I
OXFORD MARTIN RESTATEMENT 1 OXFORD

MARTIN
scHOOL | RERHaHS

Bovine tuberculosis -




Oxford Martin Restatement 1:
A restatement of the natural science base relevant to the control of bovine tuberculosis in Great Britain

Oxford Martin Restatements review the natural science evidence base underlying areas of
current policy concern and controversy. Written in policy neutral terms and designed to be read
by an informed but not technically specialist audience, restatements are produced by a writing
team reflecting the breadth of opinion on the topic in the science community and involve

wide consultation with interested stakeholders. The final version of the restatement is peer-
reviewed prior to publication.

This paper was published in August 2013 in the Proceedings of the Royal Society B. It deals with the
control of bovine tuberculosis.

Bovine tuberculosis is a very important disease of cattle in Great Britain, where it has been increasing in
incidence and geographical distribution. In addition to cattle, it infects other species of domestic and wild
animals, in particular the European badger. Policy to control bovine tuberculosis is vigorously debated and
contentious because of its implications for the livestock industry and because some policy options involve
culling badgers, the most important wildlife reservoir. The Restatement provides a succinct summary of
the natural science evidence base relevant to the control of bovine tuberculosis, couched in terms that are
as policy-neutral as possible. Each evidence statement is placed into one of four categories describing the
nature of the underlying information.

This pdf contains:

Pages 1-3 A short paper describing the restatement project
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Bovine tuberculosis (bTB) is a very important disease of cattle in Great
Britain, where it has been increasing in incidence and geographical distri-
bution. In addition to cattle, it infects other species of domestic and wild
animals, in particular the European badger (Meles meles). Policy to control
bTB is vigorously debated and contentious because of its implications for
the livestock industry and because some policy options involve culling
badgers, the most important wildlife reservoir. This paper describes a project
to provide a succinct summary of the natural science evidence base rele-
vant to the control of bTB, couched in terms that are as policy-neutral as
possible. Each evidence statement is placed into one of four categories
describing the nature of the underlying information. The evidence summary
forms the appendix to this paper and an annotated bibliography is provided
in the electronic supplementary material.

1. Introduction

Bovine tuberculosis (bTB) is a major disease of cattle that can also affect
humans, and many other livestock and wild animal species [1,2]. Human infec-
tion has not been a major public health problem in developed countries since
the introduction of milk pasteurization [3]. Advanced cases in cattle experience
loss of condition, and this directly affects the economic value of the animal, but
in most developed countries detection of infection leads to movement restric-
tions being placed on the herd, mandatory slaughter and considerable
indirect losses for the farmer [4].

The incidence and geographical distribution of bTB in Great Britain has
been increasing for the last two decades [5] (see also appendix; box 1), and
the English and Welsh governments estimate that they have spent £0.5 billion
in the last decade on testing, compensation and research with further costs
being borne by the agricultural industry. All cattle herds are tested regularly
for bTB, more frequently in areas of high incidence. Confirmation of infection
triggers restrictions on cattle sale and movement, and the withdrawal of ‘Offi-
cial Tuberculosis Free Status’ [4]. To reduce the risks of infection, farmers are
encouraged to adopt preventive biosecurity measures. Much attention has
also been paid to reducing the risk of transmission from wildlife reservoirs, of

© 2013 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/3.0/, which permits unrestricted use, provided the original
author and source are credited.
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which the most important in the British Isles is the European
badger, Meles meles [1,2]. There are vaccines available for bTB
that provide some protection to badgers and cattle, variants
on those used to protect against human tuberculosis [6]. EU
law currently prohibits the vaccination of cattle as it can mask
the detection of infection. The vaccination of badgers is the sub-
ject of intense current research [6,7], and vaccination has been
under way in Wales since 2012 [8].

One strategy intended to reduce infection in wildlife reser-
voirs is culling. Badger culling was used routinely in the past
[2], and its effectiveness was the subject of a major experiment,
the Randomised Badger Culling Trial (RBCT), which ran from
1998 to 2006 [1,9]. Since then there has been no official badger
culling, though the UK government has indicated its intention
toallow culling in England, and badger culling at two pilot sites
has been authorized for the summer of 2013 [10].

The prospect of badger culling has resulted in bTB policy
becoming one of the most contentious areas of policy-making
that involves science in the UK. The natural science evidence
base is used by different sides to support different arguments,
and exactly what constitutes natural science evidence has been
called into question. The aim of the project described here is
to provide a restatement of the relevant natural science evidence
base written in a succinct manner comprehensible to non-expert
readers and providing an entry into the technical literature. We
have tried as far as possible to be policy-neutral, though realizing
that this can never be absolute (the mere discussion of a strategy
implicitly assumes it is a possible intervention). We hope that
restating the scientific evidence will reveal the clear distinction
between the science base, which is largely agreed, and the
policy implications of that science base, which are hotly debated.
This baseline summary also provides a natural starting point for
a future review of evidence gaps.

2. Material and methods

The relevant literature on bTB in Great Britain was reviewed and a
first draft evidence summary produced by a subset of the authors.
At a workshop, most authors met to discuss the different evidence
components and to assign to each a description of the nature of
the evidence. Using existing systems such as GRADE [11], a tool
for grading the quality of evidence used to support decisions in
healthcare, we explored the restricted vocabulary used by the
International Panel on Climate Change [12] to describe uncer-
tainty associated with global environmental change, and ranking
of evidence used by a study on bTB commissioned by the
Welsh Government [13]. However, none precisely matched what
we needed and instead we defined the following categories:

[Datal A strong evidence base involving experimental studies
or field data collection on bTB with appropriate detailed
statistical or other quantitative analysis.

[Exp_op] A consensus of expert opinion extrapolating results from
other disease systems and well-established epidemiological
principles.

[Supp_ev] Some supporting evidence exists but further work
would substantially improve the evidence base.

[Projns] Projections based on available evidence for which
substantial uncertainty exists that could affect outcomes.

These are explicitly not a ranking as, for example, some pro-
jections are firmly rooted in rich datasets, while some expert
opinions are very much less so.

A revised evidence summary was produced and further
debated electronically to produce a consensus draft. This was

sent out to 25 scientists involved in bTB research, as well as to
representatives from the farming industry, non-governmental
organizations concerned with culling and Defra, the UK govern-
ment department responsible for bTB policy. The document was
revised in the light of much helpful feedback.

The project was funded by the Oxford Martin School (part of
the University of Oxford), and though many groups were con-
sulted, the project was conducted completely independently of
any stakeholder.

3. Results

The summary of the natural science evidence base relevant to
bTB policy-making in Great Britain is given in the appendix,
with an annotated bibliography provided as the electronic
supplementary material.

4. Discussion

We note several limitations of our project and how it might
be extended.

First, the project considered only the natural science evidence
base. There are very important social science issues involved
with bTB policy-making that would also benefit from a formal
evidence summary. For example, there are complex behavioural
and behavioural economic aspects to the implementation of bTB
control measures by the farming industry. Furthermore, the
spectrum of possible interventions available to government is
moulded by debate in civil society. The European Union’s
Common Agricultural Policy, and how each member state inter-
prets it, shapes the economics of the livestock industry in
Europe. The way agriculture is supported in England and
Wales affects the structure of the countryside, including the
wild animals that can harbour bTB. An entry into the social
science literature on bTB is provided in the electronic
supplementary material.

