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Abstract

The SARS-CoV-2 pandemic has led to increased concern over transmission of
pathogens from humans to animals, and its potential to threaten conservation and
public health. To assess this threat, we reviewed published evidence of human-
to-wildlife transmission events, with a focus on how such events could threaten
animal and human health. We identified 97 verified examples, involving a wide
range of pathogens; however, reported hosts were mostly non-human primates or
large, long-lived captive animals. Relatively few documented examples resulted in
morbidity and mortality, and very few led to maintenance of a human pathogen in
anew reservoir or subsequent “secondary spillover” back into humans. We discuss
limitations in the literature surrounding these phenomena, including strong
evidence of sampling bias towards non-human primates and human-proximate
mammals and the possibility of systematic bias against reporting human parasites
in wildlife, both of which limit our ability to assess the risk of human-to-wildlife
pathogen transmission. We outline how researchers can collect experimental
and observational evidence that will expand our capacity for risk assessment for
human-to-wildlife pathogen transmission.
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Human-to-wildlife pathogen transmission has doubt-
INTRODUCTION less played an important role in our epidemiological

Multi-host pathogens are becoming a dominant feature
of the Anthropocene. Driven by deforestation, land use
conversion, and climate change, pathogens are increas-
ingly being transmitted from animals into human pop-
ulations, presenting a significant threat to public health
(Jones et al., 2013; Plowright et al., 2015; Woolhouse &
Brierley, 2018). Recently, concerns have been raised
about transmission of pathogens from humans into wild
animals (Edwards & Santini, 2020; Oreshkova et al.,
2020; Prince et al., 2021; Shi et al., 2020; Wang et al.,
2020). For a variety of reasons this process, known as
“(zoo)anthroponosis,” “reverse zoonosis,” or more col-
loquially as “spillback,” could pose a difficult problem
for wildlife conservation and public health efforts in the
near future.

Concerns about human-to-wildlife pathogen
transmission have grown throughout the ongoing
COVID-19 pandemic (Briggs & Helen, 2020; Edwards
& Santini, 2020; Gorman, 2020; Olival et al., 2020;
Prince et al., 2021; Santini & Edwards, 2020). SARS-
CoV-2 has been transmitted from humans to a vari-
ety of animals including household cats and dogs, big
cats, gorillas, and—perhaps most notably—has estab-
lished epizootic transmission in mink farms on mul-
tiple continents (Garigliany et al., 2020; Gibbons &
Ann, 2021; Molenaar et al., 2020; Munnink et al., 2020;
OIE-World Organisation for Animal Health, 2020;
Oreshkova et al., 2020; Patterson et al., 2020; Sailleau
et al., 2020; Segalés et al., 2020; Sit et al., 2020). Only
recently, SARS-CoV-2 was transmitted back into wild
mink populations in Spain and white-tailed deer in
North America (Aguild-Gisbert et al., 2021; Hale et al.,
2021; Kuchipudi et al., 2021). Further, because SARS-
CoV-2 is most closely related to sarbecoviruses infect-
ing Rhinolophus bats, some fear that the virus might
become established in bat populations outside of Asia
and form a novel reservoir, complicating efforts to
prevent future resurgence in humans (Banerjee et al.,
2021; Hedman et al., 2021; Olival et al., 2020; Zhou
et al., 2020). Additionally, if it causes clinical disease,
introduction of SARS-CoV-2 might threaten the con-
servation of vulnerable bat species (Cook et al., 2021;
Olival et al., 2020). So far, these potential risks have
had far-reaching consequences including widespread
moratoria on bat research (Aizenman, 2020; Donahue,
2020) and extensive disease-related cullings of mink
(Dobson et al., 2020), while provoking broader discus-
sions about prohibiting wildlife farming. Nevertheless,
little is understood about the overall frequency of
broader spillback events and their underlying drivers.

history. Studies have documented human-sourced influ-
enza strains in free-ranging seals and skunks, zoonotic
enteropathogens and respiratory viruses in human-
habituated gorillas and chimpanzees, and Zika virus
in a selection of sylvatic wildlife (Britton et al., 2019;
Favoretto et al., 2019; Goldberg et al., 2007; Kaur et al.,
2008; Nizeyi et al., 2001; Obanda et al., 2013; Osterhaus
et al., 2000; Rwego et al., 2008; Terzian et al., 2018).
Additionally, evidence indicates that humans introduced
certain pathogens to wildlife populations in which they
are now enzootic, including yaws, yellow fever virus, and
plague (Bryant et al., 2007; Dean et al., 2018; Mubemba
et al., 2020). Nevertheless, there has been little critical
analysis concerning the magnitude of the threat, and the
evidence base has yet to be assessed and put on the same
footing as its inverse (i.e. the more frequently character-
ised animal-to-human transmission events, or anthropo-
zoonosis, colloquially referred to as ‘spillover’). This fact
ultimately limits our understanding of the realised and
potential impacts of spillback on conservation and pub-
lic health (Ryan & Walsh, 2011).

This research gap leaves three intertwined ques-
tions unanswered. First, fundamentally, it is unclear
to what degree transmission between humans and an-
imals is a symmetrical process: do the same filters act
when a pathogen moves from a human into an animal
and vice versa (Plowright et al., 2017), or are some filters
direction-specific? Second, uncertainty exists surround-
ing which pathogens are most likely to undergo spillback
and into which hosts, making it difficult to assess how
the rising tide of infectious diseases in humans will affect
free-ranging and captive or habituated wildlife. Finally,
it remains to be seen how great a threat human-to-
wildlife pathogen transmission poses to threatened wild-
life populations (Barlow et al., 2016; McKinney et al.,
2010). The unknown magnitude of this risk reduces our
ability to prioritise efforts to prevent human-to-wildlife
transmission—particularly where such efforts might di-
rectly compete for funding with other health and con-
servation priorities, or otherwise compromise ongoing
animal disease research efforts (e.g. white-nose surveil-
lance in bat populations).

