Chapter 2

Emerging Viral Zoonoses from Wildlife
Associated with Animal-Based Food
Systems: Risks and Opportunities
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Abstract Zoonotic viruses of wildlife origin have caused the majority of recent
emerging infectious diseases (EIDs) that have had significant impacts on human health
or economies. Animal consumption-based food systems, ranging from the harvest of
free-ranging wild species (hereafter, wild harvest systems) to the in situ stocking of
domestic or farmed wild animals (hereafter, animal production systems), have been
implicated in the emergence of many of these viruses, including HIV, Ebola, SARS,
and highly pathogenic avian influenza (HPAI).
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Introduction

Zoonotic viruses of wildlife origin have caused the majority of recent emerging infec-
tious diseases (EIDs) that have had significant impacts on human health or economies
(Morse et al. 2012; Jones et al. 2008). Animal consumption-based food systems, rang-
ing from the harvest of free-ranging wild species (hereafter, wild harvest systems) to
the in situ stocking of domestic or farmed wild animals (hereafter, animal production
systems), have been implicated in the emergence of many of these viruses, including
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HIV, Ebola, SARS, and highly pathogenic avian influenza (HPAI) (Karesh et al.
2012b; Zambrana-Torrelio et al. 2012).

At the same time, wild harvest and animal production systems form a fundamen-
tal component of food systems more broadly (Milner-Gulland and Bennett 2003;
FAOSTAT 2014). Food forms the foundation of human societies, promoting health
and wellbeing, and sustaining growing populations (Tilman et al. 2011). The role of
wild harvest and animal production systems in the emergence of human and domes-
tic animal diseases thus presents something of a paradox, where ecosystem services
meet ecosystem disservices, sometimes with catastrophic consequences.

Here we review the current status of EIDs, and in particular viral zoonoses origi-
nating in wildlife, as they relate to wild harvest and animal production systems. We
conclude that both systems present considerable proximal and distal risks for dis-
ease emergence through a number of mechanisms. The reasons are that they fre-
quently entail or promote human contact with a diversity of wildlife species, unusual
assemblages of high numbers and densities of animals, rapid and widespread trans-
portation networks and large-scale environmental perturbation, which are all key
risk factors of disease emergence (Daszak et al. 2000; Patz et al. 2004).

More broadly, the costs of wild harvest and animal production systems to global
environments are enormous and mounting. The resultant biodiversity loss due to
overhunting, and ecosystem loss or degradation due to the expansion of areas suit-
able for livestock, are major environmental and societal challenges in themselves
(Steinfeld et al. 2006; Milner-Gulland and Bennett 2003). In addition to the threat of
disease emergence, these impacts contribute to novel and damaging negative feed-
back costs and a direct toll on other aspects of human health and wellbeing (Raudsepp-
Hearne et al. 2010; Schroter et al. 2005; McMichael et al. 2007). To understand the
risks, we must look to the combination between direct and indirect risk factors that
together shape the disease risks of food systems; for example, the act of consuming
a wild animal in addition to the upstream factors, such as deforestation, that can more
broadly increase the availability of wildlife for food. To mitigate the risks, we concur
with previous authors that opportunities exist to manipulate food systems to provide
win-win or more equitable solutions for conservation and health (Tilman et al. 2011;
Nelson et al. 2009; McMichael et al. 2007) and to develop or inform preventative
policy for better public health and ecosystem health outcomes.

This review will focus on two distinct animal-based food systems that encompass
potentially very different risk pathways for disease emergence. First, “animal produc-
tion systems” are typified by in situ stocking and raising of animals (both domestic
and in some cases wild species) at small to very large scales and from low to very high
densities. Secondly, “wild harvest systems” typically involve direct harvest of wild,
free-roaming animal species (including, for example, “bushmeat”). In some cases
these systems, and the disease risks associated with them, are nested or overlap. For
example, wild-harvested species can be marketed through outlets that are associated
with sophisticated sale and distribution systems (Milner-Gulland and Bennett 2003).
Conversely, domesticated or farmed wild species may also be released or allowed to
roam shepherded or freely in landscapes, providing opportunities for contact with
wild species (Kilpatrick et al. 2009). Nevertheless, we feel that distinguishing between
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wild harvest and in situ produced is useful when considering the role of animal-based
food systems in the emergence of viral zoonoses.

Scale of Animal Production Systems and Their Importance
to Human Health

Since 1950, there have been enormous increases in the production of, and trade in,
domestic livestock species used for food (particularly chickens and pigs) (Godfray
et al. 2010; FAOSTAT 2014) (Fig. 2.1). Although the density and composition of
domestic species varies dramatically globally (Fig. 2.2), livestock systems alone
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Fig. 2.1 Global trends in livestock production (a) and yield (b), in relative number of animals and
relative carcass weight (hectograms/carcass), respectively, from 1962 to 2014. Livestock produc-
tion data from Food and Agriculture Organization of the United Nations (FAO), accessible at
http://faostat3.fao.org)
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Fig. 2.2 Estimated global distribution of livestock (population density, head/km?). (a) Cattle. (b)
Chickens. Data from Food and Agriculture Organization of the United Nations (FAO), Gridded
Livestock of the World 2.0 (Robinson et al. 2014)

now account for more than 30 % of the Earth’s ice-free terrestrial area (Steinfeld
et al. 2006). In addition to growing populations, demand for higher volume and
higher quality diets has driven these increases, and per capita production has also
increased (FAOSTAT 2014). In 2013 there were approximately 3.5 individual poul-
try and 0.5 common production mammals (cattle, sheep, and pigs) raised, on aver-
age, for every one of nearly seven billion people globally (calculated from FAOSTAT
2014). Facilitating this growth, the global capacity to raise both more animals and
more animals per unit of land area has increased, marking an increase in efficiency
and intensity of food production. The highest densities and efficiencies are achieved
with the aid of technological advances that were developed and are primarily used
in the developed world (Tilman et al. 2011).