Second, the review concentrates on the evidence base from
Great Britain. bTB is also a major problem in the Republic
of Ireland, where badgers are a major reservoir. In Australia
and New Zealand, successful efforts to control bTB have
included targeting, respectively, introduced water buffalo
(Bubalus  bubalis) and brush-tailed possum (Trichosurus
vulpecula), which act as reservoirs of infection. Differences in
the regulatory and social structure of farming, the countryside,
and the ecology of the different reservoirs all mean that lessons
from other countries have to be taken with great caution, but the
approach taken in this project might be usefully extended to
consider more evidence from other countries. An entry into
the literature on bTB control outside Great Britain is provided
in the electronic supplementary material.

Finally, the review has largely concentrated on bTB epide-
miology. We have not tried to summarize the evidence base
relevant to the technical or operational logistics of culling or
vaccination campaigns, nor the animal welfare consequences
of different interventions.

We finish by stressing this is a consensus document written
by the authors, and that we accept that a different group might
have included or omitted different statements and might have
categorized them in different ways. Policy-makers have to inte-
grate evidence from the natural and social sciences, as well as
to make political judgements about weighing the interests of
different stakeholders. We hope the current summary will
make it easier for evidence from the natural sciences to
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contribute to policy-making, and clarify where there is agree-
ment and where dissent. We also hope that this restatement of
the current evidence base will stimulate discussion about how
to prioritize investment to address remaining uncertainties.

Acknowledgements. We are very grateful for insightful comment, criticism
and help from the following: Patrick Bateson, Martyn Blissitt, lan
Boyd, David Bullock, Patrick Burke, Stephen Cane, Mark Chambers,
Chris Cheeseman, Sheila Crispin, Ricardo de la Rua, Dez Delahay,
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Gibbens, Margaret Good, Laura Green, lan Greenwood, Glyn
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Appendix A. A restatement of the natural science
evidence base relevant to the control of bovine
tuberculosis in Great Britain

For an annotated bibliography of the evidence supporting
each statement, see the electronic supplementary material.

(a) Introduction and aims

(1) bTB is an infectious disease of cattle caused by the bac-
terium Mycobacterium bovis. In Great Britain, it can result
in considerable economic losses to farmers, and costs to
the taxpayer through testing and compensation for slaugh-
tered animals. Control' is difficult for several reasons,
including the limited sensitivity of available diagnostic
tests and because the pathogen also occurs in wildlife
(especially badgers).

(2) The complex biology of the pathogen and its mode of
transmission make the study of bTB epidemiology par-
ticularly challenging. Nevertheless, concerted research
efforts over recent decades in Great Britain and elsewhere
have generated a large body of important, policy-relevant
information.

(8) The aim here is to provide a succinct summary of the
evidence base relevant to policy-making for this disease in
Great Britain as of June 2013. It also provides a consensus jud-
gement on the nature of the different evidence components
using the following descriptions with abbreviated codes.”

[Data] A strong evidence base involving experimental
studies or field data collection on bTB with appropriate
detailed statistical or other quantitative analysis.

[Exp_op] A consensus of expert opinion extrapolating results
from other disease systems and well-established epide-
miological principles.

[Supp_ev] Some supporting evidence exists but further
work would substantially improve the evidence base.

[Projns] Projections based on the available evidence
for which substantial uncertainty often exists that
could affect outcomes.

(4) This document concentrates on the natural science
evidence base; evidence from social sciences and economic
analysis is also of great importance for policy-makers but is
not included here. The document also largely concentrates

on the evidence base from Great Britain. There is a need n

for a careful review of how lessons from bTB control in
other countries with different farming systems or wildlife
reservoirs can inform policy in Great Britain.

(5) Despite the substantial progress that has been made in
understanding bTB the natural science evidence base
cannot alone determine policy to control or eradicate the
disease. All policy options have costs, benefits and risks
that affect the stakeholders involved in different ways.
Policy-makers inevitably have to consider and weight the
interests of these stakeholders, as well as balancing uncer-
tain benefits and potential risks in deciding what actions to
take. Different weightings and balances can lead to dif-
ferent decisions. Nonetheless, it is critically important
that all policy be informed by the evidence base and that
policy-makers clearly distinguish the scientific and other
(economic, social, ethical and political) inputs into the
decisions that have to be made.

(b) Epidemiology

(6) The risk of bTB varies geographically within Great
Britain; some areas have a consistently high incidence
in cattle while infection has remained low or practically
absent elsewhere. Annual herd testing for bTB is cur-
rently (2013) carried out over a large area of England
(60000 km?) and the entirety of Wales, though disease
incidence varies within this region (box 1) [Data].

(7) Since the mid-1980s, the incidence and geographical dis-
tribution of bTB in cattle has increased markedly in
England and Wales (box 1) [Data)-

(8) Efforts to control the disease in cattle include regular test-
ing of herds, destruction of individuals that test positive
(37 068 cattle in 2012; a further 943 close contacts were
also slaughtered) and post-mortem surveillance of all
routinely slaughtered animals. Where infection is
detected in a herd, cattle sale and movements are
restricted and contacts of the infected herd traced [D,.].

(9) In recent decades, the observed pattern of bTB break-
downs® in areas of low incidence has been correlated
with cattle movements, mainly from high-incidence areas
[Data]- However, the causes for the gradual spread of
high-incidence areas are not understood [E,p, op]. While
herd breakdowns occur throughout Great Britain, areas
of high incidence are observed in some regions (many
parts of Wales, the Midlands and the West Country) but
not in others (east and north England, Scotland) [Dy,].

(10) In the UK, Republic of Ireland, New Zealand and parts

of the USA, regions where the problem of bTB has not
been eradicated by test and slaughter of cattle, there is
persistent infection in wildlife [D,,].

(@) A recent rapid decline in bTB in cattle in New Zea-
land has, in part, been associated with control of a
wildlife host species (the introduced brush-tailed
possum) [D,]. The relevance of this programme
to the British Isles is limited by the very different
biology of the wildlife hosts involved and also
because the rules governing cattle movement, dis-
ease compensation and other aspects of bTB policy
are different in New Zealand [E,p, opl.

(11) In England and Wales, farms that have had a herd
breakdown suffer a recurrence more often than
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Box 1. Changes in incidence and distribution of bTB in Great Britian 1986—2012. (a) Changes in incidence, which varies seasonally. bTB testing was
interrupted during the foot and mouth epidemic. (b) Increase in the geographical area affected by bTB, ‘hot’ colours indicating higher densities of farms

where disease has been confirmed (official TB-free status withdrawal).

(@) 1600 [ no. bTB incidents every three
1400 - months in Great Britian. Total incidents é
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g 2
é 1000 §
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would be expected by chance, while many farms in
high-incidence areas escape infection much more
often than would be expected by chance; recurrence
is a relatively rare event in low-incidence regions [Da,].
Infection can persist in cattle in herds that have
been tested clear of infection because of limited sensi-
tivity of current tests [D,.] (and see paragraph 21).
Cattle moved from breakdown herds (or herds that,
because they are at higher risk of being infected, are
subject to frequent testing) are more likely to seed
new breakdowns than those from other classes of
herd [D,.].

12)

(a) Transmission occurs within cattle herds, and move-
ment of undetected infected cattle can lead to
transmission between herds (see also paragraph 27).
In “Officially Tuberculosis Free’ regions of Great Brit-
ain, such as Scotland, nearly all herd breakdowns can
be convincingly attributed to cattle movement [Dyy,].

(13) In England and Wales, cases of bTB in cattle occur more
frequently in regions that support higher densities of
both badgers and cattle [Sypp v]. At the more local
level, most studies that have looked for an association
between high badger densities and elevated cattle TB
incidence have not found one [D,,].

