tuberculosis

in white-tailed deer, usually in proximity to infected cattle

herds, but the disease did not become endemic in those popula-

tions and white-tailed deer were considered a spillover host for

Mycobacterium bovis infection. Large land purchases by indi-

viduals and hunt clubs beginning in the late 19th century

restricted commercial and public hunting in Michigan, how-

ever.28 This created a refuge effect, allowing an increasing deer

population that by the 1930s exceeded the carrying capacity of

the habitat. At that point, individuals and hunt clubs implemen-

ted supplemental feeding, which soon became a common prac-

tice. In the 1940s through the 1960s, some hunt clubs also ran

cattle on their land. In the 1980s and 1990s, supplemental feed-

ing increased dramatically, some hunt clubs constructed fences

to limit migration, and deer were imported from other areas for

genetic improvement. M bovis infection, first discovered in a

single deer in 1975, likely was amplified by the high deer den-

sities and the congregation of deer at feed sites until it was

rediscovered in 1994 and changes in management were

implemented.

Especially in wildlife, additive factors or conditions may

synergistically precipitate an outbreak, like adding bags of sand

to a rowboat until it sinks. Which sandbag sank the boat? In

diagnostic medicine the last 1 or 2 ‘‘sandbags’’ are usually

identified as causes, but other factors may be unknown and

ignored, such as underlying nutritional deficiencies due to a

recent drought or the heavy winter tick load of 3 months prior.

Other stressors such as loss of habitat, higher animal density,

or increased predation may also contribute to disease emer-

gence. These underlying factors sometimes relegate wildlife

to the role of a miner’s canary, manifesting and/or amplifying

an otherwise unrecognized or smoldering infection and

perhaps causing spillback to livestock, as was the case in the

M bovis–infected Michigan deer or the emergence of a new

zoonosis such as the transmission of Nipah virus from the

increased fruit bat population to the increased pig population

and then to humans.

Variation in underlying predisposing factors may account

for varying outcomes of infection in different populations of

a potential wildlife disease reservoir species. Feral swine in

Australia were considered a spillover host of M bovis with little

risk of transmission to cattle. Following eradication of the dis-

ease in cattle and buffalo, surveillance in feral swine revealed

almost no tuberculosis.21 On the Hawaiian island of Molokai,

the prevalence of tuberculosis in feral swine also declined
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dramatically with the elimination of the infection in cattle.

However, even after depopulation of cattle on the island, the

disease was maintained at a low prevalence in the swine with

at least 1 known spillback into reintroduced cattle.12,13,36 In

areas of southern Spain and France, the conspecific wild boar

appears to be a maintenance host for bovine tuberculosis and

is considered a potential wildlife reservoir of the disease for

cattle and domestic swine.26,42 Prevalence increased in France

even after the disease was eliminated from livestock.

For poorly understood reasons, avenues of infection as well

as prevalence may vary among populations. Feral swine in

Australia routinely had gastrointestinal lesions of M bovis

infection, suggestive of ingestion as a portal of entry, whereas

in Molokai and Spain feral swine and wild boar have a high

percentage of thoracic lesions, suggesting predominantly aero-

sol transmission.12,21,26 Unspecified environmental, host-

related, and/or agent-related differences have apparently

resulted in varying outcomes of host status (spillover vs main-

tenance) and pathogenesis (oral vs aerosol exposure) in these 3

wild pig M bovis infections (Australia, Molokai, and Europe).

Behavioral interactions can also greatly influence disease

outcome in animal populations. Excellent examples include

tuberculosis in cattle, red deer, and brush-tailed possums in

New Zealand and in European badgers and cattle in the UK.

Badgers and possums, terminally ill with tuberculosis, have

atypical behaviors including loss of fear toward cattle and deer.

