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We review the global dynamics of livestock disease over the last two decades. Our imperfect ability to detect and report disease hinders
assessment of trends, but we suggest that, although endemic diseases continue their historic decline in wealthy countries, poor countries
experience static or deteriorating animal health and epidemic diseases show both regression and expansion. At a mesolevel, disease is
changing in terms of space andhost,which is illustrated bybluetongue, Lymedisease, andWestNile virus, and it is also emerging, as illustrated
byhighly pathogenic avian influenza andothers.Major proximate drivers of change in disease dynamics include ecosystem change, ecosystem
incursion, and movements of people and animals; underlying these are demographic change and an increasing demand for livestock
products. We identify three trajectories of global disease dynamics: (i) the worried well in developed countries (demanding less risk while
broadening the circle of moral concern), (ii) the intensifying and market-orientated systems of many developing countries, where highly
complex disease patterns create hot spots for disease shifts, and (iii) the neglected cold spots in poor countries, where rapid change in
disease dynamics is less likely but smallholders and pastoralists continue to struggle with largely preventable and curable livestock diseases.

disease drivers | spatial and host dynamics | diversity of disease trajectories

T
he current era of globalization
is seeing unprecedented move-
ments of people, products, capital
and information. Although this

has obvious implications for economies
and ecosystems, globalization also affects
the health of people and animals (1).
This paper reviews changing patterns of
livestock disease over the last two decades,
discusses the drivers of these patterns,
and plots future trajectories of livestock
disease risk in an effort to capitalize on
our understanding of the recent past and
provide a guide to the uncertain future.

Changing Capacity to Detect and
Report Livestock Diseases
Is the world becoming sicker, or are we just
better able to detect disease? This rhe-
torical question is best answered by
reviewing recent developments. The last
decades have seen dramatic improvements
in disease detection, with dozens of new
potential pathogens anticipated by 2020
(2). Metagenomics allows us to study mi-
croorganisms by extracting DNA, bypass-
ing the need for culture, and it is revealing
novel microbes, some of which may be
responsible for diseases whose etiology is
currently unknown. Technological ad-
vancement has, for example, (i) revealed
mimiviruses and mamaviruses [scarcely
known a decade ago and now considered
the most complex viruses (larger than
some bacteria) and among the most com-
mon], (ii) found a virus that parasitizes
other viruses in an hitherto unknown bi-
ological relationship, and (iii) discovered
aquatic viruses related to African swine
fever, suggesting that this terrestrial pla-
gue of pigs may have oceanic origins (3, 4).

The ability to report and share infor-
mation on livestock diseases is as crucial as
the ability to generate it, and here, the
trends are also to more and better, despite
the persistence of large areas of terra in-
cognita on disease maps. Peer-reviewed
publications are still considered the gold
standard knowledge source, and their
range and ease of access is expanding fast
(with some concerns about deteriorating
quality and emergence of a scientific vanity
press). Information published in peer-
reviewed journals can now traverse the
globe in hours. Additionally, emerging
diseases such as severe acute respiratory
syndrome (SARS), highly pathogenic avian
influenza (HPAI), bovine spongiform en-
cephalopathy (BSE), foot and mouth dis-
ease (FMD), and swine flu make headline
news. However, inevitably, peer-reviewed
papers are biased to diseases for which
research funding is readily available (by no
coincidence, these are often the diseases
important to rich countries) (5).
National animal disease reporting sys-

tems vary dramatically in quality, repre-
sentativeness, and timeliness. Reports
based on passively derived data from
underfunded public services in poor
countries miss many disease events. Be-
cause international agencies generally rely
on data submitted by member countries,
they inevitably reflect the strengths and
weaknesses of the national surveillance
systems that inform them.
The last decades have seen more use of

climate, remote-sensing, trade and pro-
duction data as ancillaries to reporting,
improving forecasts, and contributing to
more powerful mathematical models of
disease distribution and dynamics (6).
However, decision makers may fully un-

derstand the implications of the models’
underlying assumptions, and the precise
outputs of models may create dangerous
illusions of accuracy (7). Another de-
velopment is in communication technolo-
gies, leading to a growing number of
independent health information brokers;
probably the best known of these is
ProMED (www.promed.org). The internet
search engines Yahoo and Google de-
tected onsets of seasonal flu epidemics,
which not only matched official surveil-
lance data but did so some weeks in
advance (8). Additionally, as printed
newspapers decline, there is a widening
range of outlets for discussing disease. The
internet is democratizing health infor-
mation, but its many to many character
facilitates misleading and being misled,
contributing to an increased pathophobia
or exaggerated dread of disease (9).

Major Trends in Disease Dynamics
Bearing in mind the biases introduced by
partial and evolving disease detection and
reporting, certain broad trends in animal
disease dynamics may be tentatively deci-
phered. From a centuries-long and whole-
world perspective, human wealth and
health continue to improve (10), and ani-
mal health parallels this, showing an
overall dramatic decline of infectious
disease and shift to noncommunicable
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diseases. (This has been called the second
epidemiological transition; the first epi-
demiological transition was 10,000 y ago,
when human settlement led to a surge in
zoonoses and crowd-related diseases.)
Radostits, an important veterinary educa-
tor of the last century, describes major
improvements in health mediated by in-
novations in veterinary medicine; these
include more effective drugs and vaccines,
improvement in diagnostic technologies
and services, and more recently, pre-
ventive medicine and herd- and flock-
based monitoring (11–13). Undoubtedly,
the last decades have seen improved con-
trol and management of a variety of en-
demic diseases in intensive dairy
enterprises (notably mastitis, infectious
causes of infertility, gastrointestinal para-
sitism, and calf mortality), intensive pig
production (notably erysipelas and classi-
cal swine fever), and intensive poultry
production (including Newcastle disease).
For example, it has been estimated that, in
the United Kingdom, the number of cases
of clinical mastitis decreased by more than
70% between the 1960s and late 1990s
(14).
In the developing world, it seems that

