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Understanding the herd structure of housed dairy cows has the potential to reveal
preferential interactions, detect changes in behavior indicative of illness, and optimize
farm management regimes. This study investigated the structure and consistency of
the proximity interaction network of a permanently housed commercial dairy herd
throughout October 2014, using data collected from a wireless local positioning system.
Herd-level networks were determined from sustained proximity interactions (pairs of
cows continuously within three meters for 60s or longer), and assessed for social
differentiation, temporal stability, and the influence of individual-level characteristics such
as lameness, parity, and days in milk. We determined the level of inter-individual variation
in proximity interactions across the full barn housing, and for specific functional zones
within it (feeding, non-feeding). The observed networks were highly connected and
temporally varied, with significant preferential assortment, and inter-individual variation
in daily interactions in the non-feeding zone. We found no clear social assortment by
lameness, parity, or days in milk. Our study demonstrates the potential benefits of
automated tracking technology to monitor the proximity interactions of individual animals
within large, commercially relevant groups of livestock.

Keywords: animal group, animal movement, dairy cow, lameness, local positioning system (LPS), precision
livestock farming (PLF), proximity interactions, social network analysis (SNA)

INTRODUCTION

The herd social structure of cows on most commercial dairy farms differs significantly from their
wild counterparts (1). Dairy cows are typically kept in exclusively female groups, separated by age
and reproductive status, with access to a more restricted space allowance in the form of either
indoor housing or fenced grazing paddocks and may be subject to frequent regrouping events (2-5).
Understanding the structure and dynamics of housed dairy cattle networks may give insights on
preferential interactions and aid in optimizing their management (6, 7).

The social structure of animal groups, including how associations and interactions between
individuals change over time, can be assessed using social network analysis (SNA) (8). The approach
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Chopra et al. Proximity Interactions in Dairy Cows

FIGURE 3 | Dalily interactions in (A) the full barn, (B) feeding zone, and (C) non-feeding zone, for a highlighted illustrative subset of individuals: two individuals with the
least mean daily interactions (blue, cow ID = 3124 and 3317), two with mean daily interactions closest to the median value (yellow, cow ID = 2602 and 3132) and two
with the highest mean daily interactions (red, cow ID = 635 and 3361).
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FIGURE 4 | Mean daily interactions across time (01/10/2014 to 31/10/2014 with days excluded from the study omitted) in (A) feeding zone, and (B) non-feeding
zone. An illustrative subset of individuals are highlighted: two individuals with the least mean daily interactions (blue, cow ID = 3124 and 3317), two with mean daily
interactions closest to the median value (yellow, cow ID = 2602 and 3132) and two with the highest mean daily interactions (red, cow ID = 635 and 3361). Data for
each individual cow is indicated with a gray line. Mean daily temperature is shown with the dashed black line.
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FIGURE 5 | Interaction networks, filtered by mean node degree, over time for (A) feeding zone, and (B) non-feeding zone. An illustrative subset of individuals are
highlighted: two individuals with the least mean daily interactions (blue, cow ID = 3124 and 3317), two with mean daily interactions closest to the median value
(yellow, cow ID = 2602 and 3132) and two with the highest mean daily interactions (red, cow ID = 635 and 3361). The Fruchterman-Reingold layout algorithm
determined the node positions; unconnected vertices are repelled. Created in RStudio using the “vegan” package (68, 69, 75).
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cow was likely to have had interactions with most other cows
in the herd each day. It is not clear from this study whether
these cows actively seek out and connect with their conspecifics,
perhaps to maintain social structure in the group, or whether this
high connectivity is a function of the building layout and high
stocking density. It must be acknowledged that, due to building
works on the farm, the stocking rates were high during our
study period (feed space = 0.48 m per cow, lying space = 0.72
cubicles per cow). This may have reduced the ability of the cows
to actively choose with whom to be in close proximity with. In
agreement with this study, high connectivity was also reported
for cows housed in loose straw yards with concrete loafing areas
with moderate (to high) stocking rates of 9.50 m? per cow to
(7.66 m? per cow) from sensor derived proximity measurements
(14, 15). Lower edge densities have been reported in a grazing
system, in (7), but in their study an interaction was based on
the occurrence of specific behaviors considered to increase the
risk of disease transmission rather than social proximity. Lower
edge density and a sparse structure was also reported for cows
housed in cubicles at a moderate stocking rate (1.03 cubicles per
cow), but the group in their study only comprised of 36 cows
and interactions were only recorded during two 15min time
slots per day, therefore not capturing changes in location and
near neighbors throughout the day (77). Further investigations
of dairy cows in a range of housing types and stocking rates are
needed to determine if cows are naturally highly connected or
whether aspects of the commercial dairy lead to cows spending
time in proximity to a greater number of conspecifics.

