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Introduction

Epidemiological and ecological connections among host species and pathogens are
continuously evolving as host contact rates and ecological interactions drive cross-
species transmission of pathogens. The previous chapter discussed that in such
communities, epidemiological ecotones, or interfaces are spaces of transition and
contact among different compartments, becoming “experimental scenarios” where
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pathogens have evolved to adapt, taking the opportunity to jump to new hosts. In
more recent geological times, domestication of animals led to an epidemiological
transition from human–wildlife interactions to human-wildlife-livestock interac-
tions. Since then, humans have served as the key drivers of pathogen spillover at
these interfaces, influencing their distribution, intensity, and subsequent conse-
quences. The observation of contemporaneous events indicates that the outcomes
of interspecies transmission vary widely, from single-infection spillover transient
outbreak events with no consequence in life history of hosts, to long-lasting out-
breaks maintained in new hosts which greatly impact communities (e.g., the intro-
duction of rinderpest virus in sub-Saharan Africa at the wildlife-livestock interface
the late 1800s, Roeder et al. 2013). The complex nature of ecological, epidemiolog-
ical, and socioeconomic factors that determined past events, though, are ineludibly
interconnected and difficult to disentangle.

Over the last millennia, and accelerated in contemporaneous times, industry and
urbanization have progressed exponentially and wild habitats have been dramati-
cally altered into agricultural land, threatening biodiversity and provoking profound
changes to interfaces among animals and humans. Only 1000 years ago, less than 4%
of the world’s ice-free (four million km2) and non-barren land area was used for
farming (Ellis et al. 2010), compared to this day, where half of all habitable area
(70% of global land area) is used for agriculture. Livestock uses most of the world’s
agricultural land. However, the distribution of land use between livestock and crops
for human consumption, and specific farming and husbandry practices are contex-
tualized in very different environments and socioeconomic realities. Human inter-
vention, including cultural, political, and economic dimensions, has resulted in
epidemiological interactions at the interfaces as human impact progressively inten-
sified and expanded the wildlife-livestock interface over the world, which is
reviewed in this chapter. The pathogen communities shared by wild and domestic
populations and the dynamics of these complex host–pathogen systems reflect the
historical epidemiological interactions between them (Caron et al. 2020). We present
how humans have coexisted in complex interdependent relationships, first with
wildlife and later also with domestic animals, in a wide range of natural and
human-impacted environments. This chapter illustrates how, from domestication,
the interface has been a socio-ecological system where economies have influenced
agricultural practices and the relationship with wildlife (management and use).

Human population growth, increasing demand for food and other goods, global-
ization, associated environmental changes (e.g., habitat alteration, urbanization,
agricultural expansion, and intensification), and climate change are seriously
impacting overall world health. We are experiencing a new epidemiological transi-
tional period, characterized by emerging diseases and a globalization of disease
ecology, reflected by the impacts of rapid changes in demographic, environmental,
social, and technological aspects. Our capacity to modify and connect the interfaces
has increased to the extent that improving health at the human, animal, and
ecosystem interfaces (One Health approach, a recent term for an old concept) is
the only option to successfully address the main global health challenges (Godfroid
et al. 2014; Cassidy 2015). What we do during the next decades at ecosystem
interfaces will determine our common future.
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Many questions arise from historical, ecological, and epidemiological perspec-
tives. Which host interaction networks, composition, relative abundances occurred
in past contexts, and how they interacted with and within their environment? What
were the impacts of pathogens in past community assemblages and diversity? When
and how did pathogens emerge in past multi-host systems, and particularly at
wildlife-livestock-human interfaces? What were the consequences on transmission
of novel species entering new host communities? How did virulence evolve after
pathogens crossed to new host species? What were the interactions in the host
assemblage? Host–pathogen–environment interactions have changed, but we can
presume that the theoretical ecological framework that operated in the past is
supported by the processes observed today (see Chapter “Host Community Inter-
faces: The Wildlife-Livestock”). We can probably identify parallels between the
process of change of the wildlife-livestock interface over human history and the
current gradient of characteristics of the interface from pristine to highly anthropized
ecosystems (Fig. 1 of Chapter “Host Community Interfaces: The Wildlife-
Livestock”).

Understanding Previous Ecological and Epidemiological
Contexts

Theoretical frameworks and technical advances (see Chapters “Host Community
Interfaces: The Wildlife-Livestock”, “Collecting Data to Assess the Interactions
Between Livestock and Wildlife”, “Characterization of Wildlife-Livestock Inter-
faces: The Need for Interdisciplinary Approaches and a Dedicated Thematic Field”,
and “Quantifying Transmission Between Wild and Domestic Populations”) devel-
oped by different disciplines provide support to address the dynamics of current
multi-host multi-pathogen systems, such as what the risks are for pathogen interspe-
cific transmission and emergence. This scientific background can be applied to past
assemblages of hosts, which have changed in terms of host community composition,
the specific ecological relationships of their components, and the relative importance
of the main drivers such as anthropogenic factors. As it happens for present systems,
describing cross-species transmission processes that occur at varying levels of
biological organization, especially in the past, is complicated by the many scales
and data required (Becker et al. 2019), which are almost systematically absent for
most past scenarios. Fortunately, research is providing clues on the characteristics
and evolution of ecological animal networks and the prevalent interfaces of the past.

Unfortunately, our capacity to understand the ecology of past, often extinct,
communities and their pathogens attenuates rapidly with time because the evidence
for their functional characteristics become harder to discover and reconstruct. How-
ever, especially for recent communities in geological times, there may be some data,
for instance, based on preserved fossil information (e.g., Poinar 2018) and evidence
of habitat and climate conditions (Woodburne 2010). Different disciplines can help
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Fig. 1 The cophylogeny of hosts and Brucella pathogens. (a) The dispersion of Brucella species is
confronted to the phylogeny of their preferred host mammal (cones proportional to the number of
strains analyzed, modified from Moreno 2014 after Guzmán-Verri et al. 2012). Numbers in the
mammal phylogenetic tree represent millions of years. (b) Shows a more contemporaneous
approach, a reconstruction of Brucella abortus genealogies by Whole-genome sequencing for at
the wildlife-livestock interface in the Greater Yellowstone Ecosystem (GYE, Kamath et al. 2016). It
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to understand the structure of interaction networks in these preterit communities,
such as paleoecology, paleoepidemiology, pathology, and genetics (Table 1). They
address unknown ecological and historical contexts, can infer and speculate about
the past based on (1) what the prevalent composition of host communities and their
interactions were, (2) evidence of pathogens, and (3) evolutionary and phylogenetic
studies of host and pathogens based on current and old samples. The introduction of
improved molecular tools allowed the extraction of ancient DNA (aDNA, Marciniak
2016) and subsequent massive application of next-generation sequencing technolo-
gies. Paleogenetics and phylogenetic methods can be applied to situations where
direct knowledge of the past is absent by the analysis of molecular sequences. In
contrast to genetics, which studies individual genes and their roles in inheritance,
paleogenomics aims at the collective characterization and quantification of all genes
of an organism, their interrelations and influence on the organism. For instance, it is
now possible to detect genetic drift, ancient population migrations and

⁄�

Fig. 1 (continued) evidences cross-species transmission, and that brucellosis was introduced into
wildlife in this region at least five times (authors estimated 12 host transitions from bison to elk, and
5 from elk to bison). These results support that free-ranging elk is currently a self-sustaining
brucellosis reservoir and the source of livestock infections. The predicted date of the ancestral
root of the tree was approximately 1769 (the time to most recent common ancestor for all GYE
isolates)

Table 1 Comparison of disciplines potentially studying determinants of pathogen spillover in
present and past host communities (inspired in Plowright et al. 2017)

Determinants for
transmission

Disciplines studying past
determinants of transmission

Disciplines studying current
determinants of transmission

Reservoir host distribu-
tion, relative abundance,
interactions between
species

Paleontology, paleoecology,
paleogeography, paleoclimatol-
ogy, paleoethology,
paleophilogenetics

Animal ecology, population
biology, biogeography, behav-
ioral ecology, landscape ecol-
ogy, agricultural science

Pathogen prevalence Paleogenetics,
paleomicrobiology,
paleoparasitology, paleopathol-
ogy, paleoepidemiology,
paleogenetics

Disease ecology, animal epide-
miology, infectious disease
dynamics, immunology, micro-
biology, veterinary medicine

Infection intensity

Pathogen excretion from
reservoir

Pathogen survival and/or
spread

Paleomicrobiology,
paleoepidemiology

Microbiology, disease ecology,
vector ecology, epidemiology,
spatial ecology

Human factors Archaeology, anthropology Human epidemiology, medical
anthropology, vector ecology,
social sciences, behavioral
ecology

Host–pathogen interaction Paleomicrobiology, paleopa-
thology, paleoepidemiology,
evolutionary biology,
paleogenetics

Microbiology, innate adaptive
immunology, cell biology,
pathology, genetics, evolution-
ary biology
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interrelationships, their association with pathogen spread and evolution, the evolu-
tionary history of extinct species, and even the identification of phenotypic features
across geographic regions (e.g., Huerta-Sánchez et al. 2014; Barlow et al. 2018).
Scientists can also use paleogenomics to compare ancient ancestors (wildlife,
domestic species, and their ancestors, pathogens) against modern-day species and
provide insights as to when and by what means traits evolved, and how extinct
organisms are related to living species and populations.

The genomics revolution (population genomics and paleogenomics) has increas-
ingly provided insight regarding patterns of pathogen evolution and spatiotemporal
epidemiological dynamics (Dearlove and Wilson 2013; Orton et al. 2013) and is
continually developing. New findings and hypotheses continually arise, which are
supported or rejected, and therefore examples must be considered in that context.
Bacterial microbiomes (the genetic component of a microbiota) have been partially
reconstructed from ancient remains in prehistoric humans using coprolites (Tito et al.
2008, 2020), and from Mammoth Mammuthus primigenius and woolly rhinoceros
Coelodonta antiquitatis from frozen preserved intestinal contents (Mardanov et al.
2012). The evolutionary history of pathogens is closely linked with that of their hosts
(Clayton and Moore 1997). Researchers, by using phylogenetic trees and networks
of evolutionary relationships, can explain evolutionary paths (e.g., using pathogen
samples from different times), how closely organisms are related to each other (e.g.,
samples from current pathogens so distance is a proxy to time of evolutive separa-
tion), and the study of cophylogeny (concordance between the phylogenies and
interactions of different groups of species) of hosts and pathogens. Fig. 1 shows the
case of bacteria Brucella (Moreno and Moriyón 2002), a monophyletic genus with
high DNA similarity (Verger et al. 1985). Brucella species can be distinguished by
single nucleotide polymorphism analysis and host preference (Foster et al. 2012).
Brucella divergence seems linked to the evolution of the host (Moreno 2014), but
these organisms are also able to breakdown the species barrier and “jump” from one
mammal order to a very different one (Figs. 1a and 2). The fine spatial and temporal
dynamics of pathogens, such as the transmission among wildlife and livestock of
Brucella abortus (Fig. 1b) can also be approached by highly resolved time-calibrated
phylogenies, evidencing cross-species transmission and the introduction history as
well as identifying current maintenance reservoirs as source of infection to livestock
hosts (Kamath et al. 2016). An interesting case is that of the Mycobacterium
tuberculosis complex (MTBC). M. tuberculosis, stricto sensu, is the causative
agent of tuberculosis (TB) and has caused more deaths in humans than any other
infectious disease, likely infecting more people than any pathogen has at any other
time in human history (Gagneux 2018). Most evidence to date supports an African
origin for the human-adapted MTBC (the closest living relatives of the common
ancestor of the MTBC are almost exclusively found in the Horn of Africa).M. bovis,
which has a broader host range than M. tuberculosis, and humans were originally
thought to have acquired TB from domestic animals during the Neolithic period.
Later, the availability of the first full bacterial genome sequences revealed that
M. bovis contains a smaller genome than M. tuberculosis, and this may indicate
that the latter was unlikely to have evolved from M. bovis (Brosch et al. 2002).
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Several studies showed that the order of gene loss across the various members of the
MTBC supported an evolutionary scenario in which humans transmitted TB to
animals (Mostowy et al. 2002; Dippenaar et al. 2015). In addition, multiple host
jumps might have occurred in the evolution of certain MCT lineages, both from
humans to animals and back. Another interesting example is the old lineage of
protozoan parasites. Molecular paleoparasitology on mammalian trypanosomes has
clarified that Trypanosomatid divergences can be dated prior to the origins of both
current insect vectors (30–60 million year ago, Ma, for tse-tse fly), and placental
mammalian hosts (<85 Ma) (Fernandes et al. 1993). Finally, as for viruses (Tao
et al. 2017), phylogenetics provides evidence for natural recombination between
distantly related African bat coronaviruses that resulted in ancestor viruses of certain
Human Coronaviruses (HCoV), suggesting that past interspecies recombination
played an important role in CoV evolution and the emergence of novel CoVs with
zoonotic potential. As indicative, close correlations between Italian bat CoVs
belonging to the genus Betacoronavirus and SARS-related CoV that emerged far
in Asia have been shown (Balboni et al. 2010).