there has been relatively little in the way of
changes in the distribution, prevalence, and
impacts of many epidemic and endemic
diseases of livestock, especially in Africa.
Key to this difference in dynamics is the
stark contrast in the development context;
we return to this later when we discuss
likely future trajectories of disease
dynamics. However, one undeniable
achievement has been the progressive
control of rinderpest, leading to antici-
pated global eradication by 2011 (15).
Another less-heralded advance has been
the adoption of veterinary drugs, now
widely used in even the most remote
communities (usually despite, rather
than enabled by, official policy). Both
common sense and evidence suggest that
this results in significant benefits to ani-
mal health and human livelihoods, with
the tradeoff of increased drug resistance,
because more drugs are used less ratio-
nally (16).
Although control and management of

many endemic diseases in rich countries
have improved, new diseases such as
BSE and HPAI have emerged (17). Some
consider that we face a third epidemio-
logical transition of disastrous conse-
quence in which globalization and ecol-
ogical disruption drive disease emergence
and reemergence (18); as occurred in the
first epidemiological transition (associ-
ated with neolithic sedentarization and
the domestication of livestock), the worst
of the emerging diseases are likely to be
zoonotic (19).
If disease trends at the macro scale re-

main controversial (with some proclaiming

that we have never had it so good, whereas
others warn of the impending perfect mi-
crobial storm), in the here and now, disease
is demonstrably changing in spatial distri-
bution and emerging (20). In the next
section, we consider some of the drivers
implicated: specifically, they are ecosystem
change, ecosystem incursion, and move-
ment of people and livestock.

Changing Spatial and Host Dynamics
of Animal Disease
Natural ecosystem changes, whether de-
forestation, infrastructure, irrigation, or
urban sprawl, all alter natural ecosystems
and affect disease dynamics but not nec-
essarily in uniform directions. Although
bush clearance reduced animal sleeping
sickness in Nigeria, irrigation increased
liver fluke in Mali (21, 22). Pig plagues in
West Africa were linked to outbreaks of
sleeping sickness as tsetse vectors changed
host preferences, whereas in South Africa,
the same plagues may have broken the
cysticercosis transmission cycle, reducing
human disease burden. A current hot topic
is the impact of climate change on eco-
systems. Climate partially determines the
distribution of vector-borne diseases and
free-living pathogens, and there is concern
that a warmer, wetter world will also be
sicker. Climate change is clearly impli-
cated in some disease spread; bluetongue,
a serious disease of sheep, has extended its
range northwards into areas of Europe
(23), and African horse sickness, caused by
a related virus, looks set to follow it into
Europe. However, climate change is pre-
dicted to decrease other diseases, such as
trypanosomosis in subhumid West Africa
(24). Additionally, many diseases are not
particularly climate sensitive (e.g., brucel-
losis and tuberculosis). Even for those
that are sensitive, climate change is but
one of many disease determinants, some
of which may be orders of magnitude
greater than climate (25). As Malaysia
became steadily warmer over the last
few decades, malaria—a highly climate-
sensitive disease—steadily declined,
because development and large-scale an-
timalarial interventions dwarfed the im-
pact of temperature on disease dynamics.
Change to agricultural ecosystems, al-

though less eye-catching than change to
natural ecosystems, also alters disease dy-
namics. The emergence and spread of
certain food-borne pathogens, notably
Cryptosporidium parvum, diarrheagenic Es-
cherichia coli, Listeria monocytogenes, and
Campylobacter jejuni, have been linked
to intensive farming systems. These allow
pathogens to enter the food chain at its
source, and because they cause few visible
ill effects on animal hosts or visible changes
to meat, they are able to flourish without
detection along the farm to fork pathway.
At the same time, market concentration in

food processing and distribution facilitates
widespread outbreaks, which are often
well-removed from the source (26). How-
ever, from a disease perspective, inten-
sification is not all bad news, and mov-
ing from intensive indoor production
to extensive outdoor production can in-
crease the risk of some diseases, such as
HPAI in range turkeys and zoonotic dis-
eases in outdoor pigs (27).
Ecosystem incursion, when people and

their livestock invade natural ecosystems
encountering long-standing ecological cli-
maxes, can also affect disease dynamics. A
notorious example is Lyme disease, first
identified in 1975 after a mysterious out-
break of arthritis among the residents of
Lyme, Connecticut in the United States; in
the next few decades, clinical disease was
recognized in dogs, horses, and cattle (28).
The increasing importance of this disease
in the United States as well as in conti-
nental Europe is linked to changing rec-
reational use of the habitats where the tick
vector abounds (29).
Movement, whether of people, livestock,

or livestock products, is the third major
cause of changed spatial dynamics. It is of
particular importance in FMD, one of the
most infectious diseases known to date;
new outbreaks are often associated with
the movement of infected animals (30).
There is current debate as to whether the
ongoing pandemic of HPAI is spread
mainly by highways or flyways (that is, by
movements of poultry and poultry prod-
ucts or migratory movement of wild bird
reservoir hosts) (31). After introduction, it
seems that poultry and poultry products
are the primary pathway.
Disease dynamics are complex and not