Analysis on the interaction networks revealed significant
inter-individual variation in daily interactions in the non-feeding

zone, but not across the feeding zone or when considering the
full barn (Figure 3; Table 1). The feeding zone is likely to be
a more dynamic location than the loafing and resting areas.
Feed bouts are shorter than lying bouts and cows will begin and
end their eating bouts at different times, leading to a greater
turnaround of contacts at the feed face than other areas of the
barn. It is possible however, that cows have greater control over
the individual interactions they have in the non-feeding zone and
therefore we are able to observe a greater degree of individuality.
Researchers have demonstrated that inter-individual variation
in sociality is an individual trait in dairy cows (28) influenced
by dominance status and personality traits. This may affect an
individual’s ability to gain resources, such as cubicles, impacting
their proximity interactions in the non-feeding zone (17, 21), as
also speculated by (14), although we cannot distinguish between
these potential factors in this study.

The structure of the interaction network was weakly correlated
over time (Figures 3, 4), and individuals periodically isolated
from the main network component of the feeding zone (Table 1).
These individuals were not the same each day, and they were
not of the same lameness status, suggesting their isolation was
due to them choosing not to feed at the same time, or being
unable to compete due to the lack of space. The overall herd was
subject to changes throughout the study period, with the addition
and removal of cows outside of the study group (n = 92, whole
herd = 100-111 cows on a given day), which could have affected
the social structure of the herd. In (28), while introductions
of new cows to a stable group did not affect the sociality of
individual cows, it did weaken the overall social network. The
highly connected network in (14) was also subject to changing
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FIGURE 6 | Comparison of Mean Daily Interactions and node-level measures (degree and clustering coefficient) between non-lame (NL) (1 = 26) and lame (L) (0 = 22)
cows. (A,C,E) feeding zone; (B,D,F) non-feeding zone. The horizontal line in each boxplot represents the median value. The mean [standard deviation] values for NL
and L cows are given, respectively by: (A) 74 [35] and 90 [44]; (B) 2015 [70] and 2006 [45]; (C) 27.92 [8.53] and 30.14 [9.37]; (D) 85.85 [0.45] and 85.68 [0.26]; (E)
0.44 [0.09] and 0.46 [0.02]; (F) 0.94 [0.001] and 0.94 [0.001]. Each individual cow is indicated with a small circle.

group composition and the researchers similarly reported weak There were no significant correlations between daily
to moderate correlations in structure between consecutive one-  interactions and temperature in this study (Figure 4, Table 1).
week networks. Further analysis on the temporal stability of =~ However, the study period was selected based on there being
dairy cow networks whilst removing specific individuals could  a relatively stable temperature throughout with temperature
aid management. low enough not to induce heat stress. Cows have been shown
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to modify their collective behavior, in terms of clustering for
example, or individual behaviors in extreme heat conditions,
or show long-term signs of heat stress due to high stocking
densities (78-81). Therefore, environmental temperature and
even individual cow temperature should be considered when
monitoring the herd social structure over longer study periods.
Furthermore, the social network may have been more dynamic
than initially envisioned due to factors not accounted for, such as
farm management actions or treatment interventions (82).

Considering the known social withdrawal response of
unhealthy cows (83), it might be predicted that lame cows
would be less willing to compete for preferred food or access to
cubicles, but no differences in the sociality or positioning were
found between lame and non-lame cows (Figure 6, Table 1). At
a particularly high stocking rate in intensive cubicle housing,
there may have been little opportunity for the 22 “lame” cows
identified in this study to self-isolate. Lame cows have been
shown to modify their space-use in this barn, but this was with
access to an additional loafing area at the end of the cubicle shed
which would make social distancing easier than in this study (57).
Furthermore, (84) found that lame cows received approximately
twice as much allogrooming as cows that were non-lame, and
this explanation would also support our finding of no individual-
level social assortment by lameness state i.e., cows of the same
lameness state did not associate more or less than expected
(84) (Table 1). When interpreting the result above we should
consider that use of a visual locomotion score is not without
the potential for classification errors, especially when scoring
large groups of cows at the parlor exit as was the case in this
study. It has been reported that mild claw lesions are not always
accompanied with a corresponding increase in locomotion score,
indicating that locomotion scoring even by trained observers
may not be sensitive enough to detect all lameness cases (35).
Indeed in a previous study a predictive statistical model correctly
classified two cows that were incorrectly classified by observer
locomotion scoring (57). Cows with dominant lameness status
were also discretely grouped as either “non-lame” or “lame”
during analysis (38, 85) (Supplementary Material 1), and these
cows may have behaved differently during various time periods
of the study. Nonetheless, this study demonstrates a potential
way to assess the influence of health status on social interactions
within a typical herd. Quantitative measures of individual social
interactions and network position may be useful indicators to use
within automated monitoring approaches in PLF.

