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Abstract

Background: Bovine tuberculosis (TB) is a burden to cattle farming in
Great Britain. Poor biosecurity has been identified as contributing to the
epidemic.

Methods: We conducted a systematic review of epidemiological studies pub-
lished in the scientific literature between 1921 and 2024 that measured
the association between farm biosecurity and cattle TB. Eligible studies
controlled for confounding factors and reported statistically significant asso-
ciation/s between biosecurity and TB (p < 0.05) and/or an effect ratio/s of
more than 3. Biosecurity uptake in England was assessed using official Dis-
ease Report Forms (DRFs) from 4074 TB incidents occurring in 2018 and
2019.

Results: Thirty-three papers with 116 effect estimates met the inclusion cri-
teria and were grouped according to a five-point biosecurity plan. There was
consistent evidence for TB risk being reduced by reducing contact with neigh-
bouring herds and preventing cattle at higher TB risk from entering herds.
The evidence for the effectiveness of measures for reducing contact between
badgers and cattle was inconsistent. The DRF data showed a low uptake of
biosecurity to reduce contact between badgers and cattle.

Limitations: All the studies identified were retrospective. Biosecurity was
measured using different instruments, for example, questionnaires.
Conclusions: There is analytical epidemiological evidence supporting guid-
ance for improving biosecurity, but there are some limitations. Further
research is needed to identify the most effective wildlife-focused measures.
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INTRODUCTION

Bovine tuberculosis (TB), caused mainly by the bac-
terium Mycobacterium bovis, is an infectious zoonotic
disease with a global distribution. The disease places
a considerable economic and social burden on the
cattle industry and governments in countries where
it is endemic. The insidious nature of the pathogen,
including complex transmission pathways that can
involve wildlife, means that a multifaceted approach
is likely to be most successful in controlling dis-
ease risks.! While legislation, government policy and
cattle testing play a large role in control strate-
gies, there are measures that farmers can take to
reduce the likelihood of disease incursion and further
spread. Biosecurity interventions available to farmers
include practices relating to the purchase and intro-
duction of livestock, measures to restrict contact with
wildlife reservoirs of disease, separating or quarantin-
ing potentially infectious animals and minimising risk
of contact with neighbouring herds.

Improved biosecurity to prevent transmission
among cattle and between cattle and wildlife has been
identified as an important component of TB control in
several countries.' The incidence of TB in UK cattle
herds has increased in recent decades, particularly in
southwest England.*® In 2015, the UK Department for
Environment, Food and Rural Affairs (Defra) launched
a five-point biosecurity plan for England,® aiming to
mitigate the spread of TB by reducing interactions
between cattle and wildlife sources of infection, par-
ticularly the European badger (Meles meles), alongside
reducing the potential for cattle-to-cattle transmis-
sion. The five points in the plan are: (1) restrict contact
between badgers and cattle; (2) manage cattle feed
and water; (3) stop infected cattle from entering
the herd; (4) reduce risk from neighbouring herds;
and (5) minimise infection from cattle manure. In
2017, Defra-funded farm assessments and tailored
biosecurity advice via the ‘TB Advisory Service’ were
initiated and are now available to farmers throughout
England.”

The Defra TB biosecurity five-point plan reflects
a consensus between the government and the farm-
ing industry on how certain biosecurity factors on
farms are likely to affect TB risks, given what is
known about transmission routes.®'? Biosecurity is a
rather broad concept that can include both physical
and behavioural interventions. Appropriate interven-
tions vary according to the farming environment and
external factors such as climate and legislative require-
ments. The Defra biosecurity five-point plan provides
advice on interventions that may be practicable for UK
cattle farms to introduce. Recommendations include
fencing off badger setts and latrines, raising cattle
water and feed troughs to reduce badger access, avoid-
ing sharing equipment and grazing with other herds,
and reducing the risk from purchased cattle by tak-
ing account of their TB history prior to purchasing
decisions.

In England, the aim of the TB control policy is for
TB incidents on cattle farms to be investigated by the

Animal and Plant Health Agency (APHA) as follows:
all incidents in the Low Risk Area (LRA) and the Edge
Area, a random sample of 30% of incidents in the
High Risk Area (HRA), and additionally incidents of
particular concern from an infection control perspec-
tive (e.g., incidents involving multiple reactors or of
public health concern). A TB incident occurs where
infection with M. bovis is detected by field surveillance
or through postmortem tests in at least one animal
from a cattle herd that did not have trading restric-
tions due to TB at the time of the test. The routine
investigation procedure results in the majority of inci-
dents in England (60% in 2018 and 2019) undergoing
a detailed investigation incorporating an on-farm visit
by an APHA case veterinarian. Since 2019, a substantial
number of these investigations have been undertaken
by telephone enquiries because of the pressures on
field staff from the coronavirus disease (COVID-19)
pandemic and, subsequently, highly pathogenic avian
influenza epizootic outbreaks, which have also had an
impact on the number of TB incidents investigated.
During the investigation, potential transmission path-
ways onto the farm are explored, utilising M. bovis
genotype and whole-genome sequence data where
available. Biosecurity is qualitatively assessed through
both a structured interview with the farmer and a
visual inspection of the premises (when an on-farm
investigation takes place). Biosecurity and case man-
agement advice are given, and a Disease Report Form
(DRF) is completed.

The advice given to farmers reflects Defra’s five-
point plan and a precautionary approach based
mainly on descriptive investigations and current
understanding of transmission pathways.>'! How-
ever, robust empirical evidence for the impact of
biosecurity factors on TB risk is scarce.>'>!3 This
hampers quantitative analysis of the benefits, includ-
ing cost-benefit analysis, from the introduction of
biosecurity measures.

This study was designed to address two main aims.
First, through a systematic literature review, we aimed
to assess the published analytical epidemiological
evidence for associations between farm biosecurity
measures and TB risks in cattle herds. Second, through
the analysis of DRF data, we sought to describe the
level of biosecurity implementation on English cat-
tle farms with a recent TB incident. We have defined
biosecurity as referring to the types of physical and
behavioural interventions that may be practicable for
UK cattle farmers to introduce and would be con-
tained within a broad interpretation of biosecurity in
Defra’s five-point biosecurity plan.

MATERIALS AND METHODS
Systematic literature review

A systematic literature review was conducted, and
further detail about the protocol is provided in
Supporting Information S2. The preferred report-
ing items for systematic reviews and meta-analyses
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(PRISMA) guidelines were followed as much as possi-
ble, although the review was not registered'* (Tables
S3 and S4 in Supporting Information S2).

Online search

An online bibliographic database (Scopus) was
searched on 22 July 2024 to identify studies that
measured the association between biosecurity
on farms and TB in cattle using the following
strategy:

(TITLE-ABS-KEY [‘bovine tuberculosis’ OR ‘bovine
TB’ OR ‘Mycobacterium bovis’ OR ‘tuberculosis’] AND
TITLE-ABS-KEY [‘farm characteristics’ OR husbandry
OR management OR biosecurity OR purchas* OR
movement* OR import*] AND TITLE-ABS-KEY [cattle
OR badger* OR boar* OR deer OR cow* OR bovine]
AND AFFILCOUNTRY [‘United Kingdom’ OR UK OR
Wales OR Scotland OR Ireland OR England OR France
OR ‘Great Britain’ OR GB OR ‘Northern Ireland’ OR
‘Republic of Ireland’])

The geographical limits in the search were set on the
basis that the country was known to have TB in cattle,
to have badgers and a similar climate and natural envi-
ronment to Great Britain. There were no limitations in
the search on study design, and the search was for all
years in the database, which included scientific liter-
ature from 1921 to 22 July 2024, when the review was
conducted.

Review and selection of papers
Stage 1 (one reviewer of abstracts)

Abstracts from the research papers and reports
identified by the literature search were indepen-
dently reviewed by one of two reviewers (L.D.P. and
S.H.D.) to identify analytical studies that measured
the association between the presence of biosecu-
rity factors on farms and the risk of TB in cattle
herds.
The inclusion criteria at stage 1 were as follows:

1. Report of an analytical study comparing the risk of
TB in cattle on farms with one or more biosecurity
factors to farms without the biosecurity factor/s.

2. Reported an association (e.g., odds ratio [OR])
between a biosecurity factor and TB risk with con-
trol for confounding factors known to influence TB
risk (e.g., herd size).

3. The reported association (adjusted for con-
founders) between TB and the presence or absence
of the biosecurity factor:

a. was statistically significant (p < 0.05) and/or

b. had a central estimate with an effect ratio of
greater than 3, for example, an OR of more than
3 or an OR ofless than 0.33.

The basis for the third criterion was that a p value of
less than 0.05 reduces the risk of a type one error and

a false-positive result. Second, confounding or bias
become less tenable as explanations for an observed
effect with increasing strength of association.'*'6

Additionally, members of the study group were
asked to notify L.D.P. or S.H.D. of any papers they were
aware of that measured the impact of biosecurity on
TB in cattle. Studies that met stage 1 inclusion crite-
ria were submitted for more detailed assessment at
stage 2.

