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A B S T R A C T

The nature of contacts between hosts can be important in facilitating or impeding the spread of pathogens within
a population. Networks constructed from contacts between hosts allow examination of how individual variation
might influence the spread of infections. Studying the contact networks of livestock species managed under
different conditions can additionally provide insight into their influence on these contact structures.
We collected high-resolution proximity and GPS location data from nine groups of domestic cattle (mean
group size = 85) in seven dairy herds employing a range of grazing and housing regimes. Networks were con
structed from cattle contacts (defined by proximity) aggregated by different temporal windows (2 h, 24 h, and
approximately 1 week) and by location within the farm.
Networks of contacts aggregated over the whole study were highly saturated but dividing contacts by space
and time revealed substantial variation in cattle interactions. Cows showed statistically significant variation in
the frequency of their contacts and in the number of cows with which they were in contact. When cows were in
buildings, compared to being on pasture, contact durations were longer and cows contacted more other cows. A
small number of cows showed evidence of consistent relationships but the majority of cattle did not. In one group
where management allowed free access to all farm areas, cows showed asynchronous space use and, while at
pasture, contacted fewer other cows and showed substantially greater between-individual variation in contacts
than other groups.
We highlight the degree to which variations in management (e.g. grazing access, milking routine) substantially
alter cattle contact patterns, with potentially major implications for infection transmission and social in
teractions. In particular, where individual cows have free choice of their environment, the resulting contact
networks may have a less-risky structure that could reduce the likelihood of direct transmission of infections.

1. Introduction
Host contact rate is a crucial factor in disease spread within and
between groups (VanderWaal and Ezenwa, 2016). Modelling contact
rate as a homogeneous process can provide an effective basis to simulate
transmission in many circumstances (Anderson and May, 1992). Where

contact rates vary markedly between individuals, however, the dy
namics of directly transmitted infections might better be predicted using
contact or proximity networks (Bansal et al., 2007; Craft, 2015; Van
derWaal and Ezenwa, 2016). Populations exhibiting strongly modular
contact networks, characterised by divisions among subgroups, can
experience altered disease dynamics, including reduced overall
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infection prevalence (Sumner et al., 2018), ‘structural trapping’ of in
fections, or increased transmission within subgroups (Sah et al., 2017).
Including empirically-determined contact networks rather than ho
mogeneous mixing in transmission models can alter epidemic pre
dictions. In groups of beef cattle, horses, and dogs, using empirical
contact data produced lower estimates of epidemic size and duration,
compared to simulating random mixing of individuals (Duncan et al.,
2012; Milwid et al., 2019a; Wilson-Aggarwal et al., 2019). Incorporating
heterogeneous contact structure into within-farm disease transmission
models has enabled the dynamics of other cattle infections, including
Mycobacterium avium subsp. paratuberculosis, Escherichia coli, and bovine
viral diarrhoea, to be more accurately described (Courcoul and Ezanno,
2010; Marcé et al., 2011; Turner et al., 2008).
High-resolution contact data can be particularly useful in predicting
disease dynamics more accurately (Bansal et al., 2010; Silk et al., 2017;
Springer et al., 2017). For example, models incorporating temporal
dynamics using hourly contact networks recorded in small groups of
calves have shown that including this fine-scale temporal variation in
contact networks can alter outbreak model predictions, especially for
infections with smaller basic reproductive ratios (R0), of between 1 and
2 (Chen et al., 2014). Such comprehensive contact data are scarce for
commercial dairy farms (Álvarez et al., 2014), which are of particular
interest due to their more intensive management systems and larger
herd size, which increase the potential for disease incursion and
within-herd transmission (Brooks Pollock and Keeling, 2009; Conlan
et al., 2012). Small-scale studies give crucial insights into cattle
behaviour and welfare issues (Chen et al., 2015; Foris et al., 2018), yet
do not fully describe more realistic interactions in a typical herd envi
ronment. Two notable studies have collected continuous contact data on
commercial dairy farms. The first reported within-housing contacts of
six small dairy herds in Switzerland (Gygax et al., 2010), and a second
studied one UK commercial dairy farm that used a robotic milking
machine during four periods (Boyland et al., 2016). Both studies re
ported that cattle formed a single, unstructured group, and found evi
dence of individual social preferences. However, it is unclear if these
findings can be extrapolated to farms with different herd-management
systems and how contacts might differ when animals are in different
types of housing, have choice over their environment, or experience
different stocking densities. Due to the rise in popularity of ‘zero-graz
ing’ herds (Haskell et al., 2006), the merits of indoor vs. outdoor-based
systems for keeping cattle have been extensively discussed from a health
and welfare perspective. Whilst indoor units may be better able to meet
nutritional needs and avoid parasitism, climatic stresses and contact
with neighbouring herds, they may be associated with a reduced ability
to demonstrate natural oestrus and resting behaviours, and an increase
in lameness and mastitis cases (Arnott et al., 2016; Crump et al., 2019;
Mee and Boyle, 2020).
To form a broader understanding of cattle interactions over multiple
herd-management systems, we recorded proximity among cows living in
groups on commercial dairy farms in the south-west of England. While
region and season were consistent between farms, our groups repre
sented a range of management practices in terms of their milking re
gimes, housing, grazing access, and group sizes, all of which might be
expected to affect interactions among individuals in the group. To
capture potential differences in contacts between locations within a
farm, we used a combination of proximity sensor technology and GPS
devices to describe the cows’ locations and their interactions. We
describe the contact networks of cattle groups at different spatial and
temporal scales, comparing networks in buildings with those at pasture,
and analysing contact frequencies at differing time aggregations. We
predicted that interactions would differ among locations on the farm,
specifically that cattle would be more able to express social preferences
at pasture, and would have more numerous contacts while in buildings.
We focussed on network characteristics that might influence the trans
mission of pathogens: heterogeneity in contact rates and durations, the
formation of sub-groups or ‘communities’, and the relative strength of