Pathogens, Host Communities, and the Time Scale of Evolution

Pathogens have been ubiquitous in ecosystems, affect evolutive forces upon
populations, and are commonly regarded as factors that co-participate in fluctuations
or declines in wild populations with consequences at the wildlife-livestock interface
(Dobson and Hudson 1992; Kilpatrick and Altizer 2010; Pybus et al. 2013). Path-
ogens and host communities (wild and domestic) evolve in response to one another
and changing environments, leading to co-evolutionary dynamics that modulate
their genetic composition and diversity, and even co-speciation events. The immense
diversity of hosts in natural communities, including domestic animals and humans
has resulted in a large diversity of current pathogens, where evolutive processes have
shaped the biology of hosts and pathogens. However, outcomes of pathogen–host
relationships, such as immune escape and changes in virulence, are diverse and

Fig. 2 Schematic
representation of the
possible different
coevolutionary events
among host and pathogens
(modified from Baudet et al.
2015). The tube represents
the host tree and the dotted
lines the pathogen tree
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system-specific. Today, evolutionary questions underlying the emergence of patho-
gens in novel hosts are particularly challenging. The extent to which pathogens have
evolved toward generalists or specialists following transmission into a novel host
depends on their level of adaptation to dealing with different environments, their
rates of molecular evolution and their ability to recombine (Bonneaud et al. 2019).
Crucial mutations may also occur in reservoir or novel environments (Pepin et al.
2010). An evolutionary arms race between hosts and pathogens begins when
pathogens impose a selective process in hosts, which leads to a strong selection
pressure for a pathogen to evade the host immune response (Meyerson and Sawyer
2011). The evolutionary dynamics of pathogens and hosts is characterized by a
trade-off between transmission rate and virulence (i.e., transmission time prior to
host death limits pathogen adaptation). Current research on how pathogens are able
to breach species barriers and evolve as emergent is providing insight on how
pathogen strains arise in response to selective pressures from past environments
(e.g., the role of adaptation in host jumps of viruses such as CoVs at the interfaces;
Park et al. 2013) and why some pathogens (e.g., influenza) constantly evolve to
evade antigenic recognition (Restif and Graham 2015) or adapt to new hosts (e.g.,
CoVs and host cell receptors; Park et al. 2013).

Viruses illustrate the strong selection pressures exerted by pathogens on hosts,
which has led to the development of effective responses against pathogens. Viruses
present high mutation rates (especially RNA viruses) and have been subject to
selection pressure for millions of years, acting on virus proteins by amino acid
changes (Demogines et al. 2013). However, successful evolutionary pathways for
viruses are limited, as evidenced by convergent evolution of different viruses (Stern
et al. 2017). In turn, host alleles in genes participating in antiviral response have a
major selective benefit that spreads rapidly through host populations (Fernández-de-
Mera et al. 2009). However, this spread can be disrupted by various factors,
including biogeographical reasons (see Chapter “Natural and Historical Overview
of the Animal Wildlife-Livestock Interface”).

Viruses also offer good examples of evolutionary transitions leading to emer-
gence of relevant pathogens at the wildlife-livestock interface, which can be seen
when extrapolating from genetic diversity among extant viral species. They can
inform us about the long-term “arms races” between hosts and viruses, characterized
by events of selection and counterselection, and increasing depths of ancient viral
lineages. In this respect, endogenous virus elements (EVEs) are a common compo-
nent of the eukaryotic genome (Holmes 2011), there are even sequences from RNA
viruses that have no DNA stage in their life cycle. The discovery and research of
EVEs have contributed to a better understanding of the time scale of virus evolution
(Emerman and Malik 2010) in contrast to molecular clock studies using
“heterochronous” samples (sampled at different time points during epidemiological
history) from a single virus (Gilbert and Feschotte 2010). The presence of EVEs in
related host species integrated into the same genomic position (like “fossilized”
genetic prints within host DNA) indicates that this integration event occurred prior to
the divergence of these species. If it is known when species diverged, then the
minimum age of the insertion event can also be estimated (Katzourakis and Gifford
(2010). Although there are different dating estimates, recent reconstruction of the
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evolutionary history of retroviruses indicates they likely emerged between 450 and
550 Ma in the early Palaeozoic Era, coinciding with the origin of jawed vertebrates
(Aiewsakun and Katzourakis 2017). This is currently the oldest inferred date esti-
mate for any virus group and indicates that these viruses evolved within the marine
environment. Other pathogens, such as bacteria, may display key differences in
processes underlying their evolutive history. For instance, the jump of a pathogen
into a novel host species followed by the specialization on that host and the loss of
infectivity of previous host(s) is commonly observed in viruses but less often in
bacteria. Bacterial pathogens typically exhibit high levels of phenotypic plasticity,
low rates of evolution, and decreased ability to recombine, which should reduce their
propensity to specialize on novel hosts. Thus, bacterial infections could be more
likely to result in transient spillovers or increased host ranges than in host shifts.

Coevolution occurs when two or more species exert a reciprocal influence on one
another’s evolutionary trajectories (Vermeij 1994), and synchronous development of
pathogen lineages with those of their hosts occurs. Cophylogeny is the reconstruc-
tion of ancient relationships among ecologically linked groups of organisms from
their phylogenetic information. Cophylogenetic reconstructions for tracking host–
parasite pathways normally use event-based models, including cospeciation, dupli-
cation (divergence), loss, and host switch (Fig. 2), and approaches that identify
lateral gene transfers for the gene tree(s)/species tree problem (Hallett and Lagergren
2001). Pathogens that do not show complete fit with the phylogeny of their hosts are
also interesting and may evidence their ability to jump between host species and
establish on novel hosts. In fact, most pathogens seem to be able to switch hosts
(Kossida et al. 2000). For instance, co-phylogenetic analyses revealed that cross-
species transmission (host switch) may have been more common than co-divergence
across coronavirus evolution, and cross-species transmission events were more
likely between sympatric bat hosts (Leopardi et al. 2018).

The extent to which pathogens and their hosts codiverge remains an open
question in most systems. However, cases of both cospeciation and horizontal
switching have recently been documented, especially for RNA viruses (e.g., phy-
logeny for Hantavirus is significantly similar to its host trees, whereas Lyssavirus
seems to display no significant congruence; Jackson and Charleston 2004). Numer-
ous examples illustrate different cophylogenies where the timing, evolutionary
mechanisms, nature of the pathogen, involved host compartments, and directional
relationships vary:

• Herpesviridae, a large family of DNA viruses (McGeoch et al. 2000), have
mammals and other vertebrates as their natural hosts (and in one described
case, an invertebrate). Phylogenetic analysis of herpesviruses (HV) found in
mammals and birds clearly evidence descent from a common ancestor. Each of
the subfamilies of the Herpesviridae shows tree-branching features that can be
explained by coevolution of HV lineages, as well as other features that require
non-coevolutionary explanations. For instance, herpesviruses show weak corre-
lations with the phylogenies of primates, rodents, ungulates, and carnivores.
There are cases representing clear recent interspecies transfer of viruses, such as
certain herpesvirus of wallaby (macropodid marsupials) and bovine.
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• The Hepadnaviridae family of DNA viruses comprises two genera:
Orthohepadnaviruses (including the Human Hepatitis B virus HBV that infect
mammals), and Avihepadnaviruses (that infect avian species). Hepadnaviruses
also have the ability of endogenization into the host genome (Gilbert and
Feschotte 2010; Littlejohn et al. 2016) and phylogenetic analysis suggests that
the integration events occurred at least 19 Ma (and a more recent study estimated
to have occurred during a period of bird evolution from 12 to 82 Ma, Suh et al.
2013). Comparative phylogenetic analysis on endogenous and existing exoge-
nous avian hepadnaviruses indicates multiple genomic integration events, and
birds have been proposed as the ancestral hosts of Hepadnaviridae, while mam-
malian HBVs probably emerged after a bird–mammal host switch (Suh et al.
2013). Frequent cross-species transmissions have resulted in their widespread
distribution in the animal kingdom and, as a result of a series of recombination
events with other HBVs, for instance, both primate and human, resulted in at least
10 genotypes of human HBVs that are recognized today. Several theories
(reviewed by Littlejohn et al. 2016) have been proposed to explain the origins
of HBV, including cospeciation, coevolution, and cross-species transmission
(even a bat origin). However, HBV evolution probably involved cospecies
evolution within birds, rodents, and bats, followed by a series of cross-species
transmission events to explain the close relationship between human and
nonhuman primate HBVs observed today.

• In the particular case of adeno-associated virus (AAV)-derived endogenous viral
element (mAAV-EVE1; Smith et al. 2016), a time-scaled cladogram using
previously published estimates of divergence among marsupials represents a
speciation history spanning an estimated 30 million years. This possibly suggests
that the exogenous ancestor of mAAV-EVE1 could have been introduced to the
island continent of Australia by migratory birds, evidencing a host jump (which
probably was a complex process) among very different hosts.

• The Hepeviridae family (RNA viruses) includes two genera, Orthohepevirus and
Piscihepevirus (Kelly et al. 2016; Cagliani et al. 2019). The Orthohepevirus
genus is divided into four species of viruses infecting mammals and birds
(Orthohepevirus A–D). Hepatitis E virus (HEV, an Orthohepevirus A) is a
common cause of hepatitis worldwide. Human-infecting HEV strains are genet-
ically heterogeneous. HEV-1 and HEV-2 only infect humans, primarily in trop-
ical and subtropical regions. Genotypes 3 and 4 account for the majority of HEV
human cases in industrialized countries and infect several domestic (mainly
swine) and wild animals (e.g., ungulates and small carnivores). Phylogenetic
analyses (Fig. 3; Cagliani et al. 2019) showed that HEV-3 and HEV-4 sequences
derived from human cases are interspersed within those isolated from swine,
indicating that pig-infecting HEV-3 and HEV-4 can easily cross the species
barrier and infect humans. The wild boar Sus scrofa–domestic pig–human inter-
faces are interesting ecological, epidemiological, and evolutionary scenarios to
study HEV-3, -4, -5, and -6. The remaining genotypes HEV-5/HEV-6 and
HEV-7/HEV-8 have been detected in wild boars and camels, respectively. Phy-
logeny approaches have revealed that humans were the most likely hosts of the
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ancestor of extant orthohepeviruses, which is in concordance with the observation
that most HEV genotypes can infect humans, whereas other animals are differ-
entially susceptible to distinct HEV genotypes. Origins of the Orthohepevirus
genus was recently dated to be at least 21 Ma. The Orthohepevirus A species
originated in Asia, most likely from a human-infecting ancestor that existed
approximately 4500 to 6800 years ago (Fig. 3 right), coinciding with the appear-
ance of large human settlements that probably facilitated HEV emergence and
spread (see below). The earliest events involved the separation of the enzootic
(animal) and human-restricted genotypes, as well as the split of the camel-
infecting genotypes occurring during the timeframe of camel domestication
(Fig. 3 right). More recently, the place and timing of HEV-3ra divergence also
corresponded to the period of rabbit domestication (Fig. 3 right). Today, humans
may have acquired HEV through cross-species transmission from other animals,
and the wildlife-livestock interface is crucial as a bridge for transmission.

• Species in the genus Plasmodium cause malaria in humans and infect a variety of
mammals and other vertebrates. Mammalian Plasmodium parasites may have
originated over 64 Ma (Silva et al. 2015). Cophylogeny reconstruction at the
human-wildlife-livestock interface ecologically was applied to clarify the rela-
tionships for the most virulent human malaria, caused by the protozoan parasite
Plasmodium falciparum. This parasite was at once thought to have arisen as a
result of a host switch from birds to humans, at the time of the domestication of
chickens (e.g., Waters et al. 1991). However, more recent work has shown that
there is a close evolutionary relationship between P. falciparum and
P. reichenowi, the chimpanzee malaria parasite, indicating codivergence events
with respect to primate and Plasmodium evolution (Rich and Ayala 2010).
Research supports the hypothesis that the last common ancestor of
P. falciparum and P. reichenowi occurred around the time of the human–chim-
panzee divergence and that current P. falciparum infections of African apes are
most likely derived from humans and not the other way around, although
P. falciparum-related pathogens can naturally circulate in some monkey
populations in Africa (Prugnolle et al. 2011; Silva et al. 2011). On the other
hand, P. vivax, split from the monkey parasite P. knowlesi in the much more
distant past, during the time that encompasses the separation of the Great apes and
Old-World monkeys. Overall, mammalian-infecting Plasmodium evolved con-
temporaneously with their hosts, with little evidence for parasite host-switching
on an evolutionary scale, as evidenced by research on the timeframe within which
to place the evolution of Plasmodium species (Silva et al. 2015).

• Different Brucella species (Fig. 1) cause brucellosis in domestic animals, terres-
trial wildland animals, and sea mammals (dolphin, whales, seals, and walruses;
Guzmán-Verri et al. 2012). The only species that are linked to human brucellosis
are B. melitensis, B. suis, B. abortus, and to a minor extent Brucella canis
(Moreno and Moriyón 2002). As mentioned above, Brucella divergence appears
to be linked to the evolution of the host. One interesting feature of the genus is the
absence of plasmids and lysogenic phages, which prevent horizontal transference
of genes (Moreno 1998). It has been proposed that the extant Brucella species
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expand clonally within the host environment and that genetic drift depends almost
exclusively on mutation and internal genetic rearrangements (Moreno 1998).
Brucella divergence seems linked to selective forces within the host environment,
and consequently, to the evolution of the host (Moreno 1998). However, these
organisms are capable of breaking down the species barrier and moving from one
mammal order to a very different one (Fig. 1), which might favor the persistence
of a distinct Brucella clone in a different “preferred” host.