Stage 2 (two reviewers per research paper or
report)

Estimates of the effects of biosecurity factors on
the risk of TB were extracted from the studies that
met the selection criteria at stage 1. Two of three
available reviewers (L.D.P, S.H.D. and C.V.) reviewed
each paper independently, compared estimates and
resolved differences (see Supporting Information S2).
Each biosecurity factor and the measure of its asso-
ciation with cattle TB were categorised according
to Defra’s five-point biosecurity plan and similar
biosecurity factors were grouped together. Adjusted
ORs with 95% confidence intervals (Cls) reported
for each biosecurity factor were displayed in for-
est plots by five-point plan category and biosecurity
grouping.

Analysis of Disease Report Form data

Farm-level data collected on DRFs by veterinarians
undertaking disease investigations on cattle farms
with a TB incident in England were obtained from
the APHA database ‘Sam’.!” The DRFs were completed
via in-depth discussions with the farmer to assess
potential transmission routes. This included obtaining
information on herd size, type, management practices,
cattle purchasing practices and evidence for wildlife
on the farm, including badgers (see Supporting Infor-
mation S3 for the DRF form used by veterinarians in
2018 and 2019 and Supporting Information S4 for the
DRF aide memoir used in 2018 and 2019). These data
are supplemented by routinely collected data, such
as cattle movements, recorded in the British Cattle
Movements System database.'® The full DRF contains
detailed data to assist the veterinarian in their epi-
demiological assessment and much of it is recorded as
free text. The data available from ‘Sam’ and included
in our analysis were limited to pre-defined drop-down
answer boxes that were selected by the case veteri-
narian. The data extracted were from the whole of
2018 and 2019. Data for the period between 2020
and 2023 were not included because of the disruption
caused to TB surveillance and case management dur-
ing the COVID-19 pandemic and highly pathogenic
avian influenza outbreaks.
The inclusion criteria for DRF data were as follows:

1. DRF for a TB incident that started during 2018 or
2019 in England.
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2. Atleast eight of the 10 questions regarding biosecu-
rity factors had been completed.

Biosecurity information was extracted from the
DRFs and categorised according to Defra’s five-point
plan. Although badgers are widespread throughout the
TB-affected areas of England and hence are likely to
be present in the vicinity of every farm in the study
area, we required some means of categorising those
farms where exposure to badgers was particularly evi-
dent, perhaps reflecting local abundance. Therefore,
farms were classified as having ‘badger activity’ if
‘badger activity’ or ‘active badger setts’ were reported
on either adjoining land or the farm itself or if
the investigating veterinarian concluded that ‘expo-
sure of cattle to badger excreta’ was high or very
high.

Statistical analyses and data manipulations were
conducted in RStudio (version 1.1.463), using the
dplyr'® and metafor’® packages, SQL Server and
Microsoft Excel.

RESULTS
Systematic literature review

The search of bibliographical databases up to 22 July
2024 identified 941 papers (a further three were added
by the reviewers directly), with 77 retained after stage
one sifting (see Figure S1 and Table S2 in Support-
ing Information S2). Following the stage two review,
33 papers met the inclusion criteria and included esti-
mates of the association between the risk of TB in cat-
tle herds and one or more biosecurity factors (Table 1).
One paper was an unpublished study,”' and another
was a published research report.”> The remainder
of the articles were published in the peer-reviewed
scientific literature.

The reasons for the exclusion of studies at stage 2
are shown in Table S3 in Supporting Information S2.
Fourteen studies were excluded because they did not
report an association between a biosecurity factor and
herd TB. Five studies were excluded because they did
not attempt to control for possible confounding fac-
tors (e.g., herd size and historical TB risk). Another five
studies were excluded on the basis that they were not
analytical studies (i.e., they were case series or descrip-
tive in design). Two studies were excluded on the basis
that the strength of association between biosecurity
factors and TB (after controlling for confounding fac-
tors) was less than threefold and the probability was
greater than 0.05.

The 33 studies that passed through both stage 1 and
stage 2 provided 116 estimates of biosecurity effects.
Different questionnaires had been used by various
studies to collect data from farms, some of which
incorporated other data and/or databases in their
analyses. The median number of estimates generated
per study was 3 (range 1-19, interquartile range [IQR]
1-4). All 33 studies measured more biosecurity fac-

tors than they included in their final model/s for the
association with herd TB. Just over 40% (14/33) of the
studies included at least one effect estimate within the
final model/s that was not statistically significant at
the 95% level. There were 16 biosecurity estimates in
total excluded (from the 33 studies) because the effect
ratio was 3 or less or not statistically significant at the
5% level (median of 0 biosecurity effects excluded per
study, range 0-3, IQR 0-0).

The analytical approaches taken within the 33
papers included in the review are shown in Table 1.
The 116 measures of biosecurity associated with herd
TB risk were categorised according to Defra’s five-
point plan (see Figures 1-5).

Restrict contact between badgers and cattle
(biosecurity plan point 1)

Defra’s five-point plan recommends finding out if bad-
gers visit the farm. Eight factors related to observations
of badgers or awareness of their setts on farms were
associated with increased odds for TB (as defined by
the individual study, see Table 1). The largest observed
increase in odds for TB was related to a situation in
a study where more than 50% of the herd owner’s
land was inaccessible for those seeking to locate bad-
ger setts versus 10% or less, although this factor also
had the widest CI** (Figure 1). The presence of cov-
ered yard housing was associated with increased odds
for TB in two studies,**% and Johnston et al.>> found
that there were decreased odds when no housing was
provided. An increase in hedge boundaries was asso-
ciated with a reduction in the odds for TB in three
studies.?! %52 However, Broughan et al.* reported that
fencing off badger setts was associated with increased
odds for TB.

Manage cattle feed and water (biosecurity
plan point 2)

Feeding silage was reported as being associated with
both increased”>?? and decreased odds for TB.?!°?
The presence of a silage clamp or providing cattle feed
on top of silage were both associated with increased
odds for TB, as was feeding barley, green food (such as
kale), brewer’s grains and magnesium supplements to
cattle’!*>5 (Figure 2). Effects on TB risk from provi-
sion of mineral or salt licks was affected by other cattle
management factors (rough grazing and cattle kept in
mixed groups).>>36

One study reported that providing cattle feed inside
housing was associated with increased odds for TB
and that providing feed outside housing was associ-
ated with decreased odds.*® Broughan et al.* reported
that farms with raised feed and water troughs were
four times more likely to have experienced a TB inci-
dent. O’Hagan et al.*’ reported that badgers being
able to access cattle housing and/or feed at night and
feed troughs in housing being accessible to badgers
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TABLE 1 Papersidentified in the literature review that met the inclusion criteria
Study size
(no. of herds),
Analytical cases|controls
Paper approach cohort Case and control or cohort herd definitions?®

Bourne et al.>»22

Broughan et al.*

Carrique-Mas
etal.??

Christiansen?!

Clarke et al.?*

Clegg et al.?®

Clegg et al.”®

Denny and
Wilesmith?”

Doyle et al.?®

Doyle et al.?

Fielding et al.>°
Gates et al.>!

Griffin et al.3?

Griffin et al.3%
Johnston et al.3*

Johnston et al.3®

Karolemeas
etal.36

Karolemeas
etal.%’

Marsot et al.®
Mathews et al.??
Mill et al.%0
Milne et al.*!

O’Hagan et al.*?

Case-control

Case-control

Case-control

Case-control

Case-control

Retrospective
cohort (survival
analysis)

Case-control

Case-control

Case-control

Case-control

Case-control

Case-control

Case-control

Case-control
Case-control

Case-control

Case-control
Case-control
Case-control
Case-control
Case-control
Retrospective

cohort

Case-control

98|144

113)218

177|2764

141141
118162

1810

321|996

215173

191]2618

192|2743

9223|61,873
189868
599972
80/80
100100

151|117

218|218

110[283
81]235
72|144
38[41
561|748
5378

117|75

All breakdowns® (confirmed? and unconfirmed) in 2004 versus herds that had
not experienced a breakdown in the 12 months prior to the case breakdown.

Herd located in a newly endemic area, where at least one SICCT test reactor€ at
standard interpretation was identified and postmortem confirmation? of
infection was obtained between 2011 and 2014, versus herds that had no record
of a TB incident.

At least one reactor® detected at the first test after restocking, from 2001 to 2004,
Versus none.

Confirmed? TB incident in 1997 or 1998 versus no TB incident.

Owner-reported (in 2021) herd experienced TB breakdown® in last 3 years
versus no recent TB breakdown.

The time from derestriction of the eligible TB episode® to the start of a
subsequent TB episode (with one or more reactor animal(s) or an animal
identified with a confirmed? tuberculous lesion at slaughter) or the date of the
last test prior to the end of the study (study period 2004-31 December 2010),
whichever occurred first.

Herds with at least 13 reactors during the first two tests of the episode® (unless
the initial test was a part herd test, in which case the first three tests were used),
versus herds with between two and four (inclusive) reactors during the first two
tests of the episode during 2014-2015.

One or more skin test reactors® with at least one reactor with TB-like lesions
identified at slaughter between 1990 and 1992, versus herds with no test reactor
cattle from 1990 to 1992 and confirmed? test reactor cattle from 1980 to 1989.

Breakdowns® that ended in 2016-2018 and lasted >365 days versus herd
breakdowns that ended in 2016-2018 and lasted <365 days.