connections within and between these communities.
2. Methods
2.1. Farms and cattle management
We deployed collars on nine groups of adult cows within seven com
mercial dairy herds in the UK. For anonymity, we refer to each group by a
descriptive feature of the group (Table 1). For six of the nine groups, we
recorded contacts among cows that were kept in a milking group sepa
rated from other animals in the overall farm herd, as is common practice in
UK herds. Cows in the largest herd were routinely managed in several
groups and we recorded contacts in two groups: among the dry cows (Dry)
and, separately, among the low-yielding milking cows (Housed). No
changes were made to the normal routine of the farms, and so during most
deployments, cows were added to, and removed from, groups by the
farmers as the cows started or finished their lactations. One exception was
the Stable group, which included all adult cows, and where no cows joined
or left the group during the study period.
Grazing management varied among study groups and ranged between
allocation of additional strips of grazing after each milking (Strip-grazed),
through rotationally grazing a different field or part of a field after each
milking (Rotation 1a, Rotation 1b, Rotation 2, Stable, Night-housed), to
set stocking in one field (Dry) and free range of all fields on the farm
(Free). Variation between farms in this study reflected the diversity of
typical practices employed in UK dairy herds at the time of the study.
In general, milking groups were kept on a specific area of pasture and
brought into buildings only for milking, with four exceptions: 1) the
Housed group were kept in cubicle housing throughout the study, 2) the
Night-housed group were in cubicle housing at night, 3) the Rotation 1b
group were allowed access to buildings and pasture at all times but were
kept in for two nights and days in the middle of the study period due to
inclement weather and 4) the Free group were allowed free access to all
pasture, cubicle housing, and the automated milking system (AMS) at all
times during the study. Group location at pasture or in buildings was al
ways governed by the farms, except in the case of the Free group, where
cows had free access to all areas of the farm, and the Rotation 1b group
where they had access to the daily selected pasture and housing. ‘Build
ings’ networks for the Night-housed, Rotation 1b, Housed, and Free groups
therefore represent milking times and being housed in buildings, whereas
‘Buildings’ networks for the Strip-grazed, Rotation 1a, Rotation 2, and the
Stable groups are solely comprised of milking times (Table 1).
2.2. Equipment
Nylon cattle collars with a plastic clasp (Suevia Haiges, Germany)
were fitted with a proximity device and a GPS receiver such that one
device lay at either side of the animal’s neck. Positioning of the prox
imity sensors is challenging on large animals, due to shielding of radio
signals and anisotropies caused by the body of the animal, but as we
were primarily interested in the transmission of infection via the oronasal route, it made practical sense to attach the tag to a neck collar,
to which most cows in the study were already accustomed. The GPS
receivers (i-GotU GT-120 and GT-600 devices, Mobile Action Technol
ogy Inc., Taiwan) were configured to record fixes every ten minutes. The
hardware of the proximity device is based on a design developed by the
OpenBeacon project (http://www.openbeacon.org/). The proximity
sensing platform has been designed by the SocioPatterns collaboration
consortium (http://www.sociopatterns.org/), and has been used in
contact studies of humans, sheep and dogs (Cattuto et al., 2010; Ozella
et al., 2020; Wilson-Aggarwal et al., 2019). Sensors in close proximity
exchange with one another a maximum of about 1 power packet per
second, and the exchange of low-power radio-packets is used as a proxy
for the spatial proximity of the animals wearing the sensors (Cattuto
et al., 2010). Proximity relations between devices are assessed based on
the difference between received and transmitted radio signal strengths.
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We assessed the performance of the proximity devices in two ways.
Firstly, multiple tags were fixed to four wooden posts at different heights
in a square pattern, posts were sequentially placed at increasing distances
away from one another, with and without an obstruction between the tags.
From this we determined that an attenuation threshold of -70 dBm was an
appropriate proxy for contacts of cattle in the 1–1.5 m range, likely to be
relevant for detecting potential transmission of pathogens that may be
spread oro-nasally or by direct contact (Xie et al., 2007). Secondly, we
used video observations of three cows interacting in a yard and confirmed
that devices registered proximity between cows. In one case, packets were
exchanged between devices that were >5 m apart, likely due to signal
propagation on metal surfaces. However, this ‘false positive’ did not meet
our criteria for a contact, and would therefore have been removed during
data cleaning if this had occurred within the study data. The low-power
radio frequency in use cannot propagate through the animal body and
contacts are best recorded when the devices are face-to-face, which was
confirmed by video analysis of cows wearing the devices standing parallel
to one another at a feed trough. Some proximity devices (n = 16) recorded
abnormally high contacts during very short timeframes (Fig. S1). If a
proximity device recorded more contacts than 95 % of the total contacts
recorded by all tags within a 30-minute time frame, we removed all data
from that device, as we considered these contacts highly unlikely to be
biologically feasible. Some devices recorded similar patterns of contact to
others but with overall many fewer interactions. This may have been due
to altered positioning of the tags on these animals, but as these data
showed biologically plausible patterns of contacts, they were retained for
the analysis.
Despite these limitations, the cleaned data are likely to provide a good
approximation of proximity between cattle, as they have done in previous
studies in similar, indoor barn environments (Milwid et al., 2019b).
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2.4.1. Do contact patterns vary through time and space?
We calculated the mean frequency of contacts between all group
members for each group for the whole study period, and at two-hourly
and daily intervals from 24:00 h to 24:00 h. Contacts from the whole
study period were aggregated to form ‘Full networks’, where cows were
represented as nodes, and contacts were represented as undirected
edges. Each combination of cow pairs is referred to as a dyad. Edges
were weighted by the total duration of contact (measured in 20-second
units as per the definition of a contact) between the two cows for the
relevant time period, at an appropriate scale (e.g. minutes-per-day on
Full networks).
To explore differences between contacts (defined by proximity data)
when cows were in buildings or out at pasture, we used the GPS data
from each cow to classify the group location. Using open-source GIS
software (QGIS Development team, 2019), areas of the farm were split
into either i) ‘Pasture’, comprising all grassland available to cattle, or ii)
‘Buildings’, comprising any part of the farm where cattle were not on
pasture, including the collecting yard, milking parlour, housing, loafing
area, etc. For each 30 min window of the study period, we defined a
cow’s individual location as where >50 % of their individual GPS fixes
were recorded. Group location (Pasture or Buildings) was then defined
as the area containing over 75 % of cows for the same 30-minute time
window. Where less than 75 % of the group was in one location, we
categorised this time as ‘Split’ (usually when the group was moving from
one location to another). We aggregated the proximity data by summing
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A contact event occurs if at least one data packet is exchanged between
two devices during a continuous 20-second time window, and a contact
is considered broken if a 20-second time window passes without data
exchange (Cattuto et al., 2010; Kiti et al., 2019). Contact durations were
therefore measured in 20-second blocks.
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Deployment
name

