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Wildlife conservation is, obviously, about treasuring that
which is natural. This thought seems straightforward until
one starts to ponder exactly what is natural and whether
being natural is a clear-cut ticket to being treasured!

This is the 12th year that we have enjoyed the privilege
of an invitation from PTES to offer a personal view on

the State of Britain’s Mammals. In most years we take

an overview of all topics mammaliferous, but in 2010
David Macdonald and Dawn Burnham departed from

that breadth to focus on just one issue: invasive species.
These are a subset of Britain’s nature that is not natural
(insofar as the process by which they arrive, and the
impacts that they have, fall outside of what is “normal’)
and, correspondingly, is generally not treasured. This year,
for a second time, we select a special topic, that of wildlife
diseases, and this brings us again into head-on collision
with the question of what is natural and whether it is

to be tolerated, far less treasured. Death, even illness,

is natural and to that extent might not be thought the
business of conservation (which is largely about fostering
natural processes), but an infectious disease imported by
people to wildlife that otherwise would remain unaffected,
or a naturally occurring disease the impact of which is
altered by human activities (such as fragmentation of
populations), become the province of conservation, as
indeed do diseases of wildlife that impact the human
enterprise.Thus whether a given pathogen justifies
conservation intervention is a matter of judgement and, as
every conservation scientist knows, such judgements that
lie between evidence and policy are the most difficult of
the legion difficulties with which conservationists wrestle.

So, in this digest of diseases that affect British mammals,
we open a deliciously seething can of (potentially
parasitic) worms that burrow through the fundamental
principles of epidemiology to entangle issues of biology,
economics, ethics and animal welfare.We single out eight
major themes, from the fundamental principles of disease
ecology, through discussion of when disease becomes

a conservation priority; to the relationship between
diseases of wild and domestic mammal species, and the
increasingly thorny issue of managing the impact of bTB
on cattle; we discuss the disease implications of human-
mediated movement of mammal species, and diseases
transmissible to humans from wildlife and livestock; we
describe the monitoring and regulation of wildlife disease
and, finally, where the future of our collective relationship
with disease is likely to lead. Each theme is illustrated by
reference to examples and case histories from variously
native British mammals, but also accompanied by a

series of || stand-alone vignettes providing details of
particularly intricate host-disease relationships.

A glance at our themes reveals that human interests
are inextricably woven into the tapestry of relationships
between disease-causing agents, wildlife populations and
conservation.Wildlife disease has significant potential
directly to impact human health and livelihoods.The
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possibility of a global pandemic of zoonotic (ie passed
from an animal species) origin remains very real, as

the recent near-misses of SARS and avian influenza
demonstrate; and the debate over the management

of badgers for control of bTB (and the economic and
social costs thereof) is underlain by the mind-bending
complexities of bovine tuberculosis being transmitted to
cows from badgers which very likely caught the disease
from cattle in the first place. Mention of badgers brings
to mind three topics on the role of evidence in policy.
First, while evidence is essential to deciding what to

do, even good evidence (of which there is a richness in
the case of bTB) does not necessarily provide a simple
solution; and this frustrating state of affairs raises the risk
that a perceived imperative to do something blurs the
distinction between doing the right thing or the wrong
thing (as defined by their likely outcomes). Likelihood

is the second topic: science is accustomed to dealing

in probabilities and measures of uncertainty, which are
incontrovertibly features of reality, but not ones readily
embraced by the mass media (and politicians, who deal
with uncertainty daily, need to be braver in presenting it
to the public). Taking account of likelihood of achieving an
outcome, and the marginal gain of doing so, are aspects
of every crevice of human enterprise, and vividly relevant
to formulating policy with regard to wildlife diseases.
And thirdly it is important to understand that everything
is linked to everything else - a truth encapsulated in the
power of what economists call Full Life Cycle Analysis.
For example a preoccupation with the expected marginal
gain from killing badgers has led to the use of a figure of
16% for the expected reduction in the rate of increase
of disease in cattle, often ignoring the wide confidence
intervals around this figure (ranging from 8-24%), or the
nine years of culling taken to achieve it. This preoccupation
may have deflected attention from a perspective on the
costs, financial and societal, of achieving that gain, and how
large those costs might be in the context of, say, trading
milk or beef on the Continent. The management of wildlife
diseases necessitates this wider perspective which is as
daunting as it is enthralling, and is the only protection
against the paving with good intentions of the road to hell,
strewn as it is with unintended consequences.

So, in this digest of the infections of British mammals we
seek not merely to provide a ready and durable reference
for facts and figures to inform policy-makers, and the
wider public for whom they make the policy, but more
broadly to illustrate the underlying principles that inform
the challenging journey from evidence to action that is
the nub of modern conservation.

David Macdonald Tom Moorhouse

Merryl Gelling
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2.An introduction to disease

Diseases are a normal and unavoidable part of life

for almost every individual'. They affect every species
whether it be mammal, bird, fish, arthropod, plant, fungus
or bacterium. Life, for most if not all individuals, is a
continual challenge from an array of naturally occurring
parasites and pathogens. Indeed, in line with the ditty that
‘big fleas have little fleas upon their back to bite them,
and little fleas have lesser fleas, and so ad infinitum’,
many of the hosts of an infective agent may themselves
cause diseases in other, larger-bodied taxa - bacteria, for
example, may be hosts for viruses, and parasitic worms
might be infected by bacteria, fungi or viruses.

Diseases can be caused by any of a number of infectious
agents, including viruses, bacteria, fungi or single or multi-
cellular parasites?. These infectious agents can be broadly
grouped into parasites and pathogens. Parasites live
either in (microparasites, such as bacteria and fungi) or on
(macroparasites, such as arthropods and parasitic worms)
the living tissue of a host organism'. For the purposes of
this report the host organisms we are concerned with
are animals, not plants, and typically British wild mammals
or domestic species capable of passing diseases to them.
Microparasites reproduce within the host animal, and
from the perspective of the microparasite, hosts are
either susceptible to infection, infected, or recovered

and immune'(Box 1). Macroparasites differ in having a life
stage outside their host, and infection occurs through the
acquisition, and subsequent maturation, of eggs or larvae'.
A pathogen is any disease-producing micro-organism or
material (which does not necessarily have to be alive:
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diseases may also be caused by toxins). By definition, a
parasite becomes pathogenic only when its presence
negatively impacts upon the host’s health and well-being.
In the terminology of infectious disease this distinction
is the difference between infection, the presence or
absence of a micro- or macroparasite, and disease, which
is a measurable, clinical condition in an individual or a
population®. In what follows we will principally consider
infectious disease, mainly caused by microparasites, as the
most likely to affect the conservation status of British
mammal populations.

The ultimate effect of a disease is to cause a decrease

in either the survival probability or the reproductive
capacity of individuals in a host species* (Box |).A disease
affecting many individuals could negatively impact on a
species’ population, community and, potentially, evolution®.
An obvious severe consequence would be widespread
direct mortality of individuals within a population.
Numerous examples of this exist from humans, livestock
and wildlife. Notable human examples are the ~50 million
deaths among native South Americans which resulted
from their first contact with smallpox, typhus and
measles introduced by the conquistadors in the 15* and
|6 centuries® and the 1918-20 influenza pandemic which
infected over 500 million people and killed between 50-
100 million” across North America, India, Africa, Australia
and Europe, largely transferred between countries by the
movements of American and British military personnel®.
In this report we will explore examples relevant to wild
mammals in the UK (chapters 3,4, 5, 6).
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It is not necessary, however, for diseases to cause death to
impact on a population. Endemic (or ‘enzootic’ when not
referring to humans) diseases, where the infection causes
sickness (morbidity) rather than immediate mortality, can,
for example, delay the onset of sexual maturity or reduce
individual growth and survival® (see also Box ), and these
often invisible effects can have severe consequences for
the long-term endurance of a population, particularly if
that population already faces other challenges. Populations
which are isolated or fragmented - a situation which of
itself may lead to precarious loss of genetic variation

and could thereby diminish disease resistance® - may
become extinct locally as a direct result of infection with
enzootic diseases if these result in chronic population
depression®'%. Although infectious disease occurs naturally
in populations unaffected by people, and under those
circumstances are not the business of conservation, very
often nowadays they interact with human influences and
therefore fall within the ambit of conservation, as we
explore in chapter 3.

BOX 1 Diseases and host populations

Diseases (ie microparasites and macroparasites) exist in
balance with their hosts. If a hypothetical virus were quickly
to kill 100% of infected individuals it probably would not
spread far enough to become an epidemic because infected
hosts would die before they were able to transmit it. A less
virulent virus, however, might spread further and persist
longer because hosts remain alive for long enough to pass it
on. Whether an epidemic can be triggered, or an endemic
disease can spread, depends in both cases upon whether

a given host passes the parasite to more than one other
host (the parasite spreads), or less than one other host (the
parasite will not spread). One complicating factor is that
individuals in real populations are rarely, if ever, all equally
susceptible to a given infection. Even parasites that easily
pass between hosts may still fail to spread if the majority

of the host population is immune to it. The impact that

a microparasite has on a population is therefore governed
by not only the parasite’s ability to spread but also the
population’s composition in terms of the proportion of
individuals that are susceptible, infected and recovered
(and now immune), as well as the contact rate between
host individuals (which is related to population density)
and the death rate due to the parasite.

Epidemics in host populations start with a high density
of susceptible individuals and for a disease with a high
spreading ability contacts between infected and susceptible
individuals are frequent, and the virus spreads quickly
between them. With each new infection, however, the
density of susceptibles is reduced as they become infected
and then either die or recover (becoming immune).
Eventually the density of susceptibles will decrease to a
point where the parasite is on average being passed to less
than one other susceptible host, the number of infected
cases starts to fall and the epidemic dies out.
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The distinction between diseases in a population that are
long established (endemic or enzootic) and those that
are new (or ‘emergent’) is a crucial one.Within a stable
ecosystem, hosts and pathogens co-evolve, whereby

the host species develops individual and/or population
immunity to protect it from the disease®. Typically,
consequently, populations demonstrate substantial levels
of immunity to endemic diseases.An emerging infectious
disease is one that is in some way novel and also either
‘epidemic’ (in humans) or ‘epizootic’ (in animals)'?, such
that the number of new cases is substantially greater
than what would normally be expected in a given
population.While endemic and enzootic diseases may
certainly result in a steady death toll (Box I), emerging
infectious diseases pose considerably greater risks of
mortality in populations of humans, livestock and wildlife
(chapter 4,5,6,7, 9).

For endemic diseases the relationship between host

and parasite can be more complex. It is possible for

a microparasite to persist at very low levels in a host
population but nevertheless to limit the host’s numbers!.
Imagine a lethal disease that can spread faster than a host
population can grow. At low host densities it may kill < 1%
of individuals, and an observer might therefore be tempted
to conclude that the disease plays little role in suppressing
the population, compared with other sources of mortality.
If the density of hosts increases, however, contact rates
between them will increase and the disease will spread,
killing ever larger proportions of the hosts until the
population begins to decline and is reduced to its original
size. In this instance the microparasite regulates the host
population size to an equilibrium level.