• Changes in complex life cycles and pathogenicity of pathogens can occur rapidly,
and this can be tracked by phylogeny and biogeographical approaches. The
parasite Toxoplasma gondii protozoan infects warm-blooded vertebrates and
also causes zoonotic disease in humans (Dubey 2010). There is a global predom-
inance of three clonal T. gondii lineages, which suggests they have exceptional
characteristics responsible for their current parasitism of nearly all warm-blooded
vertebrates. The study of its genetic polymorphism analyses indicates that these
clonal lineages emerged within the last 10,000 years after a single genetic cross.
Comparison with ancient strains (approximately one million years) suggests that
the success of the clonal lineages resulted from the concurrent acquisition of
direct oral infectivity (Su et al. 2003). This key adaptation bypassed sexual
recombination (only occurring in Felid species) and promoted transmission
through successive hosts, thereby leading to clonal expansion. This radiation to
transmission emergence through carnivorism (i.e., oral infectivity of tissue cysts)
between intermediate hosts manifested itself in clonal strains 10,000 years ago
(Su et al. 2003). It is hypothesized that such oral infectivity may have developed
previously in South America where it was shown to be a trait of many Toxo-
plasma species before migrating to North America and then further north along
the Bering Strait to colonize Asia, Europe, and Africa. The original genetic
diversity of Old-World T. gondii may have been larger and the recent expansion
of the domestic cat, an Old-World species until the sixteenth century, may have
favored a specific subset of preadapted genotypes.

• It is thought that about 2 Ma, African hominids who scavenged for food or
consumed bovids were exposed to tapeworm colonization (see Box 1).
Supporting evidence was inferred from an examination of host and parasite
evolutionary histories and evidence for the rate of molecular evolution between
species of Taenia (Michelet and Dauga 2012). Humans probably transferred
tapeworms to cattle and swine because the association between Taenia and
hominids was established before livestock domestication. Only after the devel-
opment of agriculture about 10,000 years ago, did cattle, swine, and domestic
carnivores became intermediate hosts. Today, cysticercosis and echinococcosis
due to tapeworm infection are relevant issues at the wildlife-livestock interface in
developing countries (e.g., Miran et al. 2017).

From a biogeographical perspective, Brooks and Ferrao (2005) expressed that
emerging infectious diseases are “evolutionary accidents waiting to happen.” During
periods of biotic expansion and exchange, pathogens and hosts may disperse from
their areas of origin (Reullier et al. 2006; Hoberg and Brooks 2015). This, in
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conjunction with other ecological processes, may allow for host switching without
evolving new host utilization capabilities. In fact, most of the recent host switches of
emergent infectious diseases (EIDs) have been associated with events of biotic
expansion (Hoberg and Brooks 2015). Over the course of natural history, either
new hosts have moved into the area of origin of given pathogens, or the pathogen has
moved out of its area of origin into an area where susceptible hosts live (Engering
et al. 2013). Isolation of host populations, upon geographical or behavioral separa-
tion, likely resulted in isolation of pathogen populations and pathogen population
bottlenecks, leading the way to further diversification (Van Blerkom 2003). Patho-
gens have probably been shared most commonly between species that are closely
related and inhabited and/or used the same geographical region, habitats, and/or
resources. However, this is challenged by globalization, which characterizes the
ecological, epidemiological, social, political, and economic relationships of the
modern world.

Pre-Domestication History

Pathogens rarely survive in the fossil record. Viruses could have originated 4 Ma, or
“only” 2 billion years ago according to different theories and sources (Domingo
2016), and Bacteria probably arose on the planet more than 3.5 years ago (Schopf
et al. 2018). Mutualism is probably as old as first life, however, the earliest fossil
record of mutualism between microorganisms and animals are protists and bacteria
from a fossil termite entombed in amber during the Mesozoic (by Poinar 2009,
2018). One of the oldest known instances of infectious agents is the case of
spirochete cells that looked like the Borrelia genus (named Palaeoborrelia
dominicana; genus Borrelia is today associated to Lyme disease) and were found
in ticks that were also entombed in amber at least 15 Ma. This suggests Lyme
disease-like and other tick-borne diseases may have been infecting animals long
before humans were present on Earth (the oldest documented case of Lyme disease
bacteria presence in humans comes from the famous 5300-year-old ice mummy
discovered in the Eastern Alps; Keller et al. 2012). Additionally, the history of
pathogen change (for adaptability within host populations and communities) from
the behavior of current systems (Chapter “Host community Interfaces: The Wildlife-
Livestock”), with continuous emergences (re-emergences) and extinctions also
needs to be inferred.
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Ecological and Environmental Changes Determining Host
Diversity, Distribution, and Communities During
the Pleistocene

Through processes of evolution, migration, colonization, and later, trade and travel,
humans have impacted landscapes, other species, and the ways in which species
have co-evolved, including pathogens. The very early origins of these processes,
although accelerated during the last millennia and decades, were primarily forged
during the Pleistocene. This is the geological epoch that approximately corresponds
to the Paleolithic period in human prehistory (Toth and Schick 2007) and extends
from the earliest known use of stone tools by hominins c. 3.3 Ma, to the end of the
Pleistocene c. 11,650 years before present (BP). It is characterized by glaciations,
relevant animal and human migrations, and colonizations. During the Pleistocene,
key ecological and environmental changes determined the distribution and assem-
blages of animal communities (hosts) that later determined those giving rise to
domestic species, and the evolution of anatomically modern humans. The appear-
ance of Homo sapiens occurred about 200,000 years ago. This epoch is a key
anteroom to a crucial change in human, animal, and pathogen history: domestication.

During the Pleistocene, climatic and environmental fluctuations resulted in suc-
cessive events of north-south migration of animals, affected human dispersion, and
produced the geographic shifting of many species, probably in many cases accom-
panied by absorption of part of the gene pools of local related species dispersing and
sharing pathogens. Paleogenomics has demonstrated ancient gene flow between
genomes of extinct species and existing recipient species (Huerta-Sánchez et al.
2014; Barlow et al. 2018), which probably also determined the flow of their
respective guilds of pathogens. The case of wild boar during its expansion from
Asia to Europe illustrates this (Liu et al. 2019), as a species that is widely distributed
today and plays relevant epidemiolocal roles for animal- and human-shared patho-
gens. The genus Sus differentiated about 3 Ma and S. scrofa subsequently spread
throughout Asia, Europe, and North Africa. This expansion (Schiffels and Durbin
2014; Fistani 1996) was highly efficient and similar to the great human expansion
during the late Pleistocene (Frantz et al. 2013). It is thought that wild boar expansion
could cause the disappearance of most suid species across Eurasia (wild boar
appeared in Europe 1.5 to 0.4 Ma, depending on whether estimates are based on
archaeological or molecular data. However, it is hypothesized that wild boar did not
replace the other suid species it encountered, but instead exchanged genetic materials
with them through admixture. These inter-specific/inter-generic admixtures likely
led to the transfer of pathogens. Another example is the great American biotic
interchange when the Neotropic (roughly South America) and Nearctic (roughly
North America) ecozones joined, which resulted in land (its most evident effect was
on the zoogeography of mammals) and freshwater fauna migrating from North
America via Central America to South America and vice versa (accelerated about
2.7 Ma). This interchange ultimately determined the wildlife that humans would
later discover and even domesticate during their expansion across the Americas.
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Further (see above), it is hypothesized that an ancestral form of T. gondii was
introduced in South America through the migration of Felidae after the emergence
of the Panama isthmus and that the evolution of oral infectivity through carnivorism
and the radiation of felids in this region enabled a new strain to outcompete the
ancestral lineage and undergo a pandemic radiation (Webb 2006; Bertranpetit et al.
2017).

Pleistocene terrestrial ecosystems included a much greater diversity of
megaherbivores (e.g., mammoths, mastodons, and giant ground sloths) and thus a
greater potential for widespread habitat degradation if population sizes were not
limited. The last ice age ended about 11,000 years ago, coinciding with the begin-
ning of the Neolithic period. At this time, wild mammals on all continents underwent
major changes, with a great impact in North and South America, where 33 (73%) and
46 (80%) genera of mammals became extinct, respectively. Australia also lost
55 species, but losses in Europe were not as severe, and extinctions during this
time in Africa and Asia were similarly mild. Scientists attribute these extinctions to
numerous causes, which primarily included climatic changes and overhunting by
humans. What is clear is that humans during the Pleistocene were extremely efficient
in exploiting natural resources and influenced animal community compositions,
which probably conformed an intimate epidemiological human–wildlife interface
until domestication.

Origins, Evolution, and Dispersal of Humanity and New
Interfaces

No other living organism has influenced the current ecological and epidemiological
scenarios on Earth like humans have. The genus Homo evolved during the lower
Paleolithic age. Populations expanded and retreated due to glacial and interglacial
periods, alternating fragmentation, and contiguous interbreeding, experiencing both
bottlenecks and considerable intrapopulation divergence. These phenomena also
increased the rate of diversification of many organisms (Lovette 2005). The super-
family Hominoid (including the ancestors of Homo species and Great apes) history
dates up to 30 Ma in Africa and Eurasia and is characterized by many extinct genera
and species. The evolutive history of humans begins at the end of the Miocene
(approx. 6 Ma), a period characterized by a large diversity of primates inhabiting
tropical forests of Africa. The common antecessor of humans and chimpanzees is
still controversial (Orrorin tugeniensis, Senut et al. 2001; Sahelanthorpus
tchadensis, one million older, Brunet et al. 2002). Australopithecines, which are
supposed to be the bipedal ancestors (approximately 4–1 Ma) of the Homo branch,
expanded their range from woodland to more open grassland savannah-like envi-
ronments in East and South Africa. This scenario was probably the first actual
human–animal interface and entailed changes in exposures to new vectors and
risks associated with eating meat. However, most hominin evolution in eastern
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Africa transpired in the context of faunal communities unlike any known today
(large-bodied mammalian herbivores differed markedly from those today until
�700,000 years ago). Therefore, there is controversy whether what we observe at
present is a sufficient analog for much of the past (Faith et al. 2019). The genus
Homo, academically termed “human,” emerged in Africa around 3 Ma and com-
prises a highly diverse group, which is still not completely disentangled. The earliest
Homo found outside of Africa seems to be Homo erectus around 2 Ma, and when
interpreted in the broad sense (there is some dispute over which fossils should be
included within the species), spanned a very large geographical range in Eurasia.
The subsequent expansion of such hunter-gatherers into unfamiliar environments
would have exposed them to various new pathogens.

The first hominins were omnivorous (Thompson et al. 2019) and consumed meat
and marrow from bones (first tools date back from at least 3.4 Ma). Homo probably
accessed large mammal carcasses mainly through scavenging (Blumenschine and
Pobiner 2006). However, evidence also suggests primary access to ungulate car-
casses through hunting for those Early Pleistocene human populations (Domínguez
Rodrigo et al. 2010) and replaced active scavenging. The carnivore guild composi-
tion and food web structure present as Homo expanded probably influenced their
expansion and access to meat resources, especially large herbivores, for the earliest
European hominins (Croitor and Brugal 2010). Interestingly, the transition from a
predominantly herbivorous diet to an omnivorous diet and then eventually toward a
strongly carnivorous diet shaped a predator–prey interface, with epidemiological
consequences for the rest of human natural history (Michelet and Dauga 2012). The
consumption of wild animals that also were prey to a variety of predators could be a
relevant path of pathogen interspecific transmission in a natural environment. For
example, it is thought that about 2 Ma, hominids who scavenged for food or preyed
on bovids were exposed to Taenia infections (a cestode whose adult forms are
intestinal tapeworms; Box 1). These worms were using hyena and large cats as
definitive hosts and bovids as intermediate hosts. It is speculated that there may have
been a role for anthropophagy during the middle and late Pleistocene in maintaining
cross infections in humans, providing a possible disease transmission route for
taeniids and allowing parasites to survive when animal hosts were rare (Rudolf
and Antonovics 2007). The descendants of the African hominids spread and diver-
sified tapeworms cysticercosis (the intermediate cyst is present in human tissues) and
taeniasis (intestinal tapeworms present in humans) around the world through migra-
tions, and later, following the development of farming and animal movement and
trade. Another interesting example is Trichinella nematodes. The current species
diversified during the age of modern placental mammals, and early hominids may
have first acquired Trichinella on the African savannah several million years before
swine domestication as their diets shifted from herbivory to facultative carnivory
(Zarlenga et al. 2006). Transmission of Trichinella depended on carnivory and
scavenging of carrion among Eurasian and African paleoguilds. Particularly,
Trichinella spiralis appears to have commenced its independent evolutionary tra-
jectory several million years before pigs were first domesticated, thus, the ecological
setting in which hominids first acquired trichinellosis may parallel that of Taenia
tapeworms.
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The migration of Homo spp. out of Africa started as early as approximately
1.8 Ma, with evidence of the presence of H. erectus in the Middle East and as far
as South-East Asia (Dennell and Roebroeks 2006). An ancient cultural shift much
earlier than agriculture first appeared might have affected human evolution dramat-
ically: the controlled use of fire. Early hominins may have used fire in an ad hoc
manner by at least 1 Ma, but the controlled use of fire arose more recently (only
300,000–400,000 years ago; Gowlett 2016), or about 790,000 years ago (Goren-
Inbar et al. 2004). This had a major effect on human host–pathogen relationships in
sterilizing food (Wrangham et al. 1999). However, concomitant cultural changes
associated with fire use by early humans exposed to smoke at campfires, which could
contribute to the emergence of the M. tuberculosis complex (MTBC), the etiologic
agent of tuberculosis (TB; Chisholm et al. 2016).