TB herd breakdown® of less than a year in duration followed by at least two
further TB herd breakdowns within the following 2 years, versus breakdowns of
less than a year in duration initiating during the study period (2016-2018) and
which were linked to a maximum of one breakdown within the previous 2 years.

Farm with a TB incident (OTFW and OTFES) between 2015 and 2016 versus no TB
incident.

Positive RHT® versus negative RHT (two models using data from 2006 to 2009
and 2002 to 2009).

Herds with a history of recurrent TB¢ (placed under movement control twice or
restricted for a period greater than 12 months) between 1986 and 1990, versus
herds that had been free of TB during 1982-1990.

At least one skin test reactor® in a herd that was clear at its previous test versus a
herd that did not disclose at least one reactor in 1988.

TB breakdown® before 2001 versus herds with no TB-related restrictions in the
12 months prior to the case breakdown.

Confirmed? or unconfirmed breakdown® in 2005 or 2006 versus herds that had
a clear TB test in the 12 months prior to the case breakdown, had not been
under any TB restrictions and had not had an overdue test during 2005/2006.

Prolonged TB breakdown® (duration >240 days) that started during 2003-2006
versus non-prolonged (duration <240 days).

Herds with a breakdown® that recurred within 12 months during 2005-2008
versus herds with a breakdown that did not recur within 12 months.

A TB outbreak® between 2012 and 2014 versus no TB outbreak between 2004
and 2014 and no strong suspicion of infection between 2012 and 2014.

Farms with one or more confirmed? breakdown® since 1997 versus farms with
no breakdowns (confirmed or unconfirmed) since 1994.

Cattle herd with the presence of at least one confirmed positive test result (a
reactor®) versus a herd that did not have a breakdown® between 2002 and 2005.

Increasing breakdown® duration between 2003 and 2015.

Multiple SICCT test reactors® or positive histology and/or culture of
Mycobacterium bovis and/or TB-like lesions at slaughter during 2008 or 2009
versus herds without restricted herd tests or reactors from 2007 to 2009.

(Continues)
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TABLE 1 (Continued)
Study size
(no. of herds),
Analytical cases|controls
Paper approach cohort Case and control or cohort herd definitions?®

Olea-Popelka
etal.®

Palisson et al.**

Case-control

Case-control

Ramirez- Retrospective
Villaescusa cohort (survival
etal.®® analysis)

Reilly and Case-control
Courtenay*®

Romero et al.*’

Salvador et al.*8

Szmaragd et al.*?

Tratalos et al.”"
White et al.>!

Winkler and
Matthews®?

Case-control

Case-control

Retrospective
cohort (multiple
states model)

Case-control

Case-control

Case-control

338|1375

648/648

148

50121

363936,545
Not reported

174

8285|81,972
3909/98,872

503|806

A factory lesion positive test herd with one or more standard reactors® at the
subsequent herd test versus factory lesion herds with no standard reactors in
2003.

A TB-infected herd for which an M. bovis spoligotype was available in more than
one case versus randomly chosen TB uninfected herds of the same department
between 2005 and 2014.

Time to first herd TB breakdown® in a high incidence area during 2001-2004.

Farms that had been under trading restrictions for a breakdown® for up to 6
months (transient definition) or more than 6 months (persistent definition)
during 1995-1999 versus farms that had not experienced a breakdown® during
this period (nor subsequently up to 2004).

A TB incident (OTFW and OTES) versus no TB incident in 2016.

Aholding recorded at least one confirmed? incident of TB in a year versus no
incident between 2008 and 2013 (two models: Low Risk Area England [13,327
herds] and Scotland [10,145 herds]).

State 1: Models the odds of a herd not under movement restrictions suffering a
breakdown® and being placed under TB-induced movement restrictions
between 1998 and 2005.

State 2: models the odds of a herd under TB-induced movement restrictions
moving the derestricted status between 1998 and 2005.

A herd was restricted for TB® versus a herd that was not restricted during 2018 or
2019.

Cattle herds that experienced a new TB episode® in 2006 versus herds that
remained clear of TB.

All breakdowns® (confirmed? and unconfirmed) versus no tuberculin skin test
reactors in the previous 12 months during 1998-2004.

Note: Further details about each study are reported in Supporting Information S1.

Abbreviations: OTFS, officially tuberculosis-free status suspended; OTFW, officially tuberculosis-free status withdrawn; RHT, routine herd test; SICCT, single
intradermal comparative cervical tuberculin test; TB, bovine tuberculosis.

aTB incidents in case and control or cohort herds were defined differently according to each study definition.

bTB99 2004 study.

Alternative names are used by different studies to describe M. bovis infection within a herd (e.g., breakdown, TB incident, TB outbreak, tuberculin skin test
reactors). Tuberculin skin test type (e.g., comparative or single) was not always defined.
dPresence of visible lesions (e.g., by postmortem examination) or bacterial confirmation of M. bovis.

Biosecurity aim 1: Restrict contact between badgers and cattle

Sector

Study

0Odds Ratio [95% CI]

Badger presence
Active badger sett density >3km? versus Okm*

Cattle P tobadger

Fence off badger setls
Reported presence of badgers in housing or feed store

Accessible badger sett andinafield

Finding dead badgers on farm
Presence of badger colony on home farm
Live badgers observed on the farm n the last 3 years

Awareness of badger setts

farm

last 12 months

>50% of herd owner's land inaccessible for those seeking to locate badger setts versus <=10%

31-50% of herd owner's it he
11-30% of herd owner
Farmer not aware of setts on farm versus aware

Cattle housing

Use of cattle house with cubicle standings

Cattle housed in large groups in covered yards

Other housing types e.g. tie-stalls

Use of covered yard housing

Presence of far buildings located at more than 300 m from inhabited areas
atgrazing i grazing

Outside exercisefloafing yard adjoining catlle house(s)

Field boundary
Decrease in hedgerow availability >

Greater percentage of intemal boundary hedge
Hedge on bank

FIGURE 1

sets versus <=10%
badger sefts versus <=10%

Allherds Reilly & Courtenay, 2007 (46) I — ] 960150, 61.20]
Dairy herds Christiansen, 2000 (21) —_——— 8.37[2:80, 25.03]
Allherds Broughan et al, 2016 (4) —_— 434[1.10, 17.11)
Allherds Boume et al, 2007 (22) P 4.19[154, 11.39)
Allherds OHagan et al, 2016 (42) ——— 414179, 955]
Allherds Johnston etal, 2011 (35) 310[1.40, 6:84]
Dairy herds Griffin et al, 1993 (32) ——— 390(130, 12.20)
Allherds O'Hagan et al, 2016 (42) 251[1.15, 5.48)
Allherds Clarke etal, 2022 (24) —_— 19.71[247, 15743
Allherds Clarke etal, 2022 (24) — 393[1.11, 1391
Allherds Clarke etal, 2022 (24) ——— 138(0.76, 2.50)
Allherds Boume etal, 2007 (22) 222114, 431
Dairy herds Griffin et al, 1993 (32) . 8.10[1.70, 39.40]
Allherds Karolemeas etal, 2010 (36) — 5.00[2.10, 12.80)
Allherds Karolemeas et al, 2011 (37) —— 460160, 1350]
Allherds Johnston etal, 2005 (34) e 422[141, 1265]
Allherds Marsot etal, 2016 (38) 230(1.10, 4.80]
Allherds Johnston et al, 2011 (35) —— 0.36[0.14, 0.95]
Dairy herds Christiansen, 2000 (21) e 0.35[0.15, 0.80]
Dairy herds Mathews etal, 2006 (39) 220 [Not reported]
Allherds Winkler & Mathews, 2015 (52) i 063(047, 083)
Dairy herds Christiansen, 2000 (21) [ 034[0.13, 0.87)
r T T 1

0.05

Decreased odds

025

0dds ratio (log scale)

1

10 200
Increased odds

Forest plot for biosecurity plan point 1. Adjusted odds ratios (ORs) with 95% confidence intervals for bovine tuberculosis

(TB) in cattle herds associated with biosecurity factors related to contact between badgers and cattle. All ORs are for the presence versus
absence of a biosecurity factor, unless otherwise stated. Each OR reported is a result from a single study. *Reported OR for the persistent TB
definition in the paper. P The OR was reported as statistically significant (p = 0.024) in the supplementary material to the paper on page 6
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VETERINARY RECORD 70f17
Biosecurity aim 2: Manage cattle feed and water Sector Study 0dds Ratio [95% CIl
Type of feed/supplement

the herd, area of the home farm Dairy herds Griffin et al, 1993 (32) 29.50 [1.46, 594.40)

