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Abstract

Detecting opportunities for between-species transmission of pathogens can be challenging, par-
ticularly if rare behaviours or environmental transmission are involved. We present a multilayer
network framework to quantify transmission potential in multi-host systems, incorporating envi-
ronmental transmission, by using empirical data on direct and indirect contacts between European
badgers Meles meles and domestic cattle. We identify that indirect contacts via the environment
at badger latrines on pasture are likely to be important for transmission within badger populations
and between badgers and cattle. We also find a positive correlation between the role of individual
badgers within the badger social network, and their role in the overall badger-cattle-environment
network, suggesting that the same behavioural traits contribute to the role of individual badgers in
within- and between-species transmission. These findings have implications for disease manage-
ment interventions in this system, and our novel network approach can provide general insights
into transmission in other multi-host disease systems.
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1. Introduction

Between-species transmission of infection in multi-host disease systems re-
mains poorly understood, despite representing a potentially important oppor-
tunity for disease control (Plowright et al., 2017; Webster et al., 2017). The
behaviours that might result in transmission of infections between species
are often rare (Viana et al., 2014), with successful transfer and establish-
ment of the pathogen in a new host being rarer still (Woolhouse et al., 2001).
As a result, identifying when and where transmission occurs between host
species, and the behaviours that make specific individuals or classes impor-
tant, can be particularly challenging. While advances in pathogen genotyping
have helped (Johnston et al., 2010; Mather et al., 2013; Viana et al., 2014;
Kamath et al., 2016; Trewby et al., 2016), there is a paucity of evidence
on precisely how individual behaviour is associated with opportunities for
between-species transmission, even in the best-studied systems.

Pathogen transmission can occur via direct transmission between indi-
viduals or indirectly via vectors, fomites or wider environmental sources
of infection (McCallum et al., 2001; White et al., 2017). The behaviours
that facilitate direct and indirect transmission can be very different; the
former requires spatial and temporal co-occurrence and often a specific be-
havioural interaction, while indirect transmission can simply require spatial
co-occurrence within a certain time window (Godfrey, 2013). This distinc-
tion can be particularly important when direct interactions among potential
hosts are rare, which is likely to be the case for between-species transmis-
sion (Viana et al., 2014). Identifying the relative importance of direct and
indirect transmission, and the behaviours involved, are therefore likely to be
important prerequisites to the development of effective disease management
strategies (Plowright et al., 2017; Webster et al., 2017).

The application of network approaches (Silk et al., 2017a,b; White et al.,
2017) and movement ecology (Dougherty et al., 2018; White et al., 2018) has
become integral to understanding the impact of individual behaviour in dis-
ease ecology. Both approaches have exploited the increasing availability of
high resolution bio-logging technology to quantify how variation in host be-
haviour contributes to heterogeneity in pathogen transmission opportunities
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(Krause et al., 2013; White et al., 2017). Recent developments in network
analytical approaches have included the development of a general multilayer
network approach that considers multiple interdependent networks within
the same analytical framework (Kiveld et al., 2014; De Domenico et al.,
2016; Pilosof et al., 2017b). This multilayer approach offers new opportuni-
ties to consider interactions between host populations (Pilosof et al., 2017a)
and to combine social and spatial networks in novel ways (Pilosof et al.,
2017b). Here we present a multilayer network as a general framework for
quantifying the relative importance of potential routes for direct and indirect
pathogen transmission between host species. We apply our framework to an
empirical dataset generated using proximity loggers deployed on European
badgers Meles meles, domestic cattle Bos taurus and at badger latrines in
their shared environment.

Badgers and cattle represent an ideal study system in which to implement
this multilayer approach. Both species can be infected by Mycobacterium
bovis, the causative agent of bovine tuberculosis (bTB) and in England and
Wales this important zoonotic disease costs the government and farmers over
£100 million pounds per year (Godfray et al., 2013; Harris et al., 2017). In
badgers, direct transmission via inhalation of aerosolised bacteria (Cheese-
man et al., 1989) and, to a lesser extent, biting (Jenkins et al., 2012) are
suspected to be key routes for acquiring infection. Hence the distribution
of infection in badgers is correlated with social network structure (Weber
et al., 2013Db). Direct cattle—cattle transmission is also well documented, and
thought to occur predominantly via a respiratory route (Goodchild & Clifton-
Hadley, 2001). Transmission between badgers and cattle, however, remains
difficult to trace and quantify. Direct behavioural interactions between bad-
gers and cattle and therefore associated opportunities for direct transmission
of M. bovis are rare (Bohm et al., 2009; Drewe et al., 2013; Woodroffe et al.,
2016). Given that M. bovis can persist in the environment in suitable condi-
tions (Courtenay et al., 2006; King et al., 2015), indirect routes of spread via
the environment could play a role in disease transmission between badgers
and cattle. In particular, the presence of concentrations of badger excreta at
latrine sites on cattle pasture is often identified as a potentially important
source of infection for cattle (Williams & Hoy, 1930; Maddock, 1933; Ben-
ham & Broom, 1991; Courtenay et al., 2006).