Homo sapiens appear in the Upper Palaeolithic (300–200,000 years ago) in
Africa, together with relevant technological advances. The fact that a recently
discovered species, Homo naledi, lived at the same time and in the same region as
H. sapiens in Africa reveals the diversity of human forms that existed during the late
Pleistocene (including Homo rhodesiensis), and therefore, epidemiological relation-
ships. Neanderthals and modern humans both occupied the same areas in Europe for
thousands of years prior to the spread of modern humans into the rest of Eurasia. The
cause of Neanderthal extinction remains unknown as they were diverse and com-
plex. Interestingly, it has been proposed that infectious-disease dynamics can explain
the localization and persistence of the interspecies boundary during this time period
and that modern human could overcome disease burden earlier than Neanderthals,
giving them an advantage in their subsequent spread into Eurasia (Greenbaum et al.
2019).

Box 1 Shaping a New Predator–Prey Epidemiological Interface: The
Origin of the Taeniasis/Cysticercosis Complex at Human–Wildlife
Interface
A new predator–prey interface and ancient human migrations promoted the
emergence and spread of pathogens around the world, creating new opportu-
nities for pathogen transmission at the human–wildlife interface, some of
which later found a niche at the wildlife-livestock interface. The taeniasis/
cysticercosis complex are zoonotic diseases still endemic in many regions of
the developing world and well established at the human–livestock interface,
with secondary roles of the wildlife component today (wild bovids and wild
boar). Based on the hypothesis that Taenia spp. and their hosts share a
common history (Michelet and Dauga 2012; Wang et al. 2016), molecular
and computational tools have enabled reconstruction an evolutionary history
of the three species of Taenia currently known to parasitize humans, causing
taeniasis and cysticercosis: T. solium, T. saginata, and T. asiatica. Pork and
beef tapeworms are globally distributed, each infecting approximately 50–60
million people around the world. It is likely that two independent host switches

(continued)
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Box 1 (continued)
from carnivorous species led to the occurrence of taeniids in human hosts. The
emergence of T. saginata and T. asiatica is consistent with shifts from a felid
host. The emergence of T. solium implies a shift from hyaenids (Hoberg 2006).
The diversification of T. asiatica is estimated to have occurred 41,000 years
ago (34,000–98,000), during the late Pleistocene. Thus, ancestors of modern-
day human tapeworms emerged during the early to late Pleistocene, an epoch
during which significant climatic fluctuations occurred. The arrival of
H. sapiens in Asia coincided with the estimated time of emergence of
T. asiatica, suggesting that new populations of wild boar and/or new breeding
and husbandry practices imported by humans into Asia contributed to the
emergence of this new species. Molecular chronologies also highlight corre-
lations between evolutionary events and biotic factors, including secondary
host switches and human migrations, long before the true development of
agriculture and animal husbandry. Later, the development of animal hus-
bandry, making livestock preferential intermediate hosts, led to the worldwide
distribution of these parasites, where both domestic and sylvatic cycles were
able to meet at the wildlife-livestock interface. A recent comparative genomics
study reveals that high rates of gene duplications and functional diversifica-
tions might have partially driven the divergence between T. asiatica and
T. saginata already during the expansion of H. erectus in Asia.

Figure Geological, human, and Taenia time scales (modified fromMichelet
and Dauga 2012). The length of the boxes for the time scale provides the 95%
confident intervals. The arrow points represent the date of emergence.
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During the Late Pleistocene (approx. 200,000 years ago), modern H. sapiens
began dispersing out of Africa and into the rest of the world. The timing of the arrival
of humans on each continent parallels the disappearance of many megafaunal genera
(see above, the quaternary extinctions occurred 50,000–7000 years ago) and the
extinction of larger carnivorans may also have provided niche space for dispersing
humans. Interestingly, the late quaternary extinctions likely reduced the dispersal of
pathogens by megafauna (Doughty et al. 2020). The migration of Homo spp. out of
their African homeland similarly led to contact with new species and opportunities
for cross-species transmission of zoonotic pathogens (Barrett et al. 1998). At this
time, carrying capacity greatly depended on natural resources as the main driver of
human and wildlife population sizes, and resource availability and distribution, and
interspecific relationships (predation, competence, commensalism, etc.) determined
community composition and interspecific opportunities for different species to
interact and share pathogens. The influence of predators (e.g., lions) or prey (e.g.,
aurochs) on early humans was a force that caused humans to form cooperative
groups or “tribes.” These small nomadic groups of hunter-gatherers, probably no
more than 30–50 individuals, were highly mobile. These groups were likely too
small and dispersed to support many of the acute pathogens that are/were typical of
more densely populated sedentary communities (such as upper respiratory infec-
tions, and smallpox, measles, or mumps; Burnet 1962; Barrett et al. 1998; Düx et al.
2020).

Domestication: Origins and Diversity of Infectious Diseases
at Animal Interfaces

Since the domestication process, human activities have promoted the emergence of
new epidemiological spaces due to new interfaces created between domestic ani-
mals, wildlife, and humans. Animal domestication was a gradual process of inten-
sification of the relationships between humans and animals over time, which
culminated in relevant biological modifications observed in domesticates (Zeder
2015). This process was probably prompted by the demographic pressure of increas-
ing human populations. Increased dependence of Neolithic humans on domesticated
animals and plants led to semipermanent settlements, which later became permanent
villages. Neolithic agriculture was independently developed several times and pro-
vided a new source of food and other goods to humans, which made increases in
population density possible, and most habitable areas of the world were colonized
around 12,000-years ago. Correspondingly, the human-livestock-wildlife interface
plausibly started to serve a role as an epidemiological amplifier and source of
pathogen emergence (Morand et al. 2014). New interfaces between domestic ani-
mals, wildlife, and humans were also introduced into new geographical areas or new
host species during human travel and migrations. For example, rabies virus
(Rhabdoviridae family) could be disseminated as dogs were brought to new conti-
nents long before the domestication of other species (Reperant et al. 2012).
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Wildlife were the original hosts for most livestock pathogens, sharing them with
domesticated species over centuries of coevolution and domestication. Domesticated
animals then served as the source for many novel human pathogens, such as measles
and smallpox (Pearce-Duvet 2006). However, domestication led to greater pathogen
transmission between humans and domestic animals than other pairs of the complex
human-wildlife-livestock interface, and many present-day human infections origi-
nated from zoonoses of domesticated animals (Wolfe et al. 2007). Additionally, the
frequency of contact between humans (within and between communities), and the
accumulation of infective material from human and animal waste increased. This
favored denominated crowd diseases, which are now caused by more virulent and
shorter lived infections predominate in large and densely settled populations
(Zuckerman et al. 2014). Vectors also developed dependent relationships with
human habitats. During the expansion of farming into new regions, the transmission
of diseases such as malaria and yellow fever was favored (e.g., the yellow and
dengue fever-carrying mosquito Aedes aegypti breeds preferentially in artificial
containers; Thompson and O’Leary 1997).

Domestication and First Pastoralism

Over thousands of years (for most relevant species in Eurasia and Africa for
5000–12,000 years), animal domestication occurred following a sequence from the
control of captive wildlife, to extensive livestock breeding, and finally, leading to
intensive breeding (including pets). It is now clear that dogs were the first domes-
ticated animal and originated from gray wolf (Canis lupus) before the development
of agriculture (Larson and Fuller 2014). The intrusion of carnivores as secondary
consumers of carcass remains (both cooked and raw) at abandoned human camps
was a source of hominin–animal interactions and could have favored the domesti-
cation of wolves (Arilla et al. 2020). Apart from dogs, the earliest domestication of
animals and plants most likely occurred in the Near East when hunting and gathering
tribes began to domesticate goats and sheep at least 12,000 years ago. However,
questions about the timing, location, and number of domestication centers remain
unknown and recent genetic findings have proposed earlier domestication, up to
40,000 years ago (Freedman et al. 2014; Germonpré et al. 2017). The process of
early domestication occurred in separate locations, including the Near East, South-
east Asia, eastern North America, highland Mexico, and Peru (Diamond 1987). For
example, sheep (Ovis aries) were probably domesticated at least three separate times
in the Fertile Crescent approximately 10,500 years ago and involved at least three
different subspecies of the wild mouflon (Ovis gmelini). Genetic evidence suggests
chickens were domesticated multiple times in Southeast Asia, China, and perhaps
India (Liu et al. 2006; Kanginakudru et al. 2008).

Livestock and other domesticated animals have interacted with their wild coun-
terparts and other wildlife since domestication began. Long-term contact and gene
flow between wild and domestic stocks was common during the process of animal
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domestication and selective breeding of females was probably absent during the
early phases of animal domestication (Marshall et al. 2014). In many cases, gene
flow has not ceased until recent historic times. For instance, Sus scrofa exhibited
significant introgression and gene flow between wild boar and domestic pig
populations after domestication, indicating that initial domestication was probably
not limited to a reduction of the number of wild boar from some local populations
and subsequent genetic isolation, and new local wild boar lineages could rapidly
replace “founding” lineages (e.g., Dzialuk et al. 2018). Another example of genetic
flow, even hybridization, with potential epidemiological consequences at the first
wildlife-livestock interfaces, or even before, is that of the European bison (or wisent,
Bison bonasus; Fig. 4a, b), which is thought to be the result of hybridization between
extinct bison and ancestors of modern cattle (aurochs, Bos primigenius) before
12,000 years ago (Węcek et al. 2017). Up to 10% of genomic ancestry in
European bison today is from aurochs. Nuclear DNA sequences and morphology
of wisent show close similarities to American bison (B. bison), but wisent mito-
chondrial DNA (mtDNA) indicates a closer relationship with cattle. This suggests
some form of introgression from cattle or a related Bos species. The precise identity
of the introgressor (aurochs or domestic cattle) is less certain, given the lack of
knowledge of population structure in aurochs. Additionally, the European bison has
no recognized Pleistocene fossil record and seems to suddenly appear in the early
Holocene (<11,700 years ago). Taurine and zebu cattle from Asia also contain
domestic cattle genes, descending from other bovine species with many combina-
tions of mixed-species origin.

There is overall agreement on the common ancestors of domestic species. How-
ever, many details on the domestication process (beyond the scope of this book) and
its consequences are still missing. The transition to domestication was a complex
gradual process leading to the intensification in the relationship between wildlife and
human societies (Vigne 2011), rather than an intentionally directed strategy. For
each species, there were time periods of significant pre-domestication human–
animal interactions (McHugo et al. 2019). However, multiple origins and the
domestication process is relevant to the epidemiological role of the first wildlife-
livestock interfaces. Vigne (2011) and Zeder (2012) grouped the phases of domes-
tication into three general scenarios that seem to account for the full spectrum of
animal domesticates: (1) commensal pathway, (2) prey pathway, and (3) directed
pathway. The commensal pathway applies to animals, like dogs, that had initial
contact with humans to feed on refuse or to prey on other animals attracted to human
settlements. It is also possible that wild boar were drawn to human settlements to
scavenge off refuse dumps and waste about 12,000 years ago (Ervynck et al. 2001).
Epidemiological consequences of the commensal pathway included shared parasites.
The prey pathway was probably followed by major livestock species because they
were primary species that humans had hunted for thousands of years. Humans
developed hunting strategies designed to increase prey availability when they
became scarce over hundreds or thousands of years. The initial management of
animals would consist in the rational control of animal resources which developed
into herd management and finally, the controlled breeding of managed animals. For
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Fig. 4 Early cave artists recorded distinct morphological of ancient bison indicative of the
replacement of the steppe bison (a) by the hybrid form (b) in Western Europe: reproductions (a)
from Lascaux (France approximately 20,000 years ago) and Pergouset (wisent type, France
<17,000 years ago, adapted from Lorblanchet 2001 and Soubrier et al. 2016). The combination
of genomic, paleoenvironmental reconstructions, and cave paintings suggest that the hybridization
of steppe bison with an ancient aurochs lineage during the late Pleistocene could have led
to morphologically and ecologically distinct forms of bison (b). (c) Paintings at In-Taharin (central
Tadrart Acasus) (After Sansoni 1994). This species was never actually domesticated but
archeological remains suggest an intermediate domestication stage process occurred
(Di Lernia and Cremaschi 1996). (d) Rock paintings from Tassili n’Ajjer in southwest Algeria
showing putative domesticated cattle and a human figure, possibly a herder (Reproduced from
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instance, baiting by means of the cultivation of wild plants in food plots was one of
the first strategies. Reindeer (Rangifer tarandus) may be the most recent species to
follow a prey pathway to domestication, and there is evidence for multiple indepen-
dent reindeer domestication events (Røed et al. 2008). Interestingly, Barbary sheep
(Ammotragus lervia) were never actually domesticated. However, archeological
remains suggest an intermediate stage where “wild livestock” were kept, as an
intermediate and necessary step to domestication, but fully domesticated sheep and
goats arriving from the near East in the Neolithic probably interrupted the domes-
tication process (Di Lernia and Cremaschi 1996; Fig. 4c). Finally, the directed
pathway (fast track) to domestication begins when humans use the knowledge
gained from the management of already domesticated animals to domesticate the
next desirable wild species. This is likely the pathway followed in the domestication
of the horse (Equus caballus) from wild horses (E. ferus) or donkeys (E. asinus)
from wild Nubian ass (E. a. africanus; Rossel et al. 2008).

