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1  | INTRODUC TION

Bovine tuberculosis (bTB) caused mainly by the infectious agent, 
Mycobacterium bovis, has been a disease of high economic impor‐
tance in veterinary and human medicine for decades (Gordejo & 
Vermeersch, 2006). Management of the disease in domestic cattle 
costs the United Kingdom (UK) over £130 million per year covering 
surveillance testing, slaughter of infected animals, and compensa‐
tion to the affected farmers (DAERA, 2017; DEFRA, 2016). A bTB 
herd breakdown increases direct costs to the farmer through supple‐
mentary feeding, inability to trade (i.e., a ban on animal movements), 

the expense of preparing for subsequent bTB testing, as well as the 
implications to farmers mental health due to herd disease status un‐
certainty (Robinson, 2017). Consequently, bTB has been the focus of 
ongoing national, and various regional, eradication programs in both 
the UK and Ireland for over 50 years. Despite these programs, bTB 
remains a significant burden due to its complex epidemiology (Allen, 
Skuce, & Byrne, 2018).

Wildlife reservoir hosts of M. bovis circulate infection within pop‐
ulations and can pose a risk to domestic livestock hosts (Fitzgerald & 
Kaneene, 2013). Prominent wildlife reservoir hosts include European 
badgers (Meles meles) in the UK and Ireland (Krebs et al., 1997; 
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Abstract
In Great Britain and Ireland, badgers (Meles meles) are a wildlife reservoir of 
Mycobacterium bovis and implicated in bovine tuberculosis transmission to domestic 
cattle. The route of disease transmission is unknown with direct, so‐called “nose‐to‐
nose,” contact between hosts  being extremely rare. Camera traps were deployed 
for 64,464 hr on 34 farms to quantify cattle and badger visitation rates in space and 
time at six farm locations. Badger presence never coincided with cattle presence at 
the same time, with badger and cattle detection at the same location but at different 
times being negatively correlated. Badgers were never recorded within farmyards 
during the present study. Badgers utilized cattle water troughs in fields, but detec‐
tions were infrequent (equivalent to one badger observed drinking every 87 days). 
Cattle presence at badger‐associated locations, for example, setts and latrines, were 
three times more frequent than badger presence at cattle‐associated locations, for 
example, water troughs. Preventing cattle access to badger setts and latrines and 
restricting badger access to cattle water troughs may potentially reduce interspecific 
bTB transmission through reduced indirect contact.
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Murphy, Gormley, Costello, O'Meara, & Corner, 2010; Woodroffe 
et al., 2005), brush‐tailed opossums (Trichosurus vulpecula) in New 
Zealand (Morris & Pfeiffer, 1995) and white‐tailed deer (Odocoileus 
virginianus) in Michigan, USA (O'Brien et al., 2002). Understanding 
reservoir infection dynamics is essential if the disease is to be con‐
trolled, indeed Haydon, Cleaveland, Taylor, and Laurenson (2002) 
concluded disease‐control measures should be directed at all reser‐
voir populations if full eradication is to be achieved. Understanding 
how badgers and cattle may come into contact with each other will 
help influence these disease‐control measures.

A number of lines of evidence implicate badgers in the epidemiol‐
ogy of bTB in cattle populations. Culling trials, for example, demon‐
strated a reduced risk of cattle herd breakdown where badgers had 
been culled relative to control populations (Donnelly et al., 2006; 
Griffin et al., 2005). Badgers and cattle carry the same molecular 
type of M. bovis locally; however, the pathways of transmission are 
not clear (Griffin, Martin, Thorburn, Eves, & Hammond, 1996; More 
& Good, 2006; Woodroffe et al., 2005). Despite this, interspecific 
transfer is suggested by high‐resolution genomic data on localized 
wildlife‐cattle bTB strains (Biek et al., 2012). Cattle bTB outbreaks 
are more likely when badgers are present within close proximity (for 
example, <1.5 km) of a farm (Byrne et al., 2015; Denny & Wilesmith, 
1999; Martin et al., 1997; Vial, Johnston, & Donnelly, 2011), and 
large‐scale studies have found associations in badger social group 
abundance and elevated herd risk (Bessell, Orton, White, Hutchings, 
& Kao, 2012; Byrne, White, McGrath, O'Keeffe, & Martin, 2014; 
Wright et al., 2015). The UK and Irish Governments have responded 
by advocating culling and/or vaccinating badger populations to re‐
duce bTB risk (DEFRA, 2016; More & Good, 2006). Interestingly, 
Mathews, Lovett, Rushton, and Macdonald (2006) found reduced 
bTB risk when farms were managed to maintain wildlife habitat, 
which may offer badgers a refuge reducing their potential contact 
with livestock.

Mycobacterium bovis is thought to be transmitted predominately 
through aerosols, and transfer is thought to occur between cattle 
via so‐called “nose‐to‐nose” contact. Transmission is also possible 
through bite wounds and contact with urine and feces of infected 
animals (Buddle, Aldwell, Pfeffer, Lisle, & Corner, 1994; Menzies 
& Neill, 2000; Neill, Hanna, O'Brien, & McCracken, 1988). Direct 
contact between badgers and cattle via nose‐to‐nose contact can 
occur (Tolhurst, Delahay, Walker, Ward, & Roper, 2009), but stud‐
ies suggest this is extremely rare with some suggesting that badgers 
actively avoid pastures when cattle are present, with close physical 
proximity almost never recorded (Benham & Broom, 1989; Böhm, 
Hutchings, & White, 2009; Mullen et al., 2013; O'Mahony, 2014a; 
Woodroffe et al., 2009). Thus, direct contact between live badgers 
and cattle seems to be an unlikely route to maintain disease through 
interspecific transmission.

Indirect contact, in which badgers and cattle use the same space 
but at different times, may result in the potential transfer of infec‐
tious material via fomites, such as contaminated soils, water, or feed‐
stuffs. Badgers use latrines for defecation and urination which may 
act as a focal point for M. bovis accumulation (Hutchings & Harris, 

1997). M. bovis has been found in the soil surrounding badger setts 
and latrines (Courtenay et al., 2006; Sweeney et al., 2007) where 
concentrations are higher than in adjacent pasture (Young, Gormley, 
Wellington, Elizabeth, & Wellington, 2005). Badgers can excrete 
M. bovis through sputum, urine, feces, discharging infected wounds, 
and through nasal secretions (Clifton‐Hadley, Wilesmith, & Stuart, 
1993; Corner, Murphy, & Gormley, 2011). Badger urine can contain 
more bacilli (217  ×  103  cfu/ml) than bronchial pus (73  ×  103  cfu/
ml) or feces (68/g); therefore, contamination of pasture and soils 
with infected urine may pose the greatest risk of indirect infection 
(Courtenay et al., 2006; Gallagher & Horwill, 1977).

Over half (56%) of mud samples near water sources in Ireland 
tested positive for M.  bovis by real‐time PCR, with other investi‐
gations suggesting bacilli can remain viable in damp soil for up to 
15  months (Fine, Bolin, Gardiner, & Kaneene, 2011; Ghodbane, 
Medie, Lepidi, Nappez, & Drancourt, 2014; Young et al., 2005). 
Therefore, fomites may potentially transfer infection to new animals 
long after infected animals have left the vicinity. Badgers have been 
recorded using farm buildings in Great Britain where they may ac‐
tively forage (Garnett, Delahay, & Roper, 2002; Tolhurst et al., 2009). 
Judge, McDonald, Walker, and Delahay (2011) deployed cameras 
at 32 farms for 365 days, and badgers were recorded at 19 (59%). 
Badger feces and urine have been reported in feed stores or close 
to water troughs in the field (Garnett et al., 2002; Garnett, Roper, & 
Delahay, 2003; Tolhurst et al., 2009).

