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Epidemiologic Approaches to Investigating Pathogen Spillover and Spread

Across Diverse Systems

ABSTRACT

Rapid ecological changes have led to an increase in pathogen spillover risk between
different host species, including between animals and humans. Spillover occurs when pathogens
are transmitted to a new species which had previously not encountered the disease. The process
of spillover and subsequent spread of a pathogen in a new host population can include three to
four phases, which are often circular: 1) maintenance of disease in a reservoir host, 2) initial
spillover into a novel host due to high-risk interactions, and 3) rapid pathogen spread causing an
epidemic in the new, immunologically naive host population, which can potentially be followed
by 4) maintenance of disease in the new host. Disease dynamics in these phases of emergence
are explored in three unique systems with relevance to both animal and human health.

In chapter 1, animal-human interfaces with risk of pathogen spillover were characterized
along wildlife “supply chains” in Africa and Asia, to guide prevention efforts that will preempt
spillover events. Observational surveys of sites along the wildlife supply chain were conducted
by the PREDICT Consortium to characterize the settings in which wild animals are sourced,
traded, and sold. Questionnaires were also administered to hunters and supply chain workers to
assess their exposure to zoonotic disease and any spillover prevention measures implemented.
Findings from this study inform community education efforts regarding zoonotic pathogen
transmission, wildlife trade policies, and biosecurity and PPE guidelines.

In chapter 2, the efficacy of behavior changes to mitigate the expansion of an emerging

epidemic are evaluated in the months immediately following a spillover event. The progenitor



virus of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was likely introduced
into humans by a wildlife host, then adapted to spread human-to-human, causing a global
pandemic in the span of a few months. The efficacy of social distancing was evaluated at the
state level during the first two months of the pandemic in the United States by examining the
relationship between daily SARS-COV-2 case incidence and human community mobility. Lag
times between decreases in mobility and case counts were measured, and social distancing was
found to be most effective when put into place early in an epidemic. These findings inform
management of emerging infectious disease outbreaks by identifying areas where social
distancing was the most effective in reducing disease transmission (e.g., indoor public spaces
such as workplaces and transit station), and the expected time frame between behavioral changes
and measurable changes in disease incidence.

In chapter 3, factors contributing to the maintenance of disease were investigated in the
decades following spillover from reservoir host to novel host species. Endangered Peninsular
bighorn sheep (Ovis canadensis nelsoni) have suffered population declines due to infectious
diseases introduced from domestic sheep (the original reservoir host), which now circulate
within bighorn sheep herds in the absence of continued spillover. Demographic and geographic
risk factors for pathogen exposure in individual bighorn sheep were examined, and the impact
that pathogen exposure has on adult survival and lamb recruitment was measured at the herd
level. These results will inform targeted management and conservation of bighorn sheep as they
face the compounding challenges of disease, habitat loss, and climate change.

The factors contributing to pathogen spillover and spread are highly complex,
necessitating the study of these pathways in many diverse systems. The research presented here

provides insights into the maintenance, spillover, and control of pathogens across select host
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species and ecological systems. The animal-human interfaces identified at live animal markets
will help us identify targets for surveillance of pathogens with pandemic potential in the pre-
emergence setting, and guide local education and mitigation measures to prevent spillover.
Implementing rapid behavior changes such as social distancing can slow the spread of a newly
introduced pathogen in the absence of other control measures, such as vaccination. The impact of
introduced pathogens on bighorn sheep survival and reproduction may be compounded by
increasing temperature and decreasing precipitation, which can be expected to worsen due to
climate change. These interwoven threats necessitate the longitudinal monitoring of bighorn
sheep survival and systematic, range-wide surveillance of disease prevalence and food/water
resources to guide conservation strategies. These findings can be extrapolated to other systems,

so we are better prepared to identify, prevent, and respond to future emerging pathogens.
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INTRODUCTION:

Surveillance strategies for detection of pathogen spillover and spread

Pathogen emergence, spillover, and spread are related and overlapping terms describing
how a pathogen might expand the diversity or geographic extent of its host range. An
“emerging” pathogen is one that has recently appeared in a new host species, or rapidly increased
in either incidence or geographic area within an established host [1]. Pathogen “spillover” occurs
when a pathogen is introduced into a new host species, then subsequently spreads within that
population. This can occur when a pathogen originated in animals but adapted to infect humans
(“zoonotic spillover”), wildlife contracts a disease from humans (“reverse zoonosis”), or when
pathogens move from one animal host species to another animal host (“cross-species
transmission”) [2—4]. The risk of these emergence and spillover events involves a web of factors
including host and pathogen biology, spatial distribution and contact rates among hosts,
landscape ecology, and disease dynamics [5]. Host interactions which could potentially transmit
pathogens increase with perturbations of ecosystems, including expansion of agriculture, habitat
loss and encroachment of human infrastructure into natural habitats, movement of wild and
domestic animals, and loss of biodiversity [1,6,7].

The introduction of a novel infectious disease can have devastating effects on naive host
populations. Introduced disease in wildlife have resulted in subsequent epidemics that have
caused the decline of native populations to the point of being listing as endangered by the
International Union for Conservation of Nature (IUCN), with notable examples including
chytridiomycosis (Batrachochytrium spp.) in amphibians, white-nose syndrome

(Pseudogymnoascus destructans) in bats, plague (Yersinia pestis) in black footed ferrets



(Mustela nigripes), and avian malaria (Plasmodium relictum) in native Hawaiian forest birds [8—
11]. Zoonotic spillover from wildlife into humans has resulted in the rapid development of large
scale pandemics caused by influenza viruses, coronaviruses, and Ebola virus [12—15]. The
spillover of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) from its wildlife
reservoir resulted in the declaration of a global pandemic within four months of the virus being
identified, and has since caused widespread and devastating effects on human health and
economies [16]. Cross-species transmission from domestic animals to wildlife has also been
observed, such as domestic dogs (Canis lupus familiaris) transmitting rabies and canine
distemper to African carnivores, and domestic cattle (Bos taurus) introducing Brucella abortus
to North American wild elk (Cervus elaphus) and bison (Bison bison) [17—19]. The impacts of
introduced disease can be critical in endemic and immunologically isolated species, especially
those which are small in number due to previous population declines or limited geographic
distribution, such as those living on islands [20,21].

Concurrent threats such as climate change, habitat loss, and anthropogenic disturbances
can alter cross-species infectious disease transmission through changes in species abundance and
distribution, host contact rates, toxin exposure, and stress [1]. The fragmentation of wildlife
habitat directly increases the risk of cross-species pathogen transmission by increasing the access
of humans and domestic animals to wildlife habitat and driving wildlife into human-occupied
landscapes [22,23]. These external variables can combine with infectious disease to increase
physiologic stress, which has been linked to changes in gene expression and immune function,
increased susceptibility to and shedding of pathogens, and more severe clinical disease in
multiple species [24—28]. Diligent surveillance for emerging pathogens, and monitoring for the

changing impacts of known pathogens, due to ecological changes is important for preserving



wildlife health and preventing future epidemics of zoonotic pathogens, such as Ebola virus and
SARS-CoV-2 [29,30].

The number of emerging infectious diseases has increased steadily over the past 80
decades, and the majority of emerging zoonotic diseases have originated in wildlife [31,32].
Preventing zoonotic spillover includes the early detection of pathogens in wildlife reservoirs and
identification of interfaces where spillover to humans or domestic animals may occur. This often
requires organized, proactive surveillance programs because wildlife health is much less
frequently observed compared to that of domestic animals and humans, but the detection of
pathogens before and immediately after spillover is critical for mitigation efforts to be effective.

The World Organization for Animal Health (OIE) considers wildlife pathogen
surveillance to be the “single most important component of a national wildlife health
programme” [33]. The epidemiologic role of surveillance in wildlife disease is to record and
analyze the presence of disease over time, as an ongoing process, in order to make management
interventions [34]. Ideally, surveillance systems provide early detection of disease before it
becomes a population threat. The prevention of epidemics and associated host population
declines are most effective when a disease is detected early, before a large proportion of animals
have been infected. This means monitoring apparently healthy populations is imperative,
although it can often be a challenge to fund and support these programs over the long term.

Disease surveillance systems are classically split into active and passive strategies [34].
Active systems often involve the capture of animals for sample collection and application of
tracking technologies such as radio transmitters [35]. This allows researchers to target a
representative sample of the population, allows for longitudinal monitoring of survival, and the

timely detection of mortalities. Active surveillance is often utilized for high consequence



pathogens, such as those of economic or public health importance [36]. These active systems
generally involve more time, money, and resource investment and are often more invasive,
potentially putting animals at greater risk for negative consequences. However, active
surveillance can also include non-invasive techniques such as scat collection, hair snares, and
field cameras. These non-invasive tools provide less detailed information on the individual
animals being sampled, and are often used for evaluating population rather than individual health
[35]. Passive systems include syndromic surveillance using data from patients presenting to
hospitals or rehabilitation centers, and opportunistic sampling, such as collection of animals
killed on roads or the sampling of animals killed by hunters [34,37].

Regardless of the type of surveillance system utilized, there are inherent challenges to the
detection of disease in wildlife. Free-ranging wildlife can be difficult to capture and handle, with
some species being dangerous to humans or particularly prone to poor outcomes such as capture
myopathy. Migratory, cryptic, or rare species can be difficult to locate and observe, let alone
capture, and disease may go undetected in these populations for years [36]. Many animal
mortalities go undetected due to difficult to navigate terrain or habitats, and the mortalities that
are observed because the animal was marked and/or died in a human occupied area may be just
the “tip of the iceberg.” Pathogens which are rare or for which there is no effective diagnostic
test are particularly difficult surveillance targets. These limitations can lead to biases in our
measurements of disease metrics such as prevalence, incidence, and case fatality [34].

The importance of proactive surveillance for wildlife diseases is magnified by the risk of
pathogen spillover between different host species, including between animals and humans, due to
rapid ecological disturbances such and climate change and habitat fragmentation [38]. Spillover

occurs when pathogens are transmitted to a new species which had previously not encountered



the disease. The process of spillover and subsequent spread of a pathogen in a new host
population can include three to four phases, which are often circular: 1) maintenance of disease
in a reservoir host, 2) initial spillover into a novel host due to high-risk interactions, and 3) rapid
pathogen spread causing an epidemic in the new, immunologically naive host population, which
can potentially be followed by 4) maintenance of disease in the new host. These phases can be
adapted to different wildlife-pathogen systems, such as the “infect-shed-spill-spread” cascade,
whereby wildlife pathogens are amplified in reservoir hosts then spillover into humans or
domestic animals (or vice versa) as a result of anthropogenic land-use changes [38]. Disease
dynamics in these phases of pathogen emergence and spillover are explored in three unique
systems with relevance to both animal and human health.
Surveillance in the pre-emergence, pre-spillover setting

Expansion of pathogens into new host species or geographic ranges can result in
epidemics due to the large number of immunologically naive hosts available for infection.
However, not every spillover or emergence event results in an epidemic. For example, animal
pathogens may occasionally infect an individual or small group of humans, but the pathogen will
not spread through the human population unless the pathogen mutates to readily transmit human-
to-human [5,39]. Proactively testing a wide range of hosts to detect of these single spillover or
early emergence events increases our knowledge of the classes of pathogens which most readily
infect new host species and gives us a temporal advantage in responding to epidemics while case

numbers are still small. The disadvantage of this strategy is that it is time, labor, and resources



intensive and will produce a large proportion of negative test results if healthy, non-clinical
individuals are sampled.

Targeted surveillance for pathogens in the original reservoir host has been used as an
early warning system for potential spillover events in several host-pathogen systems. Testing
wild birds for West Nile Virus (WNV) has been used for decades to predict outbreaks of human
cases. One study found that molecular detection of WNV in wild birds was found to precede the
onset of human cases by >3 months, and detection of dead crows preceded molecular detection
of WNV in birds by several months [40]. This information can help direct early prevention
methods to minimize transmission, such as mosquito control measures, months in advance of
human outbreaks. However, surveillance of the reservoir host is most useful when there are
symptomatic or dead animals which can be easily identified for sampling, and is less efficient in
asymptomatic hosts that necessitate widespread population sampling to detect a pathogen. Rabies
is a global zoonotic pathogen for which several domestic and wild animal hosts serve as
reservoirs. Human exposure usually happens through contact with wildlife or an unvaccinated
domestic animal, therefore testing of these animal hosts has become a key component of rabies
surveillance systems worldwide, providing information on the local burden of disease and risk of
human exposure [41,42]. A recently developed “Wildlife Morbidity and Mortality Event Alert
System” utilizes machine learning to monitor a network of wildlife rehabilitation organizations
and detect unusual elevations in wildlife morbidity and mortality due to specific clinical

syndromes [37]. This system generates alerts of possible pathogen emergence or local outbreaks,



which can identify at-risk taxa and direct targeted diagnostic testing to identify the pathogenic
cause of the increase in morbidity/mortality.

The concurrent, proactive sampling of humans and animals for pathogens at sites with
animal-human interfaces improves the likelihood that a pathogen will be detected prior to a
spillover event, or during the early phases of emergence. There are three sampling strategies
which may improve the efficiency of animal-human interface sampling. The first is to target
high-risk species which have been shown to harbor pathogens of zoonotic or epidemic potential,
such as bats, rodents, non-human primates, carnivores, and ungulates [43]. This method would
not detect pathogens moving through intermediate host taxa that are not sampled because they
are considered lower risk, such as has been seen with SARS-CoV-1 in civets [44]. The second
strategy is to sample multiple host species, but test only for high-risk pathogen groups which
have historically caused pandemics, such as coronaviruses and influenza viruses [45]. This
strategy would miss other pathogen groups which may spillover less commonly or unexpectedly.
The third is to have humans self-present for testing if they feel ill, especially with certain disease
syndromes which are commonly associated with zoonotic disease, such as febrile illness [46,47].
This method would not detect a pathogen until after the initial spillover event into humans,
limiting response options. All of these methods would increase the detection sensitivity of high-
risk pathogen groups while decreasing the resources necessary for surveillance, but narrow the
range of hosts or pathogens which are monitored.

The first chapter of this dissertation addresses the need for proactive surveillance prior to
spillover occurring. Animal-human interfaces with risk of pathogen spillover were characterized
along wildlife “supply chains” in Africa and Asia, to guide prevention efforts that will preempt

spillover events. Site surveys and worker questionnaires were conducted at sites along the



wildlife supply chain where wild animals are sourced, traded, and sold. Study sites were selected
according to a stratified sampling design across countries, with a second layer of judgement
sampling determining the exact sites chosen within each country based on local knowledge of
interfaces between animals and humans. This design maximized the chances for sampling an
interface where circumstances for pathogen spillover may be present, while still sampling a
variety of countries which may differ based on local ecology, host species present, and cultures
driving the wildlife trade.
Post-spillover surveillance and implications for early epidemic control

Immediately following a successful spillover event, a pathogen can spread rapidly in the
new, immunologically naive host population to which it has adapted, causing an epidemic [4].
The magnitude of this initial spread can determine the morbidity and mortality impact the disease
will have on the new host, as well as the probability that the disease will become established, or
endemic, in the new host population. For example, diseases introduced into areas with a low host
density or a high proportion of vaccinated hosts have a higher risk of “fadeout,” or pathogen
extinction due to inadequate transmission [48—50]. The control of this initial spread is therefore a
key point in epidemic response [51]. Often, the control measures immediately available at the
start of an epidemic of novel disease (for which vaccination is not yet available) are primarily
non-pharmaceutical, behavioral changes that reduce the number of potentially disease-
transmitting contacts among hosts.

Reductions in close contacts among hosts have been demonstrated to slow the
transmission of directly transmitted, human pathogens such as influenza [52]. Quantifying social
behaviors such as close contacts can be difficult, but recent advances in mobile phone global

positioning system (GPS) technology has allowed us to examine contact rates among humans in



a remote, anonymous way. In wildlife, these contacts can be measured using proximity loggers.
Proximity loggers utilize low power, ultra-high frequency (UHF) radio transmitters and receivers
to record when two devices come within a preset distance of one another, creating reciprocal
records of social encounters between animal dyads. These records can include the date, time, and
duration of an encounter between two specific animals, or between an animal and a stationary
receiver “base station.” Proximity loggers are an advance on traditional telemetry technologies
because they are more likely to detect all encounters between a pair of hosts, compared to
traditional methods implemented during the analysis phase, such as designating an “encounter”
as when two GPS collared animals came within a specified geographic distance of one another
during a specified time window. However, encounters are not always recorded identically
between proximity loggers due to differences in device sensitivity and/or external factors such as
terrain, and decisions regarding how to resolve these discrepancies during data processing can
lead to under or overestimates of the frequency and duration of encounters [53].

