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Abstract
Despite enormous efforts, complete animal tuberculosis (TB) eradication has only been achieved in few regions. Epidemio-
logical analyses are key to identify TB risk factors and set up targeted biosecurity measures. Here, we conducted an in-depth 
characterization of 84 extensive beef cattle farms from a high TB prevalence region in Western Spain, and assessed how farm 
management and wildlife presence on farms contribute to cattle TB risk. Twenty-six out of 84 variables were associated with 
cattle farm TB positivity. Farm management variables associated with TB positivity included older cattle, larger herd size, 
highly fragmented farm structure and greater connectivity between farms. TB-positive farms provided supplemental feed 
over a higher number of months, used calf feeders, and had higher number of waterholes. Detecting Eurasian wild boar (Sus 
scrofa), red fox (Vulpes vulpes), European badger (Meles meles), roe deer (Capreolus capreolus), or Egyptian mongoose 
(Herpestes ichneumon) on cattle farms was also associated with farm TB positivity. The best ordinal regression model indi-
cated that in farms with a large herd size (> 167 animals) the odds of being positive or recurrently positive (versus negative) 
was 7.34 (95% CI = 2.43–23.51) times higher that of farms with small herd size. Further, for every additional host species 
detected in the farm premises, the odds of being TB-positive increased 56%. We conclude that both cattle management and 
wildlife need to be targeted for successful TB control in grazing-based farming systems.

Resumen
A pesar de los enormes esfuerzos, la erradicación completa de la tuberculosis (TB) animal solo se ha logrado en algunas regiones. 
Los estudios epidemiológicos son fundamentales para identificar factores de riesgo de TB y establecer medidas de bioseguridad 
específicas. Aquí, realizamos una caracterización exhaustiva de 84 explotaciones de ganado bovino extensivo en una provincia 
occidental de España con alta prevalencia de TB bovina, y evaluamos cómo el manejo del ganado y la presencia de fauna silvestre 
contribuían al riesgo de esta enfermedad. De las 84 variables estudiadas, 26 mostraron asociación con la positividad a TB bovina. 
Entre las variables de manejo destacaron: ganado de mayor edad, rebaños de mayor tamaño, explotaciones altamente fragmentadas 
y mayor conectividad entre ganaderías. Asimismo, las explotaciones positivas a TB prolongaban la alimentación suplementaria, 
utilizaban cebaderos para terneros y tenían un mayor número de charcas. La detección de jabalí (Sus scrofa), zorro (Vulpes vulpes), 
tejón (Meles meles), corzo (Capreolus capreolus) o meloncillo (Herpestes ichneumon) en las ganaderías también se asoció con 
la positividad a TB. El mejor modelo de regresión ordinal mostró que en explotaciones con un tamaño de rebaño grande (> 167 
animales) las probabilidades de ser positivo o recurrentemente positivo (frente a negativo) eran 7,34 (95 % IC = 2,43–23,51) veces 
superiores, a las de las explotaciones con un tamaño de rebaño pequeño. Además, por cada especie hospedadora susceptible detectada 
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adicionalmente, la probabilidad de que la ganadería fuese positiva a TB aumentaba un 56 %. Concluimos que tanto el manejo del 
ganado como la interacción con fauna silvestre deben ser considerados para un control exitoso de la TB en explotaciones con siste-
mas de pastoreo extensivo.

Keywords  Bovine tuberculosis · Farm biosecurity · Host diversity · Risk factors · Wildlife-livestock interface

Introduction
Animal tuberculosis (TB) is a chronic disease caused 
by Mycobacterium tuberculosis complex (MTC) bacte-
ria, mainly M. bovis and M. caprae (World Organisation 
for Animal Health 2019). This zoonotic disease has a 
great impact on the economy, society, and public health 
of affected countries, involving domestic and wild ani-
mals (Barberis et al. 2017). Despite enormous efforts and 
costs, complete TB eradication has only been achieved in 
few regions such as Australia, a country with irrelevant 
MTC non-bovine hosts (Cousins and Roberts 2001). In 
2022, the overall TB prevalence of the European Union 
(EU) cattle herds was 0.61% and 50% of the Member 
States still reported bovine TB (EFSA and ECDC 2023).

Four main features of MTC epidemiology hamper TB 
control: the limited accuracy of diagnostic tests (Schiller 
et al. 2010; Thomas et al. 2021); the ability of MTC to sur-
vive in the environment (Courtenay et al. 2006; Allen et al. 
2021); its capacity to be transmitted indirectly through water 
and feed (Palmer et al. 2004; Barasona et al. 2017); and 
the ability to infect multiple host species, which results in 
multi-host systems that help maintaining MTC circulation 
(Barasona et al. 2019; Santos et al. 2020, 2022).