Social differentiation was present in both functional zones
(Table 1); some dyads interacted more than others, as similarly
shown in (15, 86). A number of previous studies have indicated
social differentiation can occur with age, as cows of a similar age
would have had greater opportunity to develop social ties with
one another (86, 87), particularly if they calved at similar times.
In addition, stronger bonds may also form between calves born
at similar times, who remain together throughout rearing before
joining the milking herd; cows have been shown to invest more
time and energy into relationships with herd members sharing
long-term experiences (88). Our study does not find that cows
differentiate by parity, a proxy for age. While parity may give an
indication as to a cow’s experience in the herd and may contribute
to her personality traits, this measure is probably too coarse to

identify cows with historical associations, such as shared calf
cohorts, which has been suggested to result in stronger bonds.
In this study a recent shared transition period, as indicated by
similar DIM, was not sufficient to result in differentiation on
this basis. This is in line with the findings of (89), where recent
familiarity with cows had no effect on lying down behaviors of
cows transitioning to the herd but early familiarity lead to greater
synchrony of lying behaviors. Greater detail of the cohorts of
cows kept from birth through to the milking herd, unmeasured
in this study, may explain the social differentiation observed.
It is possible that the high temporal variation of the network
structure, and insufficient space within the barn may have
impeded the ability to identify these structures. Alternatively,
non-random associations may have been the result of cows of
similar dominance rank positioning closely, with subordinates
displaced from favorable feeding positions by dominant cows
(20), particularly as feed space was limited to < 0.60 m/cow.
Interactions may be more likely to develop between cows with
similar energy requirements and motivation, and hence similar
activity time budgets. For example, cows that spend more time
eating may spend a lot of time near the feed face and hence
position closely to similar cows (15, 86, 87). Stage of lactation
affect the time an individual allocates to feeding, given that energy
requirements vary with milk yield; for instance, dry matter intake
is typically highest during mid-lactation (90).

When interpreting our results, it is important to consider
potential limitations of the relatively novel technology and SNA
techniques used in this study (82, 91). Although the proximity
used to define an interaction was also tested for other radii
and time durations, and similar qualitative results were obtained
(Supplementary Material 3), any interactions detected were
limited by the accuracy of the LPS system (2.66 m mean error for
a static sensor). Additionally, a fundamental problem with this
type of automated approach to identify proximity interactions
is that we are unable to distinguish between which proximity
interactions were true social interactions (e.g., allogrooming)
and which were non-deliberate or non-social proximity events
[e.g., due to the positioning of neighboring cows at the feed
face (3, 82) or in cubicles (3)]. Our results are likely to contain
both genuine sustained social interactions, as well as proximity
events which were not directly social. Distinguishing between
genuine social interactions and indirect or non-social proximity
interactions is an open research question that requires further
investigation. Our chosen proximity identification protocol was
tested and validated using observational data and was found to
have a sensitivity of 83% (r = 3m and t = 60s), but we were
unable to directly estimate the rate of false positives and hence the
specificity (Supplementary Material 3). Using a time duration of
60s is likely to reduce the rate of false positives (compared to
using a shorter time duration) but will also potentially exclude
genuine social interactions of short duration. Multiple shorter
interactions may be as socially relevant as longer sustained
interactions. Our analysis was based on a comparison of daily-
level network statistics and comparing these over time or between
individuals with different lameness status, parity and DIM. It
is quite plausible that, although the daily level behavior may be
similar across the network, there could be significant individual
variability in social interactions on a finer timescale (e.g., hourly
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or less), particularly around key events such as feeding and
milking, and this variability in social behavior may be linked
to social status or health. A further limitation is that, although
we included the vast majority of cows that were present in the
herd throughout the study period (n = 92), there were cows
that entered and left the group throughout this period, and
hence some potential interactions involving these cows would
not have been recorded. The effect of missing individuals on
the conclusions drawn from a social network analysis are not
well understood and this remains an open research question
(82, 91). Despite the drawbacks to using proximity to detect
potential social interactions, our approach based on using a local
positioning system is useful for quickly accumulating the large
datasets needed for SNA in an automated way (82).

CONCLUSION

A local positioning sensor network was used to automatically
monitor the spatial position of a large herd group of permanently
housed dairy cows at high temporal resolution for a full month.
Proximity interactions were identified by sustained periods of
closeness between dyads. The proximity interaction network
structure of the herd was highly connected, with significant
differentiation in interactions between dyads, and high temporal
variability. Lameness, parity, and days in milk were not found
to directly influence social interactions or network position.
This study demonstrates how automated sensor technology
could be used to monitor the social structure of a large
commercially relevant group of livestock, and how individual
differences in social interactions and network measures could
be used to potentially identify health differences between
animals. Future work should aim to better distinguish social
interactions from indirect non-social interactions and consider
how interactions within a larger group may differ in different
housing environments and at different stocking densities.
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