Here, we critically assess the available evidence for
spillback-related processes and the inferential underpin-
nings of the relevant studies. First, we propose a concep-
tual framework for two primary pathways of spillback
with meaningful differences in both likelihood and im-
pact (Figure 1). We then discuss documented examples of
human pathogens transmitted to free-ranging, captive,
or habituated wildlife, and we use these data to highlight
common trends in each of the two spillback pathways.
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FIGURE 1

Pathways detailing the two general scenarios in which pathogen transmission from humans to wildlife is problematic. We

separate these scenarios into concerns for 1) conservation and 2) public health. In both pathways, spillover into humans (a) results in successful
zoonotic establishment; humans, which are competent transmitters of the pathogen, then transmit it onto a new animal population in an
instance of “spillback” (b or d). In Pathway 1, the pathogen causes morbidity or mortality, potentially presenting a conservation risk (c). In
Pathway 2, the new animal species proves a competent reservoir (d), maintaining the pathogen within the population. This population presents
a spillover risk, potentially creating numerous novel infections in humans (e). This maintenance population, or additional wildlife species it
shares pathogens with, may also suffer substantial morbidity and mortality, creating concerns for conservation (c). NB the sequence of events
represents an idealised and simplified time-structured scenario, comprising only one of a number of possible transmission paths through a
complex metapopulation of hosts; transmission may occur in either direction between the depicted hosts, and the suggested hosts may represent
a single species or a community or reservoir complex composed of multiple species. Silhouettes are taken from phylopic.org

We also assess spillback's impact on animal health and
the evidence for secondary spillover into humans follow-
ing establishment in a novel non-human maintenance
reservoir. Finally, we propose an evidential framework
by which researchers can assess the risk for human-to-
wildlife pathogen transmission in the future (Figure 2),
whether they be emerging (e.g. SARS-CoV-2) or well-
established (e.g. influenza).

THE TWO SPILLBACK PATHWAYS

Narratives surrounding spillback usually focus on one
of two negative outcomes (or “Pathways”), which we out-
line in Figure 1. In Pathway 1 (Figure la—c), spillback
events increase the burden of disease in animal popu-
lations because some human pathogens can cause mor-
bidity or mortality in animals (Kaur et al., 2008), raising
conservation concerns. Because pathogens can exhibit
extreme virulence in host species that are distantly re-
lated to their original hosts (Farrell & Davies, 2019), if
humans expose a vulnerable animal population to their

pathogens, the conservation impacts could be severe—
similar to threats posed by infectious diseases that
spread from domesticated animals to endangered wild-
life (Pedersen et al., 2007).

The second major concern is the potential for “sec-
ondary spillover” from animals back into human popu-
lations, threatening public health. This possibility, which
has been frequently discussed in reference to SARS-
CoV-2,isillustrated in Pathway 2 (Figure 1d—e) (Edwards
& Santini, 2020; Gorman, 2020; Santini & Edwards,
2020). Where the pathogen newly infects a competent
host species, it may achieve enzootic circulation, even-
tually being transmitted back into human populations.
In this case, the wild host may represent a significant
barrier to controlling and eliminating the disease, as il-
lustrated by bovine tuberculosis in badgers in the United
Kingdom (Donnelly et al., 2003) and Guinea worm in
feral dog populations (Callaway, 2016). This pathway de-
mands implementation of new measures to prevent sub-
sequent epidemics in humans: medical countermeasures
and non-pharmaceutical interventions cannot prevent
recurring outbreaks, and authorities must monitor and
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prevent pathogen reintroduction using One Health strat-
egies such as surveillance, vaccination, or population
management of the new reservoir. Evidence for Pathway
2 requires demonstrating that a pathogen has established
itself in a vertebrate population following human intro-
duction and circulated in said population, before re-
emerging into humans. As yet, it is unclear how likely this
phenomenon is. Importantly, pathogens that cause high
mortality (fulfilling Pathway 1) may less often achieve
sustained transmission (Blumberg & Lloyd-Smith, 2013),
so these two pathways may trade off (i.e. if a pathogen
fulfils Pathway 1 it may be less likely to fulfil Pathway 2).

Crucially, these pathways represent only a fraction of
possible transmission routes through a complex metapop-
ulation of hosts; the sequence of events from original hosts
through humans to the secondary reservoirs depicted in
Figure 1 are a simplified narrative of directional transmis-
sion through time. Instead, transmission may occur regu-
larly between hosts of different species, and each depicted
host may in fact represent a community or reservoir com-
plex. Nevertheless, considering these pathways as simpli-
fied routes from animal-to-human (and vice versa) allows
us to critically assess the evidence for each stage of the pro-
cess, which is especially important given that these narra-
tives are commonly used in the literature when assessing
the risk of human-to-wildlife transmission (Cerda-Cuéllar
et al. 2019; Britton et al., 2019; Zachariah et al., 2017).

THE EVIDENCE FOR
HUMAN-TO-WILDLIFE
PATHOGEN TRANSMISSION

To synthesise existing knowledge on spillback, we devel-
oped an evidence base using a primary literature search
(Table S1). As has often been done for animal-to-human
transmission research, our goal was to develop the most
stringent set of criteria possible, defined as the con-
firmed transmission of a pathogen from a human to a
non-domesticated animal host, either wild or in captivity
(e.g. zoo, rehabilitation centre, etc). Owing to difficulties
inferring directionality or temporality of transmission,
we excluded certain lines of evidence (serology, phyloge-
netic reconstructions, or historical documents) and cer-
tain categories of related processes (pathogen life cycles
with obligate vectors or arthropod hosts, transmission
between domestic animals and wild animals, or infection
of wildlife resulting from anthropogenic activities) (Text
S1). We also excluded a small number of cases describing
human-to-invertebrate transmission (e.g. shellfish).

We found 97 studies describing human-to-wildlife
transmission of a wide range of pathogens (Table S1).
This list represents a substantial advance from the 19
studies retained from a previous review of zooanthro-
ponoses (Messenger et al., 2014). Overall, these studies
suggest that zooanthroponotic events themselves are
well-documented and diverse, but the evidence for their

potential ecological and public health-related conse-
quences is far sparser (Table S1).

