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Emerging infectious diseases can result in species declines and hamper recovery efforts
for at-risk populations. Generalizing considerations for reducing the risk of pathogen
introduction and mitigating the effects of disease remains challenging and inhibits our
ability to provide guidance for species recovery planning. Given the growing rates of
emerging pathogens globally, we identify key principles and mechanisms for maintaining
sustainable populations in the face of emerging diseases (including minimizing the risk
of pathogen introductions and their future effects on hosts). Our synthesis serves as a
reference for minimizing the risk of future disease outbreaks, mitigating the deleterious
effects of future disease outbreaks on species extinction risk, and a review of the
theoretical and/or empirical examples supporting these considerations.

Keywords: adaptive capacity, disease risk, emerging infectious disease, extinction risk, refugia, wildlife
populations, spillover

INTRODUCTION

Historically, the role of disease in wildlife conservation was underestimated; possibly due to the
difficulty of attributing causal mechanisms to population declines (Plowright et al., 2008; Hefley
et al., 2017) and the inability to detect dead or dying animals (Skerratt et al., 2007). However,
theoretical and empirical studies demonstrate that disease increases species extinction risk through
demographic stochasticity, Allee effects, or other mechanisms (De Castro and Bolker, 2005).
Infectious disease has contributed to multiple species declines and limited the ability of species to
maintain sustainable populations without human intervention (Deem et al., 2001; Smith et al., 2006;
Canessa et al., 2018). Despite this, developing general guidelines for managing wildlife populations
in the face of emerging diseases remains challenging.

Disease outbreaks can cause rapid and catastrophic declines in wildlife populations. White-nose
syndrome, for example, has resulted in the decline of many cave-hibernating North American
bat species (Blehert et al., 2009), and has contributed to the listing of the Northern long-eared
bat (Myotis septentrionalis) as Threatened (United States Fish and Wildlife Service (USFWS),
2015). Likewise, two chytrid fungi (Batrachochytrium dendrobatidis and B. salamandrivorans) have
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contributed to global amphibian declines (Scheele et al., 2019),
and macroparasites have decimated honeybee populations (Brosi
et al., 2017), endangering human food system sustainability.
Because species do not occur in isolation, these disease-
induced declines can cause top-down and bottom-up
consequences in ecosystems.

Ecosystem-level changes caused by disease affect predators
and prey. For example, in Australia, Devil Facial Tumor Disease
(DFTD) has caused the severe decline of an apex predator
(Sarcophilus harrisii, the Tasmanian Devil) and resulted in
changes to the mammalian community (Hollings et al., 2016).
The loss or decline of a keystone species can also contribute
to ecosystem changes via trophic cascades, as is hypothesized
in the case of Sea Star Wasting disease and the decline of
kelp forests in the Pacific Northwest (Schultz et al., 2016;
Rogers-Bennett and Catton, 2019), and snake declines driven by
chytridiomycosis-induced amphibian losses (e.g., Whiles et al.,
2006; Zipkin et al., 2020). Although these types of examples
are scarce in the literature, they may be more widespread than
currently recognized.

In addition, disease may exacerbate the effects of other
stressors. Other stressors such as habitat fragmentation and
climate change may prime populations to be more vulnerable
to disease. For example, populations that are declining due to
habitat fragmentation and loss, or climate change may be more
vulnerable to the effects of disease (McCallum and Dobson,
2002; Gallana et al., 2013). Under these scenarios, disease
can reduce the effectiveness of conservation actions, such as
translocations (Cunningham, 1996), if translocated animals bring
novel pathogens with them, or corridor creation (Hess, 1994),
which can also facilitate disease spread. Therefore, consideration
of how actions affect both pathogen spread and population
perseverance is important for conservation practices.

Given the growing frequency of pathogen emergence (Daszak
et al., 2000; Dobson and Foufopoulos, 2001; Fisher et al.,
2012), conservation and management agencies are facing new
challenges in managing for sustainable populations under the
threat of epizootics. The concept of resiliency, defined as the
population’s ability to withstand stressors (such as environmental
fluctuations, habitat loss, or disease), has recently been suggested
in the literature as a means for improving wildlife population
management in general (Hanisch et al., 2012; Stephens, 2014;
Cassirer et al., 2018). Correspondingly, there is a need to
identify principles and mechanisms to manage populations to
improve resiliency to emerging infectious diseases, including
characteristics of populations that are amenable to management
to reduce disease risk directly (i.e., population size, genetic
diversity), and those that are difficult to manage but can be used
to assess disease risk to a species (i.e., species life history).

