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ABSTRACT

Social interactions between cows play a fundamental 
role in the daily activities of dairy cattle. Real-time lo-
cation systems provide on a continuous and automated 
basis information about the position of individual cows 
inside barns, offering a valuable opportunity to moni-
tor dyadic social contacts. Understanding dyadic social 
interactions could be applied to enhance the stability 
of the social structure promoting animal welfare and to 
model disease transmission in dairy cattle. This study 
aimed to identify the effect of different cow characteris-
tics on the likelihood of the formation and persistence of 
social contacts in dairy cattle. The individual position 
of the lactating cows was automatically collected once 
per second for 2 wk, using an ultra-wideband system 
on a Swedish commercial farm consisting of almost 200 
dairy cows inside a freestall barn. Social networks were 
constructed using the position data of 149 cows with 
available information on all characteristics during the 
study period. Social contacts were considered as a bi-
nary variable indicating whether a cow pair was within 
2.5 m of each other for at least 10 min per day. The role 
of cow characteristics in social networks was studied by 
applying separable temporal exponential random graph 
models. Our results revealed that cows of the same par-
ity interacted more consistently, as well as those born 
within 7 d of each other or closely related by pedigree. 
The repeatability of the topological parameters indi-
cated a consistent short-term stability of the individual 
animal roles within the social network structure. Ad-
ditional research is required to elucidate the underlying 
mechanisms governing the long-term evolution of social 
contacts among dairy cattle and to investigate the rela-
tionship between these networks and the transmission 
of diseases in the dairy cattle population.

Key words: animal behavior, animal welfare, precision 
livestock farming, social network analyses

INTRODUCTION

Like many mammal species, cattle live in structured 
groups with a well-established social hierarchy. Cows 
form preferential social relationships within stable 
social groups (Gygax et al., 2010). Social interactions 
between cows play a major role in animal welfare and 
production (Bouissou et al., 2001). Previous studies 
have described how cow interactions were more likely 
to involve individuals with similar attributes (e.g., 
individuals of the same breed, lactation stage, gregari-
ousness, or parity; Boyland et al., 2016; Churakov et 
al., 2021). Disturbances in social relationships, such 
as regrouping animals according to age or production 
stage, or insufficient space allowance (Bouissou et al., 
2001; Rocha et al., 2020) may cause stress and trigger 
aggressive and abnormal behavior, and thus have long-
term effects on animal health and, consequently, animal 
production. Moreover, social interactions also drive 
important mechanisms by which transmission of differ-
ent pathogens between individuals can occur (Kappeler 
et al., 2015). Therefore, the study of social networks 
may provide insights into animal behavior and disease 
transmission, thereby contributing to the improvement 
of animal welfare and production (Croft et al., 2008).

Previous literature published regarding the study of 
social interactions in cattle is predominantly based on 
observational studies. Some studies reported that older 
cows established more positive social interactions (Pin-
heiro Machado et al., 2020), and that calves developed 
long-lasting social relationships with peers (Raussi et 
al., 2010). Nevertheless, observational studies based on 
human assessments and decisions are generally limited 
by the number of animals included and the duration of 
the study, which hinders continuous monitoring of the 
animals. Additionally, human observations of animal 
behavior are time consuming and prone to interpreta-
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tion biases, leading to variability in data quality depen-
dent on the experience of the observer.

Precision livestock farming (PLF) technologies 
would potentially solve these limitations by allowing 
the automated collection of a wide range of different 
information and eliminating the subjectivity and bi-
ases associated with human observations, ensuring the 
generation of more consistent data. Ultra-wideband 
(UWB) technology is one of the most accurate indoor 
positioning real-time location systems (RTLS; Gygax 
et al., 2010; Pascacio et al., 2021; Ren et al., 2021a). 
The UWB-based RTLS offer a valuable opportunity 
to monitor the spatial interactions occurring on dairy 
farms and have consequently been applied to the study 
of social contacts between dairy cows (Rocha et al., 
2020; Hansson et al., 2023).

Social network analysis (SNA) has been suggested as 
a tool for understanding the social networks construct-
ed, based on dyadic spatial interactions (Wey et al., 
2008). Social network analysis facilitates the analysis 
of the social network structure at individual and group 
level (Croft et al., 2008). Moreover, the exponential 
random graph models (ERGM) described by Robins 
and Pattison (2010) are statistical approaches that 
allow modeling of social network structure and study 
dependencies in cross-sectional graphs. Furthermore, 
the separable temporal ERGM (STERGM) allow the 
modeling of dynamic social networks and the study of 
the formation (newly established social contacts absent 
the previous day) and persistence (maintenance of 
contacts already established on the previous day) of 
the social contacts using conditional logistic regressions 
(Krivitsky and Handcock, 2014).

Previous studies have highlighted specific factors that 
may influence social networks in cattle. The presence 
of relatives in the herd may lead to the development 
of stronger bonds between conspecifics (Reinhardt and 
Reinhardt, 1981; Ramseyer et al., 2009), for instance. 
In addition, shared youth experience and dry periods 
may have an effect on the formation of preferential re-
lationships in dairy cows (Færevik et al., 2006; Raussi 
et al., 2010; Gutmann et al., 2015). These results were 
obtained through direct observation of animal behav-
ior, which limited the number of individuals monitored. 
Over the last decade, some studies implemented PLF 
technologies to monitor dyadic interactions in larger 
populations of dairy cattle on a continuous basis (Gygax 
et al., 2010; Chopra et al., 2020; Hansson et al., 2023). 
These studies outlined the benefits of utilizing PLF to 
monitor social contacts in dairy cattle, providing results 
on the role of parity and DIM in the number of social 
contacts established (Boyland et al., 2016; Hansson et 
al., 2023). However, dyadic contacts in cattle exhibit 

complexity as these interactions vary among individu-
als and across multiple days (Chen et al., 2014; Rocha 
et al., 2020), which reinforces the importance of adopt-
ing specific approaches, such as STERGM, to study the 
temporal aspects of the social networks of dairy cows.

The aim of the present study was to identify the ef-
fect of different cow characteristics on the likelihood of 
establishing new social contacts and their persistence 
through time, with particular emphasis on contacts 
established between cows that were born or dried off at 
the same time, or cows related by pedigree. Moreover, 
the study aimed to investigate the degree of stability 
of the social role of dairy cows. We hypothesize that 
cows with similar characteristics, such as being in the 
same parity and born within 7 d of each other, are more 
likely to form contacts, and these contacts will persist 
for longer periods compared with cows with different 
characteristics. We anticipate that social role of dairy 
cows may change gradually over time, while maintain-
ing a certain level of stability.

MATERIALS AND METHODS

Ethical Considerations

The authors declare that according to the Swedish 
Animal Welfare Act, no ethical approval is needed for 
this type of study, thus the research was not submitted 
to an Animal Ethics Committee.

Animals and Housing

The present study was performed on a Swedish com-
mercial farm that houses around 210 dairy cows, in 
a noninsulated freestall barn. The cows were grouped 
into 2 different milking groups, according to the nutri-
tional requirements of the animals (Figure 1). Group 
1 primarily consisted of early- to mid-lactation cows, 
and group 2 of mid- to late-lactation cows. Henceforth, 
these groups will be referred to as the early-lactation 
group and the late-lactation group, respectively. Cows 
were routinely switched between groups at approxi-
mately 170 DIM upon confirmation of pregnancy or 
when designated for slaughter. After birth, calves were 
moved from the cow within 24 h, and placed in indi-
vidual pens for the first 2 wk. Subsequently, they were 
regrouped in groups of 7 until 12 wk and then in con-
stant groups of 10 until they were expected to calve, at 
which time they were moved to the calving boxes. Dry 
cows were kept in a different barn for at least 6 wk until 
2 wk before the expected calving date when they were 
moved to the calving boxes. The freestall barn covered 
approximately 1,984 m2. As can be seen in Figure 1, we 
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defined 2 functional areas within the barn: the resting 
area (942 m2) consisting of the cubicles and the inner 
alleys and the feeding area (1,042 m2) composed of the 
alleys beside the feeding tables and outer alleys. The 
functional areas were defined to account for variations 
in spatial interactions and the possibility of cows hav-
ing different partners in different areas (Reinhardt and 
Reinhardt, 1981). Calves and dry cows were housed 
separately in different buildings. The dairy cows were 
milked twice a day in a milking parlor from GEA (2 × 
12 GEA Euro class 800 with Dematron 75, GEA Farm 
Technologies, Bönen, Germany). Milking events took 
place around 0430 and 1630 h and lasted around 1.5 
h for each group and event. The early-lactation group 
contained between 96 and 100 lactating cows during the 
study period, and the late-lactation group contained 
between 87 and 94 cows. The cows were fed ad libitum 
at an open feed bunk (12 times a day with a total 
mixed ration) and had approximately 0.57 m of feed 
space per cow in the early-lactation group, and 0.62 
m in the late-lactation group. There were 102 and 103 
cubicles in the early- and late-lactation group, respec-
tively, with rubber mattresses and sawdust as bedding 
material. The cow to cubicle ratio was at maximum 
0.98 in the early-lactation group and 0.91 in the late-
lactation group during the study period.