always reducible to single drivers. Many
useful conceptual frameworks have been
developed to illustrate generic drivers of
diseases and their interactions (32–34).
However, the complexity (sometimes
counterintuitive) may best be understood
through concrete examples; we use the case
of tick-borne encephalitis (TBE) in the
Baltics (35, 36). As well as being a disease
of domestic animals, TBE is an important
zoonosis, and recent insights into its epi-
demiology have broader relevance to other
diseases. Estonia, Latvia, and Lithuania
suffered an abrupt upsurge of TBE in the
early 1990s, and it was first suspected that
climate change was the culprit. However,
climate change was a general phenomenon,
whereas increased incidences of TBE
were more localized. Deeper investigation
implicated a complex mixture of factors,
including reduction in air pollution after
the fall of communism led to collapse of
industry, collapse of collective farming
(both agricultural and livestock pro-
duction) led to changes in land cover that
favored the abundance of the rodent hosts
of TBE infections, and decreased demand
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for labor in both industry and agriculture
precipitated certain lifestyle changes, re-
sulting in an increased interaction with
forest habitats inhabited by rodents and
ticks. The possible association of these
different factors is illustrated in Fig. 1.
Disease emergence can be seen as a

special case of dynamics in which disease
agents increase their host range, which is
often followed by geographic expansion.
The largest threat in this category is from
RNA viruses, such as SARS, theHeninipah
viruses, HPAI viruses, and emerging lyssa
viruses (37). One possible explanation for
their susceptibility to change is that high
nucleotide substitution rates for RNA
viruses permit rapid adaptation, greatly
increasing the chances of successfully
invading a new host population (38).

Drivers of Changing Disease Dynamics
Ecosystem change, ecosystem incursion,
and mass movement of people and animals
are themselves manifestations of deeper
drivers or causes of causes. Concern over
climate change has sparked a plethora of
futures studies. Although most do not
address livestock diseases (a notable ex-
ception being the Foresight publications
produced by the UK government; www.
foresight.gov.uk), there is consensus that

infectious diseases are important and will
remain so. For example, in a recent expert
review of the top 100 priorities for agri-
culture, 12 were health-related (39).
Futures studies are based on the identi-

fication and extrapolation of drivers
of change. Here, we consider the drivers
with greatest influence on livestock disease
dynamics, namely increasing human pop-
ulation size and prosperity and the related
demand-driven Livestock Revolution.
The world’s population is growing, albeit

more slowly (2.5 billion in 1950 to 6.9 bil-
lion in 2010); it is estimated to reach 9.2
billion by 2050 (40). Most growth is in the
humid tropics, which have higher disease
burdens than temperate or drier regions.
Growth is accompanied by massive ur-
banization (41), which includes animals;
more than one-half of the world’s pop-
ulation now live in cities, and in poorer
countries, livestock is kept in close prox-
imity to people, often in cramped and un-
sanitary conditions (42). Livestock diseases
and zoonoses associated with urbanization
are becoming more important, and literate,
media-aware, and connected urban pop-
ulations are demanding more control of
zoonotic and food-borne diseases. At the
same time, the dramatic increase in the
mobility of the world’s population (for ex-

ample, the over sixfold increase in air
passenger travel between 1990 and 2007)
(43) is challenging for effective control
of movement-associated diseases.
Our second main driver, the Livestock

Revolution, is the term given to the
enormous, demand-driven increase in
consumption of livestock products (44),
especially poultry meat, eggs, and pork
driven by population and economic growth
in developing countries (45). In countries
where consumption has increased the
most rapidly, particularly in Asia and Latin
America, there has been a trend to larger-
scale commercial livestock production
enterprises and greater intensification,
with a parallel exit from small-scale farm-
ing to more lucrative income-generating
activities; for example, 70 million small-
scale farmers in China ceased keeping
poultry between 1996 and 2005 (46). We
would expect this to lead to a gradual
decline in those endemic and epidemic
diseases that are both easier and more
important to control in intensive systems,
an increase in diseases associated with
animal crowding and environmental deg-
radation, and an increase in the food-
borne diseases that often have few impacts
on animal hosts and are associated with

Fig. 1. Complex drivers of tick-borne encephalitis incidence in the Baltic states. [Reproduced with permission from S. Randolph (Copyright 2008, Elsevier).]
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poorly regulated intensive production
(e.g., Campylobacter infections in poultry).
Parts of the developing world (notably

sub-Saharan Africa) have been largely
left behind in the Livestock Revolution,
whereas others are adopting their own
development path. For example, in many
developing countries, there is a persistence
of wet markets (selling live animals) and
other informal sales channels (e.g., milk
hawkers) and a strong preference for local
meat and milk products (47). In some
settings, the growing demand for livestock
products is being partly met by upgrading
smallholder production and traditional
distribution channels.
The Livestock Revolution is associated

with a large increase in global trade in
livestock products. This can increase
availability of livestock products and
provide income for producers and other
actors in the value chain, but it also in-
creases the risk of infectious agent trans-
mission. Some countries are unable to
meet increased demand from local pro-
duction; this is especially the case for milk.
Most tropical developing countries are not
well-suited to milk production based on
high-yielding but heat-intolerant dairy
breeds, and they rely instead on bulk im-
ports of various dried milk powders. Be-
tween 1983 and 2003, the global trade in
meat, by volume, increased by a factor of
2.6 and milk increased by a factor of 1.7
(48). This trade is dominated by a few
actors;. Currently, just nine countries ac-
count for 96% of beef exports; Brazil went
from a zero share in 1973 to more than
one-fifth of the market by 2003 (48). When
livestock trade is concentrated in the
hands of a few large actors, we might ex-
pect the risks of disease transmission to be
less than when dominated by many small,
diverse players. However, if disease does
break through, then the impacts will be
wider and deeper. A particular area of
concern is novel diseases, such as BSE,
which was moved around the globe before
its presence in meat, bone meal, and live
animals was fully understood.
Linked to these deeper drivers are

changes in human behavior, institutions,
industries, policies, and technologies. In
highlighting a few trends with potential to
influence disease dynamics, we draw at-
tention to the genetic revolution brought
about by genome sequencing and fast,
automated genetic manipulation (49); the
acceleration of drug resistance (50, 51);
the demise of paternalism and the growth
of autonomy in healer–client relations; the
consolidation of the pharmaceutical in-
dustry (52); the feminization of the veter-
inary profession (53); the growth of
participation in livestock development
[increased involvement of Nongovern-
mental Organizations (NGOs)] and pro-
motion of Community Animal Health

