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a b s t r a c t

We explore the degree to which the consideration of infectious diseases may be of importance in the
formulation of land use policy. We look at the diseases of humans, domestic livestock and wild vertebrates,
and distinguish two types of human disease: those which form epidemics involving transmission from
person to person, and those which are contracted from non-human sources and spread very little through
the population. Land use affects the density and distribution of people, and urbanisation typically increases
the risk of an epidemic and the speed with which it spreads. More subtle effects may occur through changes
in the network of contacts between individuals. Land use policy that affects the distribution of breeding
sites for disease vectors (e.g. mosquitoes) or the passage of potential pathogenic microorganisms through
the environment from farm animals to humans can also influence non-epidemic disease risk.

Livestock disease is critically affected by stocking density and the network of contacts between indi-
viduals and herds. Land use and agricultural policy can be very important in reducing the risks of disease
outbreaks. We explore the complex relationship between intensification and disease risks. We suspect
that land use policy may affect the viability of threatened species of vertebrates, though our relatively

poor knowledge of disease epidemiology in wild animals makes policy formation difficult. Though climate
change may act together with land use policy to determine disease risk, we consider this interaction to
less important than that between land use and the socioeconomic drivers of global change. We conclude
by assessing the importance of disease in the three types of host to land use policy. We suggest that the
consideration of wildlife diseases is a low to medium priority for land use policy, though we attach high
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ntroduction

In this article we explore how changing land use patterns in
he 21st century may influence the types and prevalence of infec-
ious diseases afflicting humans, livestock and wild animals, and
nvestigate the implications for policy development. By infectious
iseases we mean those caused by pathogenic agents such as bac-
eria, viruses or single- and multi-celled parasitic organisms. We
o not discuss the fascinating topics of how changes in the built

nd natural environment may affect human wellbeing through
xposure to pollutants or nanoparticles, opportunities for exer-
ise, mental health, etc. To make our task manageable we deal only
ith domesticated and wild vertebrates, and do not consider how

� While the Government Office for Science commissioned this review, the views
re those of the author(s), are independent of Government, and do not constitute
overnment policy.
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he consideration of human diseases we think a low priority (with medium
stock diseases we argue is a high priority (with low uncertainty).
ter and Controller of HMSO. Published by Elsevier Ltd. All rights reserved.

and use may affect the spread and severity of crop and forestry
iseases, nor the topical issue of bee diseases. Our review concen-
rates on epidemiological questions. While we touch on economic
nd related social science topics, they are not our main concerns.
e also focus on land use issues as they apply to disease in the UK.
Land use change has historically been driven by political, soci-

tal and economic forces which have led to the marked urban
xpansion and agricultural intensification seen in the UK in the
ast two centuries (Overton, 1996). In 1801 about three in ten peo-
le in Britain lived in a town or city (Brown, 1991): by 2001, this
atio had risen to nearly eight in ten (Pointer, 2005).

The same population and economic pressures that have shaped
and use have had huge effects on the health of the human pop-
lation, and on disease in domesticated animals and wildlife. We
elieve that the explicit consideration of disease has had only a

inor influence on land use policy in the past, and that in the future

t will remain subordinate to the main socioeconomic drivers. Nev-
rtheless, our increasing understanding of pathogens, and how
hey interact with their hosts and the environment, allows us a bet-
er appreciation of how land use policy may affect the prevalence

d by Elsevier Ltd. All rights reserved.
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f infectious diseases. We argue that a consideration of disease risk
hould be part of an evidence-based appraisal of different land use
olicy options.

We have organised the rest of the paper as follows. First we
ntroduce some basic epidemiological concepts in a section that
an be skipped by readers with a disease background. We then look
t human epidemic diseases and explore the health policy implica-
ions of the local density and distribution of people which in turn
re determined by patterns of land use. We then ask how land use
ay affect the risk of human exposure to diseases established in

ther species for which humans are accidental hosts. In the next
wo sections we concentrate on diseases of livestock and then of
ild animals. In the final two sections we look ahead to future chal-

enges and assess the relative importance of land use policy for
he different types of disease system considered here. This short
rticle cannot be a comprehensive treatment of all aspects of dis-
ase in humans and other vertebrates. Instead we give illustrative
xamples, some (placed in boxes) at slightly greater length, and try
o tease out general principles and identify the topics of greatest
elevance.

pidemiology background

The study of disease risk and spread requires an amalgam of
iology and applied mathematics and there is a very large tech-
ical literature relevant to the topics in this review (Levin et al.,
997). It is not necessary for our purposes to delve into much of
his detail, but a few basic epidemiological ideas are useful for the
iscussion that follows. In epidemiology the concept of the basic
eproductive number or R0 plays a central role. R0 is the average
umber of secondary infections that arise when a new infection
ccurs in a population of susceptible individuals (Anderson and
ay, 1991). For an infectious disease to invade, the basic repro-

uctive number must be greater than one (R0 > 1). Understanding
he conditions (which may involve land use patterns) where R0 > 1
ells us whether an epidemic may occur. For many diseases R0 is
function of the density of susceptible individuals and there is a

hreshold host density below which epidemics cannot occur.
The invention of agriculture in about 8000BC allowed local

ensities of humans and their domesticated animals to increase
ramatically, rendering both able to sustain outbreaks of new dis-
ases (McNeill, 1977). These events can be reconstructed from the
nalysis of contemporary DNA sequence data. Knowing the magni-
ude of R0, even roughly, can be immensely valuable in determining
ealth and disease control policy. There are some diseases where
0 = 0. For example, humans contract rabies from diseased ani-
als but seldom if ever infect other humans (Lumio et al., 1986).

n other cases R0 lies between 0 and 1. Thus avian influenza can
nfect humans and a few secondary cases have been recorded, but
here is on average less than one for each primary case. Hence epi-
emics cannot occur, at least with current strains (World Health
rganisation, 2006a). Pathogens that primarily attack animals but
an also infect humans are known as zoonoses.