Data Collection

The position data of the lactating cows were auto-
matically collected with an RTLS (CowView, GEA 
Farm Technologies, Bönen, Germany), with a 1-s fixed 
rate. The cows were equipped with a tag mounted 
on the collar that sent UWB signals to the receivers, 
installed in the ceiling throughout the barn. The posi-
tions of the cows within the barn were estimated by 
triangulation with an accuracy of 0.78 m (Hansson et 
al., 2023). The accuracy was determined by calculating 
the mean error distance based on measurements from 
13 fixed tags strategically distributed throughout the 
barn. Positioning data were downloaded directly from 
GEA’s server from October 16 to 29, 2020; no RTLS 
outages were reported during this period. The present 
study excluded (6 cows in the early-, and 2 in the late-
lactation group) tags with more than 70% of missing 
data during a 24-h period, following Ren et al. (2021b).

The missing position information was interpolated 
using modified Akima interpolation (Akima, 1970), 
except for missing position data at the beginning and 
the end of a day, which were filled in using the first pos-
terior and anterior nonmissing positions, respectively. 
The interpolation method selection was based on the 
interpolation accuracies reported by Ren et al. (2022). 

The interpolation procedure was performed using Mat-
lab (2020) to accurately capture the distance between 
pairs of cows throughout the days.

Individual cow information data, regarding age, 
breed, pedigree, pregnancy diagnosis, and claw trim-
ming records, were extracted from the Swedish official 
milk recording scheme, whereas information about par-
ity, calving date, and tag ID was provided by the farm. 
Each cow included in this study was assigned to one 
of 3 lactation stages: early (7–49 DIM), mid (50–179 
DIM), or late (≥180 DIM) lactation, according to the 
average DIM during the study period. Cows with breed 
proportion above 75% were defined as purebred Hol-
stein or Red Dairy Cattle, according to the dominant 
breed. Cows with breed proportion below 75% were 
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Figure 1. Schematic map of the freestall barn under study (74 × 
33 m), where y and x represent the direction of the y- and x-axis. The 
farm is divided into 2 milking groups: early- (G1) and late-lactation 
(G2) groups. The cubicles are in the central parts of the barn and the 
feeding tables along both sides. The beige area is outside the boundar-
ies of the cows in the milking group, except for transport between the 
pen area and the milking parlor.
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defined as crossbreds. Cows were defined as pregnant 
one day after the last successful insemination, based on 
a later confirmed pregnancy in the pregnancy diagnosis 
records.

Regarding claw health, regular claw trimmings were 
conducted every 6 to 8 wk on the selected farm. For 
this study, animals with at least one record of a claw 
disorder, reported in the 2 claw trimming records be-
fore (August 12, 2020, and September 28, 2020) and 
after (November 24, 2020, and January 5, 2021) the 
study period, were considered to be “with claw health 
remark.” Therefore, claw health was defined as claws 
with or without remarks. Claw remarks were based on 
both minor and major claw disorder lesions, such as 
digital dermatitis, double sole, heel horn erosion, in-
terdigital hyperplasia, sole hemorrhage, verrucose der-
matitis, white line abscess, and white line separation. 
Further information regarding the characteristics of the 
animals included in this study can be found in Hansson 
et al. (2023).

From the total of 194 lactating dairy cows housed in 
this farm during the studied period, the approximate 
ratio of square meters per animal in the barn was 10 
m2 (early-lactation group), and 11 m2 (late-lactation 
group), and around 5 m2 per cow and area (feeding 
and resting areas). Only cows present during the entire 
study period in one of the groups (83 in the early-, 
and 80 in the late-lactation group) and with informa-
tion for all the traits (73 cows in the early-, and 76 in 
the late-lactation group) were included in the analysis. 
Animals with missing information for age (2 cows in 
the late-lactation group), claw health (one cow in the 
early-lactation group and 2 cows in the late-lactation 
group) and pedigree relatedness (9 cows in the early-
lactation group) were not considered in the study. The 
data collected from the 149 dairy cows considered in 
the analyses are summarized in Table 1. The average 
age of the 149 lactating cows was approximately 4 yr 
and ranged from 2 to 9 yr. Specifically, the average age 
of the animals in the early-lactation group was slightly 
lower (3.78 yr), compared with the late-lactation group 
(4.05 yr).

The pedigree information concerning the 149 cows 
comprised 8,594 animals, with an average number of 
generations of 17.74 and a pedigree completeness in-
dex of 0.74. The average number of generations was 
calculated as the mean of the maximum number of 
generations traced per individual, whereas the pedigree 
completeness index, which represents the proportion 
of known ancestors in each ascending generation, was 
estimated following MacCluer et al. (1983). Among the 
149 cows, there were 12 animals with a relationship 
coefficient over 0.5 and 40 animals with a relationship 
coefficient ranging between 0.25 and 0.50.

Estimating Social Contacts of Lactating Cows Using 
RTLS Data

The position data automatically collected with the 
UWB RTLS with a 1-s fixed rate were used to estimate 
the distance among the 149 lactating cows selected for 
the present study. The cubicles of the resting area had 
a median width of 120.5 cm. Thereby, the maximum 
distance between the UWB tags when 2 cows lie in 
consecutive cubicles would be approximately 2.5 m. 
Collar-based positioning data do not capture the entire 
space occupied by individuals’ bodies. Therefore, spa-
tial interactions within different distances can occur in 
the feeding area, such as shorter distances when cows 
stand face to face, whereas longer distances may be 
observed when a cow stands behind or follows another 
cow, for example. Thus, we quantified the time spent 
by each lactating cow together with the rest of the herd 
per functional area, using the position data and consid-
ering a distance radius threshold of 2.5 m, to include 
several types of proximity interactions (Rocha et al., 
2020; Hansson et al., 2023). The study of Chopra et 
al. (2020) defined proximity interactions between cows 
when the individuals were 3 m apart. Similarly, in the 
study conducted by Boyland et al. (2016), proximity in-
teractions within 1.5 to 2.0 m had a significant positive 
relationship with social grooming. However, a previous 
study conducted by our research group (Hansson et al., 
2023) found no qualitative change in the results when 
varying the distance threshold to either 1.5 or 3.0 m. 
Therefore, this study assumed that a social contact 
existed between a pair of cows when they were within 
a distance of 2.5 m. The duration of the contacts was 
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Table 1. Summary of data collected from the 149 cows considered in 
the analysis by lactation group for each characteristic

Characteristic Early-lactation group Late-lactation group

Parity   
 1 20 21
 2 19 27
 3+ 34 28
Lactation stage   
 Early (7–49 DIM) 17 0
 Mid (50–179 DIM) 52 16
 Late (≥180 DIM) 4 60
Breed
 Holstein  21 19 
 Red Dairy Cattle 19 22
 Crossbred 33 35
Pregnancy status
 Pregnant 31 60 
 Open 42 16
Claw health
 Remark1  19 24 
 No remark 54 52
1Remark for major or minor lesions. The numbers in the table indicate 
the number of cows considered in this study, which includes 73 and 76 
cows in the early- and late-lactation groups, respectively.
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calculated independently for each lactation group, and 
the 2 functional areas in the barn using Matlab (2020; 
Figure 1). We aggregated all dyadic contacts between 
cow pairs for each day (i.e., 24 h) of the 14 d consid-
ered in this study. As we calculated the contact time 
per cow, we found slight differences within each pair; 
the minimum time reported per pair of animals and 
area was considered in subsequent analyses. Moreover, 
the position data were also used to estimate the time 
the animals spent within the functional areas per day 
(Figure 1). Following that, we computed the proportion 
of time each animal spent per day in the feeding area 
by dividing it by the total time reported by the RTLS; 
this ratio is hereafter referred to as the time in area. 
Therefore, the higher and the lower the value of the 
time in area, the longer the time spent in the feeding 
and resting area, respectively.