Table 1
Details of farm management and data collected from nine groups of cattle on seven dairy farms in Cornwall in Summer and Autumn 2018. Details include breed of cattle, grazing management, milking routine, group sizes,
number of collars with GPS and proximity sensors that were deployed, and data quality.
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the contact durations for contacts that occurred within the 30-minute
windows for each respective location to create three spatial proximity
networks, termed the ‘Buildings’, ‘Pasture’ and ‘Split’ networks, which
span the entire study period. We compared the relative proportion of
time spent in each spatial location with the frequency of contacts that
occurred in each location. We tested correlation between these networks
using a quadratic assignment procedure from the R package ‘sna’ (Butts,
2016). Due to the high density of the Full and Spatial networks, with
most cows in contact at some point during the study period, we addi
tionally assessed the networks based on stronger interactions by filtering
out weaker edges. We removed edge weights below the 50th, 75th and
90th percentiles of edge weights in the unfiltered network, for example,
F50 networks removed cow to cow relationships that were in the lowest
50th percentile of time spent together (James et al., 2009). We also
tested correlations between Full and Spatial networks at each of these
filtered levels (F50, F75, F90).

times the observed CVcddyad was outside the central 95 % of randomised
CVcddyad values by the number of CVcddyad vaues from random networks
plus the observed CVcddyad value (4999 + 1) as it might have feasibly
come from a random distribution (Boyland et al., 2016).
To assess the tendency of cows to repeatedly interact with the same
cows over time, we measured the temporal variation in contact between
each dyad. In each two-hour block of the study period, we attributed a 1
if a dyad was observed to have contact and a 0 if there was no contact
during that time. Null models (n = 4999) were generated by randomly
distributing the 1 s and 0 s within each two-hour block among all dyads.
We calculated the proportion of two-hour blocks in which cows inter
acted per 24 h, e.g. 6/12 = 0.5. We then calculated the CV of the pro
portions from each study day (CVproportion) for each dyad, where a low
CVproportion indicates little variation in the amount of time they spent
together between each study day and a high CVproportion indicates cows
spending highly variable amounts of time with one another. We
removed dyads with no connections at all from the analysis to focus on
the variation in contacts rather than non-contacts. We tested the hy
pothesis that the interactions between dyads in the observed networks
were different to those of dyads in random networks and calculated
empirical P values by the same method as previously described.

