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Editor: DR 2. We began by reviewing the main criteria used to define a wildlife—cattle

doi: 10.1111/mam. 12324 interaction relevant to Mycobacterium bovis transmission under different meth-

odological approaches (camera-trapping, proximity loggers and Global
Positioning System collars). Secondly, we applied a generic framework to
estimate and characterise interaction patterns between susceptible wildlife and
cattle hosts worldwide, testing the effect of potential ecological and meth-
odological factors on interaction rates.

3. We synthesise two main criteria to define direct interactions and five criteria
to define indirect interactions between wildlife and cattle. Using data from
31 studies, our meta-analysis showed that wildlife—cattle direct interaction
rates were low (mean=0.03 interactions/month per species pair, range: 0.00—
0.12). In contrast, indirect interaction rates were 154 times higher than the
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mean of direct interaction rates (mean=4.63 interactions/month per species
pair, range: 0.16-30.00).

4. To prevent TB transmission to cattle, attention should be given to indirect
interactions between wildlife and cattle in shared environments. Indirect in-
teractions significantly increase with increasing wildlife density, which, hypo-
thetically, could result in a higher TB transmission risk for cattle. We outline
recommendations to achieve harmonised integration and comparison of results
in future studies. Consolidation of knowledge in this field will contribute
towards guiding control and biosecurity measures, also applicable to other
infectious diseases at the wildlife, domestic species and human interfaces.

INTRODUCTION

The emergence of infectious diseases at the wildlife—
livestock—human interfaces has become a significant concern
worldwide (Alexander et al. 2018, White & Razgour 2020,
Hassell et al. 2021). Animal tuberculosis (TB), caused by
Mycobacterium bovis, a member of the Mycobacterium tu-
berculosis complex, is among the most widespread zoonotic
diseases (Palmer et al. 2012, Fitzgerald & Kaneene 2013).
Interspecific transmission of this pathogen occurs in com-
plex socio-ecological contexts, potentially affecting humans,
livestock and a wide range of wildlife (wild mammal)
species (Duarte et al. 2008, Palmer et al. 2012, Gortédzar
et al. 2015), with economic, animal and public health
implications (Cunha et al. 2011, Palmer et al. 2012, Hardstaff
et al. 2014). Despite considerable efforts and long-standing
programmes to control TB in livestock, eradication has
not yet been achieved in many countries (Cunha et al. 2012,
Pereira et al. 2020, Ramos et al. 2020). Wildlife reservoir
hosts are considered to be the main obstacle to eradica-
tion worldwide (Palmer 2013, Gortazar et al. 2015), with
recent data evidencing a high TB burden in non-bovine
hosts (Santos et al. 2020). Mycobacterium bovis infection
is maintained within intra- and interspecific wildlife popu-
lations, contributing to the geographical expansion of
animal TB and Mycobacterium bovis dissemination to other
species, and thus increasing the risk of spill-back to live-
stock under extensive husbandry (Duarte et al. 2008, Santos
et al. 2012, Fitzgerald & Kaneene 2013, Van Tonder
et al. 2021). In this context, spatial-temporal interactions
between (and within) wildlife species and livestock have
been recognised as a central driver of inter-specific trans-
mission (Kukielka et al. 2013, Barasona et al. 2014, Cowie
et al. 2016, Wilber et al. 2019).

Mycobacterium bovis transmission between individuals
can occur either through direct host-to-host interaction
or through indirect interaction via contaminated environ-
ments and asynchronous space-use overlap (Humblet
et al. 2009, Fitzgerald & Kaneene 2013, Pereira et al. 2020).
Historically, Mycobacterium bovis transmission was believed
to occur primarily through aerosols during direct interactions

that require close proximity or physical contact between
infected and susceptible hosts (Morris et al. 1994, Palmer
et al. 2012). However, recent studies focusing on spatial
ecology of wildlife and livestock suggest that this mode
of transmission is infrequent, even rare, in different epi-
demiological scenarios. Direct interactions between wildlife
and cattle Bos taurus have been infrequently documented
in England (e.g. badger Meles meles as a case study; Drewe
et al. 2013, Woodroffe et al. 2016), in North America
(e.g. white-tailed deer Odocoileus virginianus as a case
study; Lavelle et al. 2016) and even in the Iberian Peninsula
(Kukielka et al. 2013, Cowie et al. 2016) where TB is
maintained in a multi-host system (Cunha et al. 2011,
Santos et al. 2012, Reis et al. 2021). Even if direct inter-
actions are infrequent, they should be considered in disease
dynamics because, when occurring, they increase the risk
of disease transmission (Wilber et al. 2019).

High rates of indirect interactions have been reported
in Spain, France and the USA, involving ungulate reservoir
hosts (e.g. red deer Cervus elaphus, wild boar Sus scrofa
and white-tailed deer) and suspected spillover hosts (e.g.
red fox Vulpes vulpes), where farming typically occurs close
to wildlife habitats (Barasona et al. 2016, Payne et al. 2016,
Wilber et al. 2019, Martinez-Guijosa et al. 2021). Indirect
transmission can take place via shared space use at dif-
ferent times and common exposure to an infectious off-
host environment. Inter-species transmission may occur
when livestock or wildlife come into contact with
Mycobacterium bovis-contaminated fomites, such as badger
latrines (e.g. Drewe et al. 2013, Campbell et al. 2019),
although the use by wildlife of farm and cattle-related
resources, such as food and water sites, seems to be more
frequent (Carrasco-Garcia et al. 2016, Payne et al. 2016,
Balseiro et al. 2019, Campbell et al. 2019). This mode of
transmission might be particularly relevant in agroforestry
and pastoral landscapes, where abundant wildlife occurs
in sympatry with extensively reared livestock (Payne
et al. 2017, Caron et al. 2021), or has access to potentially
(Tolhurst et al. 2009,
Campbell et al. 2019). Mycobacteria are considerably re-

contaminated farm resources

sistant to adverse environmental conditions (Fine et al.
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2011, Allen et al. 2021), and widespread bacterial con-
tamination can occur at different sites (e.g. water sites;
Santos et al. 2015, Barasona et al. 2016) used by a variety
of hosts, therefore, increasing transmission risk in shared
environments.