Our review uncovered a phylogenetically skewed se-
lection of 104 host species. Most notably, our literature
search reaffirmed that published zooanthroponotic
events disproportionately feature non-human primates
(hereafter, “primates”), comprising 57/97 (58.8%) of our
studies. Animals that are more closely related to humans
generally host more parasites that can infect humans
(Albery et al., 2021; Olival et al., 2017), and our litera-
ture review supports the bidirectional nature of this re-
lationship. That is, perhaps because they are our closest
living relatives, primates are both more likely to act as
sources for pathogens that can infect humans, and to
become infected with pathogens of humans (Davies &
Pedersen, 2008). Nevertheless, human pathogens were
also reported in a diverse range of non-primate hosts,
including carnivores, birds, and bats (Table SI). Over a
quarter (15/44; 34.1%) of non-primate records involved
Mycobacterium tuberculosis, with hosts including ele-
phants, a number of different ungulates, captive birds,
mesocarnivores, and a rodent (Table S1).

Although it is thus clear that spillback can happen in a
wide range of hosts, the non-primate species involved were
largely long-lived, charismatic, and from captive popula-
tions, which are generally subject to elevated study effort
and increased exposure to human pathogens. Specifically,
many records involved elephants, large carnivores in zoos,
and long-lived birds. There were relatively few ungulates
(only 18 of 327 extant species), rodents (only 7 rodent
species out of >2000), and fast-lived animals in general.
There were only 6 species of bat, despite the fact that bats
comprise ~20% of mammal species and (because they are
important zoonotic hosts) have been heavily sampled for
pathogens (Banskar et al., 2016; Barr et al., 2015; Ge et al.,
2012; Li et al., 2010; Wu et al., 2016). Although life his-
tory is an important predictor of zoonotic risk (Plourde
et al., 2017), it seems unlikely that charismatic, long-lived
species are truly more susceptible to human-infecting
pathogens; instead, these species are probably known to
host human pathogens because they more frequently live
alongside humans and are therefore more often exposed,
or because they have simply been more intensively mon-
itored and sampled (Albery et al., 2021). This skew con-
firms that the observation of human pathogens in animal
populations depends heavily on the attention humans
pay to those populations, and future analyses of zooan-
throponotic transmission may have to deal with this con-
founded exposure and observation effort.

Overall, data suggest that human pathogens from di-
verse taxonomic groups and transmission modes can be
transmitted to wildlife, and primates are disproportion-
ately represented as hosts within the available literature.
Beyond primates, zooanthroponotic transmission events
are widely distributed, but the collected evidence base is
heavily skewed towards large, slow-lived animals. These
findings demonstrate a widely-observed pattern that
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emerges from human proximity: animals under stricter
surveillance have more often been observed with human
pathogens, demonstrating that spillback inference is
vulnerable to well-documented sampling biases (Albery
et al., 2021; Mollentze & Streicker, 2020; Olival et al.,
2017). We next sought to identify whether these patho-
gens affected the health of the infected animals.

PATHWAY 1: THE POTENTIAL
CONSERVATION THREAT
OF SPILLBACK

We found strong evidence that human pathogens can
cause morbidity and mortality in new wildlife hosts, thus
presenting a potential cost to conservation. In fact, most
documented zooanthroponotic events (61/97, or 62.9%)
were associated with observed morbidity or mortality
in the naive animal, across a wide range of hosts (Table
S1). Unsurprisingly, a substantial proportion of these
reports (50/61, or 82.0%) described captive populations
or habituated primates subject to ecotourism (Table 1,
Table S1), leaving only 11 (18%) in free-ranging animals.
These studies generally describe animals receiving fre-
quent visits from humans, allowing for more effective
health monitoring compared to their wild counterparts,
but at the costs of increased exposure to human-sourced
pathogens and overrepresentation in the literature.
Interestingly, there were no reports from long-term
ecological studies. Worldwide, dozens of wild animal
populations have been studied by human researchers
for decades (Clutton-Brock & Sheldon, 2010; Hayes &
Schradin, 2017). These populations are generally well-
understood and individuals are often known by name; as
such, oddly behaving, sick, or dying animals are noticed
and sampled, with pathogens considered as a potential
cause. For example, an avian pox epidemic in Britain was
quickly detected in a long-term study of great tits (Parus
major) using standard non-disease-focussed sampling
procedures (Lachish et al., 2012). When a disease-related
conservation crisis arises, researchers do sometimes con-
sider spillback: for example, when >60% of the global
population of Saiga antelope (Saiga tatarica tatarica) died
in Kazakhstan in 2015, human pathogens were specifi-
cally considered and rejected as a potential cause (Kock
et al., 2018). Nevertheless, despite their close proximity to
humans and decades of high-intensity observations, we
found no incidental records of spillback into long-term
study populations. It is possible that individual animals
are regularly infected with human pathogens and suf-
fer undetected morbidity; however, this possibility itself
implies limited clinical significance of the pathogens in-
volved, because infections are more likely to be detected if
they cause mortality. Therefore, either human pathogens
have had relatively low health impacts, or these impacts
go unreported in the primary literature because research-
ers are not motivated to disclose or publish their findings.

Despite the common assertion that captive animals
are commonly kept in high-risk environments for dis-
ease, there are surprisingly few reports of human patho-
gens in zoos or wildlife rehabilitation centres—only 37
examples emerged from the millions of zoo animals that
exist under extreme scrutiny by veterinary professionals
(Table 1). We interpret this to demonstrate that either
spillback events (and their associated health impacts)
happen relatively infrequently, or that they most often
occur through events that are unlikely to arise within
z00s, such as faecal-oral transmission or violent inter-
actions (Figure 3). Alternatively, concerns about public
perception may result in limited disclosure of human
pathogen transmission in zoos and other similar estab-
lishments, as with wild study systems. Regardless of the
cause, given the scarcity of reports in wild animals, it
remains difficult to assess the conservation threat posed
by human-to-wildlife pathogen transmission — particu-
larly relative to other anthropogenic drivers like land use
change.