Using an empirical dataset derived from a study that quantified badger—
badger, badger—cattle, badger—latrine, cattle—cattle and cattle-latrine con-
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tacts using proximity loggers (Drewe et al., 2013), we constructed a mul-
tilayer network of the badger—cattle—environment system. M. bovis is a
chronic and slow-spreading infection in badger populations which prevented
us from directly investigating transmission over the period when proxim-
ity loggers were deployed. However, using a novel multilayer approach we
aimed to investigate how direct and indirect contacts may influence transmis-
sion opportunities. We predicted that our approach would reveal the potential
importance of routes for indirect transmission of infection between badgers
and cattle, expecting that indirect contacts via latrines would be integral to
connecting the badger and cattle layers of the network. We also predicted
that the network positions of badgers within their own social network would
reflect their position in the overall multilayer network, as individuals that
range further and have more connections would also be expected to use more
latrines. Finally, we expected considerable variation among latrines in their
potential importance for transmission, depending on how centrally located
they were within the study site and the number of badgers from different so-
cial groups that used them. We then discuss how this framework might tease
apart direct and indirect transmission and help identify individuals that might
be particularly important for cross-species transmission.

2. Methods
2.1. Study site

The data used in this study were collected at Woodchester Park, Glouces-
tershire, UK (Figure 1; 51°43' N, 2°16 W) between April and September
2010. The study site is a 7 km? area of the Cotswold escarpment centred on
a wooded valley with pockets of cattle pasture on the valley floor and mixed
agriculture in the surrounding area (Figure 1). The site is the location of a
long-term study of the ecology, epidemiology and demography of a high-
density badger population (21-23 different social groups) naturally infected
with M. bovis (Delahay et al., 2013; McDonald et al., 2018). Social group
territories within the study area are defined using bait-marking studies dur-
ing the period of peak territoriality in the spring (see Delahay et al., 2000),
and we use these measures to identify social group territories (Figure 1) and
define social group membership throughout this study.
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Figure 1. A map of the study site showing badger social group boundaries (coloured poly-
gons), badger main setts (yellow pentagons), the location of active latrines at which base
stations were located (red circles), and the areas of cattle pasture (green hatched area). So-
cial group polygons represent the 95% maximum convex polygon of the, 2010 bait-marking
data and are labelled with the identifying codes of the social groups that they contain (see
Figure 4). Social group territories can contain multiple main setts.

2.2. Data collection

Data were collected on social and spatial behaviour of cattle and badgers us-
ing UHF proximity loggers (Sirtrack, Havelock North, New Zealand). These
devices operate by transmitting a unique UHF signal and automatically de-
tecting the signal of other loggers that come within a pre-set distance of
each other. The end of a contact event is determined when two loggers have
stopped detecting one another for a pre-set time period (30 seconds in this
study). At this point the date/time and duration of the contact is logged, to-
gether with the identity of the encountered logger (Drewe et al., 2012, 2013;
Weber et al., 2013b). During the wider study (from September, 2009 until
September, 2010), proximity loggers were deployed on a total of 33 Welsh
Black cattle, 61 badgers, and for some of the time at 19 base stations located
at active badger latrines (Drewe et al., 2013). The analysis presented here
focussed only on the period between April and September, 2010, while base
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stations were deployed at latrines and proximity logger data were simul-
taneously collected from 25 cattle and 42 badgers (either directly through
logger downloads or indirectly through interacting with a logger that was
subsequently downloaded). This provided contact data for the majority of
individual animals in the herd of cattle in the central valley of the study area.
Data were temporarily unavailable for some individuals if collar memory
banks were full, collars were lost or for the calves in the herd prior to collar-
ing. Contact data was available from approximately 70% of the adult badgers
in the focal social groups in the study area (Drewe et al., 2013; Weber et al.,
2013b). Data on latrine use were available from 13 latrines in total (Figure 1).