Here we present a synthesis that serves as a reference for
wildlife managers on how to (i) assess the vulnerability of species
to epizootics, (ii) minimize the potential for disease to result
in species declines, and (iii) increase the likelihood that species
recover following outbreaks. We focus on the principles behind
the management of wildlife hosts in the face of emerging diseases
rather than pathogen characteristics that can affect the ability
of hosts to persist with disease. In doing so, we aim to provide

managers with a set of principles and mechanisms focused on
wildlife population persistence in the face of disease.

POPULATION-LEVEL PRINCIPLES

Principle 1. Maintain Large Population
Size and Demographic Rates
In general, population size is correlated with species extinction
risk (e.g., Diamond et al., 1987; Berger, 1990; Foufopoulos and
Ives, 1999; O’Grady et al., 2004). When epizootics occur, the
robust demographic structure, high abundance, and reproductive
capacity associated with large population sizes buffer species from
disease-induced extinction (Table 1).

Abundance
Both stochastic and deterministic extinction risk is correlated
with population abundance (Payne and Finnegan, 2007). Small
population sizes have been associated with extinction risk from
disease for several species, including black-footed ferrets (Mustela
nigripes), bighorn sheep (Ovis canadensis), golden (Incilius
periglenes) and boreal toads (Anaxyrus boreas), and other species
(Table 2) that either historically lived in small populations, or
in populations that have been reduced in size by stressors other
than disease. For each of these species, disease resulting in direct
mortality of individuals increased extinction risk. For example,
Page (2013) identified small population sizes as a characteristic
of disease-induced extinctions, and described how habitat
fragmentation and loss resulted in small population sizes for
Allegheny woodrats (Neotoma magister) that combined with the
parasite, Baylisascaris procyonis, to reduce population viability.
In addition, small population sizes contribute to reductions in
other characteristics of resilient populations, such as genetic
diversity (for example resulting in Allee effects; Allee and Bowen,
1932), that are described in more detail below. In contrast, large
population size may increase disease transmission. For example,
rapid spread of white-nose syndrome (Frick et al., 2016) may have
been enhanced by large geographically distributed populations of
North American bats. Similarly, populations that are artificially
dense (such as elk populations at feeding stations in Wyoming
or game farms) may lead to increased disease transmission risk
(Cotterill et al., 2018).

Demographic Structure
The age structure of a population can contribute to its ability
to persist in the face of an emerging disease when disease
susceptibility varies by life stage. For example, the larval stages
of amphibians may be less susceptible to chytridiomycosis, but
more susceptible to ranavirus (Haislip et al., 2011; Bradley
et al., 2019), and phocine distemper in European harbor
seals has distinct age-related mortality rates (Härkönen et al.,
2007). Maintaining diversity in a species age structure may
limit the effects of disease on the population by limiting the
opportunity for a pathogen to affect a susceptible age class
and allowing for the population to subsequently rebound. If
the life stages that are susceptible to disease are critical for
population growth (i.e., reproductive stages), and other stressors
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TABLE 1 | Summary of principles and mechanisms that minimize species extinction risk following an epizootic, increase the likelihood of recovery from an epizootic, and
mitigate the effects of future epizootics.

Principle Scale Mechanism Inherent (I)/
amenable

to management (A)

Minimize risk of
catastrophic

disease

Increase the
likelihood of recovery

from an epizootic

Principle 1. Maintain large population size Population

Abundance A Y Y

Demographic structure A ? Y

Reproductive capacity I N Y

Principle 2. Minimize contacts with domestic,
invasive, or novel species

Population

Biotic reservoirs A Y Y

Principle 3. Maintain multiple connected populations Landscape

Demographic or genetic rescue A ? Y

Principle 4. Maintain geographic distribution Landscape

Epizootic asynchrony A Y Y

Environmental refugia A Y Y

Principle 5. Maintain adaptive capacity Species

Phenotypic plasticity I Y Y

Evolutionary rescue A ? Y

Life history traits I N Y

Letters in the final two columns (Y and N) indicate whether principles or mechanisms can be actively managed (Y) or not (N).

act synergistically with the effects of disease (Schisler et al.,
2000), then reducing the effect of other stressors may enhance
population stability. This would reduce the overall mortality of
the susceptible class and ensure that some survive to reproduce.
Alternatively, population reduction efforts could focus on age
or stage classes that are responsible for the greatest risk of
disease transmission.