These increases in animal production match or exceed human population growth,
which has itself almost tripled over the same period. To put this in context, popula-
tion growth has been so dramatic over the last century that 7—-14 % of all humans ever
born remain alive today (Bradshaw and Brook 2014; Westing 2010; PRB 2014). The
same statistics for many domestic animals likely exceed this. The sheer scale and
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global reach of food production systems means that they are also major drivers of
ecosystem change. In addition to the direct risks posed by high stocking densities and
sophisticated transportation and trade networks, it is the associated environmental
and demographic factors of animal production systems that present some of the big-
gest challenges from a disease emergence perspective (McMichael et al. 2007).

Scale of Wild Harvest Systems and Their Importance
to Human Health

Despite the growth and scale of animal production systems globally, the direct
acquisition and consumption of wild meat still forms an important component of
local economies and diets, and in many instances holds cultural significance and
other preference determinants that enhance its value.

Relative to other sources of meat, the contribution of wild-harvested meat to
household diets, nutrition and local livelihoods is highest for the rural poor, who are
often underserved by local animal production systems and/or have limited ability to
raise animals for a variety of reasons (e.g., environmental constraints, lack of tech-
nology) (Brashares et al. 2011). Some populations are essentially dependent on
wild-harvested food to meet basic nutritional requirements; for example, in some
parts of the Congo Basin, protein from bushmeat comprises as much as 94 % of total
protein of the household diet (Fa et al. 2003). In Madagascar, restricting access to
bushmeat would reportedly result in a significant increase of anemia cases among
children, with the poorest households worst-affected (Golden et al. 2011).

Although people have been hunting wild species for food for millennia, there has
been a marked increase in the harvest of wild species over the last several decades
(Milner-Gulland and Bennett 2003; Ziegler 2010). For example, the development of
industrial logging in Republic of Congo has led to a 69 % increase in the population
of logging towns and a 64 % increase in bushmeat supply (Poulsen et al. 2009).
The emergence of market-based economies and the commercialization of wild-har-
vest animals in urban centers have further increased demand. The scale of the trade
in wild-harvest meat has also changed considerably due to advances in hunting
practices, population growth, and increasing accessibility to remote areas (Nyaki
et al. 2014). The trade of wild-harvested meat for food can now be viewed as a
continuum ranging from subsistence-based rural consumption to commercial hunt-
ing for the international trade in wild animal meat and products (e.g., exotic food
and traditional medicine), with this leading to dramatic price point differences
(Brashares et al. 2011; Chaber et al. 2010). For example, bushmeat traders have
reported pricing per kg of wild meat in Paris markets at up to double the price of
domestic meat for sale in French supermarkets (Chaber et al. 2010). Similarly, in
New York, USA, smoked duiker (an antelope) from Ghana can be readily attained,
although at up to 25 times the cost of the same species sold near its source (Brashares
et al. 2011). Such “urban” demand, which also occurs locally, places a premium on
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wild species and often permits local hunters to earn incomes comparable to or
higher than local wages for other occupations, sustaining commercial hunting on a
large scale (Schulte-Herbriiggen et al. 2013). Market factors thus provide a signifi-
cant additional incentive for wild harvest beyond the protein needs of an individual
hunter or family.

The monetary incentives for importation of wild-harvested meat have resulted in
extensive trade networks, and an expansion of the public health risk of zoonotic
disease spillover. An estimated 5 tons of bushmeat is smuggled through Paris
Roissy-Charles de Gaulle airport from Africa per week in passenger baggage
(Chaber et al. 2010). Even if the prevalence of potentially zoonotic pathogens in the
animals traded is low, and viability of microbes much reduced after time in the
trade, the sheer volume of bushmeat traded internationally, and lack of traceability
through illegal or clandestine trade, suggests a significant public health risk.
Measuring or controlling this risk is made more difficult because the global distri-
bution of wild-harvested food is highly variable, poorly reported, and difficult to
map (Fig. 2.3).