A major caveat is that the above relationships exist for
diseases that are transmitted directly from host to host (eg
by coughs and sneezes) and for which transmission rates
are concomitantly dependent upon host density. While
epidemics of such diseases may cause widespread mortality,
as hosts become rarer the chain of disease transmission
will eventually break, meaning the population, while
potentially critically depleted (and therefore vulnerable to
other factors associated with having a small population
size, including infection by other diseases), is unlikely to be
wiped out. For diseases that are transmitted at rates that
are unlinked to host density - for example if the disease has
a reservoir in another, abundant species, or is transmitted
by an abundant vector, or if the disease is passed on by
sexual contact between hosts - high rates of transmission
can still occur at low host densities, and the disease has the
potential to drive the host to extinction. For conservation
purposes, therefore, it is often critical to identify whether
diseases are directly transmitted or if there is a reservoir'®.



An intriguing aspect of emergent infectious disease is that
a pathogen which may be endemic or enzootic in one
population may be ‘novel’, and therefore a severe epidemic
or epizootic risk to immunologically naive individuals,

in another.Within a given species, this may occur when
geographically separated populations meet, as in the
devastating impact of measles from the conquistadors on
native South Americans.When infections pass between
species the outcome depends not only on the severity of
the disease in the infected individual but also on the ability
of the disease to pass between individuals in the new
host. Many enzootic infections (ie established and stable

in animal populations) can be transmitted from animals to
humans (such diseases are termed ‘zoonoses’), but with
little or no subsequent person-to-person transmission -
eg rabies or trypanosomiasis - whereas other zoonotic
pathogens can spread efficiently between people once
introduced, leading to localised outbreaks (eg Ebola virus)
or global spread (eg pandemic influenza)'' (chapter 7; see
also Box 1).

Wild animal populations represent a significant reservoir
of potential emergent infectious diseases in humans,

and vice versa (Figure 1). Pathogens shared with wild

or domestic animals cause more than 60% of infectious
diseases in man'? and enzootic zoonoses cause about a
billion cases of iliness in people and millions of deaths
every year''.Wild animal species are a primary reservoir
for emerging zoonoses'3, and in particular wildlife species
which are directly consumed (eg as bushmeat; chapter

7) or which can pass diseases to livestock (chapter 4)''.

Diseases passed to livestock from wildlife may also
represent a significant financial burden (chapters 3, 8)
and diseases passed from humans and domesticated
animals to wildlife may represent a considerable
conservation risk for a large number of species.To
provide an indication of the degree to which diseases are
shared between humans, livestock and wildlife, a study

of 1922 diseases (the majority of which were principally
human diseases), considering these categories of host,
found that | 115 (58.0%) of hosts fell into more than one
of these categories, and 392 (20.4%) fell into all three
(see Figure 1).

Diseases transmitted between humans and wild and
domestic animal species have important impacts on public
health, livestock economies and wildlife conservation'*.
These impacts are not restricted to low-income
countries'' - the cost in the USA of introduced disease
to human, livestock, and crop plant health is estimated as
$41 - 47 billion per year'>'® - and arise from a complex
series of interactions all ultimately deriving from human
landuse practices. Figure | details the inter-relationship
between the key players, and illustrates the underlying
drivers of disease emergence. In this edition of the

SOBM we explore these drivers in the context of British
mammal species, from a starting point of concern for wild
species but inevitably encompassing impacts on domestic
ones, to give an account of the issues facing the health of
British wildlife, humans and livestock and the challenges
for our collective future.
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Diseases are present in all wildlife populations and

do not necessarily either imperil them or qualify as a
conservation issue (see Box 2).A recent small-scale
health study of free-living adult American mink (Neovision
vision) in the UK found that six of 12 individuals tested
were positive for antibodies to Toxoplasma gondii, and
eight of 12 were positive for antibodies to Alutiens
Disease Virus (ADV)'". But there is, in this case perhaps
unfortunately, no suggestion that the presence of these
diseases has caused any population decline in the
invasive UK population of mink. Similarly, even in water
voles (Arvicola amphibius), a species which certainly is a
UK conservation concern®, over 6% of 120 individuals
sampled across |1 sites in the UK were found to have
antibodies for Leptospira spp. (the bacteria that cause
Leptospirosis, or Weil’s disease; chapter 7), with 32%
of the voles being infected with two or more different
pathogens, including Campylobacter spp., Escherichia coli,
Salmonella enterica, Toxoplasma gondii and Giardia spp.?'.
These co-infected voles did not differ in condition

to those that were singly infected. This is perhaps
unsurprising given that a host of other unrecorded
infections may also have been present (ie because only
2| parasites and pathogens were screened-for, other
infections may have been present but undetected,
potentially meaning that all voles were, in fact, co-
infected), because these infections are of unknown
pathogenicity in voles (ie their presence may not imply
disease)?', and because co-infections do not always
increase host mortality if they result in cross-immunity

to a range of related infections®?2 In short, infection (and
indeed co-infection, although the results of an interaction
between different parasites and pathogens in a host can
be unpredictable?) is ‘normal’ for wildlife populations and
not necessarily a conservation concern (Box 2).

For a given parasite or pathogen to have conservation
implications requires some combination of two factors.
Firstly, the disease should be sufficiently novel that
many susceptible individuals exist, so that it can cause
widespread morbidity and/or mortality (Box I; chapter
2).A population can encounter a pathogen to which it
has no resistance through intraspecific transmission (ie
be passed from individuals in a separate population of
the same species). For example the phocine distemper
virus (PDV) outbreak of 1988 in which 18000 harbour
seals (Phoca vitulina) were washed up along the shores
of Europe and the UK, and the second outbreak in
2002, both originated in seals from the Danish island of
Anholt and were spread by natural movements within
and between populations?*? (although there is some
suspicion that grey seals (Halichoerus grypus) may have

Leptospirosis in rodents

Leptospirosis is a water-borne, emerging infectious
zoonotic disease which can give rise to potentially
fatal Weil’s disease in humans and can be a
significant problem for people who regularly use
waterways in some capacity”. Leptospires (the
spirochete bacteria that cause leptospirosis) are

excreted from infected animals in urine. Early studies -

in wild rats (Rattus norvegicus) suggested a prevalence

- of 70 - 90%”, however later work found only 14% of
- rats to be infected with Leptospira spp., approximately

half of which were infected with Leptospira bratislava
(a bacterium that is much less serious for human
health). The role of rats in the spread of leptospirosis
to humans may therefore be less important than
commonly believed*”** and other mammals are
likely to play larger roles. Recent work investigating
the incidence of Leptospirosis in wild water voles
(Arvicola amphibius) throughout the UK found a 6%
prevalence?, which increased to 43% in captive-

- bred and reintroduced water voles*, indicating a
- possible lack of immunocompetence in reintroduced
¢ animals®. Nevertheless, identification of further

wild mammalian reservoirs for leptospirosis does
not increase the risk of this disease for humans (the
risks have not changed, merely our understanding
of them), which is mitigated by following standard
hygiene precautions after coming into contact with
bodies of water.




also contributed to the dispersal of the PDV among
harbour seal populations?). Diseases likely to result in
severe population declines or extinction, however, are far
more likely to result from interspecific transmission, ie
between different, but similar, species living sympatrically
(in the same geographical area)'“. This is because
pathogens that are a major threat are highly unlikely to
persist in small populations of endangered hosts?, and

so the majority of outbreaks of disease in endangered
species originate from pathogens that infect multiple
species and which persist in another species with a
larger host population'®'* (see Box ). Often, therefore,
outbreaks of conservation importance result from spill-
over (see chapter 4) of disease from domestic animals,
brought into contact with wild populations as a result of
human encroachment. Domestic dogs, for example, were
the probable source of rabies outbreaks that decimated
populations of both African wild dogs (Lycaon pictus)* and
Ethiopian wolves (Canis simensis)®.

The second pre-requisite for a disease to cause wildlife
conservation concern is that a given population must
usually already be facing some other challenge, and that
either this challenge or the cause of the disease’s spread
is anthropogenic in origin (Box 2). How severely an
epizootic event affects a given wild population of animals
depends to a very large degree on a raft of additional
factors influencing the size, degree of isolation or some
other constituent of that population’s conservation
status'® 43638 Populations that are spread over large
geographical areas are unlikely to face long term threats
to their viability from epizootic disease, whereas small,
fragmented and isolated populations are considerably

more likely to be driven to (at least local) extinction by
an epizootic event'® %3638 The UK population of rabbits
(Oryctolagus cuniculus) remains substantial and widespread
despite the myxoma virus having been deliberately
introduced to Britain in the 1950s in a bid to control
their numbers. The virus, which causes myxomatosis,
resulted in 99% mortality®® but the survival of resistant
individuals, combined with a subsequent reduction in

the virulence of the virus, has provided rabbits the
opportunity to recover their numbers, although perhaps
not to quite their pre-1950s levels®. (Interestingly, and
providing the exception that proves our point, evidence
suggests that rabbit populations infected with rabbit
haemorrhagic disease virus - which broke out in the

UK in the early 1980s - are slower to recover when

also under pressure from myxomatosis*'.) Similarly a
1994 outbreak of sarcoptic mange - a disease caused by
the Sarcoptes scabiei mite which is globally widespread,
affecting over 100 different domestic and wild species®

- amidst UK red fox (Vulpes vulpes) populations caused
over 95% mortality of individuals in areas of Bristol*® but
did not lead to even local extinction of foxes. By contrast
the effects of disease when added to other sources of
pressure on a population can be devastating. Populations
of the African wild dog (Lycaon pictus) have been declining
since the 1960s and are now severely fragmented**.The
probable transmission of canine distemper virus, which
was epizootic amongst domestic dogs, to the population
of African wild dogs in the Serengeti national park in
1991, resulted in the extinction of this population*-.

The combination of novel disease and additional
pressures can lead to population extinction even in
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previously abundant species with widespread geographical
ranges.The white-clawed crayfish (Austropotamobius
pallipes), which until the last 20 years of the 20* century
was ubiquitous in British freshwaters, has undergone

a catastrophic decline due to the twin effects of
competition from the larger and more aggressive invasive
American signal crayfish (Pacifastacus leniusculus), and from
crayfish plague (Aphanomyces astaci), a fungal infection

to which signal crayfish are immune and for which they
act as a vector®®# |t is plausible that in the absence

of the competition from signal crayfish that white-

clawed crayfish populations could recover, but with the
additional outcompeting of white clawed crayfish by signal
crayfish®®3' the native species is increasingly restricted to
isolated water bodies that have not been colonised by
signal crayfish and/or infected with crayfish plague.