To avoid considering stochastic short contacts, cows 
crossing each other with no intention of interacting due 
to the limited space of the barn, we defined a 600-s time 
threshold (10 min) per day to consider that a contact 
between lactating cows occurred. Therefore, contact 
matrices, known as adjacency matrices in graph theory 
terminology, were constructed for each lactation group, 
functional area, and day, considering only contacts 
longer than 10 min. Data from the adjacency matrices 
computed per day were coded in a binary format, where 
1’s denote the occurrence of a contact (presence of an 
edge linking a specific pair of nodes), and 0’s indicate 
that no contact longer than 10 min was reported during 
the day (absence of an edge linking the nodes). More-
over, Hansson et al. (2023) reported that increasing the 
time threshold could influence the significance of the 
results. Hence, the present study explored 2 additional 
time thresholds for the feeding area (20 and 30 min) 
and 3 for the resting area (20, 30, and 60 min).

Statistical Analysis

R statistical software version 4.2.0 (R Core Team, 
2022) was used for data preprocessing and statistical 
analyses. The source code used is publicly available at 
https: / / github .com/ CSI -DT/ SNA. First, variance in-
flation factors (VIF) were estimated to test for multi-
collinearity among the cow’s characteristics considered 
in this study (age, breed, claw health, DIM, lactation 
stage, parity, pregnancy status, and time spent in each 
area). This was done using the car package (Fox and 
Weisberg, 2018) by incorporating the 8 aforementioned 
variables as fixed effects in a linear model, along with 
the inclusion of the animal effect as a random effect us-
ing the nlme package (Pinheiro et al., 2022). Repeated 
measurements were not considered in this step. The 
VIF values confirmed that the implementation of age 

and parity, and DIM and lactation stage together could 
inflate the regression coefficient variance due to their 
multicollinearity (Supplemental Table S1; https: / / pub 
.epsilon .slu .se/ 31159/ ; Marina et al., 2023). After ex-
cluding age and DIM from the model, the VIF values 
were approximately 1, indicating no multicollinearity 
issues among the characteristics included in the second 
model. Therefore, as determined by the collinearity 
analysis, age and DIM were excluded from the subse-
quent analyses.

Second, correlations between the time in area and 
the total interaction time per animal were estimated 
by considering both functional areas and lactation 
groups independently. The total interaction time per 
animal was estimated by summing the total contact 
time with other animals within the herd, considering 
both functional areas and lactation groups indepen-
dently. A strong correlation between total interaction 
time and time in area will highlight the importance of 
including this variable in subsequent models. In the 
early-lactation group, the correlation was 0.60 in both 
areas. In contrast, the correlations for the late-lactation 
group were 0.65 for the feeding area, and 0.56 for the 
resting area. These values indicated a clear association 
between the time in area and the total interaction time 
reported each day for each cow, in both the feeding and 
the resting area. Therefore, the inclusion of this covari-
ate in subsequent analyses is mandatory as the longer 
the time the animals spend in each functional area, the 
greater the likelihood of random interactions. Hansson 
et al. (2023) described differences between the time in 
area spent according to parity and lactation stage. The 
inclusion of this covariable corrected this effect, allow-
ing the right assumptions to be drawn about the other 
effects included in the models.

Social Network Analyses

The adjacency matrices were used to construct the 
social networks using the sna package (Butts, 2020). 
Social networks were constructed with nodes repre-
senting individual cows, and the (spatial) interactions 
between any 2 cows were represented as the presence 
(1) or absence (0) of an edge linking the nodes. Social 
networks were visualized as sociograms using the igraph 
package (Csárdi and Nepusz, 2006).

Subsequently, we calculated the topological network 
parameters per area, lactation group, and day, using 
the sna package (Butts, 2020). Topological network 
parameters offer valuable insights into the social 
roles of dairy cows within the herd. The topological 
network parameters considered in this study included 
betweenness centrality, closeness centrality, degree, and 
eigenvector centrality scores. The betweenness central-
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ity parameter quantifies the number of shortest paths 
between 2 nodes that pass through a specific node, with 
respect to the total number of shortest paths. Hereafter, 
the betweenness was normalized by dividing the total 
number of pairs of nodes, excluding the node itself. The 
betweenness coefficient reflects the contribution of an 
individual node to the network's connectivity (Wan-
delt et al., 2019). The closeness centrality parameter 
estimates the average shortest path length of a node. 
This parameter represents how closely connected a par-
ticular node is to the rest of the nodes of the network 
(Martínez-López et al., 2009). Eigenvector centrality 
scores are the elements of the eigenvector correspond-
ing to the dominant eigenvalue of the adjacency matrix, 
with the scores standardized to be nonnegative and 
with a maximum value of 1. The eigenvector centrality 
parameter summarizes in a unique value the number of 
interactions and their quality. High values indicate that 
a particular node is connected to several nodes which 
themselves have high scores (Newman, 2018). Last, the 
node degree represents the total number of interactions 
(edges) related to a particular node.

The repeatability and heritability of the topological 
network parameters were estimated per functional area 
and lactation group, through the application a general 
mixed linear model (Equation 1) using the brms pack-
age (Bürkner, 2017):

 y = Xβ + Zaa + Zku + ε, [1]

where y is a vector of topological parameters across 
individuals, X is a design matrix relating the values of 
y to the fixed effect parameters given in the vector β, 
which included the cow’s characteristics that revealed 
no signs of multicollinearity, a is a vector describing the 
additive genetic effects, Za is an incidence matrix relat-
ing each of the additive genetic effects to an individual’s 
phenotype. The other random effects are given by u 
each with corresponding incidence matrix Zk, and ε is 
a vector of residual effects. The random variables are 
assumed to be normally distributed. Specifically, a is 
normally distributed with 0 2, ,Aσa( )  where σa

2 is the ge-
netic variance and A is the additive relationship matrix 
derived from the pedigree, and u is normally distrib-
uted with 0, σk

2( ), where σk
2 is the permanent environ-

mental variance. Repeatability was calculated as the 
sum of the individual and the permanent environmental 
variances divided by the phenotypic variance, whereas 
heritability was estimated as the proportion of the ge-
netic variance in relation to the phenotypic variance. 
Repeatability indicates the proportion of the total phe-
notypic variation in multiple measurements of a charac-
teristic that is attributed to variation within individuals 

and heritability represents the proportion of the pheno-
typic variation of a characteristic attributed to genetic 
factors (Boake, 1989; Falconer and Mackay, 1996; Lynch 
and Walsh, 1998). On one hand, high or moderate re-
peatabilities will suggest a consistent role of animals in 
the social network over time. On the other hand, high 
or moderate heritabilities will indicate that selective 
breeding based on these parameters could be used to 
improve or manipulate social behavior in dairy cattle 
populations.

We applied the STERGM, described by Krivitsky 
and Handcock (2014), to explore how cow characteris-
tics influence the evolution of social networks over the 
14 d considered in this study. The model was fitted 
separately for each functional area and lactation group 
using the conditional maximum likelihood estimation 
procedure (Krivitsky and Handcock, 2014). This mod-
els the probability of a new contact occurring given 
that there was no contact the previous day (referred to 
as formation) and the probability of a contact given 
that there was a contact the previous day (persistence). 
The STERGM assumes that the contact probability, 
given the state from the previous day, is independent of 
states at earlier days. In this model, the probability of 
a contact between individual i and j is independent of 
another contact between individual i and k, where 
j k≠ , because only exogenous parameters, external 
characteristics that are not part of the social network 
structure, were fitted in the model.