Workers (CAHW) (54); the emergence of
a global middle class with similar fears
about food safety and disease; the emer-
gence of global animal health standards
under the aegis of the World Organization
for Animal Health; the paradoxical pre-
dominance of private standards in retail of
livestock and livestock products; the wid-
ening circle of moral concern from hu-
mans to the welfare of animals and eco-
systems; and the current momentum to
integrate human, animal, and even eco-
system health (Ecohealth and One Health;
http://www.onehealthinitiative.com).
In summarizing the relative importance

of different drivers of change, the most
important issue here is the rapidly in-
creasing demand for livestock products and
marketing opportunities in developing
countries, which is fueled by population
growth, urbanization, and increasing
incomes; another issue is the more fuzzy
and poorly delineated impacts of cli-
mate change.

Diversity of Disease Trajectories
Having synthesized the drivers of changing
disease dynamics and the drivers of drivers,
this last section looks at the evolving
context of animal diseases and their control
in different global settings, which we depict
as three trajectories. Building on the
arguments of the previous sections, we
identify three overarching sets of animal
diseases dynamics and associated control.
Each system is facing different risks to
livestock health, each has different deter-
minants of disease status and capacity to
respond, and each requires different
approaches to resolve them. Underlying
these trajectories is the determined and
steady global trend to greater inten-
sification of livestock systems and the
benefits and challenges that it brings to
animal health status. Threatening this
trend is the risk of a third epidemiological
transition and dramatic deterioration of
animal and human health as the result of
emerging and reemerging disease. Addi-
tionally, in the background is the significant
component of the world’s livestock enter-
prises in the hands of the very poor, for
whom intensification is just not a realistic
option and who are likely to be most vul-
nerable to disease resurgence.
The first trajectory is being traveled by

the intensified and increasingly threatened
worried well of the Western world. Their
system is characterized by progressive
disease control, progressively improving
systems of disease management and dis-
ease preparedness, progressive public
concern over animal welfare and environ-
mental pollution, continuing intensi-
fication of production systems, and in-
creasing availability of technological and
methodological options for disease man-
agement and control combined with an

increasing awareness, even paranoia, about
new emerging and invading disease threats:
a sealed but threatened fortress first world.
Where animal production is pro-

gressively intensified, large-scale and in-
dustrial intellectuals and opinion setters
seemmore likely to hanker after small free-
range/welfare-enhanced/organic niche
production systems. Driven by welfare
legislation, livestock enterprises are dein-
tensifying in some places; tethered sows
and veal crates have been banned in the
European Union, and battery cages for
chickens are to be outlawed by 2012 (55).
However, although a minority argues that
agriculture is on the verge of a post-
industrial transition, it seems likely that
the vast majority of the market will con-
tinue to be for low-cost meat and eggs
produced in highly intensive systems
that continue to adapt to stricter require-
ments for food safety, environmental
sustainability, occupational safety, and
animal welfare.
Among the worried well, the incidence

of many diseases has reduced, but the
concern over disease has grown. Inno-
vation in the veterinary pharmaceutical
sector has been largely driven by the highly
profitable companion animal sector; the
biotechnology revolution has yet to make
its mark on the livestock health sector, and
its major impacts will probably be through
cheaper feeds and better use of genetic
resources. The veterinary profession is
becoming increasingly dominated by
women practitioners and companion ani-
mal practices, specialists are starting to
replace generalists, continuing professional
development is becoming mandatory,
and farm animal medicine is increasingly
herd-based and preventive in approach.
High-profile diseases such as BSE, FMD,
and HPAI have led to a huge increase in
public awareness and politicization of an-
imal disease, and they served as wake-up
calls to national and regional veterinary
authorities that had, perhaps, become
complacent as traditional diseases became
better controlled. These diseases are
now under control in wealthy countries.
Climate change and mass global travel
seem to be increasing the risk of certain
tropical diseases becoming established
or introduced, such as bluetongue and
West Nile; however, in the past, wealth
has trumped warmth, and there is no
convincing evidence that climate change
will inevitably bring worse health in the
West, at least in the short term.
The animal health demands of this tra-

jectory will be in understanding and man-
aging the ever-widening set of risks,
developing new more appropriate and
more acceptable response and communi-
cations tools, and bringing public and
private sectors, researchers, and civil so-
ciety closer together in greater harmony.
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There will also be substantial demands in
research that will be increasingly targeted
at the health threats to their societies.
Close interaction is required between
public and private sectors at the national
level and beyond. Collaboration, pre-
paredness, risk assessments, and response
mechanisms will increasingly need to be
at the level of the broader economic or
political communities (such as at the level
of the European Union, for example)—
health and increasingly, animal welfare
standards will likely be used in place of
tariff barriers as protectionist measures.
Our second trajectory is the intensifying,

increasingly market-orientated but high-

risk sectors of the developing world. This
category, which will progressively include
larger parts of South America and Asia
(but also the few progressive livestock
enterprises in most regions of the de-
veloping world, including Africa), is char-
acterized by dramatic changes in the levels
of intensification, increasing interest in
gaining access to higher value national,
regional, and global markets for livestock
products, and increasing political pressure
on livestock to make more demonstrable
contributions to economic growth.
This brings a corresponding focus on

quality, health, traceability, and safety of
commodities emerging from countries that

sometimes have substantial animal health
risks associated with tropical environments,
weak and inadequate animal health serv-
ices, and close proximity to smallholder and
pastoralist systems in which disease sur-
veillance and control are often extremely
poor. Intensive sectors are growing fast in
the rapidly emerging economies, especially
in poultry and pork, driven by massive
increases in demand for livestock products
as incomes increase and populations be-
come more urban (56). There is a trend
to vertically integrated production, with
services, including animal health,
becoming predominantly private. The
emergence of supermarkets is also