Despite recent insights about the role of direct and
indirect interactions on TB dynamics (Gortazar et al. 2015,
Wilber et al. 2019), differences in interaction patterns
derived from multiple studies hamper inferences on the
underlying transmission processes. Interaction type and
frequency may vary according to host species (White
et al. 2018a, Wilber et al. 2019). Depending on their be-
havioural and ecological traits, different species, and even
individuals of the same species, could contribute differently
to epidemiologically meaningful interactions (Craft 2015,
Silk et al. 2017, Triguero-Ocana et al. 2020). In turn,
species’ traits considered relevant for disease dynamics (e.g.
social behaviour and habitat selection) are shaped by en-
vironmental factors, such as resource availability and land-
scape patterns (Morris et al. 2016, Albery et al. 2021,
Triguero-Ocana et al. 2021).

Also, the different methods employed to study host
interactions in TB epidemiology raise several issues
(Bacigalupo et al. 2020). Technology-based approaches
applied to this theme range from non-invasive and cost-
effective methods, such as camera-trapping (e.g. Barasona
et al. 2013, Kukielka et al. 2013), to proximity loggers
that enable researchers to record animals’ social interac-
tions (Wilber et al. 2019). Additionally, the use of high-
resolution Global Positioning System (GPS)-tracking
devices capable of co-locating individuals at fine spatial—
temporal scales has been reported as being useful (e.g.
Triguero-Ocafia et al. 2019), although their use requires
animal capture and handling (Barasona et al. 2014). Those
methods tend to provide information at distinct spatial
and temporal resolutions, wherein standardisation of ex-
perimental approaches (within and between methods) is
significantly lacking. Furthermore, criteria used to define
and evaluate animal interactions vary widely and need
harmonisation (Bacigalupo et al. 2020), as different meth-
odologies and study goals may lead to different research
outputs. This poses significant constrains for comparisons
of research results, thus hampering inferences on global
transmission pathways and on wildlife hosts’ relative im-
portance in TB dynamics. Despite recent improvements
in this direction (see Bacigalupo et al. 2020), generic
mechanistic evaluations to characterise animal interactions
at the wildlife—cattle interface on a global level remain a
key challenge in TB epidemiology. Specifically, to date, a
comprehensive comparison between studies addressing the
type and frequency of interactions between wildlife hosts
of Mycobacterium bovis and cattle has not been attempted.
Moreover, obtaining estimates of wildlife—cattle interaction
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rates would allow us to identify the factors that are most
likely to be responsible for variation in interaction pat-
terns, an aspect that, until now, has not been assessed.

We systematically review the main criteria used to define
wildlife—cattle interactions relevant to Mycobacterium bovis
transmission and examine the main interaction patterns
between Mycobacterium bovis’s wild mammal hosts and
cattle worldwide. Specifically, we aimed to: 1) synthetise
the main criteria used to define wildlife—cattle interactions
relevant to TB epidemiology; 2) assess the geographical
and temporal trends of the studies addressing wildlife—
cattle interactions; 3) assess the most frequent host species
and the methods used in studies addressing wildlife—cattle
interactions; 4) quantify rates of direct and indirect wildlife—
cattle interactions; and 5) identify which factors influence
interaction rates.

Based on our findings, we propose recommendations
for future studies that will enable an improved integration
and comparison of interaction results across studies. This
knowledge is key for quantifying the overall relative im-
portance of direct and indirect transmission routes and
the ecological mechanisms underlying TB epidemiology
at the wildlife—cattle interface on a broad scale.

MATERIALS AND METHODS

Literature search

A literature search was conducted through the ISI’s Web
of Science focusing on all English language published stud-
ies (with no year restrictions) and following the PRISMA
(preferred reported items for systematic reviews and meta-
analyses; Moher et al. 2009) statement. The query used
was as follows: ((Mycobacterium bovis OR tuberculosis OR
TB) AND (interactions OR contact OR movement OR
visit OR spatial ecology) AND (Wildlife)), retrieving 381
studies (Appendix S1). Additionally, we examined the
reference list of a systematic review on a similar topic
(Dougherty et al. 2018), yielding 70 further studies. This
initial list was then expanded by adopting a ‘snowball’
approach (e.g. Prugh & Sivy 2020), where relevant litera-
ture cited there was scanned, yielding 28 additional studies
(Appendix S1). The result was 479 studies in total. Our
final search took place on 13 August 2020. Although the
terms ‘interaction’ and ‘contact’ are used as synonyms in
TB related literature, we chose to use ‘interaction’ through-
out the text for consistency.