During the first transitional period, the Neolithic foraging economy still relied on
hunting, while farming and pastoralism were progressively adopted. For example,
between 12,000 and 11,000 years ago, goats were heavily exploited in the highlands
of Lebanon and Syria, while Nubian ibex (Capra nubiana) was the target of
intensive hunting. Over time, a primarily agropastoralist economy evolved (the
change was appreciated mainly in the mid-10 millennium before present) where
hunting was steadily “replaced” by herding. This facilitated a more constant and
recurrent exposure to pathogens and possibly, the expansion and emergence of
pathogens at the new interfaces. As Neolithization progressed, domesticated animals
were introduced to other areas. The movement of managed herds outside the range of
wild populations increased contact with other wild species and/or pathogen guilds,
which furthered pathogen spread at the wildlife-livestock interface. As livestock
became more globally distributed, the contact with close phylogenetic related
wildlife and the opportunities for cross-species pathogen transmission intensified.
Some ancestors during the expansion of domestic species become extinct, for
example, aurochs, some wild Bactrian camel populations and wild horses. Predation,
disease, competition for space and resources, and hybridization were inherent to the
first wildlife-livestock interfaces. These interactions were not necessarily considered
as conflicts by first pastoral societies, and there are regions where livestock and
wildlife have coexisted for hundreds, even thousands of years with relatively few
problems (e.g., some parts of Africa; Bourn and Blench 1999).

Early animal management involved herding, building shelters, and pens and the
collection of fodder. Since these first steps, maintaining healthy animals and prob-
lems associated with inbreeding were recurrent. Herds were small and retained wild
phenotypes due to regular restocking from the wild population, which probably
resulted in significant disease issues. However, as a result of increased technical

Fig. 4 (continued) Grigson 1991). (e) Spatiotemporal model of historical admixture and gene flow
in European cattle populations (McHugo et al. 2019, reproduced under the terms of the Creative
Commons Attribution 4.0 International License, http://creativecommons.org-licenses/by/4.0)
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competence and the availability of large, regional populations of domestic stock, and
productivity progressively increased. The gradual development of systems of animal
husbandry took place over several millennia and followed markedly different tra-
jectories in different regions (Zeder 2012; Makarewicz and Tuross 2012; Vigne
2011; Arbuckle and Atici 2013). The Neolithic, Chalcolithic, and Bronze Age
(c. 11,000–3200 years ago) periods encompass the major innovations in pastoral
technologies in the ancient Near East, including:

• The earliest forms of pastoralism were characterized by a wide array of local,
diverse, experimental pastoral economies, and relatively low herd productivity
that evolved over a period of several millennia. Prehistoric pastoral nomads in
southwest Asia were strongly associated with sedentary communities that prac-
ticed intensive plant cultivation, but there is no evidence to support the notion of a
“dimorphic society” characterized by separate and specialized agriculturists and
mobile pastoralists.

• By mid-to-late 8500–9000 BP, the organization of pastoralism shifted toward
increased pastoral mobility, dispersed settlements, and greater emphasis on the
exploitation of livestock for secondary products (dairy and fiber), and probable
importation of new pathogens from other regions.

• During the late Chalcolithic (6000–5000 BP) period, changes in the pastoral
economy are thought to have played an important role in the rise of the first
complex urban societies in Mesopotamia, including increasing use of secondary
products (wool and animal traction). Appearance of the domestic donkey and
horse, as well as wheeled vehicles in southwest Asia, increased pastoral mobility,
the expansion of sheep pastoralism into interior grasslands, and the development
of mobile steppe regions, which intensified contact with new wildlife, pathogens,
and vectors.

• A westward expansion of agricultural societies brought domestic taurine cattle,
together with other livestock and crops, to central Anatolia around 10,000 BP. An
eastward migration reached northern China or Mongolia between 5000 and 4000
BP. Cattle remains from Egypt and green Sahara have been dated from 5000 BP,
and the earliest signs of livestock in Europe were found in Thessaly, Greece
around 8500 BP.

• The fifth millennium BP is characterized by the proliferation of urban societies
based on complex agropastoral economies. Pastoralists were highly integrated
with cities, which intensified contact among animals (also peri-domestic) and
with humans. Presence of urban markets for both primary and secondary animal
products emerged. In the fourth and third millennia, BP mobile forms of pasto-
ralism became more widespread, including specialized mobile pastoralists sup-
plying settlements with animal products.
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Consequences of Domestication and First Pastoralism
at Wildlife-Livestock-Human Interfaces

Domestication created a new scenario for emergent pathogens, which adapted well
to new conditions of multiple human–livestock–wildlife interfaces. This transition
from human–wildlife to human–wildlife–domestic interactions was characterized by
the maintenance of “crowd diseases” (both by humans and/or animals), the contin-
uous presence of a domestic reservoir, and anthropophilic animals and vectors,
which not only increased contact and exposure to pathogens, but provided space
(interfaces) for evolution and adaption of pathogens to specific conditions. During
the first stages of pastoralism, animals were reared in lower densities than today, and
they could even be less prone to disease epidemics than those in high-density wild
populations. However, wildlife and livestock cohabited and environmental or direct
exposure to wildlife pathogens was common. Wildlife contacted escaped domestic
animals, which already had developed more or less resistance to given pathogens, as
still occurs today. Increased crowding without significant intervention measures to
control disease during millennia of coexistence could select pathogens favored by
high transmission rates, pathogenicity, or zoonotic potentials, both in livestock and
in humans. Progressively, the development of husbandry practices created animal
colonies or herds that were generally isolated from other wildlife but contained in
crowded facilities. These conditions may have favored the spread of preexisting
animal viruses and their divergence into specific genotypes, which later could spill
over to wildlife. The history that accompanied the emergence of camel-infecting
genotypes of hepatitis E viruses (Cagliani et al. 2019; Fig. 3) is an informative
example. Authors dated the split of HEV-7 and HEV-8 from other genotypes
ranging from 6300 BP to 3400 BP.

The development of animal husbandry also made livestock preferential interme-
diate hosts for many parasites capable of infecting humans (e.g., Taenia; Box 1) and
led to their subsequent spread and worldwide distribution. For example, Brucella
seems to have evolved through selection during the domestication of animals. The
most virulent Brucella species with higher zoonotic spectrum are those from domes-
ticated animals, while those that display lower pathogenicity and zoonotic potential
are from wild animals (Moreno 2014; Fig. 1). The exception is B. ovis, which
remains non-pathogenic for humans or for other animals (Blasco 1990) and it is
speculated to be an earlier adaptation of B. ovis to sheep because it was already
selected toward a higher affinity for venereal transmission in sheep before domes-
tication of ovine (Moreno 1992).

Human migrations and trade favored the increase of livestock spatial ranges and
the expansion of pathogens at the wildlife interface across the world. This first
occurred within the domestic and/or human compartment, creating subsequent
opportunities for pathogen transfer to wildlife. Many spillover events have probably
occurred in which pathogens were eventually lost from the host without repeated
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reintroductions via cross-species transmission. However, the pathogen could be
maintained at the wildlife-livestock-human interface and lead to the emergence of
the disease in the new host species. In tropical areas, shared diseases at the wildlife-
livestock interface prevented the expansion of pastoralism (e.g.,
gammaherpesviruses in ruminants, such as malignant catarrhal fever viruses) that
keep certain regions seasonally off-limits for livestock. The opposite could also be
possible because wild ungulates would be absent from human settlements due to
diseases. For example, locally domesticated species (e.g., tropical bovids such as the
mithan (Bos frontalis) of South Asia and the Bali cattle) performed better than
ruminant species first domesticated in the Fertile Crescent (Felius et al. 2014).

As the final desiccation of the Sahara set in about 4500 BP, pastoralists gradually
abandoned the Saharan region, shifting southward to the Sahelian biome, which
were most suitable for their herds. However, they entered areas that exposed their
herds to new disease challenges in more closed habitats of western Africa, where
endemic tsetse flies transmitted trypanosomes from wild hoofed animals. Indigenous
wild bovids are tolerant to this protozoan as the result of their long coevolution with
the infection, but domestic livestock develops acute symptoms that often result in
death. Similarly, African buffalo (Syncerus caffer) was probably the original host of
the protozoan parasite Theileria parva parva (causing theileriosis or East coast fever
transmitted by ticks), that infected cattle as pastoralists moved their herds into
eastern Africa and zones of theileriosis for the first time (Gifford-Gonzalez 2000).
This slow spread of domesticated animals south between 4000 and 3000 BP could
also be attributed to diseases such as malignant catarrhal fever, Rift Valley fever, or
foot-and-mouth disease. Even when agriculture and animal farming became more
relevant, the ecological, cultural, and epidemiological relationship of humans and
wildlife still were largely mediated by hunting. Hunter-gatherer societies persisted,
even when increasingly confined to marginal areas. Within agricultural systems,
farmers hunted in response to conflicts caused by predation upon domestic animals
and to reduce competition for resources, such as water or pasture. Wild animals and
their products could also be a source of pathogen entrance in livestock systems.
However, as societies evolved, the balance of the wildlife-livestock interface pro-
gressively fell on the domestic side as the predominant host reservoir community,
which continued and geographically expanded in the ages to come, where spillback
and spillover roles have often changed.

The Neolithic transition toward an agricultural and pastoralist economy also
facilitated the emergence of human-adapted pathogens due to the abovementioned
factors (increased and closer contact between humans and animals, higher
populations, higher densities in settlements, and mobility). For instance, when
humans began to farm and live with their livestock, the evolution of a more virulent
form of Salmonella was fostered. The analysis of the genetic material of old
Salmonella enterica genomes (Key et al. 2020) provides evidence in support of
the hypothesis that the cultural transition from foraging to farming facilitated the
emergence of human-adapted pathogens that still persist today. The reconstruction
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of ancient S. enterica genomes from western Eurasia reveals how this bacterial
pathogen evolved over a period of 6500 years. All Salmonella genomes recovered
from foragers, pastoralists, and agropastoralists are progenitors to the strain
Paratyphi C that specifically infects humans but is rare today. Those ancient
Salmonella, however, probably did not display host specificity and instead infected
humans and animals alike. It was previously suggested that old strains of Salmonella
spread from domesticated pigs to humans around 4000 years ago, but the discovery
of progenitor strains in humans more than 5000 years ago suggests they might have
spread from humans to pigs. However, a possibility is that both human- and
pig-specific Salmonella evolved independently from unspecific progenitors. Measles
is another example of how pathogens crossed over to humans (Düx et al. 2020).
There is controversy about when measles emerged in humans, because the historical
descriptions of measles are relatively recent (late ninth century CE). However, recent
research evidenced that measles virus diverged from rinderpest virus in the sixth
century BCE, indicating an early origin for measles possibly associated with the
coinciding rise of large cities (Düx et al. 2020). Düx et al. (2020) postulate that a
bovine virus, the common ancestor of modern strains of rinderpest and measles,
circulated in large populations of cattle (and possibly wild ungulates) since its
divergence from peste des petit ruminants virus around the fourth millennium
BCE. As a typically fast-evolving RNA virus, it may have produced variants that
were able to cross the species barrier on several occasions, but small human
populations could only serve as dead-end hosts. Then, as contiguous settlements
reached adequate sizes to maintain the virus’ continuous transmission, it emerged as
a human pathogen.

The (1) establishment of local settlements, agriculture, and domestication of
livestock spurred a large epidemiological change for human and animal health,
which, during different times over the world, continued with (2) an intensification
of regional contacts through trade and their epidemiological consequences. From a
human perspective, the (3) first intercontinental explorations, imperialism and
industrialization and more recently, (4) globalization, rapid urbanization, and cli-
mate, are primary transitional events determining changes in the wildlife-livestock-
human interfaces.

Domination of the Land by First Civilizations and Regional
Spread of Animal Epidemics

Over the course of human history, our impact on the natural environment has
magnified, including our ability to alter, shape, and reshape nature. One notable
effect was the creation of local interfaces established among domestic animals,
wildlife, and humans. The alteration of environments and landscapes, such as
clearing of trees to plant cereals, began from early Neolithics, and from the first
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civilizations, humans accelerated the decline of natural resources and wildlife. The
development and expansion of trade with other regions, and the rapid growth of
populations and concentrations of humans and animals in towns and cities permitted
the spread of human and animal pathogens. This process, very relevant from the
perspective of shared diseases at the livestock-wildlife interface, can be historically
encompassed from the first civilizations that emerged in the Eastern Crescent to the
development of intercontinental exploration, which provided the first glimpse of
current globalization.

The earliest civilizations were characterized by complex divisions of labor and
increasingly depended on trade with subsequent exploration and conflict. As a
consequence, there was an increase in regional (continental) contact through trade
and movement of livestock during approximately 5000 to 3000 BP (the first long-
distance trade would occur between Mesopotamia and the Indus Valley in Pakistan
around 5000 BP; McMichael 2004), promoting human and animal interactions. For
instance, trade and animal movement fostered contact between domestic and wild
Bactrian camels due to immigration of domestics from Iran (where wild camels were
extinct) eastward to Mongolia, where native wild Bactrian camels still roam (Ming
et al. 2020). Human actions significantly increased dispersal of hosts, pathogens, and
vector species, enabling host switches (Rogalski et al. 2017). However, trade and
movement effects on the history of animal disease dispersion were complex, as
indicated by recent genomics and paleogenomics. For instance, after substantial
evolutionary divergence between B. taurus (taurine) and B. indicus (zebu) cattle, it
is evident that extensive zebu-taurine admixture occurred in African and Middle
Eastern cattle populations (see Fig. 4d, e); which also may also be applicable to other
areas or domestic livestock as they and their pathogens migrated, first with early
agriculturalists, and later with traders and conquerors as they encountered related
domestic or wild species.

Ancient civilizations had an impact on wildlife abundance, diversity, and distri-
bution as wildland habitats were converted to agriculture (Angelakιs et al. 2020).
Since then, many species have shown relatively high tolerance to humans and have
adapted well to anthropized environments (e.g., roe deer and wild boar in Europe).
Some species have greatly benefitted from peri-domestic habitats (urban or agricul-
tural environments), even becoming pests in some localities. The dependence on
natural resources made it such that the depletion of natural resources accompanied
the decline in the power of old civilizations (e.g., Eastern Crescent, northern Africa,
Mediterranean basin). Later, human civilizations progressively accelerated the trans-
formation of landscapes over other regions of Eurasia and the rest of the inhabited
world (Kaplan et al. 2009). The most important initial anthropogenic alterations of
the natural environment that impacted wildlife-livestock interfaces was forest clear-
ing to establish cropland and pasture, and the exploitation of forests for fuelwood
and construction materials (Kaplan et al. 2010).