When curious cattle or deer investigate the unusual approach-

ing animals, the ungulates are exposed to large doses of

M bovis.7,24,32 Specific individual cattle predominate in inter-

action with badgers and may act as hubs in the interspecific

contact network.2 Similarly, individual red deer, based on curi-

osity and social ranking, investigate infected possums.19

Animal behavioral changes in response to management

actions may also profoundly affect the epidemiology of inter-

face diseases, for example, the differing outcomes of Brucella

abortus infection in free-ranging bison and elk populations in

the GYA. B abortus is transmitted chiefly through contact with

aborted fetuses, placental membranes, or infectious vaginal

discharge. Bison often calve with other herd members in close

proximity, and calving events attract the attention of other cows

and calves, with licking and sniffing of the fetal membranes

and neonate around parturition. This behavior is especially

marked early in the calving season and diminishes later after

most animals have calved.29 In contrast, elk usually calve in

seclusion, are fastidious in consuming the placenta and clean-

ing the calving site, and keep the calf isolated from the herd for

several days or weeks following parturition.35 This behavioral

difference between the bison and elk probably explains the

maintenance host role of bison and the absence of brucellosis

in most elk populations in North America.1,4,6 In southern por-

tions of the GYA, however, approximately 23,000 elk receive

supplemental feed on state and federal feedgrounds,20 a

mitigation strategy designed to keep elk from seeking cattle

feedlines. The winter feeding maintains increased density of

elk above the natural carrying capacity of the habitat, however,

and feeding grounds provide a site for elk to congregate daily

with increased exposure to infectious abortions and discharge

on feedstuffs. The prevalence of brucellosis is markedly

increased in the elk that receive supplemental feed, with a

resulting increased risk of transmission to bison that share feed-

ing grounds and to cattle in the area. B. abortus is absent from

free-ranging elk populations established from GYA herds in

the mid-20th century, in contrast to a herd established in New

Mexico from GYA elk. The New Mexico herd received supple-

mental feed and was a maintenance host for B. abortus until the

disease was eradicated using management changes and test and

slaughter (Watts and Francisco, unpublished).

Change precipitates change. As diagnosticians, we see the

consequence of change in the form of an emerging disease. But

when a disease emerges in wildlife, recent alterations in

the environment need to be considered. We may also be seeing

the consequences of ecologic modifications such as deforesta-

tion or reforestation, changes in farming practices or grazing

strategies,25 or introductions of nonnative species or the same

species from a different location. Management adjustments

of the involved species or other species within the ecosystem

may contribute to disease emergence, as well as other stressors

including weather, increased population densities, underlying

diseases or nutritional deficiencies, predation or habitat

destruction, or fragmentation. When animals are translocated

into a new environment, not just a single species is being intro-

duced but rather an entire micro-ecosystem consisting of the

target species and all its accompanying microbes and parasites.

Any significant change occurring in the environment and man-

agement of the population, or even other populations in the

same ecosystem, may imbalance the equilibrium of the host,

agent, and environment, allowing a newly introduced agent

or subclinical infection to manifest as an emerging disease.

Difficulties of Surveillance and Management
of Diseases in Wildlife

The science-related difficulties often pale in comparison to the

political difficulties in attempting disease surveillance and

management in wildlife. Overcoming these difficulties usually

requires great efforts in interagency team building (biologists

and animal and public health investigators and authorities) with

involvement and education of the public. Indeed, when tackling

an emerging disease issue in wildlife, competent, energized,

and proactive public affairs specialists are as important as

wildlife and animal health professionals. These public affairs

specialists must have a thorough understanding of the disease

situation and needed management actions and must be able

to communicate them to the public in public meetings and via

the media. In some situations these specialists must work with

animal and public health officials to plan and execute an active

campaign of public education based on current science and

avoid reacting defensively to rumor and misinformation. It is

imperative to include these public affairs specialists in the core

team of individuals involved in an emerging disease issue in

wildlife.
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Technical difficulties often include the lack of any baseline

data on the disease and population in question. For many

wildlife populations, obtaining a census or even reliable esti-

mate of the population is problematic.41 A recent modeling

exercise showed that the likelihood of infectious disease

emergence in an area varies inversely with the level of

resources allocated for surveillance: the more surveillance,

the less the chance of disease emergence. Conversely, the

most substantial risk of emergence of wildlife zoonotic and

vector-borne disease is in lower latitudes where reporting

effort is low.15 Passive surveillance requires the observation

of clinically diseased or dead animals or the opportunistic col-

lection of specimens. Passive surveillance methods often

depend on the public to report sick or dead animals but can

also consist of routine collection of hunter-killed samples and

collection of road-kill animals. Survival behaviors often mask

clinical signs of disease in wildlife. For example, bison with

severe foot-and-mouth disease (FMD) display marked stoi-

cism, making the detection of affected animals more diffi-

cult.30 Predation and scavenging of wildlife may obscure

the observation of dead animals and usually complicate the

diagnostic process when carcasses are found.