In Spain, TB is still present with an overall 1.40% 
cattle herd prevalence in 2022 (PNETB 2024). High 
TB prevalence in wildlife is also observed, particularly 
in Mediterranean habitats, with estimated infection 
prevalence reaching up to 50% in Eurasian wild boar 
(Sus scrofa) and 10% in red deer (Cervus elaphus) in 
some areas of south-central Spain (Vicente et al. 2013), 
although prevalence is lower towards the north of the 
Iberian Peninsula (Gortázar et al. 2017). Implementation 
of the National Bovine Tuberculosis Eradication Program 
(Programa Nacional de Erradicacion de Tuberculosis 
Bovina 2024) has reduced cattle herd prevalence in the 
last decades. However, “hotspots” remain where MTC 
infection has become endemic and persists in multi-
host communities (Gortázar et al. 2008; Acevedo et al. 
2019; EFSA and ECDC 2023). A large proportion of 
TB-positive cattle herds are in areas where wild hosts 
are abundant and where grazing-based farming systems 
predominate (Aranaz et al. 2004; Alvarez et al. 2014).

The Castilla y León autonomous community holds the 
largest Spanish cattle population (1,454,385 heads in 2022, 
23% of the total; MAPA 2023) and is classified as a high 
TB prevalence region, with an estimated herd prevalence 

of 2.07% in 2022 (PNETB 2024). A cross-sectional survey 
revealed that the main driver of TB in cattle is their manage-
ment [grazing-based farming; communal pastures (Gortázar 
et al. 2017)]. The study additionally revealed a multi-host 
maintenance host community and specifically a significant 
role played by the wild boar.

Several studies have successfully identified TB risks 
derived from farm management practices, wildlife-livestock 
interactions, and social aspects, among others (Reilly and 
Courtenay 2007; Cowie et al. 2014b; Broughan et al. 2016; 
Marsot et al. 2016; Ciaravino et al. 2021; Milne et al. 2022; 
Pozo et al. 2024). These epidemiological analyses are key to 
identify TB risk factors and set up targeted biosecurity meas-
ures such as segregating wildlife and cattle at risk points 
(Barasona et  al. 2013) or implementing comprehensive 
on-farm risk mitigation protocols (Martínez-Guijosa et al. 
2021a). Here, we conducted an in-depth characterization of 
84 extensive beef cattle farms located in Salamanca, a high 
TB prevalence province [4.47% in 2022, (MAPA 2022a)] 
in Western Spain. We assessed how farm management vari-
ables (e.g., cattle movements, feeding and watering, wildlife 
presence on farms, etc.) contribute to cattle TB risk. Based 
on previous findings, we hypothesized that food and water 
distribution would be of importance (Cowie et al. 2014a) 
and that farms with a richer community of susceptible host 
species would face a stronger challenge regarding cattle TB 
control (Barasona et al. 2019).

Material and methods

Study area and data sources

The study area was located in Salamanca Province (41°45’ 
N; 4°46’ W), Castilla y León (Western Spain), along the 
border with Portugal. According to Regional Veterinary 
Authorities, TB prevalence in this region was of 4.47% in 
2022, reaching 25% in 2021 in some municipalities. A total 
of 14 municipalities were studied, all of them declared as 
“special TB incidence” areas in 2022 (BOCYL 2023). The 
region is characterized by dry pasture landscapes, dotted 
with evergreen oak trees (Quercus spp.) and bushy under-
growth, that create a fragmented Mediterranean woodland 
habitat called “dehesa” in Spain and “montado” in Portu-
gal. These dry systems are marked by an annual humid-
ity deficit, combined with a pronounced summer drought 
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lasting from three to five months. Grazing-based, mixed 
livestock production systems are common in this area 
and wild ungulates and carnivores are abundant, thereby 
offering opportunities for inter-species transmission of TB 
between cattle, non-bovine domestic species, and wildlife 
(Crispell et al. 2019; Santos et al. 2020).

With the consent of the farmers, a total of 84 extensive 
beef cattle farms (Fig. 1) were visited between June and 
December 2021. Data regarding health and management 
information concerning each farm, namely administrative 
data, census, farm location, and cattle and farm TB status 
for the period 2016–2021 was provided by the Regional 
Veterinary Authorities (see Online Resource 1, Table S1). 
Additional data on farm characteristics, number of incom-
ing cattle movements (i.e., contacts between farms), 
number of farms from which animals were received (in-
degree), number of animals received per farm and TB sta-
tus of other farms, was collected through the Integrated 
Animal Traceability Information System (SITRAN) 
(MAPA 2022b).