Following the case of Europe, the first detailed reports on livestock husbandry
came from Greek and Roman civilization, with detailed contemporary accounts.
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Transhumance, the seasonal migration of humans to provide pasture to their herds,
was well established during the Classic period. This mobile pastoralism was asso-
ciated with well-defined spatiotemporal interfaces occurring between livestock in
wintering (e.g., lowlands in Mediterranean areas) and estivation (mountainous areas
where open pastures were shared with wildlife and maintained with fire) quarters,
where pathogens were also transported. Cattle from ancient Greece could be
exported to several regions of western Europe, and Roman conquest further
expanded the social, economic, and agricultural organization, including animal
farming strategies (Colominas et al. 2014). The collapse of the Roman Empire was
followed by periods of large-scale migration of Germanic and eastern European
peoples and their livestock during the fifth and sixth century AD (Trentacoste et al.
2018). The migrations probably led to a considerable mixing of livestock, particu-
larly cattle and horse populations from various European regions and their patho-
gens. It has been suggested that numerous concurrent human–bovine epidemics in
the early medieval period (sixth to tenth centuries AC) were caused by an immediate
ancestor (now extinct) of measles and rinderpest that was pathogenic to both cattle
and humans (Newfield 2015), and even earlier concurrent human–bovine mortality
events may have occurred before in Rome (Spinage 2003). During the following
centuries, introduction of measles into naive human populations and/or flare-ups of
the disease might have caused some ancient epidemics whose etiology remains
uncertain.

About half of western European forests are estimated to have been cleared prior to
the Middle Ages and deforestation increased gradually but steadily during
1000 years of medieval European history, alternating periods of increase and
decrease due to historical and climatic contexts (Kaplan et al. 2009). For instance,
collapse of the European human population due to the bubonic plague in the
mid-fourteenth century may have resulted in the abandonment of up to 25% of all
croplands (Yeloff and van Geel 2007). Forests returned in many areas, some to their
previous levels within a hundred years.

Livestock diseases affected local populations in the Middle ages and importing
animals from neighboring regions for restocking is likely to have caused both
intensive gene and pathogen flow (Felius et al. 2014). There were also remarkable
cultural and technological developments produced by the renaissance society and
increasing urbanization. Fencing of pastures and cultivation of animal feed became
common and storage methods improved, allowing for the survival of larger numbers
of livestock during the winter. The export of animal products was of considerable
importance and large numbers of animals were exported to surrounding countries
(Felius et al. 2014). In most of western Europe, cattle were still kept as part of a
mixed farming system (for the purpose of traction and dairying), but a thriving and
highly organized cattle ranching economy developed in Spain where large herds of
1000–15,000 work and beef cattle were kept under extensive management and in
close interaction with wildlife.
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Worldwide Expansion of Wildlife-Livestock-Human
Interfaces, Industrialization and First Glimpses
of Globalization

The growing interdependence of the world’s economies, cultures, and populations
brought not only by regional, but also intercontinental trade and transportation,
included animals, their pathogens, and vectors, which impacted current interfaces
and created new ones. This period is characterized by intercontinental exploration,
colonization/imperialism, and the agriculture and industrial revolutions. All these
events provided opportunities for animal pathogens to cross considerable geographic
boundaries and influenced modern agricultural practices and the characteristics of
modern wildlife-livestock interfaces.

In general, agriculture inevitably transformed the land. Removal of natural
vegetation impacted wildlife abundance, distribution, and behavior. Concurrently,
the number of livestock husbandry practices have been increasing ever since
pre-industrial times and have determined wildlife-livestock interfaces. Overall,
wildlife is becoming less abundant, and populations are more fragmented and
isolated (Kaplan et al. 2009). As for most large mammals, the cumulative impact
of human activities had driven most species into severe declines and regional
extinctions by the end of the Holocene (i.e., late nineteenth and early twentieth
centuries), a trend that has continued for many of the planet’s wild ungulates (Ripple
et al. 2015). As landscape changes progress, the interface has become more local and
occurs at smaller spatial and more fragmented scales. From the Old-World perspec-
tive, transformation of the natural landscape of Europe by deforestation continued
from the Middle Ages until the nineteenth century. The rate of deforestation
remained high during the early decades of the industrial revolution so that by
1800 AD most European countries were largely deforested. This habitat change
influenced an important regression of the wildlife component of the interface. By the
seventeenth century, growing human populations resulted in an ever-increasing
demand for animal products (meat and dairy) and the expansion of cultivation has
greatly reduced the forests which once covered so much of medieval Europe. When
changes in agricultural practices improved productivity and slowed the clearing of
forests for crops, and later, when fossil fuels replaced wood as the main source of
industrial energy, wildlife populations, mainly ungulates and later carnivores, slowly
recovered. We are still witnessing this recovery process and during the last several
decades some wildlife populations in developed countries, such as ungulates, have
adapted and are thriving and creating serious concerns at the interface (Gortazar et al.
2006).

In other regions, China’s population reached 413 million and forest cover was
17% by 1840 (Liu and Tian 2010). The forests of southern Asia were cleared to
provide cropland to support the rapidly expanding human population (FAO 2016).
In 1500, the population of India was 100 million, more than twice that of Europe. It
is probable that more than half of southern Asia’s historic forest area has been lost in
the last 500 years. Unfortunately, deforestation and forest degradation are still

Natural and Historical Overview of the Animal Wildlife-Livestock Interface 63



increasing in our globalized world (see below). Latin America was probably about
75% forested before European settlement (Sponsel et al. 1996), but today it is about
50% forested. European livestock occupied the space and replaced the role of native
wild herbivores (e.g., big rodents in Llanos of Venezuela) in introduced ranching
practices. In North America, as populations increased and settlers pushed westward
in the nineteenth century, the rate of forest clearing and opportunities for interfaces
with wildlife increased rapidly. By the early twentieth century, however, deforesta-
tion had largely stopped in North America (McCleery 1992). Forests in Africa are
extremely diverse and over the centuries, in sub-Saharan Africa, deforestation and
human populations have gradually increased together, with the greatest forest losses
coming in areas where wood is needed for fuel or where forest land is needed for
growing crops (FAO 2012b).

In Europe, the export of local livestock from areas characterized for their pro-
duction to neighboring countries was well established during the sixteenth century.
Movement of large herds of livestock to big cities for consumption occurred within
and among countries. Livestock production increased in response to the demand of
urban populations and the higher density of animals fostered the dissemination of
infectious diseases such as the cattle plague, which in the eighteenth century
devastated continental Europe. Livestock types that existed in Europe were region-
ally adapted and only since the late eighteenth century has selection for certain traits
began to be practiced. Overall, the history of livestock on other continents during
this period is not as dynamic as it was in Europe. However, on the Indian subcon-
tinent, several zebu breeds have a history dating back to the late 16th century.

At the end of the nineteenth century, a devastating rinderpest (a morbillivirus,
family Paramyxoviridae) epidemic spread throughout the African continent. The
epidemic started in Eritrea in 1887, possibly introduced by Indian cattle brought by
the Italians, and reached the Atlantic Ocean in 1893 and South Africa in 1898.
According to some accounts, it killed 90% of all African cattle and devastated wild
ungulates (i.e., buffalo, giraffe, and wildebeest). Rinderpest probably had their
origins in an environment where cattle and humans were living in close proximity,
likely from the cattle herds of Central or South Asia some 10,000 years ago at the
time of domestication of the wild aurochs. Although rinderpest was eliminated from
southern Africa shortly after the turn of the twentieth century, it became enzootic in
other parts of the continent, often in wildlife, until eradicated globally in 2011. The
partial resistance of zebu to rinderpest with a mortality of only 10–30% led to a
drastic replacement of many taurine populations, and zebu is now the dominant
species in West and East Africa. They are not, however, kept in the coastal regions
infested with tsetse flies, where the trypanotolerant African taurine cattle have
remained the primary domestic cattle breed.

Domestic animals, particularly ruminants and swine, were essential components
of European colonial projects around the globe during this period of expansion. The
exploration and colonization of North and South America resulted from the so-called
Columbian exchange, i.e., the respective introduction of crops, livestock, and their
associated pathogens into Europe and America. American domesticated animals
(like llamas and guinea pigs), compared with European livestock, had a reduced
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potential for zoonotic disease. Therefore, Americans lived relatively free of animal-
borne diseases. However, they faced severe risk when novel Old-World pathogens
were introduced. It is estimated that livestock-derived zoonotic diseases contributed
to the loss of as much as 90% of the native American population of humans (Jones
2004). For example, in 1493, an outbreak of what is now thought to have been swine
influenza struck Native Americans in Hispaniola. There is some evidence to suggest
that the infection source was pigs from Columbus’s ships. Europeans also took
measles and smallpox to the New World, where it caused devastating epidemics in
the early sixteenth century. Native Americans were not exposed to smallpox or
measles until the arrival of Europeans to North America and their genome had not
experienced selection pressure by these pathogens. There is evidence that the
immune-related genes of the ancient American were well-adapted to local diseases
but not to novel infections (Lindo et al. 2016). On the other hand, the exchange
resulted in the introduction of treponemal infections to Europe (Baker and
Armelagos 1988). Horses, pigs, cattle, goats, sheep, and several other species
adapted readily to conditions in the Americas, where broad expanses of grassland
where available. By 1525, more than 1000 Spanish cattle populated the Caribbean
colonies, from where they spread to Spanish colonies in America (Felius et al. 2014);
bringing along their associated pathogens, including Texas fever, caused by Babe-
sia. In South America, wild camelids (vicunas and guanacos rapidly following the
Spanish conquest due to hunting and competition with sheep and cattle (Acebes et al.
2012; FAO 1996). Today remaining wild camelid populations are either endangered
or extremely threatened (Wheeler 2012). The spread of European settlers and their
domestic animals throughout northern Europe and North America during the past
four centuries was followed by the deliberate extermination of large predators,
including seven subspecies of wolf (Canis lupus; Day 1981). Livestock also caused
serious damage to inlands ecosystems (e.g., New Zealand and Pacific). Some
introduced livestock or domestic animals, like pigs, horses, and ferrets, easily
became feral and constitute part of the present wildlife-livestock interface (Long
2003). For instance, in North America a large proportion of wild ungulates in the
Great Plains were exterminated. An estimated 30–60 million plains bison (Bison
bison) roamed North America in 1500 and were reduced to their lowest point in 1884
(425 bison; Lott 2002). Today, there are thousands of woods and plains bison,
however, bovine tuberculosis and brucellosis are of serious concern in some
populations that interface with livestock (Shury et al. 2015).

Agriculture and Industrial Revolutions

The agricultural revolution, initiated in Britain, led to modern farming, and stimu-
lated an increase in agricultural production between the mid-17th and late 19th
centuries. Advancements were attributed to new agricultural practices such as crop
rotation, selective breeding, and a more productive use of arable land (Williamson
2002). Selective breeding for desired traits was established as a scientific practice
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(mating of related animals with similar traits) to fix certain characteristics in animals,
including cattle breeds used primarily for beef (Molne 2010). Certain practices
displaced the wildlife-livestock interface in newly industrialized countries, such as
by converting some pastureland into arable land and increasing habitat more appro-
priate for wildlife, such as fenlands.

