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Sheep are gregarious animals that can form close inter-individual relationships. Social

bonds are affected by environmental and within-animal factors, but there is limited

understanding of individual factors that influence social relationships, in part due to

the challenges of accurately measuring individual social proximity within a group. This

study used geospatially precise RTK-GNSS localization devices (Real-Time-Kinematic

Global Navigation Satellite System) to evaluate social proximity between individuals

with different personality traits in small sheep flocks. First, unsupervised clustering

algorithms were used to categorize 78 individual Merino sheep (from a research flock

of 108 grazed together for 11 months prior) based on their behavior measured in four

behavioral tests: arena, novel object, flight speed, and isolation box. Sixty-five sheepwere

then categorized into five cohorts of 13 individuals each (clustered into three bold, six

bold/fearful, and four fearful animals per cohort). Bold/fearful animals were bold toward

a novel object but fearful of a human. Sheep within a single cohort were released into

a 0.70 Ha test paddock with RTK-GNSS devices attached to their backs for 3 days to

monitor relative positions. All cohorts were tested sequentially over a 5-week period.

Social network analyses of GNSS locational data with a distance threshold of up to

30m for all cohorts together showed no significant effect of personality traits (P = 0.11).

There were, however, some significant but inconsistent differences in distances based

on personality traits within separate cohorts [i.e., cohorts 1, 3, 4 (P ≤ 0.02), cohorts 2, 5

(P ≥ 0.44)]. When GNSS locational data were analyzed with a distance threshold of up to

2m (day 2 excluded from all cohorts due to missing values), there was a significant effect

of personality traits (P = 0.01) across all cohorts combined. The bold animals showed

greater distances from each other relative to their distances from fearful or bold/fearful

individuals. Additionally, regardless of personality traits, the average distance between

animals decreased 2.2m over the 3 test days. Social interactions in sheep flocks may

be influenced by personality traits of fearfulness and boldness, but further research with

larger numbers of sheep across varying environments is needed.
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INTRODUCTION

Sheep are a gregarious animal species and can form close inter-
individual relationships typically measured by proximity to each
other (e.g., Le Pendu et al., 1996; Ozella et al., 2020). The
social network and structure in a flock of sheep is affected by
different within/between animal factors such as age (Lawrence,
1990; Le Pendu et al., 1996; Doyle et al., 2016; Ozella et al.,
2020), maternal associations (Le Pendu et al., 1996; Paganoni
et al., 2020), and familiarity (Boissy and Dumont, 2002; Ozella
et al., 2020). External environmental factors will also affect
how sheep interact socially, including food type during grazing
(Yiakoulaki et al., 2019) and weather parameters (Doyle et al.,
2016; Ozella et al., 2020). An additional animal-based factor
that may affect social relationships is individual differences
in behavioral tendencies, animal personalities or temperament
(exact terminology varies across studies). Individual sheep may
vary in specific aspects of their behavioral repertoire such as
degree of boldness/shyness, fearfulness, calmness/anxiousness,
aggressiveness, or gregariousness (Bickell et al., 2009; Ramseyer
et al., 2009; Beausoleil et al., 2012; Dodd et al., 2012; Hauschildt
and Gerken, 2015; Miranda-de la Lama et al., 2019). Shyness
and fearfulness are typically synonymous, but the term of choice
varies across studies. Collectively, these can all be referred to as
“personality traits” which is the term used in the current study.
These personality traits are defined as aspects of behavior that
can be quantified and show between-individual variation and
within-individual consistency (Carter et al., 2013).

Previous studies with sheep have shown as group size
increased in an experimental setting, groups of bold sheep split
into subgroups sooner than groups of shy sheep (Michelena
et al., 2009). Individuals within a group of bold or shy sheep
exhibited different grazing patterns related to their propensity
for social attraction, with bold sheep more likely to disperse
and exploit different grazing patches than shy sheep (Michelena
et al., 2010). Similarly, shy sheep were observed to graze
closer together and move toward each other more often than
bold sheep (Sibbald et al., 2009). Sheep that showed similar
vocalization responses to an isolation box behavioral test were
observed to spend more time together, indicating a preference
for individuals with similar personality traits (Doyle et al., 2016).
The personality trait of gregariousness which quantified how
frequently individual sheep were in close proximity with others,
predicted the degree of behavioral synchronization within the
flock (Hauschildt and Gerken, 2015). However, no relationship
was found between personality traits of boldness, fearfulness,
reactions to a startle stimulus and social positions during group
movements (Ramseyer et al., 2009). The evidence to date on
personality traits and social behavior within a flock of sheep
is limited, which may result from the logistical challenges of
measuring the social proximity of individuals within a group. The
increasing development of new on-animal sensor technologies
improves the ability to obtain accurate positional data on
livestock animals to detect and quantify social relationships.

To date, on-animal sensor technologies have been used
in cattle and sheep to quantify individual proximities within
groups to determine affiliative and/or agonistic relationships with

varying degrees of accuracy (Boyland et al., 2016; Doyle et al.,
2016; Xu et al., 2020). These technologies include proximity
loggers (Drewe et al., 2012; Doyle et al., 2016), ultra-wideband
positional loggers (Ren et al., 2020; Rocha et al., 2020), and GPS
devices (Dumont et al., 2005; Bailey et al., 2018) and have been
applied across a range of different group-housed situations. New
RTK-GNSS (Real-Time-Kinematic Global Navigation Satellite
System) prototype sensor devices were recently validated for
use on sheep in a small paddock setting (Keshavarzi et al.,
2021). In open conditions with good satellite visibility, these
devices increase the accuracy of positional data to within tens
of centimeters. This increased precision improves the ability
to detect social proximity and interactions between individuals
for accurate social network analyses. In the current study,
unsupervised clustering algorithms were applied to categorize
individuals’ personality traits into sub-groups based on their
behavioral responses measured across four behavioral tests:
arena test, novel object test, isolation box test, and flight
speed test. Validated RTK sensor devices (Keshavarzi et al.,
2021) were deployed on animals to collect GNSS positional
data for social network analysis and estimation of the social
distance to determine how individual differences in personality
traits influence group interactions. Based on previous research
(Michelena et al., 2009; Sibbald et al., 2009) it was predicted
that sheep with similar personality traits would show distinct
differences in their relative social distances with more fearful
sheep expected to be closer to each other than bold sheep. The
term “fearful” was selected for the reporting of the current study
with the synonymous term “shy” used where appropriate in the
text to match the selected term of previous research studies.

MATERIALS AND METHODS

Ethical Statement
The experiment was approved by the CSIRO FD McMaster
Laboratory Chiswick Animal Ethics Committee (ARA 20-14).

Clustering Animals Based on Their
Behaviors
Animals and Experimental Protocol
In this experiment, a total of 78 2-year-old Merino wethers
(average body weight of 48.27 ± 5.61 kg) were used to
characterize individual differences in personality traits. The
animals were selected based on weight (heaviest and lightest
were excluded) from a research flock of 108 sheep located at the
Commonwealth Scientific and Industrial Research Organization
(CSIRO) Chiswick Research Station (Armidale, NSW, Australia)
that were kept together at pasture for ∼11 months and were
visually assessed to be healthy before experimentation. Across
4 consecutive days (August 2020, winter season), animals were
individually tested in four behavioral tests as described below.

Arena Test
The arena test is a conflict test between two conflicting
motivations (toward flock-mates and avoidance of a motionless
human), as described by Beausoleil et al. (2005). The arena
test protocol used in our study is described in more detail
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by Marini et al. (2019). Briefly, individual sheep were tested in
a 7 × 3m outdoor arena for 3min. The same unfamiliar
human each time stood in front of a pen of three familiar
flockmates at one end of the arena (Figure 1A) to act as conflict
and attractant stimuli for the test sheep respectively; behaviors
were recorded by both video cameras (Sony Handycam, HDR-
XR260E, Sony Electronics Inc., Tokyo, Japan) and the human
in the arena. Behaviors manually recorded by the human in the
arena and the attendant outside the arena included the number
of vocalizations, time to first sniff the human, time to first sniff
the flockmates, foot stamps (lifts the foot and stamps it back
down on the ground), and the number of approaches to the
human. Behaviors recorded from the video using The Observer
XT 12.0 (Noldus Information Technology, Wageningen, The
Netherlands) included the number of zones crossed, zones
entered (the maximum number of zones out of seven that they
entered), zone in which the most time was spent, and zone score.
Zone score quantified the total time spent near the human and
other sheep versus other zones and was estimated by multiplying
the total duration spent in zone 1 by 0.1, duration in zone 2 by
0.2, 3 by 0.3, etc., with the weighted duration then summed to
calculate the total zone score, which ranged from 18 (0.1∗180 if
the sheep spent the entire test duration in zone 1) to 126 (0.7∗180
if the sheep spent the whole test duration in zone 7). A total of
nine behavioral measures were obtained from this test.

Novel Object Test
The novel object test measures the fear of novelty, and its use in
our study is described in more detail by Verbeek et al. (2012).
Individual sheep were placed in a 4 × 4m opaque arena with
an unfamiliar traffic cone at the center for 3min (Figure 1B)
and their behavior was video-recorded (Sony Handycam, HDR-
XR260E, Sony Electronics Inc., Tokyo, Japan). The sheep were
unfamiliar with the arena and thus this test measured fear of
both the environment and object novelty. The arena was divided
into four circular zones. The number of zones crossed, and
latency to sniff the object were recorded using The Observer
XT 12.0 (Noldus Information Technology, Wageningen, The
Netherlands). Number of vocalizations were recorded live by
an observer sitting beside the opaque arena. A total of three
behavioral measures were obtained from this test.

Flight Speed Test
The flight speed test measures the exit speed of a sheep after
release from a crush. Infrared sensors (Ruddweigh Australia Pty
Ltd., Guyra, Australia) electronically recorded the time taken for
the sheep to traverse a fixed distance of 2m after exiting a crush
into a holding yard (Figure 1C). One behavioral measure was
obtained from this test.

Isolation Box Test
The isolation box test is a fear-eliciting situation and measures
behavioral agitation. The isolation box test was an enclosed
wooden box (1.5m × 50 cm × 2m) that sheep were placed in
for 30 s (Figure 1D). The box comprised an entrance and exit
with a stainless-steel pulley and cleat to open the doors. Rubber
wheels were fixed to an axle and bolted to the bottom of the

box. The agitation level was measured by a meter attached to
the side of the box which produces a numeric score (up to 100)
based onmovement vibrationsmade by the animal. The agitation
scores were manually recorded and number of vocalizations were
counted by a human sitting near the box during the test. Behavior
within the box was also video recorded (Sony Handycam, HDR-
XR260E, Sony Electronics Inc., Tokyo, Japan) to identify freezing
behavior (sheep stands completely still without any body or head
movement) in sheep with agitation scores of<30. A total of three
behavioral measures were obtained from this test.

Clustering
The purpose of clustering in this study was to categorize animals
into similar groups in terms of personality traits based on their
responses in the four behavioral tests. This would then enable
assessment of social interactions between sheep in different
personality trait categories (i.e., clusters). To this end, we used
two unsupervised machine learning algorithms, namely k-means
and hierarchical clustering. Clustering of individuals was based
on seven traits identified from the total of 16 measured across all
the behavioral tests in which animals showed comparativelymore
variation (Table 1). The hierarchical clustering algorithm was
implemented in R statistical software (R Core Team, 2018) using
the function “hclust” with the Ward’s method. For this purpose,
first, the data were normalized and the distance matrix between
the points was then calculated using the Euclidean method. For
building the trees and creating the clusters, a Ward’s method
was used which creates groups so that the variance is minimized
within clusters. The trees were then plotted using the “plot”
function in R (R Core Team, 2018). The K-means algorithm was
also used to classify the animals into subgroups. This technique
divides N observations with P variables) into K clusters so that
the within-cluster sum of squares is minimized (Jin and Han,
2011). The number of clusters was k = 3 so that we had the
optimal total within-cluster sum of squares, as well as distinct
groups of animals as the obtained results show (Figures 2A,B).

The differences between extracted clusters were then
statistically analyzed using separate Kruskal–Wallis tests applied
to each of the seven behavioral variables followed by post-hoc
Nemenyi tests to identify the personality traits associated with
each cluster. Results of the Kruskal–Wallis tests (Table 1)
demonstrated that latency to sniff the object (novel object test)
and zone score (arena test) were the most significant factors to
classify the animals. Based on these results (Table 1), animals
in each cluster were identified as: “bold” animals (Cluster 1),
“fearful” animals (Cluster 2), and “bold/fearful:” bold toward a
novel object but fearful of a human (Cluster 3).

Social Distance and Network
A previous study validated the accuracy of RTK rovers to
measure the geospatial positions of individuals in a group of
sheep (Keshavarzi et al., 2021). The project showed that the RTK
rovers had a high geospatial accuracy of ∼20 cm to track the
sheep movements. The data generated enabled construction of
social networks of animals in the group to show the affinity of
individuals to others.
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FIGURE 1 | A schematic of the behavioral tests including: (A) arena test, (B) novel object test, (C) flight speed test, and (D) isolation box test.

TABLE 1 | Mean (± standard deviation) of the measured parameters of sheep behavior in different clusters.

Measured parameters (behavioral test) Clusters (mean ± SD)a P-value

1 2 3

Zone score (30–126)b 72.8 ± 24.8a 107.0 ± 20.3b 116.0 ± 10.8b <0.01

First sniff of flockmates (secs) 23.4 ± 11.4a 24.6 ± 25.7a 15.9 ± 8.6a 0.08

Vocals (n)c 8.0 ± 8.6a 3.7 ± 6.1a 3.2 ± 3.9a 0.16

Zones crossed (n)d 28.0 ± 13.4a 25.1 ± 14.1a 29.4 ± 10.0a 0.30

Latencye (secs) 31.2 ± 27.7a 168.0 ± 20.8b 37.1 ± 25.5a <0.01

Flight timef (secs) 0.763 ± 0.258a 0.705 ± 0.199a 0.952 ± 0.583a 0.69

Agitation score (0–100) 62.5 ± 26.7a 62.5 ± 37.1a 66.4 ± 31.4a 0.96

aMeans with dissimilar letters are significantly (P < 0.05) different from each other within rows.
bZone score quantified the total time spent near to the human and other sheep versus other zones and was estimated by multiplying the total duration spent in zone 1 by 0.1, duration

in zone 2 by 0.2, 3 by 0.3, etc., with the weighted duration then summed to calculate the total zone score, which ranged from 18 (0.1*180 if the sheep spent the entire test duration in

zone 1) to 126 (0.7*180 if the sheep spent the whole test duration in zone 7).
cThe number of vocalizations made in the novel object test.
dThe number of zones that sheep crossed (sum of total number of zones that sheep visited in the novel object test).
eTime until first sniff of the novel object.
fThe time to exit once released from a crush.

Animals and RTK Rovers
Following the classification of animals based on behavioral tests
conducted in late August (2020), the remaining portion of
the study was conducted during September and October 2020
(spring) at the Chiswick Research Station. The animals had
no previous experience with wearing RTK rovers. Initially, the
plan was to test 75 sheep (15 per cohort), but due to hardware
problems, only 13 RTK rovers were available for use in the trial.
Therefore, a total of 65 sheep from the behavioral testing phase
were placed into five cohorts of 13 animals. Selection of 65 sheep

out of 75 was firstly based on the animals being in the same
clusters across both clustering algorithms (see Clustering), with
some individuals then randomly removed. The proportion of
animals (based on the cluster analysis results) in each cohort
were 3:6:4 from clusters 1, 2, and 3, respectively. Each cohort
underwent 2 days of habituation followed by 3 test days over a
consecutive five-day period. The first habituation day involved
introducing the cohort to the test paddock (∼100m × 70m).
The paddock was estimated to have ∼2,500 kg DM/ha of pasture
available and water available at the NE and SW corners of
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FIGURE 2 | Results of sheep classification using K-means (A) and Hierarchical clustering (B) based of selected variables from four behavioral tests. Individuals with

the same color belong to the same cluster. Latency was defined as time (secs) to make first contact with the novel object. Zone score quantified the total time spent

near the human and other sheep versus other zones (for a full description of the zone score calculation see Arena Test).

the paddock. The second habituation day involved attaching a
dog harness to each sheep (Comfy Harness, size 8, 84–120 cm,
Company of Animals, Surrey, UK). For ease of checking and
identification, each sheep was also numbered with colored wool
marker (Heiniger Shearing Supplies, Bibra Lake, WA, Australia)
that matched different colored antennas on the RTK rovers. The
3 test days then commenced by fitting an RTK rover to the dog
harness and securing it onto the back of the sheep using cable
ties (Figure 3). Three days were selected to align with the battery
capacity of the devices.