2.4.2. Do contact frequency and duration vary among cows?
We assessed the centrality of cows within each group by calculating
node degree (the total number of in-contact cows) and strength (the total
amount of time each cow spent with any other cow) for each cow.
Heterogeneity in contact rate is well-known to affect disease trans
mission (Lloyd-Smith et al., 2005; VanderWaal and Ezenwa, 2016), and
can be assessed by the coefficient of variation (CV), which is calculated
by dividing the standard deviation by the mean (May, 2006). CVs were
calculated for degree (CVdegree) and strength (CVstrength) on the Full
network and Buildings and Pasture networks for each group. In general,
higher CV values indicate increasing variation between values and
therefore, a CVdegree that tends towards zero indicates a more homoge
neously mixing population (May, 2006).
Measures of the network position for different individuals are
inherently non-independent and thus violate the assumptions of many
conventional statistical techniques. Therefore, to conduct statistical
inference we constructed null, randomised networks to test if values
from our observed networks were statistically significantly different
from what would be expected by chance (Croft et al., 2011). We rand
omised static networks by first creating 4999 new Erdӧs-Rényi graphs
(Erdös and Rényi, 1959) with the same number of edges and nodes as the
original network and then randomly allocating edge weights from the
observed network to the new edges in the Erdӧs-Rényi network. Metrics
were considered statistically significantly different from random if their
values lay below 2.5 % or above 97.5 % of the 4999 randomised values.

2.4.4. Do cows form discrete communities and are they consistent over
time?
We performed community detection on unfiltered, unweighted Full
and Spatial (Buildings, Pasture and Split) networks using the fast greedy
algorithm (Clauset et al., 2004), as implemented in ‘igraph’ (Csardi and
Nepusz, 2006). Modularity is a measure of how divided the communities
are within a network, as it is related to the number of nodes, and our
networks are of different sizes, we used a relative measure, as outlined by
Sah et al. (2017), where we calculated the maximum modularity that
could be achieved with a network of that size (Qmax; Sah et al., 2017) and
the modularity of the observed network (Q), and then calculated the
relative modularity (Qrel) by dividing Q by Qmax. Due to the high density of
the Full and Spatial networks, we also performed the community detection
and modularity analysis on these networks filtered by edge weights below
the 50th (F50), 75th (F75), and 90th (F90) percentiles of contacts.
To assess if the composition of communities were repeatable in time
and space, we extracted the contacts by their location classification
(Buildings, Pasture, and Split). We then grouped contacts that occurred
during a similar time period, divided by a change in location or a change
from day (defined as 07:00–19:00) to night, into several spatio-temporal
networks named by their location (Pasture, Buildings, Split) and then
the time of day (day or night), for example ‘Pasture day’ or ‘Pasture
night’ (Fig. 1). If groups had less than three networks within a certain
category, they were removed from the analysis. For each time period we
created a weighted network with aggregated contacts and calculated
communities using the fast-greedy algorithm. For each dyad in each
network, we assigned 1 if both cows were in the same network and 0 if
they were in a different network. To assess statistical significance, at this
point we randomly distributed the 1 s and 0 s among dyads (n = 4999)
and then proceeded with the same analysis for randomised and observed
data. We calculated the ‘repeatability’ (estimated from the variance
component of a generalised linear mixed model using a binomial error
structure in the package ‘rptR’ (Stoffel et al., 2017)) to determine the
stability of dyads being in the same community in multiple networks
over time. Repeatability values can range from 0, indicating a lack of
stability in community membership, to 1, indicating perfectly stable
community membership.
All data analysis and manipulation was performed in R version 3.5.3
(R Core Team, 2019) unless otherwise stated. Networks were con
structed and network measures (degree, strength, community detection
and modularity) were calculated in the R package “igraph” (Csardi and