The value of R0, while critical, does not completely describe dis-
ase spread. In particular, details of the contact network, which
escribes the pattern of contacts between members of a popula-
ion, can be important. There are many situations in which social
ontacts are thought to show ‘small-world’ properties, whereby the
ajority of connections are local but a few very well-connected

ndividuals have contacts spanning different communities (Watts

nd Strogatz, 1998). These members can be ‘superspreaders’ of
nfection, and their role in the contact network is clearly funda-

ental to the spread and control of infection (Lloyd-Smith et al.,
005). So while reducing overall mixing between members of a
ypothetical population would lower R0 and slow the spread of

n
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nfection, isolating and quarantining or vaccinating those most
esponsible for infection achieves the same aims through a more
argeted means (May and Anderson, 1984).

It is also useful to distinguish the major routes of disease trans-
ission. For many diseases the pathogen is relatively short-lived

utside the host and transmission requires contact or close prox-
mity between infectious and susceptible individuals. But some
iseases may persist for long periods of time in the environment
nd, in the case of some bacterial gut pathogens for example, may
ven be able to reproduce outside the vertebrate host. How land use
atterns affect the transport and relative longevity of pathogens

n the environment is a significant issue for policy formulation
Chadwick et al., 2008; Oliver et al., 2007). Finally, pathogens may
e moved from one host to another by a vector, often a blood-
eeding insect or tick. In tropical countries, where malaria and other
nsect-vectored diseases are major causes of mortality and morbid-
ty, reducing the habitat suitable for vector reproduction is a major
oal of land use planning (World Health Organisation, 2006b). In
he UK such considerations have been of less importance, though
his may change with the increasing spread of vectors through
uman agency as well as the possible threats posed by climate
hange (Department of Health, 2008).

pidemic diseases of humans

Here we look at diseases where R0 > 1, that is where a disease can
pread from human-to-human in an epidemic. We discuss first dis-
ases associated with urbanisation, and then infections transmitted
y arthropod vectors.

nfectious disease risks associated with urbanisation

Urban areas are characterised by large contiguous populations
s well as by high population densities, both of which influence
nfectious disease. In many cases, this influence is purely a function
f the numbers, distribution and contact networks of individuals,
ut it may also be a more complex consequence of the social and
conomic status of people attracted to urban centres.

Population density tends to increase R0 in directly transmitted
iseases by increasing the number of contacts between susceptible
nd infected hosts (Anderson and May, 1991). Measles provides
striking example of this. Epidemics in big cities affect a greater
roportion of people than epidemics in small towns and villages,
nd occur more frequently (see Box 1).

Understanding the structure of the human contact network can
elp mitigate some of the effects of urbanisation. Schools can play a
ery important role in disease spread because they bring together
arge concentrations of susceptible individuals: children not yet
xposed to diseases that cause subsequent immunity. This means
hat the vaccination of schoolchildren against influenza can have

strong effect on the spread of infection through the broader
ommunity (Cohen, 2004). The UK contains some of the largest
econdary schools in Europe (Eurydice, 2005), particularly in its
ities, and these are growing in size. There have been calls for a
ove towards a system of more distributed, smaller schools for

ducational reasons (Teach First, 2007), and such a trend would
lso have positive effects on infection control in the community.
imilar issues would apply to the design of other institutions, for
xamples prisons and army camps.
An area of social science research that would help inform plan-
ing for disease risks is the effect of urban concentration and

ts opposite, urban sprawl, on human contact networks. Within
region and for the same total population density, is it better

rom the point of view of disease spread to build discrete cities
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Box 1: Measles in the UK
Measles is a highly contagious viral disease spread chiefly
by inhaling droplets of saliva (Health Protection Agency (e)).
Natural immunity is lifelong and hence it is normally an infec-
tion of childhood. The MMR vaccine has been effective in
reducing measles outbreak sizes but vaccination coverage is
low for a number of reasons including alarmist media stories
(Jansen et al., 2003). As this is a notifiable disease in the UK
there is a rich source of data on measles cases. Before the
advent of widespread immunisation, measles epidemics used
to take place about every 2 years. The epidemic began when
sufficient susceptible hosts were available and ceased when
enough individuals were immune, having had the disease.
Births in following years replenished the pool of susceptible
hosts, eventually giving rise to the conditions (R0 > 1) for a
subsequent epidemic.
Over 60 years ago, the statistician Maurice Bartlett used
measles data from towns in England and Wales to illustrate the
relationship between community size and the timing of epi-
demics: bigger communities have more frequent epidemics
(Fig. 1). Because of random processes, the infection is more
likely to become lost in small towns. An epidemic requires both
a sufficient density of susceptible individuals and the introduc-
tion of the infection (Bartlett, 1960). Similar results are found
for other diseases though the pattern of infections such as the
common cold and influenza is complicated by the existence of
multiple viral strains with different degrees of cross-immunity.
The transmission dynamics of measles is an example of how
human population density and distribution can interact to
influence disease spread at geographic scales. Measles epi-
demics exhibit complex dynamical patterns correlated with
population distributions. They proceed in pronounced waves
which begin in large urban centres, where disease extinction
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never occurs, before radiating to smaller towns (Grenfell et al.,
2001).

ithin which most human-to-human contact occurs, or allow
ommunities to merge, giving rise to a less clumped contact net-

ork? Alternatively, might there be little difference because of the
omogenising effects of highly connected individuals, who are few

n number but highly connected?

ig. 1. The relationship between population size and period between measles epi-
emics. Data points represent towns and cities of different size.
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The distribution and density of urban centres is also relevant to
ontingency planning for the spread of new “emerging” diseases,
hether arising ‘naturally’, for example an influenza pandemic, or

y deliberate release in an act of terrorism. In addition to the gen-
ral issues of numbers and densities, the proximity of major urban
reas to hubs of international travel, such as major airports, can be
ignificant. It was through air travel that SARS cases were intro-
uced into cities such as Toronto and Singapore in 2003 (McLean
t al., 2005).