Table 1. Animal health and service response needs by trajectory

Trajectory
Animal health status and

drivers summary Animal health risks
Animal health service

response needs Key drivers

Intensified and
worried well of
the Western
world

Well-controlled endemic
disease

Increased drug resistance Better surveillance,
including for new
diseases

Concerns over quality,
safety, and animal
welfare

Changing and often
stretched private health
services to livestock
enterprises

Expanded distribution of
vector-borne and other
pathogens

Appropriate and
acceptable disease
control measures

Climate change

Heightened public
awareness

Multisector economic
impacts of disease
incursions or scares

Incentives to develop new
animal health products

Real/perceived threat from
the rest of world

‧

Intensifying and
increasingly
market-orientated
sectors of the
developing world
hot spots

Increasing intensification
and widening of trading
partnerships in an
environment of endemic
disease risk

Endemic disease outbreaks Greater private sector
response capacity through
vertical integration and
other models

Livestock Revolution
(demand-driven

intensification)

Presence of several major
infectious diseases

Inability to prevent and
contain disease in the
broader country and
regional environment

Greater interface with public
sector health authorities

Changing patterns of
global trade

Absence of effective
veterinary infrastructure

Unachievable standards
imposed by
international authorities
or trading partners

Greater understanding
of returns that this sector
can bring to national
economies

Urbanization

Limited voice in national
animal health programs

Emergence of new disease

Erosion of genetic resources
associated with disease
resistance

Smallholder systems
dependent on
traditional
livestock-derived
livelihoods
(cold spots)

Severely constrained
economically

Multiple endemic diseases Specific services targeted
at smallholder and
marginal producers

Population growth

Limited livestock/feed/
health resources

Limited or no movement
controls

Well-coordinated national
systems bringing in NGO,
private, and donor-
supported services

Climate variability

Multiple endemic
diseases

Provides source of infection
to market-orientated
trajectory

Particular attention to
preparedness and
response to shocks

Often in harsh
environments

Highest vulnerability to
zoonotic disease

Inadequate or total
absence of animal
health services
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a factor driving standards. However, strong
preferences for wet markets can persist
even as socioeconomic conditions improve,
presenting an incongruous interface be-
tween the old and the new. There is a sub-
stantial increase in the volume of global
trade in livestock products, and a small
number of emerging economies increasingly
dominate. The rapidly growing market for
veterinary pharmaceuticals in this sector
will be served mostly by the expanding ge-
neric product sector. This presents a com-
plex challenge: regulations, standards, and
good practice are evolving much slower
than in intensified systems, and there is
a danger that, as drug use accelerates, the
regulations and norms that support rational
use will not be able to keep up.
These systems will have high demands of

animal health services from all sectors of
the value chains (not just producers, which
historically is the case, but also marketers
and consumers). Such services will likely
be predominantly private but with poten-
tial to support public sector services in the
less commercial production systems (the
so-called sanitary mandate to perform acts
prescribed by the state and thus, be par-
tially subsidized by it). The public sector
role will be to ensure good practices
through enforcement of existing regula-
tions but also to introduce new measures
and endorse certification for domestic and
international markets (57). The private
sector role will be in developing herd and
flock health management systems and re-
cording and preventive medicine programs
as well as clinical services; this will perhaps
mimic the systems that emerged in wealthy
countries some 30 y ago, but here, it is
complicated by weaker institutions.
There will be a growing demand for

health, feed, and genetic resource input
services as small- and medium-scale pro-
ducers gradually intensify, a demand that is
unlikely to be met by current predomi-
nantly public sector service infrastructures.
These small- and medium-sized emergent
intensifiers are perhaps the hottest of the
hot spots in terms of animal health risks,
with high densities of animals in close
association with people, often in periur-
ban settings. The lack of knowledge and
awareness of risks, coexistence of wet
markets and backyard production, pres-
ence of regulatory vacuums, and inad-
equate services from public or private
sector suppliers, among other weaknesses,
will present major challenges for the de-
velopment of effective services and per-
haps, demand models other than those
prevailing in the West.
Eventually, this trajectory is likely to

converge with that of the worried well,
which is already happening in certain parts
of the newly emerging economies in
countries such as Brazil and Thailand. On
the way, there is a high risk of loss of

biodiversity and genetic resources and of
emergence and spread of new animal and
zoonotic disease; these systems are ones
to watch or hot spots for risk-targeted
surveillance.
The third trajectory is being traveled

by traditional livestock-dependent small-
holder and pastoralist systems of many
developing countries. These constitute
a high proportion of the bottom billion
people in countries that are stuck in
a poverty trap of conflict, poor governance,
and low education as well as the billion
people estimated by the World Health
Organization to suffer from the neglected
diseases that are a proxy for poverty and
disempowerment. People in these systems,
many of whom are subsistence farmers, will
be less able to take advantage of the rising
demand for livestock products because of
lack of capital, knowledge, and access to
input and output markets. In those parts of
the developing world where economies are
growing slowly and new employment op-
portunities in construction, manufacturing,
and service industries are not emerging,
the poor will continue to rely on small-scale
livestock production to supplement their
diets and incomes and for noneconomic
uses such as cultural and social uses, status,
and safety nets in times of crisis and
crop failures. Livestock keeping may be
as much a symptom of poverty as a pathway
out of it (58). Although we call these sys-
tems cold spots for disease dynamics and
emergence, they are inevitably hot spots
for endemic diseases, periodic epidemics
(such as Newcastle disease, which regularly
wipes out village flocks), and neglected
zoonoses, which significantly impact on
human health. Because of the low densi-
ties of livestock, their remoteness, and the
slow change in husbandry practices, these
are probably not hot spots for emerging
diseases. However, they are highly vulner-
able to poorly designed disease control
measures (often designed with the in-
tensifying sector in mind), such as culling
in response to FMD, hog cholera, and
HPAI outbreaks or threats.
In cold spots, structural adjustment