Demographic Rates That Promote Population Growth
The reproductive capacity of a population, or the ability of a
population to increase reproductive capacity when population
levels are low (i.e., compensatory births or recruitment), can
determine the rate at which a population can recover to its
original size after a disturbance (Holling, 1973). For example,
cave-hibernating Myotis spp. have a reproductive rate of one
pup per female per season, which can result in an extended
recovery period from white-nose syndrome, even if the effects of
the disease are abated (Russell et al., 2015). Density-dependent
and compensatory mechanisms can also promote recovery post-
outbreak. Populations that exhibit negative density-dependence
(i.e., reduced mortality or increased recruitment at lower
densities), will rebound faster than populations that require a
minimum threshold number of individuals for recruitment to
occur (an ecological mechanism leading to rescue; McDonald
et al., 2016). Disease outbreaks that do not cause direct mortality
may also affect populations by reducing reproductive rates (Breed
et al., 2009), which can slow a species recovery following a
disturbance and make populations more vulnerable to stochastic
extinction. Ensuring demographic rates are maintained such that
population growth rates are equal to or above 1.0 will improve
the ability of the species to withstand an epizootic. Managing
populations for growth rates greater than one will provide
a buffer against disease-induced extinction by ensuring that

populations have enough individuals to withstand an increase in
mortality rates.

Principle 2. Minimize Contacts Between
Domestic, Invasive, and Novel Species
When populations interact with novel species, a pathogen can
“spillover” from one host species to another. For example, the
recent coronavirus outbreak was likely the result of a spillover
event of a pathogen from wildlife to humans (Rodriguez-Morales
et al., 2020). When the introduction and maintenance of disease
in a population results from the interaction with alternative
competent hosts, the resilience of populations to disease may be
threatened (Power and Mitchell, 2004).

Biotic Reservoirs
Pathogens carried by species that are less prone to disease
(i.e., reservoir species) can maintain the pathogen in wildlife
populations through continuous reintroductions from the
reservoir. This disease “spillover” might take place even when
the wildlife population has declined to a population size where
we would expect epizootic fadeout (McCallum and Dobson,
2002; Lloyd-Smith et al., 2005). There are several examples
of damaging spillover events from biotic reservoirs, especially
between domestic and wildlife hosts. For example, orange-
bellied parrots (Neophema chrysogaster; Peters et al., 2014),
Ethiopian wolves (Canis simensis; Haydon et al., 2002; Randall
et al., 2006), red squirrels (Sciurus vulgaris; Rushton et al.,
2006), and African wild dogs (Lycaon pictus; Woodroffe et al.,
2012) have all suffered population declines attributed to the
interaction between wild and domestic animal populations
that resulted in the introduction of novel pathogens to wild
populations. Human-assisted movements of wildlife can result
in spillover events by introducing novel species into native
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TABLE 2 | List of empirical examples where organisms have been negatively affected by disease.

Species Castro’s designation Explanation Citations

Golden toad (Bufo periglenes) Probable extinction Batrachochytrium dendrobatidis likely contributed to the
demise of the small isolated populations

Pounds et al., 1997

>500 species of amphibians declines >90 proposed extinct in the wild B. dendrobatidis driven disease declines Scheele et al., 2019

Black-footed ferret (Mustela nigripes) Extinction in the wild Spillover (canine distemper), introduced pathogen (plague),
territorial and live in small isolated populations. Each ferret
family needs a lot of territory. Primary impediment to recovery
is plague killing their prey items

Thorne and Williams, 1988

Mednyi arctic fox (Alopex lagopus
semenovi)