Further information relative to livestock management, 
type of fencing and number of pasture-plots (hereafter 
“plots”), feed supplementation, watering sites, hunting situ-
ation and wildlife sightings was gathered through a question-
naire (Online Resource 2) and through systematic inspec-
tions for wildlife presence indicators during farm visits. The 
amount of time invested in collecting this information was 
around 1 h per farm for the interview and 2 h for the wild-
life presence indicators. Detailed information about both the 
questionnaire and the field inspection is provided below.

Questionnaire

The questionnaire was run by the Official Veterinary Ser-
vices and consisted of approximately 80 open-ended and 
closed questions (see Online Resource 2). Livestock man-
agement questions concerned animals (i.e., domestic spe-
cies present in the farm, breed, cattle replacement, culling 
age), habitat configuration (i.e., number of plots in which 
the land was divided,% of dehesa surface, type of pasture 
management), feed supplementation (i.e., type of supple-
mentary feed, months in which they administrated feed, 
storage place) and water availability (i.e., source of water, 
water troughs used, distribution of waterholes (geological 
depressions with water in them, normally fed by rainwater)). 
Wildlife-related questions were regarding wildlife sightings 
(i.e., direct sightings observed in the farm, periodicity of 
sightings) and hunting activity (i.e., presence of hunting 
grounds, hunting exploitation, use of hunting fencing).

Wildlife presence indicators

Watering sites, including both water troughs and waterholes, 
were mapped and the main waterholes used by cattle (gener-
ally one per plot) were inspected. We searched for signs of 
wildlife presence such as tracks, rootings, droppings, or hairs 
along the shore of each main waterhole (Online Resource 
1, Figure S1).

We also recorded wildlife signs along a randomly chosen 
line of 1500 m (generally 500 m per plot) per farm. This 
consisted of 15 linear transects of 100 m length and 1 m 

Fig. 1   Study area. White and 
black dots, and red stars indicate 
the location of TB-negative, 
TB-positive, and recurrently 
TB-positive farms, respectively
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width. Each transect was in turn divided into 10 sectors of 
10 m. Sign frequency for abundance estimates was defined 
as the average number of 10 m sectors with signs of a given 
wildlife species [e.g., wild boar droppings, tracks, and root-
ings, or European badger (Meles meles) tracks or latrines 
(Online Resource 1, Figure S1)]. Sign frequencies were used 
to calculate the frequency-based indirect index of abundance 
(FBII). To calculate the spatial aggregation index of wild 
boar, the sign-frequency data was transformed according to 
the runs test (Acevedo et al. 2007). Only presence/absence 
was recorded for less abundant wildlife.

Statistical analyses

Initial data exploration was performed to check for variable 
parametric assumptions and transformation needs. Here, the 
outcome variable was the ordinal form of each farm TB sta-
tus based on the number of years the farm was TB-positive 
(negative = TB0, positive for one year = TB1, and positive 
for ≥ 2 years or recurrently positive = TB2). The evaluated 
potential risk factors were grouped into four different cat-
egories: farm management (n = 23), feed supplementation 
(n = 17), watering sites (n = 11), and wildlife presence vari-
ables (n = 33) (Online Resource 3). Continuous variables 
were categorized into terciles or quartiles (e.g., herd size: 
small (1 – 83), medium (84 – 167) and large (> 167); in-
degree: 0 – 3, 2 – 4, 5 – 7, > 7) to facilitate interpretation. 
Non-parametric tests for non-normally distributed explana-
tory variables were run to compare TB-positive, recurrently 
positive, and negative farms. Specifically, Fisher’s tests 
and Chi-squared tests were used for categorical predictors, 
whereas the Kruskal-Wallis test followed by post-hoc tests 
with Bonferroni corrections for multiple comparisons was 
applied to continuous data. Furthermore, to check for linear 
relationships between explanatory variables, Spearman’s 
rank correlation tests were used.