The fitted STERGM can be described as follows. 
Let Yij,t be equal to 1, if there exists an edge between 
nodes i and j at time t, and 0, if there is no edge 
between nodes i and j at time t. The fitted STERGM 
consists of 2 fitted logistic regressions with Yij,t as re-
sponse, by splitting the data set into 2 for Yij,t = 0 and 
Yij,t = 1, one for the formation part of the model, and 
one for the persistence part of the model, respectively 
(Equation 2).

log , , ,itP Y Y y xij,t ij t ij t edges breed nf breed

br

k k+ = =( ) = +

+
1 1 µ β

γ eeed nm breed claw health nf claw health

nm

x x

x
l l, ,

,

+

+

β

γclaw health cllawhealth +

+

β

γ

lactationstage nf lactationstage

lactations

p p
x ,

ttage nm lactationstage nf

parity nm

x x

x
q q, ,

,

+

+

β

γ

parity parity

pariity +

+

β

γ
pregnancy status nf pregnancy status

pregnancy status

x

x
,

nnm AGEcont nm AGEcont

DIMcont nm DIMcon

x

x
, ,

,

pregnancy status +

+

γ

γ tt REL edge REL time inarea time inareax x+ +β β, ,

 [2]

where yij,t = 0 for the formation part of the model, and 
yij,t = 1 for the persistence part of the model. Hence, 
the formation model fits the probability of a connection 
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(edge) existing between individuals i and j, given that 
there was no connection between them at the previous 
time point, and the persistence model fits the same 
probability, given that there was a connection at the 
previous time point. Each model included an intercept 
term μedges, several node factor effects denoted by β, 
and node match effects denoted by γ. Hence, βbreedk  was 
the node factor effect for breed k with corresponding 
covariate xnf breedk,  with value equal to the number of 
cows of breed k (i.e., 0, 1, or 2), connected to edge ij, 
whereas γbreed was the node match effect for breed, with 
corresponding covariate xnm,breed equal to 1, if the 2 cows 
i and j were the same breed, and 0 otherwise. The node 
factor and node match for claw health, lactation stage, 
parity, and pregnancy status were defined similarly.

In addition, with the aim to assess the effect of estab-
lishing social contacts between cows of having shared 
early life experiences, or experiences in the last dry-
ing period together, or sharing a filial relationship, 3 
additional variables were considered for each lactation 
group separately: (1) contemporary age (Agecont) rep-
resented 2 cows born within 7 d, fitted as γAGEcont, where 
xnm,AGEcont was equal to 1 if 2 cows were contemporary, 
and 0 otherwise; (2) equivalently, 2 cows calved within 
7 d were defined as contemporary DIM (DIMcont) fit-
ted in the model as  γDIMcont, and (3) the relationship 
matrix (REL) fitted in the model as an edge covariable 
effect (βREL), which represents the relationship coeffi-
cients computed from the pedigree information. Hence, 
for individuals i and j, the value of xedge,REL is given by 
the element in row i and column j of the additive rela-
tionship matrix. Further, the time in area was fitted as 
a regression parameter βtime in area, where xtime in area was 
the proportion of the time spent in the feeding area. 
It corrects the probability of an existing edge by the 
time spent in the area. Since the fitted STERGM are 
2 conditional logistic regressions, the estimated effects 
shall be interpreted as conditional log-odds ratios. A 
more detailed description of the STERGM approach 
can be found in Supplemental Material S1 (https: / / pub 
.epsilon .slu .se/ 31159/ ; Marina et al., 2023).

Finally, the STERGM analyses were repeated, con-
sidering 2 additional time thresholds for the feeding 
area (20 and 30 min), and 3 for the resting area (20, 30, 
and 60 min) to assess the effect of the time threshold 
on the role of the characteristics included in this study 
on social contacts.

RESULTS

Before presenting the effect of different cow char-
acteristics on the likelihood of establishing new social 
contacts and their persistence through time, we present 

results describing the topological network parameters 
and the temporal development of the social networks.

Social Network Parameters

Sociograms illustrate the cumulative number of con-
tacts among individuals over the study period, consid-
ering both lactation groups and functional areas (Fig-
ure 2 and Supplemental Figure S1; https: / / pub .epsilon 
.slu .se/ 31159/ ; Marina et al., 2023). The sociograms 
revealed that the feeding area had a longer average cu-
mulative number of contacts for both lactation groups 
(early: 2.82 d; late: 2.25 d) compared with the resting 
area (early: 2.12 d; late: 2.15 d). A graphical representa-
tion of the evolution of the social networks throughout 
the 14 d can be found for the early-lactating group in 
Supplemental Figure S2 (feeding area) and Supplemen-
tal Figure S3 (resting area; https: / / pub .epsilon .slu .se/ 
31159/ ; Marina et al., 2023). The corresponding plots 
for the late-lactating group are found in Supplemental 
Figures S4 and S5 (https: / / pub .epsilon .slu .se/ 31159/ ; 
Marina et al., 2023).

Table 2 presents the global average of the estimated 
topological parameter values for each cow across the 14-d 
study period, along with their corresponding repeat-
abilities and heritabilities. The topological parameters 
showed moderate values of repeatability, ranging from 
0.21 (closeness) to 0.42 (eigenvector). The eigenvector 
centrality parameter presented the highest repeatabil-
ity in both functional areas and lactation groups, indi-
cating that this is the most stable measure over time. 
In general, the repeatability values of the topological 
parameters were higher in the late-lactation group, 
compared with the early-lactation group. In contrast, 
the heritabilities of the topological parameters showed 
low to moderate values, and varied between lactation 
groups. The heritabilities ranged from 0.07 (between-
ness) to 0.10 (eigenvector) in the early-lactation group, 
and ranged from 0.16 (closeness) to 0.20 (eigenvector) 
in the late-lactation group. Hence, the eigenvector cen-
trality parameter was consistent both over time and 
between close relatives.

Social Network Formation and Persistence Analyses

The following results show to what extent familiar 
cows are more likely to establish new contacts, and to 
what extent these contacts will persist more compared 
with cows with different characteristics. Figure 3 de-
picts the results of social network formation and per-
sistence analyses defined in Equation 2. The individual 
coefficients are log-odds ratios estimated by STERGM. 
In the formation model, positive coefficients indicate 
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an increased likelihood of contact formation in the net-
work than expected by chance, whereas negative coeffi-
cients suggest a decreased likelihood. In the persistence 

model, positive coefficients indicate a higher probabil-
ity of contact persistence, whereas negative coefficients 
indicate a lower probability of contact persistence.

Marina et al.: SOCIAL NETWORK ANALYSIS OF DAIRY COW INTERACTIONS

Figure 2. The sociograms represent the cumulative number of contacts during the 14 d of the study for the feeding (green edges) and rest-
ing (blue edges) areas for the early- and late-lactation groups. The thickness and darkness of the edges represent the cumulative contacts over 
the studied days. Only cumulative contacts over 7 d are shown in this figure. The colors of the nodes represent the parity number: red (1), blue 
(2), and purple (3+).
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Contemporary age (Agecont) showed a strong effect 
on the formation and persistence of social contacts in 
both functional areas and lactation groups. The es-
timated Agecont coefficients ranged from 0.14 to 0.80 
(P-values ranged from <0.001 to 0.44). Hence, animals 
born within 7 d of each other had 15% to 123% higher 
odds of either establishing new contacts or maintain-
ing existing contacts, depending on the functional area 
and lactation group, compared with animals born more 
than 7 d apart.

The results showed that closely related individuals 
had a higher probability of forming new contacts than 
distantly related individuals, since the REL edge co-
variate showed a positive effect on the social contact 
formation in both functional areas and lactation groups 
(P-values ranged from 0.001 to 0.02). The estimates 
ranged from 0.78 to 1.20, indicating that formation 
odds increased from 1% to 2% per percentage unit of 
the relationship index. These results implied that, for 
instance, full sibs would have higher odds of establish-
ing new social contacts, from 30% to 58% (depending 
on the functional area and lactation group), compared 
with half-sibs. The DIMcont formation and persistence 
coefficients, however, were unremarkable (P-values 
ranged from 0.04 to 0.89).

The formation and persistence coefficients for parity 
match were positive in both functional areas and lacta-
tion groups, ranging from 0.13 to 0.51 (P < 0.001). This 
consistent outcome throughout the areas and lactation 
groups implied that cows from the same parity were 
more likely to have contact among themselves (odds 
increased from 14% to 67%), whether or not they were 
in contact the previous day, compared with cows from 
different parities. First parity cows showed greater con-
tact persistence odds throughout the days, from 11% 
to 38%, compared with cows with a higher number of 
parities (P-values ranged from <0.001 to 0.01). Preg-
nancy status showed an effect on the contact formation 
in both functional areas and lactation groups (P-values 
varied from 0.001 up to 0.02), suggesting that pregnant 
cows were more likely to establish new contacts in the 
feeding area than open cows. Nevertheless, the sign of 
these estimated effects was not consistent between lac-
tation groups in the resting area. Claw health showed 
a positive effect in the late-lactation group (P-value < 
0.001) concerning contact formation coefficients, sug-
gesting that animals without remarks were more likely 
to establish new social contacts in the resting area.

