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Abstract

Industry-led culling of badgers has occurred in England to reduce the incidence of bovine
tuberculosis in cattle for a number of years. Badger vaccination is also possible, and a move
away from culling was “highly desirable” in a recent report to the UK government. Here we
used an established simulation model to examine badger control option in a post-cull envi-
ronment in England. These options included no control, various intermittent culling, badger
vaccination and use of a vaccine combined with fertility control. The initial simulated cull led
to a dramatic reduction in the number of infected badgers present, which increased slowly if
there was no further badger management. All three approaches led to a further reduction in
the number of infected badgers, with little to choose between the strategies. We do note that
of the management strategies only vaccination on its own leads to a recovery of the badger
population, but also an increase in the number of badgers that need to be vaccinated. We
conclude that vaccination post-cull, appears to be particularly effective, compared to vacci-
nation when the host population is at carrying capacity.

Introduction

Bovine tuberculosis, bTB, caused by Mycobacterium bovis, is a serious economic disease of cat-
tle and in the British Isles its management in livestock is complicated by the involvement of
the European badger (Meles meles), which may be responsible for about half of all cases in cat-
tle [1]. Widespread and sustained badger culling has been shown to reduce bTB in cattle in
England [2] during an experimental trial. This led to larger areas being licenced to undertake
industry-led badger control by culling with 32 areas under control by the end of 2018 and anal-
ysis of the results indicating a significant reduction in bTB in cattle [3, 4] in those areas that
had undertaken control for four years.

Intra-muscular vaccination of badgers with Bacillus Calmette-Guérin (BCG) has demon-
strated reduced severity and disease progression [5], and indirect protection of cubs was
observed in field studies [6]. Vaccination may therefore have a role to play in disease control
in badgers although it is not yet certain what level of effect this would have on bTB incidence
in cattle. Simulations comparing badger culling and vaccination have shown that quicker ben-
efits are derived from culling [7-9], which is not unexpected since vaccination can only
remove future infected animals.
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Now that a large portion of the High Risk Area for bTB is under licenced badger culling, a
recent report suggested that “moving from lethal to non-lethal control of the disease in badgers
is highly desirable” (i.e. vaccination) [10]. Here, we use an established simulation model [7, 11]
to investigate potential exit strategies from the badger cull in England. We hypothesise that
vaccinating badger post-cull will bring more immediate gains for vaccination compared to
culling, than previous vaccination models which applied vaccination at carrying capacity. We
therefore compare different culling options to maintain the reduced badger population size,
badger trap and vaccination, and badger trap and vaccination plus fertility control. There is
currently no oral vaccine available for badgers, so we assumed vaccination, and fertility con-
trol, was performed on trapped animals. This also ensures delivery to the same proportion of
animals and similar effort for all strategies.

Methods
Model description

We used an established simulation model to predict the efficacy of different badger interven-
tion methods with the objective of controlling levels of bTB (various continued proactive cull-
ing, vaccination or vaccination plus fertility control) in the badger population. The model, the
rationale behind its design and development, and a sensitivity analysis are described elsewhere
[7, 11, 12], with a full description of the model and parameter values in S1-S4 Appendices.

Overview

We used the latest version of an individual based model which simulated the population
dynamics of wild badgers, and the dynamics of bTB. The efficacy of a range of badger control
methods to reduce bTB in cattle was investigated. The model’s starting conditions were set to
represent high incidence regions within England, where previous badger culling has taken
place. By default, interventions occurred for five years across approximately 400 km” within a
total area of 1600 km?. Results were recorded for a range of measures inside in the intervention
area, including the size of the badger population, and the levels of infection in badgers, after an
initial four year badger cull to simulate an exit strategy from the licenced culling.

Organisation of the model

The model was spatially explicit with badger territories organised by combining cells on a grid
representing the landscape, and all population dynamics, disease and population control pro-
cesses were spatially organised within territories. The grid was wrapped round to form a torus
to eliminate edge effects. The spatial area components were distributed randomly at a realistic
density and shape, and new spatial configurations and initial host populations were created for
each iteration. Culling-related perturbation of badgers occurred during the initial four-year
cull, but, in line with previous findings, was assumed to have stopped by the end of the initial
cull and did not therefore occur during any of the follow up strategies.