For each cohort, the devices were attached to the animals
on Wednesday morning at 08:30 and then removed on Friday

FIGURE 3 | RTK rovers fitted on the backs of sheep.

afternoon at 14:30 after 3 days of testing. The device continually
recorded the GNSS location data throughout the 3 study days
with a one-second sampling rate. Sheep were visually checked
four times daily during testing days to ensure the devices
remained in position. If a device did slip to the side, all animals
in the cohort were walked into the yards near the test paddock
to adjust the slipped device. Across all cohorts, animals were
brought in a total of 14 times to readjust the position of 35
RTK rovers. Animals were walked back to the test paddock
after 15min on average for all 14 times (data recorded during
this time were removed from the analyses). On day 1 of the
experiment (habituation day), the reference base station was fixed
in the middle of the paddock, and its location was determined
from GNSS averaging. Further details on the system set-up and
validation can be found in Keshavarzi et al. (2021). The process
of habituation and RTK rover data collection was continued for
each group from Monday till Friday for a total of 5 weeks until
all five cohorts had completed testing. The average minimum,
overall, and maximum temperatures across the trial period for
each cohort based on weather data collected directly at the
Chiswick site were as follows: cohort 1; mean ± SEM min: 4.4
± 1.1◦C, avg: 12.0 ± 0.4◦C, max: 20.4 ± 0.9◦C, cohort 2; mean
± SEM min: −0.4 ± 1.3◦C, avg: 9.2 ± 1.7◦C, max: 17.1 ± 1.9◦C,
cohort 3; mean± SEMmin: 8.0± 3.0◦C, avg: 15.2± 2.3◦C, max:
22.4 ± 2.5◦C, cohort 4; mean ± SEM min: 3.7± 0.2◦C, avg: 12.9
± 1.6◦C, max: 22.1 ± 1.5◦C, cohort 5; mean ± SEM min: 9.1 ±

0.9◦C, avg: 14.8± 1.6◦C, max: 21.5± 3.4◦C.

GNSS Data and Calculation of the Social Distance

Between Animals
It was hypothesized that animals with the same personality traits
would show distinct differences in their relative social distances,
with fearful sheep preferring to remain closer to other fearful
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sheep and bold sheep being farther apart from each other. For
this purpose, GNSS data for all five cohorts within the 3 data
collection days were used to estimate the distance between pairs
of individuals. From all 13 devices (A, B, C, D, E, F, G, H, J, K,
L, M, and N) across 3 test days, the performance of devices was
good; however, there were some partial failures [sensor G (cohort
3- 2nd day in the afternoon, and 3rd day in the morning), sensor
H (cohort 4- day 2 and 3), sensor M (cohort 4- day 2 and 3),
sensor J (cohort 1- day 1 and 2; cohort 2- all 3 days; cohort 3-
day 2 and 3; cohort 2- all 3 days)] and total failure for sensor
N. Estimating the distance was performed using the daytime
data (based on sunset and sunrise in Armidale, NSW, Australia)
to ensure visual cues were available as necessary for identifying
flock mates. The initial frequency of recorded data was every
second. However, it was impossible to compute continuous 1 s
data due to the processing power of the PC, so the data were
sub-sampled at every 2 s. With three groups (clusters: C) of
animals based on having similar personality traits, there were
six possible combinations to measure the distance, including
the distance between animals with the same personality traits
(C1-C1, C2-C2, and C3-C3) as well as animals with different
personality traits (C1-C2, C1-C3, and C2-C3). The distance
between all groups (clusters) of animals was estimated using the
function of “edge_dist” in the “spatsoc package” (Robitaille et al.,
2019) while considering threshold distances of up to 2m and
up to 30m within a time interval of 10min. The 2m distance
was chosen to capture socially relevant interactions between
individuals (Haddadi et al., 2011). The 30m maximum distance
threshold was set based on the paddock size to capture almost all
possible neighbors but still included distances as small as 20 cm.
The final dataset contained 5,184 observations for all cohorts
across 3 test days.