Cattle grazed sown/ley pasture: Dairy herds Christiansen, 2000 (21) P 7.09[2.44, 2061]
Feeding silage Allherds Boume et al, 2007 (22) —_— 571[1.89, 17.27]
Cattle fed green foods/kale Dairy herds Christiansen, 2000 (21) e 4.02[1.35, 11.96]
Magnesium fed as a supplement All herds ‘O'Hagan et al, 2016 (42) P 377[1.39, 10.17)
Cattle fed Brewer's grains Dairy herds Christiansen, 2000 (21) —_— 3.56[1.37, 9.26]
Cattle fed barley Dairy herds Christiansen, 2000 (21) i 248[1.05, 5.82]
Feeding silage All herds. Winkler & Mathews, 2015 (52) et 220[1.45, 332]
Farmer after grazes silage fields with cattie All herds. Doyle et al, 2022 (29) i 192[1.12, 353
Grazing silage hay aftermath All herds Winkler & Mathews, 2015 (52) [l 0.56(0.43, 0.73]
Feed vitamins/minerals All herds Ramirez-Villaescusa et al, 2010 (45) booe 0.34[0.18, 0.64]
Maize silage fed Dairy herds Christiansen, 2000 (21) — 0.32[0.13, 0.82]
Feeding of hay as the principle winter feed for one or more of the cattle groups Dairy herds Griffin et al, 1993 (32) —— 0.30[0.09, 0.98]
Feed and water delivery

1 class of licks kept All herds Karolemeas et al, 2010 (36) e 7.30[1.60, 34.50]
Providing feed inside the housing All herds Johnston et al, 2011 (35) b 4.89[1.19, 20.12]
Raise feed & water troughs All herds Broughan et al, 2016 (4) —_—— 4.79[1.84, 12.50]
Meal fed on top of silage in housing Allherds O'Hagan et al, 2016 (42) —— 355[1.53, 8.23]
Providing feed outside of the housing All herds Johnston et al, 2011 (35) e 0.41[0.22, 0.76]
Storage of feed
Silage clamp present* Allherds Reilly & Courtenay, 2007 (46) —_— 9.10[2.00, 40.80]
Storage of processed grain or compound meal on the farm Allherds OHagan etal, 2016 (42) — 0.12[0.03, 0.52
Feed accessible to badgers
Badgers could potentially access silage clamps All herds Doyle etal, 2022 (29) —— 175[1.14, 278
Feeding troughs in housing accessible to badgers Al herds. O'Hagan etal, 2016 (42) i 0.31[0.14, 0.73]
Farmer the it night All herds ‘O'Hagan et al, 2016 (42) —_——— 0.30[0.11, 0.88]

0.01 025 1 10 600
Decreased odds Odds ratio (log scale) Increased odds
FIGURE 2 Forest plot for biosecurity plan point 2. Adjusted odds ratios (ORs) with 95% confidence intervals for bovine tuberculosis

(TB) in cattle herds associated with biosecurity factors related to managing cattle feed and water. All ORs are for the presence versus absence
of a biosecurity factor, unless otherwise stated. Each OR reported is a result from a single study. ?Reported OR for the persistent TB definition

in the paper

were associated with decreased odds for TB, whereas
Doyle et al.> reported that farms where badgers could
potentially access silage clamps had increased odds
for TB.

Stop infected cattle from entering the herd
(biosecurity plan point 3)

Failure to manage introductions of cattle to the herd
from sources at high TB risk was associated with
increased odds of TB (and the converse) in studies
that explored risk from cattle movements between
herds (Figure 3a). For example, seven studies showed
an increased risk from sourcing cattle from herds
with a previous TB incident or from an area with a
higher prevalence or incidence of TB.?%30:31,3543,48,50
Sourcing cattle from overseas and purchasing cat-
tle via markets was associated with increased odds
for TB in a total of four studies.’"3*4>%® Purchasing
cattle via farm sales was associated with increased
odds for TB in one study®* and decreased odds in
another.>® There was one study that associated the
purchase of a bull with increased odds for TB.*?
Clegg et al.>® found that introducing cattle before
the first retest during a TB incident was associated
with an increased risk for a subsequent TB incident,
whereas introducing cattle after the first retest was
not.

Szmaragd et al.* reported a large range of factors
related to cattle purchasing that were associated with
a farm having cattle movement restrictions imposed
due to a TB incident (Figure 3b). The odds for a TB
incident (State 1) were lower when buying from a farm
that always tested negative before the move. Buying
cattle directly from a herd that had tested positive
before the move was associated with both higher and
lower odds, as was sourcing cattle directly or through
markets.

Reduced contact with neighbouring herds
(biosecurity plan point 4)

Contact with neighbouring or contiguous cattle herds
was associated with increased odds for TB in 11 dif-
ferent studies?6?733:35-38,40,41.4347 (Figure 4) but not
in a LRA for TB.*’ Sharing a water source and direct
contact with contiguous farms increased the risk for
TB.3>38 The odds for TB tended to decrease with dis-
tance from a TB-positive herd****°" The odds for TB
increased with distance from a TB-positive herd.**°!
The presence of a TB incident in a nearby herd,
even if the incident was unconfirmed, was associated
with increased odds for TB.?"? Increasing the num-
ber of premises over which a farm operated was also
associated with increased odds for TB,??%° although
Gates et al.’! found that an increase in the number of
farms within 5 km decreased the odds for TB. Doyle
et al.”® reported that some or full upgrading of bound-
ary fences in the past 3 years was associated with
decreased odds for TB; however, in another study the
odds for TB increased when a boundary fence was
partially upgraded.?’

Minimise infection from cattle manure
(biosecurity plan point 5)

Only eight risk factors relevant to the potential risk
of TB from manure or slurry were identified from
the literature (Figure 5). Cattle with access to ground
where slurry had been freshly applied, applying
slurry/manure in spring rather than continuously over
the grazing season, and the use of manure on grazed
land were identified as protective.?®3* The use of con-
tractors to spread manure and spreading manure all
year round were associated with increased odds for
TB.*>*> Storing manure in a closed container, as well
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8of17 VETERINARY RECORD
Biosecurity aim 3: Stop infected cattle entering the herd Sector Study Odds Ratio [95% C1l
Cartle source location - high risk
10 batches of cattle arriving from High Risk Areas to Low Risk Areas in England versus 0 batches Allherds Salvador etal, 2018 (48) —— 18.27[11.75,28.41)
1-10 batches of cattle arriving from High Risk Areas to Low Risk Areas in England versus 0 baiches Allherds Salvador etal, 2018 (48) F—— 338(2.26, 5.07]
A Scottish holding imported batches of cattie from the High Risk Area (England) Allherds Salvador etal, 2018 (48) —— 422(217, 822)
Sourcing any cattle from a herd that had a breakdown®in the previous 2 years Allherds Johnston etal, 2011 (35) f—— 1.90(1.00, 362]
a previous TB episod pr herd Allherds Olea-Popelka et al, 2008 (43) —— 158(1.01, 250]

Number of cattle sourced from high frequency testing herd ® Alherds Carrique-Mas et al, 2008 (23) =] 1.35[122, 1.49)
Direct inward movements from herds with a history of TB = Allherds Tratalos etal, 2023 (50) ] 133125, 141]
Cattle purchased direct from England High-Risk Area Alherds Fielding et al, 2020 (30) el 123[1.12, 1.34)

ge of herd Allherds Gates et al, 2013 (31) » 1.05[1.02, 1.08]
Cartle source location - low risk
Prop herds in f P Allherds Johnston etal, 2011 (35) Z 093(0.86, 0.99]
Cartle source location - overseas
Purchased cattle from an overseas herd Allherds Gates et al, 2013 (31) — 4.13[1.47,1160]
A Scottish holding imported Iish cattie Allherds Salvador etal, 2018 (48) L — 320(162, 6.31]
Low Risk Area holding imported ish cattie Allherds Salvador etal, 2018 (48) —— 234[1.36, 4.02]
Cartle source location - marketfarm sales
Cattle brought on from markets Allherds Johnston et al, 2005 (34) e 326[1.71, 621]
Purchase from market Allherds Ramirez-Villaescusa et al, 2010 (45) —— 1.95[1.05, 363]
Cattle brought on from farm sales Allherds Johnston etal, 2005 (34) —e— 1.93(1.03, 3.60]
No. cattle moved onto farm from farm sales® Allherds Karolemeas etal, 2010 (36) sl 0.70(0.50, 0.80]
When cattle are sourced
During a TB episode’, animals were iniroduced before the st retest versus no animals iniroduced ' Allherds Clegg etal, 2013 (25) i 146(1.14, 1.88]
During a TB episode’, animals were introduced after the 1st retest versus no animals introduced Allherds Clegg et al, 2013 (25) e 105[0.86, 1.28]
Farm management
Purchase of buls inthe last 5 years Dairy herds Griffn etal, 1993 (32) — 3.90(1.20, 12.40)
Keeping different types of cattle together in groups Allherds Johnston etal, 2011 (35) —— 0.32(0.16, 0.62)