All events occurred within defined time steps (two month intervals). Most were controlled
by parameters that were randomly varied within permitted ranges, allowing stochasticity within
the model. The badger population was regulated by parameters including mortality and birth
rate. The model permitted disease transmission between individuals within and between social
groups to represent respective contact rates. The simulated prevalence in the badger population
stabilised at 14% prior to badger control (within the range normally seen in the wild [13]). It
was not necessary to simulate badger social perturbation during the follow-up control strategies
as the effects of perturbation had ceased before the end of the initial four-year cull.
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Badger management

The model ran for a number of years until stabilised and all data were then stored so that a
number of different management options could be run from an identical starting point. A cen-
tral area of ~400km? was chosen for badger control. The proportion of compliant accessible
land within the intervention area was set to 70% to maintain consistency with the minimum
license requirements [14, 15]. Annual trapping efficacy was set at 70% to simulate field esti-
mates for this method [16]. Badger social groups that were situated within or partly within par-
ticipating farms in the intervention area were identified and subjected to intervention.

Intensive badger culling was simulated for four years (2016-2019), followed by alternate
badger culling or vaccination which continued indefinitely. In the alternate culling scenarios,
animals were removed from the population at random at a probability determined by trapping
efficacy. This occurred (1) every year to simulate the current supplementary culling, (2) every
second year, (3) every third year, or (4) two years followed two years without. Trapping effi-
cacy was adjusted for each of these strategies to maintain a low badger population: for annual
supplementary culling this was approximately 27%. This was compared to a strategy which
simply stopped all badger culling after the four year intensive cull. For the vaccination sce-
nario, animals were trapped with the same probability, vaccinated and released once per year.
Each time a healthy badger was vaccinated, it was given a 70% probability of becoming fully
and permanently protected against bTB [5]. It was assumed that vaccination had no effect on
an animal that was already infected with bTB. Additionally we assumed a strategy was possible
in which all animals trapped annually for vaccination were also given a fertility control agent
which stopped them from breeding for life [e.g. 17].

Data output

The model was run with 100 simulations from the same starting conditions. Results from each
intervention, and a scenario where no further action after the initial four-year cull was taken
were recorded. Key output parameters were mean badger social group size, mean number of
infected badgers per social group, mean prevalence and numbers of animals removed or
vaccinated.

Results

The simulated population was recorded immediately prior to control, as though recorded by
badger trapping teams. Output is shown for the central controlled area from 2015-2050,
where intensive control commenced in 2016 to 2019, followed by the various exit strategies
which then continued indefinitely. During the intensive cull the mean number of badgers
removed in each year was 1648 (2016), 831 (2017), 525 (2018) and 390 (2019). Thus, the mean
badger social group size declined rapidly during the initial cull, but thereafter it recovered to
its starting size after about ten years of vaccination or no culling (Fig 1). The intermittent cull-
ing options maintained the mean social group size at a low, but variable amount, as did vacci-
nation with fertility control. The exact level of culling in these strategies could not be easily
matched to ensure they were identical, but this had no real effect on the amount of disease in
the population.

Since the total population size differed markedly between these exit strategies, we present
the mean number of infected badgers, rather than prevalence. Following an identical reduction
in the number of infected badgers during the initial cull, only the option of no further manage-
ment led to a marked increase in the number of infected animals (Fig 2), but this increased at a
rate much slower than the population recovery. All the remaining strategies led to a further
slow decline in the number of infected badgers, and little apparent difference between them.
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Fig 1. Mean badger social group size for the seven scenarios; no badger control (grey line), and intensive cull followed
by no control (purple dashed line), annual supplementary culling (dark blue line), biannual culling (light blue line),
culling every third year (orange line), culling for two out of four years (yellow line), vaccination (green line) and
vaccination with fertility control (red line).

https://doi.org/10.1371/journal.pone.0248426.9001

Each of the culling strategies removed 225 badgers per year on average, with no real differ-
ence between them (range 207-247 per year). However, the number of badgers trapped and
vaccinated increased from ~300 to about 1700 per year after ten years. If combined with fertil-
ity control then the numbers trapped and vaccinated increased to a maximum of about 400
per year, due to the very limited birth rate.