policies contributed to a reduction in
public veterinary services, although the
poor were badly served before this (59, 60).
CAHW systems have emerged, but al-
though now recognized by the World
Organization for Animal Health as a
valuable part of a surveillance system,
there is still a long way to go before these
are effectively exploited on a significant
scale in all developing countries. There
has been an explosion of the veterinary
NGO sector, but this is often poorly co-
ordinated, across both NGOs and host
governments. Veterinary drugs are often
administered by owners, and misuse is
common; however, the level of drug use

is still very low compared with intensive
systems.
What role will climate change bring to

cold spots? Climate variability has been
a key factor for centuries in regions such as
the Horn of Africa (61). It seems likely that
the variability will intensify but will dif-
fer by region, and our ability to predict
changes is hobbled by the weaknesses of
our climate change modeling systems (62).
The cold spots require substantial at-

tention and public investment, which will
be driven largely by the poverty reduction
agenda. The challenges, however, will be
(i) to ensure that public sector attention
and resources are diverted to this group,
which is often seen as presenting a burden
or threat rather than an opportunity to
national economies and (ii) to accommo-
date the very diverse needs of the emerg-
ing intensive/commercial sector situated in
close apposition to the traditional/sub-
sistence sector but under the aegis of a
single national veterinary service. Addi-
tionally, all must happen in an environ-
ment in which effective collaboration
between public and private sectors does
not have a good track record.
The main features of each trajectory, in

terms of animal health status, animal
health risks, and service response needs,
are summarized in Table 1.

Conclusions
We have attempted to decipher the com-
plex arena of global livestock disease dy-
namics over the last quarter century and
have described the wide variety of influ-
ences on and responses to these evolving
trends. There is considerable geographical
diversity on the continuum of uncertain
change, but we see three overarching sets
of scenarios of animal disease dynamics
and their control in the world: the already
intensified (and now diversifying on the
margins) worried well of rich countries, the
intensifying but substantial numbers of
traditional producers and sales channels in
rapidly developing countries, and the
poorest, mainly in Africa, who are the most
dependent on livestock and the most at risk
for being left behind.
This review is prognostic rather than

therapeutic, presenting implications for
livestock disease in the 21st century. In an
increasingly globalized world, deepening
of the existing balkanization of livestock
health status will create inevitable in-
stability. The main challenges are (i) to
speed the convergence of livestock health
between the intensifying and intensified
regions through improved coordination,
communication, and harmonization and
(ii) to improve resilience of smallholder
livestock systems, including the support of
viable exits from livestock keeping.

20876 | www.pnas.org/cgi/doi/10.1073/pnas.1012953108 Perry et al.



ACKNOWLEDGMENTS. We thank Jeroen
Dijkman, Eric Fevre, Adrian Hill, Anni McLeod,
Mary-Lou Penrith, Tom Randolph, and Jan
Slingenbergh for their contributions and com-

ments on earlier versions of this manuscript. This
paper emerged as a product of a background
paper developed by the authors for the Food and
Agriculture Organisation (FAO) of the United

Nations as a contribution to the FAO’s State
of Food and Agriculture Report 2010. We
acknowledge, with gratitude, the support of
the FAO.

1. Knobler S, Mahmoud A, Lemon S, Pray L (2006) The
impact of globalization on infectious disease emer-
gence and control: Exploring the consequences and
opportunities. Proceedings of the Forum on Microbial
Threats, eds Knobler S, Mahmoud A, Lemon S, Pray L
(Institute of Medicine, Washington, DC), pp 21–48.

2. Woolhouse MEJ, et al. (2008) Temporal trends in the
discovery of human viruses. Proc Biol Sci 275:2111–2115.

3. La Scola B, et al. (2008) The virophage as a unique
parasite of the giant mimivirus. Nature 455:100–104.

4. Ogata H, et al. (2009) Remarkable sequence similarity
between the dinoflagellate-infecting marine girus and
the terrestrial pathogen African swine fever virus. Virol
J 6:178.

5. Jones KE, et al. (2008) Global trends in emerging
infectious diseases. Nature 451:990–993.

6. Rogers DJ, Randolph SE, Snow RW, Hay SI (2002)
Satellite imagery in the study and forecast of malaria.
Nature 415:710–715.

7. Keeling MJ (2005) Models of foot-and-mouth disease.
Proc Biol Sci 272:1195–1202.

8. Butler D (2008) Web data predict flu. Nature 456:
287–288.

9. Haliwell E (2009) In the Face of Fear (Mental Health
Foundation, London, UK).

10. Levy MA, Babu S, Hamilton K (2005) Ecosystem
Conditions and Human Well Being, Millennium
Ecosystem Assessment, Conditions and Trends ofWorld’s
Ecosystems (Island Press, Washington, DC), p 125.

11. LeBlanc SJ, Lissemore KD, Kelton DF, Duffield TF,
Leslie KE (2006) Major advances in disease prevention
in dairy cattle. J Dairy Sci 89:1267–1279.

12. Löf E, Gustafsson H, Emmanuealson U (2007) Data
management affects reproductive performance in-
dicators in Swedish dairy herds. Acta Agriculturae
Scandinavica: Section A, Animal Science 57:73–80.