r T T |
005 025 1 5 30
(a) Decreased odds 0Odds ratio (log scale) Increased odds
Biosecurity aim 3: Stop infected cattle entering the herd (Szmaragd et al, 2013 (49)) 0dds Ratio [95% CI]
Source location of cattle bought in - high risk
State 1 -
directly in the test-year from a farm in the low risk area which tested positive in the 24—12 months before the move s 3.60([2.01,6.27]
directly in the previous test-year from a farm not tested in the 12 months before the move —— 246(1.77,3.37)
directly in the test-year from a farm in the RBCT tested negative in the 24-12 months before the move —— 1.92[1.31,272]
directly in the previous test-year from a farm tested positive at some point before the move*® L 0.95[0.91, 0.98]
directly in the test-year from a farm in high risk area which was not tested in the 36-24 months before the move e 0.58[0.33,0.94]
directly in the test-year from a farm tested positive in the 12 months before the move e 0.56[0.42,0.72)
State 2 -
directly in the test-year from farm not tested in the 12 months before the move i 0.70[0.50, 0.93]
Source location of cattle bought in - low risk
State 1 -
directly in the test-year from a farm which was always tested negative before the move =i 0.71[0.53, 0.94]
directly in the previous test-year from a farm in the low risk area not tested in the 24—12 months before the move —— 0.50[0.28,0.84]
State 2-
directly in the test-year from a farm in the low risk (3- or 4-yearly testing regime) area tested negative in the 24-12 months before the move * [ 151[1.21,1.90]
directly in the test-year from farm tested negative in the 24—12 months before the move F—— 0.65[0.44, 0.93]
Source location of cattle bought in - markets
State 1-
through market in the test-year from a farm not tested in the 12 months before the move e 2.74[1.78,4.16]
through market in the test-year from a farm in the RBCT not tested in the 36-24 months before the move* 1o 122[1.12,1.32)
through market in the test-year from a farm tested negative in the 12 months before the move —— 0.58(0.33,0.93]
through market in the test-year from a farm in high risk area which was not tested in the 36-24 months before the move ——t 0.43[0.27,0.68]
through market in the test-year from a farm in the RBCT which always tested negative before the move —e— 0.41(0.25,0.66]
through market in the test-year from a farm in high risk (1- or 2-yearly testing regime) area which tested negative in the 24—12 months before the move —_— 0.28[0.08,0.73]
State 2 -
through market in the previous test-year from farm tested positive in the 12 months before the move =gl 1.50(1.23,1.82]
through market in the test-year from a farm in the RBCT tested negative in the 36-24 months before the move i 0.62[0.46, 0.82]
r T T 1
( b) 0.05 0.25 1 5 30
Decreased odds 0Odds ratio (log scale) Increased odds

FIGURE 3

(a) Forest plot for biosecurity plan point 3. Adjusted odds ratios (ORs) with 95% confidence intervals for bovine tuberculosis

(TB) in cattle herds associated with biosecurity factors related to stopping infected cattle from entering the herd. All ORs are for the presence
versus absence of a biosecurity factor, unless otherwise stated. Each OR reported is a result from a single study. *TB incident. PThe
biosecurity factor was log transformed as reported by the study. “The biosecurity factor was square root transformed as reported by the
study. 9The OR represents the change in odds between the 10th and 90th percentile of the variable. ©The OR corresponds to an additional
10%. fThe association between the biosecurity factor and TB is a hazard ratio. (b) Forest plot for biosecurity plan point 3. Adjusted odds
ratios (ORs) with 95% confidence intervals from Szmaragd et al.,*Y for bovine tuberculosis (TB) in cattle herds associated with biosecurity
factors related to stopping infected cattle from entering the herd. All ORs are for the presence versus absence of a biosecurity factor, unless
otherwise stated. The number of animals was log transformed as reported by the study, except for biosecurity factors marked with subscript
a. State 1 is a herd not under movement restrictions becoming restricted due to TB. State 2 is a herd under TB-induced movement

restrictions becoming derestricted

as storing manure for over 6 months compared to less
than 6 months, were also reported as increasing the
odds for TB.#546

Results from the Disease Report Form
(DRF) analysis

DRF data from veterinary assessments of farms with
TB were obtained to assess the level and types of biose-
curity measures implemented in England. The data
obtained were the most recent data available before
the COVID-19 pandemic.

There were 6895 TB incidents in English herds dur-
ing 2018 and 2019. Of these, there were records from
4370 DRFs on the APHA TB data management system
from TB investigations. Our analysis was confined to
the 4074 DRFs where at least eight of 10 (80%) ques-
tions pertaining to biosecurity had a response. The
DRFs represented 59% of all TB incidents in England
during that period (Table 2). Among this sample of
farms, 63% (2579/4074) had experienced at least one
additional TB incident within the previous 10 years.

Badger activity was reported on more than 80%
of the farms (84.8% in the HRA, 84.3% in the Edge
Area and 67.9% in the LRA). Data recorded on DRFs
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VETERINARY RECORD 90f17
Biosecurity aim 4: Reduce contact with neighbouring herds Sector Study 0Odds Ratio [95% CI]
Contiguous herds
Increase in the number of contiguous farms* Allherds Karolemeas et al, 2011 (37) — 3.20[1.80, 5.80]
Presence of associated herds All herds Milne etal, 2020 (41) e 149[1.32, 169]
Count of the number of contiguous holdings All herds Mill et al, 2012 (40) 3 141[1.39, 142]
Contiguous herds - low risk
Low-risk neighbours in 1km radius (in the High Risk area) Allherds Romero et al, 2020 (47) L 0.83[0.78, 0.87]
Low-risk neighbours in 1km radius (in the Edge area) All herds Romero et al, 2020 (47) [2a! 0.80 [0.67, 0.95]
Contiguous herds - high risk
High-risk neighbours in 1km radius (in the Edge area) Allherds Romero et al, 2020 (47) e 7 13[2.20, 23. 12
Having a neighbouring “at-risk” herd at pasture Allherds Marsot et al, 2016 (38) e 60[1.50, 8.5
One or more contiguous herds with reactors *within 6 months of breakdown test All herds Griffin et al, 1996 33) —— 3 60 [1.90, 6. 60
Home-farm or out-farm contiguous to cattle owners with lesioned test reactors ® Dairy herds Denny & wnesmun 1999 (27) e 2.82[1.81, 4.38]
Associated herd with an episode (>=13 reactors®) in current/previous year All herds al, 2018 (26) ——— 206 [1.05, 4.08]
High-risk neighbours in 1km radius (in England) All herds mero e tal, 2020 (47) 1o 1.35[1.24, 1.46)
Increase in the number of contiguous TB positive herds All herds Olea-| Fopelka etal, 2008 (43) ol 1.13[1.03, 1.24]
Direct contact
Sharing a water point with an “at-risk” herd Allherds Marsot et al, 2016 (38) —

Any direct contacts with cattle from contiguous farms © All herds Johnston et al, 2011 (35) ——
Contact with domestic animals from non-contiguous farms All herds Karolemeas et al, 2010 (36) —
Number of confirmed breakdowns® experienced by contacted herds in previous 24 months All herds Johnston et al, 2011 (35) [}
Some upgrading of a boundary fence with a neighbour in the past 3 years versus no upgrading All herds Doyle et al, 2022 (29) ——
Full upgrading of a boundary fence with a neighbour in the past 3 years versus no upgrading All herds Doyle et al, 2022 (29) i
Any boundary fence with a neighbour with full upgrading in the past 3 years versus no upgrading Allherds Doyle et al, 2020 (28) =y
‘Any boundary fence with a neighbour with some upgrading in the past 3 years versus no upgrading Allherds Doyle et al, 2020 (28) ——i
Non-contiguous contact with domestic species Allherds Karolemeas et al, 2011 (37) —_—
Distance from TB positive herd
Exposure to TB-infected herds in the spanameugnboumood Ordero herd commune only) Allherds Palisson et al, 2016 (44) ——
Exposure to TB-infected herds in the. adjacent to Order 0) All herds Palisson et al, 2016 (44) v
Exposure to TB-infected herds in the spanal nelghbouvhocd Ordev 2 (communes adjacent to Order 1) All herds Palisson et al, 2016 (44) ——
Exposure to TB-infected herds in the spatial Order 3 it to Order 2) All herds Palisson et al, 2016 (44) ——
Exposure to TB-infected herds in the spatial Order 4 it to Order 3) All herds Palisson et al, 2016 (44) ——
Proximity to infected herds within 4km ¢ Allherds Tratalos et al, 2023 (50) Ll
Routine Herd Test® All herds Gates et al, 2013 (31) e

Proximity (ongoing breakdownewithin 1km) Allherds Mill et al, 2012 (40) e

herds TB animal 151 and 1000m, 1 year previously * Allherds White et al, 2013 (51) 2
Neighbouring herds TB animal incidence within 25m (directly contiguous), 1 year previously * Allherds White et al, 2013 (51) 4
Neighbouring herds TB animal incidence between 26 and 150m, 1 year previously * Allherds White etal, 2013 (51) Y
Neighbouring herds TB animal incidence within 25m (directly contiguous), 2 years previously * Allherds White etal, 2013 (51) ¥
Farm structure
Number of premises over which the farm is operated® Allherds Johnston et al, 2011 (35) ——a
One parcel of land used for grazing cattle modified by herd size (increase in value by one) Allherds Doyle etal, 2022 (29) ol
Two parcels of land used for grazing cattle modified by herd size (increase in value by one) Allherds Doyle etal, 2022 (29) i
Three parcels of land used for grazing cattle modified by herd size (increase in value by one) All herds Doyle et al, 2022 (29) fof
Four or more parcels of land used for grazing cattle modified by herd size (increase in value by one) All herds Doyle et al, 2022 (29) *
Number of farms within 5km radius * Allherds Gates etal, 2013 (31) e
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FIGURE 4 Forest plot for biosecurity plan point 4. Adjusted odds ratios (ORs) with 95% confidence intervals for bovine tuberculosis
(TB) in cattle herds associated with biosecurity factors related to contact with neighbouring herds. All ORs are for the presence versus
absence of a biosecurity factor, unless otherwise stated. Each OR reported is a result from a single study. ®*The biosecurity factor was log
transformed as reported by the study. PTB incident. °The reported OR for this biosecurity factor corresponds to a doubling of the variable.
dThe OR represents the change in odds between the 10th and 90th percentile of the variable