2.4.3. Do cows exhibit social preferences and are they consistent over time?
To see if cows preferentially spent more time with particular other
cows, for every individual we measured the CV for the total contact
times that each focal cow spent with others (CVcddyad). We generated
4999 permuted networks that randomised dyadic contact durations.
First, we took the raw list of contacts (the edgelist) and then randomly
re-allocated contact durations among individual contacts to create a
random edgelist. Second, the random edgelist was then aggregated by
summing the weights from individual contacts for each dyad. Third, we
created a new unweighted Erdӧs-Rényi network with the same number
of nodes and edges as the random edgelist. Finally, the aggregated edge
weights from the random edgelist were randomly allocated to new edges
in the Erdӧs-Rényi network, thereby keeping the overall amount of time
cattle spent together the same as the observed network, but changing
how this was distributed among animals. We tested the hypothesis that
the CVcddyad values of cows in observed networks were different to the
CVcddyad values of cows in randomised networks on the basis that if the
focal cow spent disproportionately long periods of time with particular
other cows, it might have a more variable range of contact durations. We
calculated a two-tailed empirical P value by dividing the number of
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Fig. 1. Examples of how contacts were grouped by different locations and times of day (i.e. Pasture, Buildings, and Split networks by day or night) to analyse the
repeatability of dyads being in the same community over time. Each number represents a separate network formed from the contacts below it (represented by
multiple overlapping points), the location is denoted by the y-axis and the colour represents the time of day (yellow = day, blue = night), where day is defined as
07:00–19:00. For example, the yellow ‘1’ in the top left of the plot represents the first Pasture, day network for the Strip-grazed group. We calculated communities in
each of these networks, noted for each dyad if they were in the same community in each network and then tested the repeatability of dyads being in the same
community across the sequential networks for each network category, (e.g. the pasture day category compared yellow 1, 2, 3, 4, 5, 6, 7 in the Pasture group – circled
in yellow on schematic). As the Dry group stayed in one location for the majority of the study, the networks were only divided by time of day, not location.

Fig. 2. Temporal variation in numbers of contacts recorded between cows in nine groups of dairy cattle. Contacts during the day (yellow shading) and night (blue
shading) were recorded by proximity loggers and contact frequency is averaged per hour per dyad (cow-cow pair) and aggregated into varying time periods; the
whole study period (mean = 7 days; black solid line), daily (red circles and dashed lines), and 2-hourly (blue circles and dotted lines). Daily and 2-hourly values are
selected from the middle four days of the study period for brevity. Milking regimes (light red shading) varied by group and timings plotted here are those reported by
farmers. There is little variation between days but strong within-day patterns are evident in most farms, with higher contacts around dawn and dusk, frequently
aligned with milking time.
5
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Nepusz, 2006).
All work with animals was approved by the University of Exeter
College of Life and Environmental Sciences (Penryn Campus) ethics
committee (eCORN000087 v4.6).

or feeding, which tended to occur after milking. Although cows were not
specifically gathered for milking or feeding in the Free group, there were
still increases in contacts around dawn and dusk. Patterns of contact
frequencies typically followed 24 h (e.g. Fig. 2, Rotation 1a and 1b) or
12 h cycles (e.g. Fig. 2, Strip-grazed, Rotation 2, Stable), thus the
number of contacts aggregated over 24 h periods was consistent be
tween days. Mean daily contact frequencies were similar to mean values
calculated from contacts during the entire study period (Fig. 2). Contact
frequencies over 2-hourly periods in the Housed and Stable groups
showed far less temporal variation relative to other groups (Fig. 2). In
groups with access to pasture, contact rates were close to zero at some
points in the study, more often during the night. In contrast, contact
rates never fell this low when groups were housed (Fig. 2).
Spatial analysis revealed substantial differences in contacts between
locations. More contacts occurred in Buildings networks, compared to
Pasture and Split networks, relative to the amount of time spent in these
areas (Fig. 3). On average, cows had longer contact durations in Build
ings than at Pasture (Fig. 4). For groups housed in buildings (Nighthoused, Rotation 1b), and the Free and Rotation 2 groups, most cows
contacted almost all other cows in the Buildings networks, and con
tacted fewer cows in Pasture networks (Fig. 4). However, where cattle
were only brought into buildings for milking, most cows contacted fewer
cows in Buildings networks (Stable, Rotation 1a), or showed no differ
ence in the proportion of cows contacted (Strip-grazed) compared to
Pasture networks. When cows had access to all areas of the farm, the
group was most often split between buildings and grazing (Fig. 3).
Edge densities varied among the three spatial networks, with
Buildings networks (mean edge density among groups = 0.85, SD =
0.20) and Pasture networks (mean = 0.82, SD = 0.17) denser than the
Split networks (mean = 0.73, SD = 0.20). In the 7 groups with compa
rable networks, the quadratic assignment procedure demonstrated that
daily Spatial networks were generally not correlated with one another

3. Results
Mean group size at the start of each deployment was 85 (range
33–175). All cows in each group on the day of deployment were
collared, 14 collars in total fell off during the study periods, with no
more than 3 collars falling off on one farm. Data from cows that were not
present in the group for the entire study period or for which we had
incomplete data were removed from our analyses. Complete proximity
data were available for a total of 585 out of 777 collared cows and
therefore the number of animals in our networks is lower than the group
size and ranged from 22 to 100 (mean = 65 cows, standard deviation
(SD) = 28 cows; Table 1). The mean duration of time cows spent in
recorded proximity to other cows over all groups was 27 min per day (SD
=11 min, Table S1). Mean contact rate over the study period among
groups was 0.20 contacts per hour per dyad (SD = 0.07) with the Free
group and the Stable group having the highest and lowest mean contact
rates respectively (Table S1). Edge densities of all Full networks were
very high, although never fully saturated, such that all cows did not
come into the proximity of all other cows in their groups (mean edge
density among groups = 0.95, SD = 0.03, Table S1).
3.1. Do contact patterns vary through time and space?
There was substantial temporal variation in contact frequency in
most groups, when data were aggregated into 2-hourly windows (Fig. 2).
Frequency was greatest when coinciding with management practices
such as milking, which tended to occur early morning and early evening,