Probable extinction Spillover (mange) likely caused a population bottleneck that
contributes to slow recovery. Population switched diets after
going through the bottleneck. Mercury levels may keep
populations small

Goltsman et al., 1996;
Bocharova et al., 2013

African wild dog (Lycaon pictus) Population crash Spillover (rabies), domestic dogs, and other predators keep
populations small

Woodroffe et al., 2012;
Canning et al., 2019

Boreal toad (Bufo boreas) Population crash Bd created small isolated populations. Reintroductions are
preserving the species (Gerber et al., 2018)

Muths et al., 2003

Spanish ibex (Capra pyrenaica
hispanica)

Population crash Spillover, (Castro et al., 2016) animals that are healthier can
resist disease

León-Vizcaíno et al., 1999

Bighorn sheep (Ovis canadensis) Possibly population crash and
extinction

Spillover Gross et al., 2000

Wolves on Isle Royale (Canis lupus) Increased susceptibility to disease Spillover of parvovirus lead to small population and inbreeding
which caused extinction.

Peterson et al., 1998

Cheetahs (Acinonyx jubatus) Increased susceptibility to disease Low representativeness may make population more
susceptible to disease though habitat loss is main threat.

O’Brien et al., 1985

Koala/Chlamydia* Possible population crash (model) Non-density dependent transmission, connectivity is
contributing to population loss, possible spillover

Augustine, 1998;
Polkinghorne et al., 2019

Rabbit/Rabbit haemorrhagic disease* Possible population crash (model) Inhomogeneous mixing, spillover, rabbits survive because they
are populous and geographically distributed.

Abrantes et al., 2012

Iiwi (Vestiaria coccinea), Amakihi
(Hemignathus virens)

Population crash Biotic reservoir, geographic representativeness, genetic
representativeness may allow the development of resistance

Atkinson et al., 1995, 2000

White-tailed deer (Odocoileus
virginianus)/moose (Alces alces)

Population reduction Spillover from WTD to moose, meningeal worm, controversial
as to the cause of moose decline.

Schmitz and Nudds, 1994;
Vanderwaal et al., 2014

Red squirrel (Sciurus vulgaris) Population reduction Spillover, affects population resilience, management of invasive
host populations (gray squirrels) may help

Rushton et al., 2000

Ethiopian wolf (Canis simensis) Population reduction Spillover (Rabies and distemper) Haydon et al., 2002

Cave-hibernating bats* Population reduction Novel pathogen introduction (spillover) Frick et al., 2010

Ungulates* Decreased individual survival rates Chronic wasting disease spillover from game farms, large
distributed populations help preserve the species

Miller et al., 2008

Allegheny woodrats (Neotoma
magister)*

Disease as an impediment to
recovery

Parasite that along with other stressors affects populations
that are fragmented and small

Page, 2013

This table has been modified from De Castro and Bolker, 2005 and focuses on terrestrial vertebrates. We added a few more examples that have occurred since the
original publication, and updated some of the designations to represent current literature. *Added to table.

communities. For example, the pet trade (Karesh et al., 2005)
can result in releases of non-native species into the wild,
which can introduce new diseases into previously naïve wildlife
populations. Movements of disease vectors, such as mosquitoes
(Warner, 1968), or pathogens (such as fungal spores or
prions) through the redistribution of abiotic reservoirs, such
as contaminated soil and water (Almberg et al., 2011), can
also result in novel introductions leading to spillover. For
diseases for which alternative hosts play a large role in the
maintenance of epizootics, reducing the potential pathogen
spillover by limiting introductions of non-native species and
reducing interactions with alternative hosts can help reduce
extinction risk from disease. Creating barriers to movement,
changing seasonal grazing patterns, restricting the pet and exotic
animal trade, and reducing the movements of contaminated

reservoirs are management actions that can be taken to
reduce spillover risk.