Sensitivity Analysis and Results Validation

The sensitivity of the results depending on the 
definition of a contact was evaluated by estimating 
the STERGM coefficients considering different time 
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thresholds for the feeding area (20 and 30 min) and 
for the resting area (20, 30, and 60 min). As seen in 
Supplemental Table S2 (https: / / pub .epsilon .slu .se/ 
31159/ ; Marina et al., 2023), a higher time threshold 
used in the social networks slightly modified the results 
obtained. Features that revealed moderate to high rel-
evance in the logistic model maintained their impact 
on social networks, regardless of the time threshold 
(e.g., parity and Agecont). In general, parity formation 
and persistence coefficients revealed strong positive 
match effects in all scenarios (P-values ranged from 

<0.001–0.04), except for the early-lactation group in 
the resting area considering a time threshold of 60 min  
(P-value = 0.07). Agecont formation coefficients remained 
significant as the applied time thresholds increased 
(P-values ranged from <0.001 to 0.04, respectively), 
with the same exception (P-value = 0.09). In addi-
tion, the results highlighted some features whose role 
in the STERGM results varied as the time threshold 
increased (e.g., breed and pregnancy); the results for 
these characteristics were generally inconsistent when 
comparing lactation groups.

Marina et al.: SOCIAL NETWORK ANALYSIS OF DAIRY COW INTERACTIONS

Figure 3. Formation and persistence log-odds ratios estimated through the separable temporal exponential random graph models (STERGM). 
Formation estimates are depicted by light green and blue triangles for the feeding and resting areas, respectively. Persistence estimates are repre-
sented by dark green and blue circles for the feeding and resting areas, respectively. Error bars represent the estimates 95% confidence intervals. 
The model included the following terms: (1) factor: sum of the node values for all existing edges in the network; (2) match: number of edges in 
which the value between the nodes (i, j) is the equivalent; (3) covariable: sum of the node value for all existing edges in the network; (4) edge 
covariable: value for each edge appearing in the network. Agecont represents pairs of animals born within 7 d of each other. DIMcont corresponds 
to pairs of animals calved within 7 d of each other. REL stands for the relationship matrix based on pedigree records.

https://pub.epsilon.slu.se/31159/
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DISCUSSION

The present study used RTLS technology to explore 
the role of different individual characteristics in the for-
mation and persistence of social networks in dairy cows. 
Social networks provide information about individual 
and group social behaviors, allowing the study of the 
behavior at both levels (Croft et al., 2008). Our results 
revealed that cows of the same parity interacted more 
consistently, as well as those born within 7 d of each 
other or closely related by pedigree. In practice, housing 
familiar cows together may contribute to the stability 
of the social structure and hence promote dairy cow 
welfare (Gutmann et al., 2015). In addition, the present 
work simultaneously addressed the level of stability of 
the social role of dairy cows by estimating the repeat-
ability of the topological parameters on a daily basis.

Social Network Analyses

Our results are consistent with previous studies 
describing a greater tendency to establish preferential 
relationships between individuals with similar attri-
butes (Boyland et al., 2016; Churakov et al., 2021). 
The propensity of similar entities to have contact with 
each other is defined as homophily in SNA. In addi-
tion, Churakov et al. (2021) described how older cows 
tend to lay down more frequently in cubicles close to 
the milking area while younger cows occupy less busy 
areas, which could also favor the homophily related to 
parity found in this work. Furthermore, Supplemental 
Figure S1 (https: / / pub .epsilon .slu .se/ 31159/ ; Marina 
et al., 2023) illustrates the contacts that have been 
observed recurrently during the 14 d of the study, most 
of which involved cows of the same age. Our results 
also indicated homophily in both contact formation 
and persistence between cows born within 7 d of each 
other. Most of the pairs of animals born 7 d apart were 
composed of animals in the same parity (61 out of 62), 
which implies that the homophily effect outweighed the 
parity effect, as only one pair of animals belonged to 
different parities. Previous studies also described how 
calves that have been together since birth or shared 
early stages of life, develop stronger social bonds among 
themselves (Sato et al., 1987; Færevik et al., 2006; 
Raussi et al., 2010). Early social relationships between 
calves are beneficial and should be maintained as long 
as possible in cattle husbandry (Raussi et al., 2010). 
Additionally, the pedigree relationship index revealed 
a positive contact formation, in agreement with previ-
ous studies that describe how familiarity between indi-
viduals can lead to the development of stronger bonds 
between conspecifics (Reinhardt and Reinhardt, 1981; 
Ramseyer et al., 2009; Bolt et al., 2017).

Furthermore, the present work analyzed other fac-
tors that did not show consistent results between the 
lactation groups or functional areas, such as the breed, 
claw health, contemporary DIM, lactation stage, and 
pregnancy status. Previous studies related health sta-
tus to changes in lying behavior (Barker et al., 2018; 
Tucker et al., 2021). The most critical disorders in dairy 
cattle are lameness, which can result in longer lying 
times, and mastitis, which could reduce lying times and 
feed intake (Barker et al., 2018; Tucker et al., 2021). 
Nevertheless, Hansson et al. (2023) found no differences 
in time spent in the resting area between cows with and 
without claw remarks. They also reported no discrep-
ancies in the time spent in the different functional areas 
when comparing the SCC information (Hansson et al., 
2023). Therefore, this information was not included in 
the present work. Discrepancies between coefficients 
found in the functional areas could be explained by the 
fact that cows might have different partners in different 
areas (Reinhardt and Reinhardt, 1981).

Stability of Topological Parameters

The spatial information provided by the RTLS tech-
nology allowed us to construct social networks, enabling 
us to characterize the animals by different topological 
statistics (Krause et al., 2009). Topological statistics 
permit the evaluation of individuals by their role in the 
overall position within social networks (Rocha et al., 
2020). The estimated topological parameters are well 
known in graph analyses (Sosa et al., 2021), and have 
proven useful for describing social network characteris-
tics in dairy cattle (Bolt et al., 2017; Mekonnen et al., 
2019; Burke et al., 2022). The lower degree and close-
ness average, and the higher betweenness average in 
the resting area than in the feeding area, indicated that 
the social networks in the resting area were composed 
of more central nodes (i.e., a group of animals with 
a more relevant role in the network; Golbeck, 2013). 
These results suggest that contacts in the feeding area 
may be more stochastic because cows are more active in 
the feeding area compared with the resting area, where 
they lie down for longer time periods, which could ex-
plain observed patterns. In contrast, the resting area 
may provide opportunities for animals to selectively 
choose their companionship, leading to potentially 
more deliberate social contacts in that context.

The moderate repeatability values found in this 
study agree with previous studies in dairy cattle that 
compared social networks, revealing that around 50% 
of the interactions between the cows were stable when 
comparing weeks (Boyland et al., 2016; Bolt et al., 
2017). The present work studied the repeatability of 
the topological parameters at daily level, which varied 
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slightly between the functional areas and the lactation 
groups. Rocha et al. (2020) described the sociality of a 
cow as a stable individual trait but dependent on the 
functional area where the contacts occurred. This could 
explain the differences in repeatability values between 
functional areas considered in this study (Table 2). In 
addition, differences between lactation groups could 
be explained by the early-lactation group being com-
posed of recently calved cows undergoing physiological 
changes, and a higher number of nonpregnant cows that 
come into heat, which may affect their social behavior, 
and thus slightly reduce the repeatability of the topo-
logical parameters. Regarding the heritabilities of the 
topological parameters, similar ranges were described 
in previous studies in pigs (Agha et al., 2022a,b). The 
eigenvector centrality parameter exhibited notable 
repeatability and heritability values for the studied 
topological parameters. Cows connected to many other 
cows with many connections will have a high eigenvec-
tor centrality. So, cows with the highest eigenvector 
centrality score will be the ones influencing other cows 
the most directly or indirectly throughout the social 
network. Hence, transmission (of e.g., infectious disease) 
will spread quickly through the network if initiated by 
a cow with high eigenvector centrality. The heritabil-
ity of the topological parameters of the social network 
suggests a possible susceptibility of genetic variation 
influenced by current breeding programs focused on 
dairy production. Considering the close relationship of 
social behavior with animal welfare, breeding programs 
should thoroughly evaluate the magnitude and direc-
tion of genetic correlations between topological param-
eters of social networks and characteristics considered 
in selection programs. The differences in heritability 
values found between lactation groups might be due to 
the limited number of animals included in this study. 
Additional studies in larger populations are required to 
accurately estimate the heritability of these parameters 
and their genomic correlation with the traits relevant 
to the dairy industry.