Fig. 3. Relative amount of time and number of
between-cow contacts in different farm areas
recorded in seven groups of dairy cattle. Bar
charts show the relative proportion of time and
contacts recorded by proximity loggers in
Buildings (brown) and at Pasture (white).
Groups are defined as ‘Split’ when less than 75
% of cows are in either Buildings or Pasture
(purple). Most cattle only had access to build
ings or pasture at specified times, however, the
Free group was allowed access to all farm areas
and elected to spend the majority of time split
into two groups.
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Fig. 4. Distributions of the time cows spent together and the
numbers of cows contacted in nine groups of dairy cattle at
pasture and in buildings. a) Mean amount of time cows spent
with other cows. b) Proportion of cows in the group with which
they came into contact during the whole study period. Values
are calculated for Pasture networks (black) and Buildings
networks (brown). Groups are ordered by ascending group size
from left to right and * denotes groups only in buildings for
milking. Boxplots show the median, 25th and 75th percentiles
of values and the upper and lower whiskers extend to the
largest or smallest value no further than 1.5 times the inter
quartile range, data beyond this range are plotted as outlying
points. In all comparable groups, less time is spent in proximity
at pasture and on most farms, fewer cows are in proximity at
pasture compared to in buildings. Housed and dry groups were
only in buildings and at pasture respectively, therefore only
appear on the corresponding plot.

(Table S2), except for the unfiltered Buildings and Split networks for the
Strip-grazed group (r = 0.3, P < 0.001, Table S2). Filtering networks to
retain only the strongest contacts did not noticeably affect correlation
scores (Table S2).

networks, suggesting social preference (Fig. 6). The mean proportion of
cows that exhibited greater variation than random and spent a sub
stantial amount of time (over 21 min per day) in recorded contact with
their closest contact was 7.5 % among groups (SD = 5.1 %, range =
2.0–16.0 %). The majority of cows in each deployment spent similar
amounts of time in proximity to all other individuals in the group, akin
to what might be expected at random (Fig. 6).
A small proportion of dyads in each group (mean = 3.7 %, SD = 1.5
%, range = 2.1–5.2 %) spent more consistent amounts of time together
from day to day than would be expected if contacts were assorted at
random (P < 0.025; Fig. S2). On average these ‘consistent dyads’ spent a
mean time of 30 min (SD = 11 min, interquartile range (IQR) = 25–38
min) together per 2 h window, compared to a mean of 18 min (SD = 10
min, IQR = 12–25 min) in the rest of the dyads. Over all groups, 14
dyads were recorded spending a mean of over 60 min with each other
out of every 120 min.

3.2. Do contact frequency and duration vary among cows?
Variation among cows in their number of contacts (CVdegree) and
their total contact duration with other cows (CVstrength) was higher in
observed than in randomised networks (Fig. 5). There was consistently
greater heterogeneity in the duration of contacts (strength) than the
number of contacts (degree) within groups (Fig. 5), likely due to dense
networks limiting the extent of variation possible for degree. Generally,
greater variation in degree and strength was found in Pasture networks,
and this was most marked in the Free group where CV values on Pasture
networks were more than double those found in Buildings networks
(Fig. 5). However, groups that were only inside for milking occasionally
had greater variation in buildings; in degree for the Stable and Rotation
1a groups and in strength for the Stable and Strip-grazed groups (Fig. 5),
likely related to the particular system of milking on those farms. Dif
ferences in individual variation between farms was not clearly associ
ated with group size (Fig. 5).

3.4. Do cows form discrete communities and are they consistent over
time?
Few communities were found in the denser, unfiltered, unweighted
networks (Fig. S3). These networks also tended to have very low relative
modularity values (Qrel < 0.03, Table S3 and Fig. S5). As expected, when
networks were filtered and weaker edges were removed, more com
munities were detected. The largest numbers of communities (≥ 20)
were found in F90 networks in the Strip-grazed group Split network and
the Free group Pasture network (Fig. S3), however the relative

3.3. Do cows exhibit social preferences and are they consistent over time?
Some cows in each group showed greater variation in the duration of
time they spent with individual cows, when compared to randomised
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Fig. 5. Variation between cows in the number
and duration of their contacts (triangles)
compared to variation in random networks in
nine groups of dairy cattle at pasture and in
buildings. a) Coefficient of Variation (CV) of
degree showing variation in number of other
cows each cow contacted b) CV of strength
showing variation in duration of contact
between-cows. Triangles indicate observed
values above the upper 95 % bound of random
network values calculated for contacts on
pasture (‘Pasture network’; black) and in
buildings (‘Buildings network’; brown). Box
plots represent the distribution of CV values
calculated from randomised networks (n =
4999). Median, 25th and 75th percentiles of
values are shown and the upper and lower
whiskers extend to the largest or smallest value
no further than 1.5 times the interquartile
range, data beyond this range are not plotted.
Groups are ordered by ascending group size
from left to right and * denotes groups only in
housing for milking. Housed and dry groups
were only in buildings and at pasture respec
tively, therefore only appear on the corre
sponding plot.