(a) Badgers thrive in mixed pasture and woodland
landscapes [D,t.], which is also where much cattle
farming occurs; the national level correlation is
partly but not wholly explained by habitat [Supp ev]-

(14) Mycobacterium bovis is transmitted within and between
populations of badgers and cattle [D,t,].

(a) Similar genetic types (genotypes) of M. bovis are
found, more often than would be expected by
chance, in local cattle and badger populations [D,t,].
Transmission from badgers to cattle is an important
cause of herd breakdowns in high-incidence
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areas. In the RBCT proactive cull areas (see paragraph
30), it has been estimated that 50% of confirmed herd
breakdowns in the year before culling began were
because of badgers, though this figure has very
broad confidence limits [D,,].

(b) Mycobacterium bovis can be transmitted to badger
populations from infected cattle [D,,].

(c) Transmission occurs within wild badger popula-
tions [D,,]; there is insufficient evidence currently
available to say definitively whether the disease
can persist in British badger populations without
on-going transmission from cattle [Ey, op]-

(d) Estimates of the prevalence of M. bovis infection within
wild badger populations are difficult, with most tests
having limited sensitivity. Estimates from the initial
proactive culling area in the RBCT (where bTB inci-
dence is high), based on post-mortem examination
and culture, ranged from 2 to 38% (mean 14% from
8052 badgers [D,,], though these tests may fail to
detect up to half of all infections). Of infected animals,
41% had visible lesions. Post-mortem surveys of bad-
gers killed by road traffic (which might be a biased
sample if infected individuals are more at risk) in the
1970s to 1990s gave rates of infection prevalence
levels of up to 25% in cattle high-incidence areas [Dyg,].

Little is known about how M. bovis is transmitted
between badgers and cattle. Transmission may be indir-
ect; for example, through contamination of pasture, feed
and drinking water. Alternatively, direct transmission
via aerosol droplets at close contact may occur, possibly
inside farm buildings as well as outdoors. No quantitat-
ive estimates of any of these transmission rates or their
relative importance are currently available [Sypp ev]-
Moycobacterium bovis can infect a range of wild mammals
in Great Britain in addition to badgers [D,,]. In most
situations, when compared with badgers, other wild
species appear to constitute a low overall component
of the risk of onwards transmission to cattle, though
wild deer may be a potential, but probably localized,
source of infection to cattle [Sypp _ev]-

Moycobacterium bovis also infects farmed and park deer,
goats, pigs, sheep and camelids (e.g. alpacas and llamas),
as well as companion mammals [D,,]. These species prob-
ably do not constitute a major risk to cattle, because they
have little contact with cattle, are relatively rare or are unli-
kely to transmit infection onwards. However, occasional
transmission of M. bovis may occur from these hosts to
cattle, to wildlife or directly to humans [Spp _ev]-

The basic reproduction number (Ry) is defined as the
number of secondary cases of a disease resulting from
a primary case in a fully susceptible population. The
only current estimates for between-herd R, for bTB in
Great Britain have been derived from a strategic
model of the interaction between M. bovis, cattle and
badgers, and lie in the interval 1.02-1.11 [Projns]-

In designing bTB control programmes for known
and potential high-incidence areas, benefits will be
obtained from implementing effective measures that
target the disease in both cattle and wildlife in the
same area [E,p, op]-

The best type or combination of interventions may differ
between high- and low-incidence areas [Exp_op]-

(c) Testing and surveillance

@1

(22)

(23)

(24)

There are several different methods available for diagnos-
ing bTB infection in cattle, either alive or at slaughter.
None of these is 100% sensitive, which means that
infected animals are sometimes missed (false negatives).
The tests are also not 100% specific, which means that
uninfected animals may sometimes be incorrectly
identified as infected (false positives). Sensitivity and
specificity are usually defined with reference to a gold-
standard test, which acts as the definitive arbiter of
whether an individual is infected. There is no such
gold-standard for bTB, and post-mortem investigations,
which probably miss some infections, have to be used
instead. Furthermore, all tests detect the results of pro-
cesses that develop over time during an infection so
cannot detect the very first stages of infection; some
cannot detect very long-established infections either.
Finally, both sensitivity and specificity are concepts that
apply to a test of a single animal, or of a whole herd,
and the same test will have different sensitivity and
specificity at the individual level and at the herd level.
Taken together, these factors mean that even carefully
executed estimates of sensitivity and specificity vary
widely [Datal.

The relationship between diagnostic status and infectious-
ness isnot known in detail [E,,_op]. However, itis thought
that animals that have developed antibody immune
responses and animals with large numbers of lesions at
post-mortem are (or were) more infectious [Exp_opl-

The single intradermal comparative cervical tuberculin
test (SICCT or ‘skin’ test) is the approved stand-alone
test for bTB infection in living cattle used in the UK
and the Republic of Ireland. It has high specificity in indi-
vidual animals, and a recent meta-analysis of current
diagnostic tests found a median value for the animal-
level specificity of the SICCT test to be above 99%. The
same meta-analysis estimated the mean herd-level sensi-
tivity to be 49% (95% credible interval 27—-74%) [D,ta].

(a) Sensitivity can be increased by using a lower
threshold to define infection, but at some cost to
specificity [Datal.

(b) Some genetic lines of cattle may have a predisposition

to test negative with the SICCT test after having been

exposed to infection [D,,]. It is not yet clear whether
this reflects a reduced chance of becoming infected or
failure to make immune responses that the test can
detect. There is either a very different sensitivity or

different rate of progression in young animals [D,].

Other factors, such as infection with liver flukes,

Johne’s disease and parturition, can all reduce SICCT

test sensitivity [Datal.

The SICCT test requires two farm visits to inject the

tuberculin and then to assess the skin response.

(c

~

Because it relies on a somewhat subjective interpret-
ation of the relative size of two swellings generated
by an immunological response in the skin, there
may be considerable variability in the interpretation
of this test in the field [Sypp_ev]-

The gamma interferon (IFNg) test is used as an auxiliary
test to the SICCT test and has lower relative specificity
(median animal-level specificity of 98% (95% credible interval
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96—99%) in the meta-analysis cited above). As implemented,
IFNg identifies some exposed cattle not identified by the
skin test and has a median estimated animal-level sensitivity
of 67% (95% credible interval 49—82%) [Dal.

(a) The IFNg test requires only a single farm visit and is
then conducted in the laboratory, where it can be
more consistently interpreted [D,,].

(b) As with the SICCT test, the sensitivity of the IFNg
test is compromised in cattle co-infected with liver
flukes or Johne’s disease [D,a].

(25) Slaughterhouse testing provides important surveillance

information in all regions [D,,]. In 2012, it accounted
for nearly one-quarter of all new confirmed breakdowns
in cattle herds across Great Britain [Dg,].

(26) Tests to diagnose M. bovis infection in live badgers are

(d)

27)

(28)

(29)

available but are not currently suitable for use in a
disease-control setting [Dat,].

(a) Testing requires capturing badgers to collect blood
samples. There is a test (Brock TB StatPak) that can
be used immediately at the capture site, but its sensi-
tivity is poor (posterior median 50.4%, posterior
probability interval 44.9-56.1%). IFNg is a more sensi-
tive alternative (posterior median 79.9%, posterior
probability interval 68.8—-89.5%) but requires specialist
facilities and takes longer to perform [D,,].

Biosecurity

Cattle movements, especially movements from high-
incidence areas, are associated with increased risk of
the onward transmission of bTB [D,.].