Badgers were trapped as part of the ongoing long-term study at Woodch-
ester Park (McDonald et al., 2018). Proximity loggers mounted on leather
neck collars were fitted to adult badgers (those more than one year old)
while they were anaesthetised for routine examination (including ageing
and sex determination) and sampling. Cubs cannot be collared for welfare
reasons. The detection distance of each badger collar was pre-set to be-
tween 0.4 and 1.4 metres (there is some natural variability between collars)
to record close contacts that represent potential opportunities for M. bovis
transmission. Samples collected while badgers were under anaesthesia were
used to ascertain bTB infection status. Badgers were classified as infected
if they tested positive for at least one of three diagnostic tests (Drewe et
al., 2010): mycobacterial culture of clinical samples (Clifton-Hadley et al.,
1993), a serological assay (Stat-Pak; Chambers et al., 2008) and a gamma-
interferon assay (Dalley et al., 2008) at any capture event prior to when
collars were fitted. While these tests individually have their limitations, com-
bining test results increases the likelihood of correctly determining M. bovis
infection status (Drewe et al., 2010).

Proximity loggers mounted on nylon neck collars were deployed on cattle
in the centre of the study area for up to 12 months (the exact duration of
collaring varied among individuals). The proximity collars had a detection
range of 1.5-1.9 m. The collared cattle during study as a whole comprised
24 females and nine males, 28 of which were adults and five of which were
calves born during the study and fitted with proximity loggers in June, 2010.
The cattle farm was in an annual testing area for bTB, and so all cattle in the
study had tested negative on the tuberculin skin test within the 12 months
prior to the start of the study, with the exception of newborn calves.
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Base stations were deployed at active badger latrines in the three main cat-
tle fields in the valley (Figure 1). Base stations were pre-set to detect proxim-
ity loggers coming within a horizontal distance at ground-level of 0.3—0.8 m.
As this resulted in a greater detection distance above ground-level, data on
animal collar logger to base station contact events were extracted from base
station datasets (and did not require reciprocal contacts to be recorded by the
collar loggers).

2.3. Social network construction

Contact data were filtered in the same way as previous studies (Drewe et al.,
2012, 2013). Records within a rolling 60 second time interval were amal-
gamated and then any remaining one second contacts were removed. The
filtered data were then used to construct the four constituent networks of a
multilayer network framework: (i) a social network of all contacts recorded
among badgers, (ii) a spatial bipartite network recording when individual
badgers visited latrines monitored by base stations, (iii) a spatial bipartite
network recording when individual cattle visited latrines monitored by base
stations and (iv) a social network of all contacts among cattle (Figure 2).

2.4. Network edge definitions

Edges in each network were weighted by the log of the total duration of
contacts within a dyad. Badger—badger edges connected individuals that had
come within the detection distance (0.4—1.4 m) of proximity loggers that
were successfully recovered and downloaded. Cattle—cattle edges also con-
nected individuals that had come within the detection distance (1.4—1.9 m)
of proximity loggers that were recovered. Badger-latrine and cattle-latrine
edges connected individual animals to latrines if the base station positioned
at that latrine recorded a contact. Base stations were pre-set to record con-
tacts within 0.3-0.8 m at ground level (see Drewe et al, 2013).

2.5. Social network analysis

2.5.1. Position of badgers in within-species and multilayer networks

The roles of individual badgers within the badger social network and within
the overall multilayer network were compared using a range of centrality
measures for single and multilayer networks. Multilayer centrality measures
for each badger were calculated by transforming the multilayer edge list into
a supra-adjacency matrix containing all four networks (Kiveld et al., 2014)
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Figure 2. A multilayer contact network for European badgers and domestic cattle at the
Woodchester Park study site. The top (blue layer) depicts the badger social network for the
entire study period. The bottom (red) layer depicts the cattle social network for the entire
study period, with edges filtered for clarity to show only the 25% of the strongest edges.
Locations of nodes in the badger network were determined by layout.auto() in the R package
igraph and the locations in the cattle network were determined by the layout_in_circle(). The
side (green) layer represents badger latrines (arranged on a plane in correspondence with their
location within the study site). Grey edges represent contacts between either badgers or cattle
with base stations positioned at those latrines. For each of these bipartite, spatial networks
(badger-latrine and cattle-latrine) edges are filtered for clarity to show only the 25% of the
strongest edges.