Biosecurity aim 5: Minimise infection from cattle manure Sector Study Odds Ratio [95% CI]
Manure storage for >=6 months versus <6 months* Allherds Reily & Courtenay, 2007 (46) — 4.40[1.30,15.40]
Use of contractors to spread slurry or manure on the farm Allherds O'Hagan et al, 2016 (42) — 283[1.24, 6.49)
Manure stored in closed container Allherds Ramirez-Villaescusa et al, 2010 (45) — 249[1.30, 4.76]
Manure spread all year round Allherds Ramirez-Villaescusa et al, 2010 (45) [ — 223[1.10, 451)
Sluryimanure is applied mostly in spring time rather than continuously over grazing season Allherds Doyle etal, 2022 (29) —— 067(0.48, 0.96]
Cattle access to grazing ground to which slurry freshly applied Allherds Doyle etal, 2020 (28) —— 053(0.28, 0.92)
Use of manure fertlizer Allherds Johnston et al, 2005 (34) e 0.42[0.20, 0.85)
Use of atificial fertizer Allherds Johnston et al, 2005 (34) e 0.21(0.07, 0.63]
r T T |
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FIGURE 5 Forest plot for biosecurity plan point 5. Adjusted odds ratios (ORs) with 95% confidence intervals for bovine tuberculosis
(TB) in cattle herds associated with biosecurity factors related to contact with manure. All ORs are for the presence versus absence of a
biosecurity factor, unless otherwise stated. Each OR reported is a result from a single study. *Reported OR for the transient TB definition in

this paper

TABLE 2 Disease report forms (DRFs) from bovine tuberculosis (TB) incidents® in cattle herds in England by year and TB risk area

2018 2019 Total
TB risk area TB incidents DRFs (%) TB incidents DRFs (%) TB incidents DRFs (%)
HRA 2760 48.3 2501 49.3 5261 48.8
Edge Area® 717 92.2 640 89.7 1357 91.0
LRA 129 96.9 148 98.6 277 97.8
All England 3606 58.8 3289 59.4 6895 59.1

Abbreviations: HRA, High Risk Area; LRA, Low Risk Area.

2TB incident occurs where infection with Mycobacterium bovis is detected by field surveillance or through postmortem tests in at least one animal from a cattle

herd that did not have trading restrictions due to TB at the time of the test.
bBuffer’ area between the HRA and LRA.

indicated an absence of measures to prevent indirect
contact between cattle and badgers (Table 3). Cat-
tle housing and feed stores on farms were potentially
accessible to badgers on more than 90% and 35% of
farms, respectively. Cattle were considered to have a

high or very high risk of contact with badger exc-
reta on more than 55% of farms. What is described
as ‘full’ wildlife proofing was recorded on only 2%
of farms. The DRF data also showed large differ-
ences in response to some biosecurity factors in the
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TABLE 3 Percentage of biosecurity factors recorded on Disease Report Forms (DRFs) on farms during 2018 and 2019 in England
HRA Edge Area® LRA All England
% with a % with a % with a % with a
Biosecurity DRFswith yes DRFswith  yes DRFswith  yes DRFswith  yes
Biosecurity factor  policy aresponse response aresponse response aresponse response aresponse response
Can badgers access 1 2552 90.8 1232 91.8 271 88.9 4055 90.9
cattle housing
‘Full’ wildlife 1 2568 1.8 1235 2.8 271 1.8 4074 2.1
proofing in place®*
Cattle have highor 1 2547 55.1 1229 60.3 270 30.7 4046 55.1
very high risk of
contact with badger
excreta
Feed troughs 2 2561 77.1 1233 83.4 271 86.0 4065 79.6
accessible to
badgers
Badgers can access 2 2558 34.1 1233 41.8 271 56.1 4062 37.9
feed store
Minerals accessible 2 2551 48.7 1229 53.2 271 63.8 4051 51.1
to badgers
Supplements 2 2543 42.3 1225 37.7 271 373 4039 40.6
accessible to
badgers
Closed herd®¢ 3 2565 33.8 1234 30.0 271 26.2 4070 32.1
Screening policy for 3 2488 324 1222 359 270 74.4 3980 36.3
cattle purchasing®
Contact with other 4 2561 22.0 1228 23.1 270 33.0 4059 23.1
herds possible®

Note: Risks associated with manure were not explicitly captured by question/s within the DRE

Abbreviations: HRA, High Risk Area; LRA, Low Risk Area.
2Buffer area between the HRA and LRA.

bA positive response to wildlife proofing in place should indicate a premises that is completely wildlife proof as described in the DRF aide memoir (e.g., similar to

the standards required for an approved finishing unit).
“These questions represent a protective factor rather than a risk on the farm.

dNo movements into the herd over a period of more than 36 months (which may not concur with other definitions of closed).
¢Contact is defined as through commons land, shared grazing, contiguous contact or straying. The negative options for selection are no opportunity for contact

or effective separation by biosecure fence.

TABLE 4 Screening policy for cattle purchases recorded on Disease Report Forms (DRF) during 2018 and 2019 in England

Screening policy HRA, n (%) Edge Area?, n (%) LRA, n (%) All England, n (%)
Always from 3- or 4-yearly tested herds 18 (0.7) 31(2.5) 114 (42.2) 163 (4.1)
Sometimes from 3- or 4-yearly tested herds 22(0.9) 56 (4.6) 31(11.5) 109 (2.7)

Private postmovement testing 18 (0.7) 10 (0.8) 13 (4.8) 41 (1.0)

Other response 748 (30.1) 342 (28.0) 43 (15.9) 1133 (28.5)

None 1682 (67.6) 783 (64.1) 69 (25.6) 2534 (63.7)

Total 2488 (100.0) 1222 (100.0) 270 (100.0) 3980 (100.0)

Abbreviations: HRA, High Risk Area; LRA, Low Risk Area.
a‘Buffer’ area between the HRA and LRA.

different TB risk areas, for example, in relation to
contact with badger excreta, access to feed stores, min-
erals accessible to badgers and screening policies for
cattle purchasing.

Contact with other herds (through contiguous or co-
located contact) was possible for 23% of farms overall
(Table 3). A purchasing policy taking into account TB
risk (over and above the mandatory premovement sin-
gle intradermal comparative cervical test (SICCT)) was
reported for 36% of cattle farms, with 4% always sourc-
ing new cattle from the LRA (i.e., four-yearly tested
cattle) (Table 4). Almost 30% of responses were cat-
egorised as ‘other’ screening policies, which could
include purchasing from higher risk areas such as

the HRA (and relying on mandatory testing) or con-
sidering the vendors’ TB and/or purchasing history
and behaviour (e.g., purchasing from a closed herd, a
single local source and/or having a period of quaran-
tine). Only 1% of the cattle farms implemented private
postmovement testing.

DISCUSSION

This systematic literature review indicates that rel-
atively little analytical epidemiological research
has been conducted on the impact of biosecurity
measures on TB risks for cattle. Furthermore, the
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information that is currently available varies in its
probable value in informing best practice. The evi-
dence for the effectiveness of some measures (e.g.,
reducing the number of cattle purchased from higher
TB risk sources and reducing contact with neighbour-
ing herds) was considerably more consistent than that
for others (e.g., reducing contact between cattle and
badgers). There are considerable methodological chal-
lenges in determining the effectiveness of biosecurity
from field trials or epidemiological data. These include
accurate measurement of the biosecurity intervention,
wildlife/badger-cattle exposure and the absence of
temporal information on biosecurity implementation.
These challenges likely contribute to counterintuitive
findings that fail to provide convincing evidence to
farmers of the value of these biosecurity interventions
in reducing disease risks.”> The DRF data suggested
only limited uptake of biosecurity measures by English
cattle farmers during the period analysed.

Many published studies have identified biosecurity
measures that could reduce contact among cattle,
and between cattle and badgers, thereby reducing
risks of M. bovis infection.®”!! Furthermore, easily
accessible advice on the implementation of biosecu-
rity is available.”**°> However, relatively few studies
have attempted to quantify the risks and benefits of
implementing biosecurity measures. We identified
33 studies that reported strong and/or statistically
significant associations between the presence of
biosecurity measures and TB risk. However, the way
in which each biosecurity factor was defined differed
between studies and findings were sometimes appar-
ently contradictory. The most important conclusion
to be drawn from this review is that the current analyt-
ical evidence base for widely published guidance on
the use of biosecurity to reduce cattle TB risk needs
strengthening.

The group of studies we identified were published
over a period of more than 20 years, during which
time farming practices and badger populations will
have changed. The effects reported are from single
studies, which could not be combined because of
the different instruments (questionnaires) used to
measure biosecurity factors in the different studies.
The replication of studies could resolve apparent
contradictory or counterintuitive results and provide
greater understanding of local factors that modify
effects. Prospective studies including samples of cat-
tle farms that are representative of contemporary
farming would clarify the relationship between the
introduction of biosecurity measures or behaviours
and subsequent TB risk. Larger studies and the use of
the same instruments to measure biosecurity effects
in different studies could increase power to detect and
accurately measure effects.