The ability to directly measure host contact rates is a huge benefit to understanding
disease dynamics and informing models of disease transmission. Research measuring contact
rates among female elk (Cervus canadensis) in Wyoming using proximity loggers found that
interaction rates varied with herd size in a pattern between what would be predicted by
traditional frequency or density-dependence models [54]. Combined proximity and VHF
transmitters have been used to measure the relationships among animal density, home range
overlap, and contact rates in Channel Island foxes (Urocyon littoralis), which then informed
spatially explicit simulation models of early pathogen spread immediately after an introduction
event, to evaluate epidemic prevention tools such as vaccination [48,49,55]. The simultaneous

use of proximity loggers on cattle, white tailed deer (Odocoileus virginianus), raccoon (Procyon



lotor), Virginia opossum (Didelphis virginiana), and stationary base stations identified seasonal
differences in both indirect contact rates around food/water sources and direct contacts between
individuals that could impact the interspecific transmission of bovine tuberculosis
(Mycobacterium bovis) [56].

The efficacy of reductions in social contacts to mitigate the expansion of an emerging
epidemic immediately following spillover to a new host were evaluated in the second chapter of
this dissertation, in the context of the COVID-19 pandemic. The progenitor virus of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2; the viral cause of COVID-19) was likely
introduced into humans by a wildlife host, then adapted to spread human-to-human, rapidly
causing a global pandemic in the span of a few months. Due to limited testing capabilities during
the first months of the pandemic, testing was initially restricted to symptomatic individuals who
fit the Centers for Disease Control and Prevention COVID-19 case definition [57]. This
syndromic surveillance increased the positive predictive value of testing despite the disease still
being quite rare within the general population. The negative consequence of this strategy was
that community transmission in the USA went largely undetected during the early pandemic
period because asymptomatic or mildly symptomatic people, or those not self-presenting, were
not sampled. The efficacy of social distancing to reduce SARS-CoV-2 transmission, despite
these testing limitations, was evaluated during the first two months of the pandemic in the United
States by examining the relationship between daily SARS-COV-2 case numbers and human
community mobility, as measured by anonymized location data aggregated from individual
mobile phones.

Surveillance for pathogens in reservoir hosts during the pre- or post-spillover phase
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During the pre-spillover phase, “reservoir hosts” (or “maintenance hosts”) are those in
which a pathogen circulates in the population due to sustained transmission among individuals
[58]. Reservoir hosts have often evolved with their pathogens so that they suffer relatively minor
disease in comparison to the effects a pathogen might have on a new host [4]. After spillover and
the initial epidemic, a pathogen may subsequently become established (or “endemic”) in the new
host and circulate without continued spillover from the original source host. In these cases, the
new host may become a maintenance host, but often experiences variable morbidity and
mortality due to its lack of co-evolution with the pathogen, potentially resulting in host
population declines. This has been seen in the spillover of simian immunodeficiency virus
(which is associated with little to no disease in the primate reservoirs) into humans, which
mutated into human immunodeficiency virus and is now well established in human populations
globally, despite causing severe and fatal disease (acquired immunodeficiency syndrome)
without pharmaceutical interventions [4].

Endemic pathogens do not necessarily infect or clinically affect all subgroups in a
population equally. Evaluating differences in risk of exposure and clinical disease is a key part of
maintenance host surveillance to aide in management and monitoring for changes in disease
distribution or prevalence [35]. In wildlife, the best way to elucidate these differences in risk is
often to capture a representative sample of each stratum of interest, such as different
demographic and geographic groups. Direct capture of animals for sampling is ideal for
performing comprehensive health exams and detecting all stages of exposure and infection (i.e.,
pre-symptomatic, symptomatic, recovered but seropositive). Due to logistical and financial
constraints, it is often not feasible to sample an entire wildlife population or sample consistently

every year. These sampling limitations may underestimate the prevalence of diseases that
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