The effect of each potential risk factor on the ordinal form 
of the TB status was then tested in an univariable ordinal 
logistic regression model. Risk factors that had a liberal 
p value < 0.20 in the univariable model were then consid-
ered for inclusion in a multivariable model. The likelihood 
ratio test was applied to estimate the overall statistical sig-
nificance of the univariable models (Dohoo et al. 2003). To 
avoid multicollinearity between potential covariables, those 
who presented a variance inflation factor (VIF) > 5 were 
orderly excluded from the model (Belsley et al. 2005). The 
proportional odds assumption was checked using the Brant 
test (Brant 1990). The final selected risk factors, along with 
two-way biologically plausible interactions, were then tested 
in a multivariable ordinal logistic model using a backward 
selection procedure based on corrected Akaike’s informa-
tion criterion (AICc) scores (Akaike 1974). Once the best 
model was selected, predictive capacity, normality, and the 

absence of residual patterns in data variation were checked 
(Barbosa et al. 2013; Robin et al. 2011). The predicted prob-
abilities of each category of the TB status for the covari-
ables included in the model were computed. Additionally, 
we evaluated how the predicted probabilities of membership 
to each category of TB status changed as the number of 
hosts species was varied. Finally, the goodness of fit of the 
final model was checked using the Lipsitz test (Lipsitz et al. 
1996). Results in the model were expressed as odds ratios 
(ORs) and 95% confidence intervals (CIs).

Multiple comparisons, network analyses, graphics and 
model fitting were conducted using MASS (Venables and 
Ripley 2002), lsr (Navarro 2015), brant (Schlegel and 
Steenbergen 2022), and ggplot2 (Wickham 2011) packages. 
All statistical analyses were conducted using the computing 
software R, version 4.0.4 (R Core Team 2021).

Results

Based on the information retrieved from the TB eradication 
program during the six year period (2016–2021), 26/84 were 
negative farms [31%, TB0, (Online Resource 1, Table S1)], 
28/84 were positive farms [33.3%, TB1, (minimum one 
positive animal diagnosed in the official testing scheme)], 
whereas 30 were recurrently positive farms [35.7%, TB2, 
(tested positive for at least two years)]. Information on 
the evaluated outcome and risk factors can be accessed in 
Online Resource 3.

Statistically significant differences in TB status were 
found to occur for 8 out of 23 of the farm management 
variables analyzed (Online Resource 3). The presence 
of older cattle (bulls older than 24 months; higher cull-
ing age), as well as larger farms with larger herd sizes, 
higher number of plots, and larger surfaces, stood out in 
TB-positive status farms. TB1 and TB2 farms had statis-
tically significant increased herd size (median TB1 = 133, 
IQR = 81–237, and median TB2 = 196, IQR = 125–269, 
respectively) than TB0 farms (median = 70, IQR = 47–128, 
p < 0.001, Kruskal Wallis test with Bonferroni correc-
tions). TB1 and TB2 farms used larger land surfaces 
(median TB1 = 166.0 hectares, IQR = 102–275, and median 
TB2 = 210.0, IQR = 170.0 – 317.2, respectively), and pre-
sented an overall higher fragmented farm structure (farms 
were divided in a median TB1 = 4 plots, IQR = 3–6.3, and 
median TB2 = 5.5 plots, IQR = 4–8, respectively), compared 
to TB0 farms (median = 101 hectares, IQR = 55.5–156 and 
median of 3 plots, IQR = 2–4.8, p < 0.001, and p = 0.015 
Kruskal Wallis test with Bonferroni corrections, respec-
tively). Around a quarter of farms (22.6%, n = 19) held two 
additional domestic species other than cattle (goat, sheep, 
and pig), which were not linked to TB status (p = 0.874, 
Chi-square test).
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Farm surface and number of plots were positively corre-
lated (rs = 0.63; p < 0.001). No statistically significant differ-
ences regarding the number of properties per farm (distinct 
land holdings each farmer owns), the use of fencing around 
farmyard, the percentage of dehesa and leased pastures, sea-
sonal Iberian pig pasturing (“montanera”), the number of 
breeds, the number of sheep and pigs, or the number of epide-
miological links with other farms were found. However, TB1 
and TB2 farms were connected to a statistically significant 
higher in-degree (median TB1 = 5, IQR = 4–8, and median 
TB2 = 6, IQR = 2–9, respectively) than TB0 farms [median = 4, 
IQR = 2–4, p = 0.007, Kruskal Wallis test with Bonferroni cor-
rections, (Online Resource 1, Figure S2)]. The relationship 
between other variables related to the purchase of animals (i.e., 
the type of animal restocking, the number of incoming move-
ments and animals) and the farm TB status were inconclusive 
because these models did not converge.

Regarding the feed supplementation variables, a 
greater proportion of TB-positive status farms pro-
vided supplemental feed over a higher number of months 
(median = 12  months), used straw bundles (59.6%, 
n = 34/57), and provided feeders to calves both indoor (86%, 
n = 49/57) and outdoor (94.7%, n = 54/57, Online Resource 
3). However, the use of other types of supplemented food, 
the place of storage, the number of feed types given on the 
ground, and the use of the ground as feed supplementation 
placement (82/84 farms used the ground to place -part of- 
the feed) did not differ between TB0, TB1 and TB2 farms.