The analysis of variance (ANOVA) method was used to
analyze the distance data. Prior to analysis, initial datasets were
edited to remove the outliers (11 observations) based on the
qqplot created in R. Data were tested for normality using visual
assessment of Q–Q plots and the Shapiro-Wilk test. Since Q-Q
plots data were not normally distributed, data were orderNorm
transformed to meet the normality assumptions of ANOVA
(several methods were applied with orderNorm selected as the
best option to normalize the data). First, the effect of clusters
on social distance was investigated by considering all the data
of all cohorts together for both up to 2m and up to 30m. The
model included the effects of cohort, day, and time group for
this analysis. In the 2m dataset, there was a high proportion
of missing data for cohorts 4 and 5 on the second day (68
and 50 out of 149 10-min time intervals for C1-C1 and C3-
C3, respectively), as animals were not detected within up to 2m
from each other (they were farther apart), thus, the final dataset
was limited to data from the first and the third day only. The
analysis was then performed separately for each cohort with the
30m distance dataset while considering the effect of the animal’s
cluster. The distance between animals across the 3 study days
was estimated based on the data of all cohorts together with the
30m distance dataset. The “lsmeans” function in the “lsmeans”
package (Lenth, 2016) was used to estimate the least squares
means for all analyses. The clusters were compared using Tukey

tests where differences were considered to be significant at P
< 0.05.

Social Network
To further visually display the animal distance results, the
position of individuals relative to each other within cohort 1
were examined based on (1) social network analyses of GNSS
locational data and (2) plotted GNSS locations of animals. The
first test day of cohort 1 only was selected as there were higher and
significant distances (as assessed by an ANOVA) between sheep
in different clusters to facilitate distinguishing individual sheep
positions relative to each other. The distance between individuals
was calculated using the “spatsoc” package (Robitaille et al., 2019)
during one-hour periods (8 h in total) by considering a threshold
distance of up to 30m. The social network graph was then drawn
using the package of “ggplot2” (Wickham, 2016). The width of
the edges in the graph was set based on the distance between
individuals so that the width increased as the distance between
dyads increased. The location of individuals was plotted based on
GNSS positional data using the package of “ggplot2” (Wickham,
2016). The movement pattern for each cohort across the 3 study
days was also plotted based on GNSS positional data using the
“ggplot” function in the package “ggplot2” (Wickham, 2016).

RESULTS

Overall, estimated social distance (up to 30m) for all cohorts
combined across the 3 test days showed that there was no
statistically significant difference in distances across all six cluster
combinations (P = 0.11). The average distance across all cohorts
for individuals within the same clusters were as follows: cluster
1 - bold, average distance = 8.43 ± 4.65m; cluster 2 - fearful,
average distance= 8.13± 4.41m; cluster 3 - bold/fearful, average
distance= 8.10± 4.50m. With up to 2m distance, the difference
in social distance was significant (F5,2592 = 2.82, P = 0.01)
across all 6 cluster combinations. Animals with the same fearful
or bold personality traits showed similar social distances across
the cluster types (C1-C2A; C1-C3A; C3-C3AB; C2-C3AB; C2-
C2AB; C1-C1B), but bold animals (C1) stayed farther away from
other bold animals compared to their distances from the fearful
(C2) and bold/fearful (C3) animals (Figure 4). When cohorts
were analyzed individually for up to 30m distance, there were
some significant but inconsistent differences within cohorts [i.e.,
cohort 1 (F5,871 = 3.63, P = 0.002), cohort 2 (P = 0.44), cohort 3
(F5,967 = 3.20, P = 0.007), cohort 4 (F5,970 = 2.55, P = 0.02), and
cohort 5 (P = 0.73), Table 2].

Regardless of an individual’s personality trait, the distance
between animals decreased over the study days (F2,5057 = 108.04,
P < 0.01). On average, individuals were 2.2m closer on the last
day of the experiment (average distance= 6.91± 3.94) compared
with the first day (average distance= 9.11± 4.65).

The plotted relative positions of animals in the paddock
based on GNSS positional data during 8 h on the first day
of study for cohort 1 visually confirm the significant social
distance result (cluster 1-bold, average distance= 13.10± 3.52m;
cluster 2- fearful, average distance = 11.00 ± 3.49m; cluster 3 -
bold/fearful, average distance = 11.40 ± 3.43m, F5,224 = 8.73,
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FIGURE 4 | Box plot of the distance between animals with different personality traits with a threshold distance of up to 2m. Dissimilar letters indicate significant

differences based on a Tukey test with α at 0.05. C1, cluster 1 (bold animals); C2, cluster 2 (fearful animals); and C3, cluster 3 [bold toward a novel object but fearful of

a human (bold/fearful)].