PATHWAY 2: THE SURPRISING
SCARCITY OF SPILLBACK-DRIVEN
MAINTENANCE RESERVOIRS

In contrast to Pathway 1, documented instances of
Pathway 2 (Figure 1d—e) appear extremely infrequently.
In fact, we were unable to identify a verified example of
novel maintenance of a human pathogen in any of our
97 studies. There were multiple examples of infected
individuals that appeared healthy, and were therefore
more likely to survive to transmit the pathogen (Table
SI); however, all of these findings were the results of
cross-sectional surveillance and thus could have been
produced by a recent transmission event rather than
extended maintenance. Other examples of novel main-
tenance populations are marred by uncertainty or cave-
ats, and some have been refuted: for example, although
humans are thought to be the main source of leprosy
(Mycobacterium leprae) for wild animals, leprosy was
recently confirmed in disparate populations of chim-
panzees with no history of prolonged contact with hu-
mans, implying the existence of an unknown reservoir
(Hockings et al., 2021). This absence of evidence accen-
tuates that future spillback-related studies should aim to
assess whether the focal pathogen is being maintained,
and the time elapsed since the human-to-animal trans-
mission event.

Despite our targeted search, the only documented re-
ports of “secondary spillover” from a novel host back
into humans (Figure le) were of SARS-CoV-2, from
farmed mink into farm employees (Munnink et al., 2020)
and from Syrian hamsters into pet shop visitors (Yen
et al., 2022). Wildlife reservoirs like these could severely
complicate elimination efforts, as is the case for dogs and
dracunculiasis (“Guinea worm™) in sub-Saharan Africa.
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Although dracunculiasis is nearing elimination, recent
re-emergence events have been traced to feral dog pop-
ulations (Eberhard et al., 2014; McDonald et al., 2020),
interfering with the disease's elimination (Hopkins
et al., 2019). Note however that we do not consider this
an example of secondary spillover because it is unclear
whether dogs’ infections were sourced by humans re-
cently, or whether they are a long-standing maintenance
reservoir for D. medinensis (McDonald et al., 2020).

The surprising scarcity of evidence for Pathway 2 sug-
gests that transmission of a human-sourced pathogen
from wildlife back into human populations is not com-
monly observed. The dynamics observed with SARS-
CoV-2 appear relatively unique, and contemporary
concerns about secondary spillover are therefore mostly
speculative. In cases like a multinational epidemic (e.g.
Ebola virus in West Africa) or a pandemic (e.g. SARS-
CoV-2), our data suggest that novel reservoirs represent
a minor risk compared to the challenges of outbreak re-
sponse and the possibility of unsuccessful containment in
(or elimination from) humans themselves. Nevertheless,
given that many important zoonotic pathogens have un-
dergone historic human-to-wildlife transmission (Dean
etal., 2018; Michalak et al., 1998; Palacios et al., 2011), our
publication process appears to be failing to identify these

events in their early prerequisite stages. Understanding
the mechanisms underlying this failure will be important
for remedying our evidence base in the future.

CHALLENGES TO OBSERVING
HUMAN-TO-WILDLIFE
TRANSMISSION EVENTS

Given that human-origin pathogens have undoubtedly
been transmitted from animals back to humans, why
do these events appear so infrequently in the primary
literature? This scarcity may be explained by the com-
plexity of interspecific transmission, and the number
of steps required for these events to occur and be ob-
served, mediated by sampling and reporting biases.
Interspecific pathogen transmission is a multi-stage
process, involving interspecific encounters, exposure
to a novel pathogen, pathogen invasion, replication,
and (possibly) transmission onwards (Alexander et al.,
2018; Becker et al., 2019). Each of these processes re-
quires the pathogen to pass a series of filters, such
that the probability of progression decreases with each
step (Plowright et al., 2017). It is relatively simple for
Pathway 1 to manifest empirically: a human introduces
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- High doses/exposure
(a) R . - . .
Labor_atory Potentially unrealistic transmission mechanisms - Can the pathogen infect the host?
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- Requires tractable host and pathogen oes the host she € pathogen
* How does the pathogen cause harm?
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(b) “ Infer susceptibility and competence.
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I - Few transmission modes

() ! l

Provide real-world evidence.

+ Realistic conditions (exposure+susceptibility)

» Does the pathogen infect the host?
» Does the host maintain the pathogen?
* Is the pathogen harmful?

wild infections

Incidental

- Very difficult to observe

- Hosts phylogenetically restricted

Reveal patterns and make predictions.

* Does the host transmit the pathogen
to humans?

* When might spillback occur in the
future?

* Which animals are at risk?

* Which pathogens will be responsible?

* What are the threats for humans?

| [ | - Dependent on sufficient data
quels of ) - Makes simplifying assumptions about:
spillback risk e
- Data distributions
- Data generating processes
- Mechanisms
FIGURE 2

Options for investigating and understanding human-to-wildlife pathogen spillback. Although there is currently a limited

evidence base on spillback (a—c), further investigation in the future may allow the formation of spillback datasets and the training of predictive

models
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TABLE 1

Studies reviewed are summarised (Table 1a), and further stratified based on primate-only studies (Table 1b) and non-primate

studies (Table 1c). Study counts for Table 1b and ¢ do not equal the total count in Table la because four studies described pathogens present in
both primate and non-primate populations, and thus, were counted in both Table 1b and c. The fourth column, “Comparative study”, describes
articles in which both free-ranging and captive animals were sampled for human-sourced pathogens

(a) All studies describing spillback (n = 97)

Captive Free-ranging Habituated (primates) Comparative study Total
Healthy (or not discussed) 7 10 14 5 36
Morbidity + mortality 37 11 10 3 61
Total 44 21 24 8 97
(b) Studies describing spillback in primates (» = 57)

Captive Free-ranging Habituated Comparative study Total
Healthy (or not discussed) 4 1 14 2 21
Morbidity + mortality 23 0 10 3 36
Total 27 1 24 5 57
(c) Studies describing spillback in non-primates (n = 44)

Captive Free-ranging Comparative study Total

Healthy (or not discussed) 3 3 15
Morbidity + mortality 16 2 29
Total 19 44

a pathogen into a wildlife population (exposure and
invasion) and the pathogen causes disease, involv-
ing some degree of pathogen survival and replication
within the new host. In contrast, for Pathway 2 to man-
ifest empirically, exposure and invasion must occur as
in Pathway 1, and subsequently the pathogen must rep-
licate to the point of onward transmission and attain
an RO of greater than | in the new animal population.
This event is seemingly rare: only ~10% of zoonotic
pathogens are known to have achieved this status in hu-
mans (Woolhouse & Brierley, 2018). Subsequently, the
pathogen must then be transmitted again into human
populations, following the exact same series of events
but in the reverse direction, and all under the assump-
tion that the pathogen does not cause rapid mortality
(as it frequently will (Best & Kerr, 2000; Rothenburg &
Brennan, 2020)), thereby diverting it towards Pathway
1 (Figure 1c). These processes may happen infrequently
enough that they have very rarely occurred, particu-
larly over the past few decades.