Given the accumulating evidence against direct badger‐cattle 
nose‐to‐nose transmission, it may be hypothesized that indirect 
transmission via contaminated fomites is likely the most epidemio‐
logically significant infection route. Thus, this study aimed to under‐
stand potential transmission risk by quantifying (a) badger visitation 
to cattle sites and (b) cattle visitation to badger sites using camera 
traps at focal locations both in the farmyard and at pasture. The tem‐
poral lag between cattle and badgers using the same space at differ‐
ent times was also quantified.

2  | METHODS

2.1 | Study site

The study was undertaken in Co. Down, Northern Ireland (NI), in an 
area which has high cattle density, high badger habitat suitability, 
high badger sett density (DAERA, 2017; Reid, Etherington, Wilson, 
McDonald, & Montgomery, 2008) and within a so‐called “bTB hot‐
spot” with records of herd breakdowns for many years (DAERA, 
2017; Wright et al., 2015). The drumlin (rolling hills) landscape was 
predominately improved grassland grazed by cattle or used for silage 
production with some sheep grazing and a small proportion of in‐
terspersed arable land. A total of 34 farms participated in the study 
with 14 (41%) dairy and 20 (59%) beef production systems. The farms 
were all < 10 km from one another to reduce geographical sources 
of variation. Median farm size was 41.8 ha, and median herd size was 
83.3 cattle. The landscape and farming systems were typical pastoral 
farming in Northern Ireland where the vast majority of badger setts 
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are located within farmland hedgerows (Byrne, Sleeman, O'Keeffe, 
& Davenport, 2012; Menzies, Abernethy, Stringer, & Jordan, 2011).

2.2 | Quantification of visitations rates

Camera trapping is a useful method in quantifying species‐specific 
space‐use when conducted at focal sites of interest (Caravaggi et 
al., 2018), in this case, likely bTB fomites. Operating 24 hr a day for 
7  days, remote cameras provide continuous survey effort at each 
location and generate large volumes of footage to process (Swann, 
Kawanishi, & Palmer, 2011).

Remote camera traps (Bushnell Trophy Cam HD cameras; model 
119,477) were placed at approximately 75  cm above ground level 
and used to quantify animal visitation rates to different sites con‐
taining putative bTB fomites (substrates potentially contaminated by 
M. bovis).

The aim was to deploy a camera trap at six locations on each 
farm. To quantify each species presence at badger locations, visi‐
tation rates were enumerated at three so‐called “badger locations”: 
a run, a latrine, and a sett (which were perceived to represent an 
ordinal scale of risk from low to high). At setts, cameras were pref‐
erentially placed at an active main sett. Before deploying cameras, 
each farm was surveyed to locate active runs, latrines, and setts (fol‐
lowing Reid, Etherington, Wilson, Montgomery, & McDonald, 2011).

To quantify each species presence at cattle locations, visitation 
rates were enumerated at three so‐called “cattle locations”: cattle 
shed entrance, feed store entrance, and a water trough (which were 
perceived to represent an ordinal scale of risk from low to high). 
Farm building entrances were chosen at those buildings housing 
cattle during winter. Feed locations were either at feed bins or dis‐
pensed whole crop silage. Water troughs were not located within 
farmyards but usually at a pasture field boundary. Typically, a water 
trough was a low‐level concrete basin kept filled with water via a 
ballcock system and readily accessible by wildlife as well as cattle.

Each camera recorded video footage in 720‐pixel resolution for 
a duration of 20 s and had an interval of 1 min between recordings. 
Cameras recorded 24 hr a day for 7 consecutive days and recorded 
from 6 p.m. on the first day to 8 a.m. on the last day. A trial was per‐
formed on 4 of the farms at the 6 proposed locations to check that 
no avoidance or attraction behavior was exhibited. There was no 
discernible difference in animal visitation rates or behaviors during 
the 7  days of deployment. Subsequently, each camera was left in 
situ for 158 hr per survey period. Data were collected during two 
periods of the year; winter–spring (February to March 2016) when 
cattle were housed and summer–autumn (July to September 2016) 
when cattle were grazing in fields. Taking both survey periods to‐
gether, cameras were deployed on each of the 34 farms for 1,896 hr 
(totaling 64,464 hr of survey effort).

All footage was viewed and the presence and type of any mam‐
mal or bird recorded. To avoid double counting of multiple videos of 
the same detection event, an interval of >10 min between videos of 
the same species was used to define unique events. A 10‐min interval 
between videos was chosen after initially reviewing footage. Where 

multiple recordings occurred after an initial triggering event, the num‐
ber of subsequent (repeat) recordings appeared to decrease after 
~10 min. Duplicate records were deleted prior to analysis.

2.3 | Environmental and BTB data

The Met Office (www.metof​fice.gov.uk) provided daily weather 
data (minimum temperature, total precipitation, and wind speed) 
from the Katesbridge automatic weather station (latitude and lon‐
gitude: 54°17′49.2″, −6°6′36.0″) located 3.5 km from the centroid 
of the study site. The Department of Agriculture, Environment and 
Rural Affairs (DAERA) provided for the number of bTB cattle herd 
breakdowns on each farm for the 1‐, 3‐, and 5‐year periods prior to 
the camera trap survey.

2.4 | Statistical analyses

Basic descriptive statistics were used to report camera trapping re‐
sults. Each record in the dataset represented 1 unique observation re‐
corded during the week of camera deployment. Badger visitation rates, 
that is, the frequency of badgers detected per week were analyzed 
using a generalized linear mixed model (GLMM) in the R package glm‐
mADMB 0.8.0 (Bolker et al., 2009). Explanatory variables were checked 
for multicollinearity using Spearman's rank correlations. Badger visita‐
tion frequency was used as the dependent variable and was assumed 
to have a negative binomial distribution fitted using a log link function. 
A negative binomial distribution was chosen as the variance within the 
outcome was greater than the mean, making it a better option than 
the more traditional Poisson distribution. Farm was fitted as a random 
factor to account for multiple observations per farm. The global model 
fitted season, location, production type, and the presence or absence 
within the week of camera deployment of; cats, cattle, dogs, farmers, 
squirrels, mice, foxes, rabbits, and sheep, as fixed factors and herd size, 
the frequency of birds, meteorological conditions including minimum 
temperature, rainfall and speed wind, and the number of bTB reactors 
confirmed in the 1‐, 3‐, and 5‐year periods prior to the study as covari‐
ates. A forward and backward elimination of variables was used to ob‐
tain the best approximating single model using the Akaike information 
criterion (AIC) as the selection metric (Dohoo, Martin, & Stryhn, 2003). 
Interaction terms were fitted initially but removed as their presence 
increased AIC values. A Wilcoxon sign rank test was used to compare 
the frequency of both badger and cattle detections at badger runs. 
A negative binomial GLMM was also performed on the frequency of 
cattle detections as the dependent variable. Again, farm was fitted as 
a random factor. The global model in this case contained season, lo‐
cation, production type, herd size, and farmer presence. All statistics 
were performed using R v3.4.2 (R Development Core Team & R, 2017).

3  | RESULTS

Due to access being denied at some sites and camera failures, we had a 
final sample of 28 latrines, 34 runs, and 32 setts (i.e., 94 badger locations) 

http://www.metoffice.gov.uk


8482  |     CAMPBELL et al.

and 29 farm building entrances, 24 feed stores, and 31 water troughs 
(i.e., 84 cattle locations). Camera traps made 68,320 motion detections 
(totaling 380 hr of footage), of these 27,732 detections (totaling 154 hr 
of footage) contained animals, farmers, or farm machinery (Table 1).

A total of 1,213 badger detections were recorded, of which 889 
were unique detections (more than 10 min between videos of the 
same species). A total of 4,566 cattle detections were recorded, of 
which 974 were unique detections.

Badgers were never detected within a farmyard whether at farm 
building entrances or feed stores regardless of season (Figure 1a). 
However, there were 76 unique detections of foxes entering farm‐
yards on 13 of the farms. Farm cats were notably common with 
1,327 unique detections. In farmyards (buildings and feed stores), 
there was a median of 3 cat detections per week (range 0–283 cat 
detections per week).

On each farm, there was a median of 8.5 badger detections per 
week. The total number of badger detections at each farm over both 
seasons ranged from 1 to 69 unique detections (Table 2). Badger de‐
tections varied between camera locations (Table 3a), with visitation 
rates being highest at setts followed by latrines, then runs, and fi‐
nally water troughs (Figure 1a).

Badger detections also varied between seasons (Table 3a) with 
2.6 times more detections during winter, when cattle were housed, 
than during summer, when cattle were grazing. This was the case at 
runs, latrines, and setts but apparently not at water troughs where 
badger visitation rates appeared similar between summer and win‐
ter (Figures 1a,c, & 2a); there was, however, no statistical difference 
when this was applied in the model.

Badgers visited the vicinity of water troughs on average 0.8 
(95%CI 0.1–1.5) times per week throughout both seasons. There were 
50 badger detections nearby water troughs but animals were in direct 
contact with the trough on only 10 occasions (Figure 3a), and only ob‐
served drinking directly on 5 occasions, that is, 1 badger was detected 
drinking at a water through every ca. 87 camera days (Table 4a).

The best fitting model suggested that badger detection was posi‐
tively associated with herd size and fox, sheep, and rabbit presence and 
negatively associated with cattle presence (Table 3a). Badger detection 
was not associated with farm production system (i.e., dairy or beef), 
farmer activity, the frequency of other species detected, weather pa‐
rameters (minimum temperature, precipitation, or wind speed), or the 
bTB history of the farm during the previous 1‐, 3‐, or 5‐year period.

Cattle were detected more frequently during summer than win‐
ter (Table 3b), most notably at water troughs (Figure 1b). Cattle were 
observed more frequently at feed stores during winter than summer. 
During the summer months, there was no difference in the number 
of detections of cattle and badgers at badger runs (Wilcoxon rank 
W = 590, p = 0.863, n = 64).

Cattle visits to badger locations were more frequent during sum‐
mer when cattle where grazing than during winter when housed 
(Figure 1d). During summer, there was the equivalent of 1 individual 
cattle visit to a badger latrine or sett 0.3 times a day (ca. 1 visit every 
three days) while badgers visiting cattle locations (water troughs 
only) 0.1 times daily (ca. 1 visit every 10 days). Therefore, cattle visits 
to badger locations were ca. 3.3 times more frequent than badgers 
visiting cattle locations.

Cattle were most frequently observed < 1 m from badger loca‐
tions (latrines and setts) with 65 close contacts with runs, 17 with 
latrines, and 8 with a sett (Figure 3b). Cattle typically grazed when 
near runs and latrines, with 6 cows observed sniffing sett entrances 
(Figure 2b; Table 4).

Badgers and cattle were never recorded at the same location at 
the same time, that is, were never observed in the same 20‐s video 
clip. Nevertheless, they did occupy the same locations at different 
times. The mean interval between a cattle detection followed by a 
badger detection was 9.2 hr (ranging from 1.5–23.9 hr). The mean 
interval between a badger detection followed by a cattle detection 
was 17.2 hr (ranging from 0.7 to 57.1 hr). This pattern generally held 
regardless of whether the location was a run, latrine, or water trough. 
However, at setts the interval between visits for both cattle–badger 
and badger–cattle were both approximately 10 hr (Table 5). At water 
troughs, the mean interval between a cattle detection followed by a 
badger detection was 20.5 hr (ranging from 7.4 to 33.6 hr) while the 
interval between a badger detection followed by a cattle detection 
was 8.3 hr (ranging from 1.5 to 15.0 hr).

4  | DISCUSSION

In the current study, cattle and badgers certainly visited fomites as‐
sociated with the other species. Some previous studies with more 
focus on visitation to farmyards have asserted that badgers forage at 

TA B L E  1   Detection frequency of each species on farms in Co. 
Down, Northern Ireland, during 2016

Species

Captures

Total Unique %

Bird 8,856 4,858 35.7

Farmer 5,100 2,376 17.5

Cat 1,849 1,327 9.8

Rabbit 1,741 1,025 7.5

Cattle 4,566 974 7.2

Sheep 2,485 904 6.6

Badger 1,213 889 6.5

Dog 842 396 2.9

Fox 354 341 2.5

Mouse 364 261 1.9

Rat 302 192 1.4

Squirrel 45 43 0.3

Pig 5 4 0.03

Donkey 4 3 0.02

Hare 4 3 0.02

Hedgehog 2 2 0.01

Total 27,732 13,598 100.00
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cattle feed locations (Payne, Chappa, Hars, Dufour, & Gilot‐Fromont, 
2015; Tolhurst et al., 2009; Woodroffe et al., 2017), that badgers 
visit farm yards frequently (Garnett et al., 2002; Judge et al., 2011), 
and that direct contact between the species may be highest at farm 
buildings (Tolhurst et al., 2009). However, badgers never entered 
farmyards in this current study, a finding also reported by other re‐
cent studies from Northern Ireland (O'Mahony, 2015), the Republic 
of Ireland (Mullen et al., 2015; Sleeman, Davenport, & Fitzgerald, 
2008), and in Great Britain (Woodroffe et al., 2017).

Farm biosecurity was frequently breached by wildlife other than 
badgers, such as foxes, suggesting that if badgers had been present, 
they would have been detected. Further study may be warranted, 
with longer camera deployments throughout the year to confirm 
whether the absence of badgers is consistent across all seasons. For 
example, a previous study with camera deployment over a period of 
1 year found badgers had the least contribution to intrusion rates rel‐
ative to other wild animals (O'Mahony, 2015). This appears to suggest 
that there is substantial variation in farmyard visitation rates across 
study populations. While this could be partly attributed to differences 
in survey effort used to assess visitation rates, there may also be eco‐
logical factors impacting visitation rates including badger density 
(Mullen et al., 2015; O'Mahony, 2014a; Woodroffe et al., 2017) which 
potentially effects badger foraging choices and behavior. Higher bad‐
ger density appears to correlate with increased farmyard visitation 
rates (Mullen et al., 2015; O'Mahony, 2014a; Woodroffe et al., 2017).

At the locations of the camera traps, badgers and cattle were 
never recorded at the same time and location. In studies using 
proximity loggers, badger and cattle close contact was found to be 
very rare (Drewe, O'connor, Weber, McDONALD, & Delahay, 2013; 
O'Mahony, 2014b; Woodroffe et al., 2016). Therefore, it is likely that 
camera trapping at point locations may be limited in its ability to 
capture such rare events.

Badger activity was positively associated with fox and rabbit 
presence probably due to their similar, generalist, habitat require‐
ments, that is, an association with hedgerow boundaries for the 

F I G U R E  1   (a) Badger and (b) cattle weekly visitation rates ± 1 
standard error at each of six locations per farm. (c) Badger and 
(d) cattle seasonal visitation rates ± 1 standard error at badger 
locations (latrines and setts only) and cattle locations (water 
troughs only)

0

5

10

Building Feed Water Latrine Run Sett
Camera location

B
ad

ge
r f

re
qu

en
cy

Season
Summer

Winter

5

0.0

2.5

5.0

7.5

10.0

Badger Cattle
Location t ype

B
ad

ge
r f

re
qu

en
cy

0

10

20

30

Badger Cattle
Location type

C
at

tle
 fr

eq
ue

nc
y

(a)

(b)

(c)

(d)

0

10

20

30

Building Feed Water Latrine Run Sett
Camera Location

C
at

tle
 F

re
qu

en
cy

TA B L E  2   Frequency of badger visits (number of unique 
detections in summer and winter totaling 14 nights) per study farm 
during 2016

Badger visits per farm Number of farms %

0–10 10 29

11–20 7 21

21–30 5 15

31–40 3 9

41–50 3 9

51–60 4 12

61–70 2 6
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construction of setts, burrows, and warrens (Macdonald et al., 
2004), however badgers and foxes exhibit competition for resources 
(Trewby et al., 2008).

