
Animal 18 (2024) 101105
Contents lists available at ScienceDirect

Animal

The international journal of animal biosciences
Contribution of herd management, biosecurity, and environmental
factors to the risk of bovine tuberculosis in a historically low prevalence
region
https://doi.org/10.1016/j.animal.2024.101105
1751-7311/� 2024 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author.
E-mail address: pilar.pozo@uclm.es (P. Pozo).

1 Equal contribution.
P. Pozo a,1,⇑, J. Isla b,1, A. Asiain c, D. Navarro d, C. Gortázar a

aGrupo SaBio. Instituto de Investigación en Recursos Cinegéticos, IREC. CSIC-UCLM, 13071 Ciudad Real, Spain
b Sabiotec. Edificio Polivalente UCLM, local 1.22, UCLM, 13005 Ciudad Real, Spain
c Sección de Sanidad Animal. Departamento de Desarrollo Rural y Medio Ambiente. Gobierno de Navarra, 31002 Pamplona, Spain
dNegociado de Epizootiología-Servicio de Ganadería. Departamento de Desarrollo Rural y Medio Ambiente. Gobierno de Navarra, 31002 Pamplona, Spain

a r t i c l e i n f o a b s t r a c t
Article history:
Received 11 October 2023
Revised 30 January 2024
Accepted 1 February 2024
Available online 8 February 2024

Keywords:
Cattle
Dairy
Epidemiology
Sheep
Wildlife
Eradication of bovine tuberculosis (bTB) in certain historically low-prevalence regions remains elusive. A
complete characterisation of the husbandry practices, biosecurity, and environment where farms are
located is crucial to implement targeted in-farm risk mitigation protocols. Here, a detailed survey per-
formed in 94 dairy cattle farms located in Navarra, a low-prevalence region of Spain between 2016
and 2020 was carried out. Data on 73 biosecurity, farm-, and environmental-level factors potentially
associated with the risk of bTB occurrence were evaluated using an ordinal logistic regression model:
farms were classified based on their prevalence index, a score linked to each farm to account for the
severity and recurrence of bTB cases: 22.3% of the farms had a score of 1, 21.3% a score of 2, 26.6% a score
of � 3, and 29.8% were negative herds. A statistically significant association between a higher prevalence
index and the frequency of badger sightings along with the lease of pastures to sheep during Winter was
identified. Farms that detected badgers on a monthly to daily basis in the surroundings and those that
leased pastures for sheep flocks during Winter were four [odds ratio, 95% CI (4.3; 1.1–17.5)] and three
(3.1; 1.0–9.9) times more likely to have the highest prevalence index, respectively (predicted probabil-
ityprevalence index�3 = 0.7; 95% CI 0.3–0.9). Conversely, farms that used a vehicle to transport animals from
holdings to pastures were less likely (0.1; <0.1–0.3) to present higher levels of prevalence index com-
pared with farms that used none (on foot). Results suggested that the combined effect of farm- and
environmental-level risk factors identified here may be hampering disease eradication in Navarra, high-
lighting the need to implement targeted protocols on farms and grazing plots. An increased awareness of
monitoring sheep and wildlife in direct or indirect contact with cattle herds in historically low bTB preva-
lence areas should be raised.
� 2024 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Implications

Not much is known about the mechanisms that impair the com-
plete eradication of bovine tuberculosis in dairy cattle from the
north of Spain, where disease prevalence has remained historically
low. Identifying potential farm and environmental sources of the
disease at the hunting-extensive livestock-wildlife interface is crit-
ical to inform farmers, stakeholders, and policymakers to imple-
ment on-farm mitigation protocols. Using an extensive survey
that included data on > 70 specific risk points to the highest detail
from dairy farms, we suggest that certain biosecurity and hus-
bandry practices, which may facilitate intra- and inter-species con-
tact, were associated with the occurrence of bovine tuberculosis.
Introduction

Animal tuberculosis (TB) is caused by several Mycobacterium
species that belong to the Mycobacterium tuberculosis Complex
(MTC). It is a multihost infection with a complex epidemiology
(Martinez-Guijosa et al., 2020; Santos et al., 2022), where the envi-
ronment plays a relevant role (Santos et al., 2015; Barasona et al.,
2017). Furthermore, infection diagnosis in vivo remains challeng-
ing due to the limited (and variable) sensitivity of currently avail-
able tests, the disease stage of the infected animal, the effect of
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concurrent infections such as paratuberculosis caused by Mycobac-
terium avium paratuberculosis or the exposure to non-pathogenic
mycobacteria, which can interfere with its diagnosis (Alvarez
et al., 2009; Queiros et al., 2012; Broughan et al., 2016; Byrne
et al., 2019; Bezos et al., 2023).