Assuming that this series of events (human-to-wildlife
pathogen transmission, maintenance, and secondary
spillover into human populations) does take place, our
empirical inference must then contend with a series of
sampling processes to be observed and published. For
Pathway 1, sampling is fairly simple: human observers
notice sick or dying animals, and identify the aetiologi-
cal agent as being human in origin (e.g. SARS-CoV-2 in
tigers at Bronx zoo (McAloose et al., 2020)). This pro-
cess is facilitated by the fact that most of these scenar-
ios involve captive, domestic, or habituated animals that
are under close observation and in close proximity to

humans—the same characteristics that drive their infec-
tion risk by elevating rates of exposure to human patho-
gens. This sampling process presumably contributes to
the bias towards large charismatic animals that we detail
above. For Pathway 2, because novel maintenance reser-
voirs are perhaps more likely to become established if the
pathogen does not cause extreme pathology, they may be
inherently more difficult to detect—potentially requir-
ing active sampling rather than passive observation. If
prior knowledge of the wild animal's pathogen commu-
nity is limited before the zooanthroponotic transmission
event, it may be impossible to reconcile the directionality
of the observed shift —e.g. it remains plausible that palm
civets were spillback hosts for SARS-CoV in at least
some circumstances (Tu et al., 2004; Wang et al., 2005).
Moreover, if the maintenance population does source
subsequent infections in human populations, these new
human infections must then be traced back to the animal
population of origin, which must then be verified as a
novel host that was infected by a human (rather than a
natural reservoir of a known multi-host pathogen).

Even when a human-to-wildlife transmission event is
observed, the observers must decide to report or pub-
lish it. It is possible that such events are commonly ob-
served, but rarely reported — either because they are not
considered novel or worth publishing, or because the
individuals overseeing the facility in which transmission
occurred are hesitant to draw attention to their operation.
Motivating researchers and conservation practitioners
to publish observations of human pathogens in wild
and captive animals (while ensuring de-identification of
facility-specific information to minimise endangering
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the validity of their operations) will therefore be import-
ant to remedy our skewed evidence base.

A perceived absence of secondary spillover events
could also emerge from the bias towards surveillance of
charismatic slow-lived animals that we outline above.
Fast-lived animals are thought to host and source a
disproportionate number of zoonoses as a result of
their high abundance, lower immune investment, and
proximity to humans (Albery & Becker, 2021); there-
fore, instances of pathogen transmission from humans
into free-ranging animal populations may be rare in
the literature due to underrepresentation of fast-lived
animal species like rodents, and the use of pseudoab-
sences for unsampled species (Albery & Becker, 2021).
Similarly, we found almost exclusively positive reports
of human pathogens: only two studies reported nega-
tive findings for human pathogens in free-ranging or
habituated animal populations (Benavides et al., 2012;
Bonnedahl et al., 2005). Although these studies were
not included in our assessment and in the statistics we
report (because they did not report a confirmed in-
stance of human-to-wildlife transmission), confirming
the absence of human pathogens in wild populations
will provide an important baseline for future pathogen
surveillance efforts, and for countering the observation
bias evident in our dataset.

Due to the complexity of the processes involved and
the limited relevant evidence, our ability to answer the
question “how much of a threat do human pathogens
pose to free-ranging wildlife populations?” is currently
severely limited. Nevertheless, it is vital that we attempt
to answer this question to prevent a repetition of pre-
vious human-to-wildlife transmission events (Aguilo-
Gisbert et al., 2021; Ash et al., 2010; Britton et al., 2019),
particularly as zoonotic pathogens continue to emerge in
human populations at an accelerated rate.

HOW TO INFER AND UNDERSTAND
HUMAN-TO-WILDLIFE
TRANSMISSIONPOTENTIAL

Given the difficulty of characterising high-risk hosts
and pathogens with the available evidence, researchers
will likely have to continue relying on case-by-case as-
sessment of human-to-wildlife transmission risk for in-
dividual pathogens (Figure 2). Such understanding will
come from three main sources: (A) laboratory experi-
ments demonstrating host-pathogen compatibility; (B)
incidental transmission events in captive or managed
animal populations; and (C) documented transmission
events in free-ranging animal populations. All of these
scenarios possess different strengths and limitations in
their ability to inform the complete ecological narra-
tive, which we discuss here. To assess the risk of human-
to-wildlife pathogen transmission, researchers should
apply a combination of these approaches; in time, if the

sampling biases evident in the literature are addressed,
the evidence base may grow to the point that we can
carry out meta-analyses and build predictive models
for zooanthroponotic transmission in the same way as
others have for human infections sourced from wildlife
populations (Olival et al., 2017; see below).

(A) Laboratory experiments. Because zoonotic patho-
gens are by definition able to infect multiple hosts, re-
searchers often ask whether a particular animal could
host the pathogen using in vivo and in vitro infection
experiments. For example, in an effort to characterise
potential sylvatic reservoirs for SARS-CoV-2 in the last
year, researchers have successfully infected deer mice,
tree shrews, ferrets, rabbits, bushy-tailed woodrats,
striped skunks, Egyptian fruit bats, white-tailed deer,
and raccoon dogs (Bosco-Lauth et al., 2021; Chandler
et al., 2021; Fagre et al., 2021; Freuling et al., 2020;
Griffin et al., 2021; Hale et al., 2021; Mykytyn et al.,
2021; Schlottau et al., 2020; Shi et al., 2020; Zhao et al.,
2020). Equally importantly, researchers have identified
wildlife species that are harder to infect (big brown bats,
cottontail rabbits, fox squirrels, Wyoming ground squir-
rels, black-tailed prairie dogs, house mice, and raccoons)
(Bosco-Lauth et al., 2021; Hall et al., 2020). These find-
ings can establish (or exclude) new model animal systems,
interrogate the cellular and molecular underpinnings of
susceptibility, and provide clues about a given host's pos-
sible reservoir status.