TB1 and TB2 farms had higher number of waterholes 
(median TB1 = 6.0 waterholes/farm, IQR = 4–8.8, and median 
TB2 = 6.0, IQR = 5–10, respectively), compared to TB0 
farms (median = 3.0 waterholes/farm, IQR = 2–5; p = 0.002, 
Kruskal-Wallis test with Bonferroni corrections, Online 
Resource 3). During the farm visits, 265/545 waterholes 
(48.6%) were inspected. Waterholes had a median perimeter 
of 253 m (IQR = 128–397) in TB2 farms, significantly larger 
compared to TB0 farms (median = 138, IQR = 98–186, 
p = 0.002, Kruskal-Wallis test with Bonferroni corrections). 
Also, the number of plots with waterholes was correlated 
with the number of waterholes (rs = 0.873; p < 0.001). Addi-
tionally, the variables referring to troughs were related to the 
farm TB status, although no difference in the frequency of 
use of the latter (continuously or only during dry seasons) 
was observed. Unlike the variables referring to stagnant 
water (p < 0.05), we recorded no significant differences in 
variables related to running water such as rivers or streams.

All farms detected at least three wild mammal species 
regarded as potential MTC hosts in their surroundings 
(median = 5 different species, IQR = 4–6), which were sig-
nificantly linked to the farm TB positive statuses (p < 0.001, 
Kruskal-Wallis test, Online Resource 3). Specifically, detec-
tion of wild boar, red fox (Vulpes vulpes), badger, roe deer 

(Capreolus capreolus), or Egyptian mongoose (Herpestes 
ichneumon) on cattle farms was significantly related with 
TB1 and TB2 farms (Fig. 2), although no difference was 
observed in red deer detection among different TB sta-
tuses farms. The median size of the largest recorded wild 
boar group detected in TB2 farms was 9.5 (IQR = 2–15) 
and was significantly larger than groups detected in TB0 
farms (2.5 IQR = 1–7), but not in TB1 farms (median = 6.5, 
IQR = 2–14, p = 0.034, Kruskal-Wallis test with Bonferroni 
corrections). Larger wild boar group sizes correlated with 
wild boar detection (rs = 0.57; p < 0.001).

Regarding wild boar aggregation indexes, twenty-four 
farms resulted not significant to the runs test, meaning the 
sequence was not random and there was aggregation. From 
these, 5/24 (20.8%) belonged to TB0 farms, 10/24 (41.2%) to 
TB1 farms, and 9/24 (37.5%) to TB2 farms. Differences were 
not statistically significant among mean wild boar aggregation 
and FBII abundance indexes, nor were among the mean badger 
FBII abundance indexes (p < 0.05, Kruskal-Wallis test, Fig. 3). 
No significant differences were observed in the remaining 
wildlife-related variables (Online Resource 3).

Results of the univariable ordinal logistic regression 
analyses revealed that 22/84 variables related to farm man-
agement practices, feed supplementation, watering sites, and 
wildlife presence were significantly associated with cattle 
farm TB status (Online Resource 3). After checking for cor-
related variables and VIF exclusion, 37/84 variables were 
selected for stepwise regression procedure in the multivari-
able model (liberal p < 0.2). Based on lower AICc, the final 
model included farm herd size and the number of suitable 
MTC host species detected in the farm or its surroundings. 
Results of the multivariable model revealed a significant 
positive association between these variables and being in 

Fig. 2   Frequency of detection of the different wild Mycobacterium 
tuberculosis complex susceptible host species in tuberculosis (TB)-
negative (TB0), TB-positive (TB1), and recurrently TB-positive 
(TB2) farms
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the higher categories of TB status (TB1 or TB2, Table 1). 
For farms with a large herd size (i.e., > 167 animals), the 
odds of being TB1 or TB2 (versus TB0) was 7.34 (95% 
CI = 2.43–23.51) times higher that of farms with small herd 
size (1–83 animals). Further, for every additional detected 
host in the farm or its surroundings, the odds of being in 
the higher categories of the TB status increased 56%. The 
predicted probability of being a TB2 farm increased lin-
early in a range of 0.37–0.84 with increasing number of 
hosts detected in large farms (Fig. 4). Additionally, farms 
that detected a smaller number of hosts in the farm or its 
surroundings tended to have high predicted probabilities of 
being TB0 and these progressively decreased as the number 
of hosts increased, while the opposite was observed with 
TB2 farms (Fig. 5).

The assumption of proportional odds was checked for 
the two variables included in the multivariable model and 
was not violated (p > 0.05), while the assumption of no 

multicollinearity was met. There were no significant inter-
action terms and the model fit well the data based on the 
Lipsitz likelihood-ratio test (p > 0.05).

Discussion

Several studies have investigated the risk factors associated 
with TB persistence in cattle herds across Castilla y León 
and neighboring regions (Pozo et al. 2019, 2020, 2024). 
Nevertheless, factors regarding the interplay of livestock 
and grazing management, along with the wildlife reservoir 
community in this grazing-based region, remained largely 
uncharacterized. The results of this study confirmed our ini-
tial hypothesis: supplementation of food and water distribu-
tion were relevant for cattle TB and TB was more likely to 
occur on farms with a richer community of susceptible host 
species. The novelty is that we had no a priori focus on well-
established MTC maintenance hosts, but rather included all 
susceptible host species in a range of farm-level multi-host 
communities. We found a close link between host species 
richness and cattle TB risk.

Effects of farm management on TB positivity

Relevant farm management variables included cattle age, 
herd sizes, number of plots, and incoming cattle move-
ments. This agrees with previous findings in other regions 
(Rodríguez-Prieto et al. 2012; Picasso et al. 2017; Clegg 
et al. 2018). Concerning cattle age, older animals and higher 
culling age stood out in TB-positive farms. Leaving unde-
tected TB-positive cattle within a herd increases the risk of 
residual infection and the duration of TB outbreaks (De la 
Cruz et al. 2019). Previous studies identified residual infec-
tions as an important cause of bovine TB breakdowns and 
active circulation of the pathogen (Gavier-Widén et al. 2009; 
Guta et al. 2014), which suggests that an earlier culling age 

Fig. 3   Wild boar spatial aggregation indexes (left panel) and wild 
boar and badger frequency-based indirect indexes (FBII, right) in 
tuberculosis (TB)-negative (TB0), TB-positive (TB1), and recur-
rently TB-positive (TB2) farms. Average aggregation indexes are 

shown only for wild boar for the 24 farms that resulted not random to 
the runs test statistic. Mean FBII data refers to wild boar and badger 
indexes (species are indicated with black silhouettes). Whiskered bars 
indicate standard deviations

Table 1   Results of the final multivariable ordinal logistic regression 
model, using the ordinal form of tuberculosis (TB) status (TB0 (nega-
tive), TB1 (positive), TB2 (recurrently positive)) as the outcome vari-
able

OR odds ratio, CI confidence interval
a Likelihood ratio test
b Wald’s test

Variable Level Multivariable

OR (95% CI, p-valueb) p-valuea

0 | 1 Intercept 8.15 (1.00–66.23, p = 0.05)
1 | 2 Intercept 47.88 (5.16–444.15, 

p = 0.001)
Herd size (animals) 1—83 - 0.001

84—167 1.92 (0.69 – 5.41, p = 0.215)
> 167 7.34 (2.43 – 23.51, 

p = 0.001)
Number of hosts 1.56 (1.03 – 2.41, p = 0.042) 0.035
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Fig. 4   Interaction effects of the herd size (blocks represented in the upper subdivisions in the X-axis) and the number of hosts on the predicted 
probability of each tuberculosis (TB) category (Y axis; TB0 (negative) -blue-, TB1 (positive) -orange-, TB2 (recurrently positive) -red-)

Fig. 5   Left panel a Predicted 
probability of tuberculosis (TB) 
status related to suitable Myco-
bacterium tuberculosis complex 
(MTC) host species richness 
(number of species) detected 
in TB-negative (TB0 -blue-), 
TB-positive (TB1 -orange-), and 
recurrently TB-positive (TB2 
-red-) farms. Standard errors 
are displayed. Right panel b 
proportion of non-bovine hosts 
observed in each TB status 
category farms. Grey silhouettes 
are domestic species (sheep, 
pig); black silhouettes are wild 
species (wild boar, red fox, 
badger, roe deer, mongoose, red 
deer, fallow deer)
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might contribute to cattle TB control, as evidenced during 
the successful eradication campaigns in Australia (Cousins 
and Roberts 2001). In line with our results, herd size has 
been identified as a relevant, major TB-risk factor in differ-
ent studies, where larger cattle herds have greater probability 
of TB infection and persistence (Martínez-López et al. 2014; 
Pozo et al. 2020). However, it is uncertain whether this vari-
able functions as a standalone risk factor or serves as a par-
tial summary measure of other factors (Skuce et al. 2012).