The ample repeatability of the topological param-
eters suggests robust stability of the individual roles 
within the social network structure and, therefore, a 
potential for short-term prediction of social network 
structure and individual social behavior. This would 
enable the detection of changes in social behavior, in-
cluding those resulting from diseases, facilitating early 
identification and intervention measures. Daily social 
interactions are an essential feature of cattle behav-
ior and have a fundamental effect on animal welfare. 
Disruptions to social relationships, such as age-based 
regrouping or insufficient space allowance, may cause 
stress and trigger aggressive and abnormal behavior 
(Grant and Albright, 2001; von Keyserlingk et al., 

2008), leading to long-term health effects. In addition, 
close proximity, grooming, and social bonding among 
dairy cattle facilitate the transmission of diseases that 
depend on direct animal contact (e.g., some mastitis-
causing bacteria) (Kappeler et al., 2015). Hence, social 
networks may play a significant role in determining 
contact patterns and potential routes of disease trans-
mission in dairy cattle. For a thorough understanding 
of the spatial interactions occurring in the barn, further 
studies are needed that focus on the combined analysis 
of the social networks of both functional areas, which 
could be investigated using the multilayer approach 
implemented in the multinet R package (Magnani et 
al., 2021).

Study Limitations and Perspectives on Social 
Network Analyses in Dairy Cattle

The social networks considered in this study were 
constructed using the RTLS and applying the time 
and the distance thresholds of 10 min and 2.5 m. 
Hence, binary social networks were analyzed. Differ-
ent approaches, such as the simple ratio index applied 
by Formica et al. (2021), could be considered in the 
analyses to weigh the level of social contact between 
cows, instead of using binary social networks. However, 
the different time thresholds tested in this study and 
the different time thresholds and distances studied by 
Hansson et al. (2023) (1.5 m and 3.0 m) show that the 
results are not sensitive to the chosen thresholds.

Our study builds upon the research conducted by 
Hansson et al. (2023), which is based on a different 
subpopulation from the same farm and time period. 
While Hansson et al. (2023) focused on identifying cow 
characteristics associated with the number of contacts 
per cow, our study used SNA to model the interac-
tion data. This allowed us to estimate the stability of 
the topographical parameters of the social networks on 
a daily basis and determine how cow characteristics 
influence the formation and persistence of proximity 
interactions.

Proximity does not imply direct social interaction 
between individuals (Albery et al., 2021). In fact, the 
spatial interactions detected in this study could be in-
fluenced by the spatial constraints of freestall barns 
and individual differences in resource use. Nevertheless, 
Boyland et al. (2016) described a positive correlation 
between dairy cow proximity contacts and affiliative 
social interactions, such as social grooming, but not 
agonistic interactions. Hence, the observed results 
might be based mainly on positive interactions between 
dairy cows.

Our study includes extensive data but only from one 
farm and some data were missing. How to deal with 
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missing data in SNA is indeed challenging and there-
fore only individuals with complete data were included 
in the current study. Future studies should compare the 
result from different herds and combine different sen-
sor technologies, such as accelerometers, camera vision, 
proximity loggers for recording outdoor social contacts, 
and milk sensors with the UWB system. The integra-
tion of these technologies would allow the thorough 
study of indoor and outdoor social networks combined 
with milk production data over long periods of time.

CONCLUSIONS

The present study applied RTLS technology to de-
scribe the effect of different cow characteristics on the 
likelihood of formation and persistence of social contacts 
in dairy cattle. The findings of our study support the 
theory that dairy cows do not interact uniformly but 
spend different times with particular individuals than 
would be expected by chance. Our results reveal that 
cows of the same parity interact more consistently, as 
well as those born within 7 d of each other or closely 
related by pedigree. The repeatability of the topologi-
cal parameters indicates a stable short-term consistency 
in the individual animal roles within the social network 
structure. The use of this knowledge could improve the 
stability of the social structure and promote dairy cow 
welfare and hence production. Further studies focusing on 
social network information, constructed from automated 
position data and disease transmission information, 
could enhance the design of prevention and intervention 
protocols for transmissible diseases in dairy cattle.

ACKNOWLEDGMENTS

This project was funded by Formas, a Swedish Re-
search Council for Sustainable Development, Stock-
holm, Sweden (ID: 2019–02276 and 2019–02111) and 
by the Kjell and Märta Beijer Foundation (Stockholm, 
Sweden). The computation of the adjacency matrices 
used in the present study was enabled by resources at 
Uppsala Multidisciplinary Center for Advanced Com-
putational Science (UPPMAX; Uppsala, Sweden). The 
authors have not stated any conflicts of interest.

REFERENCES

Agha, S., S. Foister, R. Roehe, S. P. Turner, and A. Doeschl-Wilson. 
2022a. Genetic analysis of novel behaviour traits in pigs derived 
from social network analysis. Genes (Basel) 13:561. https: / / doi 
.org/ 10 .3390/ genes13040561.

Agha, S., S. P. Turner, C. R. G. Lewis, S. Desire, R. Roehe, and A. 
Doeschl-Wilson. 2022b. Genetic associations of novel behaviour 
traits derived from social network analysis with growth, feed ef-

ficiency, and carcass characteristics in pigs. Genes (Basel) 13:1616. 
https: / / doi .org/ 10 .3390/ genes13091616.

Akima, H. 1970. A new method of interpolation and smooth curve fit-
ting based on local procedures. J. Assoc. Comput. Mach. 17:589–
602. https: / / doi .org/ 10 .1145/ 321607 .321609.

Albery, G. F., A. Morris, S. Morris, J. M. Pemberton, T. H. Clutton-
Brock, D. H. Nussey, and J. A. Firth. 2021. Multiple spatial be-
haviours govern social network positions in a wild ungulate. Ecol. 
Lett. 24:676–686. https: / / doi .org/ 10 .1111/ ele .13684.

Barker, Z. E., J. A. Vázquez Diosdado, E. A. Codling, N. J. Bell, H. R. 
Hodges, D. P. Croft, and J. R. Amory. 2018. Use of novel sensors 
combining local positioning and acceleration to measure feeding 
behavior differences associated with lameness in dairy cattle. J. 
Dairy Sci. 101:6310–6321. https: / / doi .org/ 10 .3168/ jds .2016 -12172.

Boake, C. R. B. 1989. Repeatability: Its role in evolutionary studies of 
mating behavior. Evol. Ecol. 3:173–182. https: / / doi .org/ 10 .1007/ 
BF02270919.

Bolt, S. L., N. K. Boyland, D. T. Mlynski, R. James, and D. P. Croft. 
2017. Pair housing of dairy calves and age at pairing: Effects on 
weaning stress, health, production and social networks. PLoS One 
12:e0166926. https: / / doi .org/ 10 .1371/ journal .pone .0166926.

Bouissou, M.-F., A. Boissy, P. Le Neindre, and I. Veissier. 2001. The 
Social Behaviour of Cattle. CABI Publishing.

Boyland, N. K., D. T. Mlynski, R. James, L. J. N. Brent, and D. P. 
Croft. 2016. The social network structure of a dynamic group of 
dairy cows: From individual to group level patterns. Appl. Anim. 
Behav. Sci. 174:1–10. https: / / doi .org/ 10 .1016/ j .applanim .2015 .11 
.016.

Burke, K. C., S. do Nascimento-Emond, C. L. Hixson, and E. K. 
Miller-Cushon. 2022. Social networks respond to a disease chal-
lenge in calves. Sci. Rep. 12:9119. https: / / doi .org/ 10 .1038/ s41598 
-022 -13088 -2.

Bürkner, P. C. 2017. brms: An R package for Bayesian multilevel mod-
els using Stan. J. Stat. Softw. 80:1–28. https: / / doi .org/ 10 .18637/ 
jss .v080 .i01.

Butts, C. T. 2020. sna: Tools for Social Network Analysis. R package 
version 2.6. Accessed Aug. 11, 2023. https: / / CRAN .R -project .org/ 
package = sna.

Chen, S., B. J. White, M. W. Sanderson, D. E. Amrine, A. Ilany, 
and C. Lanzas. 2014. Highly dynamic animal contact network and 
implications on disease transmission. Sci. Rep. 4:4472. https: / / doi 
.org/ 10 .1038/ srep04472.