(Figure A1 in the Appendix) and then analysing the resultant network in the
R package igraph (Csardi & Nepusz, 2006). We calculated four measures of
centrality: unweighted degree, weighted degree (strength), eigenvector cen-
trality and betweenness centrality. These measures were selected to provide
a spectrum from those measuring purely direct connections (unweighted de-
gree/strength), through accounting for localised indirect connections (eigen-
vector centrality) to global measures of network position (betweenness cen-
trality). Betweenness was calculated using inverted edge weights as igraph
treats greater weight as a cost in its shortest path algorithms (Silk et al.,
2017a). The equivalent centrality measures were then calculated for the bad-
ger social network only. All measures from each network were scaled by
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dividing by the maximum value for each measure, meaning that values for
all centrality measures were between 0 and 1 for each network.

We then tested whether the network position of badgers within the overall
multilayer network depended on phenotypic traits using a randomisation-
based approach (Farine & Whitehead, 2015; Silk et al., 2017b). We fitted
generalised linear mixed effects models with unweighted degree (logistic
transformation of scaled values, Gaussian error distribution), weighted de-
gree (logistic transformation of scaled values, Gaussian error distribution),
a binary approximation of eigenvector centrality (whether the scaled eigen-
vector centrality was greater or less than 0.5; binomial error distribution)
and betweenness (scaled values, zero-inflated beta distribution) as response
variables. Models for unweighted degree, weighted degree and eigenvec-
tor centrality were fitted in the R package Ime4 (Bates et al., 2015). The
model for betweenness was fitted in Stan (Carpenter et al., 2017) using the
R package brms (Burkner, 2017). We included sex (male versus female), age
(adult (2+ years old) versus yearling (1-2 years old)), bTB infection status
(test-positive versus test-negative) and the number of days an individual was
known to be collared as explanatory variables. Age was not included in the
model for eigenvector centrality as no yearlings had an eigenvector centrality
greater than 0.5. The number of days an individual was known to be collared
was scaled to be mean-centred with unit variance. We included social group
membership as a random effect to control for differences between individu-
als generated by variation in the number of individuals collared per group.
Badger social group membership was assigned according to which sett an in-
dividual was most recently captured at, using bait-marking data from, 2009,
2010 and 2011 to define social group territories (Delahay et al., 2000). Using
this combined (multi-year) approach differed from using the 2010 bait mark-
ing data only by placing setts Y and ST as different social group territories,
rather than including them as part of the same group. We tested the statisti-
cal significance of our model estimates using node-based permutations of the
data. We randomly resampled the identity of all individuals in the population
10000 times and recalculated model estimates for these randomised datasets.
Terms were considered to be statistically significant in the real dataset if the
effect size lay outside the 95% confidence interval of effect sizes in the ran-
domised datasets. Social group was considered to be more important than
expected by chance if the estimate of the variance explained by social group
lay outside the 95% confidence intervals of the equivalent value calculated
from the randomised networks. The p value represents the proportion of es-
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timates of the random effect variance from models in randomised networks
that were greater than the equivalent estimate from the observed network.

2.5.2. The role of indirect contacts in disease transmission

We developed a novel approach to identify the relative importance of indirect
contacts via latrines (potential environmental routes for between and within-
species transmission) that calculated the proportion of all possible shortest
paths between pairs of nodes within the unweighted multilayer network that
included a latrine. If indirect contacts are vital to the connection of layers
(or for connections within layers) then this value would be expected to equal
1, and if indirect contacts do not ever shorten possible transmission routes
between hosts then this value would be expected to be 0 (Figure 3). When
both indirect and direct contacts occur, this measure can quantify the extent
to which indirect routes can shorten potential transmission pathways. We
used unweighted edges to reflect the importance of the existence of these
connections due to uncertainty over how weight should be incorporated into
epidemiologically relevant shortest path calculations.

We also quantified a similar measure of the importance of indirect contacts
via other network layers for network paths between all pairs of individual
badgers (dyads) that were collared contemporaneously for a minimum of
10 days. First, we calculated the proportion of the set of shortest paths be-
tween badgers that included a latrine for all dyads (817 in total). We then
determined the proportion of shortest paths between dyads containing indi-
viduals from different groups (711 in total) which included a latrine. This
makes it possible to consider the potential relative importance of indirect
contacts for within- and between-group transmission (see Figure A2 in the
Appendix). The statistical significance of the difference in the proportion
of between- versus within-group shortest paths that passed through latrines
was assessed by randomly sampling from all possible shortest paths between
dyads 100000 times and calculating the equivalent proportion of between-
versus within-group dyads they contained. A similar approach was used
to determine the statistical significance of the proportion of between-group
dyads that contained a latrine.

2.5.3. Heterogeneity in importance among latrines

The potential importance of different latrines in facilitating disease trans-
mission was assessed using multilayer centrality measures. Similar to above,
centrality measures were calculated for each latrine from a supra-adjacency
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Figure 3. A graphical depiction of calculating the proportion of inter-layer shortest paths that
are indirect (IP). All pairwise combinations in the top (“B”) layer and bottom (“C”) layer are
given a score of O if the shortest path through the network between them does not include an
indirect/environmental connection, 1 if it does, and 0.5 if the shortest direct and indirect paths
are equally short. We illustrate three toy examples where the vast majority of shortest paths
are direct (A), direct and indirect routes are similarly important (B), and all shortest paths are
indirect (C).

matrix of the multilayer network using the package igraph (Csardi & Ne-
pusz, 2006). We calculated degree, strength, eigenvector centrality and be-
tweenness centrality to measure the influence and connectivity of each la-
trine in the full network. Again, betweenness was calculated using inverted
edge weights. We additionally calculated the degree and strength of latrines
to badgers and cattle separately to determine whether connections to one
species or the other were more important in making latrines central within
the multilayer network.

We then compared the distribution of the network measures calculated in
the observed network to the same distribution calculated from 100 000 mul-
tilayer networks in which the badger-latrine and cattle-latrine networks had
been randomised. These randomisations were restricted so that: (a) cattle-
latrine edges could only be swapped to latrines in the same field, but could
be swapped to any other cow, and (b) badger-latrine edges could only be
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swapped to another latrine in the same or a neighbouring social group terri-
tory or only to another badger from the same social group as the original. Our
algorithm for edge swaps: (1) selected an edge to be changed, (2) randomly
selected either the animal or the latrine to be swapped, then (3) completed the
swap according to the rule outlined above. After every 10 swaps (1 000 000
million swaps were conducted in total) all measures were calculated as de-
scribed above. Both cattle-latrine and badger-latrine edges were randomised
(with the order of the swaps occurring randomly in each step of the algo-
rithm).

3. Results

3.1. Position of individual badgers in within-species and multilayer
networks

Individual badgers tended to occupy similar positions in the badger social
network as in the multilayer network that also contained badger latrines and
cattle interactions (Figures 2 and 4), and this pattern was consistent regard-
less of the nature of the centrality measure used. The sex, age and infection
status of badgers did not generally significantly relate to variation in network
centrality of individuals within the overall multilayer network (Table 1). No
yearlings were recorded to have high scores for eigenvector centrality. The
only additional significant result was for males to be less likely to have high
eigenvector centrality scores than females. However, given the considerable
standard error around the model predictions in the observed network, this
result should be treated with caution. For all measures of network central-
ity, a considerable amount of variation was explained by the social group
affiliation of individual badgers (eigenvector centrality: p < 0.001, degree:
p = 0.004, strength: p = 0.002, betweenness: p < 0.001).

3.2. The role of indirect contacts in disease transmission

In the wider study by Drewe et al. (2013) a very small number of badger-
cattle contacts were detected, but in the subset of data used for the present
study, no such interactions were represented. All of the shortest paths be-
tween the badgers and cattle within the multilayer network included a latrine,
indicating the likely importance of indirect contacts for disease transmis-
sion in this system. For badger-badger transmission routes, 299 of the 817
possible shortest paths between individuals that were contemporaneously
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Table 1.
The effect of badger phenotypic characteristics (sex, age, bTB infection status) and the dura-
tion of collaring, on network position in the overall multilayer network.

Centrality Effect Model Estimate 2.5% quantile 97.5% quantile p
measure from null from null
models models
Degree Sex M vs. F) —0.29 (£0.31) —0.90 0.89 0.065
Infection status —0.15 (£0.35) —0.90 0.91 0.789
(+vs. —)
Collar duration  0.20 (£0.14) —0.45 0.42 0.320
Age (Y vs. A) —0.14 (£0.42) —1.12 1.23 0.869
Strength Sex (M vs. F) —0.16 (£0.31) —0.90 0.89 0.260
Infection status —0.31 (£0.34) —0.91 0.91 0.387
(+ vs. —)
Collar duration  0.19 (£0.14) —0.43 0.41 0.814
Age (Y vs.A) —0.13 (£0.41) —1.10 1.22 0.428
Betweenness  Sex (M vs. F) —1.08 (£0.64) —1.40 1.45 0.359
Infection status  0.62 (£0.84) —1.43 1.63 0.262
(+ vs. —)
Collar duration —0.12 (£0.27) —-0.73 0.66 0.797
Age (Y vs. A) 1.08 (£1.03) —1.83 2.22 0.428
Eigenvector Sex M vs. F) —3.50 (+4.65) —1.91 2.22 0.002"
centrality  Infection status  1.88 (£4.31) —2.23 1.88 0.975F
(+ vs. —)
Collar duration  0.10 (£1.59) —0.84 1.40 0.572
Age (Y vs. A) NA NA NA NA