Successfully infecting an animal in the lab is incon-
trovertible evidence that it could become infected in
the wild through incidental human-to-wildlife patho-
gen transmission events. However, these approaches
offer limited information about overall transmission
risk in the wild for several reasons. First, they do not
take into account the ecological nuances of contact
rates or transmission routes between susceptible hosts:
that is, while they approximate interspecific compati-
bility, they do not account for the role of opportunity in
determining patterns of infection in nature. Further,
experimental studies often use very high infectious
doses or exposure techniques like intranasal inocula-
tion (Gerdts et al., 2007), which are unlikely to occur
in the wild. Laboratory animal populations may also
differ immunologically from their wild counterparts in
important ways. For example, recent work has shown
that the immune systems and microbiota of laboratory
house mice (Mus musculus) change when they are (re)
introduced to wild environments, altering immune re-
sistance (Béar et al., 2020; Leung et al., 2018). As such,
mice could be interpreted as a potential sylvatic reser-
voir for a given pathogen based on results in labora-
tory populations, while wild counterparts are in fact
minimally susceptible and therefore less vulnerable
to zooanthroponotic transmission. Similarly, a re-
cent deworming study in wild Peromyscus mice found
that helminth coinfection reduces the prevalence of
Sin Nombre Virus (Sweeny et al., 2020); lab-reared
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Peromyscus do not host helminths, whereas wild ani-
mals are nearly all infected, and so their susceptibility
in the wild is in fact lower than would be expected based
on laboratory experiments. Finally, experimental ap-
proaches are limited to hosts that can be housed and
maintained (which excludes many large animals and
species of conservation concern), and pathogens that
can be cultured and readily worked with (which elim-
inates several species of anaerobic bacteria, metazoan
parasites with complex life cycles, certain vector-borne
pathogens, and many high-consequence pathogens).

(B) Incidental captive infections. Incidental human-
to-wildlife transmission events have been relatively
commonly documented in captive animals, comprising
52/97(53.6%) of our records. While such transmission
events have resulted in some morbidity or mortality
(Crossley et al., 2012; McAloose et al., 2020; Munnink
et al., 2020; Oh et al., 2002) and onward transmission of
the pathogen (Li et al., 2014; McClure & Keeling, 1971;
Oreshkova et al., 2020; Yen et al., 2022), these scenarios
still do not accurately recapitulate the ecological con-
ditions affecting free-ranging populations for several
reasons. For example, direct contact rates between hu-
mans and captive animals likely far surpass those in the
wild, increasing the probability that zooanthroponotic
transmission will occur in the first place. Captive ani-
mals may also be immunosuppressed compared to their
free-ranging counterparts due to inadequate housing
conditions (Fischer & Romero, 2019; Seeber et al., 2020),
which could lower their resistance and paint an exagger-
ated picture of their susceptibility. Further, following
successful initial infection, confined housing may result
in artificially high intraspecific contact and transmis-
sion rates, so that their ability to transmit and main-
tain the pathogen is similarly exaggerated compared to
wild animals. As such, opportunity, compatibility, and
reservoir competence are all potentially exaggerated in
captive contexts, likely inflating perceived probability
of pathogen transmissions from humans to truly free-
ranging wildlife for both Pathway 1 and 2.

(C) Incidental wild infections. Documented histori-
cal transmission events in wild animal populations are
the most biologically relevant standard for human-to-
wildlife pathogen transmission evidence, and comprised
45/97 (46.4%) of our records. Unfortunately, these exam-
ples come with their own set of inferential difficulties.
Most importantly, directionality is difficult to determine
in observational contexts in the absence of molecular
analysis and epidemiological tracing (Nizeyi et al., 2001;
Palacios et al., 2011). Verifying that humans transmitted
a pathogen to an animal (rather than both receiving the
pathogen from the same source) requires a combination
of well-understood transmission mechanisms, known
local prevalence in both humans and animals, and time-
structured sampling of both populations. At macro-
scopic scales, time-structuring or geographic expansions
are occasionally sufficient to assume zooanthroponosis.

For example, discovering newly emergent strains of
Influenza A (HIN1) in striped skunks (Mephitis mephi-
tis) at the height of flu season implied that humans were
sourcing the disease (Britton et al., 2019). Similarly, Zika
virus was discovered in New World primates following
introduction of the virus to the Americas (Favoretto
et al., 2019), implying that humans were responsible for
transporting it.

Directionality becomes difficult to determine in obser-
vational scenarios when a pathogen is maintained in both
human and animal populations. In the case of influenza
A viruses (IAV), transmission from humans to swine has
been documented, and is even considered responsible for
a majority of viral diversity in farmed swine (Zhou et al.,
1999), but directionality is difficult to infer without mo-
lecular tracing. While the decreased cost associated with
next-generation sequencing has accelerated these efforts,
simultaneous circulation of IAVs in migratory birds,
farmed swine, and human populations complicates anal-
ysis of spatiotemporal patterns and directionality (Lam
et al., 2012; Roche et al., 2014). Similarly, Mycobacterium
tuberculosis complex (MTC) bacteria have been transmit-
ted from humans to cattle (Fritsche et al., 2004), primates
(Coscolla et al., 2013), and elephants (Zachariah et al.,
2017). Although they are ancestrally human pathogens, in
many regions where MTC is both endemic and enzootic,
epidemiological tracing becomes nearly impossible. A
final obstacle comes in cases where the pathogen exhibits
latent transmission through the environment, such that
the lack of direct human-animal contact makes causality
and directionality even harder to infer. In this case, iden-
tifying contaminated areas or conducting thorough envi-
ronmental sampling is important and can provide clues to
the pathogen's source.