Discussion

In this study we used an established model to simulate bTB dynamics in badger populations in
an area of high badger density (the High Risk Area of England) after the end of a four-year
intensive badger culling policy. The simulated intensive control removed 1648 badgers in year
1, decreasing to 525 in year 3, which is very similar to the mean numbers removed in the
English badger control operations [18-21], so we can be confident that the simulation is accu-
rate for the intensive control period. A number of potential badger management interventions
were simulated, including different ongoing or intermittent badger culling to maintain a low
population, vaccination, and vaccination with fertility control [an option not yet available in
the field, but under investigation, 17]. We assumed similar capture efficiency (i.e. 70%) and
access to land (70%) for all strategies to ensure they were directly comparable.
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Fig 2. Mean number of infected badgers per social group for the seven scenarios; no badger control (grey line), and
intensive cull followed by no control (purple dashed line), annual supplementary culling (dark blue line), biannual
culling (light blue line), culling every third year (orange line), culling for two out of four years (yellow line), vaccination
(green line) and vaccination with fertility control (red line).

https://doi.org/10.1371/journal.pone.0248426.9002

Although there is evidence of a positive effect of vaccination on TB progression in badgers
[6] there is no empirical data on how vaccination of badgers impacts on cattle bTB incidence,
so in these scenarios we only examined the effect of badger management on bTB infection in
the badger population and by extrapolation, assume that the absolute number of infected bad-
gers is a monotonic index of infection risk in cattle.

The initial intensive cull reduced the number of infected badgers within the central con-
trolled area to about 10% and population size to about 20% of pre-control levels. We have no
way to determine the accuracy of this since population size and prevalence have not been
determined in any of the current control areas. However, the exact level of reduction is not
important, since this occurred prior to the exit strategies simulated here. Badger bTB preva-
lence was reduced to about one third of its original level by the end of the intensive cull, and
continued to decrease with all exit strategies, but was dependent on population size hence the
lowest prevalence was seen with vaccination only (scenario 5) as the population size increased
under this strategy. Hence we reported the number of infected badgers, as this is a more accu-
rate reflection of risk to cattle, rather than population size or prevalence. However prevalence
can be estimated from a sample of badgers and as such is the measure of infection most likely
to be available in the field, so in practice some estimate of population size would be needed.
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All control scenarios maintained a reducing level of infection in badgers for the duration of
exit strategy control, implying bTB eradication may be possible in the long term. All scenarios
involving population suppression maintained the badger population at a stable level around
30% of the pre-culling level. It is possible the badger population could be maintained in the
field at around this target with further modification of the removal rate or periodicity of cull-
ing, and with knowledge of exact number of animals removed and an estimate of the size of
the remaining population.

The low infection levels predicted are likely to be the result of the high intensity of the initial
and ongoing removal operations, and the low rate of reinvasion, even with neighbouring
infected badger populations. We assumed permanent movement of badgers was limited to
neighbouring territories, as these were below carrying capacity so reinvasion across the area
culled was slow. An additional benefit to consider is that many of these badger control areas in
England now abut with each other, further reducing immigration. If there is spatial heteroge-
neity in future management strategies, then the effect of immigration may become more
important where an increasing population (under a no-cull or vaccination approach) abuts to
an ongoing culled population.

The badger vaccination strategies offer a welfare advantage by avoiding culling. None of the
culling strategies offered a welfare advantage by culling fewer animals, as the same total number
was removed in each culling strategy, however cost and efficiency may be different between sce-
narios depending upon the number of repeat visits, time taken at each trap visit, etc.

The largest number of animals were removed during the four-year intensive culling period
and subsequent removal operations were smaller.

The total number of animals trapped for vaccination was much higher than for culling as the
population recovered over time. When vaccination was given with fertility control, the total
number of badgers trapped was less than half the number trapped using vaccination on its own.

All BCG vaccination simulations assumed complete individual protection for a portion of
vaccinated animals. The current evidence suggests that while this is true for some, others may
still become infected but show reduced progression. This may reduce the overall efficacy of
vaccination compared to culling and to the model is being adjusted based on the latest data to
examine this in more detail.

Opverall, the model output during the intensive cull is very similar to the field data, suggest-
ing our starting point for future badger management is accurate. If no badger management is
performed, then the population recovers in about 10 years but the absolute number of infected
badgers takes much longer to increase. All management approaches could maintain the badger
density at less than half of its carrying capacity, except for vaccination, where the population
also recovered in about 10 years. All management strategies were capable of reducing the abso-
lute number of infected badgers over time, with little to choose between them in this metric.
This includes vaccination during which the population size increases. Therefore the main dif-
ference is that vaccination does not involve killing any badgers, although the number of badger
to be vaccinated will increase over time. The cost in the short term would be similar for all the
above strategies, but note that the increase in population size for a vaccinated population
would slowly increase the numbers trapped that require a vaccine, which would slightly
increase the cost. In the longer term vaccination combined with fertility control may also be a
useful management tool to retain a reduced population size.

Supporting information

S1 Appendix. Model variables (temporal settings).
(DOC)

PLOS ONE | https://doi.org/10.1371/journal.pone.0248426 March 18, 2021 6/8


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248426.s001
https://doi.org/10.1371/journal.pone.0248426

PLOS ONE

Next steps badger control

S2 Appendix. Model variables (spatial settings).
(DOC)

S3 Appendix. Model variables (badger parameters).
(DOC)

S$4 Appendix. Model processes (submodels).
(DOC)

Author Contributions

Conceptualization: Graham C. Smith.

Data curation: Richard Budgey.

Formal analysis: Richard Budgey.

Funding acquisition: Graham C. Smith.

Investigation: Richard Budgey.

Methodology: Graham C. Smith.

Project administration: Graham C. Smith.

Software: Richard Budgey.

Supervision: Graham C. Smith.

Validation: Richard Budgey.

Visualization: Richard Budgey.

Writing - original draft: Graham C. Smith.

Writing - review & editing: Richard Budgey.

References

1.

Donnelly CA, Nouvellet P. The Contribution of Badgers to Confirmed Tuberculosis in Cattle in High-Inci-
dence Areas in England. PLOS Currents Outbreaks. 2013; 1: https://doi.org/10.1371/currents.
outbreaks.097a904d3f3619db2fe78d24bc776098 Epub October 10. PMID: 24761309

Jenkins HE, Woodroffe R, Donnelly CA. The duration of the effects of repeated widespread badger cull-
ing on cattle tuberculosis following the cessation of culling. PLoS ONE. 2010; 5(2):9090. https://doi.
org/10.1371/journal.pone.0009090 PMID: 20161769

Downs SH, Prosser A, Ashton A, Ashfield S, Brunton LA, Brouwer A, et al. Assessing effects from four
years of industry-led badger culling in England on the incidence of bovine tuberculosis in cattle, 2013—
2017. Scientific Reports. 2019; 9(1):14666. https://doi.org/10.1038/s41598-019-49957-6 PMID: 31604960

Brunton LA, Donnelly CA, O’Connor H, Prosser A, Ashfield S, Ashton A, et al. Assessing the effects of
the first 2 years of industry-led badger culling in England on the incidence of bovine tuberculosis in cattle
in 2013-2015. Ecology and Evolution. 2017; 7:7213-30. https://doi.org/10.1002/ece3.3254 PMID:
28944012

Chambers MA, Rogers F, Delahay RJ, Lesellier S, Ashford R, Dalley D, et al. Bacillus Calmette-Guérin
vaccination reduces the severity and progression of tuberculosis in badgers. Proceedings of the Royal
Society B: Biological Sciences. 2011; 278(1713):1913-20. https://doi.org/10.1098/rspb.2010.1953
PMID: 21123260

Carter SP, Chambers MA, Rushton SP, Shirley MDF, Schuchert P, Pietravalle S, et al. BCG Vaccina-
tion Reduces Risk of Tuberculosis Infection in Vaccinated Badgers and Unvaccinated Badger Cubs.
PLoS ONE. 2012; 7(12):e49833. https://doi.org/10.1371/journal.pone.0049833 PMID: 23251352

Smith GC, McDonald RA, Wilkinson D. Comparing Badger (Meles meles) Management Strategies for
Reducing Tuberculosis Incidence in Cattle. PLoS ONE. 2012; 7(6):€39250. https://doi.org/10.1371/
journal.pone.0039250 PMID: 22761746

PLOS ONE | https://doi.org/10.1371/journal.pone.0248426 March 18, 2021 7/8


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248426.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248426.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248426.s004
https://doi.org/10.1371/currents.outbreaks.097a904d3f3619db2fe78d24bc776098
https://doi.org/10.1371/currents.outbreaks.097a904d3f3619db2fe78d24bc776098
http://www.ncbi.nlm.nih.gov/pubmed/24761309
https://doi.org/10.1371/journal.pone.0009090
https://doi.org/10.1371/journal.pone.0009090
http://www.ncbi.nlm.nih.gov/pubmed/20161769
https://doi.org/10.1038/s41598-019-49957-6
http://www.ncbi.nlm.nih.gov/pubmed/31604960
https://doi.org/10.1002/ece3.3254
http://www.ncbi.nlm.nih.gov/pubmed/28944012
https://doi.org/10.1098/rspb.2010.1953
http://www.ncbi.nlm.nih.gov/pubmed/21123260
https://doi.org/10.1371/journal.pone.0049833
http://www.ncbi.nlm.nih.gov/pubmed/23251352
https://doi.org/10.1371/journal.pone.0039250
https://doi.org/10.1371/journal.pone.0039250
http://www.ncbi.nlm.nih.gov/pubmed/22761746
https://doi.org/10.1371/journal.pone.0248426

PLOS ONE

Next steps badger control

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Smith GC, Cheeseman CL. A mathematical model for control of diseases in wildlife populations: culling,
vaccine and fertility control. Ecol Model. 2002; 150(1-2):45-53. https://doi.org/10.1016/S0304-3800
(01)00471-9

Barlow ND. The ecology of wildlife disease control: simple models revisited. J Appl Ecol. 1996; 33:303—
14. https://doi.org/10.2307/2404752

Godfray C, Donnelly C, Hewinson G, Winter M, Wood J. Bovine TB strategy review. Report to Rt Hon
Michael Gove MP, Secretary of State, Defra Defra, Defra; 2018 October 2018. Report No.

Smith GC, Delahay RJ, McDonald RA, Budgey R. Model of Selective and Non-Selective Management
of Badgers (Meles meles) to Control Bovine Tuberculosis in Badgers and Cattle. PLoS ONE. 2016; 11
(11):e0167206. https://doi.org/10.1371/journal.pone.0167206 PMID: 27893809

Wilkinson D, Smith GC, Delahay RJ, Cheeseman CL. A model of bovine tuberculosis in the badger
Meles meles: an evaluation of different vaccination strategies. J Appl Ecol. 2004; 41(3):492-501.
https://doi.org/10.1111/j.0021-8901.2004.00898.x

Delahay RJ, Walker N, Smith GS, Wilkinson D, Clifton-Hadley RS, Cheeseman CL, et al. Long-term
temporal trends and estimated transmission rates for Mycobacterium bovis infection in an undisturbed
high-density badger (Meles meles) population. Epidemiology & Infection. 2013; 141(S07):1445-56.
https://doi.org/10.1017/S0950268813000721 PMID: 23537573

Anon. Second Badger Culling Licence Issued. Vet Rec. 2012; 171(15):361. https://doi.org/10.1136/vr.
6782 PMID: 23065576

Anon. Licence issued for pilot badger cull in Gloucestershire. Vet Rec. 2012; 171(12):285. https://doi.
org/10.1136/vr.e6219 PMID: 23001166

Smith GC, Cheeseman CL. Efficacy of trapping during the initial proactive culls in the Randomised Bad-
ger Culling Trial. Vet Rec. 2007; 160(21):723-6. https://doi.org/10.1136/vr.160.21.723 PMID:
17526893

Cowan D, Smith GC, Gomm M, Brash M, Bellamy F, Massei G, et al. Evaluation of a single-shot gonad-
otropin-releasing hormone (GnRH) immunocontraceptive vaccine in captive badgers. Eur J Wildl Res.
2019; 65(4):59. https://doi.org/10.1007/s10344-019-1296-0

Defra. Summary of badger control operations during 2018. https://assets.publishing.service.gov.uk/
government/uploads/system/uploads/attachment_data/file/765439/badger-control-monitoring-2018.
pdf: Defra, 2018.

Defra. Summary of badger control monitoring during 2017. https://assets.publishing.service.gov.uk/
government/uploads/system/uploads/attachment_data/file/670223/badger-control-monitoring-
summary-2017-final.pdf: Defra, 2017.

Defra. Summary of badger control monitoring during 2016. https://assets.publishing.service.gov.uk/
government/uploads/system/uploads/attachment_data/file/578436/summary-badger-control-
monitoring-2016.pdf: Defra, 2016.

Defra. Summary of 2019 badger control operations https://www.gov.uk/government/publications/
bovine-tb-summary-of-badger-control-monitoring-during-2019/summary-of-2019-badger-control-
operations: Defra; 2020.

PLOS ONE | https://doi.org/10.1371/journal.pone.0248426 March 18, 2021 8/8


https://doi.org/10.1016/S0304-3800%2801%2900471-9
https://doi.org/10.1016/S0304-3800%2801%2900471-9
https://doi.org/10.2307/2404752
https://doi.org/10.1371/journal.pone.0167206
http://www.ncbi.nlm.nih.gov/pubmed/27893809
https://doi.org/10.1111/j.0021-8901.2004.00898.x
https://doi.org/10.1017/S0950268813000721
http://www.ncbi.nlm.nih.gov/pubmed/23537573
https://doi.org/10.1136/vr.e6782
https://doi.org/10.1136/vr.e6782
http://www.ncbi.nlm.nih.gov/pubmed/23065576
https://doi.org/10.1136/vr.e6219
https://doi.org/10.1136/vr.e6219
http://www.ncbi.nlm.nih.gov/pubmed/23001166
https://doi.org/10.1136/vr.160.21.723
http://www.ncbi.nlm.nih.gov/pubmed/17526893
https://doi.org/10.1007/s10344-019-1296-0
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/765439/badger-control-monitoring-2018.pdf:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/765439/badger-control-monitoring-2018.pdf:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/765439/badger-control-monitoring-2018.pdf:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/670223/badger-control-monitoring-summary-2017-final.pdf:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/670223/badger-control-monitoring-summary-2017-final.pdf:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/670223/badger-control-monitoring-summary-2017-final.pdf:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/578436/summary-badger-control-monitoring-2016.pdf:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/578436/summary-badger-control-monitoring-2016.pdf:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/578436/summary-badger-control-monitoring-2016.pdf:
https://www.gov.uk/government/publications/bovine-tb-summary-of-badger-control-monitoring-during-2019/summary-of-2019-badger-control-operations:
https://www.gov.uk/government/publications/bovine-tb-summary-of-badger-control-monitoring-during-2019/summary-of-2019-badger-control-operations:
https://www.gov.uk/government/publications/bovine-tb-summary-of-badger-control-monitoring-during-2019/summary-of-2019-badger-control-operations:
https://doi.org/10.1371/journal.pone.0248426