Regarding the higher number of plots observed in 
TB-positive and recurrently positive farms, in Northern 
Ireland, highly fragmented farms were almost twice as likely to 
have TB-positive neighbors compared to non-fragmented ones 
(Milne et al. 2022). Positive herds may spread mycobacteria 
to other herds by direct contact between boundaries or by 
drainage of contaminated sewage (Dommergues et al. 2012), 
among others. Therefore, larger numbers of both neighbors and 
plots, may facilitate contact with infected herds. The presence 
of solid fencing in farms was not associated to TB risk, 
however, although fences restricted the mobility of cattle, they 
generally allowed wildlife to cross, as evidenced by sightings 
and indirect indicators. Furthermore, purchasing infected 
animals can also trigger TB breakdowns (Okafor et al. 2011) 
and has been suggested as the most likely source of infection 
in other areas of Spain (Pozo et al. 2019; Ciaravino et al. 2021; 
Herraiz et al. 2023) and in North-east England (Gilbert et al. 
2005; Gopal et al. 2006).

Effects of feed supplementation on TB positivity

TB-positive farms provided supplemental feed over a 
higher number of months and used more calf feeders and 
straw bundles (Brook et al. 2013; Barasona et al. 2017). 
Food sources may become contaminated through saliva or 
aerosols, particularly in farm or supplementary feed set-
tings, and infection could take place by ingesting infected 
feed (Santos et al. 2015a; Richomme et al. 2020). In addi-
tion, feed provided on the ground and in low feeders can 
be easily shared between livestock and wildlife (Cowie 
et al. 2014a; Martínez-Guijosa et al. 2021b), indicating a 
possible hazard. Although previous studies found that food 
related risk management may not be a priority (Kukielka 
et  al. 2013; Martínez-Guijosa et  al. 2021a), potential 
cattle-wildlife interactions could be mitigated by using 
biosecurity measures (BSMs) such as cattle-selective feed-
ers (Balseiro et al. 2019) and exclusion fences (Barasona 
et al. 2013). However, presence of calf feeding troughs 
in this study may be explained by the long time periods 
of movement restriction to which TB-positive livestock 
are subjected (PNETB 2024). TB-positive farms can only 
move animals exclusively to slaughterhouses or to be sold 
to uncertified feedlots, and if not, the herd remains on 
the farm until animals can be sold to a certified feedlot 

[estimated period of 18 months, (BOE 2011)], to which 
farmers may look for alternatives to avoid additional costs 
(Pérez-Morote et al. 2020) such as fatten the calves in the 
own farm, therefore associating the presence of calf feed-
ing troughs to the positivity of TB in farms.

Effects of water distribution on TB positivity

Mycobacterium bovis may persist in water for up to two 
months and high levels of contamination by MTC bacte-
ria (up to 39 MPN/g) can be detected in waterholes (Fine 
et al. 2011; Santos et al. 2015b), meaning that waterholes 
can pose a risk too (Herrero-García et al. 2024). In this 
study, farms testing positive to TB, had higher number of 
waterholes compared to TB-negative farms (were troughs 
and alternative water sources were utilized instead), sug-
gesting their relevance in pathogen maintenance, animal 
aggregation and cross-species interaction, and hence in 
disease control (Turner et al. 2016; Barasona et al. 2017). 
Further, larger waterholes were seen at recurrently positive 
farms, compared to negative farms (1.8 times larger). The 
study area is characterized by droughts and annual humid-
ity deficit, and hence, animals face resource availability 
constrains, meaning waterholes may be crucial to animal 
and wildlife survival (Epaphras et al. 2008; Amoroso et al. 
2019), therefore, larger waterholes may be preferred by 
host species. However, it is not only the number or the 
size of waterholes that is important, but also the intrinsic 
characteristics of each waterhole such as their distance to 
vegetation cover or the presence of macrophytes cover-
ing the waterhole (Herrero-García et al. 2024). In contrast 
to stagnant waters, running waters (rivers and streams) 
were not significantly associated with TB-status and could 
involve a lesser risk. This considered, segregating TB host 
species at waterholes, or deviating access to safer water 
sources (Barasona et al. 2013; Martínez-Guijosa et al. 
2021a), should be evaluated.