The challenges of containing the spread of disease in high den-
ity urban areas is amplified if cities attract individuals who are of
reater than average susceptibility or who have a contact structure
hat facilitates the spread of disease. Understanding these issues
as been critical in controlling the spread of HIV in urban cen-
res (Centers for Disease Control and Prevention, 2009; Coyle et al.,
998) where major high-risk groups including intravenous drug
busers, sex workers, and at least until the 1980s, communities of
ay people with high rates of partner turnover. All these groups
ended to congregate in large cities. Unlike directly transmitted
iseases such as measles or smallpox, epidemiological theory does
ot predict that the prevalence of sexually transmitted diseases will
lways rise with increased population densities. The concentration
f HIV in UK cities, and more generally the higher prevalence of
exually transmitted infections in London compared with smaller
ities and other areas (Health Protection Agency, 2006a), is most
ikely due to sociological processes.

Urban areas may also facilitate disease transmission by the
tructure of their environment, in particular by the quality of
he housing stock. There are several health implications of liv-
ng in poor-quality housing (Bonnefoy, 2007). They include poor
espiratory health arising from mould growth, air pollution and
oor ventilation. This can increase susceptibility to infectious dis-
ases. Recent studies of tuberculosis cases from Canada and New
ealand highlighted links between housing conditions and the
pread and outcome of disease (Canadian Tuberculosis Committee,
007; Baker et al., 2008). In the UK, migrant communities face
disproportionate burden of disease from tuberculosis and HIV

Health Protection Agency, 2006b). Where these communities are
oncentrated in poor-quality housing, these poor living conditions
ncrease their susceptibility to infection.

The most rapid phase of urbanisation in the UK is almost cer-
ainly over. But elsewhere in the world, urbanisation is one of
he most significant social drivers and has huge consequences for
he environment, food security and economics as well as health.
Megacities” with populations in excess of 10 million people are
rowing in number in Africa, South America and Asia (United
ations, 2007). Much of this urbanisation is endogenous and is
ot subject to urban planning. These cities are likely to be incuba-
ion grounds for novel emerging infections, and globalisation will
pread these diseases throughout the world, including the UK (Ho
nd Su, 2004; Saker et al., 2004). Simple urban planning measures,
or example not placing live animal markets in city centres, may
elp control some of these risks.

ector-borne diseases

In the tropics there are major vector-borne diseases that are
ither restricted to man (e.g. malaria; Greenwood and Mutabingwa,
002) or that can cause self-sustaining outbreaks in humans (e.g.
ellow fever; Monath, 2001). These very important diseases are

hiefly problems in the developing world where the most effi-
ient vectors occur. Even with significant climate change they are
nlikely to become threats to the UK (Department of Health, 2008),
lthough malaria was present in the UK until the early 1900s
Dobson, 2003) and as recently as the late 1940s in Italy. However,
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Box 2: TBE in Central and Eastern Europe
Tick-borne encephalitis (TBE) is a vector-borne viral disease
that affects the central nervous system (NHS: TBE). The virus
naturally infects rodents, particularly mice, and is chiefly trans-
mitted by woodland-dwelling ticks. However, the virus also
infects other vertebrate species including humans. It causes
severe symptoms in humans, including inflammation of the
brain (encephalitis). Although an effective vaccine exists,
uptake has not been extensive in all countries where the dis-
ease is widespread.
While human cases of TBE have been gradually going up
across Europe, there has been a marked increase in Cen-
tral and Eastern Europe since 1993 (Randolph, 2001). Climate
change may play a role, but does not fully explain these
trends (Randolph, 2004). Indeed, recent work indicates that
changes in agricultural and human behavioural patterns result-
ing from societal disruption after the ending of Soviet rule
may be responsible (Sumilo et al., 2008). Changes in land
cover played an important role in several countries, with agri-
culture shifting from large-scale, state owned enterprises to
small privately owned farms, allowing the growth of habi-
tats favourable for ticks. In addition, socioeconomic conditions
played a role. Increased unemployment and poverty drove
people into forests to seek wild food sources, increasing their
exposure to infection. While economic conditions are clearly
very different in the UK, land use policies that increased tick
habitat, combined with policies that encouraged more people
to visit the countryside, could contribute to similar changes
in the risk of the disease. For TBE the risks can be controlled
by vaccination but this might not be true for other emerging
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ovel emergent vector-borne diseases cannot be discounted. For
xample, the Chikungunya virus, which causes a debilitating dis-
ase in humans, used to be confined to the tropics and is spread
rimarily by the yellow fever mosquito (Aedes aegyptii). In the
id-2000s, however, it mutated so that it could be spread by the
sian tiger mosquito (Aedes albopictus) which can survive in warm
ut non-tropical regions (Schuffenecker et al., 2006). Capable of
reeding in water trapped in tyres, A. albopictus has been spread
ound the globe, in particular through the extensive trade in used
yres (Knudsen, 1995). This vector was responsible for a contained
utbreak in Italy in 2007 (Bonilauri et al., 2008), and the Health
rotection Agency considers A. albopictus as a potential coloniser of
he UK (Health Protection Agency (a)). There are several species of
edes in the UK, some restricted to tree holes, others to freshwater
odies, and others still to salt marshes (Cranston et al., 1987). Were
ne of these species to become a vector of Chikungunya (or another
athogen) it would clearly influence land use policy decisions in
ays that would be difficult to predict.

on-epidemic diseases of humans

Changes in land use policy may bring people into contact
ith known but previously rare pathogens, or even with disease

rganisms hitherto not recorded in humans. Here we have in
ind infectious diseases that do not cause epidemics (R0 < 1) and
here policy decisions chiefly revolve around reducing the risk

f exposure. We structure our discussion in terms of the major
nvironmental reservoirs for the disease and their modes of trans-
ission to humans.

ector-borne diseases with animal reservoirs

The risk of exposure to vector-borne diseases is influenced by
he numbers and distribution of the animal species that make up
he environmental reservoir of the disease; the numbers and dis-
ribution of the vector (here always an insect or tick) and the
ehaviour and activities of humans that influence the probability
f being bitten by the vector. Changes in land use potentially affect
ll three of these.