LANDSCAPE-LEVEL PRINCIPLES

Principle 3. Maintain Multiple Connected
Populations
A large theoretical literature regarding the effects of population
connectivity on species persistence in the face of disease
investigates trade-offs between population connectivity and
disease risk (Hess, 1994, 1996; Gog et al., 2002; McCallum
and Dobson, 2002; Reed, 2004; Cross et al., 2005; Jesse
et al., 2008). Well-connected populations may be more likely
to succumb to a disease outbreak as animal movements

Frontiers in Ecology and Evolution | www.frontiersin.org 4 October 2020 | Volume 8 | Article 569016

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-08-569016 October 11, 2020 Time: 10:11 # 5

Russell et al. Disease and Wildlife Populations

spread pathogens between populations (Hess, 1996); however,
isolated populations may go extinct without the benefits of
immigration from neighboring populations (i.e., demographic
rescue, Gotelli, 1991).

Demographic or Genetic Rescue
The optimal degree of population connectivity depends on
a variety of factors, including the pathogen transmission
dynamics (McCallum and Dobson, 2002), and the rate of animal
movements relative to the infectious and recovery periods (Hess,
1996). For pathogens that have an environmental transmission
route (such as fungal pathogens including Pseudogymnoascus
destructans and amphibian chytrids), a lack of host population
connectivity may not be a barrier to spread, but rather
present an impediment to the species’ ability to withstand an
epizootic because subpopulations cannot benefit numerically
from immigration of new individuals or genetically via the
introduction of protective alleles.

Fragmented and small populations have been identified as
key determinants of extinction risk from disease (De Castro
and Bolker, 2005; Woodroffe et al., 2012, Table 1), and increase
vulnerability to stochastic events, such as spillover of disease
from other populations (see Gog et al., 2002, Table 1), extreme
weather, and habitat destruction (De Castro and Bolker, 2005).
For example, bighorn sheep (O. canadensis) suffered severe
population declines post-European settlement (Monson and
Sumner, 1985), and now persist in small relatively isolated herds.
Respiratory disease is an impediment to recovery for those
isolated herds unable to recruit from neighboring populations
(Wehausen et al., 2011; Cassirer et al., 2018).

Dispersal-limited species, such as amphibians, may rely on the
ability to change behaviors in order to respond to catastrophic
events such as disease (Cushman, 2006; Ruiz-Aravena et al.,
2014), but populations that consist of individuals that are
naturally (e.g., sessile organisms) or artificially (e.g., due to land-
use change) restricted in movement may face greater obstacles
in recovering from a pathogen introduction. Further, restricted
dispersal ability may subject these species to environmental
stressors that are synergistic with disease. For example, coral
disease outbreaks are likely exacerbated by warming ocean
temperatures, and with limited dispersal ability, coral are unable
to relocate in more suitable environments (Sokolow, 2009; Altizer
et al., 2013). For some species, climatic or land-use changes
have disrupted migration routes, leading to an increase in
exposure to pathogens and pests. Increased parasite burden has
been documented in monarch butterflies (Danaus plexippus)
that forgo migration due to milder winters (Altizer et al.,
2011). Finally, there is evidence that some species have evolved
movement behaviors to reduce disease risk, as in the case
of post-calving reindeer (Rangifer tarandus) migration, where
herds that migrate greater distances have decreased warble
Hypoderma spp. fly abundance (Folstad et al., 1991). When
movement is limited, this strategy for disease avoidance becomes
compromised. Wildlife managers are tasked with balancing the
trade-offs between managing populations and landscapes to
promote host population connectivity and gene flow, while
reducing dispersal among populations to reduce the risk of

pathogen movement among populations (Cassirer et al., 2018).
Increasing substructure of recovering populations (i.e., creating
more populations with varying levels of connectivity between
them), as well as increasing the population size, may be a solution
to this dichotomy.

Principle 4: Maintain Broad Geographic
Distributions
Geographically distributed self-sustaining populations provide
several advantages for maintaining viable populations of a species
in the face of disease (Bascompte et al., 2002; Table 1). Two such
advantages include epizootic asynchrony and environmental
refugia, which may act alone or in synergy.