modularity of these networks did not differ from random (Fig. S5).
Observed modularity was rarely substantially greater than that of
random networks (Table S3 and Fig. S5), and the lack of a consistent
pattern of statistically significant results suggests the few cases where
observed values differed statistically significantly from random were
caused principally by multiple testing.
Although the consistency of our observed communities was statisti
cally significantly greater than expected at random, the absolute
observed repeatability values were still very low, indicating that the
communities we detected in the temporal networks did not consistently
contain the same cows (Fig. S4). The exception to this finding was the
Pasture day networks of the Stable group, which were far more consis
tent than the night networks, or any other categories of the spatiotemporal networks (day repeatability = 0.22, night repeatability =
0.05; Fig. S4).

permits such behaviour. For most deployments, cow contacts were
proportionally higher in buildings, suggesting, as might be expected,
that direct transmission of infections is likely to be increased when an
imals are housed indoors, at least at the stocking densities present in our
study farms. Contacts may have been underestimated when sensors were
facing opposite directions, particularly in indoor housing, where cows
are frequently positioned with their heads side by side due to feeding
along a barrier or lying in cubicles. Therefore, the comparably higher
contact frequencies and durations detected in Buildings compared to
Pasture may actually be greater than we observed. In three groups that
were in buildings only for milking, the mean number of individuals
contacted in buildings was less than at pasture. We suggest this was
likely due to the milking routine on these farms, whereby cattle were
walked into a collecting yard, before entering the parlour in small
groups and after milking were allowed to walk back to pasture in their
own time. Contrary to intuitive assumptions that milking time tightly
groups animals together (Barlow et al., 1997; Bekara et al., 2014), we
have found that, depending on the routine of the farm, it might represent
a time where cattle are more clearly divided into separate clusters.
Despite cows in the Free group being milked individually on the auto
matic milking system, we recorded peaks in the frequency of contacts
around dawn and dusk which may reflect a historical pattern of
grouping together at milking (as the farm introduced the automated
milking system only in the previous year), feeding around these times, or
could suggest that there are times of day, regardless of management and
weather conditions, where cows are naturally more interactive (Stoye
et al., 2012). The networks formed by the Strip-grazed group during the

4. Discussion
Against a background of very dense, highly connected networks
when viewed as a whole, our finer-scale spatio-temporal analyses show
evidence of temporal variation in contact frequency among cows,
differing contact patterns between locations within the farm, and evi
dence of stronger bonds between only a small subset of animals.
Contacts lasted longer in buildings compared to those at pasture,
reflecting the evident space restrictions in bringing cattle and their re
sources closer together, but perhaps also suggesting that cattle will
spend less time very close together where the distribution of resources
8
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Fig. 6. Social preference based on cow-cow
interactions in nine groups of dairy cattle.
Plots show the variation in time spent with
other cows (CVcddyad), compared with the
maximum time a cow spent with a single group
member. Each cow is represented by a point,
coloured by the P value for the coefficient of
variation (CV) compared to CV values calcu
lated on random networks (P values < 0.025
are shown as triangles and > 0.025 are shown
as crosses). A small number of cows in each
group show preference for spending more time
with particular other cows, however, the vari
ation in the interactions of most cows did not
differ significantly from random. To aid visu
alisation of more sociable cows, 37 cows with
mean contact time with other cows below one
minute were removed from this plot.

transition to milking (Split networks) and during milking (Buildings
networks) showed more similarity than seen in other groups which,
although still relatively low (r = 0.3; Table S2), could reflect a tendency
for these cows to travel to and from milking in a similar order, as well as
entering the parlour in a similar order (Beggs et al., 2018; Bouissou
et al., 2001; Mcvey et al., 2020).
We predicted that more consistent network communities might form,
and modularity might be higher at pasture, as cows would have the
opportunity to space out and show social preferences. Indeed, when
cattle were at Pasture there were occasional two-hour periods with
hardly any contacts at all, particularly at night, perhaps indicating a
preference for cattle to be further apart at times when there is less
competition for resources. On the farm where cattle were free to roam
wherever they chose (Free group), many more network communities
were detected and there was greater variation in the number and
duration of contacts among individuals in the Pasture networks. The
limitations of one field, or part of a field, available to strip-grazing and
rotational-grazing groups might mean that cattle tend to remain more
clustered together as one unit, as reported in contact networks of sheep
at different stocking densities (Ozella et al., 2020), whereas the avail
ability of more extensive grazing (as was the case for the Free group in
our study) evidently facilitates formation of sub-groups. Generally, there
was no consistent difference between the number of communities
formed, or the modularity of the Pasture networks, compared to the
Buildings networks. This may be in part due to difficulties with com
munity detection methods in networks as dense as in our study (Clauset
et al., 2004), and the resolution limit problem, where smaller commu
nities may fail to be detected in some networks (Chen et al., 2018)
making the comparison of modularity on networks with differing
numbers of edges complex.
Cattle are reported to form strong social bonds (Bouissou et al., 2001;
Duncan et al., 2012; Handcock et al., 2009) and we found evidence of
consistent and extended durations of close contact indicative of social