The radical land use changes that occurred after the break
p of the Soviet Union provide excellent examples of how these
actors can combine to affect disease risk. The case of tick-borne
ncephalitis in the Baltic States is described in more detail in Box 2.
he major tick-borne disease in the UK is Lyme disease (borrelio-
is) transmitted chiefly by hard-bodied ticks in the genus Ixodes
Health Protection Agency (b)). The pathogen occurs in many wild
nimals but infections in deer transmitted by deer ticks are the
hief risk to man (Simpson, 2002). Land use policy that leads to
ncreased deer populations, directly through greater forestation or
ess intensive agriculture, or indirectly through removal of human
nd non-human deer predators, tends to increase prevalence
Böhm et al., 2007). Similarly, increased recreational use of the
ountryside will lead to more disease cases. The combination of
igh levels of tourism and abundant deer makes the New Forest a
ot spot for this disease (Smith et al., 2000). Future policy should
onsider the possibility of novel routes of infection, perhaps
hrough ticks feeding on rodents in urban settings (Matuschka et
l., 1997). Better GP education might be needed to help doctors
ecognise Lyme disease, as well as rarer tick-borne diseases.
There are currently no major human diseases vectored by
nsects in the UK. Nevertheless, recent experience abroad cau-
ions against ignoring potential risks. West Nile Virus (WNV)
as a poorly known mosquito-borne virus until it appeared in
orth America in 1999 and caused extensive deaths in wild birds

i
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diseases.

Lanciotti et al., 1999). It is now established and kills over 100 peo-
le each year in the US (Hayes et al., 2005). All larval mosquitoes are
quatic. Land use change that results in more freshwater breeding
ites (for example flood storage areas) can increase their abun-
ance. The complex biology of mosquitoes and the large number
f poorly characterised mosquito-borne viruses circulating in wild
ertebrates argue for high levels of vigilance to detect emerg-
ng problems such as occurred in the US after the introduction
f WNV.

iseases contracted by direct contact with animals

Humans in the UK rarely contract diseases directly from wild
nimals. A rare example is a naturalist who died in 2003 after being
itten by a rabid bat, the only reported human rabies infection con-
racted in the UK since the early 1900s (Fooks et al., 2003). Humans

ay contact helminth (worm) infections from pets which in turn
ere infected through contact with wild or farm animals. This can

e serious for certain rare infections (e.g. cystic echinococcosis)
r for immunocompromised patients (Budke, 2006). Farm workers
ccasionally contract animal diseases such as bovine tuberculosis,
rucellosis, avian flu, Q-fever or even, in exceptional circumstances,
oot-and-mouth (Defra, 2007). The pathogen E. coli O157 (see also
elow) has been caught by children at petting zoos (Heuvelink et
l., 2002) and during farm visits (Stirling et al., 2008). Were land
se changes to increase the numbers of people living in close prox-
ncrease. This might happen if more land was used as smallhold-
ngs for local food production. Probably the most relevant policy
esponses are improved risk assessment procedures for activities
nvolving animals, and the education of primary health workers to
ecognise uncommon infections.
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Other livestock diseases are also derived from wildlife, and the
risk of cross-infection is influenced by the structure of the rural
environment. Bovine tuberculosis is an important disease of cattle
128 N. Arinaminpathy et al. / Land

iseases contracted indirectly from animals

Some pathogens derived from wild or farm animals infect
umans through long-lived stages, such as spores that are trans-
orted through the environment. Here the policy issues include
educing the prevalence of the pathogen in the definitive host,
anaging contamination of the environment by the pathogen, con-

rolling movement of the pathogen though the environment (for
xample into watercourses), and reducing human exposure to the
athogen (Chadwick et al., 2008; Oliver et al., 2007).

A major category of pathogens of this type are those that inhabit
he gut of farm and wild animals and that can cause diarrhoeal
nd gastrointestinal diseases in man. These include bacteria, par-
icularly Campylobacter, Salmonella and verocytotoxic E. coli strains
uch as O157; protozoa including Cryptosporodia and Giardia; and
iruses such as rotavirus (Health Protection Agency (c)). Although it
as a slightly different natural history, Leptospirosis, which causes
eil’s disease, presents similar issues (Health Protection Agency

d)).
The three main routes of transmission to humans are, in decreas-

ng order of importance: through contaminated food, through the
nvironment, and through direct contact with animals (see above)
Young et al., 2007; Rangel et al., 2005). Contamination via the envi-
onment occurs primarily through drinking contaminated water,
ating shellfish, and bathing in rivers, lakes and the sea (Mourato
t al., 2003). Except where obvious clusters of cases occur, it is often
ifficult to quantify the risks and distinguish infection through the
nvironment from that through food.

Where do environmental contaminants originate? Stringent
ewage treatment regulations have reduced the importance of man
s a source of pathogens, while wild animals are seldom abun-
ant enough to cause major contamination. Farm animals and their
aste products are the main source of pathogens, especially where

nimals are reared intensively (Chadwick et al., 2008). Policy for
gricultural land should consider the implications of contamina-
ion with this type of pathogen, especially where intensification is
lanned.