Epizootic Asynchrony
Studies have shown that populations that are closer together
or otherwise connected tend to be more synchronous in
their dynamics and response to disturbances (Ranta et al.,
1997); synchrony in population dynamics can lead to global
extinctions (Heino et al., 1997), and this is true for disease
outbreaks. In addition, more widely distributed populations tend
to experience a wider variety of environmental conditions and
have uncorrelated population dynamics that allow a species
to persist in the face of stressors (Allen et al., 1993). For
example, Duke-Sylvester et al. (2011) demonstrated how rabies
in raccoon Procyon lotor populations tended to be synchronized
across large geographic areas that lack strong seasonal pulses,
whereas in areas with strong seasonal changes in environmental
conditions (northern latitudes) outbreak dynamics appeared to
be asynchronous. This indicates that geographic areas with strong
seasonality (i.e., large changes in environmental conditions
between seasons) may represent refugia from disease outbreaks.
Finally, increasing asynchrony in disease dynamics (i.e., temporal
differences in when outbreaks occur) allows for ecological
mechanisms, such as the rescue effect, to occur. For example,
prairie dog Cynomys spp. colonies subject to frequent plague
outbreaks can persist due to the asynchronous nature of plague
outbreaks among populations that allow for re-colonization of
extirpated populations (Stapp et al., 2004).

Environmental Refugia
Large numbers of geographically distributed populations are
also more likely to occur across gradients of environmental
conditions, providing some insurance against a pathogen with
a limited environmental niche. Such refugia, stemming from
within and among-patch environmental heterogeneity, results
in the conditions necessary for pathogen to infect hosts,
grow, and spread. For example, in Hawaii, thermal constraints
on the distribution of avian malaria (Plasmodium relictum)
allow Hawaiian honeycreepers (Drepanidinae) to persist at
high elevations (LaPointe et al., 2010), while in Australia,
high elevation dry forest may create refugia for frogs from
B. dendrobatidis (Puschendorf et al., 2011). Litoria lorica was
thought to have gone extinct from their higher elevations during
chytridiomycosis outbreaks in the 1980s and early 1990s, but
in 2008, a previously unknown population was discovered in a
high-elevation dry sclerophyll forest (Puschendorf et al., 2011).
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Investigators hypothesized that the lack of canopy cover allowed
the rocks on which frogs perched to warm up, thereby slowing
growth and reproduction of the pathogen on the hosts.

SPECIES-LEVEL PRINCIPLES

Principle 5. Maintain Species’ Adaptive
Capacity
Adaptive capacity is multi-faceted and defined as “the capacity
of a species to cope with and persist under new conditions”
(Dawson et al., 2011). Phenotypic plasticity, genetic diversity,
dispersal ability (discussed above), and life-history traits are
components that contribute to a species’ fundamental adaptive
capacity (Nicotra et al., 2015; Beever et al., 2016). These
characteristics, which vary among species, combine with extrinsic
factors, such as habitat or community composition, to create
variability in potential responses to stressors like changes in
temperature, precipitation, and food availability (i.e., realized
adaptive capacity, Beever et al., 2016). Within this framework,
disease can be thought of as an additional stressor, and the
ability of a species to respond effectively is influenced by both
their intrinsic adaptive capacity and the extrinsic factors (such
as environmental conditions, population size, and connectivity)
that allow that capacity to be realized (Vander Wal et al., 2014).

Phenotypic Plasticity
Plasticity in life history traits may reduce time spent in a
susceptible stage or result in early maturation and reproduction
(Jones et al., 2008; Scheele et al., 2017), and this may be beneficial
for increasing an individual’s probability of surviving disease
outbreaks. For example, after DFTD decimated populations of
Tasmanian Devils > 2 years of age, the reproductive age of
Tasmanian Devils decreased (Jones et al., 2008). This reduction in
age of reproduction potentially increased the ability of this species
to persist in the face of disease. Plasticity in behavioral traits may
also provide a mechanism of persistence. For example, the effects
of fungal diseases, such as snake fungal disease and white-nose
syndrome, may be mitigated by behavioral changes related to
thermal refugia, such as basking (Lorch et al., 2015), or finding
colder microclimates within hibernacula (Boyles and Willis, 2010;
Langwig et al., 2012). For amphibian populations, these shifts
to warmer thermal refugia can result in spatial distributions
shifts, such as the case with L. lorica (Puschendorf et al., 2011).
Additionally, in the case of the amphibian B. dendrobatidis
(Woodhams et al., 2003; Richards-Zawacki, 2010) and ranavirus
(Sauer et al., 2019), amphibians have been documented as
inducing a “behavioral fever” to elevate body temperature and
cure infections. Townsend et al. (2020) summarizes several
examples (including human) of changing behaviors from social-
distancing of diseased individuals or groups (or individuals that
are perceived to be diseased) to increased sociality to dilute the
potential infection rates.

Evolutionary Rescue
Evolutionary rescue is a heritable mechanism of recovery from
reduced demographic rates caused by disease (Carlson et al.,

2014). This genetic adaptation occurs via multiple possible
pathways (i.e., natural selection, genetic drift, bottleneck, and
mutations). Genetic diversity provides some protection from
the effects of disease outbreaks because individuals are more
likely to have the genetic basis to evolve disease resistance
(Spielman et al., 2004, see Blanchong et al., 2016 for a review).
For example, in Australia, France, and the United Kingdom,
rabbit species rapidly evolved resistance to disease effects
in response to the introduction of the myxoma virus for
purposes of biocontrol (Alves et al., 2019). Similarly, in
the case of Tasmanian Devils, some small populations do
appear to be developing resistance and co-existing with DFTD
(Epstein et al., 2016; Margres et al., 2018a,b). However, for
other species, resistance resulting in population persistence has
not evolved due to fitness consequences of resistant genes
(Monello et al., 2017), pathogen co-evolution (Chen and
Holmes, 2006), or other factors, such as loss of connectivity
in populations that may prevent or slow natural selection
processes that would result in resistance to infection (Russell
et al., 2019). The potential to adapt may be enhanced if
factors affecting resistance are linked to other alleles that
are selected for by other drivers (e.g., abiotic conditions,
Wolinska and King, 2009).

A lack of genetic diversity may lead to a population being
more vulnerable to disease. For example, for DFTD in Tasmanian
Devils (Siddle et al., 2007; Morris et al., 2012), coronavirus
in cheetahs (Acinonyx jubatus; O’Brien et al., 1985), and
virulent canine distemper in black-footed ferrets (Thorne and
Williams, 1988) low genetic diversity is a contributing factor in
the ability of the disease to have devastating population-level
consequences. Populations that are genetically poor may require
an influx of individuals either through increased connectivity
or translocations (Weeks et al., 2011) to improve the adaptive
potential of the population (Hoffmann et al., 2015). Connected
populations will also ensure that random genetic drift and/or
geographic isolation does not occur and result in a loss of alleles
(Franklin and Frankam, 1998). Understanding and maintaining
the landscape-level distribution of genetic diversity for a species
while maintaining locally adapted populations is also important
(Hoffmann et al., 2015). Recently, researchers have noted the
potential pitfalls of outbreeding depression. For example, when
individuals are relocated from one area to another or released
from a captive breeding program to enhance the local genetic
diversity, then the new individuals may dilute the locally adapted
gene pool (Hohenlohe et al., 2019).

Life-History Traits
Characteristics that define species’ life history or ecological niche
may also affect their ability to recover from the effects of
epizootics. Specialist species that are narrowly dependent on one
or a few other species – particularly for dietary or habitat needs –
may face severe indirect effects from threats to that source. For
example, black-footed ferrets are heavily dependent on prairie
dogs as prey, and epizootics of plague that threaten prairie
dog populations or result in local extirpations have complicated
recovery efforts for the imperiled ferrets (Antolin et al., 2002).
Similarly, Monterroso et al. (2016) documented declines in
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Iberian lynx (Lynx pardinus) and Spanish Imperial eagle (Aquila
adalberti) populations after an outbreak of rabbit haemorrhagic
disease virus (RHDV2) caused severe declines in European
rabbit (Oryctolagus cuniculus) populations. Recent outbreaks
of RHDV2 in North America may result in similar effects to
predator species, such as Canada lynx (Lynx canadensis; Stokstad,
2020). Trade-offs may exist in life-history traits related to disease.
In common eiders (Somateria mollissima), for example, larger
clutch size has been shown to correlate with higher rates of
death from avian cholera (Pasteurella multocida, Descamps
et al., 2009). One study found that bighorn sheep ewes that
had their first lamb at the age of two were more likely to
die from a pneumonia epizootic than ewes that had their first
lamb after the age of two (Festa-Bianchet, 1989). One study of
13 different amphibian species found that “fast lived” species
(i.e., those that developed quickly and had shorter metamorph
stages) showed higher levels of parasite load and pathology
(Johnson et al., 2012). These examples demonstrate trade-offs of
early reproduction versus pathogen susceptibility. In addition to
life history characteristics, seasonal dynamics, such as seasonal
breeding and social aggregation, have also been documented
to play a role in the transmission dynamics of some wildlife
diseases. For example, Mycoplasma gallisepticum in house finches
(Haemorhous mexicanus) transmission is exacerbated through
an influx of new susceptible individuals into the population,
and aggregation around feeding sources during winter months
(Hosseini et al., 2004). Finally, while it seems unlikely that these
life-history characteristics will lead to devastating population
losses in most species, due to existing compensatory mechanisms,
understanding a species’ breadth of life history traits and the
effects of those traits on vulnerability to disease outbreaks can
help inform an overall assessment of risk for different species.

CONCLUSION

Here, we outlined the principles and mechanisms that may help
understand how to minimize species extinction risk following
an epizootic, increase the ability of a species to persist in
the face of disease outbreaks, and mitigate the effects of
future epizootics. However, population, ecosystem, and disease
dynamics are complex and may interact in ways that contradict
these principles. For example, the ability of an individual to
disperse is a mechanism for species persistence, but also enhances
the ability of pathogens to spread among populations. Likewise,
the maintenance of large populations contributes to genetic
diversity, phenotypic, and behavioral plasticity, though large
populations may also be associated with high densities that place
populations more at risk for catastrophic disease effects. Further,
the connectivity of host populations, as well as the mechanisms
of pathogen transmission (i.e., direct contact and environmental
reservoirs), contribute in complex and interacting ways to the
ability of a species to adapt to disease (McKnight et al., 2017).
However, without genetic variability and spatially distributed
populations pre-outbreak the possibilities for adaptation are
greatly reduced – so the general principles may still apply without

a need to understand the detailed mechanisms underlying
population and disease dynamics.

Though disease may rarely be the ultimate cause of species
extinction, disease can have substantial effects on the recovery
efforts for endangered or threatened species. Infectious diseases
can emerge rapidly leaving only a short window of time within
which an effective response may be implemented (Canessa et al.,
2018; Mysterud and Rolendson, 2018). Controlling disease once
it has entered a population is extremely difficult (Gerber et al.,
2018; Martel et al., 2020), but proactive management actions
are rarely implemented prior to disease detection, often due
to the uncertainty in predicting effects (Russell et al., 2017),
a lack of identified and tested management actions (Bernard
and Grant, 2019), or a lack of clear decision context, among
other challenges (Grant et al., 2017). Therefore, incorporating
proactive management of a species into planning documents
(e.g., species status assessments) to increase the probability of
species persistence in the face of future disease outbreaks is of
paramount importance (Deem et al., 2001).

The principles that we outline here are broad guidelines,
specific considerations regarding how to minimize the effects of a
novel disease on a population depends on multiple, interacting
factors of the host, the pathogen, and the abiotic habitat
conditions within and among habitat patches occupied by a
species. We also note that the success of these strategies can be
sensitive to the degree of pathogen evolution, which can lead
to changes in virulence (Boots et al., 2004; Berger et al., 2005),
jumps between species (Gabriel et al., 2005; Woolhouse et al.,
2005; McCarthy et al., 2007), and loss of vaccine effectiveness
(Gandon et al., 2003). The evolution of pathogens can have
substantial effects on the ability of species to persist, as hosts
and species engage in an evolutionary arms race. However, there
are currently few recommendations regarding the management
of wildlife populations in the face of pathogen evolution. The
integration of pathogen evolution and wildlife management is
an expanding area of research (Vander Wal et al., 2014). While
better predictions may be made to inform specific management
strategies, as a first step we outline the principles and mechanisms
for wildlife population persistence in the face of novel and
emerging infectious disease. The findings and conclusions in this
article are those of the author(s) and do not necessarily represent
the views of the U.S. Fish and Wildlife Service.
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