Almost in parallel, the industrial revolution started in England in the second half
of eighteenth century and led to further urbanization and increased demand from
cities for agricultural products (Molne 2010). Since then, developed countries of the
world have all gone through the process of industrialization, with important conse-
quences for agriculture. First, industrialization was always accompanied by rapid
population growth, which increased the demand for food and subsequent need for
crops and livestock. This encouraged the decline of subsistence farming and
increased use of machinery, which decreased the demand for farm workers and
influenced others to move to industrial cities. The industrial revolution marks a
historical transition in late modern history that eventually led to the globalization we
know today. It is considered the second epidemiological transition from the human
perspective since pandemics receded and resulted in a shift in patterns of disease and
mortality from primarily infectious diseases to what are referred to as “chronic”
diseases (McKeown 2010). The massive growth of livestock production was possi-
ble due to increased farming intensification and trade of animals. A new model of
dimorphic wildlife-livestock interfaces began to emerge in developed countries,
characterized by significant encroachment of natural habitats by agriculture (espe-
cially from the late nineteenth century). This caused more complex disease dynamics
and compartmentation of the relationships between domestic animals and wildlife.
Options for disease control are more difficult, for example, when wild reservoirs are
present. Phylogenetic analyses indicate that the emergence of human
metapneumonia ancestors some 150–200 years ago coincides with the industriali-
zation of the poultry industry (de Graaf et al. 2008), and the massive expansion of
strain diversity of influenza viruses in swine and poultry correlates with the increase
in industrial populations of swine and poultry worldwide. In the second half of the
nineteenth century, a highly infectious respiratory disease with a high mortality rate
affected cattle herds around the world, though it is difficult to distinguish the exact
cause by just clinical symptoms it was likely a contagious bovine pleuropneumonia
caused by Mycoplasma mycoides mycoides (Caswell and Williams 2016). Interest-
ingly, the dating of the most recent common ancestor of bovine coronavirus BCoV
and human coronavirus HCoV-OC43 is around 1890 (based on the spike of gene
sequences; Vijgen et al. 2005; Bidokhti et al. 2013). During the slaughtering of
affected herds, there was ample opportunity for culling personnel to contact bovine
respiratory secretions, which could have contained BCoV, either as the causal agent
or as a coinfecting agent. It can be hypothesized that the bovine respiratory disease in
the second half of the nineteenth century might have been similar to the coronavirus-
associated shipping fever disease.
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One World, One Interface

The total number of livestock declined dramatically during the First and Second
World War in most countries involved, especially in developed regions. However,
the numbers of pigs, cattle, and poultry have increased considerably since. Food
animal production in much of the world, beginning in the USA, has been
transformed from traditional small-scale methods to industrial-scale operations that
are vertically integrated, in which most aspects of production are controlled by a
single entity (Graham et al. 2008). Industrial animal production includes high-tech
animal husbandry, increased veterinary oversight, and formulated feeding, often
with the addition of antibiotics to increase growth rates and feed conversion effi-
ciency. About 60% of all mammals on Earth are livestock, mostly cattle and pigs,
and 36% are human (globally, livestock and people constitute 97% of the world’s
mammal biomass; Thomas 2017; Berger et al. 2020). Wild mammals account for
just over 4% of mammal biomass on Earth today. For example, the biomass of
chickens is approximately over double the total mass of all other birds combined on
Earth. The destruction of wild habitat for farming, logging, and development has
resulted in the start of what many scientists consider the sixth mass extinction of life
to occur in the Earth’s four-billion-year history. However, some pastoral systems are
biodiverse (e.g., savannah-like habitats in Spain called Dehesas; Gaspar et al. 2009).
Humans represent just a hundredth of a percent of the Earth’s biomass but have
driven down the biomass of land animals by 85% and marine mammals by about
80% since the beginning of the last major extinction approximately 50,000 years
ago. Wildlife on Earth have overall been reduced by humans to their lowest level in
history. This impact is variable based on taxa, capacity of wild species to adapt to
perturbed (anthropized) environments, geographical region, and recent history.
However, disease issues at the wildlife-livestock-human interfaces are of increasing
concern and far from being solved, but why?

During the twentieth century, significant epizootics of diseases at the wildlife-
livestock interface occurred worldwide, such as foot-and-mouth disease, rinderpest,
avian influenza, and African and classical swine fever. In certain cases, such as cattle
rinderpest, measures that included vaccination were able to progressively reduce the
prevalence of disease. Rinderpest reached the Americas in the nineteenth century by
imported livestock and was eradicated in 1929 in the USA. In 1994, the Food and
Agriculture Organization (FAO) launched a Global Rinderpest Eradication
Programme and it was announced that rinderpest had been eliminated from the
world in May 2011 (FAO 2012a). Another example is influenza viruses, which
have evolved into numerous strains, posing threats to their natural hosts, pigs and
birds, and jumping to humans (Taubenberger and Kash 2010). Migratory patterns of
numerous wild bird species have spread influenza across continents throughout the
ages, and in recent outbreaks has also affected the interface with poultry. Pandemic
influenza viruses have caused significant mortality in humans. In the twentieth
century, 3 influenza viruses caused major pandemics: the 1918 H1N1 virus, the
1957 H2N2 virus, and the 1968 H3N2 virus. These pandemics were initiated by the
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introduction and successful adaptation of a novel hemagglutinin subtype to humans
from an animal source, resulting in antigenic shift (Smith et al. 2009). There is no
empirical evidence that swine played a role in the emergence of human influenza
pandemics in 1918, 1957, or 1968, but swine-to-human transmission occurs period-
ically and can trigger pandemics, as in 2009. Swine are not the only species capable
of mediating the establishment of avian viruses in humans (Nelson and Worobey
2018). The virus that caused the 1918 influenza pandemic probably emerged from
North American domestic and wild birds. While this last topic remains a point of
discussion (Worobey et al. 2014), the message, as Rudolf Virchow stated in 1856, is
that “between animal and human medicine there are no dividing lines,” nor should
there be. The wildlife-livestock interface term should equally be used for the term
wildlife-livestock-human interface. Today, we estimate that almost 77% of livestock
pathogens infect multiple host species, including wildlife (Cleaveland et al. 2001).
This final section of the chapter offers a general perspective of the globalization of
the wildlife-livestock-human interface. We note that brief introductions to current
situations and specific characteristics of the interfaces in different regions are
provided in successive chapters.

The Globalization of the Wildlife-Livestock-Human Interfaces

After numerous historical events (world wars, protectionism periods, and economic
depressions), a definitive wave of globalization has occurred, with enormous con-
sequences for the interfaces and their connections. Globalization has resulted in
enhanced trade in livestock, other animals and their products, the relocation of
farming centers, industrialization of farming, and unprecedented speed, volume,
and reach of global air travel. Altogether, leading to increased risk for diseases to
emerge at the wildlife-livestock-human interfaces, and spill back to wildlife (e.g.,
foot-and-mouth disease, peste des petits ruminants, African swine fever, Newcastle
disease, highly pathogenic avian influenza, and zoonotic diseases like Ebola, West
Nile fever, severe acute respiratory syndromes caused by coronaviruses, Nipah,
Hendra, swine flu). From the human perspective, it has been proposed that this is a
new epidemiologic transition (third), which combines the effects of globalization
and ecological disruption (McKeown 2010). This transition is characterized by the
emergence and re-emergence of an unprecedented number of diseases, most of
which include a wildlife and/or domestic component, such as Ebola virus, Hantavi-
rus, leishmaniasis, West Nile virus, Lyme disease, and human pathogenic
coronaviruses. Although most of the global population now lives in urban environ-
ments, globalization has linked the health problems of impoverished communities
with other populations throughout the globe (Neiderud 2015). Correspondingly, all
humans and animals tend to be more frequently share a common global infectious
disease ecology.

Over the last century, livestock evolved from highly localized production, often
in mixed systems, where animals were typically born, fattened, and slaughtered in
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the same region, to relocated intensive animal production, where the number of live
animals traded for food among regions and countries has exponentially increased.
This long-distance live animal or product transportation amplifies risks derived from
the concentrated and intensive nature of current industrial farming practices. In the
past, pathogens would have simply emerged and died out; instead of being trans-
mitted to livestock and amplified. For example, outbreaks of the highly pathogenic
avian influenza virus H5N1 were reported across eight countries in Southeast Asia
nearly simultaneously in 2004 (Tiensin et al. 2005). The pattern and timing of
outbreaks suggested that the transport of live birds reared for human consumption
was the primary cause in the rapid spread (FAO 2007). The long-distance transport
of live animals was also related to the spread of swine influenza viruses in the USA, a
large country where livestock may travel hundreds or thousands of miles (Greger
2007). The possibility of fast spread is a relevant concern for human and animal
health. During the last several decades, sequencing of viral genomes evidenced triple
reassortment of human, avian, and porcine influenza virus gene segments (Zhou
et al. 1999). Apart from livestock, animals translocated for other human uses, such as
exotic pets captured in the jungles have also been implicated in the spread of diseases
affecting human and other animals (Chomel et al. 2007). For instance, pet bird
shipments have likely been involved in the introduction of West Nile virus from the
Middle East (Lanciotti et al. 1999) into the Western hemisphere (Rappole et al.
2000). Another example is the movement of hares from central and eastern Europe
for hunting purposes that led to several outbreaks of tularemia (Godfroid et al. 2005).

The so-called “Livestock Revolution” initiated in the 1970s, in response to world
population increase, urbanization, higher incomes, and demand for animal products
expanded rapidly to developing countries. The world’s meat production nearly
doubled from 1980 to 2004 (FAO 2006). This revolution implied a progressive
replacement of traditional systems by intensive systems, where large numbers of
genotypically similar animals are farmed under concentrated confinement with rapid
population turnover (Pearson et al. 2005). Efficient and productive industrial animal
production poses environmental concerns due to the large amount of waste, gas
emissions, and elevated need for feed (e.g., soy and alfalfa), most of which is
produced far away from industrial farms. There are also associated disease risks
for animals and humans. High concentrations of genetically homogeneous animals
kept indoors allows for the rapid selection, amplification, and dissemination of
pathogens (Delgado and Narrod 2003; Pearson et al. 2005). Crowding of increas-
ingly greater numbers of animals into increasingly smaller spaces has been identified
as a critical factor in the spread of disease (Delgado and Narrod 2003). In the USA,
the average number of animals in each chicken, pig, and cattle operation approxi-
mately doubled between 1978 and 1992 (Tilman et al. 2002), and a small proportion
of farms produce most of the pigs or poultry.

The wildlife-livestock-human interface is more interconnected than ever.
Wildlife-livestock-human interface is increasing as a result of human encroachment
into wilderness, especially in tropical ecosystems (see Chapter “Host community
Interfaces: The Wildlife-Livestock”). This increased population pressure on land use
is also mediated by hunting and consumption of “bush meat,” capture of wildlife that
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is shipped to live animal markets (e.g., wet markets), and farming of game animals in
proximity to traditional livestock and humans, which increases cross exposure to
new pathogens originating from wildlife (e.g., bat coronaviruses). Mix farming, or
the integration of crop and animal production, is well developed in developing
countries, together with small-scale agriculture. There are a vast range of modalities
and practices (Devendra and Thomas 2002) and opportunities for interaction with
wildlife and there is increased exposure to new pathogens often in areas recently
encroached. Additionally, the intensification of animal production favors increasing
livestock-to-human contact, and in certain cases, with peri-domestic animals. Design
and operational requirements of large-scale farming often result in compromises of
biosecurity, and multiple pathways are available for exchange among wildlife (e.g.,
birds), other livestock, and other animals, as well as humans. Certain bridge hosts,
such as “peri-domestic animals” (rodents, pets, birds) commonly associated with
industrial animal agriculture (Slingenbergh et al. 2004), may vector pathogens from
the outdoors to indoors. For instance, wild birds in proximity to farms and backyard
productive systems with low biosecurity measures and close contact among several
animal species are considered risk factors for the emergence and spread of influenza
A virus. The confinement of thousands of animals requires controls to reduce heat
and regulate humidity, and high-volume fans that result in a considerable movement
of materials into the external environment. Waste and manure may also become a
pathogen transmission route, particularly transmission of food-borne pathogens such
as verotoxigenic E. coli and Salmonella (Newell et al. 2010; Fig. 5). Intensification
also requires greater frequency of movement of people and vehicles on and off
farms, which further increases the risk of pathogen transmission. Effective manage-
ment and biosecurity measures can mitigate between-herd and wildlife interactions
(see Fig. 6). Due to increased poverty, the proximity of increasingly concentrated
smallholder farming communities to intensified, industrial farming systems is grow-
ing, creating conditions conducive for disease emergence and entrenchment. Often,
diverse types of production, ranging from free-range to outdoor paddocks and
finally, intensive production, are epidemiologically connected, which make it diffi-
cult to control pathogens within compartments and at the interfaces established
between livestock, wildlife, and humans (see Fig. 2b of Chapter “Host community
Interfaces: The Wildlife-Livestock”).

Antimicrobials are often used in industrial systems for growth promotion, disease
prevention, or therapeutically, but can promote the evolution of antimicrobial-
resistant pathogens that later can be transmitted to humans and wildlife. Paradoxi-
cally, 10,000 years ago, domestication of animals gave human populations zoonotic
infections, but interactions with domesticated animals are now conferring drug-
resistant infections. Drug resistance is even a growing concern in wildlife
populations.

As a common determinant at the global level, climate change, particularly global
warming, has changed ecosystems in many regions and has subsequently extended
the distribution of several vectors that transmit diseases such as Rift Valley Fever,
West Nile Fever, and Bluetongue. The, establishment, development, phenology,
survival, and transmission of many pathogens depend on environmental conditions
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Fig. 5 Representation of the biotic homogenization at the wildlife-livestock-human interfaces. In
relation to the distribution of Escherichia coli virulence genes in natural habitats (reproduced from
Cabal et al. 2017). (a) Doñana National Park (South Spain) is considered one of the most important
European wetlands in terms of biodiversity where extensive livestock (cattle, horses) and wild
ungulates (red deer, fallow deer, and wild boar) share habitat. (b) As indicative, it represents the
map of interactions (in gray tones) between wild boar and cattle based on telemetry (Barasona et al.
2014). (c) Spatial distribution (positive samples in red) of selected E. coli genes (rfbO157 + fliCH7)
detected in pooled fecal samples (C cattle, D deer, W wild boar), surface water (blue dots), and
septic tanks (black squares) collected in DNP, Spain. The small map in between indicates urban
nucleus (red) and surface waters (blue)
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Fig. 6 The recent impacts of diseases on the wildlife-livestock interface have contributed signif-
icantly to shaping the current patterns of pathogen emergence, and therefore a better scientific
understanding is essential to identify and manage risks. Top: Flowchart of the available disease
control options and result assessment in diseases shared with wildlife. Bottom: Examples of some
disease control options currently applied: (a) Farm biosecurity by segregating wildlife and cattle
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(e.g., Rose et al. 2014). As a consequence of the environmental perturbations caused
by climate (and associated anthropogenic change), the distribution, abundance,
behavior, and population dynamics of pathogens and hosts have been impacted, so
as transmission dynamics (Altizer et al. 2013; Molnár et al. 2014). “Warming of the
climate system is unequivocal, and since the 1950s, many of the observed changes
are unprecedented over decades to millennia” (concluded by the Intergovernmental
Panel on Climate Change, IPCC 2013). However, the pattern of global warming is
not spatially homogeneous, and therefore, the impacts we will observe at the
wildlife-livestock interface. For, instance, the reduction of a population of moose
(Alces alces andersoni) between 1960 and 2000s in Minnesota occurred in parallel to
an increase in temperatures and lengthening of the annual growing season, which
could interact with nutritionally deficient habitat at the edge of the species range
(Murray et al. 2006). Multiple factors may participate together with climate change
to determine epidemiological impacts at the wildlife-livestock interface, particularly
in multiple host/vector systems, and we are just starting to understand the interac-
tions between climate and host/pathogen responses (Rohr et al. 2011; Altizer et al.
2013).