Inclusion and exclusion criteria

After removing duplicates (n=31), the titles and abstracts
of the remaining 448 studies were screened for study goals,
target species, region, methods and TB context to meet
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our research goals (screening stage). This resulted in the
selection of 128 relevant studies that were afterwards fully
examined by one person. Hereafter, two distinct frame-
works of inclusion/exclusion criteria were conducted, pro-
ducing two datasets. For the systematic review of criteria
defining an interaction (objective 1), we specifically focused
on peer-reviewed studies that: 1) assessed interaction pat-
terns between Mycobacterium bovis’s wildlife hosts and
cattle, and 2) included a definition of interaction by the
authors in the context of TB transmission (Criteria Dataset
including 13 studies; Appendix S1).

For the analysis of the interaction patterns (objectives
2-5), we examined the bulk of studies identified in the
screening stage (n=128). Studies that explicitly investigated
interaction patterns between wildlife and cattle were re-
tained. Moreover, we included studies that, despite not
addressing ecological interactions or where the authors
adopted different terminologies (e.g. visit, spatial occur-
rence), still provided informative spatial-temporal metrics
regarding shared space use at the wildlife—cattle interface.
Only studies using technology-based methods such as re-
mote cameras (hereafter termed as camera-trapping),
proximity loggers and GPS tracking devices, which focused
on Mycobacterium bovis wildlife hosts, were included.
Exclusion criteria were as follows: 1) studies neither ap-
plicable to the animal TB context nor focusing on wildlife
hosts; 2) experimental studies (e.g. not free-ranging animals
and animal translocations) or studies not based on tech-
nological methods (e.g. observational studies and question-
naires); 3) studies not reporting raw counts or means of
interactions; and 4) studies based on the same data as
other studies already included in the dataset (Patterns
Dataset including 31 studies; Appendix S1).

Data extraction

For each study included in the systematic review of in-
teraction definitions (Criteria Dataset), the following in-
formation was recorded: first author, year of publication,
continent, country where the study took place, year of
publication, method, wildlife host(s), criteria defining in-
teractions and type of interaction evaluated. For each study
included in the meta-analysis of interaction patterns
(Patterns Dataset), the following data were extracted: first
author, year of publication, continent, country where the
study took place, wildlife species and study period.
Additionally, data regarding 10 predictors that could po-
tentially explain variation in interaction patterns were
extracted: species pair (wildlife host species — cattle), host
taxonomic family, host type (reservoir vs. susceptible),
method (camera-trapping, GPS collars and proximity log-
gers), dominant habitat, study area range, farm size, number
of farms, cattle density and wildlife density (Appendix S2).

E. M. Ferreira et al.

Calculation of interaction rates

Raw counts and means (e.g. daily/weekly means) of wildlife—
cattle interactions and presence/absence of interactions
(when exact quantification was unavailable) were extracted.
Each observation in our Patterns Dataset corresponded
to a particular species pair, that is, to a potential interac-
tion (=0) between one wildlife host species and cattle.
Whenever a study reported results on interaction values
for multiple wildlife species or for different landscapes
that study contributed with more than one observation
in the dataset. Interaction values for each species pair
were standardised to allow data comparisons. For each
species pair combination, the number of interactions per
month (RatesInt) was calculated as a function of reported
number of interactions (nr of interactions), sampling ef-
fort (sampEffort) and study period in months (time) as:

RatesInt=nr of interactions/sampEffort * time.

RatesInt was calculated separately for direct and indirect
interactions. Since the experimental design of the studies
in the review varied according to the methods used to
assess wildlife—cattle interactions, sampEffort corresponds
to different quantifications of observation effort: 1) the
number of monitoring points (direct and indirect interac-
tions with camera-trapping); 2) the number of collared
individuals, including wildlife and cattle (direct interactions
with proximity loggers and indirect interactions with GPS
collars); 3) the mean number of collared individuals (in-
cluding wildlife and cattle) plus the number of monitoring
points (indirect interactions with proximity loggers); or
4) the mean number of collared wild individuals plus the
number of monitoring points (indirect interactions through
environment with GPS collars). Monitoring points are
defined as potential fomites sites with high-frequency use
by wildlife and/or cattle (badger latrines, water sites and
cattle feeding sites), as defined a priori in each study,
more frequently in studies using camera-trapping and
proximity loggers.

We also included interaction measurements estimated
directly from embedded Figures (eight observations from
two studies; potential reading error standard deviation
* two interactions) and considered the studies that only
provided the number of days with occurrence of inter-
actions as a proxy to the number of interactions (17
indirect observations from 5 studies). To assess the po-
tential effect of pooling these observations on the RatesInt,
we applied generalised linear models (GLMs) using data
source as a predictor (numbers of interactions reported
by authors vs. numbers estimated from Figures and
proxies). No significant differences between direct
and indirect RatesInt obtained from authors’ values and
estimates were recorded (direct GLM: coefficient —
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coef = 0.015, 95% confidence intervals — CI 95% [—0.186;
0.216]; indirect GLM: coef=-0.363, CI 95% [-0.925;
0.200]). We also performed GLM models to inspect
variation on RatesInt between methods (direct RatesInt:
camera-trapping and proximity loggers; indirect RatesInt:
camera-trapping, GPS collars and proximity loggers). No
differences in RatesInt between methods were observed,
either for direct interactions (coef=0.094, CI 95%
[-0.046; 0.234]) or for indirect interactions
(coef=-1.040, CI 95% [—3.361; 1.281]; coef=-1.530,
CI 95% [—6.014; 2.955]). Therefore, all observations were
pooled in further analyses.