Emerging Infectious Diseases Associated with Food Systems

Infectious diseases that appear in a new host (e.g., humans) for the first time or
markedly increase in incidence or geographic range, or cause disease with appar-
ently novel clinical patterns are often referred to as emerging infectious diseases
(EIDs) (Taylor et al. 2001). Historically, many human diseases are thought to have
arisen as a result of the environmental and demographic changes attributable to the
advent of food systems (agriculture and/or animal domestication) (Pearce-Duvet
2006; Wolfe et al. 2007). Such “civilization diseases” include some likely acquired
directly from domesticated species (e.g., measles, pertussis) or indirectly, either
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Fig. 2.3 Estimated global production of game meat in tons per capita, yearly average 2000-2009.
Livestock production data from Food and Agriculture Organization of the United Nations (FAO),
accessible at http://faostat3.fao.org). These data likely reflect a widespread lack of reporting of
wild-harvested meat
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because domestic animals provided a more stable route of infection for pathogens
to enter human populations from wildlife (e.g., smallpox) or due to the influence of
environmental perturbation in elevating the risk of pathogen transmission to humans
from wildlife hosts and vectors (e.g., falciparum malaria) (Pearce-Duvet 2006). All
of the diseases mentioned above were at one time EIDs, highlighting how some of
the emerging diseases of the recent past and present will almost certainly become
the diseases of humanity in the future. Understanding the origins and drivers of
EIDs is thus of considerable and growing public health interest (Morse et al. 2012).

Demographic, behavioral, ecological, and climatic changes have all been vari-
ably cited as drivers of historical and contemporary disease emergence (Patz et al.
2004, 2008; Smith et al. 2007; Wolfe et al. 2005a, b; Daszak et al. 2000; Morse
1995; Taylor et al. 2001; Foley et al. 2005; Jones et al. 2008). The increasing impact
of an exponentially rising human population has led to an increase in these drivers
over time which likely explains why the frequency of disease emergence appears to
have increased in recent decades, even after correcting for increased capacity and
effort to detect them (Pike et al. 2014; Jones et al. 2008). Systems in equilibrium are
probably the least likely systems to give rise to EIDs.

The current scale and continued expansion of wild-harvest and animal produc-
tion systems thus present ongoing opportunities for diseases to emerge into the
human population.

Viral Zoonoses of Wildlife Associated with Animal-Based
Food Systems

Although rarely observed (approximately 1 per year globally) (Jones et al. 2008),
zoonotic viruses that originate in wildlife and are associated with food systems
punch above their weight in terms of their potential human, animal, and economic
impacts. Some of the best recognized examples include HIV, SARS, Ebola, and
Avian Influenza A viruses (Karesh et al. 2012b; Zambrana-Torrelio et al. 2012;
Hahn 2000a, b; Heymann 20044, b), but they also include diseases that have caused
significant regional or more local impacts, such as Japanese Encephalitis virus
(Mackenzie et al. 2004), a number of rodent-borne hantaviruses (e.g., Junin, Laguna,
Machupo viruses) (Epstein 1995; Young et al. 1998a, b; Johnson et al. 1997a, b;
Webb et al. 1967a, b), Lassa virus (Ter Meulen et al. 1996), a number of bat-borne
viruses (e.g., Nipah, Menanagle viruses) (Calisher et al. 2006; Pulliam et al. 2011;
Luby et al. 2006), and monkeypox virus (Parker et al. 2007) (Table 2.1).

Across the spectrum of animal-based food systems described above, there are a
range of common features or activities (e.g., capture and handling, butchering, trade,
transport, and consumption) that provide opportunities for pathogens to move from
wildlife into humans, whether directly or indirectly via a domestic animal link or via
vectors. The processes involved, however, can be complex. Below we use the diseases
listed in Table 2.1 as examples to decompose these risks into three fundamental com-
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ponents —the types of contact events associated with them, the various transmission
pathways that are involved, and the upstream distal risk factors that promote the
former to facilitate emergence. These together help highlight the activities and
conditions common to food systems that may promote disease emergence.

Contact

Contact events provide the “proximal” risk interfaces that allow disease transmis-
sion. Contact events can occur in many different contexts but their common feature
is that they provide the opportunity for the transmission of a pathogen. Transmission
interfaces could include: human-wildlife, human—vector, human—domestic animal,
human—human, wildlife—vector, wildlife—~domestic animal, and vector—domestic
animal contact. The diversity of types of contact that have been relevant historically
for the emergence of viral zoonoses from wildlife associated with food systems is
summarized in Table 2.1. In wild harvest systems, contact events have typically
occurred directly between a person and a range of wildlife species ultimately used
for food (HIV, Ebola, SARS, Lassa, Monkeypox), via contact activities such as
hunting, handling, butchering, consumption, and trade. In animal production sys-
tems, people have become infected most commonly from contact with domestic
animals that had first been exposed to wildlife pathogens (e.g., HPAI influenza,
Nipah, Menangle), where tending and treating domestic animals for illness resulted
in human infection. Japanese Encephalitis represents an example where humans are
infected when bitten by mosquito vectors, which acquire and maintain infection
after feeding on wild hosts or infected domestic species (e.g., pigs). For diseases
more diffusely associated with agricultural activities, infection often occurs via
contact with virus present in wildlife excreta (e.g., hantaviruses) or fomites (see
Table 2.1 and references therein).

Transmission Routes

While contact events serve as the fundamental infection interface, different types of
contact may carry very different levels of “riskiness” depending largely on the mode
of transmission of a given pathogen. An important challenge in understanding the
risks of viral zoonoses due to food systems is identifying the relevant transmission
routes that allow for pathogen transmission between wild animal reservoirs, vectors,
domestic animals, and humans. Transmission routes can be classified into five broad
but distinct categories and used to analyze patterns of disease emergence (Loh et al.
2015). These include direct contact (i.e., skin-to-skin contact; scratches; animal
bites; contact with body fluids, organs, and tissues; direct large droplet >5 pm expo-
sure), airborne (i.e., via dust particles and airborne small droplets <5 pm), vector-
borne (i.e., by biting or mechanical transfer by arthropods), oral (i.e., consumption
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of contaminated food or water; ingestion of arthropods), and contamination (i.e.,
indirect contact with soil or vegetation, contact with water, indirect transmission by
contaminated inanimate objects). Direct contact is the most common transmission
pathway cited for diseases associated with food systems, although airborne trans-
mission of virus associated with aerosolized wildlife excreta is also relatively com-
mon (Table 2.1). Nevertheless, the range of transmission pathways implicated in the
emergence of viral zoonoses from food systems is relatively diverse, with each
transmission pathway represented at least once.

Distal Factors

While the type of contact, mediated by the various transmission pathways, repre-
sents the proximal risk factor for spillover (i.e., where and how transmission takes
place), other factors may promote or reduce the likelihood that contact events occur
in the first place or result in pathogen transmission, thereby altering the risk of
emergence. These distal or upstream risk factors also include any condition or activ-
ity along any transmission pathway that intensifies the contact rate, increases the
prevalence or diversity of available pathogens to be transmitted, or elevates the
likelihood of successful disease transmission given contact (Murray and Daszak
2013; Lloyd-Smith et al. 2009). Distal risk factors could also include other
“enabling” factors, such as climate or other environmental factors. The key distal
factors that have been associated with the emergence of viral zoonoses from food
systems are summarized in Table 2.1. Broadly speaking, large-scale ecosystem and
environmental change, including deforestation, land-use change and conversion for
agriculture, have been commonly implicated in disease emergence within food sys-
tems. Examples include the rodent-borne arenaviruses (Lassa, Junin, Machupo,
Laguna Negra) that are often facilitated by agricultural land conversion, HIV which
is thought to have emerged as a result of the changes in forest access and human
connectivity attributable to industrial development, and Nipah and Menangle
viruses which are thought to have emerged due to increasing niche overlap and
contact between reservoirs and domestic animal species (see Table 2.1 and refer-
ences therein). In addition to human-induced ecosystem changes, there are a range
of social and demographic factors that have also played roles as distal risk factors,
including the trade of wildlife species within markets with sophisticated transport
networks and in which inter-species mixing has occurred (SARS, monkeypox), or
increased domestic animal stocking densities (agricultural intensification) to meet
growing human food demands while at the same time enhancing conditions for viral
amplification (HPAI, Japanese Encephalitis) (see Table 2.1 and references therein).

If the diversity of previous disease emergence mechanisms is anything to go by,
forecasting disease risks within food systems should not rely solely on historical
precedence. While decomposing the risks of disease emergence into subcategories
of proximal and distal risk factors can seem trivial, particularly for the well-known
examples examined here (Table 2.1), the real utility and application of this approach
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is for forecasting future risks (see Sect. 4.3 below). Such horizon scanning exercises
are critical for anticipating the risks associated with the growth in scale and magni-
tude of food systems into the future. For example, in industrial food systems,
airborne transmission may potentially be an under-recognized pathway as a recent
study found a million-fold elevated concentration of aerosolized invisible dust in a
poultry barn fan compared to the outside air (Leibler et al. 2009). This could have
implications for both human and animal health in addition to the spread of true
airborne diseases such as Foot and Mouth disease (FMD), influenza, or Q fever.

Future Trends in Food Acquisition and Production
Systems: Implications for Viral Zoonoses

Both the acquisition of food from wild sources as well as the scale and intensity of
animal production systems are projected to continue increasing over the coming
decades (McMichael et al. 2007; The World Bank June 2012; Zambrana-Torrelio
et al. 2012). This presents challenges for disease emergence and for environmental
stability as increasing global populations demand higher dietary quantity and qual-
ity leading to continued land-use change and deforestation, expansion of global
trade and travel networks and potential secondary impacts through climate change,
biodiversity loss, and other outcomes.

Wild Harvest Trends

Harvesting wild animals for food and other uses has been increasing in the recent
past, and is likely to continue its growth as one of the greatest threats to biodiversity
(Fa et al. 2002). This follows increasing reliance on wild animals to meet dietary
needs for protein under conditions of food insecurity in many regions, especially
developing countries in the tropics (Fa et al. 2003). Exploitation of wildlife for food
will likely be facilitated by increasing land-use change and deforestation activities,
whatever their purpose, particularly in more remote regions where these activities
make forests more accessible to hunters and create new markets for bushmeat
(Poulsen et al. 2009). Climate change is also expected to threaten food security in
many regions, again promoting greater reliance on wild harvest species in some
regions (Nkem et al. 2010). This is set against a background of exponentially
increasing global air travel which already poses a significant risk to global health
via the transportation of pathogens (Hufnagel et al. 2004), and is likely to promote
increased global trade in wild-harvested meat.