Increasing biotic homogenization, including the spread of pathogens across
interfaces, is likely a process that is increasingly characterizing many current
ecosystems, and is anchored in processes driven by humans over recent history.
Biotic homogenization consists of invasions and extinctions increasing the taxo-
nomic, genetic, or functional similarity of multiple locations over a specified time
interval (Olden 2006). As an example, Fig. 5 represents a process currently taking
place on the Escherichia coli community in Doñana National Park (South Spain).
This is a natural area that has been influenced by humans since the Paleolithic, with
an old history of extensive farming (cattle and horses), while also being a hotspot of
biodiversity in western Europe. This research has identified the effects of anthropic
pressure and wild and domestic ungulate abundance on the distribution and diversity
of the main human E. coli pathotypes and 9 of their representative virulence genes
(VGs). One example has shown, E. coli was detected everywhere and there were no
big differences among host species or among DNP zones. However, the distribution
of genes characteristic of the described pathotypes was not random and VGs were
more diverse and abundant where surface waters are more contaminated by human
waste and farms. This exemplifies that human influence, in this case, was more
relevant than host species in shaping the E. coli VGs spatial pattern and diversity
in DNP.

⁄�

Fig. 6 (continued) using fences [Source: Barasona et al. (2013); (b) Facilities for selective and
random culling; (c) Vaccination against TB in wild boar using oral baits. Reproduced from Gortazar
et al. (2014)]
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Scientifically Based Management of the Interface in Modern
Times

Species distributions and community structures have fluctuated dramatically during
the Holocene, which has been accelerated during the so-called Anthropocene (the
twentieth century’s transition) and driven by climate, human exploitation, and
human land use (Boivin et al. 2016). While a negative trend has continued for
many wildlife species in most parts of the planet, the status of most wild ungulates
and carnivores in developed countries has improved during the Anthropocene
(Linnell and Zachos 2010). In some cases, species such as the Alpine (Capra ibex)
and Iberian (Capra pyrenaica) ibexes were reduced to a few individuals but have
now expanded over large areas (Stüwe and Nievergelt 1991), even causing conflicts
in some cases as disease reservoirs (i.e., Brucella). Overall, the complete domination
of the landscape by humans has contributed to the collapse of wildlife populations in
most parts of the world and unprecedented biodiversity loss is a reality. Environ-
mental problems arising from livestock production are particularly severe in devel-
oping nations, like deforestation for rearing livestock, overgrazing, land degradation,
and particularly, diseases. Fences and other barriers interfere with wildlife migra-
tions or natural movements and impede access to ephemeral resources. Modern
wildlife management is an essential component of current interfaces with livestock
and humans. While we are addressing in some cases catastrophic species extinction
periods, wildlife use is increasingly regulated, and wildlife are managed and appre-
ciated for their ecological, economic, social, and cultural value. Wildlife manage-
ment must balance the needs of wildlife with the needs of people using the best
available science (Leopold 1933). The apparent increase in severity of what we call
conflict (from the human perspective) has a complex nature and is due to a number of
factors (expansion of human activities into wildlife habitats, recovery, and expansion
of some wildlife populations and large-scale environmental changes; Treves 2008).
While human–wildlife conflict was previously considered a “rural or agricultural
problem” (Messmer 2000) that mainly affects communities in proximity to forests,
conflicts are now common both in urban and in suburban areas (Soulsbury and
White 2015), as well as in remote areas newly encroached by humans. Urban/
suburban human conflict incidents typically involve wildlife species that have a
history of coexistence with humans or the ability to survive in human-dominated
environments, where infectious diseases are also involved. For example, Leishmania
in wild lagomorphs has been recognized as the origin of a leishmaniasis outbreak in
humans and domestic animals in central Spain in peri-urban environments
(de Paixão Sevá et al. 2017).

There is currently much discussion regarding models of wildlife management and
conservation, considering human–nature interactions, which will surely affect the
wildlife-livestock-human interface. These include questions about land
protection vs. land sharing (Fischer et al. 2014), what the role of protected areas is
and how multiuse landscapes must be managed (including farming; Sayer 2009),
and sustainable use vs. protectionist ideals (Cretois et al. 2019). Contrary to the
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science of spared landscapes (i.e., protected areas) the science of coexistence pro-
motes the presence of wildlife in multiuse landscapes, remains ad hoc and
fragmented, but the strategic utility and practicality of the whole approach are
being contested (Linnell et al. 2020). Definitively, shared diseases at the wildlife-
livestock-human interfaces are a crucial component to be included in the formulation
of modern wildlife management. Today, human connections with ecological and
epidemiological systems are increasingly driven by expanded and intensified agri-
culture, the use of environmental resources (e.g., forestry and mining in developing
countries and remote areas) and impacts on climate. The subsequent alteration in
habitats, changes in host communities, diversity, and functional interactions are
favoring increased contact rates, susceptibility, and/or exposure of pathogens at
the interfaces with wildlife, many of which are shared with livestock and/or zoo-
notic. The subsequent spread and maintenance of emergent pathogens are favored by
the growing worldwide human population, global trade and ease of travel, and the
existence of altered host communities (involving interfaces) that provide ecological
niches. Consequently, as discussed earlier, the wildlife-livestock interface is becom-
ing global. More than ever, today it is challenging to analyze the complex ways with
which wildlife interact with livestock and humans and how those interactions are
relevant to emerging diseases at the interfaces.

Comprehensive and continuing epidemiological studies at the wildlife-livestock-
human interface are required in different scenarios (e.g., countries, farming systems,
pathogens, degree of anthropization) to better understand the infection and trans-
mission dynamics in wildlife and domestic components. It is essential to understand
local, regional, and international social, economic, and cultural systems to better
focus strategic control programs. Population and disease monitoring will improve
the overall understanding of the role of wild hosts and the mode of transmission and
emergence of new infections. This must enable countries and international organi-
zations to better target their disease control programs and move toward eradication.
Strategic research in collaboration with the medical sector is also needed to better
understand the factors that contribute to interspecies pathogen transmission among
all species. African swine fever (ASF) in Europe provides an interesting example.
ASF was eradicated in domestic pig populations in Europe (except Sardinia) after
decades of significant effort (Gavier-Widen et al. 2015). In 2007, the current
outbreak of ASF, which severely affects wild boar and domestic pig populations,
reached the Caucasus region via contaminated waste arriving in ships from Africa.
Since then, the virus has spread into eastern Europe and some places in central and
western Europe through wild boar, domestic pigs, and human activities. The virus
has raised serious concerns in countries with large pork industries, which may suffer
economic losses due to trade restrictions. To control the outbreak, national author-
ities have taken drastic, but not always effective measures, which disregard the
science of wildlife management (Vicente et al. 2019). Poland, for example, has
massively increased the culling of wild boar to minimize ASF spread and the risk of
transmission to domestic pigs, despite opposition by experts, because the policy does
not include population monitoring that could evaluate its effectiveness. It also does
not limit wild boar access to agricultural crops and game feed, which is a key driver
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of population growth. Meanwhile, countries are building large border fence to
exclude cross-border migration of wild boar, which will disrupt wildlife habitats,
but it will not stop the virus from spreading through the transportation of live pigs,
wild boar, or pig- and wild boar-derived tissues and products or through the
movement of other objects carrying the virus, such as human clothing. Instead of
haphazard policies, efforts coordinated by governments that adhere to the principles
of modern wildlife management are required. Adaptive wildlife management strat-
egies consider the human dimension and prevent unsound reactive management.
Improved wildlife population monitoring and analysis are the best ways to determine
which approaches to wildlife management are successful ecologically, economi-
cally, and socially. Sustainable management will depend on local circumstances and
national wildlife management regulations, but science-based strategies can be
implemented at the continental scale. Legislators should consult scientists and
wildlife and animal health agencies before making decisions about wildlife policy.
Countries should coordinate population monitoring and management. Shared
responsibility for wildlife management among countries should also enable funding
for research that can critically evaluate its success. The crisis associated with disease
emergence at the wildlife-livestock interface, including zoonotic diseases, can serve
as a chance to develop a science-based wildlife management plan.

Finally, we remark that establishing a proper surveillance and monitoring scheme
(for disease and population) is the absolute priority before deciding whether or not to
intervene. Disease control can be achieved by different means, including: (1) pre-
ventive actions, (2) arthropod vector control, (3) host population control through
random or selective culling, habitat management or reproductive control, and
(4) vaccination. Alternative options of zoning or no-action should also be consid-
ered, particularly in view of a cost-benefit assessment. Ideally, tools from several
fields should be combined in an integrated control strategy. The success of disease
control in wildlife depends on many factors, including disease ecology, natural
history, characteristics of the pathogen, availability of suitable diagnostic tools,
characteristics of the domestic and wildlife host(s) and vectors, geographical spread
of the problem, and scale of the control effort and stakeholders’ attitudes. The
control of wildlife disease often consists of an intervention in natural ecosystems
and is, as such, often controversial. Figure 6 schematizes the options that are
available for disease control at the wildlife-livestock-human interface, including
preventive measures, population control, and vaccination, with some examples
provided.

Final Remarks

– Through processes of evolution, migration, domestication, colonization, trade,
travel, harvest, erasure, and fragmentation of habitat, disease, introduction of
alien species, humans have greatly and irreversibly impacted the planet and most
life forms on it. This includes pathogens of humans and animals. As the human
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population approaches eight billion today, human impact is continuously shap-
ing, creating, expanding, and interconnecting new wildlife-livestock-human and
their subsequent epidemiological interactions all over the world.

– Pathogen communities and the dynamics of complex multiple host multiple
pathogen systems (interfaces) reflect this history of epidemiological interactions
among them, where evolutive processes in this human-driven system have
influenced the biology of both hosts and pathogens.

– Wildlife were the original hosts for most pathogens of livestock, sharing them
with domesticated species over centuries of coevolution and domestication.
Domestic animals subsequently transmit pathogens to humans and today many
human infections originated from zoonoses of domesticated animals.

– The initial stages of animal domestication were probably characterized by fre-
quent interaction of first forms of livestock with their wild counterparts and
constant and/or recurrent exposure to pathogens. The gradual development of
animal husbandry took place over several millennia and followed markedly
different trajectories in different regions. Domestication determined a new sce-
nario for emergent pathogens that adapted well to the new conditions of the
multiple human–livestock–wildlife interface, characterized by the maintenance of
“crowd diseases” (both by humans and/or by animals), the continuous presence of
domestic reservoirs, anthropophilic animals and vectors. This provided niches for
the evolution and adaption of pathogens to specific conditions.

– Agricultural activities by humans inevitably transformed different parts of the
world at different rates, varying by epochs, civilizations, and regions. The
removal and change of natural vegetation, the impacts on the abundance, type,
distribution, and behavior of wildlife, the number of livestock and husbandry
practices have been increasing and expanding since pre-industrial times and have
determined the wide diversity of wildlife-livestock interfaces. Overall, wildlife is
becoming less abundant and distributed and more fragmented and isolated, but
interfaces have become more interconnected.

– The growing interdependence of world economies, human population growth,
intercontinental trade, and transportation (including animals, their pathogens, and
vectors) has provided opportunities for animal pathogens to cross considerable
geographic boundaries and determined modern agricultural practices and charac-
teristics of wildlife-livestock interfaces.

– The wildlife-livestock interface is more interconnected than ever. On the one
hand, the wildlife-livestock-human interface is increasing as a result of human
encroachment into wilderness, especially in tropical ecosystems. On the other
hand, the intensification of animal production also favors increasing livestock-to-
human contact, and occasionally, with other animals.

– Overall, wildlife has been reduced by humans to their lowest levels ever. Disease
issues at the wildlife-livestock-human interfaces, though, are of increasing con-
cern as they are leading to global pandemics and are far from being efficiently
controlled or managed. The capacity to modify and connect the interfaces that
characterize humans has increased to the extent that improving health at the
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human, animal, and ecosystem interfaces is required to successfully address the
main global health challenges.

– Climate and associated anthropogenic and environmental change impact the
distribution, abundance, behavior, and population dynamics of pathogens and
hosts, determining transmission dynamics, and threats to human health and
livelihoods. The global warming impacts on the wildlife-livestock-human inter-
face will be diverse, and the pattern not spatially homogeneous. However,
multiple factors may participate together with climate change to determine
epidemiological impacts at the interface, particularly in complex host/pathogen/
vector systems. This context requires a better understanding of the interactions
between climate change and host/pathogen responses.

– More than ever, it is challenging to analyze the complex ways in which wildlife
interact with livestock and humans, and how it is relevant to emerging diseases.
Comprehensive and continuing epidemiological studies at the wildlife-livestock-
human interface are required in different scenarios (e.g., countries, farming
systems, pathogens, and degree of anthropization) to better understand the infec-
tion and transmission dynamics in wildlife and domestic components. Population
and disease monitoring of wildlife will improve the overall understanding of the
roles of wild hosts, modes of transmission, and emergence of new infections. This
would enable countries and international organizations to better target their
disease control programs and move toward eradication. Legislators and animal
and human health policy makers must base decisions on wildlife and animal
health science and countries should coordinate responsibility and management.
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