Effects of hosts species presence on TB positivity

The process through which M. bovis is transmitted between 
species is still poorly understood, however there is a possibility 
for both, direct and indirect transmission, and although its 
presence in wildlife species is usually introduced by infected 
livestock herds, the role of wildlife introducing the pathogen 
into uninfected herds has been suggested (Blanco Vázquez 
et al. 2021; Swift et al. 2021; Herraiz et al. 2023). We found 
particularly relevant results regarding cattle contact with wild 
MTC susceptible hosts and MTC host species richness. Sheep 
are part of the MTC maintenance communities in specific 
circumstances (Muñoz-Mendoza et al. 2016; Pozo et al. 2024); 
and, in some regions, TB prevalence in pigs is comparable to the 



European Journal of Wildlife Research (2024) 70:81	 Page 9 of 13  81

one observed in cattle (Barandiaran et al. 2021). However, we 
found an absence of evidence of a statistically significant effect 
of the numbers of both species, when considered on their own, 
with respect to TB-status. The role of the wild boar in MTC 
maintenance at the livestock-wildlife interface is well-known 
(e.g., Naranjo et al. 2008; Santos et al. 2022; Herrero-García 
et al. 2023). The aggregation index values found in recurrently 
positive and negative farms matched those of fenced and open 
Spanish hunting grounds, respectively (Acevedo et al. 2007). 
In contrast, the role of badgers is less clear outside Atlantic 
regions of Europe (Abernethy et al. 2006; Blanco Vázquez 
et al. 2021; Swift et al. 2021), although a potential association 
between badger detection and cattle TB prevalence has recently 
been suggested in northern Spain (Pozo et al. 2024). Although 
little information exists on badger abundance in Castilla y 
León, it has been estimated of 5.0 adults/km2 in Atlantic Spain 
(Acevedo et al. 2014), and of 0.6–1.9 individuals/km2 in other 
Mediterranean environments (Molina-Vacas et  al. 2009). 
Increasing numbers of badger sightings were associated with 
a higher probability of TB positivity in our study, suggesting 
that badgers might indeed contribute to the local MTC host 
community. Roe deer, red fox and Egyptian mongoose 
sightings were more frequently recorded in TB-positive farms. 
This information adds further evidence on the debated roles 
of roe deer (Balseiro et al. 2009; Hardstaff et al. 2014), red 
fox (Michelet et al. 2018; Richomme et al. 2020; Pérez de 
Val. et al. 2022), and Egyptian mongoose (Matos et al. 2016; 
Ferreras-Colino et al. 2023) in MTC maintenance, at least as 
-possibly minor- components of complex, species-rich, wildlife-
livestock host communities. A review performed by Justus and 
collaborators in 2024 revealed that the Iberian Peninsula was the 
region in Europe that most frequently surveyed wild boar, red 
deer, red fox, and fallow deer in terms of bovine TB prevalence 
rates, however, upcoming studies may emphasize new species in 
the role in the disease ecology (Conteddu et al. 2024).

We found that the odds of being in a higher TB status cat-
egory increased 56% for every additional detected host spe-
cies, meaning that MTC host species richness represented a 
risk factor for cattle TB and should be considered in context 
whenever possible (Gortázar et al. 2023; Justus et al. 2024). 
This contrasts with findings linking host diversity with lower 
pathogen diversity (Barroso et al. 2023) but agrees with 
previous findings of a more likely infection maintenance 
in richer host communities (Barasona et al. 2019). Interest-
ingly, hunting-related variables were not significant in this 
study. This contrasts with previous findings in studies at a 
larger (regional) scale (Gortázar et al. 2017) and with obser-
vations from neighboring regions (Vicente et al. 2007), were 
variables related to the presence of fenced hunting estates 
or game management posed a risk factor for cattle TB. One 
plausible explanation is that hunting is not a relevant activity 
in most of the studied farms.

Concluding remarks and management implications

We conclude that in this high TB prevalence region, cattle 
management and wildlife are relevant for MTC maintenance, 
and both need to be targeted in future control efforts. Control 
measures in cattle would include bolstering the existing test-
ing schemes and movement controls along with additional 
efforts regarding age-culling, monitoring cleaning and dis-
infection programs within herds, using dedicated equipment 
for different areas and enhancing hygienic practices. Farm 
biosecurity can also be improved by acting on surface-, feed-, 
water-, and wildlife-related risks Optimizing the use of avail-
able floor space by increasing pasture contiguity could mini-
mize exposure and contact between animals allowing more 
effective monitoring. The diversity of wildlife hosts suggests 
focusing on reducing the likelihood of indirect interactions 
with cattle at watering or feeding sites rather than acting on 
any specific host species, as single-species actions could 
overlook crucial contributors to disease transmission. Since 
farmers’ disposition towards TB control and BSM imple-
mentation is variable (Preite et al. 2023), informing about 
the identified risks and involving farmers in decision making 
might contribute to a better acceptance of the ongoing TB 
control efforts. These insights could be generalized to similar 
geographical areas.
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