Possible bias

Publication bias is a recognised problem within
the scientific community.°® A systematic review can

only reflect data that is published or accessible
to the reviewer(s). Analytical methods for investi-
gating such bias exist but these were not suitable
for the small number of studies identified in our
review and the wide range of biosecurity effects
measured.

We summarised results for a heterogeneous range
of biosecurity factors, highlighting where large or sta-
tistically significant effects have been reported. Null
effects, with neither positive nor negative associations
with biosecurity factors measured by studies, were
not included. Two studies were excluded at stage 2
because none of the reported associations between a
biosecurity factor and TB (after controlling for con-
founding factors) were greater than threefold or had
a probability value of less than 0.05.°"°8 Both studies
reported one biosecurity effect, and their results were
aligned with the findings from this review. Palisson
et al.°” reported that the presence of another farm
within 6 km was associated with higher odds for TB
(OR 1.40; 95% CI 0.68, 2.88). Milne et al.”® reported
that TB-free herds were less likely to have associated
herds than herds with prolonged TB breakdowns (OR
0.43; 95% CI 0.17, 1.07). There were 16 biosecurity
effect estimates excluded from the 33 studies included
in the review because the effect estimates did not meet
the strength of association and probability criteria,
which was around 12% [16/(116 + 16)] of the included
estimates.

Our approach reduced the probability for the inclu-
sion of false-positive results. However, we recognise
this is likely to have led to the exclusion of some
genuine effects that were not statistically significant.
Furthermore, very large effect sizes can be spuri-
ously large, and these effects may move closer to the
null as more researchers replicate research and test
hypotheses.

A common approach to increase power (and reduce
false-negative and false-positive results) is to com-
bine data from different studies in a statistical meta-
analysis. Unfortunately, this was not possible because
of differences between studies in terms of the range
of questions asked and their phrasing, even if they
were trying to measure the same biosecurity factor.
Our approach is similar to that in another review of the
effect of biosecurity measures on TB in cattle that also
did not combine estimates.'> New studies involving a
greater number of herds could have increased power
to detect effects. Additionally, the development of a
validated panel of measures for biosecurity through
collaboration between the research and farming sec-
tors could encourage the use of the same instrument
to measure biosecurity by different research groups,
thereby facilitating meta-analyses.

All the studies identified in our review were obser-
vational and retrospective. Experimental trials where
an intervention is allocated at random to a study
population sample, for example, farms, by investiga-
tors blinded to the recipient allocation are recognised
as intrinsically more likely to provide higher quality
evidence than observational studies.’® Retrospective
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studies where the data collection and analysis are con-
ducted after the intervention and health event have
occurred are more prone to recall bias than prospec-
tive studies. Temporal error due to, for example,
implementation of biosecurity after a TB incident is
likely to have been a confounding factor in some of
the observed associations we report. The methods
and questionnaires employed in the studies differed,
which may have also led to variation in the consistency
of results.

Studies identified by the review varied in terms
of the confounders they included, although almost
all included adjustment for herd size (see Support-
ing Information S1). Most of the central estimates for
effects from biosecurity factors were large. This is likely
to be a consequence, at least partly, of relatively small
sample sizes in studies measuring the effects of biose-
curity interventions and our inclusion criteria. The
imprecise or inaccurate measurement of biosecurity
factors and confounders is also likely to have led to
some bias in the estimation of effects. However, effects
as large as those found in this review are less likely to
be entirely due to weak, unmeasured, unknown con-
founding factors or bias than small effects.®” %! The CIs
give a better indicator for the effect of each biosecurity
factor in the wider cattle population than the central
estimates.

Disease Report Forms

The DRF was designed as a tool to help APHA veteri-
narians determine the most likely source and route(s)
of M. bovis infection on a cattle farm and to assist
with case management. It plays an important role in
guiding discussions with farmers about TB and mea-
sures to reduce risk® but is not designed to record
data about all biosecurity measures of interest and
the extent of their implementation. The forms are
not specifically designed for quantitative analysis and
include fields to record information as free text.? They
are, however, the largest source of population data cur-
rently available for the levels of implementation of
biosecurity measures on British farms with TB. How-
ever, the data from DRFs presented in this paper are
only representative of farms in England with a TB
breakdown between 2018 and 2019. They are likely to
be less representative of the levels of biosecurity on
farms without TB and farms that had a TB incident
but were not visited by an APHA veterinarian. Fur-
thermore, there may have been changes in biosecurity
uptake on farms between 2018/2019 and the present
day.

There are several aspects of biosecurity referred to
in existing government advice that the DRF in its
current form does not explicitly measure (e.g., imple-
mentation of practices to minimise infection risks
from manure). Information about these activities may
have been discussed between the farmer and case
veterinarian, and recorded as free text on the DRFs,
but will not have been transferred into fields on TB

surveillance databases that could be included in anal-
yses. Nevertheless, examination of the DRF data did
allow some relatively robust conclusions to be drawn.
For example, case veterinarians reported that badgers
could potentially access cattle housing on the majority
of farms during the 2018-2019 period, which indicates
poor uptake of preventive measures. The reasons for
this could be lack of awareness of aspects of biose-
curity advice, difficulties with the implementation of
biosecurity and/or the perception that such measures
would not reduce overall risks to the herd.

Biosecurity plan points 1 and 2

Associations between TB risks and measures to restrict
contact between badgers and cattle at pasture, in farm
buildings and via shared feed and water (biosecurity
plan points 1 and 2) were sometimes counterintu-
itive. For example, studies by Broughan et al. and
O’Hagan et al.*” reported increased TB risks on farms
with fenced-off badger setts or raised feed troughs,
and reduced risks where feed troughs were accessi-
ble to badgers. O’Hagan et al.*? also found that farms
where badgers were able to access cattle housing
and/or feed at night were associated with a lower TB
risk. Although fencing off badger setts and raising feed
troughs presumably reduces opportunities for cattle
and badgers to come into direct or indirect contact, the
increased risk might simply arise because such mea-
sures are more likely to be implemented where badger
abundance is particularly high. The contradictory evi-
dence demonstrates that the causal pathways are not
fully understood and highlights the need to conduct
prospective studies where the temporal relationship
between the implementation of biosecurity and TB
can be established. None of the studies included data
about whether badger colonies on farms were infected
with M. bovis.

Factors related to crop management were excluded
from the literature review, as a farmer’s choice of crop
was deemed to be a bio-risk rather than a biosecu-
rity factor. Two of the studies in the review reported
increased TB risk to cattle on farms growing hay*> and
farms with larger areas of maize.’> However, Broughan
et al.* reported that maize near a farm reduced the TB
risk.

Identifying effective biosecurity measures for reduc-
ing badger-cattle exposure is a particular challenge.
For example, in situations where cattle are kept at pas-
ture and badgers are abundant, practical measures
to separate the two species are difficult to conceive.
Research has shown that these two species will fre-
quent the same locations on farms, although direct
contact is rare.®>%* Some research has indicated that
badgers rarely visit within farmyards, and such visits
are made by a small number of badgers.®*%° Further-
more, cattle are more likely to visit badger-associated
locations such as setts and latrines than badgers vis-
iting cattle-associated locations.* However, the level
of badger activity on farms is likely to vary with farm
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characteristics and the local environment, and more
research is needed into the effects of location and
frequency of interspecies contact.’*

Research by Robertson et al.®® shows that self-
reported data from farmers underestimate the
presence of badgers and their activities on their
farms. The authors concluded that farmer reports of
badger activity should be interpreted with caution
and, in isolation, may not be sufficient to inform
management interventions. Based on the DRF data,
known badger activity on the farm was reported in
more than 83% of the cases. However, data about
interventions introduced by farmers to prevent
badger-cattle interactions, such as fencing off badger
setts from cattle, are recorded as free text within the
DRF and are not available in an extractable format. We
recommend that future updates of the DRF include
fields for explicit data capture of biosecurity prevent-
ing direct and indirect contact between cattle and
badgers. This could be both preventing cattle from
accessing locations that are frequented by badgers
and preventing badgers from accessing locations that
are frequented by cattle.

Biosecurity plan point 3

Evidence from the literature review on factors asso-
ciated with the introduction of infection from pur-
chased cattle was largely consistent with Defra’s
advice on reducing TB risk through changing purchas-
ing behaviour (biosecurity plan point 3). Purchasing
behaviour has previously been identified as the most
effective biosecurity measure among those that can be
reliably evaluated.®”%® The evidence is also less likely
to be subject to bias than evidence for other biose-
curity factors because the date of cattle movements
related to purchasing is usually recorded and there are
often test results showing whether the source herd had
previously been infected with TB.