In summary, our evidence for human-to-wildlife
pathogen transmission is based on several lines of inquiry
(Figure 2), none of which are sufficient alone. While lab-
oratory experiments and captive infection reports are
indicative of host-pathogen compatibility, they occur in
potentially non-representative (high-susceptibility and
high-exposure) environments that may be minimally
relevant to the risk of zooanthroponotic transmission
in situ. Meanwhile, observational reports of these inci-
dents in wild populations are fraught with inferential
difficulties inherent to ecological systems. Further, a
lack of directed sampling for human pathogens in wild
populations has produced an evidence base that is biased
towards large, captive animals. Unfortunately, when ob-
servational reports are received, it is too late from a con-
servation and public health perspective: all they can tell
us currently is whether or how often zooanthroponotic
transmission has happened in the past. Therefore, when
researchers are concerned about cross-species transmis-
sion of an emerging pathogen (e.g., SARS-CoV-2), exper-
iments are necessary to properly anticipate this risk.

Ideally, to overcome the shortcomings that we have
outlined, we suggest that more experiments aimed at
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FIGURE 3 Asymmetry in transmission between humans and wildlife. Many studies that investigate animals’ susceptibility to human
pathogens rest on the implicit assumption that interspecific pathogen transmission is symmetrical—that is, that pathogens go through the
same series of hurdles in transmitting from humans to animals as they do in the reverse direction. One of the greatest unknowns concerning
zooanthroponotic transmission is its symmetry: that is, do the same processes govern transmission from humans to animals as those governing
animal-to-human transmission? A great many processes could create asymmetry in this relationship. For example, host immune cells often use
cell surface proteins such as glycans to identify self from non-self; when one species encounters a virus that has just budded off another species’
cells, its immune response may be able to more easily identify the glycans of the other species, and the propensity to identify other species’
glycans may not be equally effective in both directions. Several mechanisms act on humans specifically—most notably non-pharmaceutical
interventions (e.g. disinfectant, face masks, bednets, etc)—to lower incidence and transmission of infectious disease, both between humans and
to/from animals. We suggest that the symmetry of transmission between humans and wildlife is likely to depend on the pathogen's transmission
mode. For example, humans may be less likely to inhabit areas that involve concentrated animal waste, whereas a great many animal species
are subjected to human sewage or runoff, exposing them more readily to human faecal-oral pathogens (a). Similarly, it is unlikely that humans
will bite wild animals, but relatively more likely that the opposite will happen; consequently humans are regularly exposed to rabies from
animals, but the reverse is not true (b). Relatively few humans are eaten by animals, but many humans eat animals, which provides a well-
established spillover route for pathogen transmission during handling, slaughter, and consumption (c). However, there are some transmission
modes that are likely to be more-or-less symmetrical-—most notably vector-borne transmission, provided the arthropod does not have narrow

host-feeding preferences, and feeds on both humans and non-human vertebrates (d). Animal silhouettes are from phylopic.org

identifying risk of human-to-wildlife pathogen trans-
mission be carried out in semi-natural settings that more
closely approximate the conditions experienced by wild
populations. Such studies are already conducted in some
contexts: for example, researchers explored the risk of
SARS-CoV-2 transmission to Rousettus aegyptiacus bats
byinoculatingindividuals and then observing as the virus
was transmitted to co-housed animals (Schlottau et al.,
2020). Emulation of a natural environment is difficult,
and answering these questions will require collaboration
between virologists, immunologists, veterinarians, and
field ecologists. Future investigations could also aim to
surveil suspected high-risk areas across a wide range
of hosts to increase the observability of incidental wild
infections when they do occur. Ultimately, the more ev-
idence that we can accumulate, the easier it will be to
build advanced models of zooanthroponotic transmis-
sion risk for use in prediction and prevention efforts.

THE FUTURE OF
ZOOANTHROPONOSIS RESEARCH

A crucial step to understanding zooanthroponosis, and
the logical end point of a sufficiently bolstered evidence
base, is the construction of sophisticated predictive

models. Using analogous models applied to other infec-
tious disease processes, researchers have made enormous
strides towards understanding host-pathogen ecology,
allowing reservoir host identification (Albery et al., 2020;
Babayan et al., 2018), zoonotic risk prediction (Mollentze
& Streicker, 2020), geographic sampling prioritisation
(Han et al., 2016; Olival et al., 2017), and more. Although
model results are not always well-integrated into pan-
demic prevention efforts (Carlson, 2020; Holmes et al.,
2018), they are crucial for understanding broad-scale
patterns of animal-to-human pathogen transmission—
and the same will be true of human-to-wildlife trans-
mission. As it stands, researchers have just produced a
model-based prediction of zooanthroponosis risk for
the most intensively studied pathogen in recent years
(SARS-CoV-2 (Fischhoff et al., 2021)). In this study, the
authors used structural modelling of ACE2 (the binding
receptor of SARS-CoV-2) and trait-based analyses to ex-
amine species’ propensity to host the virus, with some
success (Table 2). This study represents a significant step
forward for a focal pathogen, and given enough data on
broad-scale zooanthroponotic transmission trends, we
may be able to do the same more broadly in the near
future.