All farms had at least one badger detection suggesting that bad‐
gers may pose a biosecurity risk at all farms surveyed. Nevertheless, 
we found a negative relationship between badger activity and cat‐
tle presence consistent with badgers avoiding pasture with grazing 
cattle (Benham & Broom, 1989; Mullen et al., 2013; Woodroffe et 
al., 2016). In contrast, badgers did not avoid and exhibited a pos‐
itive association with grazing sheep. Badgers were detected more 
frequently during winter when cattle were housed. In winter, there is 
low natural food availability and longer hours of darkness facilitating 
greater badger activity.

Badgers were detected in the vicinity of cattle water troughs 
during winter and summer with equal frequency but were observed 
drinking rarely (equivalent to 1 detection per water trough every 
87  days). Previously, badgers have been observed utilizing cattle 
water troughs by standing on their hind limbs (O'Mahony, 2014b) but 
in the present study animals were observed standing on top of water 
trough reservoirs or by leaning in from adjacent hedgerow banks 
which provided access (Figure 2a). Water troughs were the sole lo‐
cations where badgers visited cattle locations. This suggests that if 
badger access to open water sources could be restricted, it would 
virtually eliminate badgers visiting so‐called cattle locations. Raising 

water troughs off the ground and placing them away from adjacent 
access points (e.g., hedgerow banks) would likely reduce badger 
access, but it may not eliminate it entirely, as badgers are known 
to climb (Garnett et al., 2003). DEFRA recommend water troughs 
being at least 90 cm above ground level, and they also recommend 
ensuring troughs are inaccessible to badgers. It may be worth moni‐
toring natural drinking locations (streams, rivers, and ponds) for cat‐
tle visitations, to assess whether restricting cattle access is needed 
(Barasona et al., 2016).

In this study, there was no relationship between badger activity 
and bTB status of farms in the previous 1, 3, or 5 years. Suggesting 
that any risk due to indirect contact between badgers and cattle 
appears sufficiently low as to have an undetectable effect using 
the current survey methods. However, such a relationship would 
be difficult to demonstrate with the 34 farms in the study and the 
relatively low incidence rates within the study (i.e., low statistical 
power).

Cattle visited badger locations over three times as frequently as 
badgers visited cattle locations, with cattle visiting badger latrines 
or setts on average once every 3  days. These figures are derived 
from unique detections only, and thus, some cattle may well have 
spent prolonged periods investigating fomites, but this was not for‐
mally captured due to the deletion of duplicate detections within 
the same 10‐min period after each camera triggering event. A future 

Variable χ2 df β ± SE
95% CI (Lower, 
Upper) p

(a) Badger detections

Location 120.642 3 Factorial   <0.001

Latrine vs Sett     −0.427 ± 0.267 −0.951, 0.096 0.110

Run vs Sett     −1.594 ± 0.271 −2.125, −1.062 <0.001

Water vs Sett     −2.302 ± 0.305 −2.901, −1.703 <0.001

Season 11.758 1 Factorial   <0.001

Summer vs Winter     −0.754 ± 0.220 −1.185, −0.323 0.001

Fox presence 7.830 1 0.615 ± 0.220 0.184, 1.045 0.005

Cattle presence 4.416 1 −0.751 ± 0.357 −1.451, −0.051 0.036

Herd size 3.567 1 0.002 ± 0.001 −0.00006, 0.003 0.059

Sheep presence 2.960 1 0.550 ± 0.320 −0.077, 1.176 0.085

Rabbit presence 2.572 1 0.365 ± 0.228 −0.081. 0.811 0.109

(b) Cattle detections

Location 28.445 5 Factorial   <0.001

Building vs Water     −0.715 ± 1.113 −2.898, 1.467 0.521

Feed vs Water     −2.359 ± 1.138 −4.590, −0.128 0.038

Latrine vs Water     −2.489 ± 0.830 −4.115, −0.864 0.003

Run vs Water     −1.573 ± 0.757 −3.057, −0.088 0.038

Sett vs Water     −2.190 ± 0.901 −3.955, −0.424 0.015

Season 18.215 1 Factorial   <0.001

Summer vs Winter     2.882 ± 0.675 1.559, 4.206 <0.001

Farmer present 8.167 1 2.582 ± 0.904 0.811, 4.353 0.004

TA B L E  3   Results of the best fitting 
negative binomial generalized linear 
mixed model (GLMM) with (a) badger and 
(b) cattle detections as the dependent 
variable, farm fitted as a random factor
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study could investigate these prolonged visits to fomites and the be‐
havior exhibited by both species while present. While badgers use 
latrines, they may also deposit urine in their runs while on the move 
(Hutchings, Service, & Harris, 2002). Cattle–badger indirect contact 
at runs may, therefore, play a role in disease spread, and cattle are 
known to graze (or at least not to avoid) pasture contaminated with 
badger urine (White, Brown, & Harris, 1993). Restricting cattle ac‐
cess to badger runs which may bisect fields used for grazing is likely 
to be unfeasible.

Cattle were observed investigating badger setts by sniffing en‐
trances and inserting their muzzles into burrows. If these setts were 
occupied by badgers infected with and excreting M. bovis, these cat‐
tle may inhale infectious material. Young et al. (2005) found bacilli 
were present at setts more frequently, and survived longer, than 
bacilli on pasture on the same farm. Thus, cattle sniffing (and poten‐
tially rubbing) behavior in‐and‐around sett entrances may be enough 
to aerosolize bacilli allowing them to be inhaled.

Farmers can accurately report badger presence and activity 
levels on their farm when badgers are present, but their observa‐
tions are vulnerable to type II errors, that is, the reporting of false 
absences when badgers are in fact present (Menzies et al., 2011; 
O'Hagan, Matthews, Laird, & McDowell, 2016). If farmers are 

capable of identifying badger activity, they may also be capable of 
identifying potential locations where badger–cattle contact could 
occur and take the necessary action to minimize any risk of indirect 
bTB transmission by excluding cattle, for example, by fencing off 
badger setts.

Drewe et al. (2013) recorded 400 visits by badgers and 1,700 
visits by cattle to badger latrines. They suggested that these con‐
tacts could be an important mechanism in indirect transmission 
at pasture. The data had network analysis performed by Silk et al. 
(2018) who found that latrines were not only a potential site for 
badger‐to‐badger transmission between different social groups 
but also a point of contact for badger‐to‐cattle transmission. They 
concluded that not all latrines were equal and that some tended to 
have more, and stronger connections, to both badgers and cattle. 
As latrines are frequently close to linear boundaries, maintaining 
field edge margins of longer sward or fencing off field edge mar‐
gins may reduce cattle–badger indirect contact further. Cattle are 
more likely to graze contaminated pasture where sward length is 
short (Hutchings & Harris, 1997). This practice pushes cattle to 
graze field boundaries where they are more likely to encounter 

F I G U R E  2   Camera trap still images of (a) badger at a cattle 
water trough and (b) cattle at a badger sett entrance

(a)

(b)

F I G U R E  3   Mean daily estimated proximity ± 1 standard error in 
both seasonal surveys combined of (a) badgers at cattle locations 
(at water troughs only) and (b) cattle at badger locations (latrines, 
runs, and setts)
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a latrine or sett. Restricting cattle access to badger setts and la‐
trines may be important with respect to farmers using cattle to 
“clean up” field margins after silage has been harvested (Ward, 
Judge, & Delahay, 2010).

Despite the removal of duplicate detections, in almost all cases 
(excluding water troughs) badgers encountered potential cattle‐de‐
posited fomites approximately twice as quickly (ca. 9‐hr interval) as 
cattle encountered potential badger‐deposited fomites (ca. 17‐hr 
interval). Thus, any infectious agent deposited by cattle may be ex‐
posed to the environment for about half as long as any infectious 
agent deposited by a badger before the next potential host makes 
contact. These data may not be epidemiologically meaningful if 

bacilli can survive in the environment for several months (Ghodbane 
et al., 2014; Young et al., 2005). Nevertheless, cattle‐deposited 
fomites seem likely to be fresher when encountered by a badger 
subsequently than badger‐deposited fomites when encountered by 
cattle subsequently.