Statistical analyses of factors influencing
patterns of interaction rates

A meta-analysis was conducted to identify factors in-
fluencing estimated interaction rates. We used general
linear mixed models (GLMMs) with study identification
number as a random effect to account for dependence
among observations (e.g. multiple observations from the
same study) and detectability artefacts inherent to each
study design. For direct interactions, we used the bino-
mial family, with presence/absence of interactions as the
response variable (function glmer, R package ‘Ime4’;
Bates et al. 2015); for indirect interactions, the response
variable was RatesInt and models were fitted with a
Gaussian family (function Ime, R package ‘nlme’; Pinheiro
et al. 2018). However, if a likelihood ratio test between
a GLMM and a corresponding reduced model (without
random structure) showed no improvement by adding
a random effect, we opted for GLMs (Zuur et al. 2009).
Host species, taxonomic family (those with high numbers
of observations), host type (reservoir/susceptible host),
dominant habitat, study area range, farm size, number
of farms, cattle density and wildlife density were tested
as predictors (Appendix S3). Numeric predictors with
skewed distributions were transformed (square root/
logarithmic) to reach normality and reduce the influence
of outliers (Zuur et al. 2009).

The number of observations (<25) in the Patterns
Dataset was insufficient for building models with multiple
predictors and for multi-model inference (Jenkins &
Quintana-Ascencio 2020). Thus, univariate models were
applied, testing one predictor at a time, ensuring a
plausible number of observations to explore data pat-
terns adequately in the context of mixed-regression
analysis (Zuur et al. 2009, Jenkins & Quintana-
Ascencio 2020). Fitted univariate models were compared
with their corresponding null models using AICc, Akaike’s
Information Criterion adjusted for small sample sizes
(Burnham & Anderson 2002). A statistically informative
model was considered when: 1) a delta AIC (AAICc)>2
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was obtained between the null model and the model
testing one predictor; and 2) the 95% confidence intervals
(CI 95%) of predictor coefficients (coef) did not include
zero (Burnham & Anderson 2002, Zuur et al. 2009).
Only models with AAICc >2 were considered for discus-
sion in this study.

RESULTS

Review of criteria used to define
wildlife-cattle interactions relevant to TB
transmission risk

Considering the 128 eligible studies, only 10% (n=13;
Criteria Dataset) stated the criteria used to define a wildlife—
cattle interaction. Among these, seven studies investigated
and defined both direct and indirect interactions, whereas
five studies were focused exclusively on direct interactions
and one study only on indirect interactions (Appendix S4).
We summarised two criteria used to define direct interac-
tions between wildlife and cattle (using data obtained from
camera-trapping and proximity loggers) and five main
criteria to define indirect interactions (through camera-
trapping, proximity loggers and GPS collars; Table 1).

DIRECT INTERACTIONS

To assess direct interactions that could potentially increase
Mycobacterium bovis transmission risk between wildlife
and cattle, researchers reported the simultaneous presence
of two individuals at a given time at a specific location
(Table 1). A first criterion identified was related to data
from proximity loggers (Appendix S4). Proximity loggers
deployed on animals automatically record contact fre-
quency and duration of contact between devices
(Woodroffe et al. 2016). Accordingly, a direct interaction
is defined (first criterion) when two collared animals
(wildlife and cattle) come within a predefined short dis-
tance of one another (up to 20 metres, but most often
set up to 1.5-2 metres), triggering a contact (B6hm
et al. 2009, Drewe et al. 2013, Triguero-Ocaifia et al. 2020).
These events are considered direct interactions since short
distances detected by loggers are likely to be epidemio-
logically meaningful due to possible aerosol transmission
of Mycobacterium bovis (Sauter & Morris 1995). A second
criterion to generate disease-relevant interactions involved
the use of camera-trapping: infrared motion-triggered
cameras are deployed near key resources (e.g. water sites
and cattle feeding sites) used by wildlife and/or cattle,
where Mycobacterium bovis contaminated fomites could
endure (Campbell et al. 2019). Cameras are set up to
operate 24h a day, recording multiple and successive im-
ages (Kukielka et al. 2013) or short videos (Payne
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Table 1. Synthesis of the main criteria used to define a wildlife-cattle interaction in the context of tuberculosis transmission, according to the interac-
tion type (direct and indirect) and method (camera-trapping, proximity loggers and global positioning system [GPS] collars). Monitoring points are
potential fomites sites with high use frequency by wildlife and/or cattle (badger latrines, water sites and cattle feeding sites), as defined a priori in each

study

Method Direct interaction

Indirect interaction

Camera-trapping  When two individuals of different species (wildlife and

cattle) are recorded in the same images or video (in some
cases including only individuals within a pre-established

close distance or making physical contact).
Proximity loggers

up to 1.5-2m) at a given time.

GPS collars

When two collared animals of different species establish a
contact within a pre-defined proximity (frequently set

When two animals of different species (wildlife and cattle) are
recorded in the same monitoring point within a critical time
window (CTW).

When a wildlife species occurs at a monitoring point.

When two collared animals of different species contact a base
station deployed at a potential fomites site within a given
critical time window (CTW) or spatial-time window (STW).

When a collared animal contacts a base station deployed at
potential fomites site.