In principle, host-pathogen models should be appli-
cable to zooanthroponotic pathogen transmission, just
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TABLE 2 Inaddition to in vivo experiments to characterise susceptibility of novel hosts, analytical tools (e.g. comparative genomics,
structural modelling for receptor binding, and trait-based machine learning) are being used to predict the potential host range of SARS-CoV-2
Zoonotic
compatibility score
Species (Fischhoff) Damas Citation
Experimental Chinese hamster (Cricetulus 0.756 High Bertzbach et al. (2021)
infection (barabensis) griseus)
Black-tailed prairie dog (Cynomys 0.200 Not listed ~ Bosco-Lauth et al. (2021)
ludovicianus)
Red fox (Vulpes vulpes) 0.880 Low Porter et al. (2022)
Natural Binturong (Arctictis binturong) 0.796 Not listed ~ Animal Plant and Health Inspection
infection Fishing cat (Prionailurus viverrinus) 0.680 Not listed Serylce, United States Department of
Agriculture (2021a)
Spotted hyena (Crocuta crocuta) 0.892 Not listed  Animal Plant and Health Inspection
Service, United States Department of
Agriculture (2021d)
Hippopotamus (Hippopotamus 0.442 Medium British Broadcasting Corporation (2021)
amphibius)
Lynx (Lynx canadensis) 0.223 Medium Animal Plant and Health Inspection
Service, United States Department of
Agriculture (2021b)
Coati (Nasua nasua) 0.384 Not listed ~ Animal Plant and Health Inspection

Service, United States Department of
Agriculture (2021c)

Featured is a list of wildlife species for which empirical evidence of susceptibility has been demonstrated, either through natural infection or experimental
inoculation, with predicted susceptibilities as determined by structural analysis of ACE2 alone (Damas et al., 2020) and with the addition of ecological and life
history traits as predictors (Fischhoff et al., 2021). Following a procedure described in Becker et al. for evaluating the performance of a classifier model when the
validation data can only meaningfully be presence-only (Becker et al., 2022), we evaluated the area under the training prevalence-test sensitivity curve (AUC-
TPTSC). We found that the model performed slightly better than random (AUC = 0.637). Code to reproduce the analysis is available at github.com/viralemergence/

fischhoff-validation.

as they are to animal-to-human spillover. Interspecific
pathogen transmission is a bilateral process, and humans
are merely a nodein a diverse host-pathogen network. For
example, as outlined above, non-human primates both
host more zoonotic pathogens and comprise a majority
of zooanthroponotic transmission reports (Engel et al.,
2002; Heldstab et al., 1981; Terzian et al., 2018). Given
this potential symmetry, it stands to reason that larger
datasets on zooanthroponotic processes (and large-scale
analyses of host and pathogen traits) may facilitate pre-
diction of bidirectional transmission between humans
and animals. Doing so may require subtle changes in an-
alytical framing. For example, models are often framed
as “predicting the original reservoir host(s)” (Babayan
et al., 2018; Becker et al., 2022; Brierley & Fowler, 2021),
rather than “predicting potential future reservoir hosts.”
This is also often true of laboratory infection studies
(Botten et al., 2000; Cogswell-Hawkinson et al., 2012;
Jones et al., 2019; Richter et al., 2004), although work
on SARS-CoV-2 is a notable exception given the con-
cern over establishment of secondary sylvatic reservoirs
(Fagre et al., 2021; Fischhoff et al., 2021; Griffin et al.,
2021; Hall et al., 2020; Schlottau et al., 2020). Because of
the different ways that we obtain and interpret human
and animal infection data, it remains a near-total un-
known whether these approaches are equally valid,
and whether spillover is generally symmetrical between

humans and animals; nevertheless, this symmetry is
sometimes implicitly assumed to be the case.

In Figure 3, we outline how asymmetry in trans-
mission could manifest between humans and animals.
Researchers may be able to construct models of human-
to-animal transmission risk based on spillover-related
processes and then to test their predictions with data-
sets of animal-to-human transmission, or vice versa, in
order to verify whether the symmetry of these processes
(Table 2) (Fischhoff et al., 2021). Validating the generality
of these interrelationships will further the perception of
zoonotic pathogens as part of a complex metapopulation
of hosts, rather than reinforcing a narrative of animal-
to-human directionality. Importantly, while Fischhoff
et al. (2021) succeeded in modelling species’ ability to
become infected with SARS-CoV-2, researchers have yet
to model species’ propensity to transmit it onwards (i.e.,
transmission competence); general multi-host pathogen
transmission prediction frameworks will have to incor-
porate elements of both.

While it is likely universally useful to understand and
predict how pathogens are transmitted from animals to
humans, it is possible that a smaller subset of efforts re-
lated to transmission risk of zooanthroponoses will be
worthy of (urgent) consideration or investment in mitiga-
tion. For example, we are increasingly able to understand
the genomic basis of zoonotic potential (Mollentze &
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Streicker, 2020), but considerable resources might be re-
quired to quantify a pathogen's ability to infect any given
animal species, rendering this approach economically
unviable for mitigating human-to-wildlife transmission.
Regardless, identification of at-risk species or groups
could lead to researchers prioritising high-risk groups for
further identification, leading to a better understanding
of the general drivers of infection in both humans and
animals. Although experimental infections of animals
with SARS-CoV-2 were partially motivated by concerns
around novel maintenance reservoirs (Bosco-Lauth et al.,
2020; Cool et al., 2022; Fagre et al., 2021; Olival et al.,
2020; Schlottau et al., 2020; Shi et al., 2020), their findings
are likely to eventually inform the underlying physiologi-
cal and ecological mechanisms responsible for mediating
susceptibility. For example, the knowledge that big brown
bats are relatively resistant to infection with SARS-CoV-2
may lead to further investigations into the immune mech-
anisms responsible for viral clearance (Hall et al., 2020).

Ultimately, integrating statistical models to predict
bidirectional human-animal pathogen transmission, and
more accurately delineating the similarities and differ-
ences between the two processes, will draw necessary
attention to the perception of humans as part of a com-
plex metapopulation of hosts (Frutos et al., 2021; Viana
et al., 2014). Researchers studying infectious diseases at
the human-animal interface could benefit from the re-
newed interest in zooanthroponotic pathogen transmis-
sion engendered by the SARS-CoV-2 pandemic, building
on the established knowledge in this review. A fuller un-
derstanding of such processes, and the ecology of multi-
host systems in general, will reveal at-risk hosts and
associated pathogens, inform fundamental biological
understanding of the symmetry of interspecific pathogen
transmission, and improve human and animal health in
the coming century. This kind of understanding is only
likely to increase in importance: ongoing increases in
human population density, epidemic and pandemic risk,
human-wildlife contact, and anthropogenic stressors on
animal health stand to drive up the rate of human-to-
wildlife pathogen transmission over the coming decades.
Ensuring that our evidence base can track its progression
is an important prerequisite to effective prevention.
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