13. National Dairy Herd Information Association (2009)
National Dairy Herd Information System. Available at
http://www.dhia.org/. Accessed January 15, 2009.

14. Booth JM (1997) Progress in mastitis control—an
evolving problem. Proceedings of the British Mastitis
Conference (Dairy Group, University of Nottingham,
UK), pp 3–9.

15. Roeder P, Rich K (2010) Conquering the cattle plague.
Millions Fed: Proven Successes in Agricultural Deve-
lopment, eds Spielman DJ, Pandya-Lorch R (IFPRI,
Washington, DC), pp 109–117.

16. Grace D, et al. (2009) Characterisation and validation
of farmers’ knowledge and practice of cattle try-
panosomosis management in the cotton zone of West
Africa. Acta Trop 111:137–143.

17. Burgos S, Otte J (2010) Managing the Risk of Emerging
Diseases: From Rhetoric to Action. Controlling Avian
Flu and Protecting People’s Livelihoods in the Mekong
Region. HPAI Research Brief No. 22. Available at www.
hpai-research.net. Accessed January 15, 2011.

18. McMichael AJ (2001) Human culture, ecological change,
and infectious disease: Are we experiencing history’s
fourth great transition? Ecosystem Health 7:107–115.

19. Wolfe ND, Dunavan CP, Diamond J (2007) Origins of
major human infectious diseases. Nature 447:279–283.

20. Morens DM, Folkers GK, Fauci AS (2008) Emerging infec-
tions: A perpetual challenge. Lancet Infect Dis 8:710–719.

21. Traore A (1989) Incidence and control of fascioliasis
around Niono, central Mali. ILCA Bulletin 33:18–19.

22. Leak SGA (1999) Tsetse Biology and Ecology (CABI
Publishing, London).

23. Purse BV, et al. (2005) Climate change and the recent
emergence of bluetongue in Europe.Nat RevMicrobiol 3:
171–181.

24. McDermott JJ, et al. (2002) Effects of climate, human
population and socio-economic changes on tsetse-

transmitted trypanosomiasis to 2050. World Class
Parasites. The African Trypanosomes, eds Seed R,
Black S (Kluwer, Boston), Vol 1, pp 23–38.

25. Tol RSJ, Ebi KL, Yohe GW (2007) Infectious disease,
development, and climate change: A scenario analysis.
Environment and Development Economics 12:687–706.

26. Schlundt J (2002) New directions in foodborne disease
prevention. Int J Food Microbiol 78:3–17.

27. Sørensen JT, Edwards S, Noordhuizen J, Gunnarsson S
(2006) Animal production systems in the industrialised
world. Rev Sci Tech 25:493–503.

28. Steere AC, Coburn J, Glickstein L (2004) The emergence
of Lyme disease. J Clin Invest 113:1093–1101.

29. Patz JA, Olson SH, Uejio CK, Gibbs HK (2008) Disease
emergence from global climate and land use change.
Med Clin North Am 92:1473–1491.

30. Kiss IZ, Green DM, Kao RR (2006) The network of sheep
movements within Great Britain: Network properties
and their implications for infectious disease spread. J R
Soc Interface 3:669–677.

31. Buchy P, et al. (2009) Molecular epidemiology of clade 1
influenza A viruses (H5N1), southern Indochina
peninsula, 2004–2007. Emerg Infect Dis 15:1641–1644.

32. Molyneux DH (2003) Common themes in changing
vector-borne disease scenarios. Trans R Soc Trop Med
Hyg 97:129–132.

33. Wilcox BA, Colwell RR (2005) Emerging and
reemerging infectious diseases: Biocomplexity as an
interdisciplinary paradigm. Ecohealth 2(4):244–257.

34. Eisenberg JN, et al. (2007) Environmental determinants
of infectious disease: A framework for tracking causal
links and guiding public health research. Environ
Health Perspect 115:1216–1223.

35. Randolph SE (2008) The impact of tick ecology on
pathogen transmission dynamics. Ticks, Disease and
Control, eds Bowman AS, Nuttall PA (Cambridge
University Press, Cambridge, UK), pp 40–72.

36. Šumilo D, et al. (2007) Climate change cannot explain
the upsurge of tick-borne encephalitis in the Baltics.
PLoS One 2:e500.

37. Fooks AR (2005) Rabies remains a ‘neglected disease.’
Euro Surveill 10:1–2.

38. Woolhouse MEJ, Haydon DT, Antia R (2005) Emerging
pathogens: The epidemiology and evolution of species
jumps. Trends Ecol Evol 20:238–244.

39. Pretty J, et al. (2010) The top 100questions of importance
to the future of global agriculture. International Journal
of Agricultural Sustainability 8:219–236.

40. United Nations (2008)World Population Prospects: The
2008 Revision (Population Division of the Department
of Economic and Social Affairs of the United Nations
Secretariat, Geneva).

41. United Nations (2007) World Urbanization Prospects.
The 2007 Revision Population Database. Available at
http://esa.un.org/unup/. Accessed January 15, 2011.

42. Cole D, Grace D, Diamond M (2008) Researcher’
approaches to evidence on urban agriculture and
human health. Healthy City Harvests: Generating
Evidence to Guide Policy on Urban Agriculture, eds
Cole D, Lee-Smith D, Nasinyama G (International
Potato Center, Nairobi, Kenya and Makerere
University Press, Kampala, Uganda), pp 34–35.

43. Gillen D (2009) International Air Passenger Transport in the
Future, No 2009/15, OECD/ITF Joint Transport Research
Centre Discussion Papers (OECD Publishing). Available at
http://www.internationaltransportforum.org/jtrc/Discussion
Papers/DP200915.pdf. Accessed January 15, 2011.