(a) Pre-movement testing (which in England and Wales
includes animals moving in or from high-risk areas)
and to a lesser extent post-movement testing reduces
the risk of onward transmission [D,.].

(b) The standard interpretation of the SICCT test is used
for pre-movement testing; this provides high speci-
ficity at the individual animal level but with a
concomitantly limited sensitivity [Data]-

(c) Some short-distance cattle movements and other
interactions between cattle on nearby or linked pre-
mises will be unrecorded [D,,] and could result in
cattle-to-cattle transmission of bTB, though the
extent of this is not well quantified [Exp_op)-

(d) The requirement for post-movement testing in
Scotland has been shown to provide an incentive to
farmers to purchase cattle from low-disease areas
[Data] and so probably reduces the risk to the individ-
ual herds owned by these farmers, as well as limiting
onward transmission [Exp op]-

There are farm management strategies that could poten-
tially reduce cattle-to-cattle transmission (for example,
strict isolation of reactors and double-fencing to keep
herds separate), though a strong evidence base to evaluate
different strategies is currently lacking [E.p_op]-

There are many forms of farm management that could
potentially interrupt the different transmission pathways
between badgers and cattle. For example, excluding cattle
from badger setts and latrines, and restricting badger
access to feed stores, cattle barns and drinking troughs
have been suggested as means to reduce the risk of

transmission. However, the relative importance of the n

various routes is poorly known (see paragraph 15) and
a strong evidence base to evaluate different strategies is
currently lacking [Ep, op]-

(e) Culling badgers

(30) Culling badgers can affect the incidence of confirmed

bTB in cattle herds in Great Britain [D,.]. The most
important evidence for this comes from a major study,
the RBCT, which compared the effects of proactive, reac-
tive* and no culling conducted at 10 triplets of sites
during 1998-2005.

(a) The RBCT found that annual proactive culling, as
conducted in the trial, resulted in a relative reduction
in new confirmed cattle herd breakdowns inside cul-
ling areas, which persisted after the final culls in 2005
but subsequently diminished over a 6-year period
(bOX 2) [Data]-

(b) While proactive culling was being carried out, there

was an increase in the incidence of confirmed herd

breakdowns on land surrounding (within 2 km) the

RBCT proactive culling areas, though this rapidly

waned after culling stopped (box 2) [Data]-

Reactive culling was discontinued in 2003 because

confirmed herd breakdowns in these areas were

significantly higher’ than in no-cull areas [D,u].

Although the early suspension of reactive culling

prompted debate over the causal interpretation of

these primary results, subsequent analysis of data
from within the reactive culling areas found that the
presence and extent of badger-culling activity were
associated with significantly increased risk of a con-
firmed herd breakdown on nearby farms, and that
when compared with no-cull areas the breakdowns

were more prolonged [D,,].

(d) Culling in the RBCT had no effect (positive or negative)
on the incidence of unconfirmed breakdowns [D,.].

(c

~

(31) Culling badgers is known to disrupt badger social struc-

ture, and this has been shown to cause badgers to move
more frequently and over longer distances [D,,]. This
effectis known as perturbation. The idea that perturbation
may result in increased disease transmission (to other
badgers and to cattle) has been termed the “perturbation
hypothesis’ or a ‘perturbation effect’ [Exp_op]-

(@) In the RBCT, culling consistently increased the preva-
lence of M. bovis infection in badgers [D,,], and this
is likely to be explained by the perturbation hypoth-
esis [Eyxp_op]. It is not known how the prevalence of
infection in badgers changed after culling ended.

(b) Increases in the prevalence of infection in badgers
were especially marked in those proactive RBCT cul-
ling 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
[Data]- These findings are again consistent with the
perturbation hypothesis [Exp_opl-

(c) Increased transmission from badgers to cattle
because of a perturbation effect has been suggested
as an explanation for the observed increase in herd
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breakdowns on the land surrounding the RBCT
proactive culling areas, and also the observed
increase in herd breakdowns in the RBCT reactive
culling areas [Projns]-

(32) The RBCT can be used with care to help project the

results of possible badger-culling strategies.

(a) Factors likely to have contributed to the reductions in
cattle bTB achieved by RBCT proactive culling
include: the marked (approx. 70%) reduction in
badger density; the use of geographical barriers to
badger immigration where available; culls conducted
simultaneously across entire areas and repeated
annually over at least 4 years; access to a high pro-
portion (approx. 70%) of land; and targeting of
badgers on inaccessible land [Sypp ev]. Failures to
implement such measures in any proposed cull are
likely to reduce the magnitude of any beneficial
effect or even cause detrimental effects [Exp opl-

(b) Culling over larger geographical areas would be
expected to move the balance of effects towards a net
benefit. An extrapolation assuming culling as carried
out in the RBCT suggests a roughly circular area of at
least 150 km® would be required to be confident of
avoiding a net detrimental effect [Projns].

An analysis assuming a circular 150 km® area and

(c

~

proactive culling similar to that carried out in the
RBCT predicted that over a 9.5 year period with proac-
tive culling in the first 5 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-wide area are included, the overall impact falls
to 3-22% (central figure 12%) or 8-24% (central
figure 16%), depending on assumptions.® These figures
(including the widely quoted figure of 16%) should be
treated as indicative and the actual result might differ
markedly in either direction [Projns].
(d) It is not currently known whether alternative culling
methods (e.g. shooting of free-ranging badgers or
snaring) could reduce badger densities more or less
effectively in Great Britain than the cage trapping
used in the RBCT, nor how different reductions in
badger numbers inside culling areas would influence
impacts on cattle bTB on adjoining land [E.p op]. In
general, the more a proposed culling programme dif-
fers from the conditions tested in the RBCT, the more
the results are likely to differ, either positively or
negatively [Eyp opl-
In order to have a major impact on national disease

(e

~

incidence, any culling would need to be conducted
over very large geographical areas. Culling at this
scale would have a marked impact on the national
badger population but would be unlikely to cause
regional extinctions [Exp_op]-

(f) Evidence suggests that small-scale or short-term
badger culling (including reactive culling) may
exacerbate the disease problem through a pertur-
bation effect [Supp ev]. Unlicensed (illegal) shooting
is likely to have a similar effect [E,, op]-

(33) Estimates of badger density may be required to inform

culling efforts; estimation can be done by various

(34)

(f)

(35)

means, though all have a high level of imprecision,

and the more accurate the method the more expensive
and difficult it is to carry out” [Dawl-

Earlier studies at single sites in Great Britain suggested
that culling badgers reduced local bTB incidence in
cattle, although inference is limited because of lack of

statistical replication [S ]. There have also been

upp_ev.
important experimental studies in the Republic of Ireland

that are not reviewed here [D,,] (and see paragraph 4).

Vaccination
To vaccinate cattle against bTB, a BCG vaccine (a live atte-
nuated strain of M. bovis that is widely used in humans)
exists, but it is not yet licensed for use in cattle and such
use is currently prohibited by EU regulations.

(a) The main protective effect for cattle vaccinated with
BCG is to reduce the severity of disease. This is
measured experimentally at post-mortem by compar-
ing the extent of infection within the bodies of
vaccinated and control cattle. A recent field trial in
Ethiopia found that the carcasses of 13 vaccinated
calves had 56-68% less disease than was seen in 14
control calves, the degree of protection varying
according to the method used to measure disease
burden within the carcass [Da.].

(b) Neonatal cattle vaccination provides the best protec-
tion, though this wanes after 1 year, suggesting a
role for re-vaccination [D,,].