Purchasing needs arise from a wide range of fac-
tors, including trading, business structure changes
such as expansion, cattle losses due to disease and
the need to maintain genetic diversity in the herd.
Cattle movement per se (e.g., movement intensity in
the three months prior to a TB incident, number of
new cattle introduced) has been associated with an
increased risk of TB in the receiving herd (Figure 6).
However, these results did not meet the search cri-
teria for our review, as farmers need to be able to
identify the characteristics of source herds that pose
a higher risk of TB transmission.’> " Policies to reduce
cattle movements from higher to lower TB risk areas,
beyond statutory testing, have been widely discussed
with industry.”* Currently, no statutory restrictions
to trading exist, although best practice guidance is
available and tools such as ibTB”® can help farm-
ers make informed decisions. The DRF data showed
that most farms buy in cattle, but a purchasing policy
over and above the mandatory pre- and postmove-
ment tuberculin skin testing regimes was uncommon,

with only 4% always sourcing new cattle from lower-
risk four-yearly tested herds (Table 4). Increasing the
options on the DRFs for recording cattle purchas-
ing behaviour, such as clarifying approaches currently
recorded under the option ‘other’ and the underly-
ing basis for farmers’ purchasing decisions, would be
informative.

Biosecurity plan point 4

Evidence from the literature review concerning con-
tact with neighbouring herds consistently aligned with
Defra advice (biosecurity plan point 4), indicating
that TB risks increased with increased contact with
neighbouring cattle and associated cattle that may
share premises, fomites or grazing. The finding from
Gates et al.’! was counterintuitive, but indicates that
the risk may be modified by local factors affecting
land use and cattle distribution. Other research sug-
gests that measures reducing cattle-to-cattle contact
are effective in preventing disease spread, although
they present practical challenges.®® According to the
DRF data, contact with other herds could have
occurred on at least 23% of case farms, imply-
ing potential for improvement in biosecurity in this
area.

Biosecurity plan point 5

The literature review revealed little published evidence
regarding TB risks from manure storage (biosecurity
plan point 5) and spreading, which is consistent with
these practices not being measured and analysed.®
This was also reflected in the DRFs as none of the pre-
defined answers captured any information regarding
manure or slurry. Updating DRFs to include spe-
cific questions about manure and slurry handling
could provide population-based information about
the prevalence of manure management practices in M.
bovis-infected herds.

Next steps

The Bovine TB Strategy Review® and the DRF data sug-
gest that uptake of biosecurity measures by English
cattle farmers could be improved, for example, by
highlighting those where there is robust/stronger evi-
dence for their effectiveness in reducing TB risks.
Robust evidence is one precondition for farmers
adopting any new practice, along with an assessment
of cost.”5 Regional factors and ease of implementa-
tion will influence the relative importance of different
biosecurity interventions (e.g., cattle-to-cattle trans-
mission relative to transmission between wildlife and
cattle). Data to enable the evaluation of the relative
effectiveness of different biosecurity measures in dif-
ferent TB risk scenarios are therefore necessary for
cost-benefit analyses.
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Reported associations between cattle movement and TB Sector Study 0dds Ratio [95% CI]
Age of cattle moved into the herd
Purchasing cows over 24 months versus yearlings and calves * All herds Reilly & Courtenay, 2007 (46) i 2250 [4.00, 124.90]

over 24 . All herds Reilly & Courtenay, 2007 (46) e 4.90[1.10, 22.80]
Animals over 12 months old purchased in the previous year® All herds White etal, 2013 (51) * 1.04[1.03, 1.05]
[Farm management
Purchase of store/beef cattle in the last 3 years All herds O'Hagan et al, 2016 (42) s | 460[1.61, 13.13]
No movements off to markets All herds Bourne et al, 2007 (22) e 261[1.18, 578]
Number of cattle moved into the herd
Movement intensity of >100 animals/year into herd in the three months prior to restriction start versus 0 animals Allherds Doyle etal, 2016 (69) i 424315, 571
Movement intensity of >25-100 animals/year into herd in the three months prior to restriction start versus 0 animals All herds Doyle et al, 2016 (69) i 1.34(0.97, 1.87)
Movement intensity of >1 into herd prior t Allherds Doyle etal, 2016 (69) —— 097[0.64, 1.47)
Movement intensity of >0-10 animals/year into herd in the three months prior to restriction start versus 0 animals Allherds Doyle etal, 2016 (69) i 1.35[0.98, 1.87]
> 50 cattle purchased over previous 5 years versus 50 cattle or less® All herds Reilly & Courtenay, 2007 (46) e 4.00(1.00, 16.00]
No. cattle moved onto farm during breakdown® (rate per month)* Allherds Karolemeas et al, 2010 (36) —— 1.90[1.30, 2.80]
10+ l 1 year of inthe year 0 animals All herds Clegg etal, 2015 (70) el 176[1.61, 1.91]
39 l 1 year of inthe year: 0 animals All herds Clegg etal, 2015 (70) gl 1.12[1.02, 1.22)
1-2 animals (over 1 year of ‘year before animals All herds Clegg et al, 2015 (70) o 1.05(0.96, 1.16]
Number of cattle restocked * All herds Carrique-Mas et al, 2008 (23) ol 1.38[1.16, 1.64]
Purchase intensity (>=27.38 animals per year) versus <0.73" All herds Doyle etal, 2014 (71) agl 1.23[1.03, 1.49]
Purchase intensity (9.13 to <27.38 animals per year) versus <0.73" All herds Doyle etal, 2014 (71) e 0.99[0.83, 1.18]
P 7410<9.13 e 73! All herds Doyle etal, 2014 (71) as! 0.83[0.70, 0.99]
Purchase intensity (0.73 to <2.74 animals per year) versus <0.73 All herds Doyle etal, 2014 (71) [ 0.88[0.73, 1.06]
Mean number of cattle entering the herd per annum® All herds Tratalos et al, 2023 (50) 1] 1.08[1.06, 1.11]
Mean frequency a herd is on the shortest path between each herd to herd weighted by the inverse number of animals in the trade® All herds Tratalos et al, 2023 (50) 0.99[0.99, 0.99]
Cattle moving on (10 cattie) All herds ‘Winkler & Mathews, 2015 (52) * 0.95[0.93, 0.97]
Ratio of introduced s to herd-size at (0.001 - 0.0167) versus 0 Allherds Clegg etal, 2018 (26) iy 088[0.56, 1.37)
Ratio of introduced animals to herd-size at the initial episode test (0.0168 - 0.0706) versus 0 Allherds Clegg etal, 2018 (26) —e— 067[0.42, 1.04]
Ratio of introduced s to herd-size at (0.0707 -0.2194) versus 0 Allherds Clegg etal, 2018 (26) —— 0.59[0.38, 093]
Ratio of introduced animals to herd-size at the initial episode test (>0.2194) versus 0 All herds. Clegg etal, 2018 (26) —— 051[0.32, 081]
Number of calves added to the herd in a typical year " All herds Johnston et al, 2011 (35) g’ 0.85[0.76, 0.96]

005 025 1 10 150
Decreased odds 0dds ratio (log scale) Increased odds
FIGURE 6 Forest plot for reported associations between cattle movement and bovine tuberculosis (TB) from stage 2 papers. Adjusted

odds ratios (ORs) with 95% confidence intervals for TB in cattle herds associated with cattle movements. All ORs are for the presence versus
absence of a movement factor, unless otherwise stated. Each OR reported is a result from a single study. ?Reported OR for the transient TB
definition in the paper. PReported OR for the persistent TB definition in the paper. “The exposure variable was square root transformed as
reported by the study. 9TB incident. ©The biosecurity factor was log transformed as reported by the study. The association between cattle
movement and TB is a hazard ratio. 8The OR represents the change in odds between the 10th and 90th percentile for the variable. PThe OR

corresponds to a doubling of the variable

The mechanisms through which biosecurity recom-
mendations are communicated will affect compliance,
as farmer attitudes and level of trust in the advice
(and advisor) vary, depending on who is providing
it (e.g., government vs. private veterinarians).’5"%
Follow-up is also needed to ensure that advice has
been understood and is possible to implement.®?" 7
The Defra-funded TB Advisory Service (TBAS), led
by private veterinarians, has offered both bespoke,
on-farm advice on reducing the risk of TB and
a telephone helpline since the autumn of 2017.7
The experience of TBAS regarding the interest in
and uptake of biosecurity advice by farmers will be
informative.

CONCLUSIONS

The current study has shown that there is analyti-
cal epidemiological evidence supporting some of the
components of Defra’s five-point biosecurity plan to
reduce TB risks, in particular points 3 and 4 per-
taining to preventing infected cattle from entering
herds and reducing contact with neighbouring herds.
The evidence is weaker and less consistent for the
remaining three points (managing cattle feed/water,
restricting contact between badgers and cattle and
handling of cattle manure). The development of a
validated panel of questions to measure biosecurity
could facilitate the combination of data from differ-
ent studies and enrich the evidence base. Prospective
studies, where a group of initially disease-free subjects
(e.g., cattle or herds) with differing probabilities for
exposure to infection are monitored for infection over
time, are relatively uncommon. However, this may
be the only effective approach to establish causality

and the temporal relationship between the imple-
mentation of biosecurity and subsequent TB risk.?
Classical epidemiological studies need to be coupled
with more research on factors that affect farmers’ deci-
sions on biosecurity implementation. The enhanced
gathering of biosecurity data during (on-farm) APHA
investigations of TB incidents and alignment with the
data collected on the biosecurity advice given would
increase our understanding of the uptake of biosecu-
rity and potential transmission pathways. This would
enable a more comprehensive analysis of the poten-
tial benefits that improvements in biosecurity could
bring.
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