Model estimates are provided along with the quantiles from equivalent models fitted
following node-based permutations of the network. Contrasts are for male vs. female (M vs.
F), bTB positive vs. bTB negative (4 vs. —) and yearling vs. adult (Y vs. A). The one-tailed
p value is the proportion of estimates from the randomised data that are less than or equal to
the model estimate for the observed data and should be considered as statistically significant
when less than 0.025 or greater than 0.975. Results marked * are statistically significant using
this permutation test. Results marked T are marginally non-significant.

collared for 10 days or more included a latrine. All (100%) of these 299
shortest paths containing latrines also connected badgers from different ter-
ritorial social groups, significantly more than would be expected by ran-
dom chance (p < 0.001, 97.5% quantile of randomisations = 269 (90.0%)).
These shortest paths via latrines represented 42% (299/711) of the total num-
ber of between-social group shortest paths, which was significantly more
than would be expected by chance alone (p < 0.001, 97.5% quantile of
randomisations = 37.8% (269/711)). Together, this highlights that indirect
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Table 2.
The observed strength and betweenness centrality (both scaled to be between 0 and 1) of
badger latrines in a multilayer contact network between badgers and cattle.

Badger Observed Expected strength Observed Expected betweenness

latrine strength in randomised betweenness centrality in
networks centrality randomised networks

153 0.65 > 0.36-0.65 1.00 > 0.004-0.983

154 0.44 ~ 0.36-0.65 0.00 < 0.002-0.929

155 0.90 > 0.36-0.65 0.22 ~ 0.002-0.961

156 0.38 ~ 0.35-0.66 0.90 ~ 0.002-0.954

157 0.88 > 0.36-0.65 0.04 ~ 0.002-0.971

158 0.39 ~ 0.36-0.66 0.00 < 0.002-0.973

159 0.39 ~ 0.35-0.65 0.00 < 0.005-0.961

160 047 ~ 0.36-0.65 0.12 ~ 0.005-0.920

161 0.50 ~ 0.36-0.65 0.01 ~ 0.005-0.956

164 0.18 < 0.36-0.65 0.00 < 0.005-0.944

166 0.17 < 0.35-0.65 0.00 < 0.002-0.908

168 0.18 < 0.36-0.66 0.00 < 0.005-0.937

169 1.00 > 0.36-0.65 0.99 > 0.007-0.939

Values indicted by > represent an observed centrality measure that is greater than ex-
pected by the randomisation of networks, and < represents an observed centrality measure
that is lower than expected.

contacts via latrine use are potentially important in providing transmission
routes between badger social groups.

3.3. Heterogeneity in importance among latrines

Latrines varied considerably in their centrality (see Table 2 and Table Al
in the Appendix), with some being more central or less central in the net-
work than expected by chance. In the observed network both strength (direct
connections) and betweenness centrality (global centrality) were dominated
by particular latrines to a greater extent than in the randomised networks
(Table 2). However, the identity of these latrines differed depending on the
centrality measure used (Table 2 and Table Al), especially for between-
ness relative to more local centrality measures. The most central latrines
tended to have more and stronger connections to both badgers and cattle
(Figure A3 in the Appendix). One latrine (node 169) was consistently much
more central than expected by chance regardless of the centrality measure
used and therefore occupied a particularly important position in the net-
work.
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4. Discussion

We have presented a novel multilayer framework for considering the poten-
tial role of social and spatial behaviour in pathogen transmission in multi-
host systems. Using this framework we have demonstrated the potential im-
portance of indirect contacts in providing opportunities for the transmission
of M. bovis between badgers and cattle. Furthermore, using a network ap-
proach has enabled us to reveal important variation among badger latrines in
their role in both badger-badger contacts and badger-cattle contacts. Finally,
we revealed that the relationship between the role of badgers in the badger
social network and the overall multilayer network was similar, indicating that
measures of intra-specific social interactions in badger populations can pro-
vide a useful proxy for the potential role of individuals in between-species
transmission.