When a pair of spatial locations of wildlife and cattle fall within a
pre-defined spatial-temporal window (STW).

et al. 2016). The simultaneous presence of cattle and
wildlife in the same images or video (in some cases in-
cluding only individuals within a pre-established close
distance or making physical contact) is defined as a direct
(Tolhurst et al. 2009, 2011, Barasona
et al. 2016). Overall, these recorded events are assumed
as proxies of closeness between species, possibly leading
to an infected and a susceptible host physically interacting
with one another within the same time and space frame.

interaction

INDIRECT INTERACTIONS

Proximity loggers combined with base stations (static
devices in the field that record connections to the log-
gers) deployed at key resources (e.g. food sites) have
also been used to evaluate indirect wildlife—cattle inter-
actions. An indirect interaction (first criterion) via en-
vironment is defined when two collared individuals
(wildlife and cattle) contact a base station at different
times but within a pre-established critical time window
(CTW) or spatial temporal window (STW; Table I;
Appendix S4). The CTW and STW are chosen according
to Mycobacterium bovis’s environmental survival time
and device specificities (e.g. positional error; Cowie
et al. 2016, Lavelle et al. 2016, Wilber et al. 2019,
Triguero-Ocana et al. 2020). A second criterion defining
indirect interaction through proximity loggers was im-
plemented by Drewe et al. (2013). They defined an
indirect interaction after a collared animal (wildlife or
cattle) contacted a base station specifically deployed at
potentially
Mpycobacterium bovis (e.g. a badger latrine), regardless

a site that was contaminated  with
of sequential use by other animals.

For studies using camera-trapping, there are two main
criteria to define an indirect wildlife—cattle interaction. One

study — focused on the multi-host ungulate community in

Spain — defined an indirect interaction as the occurrence of
wildlife and cattle at the same monitoring point at different
times, but within a CTW that was consistent with
Mpycobacterium bovis’s environmental survival (Kukielka
et al. 2013). A second criterion, defined as the simple oc-
currence (often called a ‘visit’) of a wildlife species at a site
used by cattle (farm building and pastures), was implemented
by Payne et al. (2016) in a TB-infected area in France.

Despite providing high-resolution spatial-temporal data
on animal locations, GPS collars were used exclusively
to assess indirect patterns of wildlife-cattle interactions
within a TB hotspot area. A single criterion to define an
indirect interaction was identified in two studies, both
conducted in the same multi-host system in Mediterranean
Spain (Triguero-Ocana et al. 2019, 2020). An indirect
interaction was defined when a given pair of GPS spatial
locations of wildlife and cattle fell within a pre-defined
STW, related to the mean positioning error of the GPS
devices and the time lag between successive spatial loca-
tions. In contrast to camera-trapping and proximity log-
gers, indirect interaction events from GPS data are
registered independently of potential fomites sites (e.g.
water and food sites) under monitoring.

Global patterns of wildlife-cattle
interactions

GENERAL SCOPE AND GEOGRAPHIC AND TEMPORAL TRENDS OF
THE STUDIES

A total of 31 studies on wildlife—cattle interactions con-
cerning animal TB epidemiology (Patterns Dataset) were
scrutinised (Appendix S5). Most studies were conducted
in Europe (84%; n=26), with the highest percentage in
England (34%; n=11) and Spain (25%; n=8), followed
by Northern Ireland (9%j; n=3), France (6%; n=2), Ireland
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Fig. 1. Locations of study sites used in research included in the meta-
analysis of wildlife—cattle interactions and tuberculosis (n=31 studies):
continent (inner circle) and country (outer circle).

(6%; n=2) and Wales (3%; n=1; Fig. 1). The few studies
from North America (16%; n=5) were from the USA (9%j;
n=3) and Canada (6%; n=2). All studies are relatively
recent ranging between 2002 and 2020 (Fig. 2). A growing
number of studies was recorded since 2008 with a peak
in 2016, slightly decreasing thereafter. Overall, the studies
covered a wide range of Mycobacterium bovis wildlife hosts.
Four wildlife species were described as reservoirs depending
on the ecosystem: European badger, wild boar, red deer
and white-tailed deer; while another six, comprising red
fox, roe deer Capreolus capreolus, raccoon Procyon lotor,
fallow deer Dama dama, opossum Didelphis virginiana and
wapiti Cervus elaphus canadensis, were defined as susceptible
spillover hosts (Fig. 3). A significant percentage of the
studies (42%; n=13) addressed multiple hosts. The European
badger (31%) was the most frequently studied host, fol-
lowed by the wild boar (17%), the red deer (14%) and
the red fox (10%). The remaining wildlife species were
less commonly represented (<7% of the studies). Camera-
trapping was the most frequently used method (61%; n=19).
Proximity loggers and GPS collars came in second, equally
represented (16% each, n=>5; Fig. 2). Additionally, 6% of
the studies were multi-method (n=2: camera-trapping/GPS
collars; GPS collars/proximity loggers).

RATES OF WILDLIFE-CATTLE INTERACTIONS

We counted 35 records of direct interactions involving
nine species pairs from 18 studies. Additionally, 59 records
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Fig. 2. Publication year of the studies included in the meta-analysis
according to type of method used.
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Fig. 3. Percentage of studies (n=31) included in the meta-analysis
according to wildlife hosts and considering their presumed
epidemiological role in the citing study.

of indirect interactions comprising nine species pairs from
26 studies were recorded. The overall mean of direct
RatesInt was 0.03 interactions/month [range: 0.00-0.12]
per species pair, while indirect RatesInt was 4.63 interac-
tions/month [range: 0.16-30.00] per species pair, repre-
senting 154 times more than the mean of direct interactions
(Fig. 4).