(c) BCG vaccination of cattle leads to false positive reac-
tions using standard SICCT and standard IFNg tests
for bTB [Datal.

(d) Novel tests that allow differentiation of infected and
vaccinated animals (DIVA) perform well on cattle in
a research setting (95% relative sensitivity, 96% speci-
ficity) but have yet to be assessed in field trials [Dy,].

(e) Vaccination is likely to have little effect (positive or
negative) on the course of existing infections in
cattle [Exp op]-

(f) If vaccinated cattle do become infected, it is likely
that a reduction in the extent of disease will limit
their infectiousness, reducing onward transmission
to cattle and to wildlife [Prejns].

(36) An injectable BCG vaccine for badgers is licensed and is

in use in the field. Major demonstration projects (and
many smaller-scale projects) involving vaccination of
badgers are taking place in Wales and England.

(a) As with cattle, the main protective effect for
vaccinated badgers is to reduce the severity and
progression of disease upon challenge with M. bovis
[Data]-

(b) In a clinical field trial, BCG reduced the risk of vacci-
nated badgers testing positive to a test of progressed
infection (i.e. seroconverting) by 74%, and reduced
the risk of testing positive to any of the available
live tests of infection by 54% [Daa].

(c) In the same clinical field trial, BCG reduced the risk of
infection of unvaccinated cubs in a vaccinated social
group (probably because of the reduction in the infec-
tiousness of vaccinated badgers). When more than a
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BOX 2. Key results of the RBCT proactive culling.

125 ¢ -
100 red: areas surrounding cull _
black: proactive culling areas
75 T .

— —culling
® 50F harmful
on
£
= 25F
3
5 ok no
*g effect
S-25¢h

=50 _culling

beneficial
=75 =
| 1 1 J L 1 1 1 1 1 1 1 1 J
i i iii iv 1 2 3 4 5 6 7 8 9 10
time during trial time after trial
(intervals between annual culls (i) 1 and 2, (in six-month intervals
(i) 2and 3, (iii) 3and 4 and (iv) after 4 after culling ceased)

and up to a year after the final cull)

(i) The black lines show the percentage difference (with 95% confidence limits) in new confirmed herd breakdowns
between sites subjected to proactive culling compared with no-cull areas. The red lines show the same information
for land up to 2 km outside the proactive culling area compared with land up to 2 km outside the no-cull trial areas.

(ii) Estimates at particular time points can be read from the graph. There are various ways to summarize these data;
averages and confidence intervals for three time periods are as follows:

average % change

proactive culling area areas surrounding cull
time period central estimate (%) 95% confidence interval central estimate (%) 95% confidence interval
during trial -23 —12to —33 +25 —11to 456
after trial —28 —15t0 —39 —4 —26to +24
entire period —26 —19t0 —32 +8 —14 to 435

The averages involving the post-trial period include 5 years of data; choosing a different time span would affect their
values.

(iii) The figures above 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.

(iv) RBCT culling had no impact on approximately 30% of cattle herd breakdowns, which are unconfirmed.

third of the social group was vaccinated, the risk to effect [Dya]. It would probably require annual

unvaccinated cubs was reduced by 79% [Daa]. administration because of cub births introducing
(d) Vaccination of badgers is likely to have little effect new susceptible animals to the badger population

(positive or negative) on the course of existing [Exp_opl-

infections in badgers [E.p op]- (g) Whileitis reasonable to expect vaccination of badgers to
(e) Vaccination delivered by injection does not cause the reduce the incidence of bTB in cattle in high-

badger to excrete BCG bacilli, nor has vaccination of incidence areas, no trial has been conducted to assess

previously infected badgers been seen to enhance the the magnitude and timing of these effects [E,;, op].

excretion of M. bovis [D,al.

(f) Vaccination would be expected to reduce the
prevalence of M. bovis infection within badger popu- (@) In common with the injected vaccine, laboratory
lations over time [E,, op]. Its administration by trials have shown that the oral vaccine reduces the
trapping and injecting does not lead to a perturbation severity of the disease in vaccinated badgers [Dyt,]-

(37) Oral vaccines are in development for use in badgers.
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(b) Orally vaccinated badgers can secrete small amounts
of BCG in their faeces, but at well below the dose that
would sensitize cattle [Dy.].

(c) Initial field trials of baits that do not contain vaccine
show that they can be delivered to a high proportion
of the badger population [D,,].

(d) The main technical challenge in the development of
an oral vaccine is ensuring that individual badgers
receive a sufficient dose of live BCG to result in
immunity [Supp ev]-

(e) The risk of cattle consuming the oral vaccine within
badger baits (which might cause them to respond to
SICCT tests as though they were infected) can be
reduced by strategies such as placing baits down
badger sett entrances [Sypp_ev]-

Endnotes

'The term “eradication’ is often used in the context of bTB to refer to
local reductions in incidence to a defined level. However, the correct
term for this level of ambition for an intervention is ‘control”: the
reduction of disease incidence to a locally acceptable level as a
result of deliberate efforts.

References

These classifications are explicitly not a ranking.

3Cattle herds free of bTB are described as ‘Officially Tuberculosis
Free’; the presence of an animal testing positive for bTB results in
an unconfirmed herd breakdown and the herd is described as ‘Offi-
cially Tuberculosis Free Status Suspended’, leading to movement
restrictions. Post-mortem or laboratory demonstration of the presence
of M. bovis is called a confirmed herd breakdown with ‘Officially
Tuberculosis Free Status Withdrawn’.

“In proactive areas, badger culling was carried out annually on all
accessible land; in reactive areas, culling was carried out once on
and near farmland where bTB had been confirmed in cattle.

°22% higher with 95% confidence intervals 2.5-45% (p = 0.025).
®The first figure including the peripheral area assumes the baseline
risk of herd breakdowns is the same in culling and surrounding
areas, and the second that the baseline risk is 50% lower in
the surrounding areas on the assumption that culling would
take place in areas of particularly high incidence. These are relative
rates and changes in background incidence rates will affect
absolute differences in herd breakdowns (see box 2, paragraph (iii)).
"The four main techniques were assessed using three criteria
(accuracy, ease of conduct, affordability), in all cases ‘high’
being desirable: (i) counting setts extrapolated to badger numbers
(low, high, high); (ii) latrine surveys extrapolated to badger
numbers (medium, high, medium); (iii) mark-release—recapture
(high, low, low); and (iv) DNA profiling of hair samples (high,
low, low).
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Annotated bibliography to accompany:

A restatement of the natural science evidence base relevant to the control of bovine tuberculosis in Great
Britain

H.C.J. Godfray, C.A. Donnelly, R. R. Kao, D.W. Macdonald, R.A. McDonald, G. Petrokofsky, J.L.N. Wood, R.
Woodroffe, D.B. Young & A.R. McLean

Paragraph numbering corresponds to those in the main document. Website URLs were accessed 21 June
2013.

Introduction and aims

1.

w

5.

Reviews by Krebs et a/. (1997), Krebs et a/. (1998), Macdonald et a/. (2006), Bourne et a/. (2007);
Defra (2010) discuss costs of different control options. For disease in humans see Wilkins et a/. (1986a),
Wilkins et a/ (1986b), O'Reilly and Daborn (1995), de la Rua-Domenech (2006), Jalava et a/ (2007),
Doran et al. (2009), Shrikrishna et a/. (2009) and in developing countries Cosivi et a/. (1998), LoBue et
al (2010). Footnote: for definitions see glossary in Molyneux et a/. (2004) based on Dowdle and Hopkins
(1998).