Preventing badgers visiting cattle locations by restricting badger 
access to water troughs by raising them off the ground or installing 
pasture pumps, and preventing cattle visits to badger locations by 
fencing off setts and/or field edge margins where latrines are most 
likely to occur are low‐tech solutions that are within the skills set 
of every farmer. Regional badger culling programmes are controver‐
sial due to political debates over their expense, efficacy, and animal 

TA B L E  4   (a) Badger behavior when in proximity of cattle locations and (b) Cattle behavior when in proximity of badger locations

Directionality of indirect contact

Frequency of detection

Total

Distance

Cattle location Badger behavior <0.2 m 0.2–1.0 m >1.0 m

(a) Badger activity

Water Drinking 5 0 0 5

Foraging 0 4 16 20

Urinating/defecating 0 1 0 1

Walking 5 12 7 24

Total 10 17 23 50

Badger location Cattle behavior

(b) Cattle activity

Latrine Foraging 6 7 6 19

Grazing 11 9 26 46

Walking 0 13 4 17

Run Foraging 47 72 20 139

Grazing 0 12 5 17

Walking 18 9 5 32

Sett Foraging 2 9 2 13

Grazing 0 0 1 1

Sniffing 6 0 0 6

Walking 0 30 1 31

Total 90 161 70 321

Note: Foraging = animals head down and looking for food; grazing = actively consuming food.

Location Interaction Frequency
Mean interval 
(hr) ± SD

Interval 
range (hr)

Latrine Badger–cattle 4 29.8 ± 18.5 16.1–57.0

Cattle–badger 2 14.4 ± 13.3 5.0–23.9

Run Badger–cattle 5 18.5 ± 17.5 3.2–47.8

Cattle–badger 3 4.1 ± 1.4 2.9–5.7

Sett Badger–cattle 10 10.9 ± 11.6 0.7–40.2

Cattle–badger 7 10.2 ± 4.3 4.3–17.0

Water Badger–cattle 2 20.5 ± 1.8 7.4–33.6

Cattle–badger 2 8.3 ± 9.5 1.5–15.0

TA B L E  5   Time interval between cattle‐
badger and badger‐cattle visitation at 
different farm locations
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welfare implications (Lederman, 2016) resulting in much public oppo‐
sition. Equally, badger bTB vaccination trials involve similar expense 
in terms of badger trapping and vaccine administration with the 
outcomes (in terms of risk reduction to cattle) yet to be determined. 
Thus, while both culling and vaccination have, or are being, trialed, 
we advise consideration of a low‐tech, low‐cost trial to test the ef‐
ficacy of restricting badger–cattle, and more notably, cattle–badger 
contact.

This study quantified visitation rates of cattle and badgers to po‐
tential M. bovis fomites. Cattle did visit badger locations, therefore 
attempts should be made to minimize cattle contact with badger 
sites as much as is feasibly possible. Caution should be exercised as 
a small number of focal locations were surveyed per farm with cam‐
era placement critical in terms of quantifying interspecific visitation 
rates. A large‐scale study over extended timeframes in multiple geo‐
graphic regions investigating indirect contacts at fomites is needed 
to assess risk of cattle bTB herd breakdowns, including the sampling 
of fomites for viable bacilli and through the association of known 
infection status of hosts in the area (i.e., both badgers and cattle). 
Moreover, a pathogenesis mechanism for indirect transmission of 
M. bovis has still to be elucidated.

ACKNOWLEDG MENTS

This study was part of a PhD studentship funded by the Department 
of Agriculture, Environment and Rural Affairs (DAERA). The partici‐
pation of the farmers and landowners who granted permission to 
access to their land was greatly appreciated.

AUTHOR CONTRIBUTION

EC, NR, FM, AWB, and MS designed the study. EC, KMB, and CMC 
collected the data; EC analyzed the data and drafted the manuscript; 
FM provided the herd TB data. NR and AB helped with statistical 
analysis. NR helped with redrafting the manuscript. All authors con‐
tributed to the final version and approved the manuscript.

DATA AVAIL ABILIT Y

The data are available at https​://doi.org/10.5061/dryad.mj58cj6.

ORCID

Emma L. Campbell   https://orcid.org/0000-0002-5660-1257 

R E FE R E N C E S

Allen, A. R., Skuce, R. A., & Byrne, A. W. (2018). Bovine tuberculosis in 
Britain and Ireland – A perfect storm? the confluence of potential 
ecological and epidemiological impediments to controlling a chronic 
infectious disease. Frontiers in Veterinary Science, 5, 109. https​://doi.
org/10.3389/fvets.2018.00109​

Barasona, J. A., Vicente, J., Díez‐Delgado, I., Aznar, J., Gortázar, C., & 
Torres, M. J. (2016). Environmental Presence of Mycobacterium 

tuberculosis Complex in Aggregation Points at the Wildlife/Livestock 
Interface. Transboundary and Emerging Diseases, 64, 1148–1158.

Benham, P. F. J., & Broom, D. M. (1989). Interactions between cat‐
tle and badgers at pasture with reference to bovine tuberculosis 
transmission. British Veterinary Journal, 145, 226–241. https​://doi.
org/10.1016/0007-1935(89)90075-4

Bessell, P. R., Orton, R., White, P. C. L., Hutchings, M. R., & Kao, R. 
R. (2012). Risk factors for bovine Tuberculosis at the national 
level in Great Britain. BMC Veterinary Research, 8, 51. https​://doi.
org/10.1186/1746-6148-8-51

Biek, R., O'Hare, A., Wright, D., Mallon, T., McCormick, C., Orton, R. J., … 
Kao, R. R. (2012). Whole genome sequencing reveals local transmis‐
sion patterns of mycobacterium bovis in sympatric cattle and badger 
populations. PLoS Pathogens, 8, e1003008. https​://doi.org/10.1371/
journ​al.ppat.1003008

Böhm, M., Hutchings, M. R., & White, P. C. L. (2009). Contact networks 
in a wildlife‐livestock host community: identifying high‐risk indi‐
viduals in the transmission of bovine TB among badgers and cat‐
tle. PLoS ONE, 4(e5016–10), 1371. https​://doi.org/10.1371/journ​
al.pone.0005016

Bolker, B. M., Brooks, M. E., Clark, C. J., Geange, S. W., Poulsen, J. 
R., Stevens, M. H. H., & White, J. S. (2009). Generalized linear 
mixed models: A practical guide for ecology and evolution. Trends 
in Ecology & Evolution, 24, 127–135. https​://doi.org/10.1016/j.
tree.2008.10.008

Buddle, B. M., Aldwell, F. E., Pfeffer, A., Lisle, G. W. W. D., & Corner, L. 
A. (1994). Experimental Mycobacterium bovis infection of cattle: 
Effect of dose of M. Bovis and pregnancy on immune responses 
and distribution of lesions. New Zealand Veterinary Journal, 42, 
167–172.

Byrne, A. W. W., Kenny, K., Fogarty, U., O’Keeffe, J. J., More, S. J. J., 
McGrath, G., … Dohoo, I. R. (2015). Spatial and temporal analyses 
of metrics of tuberculosis infection in badgers (Meles meles) from 
the Republic of Ireland: Trends in apparent prevalence. Preventive 
Veterinary Medicine, 122, 345–354. https​://doi.org/10.1016/j.preve​
tmed.2015.10.013

Byrne, A. W., Sleeman, D. P., O’Keeffe, J., & Davenport, J. (2012). The 
ecology of the European Badger (Meles Meles) in Ireland: A review. 
Biology and Environment: Proceedings of the Royal Irish Academy, 112b, 
105–132.

Byrne, A. W., White, P. W., McGrath, G., O’Keeffe, J., & Martin, S. W. 
(2014). Risk of tuberculosis cattle herd breakdowns in Ireland: 
Effects of badger culling effort, density and historic large‐scale in‐
terventions. Veterinary Research, 45, 109. https​://doi.org/10.1186/
s13567-014-0109-4

Caravaggi, A., Gatta, M., Vallely, M.‐C., Hogg, K., Freeman, M., Fadaei, E., 
… Tosh, D. G. (2018). Seasonal and predator‐prey effects on circadian 
activity of free‐ranging mammals revealed by camera traps. PeerJ, 6, 
e5827. https​://doi.org/10.7717/peerj.5827

Clifton‐Hadley, R. S., Wilesmith, J. W., & Stuart, F. A. (1993). 
Mycobacterium bovis in the European badger (Meles meles): 
Epidemiological findings in tuberculous badgers from a naturally in‐
fected population. Epidemiology and Infection, 111, 9–19. https​://doi.
org/10.1017/S0950​26880​0056624

Corner, L. A. L., Murphy, D., & Gormley, E. (2011). Mycobacterium bovis 
infection in the Eurasian badger (Meles meles): The disease, patho‐
genesis, epidemiology and control. Journal of Comparative Pathology, 
144, 1–24. https​://doi.org/10.1016/j.jcpa.2010.10.003

Courtenay, O., Reilly, L. A., Sweeney, F. P., Hibberd, V., Bryan, S., Ul‐
Hassan, A., … Wellington, E. M. (2006). Is Mycobacterium bovis in the 
environment important for the persistence of bovine tuberculosis? 
Biology Letters, 2, 460–462.

DAERA (2017). Bovine Tuberculosis in Northern Ireland 2016 Annual 
Report. Northern Ireland: Belfast.

DEFRA (2016). Humaneness of controlled shooting. London.

https://doi.org/10.5061/dryad.mj58cj6
https://orcid.org/0000-0002-5660-1257
https://orcid.org/0000-0002-5660-1257
https://doi.org/10.3389/fvets.2018.00109
https://doi.org/10.3389/fvets.2018.00109
https://doi.org/10.1016/0007-1935(89)90075-4
https://doi.org/10.1016/0007-1935(89)90075-4
https://doi.org/10.1186/1746-6148-8-51
https://doi.org/10.1186/1746-6148-8-51
https://doi.org/10.1371/journal.ppat.1003008
https://doi.org/10.1371/journal.ppat.1003008
https://doi.org/10.1371/journal.pone.0005016
https://doi.org/10.1371/journal.pone.0005016
https://doi.org/10.1016/j.tree.2008.10.008
https://doi.org/10.1016/j.tree.2008.10.008
https://doi.org/10.1016/j.prevetmed.2015.10.013
https://doi.org/10.1016/j.prevetmed.2015.10.013
https://doi.org/10.1186/s13567-014-0109-4
https://doi.org/10.1186/s13567-014-0109-4
https://doi.org/10.7717/peerj.5827
https://doi.org/10.1017/S0950268800056624
https://doi.org/10.1017/S0950268800056624
https://doi.org/10.1016/j.jcpa.2010.10.003


8488  |     CAMPBELL et al.

Denny, G. O., & Wilesmith, J. W. (1999). Bovine tuberculosis in Northern 
Ireland: A case‐control strudy of herd risk factors. The Veterinary 
Record, 144, 305–310.

Dohoo, I., Martin, W., & Stryhn, H. (2003). Veterinary epidemiological re‐
search. Prince Edward Island, Canada: AVC.

Donnelly, C. A., Woodroffe, R., Cox, D. R., Bourne, F. J., Cheeseman, C. 
L., Clifton‐Hadley, R. S., … Morrison, W. I. (2006). Positive and neg‐
ative effects of widespread badger culling on tuberculosis in cattle. 
Nature, 439, 843–846. https​://doi.org/10.1038/natur​e04454

Drewe, J. A., O'connor, H. M., Weber, N., McDONALD, R. A., & Delahay, 
R. J. (2013). Patterns of direct and indirect contact between cattle 
and badgers naturally infected with tuberculosis. Epidemiology and 
Infection, 141, 1467–1475. https​://doi.org/10.1017/S0950​26881​
3000691

Fine, A. E., Bolin, C. A., Gardiner, J. C., & Kaneene, J. B. (2011). A Study 
of the Persistence of Mycobacterium bovis in the Environment under 
Natural Weather Conditions in Michigan, USA. Veterinary Medicine 
International, 2011, 765430.

Fitzgerald, S. D., & Kaneene, J. B. (2013). Wildlife reservoirs of bovine 
tuberculosis worldwide: Hosts, pathology, surveillance, and control. 
Veterinary Pathology, 50, 488–499. https​://doi.org/10.1177/03009​
85812​467472

Gallagher, J., & Horwill, D. M. (1977). A selective oleic acid albumin agar 
medium for the cultivation of Mycobacterium bovis. The Journal 
of Hygiene, 79, 155–160. https​://doi.org/10.1017/S0022​17240​
0052943

Garnett, B. T., Delahay, R. J., & Roper, T. J. (2002). Use of cattle farm 
resources by badgers (Meles meles) and risk of bovine tuberculosis 
(Mycobacterium bovis) transmission to cattle. Proceedings of the Royal 
Society B‐Biological Sciences, 269, 1487–1491.

Garnett, B. T., Roper, T. J., & Delahay, R. J. (2003). Use of cattle 
troughs by badgers (Meles meles) a potential route for the trans‐
mission of bovine tuberculosis (Mycobacterium bovis) to cattle. 
Applied Animal Behaviour Science, 80, 1–8. https​://doi.org/10.1016/
S0168-1591(02)00204-6

Ghodbane, R., Medie, F. M., Lepidi, H., Nappez, C., & Drancourt, M. 
(2014). Long‐term survival of tuberculosis complex mycobacte‐
ria in soil. Microbiology, 160, 496–501. https​://doi.org/10.1099/
mic.0.073379-0

Gordejo, F. J., & Vermeersch, J. P. (2006). Towards eradication of bovine 
tuberculosis in the European Union. Veterinary Microbiology, 112, 
101–109. https​://doi.org/10.1016/j.vetmic.2005.11.034

Griffin, J. M., Martin, S. W., Thorburn, M. A., Eves, J. A., & Hammond, 
R. F. (1996). A case‐control study on the association of selected risk 
factors with the occurrence of bovine tuberculosis in the Republic 
of Ireland. Preventive Veterinary Medicine, 27, 75–87. https​://doi.
org/10.1016/0167-5877(95)00548-X

Griffin, J. M., More, S. J., Clegg, T. A., Collins, J. D., O’Boyle, I., Williams, 
D. H., … Lavin, D. P. (2005). Tuberculosis in cattle: The results of the 
four‐area project. Irish Veterinary Journal, 58, 629–636. https​://doi.
org/10.1186/2046-0481-58-11-629

Haydon, D. T., Cleaveland, S., Taylor, L. H., & Laurenson, M. K. (2002). 
Identifying reservoirs of infection: A conceptual and practical chal‐
lenge. Emerging Infectious Diseases. 8, 1468‐1473.

Hutchings, M. R., & Harris, S. (1997). Effects of farm management prac‐
tices on cattle grazing behaviour and the potential for transmission 
of bovine tuberculosis from badgers to cattle. The Veterinary Journal, 
153, 149–162. https​://doi.org/10.1016/S1090-0233(97)80035-4

Hutchings, M. R., Service, K. M., Harris, S. (2002). Is population density 
correlated with faecal and urine scent marking in European bad‐
gers (Meles meles) in the UK? Mammalian Biology ‐ Zeitschrift Für 
Säugetierkd., 67, 286–293.

Judge, J., McDonald, R. A., Walker, N., & Delahay, R. J. (2011). 
Effectiveness of biosecurity measures in preventing badger visits to 

farm buildings. PLoS ONE, 6, e28941. https​://doi.org/10.1371/journ​
al.pone.0028941

Krebs, J. R., Anderson, R. M., Clutton‐Brock, T., Morrison, W. I., Young, 
D., & Donnely, C. (1997). Bovine tuberculosis in cattle and badgers: 
report to the Rt. Hon. Dr. Jack Cunningham MP by Indep. Sci. Rev. Gr. 
London

Lederman, Z. (2016). One health and culling as a public health measure. 
Public Health Ethics, 9, 5–23. https​://doi.org/10.1093/phe/phw002

Macdonald, D. W., Buesching, C. D., Stopka, P., Henderson, J., Ellwood, 
S. A., & Baker, S. E. (2004). Encounters between two sympatric carni‐
vores: Red foxes (Vulpes vulpes) and European badgers (Meles meles). 
Journal of Zoology, 263, 385–392. https​://doi.org/10.1017/S0952​
83690​4005400

Martin, S., Eves, J., Dolan, L., Hammond, R., Griffin, J., Collins, J., & 
Shoukri, M. M. (1997). The association between the bovine tuber‐
culosis status of herds in the East Offaly Project Area, and the dis‐
tance to badger setts, 1988–1993. Preventive Veterinary Medicine, 31, 
113–125. https​://doi.org/10.1016/S0167-5877(96)01111-7

Mathews, F., Lovett, L., Rushton, S., & Macdonald, D. (2006). Bovine tu‐
berculosis in cattle: Reduced risk on wildlife‐friendly farms. Biology 
Letters, 2, 271–274. https​://doi.org/10.1098/rsbl.2006.0461

Menzies, F. D., Abernethy, D. A., Stringer, L. A., & Jordan, C. (2011). A 
comparison of badger activity in two areas of high and low bovine 
tuberculosis incidence of Northern Ireland. Veterinary Microbiology, 
151, 112–119. https​://doi.org/10.1016/j.vetmic.2011.02.033

Menzies, F. D., & Neill, S. D. (2000). Cattle‐to‐cattle transmission of bo‐
vine tuberculosis. The Veterinary Journal, 160, 92–106. https​://doi.
org/10.1016/S1090-0233(00)90482-9

More, S. J., & Good, M. (2006). The tuberculosis eradication programme 
in Ireland: A review of scientific and policy advances since 1988. 
Veterinary Microbiology. Elsevier, 112, 239–251.

Morris, R. S., & Pfeiffer, D. U. (1995). Directions and issues in bovine tu‐
berculosis epidemiology and control in New Zealand. New Zealand 
Veterinary Journal, 43, 256–265. https​://doi.org/10.1080/00480​
169./1995.35904​

Mullen, E. M., MacWhite, T., Maher, P. K., Kelly, D. J., Marples, N. M., 
& Good, M. (2013). Foraging Eurasian badgers Meles meles and the 
presence of cattle in pastures. Do badgers avoid cattle? Applied 
Animal Behaviour Science, 144, 130–137. https​://doi.org/10.1016/j.
appla​nim.2013.01.013

Mullen, E. M., MacWhite, T., Maher, P. K., Kelly, D. J., Marples, N. M., 
& Good, M. (2015). The avoidance of farmyards by European bad‐
gers Meles meles in a medium density population. Applied Animal 
Behaviour Science, 171, 170–176. https​://doi.org/10.1016/j.appla​
nim.2015.08.021

Murphy, D., Gormley, E., Costello, E., O’Meara, D., & Corner, L. A. L. 
(2010). The prevalence and distribution of Mycobacterium bovis 
infection in European badgers (Meles meles) as determined by en‐
hanced post mortem examination and bacteriological culture. 
Research in Veterinary Science, 88, 1–5. https​://doi.org/10.1016/j.
rvsc.2009.05.020

Neill, S., Hanna, J., O’Brien, J., & McCracken, R. (1988). Excretion of 
Mycobacterium bovis by experimentally infected cattle. The Veterinary 
Record, 123, 340–343. https​://doi.org/10.1136/vr.123.13.340

O’Brien, D. J., Schmitt, S. M., Fierke, J. S., Hogle, S. A., Winterstein, S. R., 
Cooley, T. M., … Kaneene, J. B. (2002). Epidemiology of Mycobacterium 
bovis in free‐ranging white‐tailed deer, Michigan, USA, 1995–2000. 
Preventive Veterinary Medicine, 54, 47–63. https​://doi.org/10.1016/
S0167-5877(02)00010-7

O’Hagan, M. J. H., Matthews, D. I., Laird, C., & McDowell, S. W. J. (2016). 
Herd‐level risk factors for bovine tuberculosis and adoption of re‐
lated biosecurity measures in Northern Ireland: A case‐control 
study. The Veterinary Journal, 213, 26–32. https​://doi.org/10.1016/j.
tvjl.2016.03.021

https://doi.org/10.1038/nature04454
https://doi.org/10.1017/S0950268813000691
https://doi.org/10.1017/S0950268813000691
https://doi.org/10.1177/0300985812467472
https://doi.org/10.1177/0300985812467472
https://doi.org/10.1017/S0022172400052943
https://doi.org/10.1017/S0022172400052943
https://doi.org/10.1016/S0168-1591(02)00204-6
https://doi.org/10.1016/S0168-1591(02)00204-6
https://doi.org/10.1099/mic.0.073379-0
https://doi.org/10.1099/mic.0.073379-0
https://doi.org/10.1016/j.vetmic.2005.11.034
https://doi.org/10.1016/0167-5877(95)00548-X
https://doi.org/10.1016/0167-5877(95)00548-X
https://doi.org/10.1186/2046-0481-58-11-629
https://doi.org/10.1186/2046-0481-58-11-629
https://doi.org/10.1016/S1090-0233(97)80035-4
https://doi.org/10.1371/journal.pone.0028941
https://doi.org/10.1371/journal.pone.0028941
https://doi.org/10.1093/phe/phw002
https://doi.org/10.1017/S0952836904005400
https://doi.org/10.1017/S0952836904005400
https://doi.org/10.1016/S0167-5877(96)01111-7
https://doi.org/10.1098/rsbl.2006.0461
https://doi.org/10.1016/j.vetmic.2011.02.033
https://doi.org/10.1016/S1090-0233(00)90482-9
https://doi.org/10.1016/S1090-0233(00)90482-9
https://doi.org/10.1080/00480169./1995.35904
https://doi.org/10.1080/00480169./1995.35904
https://doi.org/10.1016/j.applanim.2013.01.013
https://doi.org/10.1016/j.applanim.2013.01.013
https://doi.org/10.1016/j.applanim.2015.08.021
https://doi.org/10.1016/j.applanim.2015.08.021
https://doi.org/10.1016/j.rvsc.2009.05.020
https://doi.org/10.1016/j.rvsc.2009.05.020
https://doi.org/10.1136/vr.123.13.340
https://doi.org/10.1016/S0167-5877(02)00010-7
https://doi.org/10.1016/S0167-5877(02)00010-7
https://doi.org/10.1016/j.tvjl.2016.03.021
https://doi.org/10.1016/j.tvjl.2016.03.021


     |  8489CAMPBELL et al.

O’Mahony, D. T. (2014a). Badger‐Cattle Interactions in the Rural 
Environment: Implications for Bovine Tuberculosis Transmission. Report 
for Northern Ireland, Belfast, Northern Ireland.

O’Mahony, D. T. (2014b). Use of water troughs by badgers and cattle. 
The Veterinary Journal, 202, 628–629. https​://doi.org/10.1016/j.
tvjl.2014.10.016

O’Mahony, D. T. (2015). Multi‐species visit rates to farmyards: 
Implications for biosecurity. The Veterinary Journal, 203, 126–128. 
https​://doi.org/10.1016/j.tvjl.2014.10.011

Payne, A., Chappa, S., Hars, J., Dufour, B., & Gilot‐Fromont, E. (2015). 
Wildlife visits to farm facilities assessed by camera traps in a bovine 
tuberculosis‐infected area in France. European Journal of Wildlife 
Research, 62, 33–42. https​://doi.org/10.1007/s10344-015-0970-0

R Core Team. (2017). R: A language and environment for statistical comput‐
ing. Vienna, Austria: R Foundation for Statistical Computing. https​://
www.R-proje​ct.org/

Reid, N., Etherington, T. R., Wilson, G., McDonald, R. A., & Montgomery, 
W. I. (2008). Badger Survey of Northern Ireland 2007/08. Report 
prepared by Quercus and Central Science Laboratory for the 
Department of Agriculture & Rural Development (DARD). Northern 
Ireland, UK.