Badger—cattle (MM) and fallow deer—cattle (DD) were
the species pairs showing the highest rates of direct in-
teractions, ranked as first and second respectively (Table 2,
Fig. 5). The remaining species pairs had mean interaction
rates lower than the overall mean. Wild boar—cattle (SS)
presented the highest rate of indirect interactions. The
pairs raccoon—cattle (PL) and red fox—cattle (VV) had
moderate rates of indirect interactions, yet lower than the
overall mean. The remaining species pairs made a lower
contribution to the bulk of indirect interaction rates (less
than two interactions/month per species pair).
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Fig. 4. Overall rates of wildlife—cattle interactions (Ratesint [interactions/
month]). Weighted means (dots) and standard errors (bars) of rates are
displayed by interaction type (direct or indirect). Note the broken Y-axis.

FACTORS INFLUENCING INTERACTION RATES

Two models regarding the influential factors on the occur-
rence of direct interactions presented AAICc >2 and statisti-
cally significant coefficients: farm size (coef=1.323, CI
95%=1[0.501; 2.780]) and cattle_dens (coef=-1.606, CI
95%=[—-3.743; —0.537]; Appendix S6). According to the
models, direct interactions were more likely to occur in
larger farms and at low cattle densities (Fig. 6a,b). Only
one model concerning factors influencing indirect interaction
rates had AAICc >2 and a significant coefficient: wild_dens
(coef=0.912, CI 95%=[0.350; 1.474]; Appendix S6). Rates
of indirect interactions significantly increased with higher
wildlife density (Fig. 6¢). Regardless of the type of interac-
tions considered, we found no evidence of significant effects
of the remaining predictors we tested.

DISCUSSION

Ecological interactions between disease hosts have been
widely acknowledged as determinants of pathogen trans-
mission, from domestic species to wildlife and vice versa.
In this sense, understanding the underlying biological
processes that are responsible for the transmission of in-
fectious agents between susceptible animal hosts is becoming
an important research area (Gortdzar et al. 2016, Dougherty
et al. 2018, Bacigalupo et al. 2020, Caron et al. 2021).
Of the studies explored in this work, only a few used
specific criteria for the definition of wildlife—cattle interac-
tions. By providing a synthesis of the main criteria used to
express wildlife—cattle interactions across different methods,
we hope to encourage future researchers to adopt improved
integration and harmonisation of interaction data, especially
in terms of frequency and interaction type. To the best of
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are displayed by interaction type. Grey dots and dark triangles represent direct and indirect interactions, respectively. Species pair acronyms are (MM)
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meles, Dama dama and Vulpes vulpes photos by: Anthony Caravaggi; Didelphis virginiana by Gabriela Palomo-Munoz).
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our knowledge, this study applies for the first time a frame-
work to estimate wildlife—cattle interaction rates, allowing
the comparison of the relative weight of direct and indirect
inter-specific interactions on TB transmission at a global level.
Regardless of the study context and wildlife host considered,
direct rates of interaction between wildlife and cattle are
infrequent. In contrast, special attention should be given to
indirect interactions that occur frequently through shared
environments, wherein wildlife density may play a key role.

When and where do species interact? -
Criteria used to define disease-relevant
interactions

Despite adopting a variety of criteria, only a small number
of studies used explicit standards to define direct and/or

Mammal Review (2023) © 2023 Mammal Society and John Wiley & Sons Ltd.

indirect interactions pertinent to Mycobacterium bovis
transmission. This is in agreement with the only study
available on cattle diseases (Bacigalupo et al. 2020), in
which the authors identified a wide range of definitions
used in wildlife-livestock interaction studies, and reported
conflicting or overlapping definitions of direct and indirect
interactions, highlighting the need for a common generic
framework. We found no conflicting criteria between in-
teraction types, although some overlapping criteria for
indirect interactions existed. Moreover, Bacigalupo
et al. (2020) demonstrated that interaction definitions were
highly dependent on the study context, specifically on the
species considered and demographic parameters. However,
our results suggest that the criteria employed to define
interactions vary with the type of interaction and data
collection method, rather than with the species or eco-
systems studied.
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The criteria adopted to define direct interactions included
physical contact between animals, as well as close proxim-
ity between individuals as a surrogate of that interaction,
since spatial proximity may lead to biologically meaningful
interaction, considering that aerosol transmission is pos-
sible between animal hosts 1-2m apart (Sauter &
Morris 1995, Humblet et al. 2009, Corner et al. 2011).
For indirect interactions, a general baseline considered the
use of shared environments by individuals at different
times, meaning that shared contaminated sites could be
high-risk locations by intermediating indirect transmission
of Mpycobacterium bovis between hosts (e.g. Cowie
et al. 2016, Lavelle et al. 2016, Payne et al. 2016). We
did not find any criteria based on GPS collars for meas-
uring direct interactions. This could be explained by the
inherent spatial location error, which can be high (e.g.
26 m, Triguero-Ocafia et al. 2019), resulting in insufficient
precision to co-locate individuals at close contact (<2
metres; but see Cooper et al. 2010).

Do wild hosts and study context shape TB
interactions?