Active disease surveillance in wildlife requires the capture

or killing of animals for specimen collection with traps,

sharpshooters, net guns, drive nets, hazing, chemical immobi-

lization, and other methods. All these methods are invasive

to the environment and may result in the rapid dispersal of

animals infected with an emerging disease. Planners avoided

the dispersal problem during early wildlife surveillance in the

1924–1925 FMD outbreak that spilled over from cattle into

mule deer in the Stanislaus National Forest in California by

placing strychnine-laced salt in salt feeders distributed in the

forest for cattle but also used by wildlife.17 The technique was

effective but today might encounter insurmountable political

and legal hurdles stemming from concerns over humane

treatment and impacts on nontarget species.

Another difficulty in emerging disease surveillance and

management in wildlife is a lack of basic knowledge concern-

ing many diseases in wild species. The diagnostician is pre-

sented not only with an unfamiliar disease but with an animal

species for which there is little or no information. Such basic

parameters as susceptibility, carrier status, and transmission

potential are unknown for many diseases in wildlife species.

Planners and modelers are often forced to extrapolate from

knowledge in other species when they try to consider the wild-

life factor, especially when foreign animal diseases are

involved. This can lead to erroneous conclusions and surprises.

For example, experimentally, FMD virus type O is both highly

pathogenic and transmissible in bison, pronghorn, white-tailed

deer, and mule deer but not in elk.22,30 In each emerging dis-

ease situation, every effort should be made to understand the

pathogenesis and epidemiology of the disease in the species

at risk including unique behavioral and environmental factors.

Extrapolation from other species and environments is often the

best we can do but should not be considered adequate in a

thorough disease investigation or disease planning exercise.

Factual information for the disease must continually be sorted

from speculation based on data from other diseases or species.

Finally, the logistical problems of conducting disease sur-

veillance and management in wildlife are often difficult to

overcome. Making accurate population estimates, accomplish-

ing effective disease containment, using efficacious vaccina-

tion, and even achieving complete depopulation of a wildlife

species in a given area are extremely difficult if not impossible

in a wild setting.

Current and Potential Techniques for
Disease Management in Wildlife

The current difficulties in disease prevention, surveillance, and

management in wildlife present challenging opportunities

demanding innovation based on solid scientific evidence. The

goal is to develop efficacious ways to accomplish in wildlife

the standard animal disease management practices of vaccina-

tion, therapy, quarantine, surveillance, test and slaughter, or

depopulation when needed. Remote rabies vaccination of

canids in Europe and the USA has been very successful in con-

taining that zoonotic disease in wildlife. Strategically placed

vaccinia-based oral vaccine has contained the spread of rabies

in some wild canid populations.33 Firing vaccine-filled poly-

mer bullets from air guns to vaccinate elk on feeding grounds

has not had the desired results of eliminating brucellosis from

feeding-ground elk, likely because of the poor efficacy of the

vaccine in elk.4 The technique does demonstrate a method for

remote parenteral vaccination of wildlife that might be effec-

tive in another setting, however.31

Investigators are developing other disease detection and

containment techniques and ways to mitigate problems arising

from interspecies contact at the interface of wildlife and

domestic animals.41 These include using sentinel animals,27

scare devices,14 repellents, specialized fencing and gates,38,39

trained dogs,37 and rapidly installed or virtual fencing to imme-

diately restrict animal movement. Immunocontraception can

prevent transmission of venereal diseases and diseases spread

by abortion.23 Infrared imaging has been an effective disease

surveillance tool in some situations, for example, as a screening

tool for rabies in raccoons and FMD in ungulates.10,11 Work is

beginning on the use of temporary feed stations for feral swine.

The stations may minimize migration, allow scientists to con-

duct remote disease surveillance through infrared imaging, and

permit administering vaccines, therapeutics, or toxicants for

disease management.

Conclusion

As the various interfaces between wildlife, domestic animals,

and humans increase and become more complex, we can antici-

pate increased involvement with wildlife in emerging diseases.

This underscores the need for increased disease surveillance in

wildlife and calls urgently for the development of novel, effec-

tive methods for surveillance, management, and prevention of

disease in wild populations as well as better mitigation
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strategies to prevent disease transmission at these interfaces.

More interdisciplinary collaboration is needed, not only among

wildlife biologists and health professionals but with animal

behaviorists, biomedical engineers, and others. The emergence

of diseases in wildlife challenges us to an exciting 2-fold

mission. We must develop, test, and use more effective disease

surveillance and management practices in wildlife, and we

must also maintain healthy, native animal populations in the

wild. These objectives are not mutually exclusive. Instead, they

must be mutually embracing.
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