Survey in this document; Reynolds (2006).

Categories developed by the group, influenced by scheme in Gaskell et a/. (2011).

For introduction to work outside Great Britain see Humblet et a/ (2009), Jones et a/. (2012); for
Australasia: Tweddle and Livingstone (1994), O'Neil and Pharo (1995), Kao and Roberts (1999),
Coleman and Cooke (2001), Cousins and Roberts (2001), Radunz (2006), Corner (2007), Tompkins et
al (2009), Ramsey and Efford (2010); North America: Munroe et a/. (1999), Bruning-Fann et a/. (2001),
Kaneene et a/ (2002), Schmitt et a/ (2002); Ireland: Collins et a/. (1994), Griffin et a/. (1996), Denny
and Wilesmith (1999), Gormley and Collins (2000), Collins (2005), Good (2006), Corner (2007), Kelly
et al (2008), McGrath et a/ (2009), Northern Ireland Audit Office (2009), Wolfe et a/. (2009), Kelly et
al (2010), Murphy et a/. (2010), Wolfe et a/. (2010), Clegg et a/. (2011), Good et al. (2011a), Kelly and
More (2011), Menzies et al. (2011), Murphy et a/ (2011), Berrian et a/. (2012), Corner et a/. (2012),
Byrne et a/. (2013b), White et a/. (2013) (and see para. 34); Spain: Sobrino et a/. (2008), Balseiro et a/.
(2011); France: Zanella et a/. (2008), Dommergues et a/. (2012), Payne et a/. (2012); Italy: Marangon et
al (1998); Germany: Schmidbauer et a/ (2007). For introduction to social science literature see Enticott
(2001), White and Whiting (2005), Bennett and Willis (2007), Smith et a/. (2007), Bennett and Willis
(2008), Enticott (2008), Van Winden and Aldridge (2008), Enticott and Franklin (2009), Grant (2009),
Wilkinson et a/. (2009), Caplan (2010), Carslake et a/ (2011), Enticott (2011), Enticott and Vanclay
(2011), Spencer (2011), Woods (2011), Bennett and Balcombe (2012), Bishop (2012), Cassidy
(2012), Enticott (2012), Enticott et a/ (2012), Cross et a/. (2013). For animal welfare considerations
see Woodroffe et a/ (2005a), Woodroffe et a/. (2005b).

See also discussions in Bourne et a/. (2007) and Gaskell et a/ (2011).

Epidemiology
Important summaries of what at the time were the current state of epidemiological evidence are in reports by
Krebs et a/ (1997) and Bourne et a/. (2007).

6.

Data plotted in Box 1 courtesy of Defra; see also Abernethy et a/. (2013). Regularly updated information
on incidence in the England and Wales is available at
https://www.gov.uk/government/publications/incidence-of -tuberculosis-tb-in-cattle-in-great-britain
(and for Northern Ireland at http://www.dardni.gov.uk/index/dard-statistics/animal-disease-
statistics.htm and the Republic of Ireland at
http://www.agriculture.gov.ie/animalhealthwelfare/diseasecontrol/bovinetbbrucellosiseradicationschem
es/statistics/tbstats).
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7. Data plotted in Box 1 courtesy of Defra; see also Fisher et a/ (2012), Abernethy et a/. (2013)

8. Current bTB control policy is described at https://www.gov.uk/government/policies/reducing-bovine-
tuberculosis. Regularly updated figures on slaughter are at
https://www.gov.uk/government/publications/incidence-of -tuberculosis-tb-in-cattle-in-great-britain.

9. Gilbert et a/ (2005), Johnston et a/. (2005), Green et a/. (2008).

10. Reviewed by Corner (2006), Palmer et a/. (2012); for studies in particular countries see references listed
in para. 4.

a. Kao and Roberts (1999); information about bTB control in New Zealand is at
http://www.ahb.org.nz.

11. Green and Cornell (2005), Carrique-Mas et a/. (2008), Karolemeas et a/. (2011); Olea-Popelka et a/.
(2004), Gallagher et a/. (2013) for work in Ireland. Johnston et a/ (2005), Johnston et a/ (2011)
analyse correlates of risk to herds. Footnote: for definitions see http://www.defra.gov.uk/ahvla-
en/files/AG-TBYHS-02.pdf.

12. Medley et a/ (2003), White and Benhin (2004), Reilly and Courtenay (2007), Carrique-Mas et a/.
(2008), Ramirez-Villaescusa et a/. (2009), Karolemeas et a/. (2010), Ramirez-Villaescusa et a/ (2010),
Conlan et a/. (2012), Green et a/. (2012), Medley and Green (201 3); Brooks-Pollock and Keeling (2009)
study effect of herd size on infection persistence.

a. Bessell et al (2012) study the factors affecting risk of herd breakdown in different geographic
areas and Bessell et a/ (2013) describe (Table 1) causes of Scottish bTB herd breakdowns.

13. Wilson et al. (1997); see Olea-Popelka et a/. (2005), Murphy et a/ (2011) for work in Ireland.

a. Bessell et al (2012), Szmaragd et a/ (2013); Newton-Cross et a/. (2007) found extent of
improved grassland correlated with badger densities; see also Hammond et a/. (2001),
Palphramand et a/. (2007), Menzies et a/. (2011) for Irish studies.

14. Brown et al (1992), Jenkins et a/ (2007b), Johnston et a/. (2011).

a. Woodroffe et al (2005c¢), Woodroffe et a/ (2009a), Goodchild et a/ (2012); Biek et a/ (2012) is
a study using whole-genome sequencing; Balseiro et a/ (2013) work from Spain; Collins et a/.
(1994), Costello et al. (1999), Furphy et a/ (2012) studies in Ireland. Smith et a/ (2003), Smith
et al. (2006) describe the population structure of M. bovisin Great Britain. Estimates of the large
uncertainty around the figure of 50% are currently in review and reference will be updated at
http://www.futureoffood.ox.ac.uk/news/bTBevidence once published (Donnelly (2013).

b. Woodroffe et a/. (2006b) showed that the suspension of cattle TB controls during the foot and
mouth disease epidemic in 2001 was associated with an increase in bTB in badgers.

c. Cheeseman et a/ (1985), Cheeseman et a/ (1989), Gallagher et a/. (1998), Gallagher and
Clifton-Hadley (2000), Wilkinson et a/. (2000), Delahay et a/. (2001), Delahay et a/. (2005),
Woodroffe et a/ (2009b); modelling studies include Bentil and Murray (1993), White and Harris
(1995), Ruxton (1996), White et a/. (1997), Smith et a/. (2001a), Shirley et a/. (2003), Wilkinson
et al (2004), Hardstaff et a/. (2012). Mullineaux and Kidner (201 1) discuss issues concerning
the release of injured badgers.

d. Bourne et al (2007); see also Muirhead et a/. (1974), Abernethy et a/. (2011); Delahay et a/.
(2000), Vicente et al. (2007) for prevalence (10-18%) in long-term study at Woodchester Park;
Carter et al. (2012) found over 50% infection (Table S5) in a high-incidence population chosen
for a vaccination field trial.