Chopra, K., H. R. Hodges, Z. E. Barker, J. A. Vázquez Diosdado, J. R. 
Amory, T. C. Cameron, D. P. Croft, N. J. Bell, and E. A. Codling. 
2020. Proximity interactions in a permanently housed dairy herd: 
Network structure, consistency, and individual differences. Front. 
Vet. Sci. 7:583715. https: / / doi .org/ 10 .3389/ fvets .2020 .583715.

Churakov, M., A. M. Silvera, M. Gussmann, and P. P. Nielsen. 2021. 
Parity and days in milk affect cubicle occupancy in dairy cows. 
Appl. Anim. Behav. Sci. 244:105494. https: / / doi .org/ 10 .1016/ j 
.applanim .2021 .105494.

Croft, D. P., R. James, and J. Krause. 2008. Exploring Animal Social 
Networks. Princeton University Press.

Csárdi, G., and T. Nepusz. 2006. The igraph software package for 
complex network research. InterJ. Complex Syst. 1695. https: / / 
igraph .org.

Færevik, G., M. B. Jensen, and K. E. Bøe. 2006. Dairy calves social 
preferences and the significance of a companion animal during 
separation from the group. Appl. Anim. Behav. Sci. 99:205–221. 
https: / / doi .org/ 10 .1016/ j .applanim .2005 .10 .012.

Falconer, D. S., and T. F. C. Mackay. 1996. Introduction to Quantita-
tive Genetics. 4th ed. Prentice Hall.

Formica, V., H. Donald, H. Marti, Z. Irgebay, and E. Brodie III.. 2021. 
Social network position experiences more variable selection than 
weaponry in wild subpopulations of forked fungus beetles. J. Anim. 
Ecol. 90:168–182. https: / / doi .org/ 10 .1111/ 1365 -2656 .13322.

Fox, J., and S. Weisberg. 2018. An R Companion to Applied Regres-
sion. Sage Publications.

Golbeck, J. 2013. Network Structure and Measures. Morgan Kaufmann.

Marina et al.: SOCIAL NETWORK ANALYSIS OF DAIRY COW INTERACTIONS

https://doi.org/10.3390/genes13040561
https://doi.org/10.3390/genes13040561
https://doi.org/10.3390/genes13091616
https://doi.org/10.1145/321607.321609
https://doi.org/10.1111/ele.13684
https://doi.org/10.3168/jds.2016-12172
https://doi.org/10.1007/BF02270919
https://doi.org/10.1007/BF02270919
https://doi.org/10.1371/journal.pone.0166926
https://doi.org/10.1016/j.applanim.2015.11.016
https://doi.org/10.1016/j.applanim.2015.11.016
https://doi.org/10.1038/s41598-022-13088-2
https://doi.org/10.1038/s41598-022-13088-2
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.18637/jss.v080.i01
https://CRAN.R-project.org/package=sna
https://CRAN.R-project.org/package=sna
https://doi.org/10.1038/srep04472
https://doi.org/10.1038/srep04472
https://doi.org/10.3389/fvets.2020.583715
https://doi.org/10.1016/j.applanim.2021.105494
https://doi.org/10.1016/j.applanim.2021.105494
https://igraph.org
https://igraph.org
https://doi.org/10.1016/j.applanim.2005.10.012
https://doi.org/10.1111/1365-2656.13322


1123

Journal of Dairy Science Vol. 107 No. 2, 2024

Grant, R. J., and J. L. Albright. 2001. Effect of animal grouping on 
feeding behavior and intake of dairy cattle. J. Dairy Sci. 84:E156–
E163. https: / / doi .org/ 10 .3168/ jds .S0022 -0302(01)70210 -X.

Gutmann, A. K., M. Špinka, and C. Winckler. 2015. Long-term famil-
iarity creates preferred social partners in dairy cows. Appl. Anim. 
Behav. Sci. 169:1–8. https: / / doi .org/ 10 .1016/ j .applanim .2015 .05 
.007.

Gygax, L., G. Neisen, and B. Wechsler. 2010. Socio-spatial relation-
ships in dairy cows. Ethology 116:10–23. https: / / doi .org/ 10 .1111/ 
j .1439 -0310 .2009 .01708 .x.

Hansson, I., A. Silvera, K. Ren, S. Woudstra, A. Skarin, W. F. Fikse, 
P. P. Nielsen, and L. Rönnegård. 2023. Cow characteristics as-
sociated with the variation in number of contacts between dairy 
cows. J. Dairy Sci. 106:2685–2699. https: / / doi .org/ 10 .3168/ jds 
.2022 -21915.

Kappeler, P. M., S. Cremer, and C. L. Nunn. 2015. Sociality and 
health: Impacts of sociality on disease susceptibility and trans-
mission in animal and human societies. Philos. Trans. R. Soc. 
Lond. B Biol. Sci. 370:20140116. https: / / doi .org/ 10 .1098/ rstb 
.2014 .0116.

Krause, J., D. Lusseau, and R. James. 2009. Animal social networks: 
An introduction. Behav. Ecol. Sociobiol. 63:967–973. https: / / doi 
.org/ 10 .1007/ s00265 -009 -0747 -0.

Krivitsky, P. N., and M. S. Handcock. 2014. A separable model for 
dynamic networks. J. R. Stat. Soc. Series B Stat. Methodol. 76:29–
46. https: / / doi .org/ 10 .1111/ rssb .12014.

Lynch, M., and B. Walsh. 1998. Genetics and Analysis of Quantitative 
Traits. Sinauer Associates.

MacCluer, J. W., A. J. Boyce, B. Dyke, L. R. Weitkamp, D. W. Pfen-
ning, and C. J. Parsons. 1983. Inbreeding and pedigree structure 
in standardbred horses. J. Hered. 74:394–399. https: / / doi .org/ 10 
.1093/ oxfordjournals .jhered .a109824.

Magnani, M., L. Rossi, and D. Vega. 2021. Analysis of multiplex so-
cial networks with R. J. Stat. Softw. 98:1–30. https: / / doi .org/ 10 
.18637/ jss .v098 .i08.

Marina, H., K. Ren, I. Hansson, F. Fikse, P. P. Nielsen, and L. Rön-
negård. 2023. Supplemental Material to new insight into social 
relationships in dairy cows, and how time of birth, parity and 
relatedness affect spatial interactions later in life. https: / / pub 
.epsilon .slu .se/ 31159/ .

Martínez-López, B., A. M. Perez, and J. M. Sánchez-Vizcaíno. 2009. 
Social network analysis. Review of general concepts and use in pre-
ventive veterinary medicine. Transbound. Emerg. Dis. 56:109–120. 
https: / / doi .org/ 10 .1111/ j .1865 -1682 .2009 .01073 .x.

Matlab. 2020. Version 9.9.0 (R2020b). The MathWorks Inc., Natick, 
MA.

Mekonnen, G. A., G. Ameni, J. L. N. Wood, S. Berg, and A. J. K. 
Conlan. 2019. Network analysis of dairy cattle movement and as-
sociations with bovine tuberculosis spread and control in emerging 
dairy belts of Ethiopia. BMC Vet. Res. 15:262. https: / / doi .org/ 10 
.1186/ s12917 -019 -1962 -1.

Newman, M. 2018. Mathematics of Networks. 2nd ed. Oxford Univer-
sity Press.

Pascacio, P., S. Casteleyn, J. Torres-Sospedra, E. S. Lohan, and J. 
Nurmi. 2021. Collaborative indoor positioning systems: A sys-
tematic review. Sensors (Basel) 21:1002 https: / / doi .org/ 10 .3390/ 
s21031002.

Pinheiro, J., D. Bates, and R Core Team. 2022. nlme: Linear and Non-
linear Mixed Effects Models. R package version 3.1–162. Accessed 
Aug. 11, 2023. https: / / cran .r -project .org/ package = nlme.

Pinheiro Machado, T. M., L. C. P. Machado Filho, R. R. Daros, G. T. 
B. Pinheiro Machado, and M. J. Hötzel. 2020. Licking and agonis-
tic interactions in grazing dairy cows as indicators of preferential 
companies. Appl. Anim. Behav. Sci. 227:104994. https: / / doi .org/ 
10 .1016/ j .applanim .2020 .104994.

R Core Team. 2022. R: A language and environment for statistical 
computing. R Foundation for Statistical Computing.