The development of roads may represent one of the most significant ways of
increasing opportunities for wild harvest. Roads are considered critical infrastruc-
ture developments that can improve access to technologies, healthcare and educa-
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tion, forming akey component of many countries’ development plans. Approximately
60 % more roads are projected by 2050 compared to 2010, mostly in developing
countries (Dulac 2013), potentially making road building one of the most signifi-
cant drivers of future environmental change (Laurance et al. 2014). Road building
has already increased the risk of some diseases associated with human development
(e.g., agricultural intensification), with an increase in number of cases of human
hantavirus reported following the completion of a highway through the Brazilian
Amazon (Medeiros et al. 2010). Road building, particularly on such a large scale,
will almost certainly further facilitate bushmeat hunting in the most biodiverse
regions of the planet and change the scale at which people are able to move wild
animals out of newly exploited areas and into commodity chains, thereby increasing
public health risks.

Animal Production Trends

Global food production is forecast to approximately double by 2050 to meet the
food demands of a global population that is expected to plateau at around nine
billion people (Godfray et al. 2010; Tilman et al. 2011). The biggest growth will be
seen in domestic animal products, with predictions suggesting an increase in annual
demand for meat of 6-23 kg per person per year worldwide by 2050. The largest
increases will be in Latin America, the Caribbean, South East Asia and the Pacific,
and demand per person will more than double in sub-Saharan Africa (Thornton and
Herrero 2010). Food production is expected to more intensely compete with the
acquisition of other products from the environment such as land, water and energy,
contributing to loss of ecosystem services and biodiversity, including some related
to health (Tilman et al. 2011; McMichael et al. 2007). Deforestation and associated
human activities related to domestic animal production, for example, will continue
to alter the structure and species composition of ecosystems and increase contact
rates between humans, wildlife, vectors and domestic animals, resulting in disease
emergence (Murray and Daszak 2013).

Food production will also continue to contribute to, and be strongly affected by,
climate change (Godfray et al. 2010; McMichael et al. 2007), particularly in devel-
oping and less developed countries, and this will coincide with changes in disease
risk. For example, climate change may influence some key elements of the avian
influenza A transmission cycle. Climate change is expected to influence migration
patterns of migratory bird species that are the natural reservoirs for many Al viruses,
alter transmission dynamics and affect the survival of virus outside of hosts, all of
which have the potential to shift disease risks for this important group of viruses
(Gilbert et al. 2008). In addition, the link between domestic duck production, which
is expected to grow in scale and extent to build food security in Asia, and the persis-
tence of HPAI H5N1 is often synchronously linked to the production of rice. The
strong seasonal component of this system means that climate change has the poten-
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tial to impact the distribution and persistence of HPAI in other more indirect ways
as well (Gilbert et al. 2008).

The increasing intensification of food production, marked by high animal densi-
ties and stressful conditions, may facilitate rapid spread of diseases among immuno-
compromised and genetically similar animals, potentially compromising food
security and posing zoonotic disease risks. In addition to the risk of wildlife origin
zoonoses making their way into humans via a domestic animal intermediary, the
widespread use of antimicrobials in food production, primarily for non-therapeutic
growth promotion in livestock and aquaculture production, may introduce rapid
selection pressure for resistant bacterial and viral strains and further contribute to
disease risks. While drug-resistant EIDs are more common in non-zoonotic EIDs
than zoonotic EIDs (Zambrana-Torrelio et al. 2012), greater use of growth-
promoting antimicrobials in animal production and human exposure via food as
well as antimicrobials disseminated into the environment from animal production
waste may potentially increase human susceptibility to infections (Marshall and
Levy 2011).

Additionally, as intensification occurs, biosecurity measures become all the more
necessary. For example, a lag in biosecurity practices during increases in poultry
production has been attributed to the evolution of HPAI H5N1 in poultry flocks,
which caused extensive impacts to the poultry and public health sectors, leading to
mortality or culling of over 200 million birds, as well as several hundred human
deaths (Karesh et al. 2012a). The lack of adequate infrastructure for biosecurity
measures in low-income nations where bushmeat currently serves as a major form
of subsistence nutrition thus presents vulnerability around potential intensified live-
stock production to shift protein sources. Agricultural practices may also pose risks
to wildlife, including flow of pathogens between livestock and wild species, in addi-
tion to the more usual culprits of habitat destruction or degradation.

Looking Forward: Intervention and Risk Mitigation Options

The range of both proximal and distal risk factors associated with disease emer-
gence from food systems makes effective disease management a complex and
daunting proposition. However, this also provides opportunities for mitigation and
adaptation with a view to better managing food systems to reduce environmental
and biodiversity impacts in addition to disease risks in the future. For proximal risk
factors associated with specific contact events, better safety and biosecurity stan-
dards will be a core part of any strategy to reduce disease risks from wild harvest
and animal production systems. However, the more distal drivers of disease emer-
gence (e.g., land-use change) or global changes that occur in step with, or that
directly facilitate, the expansion of food systems present a much more nebulous and
diffuse range of risks. Managing these underlying drivers may ultimately provide
solutions for sustainability and public health threats. We propose that direct
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mitigation of disease transmission is thus only ever going to be a part of what
urgently needs to be a much more encompassing, proactive strategy targeting the
distal risks of disease emergence (Murray et al. 2012). This requires a novel response
that could be rooted in holistic cost—benefit analyses of total ecosystem services
(Costanza et al. 2014).

Win-Win Solutions for Conservation and Health?

The number of hungry people globally has declined by more than 200 million since
1990, despite the addition of almost two billion people over the same period (FAO
2014). This largely can be attributed to ongoing improvements and increases in
global food production and supply systems and global efforts to improve food secu-
rity (FAO 2014). These improvements have improved human health more broadly
by decreasing malnourishment, increasing life expectancy and reducing child mor-
tality (Raudsepp-Hearne et al. 2010; Godfray et al. 2010). Health gains will of
course continue to be an ongoing human objective, with food security being a cen-
tral part of the development agenda (FAO 2014). The health benefits of food pro-
duction, however, need to be weighed against the health and environmental costs,
including those associated with ecosystem degradation (McMichael et al. 2007).
There have been calls for concerted redistribution of excess food and deployment of
food production technologies to areas of the world most in need (Tilman et al.
2011). These strategies might have secondary benefits to global health by reducing
food demands in some regions, leading to reduced environmental and total area
designated for food production.

Health and conservation goals and actions have not always aligned, with history
of some rash disease control efforts unnecessarily resulting in harm to wildlife and
domestic animal populations, and when conservation frameworks (e.g., the
Convention on International Trade in Endangered Species of Wild Fauna and Flora)
do not directly consider disease risks in their decision making. To more effectively
address both public health and conservation concerns, it is necessary to improve
synergy between the two communities with integrated, science-based approaches.
This need is especially urgent in the food safety realm, where nutritional dependen-
cies demand sustainable access to food sources. The UN’s post-2015 Sustainable
Development Goals set the stage for poverty reduction, food access/security, health,
and environmental balance, potentially providing opportunities for integrated solu-
tions that could be applied to food safety challenges related to wildlife and food
systems.

The underlying drivers of disease emergence from wildlife are also the same
main pressures that drive biodiversity loss as identified by the UN Convention on
Biological Diversity Global Biodiversity Outlook 4, namely habitat loss, degrada-
tion and fragmentation, overexploitation of wildlife, unsustainable production in
agriculture and other industries, and impact of invasive species (Secretariat of the
Convention on Biological Diversity 2014). In addition, emerging viruses are not
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only threats to humans, but may also be pathogenic to susceptible wild host species.
There is thus a compelling opportunity for co-benefits for conservation and public
health through collaborative efforts.

The Policy Landscape

Despite the globalization of food supply systems, there is no central global gover-
nance structure for foodborne or food-associated disease risks, and there is no pre-
cise estimate of foodborne or food-associated disease incidence or burden. To
address this, the World Health Organization (WHO) is undergoing an assessment of
the global impacts of foodborne illnesses through its Department of Food Safety
and Zoonoses. While the FAO-WHO Codex Alimentarius provides benchmark
international trade standards to promote food safety, the guidance is voluntary; the
U.S., for example, does not require its producers and suppliers to adhere to its rigor-
ous standards. The lack of a central authority for wildlife health has translated into
limited infrastructure for disease surveillance and control around the safety of bush-
meat in both source and demand settings. As a result, efforts have largely focused
on reactive responses to disease emergence events, rather than prevention of disease
risks. The World Organization for Animal Health (OIE) regulates trade of livestock
for priority diseases, which include some potential zoonoses (e.g., HPAI), but does
not address wildlife trade/pathogens specifically in its World Trade Organization-
enforced sanitary standards. There is no comparable regulation for wildlife diseases,
although in the USA, the U.S. Centers for Disease Control and Prevention specifi-
cally restricts imports of certain turtles in response to salmonellosis, bats in response
to Nipah virus, African rodents in response to monkeypox, civets in response to
SARS, and non-human primates (Smith et al. 2012).

Risk Analysis

Greater knowledge of disease emergence risks from wildlife can inform identifica-
tion of key areas for intervention. Risk assessment is commonly conducted in food
safety to identify vulnerabilities in the food supply, but more fully protecting health
requires determining and addressing upstream or distal risks of viral emergence
from harvested wild meat. Employing risk analysis tools can assist in science-based
policies by anticipating and identifying ways to mitigate risk, as well as identifying
priority knowledge gaps for research investments to refine future analyses. The
structure of a formal risk analysis can help provide continuity and objectivity in the
process, involving problem description, hazard identification, risk assessment, risk
management, implementation and review, and risk communication throughout.
More proactive risk analysis efforts can systematically identify critical control
points for conservation and health benefits, and congruence among both where syn-
ergies can be maximized.
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For example, the OIE-IUCN Guidelines for Wildlife Disease Risk Analysis pro-
mote analysis of disease risk in an ecosystem, rather than single-species, context
(World Organisation for Animal Health (OIE) & International Union for Conservation
of Nature (IUCN) 2014). This perspective can help determine conservation risks as
well as zoonotic disease risks. While uncertainty and complexity inherently exist in
wildlife disease risk analysis (Jakob-Hoff et al. 2014), useful information can be
gained, especially for viral disease threats where initial knowledge on transmission
pathways and pathogen dynamics can enable best practices to reduce risks while
more information is gathered.

Realistic Interventions

Harvesting of wild meat holds a critical position in the diets, economies, and
cultures of millions of people globally. Current governance and enforcement struc-
tures are therefore unlikely to be fully effective and in many cases unwarranted for
reducing local demand (e.g., for local populations living in or on the periphery of
forests with few suitable alternatives). In this context, some interventions may be
low-resource and high-yield, such as working with hunters and foresters to convey
risks of collecting deceased wildlife carcasses and encourage reporting of animal
morbidity or mortality that can inform disease surveillance efforts (Rouquet et al.
2005; Olson et al. 2012). These interventions to prevent initial spillover are espe-
cially important given the challenges of influencing human behaviors when control-
ling human outbreaks. For example, the UN recently reported the dismissal of a
local chief in Sierra Leone for failing to report secret burials that may have violated
regulations intended to contain the spread of Ebola (UN Mission for Ebola
Emergency Response (UNMEER) 19 November 2014). However, it seems inevi-
table that reducing demand for bushmeat will be fundamentally necessary to safe-
guard species from overhunting and extinction and to mitigate the disease risks.
Reducing demand will be easiest for populations with access to alternative food
sources. High demand and pricing for wild-harvest species may influence hunting
practices, including expanding volumes and time of year spent hunting, whereas
previously hunting pressure has been naturally limited by hunting for subsistence,
traditional techniques, seasonality, and cultural taboos on harvesting certain species
(Lindsey et al. 2012).

Strong regulations can be established to prohibit and provide disincentives for
legal and illegal sale of bushmeat to overcome growing demand as a luxury product.
High taxation levies may sufficiently raise the price to reduce demand and provide
revenue for enforcement and surveillance efforts ( see Courchamp et al. 2006). The
clandestine nature of the illegal wildlife trade remains a challenge for tracking and
enforcement, but high penalties have not yet been enacted in many settings; steeper
penalties may provide stronger disincentives to participation in the illegal wildlife
trade, such that even if zero volume cannot be realistically achieved, a large reduction
in volume will still have large benefits from a risk reduction viewpoint. Additionally,
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development projects that encroach into wildlife habitat can be managed to ensure
they do not fuel demand for bushmeat. Governments can demand responsibility on
the part of corporations to provide alternative food sources for employees and set
policies to provide deterrents for bushmeat consumption. Governments could
require wildlife disease risk analysis processes to be undertaken for proposed devel-
opment projects to more proactively weigh risks and ensure risk prevention or miti-
gation measures are conducted. This type of analysis could be included within
existing Health Impact Assessment (HIA) structures, because, while some HIAs
include risk of zoonotic diseases from domestic animals and other vectors, few
adequately address the range of potential zoonotic pathogens in their intended
scope.

Can the Farming of Wildlife Become a Safe Alternative
to Wild-Harvest Meat?

The farming of wildlife for food may reduce pressures on wild populations, and is
increasingly becoming a way to sustain demand in the face of increasing prices of
wild-caught individuals. For example, porcupines, snakes, frogs, tigers, and a range
of other wildlife species are farmed in Southern China for food and medicine
(Abbott and van Kooten 2011). While this has been debated widely as a tool for
conservation (e.g., the farming of tigers to reduce poaching), it has not been pro-
posed as a strategy to reduce the public health risks of the wildlife trade. We propose
that the farming of wildlife species could reduce the risk of zoonotic disease spill-
over if similar health and biosecurity measures are applied to farmed wildlife as to
livestock. In this scenario, specific known zoonoses are tested for, treated or infected
animals removed from a farm’s founder wild-caught stock, resulting in reduced risk
of zoonotic pathogen “spillover” to ranchers, traders, or butchers. Biosecurity mea-
sures will be critical to reducing risk because the intensive production of species
that potentially carry novel zoonotic agents could result in increased pandemic risk.
For example, civets have long been farmed in some parts of Africa (Eniang and
Daniel 2007; Tolosa and Regassa 2007), and prior to the SARS outbreak in China
in 2002, civets were farmed increasingly in China. While the role of civets in the
emergence of SARS is not fully understood, it is thought that they may have acted
as amplifier hosts, expanding transmission and evolution of a bat-origin SARS-like
coronavirus (Wang and Eaton 2007).

Wildlife ranching (typically lower density, semi-free ranging stock) may pro-
vide a more suitable production option in areas where more conventional and
higher intensity animal production is not supported. For example, regions with
tsetse fly infestations affect cattle production through high morbidity and mortality
burden from trypanosomiasis; while wildlife appear to carry infection, they are not
highly susceptible to it (Steverding 2008). In theory, wildlife ranching may provide
a contained environment where disease may be controlled through adoption of
effective biosecurity measures. For example, Zambia’s wildlife ranching is subject
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to inspection of animals or meat by veterinarians prior to sale (Lindsey et al. 2013).
However, the sensitivity of this approach in detecting disease risks is not known;
visual inspections by veterinarians may not recognize all illness in animals, espe-
cially asymptomatic infections that wildlife may be carrying, and viral pathogens
are often not evident in meat without laboratory screening. Challenges around
traceability in the market chain also introduce risk if free-ranging and ranched
animals cannot be distinguished.

Ranch-raised wild animals may also potentially come into greater contact with
wildlife (e.g., if ranches are at the periphery of protected areas), potentially shifting
the dynamics of population genetics and pathogen flow. Since the main risk path-
ways from viral zoonoses originating in wildlife associated with animal production
systems come from the spillover of wildlife pathogens to domestically farmed spe-
cies, more research is needed on disease risks in wildlife farms versus in free-
ranging wildlife, as well as the development of formal guidelines on biosecurity and
other practices to reduce risks to and from native wildlife, such as guidelines on
proximity to conserved areas.

Conclusions, Gaps, and Future Research Needs

Several key research gaps remain that limit our ability to recognize and prioritize
needs for viral threat reduction related to wildlife. Firstly, we lack knowledge of
most of the viral pathogens that are circulating in wildlife (most of which have not
yet been discovered and characterized (Anthony et al. 2013)), and how those patho-
gens are evolving in relation to our changing pressures on the environment.
Secondly, we lack criteria to fully determine zoonotic potential of viral agents that
are detected. Progress in these research areas is important for identifying practices
that drive disease transmission risks and for prioritizing critical control points in
risk analyses and risk reduction efforts (Morse et al. 2012).

Current surveillance systems for viral zoonoses are highly reactive, largely cap-
turing threats once they have emerged in humans or have caused extensive livestock
or wildlife morbidity or mortality. While current systems are inadequate for preven-
tion and early detection, existing programs may be leveraged as a starting point
(Murray et al. 2012). For example, many countries conduct wild bird surveillance
for avian influenza, but screening is typically limited to only a subset of HA and NA
subtypes, limiting knowledge of viral diversity circulating in populations (Hoye
et al. 2010). Targeted surveillance for broader indicators of viral diversity (e.g.,
whole genome sequencing or at least typing for all 8 Al gene segments) can provide
baseline monitoring to capture changes, including risk potential, over time.
Coordinated global research priorities, such as set forward by the OIE-FAO OFFLU
global network of expertise on influenza (http://www.offlu.net/), can provide an
international platform for systematic surveillance approaches and data aggregation
and identify high-priority investment areas to maximize surveillance resources.

To sufficiently respond to viral disease threats that are identified by surveillance,
a coordinated, multi-disciplinary system is needed. The currently siloed mandates
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of intergovernmental organizations and government departments limit the action-
able utility of data. To move forward at a global level, investments made toward
achievement of OIE Performance of Veterinary Service (PVS) and the WHO’s
International Health Regulations might expand capabilities related to pathogen sur-
veillance in wildlife.

Partners from the biodiversity community also have a strong role for participa-
tion, through conservation efforts that are increasingly recognizing the risks of
infectious disease agents to wildlife populations (e.g., great ape die-offs from infec-
tion with Ebola). The UN’s Convention on Biological Diversity recently “recog-
nized the value of a One Health approach” toward shared health and biodiversity
benefits at its 12th Conference of the Parties in October 2014, and also has addressed
sustainable use of biodiversity in terms of bushmeat and sustainable wildlife man-
agement, providing a possible entry for work on both topics by CBD member
countries.

Additionally, critical areas of need for collaboration can be identified under the
CBD-WHO Joint Work Programme on Biodiversity and Human Health. On a
national level, including through integration into CBD members’ National
Biodiversity Strategies and Action Plans, laboratories can be modified or con-
structed to serve human and animal health screening needs, avoiding potential
duplication of resources, and enabling closer collaboration among human and ani-
mal health authorities and researchers (Murray et al. 2012). A phase change in the
broadening of health toward an ecosystem perspective is needed to truly maximize
cross-disciplinary synergies.

The USAID Emerging Pandemic Threats PREDICT program has developed
viral pathogen discovery programs in wildlife at high-spillover risk interfaces in 20
developing countries that are “hotspots” for disease emergence (http://www.vet-
med.ucdavis.edu/ohi/predict/). The protocols could be implemented more widely,
including in national surveillance systems. Surveillance can be targeted to assess
risks at food-associated interfaces, such as wildlife hunting, markets where bush-
meat is present, and restaurants serving wildlife.

In addition to the benefits for strengthening public health capacity and infrastruc-
ture, there is a strong overall cost argument to detecting and preventing viral disease
emergence from bushmeat and other wildlife sources. A recent study using ground-
truthed data for viral discovery in bat species estimated that around 300,000 viruses
exist in mammalian wildlife, 85 % of which could be detected through investments
of approximately US$1.4 billion. Aiming for 100 % detection would be more expen-
sive ($6.8 billion) due to diminishing returns on viral discovery, but even this figure
is less than the cost of some major single outbreaks (e.g., SARS) (Anthony et al.
2013), and far less than the total costs of emerging zoonotic diseases over the past
two decades, estimated to be in the order of hundreds of billions of dollars (The
World Bank June 2012; Karesh et al. 2012a). Globally coordinated, mitigative
responses that reduce the risks and frequency of diseases emerging in the first place
and are implemented now are forecast to save approximately US$3.5 billion per
year over a 100-year time horizon in comparison to a business-as-usual approach to
EID response (Pike et al. 2014).
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