GENERAL TRENDS OF THE STUDIES

Most of studies covered in our meta-analysis were rela-
tively recent and from Europe, with badger and ungulates —
particularly wild boar and red deer — as the most rep-
resented. These findings are in agreement with the pre-
vious work of Reis et al. (2020a) who found that European
countries contributed the most to wildlife TB epidemiol-
ogy knowledge, suggesting that the ecological field is
growing alongside the epidemiological area (see also
Gortazar et al. 2011, Reis et al. 2020b). In European
industrialised countries, TB is a notifiable disease for
which eradication programmes and surveillance are man-
datory for cattle production and trade (Hardstaff
et al. 2014, Gortdzar et al. 2015); surveillance programmes
also exist in non-European countries. Improved infra-
structure and financial resources are available in countries
where surveillance and related research are in place.
Additionally, on a global scale, some of the best-studied
wildlife TB reservoirs occur in Europe, such as in the
UK, Ireland, and the Iberian Peninsula (Palmer 2013,
Pereira et al. 2020). The absence of interaction-based
studies in our review from South Africa and New Zealand
is notable given the occurrence of wildlife TB hosts in
both countries (see Pereira et al. 2020). This deficit in
research could be related to: 1) different socio-economic
contexts, particularly the case of South Africa, with the
allocation of resources to other research areas (e.g. Di
Minin et al. 2021) or to other more affordable studies
to assess wildlife—cattle interfaces (e.g. questionnaires,
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Meunier et al. 2017); or 2) eligibility rules, as the few
studies carried out in these countries did not meet our
inclusion criteria (e.g. New Zealand; Ramsey et al. 2002,
Rouco et al. 2018).

Regarding the methods applied to assess wildlife—cattle
interactions, camera-trapping was the most widely used.
This was also reported by Bacigalupo et al. (2020), high-
lighting its considerable versatility to monitor different
species, and its applicability across different study types
and ecosystems (Caravaggi et al. 2017, Niedballa et al. 2019).
Furthermore, novel applications of camera-trapping have
proven useful for generating animal density data and for
measuring risky behaviour (e.g. Cadenas-Ferndndez
et al. 2019, Palencia et al. 2021). These applications could
be highly useful for the further evaluation of disease-relevant
interactions across multi-species interfaces.

RATES OF WILDLIFE-CATTLE INTERACTIONS

We developed a novel framework to estimate interaction
rates, considering different sampling efforts inherent to data
collection methods, enabling multi-studies comparison. Our
findings show that direct interactions are rare, suggesting
that cattle are seldom approached by wildlife (or the re-
verse). In contrast, indirect interactions are significantly
more frequent, with a mean estimated frequency 154 times
higher than the mean of direct interactions. These findings
underpin the idea that a shared environment should be
considered an important risk factor for TB transmission at
the wildlife—cattle interface (Drewe et al. 2013, Kukielka
et al. 2013, Lavelle et al. 2016, Woodroffe et al. 2016, Wilber
et al. 2019, Triguero-Ocana et al. 2020).

Transmission risk depends not only on the extent of
disease-relevant interactions among individuals but also
on the probability of infection during a particular interac-
tion event (McCallum et al. 2017). In this context, the
likelihood of infection involved in direct host-to-host in-
teractions, even if such interactions occur in low numbers,
should not be considered negligible in disease transmission
(Wilber et al. 2019). Still, obtaining sufficient empirical
evidence to quantify the relative importance of different
transmission modes constitutes, to date, a real challenge
(Craft 2015, Fenton et al. 2015, Webster et al. 2017),
which explains the use of interaction patterns as a proxy
to evaluate the risk of pathogen transmission (Triguero-
Ocafa et al. 2020, Yang et al. 2021). This risk can be
estimated by quantifying and modelling fine-scale move-
ment patterns undertaken by host individuals, to elucidate
how pathogens can permeate among individuals of different
species, and to improve estimates of transmission risk in
multi-host systems (Wilber et al. 2022).

Overall, only three predictors significantly influenced the
occurrence and abundance of interaction rates. A first model

Mammal Review (2023) © 2023 Mammal Society and John Wiley & Sons Ltd.



E. M. Ferreira et al.

showed that direct interactions are more probable in larger
farms. Those areas often hold a higher number of cattle-
related resources (e.g. feeding and water sites) that are at-
tractive for wildlife species, enhancing the opportunities for
wildlife and cattle to engage in the same spatial site at the
same time (Herrera & Nunn 2019). On the other hand,
the negative relationship between the occurrence of direct
interactions and cattle density may be a behavioural effect,
reflecting the local avoidance by wildlife of areas that are
often occupied by cattle (see Schieltz & Rubenstein 2016).
Mullen et al. (2013) and Woodroffe et al. (2016) demon-
strated that badgers actively avoid cattle while foraging in
Ireland and England. A similar pattern was found in Portugal
by Curveira-Santos et al. (2017), where cattle presence had
a negative influence on space use by the red fox. Conversely,
in Spain, Carrasco-Garcia et al. (2016) found that cattle
presence was positively associated with wild boar presence
and, to a lesser extent, with that of red deer. Moreover, on
farms in Northern Ireland, the presence of badgers was
positively associated with cattle herd size, yet negatively as-
sociated with cattle presence (Campbell et al. 2019). None
of these studies specifically explored the role of cattle density
on direct inter-species interactions (but see Yang et al. 2021),
but they did demonstrate that host behaviour is highly rel-
evant for the co-occurrence of species, and might determine
potential close interactions between hosts (Craft 2015, Herrera
& Nunn 2019) and thus contribute to transmission risk.
The positive relationship between wildlife density and
rates of indirect interaction in this study is consistent with
previous research (Carrasco-Garcia et al. 2016, Campbell
et al. 2019, Robertson et al. 2019). This pattern is compat-
ible with a density-dependent mechanism, usually applied
to exploring relations between social contact rates and
animal densities, and relationships with parasite transmis-
sion (Hu et al. 2013, Hopkins et al. 2020). Specifically,
this mechanism involves an increase in contact rates with
higher animal density. However, to date, the limited knowl-
edge on this theme hinders the identification of general
principles that explicitly point out the density-dependent
wildlife—cattle relationship and its extent. Nevertheless, pat-
terns of interactions resulting from different density contexts
might significantly affect pathogen spread, as previously
acknowledged (White et al. 2018a, b, Hopkins et al. 2020,
Manlove et al. 2022). Thus, regardless of the type of mecha-
nism underlying inter-specific animal interactions, the role
of wildlife density in TB epidemiology at the wildlife—cattle
interface must be seriously considered (Fofana &
Hurford 2017). Furthermore, animal density must be in-
tegrated with the factors driving indirect TB transmission,
such as environmental persistence of pathogens (Fine
et al. 2011, Santos et al. 2015, Dougherty et al. 2018,
Manlove et al. 2022). For instance, high-quality habitats
tend to attract a higher variety of wildlife species and
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support larger host densities, increasing contamination levels
of indirectly transmitted pathogens (Leach et al. 2016). In
those areas, high concentration of hosts enables pathogens
to accumulate in spatial reservoirs, which can be viewed
as ecological traps. Accordingly, by selecting such areas,
individuals can be exposed to an increased infection risk
and are more likely to form consistently infected popula-
tions (Leach et al. 2016).