preferences, but between only a small proportion of individuals in each
group. Overall, we found that most cattle in the sampled groups spent
time in proximity to one another in a manner similar to random
assortment (Mcvey et al., 2020). This may be reflective of dynamic
groups in most of the farms we studied, as even the ‘stable’ group that
were kept as a single herd, were sourced from different farms and had
not been reared together, in contrast to many groups in beef herds. This
suggests that relatively fewer strong social bonds are formed in the herds
in our study might be expected in a less managed environment (Bouissou
et al., 2001; McLennan, 2013). However, we acknowledge our study
periods were relatively short, and focal studies over longer time periods
may reveal more complex and/or sustained social relationships among
cows (Rocha et al., 2020).
Despite collaring all cows that were present on the start date of each
deployment, we were unable to obtain data from some devices (mean of
all groups = 23 %; Table 1). A small proportion of these missing data was
due to collars coming off (i.e. found on floor by farmer; n = 15), and we
cannot rule out that this was because of particular behaviours shown by
those cows that might cause the collar to have been removed, although
this was not reported by farmers. However, the major reason for a lack of
data was software failure. Therefore, we believe that the sampled in
dividuals in this study were not likely to be biased towards a particular
type of cow, e.g. those exhibiting or being subject to more aggressive
encounters resulting in physical damage to the proximity device, rather
the missing data occurred via a random process of technical malfunc
tion. However, missing nodes may have reduced the study’s ability to
detect dyadic relationships (VanderWaal et al., 2016). Repeated sam
pling of individuals with the same and different groups could allow a
more robust analysis of this parameter in future studies.
Contact structure among hosts can alter pathogen transmission dy
namics (Bansal et al., 2007). Modelling studies have shown that
modularity values of more than 0.45–0.6 may reduce the peak but
prolong the duration of an outbreak via increased transmission within
9
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groups and decreased transmission between groups (Rozins et al., 2018;
Sah et al., 2017). Only highly filtered networks of the Free and Stable
groups in the present study had modularity values different from
random that might be substantial enough to potentially impede disease
spread, and it is more likely that the weak and temporally unstable
community structure in our networks would facilitate rather than
impede, the spread of highly-transmissible infections. Again, the
exception was the Free group, in which individuals were free to aggre
gate of otherwise as they chose. In this group, for large proportions of
the study period, the cows were split between the pasture and the
buildings, which might impede the spread of disease throughout the
herd. The differences seen in this group suggest that, in addition to the
reported welfare benefits (Edgar et al., 2013; Mee and Boyle, 2020),
cattle that are allowed free access to all areas of the farm may form social
structures with divisions that hamper the spread of infections. Though
our study only represents contact patterns over a period of good weather
in summer and autumn, if given the choice in poor weather conditions,
cattle may favour indoor spaces (Charlton et al., 2011), where trans
mission of infections might be enhanced.
When daily networks were calculated, contact frequency was similar
between days for most groups, yet when contacts from the present study
were aggregated by shorter time periods (2 h), variation in contact
frequency became much more apparent. Modelling of disease trans
mission on high-temporal-resolution networks (Chen et al., 2014) has
highlighted how aggregation of contacts at the hourly or 2-hourly level
can be associated with higher variability in epidemic size, with lower
values of R0 (between 1 and 2) compared to aggregating over longer
time-periods (Chen et al., 2014). The time-scale over which contacts are
aggregated should also be guided by the biology of the pathogen of in
terest (Dawson et al., 2019); data aggregated over short time windows
are more likely to be informative for modelling the transmission of in
fections with short infectious periods (Perkins et al., 2009). Yet for
chronic infections with longer infectious periods, it is likely that incor
porating such a high resolution of contacts in transmission models will
have less impact on transmission dynamics, while cumulative values of
contact duration or strength of contacts may remain important (Read
et al., 2008). Heterogeneity in contact rate and strength can affect the
speed and extent of pathogen transmission through a population (May,
2006). Despite cows being grouped closely together at many points
during the study period, they showed substantial differences in their
sociality such that incorporating the contact structure of cattle into
modelling studies is likely to improve model predictions, even at coarse
temporal aggregations.

therefore have implications for disease transmission. Such variation
should be considered when parameterising mathematical and statistical
models of disease spread in livestock.
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