The prevalence of bovine TB (bTB) in Spain is unevenly dis-
tributed depending on the region and the type of production. Herd
prevalence is much higher in the southwest and in extensive beef
production systems (Martinez-Lopez et al., 2014; Bezos et al.,
2023). These settings have received attention regarding the inter-
action and transmission between wildlife, mostly Eurasian wild
boar (Sus scrofa) and red deer (Cervus elaphus), and livestock
(LaHue et al., 2016; Barasona et al., 2017; Triguero-Ocana et al.,
2019). In comparison with Southwestern Spain, fewer studies have
focused on bTB epidemiology in Northern Spain (Munoz-Mendoza
et al., 2013; Pérez de Val et al., 2017) and specifically in relation to
dairy cattle (Allepuz et al., 2011). On the British Isles, European
badgers (Meles meles) can maintain MTC infection and eventually
compromise cattle bTB control in dairy farming systems with pas-
ture access or where badgers can enter farm buildings and contam-
inate cattle feed (Godfray et al., 2013; Broughan et al., 2016;
Robertson et al., 2019). In Northern Spain, badgers do also con-
tribute to the MTC maintenance community (Balseiro et al.,
2013; Acevedo et al., 2019). Both in high-prevalence and low-
prevalence regions, small ruminants and free-range pigs can
locally contribute to MTC maintenance (Muñoz-Mendoza et al.,
2016; Bezos et al., 2023).

Herd size, herd bTB history and local prevalence, cattle pur-
chases, and the presence of infected hosts other than cattle are
known risk factors for bTB in dairy cattle (Griffin et al., 1993;
Skuce et al., 2012; Godfray et al., 2013; Broughan et al., 2016).
Intensive production systems may be associated with higher rates
of direct contact within cattle, which favours intra-herd transmis-
sion of pathogens (Johnston et al., 2011; Alvarez et al., 2012). In
addition, the presence of stressors such as milking can decrease
the immune status of the animal (Griffin et al., 1993). However,
intensive systems allow biosecurity measures to be taken more
effectively. In that sense, some studies claim that outbreaks in
dairy herds are more easily controlled (Alvarez et al., 2012),
although they are also associated with a shorter time interval
between outbreaks (Doyle et al., 2014).

In this study, we visited 94 dairy farms in the region of Navarra,
Northern Spain, to perform on-farm bTB risk assessments
(Martínez-Guijosa et al., 2021). Despite the low bTB prevalence
levels during the last decades (0.5% in 2002 and 0.2% in 2021),
the region has so far been unable to reach the officially tuberculosis
free status (OTF) and is still considered a low prevalence area [<1%
(Anon, 2023b)]. Our aim was to reveal the bTB risk factors associ-
ated with dairy farming in a historically low prevalence region.
Material and methods

Study population and data sources

The study was performed in the region of Navarra (centroid
coordinates, UTM wgs84: 592425, 4743194), located in the north
of Spain (Fig. 1) between the Pyrenees Mountain chain and the
Ebro River valley. Navarra is characterised by a marked altitudinal
gradient and a wide variety of climates and ecosystems. The Atlan-
tic climate predominates in the north, with numerous rivers and
tributaries, whereas the Mediterranean climate defines the orogra-
phy in the south. Navarra holds 3.4% out of the total Spanish milk
quota, with 253 993 tonnes in 2022 (Anon, 2022). There are 2 089
cattle herds (and > 120 000 animals) in Navara, of which 6.2%
(n = 129) are dairy herds (Anon, 2023a). The Spanish bTB eradica-
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tion program in Navarra is based on test and slaughter surveillance
and live animal annual testing using the single intradermal test
(SIT) in all herds plus the interferon-gamma (IFN-g) assay as a
complementary test in infected herds to maximise the diagnostic
sensitivity (Anon, 2023b). Positive animals should be culled and
subjected to postmortem inspection. Farms confirmed as infected
are then subjected to follow-up tests using the SIT and IFN-g tests
within the following 2–6 months until they recover the OTF status.

Here, a questionnaire survey was designed to collect detailed
information on farm characteristics, farm management practices,
and environmental factors in 94 (73% of the total dairy herds and
4.5% of the total number of herds in Navarra) farms with the high-
est census of dairy cattle in Navarra (see Results). These farms were
selected by the Regional Veterinary Authorities as part of a biose-
curity program to develop specific on-farm assessment of risks that
would subsequently materialise in the form of a detailed report for
each farm with the proposed mitigation actions. Farmers were pro-
vided with a final report of the findings regarding the critical risk
points identified in the farm, recommendations, and proposals to
improve biosecurity (data not shown). None of the farmers from
the high-census farms from Navarra refused to take part in the
study. We designed the questionnaire survey using an adapted
protocol originally designed for beef cattle (Martínez-Guijosa
et al., 2021) and visited the farms to complete the information col-
lected by the survey between October and November 2020, as the
validity of the questionnaire was not evaluated here. This on-fam
evaluation and field reconnaissance aimed to verify farmer percep-
tions consisted of potential risk point characterisation (i.e., fencing,
feeders, and watering points status, signs of wildlife) and risk scor-
ing. Specifically, this survey collected data on several risk factors
related to cattle (herd size, cattle purchases), farm management,
hygiene, and biosecurity (water points, manure management, out-
door fencing), contact with other domestic species (i.e., presence of
other livestock and domestic species inside the farm or in sur-
roundings) and with the fauna and habitat (i.e., footprints, drop-
pings, and frequency of sightings of red deer, roe deer, wild boar,
and badger) as well as hunting-related factors (i.e., hunting area,
density, hunting intensity, % of hunting harvest, etc.). The question-
naire included open (i.e., pasture area, number of cattle) and
closed-ended questions based on two/multiple-choice (i.e., contact
with other species), and rating scale (i.e., frequency of wildlife
sightings categorized into 0 = never, 1 = sporadically, and >1 =
monthly to daily) questions. Complete information on the risk fac-
tors evaluated in this study and the scientific information support-
ing the questionnaire is accessible in Supplementary Table S1. Data
on bTB status (number of bTB positive/negative animals to the SIT
test and lesioned/confirmed through bacteriological culture ani-
mals) of the analysed herds between 2016 and 2020 were
extracted from the Spanish Bovine Tuberculosis Eradication Pro-
gram provided by the Local Animal Health Service.

The outcome variable was defined as ‘prevalence index’, which
was calculated out of the percentage of reactor animals to SIT in
relation to the total number of animals tested per farm per year.
Subsequently, this percentage was transformed into a value
between 0 and 3, defined as ‘SIT score’, that was assigned to each
farm each year (0%SIT-reactors = 0; 0–1% SIT-reactors = 1; 1–2% SIT-

reactors = 2; >2% SIT-reactors = 3). The prevalence index of each farm
represented the sum of the SIT score obtained each year, cate-
gorised into four categories (0 to � 3), and indicative of the degree
of bTB persistence, recurrence, and diffusion within the farm
throughout the 5-year span.

Statistical analysis

Quantitative predictors were described through measures of
central tendency [mean, median, and interquartile range (IQR)],



Fig. 1. Distribution of dairy cattle farms located in Navarra, Spain. Colours denote bovine tuberculosis (bTB) prevalence index (see Material and Methods).

P. Pozo, J. Isla, A. Asiain et al. Animal 18 (2024) 101105
while categorical independent variables were presented using
absolute and relative frequency distribution. The association
between each categorical variable and the outcome variable preva-
lence index was assessed using the Chi-square test, and the Fisher’s
exact test if there were few observations in the frequencies of the
evaluated categorical variables (Supplementary Table S1). The rela-
tionship between quantitative predictors and the prevalence index
was tested with the Kruskal-Wallis test followed by posthoc tests
using Bonferroni corrections for multiple comparisons. Clustering
of wildlife reservoir detection in the evaluated farms was assessed
using the Bernoulli model of the spatial scan statistic, implemented
using the SaTScan software (Kulldorff, 1997).

Finally, the effect of the explanatory variables on the ordinal
form of the prevalence index was evaluated using an ordinal logis-
tic regression model. Statistically significant variables at the level
of 0.25 (univariable analyses) were used as covariates for stepwise
regression. The likelihood ratio test was used to estimate the over-
all statistical significance of the models (Dohoo et al., 2003).
Results were presented through odds ratio (OR) and 95% confi-
dence interval (95% CI), while the Brant test was used to check
the proportional odds assumption (Brant, 1990). Multicollinearity
between the variables was tested using Cramer’s V. The Lipsitz test
was used to check the goodness of fit of the final model (Lipsitz
et al., 1996). Finally, the predicted probabilities of each category
of the prevalence index for the predictors included in the multi-
variable ordinal logistic regression model were calculated. The sta-
tistical analyses were performed using R software (R Core Team,
2023).
Results

Out of the 94 evaluated herds, 66 (70%) herds had at least one
positive animal to the SIT test and were thus considered as bTB-
positive herds, while 28 (30%) were negative over the study period.
The mean number of animals tested to SIT per farm (after averag-
3

ing data collected in each farm over the 5-year period) was 208
animals (IQR = 141–370), whereas the mean percentage of reactors
per farm per year ranged between 0.1% (max = 1.4) in 2020 and
1.1% in 2018 (max = 17, Fig. S1 A). Farms had an overall median
SIT score (that is, the % of SIT reactors transformed into a 0–3
value) of 0 (IQR = 0–0, max = 3) during the study period, with a
peak of 1 (IQR = 0–2, max = 3) in 2018 (Fig. S1 B). Out of the 66
bTB-positive farms, 36 farms (55%) tested positive (at least one
reactor to SIT) for one year, 25 (38%) farms were positive for two
years, whereas 5 (8%) farms were bTB-positive for at least three
years (Table 1). Regarding the prevalence index, 21 (22%) herds
had a score of 1, 20 (21%) a score of 2, 25 (27%) a score of � 3,
whereas the remaining 28 (30%) negative herds obtained a score
of 0 (Table 1). Eighty percent (n = 20/25) of the farms with a preva-
lence index � 3 were bTB positive for two or more years. The dis-
tribution of farms based on their prevalence index was very
heterogeneous across the region of Navarra (Fig. 1).

Farms had a median herd size of 225 animals (IQR = 140–370).
Most (n = 58/94) farms used pastures, and around one-third
(27/94) leased pastures to sheep flocks during Winter (Table 2,
Supplementary Table S1). Out of them, 38% (n = 22/58) and 52%
(n = 14/27) had prevalence indexes � 3, respectively. The disease
was confirmed through bacteriological culture and/or lesioned ani-
mals were detected in 14% (n = 9/66) of the positive farms. In fact,
there was a statistically significant association between bTB confir-
mation and owning sheep as four out of the nine bTB confirmed
farms reported sheep in the holding (OR = 4.8, 95% CI = 1.1–25.8,
P < 0.05, Fisher’s test). Furthermore, results of the univariable mod-
els revealed that, for farms that confirmed bTB through bacteriol-
ogy and/or detected lesioned animals, the odds of a higher
prevalence index was 15 times that of farms that did not confirmed
the disease (OR = 15.2, 95% CI = 3.5–106, Supplementary Table S1).

A statistically significant association between contact with
other farming species in the farm and a higher prevalence index
was observed, as for farms that reported contact with other farm-
ing species, the odds of scoring a higher prevalence index (�3, 2, or



Table 1
Prevalence index of the 94 dairy cattle farms included in the study and number of years that resulted in bovine tuberculosis (bTB) positive during 2016–2020.

Prevalence index

bTB Years
positive

0 1 2 �3 Total (%)

Negative 0 28 0 0 0 28 (29.8)
Positive 1 0 21 10 5 36 (38.3)

�2 0 0 10 20 30 (31.9)

Total (%) 28 (29.8) 21 (22.3) 20 (21.3) 25 (26.6) 94 (100.0)

Table 2
Results of the final multivariable ordinal logistic model performed on 94 dairy cattle farms.

Prevalence index 95%
Confidence
interval

Variable Level 0 1 2 �3 Total % OR 2.5% 97.5% P-valuea P-valueb

Multivariable

Leasing pastures for sheep flocks during Winter No 25 15 16 11 67 71.3 NA NA NA NA 0.05
Yes 3 6 4 14 27 28.7 3.09 1.02 9.99 0.05

Use of pastures No 17 9 7 3 36 38.3 NA NA NA NA 0.34
Yes 11 12 13 22 58 61.7 1.99 0.48 8.47 0.34

Frequency of badger sightings 0 (never) 21 10 9 6 46 48.9 NA NA NA NA 0.03
1 (sporadically) 6 9 8 13 36 38.3 3.03 1.12 8.51 0.03
>1 (monthly to daily) 1 2 3 6 12 12.8 4.34 1.13 17.48 0.03

Solid fencing around farmyard No 15 15 16 22 68 72.3 NA NA NA NA 0.06
Yes 13 6 4 3 26 27.7 0.42 0.16 1.04 0.06

Movement to pastures On foot 4 3 7 18 32 34.0 NA NA NA NA 0.001
None 17 9 9 4 39 41.5 0.57 0.12 2.74 0.48
Transport 1 2 2 1 6 6.4 0.49 0.08 2.89 0.42
Vehicle 6 7 2 2 17 18.1 0.09 0.02 0.31 0.001

0 | 1 Intercept 0.43 NA NA 0.33
1 | 2 Intercept 1.56 NA NA 0.61
2 | �3 Intercept 6.09 NA NA 0.04

Abbreviations: OR = odds ratio; NA = not applicable.
a Wald’s test.
b Likelihood ratio test.
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1 versus prevalence index of 0) was 3.7 times (OR = 3.7, 95%
CI = 1.8–8) that of farms that reported no contact with other farm-
ing species. However, this effect was not observed when wildlife
sightings other than badger (ORmonthly to daily = 6.8; 95% CI = 2.1–
24) and wild boar (OR presence of wild boar 2.1; 95% CI = 1.0–4.5) were
evaluated (i.e., red deer, roe deer, and red fox, Supplementary
Table S1). A statistically significant high-risk cluster of badger
detection was observed in farms located in the north of Navarra,
which included 32% (n = 30) of the evaluated farms (Fig. S2).

Regarding the risk factors related to farm biosecurity, only the
variables solid fencing around farmyard (OR = 0.3; 95% CI = 0.1–0
.6), and door closed (OR = 0.3; 95% CI = 0.1–0.7) were found to
be related to the outcome variable. Farms with a prevalence index
� 3 detected and hunted a statistically significant (P < 0.05,
Kruskal-Wallis test with Bonferroni corrections) higher number
of wild boars and roe deers than negative (prevalence index = 0)
farms. For every one unit increase in wild boar and roe deer sight-
ings and/or hunting, the odds of scoring a higher prevalence index
was multiplied 1.01–1.03 times (i.e., increased between 1 and 3%,
Supplementary Table S1).

Overall, out of the 73 evaluated covariates, a set of 12 variables
were statistically significant in the univariable models and thus
selected for stepwise regression procedure in the multivariable
model (Supplementary Table S1). The final model included the fre-
quency of badger sightings, the use of pastures by sheep during
Winter, the use of pastures by the herd, the type of movement to
pastures, and the presence of solid fencing around the farmyard,
based on lower Akaike information criterion (AIC). Results of the
multivariable model revealed a statistically significant association
between the frequency of badger sightings, the lease of pastures
4

for sheep flocks during Winter and a higher prevalence index,
whereas farms that used a vehicle to transport animals from hold-
ings to pastures were less likely to present higher levels of preva-
lence index (Table 2, Fig. S3 and S4). The distribution of the overall
prevalence index and its associations with these covariates are pre-
sented in Table 2. Specifically, for farms that leased pastures to
sheep during winter and those that detected the presence of bad-
gers at least monthly over the study period, the odds of having a
higher prevalence index (i.e., prevalence index � 3, 2, or 1 versus
prevalence index of 0) was 3.1 (95% CI = 1.0–9.9) and 4.3 (95%
CI = 1.1–17.5) times that of farms that did not lease pastures to
sheep during winter and those that did not detect badgers, respec-
tively. The predicted probability of being in the highest category of
the prevalence index (� 3) was 0.69 (95% CI 0.27–0.93) in farms
that detected badgers in a monthly to daily basis, leased pastures
for sheep flocks during Winter and moved animals to pastures on
foot, with the remaining covariates held constant (i.e., use of pas-
tures and solid fencing around farmyard, Fig. 2). Assumption of
no multicollinearity was met as the independent variables were
weakly correlated. The assumption of proportional odds was found
satisfactory for the 5 risk factors included in the final model, while
the overall proportionality assumption was not violated (P = 0.99).
The Lipsitz likelihood-ratio test showed no statistically significant
lack of fit (P = 0.19).
Discussion

Multiple studies have provided knowledge for quantifying the
relative role of the potential factors on bTB occurrence in Spain



Fig. 2. Predicted probabilities of each category of the prevalence index for the predictors included in the multivariable ordinal logistic regression model.
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(Guta et al., 2014; Martinez-Lopez et al., 2014; LaHue et al., 2016),
but, to the best of our knowledge, none of them have been specif-
ically assessed in dairy cattle, and none have evaluated the com-
bined role of husbandry practices, biosecurity, wildlife sightings
and hunting related factors on the risk of a herd having a more
problematic bTB history. Here, we demonstrated that factors
related to the ecosystems where the herds were located, the man-
agement practices and the direct and/or indirect contact with other
domestic and wild reservoirs are responsible for the history of bTB
severity in dairy herds in Navarra.

Bovine TB prevalence in Navarra has been historically low (<
1%). However, disease eradication remains elusive. In this context,
we classified herds based on their prevalence index, a score that
accounts for the number of SIT reactors disclosed per farm per year
in order to adjust for the burden, intensity and recurrence of bTB in
farms during the study period. Here, 66 (70%) farms were identi-
fied as bTB positive (at least one positive animal was disclosed in
the SIT test). However, bTB was only confirmed through bacterio-
logical culture in 9 of the 66 (14%) farms. This could be due to
the limited period of time elapsed to detect early-stage infections
and/or false positive reactions, as the priority in terms of perfor-
mance of the SIT test in the region was to maximise Se (i.e., the
likelihood of detecting bTB infected animals). Interestingly, the
non-granulomatous lesions submission rate in Navarra in 2020,
which evaluates the performance of slaughterhouse surveillance,
was higher than the baseline target (0.46 vs 0.10 � 1 000 animals)
established by the Spanish Ministry of Agriculture, Fisheries and
Food, which suggest that sensitivity of abattoir surveillance in
the region is adequate (Anon, 2020). More than a quarter (27%,
n = 25) of the evaluated farms had a prevalence index� 3 (and thus
had at least one SIT reactor for one or more years), suggesting in
fact that in spite of the overall low percentage of SIT reactors and
the low SIT score (Fig. S1), the epidemiology of bTB in these prob-
lematic farms was different compared with the rest of the evalu-
ated dairy farms. Despite the definition of the outcome variable
may be seen as arbitrary, our aim here was to identify the risk fac-
tors that trigger the revision/suspension of the OTF status based on
bTB positivity to the SIT test in the frame of the Spanish eradication
program. Our results suggest that despite the low rate of bTB con-
5

firmation in the studied farms, the disease is controlled but its
eradication does not occur due to the continuous re-entry of the
pathogen as around half of the bTB-positive farms (46%,
n = 30/66) tested positive for two or more years.

The presence of solid fencing in the farms was found to be a
protective factor associated with the prevalence index in the uni-
variable model. However, when other variables were considered
in the multivariable model, the possibility that the observed effect
on the prevalence index was due to chance could not be com-
pletely ruled out based on a 0.05 threshold for statistical signifi-
cance (OR = 0.4, 95% CI = 0.2–1.0, P = 0.06). The absence of
evidence of a statistically significant effect may be related to the
low power due to the small sample size of herds with solid fencing
with a prevalence index � 2 (Table 2). Several studies demon-
strated that the lack of perimeter fence is considered a risk factor
for disease transmission in cattle and other species (Vercauteren
et al., 2007; Dion et al., 2011; Mysterud and Rolandsen, 2019).
Livestock fences can be effective with regard to controlling live-
stock movements but do not avoid nose-to-nose contact between
cattle and may be permeable to wild ungulates and carnivores
(O’Hagan et al., 2016). Thus, the use of solid perimeter fencing does
not rule out the risk of direct and/or indirect MTC transmission
(Barasona et al., 2013). In fact, out of the 26 herds with solid
perimeter fencing around the farmyard, 42% (n = 11) declared
the detection of badgers over the study period.

A statistically significant association between badger detection
and the bTB prevalence index was observed, as farms that detected
badgers at least sporadically were 3 times more likely to be scored
with a higher prevalence index as compared with farms that did
not report any badger holding all other variables constant (95%
CI = 1.1–8.5). In fact, the predicted probabilities of being in the
highest category of the prevalence index (�3) increased by a range
of 80–102% as the frequency of badger detection increased (i.e.,
0.34 when no badgers were detected vs 0.61 and 0.69 in a sporadic
and a monthly to daily detection, respectively, Fig. 2) in farms that
leased pastures for sheep during Winter. As a result, farms with a
higher frequency of badger sightings were likely to be more vul-
nerable to bTB. This is not surprising, as badger abundance has
increased in Northern Spain in the last decades. A previous study
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conducted in Navarra estimated a mean density of 0.9 badgers/km2

(Martinez-Guijosa et al., 2020), but it can reach values of up to 3.8
adults/km2 in other areas in the north of Spain where similar
molecular profiles were shared between cattle and badger
(Balseiro et al., 2013; Acevedo et al., 2014). Recent studies sug-
gested that the bovine-badger infection pathway may be bidirec-
tional (Blanco Vázquez et al., 2021). However, ours is the first
study performed in the north of Spain that provides estimates of
the contribution of badgers to bTB in dairy herds, as prior research
was restricted to evidence of epidemiological links between bad-
gers, wild boar, and cattle. Similar results though were obtained
in a study conducted in Northern Ireland, where farms that
reported the observation of live badgers had 2.5 (95% CI = 1.1–
5.5) times higher risk to develop bTB breakdowns compared with
farms without recent breakdown (O’Hagan et al., 2016). With the
results obtained, the importance of taking the badger into account
in Northern Spain when carrying out biosecurity protocols can be
confirmed (Balseiro et al., 2013). The results obtained for wild boar
and red deer indicate a lower importance of these species in
Navarra compared to other regions such as Southwestern Spain
(Naranjo et al., 2008). Red deer are present only in 20% of Navarra,
and there are no records of MTC infection in red deer in this region.
Wild boars are widespread and abundant, but their MTC infection
prevalence is low as compared to Southern Spain, where the preva-
lence can be as high as 77% (Barroso et al., 2020; Martinez-Guijosa
et al., 2020). In a study performed in the Basque Country, the
region adjacent to Navarra, 17% of hunted wild boars showed anti-
bodies against MTC (Varela-Castro et al., 2020), while 8.8% of the
wild boars hunted during 2015–2016 were confirmed by culture
in Navarra (Martinez-Guijosa et al., 2020). Our results agree with
those obtained by other authors, who indicated a less relevant epi-
demiological role of these species in Northern Spain (Gortazar
et al., 2017). However, the potential role of wild boar in bTB main-
tenance in Navarra should not be neglected. In this way, the epi-
demiology of bTB in the north of the Iberian Peninsula may be
more similar to the situation in Great Britain and the Republic of
Ireland with the badger as the most important wild species (Vial
et al., 2011; Byrne et al., 2015). Additionally, a high-risk cluster
of herds that reported badger presence was detected in the north
of Navarra (Fig. S2), the area where most of the grazing-based
herds were located.

The cattle management system in Navarra is highly influenced
by a marked seasonal variation in climate conditions, tempera-
tures, and rainfall. Grazing-based farming systems are common,
with herds being more likely to be in contact with other cattle,
sheep and/or wildlife offering potential chances of disease trans-
mission (Campbell et al., 2020). Here, out of the 58 grazing-based
herds, 81% (n = 47) were bTB positive at least once during the study
period, and around half of them (47%, n = 22) had a prevalence
index � 3, suggesting that grazing may be linked to bTB mainte-
nance (Table 2). Additionally, the nature of transport from farms
to pasture areas was associated with a higher prevalence index.
Herds which used owned vehicles to transport animals to pastures
had lower odds of an increased bTB severity compared to those
that used none (on foot). The movement of cattle on foot is linked
to a higher possibility of contact with cattle from other herds and
other animal species (direct contacts) or access to shared water
points (indirect contacts) during the journey. In fact, out of the
farms that move cattle on foot, 94% reported contact with other
cattle (n = 30/32), 72% detected badgers in the surroundings
(n = 23/32), and 69% reported wild boar sightings (n = 22/32).
These results suggest that movement to pastures on foot may be
a proxy for bTB transmission between domestic and/or wildlife
reservoir, which concurs with other studies conducted in Northern
(Martinez-Guijosa et al., 2020) and Northwestern (Gortazar et al.,
2017) Spain.
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In this line, our study also suggested that herds with character-
istics related to the presence of, or potential (in)direct contact with,
other farming species in general, and with sheep in particular, pre-
sented a higher risk of increased prevalence index. Direct (own
sheep) or indirect (sheep grazing during Winter) contact with
sheep was associated with the outcome in the univariable analy-
ses, but the final model suggested a stronger effect of the latter.
In fact, around half of the farms that confirmed bTB owned sheep
and reported leasing pastures for sheep flocks. Sheep were previ-
ously identified as a bTB risk for beef and dairy cattle in Northwest-
ern Spain (Muñoz-Mendoza et al., 2016) and for beef cattle in
Navarra (Martinez-Guijosa et al., 2020). In this study, we further
confirmed the importance of sheep in dairy herds as well.

Statistically significant association between variables related to
the purchase of animals (i.e., in-degree, the % of external replace-
ment, the number of animals purchased from France) and the
prevalence index became inconclusive in the univariable analyses.
Although animal purchase has been recurrently identified as a rel-
evant factor in the introduction of infectious diseases, and specifi-
cally of bTB (Milne et al., 2019; Pozo et al., 2019; Ciaravino et al.,
2021), its relationship with the prevalence index could not be eval-
uated (lack of convergence of the in-degree model) or could not be
demonstrated (OR% of external replacement = 1.1, 95% CI = 0.9–1.1,
P = 0.12; OR number of animals purchased from France = 1.0, 95% CI = 0.9–
1.0, P = 0.11, Supplementary Table S1). This may be due to differ-
ences in the study population and/or the origin of the purchased
animals.

Results suggested that the combined effect of farm- and
environmental-level risk factors identified here may be hampering
disease eradication in the region, which mainly hinted re-infection
from sources outside the farm (wildlife, sheep, and other cattle
herds). However, within-herd bTB transmission cannot be ruled
out. The use of whole genome sequencing of strains circulating
in the region (including those recovered from the bTB-confirmed
farms) may be highly informative to evaluate potential epidemio-
logical links between hosts and decipher the sources of (re-)
infection, but it was not performed here as it was beyond the scope
of this study.

Findings obtained here should be interpreted with caution, as
associations shown here may not reflect causation (Bello and
Renter, 2018). Conversely, statistically non-significant results do
not imply a lack of associationwith the prevalence index, but rather
these results may be compatible with alternative hypotheses
(Greenland et al., 2016). One of the weaknesses of our research
was the selection of herds: a non-probabilistic convenience sam-
pling strategy was applied so that only dairy farms with the highest
cattle census in Navarra, which were considered more prone to
remain active for longer periods of time than smaller farms thus
allowing the application of measures, were included. These farms
were part of a biosecurity research project aimed at evaluating risks
for livestock-wildlife interaction and disease transmission to subse-
quently develop On-farm Risk Mitigation Protocols. Although our
selection could lead to some selection bias, potentially leading to
inflated overall effect sizes and/or inaccurate estimates, we believe
the subset of evaluated farms acted as a proxy of the dairy produc-
tion system in Navarra: all large farms accepted to take part in the
study, which represented �73% of the total number of dairy farms
in Navarra. The validity of the questionnaire provided to the farmer
was not evaluated, and thus, potential error variance and noise in
data may have been introduced into the analyses. Nevertheless,
the information evaluated here included data gathered by authors
through on-farm evaluations and field reconnaissance to corrobo-
rate and verify farmer perceptions (Elangovan and Sundaravel,
2021). Moreover, the wide 95% confidence intervals obtained in
the final model (i.e., OR Frequency of badger sightings 1 (sporadically) = 3,
95% CI = 1.1–8.5 and OR Leasing pastures for sheep flocks = 3.1,
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95% CI = 1–9.9) suggested an inherent uncertainty in our estimates,
and thus further studies with an increased sample size are needed
to support our inferences. Although significance tests and 95% con-
fidence intervals do not by themselves provide evidences about the
presence or absence of an effect, epidemiological features (and the
direction of the effects) at the wildlife-livestock interface identified
here agree with those obtained in other studies performed in the
north of Spain in general (Muñoz-Mendoza et al., 2016), and in
Navarra in particular (Martinez-Guijosa et al., 2020).

Disease control and eradication often face challenges related to
the farmers’ reticent attitudes towards the success of the surveil-
lance program, especially in historically low prevalence regions
as Navarra. In this context, the use of questionnaire surveys in data
collection provides an integrative disease management at the
hunting-extensive livestock-wildlife interface in which the contri-
bution of the farmer’s perspective is integrated. Our findings high-
lighted the need to implement and improve targeted biosecurity
measures and protocols on farm and grazing plots [i.e., shorter
testing intervals in farms with high prevalence index, wildlife pop-
ulation control actions such as active removal, impermeable/selec-
tive physical barriers (Boadella et al., 2012; Barasona et al., 2013)],
together with an increased awareness of monitoring sheep in
direct or indirect contact with cattle herds. Control efforts should
also be focused on a better understanding of farmers’ motivations
through social science research and biosafety communication
(Martínez-Guijosa et al., 2021; Preite et al., 2023). In this sense,
the characterisation of farms based on the burden of reactors along
a 5 year-span, even at very low prevalences, provides valuable
information to develop On-farm Risk Mitigation Protocols to
implement targeted measures in dairy herds located in Navarra.
Additionally, farm characterisation using the risk scoring system
developed here may be adaptable to dairy herds located in similar
epidemiological scenarios where bTB remains historically at low
prevalence, which is highly demanded in order to reduce the costs
associated to bTB-related problems.
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