Ramseyer, A., A. Boissy, B. Thierry, and B. Dumont. 2009. Individ-
ual and social determinants of spontaneous group movements in 
cattle and sheep. Animal 3:1319–1326. https: / / doi .org/ 10 .1017/ 
S1751731109004790.

Raussi, S., S. Niskanen, J. Siivonen, L. Hänninen, H. Hepola, L. Jauhi-
ainen, and I. Veissier. 2010. The formation of preferential relation-
ships at early age in cattle. Behav. Processes 84:726–731. https: / / 
doi .org/ 10 .1016/ j .beproc .2010 .05 .005.

Reinhardt, V., and A. Reinhardt. 1981. Cohesive relationships in a 
cattle herd (Bos indicus). Behaviour 77:121–150. https: / / doi .org/ 
10 .1163/ 156853981X00194.

Ren, K., M. Alam, P. P. Nielsen, M. Gussmann, and L. Rönnegård. 
2022. Interpolation methods to improve data quality of indoor po-
sitioning data for dairy cattle. Front. Anim. Sci. 3:896666. https: / 
/ doi .org/ 10 .3389/ fanim .2022 .896666.

Ren, K., G. Bernes, M. Hetta, and J. Karlsson. 2021a. Tracking and 
analysing social interactions in dairy cattle with real-time locat-
ing system and machine learning. J. Systems Archit. 116:102139. 
https: / / doi .org/ 10 .1016/ j .sysarc .2021 .102139.

Ren, K., P. P. Nielsen, M. Alam, and L. Rönnegård. 2021b. Where do 
we find missing data in a commercial real-time location system? 
Evidence from 2 dairy farms. JDS Commun. 2:345–350. https: / / 
doi .org/ 10 .3168/ jdsc .2020 -0064.

Robins, G., and P. Pattison. 2010. Random graph models for temporal 
processes in social networks. J. Math. Sociol. 25:5–41. https: / / doi 
.org/ 10 .1080/ 0022250X .2001 .9990243.

Rocha, L. E. C., O. Terenius, I. Veissier, B. Meunier, and P. P. Nielsen. 
2020. Persistence of sociality in group dynamics of dairy cattle. 
Appl. Anim. Behav. Sci. 223:104921. https: / / doi .org/ 10 .1016/ j 
.applanim .2019 .104921.

Sato, S., D. G. M. Wood-Gush, and G. Wetherill. 1987. Observations 
on creche behaviour in suckler calves. Behav. Processes 15:333–
343. https: / / doi .org/ 10 .1016/ 0376 -6357(87)90017 -9.

Sosa, S., C. Sueur, and I. Puga-Gonzalez. 2021. Network measures in 
animal social network analysis: Their strengths, limits, interpreta-
tions and uses. Methods Ecol. Evol. 12:10–21. https: / / doi .org/ 10 
.1111/ 2041 -210X .13366.

Tucker, C. B., M. B. Jensen, A. M. de Passillé, L. Hänninen, and 
J. Rushen. 2021. Invited review: Lying time and the welfare of 
dairy cows. J. Dairy Sci. 104:20–46. https: / / doi .org/ 10 .3168/ jds 
.2019 -18074.

von Keyserlingk, M. A. G., D. Olenick, and D. M. Weary. 2008. Acute 
behavioral effects of regrouping dairy cows. J. Dairy Sci. 91:1011–
1016. https: / / doi .org/ 10 .3168/ jds .2007 -0532.

Wandelt, S., X. Shi, and X. Sun. 2019. Scalability of betweenness 
approximation algorithms: An experimental review. IEEE Ac-
cess 7:104057–104071. https: / / doi .org/ 10 .1109/ ACCESS .2019 
.2927681.

Wey, T., D. T. Blumstein, W. Shen, and F. Jordán. 2008. Social net-
work analysis of animal behaviour: A promising tool for the study 
of sociality. Anim. Behav. 75:333–344. https: / / doi .org/ 10 .1016/ j 
.anbehav .2007 .06 .020.

ORCIDS

H. Marina  https: / / orcid .org/ 0000 -0001 -9226 -2902
K. Ren  https: / / orcid .org/ 0000 -0003 -2817 -5331
I. Hansson  https: / / orcid .org/ 0000 -0001 -7877 -4135
F. Fikse  https: / / orcid .org/ 0000 -0003 -0578 -0184
P. P. Nielsen  https: / / orcid .org/ 0000 -0002 -1359 -2952
L. Rönnegård  https: / / orcid .org/ 0000 -0002 -1057 -5401

Marina et al.: SOCIAL NETWORK ANALYSIS OF DAIRY COW INTERACTIONS

https://doi.org/10.3168/jds.S0022-0302(01)70210-X
https://doi.org/10.1016/j.applanim.2015.05.007
https://doi.org/10.1016/j.applanim.2015.05.007
https://doi.org/10.1111/j.1439-0310.2009.01708.x
https://doi.org/10.1111/j.1439-0310.2009.01708.x
https://doi.org/10.3168/jds.2022-21915
https://doi.org/10.3168/jds.2022-21915
https://doi.org/10.1098/rstb.2014.0116
https://doi.org/10.1098/rstb.2014.0116
https://doi.org/10.1007/s00265-009-0747-0
https://doi.org/10.1007/s00265-009-0747-0
https://doi.org/10.1111/rssb.12014
https://doi.org/10.1093/oxfordjournals.jhered.a109824
https://doi.org/10.1093/oxfordjournals.jhered.a109824
https://doi.org/10.18637/jss.v098.i08
https://doi.org/10.18637/jss.v098.i08
https://pub.epsilon.slu.se/31159/
https://pub.epsilon.slu.se/31159/
https://doi.org/10.1111/j.1865-1682.2009.01073.x
https://doi.org/10.1186/s12917-019-1962-1
https://doi.org/10.1186/s12917-019-1962-1
https://doi.org/10.3390/s21031002
https://doi.org/10.3390/s21031002
https://cran.r-project.org/package=nlme
https://doi.org/10.1016/j.applanim.2020.104994
https://doi.org/10.1016/j.applanim.2020.104994
https://doi.org/10.1017/S1751731109004790
https://doi.org/10.1017/S1751731109004790
https://doi.org/10.1016/j.beproc.2010.05.005
https://doi.org/10.1016/j.beproc.2010.05.005
https://doi.org/10.1163/156853981X00194
https://doi.org/10.1163/156853981X00194
https://doi.org/10.3389/fanim.2022.896666
https://doi.org/10.3389/fanim.2022.896666
https://doi.org/10.1016/j.sysarc.2021.102139
https://doi.org/10.3168/jdsc.2020-0064
https://doi.org/10.3168/jdsc.2020-0064
https://doi.org/10.1080/0022250X.2001.9990243
https://doi.org/10.1080/0022250X.2001.9990243
https://doi.org/10.1016/j.applanim.2019.104921
https://doi.org/10.1016/j.applanim.2019.104921
https://doi.org/10.1016/0376-6357(87)90017-9
https://doi.org/10.1111/2041-210X.13366
https://doi.org/10.1111/2041-210X.13366
https://doi.org/10.3168/jds.2019-18074
https://doi.org/10.3168/jds.2019-18074
https://doi.org/10.3168/jds.2007-0532
https://doi.org/10.1109/ACCESS.2019.2927681
https://doi.org/10.1109/ACCESS.2019.2927681
https://doi.org/10.1016/j.anbehav.2007.06.020
https://doi.org/10.1016/j.anbehav.2007.06.020
https://orcid.org/0000-0001-9226-2902
https://orcid.org/0000-0003-2817-5331
https://orcid.org/0000-0001-7877-4135
https://orcid.org/0000-0003-0578-0184
https://orcid.org/0000-0002-1359-2952
https://orcid.org/0000-0002-1057-5401

	New insight into social relationships in dairy cows and how time of birth, parity, and relatedness affect spatial interactions later in life
	INTRODUCTION
	MATERIALS AND METHODS
	Ethical Considerations
	Animals and Housing
	Data Collection
	Estimating Social Contacts of Lactating Cows Using RTLS Data
	Statistical Analysis
	Social Network Analyses

	RESULTS
	Social Network Parameters
	Social Network Formation and Persistence Analyses
	Sensitivity Analysis and Results Validation

	DISCUSSION
	Social Network Analyses
	Stability of Topological Parameters
	Study Limitations and Perspectives on Social Network Analyses in Dairy Cattle

	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES


