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Major shifts in how animals are bred, raised and slaughtered are involved in the intensification of livestock sys-
tems. Globally, these changes have produced major increases in access to protein-rich foods with high levels of
micronutrients. Yet the intensification of livestock systems generates numerous externalities including environ-
mental degradation, zoonotic disease transmission and the emergence of antimicrobial resistance (AMR) genes.
Where the process of intensification is most advanced, the expertise, institutions and regulations required to
manage these externalities have developed over time, often in response to hard lessons, crises and challenges
to public health. By exploring the drivers of intensification, the foci of future intensification can be identified.
Low- and middle-income (LMICs) countries are likely to experience significant intensification in livestock pro-
duction in the near future; however, the lessons learned elsewhere are not being transferred rapidly enough to
develop riskmitigation capacity in these settings. At present, fragmentary approaches to address these problems
present an incomplete picture of livestock populations, antimicrobial use, and disease risks in LMIC settings. A
worldwide improvement in evidence-based zoonotic disease and AMR management within intensifying live-
stock production systems demands better information on the burden of livestock-associated disease, antimicro-
bial use and resistance and resources allocated to mitigation.
© 2020 The Authors. Published by Elsevier Inc. on behalf of The Animal Consortium. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Implications

This paper provides a review of the drivers of livestock intensifica-
tion and the negative externalities that may arise from it in terms of
zoonotic diseases and antimicrobial resistance. We highlight the need
for livestock development plans to incorporate risk mitigation mea-
sures, including the development of supportive and contextually rele-
vant policy frameworks and developing professional capacity across
veterinary and public health sectors. Robust quantification of the bur-
den of diseases stemming from intensive livestock production is re-
quired in order to appropriately allocate resources to measures aimed
at reducing the future risks from the twin threats of zoonoses and anti-
microbial resistance.

Introduction

The human population is projected to surpass 9.7 billion people by
the year 2050, and the food systems supplying this ever expanding,
richer andmore urbanised population have experienced rapid transfor-
mation. We have witnessed two key agricultural paradigm shifts in
.
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recent history: the supply driven, so-called ‘green revolution’, where
the use of chemical fertilisers led to largescale increase in crop yields
and latterly the expansion and intensification of livestock production.
This ‘livestock revolution’ has been driven by global demographic
change, the availability of cheap feed grains and the intensification of
production, particularly in low- and middle-income countries (LMICs)
(Delgado et al., 2001; Roser and Richie, 2013).

Food security is defined along four dimensions: availability, access,
stability and utilisation (Kimani-Murage et al., 2011), to which livestock
make important contributions. Livestock source foods (LSFs) provide
protein and vital micronutrients lacking in plant-based diets
(Schönfeldt and Hall, 2012). As a source of income, livestock provide a
means to trade for access to more diverse dietary components, as well
as ensuring the stability of crop yields by the provision of traction for
ploughing and manure as fertiliser (Nielsen et al., 2003; Smith et al.,
2013). Livestock can also contribute increases to food utilisation,
through the equitable distribution of food within societies and house-
holds and livestock production is an important contributor to economic
growth and poverty reduction in LMICs (Otte et al., 2012; United
Nations, 2016). The period between 1961 and 2013 has seen a 31% in-
crease in the global availability of calories per capita, from 2 196 to 2
917Kcal/capita per day (Food and Agricultural Organisation of the
United Nations FAO, 2016). Despite these advances, however, food
al Consortium. This is an open access article under the CC BY-NC-ND license
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systems are not performing optimally. Approximately 820 million peo-
ple remain under-nourished and still more suffer from a limiting access
to micronutrients (Food and Agricultural Organisation of the United
Nations FAO, 2019).

An increase in the supply of LSFs will therefore be critical to global
food security as the world's population expands. Satisfying increasing
demand for LSFs at a global level can be done in one of two ways:
through extensification: increasing the land allocated to livestock pro-
duction, or by intensification: achieving higher yields of output per
unit of input. As environmental concerns and land availability constrain
the expansion of extensive farming systems, intensification of produc-
tion is highlighted as the route to improving food security and
protecting the environment in LMICs (Barretto et al., 2013; Cohn et al.,
2014) and is explicitly named as an indicator of progress towards sus-
tainable development goal 2: doubling the agricultural productivity of
small-scale farmers (United Nations, 2019).

Intensification is ostensibly beneficial to food security, but also
carries with it new risks and threats. Transitions to intensive production
systems have been linked through land-use change to zoonotic disease
emergence (Gibb et al., 2020), the location of livestock in peri-urban
areas (Gerber et al., 2005), the risk of environmental degradation
(Smit and Heederik, 2017; Wöhler et al., 2020) and the spread of anti-
microbial resistance (AMR) genes (Checcucci et al., 2020).

Antimicrobial resistance represents a major challenge to public
health and, due to the multifactorial drivers for emergence and trans-
mission of resistance genes between bacterial populations in humans,
animals and the environment, has been branded the ‘quintessential
one health issue’ (Zhu et al., 2013; Jans et al., 2017; Lugsomya et al.,
2017). Despite recognition of these linkages, the use of antimicrobials
in livestock, particularly sub-therapeutic use, continues to apply selec-
tive pressure for resistant bacterial strains (Andersson and Hughes,
2014).

Themajority of emerging human diseases are thought to be zoonotic
in origin (Taylor et al., 2001). Indeed, the emergence of the viral patho-
gen responsible for the 2019–20 COVID-19 pandemic, SARS-CoV2, in
Wuhan, China, is just the latest in a series of zoonotic disease outbreaks
(Rothan and Byrareddy, 2020). Six other major zoonotic outbreaks oc-
curring between 1997 and 2006 are estimated to have had a combined
economic burden of 80 billion USD (World Bank, 2012). At the time of
writing, early projections place the immediate economic cost of SARS-
CoV2 in excess of $10 trillion (UNCTAD, 2020). This global crisis high-
lights the need to examine the relationship between people, animals,
health and food security.

This paper examines the process of intensification in livestock sys-
tems and the incentives facing producers and considers the negative ex-
ternalities associated with intensive production. Particular focus is
placed on the risks of AMR and zoonotic disease transmission. The bal-
ance of increasing food supply and risk exposure will be explored, the
current risk mitigation strategies employed, and the data landscape ex-
plored. Data gaps that hinder the formation of an evidence base for risk
management and resource allocation within the livestock sector will be
identified.
The critical drivers of livestock intensification

The intensification of food systems follows predictable patterns in
response to the changing demands of growing populations. By examin-
ing trends in global populations, economic growth and urbanisation, it
is possible to anticipate future food system intensification (Gilbert
et al., 2015), showing that all these factors point to the further intensifi-
cation of livestock systems in LMICs. As the global population ap-
proaches 10 billion people, the vast majority of future growth is
expected to occur in LMICs (Gerland et al., 2014), generating increased
demand for LSFs. Beyond the straightforward effect of population
growth, however, other factors also contribute to demand for LSFs.
2

Since 1990, 25% of the world's population have moved out of the
lowest income bracket, and this trend is expected to continue to 2050.
With themost rapid growth in incomes produced by the growing econ-
omies of LMICs, the appearance of a new ‘global middle class’ has been
observed (Kharas, 2010). While cereal-based diets meet basic energetic
needs (Banerjee and Duflo, 2008), increasing wealth provides access to
additional nutritional content and to other food quality attributes, such
as taste and convenience (Deaton, 1998). In line with these factors, de-
mand for LSFs demonstrates significant income elasticity (Cornelsen
et al., 2016), increasing most rapidly at a gross domestic product
(GDP) below $12 500 per capita and slowing thereafter (Gerbens-
Leenes et al., 2010). This indicates most demand increase will take
place in LMICs as their economies grow.

The transition from rural to urban living is further associated with
economic growth, rising incomes and increased wealth (Quigley,
2007). The proportion of the world's population living in urban areas
has increased by 10% since 1990, and this trend is also expected to con-
tinue (World Bank, 2018). These changes have consequences for de-
mand for LSFs. A number of studies have shown a further urbanisation
effect on LSFs consumption that is independent of income (Rae, 1998;
Maltsoglou, 2007; Betru and Kawashima, 2009). Explanations for this
phenomenon include the expansion of food retail businesses such as su-
permarkets in urban environments, better access to power allowing re-
frigeration of products, and changes in lifestyles leading to increased
opportunity to eat away from home and consume convenience food
(Liu and Deblitz, 2007; Kanerva, 2013). Yet again, this transition is
most pronounced in LMICs.

Combined, the effects of population growth, incomes and urbanisa-
tion have seen global meat consumption increase by 59% between
1990 and 2009 (Henchion et al., 2014). A continued increase of 1–3%
per annum is projected across LMICs for the next 30 years
(Alexandratos and Bruinsma, 2012). Global per capita fish consumption
has risen quickly too, from13.5 kg per person-year in 1990 to over 20 kg
in 2016, met by growth in aquaculture. Aquaculture production is ex-
pected to grow by an additional 37% globally to 2030, again with the
most rapid expansion in LMICs. If this demand is to be met by intensifi-
cation of production, the process of intensification and the incentives
facing producers in intensive systems should be examined to anticipate
developing risks.

Challenges in the intensification in livestock systems

Intensification allows the substitution of other inputs, initially labour
and subsequently capital, for increasing land use (Masters et al., 2013).
This pattern of intensification in agriculture can be measured empiri-
cally (Josephson et al., 2014; Ricker-Gilbert et al., 2014). Increasing the
number of animals per hectare offers an immediate route to intensifica-
tion of livestock production, as do interventions aimed at increasing
output per animal, such as housing and concentrate feeding. Intensifica-
tion of livestock production is thus strongly linked to increasing stock-
ing densities, moves away from forage-based systems, the
confinement of animals and the increasing the use of technological in-
puts such as veterinary interventions and high-productivity genetic
resources.

Intensified systems can offer considerable advantages as compensa-
tion for their increased input use, increasing production volumes,
spreading fixed costs and lowering cost per unit of output. As produc-
tion scales up, internal economies of scale allow further cost savings. Ex-
ternal economies of scale arise where the co-location of similar
enterprises allows the sharing of support services, further reducing pro-
duction costs. These factors tend to result in highly productive animals,
increasing herd or flock sizes, and the co-location of livestock enter-
prises in geographic proximity where intensification takes place.
These changes can be rewarded in competitive markets where pro-
ducers are able to supply higher volumes at lower prices. In many
LMICs, where land prices are generally low, transport costs high and
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products highly perishable, livestock production systems tend to local-
ise in close proximity to markets, with considerable livestock popula-
tions becoming situated within urban and peri-urban settings to meet
local demand (Gerber et al., 2010). Within such environments there is
a noted risk of contact between livestock, wildlife, human and animal
waste and people (Mougeot, 2000).

In many developing countries, governments have developed policy
instruments aimed explicitly at encouraging the intensification of pro-
duction. Reviewedby Lamet al., these include subsidies, access to credit,
tax breaks, land access and extension and technical assistance. Such pol-
icies are found amongst others in Brazil, China, India, Vietnam, Turkey
and Mexico (Lam et al., 2019).

To give further consideration to the economic characteristics of live-
stock production gives insight into how disease risk evolves as systems
becomemore intensive. As discussed, markets reward intensification of
livestock farmingwhere there is unmet consumer demand; however, in
prioritising productivity, intensive livestock production also creates
conditions far removed from the physical and social environments in
which livestock species evolved (Fraser, 1983). Without careful man-
agement, this can result in significant animal health and welfare
impacts.

It has been argued that animal welfare is a public good (McInerney,
2004), one from which consumers cannot be excluded and which does
not diminish with consumption. On the health side, pathogens in live-
stock have direct effects on total productivity via reduced weight gain,
increased mortality and poor reproductive performance which pro-
ducers are incentivised to manage in meeting the demands of the mar-
ket they serve. Pathogens, if not contained, however, can spread within
the local area and along trade networks, creating further external im-
pact (Ciccolini et al., 2012). Furthermore, organisms with the ability to
cause disease in humans are able to transmit through food, and via di-
rect contact and the environment (Gonçalves-Tenório et al., 2018).
While acknowledging producer motivations other than financial gain
(Gilbert and Rushton, 2018; Sinclair et al., 2019), disease and welfare
impacts external to the production system, and resulting market fail-
ures, can constrain the supply of animal health and welfare at a level
below that demanded by society (Norwood and Lusk, 2011; Harvey
and Hubbard, 2013; Martins et al., 2014).

Across intensive systems, the literature indicates these incentive
structures have led to a number of consequences in common across
the main food–animal species. For example, selective breeding
programmes aimed at maximising per animal productivity can increase
physiological strain on animals, with consequent health andwelfare im-
pacts, such as increased risk of injury, physiological and anatomical dis-
orders, and reduced life expectancy (Prunier et al., 2010; Huxley, 2013).
Themovement from extensive-outdoor to intensive-indoor systems al-
lows for climate control and is associated with ameliorating some neg-
ative conditions prevalent in free-ranging livestock (Kongsted and
Sørensen, 2017); however, these gains are usually offset by increased
prevalence of other pathologies (Guy et al., 2002).

As stocking density increases, so too do within-herd conflict and ag-
gressive behaviours, increasing stress, injuries and opportunities for
wound-site infection (Bouissou et al., 2001; Bench et al., 2013). While
cage or stall-based systems can reduce exposure to aggressive conspe-
cifics in open housing systems (Heinonen et al., 2013; Zepp et al.,
2018), these welfare benefits are considered to be outweighed by the
severe constraints on freedoms and the health consequences that this
treatment imposes (Hughes, 1991; Hartcher and Jones, 2017). Similarly,
stocking density is a risk factor for increased prevalence of many non-
communicable and infectious diseases (Stärk, 2000; Hall, 2001), al-
though it has been argued as towhether this association is always causal
in nature (Stamp Dawkins et al., 2004). Nevertheless, the routine man-
agement of endemic diseases such as enteric and respiratory pathogens
has been normalised within intensive livestock production (Hurnik
et al., 1994; Chapman et al., 2002). To compound the issues described,
the stresses of intensive systems are likely to have additional
3

immunosuppressive effects and leave animals at increased vulnerability
to disease challenge (Vollset et al., 2020).

From an economic perspective, the existence of intensive systems
despite these problems can be framed as producers profiting from in-
creased productivity while accepting some loss of animal health, wel-
fare or increase in management costs (McInerney, 1996). Without
regulation, it is logical that producers benefit most bymanaging disease
andwelfare by themost cost-effectivemeans, whichmay include a ‘do-
nothing’ approach.

In practical terms heavy antimicrobial use (AMU) as antimicrobial
growth promoters (AGP), for prophylactics, metaphylactics and thera-
peutics has been favoured in intensive systems (Brown et al., 1975;
Cabello, 2006; Callens et al., 2012; Teillant et al., 2015). The link be-
tween AMU in animals and the occurrence of AMR in the human
microbiome is now being clarified (Tang et al., 2017). Foodborne dis-
ease (FBD), often caused by organisms commensal to their livestock
hosts, exerts a considerable burden on consumers of livestock products.
This burden falls disproportionately on consumers within LMICs, with
consequent detrimental effects on food and nutritional security
(Bhutta et al., 2014; Havelaar et al., 2015). Over 1/3 of the 33 million
(95% UI 25-46mn) disability adjusted life years (DALYs) due to FBD in
2010 has been attributed to common pathogens present in LSFs (M. Li
et al., 2019). Pathogenic bacteria of numerous species carrying resis-
tance genes have been isolated from farm animals (Al Bayssari et al.,
2015; Knetsch et al., 2018) and animal products (Melero et al., 2012;
Bae et al., 2015; Ren et al., 2017), although a direct link between use
of antimicrobials on-farm and cases of resistant infection in humans is
less clearly characterised (Brown et al., 2017; Helke et al., 2017). From
an economic perspective, however, AMR spreading from livestock to
people once again creates burdens which fall externally to the produc-
tion system, reducing producer incentives to address the problem.

To summarise, themost rapid growth in populations and economies
in the near future is expected in the current LMIC countries, leading to
increased demand for LSFs. Meeting this demand at a global level re-
quires either turning land over to livestock production, or intensifying
systems to yield more output per unit of input. With little new land
available, intensification is preferable. Increasing labour and other in-
puts are used to compensate for the animal health and welfare conse-
quences of keeping animals in intensive systems, this has included the
prophylactic and growth promoting application of antimicrobials. As
urban populations grow, livestock enterprises tend to locate in close
proximity to facilitate supply to these valuable markets, increasing
mixing between people, livestock, other domestic animals and wildlife,
fertile ground for zoonotic disease transmission.

Reducing the externalities of intensive production – the example of
antimicrobial use

In developed economies where intensive systems have been longer
established, the literature reveals various structures and mechanisms
through which the externalities of intensive farming may be
internalised, such as through subsidies, regulation or assurance schemes
(Ingenbleek et al., 2012). These mechanisms aim to support producers
when production costs increase as a result of risk mitigation practices,
place restrictions on the generation of externalities and communicate
product characteristics to consumers, allowing markets to reward so-
cially responsible farming methods.

As a case in point, Denmark provides an example of sustained reduc-
tion in AMUwith continued productivity increases. Voluntary reduction
inAGP use in the poultry sectorwas followed in 2000 by legislation ban-
ningAGP use in all sectors. Limitations placed on veterinarians' ability to
profit from antimicrobial prescriptions in the mid-1990s shifted incen-
tives from prescribing antimicrobials to supporting producers improv-
ing husbandry practises, reducing reliance on AMU. Bans on the use of
critically important antimicrobials have been applied, as have audits
on prescriptions from veterinary practises. In 2010, the onus for control
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of AMUwas shifted towards the producer through a ‘yellow card’ policy
whereby farmers are penalised for not reaching specified reduction tar-
gets (Aarestrup, 2012; Taverne et al., 2015). The ability to monitor the
various policies relating to AMU has been facilitated through a compre-
hensive and integrated surveillance system DANMAP, which performs
AMR surveillance across humans, livestock and food products and re-
cords antimicrobial consumption data (Bager, 2000). In the five years
between 2013 and 2018, AMU in food animals reduced by 14%, while
the information generated through surveillance identified shifts in use
between specific classes of antibiotics, allowing the effect of regulations
to be properly understood (DANMAP 2004, 2005).

While reductions in AMU across Europe and North America have
been shown to reduce the prevalence of AMR (Bengtsson and Wierup,
2006), trends in livestock production will lead to a 50% increase in the
consumption of antimicrobials between 2015 and 2030with themajor-
ity of this taking place in LMICs (Van Boeckel et al., 2015). Trade-offs be-
tween increases in food security andAMUare likely, and several authors
in the literature caution against policy interventions removing antimi-
crobials in LMICs without viable replacement technologies and knowl-
edge transfer, due to the consequences for food supply (Cowieson and
Kluenter, 2019). This caution is reinforced by evidence from European
systems that the ban on certain uses of antimicrobials can result in in-
creased production costs (Casewell et al., 2003). Indeed, where past
government policy has explicitly facilitated the adoption of intensive
farmingmethods, there is potential for conflicting incentives to develop
when restrictions are also placed on AMU.

Concerns for animal health, welfare and food safety are key drivers
of both consumer willingness-to-pay and policy change in Europe and
North America, but are less commonly expressed in LMIC settings.
This is attributed to less ability to pay premium prices (Alimi and
Workneh, 2016), the inability of markets to communicate food attri-
butes (Miranda-de la Lama et al., 2017), and a lack of knowledge
amongst consumers (Odeyemi et al., 2019). There is some evidence
that these concernswill emerge in associationwith continued economic
development. To illustrate, Li (Li, 2009) identifies the opening of live-
stock production tomarket forces in China, beginning in 1978, as critical
to the expansion of China's livestock production. The introduction of in-
tensive farming technologies from the West and the promotion of pro-
ductivity by government above all other considerations incentivised
compromises in food safety, environmental protection and biosecurity
(Zhang and Xue, 2016; Hu et al., 2017; Wang et al., 2018). You et al.
(You et al., 2014) have shown that thirty years after economic
liberalisation, consumer interest in animal welfare is nascent in 2014,
and welfare is a growing field in Mandarin language research publica-
tions (Sinclair et al., 2020). Similar changes are emerging in environ-
mental and food safety (Du et al., 2018; Yang et al., 2019).
Government action to address the excesses of the last 40 years is now
ongoing (Zhang et al., 2015; Hu and Cowling, 2020), appearing to
have arisen from endogenous factors.

International efforts have also been devoted to encouraging the con-
trol of AMU in agriculture in LMICs, but these efforts are being limited by
a number of factors that affect stakeholder buy-in across the value
chain. Where existing regulation is limited and governing institutions
often under-resourced, authorities struggle both to prioritise the most
salient risks (Wöhler et al., 2020) and respond to the pace of change
(Tam and Yang, 2005). International communication on AMU often
does not resonate with LMIC policy makers on issues of food security
(Khan et al., 2019); take into account the complex power structures
present in antimicrobial supply chains (Khan et al., 2020); or shows a
limited understanding of the animal health issues driving AMU in
LMICs (Cuong et al., 2018; Schar et al., 2018). A lack of accommodation
is given to the diversity of farmer knowledge and understanding of AMR
and responsible AMU across different countries and production systems
(Caudell et al., 2020), and the inability to develop alternative interven-
tions and diagnostic technologies in the absence of information on
these issues can be inferred (Sharma et al., 2018).
4

To illustrate, Van Boeckel et al. published a map of global AMU in
2015 (Van Boeckel et al., 2015), for which LMIC estimates were extrap-
olated fromOECD country data due to lack of alternative data sources. In
2019, the same authors attempted to estimate AMR prevalence across
LMICs, where reliance on published point-prevalence surveys was nec-
essary due to a lack of systematic surveillance for AMR (Van Boeckel
et al., 2019).

LMICs create a unique challenge to data collection for AMUandAMR.
Sales and on-farmmedicine-use records, which have been fundamental
to AMU surveillance in Europe (Aarestrup, 2012; Taverne et al., 2015)
are often not retained and what data there are may be in a number of
different formats, are not centralised and are not available as an elec-
tronic record (Redding et al., 2014). The Global Action Plan on AMR,
launched in 2015 and led by the World Health Organisation (WHO),
the World Organisation for Animal Health (OIE), and the Food and Ag-
ricultural Organisation of the United Nations (FAO) has acknowledged
the need for sustainable investment to establish surveillance of AMR fol-
lowing a One Health approach encompassing humans, animals, food
and the environment.

Zoonotic risk mitigation policies in livestock development plans

The economic and human consequences of zoonotic disease out-
breaks in intensive livestock systems can be substantial. Where intensi-
fication has proceeded in advance of adequate risk mitigation and
regulatory structures, the risk of epidemics of disease in livestock popu-
lations is elevated. The Thai poultry industry provides an illustrative ex-
ample of this pattern. Highly pathogenic avian influenza was
responsible for 17 human cases and 12 deaths in Thailand in 2004 and
was estimated to have cost US$ 3 billion and resulted in the death or
culling of 62 million chickens (Souris et al., 2014). In the years immedi-
ately preceding the outbreak, Thailand exported in excess of 300 000 t of
chickenmeat annually. This market disappeared as importing countries
closed their borders to Thai chicken under the terms of theWorld Trade
Organisation Agreement on the Application of Sanitary and
Phytosanitary measures (SPS). Subsequently, the location of intensive
and extensive poultry side by side was shown to contribute to the
spread of disease (Van Boeckel et al., 2012). While H5N1 was not capa-
ble of human–human transmission, SARS-CoV 2 has given dramatic val-
idation to the pandemic risk attributed to emerging zoonotic diseases
(Webster et al., 1992; Taylor et al., 2001; Morse et al., 2012).

The juxtaposition of dense populations of swine and domestic and
wild birds is especially associated with the transmission of novel influ-
enzas, although other animal species may also play a role
(Taubenberger and Kash, 2010; Yoon et al., 2014). While disease spill-
over events from wild animals to livestock populations are most
strongly associated with changing land-use (Wolfe et al., 2005; Jones
et al., 2013), intensive livestock systems appear to create a set of ampli-
fying risks when it comes to zoonotic disease. Domestic animals and
livestock play a critical role as intermediate hosts in pathogen evolution
and transmission to humans (Kreuder Johnson et al., 2015), perhaps
due to their increased probability of animal–human contact compared
to extensive systems. Dense populations kept in confinement are
favourable to disease transmission. In addition, clusters of intensive
livestock enterprises trading animals or sharing transport and process-
ing services create ideal contact networks for disease spread
(Ssematimba et al., 2013). Recent outbreaks of zoonotic disease in in-
tensive livestock systems, such as the case of avian influenza, have
shown that risk mitigation should focus on surveillance to gather infor-
mation, and biosecurity to prevent both disease incursion and disease
spread (Safman, 2009). The literature to date has identified South and
South-East Asia and China as the locations most likely for zoonotic dis-
ease emergence, based on environment, agricultural, economic and
human demographic variables (Morse et al., 2012; Wu et al., 2017). As
these variables change over time, other regions will become high risk
for zoonotic disease outbreaks. This understanding of the drivers of
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zoonotic disease risk presents an opportunity to strengthen the surveil-
lance, data gathering and analytics mechanisms available across LMICs,
identifying risk ‘hotspots’ developing and taking pre-emptive mitiga-
tion measures.

Where intensive systems are longer established, the institutions that
perform these functions, implement surveillance and have the capacity
to enforce regulations have often evolved over time shaped by food
safety crises (Knowles et al., 2007; Bánáti, 2011), and shifts in con-
sumers' risk perception and concern for animal health and welfare
(Borraz et al., 2005; Miele et al., 2013).

At an international level, signatories to the International Health Reg-
ulations (2005), countries are obliged to develop capacity to detect
and respond to infectious disease threats. A complementaryMonitoring
and Evaluation Framework (IH-MER) has been in place to benchmark
and assist members in this endeavour (World Health Organisation
WHO, 2018). On the animal health side, OIE's Performance of Veterinary
Services Pathway offers a parallel programme to capacity building, with
noted opportunities for synergy between the two (De La Rocque et al.,
2017). Across the LMICs most likely to experience future intensification
of livestock production, serious deficiencies not only in technical capac-
ity but also legislative structures, human capital and sustainability of re-
source allocation have been noted by both of the programmes (Weaver
et al., 2012; Talisuna et al., 2019). Furthermore, there is some indication
that countries are limited in their ability to perform self-assessment of
capacity, emphasising the importance of openness andmutually benefi-
cial collaboration on infectious disease issues (Tsai and Katz, 2018). Var-
ious programmes addressing these deficiencies have been initiated by
national governments and multilateral organisations (Ahmed et al.,
2009; Carroll et al., 2018; Rao et al., 2017; Sanchez et al., 2011; World
Health Organisation (WHO), 2017). Similar to the case with AMUman-
agement, consideration of the cultural and technical challenges present
in each partner country and sustainability of programme funding are
threats to the success of these programmes (Wertheim et al., 2010;
Carlson, 2020).

Discussion

The intensification of livestock production has many benefits as we
move towards feeding aworld of 9 billion people. There is an increasing
need, particularlywithin the LMICswhere themajority of new intensive
production systems are projected to arise, for policies that mitigate, or
internalise, many of the potential human health externalities arising
from these systems. An examination of the twin risks of zoonotic disease
and AMR shows some commonality between the two. Both risks have
the potential to be elevated in intensive livestock systems unless appro-
priatemitigationmeasures are put in place.Where food security is a pri-
mary driver of food system development, the economic and policy
incentives to prioritise production volume encourage AMU to promote
growth and mask detrimental health conditions. The national gover-
nance structures required to enforce legislation and standards for food
production have historically developed in response to crisis, rather
than pre-empting risk emergence. In short, the hard lessons learned in
managing the externalities of intensive livestock systems in Europe
and North America, and other regions where intensive food production
is longer established are not being transferred rapidly enough such that
those regions likely to experience future intensification have adequate
capacity in public and animal health services. This is reflected in the
lack of systematic data generation in LMICs, on AMU, zoonotic disease
prevalence, livestock disease burden and resource use in currentmitiga-
tion strategies, and the deficiencies in services identified by indepen-
dent evaluations.

Critical to advocating for strategies aimed at preventing these risks is
an evidence base with which to justify resource allocation. There is
therefore an urgent need for empirical data on the trade-offs between
AMU, AMR and food production, as well as robust economic assess-
ments to guide policy (Rushton, 2015).
5

As the current pandemic illustrates, in a globalised world the
responsibility for disease prevention and control cannot be placed indi-
vidually on nations, but is a collective responsibility. International initia-
tives aimed at mitigating these risks have to be implemented in a
sustainable manner, with consideration for the heterogeneous context
in which they will be implemented. Significantly, restrictions and prac-
tical interventions aimed at reducing AMU are currently being put in
place which, without adequate data collection protocols running in par-
allel, cannot be properly assessed for efficacy or cost-effectiveness (Van
Boeckel et al., 2017), with due consideration to effects on food security.
The sustainability of funding for these programmes is also improved by
international collaboration, where over-reliance on single donors can
create instabilities.

While considerable progress has been made to quantify the health
and economic burden imposed by foodborne disease and zoonoses
(Herrera-Araujo et al., 2020; Kuchenmüller et al., 2009; Shaw et al.,
2017; World Health Organisation (WHO), 2015), there remain major
data gaps, especially in LMICs, on the burden of disease in animal popu-
lations and the impact of AMR in humans and animals. These gaps un-
dermine efforts to advocate for risk mitigation measures, and for the
broad and sustainable investment necessary to support veterinary and
health services and regulatory authorities. A better understanding of
livestock populations and production systems is critical to identifying
which groups in society are at greatest risk, and how they may be sup-
ported to improve resilience in the face of the continuing changes in
food systems.

It can be hypothesised that the regulators of the livestock production
systems in LMICs are underfunded relative to the risks that intensive
livestock generate, but while so little is known about the livestock sys-
tems operating in LMICs, this hypothesis cannot be proven. What is
known is that numerous capacity-building initiatives aimed at develop-
ing regulation, surveillance and biosecurity capacity in LMICs have been
developed through international organisations to attempt to address
these challenges. Quantifying the burden of animal disease in livestock,
establishing surveillance for AMR and recording the use of antimicrobial
products and understanding the resource constraints facing veterinary
and regulatory services are all necessary steps in allocating the appro-
priate resources to risk mitigation for AMR and zoonoses globally.

These considerations rely on robust underlying data on livestock
populations at the national and sub-national level. A framework for
Global Burden of Animal Diseases is being developed and has the sup-
port of the Bill and Melinda Gates Foundation, UK's FCDO, OIE, FAO
and a range of academic partners (Rushton et al., 2018). These issues
are also currently being considered by the OIE in the development of
their World Animal Health Information Database Interface system
(OIE, 2013). Animal population and production data will also be essen-
tial to interpreting data on AMU and AMR, allowing the GAP.

The uncertainty over continued funding of present capacity building
and surveillance initiatives supports the contention that individual ac-
tors cannot be relied upon to act alone to address the disease issues of
the future. The importance of international collaboration is therefore
emphasised, to ensure sustainability of funding for global issues such
that expertise is maintained, systems institutionalised and inclusivity
for all stakeholders is placed as a core value.
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