15. Corner et al. (2011), Corner et a/. (2012); Benham and Broom (1989), Benham and Broom (1991),
White et a/. (1993), Rogers et a/. (1998), Hancox (1999), Hutchings and Harris (1999), Rogers et a/.
(1999), Hutchings et a/ (2001), Roper et a/. (2003), Scantlebury et a/. (2004), Olea-Popelka et a/.
(2006b), Scantlebury et a/. (2006), Delahay et a/. (2007b), Bohm et a/. (2008b), Sleeman et a/. (2008),
Smith et a/ (2009), Wilson et a/ (2011), Drewe et a/. (2013) discuss cattle-badger interactions and
transmission; Bohm et a/ (2008a), Bohm et a/ (2009) use proximity data loggers to study contact
networks involving cattle and badgers; Allen et a/. (2010) and Phillips et a/ (2002), Bermingham et a/.
(2010), Driscoll et a/. (2011) study genetic basis of cattle susceptibility; Neill et a/. (1989), Costello et al.
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16.

17.

18.

19.

20.

(1998) are experimental studies of cattle to cattle transmission, a subject reviewed by Goodchild and
Clifton-Hadley (2001); Fischer et a/ (2003), Young et a/. (2005), Courtenay et a/. (2006), Courtenay et
al. (2007), Courtenay and Wellington (2008) study M. bovis persistence in the environment; Dean et a/.
(2005), Johnson et a/. (2007) on infectious dose for cattle; Phillips et a/ (2002), Downs et a/. (2008)
discuss micro-nutrient deficiency and susceptibility; Kao et a/ (2007) on lack of effect of bovine on viral
diarrhoea on transmission; Jenkins et a/. (2012) on biting and badger-badger transmission; Newell et a/.
(1997), Vicente et al. (2007) for dynamics of infection within a badger social group.

Wilesmith et a/ (1986), Delahay et a/ (2001), Delahay et a/ (2002), Mathews et a/ (2006b), Delahay
et al (2007a), Ward et a/ (2009), Ward and Smith (2012); see also Corner (2006), Mathews et a/.
(20064a), Simpson (2009), Gortazar et a/. (2012). Statistics of incidence in wild deer at
http://webarchive.nationalarchives.gov.uk/20130315143000/http://www.defra.gov.uk/statistics/foo
dfarm/landuselivestock/cattletb/other/.

Camelids, Barlow et a/ (1999), Connolly et a/. (2008), Ryan et a/. (2008); pig, Barlow and Monies
(2006); farmed deer Partridge et a/. (2008), More et al. (2009); dog, Shrikrishna et a/. (2009);
Schmidbauer et a/ (2007) describe an outbreak in a wildlife park in Germany. Cosivi et a/. (1998) discuss
zoonotic risk to humans in developing countries. Statistics of incidence in domestic and companion
animals at
http://webarchive.nationalarchives.gov.uk/20130315143000/http://www.defra.gov.uk/statistics/foo
dfarm/landuselivestock/cattletb/other/.

Cox et al. (2005); see also an earlier study by Anderson and Trewhella (1985) and work in New Zealand
by Roberts (1996), Kao et a/ (1997), Kao and Roberts (1999), Barlow (2000).

Modelling studies comparing single and multiple interventions include Swinton et a/. (1997), Smith et a/.
(2001a), Smith et a/. (2001b), Smith et a/ (2012).

Discussed by Bourne et a/ (2007), White et a/. (2008), Gaskell et a/ (2011).

Testing and surveillance

21.

22.

23.

The available evidence on diagnostic tests has recently been thoroughly analysed and reviewed by Strain
et al (2011) yielding estimates of mean sensitivity and specificity at the whole herd level that can be
compared across different tests. In particular, Downs (2011) present a meta-analysis of numerous tests
and infer herd-level sensitivity and specificity calculated under uniform assumptions for each test. Other
studies have also recently reviewed this issue: Schiller et a/ (2010), Biek et a/. (2012), Conlan et al.
(2012), Szmaragd et a/. (2012), Medley and Green (2013).

It is known from experimental infections that it takes several weeks for a positive SICCT test to develop
(Thom et al. (2012)). Cattle with large SICCT responses are more likely to have visible pathology at post-
mortem (Clifton-Hadley (2005)). Some cattle with advanced disease may become unresponsive (Lepper
et al (1977), Pollock and Neill (2002)). Antibody responses are thought to develop late in infection
when infectiousness would often be greater (Schiller et a/ (2010)).

Properties of the SICCT test are reviewed in de la Rua-Domenech et a/ (2006), Schiller et a/ (2010),
Downs (2011), Good et a/ (2011b), Strain et a/ (2011), Conlan et a/. (2012), Karolemeas et a/.
(2012a).

a. Medley and Green (2013) discuss the sensitivity of bovine TB tests.

b. Amos et al (2013) discuss predisposition to pass the SICCT test in exposed animals. Reference
for performance in young cattle in review and will be updated here. Evidence for confounding of
test is presented for: liver flukes in Flynn et a/ (2009), Claridge et a/. (2012), for Johne's disease
in Alvarez et a/ (2009), and for parturition in Kerr et a/. (1946).

c. The difficulty of standardizing the SICCT test is discussed in de la Rua-Domenech et a/ (2006)
and Northern Ireland Audit Office (2009).

24. The IFNg test is reviewed in Vordermeier et a/. (2004), Schiller et a/. (2010), Downs (2011), Strain et a/.

(2011), European Food Safety Authority (2012).
a. Vordermeier et a/. (2004), European Food Safety Authority (2012).
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b. Flynn et a/ (2009),de la Rua-Domenech et a/. (2006).

25. Schiller et a/. (2010), Bessell et a/ (2013) discuss the benefits and deficiencies of abattoir-based
surveillance; see Frankena et a/ (2007), Murphy et a/ (2010), Olea-Popelka et a/. (2012) for work from
Ireland.

26. The BrockTB Stat-Pak is performed upon a blood sample (Chambers et a/ (2008)) and drawing a blood
sample requires the animal to be anaesthetised; see also Chambers et a/ (2009) Woodroffe et a/.
(1999), Forrester et al. (2001), Greenwald et a/ (2003), Kédmpfer et a/. (2003), Gormley et a/. (2006),
Sawyer et al. (2007), Spooner et a/. (2009), Chambers et a/. (2010), Drewe et a/ (2010), Lesellier et a/.
(2011). Gowtage-Sequeira et a/ (2009) discuss testing in wild deer and Lyashchenko et a/. (2008) in
multiple wild animals; Jones et a/. (2013) evaluates a method to detect infection from air samples from
badger setts.

a. Chambers et a/ (2009),Chambers et a/. (2011).

Biosecurity

27. Gilbert et a/ (2005), Woolhouse (2005), Gopal et a/. (2006), Reilly and Courtenay (2007), Green et a/.
(2008), Green and Medley (2008), Johnston et a/. (2011).

a. Mitchell et a/ (2008), Christley et a/. (2011).

b. Strain et a/ (2011), Conlan et a/. (2012).

c. Orton et a/ (2012) on disease spread in linked holdings.
d. Bessell et a/ (2012), Gates et al (2013).

28. Hutchings and Harris (1997), Bourne et a/. (2007).

29. Current advice to farmers on http://www.defra.gov.uk/animal-diseases/a-z/bovine-tb/animal-
keepers/biosecurity/. O'Corry-Crowe et a/. (1996), Mathews et a/ (2006a), Judge et a/. (2011);
Garnett et a/ (2002), Garnett et a/ (2003), Roper et a/. (2003), Ward et a/. (2006), Sleeman et a/.
(2008), Tolhurst et a/. (2008), Ward et a/. (2008), Tolhurst et a/. (2009), Ward et a/. (2010) study
badger behaviour on farms and explore implications for biosecurity.