Our results are consistent with previous studies which also found that op-
portunities for direct transmission of M. bovis from badgers to cattle at pas-
ture are likely to be rare (Bohm et al., 2009; Drewe et al., 2013; Woodroffe et
al., 2016). In addition, our approach enabled us to quantify the role of indi-
vidual badger latrines within a broader network of direct and indirect trans-
mission opportunities. We revealed considerable variation among latrines in
their role in connecting the multilayer network. The most influential latrines
were clustered towards the centre of the study site, suggesting that this was
partially driven by edge effects, and incomplete coverage of latrines by base
stations. However, there were multiple latrines with base stations located
within this area of the study site and it was notable that two of those identi-
fied as more central (node IDs 157 and 169) occurred in a region of overlap
between three distinct badger social group territories. Latrines are likely to
be particularly influential or to have high betweenness in the network if they
are either contacted by many individuals of both species or connect individ-
uals that are otherwise unlikely to interact. The fact that boundary latrines
(i.e., those located at the boundary between different social group territories,
such as node IDs 157 and 169 in the present study) are more likely to be
visited by badgers from multiple setts is well established (Roper et al., 1993;
Delahay et al., 2007). Our analysis reveals the true importance of this to the
overall network structure; boundary latrines are responsible for almost half
of the shortest paths through the network between pairs of badgers from dif-
ferent groups. However, to be influential within the full multilayer network
these latrines must also be frequently visited by cattle. This is a combined
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result of the intensity of use of pasture, the precise location of the latrine
and the behaviour of the cattle when they are in the field. Most cattle tend
to avoid badger latrines while foraging (Benham & Broom, 1991), but this
avoidance is reduced when overall sward quality is low and as a result of
cattle tending to forage closer to field edges, where badger latrines can also
be concentrated (Hutchings & Harris, 1997).

While networks have been used to reveal the importance of heterogeneity
in social contacts (VanderWaal & Ezenwa, 2016; White et al., 2017) and in
spatial networks of animal movements (Kao et al., 2006; Keeling et al., 2010;
Jacoby & Freeman, 2016), there has been little empirical research quanti-
fying variation in indirect transmission opportunities. This is important as
quantifying and characterising this variation might facilitate the targeting of
management efforts at key sources of environmental transmission. For exam-
ple, further use of multilayer network approaches to study direct and indirect
contacts at a greater number of latrines would make it possible to more ac-
curately characterise those that are potentially important for transmission
between badger social groups and on to cattle.

Our multilayer network analytical approach enabled us to investigate the
extent to which the role of badgers within their own social network corre-
lated with their position in a broader badger—cattle—environment network.
There was clear correspondence between the role of individual badgers in
the badger social network with their position in the overall network for both
direct/local and indirect/global measures of network position. It might be
possible that these results are driven by the selection of latrine sites at which
base stations were deployed, which tended to be towards the centre of the
study site. This could potentially enhance any edge effects that result in bad-
gers in social groups closer to the centre of the study site having higher
centrality in the network We know from previous work that badgers that
are test positive to M. bovis are more likely to occupy more connected roles
within the badger social network (Weber et al., 2013b), and to use outlier
setts away from the main communal burrow system more frequently at cer-
tain times of year (Weber et al., 2013a). These individuals could therefore
act as “spread capacitors” that regulate the spread of infection in the badger
population (Weber et al., 2013b; Silk et al., 2017a). Given that network po-
sition within the badger social network is broadly reflective of the position
of individuals in the full multilayer network, it seems likely that these indi-
viduals may also be integral in regulating transmission between hosts via the
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environment. Network modelling of this system that takes into account the
full multi-host system and varies the relative importance of environmental
transmission could reveal the conditions required for heterogeneity in bad-
ger social behaviour to influence disease dynamics more generally.

Our results do not provide evidence that might make it possible to predict
whether particular individuals are likely to be important for between-species
transmission based on non-behavioural traits. There was no clear correlation
between age, sex or bTB infection status with any measures of central-
ity in the overall multilayer network. However, in badger social networks
a more in-depth analysis was required to characterise the relationship be-
tween network position and infection (Weber et al., 2013b), and therefore it
may be that more detailed datasets on badger-latrine-cattle interactions could
provide greater insights. There is considerable literature on temporal and in-
dividual variation in latrine use by badgers (Roper et al., 1993; Stewart et
al., 2002; Delahay et al., 2007), but less information on how and why cattle
interact with latrines (but see Benham & Broom, 1991; Hutchings & Harris,
1997). However, it is only by taking the two in combination that the full pic-
ture can be revealed, and the use of temporally dynamic methods is likely
to be especially illuminating due to the time-lagged nature of transmission.
This re-emphasises the importance of identifying the traits that result in in-
dividuals occupying these epidemiologically important roles in the contact
network (VanderWaal & Ezenwa, 2016; McDonald et al., 2018), but again
highlights the likely importance of considering the influence of individual
variation in behaviour on network position within the full multi-host system
rather than a single component of it.