STUDY LIMITATIONS

Limitations of systematic reviews and meta-analyses affect
researchers’ ability to broach specific questions or topics.
Our results in the review of interaction criteria mirror
what we found in the meta-analysis process (estimates of
interactions). Variation in experimental design (e.g. criteria
adopted, device settings, camera operational days and fre-
quency of fixes with GPS collars) and reporting inconsist-
ency pose significant difficulties: first, summary statistics
of interactions (raw counts and means) were often difficult
to extract or were not reported at all; second, information
regarding potential predictors were also often poorly re-
ported and inconsistently detailed across studies, leading
to the use of simplified models. This detailed information
should be provided in fine-scale studies since it might be
relevant for interpreting interaction rates and for compar-
ing studies.

The conclusions on factors influencing interaction rates
should be viewed as preliminary since our sample size
was limited. However, despite these limitations, our find-
ings offer major insights into understanding animal TB
transmission risk through an ecological perspective, even
if our framework and modelling approach are a simpli-
fication of a complex system. The results highlight the
complex ecological links that help us to understand how
animals interact at a global scale and thus are a key ad-
dition to the present body of knowledge.

WHAT’S NEXT? GUIDELINES FOR FUTURE
STUDIES

Within an ecological-epidemiological perspective of animal
TB, a key focus should be wildlife surveillance through
harmonised approaches. We propose that several key points
should be considered in future studies targeting wildlife—
cattle interactions. We encourage researchers to:

1. Adopt the main criteria summarised here, to standardise
approaches, allowing comparison of results with previ-
ously published studies and easing the integration of
new ones.

2. Adopt the terms interaction or contact in studies instead
of other nomenclature (e.g. spatial visit and occurrence).

1
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3. Standardise rates of interaction as a function of the
sampling effort (e.g. number of camera stations, moni-
toring sites or collared animals) and study duration,
enabling comparison of studies differing in duration and
survey effort; rigorous study duration estimates must
take into account the number of active camera days for
camera-trapping studies; in the case of GPS collars and
proximity loggers, accurate tracking periods of the col-
lared animals are essential (discriminated by species, i.e.
the number of tracking days considering the total number
of collared individuals for a given species).

4. Guarantee that important predictors (e.g. seasons and
sites) are properly surveyed, accommodating balanced
spatial and temporal variabilities, because it is important
to know when and where species are interacting, and
thus when and where actions should be prioritised.

5. Consider CTWs on estimated rates of indirect interac-
tions. Since transmission depends on the pathogen’s
survival time in the environment, the use of CTW is
important for generating reliable estimates in the case
of Mycobacterium bovis transmission.

6. Information on the study area (proportion of land uses
and geographical coordinates), cattle herd size, TB preva-
lence, wildlife abundance (even if only proxies are avail-
able), raw counts of interactions and rates of interaction
should be made available.

7. Evaluate both intra- and inter-wildlife species’ interac-
tions in order to improve our understanding of TB
transmission dynamics in multi-host communities.

CONCLUSIONS

Quantifying interaction patterns between disease hosts
through harmonised approaches is critical for inferring key
drivers of differentiation across species and ecological fea-
tures responsible for interaction rate variations. Our synthesis
applied to animal TB highlights that only a few studies
used specific criteria to define wildlife—cattle interactions,
although different criteria were available. Regardless of the
study context and host species considered, direct rates of
interactions between wildlife and cattle were proven to be
very infrequent. In contrast, the focus is on the indirect
interactions that occur frequently in shared environments,
wherein wildlife density may play a key role. In this sense,
the classical direct aerosol transmission might be of minor
importance in inter-species disease transmission, underlining
the importance of assessing whether or not indirect interac-
tions are the main driver of wildlife—cattle TB transmission.
By dissecting, for the first time, patterns of wildlife—cattle
interaction at a global scale and their potential connections
with ecological and methodological factors, we draw a path
for future studies regarding shared interfaces and ecology
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of animal diseases. Ultimately, this could be the cornerstone
to support initiatives for a successful reduction of disease-
relevant interactions that have been proven to be relevant
for disease epidemiology.
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