Culling Badgers

30. The RBCT and its results are described in Donnelly et a/ (2003), Le Fevre et a/. (2005), Woodroffe et a/.
(2005c¢), Donnelly et a/. (2006), Bourne et a/. (2007), Donnelly et a/. (2007), Jenkins et a/. (2007a),
Smith and Cheeseman (2007), Hone and Donnelly (2008), Trewby et a/ (2008), Jenkins et a/. (2010),
Vial et a/ (2011).

a. Donnelly et a/ (2006), Bourne et a/. (2007), Donnelly et a/. (2007), Jenkins et a/. (2010).

b. Donnelly et a/. (2006), Bourne et a/. (2007), Donnelly et a/. (2007), Jenkins et a/. (2010).

c. Donnelly et a/ (2003), Le Fevre et a/. (2005), Bourne et a/. (2007); for debate see Godfray et a/.
(2004), More et al. (2007); for subsequent analysis, Vial and Donnelly (2012).

d. Bourne et al (2007).

31. Tuyttens et a/. (2000a), Tuyttens et a/. (2000b), Delahay et a/. (2006), Macdonald et a/. (2006),
Woodroffe et a/. (2006a), Carter et a/. (2007), Jenkins et a/ (2007b), Pope et a/. (2007), Vicente et al.
(2007), McDonald et a/ (2008), Woodroffe et a/. (2008), Riordan et a/. (2011); O'Corry-Crowe et a/.
(1996) for work in Ireland. Trewby et a/ (2008) found that RBCT culling can have other effects such as
an increase in density of foxes through relaxed competition.

a. Woodroffe et a/. (2006b).

b. Woodroffe et a/ (2006b).

c. Macdonald et a/ (2006), Bourne et a/. (2007), Riordan et a/ (2011), Karolemeas et a/. (2012b),
Vial and Donnelly (2012).

32. On the interpretation of the RBCT results: Bourne et a/ (2007), King (2007), McDonald et a/. (2008),
Defra (2011), Woolhouse and Wood (2013).
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a. Jenkins et a/ (2008), Sleeman et a/ (2009b), Jenkins et a/ (2010); Fenwick (2012) for modelling
study of effect of geographic boundaries; Garnett et a/ (2005) is a study of badger ranging
behaviour; Frantz et a/. (2010) use molecular methods to assess effect of boundaries.

Defra (2011).

Defra (2011).

Bourne et a/ (2007), Defra (2011); see Byrne et a/. (2013b) for work in the Republic of Ireland.

Donnelly et a/. (2003), Le Fevre et a/. (2005), Bourne et a/. (2007), Jenkins et a/. (2008)

Jenkins et a/ (2010), Karolemeas et a/. (2012b), Mill et a/ (2012), Vial and Donnelly (2012);

estimates of illegal culling in Cross et a/ (2013).

33. Tuyttens et a/. (1999), Frantz et a/. (2003), Wilson et a/. (2003), Frantz et a/. (2004), Newton-Cross et
al (2007), Scheppers et al. (2007), Woodroffe et a/ (2008), Sleeman et a/. (2009a), Byrne et a/.
(2012), Reid et a/. (2012), Byrne et a/. (201 3a). Discussion in Donnelly and Woodroffe (2012).

34. Early UK studies reviewed in Gallagher and Clifton-Hadley (2000) and see Clifton-Hadley et a/ (1995)
(study at Thornbury). For Republic of Ireland studies at East Offaly see Martin et a/ (1997), Mairtin et al.
(1998a), Mairtin et a/. (1998b), Eves (1999) and for the Four Areas Study see Olea-Popelka et al.
(2003), Griffin et al (2005), Olea-Popelka et a/. (2005), Olea-Popelka et a/. (2006a), Corner et al.
(2008a), Kelly et a/. (2008), Kelly et a/ (2010), Kelly and More (2011). Sleeman et a/. (2009a),
Sleeman et a/. (2009b), O'Connor et al. (2012) compare the effects of badger culling in the UK and
Republic of Ireland.

ho a0 o

Vaccination

35. Waters et a/. (2012; see in particular Table 1 for comprehensive list of references to bTB vaccine
research in cattle); see also Morrison et a/. (2004), McNair et a/. (2007), Hope and Villarreal-Ramos
(2008). Correspondence between the EU and UK government about the time course for approval of a
cattle bTB vaccine is at
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/183229/bovinetb-
letter-paterson.pdf.

a. Ameni et al (2010), Lopez-Valencia et a/. (2010).

Thom et al (2012).

Wedlock et a/ (2007), Whelan et a/ (2010a).

McNair et a/. (2007), Whelan et a/ (2010a), Whelan et a/. (2010b), Vordermeier et a/. (2011).

Waters et al (2012).

f.  Muskens et a/ (2002).

36. Waters et a/. (2012) review BTB vaccine research for wildlife applications with a summary and multiple
references at Table 2. Robinson et a/. (201 2) specifically review the literature pertaining to vaccines for
badgers; see also Mahmood et a/ (1987a), Mahmood et a/. (1987b), Newell and Hewinson (1995),
Hughes et a/ (1996), Delahay et a/ (2003), Morrison et a/. (2004), Wilkinson et a/. (2004), Lesellier et
al (2006), Lesellier et a/ (2008), Corner et al. (2009), Lesellier et a/. (2009a), Lesellier et a/. (2009b),
Corner et al. (2011), Gormley and Corner (2011). The on-going vaccination project in Wales is
described at
http://wales.gov.uk/topics/environmentcountryside/ahw/disease/bovinetuberculosis/?lang=en, Defra’s
Badger Vaccine Deployment Project in Gloucestershire is described at http://www.defra.gov.uk/ahvla-
en/science/bovine-tb/bvdp/; and a project at the National Trust’s Killerton Estate at
http://www.ntsouthwest.co.uk/2011/04/new-programme-to-demonstrate-badger-vaccination-as-
effective-alternative-in-bovine-tb-control/.

a. Results of trials of injected vaccines for badgers are reported by: Stuart et a/ (1988), Lesellier et
al (2006), Corner et al. (2008b), Chambers et a/. (2011), Lesellier et al. (2011).

b. Chambers et a/ (2011) and Carter et a/. (2012) who in Table 1 list the effects of vaccination on
the risk of individual badgers who had been exposed in field conditions testing positive to a suite
of diagnostic tests for M. bovis.

™ an o
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Carter et al (2012), Figure 2, illustrates the decreasing risk of an unvaccinated badger cub testing
positive to a triple diagnostic test for M. bovisinfection as the proportion of vaccinated badgers in
its social group increases.

Chambers et a/ (2011), Carter et al. (2012).

Chambers et al. (2011), Lesellier et a/ (2011).

Smith et a/ (2012).

Aznar et al. (2011a), Aznar et a/ (2011b) describe the design of on-going vaccine trials in the
Republic of Ireland.

37. Robinson et al (2012) review oral vaccines.

a.

o a0 o

Corner et al. (2010) report a trial of an oral vaccine containing BCG.

Corner et al. (2010) record low dose shedding of BCG in badger faeces after oral vaccination.
Palphramand et a/ (2011)

The practicalities of delivering oral vaccines are discussed in Robinson et a/. (2012).

Buddle et a/. (2005) show that young cattle orally vaccinated with BCG made greater responses in
SICCT tests and recommended that care should be taken to avoid accidental ingestion of baits
intended for badgers by other species including cattle; see also Cagnacci et a/ (2005), Cagnacci
and Massei (2008), Kelly et a/. (2011), Palphramand et a/. (201 1), Palphramand et a/. (201 2).
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