More generally, our multilayer method provides a useful tool with which
to disentangle the potential importance of direct and indirect transmission
between different hosts. In particular, quantifying the proportion of shortest
paths between layers that pass through environmental reservoirs of infection
provides a very clear indication of the impact they may have on multi-host
disease dynamics. While, our case study is dominated by indirect transmis-
sion, this approach is likely to be especially beneficial in contexts when it
is difficult to tease apart differences between direct and indirect transmis-
sion routes. The power of this approach in revealing how indirect contacts
affect the network position of individual badgers is a good illustration of
this. Clearly, our approach will be most applicable when there are spatially-
discrete peaks in indirect/environmental transmission risk (the latrines in our
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study system being a good example). However, while this may be somewhat
limiting, there are numerous other examples where such peaks in environ-
mental transmission might occur from shared refuge use (Godfrey et al.,
2009; Leu et al., 2010) through to resource patches such as watering holes
(Paull et al., 2012; Barasona et al., 2014) or anthropogenic food sources
(Becker et al., 2015). In addition, the importance of indirect transmission will
depend on other aspects of the system, such as the ability of the pathogen to
persist in the environment and the relative likelihood of transmission occur-
ring via different routes (Webster et al., 2017). However, if this additional
information is available then it could be incorporated into a multilayer net-
work model of infection within multi-host systems. By building network
models that explicitly incorporate spatial and social layers of multiple hosts
it is likely to be possible to make more holistic predictions about dynamics in
these multi-host systems that relate to both social behaviour and movement
ecology.
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Appendix

Direct and indirect contacts between species

Badger-Cattle Badger-Latrine
contacts contacts

Cattle-Latrine
contacts

Figure Al. An illustration of the structure of the supra-adjacency matrix used to quantify
multilayer social network measures for the multispecies network of potential transmission

opportunities.
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Bb3

Figure A2. A toy example of the calculation of the proportion of indirect shortest paths (IP)
within a single network layer. In this example the shortest paths Ba2-Bb4 and Bal-Bb3 are
direct (i.e., all within the same layer as the nodes being considered) while the shortest paths
Ba3-Bbl and Ba4-Bb2 are indirect as they pass through other network layers.
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Figure A3. (a) The number of connections and (b) the overall strength of those connections
of latrines to the badger layer and cattle layer of the overall multilayer network.
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Table A1l.
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757

The observed degree and eigenvector centrality of badger latrines in a multilayer contact
network between badgers and cattle.

Badger Observed Expected degree Observed Expected eigenvector

latrine degree in randomised eigenvector centrality in
networks centrality randomised networks

153 0.58 ~ 0.45-0.76 0.87 > 0.38-0.73

154 0.53 ~ 0.45-0.76 0.58 ~ 0.38-0.73

155 0.92 > 0.45-0.76 0.96 > 0.37-0.73

156 0.53 ~ 0.45-0.76 0.36 < 0.37-0.73

157 0.97 > 0.45-0.76 0.98 > 0.38-0.73

158 0.61 ~ 0.45-0.76 0.46 ~ 0.38-0.74

159 0.39 < 0.42-0.76 0.51 ~ 0.38-0.73

160 0.74 ~ 0.45-0.76 037 < 0.38-0.73

161 0.71 ~ 0.45-0.76 0.54 ~ 0.37-0.73

164 0.29 < 0.45-0.76 0.23 < 0.38-0.73

166 0.24 < 0.45-0.76 0.19 < 0.38-0.73

168 0.32 < 0.45-0.76 0.20 < 0.38-0.73

169 1.00 > 0.45-0.76 1.00 > 0.38-0.73

Values indicted by > represent an observed centrality measure that is greater than ex-
pected by the randomisation of networks, and < represents an observed centrality measure
that is lower than expected. The result marked * is not statistically significant, but is equal to
the highest unique value from the randomisations (the upper bound of the measure).
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