The mammalian analogue of the crayfish example is the
UK relationship between red squirrels (Sciurus vulgaris)
and grey squirrels (Sciurus carolinensis). Red squirrels were
historically widespread throughout Britain, but over the
last 50 years have suffered a decline of 50%%2, despite
expanding their range within Scotland, where more than
75% of the red squirrel population is currently located.
Grey squirrels carry the squirrel poxvirus (SQPV) which
is fatal to red squirrels***** and which is transmitted

either through direct contact between individuals®

or through environmental contamination (eg infection
vectored through the common use of dreys by members
of both species®>*¢). Grey squirrels are also able to out-
compete red squirrels, partially through their ability to
use acorns as a food source, which the red squirrels are
unable to do. In the absence of SQPY, numbers of red
squirrels decline when in contact with grey squirrels

(eg in Scotland and Italy), but in the presence of both
SQPV and grey squirrels (eg in Cumbria) the rate of
decline is 17-25 times faster””. With the first detection of
seropositive grey squirrels in southern Scotland in 2005,
and the first cases of disease in Scottish red squirrels
two years later, SQPV disease represents a significant

Squirrelpox virus (SQPV) continues to be a major
threat to remaining UK red squirrel populations®.
Experimental infection of squirrels with SQPV

has confirmed that grey squirrels are hosts for the
disease but remain clinically asymptomatic, whereas
the disease is characterised by the formation and
ulceration of haemorrhagic scabs around the eyes,
nose and mouth of infected red squirrels®?, The
theory that grey squirrels act as a reservoir for this
disease and pass it on to susceptible reds is widely
supported by mathematical modelling and disease
transmission studies of squirrel populations® with
a field study demonstrating that 61% of UK grey
squirrels had antibodies to SQPV, contrasted with
only 2.9% of red squirrels, the majority of which
showed clinical symptoms for the disease®.

An assay designed to measure antibody titres to
SQPV has demonstrated that while grey squirrels
in England have a high prevalence of antibody, in
Scotland they remained free of SQPV antibody
until 2005, when grey squirrels with SQPV
antibodies crossed the border. The first Scottish red
squirrel to die of SQPV was confirmed in 2007%
when four red squirrels were examined, all with
gross external and histological lesions, but with no
significant internal lesions®’.

Given that grey squirrels were introduced to the UK
from the USA, it has long been assumed that SQPV
was introduced simultaneously. However only
recently has the serological evidence supported this
theory when, in 2006, it was reported that serum
samples from grey squirrels in Winsconsin, USA,
were found to be positive for SQPV antibodies®*.




threat to the conservation of red squirrels in the UK,
Scottish red squirrel populations, the last remaining
substantial population of native British squirrels, are likely
to suffer numerous disease outbreaks over the next 25
years®, leaving the conservation status of this endangered
mammal in the balance in Britain.

The above analysis raises the point that species faced
with multiple threats will require their conservation
action to be carefully considered. For example

species whose populations are reduced by population
fragmentation might be expected to respond favourably
to targeted habitat restoration to provide linkages
between sub-populations. Counterintuitively, however,
where these populations are also threatened by invasive
species and/or the spread of an epidemic disease, joining
up these fragments might facilitate the invasion of the
inimical pathogen or species into the endangered species’
final strongholds. In this case an action that is desirable to
combat a particular threat is rendered extremely unwise
by the existence of another, concurrent, threat. In such
cases it would be necessary to deal first with the disease/
invasive and only then to implement the required habitat
restoration, but this example highlights the importance
of a firm understanding of all of the causes of a species
decline prior to remedial action.

Another factor that may interact with disease to

affect the conservation status of wildlife populations

is environmental pollution. Pesticide pollution, for
example, is known to have adverse affects on British
mammals, including direct mortality and behavioural
and reproductive effects®, and an increasing number of
studies show that common environmental pollutants
(eg pesticides, herbicides and metals) may impair the
immune system of a wide range of animal taxa® . For

instance, while no causal link has been established to date
between organochlorines and susceptibility to PDV?,
organochlorines are known to decrease the efficiency of
immunity in laboratory animals®’, and harbour seals that
died of PDV during the 1988 outbreak were found to
have elevated levels of organochlorines in their blubber
in some (but not all) localities®.

These considerations suggest that while the impact of

a given epizootic on a given population of wildlife, all
else being equal, may not result in population extinction,
the increasing burdens of anthropogenic habitat loss
and fragmentation, invasive species, climate change,

and contamination of the environment with complex
mixtures of metals and agro-chemicals, may result in a
situation in which wildlife populations have an increased
likelihood of disease-mediated disadvantage, or even
extinction. This point aside, there remains the possibility
of epizootic outbreaks so severe that it is sufficient

of itself to cause the extinction of a species. One
example of this exists: Batrachochytrium dendrobatidis, the
bacterium which causes chytridiomycosis, an emerging
infectious disease associated with multi-species declines
in amphibians worldwide®” ¢ has been directly linked to
the extinction in 1997 of the Australian sharp-snouted
day frog (Taudactylus acutirostris)’. This represents the
first case of extinction of a free-ranging wildlife species
where disease is thought to have acted as both the
proximate and ultimate cause of a species’ extinction, in
the absence of other factors”. One worrying conclusion
from the authors of that study is that due to the logistical
and technical, and other difficulties involved in assessing
the role of pathogens in extinctions, infectious diseases
are likely to have been a severely underestimated cause
of historical and present biodiversity loss.
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4 Disease in wildlife and domestic animals

The transmission of parasites and pathogens between
wildlife populations and those of domestic animals -
either livestock or pet/working animals - is governed by
two parallel processes, known as spill-over and spill-back'®;
Figure I). Spill-over is the transmission of infectious
agents from domestic animals to wildlife, and spill-back is
the reverse process (Figure ), and both can precipitate
emergent infectious diseases in their respective host
populations. Spill-over is particularly a threat for
endangered species in which small populations can be
infected from the much larger disease reservoirs in
livestock (chapter 3). Conversely, spill-back from disease
reservoirs in abundant populations of wild animals to
UK livestock has (economic) implications for livestock
health and productivity’*”®, implications for the health of
pets and companion animals™ and ultimately implications
for human health through potential zoonotic infection
(chapter 7).

Spill-over and spill-back occur because many parasites and
pathogens can infect multiple host species, but the impacts
of all multi-host infections are not equal. Outbreaks of
bovine tuberculosis and avian influenza, which can both
spill-back from a number of wildlife hosts, have severe
consequences for animal health, and the economy’®, and
would stimulate significant state intervention if detected
(chapter 8). Other infections, such as toxoplasmosis or
sarcoptic mange (which is found in 63% of urban red

fox populations nationwide, 55% of semi-natural habitats
and 37% of agricultural habitats®, and can spill-back to
domestic dogs”), have more minor implications, both for
livestock and for wildlife conservation.The probability of
spill-back depends on many interacting factors, including
how many of the host population there are, where they
are, how mobile they are and the prevalence of the

disease among them, as well as the density and conditions
in which livestock are maintained, the infection route

(eg direct contact, faecal-oral transfer - particularly for
grazing animals - and infection through insect vectors) and
the factors that affect the likelihood of the transference
of infectious agents (eg warm and damp weather may
increase the transfer of any infectious disease that has

a free-living life stage - such as helminth parasites - or
which is transferred through an insect vector” (see also
chapter 7).

Given the complexity of the potential interactions, it is
unsurprising that in many cases the available information
is still not sufficient to decide if a given ‘disease-wildlife
species-livestock’ triangle is of concern for animal health
authorities and wildlife managers, or, if it is a concern,
how it should be treated’>”*. For example, the 2001 foot-
and-mouth disease outbreak in the UK showed that deer,
at least at current UK densities, are not a true reservoir
for this disease, because culling of infected livestock
resolved the problem - if a reservoir had existed
elsewhere, then livestock would have been reinfected
from this source.The question remains, however, as to
what would have occurred if other potential hosts (eg
wild boar, Sus scrofa, which are free roaming across much
of the south of England’®) had been abundant™? Similarly,
setting a threshold density above which a wildlife host
becomes a ‘problem’ - in terms of being a competent
disease reservoir - is fraught with complexity. Not all
species are equally competent hosts for a disease and
their densities will vary markedly.A study of the role of
wild deer in the spread of bTB to cattle, for example,
examined four UK species of deer (red, fallow, roe and
muntjac) and concluded that even assuming virtually
100% bTB prevalence, population density would have to




exceed 91 per km? for red deer and 200 per km? for roe
deer before maintenance host status would be achieved,
whereas fallow deer may act as maintenance hosts at
densities as low as 25 per km? when prevalence rates
were approaching 100%, and at 75 per km? when only 30%
were infected”®. However, these figures are based upon
assumptions about disease transmission rates that are
uncorroborated, and density limits that were set according
to maximum densities seen in the field at local densities
rather than in the landscape as a whole’: even for a
disease as well studied as bTB and species as well studied
as UK deer, accurate figures that could set a threshold for
an effective management response remain elusive.

In spite of the complexities, though, some trends are
apparent. In particular welfare politics and consumer
requirements are resulting in more extensive farming
systems, in which animals are maintained in a more
‘free-range’ fashion. Meanwhile, wildlife populations are
increasingly managed through feeding, translocations

and even fencing, thus becoming more and more like
extensively raised livestock. Both situations are likely

to increase the exchange of pathogens or vectors’®.
Conversely, however, managing farms in a ‘wildlife-friendly’
fashion, with ungrazed wildlife strips, and a greater
availability, width and continuity of hedgerow, has been
shown to be associated with lower risk of bTB in cattle
herds®. In this latter case it is likely that a nuance of the
way in which badgers and cattle interact is modified by
the presence of hedges - which provide long forage which
in turn might allow cattle to avoid areas used by badgers
- to reduce contact, and therefore the chance of disease
transmission, between the species®.

Also, for any species to be a competent wildlife reservoir
it must be abundant and likely through its distribution and
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Diseases pass readily between wild and farmed deer
herds in the UK as well as to other livestock species,
thereby providing dual reservoirs for disease. Deer
can be affected by tuberculosis, including bovine TB
(bTB, Mycobacterium bovis)®®, in addition to another
species of Mycobacterium, M. avium paratuberculosis, or
Johne’s disease®!. In both cases, these diseases result
in significant economic impacts for deer farmers,
with animals infected with bTB needing to be
destroyed, and those suffering from Johne’s disease
exhibiting a loss of body condition™ and, ultimately,
death if untreated. Foot and Mouth Disease (FMD),
caused by a virus transmitted via aerosol as well

as formites (a term for any inanimate object or
substance capable of carrying infectious organisms,
such as urine, faeces, skin, hair etc.), may also affect
both farmed and wild deer®. Rarely fatal in itself,
FMD is nonetheless highly infectious and requires,
if reported, destruction of all infected herds of
cloven-hoofed animals. Such control measures occur
throughout the UK in 2001, with a smaller outbreak
occurring in 2007, again resulting in substantial
economic impacts.

Using midges as a vector for transmission,
bluetongue, caused by the Bluetongue virus, infects
both domestic and wild ruminants, including deer
species, with infected animals exhibiting swelling,
and haemorrhaging in and around the mouth and

nose, as well as flu-like symptoms®.

behaviour to interact, however indirectly, with livestock.
For example, toxoplasmosis is one of the commonest
causes of abortion, stillbirth and neonatal death in
sheep in the UK® as well as infecting humans (chapter
7),and the principal source of infection for this disease
is the domestic cat”. Cats themselves are primarily
infected through hunting rodents’” (see also Box 3),

and so ultimately the wildlife reservoirs for this disease
are extremely abundant UK rodent populations, even
though the only true host is the cat.To ensure that cats
are re-infected from their rodent prey, the Toxoplasma
parasite modifies rodents’ behaviour, apparently to make
the rats easier to catch (Box 3).Abundant populations of
rodents, in particular brown rats (Rattus norvegicus), are
notably also a wildlife reservoir for leptospirosis, which
can be transferred to domestic species.Whilst rarely
causing mortality in cattle and pigs, leptospirosis may
reduce fecundity of farm animals, for example leading
to abortions, stillbirths, or the production of weaker
and less viable offspring in cattle®, while in pigs infection
can result in infertility®. Similarly rabbits, which are not
rodents but which certainly are abundant, have become
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increasingly recognised as reservoirs of disease for
humans, such as Escherichia coliVTEC¥, and for livestock,
including paratuberculosis® and potentially sheep scab,

a damaging mite infection of sheep”. In the latter case
rabbits may be infected with populations of the mites
(Psoroptes sp.) that may contain sub-populations of P.

ovis which can infest sheep®, and so the question arises
whether wild rabbits might be acting as a reservoir

for sheep scab, especially since an initial eradication of
sheep scab from the UK in 1953 coincided with the
decimation of the UK’s rabbit population following the
introduction of myxomatosis’. Finally, the bacterium
Listeria monocytogenes, may be commonly present in soil
in molehills and is a causative agent for listeriosis.VWhere
molehills have the potential to infect silage there is a
concurrent increase in listeriosis”, especially in sheep
which demonstrate symptoms including septicaemia,
abortion and encephalitis®'.

Meeting the criteria of abundance and likelihood, though
distribution and behaviour, of transfering infectious agents,
UK deer populations may be a reservoir for a large range
of infectious diseases, both now and in the future™. All

six species of deer resident in Britain have expanded

in range over the last 30 years'™, probably due to a
combination of increased protection, re-establishments
and introductions, land-use changes and an absence

of natural predators'®.Transmission of parasites and
pathogens between deer and livestock probably does

not result from direct contact, but rather through the
distribution of parasites or pathogens, or their vectors,
into the environment. Major transmission routes for
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White-nose syndrome in bats

White-nose syndrome (WNS) is the name for a
group of symptoms associated with the deaths of
millions of bats in North America. Pseudogymnoacsus
destructans (syn. Geomyces destructans), the causal agent
of WNS, is a soil fungus that grows optimally at the
temperatures found in winter hibernacula® and
affects hibernating bats.

The fungus was most likely introduced to North
America from Europe” where it was first confirmed
from a bat in France in 2009%. A subsequent review
found the fungus has a widespread distribution
across continental Europe®*, where it has been
isolated from at least eight Myotis bat species®. The
fungus was confirmed for the first time in the UK
in July 2013. The positive cases were discovered in
environmental samples collected at hibernation sites
in South East England and from a live bat swabbed
in hibernation”. Although P. destructans is present,
however, WNS has not been found this side of the
Atlantic. It seems likely that European bat species
may have evolved immunity to the disease”. With the
discovery of P. destructans at five sites in South East
England” it is hoped that UK bats have the same
immunity, but more surveillance work and research
are required for this hope to be confirmed.
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Despite the risk of disease to humans associated with
commensal Norway rats (Rattus norvegicus), prior to
the mid-1990s this area had received little attention.
An examination of 510 wild rats across the UK,
found that wild rat populations carried at least 13
zoonootic and 10 non-zoonootic parasitic species, few
of which had been investigated in UK rats previously,
and that individual rats simultaneously carried
between two and nine potentially zoonotic parasites®*
98100 " A]] zoonotic parasites identified can cause
serious disease in humans and/or domestic livestock.
For example, listeriosis commonly causes encephalitis
in ruminants, septicaemia and liver damage in other
mammals, and in humans is particularly dangerous
for pregnant women. The most prevalent parasite
detected was Cryptosporidium parvum which can trigger
enteritis and enterocolitis in mammals (including
humans)™®'. Another protozoan parasite, Toxoplasma
gondii, was also detected at high levels. Toxoplasmosis
causes human congenital abnormalities'®? and is
estimated to cost the UK sheep industry £12m-£24m
due to a loss of 0.5m lambs per year!®.

many macro- and microparasites are both faecal-oral and
urinary-oral routes, especially where deer and livestock
share access to agricultural pastures, in which ingestion
or investigation of forage contaminated with faeces
during grazing may lead to transmission opportunities’™.
Diseases of deer that have significance for livestock
include bovine tuberculosis, bovine viral diarrhoea virus,
Johne’s disease, Louping ill and tick-borne fever (TBF),
and a variety of helminth parasite infections™. As with
foot-and-mouth, while it is almost certain that some
transmission of these diseases has occurred between
livestock and the deer population, it is unclear either
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for these diseases, or any of the many other shared
parasites and pathogens, whether the deer population
acts as a sufficiently competent reservoir to permit an
outbreak’. For example bTB in UK deer has been linked
to its presence in other species, especially badgers'®, but
data on the role of deer and the epidemiology of bTB

in livestock are lacking'”. It is worth noting, however,
that while deer may not be proven competent hosts

for many diseases, they certainly are heavily implicated

in providing a major wild reservoir for the tick vectors
(Ixodes sp.)'% of several infections, including Louping ill
and TBF (which are both significant infections of sheep,
respectively causing fatalities and sterility/abortion;’* and
Lyme disease (which infects humans; chapter 7).

Clearly it is important to have a proper understanding
of the role of wildlife as reservoirs of infection before
embarking on costly disease-eradication programmes
in domestic species”.With expanding deer populations
another outbreak of foot-and-mouth disease could
bring with it the possibility of spill-over into the deer
population, and if this occurred controlling the disease
may require not only destruction of infected livestock
but also deer management to prevent spill-back from
the new wildlife host. Similarly if wild boar populations
become abundant then diseases such as classical swine
fever - which was eradicated from Great Britain in 1966
but which has since made several comebacks including
one serious outbreak in East Anglia in 2000, affecting
|6 farms - may pass to a wildlife reservoir, severely
complicating disease control measures. Equally clearly,
sufficient data on the capacity for British mammals to
act as reservoir species for livestock, or to suffer as a
result of spill-over from livestock, is lacking in the vast
majority of cases. This is perhaps unsurprising given
the melting pot of farm types (intensive through to
‘wildlife-friendly’ and organic), stocking practices, stocking
densities, distributions and densities of wild mammals
and commensal species (particularly rats), and how
each of these factors affects the behaviour, interactions
and likelihood of disease persistence and transference
between species.
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How best to control the scourge of bovine tuberculosis
(bTB) in British cattle, and especially how to manage
the role of badgers in infecting cattle, is amongst the
most challenging wild mammalian disease problems

for science and society. Although much remains to be
discovered, more is known about the ecology of this
disease than any other in the UK, and there are good
summaries of the evidence. For example, in last year’s
SOBM, Macdonald and Burnham (2012) summarise the
background up to the point when the 2013 badger culls
(which they forecast to be ‘unpromising’) began. More
recently Godfray et al''” provided a restatement of the
natural science evidence base relevant to the control of
bovine tuberculosis in Great Britain, so here we can do
no better than summarise their review.

Bovine tuberculosis is an infectious disease of cattle
caused by the bacterium Mycobacterium bovis. In Great
Britain it costs farmers and the taxpayer heavily, through
testing and compensation for slaughtered animals. Both
the incidence and geographical distribution of bTB in
cattle have increased in England and Wales since the
mid-1980s.Across much of Britain herds are tested
annually: where infection is detected, infected animals are
destroyed, cattle sales and movements are restricted and
contacts of the infected herd traced. In 2012, for example,
37068 cattle were destroyed after testing positive, and

a further 943 close contacts were also slaughtered. Such
breakdowns (abrupt collapses in disease status) of bTB in
areas of low incidence tend to be associated with cattle
movements from high incidence areas. It remains a puzzle,
however, why some regions contain areas with high

bTB incidence (many parts of Wales, the Midlands and
the West Country) but others do not (east and north
England, Scotland). Added to this, farms that have had a
herd breakdown suffer a recurrence of the disease more
often than expected by chance, while many farms in high
incidence areas escape infection much more often than
would be expected by chance. Similar recurrence is a

relatively rare event in low incidence regions.

This understanding of factors governing the geographical
distribution and incidence of bTB, and what stimulates

a breakdown, remains incomplete. Two further, and
substantial, impediments to the control of bTB are the
limited sensitivity of diagnostic tests, and the involvement
of badgers.

Methods of diagnostic tests for bTB infection in cattle
are neither 100% sensitive (100% sensitivity means

that the test gives no false negatives, ie that no infected
animals are missed), nor 100% specific (specificity being a
measure of the percentage of uninfected animals that are
incorrectly identified as infected, creating false positives).
The single intradermal comparative cervical tuberculin
test (SICCT or ‘skin’ test) has a herd-level specificity
above 99% and herd-level sensitivity of 51% (meaning that
it is unlikely to give false positives, but may miss infected
animals).The skin test relies on a somewhat subjective
interpretation of the relative size of two lumps generated
by an immunological response in the skin.The gamma
interferon (IFNg) test has lower specificity (96%) and
higher herd-level sensitivity (67%). Cattle movements,
especially from high-incidence areas, are associated with
increased risk of bTB infection, and the skin test is a
valuable tool in reducing this risk through pre-movement
testing.A live test for bTB in badgers (Brock TB StatPak)
has a sensitivity of about 50%.

Although both badgers and cows tend to do well in
places with mixed pasture and woodland, there is

little evidence of an association between high badger
densities and elevated cattle TB incidence. Nonetheless
similar genotypes of M. bovis are found, more often than
would be expected by chance, in local cattle and badger
populations. Much was learnt from the Randomised
Badger Culling Trial (RBCT), which took place between

Proactive culling area Area surrounding cull
Central ] ) ]
) ] ] 95% Confidence Central estimate 95% Confidence
Time period estimate .
interval (%) Interval
(%)
During trial -23 -12to -33 +25 -1to +56
After trial -28 -15to0 -39 -4 -26 to +24
Entire period -26 -19to -32 +8 -14 to +35

Table 1. Averages and confidence intervals of percentage difference in new confirmed herd breakdowns
between sites subjected to proactive culling, compared with no-cull areas: data for the during trial time period,
the after trial period and for the entire time period; reproduced from Godfray et al''™*.

* These figures are a comparison of cull and non-cull sites, and hence represent relative differences. As
background incidence was rising throughout the monitoring period, absolute reductions in rates of new
confirmed cattle herd breakdowns (compared with historical rates) would be smaller than the relative
reductions shown here, and absolute increases would be larger than the relative increases shown here.
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Badgers are notoriously susceptible to bovine
tuberculosis, but also suffer a variety of other
infections. For example, the coccidial gut parasites
Isospora melis and highly pathogenic Eimeria melis
occur commonly among badgers'’. E. melis causes
infected cubs to lose fluid and suffer malabsorption
and anorexia'?®. In our studies, we found an E.

melis prevalence of 66.4% in cubs in their first year,
compared with 8.5% in adults. When these infections
coincide with shortages of food and water, cub
mortality rates peak at over 90% , where mortality is
due to malnutrition'?*"?!, whereas in years of plenty,
over 50% of the cohort will typically survive'?2, Cubs
surviving infection typically suffer stunted growth:
the most heavily infected (surviving) males attain
adult body-lengths that are typically 5 cm shorter
(7% of 70.5 cm), and females 3.5 cm (5% of 670

cm) shorter, than the least severely infected'?. This

is because male cubs grow faster than females, and
thus suffer a greater impairment due to coccidiosis

as a trade off between combating the infection and
investing in skeletal development'?®. This example
highlights the ability of diseases to have unexpected
population-level impacts, particularly when combined
with fluctuations in other environmental parameters.
Dry spring weather and gut parasites may seem to

be relatively innocuous but together can produce
severe malnutrition resulting in widespread mortality
amongst badger cubs and therefore a decline in the
size of badger populations.
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1998-2005 and which estimated that 50% of confirmed
herd breakdowns in the year before culling began were
due to badgers, but that the percentages varied widely
between areas. Furthermore, cattle can infect badgers
too, and it isn’t known whether TB could persist in
badgers without infection from cattle. In the proactive
culling areas of the RBCT (where bTB incidence was
high), post-mortem and culture examination of badgers
revealed 2% to 38% (mean 14%) prevalence, though more
than half the infections may escape detection. Exactly
how M. bovis is transmitted between badgers and cattle is
unknown.

Culling badgers

The RBCT found that proactive culling resulted in a
reduction in the rate of new confirmed cattle herd
breakdowns inside culling areas (which diminished over
the six years; Figure 2;Table 1), but a parallel increase in
the incidence of confirmed herd breakdowns within2 km
of the culling areas (which waned after culling stopped;
Figure 2;Table 1). Reactive culling appeared to make herd
breakdowns significantly worse (the presence and extent
of badger culling were associated with increased risk

of a confirmed herd breakdown on nearby farms, and
when compared to no-cull areas the breakdowns were
more prolonged). The perturbation effect (in which the
disruption to badger populations from culling alters the
survivors’ behavioural ecology, and perhaps immunology,
resulting in increasing spread of the disease)''®, may
explain why culling consistently increased the prevalence
of M. bovis infection in badgers, particularly in culling areas
surrounded by weaker barriers to badger movement,

on land close to culling area boundaries, and following
proactive culls which were not conducted simultaneously
across the entire area.
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The reductions in cattle bTB achieved by the RBCT
proactive culling may have arisen from a number of
facets of the trial and the way in which it was conducted:
the culling resulted in an approximately 70% reduction

in badger density and badger immigration was limited

by the use of geographical barriers; also the culls were
conducted simultaneously across entire areas and
repeated annually over at least four years with access to
most (about 70%) of the necessary land, with inaccessible
areas targeted. If culling, mimicking the RBCT, were
extended over larger geographic areas this might be
expected to move the balance between benefits (the
reduction in herd breakdowns in the culling areas) and
costs (the increased breakdowns in peripheral areas)
towards a net benefit. An analysis assuming a circular
150km? area and proactive culling similar to that carried
out in the RBCT predicted that over a 9.5 year period
with proactive culling in the first five years there would
be a relative reduction in confirmed herd breakdowns of
20-34% (central figure 27%) within the culled area.When
the additional herd breakdowns in a peripheral 2 km area
are included, the overall reduction falls to 3-22% (central
figure 12%) or 8-24% (central figure 16%), depending

on assumptions (Table | separates these figures for
culled and peripheral areas). Such a prediction, however,
requires a target 70% reduction in badger densities, a

Effect of culling (%)

red: arcas surrounding cull
black: proactive culling areas

figure that the two recent trials in 2013, in Somerset and
Gloucestershire, fell sadly short of - even after extensions
they killed only 65% and 39%, the latter of which, in
Gloucestershire, approximates the situation known to
deliver the worst possible outcome. Following this epic
failure it is hard to see how continuing this approach
could be justified.

Vaccination

There are two targets for vaccination: the cattle and

the badgers. BCG vaccine (a live attenuated strain of M.
bovis) reduces the severity of disease in cattle (in one
trial by 56%-68%), but also leads to false positives using
the skin test (resolved by tests that Differentiate Infected
from Vaccinated Animals (DIVA) (95% relative sensitivity,
96% specificity)). An injectable BCG vaccine reduces

the risk of vaccinated badgers testing positive to a test
of progressed infection (ie becoming diseased) by 74%,
and of testing positive to live tests by 54% (when more
than a third of the social group was vaccinated, the risk
to unvaccinated cubs was reduced by 79%). Importantly,
trapping and injecting does not lead to perturbation. Trials
with oral vaccine suggest that they too can reduce the
severity of the disease in vaccinated badgers.

Culling
Harmful

Culling
Beneficial

1 1 1 1

Time During Trial
{intervals between annual culls (i} 1 and 2,
(i) 2 and 3, (iii) 3and 4 and (iv) after 4
and up to a year after the final cull)
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There is nothing new about humans moving other animals
around the globe'?. Rats and mice, for example, have been
commensal with humans since Neolithic times'*'* and as
a result have been inadvertently naturalised on islands and
archipelagos worldwide'? (where they continue to impact
heavily on endemic fauna'?).What is novel, however, is

the modern scale of global movements of both wild and
domestic animals. In 2007 (the most recent year for which
data are available), global international exports of cattle
were nine million individuals and of sheep were 14.6
million individuals'?®. The UK’s 2007 contribution to these
movements was to import over 20200 head of cattle,
68200 sheep, 432 100 pigs and 5.9 million chickens, and

to export over 71600 pigs, 31 000 chickens, 20600 cattle
and | 000 sheep. Similarly, although precise estimates

are difficult because much wildlife trade occurs through
informal or illegal networks, up to 40000 live primates,
four million live birds, 640000 live reptiles and 350
million live tropical fish are traded globally each year
1%, Additionally wildlife may be moved for conservation
reasons: for the reintroduction of endangered species,
the translocation of animals, often for species protection
in areas undergoing development work, or for bringing
injured or orphaned individuals into captivity for
treatment - in the UK hedgehogs'®' and bats'* are
frequently taken into captivity for rehabilitation.
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An important consideration when moving wildlife -

and livestock, although these are subject to stringent
veterinary examination for a number of notifiable
diseases (chapter 8) - is that any individual animal actually
represents an entire ‘biological package’, comprising

the host animal and a plethora of passenger organisms,
including viruses, bacteria, fungi and a range of additional
parasites and pathogens'®® '3, Given that an unknown,
but substantial proportion of international wildlife trade
is illegal'3® 134135 . representing, by some measures, the
second largest illegitimate global business after narcotics
- this trade represents a severe risk of ‘pathogen
pollution’, the human-induced movement of infectious
agents to new regions'¥. In essence any movement of
animals from a given geographical location to another
may increase the risk of disease transmission to and
from both wildlife and livestock, potentially rendering

all individuals in the community at risk of contracting a
novel disease'®. An obvious example is the devastating
effect of crayfish plague carried by signal crayfish on UK
populations of white-clawed crayfish (chapter 3). Similarly
the movement of amphibians both for the pet trade and
for reintroduction for wildlife conservation is known to
have facilitated the spread of chytridiomycosis on a global
scale'®. This disease was caused by the aquatic fungal
pathogen Batrachochytrium dendrobatidis (Bd) and initially
spread via international trade in African clawed frogs
(Xenopus laevis) resulting in a 30% decline in amphibian
species worldwide'®. Currently there is no obligation for
amphibians to be screened for the pathogen, either for
entry into the UK or more widely throughout Europe'®.
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Such health concerns are not limited only to native
species that are closely related to those introduced;
rather the introduction of any species can have
unforeseen knock-on consequences for entirely unrelated
species. The discovery of an opisthorchid fluke parasite
(Pseudoamphistomum truncatum) in English otters

(Lutra lutra) has been linked to the introduction of two
intermediate fish host species, the sunbleak (Leucaspius
delineatus) and the topmouth gudgeon (Pseudorasbora
parva)'?, both of which have become established in

a number of river systems in southern England after
escaping from an ornamental fish supplier in the mid-
1980s'*'. Also the risk of emerging zoonosis from
wildlife movements is large (chapter 7) and any wildlife
movement, even for conservation purposes, carries the
potential to negatively impact human health. Bavarian
beavers (Castor fiber) can carry a parasitic tapeworm,
Echinococcus multilocularis, which is the causative agent of
the highly lethal human disease alveolar echinococcosis'*.
This parasite has been identified in Great Britain'*® and
if any of the illegally released Tayside feral beavers are
infected - which in 2012 were thought to number 146
individuals in the wild, living in at least 38 separate family
groups'* - the parasite could become established in
Scottish wildlife. The parasite does not occur in mainland
Norway'*, and so Norwegian beavers (the source
population for the experimental reintroduction trial in
Knapdale in Scotland) are not carriers. Faced with such
potential for the spread of novel and deleterious diseases
to a range of unintended hosts it is perhaps only slightly
comforting that not all wildlife introductions result in
increased disease risk: in Ireland, introduced bank voles
were found to be responsible for a decline in Bartonella
haemoparasites, transmitted via fleas to native wood
mice, believed to be due to the role of bank voles in
providing an increase in the number of alternative hosts
for infected fleas'*.

Reintroductions for wildlife conservation represent a
disease risk not only to established wildlife'** but also to
the released animals themselves. Common environmental
parasites and pathogens can have significant negative
effects on reproduction and survival, thereby reducing
the likelihood of establishment for the new population,
and insufficient disease risk management has caused
several reintroduction programmes to fail'**. Captive
reared animals, which are relatively free of common
environmental pathogens may be particularly at risk'*s,
lacking the immunity to combat otherwise benign
infections. For example, 43% of reintroduced water
voles and their offspring were found to be infectious for
leptospirosis four months post-reintroduction, compared
with a typical incidence of 6.2% in wild water voles'*,
suggesting that they may have been more susceptible

to acquiring leptospires.An additional effect of captivity
occurs if individuals are kept under inappropriate
conditions leading them to become stressed and
immunocompromised. Prior to reintroduction the water
voles in the above study were housed by the breeder
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in laboratory cages containing between one and eight
individuals. The water voles’ ability to mount an immune
response was inversely related to the number in the
cage; given that water voles are normally territorial

and solitary, the high density cages were likely to have
been stressful'”’, and even for individually housed

captive water voles both too-confining housing and the
attachment of radio-collars for monitoring purposes are
known to negatively impact on water voles'*®.With a
weakened ability to combat infections such individuals are
substantially more at risk of illness and death, particularly
because reintroduced individuals may move around

more and contact many more individuals when becoming
familiar with their new environment and establishing
territories'”?, all of which increases the potential for
disease transmission.

The above arguments also apply to rehabilitated wildlife.
There are a large number of wildlife rescuers and
rehabilitators in the UK, both individuals and institutions,
who take in injured or abandoned wildlife with a view

to eventually releasing these animals in better condition.
These animals are typically kept in unnaturally close
confinement, both with conspecifics and with their human
carers, and so risk obtaining a disease which is then
released into the wild with the individual'®®. Co-housing
amphibians, for example, has been shown to amplify the
population prevalence and intensity of infection with
Batrachochytrium dendrobatidis'*. This is not to imply that
such ventures do no good - UK hedgehogs maintained

in captivity for at least one month post-rescue have a
greater chance of longer survival when re-released than
those maintained in captivity for less than one month'3!

- but rather that such activities carry an inherent disease
risk that is difficult to detect and mitigate.
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There is increasing evidence that European bats
carry a range of viruses. While these are not known
to be zoonotic (ie can be transmitted to humans),

in many cases they belong to families that do
include viruses that are able to cross the species
barrier. Coronaviridae is one such family and has
received a lot of attention since the emergence of
severe acute respiratory syndrome (SARS-CoV) a
decade ago' and more recently Middle-Eastern
respiratory syndrome (MERS-CoV)*. Coronaviruses
cause a range of problems in humans including
respiratory and gastrointestinal diseases'” *° (human
coronavirus is one cause of the common cold) and
can be divided into three groups: alpha (Group 1),
beta (Group 2) and gamma (Group 3). Both SARS-
CoV and MERS-CoV belong to betacoronavirus,
Group 2b. Bats have been identified as reservoirs

of SARS-like coronaviruses in China#"*°, A recent
study has also found betacoronaviruses in European
bats, including isolates from common pipistrelles
(Pipistrellus pipistrellus) in the Netherlands, and
alphacoronaviruses present in common pipistrelles,
and three other species (Daubenton’s bat, Myotis
daubentonii; noctule, Nyctalus noctula; and pond

bat, M. dasycneme)' . A UK study recently isolated
alphacoronaviruses from a Daubenton’s bat along
with a Natterer’s bat (M. nattereri)®2. It is not

known if any of these viruses are zoonotic but

these discoveries highlight the need for surveillance
programmes for this family of viruses in wildlife.

Disease screening appears to be sensible not only for
livestock but also for any human-mediated wildlife
movement.Worldwide, however, 24% of translocations
for conservation have no disease screening, and only 25%
of mortality cases post-translocation are investigated'®.
While a ‘zero-risk tolerance’ philosophy for wildlife
movement with respect to disease may be desirable,
this has unfortunately proved unattainable for nearly all
wildlife-conservation programmes'¢'. The term ‘disease
screening’ is often used to describe the examination of
animals to detect disease problems but screening for all
known parasites and pathogens is practically impossible
(Box 4).There are hundreds of parasites and pathogens
that could infect a single species'® and the vast majority
of any such diseases identified are likely to be benign
under most circumstances. Nevertheless prevention
remains the most cost-effective method of disease
management'¢2, and the current strategy for livestock
movements is to screen for selected diseases known to
have severe impacts (chapter 8). It is clear that similar
approaches to prevention are equally desirable for
wildlife movements.




Transmission of pathogens to humans from other species
is a natural feature of ecosystems and our engagement
with them'!, and such zoonotic infections form the
majority of human diseases'2. Of 1415 human diseases
identified in a worldwide review in 2001, 868 (61% of

all diseases) were zoonotic'% In the UK, zoonoses can
be divided into three broad areas of concern.The first
are those zoonoses which currently exist in wildlife
reservoirs in the UK, and which therefore can be
contracted by people coming into contact with infective
material passed on from the wild host. The second are
those which exist overseas in wildlife and which may be
transported into the UK either through natural processes
(eg via migratory species or those able to traverse the
English channel) or importation of infected animals.The
third are emerging infectious diseases, transmitted to
individuals within the global human population as a novel
infection from animal hosts, which may or may not have
the potential to precipitate an epidemic, with infection
spreading around the world through normal channels of
human movements*.

Endemic UK zoonoses are those which have existed

in the UK for a number of years and, while potentially
serious for individuals if contracted, are unlikely to result
in mass mortality. There are currently approximately 40
potential zoonoses in the UK'®, the most common of
which are listed in Table |. Human risk groups inevitably
comprise people whose occupations involve working
with animals. The Health and Safety Executive identifies
approximately 300000 people in a variety of occupations
who are potentially exposed'®, with farm workers

being particularly at risk, due to their close contact with
livestock'®* (Table 1).

The most prevalent zoonotic diseases in the UK

in 2011 (Table I) were campylobacteriosis (72 150
confirmed human cases), salmonellosis (9455 cases),
cryptosporidiosis (3 655 cases), vero cytotoxin-
producing Escherichia coli (1407 cases) and Lyme disease
(1201 cases)'®. It is worth noting, however, that many
instances of zoonotic infection remain unreported.

For example the ratio of unreported to reported

human Campylobacter infection is estimated as 9.3 to

I, suggesting that in 201 |, there were approximately
740000 Campylobacter cases'®*'®’. Similarly, the actual
number of cases of cryptosporidiosis in the UK in

2011 is likely to have been ~ 34000'¢¢'¢’. Of these five
zoonoses, the four most common are infections of the
digestive tract, which are hosted primarily in livestock
populations and secondarily in domestic pets and wildlife,
and which are most frequently passed to humans through
consumption of contaminated food products or through
direct contact (principally farm workers) (Table I).The
fifth, Lyme disease, differs in that the majority of cases
are acquired by members of the general public when
pursuing outdoor recreational activities, through the bite
of infected ticks (Ixodes species) which act as vectors for
the causal bacteria, all species within the genus Borrelia'®’.
Again unlike the top three zoonoses, the four species

of Borrelia that occur in Britain are maintained largely in
wild populations of animals. B. garinii and B. valaisiana are
maintained in birds, ranging from guillemots (Uria aalge)
to blackbirds (Turdus merula)'®®, and the principal hosts
for the other species B. afzelii and B. burgdorferi, are grey




squirrels and rodents like mice and voles'®®'% Wildlife is
a sufficiently effective reservoir for this zoonosis that a

recent study suggests that oral immunisation of wildlife

to Lyme disease may be a long-term strategy to reduce

human Lyme disease risk'®’.

Wildlife plays key roles in the maintenance and
transmission of other notable zoonotic diseases.
Toxoplasmosis (the 7* most reported zoonosis in 2011,
with 364 human cases) is principally passed to humans
through contact with water, food or soil contaminated
with the faeces of infected cats'®%; but rats, mice and voles
represent a significant reservoir, from which cats receive
the infection, for the intermediate stage of the parasite'’é.
Brown rats (Rattus norvegicus) are further implicated in
acting as a reservoir for a number of diseases including
Leptospirosis, Cryptosporidium, Pasteurella, Listeria,
Yersinia, Coxiella and Hantavirus®2. Of these rat-borne
diseases several have the capacity to cause serious illness
and even fatalities in humans. Leptosporosis (52 reported
cases in 201 I) can give rise to Weil’s Disease (which
develops in the small proportion of extreme cases where
complications result in multiple organ failure'””). Coxiella
(which causes Q fever; | 12 cases in 201 |) and Hantavirus
(one reported case in 201 I), can both cause non-specific,
influenza-like symptoms in humans, which can be fatal if
misdiagnosed, or left untreated'’®.While rats are almost
certainly not the sole reservoir for any of these diseases
- for example water voles have also been shown to be
wildlife hosts for Leptospirosis?' and Coxiella infects

a great range of animal species and can be maintained
solely in livestock populations™ - they are commensal
with humans and extraordinarily abundant, and therefore
likely to provide a substantial interface for the transfer of
disease to both humans and livestock'”.
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The majority of work on disease in UK bats has
focused on European Bat Lyssavirus, of which there
are two strains EBLV1 and EBLV2. Over 11 500 bats
have been tested for EBLV since surveillance began
in 1987'7°, and a total of 10 bats, all Daubenton’s
(Myotis daubentonii), have been found with live EBLV2
virus. Of these, the first was captured in 1996 but

it was suspected the individual had originally come
t'°. However, in 2002 a juvenile
captured in Lancashire and raised in captivity tested
positive, providing definitive evidence for rabies

in island Britain. In a separate incident in 2002, a
Scottish bat worker who had not been vaccinated
against rabies died of EBLV2a'"}, and so the disease

is now known to be able to spill-over to humans, as
172173

from the continen

well as to domestic livestock and other wildlife
Elsewhere in Europe there have been four other
human cases of EBLV in humans as well as spill-over
of EBLV1 into one stone marten and two sheep!™1""
13, Active surveillance work has identified a small
proportion of Daubenton’s bats with antibodies to
EBLV2, indicating previous exposure to the disease'™.
Additionally antibodies to EBLV1 have been found in
a serotine (Eptesicus serotinus) and two Natterer’s bats
(Myotis nattereri) but the live virus has not been found

in the UK'" .

The UK has remained free of many diseases that are
routinely transmitted by wildlife between countries that
share land borders. Migratory wildlife species able to
cross the channel, however, represent a risk in terms of
the introduction of novel zoonoses. For example avian
influenza (H5N ), which originated in water bird species
in the Far East, was detected in the UK in 2006 when
an infected Whooper swan (Cygnus cygnus) was found

in Scotland, and again in 2007 in Suffolk in a domestic
poultry unit, probably transmitted via contact with wild
birds'®. In 2002 European Bat Lyssavirus 2 (EBLV2) was
identified as potentially being carried by UK bats after a
captive Daubenton’s bat (Myotis daubentinii) developed
abnormal behaviour. Subsequent research suggested this
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Humans Animals (livestock, domestic and wild)
Reported Y e
Reported Principal sources of . ) . . Notifiable?
Disease/causative infecti Typical route of infection cases in
Notifiable?* | casesin infection 2011
agent
2011
Yest Livestock > Domestic Contaminated food or water (faecal-
Campylobacter 72,150 i . 407 No
animals > Wildlife oral route)
Salmonella Yest 9,455 Livestock > Wildlife Consumption of contaminated food 2,671 No
Yest Contaminated food or water
Cryptosporidium 3,655 Livestock > Wildlife Contact with animals or faeces 1,381 No
Direct person-to-person contact
Yest Contaminated food and water
VTEC 0157 (E. coli) 1,407 Livestock Direct contact with livestock No data No
Person-to-person contact
Lyme Disease Yes 1,201 Wildlife > Livestock Tick bite NA No
Pasteurella No 668 Domestic animals Contact with domestic pets 316 No
No Food or water contaminated with
Toxoplasma 364 Domestic animals cat faeces 146 No
Consuming or handling raw meat.
. Yest Ubiquitous in
Listeriosis 164 i Unwashed / uncooked food 145 No
environment
Yes Livestock > Domestic Consumption of unpasturised milk.
Q Fever 112 i i o i 7 No
animals Direct contact with infected animals
Taenia spp. No 94 Livestock > Wildlife Consumption of undercooked meat No data No
L No . i Ingestion of food contaminated with
Yersiniosis 55 Livestock > Wildlife 22 No
faeces of infected animals.
Yes Contact with urine from farm animals
Leptospirosis 52 Livestock > Wildlife and commensal wildlife (particularly 3 No
rodents)
Psittacosis (C. Yes i Contact with pet and wild bird
. 41 Pets and Wildlife i 8 No
psittaci) species
Mycobacterium Yes . - Consumption of unpasturised dairy
. 31 Livestock > Wildlife 6528 (144) Yes
bovis*** products
Yes Consumption of unpasturised dairy
Brucella sp . i i
K 25 Livestock products, particularly outside of 71 Yes
(Brucellosis)
the UK
L No . Contact with dog faeces - farm dogs
Hydatid disease 15 Livestock 0 No
and sheep perpetuate cycle
No . Linked to the ingestion of BSE
BSE58 /vCID53 5 Livestock . 7 Yes
infected beef
No L Direct contact with infected dogs
Toxocara 4 Domestic animals No data No
and cats
Hanta virus Yes 1 Wildlife Wild / commensal rodents No
orf No 1 Livestock Direct contact with infected livestock 35 No
Streptococcus suis No 1 Livestock Contact with infected pig meat 119
Yes Varied, but e.g. contaminated
Anthrax 0 Varied recreational drugs, imported animal 0 Yes
products
Avian Influenza Yes 0 Livestock > Wildlife Poultry 0 Yes
L No . Inhalation of aerosols in proximity to
Chlamydiosis 0 Livestock i . 451 No
infected animals
i X Yes i - Direct contact with livestock and
Rabies ‘Classical’ 0 Livestock > Wildlife o 0 Yes
wildlife
Rabies EBLV Yes 0 Wildlife Direct contact with infected bats 0 NA
o No . Consumption of raw or undercooked
Trichinella 0 Livestock 0 No
meat
West Nile Virus NA 0 Wildlife Mosquito vectored from wild birds NA Yes
Swine Influenza Yes NA NA NA 35 No
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form of EBLV2 was closely related to that found in bats
in the Netherlands, indicating that mixing between bat
populations from both countries occurred'’*. Zoonoses
and wildlife diseases may also be carried across the
English channel by insects. Schmallenberg virus (SBV

- associated with fever, reduced milk yields, still births
and birth defects in livestock) has been confirmed in
UK livestock samples in the UK since 2012 but only in
areas at risk of midge incursion from northern mainland
Europe during the summer/autumn 201 |.This finding
suggests that livestock were probably infected by midges
blown across the English Channel'®'.The implications for
UK human health if malaria-bearing mosquitoes spread
into Northern Europe are that we may be unlikely to
escape the spread of this disease.

Many zoonotic diseases are extremely prevalent in the
UK human population, but those that can cause serious
iliness and/or death (eg avian influenza, rabies, anthrax)
currently have very low rates of occurrence in the UK
(Table 1). However, there remains a consistent threat
from emerging infectious disease to the global human
population'''2 '8 including to the UK. A recent study
reported the emergence of 335 infectious diseases
(EIDs) in the global human population between 1940

and 2004 of which the majority (60.3%) of EID events
were caused by zoonotic pathogens and 71.8% of these
zoonotic EID events were caused by pathogens with a
wildlife origin'®2. Recently emerged zoonoses include, for
example, Nipah virus (passed from fruit bats to pigs and
thence to humans and dogs;'?), hantavirus pulmonary
syndrome (acquired from wild rodents, particularly
deermice Peromyscus sp. in the USA), monkeypox (which,
despite the name, is typically held in a rodent reservoir in
West Africa, and was introduced to the USA by an exotic
animal dealer whose shipment contained infected rope
squirrels, Funiscuirus sp., Gambian rats, Cricetomys sp., and
dormice, Graphiurus sp.'®.The resultant outbreak infected
71 people in the USA in 2003), severe acute respiratory
syndrome (SARS, which emerged as a result of the
handling and butchering of wildlife for meat: the original
infection emerged in wildlife market and restaurant
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workers in southern China'®), Ebola (outbreaks of Ebola
amongst humans occur through the handling of wild
animal carcasses - most often for bushmeat, and typically
of gorillas and chimpanzees, but also deer species - in
the forest zone between Gabon and Republic of Congo.
Human outbreaks are typically preceded by an outbreak
in wildlife'®®) and simian immunodeficiency virus (the
animal precursor to HIV)'". Some of these zoonoses
have become established as human pathogens that do
not require repeated animal-to-person transmission (eg
HIV'"), and others, such as SARS could have established
but were contained by rapid global response to their
emergence'®. All of these diseases can be fatal. To

give just one example, the Nipah virus, which has fruit
bat reservoir hosts in Malaysia, became established

in domestic pig populations leading to an outbreak

in humans, mainly those involved with pig farming or
abattoir working'®’, in 1998-99 which led to the deaths
of more than 100 people in peninsula Malaysia and
Singapore and the destruction of one million pigs'".

It is unlikely that an EID will arise from UK wildlife,
because the risk factors for zoonotic disease emergence
require novelty, expansion of human populations and
significant changes in landuse, which more usually

occur in southern latitudes'®? '®. The possibility of a UK
epidemic resulting from emerging diseases originating

in wildlife populations and passed into the UK through
migrating wildlife, livestock movements or (in the case
of a global pandemic) human to human transmission,
aided by international air travel'®, however, remains a
worrying possibility. Indeed, a principal conclusion from
a multidisciplinary meeting to discuss lessons learned
about SARS was that ‘humankind has had a lucky escape’.
Only 1000 people died, in part due to the timing of
infectiousness in humans (that coincides with the first
symptoms, rather than people becoming infectious
before exhibiting symptoms, making spread less likely)
and because the virus flew from Hong Kong to Toronto,
rather than to a city with a poorer health infrastructure
or, for example, higher incidence of HIV in the population,
which could have led to that country becoming endemic
for SARS'®.
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8. Monitoring and regulation of disease in British mammals

UK policy concerning disease in populations of British Of mice and nematodes: how does
mammals is targeted at preventing and controlling
those diseases that have potentially severe implications
for human health and livelihoods. Such implications
comprise two potential impacts: direct impacts on
human health through zoonotic infection, and indirect
impacts through infection of livestock or work animals,
which may have detrimental financial implications for
anyone whose income relies on the production of
animal products. Indeed in the latter case the costs of
a given disease outbreak range from £2 million (minor)
to over £3 billion (major outbreak)'?.

infection affect movement?

¢ Infections may impact not only on individuals’
- survival and reproduction but also their behaviour.
- For example a study on infection with the intestinal
nematode parasite Heligmosomoides polygyrus on the
: movements of wild male wood mice (Apodemus
- sylvaticus) during the breeding season'”® demonstrated
- that infected mice were found to move significantly
further and faster than uninfected mice, covering lager
Some specific infectious diseases in humans (such - territorial areas. Possible reasons include that infected
as cholera, measles and malaria; Table 1) when * mice require a larger food intake, necessitating greater
diagnosed must be reported by a doctor to the Local  : movement to locate sufficient food within a patchy
Authority or local Health Protection Unit'”'. Similarly,  : landscape, or that competition between males for
those diseases in animals that represent substantial
risks to human health and livelihoods are also deemed  :
to be ‘notifiable’. Notifiable diseases are listed under
the Animal Health Act, 1981, and a number of Orders  :
made under the act, including the Infectious Diseases
of Horses Order 1987, the Specified Diseases
(Notification and Slaughter) Order 1992 (as amended) :
and the Specified Diseases (Notification) Order 1996
(as amended). Under the Animal Health Act 1981,
“any person having in their possession or under their
charge an animal affected or suspected of having one of
these diseases must, with all practicable speed, notify
that fact to a police constable”'*. In actuality, the body
responsible for investigating incidents of suspected
notifiable diseases is the Animal Health and Veterinary -
Laboratories Agency (AHVLA), an executive agency
working on behalf of Defra, and the Scottish and Welsh -
Governments'”. If a notifiable disease is confirmed or  ...iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeiiiiiiaaaaaat
suspected the law provides for animals to be culled,
and gives an inspector powers to declare an infected

females may force infected (subordinate) male mice

to move further than uninfected (dominant) ones

for mating opportunities. Both could result from

H. polygyrus manipulating its host to range further

to increase the distribution of its larvae (similar to
toxoplasmosis in rats), or alternatively the behaviour
of host mice may influence their susceptibility to
infection (those with larger ranges are more likely to
acquire infection). Regardless of cause, an association
between behavioural differences and infection with a
parasite is not confined to mice, but is repeated across
numerous other host/parasite relationships. In this
particular case, agricultural practices including harvest
might reduce transmission rate (by destroying burrows
in which contaminated faeces may accumulate)'™,

place where disease is suspected; to carry out a Notifiable diseases can be either exotic (normally not
veterinary inquiry, prohibit the movement of animals, present in Great Britain) or endemic (normally present),
carcases and other potentially infected materials and and either type may also be potentially zoonotic
equipment onto or off the premises and require the (chapter 7).While there have been over 14 exotic
proper cleansing and disinfection of premises and disease outbreaks in the last 10 years in UK animal
equipment'®%, populations, including foot and mouth disease, bird flu
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and bluetongue, the majority of exotic diseases currently
listed as notifiable have not, or have only very rarely, been
recorded in the UK'?*.The presence of these diseases on
the list of notifiable diseases, therefore, reflects a concern
that exotic diseases present a significant threat to British
livestock, and should accordingly be limited from entering
and becoming established in the UK.As part of its remit
Defra monitors for new disease incidents in EU Member
States, countries on the borders of the EU and the UK’s
third country trading partners'*, and in doing so works
with veterinary organisations in these countries as well as
with the World Organisation for Animal Health (Formerly
Office International des Epizooties)'*.

The obvious intention of the above approach is to limit
the transport of infected livestock and animal produce
and in so doing limit the ingress of exotic notifiable
diseases. However; a separate route for ingression of
exotic notificable disease is through wildlife vectors
(chapter 4). By definition wildlife movements do not
follow any easily regulated pathways, and any wild animal
that regularly moves between countries represents a
potential vector for an exotic notifiable disease to enter
the UK.The GB Wildlife Disease Surveillance Partnership
was created to address this issue. The partnership
comprises a number of institutions - including the
AHVLA, Scottish Agricultural College (SAC), Institute

of Zoology (loZ), the Food and Environment Research
Agency (FERA), the Centre for Environment, Fisheries
and Aquaculture (CEFAS), the Wildfowl and Wetlands
Trust (WWT), Natural England (NE) and the Forestry
Commission England (FCE) - and its remit is to produce
a quarterly report on instances of notable, and notifiable,
disease events in the UK. For example the January-june
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Rabbits and haemorrhagic disease
virus

Thousands of wild and domestic European
rabbits Oryctolagus cuniculus have died throughout
Europe, Asia, Australia and New Zealand from

rabbit haemorrhagic disease virus (RHDV)".
First recognised in China in 1984 after a major

- epidemic, RHDV was subsequently discovered on
the British mainland in 19921 and has since

* been widespread. The disease is characterised by

- haemorrhagic lesions, particularly affecting the liver
- and lungs, with up to 90% mortality occurring within
48 hours of infection!””. Research into the origins of
: RHDV in the UK suggests that an innocuous form

. of RDHYV, the non-pathogenic rabbit calicivirus

: (RCV), was present in Britain at least 30 years before
the initial outbreak of RHDV in China'". Transport
¢ of domestic rabbits between Europe and China is

- likely to have played a significant role in disease
transmission. Despite both RHDV and the myxoma
- virus having significant impacts upon the wild rabbit
* population throughout Britain, the UK population of :
rabbits remains substantial and widespread. :

2012 report included (amongst many other reports) a
pathology analysis of a stranding of a female white-beaked
dolphin (Lagenorhynchus albirostris) which revealed the
individual had a Streptococcus spp. infection, examination
of a mass mortality of mute swans (Cygnus olor) which
excluded avian influenza virus (a notifiable disease which
is potentially zoonotic) as the cause, and noted a 7%
annual decline in the national greenfinch population
since a trichomonosis epidemic started in 2005*°.The
cumulative effect of the activities of the participating
institutions is to examine the causes of mortality and
sickness in a broad range of wildlife species to ensure
that none of the cases represent the emergence of a
notifiable disease which could cause health problems
either for the human or for the domestic livestock
populations.
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Despite the geographical quirk which makes Britain

an island, in terms of our collective susceptibility to
disease we are very much part of the global community.
The continuous movement - both legal and illegal - of
people, livestock, pets, wildlife, meat and animal products
between countries means that almost nowhere on the
planet is exempt from global disease trends. In the same
way that movements of British and American military
personnel were largely responsible for spreading the
lethal 1918-20 influenza epidemic, every person and
animal product travelling internationally is a potential
carrier of infectious disease.

Similarly, whereas other conservation concerns - such as
the effects of habitat loss, climate change, establishment
of invasive species and loss of biodiversity - are often
(generally wrongly) perceived only to have indirect
relevance to human wellbeing, the emergence of a new
and virulent disease of wildlife is of direct relevance to
human health and livelihoods, because any such disease
can be transmitted to livestock and/or to us. In short,
when it comes to preventing the emergence and spread
of new diseases, human interests align with those of our
livestock and sympatric wildlife, and UK interests align
firmly with those of the rest of the world.

A number of current global trends have the potential

to affect disease in UK mammals: urbanisation, climate
change, environmental contaminants and emerging
infectious diseases.We discuss each of these briefly in the
context of global disease risk.

Urbanisation is increasing globally and its ecological
impacts extend beyond urban areas®'.The term

‘urban” as applied to wildlife incorporates small

towns, neighbourhoods and back yards, cities and/or
urban centres?®.The numbers and diversity of wildlife,
particularly of mammals, generally increase with distance
from urban centres, through suburbs and into the
countryside?®. The exceptions to this rule are species
that are adapted to urban living which can actually occur
at much higher densities in these places?®.The low
diversity but high densities of species in urban areas has
several disease implications. Firstly high densities increase
contact rates between individuals - especially around
food sources eg domestic rubbish or feeders for garden
birds and mammals - and so favour the transmission of
diseases spread by direct contact or oral-faecal routes®'.
Second, wildlife beyond urban areas can be affected by
diseases that are maintained in urban-adapted hosts. For
example, rates of toxoplasmosis in southern sea otters
(Enhydra lutris nereis) off the coast of California are three
times higher near urban areas, probably due to run-

off water that is contaminated with cat faeces?®®. Third,
transport and trade routes meet in cities, and so cities
are first points of entry for many inbound novel diseases
and hubs for potential cross-species transmission?'.West
Nile Virus (a strain thought to originate in Israel) was
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initially introduced into New York City in 1999 - probably
through human activities®® - and spread rapidly across
North America causing over 2800 human cases and

tens of thousands of wild bird deaths?”-2%, Lastly, urban
centres are sources of environmental contamination
which may adversely affect immunocompetence in wildlife
species (chapter 3; see below).

Pollutants, pathogens and environment interact, and in
complex ways?”. These interactions, and their relevance
to conserving British mammals, are poorly understood,
but more and more studies are linking anthropogenic
contaminants to wildlife disease. Industrial, agricultural
and urban centres all create high concentrations of
pollutants such as heavy metals and pesticides?'%2'2,

and these can negatively affect immune response in
wildlife species. The rate of infection with avian malaria
(Plasmodium relictum) of house sparrows (Passer
domesticus) is higher where the environment is more
contaminated with lead, typically in heavily urbanised
habitats due to its previous use as a petrol additive?®. A
five-year field study of two amphibian species, the marine
toad (Bufo marinus) and whistling frog (Eleutherodactylus
johnstonei), found high levels of metals and pesticides in
tissues samples to be associated with a weakening of
the immune response and an increase in helminth (a
type of macroparasite) infections?'3. Similarly, evidence is
accumulating that man-made environmental pollutants
are associated with increased cancer rates - in particular
through lowered resistance to viral oncagenesis (cancer
caused by a viral agent) - in a range of wildlife, including
turtles, beluga whales and benthic fish?'“. One speculation
is that components of plastics such as bisphenol A, a
compound known to cause or contribute to cancers in
humans and rodents, especially in marine ecosystems,
may be responsible?'®. Increasingly, it looks as if
environmental contamination with pesticides, herbicides,
trace metals and plastics is negatively impacting the
ability of various wildlife (and plausibly humans) to resist
infectious disease. It seems likely that these threats

will worsen as the human population increases with
concomitant industrialisation and urbanisation.

Climate change, particularly unprecedented extremes
and extents of weather variability, add substantially to
the threats facing UK mammals?'®. Even where climate
change is perhaps not the primary threat to, or stressor
of, a species’ population dynamics, climatic effects can
nevertheless interact with other factors, such as habitat
loss, disease, or competition with invasives, to exacerbate
the pressures on wildlife?'¢. Climate change will affect
the risks posed by infectious diseases doubtless in
complicated ways that are difficult to predict?'’. For
British terrestrial mammals climate change is most likely
to affect any diseases that have a free-living stage (eg
eggs laid outside of the host) or which are transferred
by vectors (ie ticks, mosquitoes and midges). Many such
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diseases are currently limited to certain climates because
outside these climates the ticks, mosquitoes and midges
die before the disease can develop fully””. Human diseases
such as malaria, African trypanosomiasis, Lyme disease,
tick-borne encephalitis, yellow fever, plague, and dengue
have all increased in incidence or geographic range in
recent decades?'82'" Whether these spreads resulted
directly from climate change remains unclear, but several
lines of evidence link warmer and wetter conditions with
increasing viability, population sizes and biting rates of the
disease vectors, and with increased rates of development
and lengths of time over which the disease parasites are
infective””. In short the mechanism by which warmer
climates might lead to diseases expanding their range is
proven, even if evidence for a direct relationship is lacking,
due to the complexities involved in obtaining appropriate
data.

In general climate change has three important
implications for diseases of terrestrial mammals: (i)
increasing the spread of diseases into the temperate
zone; (i) increasing the elevation to which diseases
can spread in mountainous regions; and (iii) increasing
the length of the season over which a given pathogen
is infective”. In marine ecosystems, although there is
evidence for temperature and climate-related links in
some marine diseases, separating the effects of climate
change from other anthropogenic disturbances is
complicated by a lack of reliable data”.
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Foxes and sarcoptic mange

Sarcoptic mange, caused by the burrowing

mite Sarcoptes scabiei, is a disease of widespread
importance*?, having the potential to ‘spill-over’
between wild and domestic mammals'® . Sarcoptic
mange is responsible for epizootic disease in wild
canids in North America, Europe and Australia, wild
cats in Europe and Africa, wild ungulates and wild
boars in Europe, wombats and koalas in Australia,
and great apes and various wild Bovids in Africa*?.
The disease is now widespread in Britain, particularly
amongst populations of red foxes (Vulpes vulpes)®.
Transmission of mites between hosts is believed to be
through both direct contact, through allogrooming,
sucking and aggressive interactions, and indirect
contact through fomites. Mites consume tissue fluid
and living cells?®®. Once in the skin, mites release

a secretion that causes hypersensitivity and itching

in the host*2. In foxes, hyperkeratosis (the crusty

skin characteristic of mange) is noticeable one to

two months after initial infection, with the average
time from diagnosis to death being 3.7 months?2..
Although mange itself is not always fatal, death is
frequently caused by secondary symptoms, including
starvation, hypothermia and bacterial infections??2.
Frequency-transmitted pathogens can pose a
significant risk to compromised populations - mange
has caused significant declines in isolated hairy-nosed
wombat Lasiorhinus latifrons populations???, and is

a major cause of mortality for cheetah populations

in the Masai Mara?**, Understanding its population
dynamics and epidemiology is therefore essential for
successful wildlife disease management??>?%,
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Bluetongue - a viral disease of sheep, cattle and deer -
has recently expanded into Northern Europe due to
increased survival of the midges that carry it??. Similarly
the mites that cause sarcoptic mange, which in the

UK infects foxes (chapter 3) persist for longer in the
environment in warmer and wetter conditions - which
increases the likelihood of the mites being transmitted
without the need for direct contact between hosts?®.

A warming climate may increase the prevalence and
intensity of sarcoptic mange in higher latitudes, including
in the UK.The chytrid disease of amphibians requires
cool, moist, high-altitude conditions: while this may mean
that global warming could limit the spread of the disease
in some areas”’, higher elevations may become suitable
and so mountain populations of amphibians could be
threatened”®.

The potential for climate change to permit diseases to
spread to UK habitats, and therefore impact on wildlife
and livestock communities is clear. Although direct
evidence of any such effects in the UK is lacking at
present, the potential effects of climate change on the
incidence of liver fluke,West Nile Virus and bluetongue in
the UK are of particular concern™.

The effort and effectiveness of reporting emergent
infectious diseases may be improving, but that cannot
alone explain their recorded increase since 1940; the
result is escalating risk to both livestock and human
health'®2. Disease emergence can be characterised as a
three step process'®:

Stage | (pre-emergence) occurs when the disease is still
in its natural wildlife reservoir and ecological, social, or
socioeconomic changes (eg change in land use) allow it to
expand within its host population, spread to a new region,
or be transmitted to another non-human population

or species. Typically this occurs due to large-scale
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environmental, agricultural, or demographic shifts such as
the movement of livestock to a region for the first time,
or transportation of wildlife from a region for food'®.

Stage 2 (localised emergence) is the initial spill-over of

a wildlife or livestock disease to people. Causes range
from handling of butchered wildlife to exposure to any
infective material in wildlife markets or livestock farms, or
in the wild (eg SARS). Outcomes vary widely, from small
clusters of human cases to large outbreaks, some with
limited person-to-person transmission.

Stage 3 (full pandemic emergence) is sustained person-
to-person transmission and large-scale spread, often
aided by global air travel (eg HIV/AIDS, SARS) or the
international movement of reservoir hosts or vectors
through trade (egWest Nile virus)'®.

An array of factors contribute to conditions suitable for
the emergence of a zoonotic pandemic. These factors
include increasing human densities'® land use changes'®*
18 the prevalence of bushmeat markets??2!' - in which
urbanised humans come into contact with a large variety
of wild animal pathogens (to which they are unlikely to
have resistance) through consuming meat provided by
bushmeat hunters (who may have some immunity to
these diseases)?? - the large-scale global transport of
animals'? - both wildlife (eg for the pet-trade?*) and
livestock'?”2 - and the huge number (over a billion)

of international human travellers every year''. Arrayed
against this threat are increasing abilities to predict
emergence ‘hotspots’'®? '8 and positive political will for
countries to act together to strengthen global networks
against pandemic emergence'®. Zoonotic diseases, by
definition, are a key concern of human-health agencies,
agricultural authorities and natural resource managers,
all of whom should work cooperatively to address the
challenge of how researchers can intervene before a
pathogen reaches the human population, and to develop
appropriate responses if an outbreak is suspected/
possible'.
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