44. Thornton PK (2010) Livestock production: Recent
trends, future prospects. Philos Trans R Soc Lond B Biol
Sci 365:2853–2867.

45. Delgado C, Rosegrant M, Steinfeld H, Ehui S,
Courbois C (1999) Livestock to 2020. The Next Food

Revolution. Food, Agriculture and the Environment
Discussion Paper 28 (IFPRI, Washington, DC).

46. Bingsheng K, Yijun H (2007) Poultry sector in China:
Structural changes during the past decade and future
trends. Poultry in the 21st Century. Avian Influenza
and Beyond Bangkok, November 2007, eds Thieme O,
Pilling D (Food and Agriculture Organization of the
United Nations, Rome), pp 25–26.

47. Lapar ML, et al. (2009) Market Outlet Choices in the
Context of Changing Demand for Fresh Meat:
Implications for Smallholder Inclusion in Pork Supply
Chain in Vietnam. Contributed Paper Presented at the
27th Triennial Conference of the International Asso-
ciation of Agricultural Economists, Beijing, China, 16–22
August, 2009. Available at http://ageconsearch.umn.
edu/handle/51437. Accessed January 15, 2011.

48. Food and Agriculture Organization of the United Na-
tions (2008) FAOSTAT Database (Food and Agriculture
Organization of the United Nations, Rome).

49. Cottam EM, et al. (2008) Transmission pathways of
foot-and-mouth disease virus in the United Kingdom
in 2007. PLoS Pathog 4:e1000050.

50. Wolstenholme AJ, Fairweather I, Prichard R, von
Samson-Himmelstjerna G, Sangster NC (2004) Drug
resistance in veterinary helminths. Trends Parasitol 20:
469–476.

51. World Health Organization (2002) Antimicrobial re-
sistance, Fact sheet 194. Available at http://www.who.
int/mediacentre/factsheets/fs194/en/. Accessed January
15, 2011.

52. Economywatch (2010) Mergers and Acquisitions in Phar-
maceutical Sector.Availableathttp://www.economywatch.
com/mergers-acquisitions/international/pharmaceutical-
sector.html. Accessed January 15, 2011.

53. Lofstedt J (2003) Gender and veterinary medicine. Can
Vet J 44:533–535.

54. Allport R, Mosha R, Bahari M, Swai E, Catley A (2005)
The use of community-based animal health workers to
strengthen disease surveillance systems in Tanzania.
Rev Sci Tech 24:921–932.

55. Compassion in World Farming (2009) EU legislation on
the welfare of farmed animals. Available at http://
www.ciwf.org.uk/includes/documents/cm_docs/2009/e/
eu_legislation_welfare_farmed_animals.pdf. Accessed
January 15, 2011.

56. Food and Agriculture Organization of the United Na-
tions State of Food and Agriculture (2009) SOFA. Avail-
able at http://www.fao.org/docrep/012/i0680e/i0680e.
pdf. Accessed January 15, 2011.

57. Perry BD, Dijkman J (2010) Livestock Market Access and
Poverty Reduction in Africa: The Trade Standards
Enigma. FAO PPLPI Working Paper 49. Available at
http://www.fao.org/ag/againfo/programmes/en/pplpi/
docarc/wp49.pdf. Accessed January 15, 2011.

58. Perry BD, Grace D (2009) The impacts of livestock
diseases and their control on growth and development
processes that are pro-poor. Philos Trans R Soc Lond B
Biol Sci 364:2643–2655.

59. Dollar, Svensson (1998) What Explains the Success
or Failure of Structural Adjustment Programs? Policy
Research Working Paper 193 (Macroeconomics and
Growth Group, The World Bank, WA).

60. Shah A (1998) Structural Adjustments—a Major
Cause of Poverty. Available at www.GlobalIssues.org.
Accessed January 15, 2011.

61. Perry BD (1986) The real cause of Ethiopia’s problems.
Nature 319:183.

62. Thornton PK, van de Steeg J, Notenbaert A, Herrero M
(2009) The impacts of climate change on livestock and
livestock systems in developing countries: A review of
what we know and what we need to know.
Agricultural Systems 101:113–127.

Perry et al. PNAS | December 24, 2013 | vol. 110 | no. 52 | 20877

http://www.dhia.org/
http://www.hpai-research.net
http://www.hpai-research.net
http://esa.un.org/unup/
http://www.internationaltransportforum.org/jtrc/DiscussionPapers/DP200915.pdf
http://www.internationaltransportforum.org/jtrc/DiscussionPapers/DP200915.pdf
http://ageconsearch.umn.edu/handle/51437
http://ageconsearch.umn.edu/handle/51437
http://www.who.int/mediacentre/factsheets/fs194/en/
http://www.who.int/mediacentre/factsheets/fs194/en/
http://www.economywatch.com/mergers-acquisitions/international/pharmaceutical-sector.html
http://www.economywatch.com/mergers-acquisitions/international/pharmaceutical-sector.html
http://www.economywatch.com/mergers-acquisitions/international/pharmaceutical-sector.html
http://www.ciwf.org.uk/includes/documents/cm_docs/2009/e/eu_legislation_welfare_farmed_animals.pdf
http://www.ciwf.org.uk/includes/documents/cm_docs/2009/e/eu_legislation_welfare_farmed_animals.pdf
http://www.ciwf.org.uk/includes/documents/cm_docs/2009/e/eu_legislation_welfare_farmed_animals.pdf
http://www.fao.org/docrep/012/i0680e/i0680e.pdf
http://www.fao.org/docrep/012/i0680e/i0680e.pdf
http://www.fao.org/ag/againfo/programmes/en/pplpi/docarc/wp49.pdf
http://www.fao.org/ag/againfo/programmes/en/pplpi/docarc/wp49.pdf
http://www.GlobalIssues.org