Reid, N., Etherington, T. R., Wilson, G. J., Montgomery, W. I., & McDonald, 
R. A. (2011). Monitoring and population estimation of the European 
badger Meles meles in Northern Ireland. Wildlife Biol., 18, 46–57.

Robinson, P. A. (2017). Farmers and bovine tuberculosis: Contextualising 
statutory disease control within everyday farming lives. Journal 
of Rural Studies, 55, 168–180. https​://doi.org/10.1016/j.jrurs​
tud.2017.08.009

Silk, M. J., Drewe, J. A., Delahay, R. J., Weber, N., Steward, L. C., Wilson-
Aggarwal, J., … McDonald R. A. (2018). Quantifying direct and in‐
direct contacts for the potential transmission of infection between 
species using a multilayer contact network. Behaviour, 155, 731–757.

Sleeman, D. P., Davenport, J., & Fitzgerald, A. (2008). Incidence of visits 
by badgers to farmyards in Ireland in winter. The Veterinary Record, 
163, 724. https​://doi.org/10.1136/vr.163.24.724

Swann, D. E., Kawanishi, K., & Palmer, J. (2011). Evaluating Types 
and Features of Camera Traps in Ecological Studies: A Guide for 
Researchers. Camera Traps in Animal Ecology (pp. 27–43). Tokyo: 
Springer Japan.

Sweeney, F. P., Courtenay, O., Hibberd, V., Hewinson, R. G., Reilly, L. A., 
Gaze, W. H., & Wellington, E. M. (2007). Environmental monitoring of 
Mycobacterium bovis in badger feces and badger sett soil by real‐time 
PCR, as confirmed by immunofluorescence, immunocapture, and cul‐
tivation. Applied and Environment Microbiology, 73, 7471–7473. https​
://doi.org/10.1128/AEM.00978-07

Tolhurst, B. A., Delahay, R. J., Walker, N. J., Ward, A. I., & Roper, T. J. 
(2009). Behaviour of badgers (Meles meles) in farm buildings: 
Opportunities for the transmission of Mycobacterium bovis to cat‐
tle? Applied Animal Behaviour Science, 117, 103–113. https​://doi.
org/10.1016/j.appla​nim.2008.10.009

Trewby, I. D., Wilson, G. J., Delahay, R. J., Walker, N., Young, R., Davison, 
J., … McDonald, R. A. (2008). Experimental evidence of competitive 

release in sympatric carnivores. Biology Letters, 4, 170–172. https​://
doi.org/10.1098/rsbl.2007.0516

Vial, F., Johnston, W. T., & Donnelly, C. A. (2011). Local Cattle and bad‐
ger populations affect the risk of confirmed tuberculosis in British 
cattle herds. PLoS ONE, 6, e18058. https​://doi.org/10.1371/journ​
al.pone.0018058

Ward, A. I., Judge, J., & Delahay, R. J. (2010). Farm husbandry and badger 
behaviour: Opportunities to manage badger to cattle transmission of 
Mycobacterium bovis? Preventive Veterinary Medicine, 93, 2–10. https​:// 
doi.org/10.1016/j.preve​tmed.2009.09.014

White, P. C. L., Brown, J. A., & Harris, S. (1993). Badgers (Meles meles), 
cattle and bovine tuberculosis (Mycobacterium bovis): A hypothesis 
to explain the influence of habitat on the risk of disease transmission 
in southwest England. Proceedings of the Royal Society B: Biological 
Sciences, 253, 277–284.

Woodroffe, R., Donnelly, C. A., Ham, C., Jackson, S. Y. B., Moyes, K., 
Chapman, K., … Cartwright, S. J. (2016). Badgers prefer cattle pasture 
but avoid cattle: Implications for bovine tuberculosis control. Ecology 
Letters, 19, 1201–1208. https​://doi.org/10.1111/ele.12654​

Woodroffe, R., Donnelly, C. A., Ham, C., Jackson, S. Y. B., Moyes, K., 
Chapman, K., … Cartwright, S. J. (2017). Use of farm buildings by wild 
badgers: Implications for the transmission of bovine tuberculosis. 
European Journal of Wildlife Research, 63,6. https​://doi.org/10.1007/
s10344-016-1065-2

Woodroffe, R., Donnelly, C. A., Johnston, W. T., Bourne, F. J., Cheeseman, 
C. L., Clifton‐hadley, R. S., … Morrison, W. I. (2005). Spatial as‐
sociation of Mycobacterium bovis infection in cattle and badgers 
Meles meles. Journal of Applied Ecology, 42, 852–862. https​://doi.
org/10.1111/j.1365-2664.2005.01081.x

Woodroffe, R., Donnelly, C. A., Wei, G., Cox, D. R., Bourne, F. J., Burke, T., 
… Pope, L. C. (2009). Social group size affects Mycobacterium bovis in‐
fection in European badgers (Meles meles). Journal of Animal Ecology, 
78, 818–827.

Wright, D. M., Reid, N., Ian Montgomery, W., Allen, A. R., Skuce, R. A., 
& Kao, R. R. (2015). Herd‐level bovine tuberculosis risk factors: 
Assessing the role of low‐level badger population disturbance. 
Scientific Reports, 5, 13062.

Young, J. S., Gormley, E., Wellington, E. M. H., Elizabeth, M. H., & 
Wellington, E. M. H. (2005). Molecular detection of Mycobacterium 
bovis and Mycobacterium bovis BCG (Pasteur) in soil. Applied and 
Environment Microbiology, 71, 1946–1952. https​://doi.org/10.1128/
AEM.71.4.1946-1952.2005

How to cite this article: Campbell EL, Byrne AW, Menzies 
FD, et al. Interspecific visitation of cattle and badgers to 
fomites: A transmission risk for bovine tuberculosis? Ecol Evol. 
2019;9:8479–8489. https​://doi.org/10.1002/ece3.5282

https://doi.org/10.1016/j.tvjl.2014.10.016
https://doi.org/10.1016/j.tvjl.2014.10.016
https://doi.org/10.1016/j.tvjl.2014.10.011
https://doi.org/10.1007/s10344-015-0970-0
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1016/j.jrurstud.2017.08.009
https://doi.org/10.1016/j.jrurstud.2017.08.009
https://doi.org/10.1136/vr.163.24.724
https://doi.org/10.1128/AEM.00978-07
https://doi.org/10.1128/AEM.00978-07
https://doi.org/10.1016/j.applanim.2008.10.009
https://doi.org/10.1016/j.applanim.2008.10.009
https://doi.org/10.1098/rsbl.2007.0516
https://doi.org/10.1098/rsbl.2007.0516
https://doi.org/10.1371/journal.pone.0018058
https://doi.org/10.1371/journal.pone.0018058
https://doi.org/10.1016/j.prevetmed.2009.09.014
https://doi.org/10.1016/j.prevetmed.2009.09.014
https://doi.org/10.1111/ele.12654
https://doi.org/10.1007/s10344-016-1065-2
https://doi.org/10.1007/s10344-016-1065-2
https://doi.org/10.1111/j.1365-2664.2005.01081.x
https://doi.org/10.1111/j.1365-2664.2005.01081.x
https://doi.org/10.1128/AEM.71.4.1946-1952.2005
https://doi.org/10.1128/AEM.71.4.1946-1952.2005
https://doi.org/10.1002/ece3.5282

