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The unprecedented economic and health impacts of the COVID-19 pandemic have shown the global necessity of
mitigating the underlying drivers of zoonotic spillover events, which occur at the human-wildlife and domesticated
animal interface. Spillover events are associated to varying degrees with high habitat fragmentation, biodiversity loss
through land use change, high livestock densities, agricultural inputs, and wildlife hunting—all facets of food systems.
As such, the structure and characteristics of food systems can be considered key determinants of modern pandemic
risks. This means that emerging infectious diseases should be more explicitly addressed in the discourse of food
systems to mitigate the likelihood and impacts of spillover events. Here, we adopt a scenario framework to highlight the
many connections among food systems, zoonotic diseases, and sustainability. We identify two overarching dimensions:
the extent of land use for food production and the agricultural practices employed that shape four archetypal food
systems, each with a distinct risk profile with respect to zoonotic spillovers and differing dimensions of sustainability.
Prophylactic measures to curb the emergence of zoonotic diseases are therefore closely linked to diets and food policies.
Future research directions should explore more closely how they impact the risk of spillover events.

Introduction

With a death toll of more than 6-5 million people by
December, 2022, the COVID-19 pandemic has unleashed
unprecedented health and economic impacts on societies
across the world. As the SARS-CoV-2 virus has spread
globally in the past few years, the pandemic has
highlighted the interconnectivity of public health with
economic, ecological, and societal vulnerabilities that
underscore the importance of the One Health' and
planetary health approaches. Worldwide, governments
have deployed numerous strategies and measures to
reduce infection rates, from social and mobility restrictions
to efforts to reach herd-immunity vaccination levels.
While striving for resumption of normal economic and
societal activities, recent policies have expanded to better
prepare for future pandemics.

Despite these expanded policies, national and inter-
national efforts still do not adequately address reducing
emergent infectious disease risks nor incorporate
systematic cost-benefit evaluation of putative mitigation
measures.”” One specific glaring omission of current
policy deliberations is the global food system. This
omission is concerning because of the outsized spatial
dominance of agriculture over worldwide tropical and
temperate ecosystems, and its consequent potential
roles in zoonotic outbreaks, which reflect the complex
interactions between food systems and infectious
disease.* Because food systems vary widely in production
methods, product varieties, governing policies, and
stakeholders (and their contribution to the various
facets of sustainability), developing a general
understanding of the zoonotic disease risks generated
from various food systems is imperative, and will
become increasingly urgent amidst growing calls for
food system transformation to meet sustainability
goals.” We used a scenario framework based on an
expert-driven approach to draw a qualitative blueprint of
the variable impacts different agricultural production
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methods, land allocation patterns, and diets can have on
zoonotic spillovers. We hope that this framework will
foster more targeted empirical research and discourse
towards broadening our understanding on how food
policies and food-related interventions impact zoonotic
spillovers.

Food systems and zoonotic spillovers

Zoonotic diseases are caused by pathogens of wildlife or
livestock origins that spill over into human populations.
They represent a major, growing subset of infectious
diseases,*” accounting for more than half of human-
susceptible pathogens.** The incidence of zoonotic
outbreaks and the diversity of their source species,
whether wild or domestic, have increased in recent
decades,” as has the volume of research exploring
underlying mechanisms and drivers.”" Increasing in
frequency and diversity, zoonotic spillovers need to
overcome a set of crucial epidemiological barriers.”
These barriers include those related to pathogen pressure
(including pathogen dynamics at the host reservoir,
release, and survival), exposure (the interface between
the environment and the human body), and the infection
outcome of exposure and transmission.

Multiple complex drivers and mechanisms, including
social, ecological, environmental, and institutional
factors, connect food systems to zoonotic spillover.*
Although knowledge gaps still exist, important pathways
of zoonotic spillover have been identified for various
emergent diseases, revealing recurring patterns. Because
animal-human contact (either through direct interaction
with wildlife or indirectly through vectors or intermediate,
domesticated species) is a prerequisite for zoonotic
spillover, any increase in the frequency of contact between
humans and livestock or wildlife is a potential outbreak
driver. This could include changes in human, wildlife,
and vector densities as well as expanded interfaces of
interaction due to land use change.*
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Of particular importance is habitat fragmentation,®
which extends the contact zone between natural and
agricultural land. Although the adjacency of natural and
agriculturual land might improve selected ecosystem
services (notably pollination and pest control), it can also
increase human-wildlife contact and thus spillover risks,
especially in many tropical regions."" Therefore, both the
absolute extent of land transformed and its subdivision
into individual plots influence the dynamics of disease
emergence.” Moreover, dividing a given land area into
smaller farming plots could heighten spillover risk due to
larger farmworker density required for operations, as
with any factor that increases farmer density in general
(eg, non-mechanised operations of commodities, such as
coffee, bananas, and rubber). In addition, the increased
contact between managed fragmented landscapes and
natural habitats creates unique transition zones, known
as anthropogenic ecotones, of biological activity and
material exchange that can foster the emergence of
zoonoses via enhanced mixing of species assemblages,
higher host and vector abundances, and larger dispersal
potential.”

Agricultural intensification has been linked with
zoonotic spillover events via decreases in biodiversity,”®"
a pattern termed the dilution effect whereby species vary
in their competency to drive spillovers and higher
diversity often leads to lower probability of infection.
Although the dilution effect has been debated,®* this
pattern has been observed to persist across a diversity of
ecosystems and species groups, highlighting how
biodiversity losses increase the likelihood of zoonotic
spillovers by increasing pathogen host proportions in
species richness and total abundance.” As a general rule
of risk management based on the precautionary principle
and our understanding of disease ecology, intact
ecosystems tend to be healthier ones, posing lower threats
to human and livestock health.””

Altered biogeochemical cycles can also influence
zoonotic spillovers. Particularly concerning are large-
scale changes to the nitrogen and phosphorus cycles
caused by intensive fertiliser application and run-offs
that typically characterise industrial food and feed
production. These disturbances can enhance zoonotic
spillover risks due to their impacts on host or vector
densities and distribution (eg, increasing mosquito
efficiencies in spreading West Nile fever”), infection
resistance, and pathogen virulence and abundance.***
Water infrastructure and irrigation similarly alter the
environment and shift species diversity, consequently
impacting pathogen ecology and in some cases
increasing the incidence of disease in livestock and
people in surrounding landscapes. An example is the
increased incidence of human fascioliasis due to the
adaptation of liver fluke and its snail vector to large-
scale irrigations in the Peruvian highlands.”” Zoonotic
risks have been linked to the excessive use of antibiotics
at subtherapeutic doses in the livestock sector, including

aquaculture, and it is predicted to increase due to
growing demand for meat.” The introduction of
antimicrobials to animals facilitates the emergence
of drugresistant pathogens within the animal’s
microbiome that can be transferred to humans directly
or via vectors unimpeded by immunity. In other cases,
unmetabolised antimicrobials can build up in the
environment and negatively impact the disease ecology,
as evident in the large proportion of drug-resistant
genes in zoonotic pathogens.” An increase in aquatic-
specific zoonoses has been facilitated by aquaculture
practices that alter the complex lifecycles of these
pathogens, which can include several intermediate
hosts, such as snails, crustaceans, and finfish.” While
documented in wild-caught fish as well, these pathogens
will probably increase as the sheer number of farmed
aquatic species is predicted to increase to meet
a growing demand. Similarly, pesticides—whose use for
crop protection and disease vector suppression® is
increasing because of agricultural expansion and
intensification—also increase zoonotic risks via the
development of vector resistance to pesticides and by
intensifying pathogen dynamics at the wildlife~human
interface. Impacts include direct effects on the
abundances of zoonotic hosts, parasites, or their natural
enemies, and the susceptibility of hosts to diseases
(eg, via changes to the immune system).*

Because of these observations and the growing
reliance of the livestock sector on feed crops, terrestrial
and aquatic animal farming has become an important
pathway for zoonotic spillover across the world.**? Due
to the prevalence of high stocking densities and genetic
uniformity, farm animals can amplify zoonotic out-
breaks® with higher virulence* by serving as intermediate
hosts between wild reservoirs and humans (eg, as with
highly pathogenic avian influenza** and the Nipah
virus outbreaks).” In Indigenous and local populations
across Asia, Africa, and Latin America, wildlife meat is
an important nutrient source,”** and a major component
of food sovereignty.”* However, hunting and trade
networks of wildlife meat put humans and animals at
risk for increases in the likelihood of zoonotic
spillover.“

Constructing archetypal food systems

Based on the links between food systems and zoonotic
spillovers, we categorised ten direct food-system-related
drivers of zoonoses. These drivers include (1)
biodiversity loss; (2) land fragmentation; (3) pesticide
use; (4) water use; (5) fertiliser application; (6) antibiotics
use; (7) wildlife hunting; (8) aquaculture; (9) livestock
densities; and (10) farmworker densities. Because these
immediate drivers reflect wider food-system charac-
teristics (eg, institutions, economic development,
policies, and food sovereignty), we briefly discuss the
indirect impacts of these larger societal factors on our
results in the final section of this Personal View.
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Figure: Relative zoonotic risks as a function of land use extent and agricultural practices for the four explored food system scenarios

All key food-system zoonotic spillover drivers are included in each scenario. The relative zoonotic spillover risk from each driver is depicted by the size of the circles.
Grey colours indicate risks directly related to agriculture, blue highlights risks related to animal-based foods, and red indicates the risk introduced by farmworkers
working within agroecosystems. The key at the top connects between the size of the circle and the relative risk score on a scale of 1 to 5 (see appendix pp 1-2 for
numerical values). The overall risk score of each scenario, the sum of all individual risks within that scenario, is indicated in bold at the centre and is highest in the
industrial animal-based scenario and lowest in the agroecological plant-based scenario.

Using a scenario framework,** we selected land use
extent (continuous) and agricultural practices
(categorical) as the two axes that probably span the most
variance in the ten food-system drivers, and yet
contribute differently to sustainability. These dimensions
span four archetypal food systems, each with unique
structural characteristics, which facilitate exploration of
four distinct global food-system narratives with varying
risks and plausible interventions that can reduce
zoonotic spillovers (figure). Although we refer to these
systems as scenarios, the analysis we present here is not
meant to predict future developments, but rather to
focus on existing typologies. Based on our expert
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opinion, we then ranked the potential risk for zoonotic
spillover for each of the ten individual food-system
drivers (on a scale of 1 [very low] to 5 [very high]) in each
of the four scenarios (figure; appendix pp 1-2). Typically,
overall risk is assessed as the product of an event’s
occurrence probability and its impact severity. Due to
knowledge limitations and the complexity involved, here
we assume a uniform degree of severity for all factors
(ie, any spillover has the same societal impact).
Consequently, in effect, we quantify risk only as the
potential for occurrence. In reality, some factors are
riskier than others (eg, we considered irrigation as less
risky, with maximal risk across all scenarios set to 3 of 5).

See Online for appendix
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The overall risk of a scenario is the sum of all its
individual risks, with smaller sums corresponding to
low-risk scenarios and larger sums corresponding to
high-risk scenarios. The four scenarios typify existing
food systems and each is characterised by distinct
environmental and socioeconomic impacts and degrees
of zoonotic spillover risk.

The industrial animal-based scenario depicts such
western industrial food systems as those of the USA or
Australia, with high livestock production volume and
monocultures, yielding diets high in meat, sugar, and oils.
These food systems entail high spillover risks across many
of the above ten explored food-system drivers, including
the intense use of inputs such as water, antibiotics,
pesticides, and fertilisers over large land areas.”* Because
the global food system is the largest single land user,” it
is also the main driver of land transformation and
fragmentation, and thus of biodiversity declines.” Con-
sumption of large amounts of animal-based foods drives
substantial land transformation and encroachment despite
increased reliance on intensive industrial practices.”

Together with large animal stocking densities,” rising
meat consumption carries high zoonotic spillover
potential. Because of growing demand, especially in
developing countries, meat production is expected to
continue rising into the future,” further increasing the
risk of zoonoses. The same holds for aquaculture, which
has been the fastest growing food producing sector
globally, and is predicted to grow as wild aquatic food
sources steadily decline.”* This too will increase spillover
risks via agricultural intensification because of the rising
reliance on terrestrial crop and animal feed inputs into
aquaculture, unless other sources of aquafeed become
widely available.” Based on the underlying food-system
drivers we have explored, this scenario carries the largest
zoonotic spillover risk.

In the agroecological animal-based scenario, extensive
production of livestock (low-density stocks and reduced
transport) through agroecological practices in mixed
cropping systems (eg, in southeast Asia), intensive
silvopastoral systems (eg, in South America and central
America®™), or regenerative agriculture (eg, in the USA)
relying on pastures and byproducts®™® would pose risks
for zoonotic spillover events due to broad-scale land use
and animal husbandry.” However, this risk is lower
compared with the industrial animal-based scenario due
to lower livestock numbers and densities.” Agroecological
methods, includinglow inputs and high agrobiodiversity,”
reduce spillover risks associated with the pesticides,
water, antibiotics, and biodiversity pathways. In this
scenario, aquaculture is produced in polyculture systems
and integrated multitrophic aquaculture,” which focus
on low-impact species, such as mollusks and seaweed,
using sustainable management practices and by
providing a broad range of ecosystem services.” At the
same time, and irrespective of the different farming
skills needed, agroecological food production is likely to

use smaller land plots and more labour,” increasing the
risk of spillover via greater habitat fragmentation
(fragmentation) and increased human contact (ie,
farmworkers). Terrestrial lands still dominate food
production, with more limited production of aquatic
foods. In this scenario, wildlife hunting delivers food
security gains, but at a cost of elevated zoonotic spillover
potential. Compared with the other scenarios, the
agroecological animal-based scenario carries medium
risk potential for zoonotic spillover.

Because animal-based foods are the largest determinant
of land occupation (via crops for feed and pasture),
reducing animal-based products and promoting plant-
based diets (moving to the left of figure) will reduce
global land use markedly for a fixed food mass,” without
necessarily compromising nutritional outcomes.®
Consequently, the industrial and agroecological plant-
based scenarios (left column; figure) permit restoration
of more land back to natural ecosystems, resulting in
overall higher biodiversity, decreased agricultural areas,
and smaller ecotones and fragmentation globally when
compared with the industrial and agroecological animal-
based scenarios (right column; figure). Comparatively,
these food systems have lower potential for zoonotic
spillovers.

The industrial plant-based scenario focuses on
production of plant-based diets by intensive industrial
practices. Examples of such systems include large palm
oil plantations in Malaysia and Indonesia or large-scale
wheat production in the USA. In this archetypal system,
however, small quantities of animal-based foods are still
produced by use of byproducts and waste, and in
aquaculture systems with use of aquafeeds that require
no terrestrial land resources, minimising land use.
These aquafeeds include fishmeal, single-celled-
organism proteins and oils, and seafood byproducts.”
Aquaculture species, such as unfed extractive species
(eg, mollusks and algae), are also produced industrially,
densely stocked. The risks of intensive agricultural
practices still exist in this scenario, but are smaller
compared with the industrial animal-based scenario.
Furthermore, the overall landscape is poor in biodiversity,
consistent with high-intensity yield maximisation.
However, because intensive agriculture tends to occupy
larger contiguous farms, fragmentation and thus
zoonotic risks could be lower compared with smallholder
agroecological farms.* Enhanced adaptation of advanced
technologies and automation solutions reduces on-farm
human activity, further reducing the spillover risk to
farmworkers.  Conversely,  because  commodity
production in the zoonotic-prone tropical and subtropical
regions can be labour-intensive (such as in the case of
bananas, cacao, or coffee), the score of this risk is
medium (score 3). In the industrial plant-based scenario,
wildlife hunting practices persist and their risk is high
(score 5). Compared with the other scenarios, overall
risk is medium.
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Agroecological plant-based scenarios include contem-
porary agroecological farms in Latin America and Africa.
This type of scenario reduces zoonotic spillover risks by
minimising land use (by focusing on plant-based diets)
and employing agroecological practices. Optimising
agrobiodiversity®” in the remaining food-producing
landscapes to reduce zoonotic risk will result in
landscapes that supply not only nutritionally rich food
but also other important ecosystem services,” without
necessarily compromising crop yields.®® These
agroecological landscapes are contrasted with specialised
industrial commodity crop monocultures (ie, the
industrial plant-based scenario). Aquaculture focuses on
algae and on species with minimum risk to zoonotic
spillovers and the ability to provide beneficial ecosystem
services. Wildlife hunting is reduced via community-
based solutions in zoonotic-prone regions (eg, tropical
forest landscapes in southeast Asia, Africa, and Latin
America) in exchange for enhanced production of
alternative nutritionally rich food sources. Although
reducing wildlife hunting can be equally attained with
dedicated efforts in the other scenarios too, we note that
reducing wildlife hunting is more likely to occur within
localised agroecological systems that foster increased
community involvement.“” Overall, these food systems
have the lowest risk for zoonotic spillover events.

Prioritising policy and research directions

As calls intensify for global food-system transformation
for improved sustainability, equitability, and nutrition,
quantifying the full scope of the expected outcomes of
such systematic shifts is crucial. The large societal
impacts of the COVID-19 pandemic reveal the importance
of understanding the contribution of the global food
system to zoonotic risk. We argue here that different
food-system typologies (eg, agricultural methods, land
use, and human dietary choices) contribute differently to
zoonotic spillover risk. As agricultural landscapes and
human diets reflect other important food-system
components (including economic development, food
sovereignty, corporate dominance, and governance), the
structure and function of the entire food system directly
and indirectly impact zoonotic outbreaks.

Our approach conceptually highlights where these risk
factors are and suggests policy directions that might
alleviate them. Our hope is that follow-up empirical
research will quantitatively support these conceptual
insights with more nuanced detail. For example, the
promotion of plant-based diets will probably be essential
for zoonotic spillover risk reduction, an additional
societal benefit they offer beyond their other contributions
to environmental sustainability.® Plant-based diets can
potentially free large areas of currently human-
appropriated lands that can be repurposed for rewilding,
reducing livestock densities, and reducing agricultural
lands. In many low-income and middle-income countries
where a planetary health diet is unaffordable,” and
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people’s nutrition depends on animal-based foods and
wildlife hunting for adequate intakes, focusing on other
measures can be important. For example, promoting
agroecological practices and increasing region-specific
agrobiodiversity alongside natural habitats is beneficial
for ecosystem services,”” including reducing zoonotic
outbreaks relative to animal-based industrial type food
systems.

Prophylactic measures to restrict the emergence of
zoonotic diseases are closely linked to diets and food
policy,” and are location-specific and context-specific due
to differing ecological and climatic conditions, as well as
cultural and socioeconomic realities. Future research
directions should explore more closely how they impact
the risk of zoonotic outbreaks. One example includes
policies that promote plant-based diets (eg, by subsidising
plant-based food consumption or taxing red meat). Others
might involve policies that promote agronatural
landscapes and ecosystem services,”” which will probably
reduce zoonotic outbreaks, but additional evidence is
imperative. Detailed multidisciplinary research has shown
that improving hygiene measurements, and optimising
the location of wet markets, can mitigate the risk of
spillover events.™® Therefore, targeted policies should
unpack the complexity of wildlife harvesting and the
potential sustainability of such a practice to effectively
align goals of social justice, food security, food sovereignty,
and biodiversity conservation with reduced risks to
zoonotic spillovers.*

Nonetheless, many knowledge gaps that connect specific
agro-practices and agrobiodiversity measures directly to
zoonotic risks remain and are important foci for future
research. We believe that sustained government support
for research is key and that future research should strive to
identify region-specific low-zoonosis-risk agricultural
practices that yield economically viable, nutritious, and
culturally acceptable diets while simultaneously reducing
zoonotic risks and explicitly promoting agrobiodiversity.

Our analysis highlights the relative contribution to
zoonotic outbreaks of several archetypical food systems
that might exist in isolation or in various combinations,
which makes it difficult to quantify their impacts.
Although our ranking of various spillover drivers builds
on reviewing relevant literature and on expert opinion, it
is not based on comparative empirical studies (which are
not available) and has the important limitation of
assuming uniform severity of spillover impacts. Further
research into food-system-related spillover mechanisms,
their relationships with each other and with agriculture,
and the relevant spatial scale involved would probably
reveal variable impacts (eg, increased virulence in
particular pathways). Additionally, although our analysis
focuses on the production side of food systems, other
factors probably also influence zoonotic risks.*” For
example, human population densities can drive encroach-
ment of natural habitats and increase the risk of
human-wildlife contact, and therefore, spillover events,
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independent of food-system typology. Poverty, economic
interconnections, and institutional structures always
influence, to varying degrees, the dynamics of land
transformation, Dbiodiversity loss, and agricultural
practices that jointly impact the risks for zoonosis
emergence.”” Managing global resources to strike
a balance between fulfilling immediate needs and the
integrity of the biosphere to provide ecosystem services
and avoid associated trade-offs (such as infectious disease)
in the long term is crucial.® Future research should
identify how governance can establish food policies that
reduce zoonotic spillover risks, particularly by avoiding
unintended consequences or rebound effects.* Our key
message is that zoonotic disease risks are inextricably
linked to dietary choices and the structure and functioning
of food systems, and that proposed transformation
towards sustainability should carefully, sensitively, and
explicitly consider these risks in their suitable societal and
cultural context.
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