Pathogens present in agricultural waste can persist in the envi-
onment, particularly in the soil and in watercourses. In some cases
t is possible to reduce pathogen prevalence in the farm animal. But
ften the organisms concerned do not cause disease in livestock,
hile the increased use of antibiotics on farms is to be strongly
iscouraged because it increases the risk of drug resistance (Gold
nd Moellering, 1996). Managing farm waste through the optimal
esign of slurry storage and preventing farm animals from contact
ith watercourses reduces the probability of pathogens moving off

he farm. A major potential source of contamination is the appli-
ation of slurry as manure (Chadwick et al., 2008). The greatest
isks occur if slurry application is followed by a storm. This applies
specially if the ground is waterlogged, increasing surface flow, or
s very dry and cracked, increasing sub-surface flow and leaching.
here has been considerable research on these risks, and best prac-
ice advice for farmers is available (Defra, 2001). On a landscape
cale, the creation of non-agricultural buffer areas along rivers and
treams can reduce the transport of pathogens. It can also reduce
rosion and promote biodiversity (Marshall and Moonen, 2002).
ncreasingly sophisticated catchment-scale hydrological models
an also be valuable in predicting contamination, especially follow-
ng storms (Haydon and Deletic, 2006; Dorner et al., 2006). Finally,
uman exposure can be reduced by educating high-risk groups, for

xample hill walkers and surfers, about contamination routes, and
y increased surveillance (Philipp et al., 1992). Recent advances in
olecular techniques raise the prospect of continuous, real-time

ampling of sea water off bathing beaches, with automatic alerts in
he event of contamination by specific pathogens (Fong et al., 2005).

a

f
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Many of the issues concerning gut pathogen contamination have
mportant social science aspects. The extent of livestock farming
nd its intensification, and the degree to which slurry is used as
fertiliser, have complex economic and social drivers. The take-
p of best practice for manure and slurry management requires
areful design of incentives for the farmer. Finally, the financial
onsequences of contamination events may be disproportionate to
he number of people infected. The infection in 2000 of 18 scouts
amping in Aberdeenshire by E. coli O157 severely damaged the
ourism reputation of the whole region (Howie et al., 2003).

and use and livestock disease

In recent years three livestock diseases, FMD, HPAI and BSE,1

ave caused massive economic, social and animal-welfare prob-
ems in the UK. In addition to these high profile infections,
everal other infectious diseases are of potential interest with
egard to UK livestock and animals (Defra (a)). Trade in ani-
als, trade in food, contact between livestock and wildlife and

ntensification of farming practices have all been implicated in
utbreaks of livestock infections and in the ongoing transmission
f endemic infections. Since each of these factors is intimately
onnected with the way land is used, land use policy is an
mportant determinant of the risk of transmission of livestock
nfections.

The FMD outbreak of 2001 illustrated the role of trade in live ani-
als in spreading infection. Foot-and-mouth is a highly infectious

isease of sheep and cattle. The outbreak of 2001 was nation-
ide, and the structure of the livestock industry is thought to
ave played a significant role in its spread (Food and Rural Affairs
eport, 2001). The outbreak coincided with a time of year at which
here was a particularly high level of sheep trading and livestock

ovements. As a result, the virus had spread widely across the
ountry before cases were first recognised. The volume of ani-
al movement was due partly to the distribution of livestock
arkets. Sheep and cattle markets had become fewer, but larger,

han at any time in the past (Defra (b), Roberts, 2001). Overall
he outbreak cost over £9 billion (Defra/DCMS, 2002), including
ndirect damage to the non-agricultural rural economy including
ourism.

HPAI (Highly Pathogenic Avian Influenza) is a disease of birds
hat can also be zoonotic. Poultry are highly susceptible to HPAI
nd the highly virulent subtype H5N1 is now well-established in
oultry in south-east Asia. In the UK to date, September 2009, there
ave been three outbreaks of HPAI in poultry farms (Defra (c)). We
o not have a definite explanation for the source of infection in any
f these outbreaks, but imported turkey meat and possible contact
ith waterfowl are strongly suspected (Mayor, 2007). Biosecu-

ity measures have ensured that none of these outbreaks have
aused human infection. However, land use management for poul-
ry farms is essential in ensuring that avian influenza in UK farms
oes not reach endemic levels as in South-East Asia. Important fac-
ors include limiting exposure to wild birds, particularly through
hared watercourses; maintaining biosecurity to limit opportuni-
ies for the spread of infection; and production management to
educe transmission (thus lowering R0) within flocks (Bouma et
l., 2009).
nd in the UK has a natural reservoir in the wild badger population.

1 Foot-and-mouth disease; highly pathogenic avian influenza and bovine spongi-
orm encephalopathy.
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Box 3: Bovine tuberculosis—badgers and cattle
Bovine tuberculosis (bovine TB) is a disease of cattle caused
by the bacterium Mycobacterium bovis. Prior to the introduc-
tion of milk pasteurisation, M. bovis was a significant human
disease but today its prime importance is as a disease of cat-
tle. Bovine TB has been eliminated or is rare in many dairy and
cattle-raising areas where there are no major wildlife reser-
voirs of the disease. However, bovine TB continues to be a
problem in the British Isles, parts of North America and New
Zealand where badgers, deer and possums, respectively, are
important hosts for M. bovis (Krebs, 1997).
There is a general consensus that radical reductions in badger
numbers (or their extermination) would reduce the incidence
of bovine TB in the British Isles (Bourne, 2005). There is no
consensus about whether this scale of culling is desirable, nor
about whether the level of culling that realistically could be
achieved in different parts of the UK would make a signifi-
cant difference. Past land use policy in the west of England, a
hotspot for bovine TB, has resulted in a patchwork of agricul-
tural, forestry, recreational and residential areas. This pattern,
combined with laws protecting wild animals, has led to a sus-
tained increase in badger numbers (Bourne, 2005). Moreover,
much land is owned by non-farmers who frequently refuse per-
mission for badger culling on their land, in contrast to Ireland
where the predominantly agricultural land-owning community
seldom object to badger culling. Thus the environmental and
socio-political consequences of land use change have affected
disease prevalence and control options.
Current government expenditure on bovine TB surveillance,
compensation and research is about £80 million per year. In
July 2008, the government announced that it would not pur-
sue badger culling as a control policy in England. Should future
land use policy in affected regions be driven by efforts to
reduce cow-badger contacts, or to offer farmers inducements
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and incentives to diversify out of dairy and beef?

here has been a long-running controversy about whether badgers
hould be culled to protect cattle, and whether there are alternative
eans of reducing badger-cattle contact (see Box 3).
BSE (bovine spongiform encephalopathy) was first confirmed in

attle in 1986 and by the end of 2008 there had been over 180,000
ases in the United Kingdom (Defra (d)). There were only 37 cases
n 2008 and the number of cases per year is now halving each year,
o the epidemic in cattle is nearing its end. Although the initial
rigin of infection remains obscure (Horn et al., 2001) it is clear
hat it was spread between cattle through the use of ruminant-
erived meat and bone meal in animal feed. This feed was used
o supplement the protein intake – particularly of dairy cows – as
art of the effort to increase milk yields. BSE is thus an example
f a livestock infectious disease that became a problem because of
ntensive farming practices.

The relationship between intensification and disease risk is not
traightforward. Pigs are amongst the most intensively farmed
nimals in the UK, but the industry adopts strict ‘vertical integra-
ion’ practices to minimise potential infectious contacts between
nimals (Ribbens et al., 2008). Similarly, the poultry industry imple-
ents very strict biosecurity measures in its intensive rearing

heds. Being indoors these have the added advantage of effectively
liminating the possibility of direct contact with infectious wild
irds (Defra (e)). So land use policy that demands more intensive
ivestock rearing does not necessarily increase the risk of disease,
rovided excellent biosecurity measures are put in place. But if
hese fail and infections become established, disease in intensive
ystems can cause massive losses, both economic and in animal
ives.
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and use and diseases of wildlife

Disease in wild animals is often a natural part of community
cology and is not automatically to be avoided. Indeed, one could
rgue that infectious disease organisms that pose no health or eco-
omic risk to man are as deserving of protection as charismatic
irds and mammals. Yet today, the vast majority of wild animals

ive in environments that are highly altered by man, and land
se decisions may threaten the viability of populations through

ncreased exposure to disease in ways that would not happen in
naltered landscapes (Smith et al., 2009). Although we should be
appy to let infectious disease play its long-established role in reg-
lating wildlife populations (Hudson et al., 2006), there is more
rgency when infections threaten the extinction of an endangered
pecies, particularly where human activity has been a contributing
actor (Randall et al., 2006).

The UK, in common with most other countries, draws up ‘Red
ists’ of endangered and potentially endangered species (IUCN,
008). Biodiversity Action Plans are then devised to determine
olicy to prevent their decline and extinction (UK BAP Website).
uch plans often include the setting aside of protected areas, and
s resources are always limited there is usually a trade-off between
rotecting Single Large Or Several Small areas, a dilemma so well-
tudied that it is referred to by the acronym SLOSS. There is a
arge conservation biology literature on SLOSS (Simberloff, 1988).
t emphasises the balance between sustaining large populations

hich are less likely to become inbred or go extinct through chance
nd the risk of a catastrophe wiping out this single population. The
isk of major disease has been considered in the SLOSS literature
Hudson et al., 2002), where the aim is to prevent disease reducing
population to so low a level that the risk of extinction is high. Such
onsiderations tend to argue for multiple populations that reduce
he spread of diseases, for the same reason that reducing the contact
etwork is helpful for limiting disease in man and farm animals. In
ractice, the decisions made by conservation managers are nearly
lways highly constrained by the availability of land and resources.
ut although simple SLOSS trade-offs seldom arise, the underlying

deas may still be useful in distinguishing between actual planning
ptions.

A second way that land use may influence wildlife disease
s through increased exposure to pathogens. Where the same
athogen affects both a domesticated animal and a wild animal,

and use changes that increase the density of the former may reduce
opulations of the latter. Box 4 describes how increases in pheasant
umbers negatively affect wild partridges with which they share
gut parasite. The increase in aquaculture (fish farming), espe-

ially if managed poorly, can lead to huge increases in the density
f fish parasites and pathogens that negatively affect free-ranging
sh (Ford and Myers, 2008; Krkosek et al., 2007). In the case of
almon, where both farmed fish and wild-caught fish have signifi-
ant economic value, though to different stakeholder groups, there
re conflicts that are hard to resolve. The issue of cattle contract-
ng bovine TB from badgers (see Box 3) can be inverted so that it
s thought of as a conservation policy issue where a wild animal
s harmed by agriculture. Similarly in parts of South Africa, lions
re endangered by bovine TB caught from buffalo that in turn were
nfected by cattle (De Vos et al., 2001). Finally gorilla populations
ave suffered from diseases caught from human tourists (Butynski
nd Kalina, 1998). Though the precise policy implications vary with
he species concerned, a common thread is the need to separate in

pace wild and domesticated animals that share the same disease.

Emergent diseases are also a threat to wild animals. Two highly
irulent diseases that attack a broad range of amphibians, chytrid-
omycosis and to a lesser extent ranavirus, have been associated

ith significant amphibian population declines around the world
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Box 4: Interactions between gamebird populations
Changes in land use can affect the viability of wild species of
animals. For example, the grey partridge (Perdix perdix) is a
native UK bird that was once very common but has declined
steadily in recent decades and is now classified as a threat-
ened, “Red List” species. There are several reasons for the
decline, in particular the loss of nesting sites brought about
by agricultural intensification. But another factor, which is
thought to have played a subtle but important role, is increased
infection by parasites shared with an introduced semi-wild
gamebird, the ring-necked pheasant (Phasianus colchicus)
(Tompkins et al., 2001).
Every year millions of pheasants raised in captivity are
released to be shot as game. Both pheasants and grey par-
tridges are susceptible to infection by the nematode Heterakis
gallinarum. While this parasite causes only limited symptoms
in pheasants, it causes much more harmful effects in grey par-
tridges, such as reduced food consumption and slowed weight
gain (Tompkins et al., 2001). Moreover, nematode infection in
the grey partridge population is sustained only through contact
with pheasants. Infection is easily maintained in the pheasant
population, while partridges transmit the infection only poorly.
Harmful effects between species mediated by parasites are
what ecologists call an “indirect effect” and may be respon-
sible for structuring some natural communities of animals.
The issue here is that the indirect effect is greatly amplified
by man. Recommended land use practices in support of grey
partridge conservation include the provision of nesting cover
at field boundaries (UK BAP Species Action Plan). Considera-
tion of the shared disease suggests that partridge conservation
would be helped by land use policies that reduced pheasant
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n
animal slurry is used as fertiliser, a careful assessment of pathogen
rearing near the remaining strongholds of the bird (Tompkins
et al., 2000).

Stuart et al., 2004). It is suspected that the spread of both diseases
as been at least partly due to man. In the UK, chytridiomycosis was
rst detected in wild frogs (Rana temporis) in 2005 (Cunningham et
l., 2005). Several episodes of frog die-offs have heightened concern
bout UK amphibian populations. Where suitable breeding sites are
vailable frogs (and other amphibians) survive well in suburban
reas and simple changes in land use that make gardens more suit-
ble for amphibians can make a major contribution to population
esilience in the face of disease.

ooking ahead

In this section we look ahead to future disease challenges
hat may influence land use policy. In particular we explore
he connection between land use, disease, and socioeconomic
nd environmental change. We also highlight areas where more
esearch is needed.

Whether climate change will affect disease risk, particularly
ector-borne infections, is a difficult and contentious question.
nsect vectors depend sensitively on environmental conditions,
ncluding temperature, humidity and the availability of breeding
ites that are often dependent on rainfall. Changes in climate may
hus affect the range of vectors and possible vector-borne disease
Githeko et al., 2000). There have been concerns that warming of
he UK could precipitate a return of malaria (Department of Health,
002). However, it is not clear whether the effects of climate change
ill be significant in comparison with other drivers such as human

ovement, land use and trade (Tatem et al., 2006; Randolph, 2009).
s we have seen, it appears that globalisation and the trade in used

yres have played a more significant role in the spread of Chikun-
unya virus than climate change (Knudsen, 1995).
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The effects of climate change that are likely to be experienced
rst are those involving extreme events, in particular heavy rainfall.
ainstorms can be a major factor in spreading human pathogens

n animal slurry through the environment. However, the conse-
uences can be complex. Though such events can mobilise slurry,

t is often delivered into a high-energy environment such as a fast-
owing river. It may be transported rapidly away from the source,
aking it difficult to attribute, and away from centres of popula-

ion. But it may be discharged to the sea and affect swimmers and
urfers. Coping with storms and flooding is an important goal of
rogrammes exploring adaptation to climate change, and reducing
athogen spread should be included in this planning process.

Globalisation has increased the flows of people and trade across
nternational borders and most economic scenarios assume this
rend will continue. This makes it likely that humans and animals in
he UK will be more frequently exposed to diseases with reservoirs
broad, including some flu strains and foot-and-mouth, and per-
aps to novel emerging infections. Increasing globalisation seems
o us to argue for an increased emphasis on disease control in land
se policy formulation.

As other studies for this Foresight project have demonstrated,
here is likely to be increasing competition for land in the UK, driven
y higher population densities (Office for National Statistics, 2008)
nd novel requirements for land such as for biofuel production
Potocnik, 2007). This means increasing pressure on agricultural
and at a time when global increases in population and consump-
ion of meat and dairy products are all increasing the demand for
ood (Schmidhuber and Tubiello, 2007). To meet such pressures we
hall almost certainly need to produce more food from the same or
ven less acreage, and to do this in a way that harms the environ-
ent the least. In other words we need sustainable intensification

Pretty, 1997).
A sustainable intensification agenda will have several ramifica-

ions for land use and disease. Currently a sizeable fraction of global
gricultural productivity is lost to pest and diseases. Reducing the
urden of disease, in part by implementing livestock disease man-
gement interventions at source such as vaccination and reductions
n animal movements, will be important in making the best and

ost efficient use of land already in agriculture. Intensification in
ivestock also means greater densities of animals, and hence for the
easons discussed in early sections, greater risks of disease. Some
f these risks may be mitigated by biosecurity measures, and suc-
essful intensification in future will require advanced disease risk
eduction strategies.

An increased uptake of herd vaccination could play a role in
he mitigation of infection risk. One problem with this approach is
hat at present, for a few diseases, vaccinated animals are indis-
inguishable from those that have undergone infection without
ymptoms or that have since recovered from the specific disease.
n dealing with certain infections, such as FMD, previously infected
nimals are routinely destroyed, and so any widespread vaccina-
ion programme for such diseases will need to be able to identify
hose animals that have already received vaccination (Mackay et
l., 2004). Doel et al. (1994) also raised the question of whether
MD vaccination stops infectiousness, or merely symptomatic dis-
ase. Nonetheless, for many diseases vaccination is a key control
easure in minimising the transmission and/or severity of disease,

uch as its use in the control of Salmonella (Mastroeni et al., 2001).
Finally, sustainable intensification implies optimal recycling of

utrients and waste products. This involves disease risk. If more
ovement in the environment and potential human exposure will
ecome increasingly important. The BSE epidemic in the UK shows
he dangers that can arise when animal material is recycled without
roper disease risk management.
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uture research questions

All science reviews call for more research and we shall not be an
xception. Throughout this paper we have stressed the importance
f understanding the network of contact between individuals that
etermines how directly transmitted diseases spread. For human
iseases, characterising contact patterns in different environments

s an interdisciplinary area of research involving both the social
nd the natural sciences. Current techniques for surveying human
ontacts include diary-based methods in a peer group (Read et al.,
008) while new methods involving GIS and mobile phone posi-
ions are increasingly becoming feasible (Rogers and Randolph,
003; Onnela et al., 2007). Future research, on a larger scale, could
xplore how different urban and rural environments shape human
ontact networks. An important question is also how these con-
acts might change during the course of an epidemic, for instance
s the public reacts to the spread of a life-threatening infection
Smith, 2006). The patterns of these connections are also impor-
ant. Certain individuals or localities may act as infection ‘hubs’
nd particular transmission routes can be especially significant.

better understanding of this network structure could become
entral for targeted control of infection. Moreover, the ways in
hich contact networks scale as a population grows have not yet

een characterised. Progress in this area of research could help
o inform urban planning policy. A better understanding of the
ransport through the environment of zoonotic pathogens that are
otentially harmful to man would also help develop rural land use
olicy.

The epidemiology of wildlife diseases is still relatively poorly
nderstood, though substantial progress has been made in the past
wo decades (Daszak et al., 2000; Stallknecht, 2007). The increas-
ng ease with which high-throughput molecular tools can be used
o assess and monitor disease will be of major importance in this
eld. Technological advances in this area will also help explore the
ontact network through which disease spreads. An example is the
asmanian Devil, a rare Australian marsupial whose survival has
ecently been threatened by a contagious facial cancer (McCallum
nd Jones, 2006). Devils are particularly susceptible to such an
nusual disease because they are highly irascible and fights fre-
uently break out at which transmission occurs. Understanding the
ontact network is critical for reserve design and disease manage-
ent, and sophisticated radio telemetry is being used to assess it

McCallum et al., 2008). Similar techniques could be used to explore
ovine TB and badger interactions.

Finally, we stress the need for continuing disease surveillance
nd emergency planning (Health Protection Agency, 2008), and
or horizon-scanning exercises that seek to determine known risks
diseases abroad that have not yet entered the UK) as well as the
nknown risks from future emergent diseases. These are inherently
uch harder to assess.

onclusions for land use policy

Of all the types of infectious diseases discussed here, which
ill be most relevant for land use policy? Such relevance is deter-
ined by three factors: the likelihood or regularity of the disease

ccurring; the impact of the disease; and the degree to which land
se policy can influence the occurrence and impact of infection.
ere we explore how each of these factors relates to diseases of

ildlife, humans and livestock, and provide our assessment (with

ts associated uncertainty) of their overall importance for land use
olicy.

Consider wildlife diseases first. Wherever populations of wild
nimals are closely examined, diseases are discovered. They fre-

B

B
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uently have significant effects on their hosts’ population dynamics
Daszak et al., 2000). Though the study of wildlife diseases is still
n its relative infancy, and most systems require further research,
t is safe to say that they are common and regular. Assessing their
ocietal impact is harder, because disease is part of the function-
ng of natural ecosystems. But disease may threaten the survival
f some endangered species. This means that the UK is obliged
o mitigate such diseases to fulfil its national and international
ommitments for biodiversity preservation. Policy levers to influ-
nce wildlife disease are not extensive. They chiefly revolve around
ature reserve design and limiting cross-infection from domestic
nimals that share the same diseases. We see wildlife diseases as
low to medium priority consideration for land use policy, but

ay this with relatively high uncertainty due to our current poor
nderstanding of wildlife disease epidemiology.

Turning to humans, infectious diseases such as the common
old, norovirus and seasonal influenza occur frequently and regu-
arly. In addition, there are rare and unpredictable disease episodes,
n particular those caused by pandemic influenza. There are also
ovel emergent infections that are even harder to predict, such
s HIV, which became established, and SARS, which did not. The
mpact of the most common diseases is chiefly measured by the
conomic costs of people taking time off work, as well as some
eduction in the lifespan of the sick and elderly (Molinari et al.,
007). The impact of the rarer and unpredictable diseases can
e much greater and even catastrophic (Nguyen-Van-Tam and
ampson, 2003). Land use policy can influence human disease risk
ut the major risk factors such as population growth, urbanisa-
ion and globalisation are probably too strong and pervasive to be
ddressed by land use policy. Effective urban planning may have a
ole in mitigating some risks of infectious disease, while rural land
se policy can help reduce the risk of humans contracting zoonoses.
e thus see human diseases as a relatively low priority for land

se policy, and we attach medium uncertainty to this conclusion
argely because of the potential huge impact of a future pandemic.
s we write, the full consequences of the current H1N1 “swine flu”
andemic are far from certain.

Finally we turn to the diseases of livestock. These are common
nd are likely to become more frequent if food security concerns
ead to greater agricultural intensification. Even extensive systems
an be at risk where transmission from wildlife is significant. Nearly
ll livestock diseases cause immediate economic harm to farmers.
or the worst diseases, such as foot-and-mouth, there are serious
onsequences for the individual farmer whose herd is destroyed,
or the local economy through reductions in tourism, and for the
eneral economy through restrictions on international trade. We
rgue that land use and agricultural policy can have a major role
n reducing the risks and consequences of these diseases, chiefly
y modifying exposure to risk and managing the contact network
hat determines the spread of the disease. We view the control of
ivestock disease as a high priority for land use policy, and associate
low level of uncertainty to this assessment.

Finally we note that though it is outside the brief of this review,
any of the same issues that affect livestock disease may also influ-

nce diseases of crops and forestry. Such considerations should also
nfluence land use policy.
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