TABLE 2 | Mean (± standard error of the mean) of the distance between animals with different personality traits in different cohorts using up to 30m distance data.

Cohorts Clustersa,b [mean ± SEM of distance (m)]

C1-C1 C2-C2 C3-C3 C1-C2 C1-C3 C2-C3

Cohort 1 9.75 ± 4.82b 9.00 ± 4.48ab 8.77 ± 4.58a 9.58 ± 4.62b 9.15 ± 4.44ab 9.31 ± 4.67ab

Cohort 2 8.95 ± 4.51a 8.34 ± 4.42a 8.82 ± 4.27a 8.75 ± 4.34a 8.77 ± 4.28a 8.45 ± 4.25a

Cohort 3 8.42 ± 4.56ab 8.47 ± 4.34b 7.56 ± 4.55a 8.34 ± 4.32b 8.02 ± 4.39ab 7.93 ± 4.27ab

Cohort 4 7.42 ± 4.58ab 6.92 ± 4.49a 7.69 ± 4.59b 7.17 ± 4.24ab 7.41 ± 4.28ab 7.32 ± 4.48ab

Cohort 5 7.78 ± 4.24a 8.03 ± 4.12a 7.75 ± 4.43a 8.00 ± 4.00a 7.66 ± 4.21a 7.95 ± 4.08a

aC1, cluster 1 (bold animals); C2, cluster 2 (fearful animals); and C3, cluster 3 (bold/fearful: bold toward a novel object but fearful of a human).
bMeans with dissimilar letters are significantly (P < 0.05) different from each other within rows. Each cohort was analyzed separately.

P = 0.01) in which bold animals preferred to stay further away
from each other and other animals in the group (Figure 5). The
plotted relative positions of animals based on GNSS positional
data was also similar to corresponding results from the social
network analysis in which a thinner edge width indicates a
closer distance (Figure 5). Supplementary Figure 1 displays the
movement patterns of individual sheep within each cohort across
each hour of each study day.

DISCUSSION

This study aimed to determine how sheep with different
personality traits of boldness and fearfulness interact in their
social group. Distances between individuals were assessed across
the day in an experimental grazing paddock using validated RTK
rovers that provided precise positional tracking. Across all tested
cohorts of sheep combined and considering a threshold distance
of up to 30m, no significant differences were detected in distances
between individuals across all six cluster combinations of similar

and dissimilar personality traits. However, some differences were

observed across specific cohorts showing personality traits did

affect social distances, just not in a consistent manner. With
a threshold distance of up to 2m, the bold animals showed

greater distances from each other than they did from fearful or
bold/fearful individuals.

This study was able to cluster animals within the larger source

flock into three classes based on their reactions in behavioral
tests including fearful, bold, and fearful of humans but bold in

the presence of a novel object to provide further supporting

evidence for individual differences in sheep personality traits
(Sibbald et al., 2009; Miranda-de la Lama et al., 2019). However,

the subsequent effect of these personality traits on interactions
within their smaller groups was less clear. Based on previous

research, it was predicted that sheep with similar personality
traits would show distinct differences in their relative social
distances. Specifically, more fearful sheep are more likely to
group, and bolder sheep more likely to disperse or be at farther
distances from each other more frequently (Michelena et al.,
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FIGURE 5 | Animal social groups for 8 h [(A–H)] of the first study day based on social network analysis and GNSS positional data in cohort 1. C1, cluster 1 (bold

animals); C2, cluster 2 (fearful animals); and C3, cluster 3 [bold toward a novel object but fearful of a human (bold/fearful)]. In both the social network and GNSS

positional plots, letters in the vertices (nodes) refer to individual animals and edges show the distance between two animals where a thinner (lighter) line corresponds

to a shorter distance and vice versa.

2009, 2010; Sibbald et al., 2009). These predicted differences in

inter-individual distances could result if sheep with fearful or shy
personality traits were more likely to seek out other sheep with
similar traits, or if fearful/shy sheep may also be more gregarious,
in which case they would be mutually attracted to be closer to
each other. Sheep by nature are gregarious animals, but they
exhibit inter-individual differences in degree of gregariousness
(Hauschildt and Gerken, 2015; Miranda-de la Lama et al.,
2019). The significant distance differences among personality
trait groups within individual cohorts using distances of up to
30m (all interactions analyzed) were inconsistent. However, the
differences seen with the up to 2m dataset (only the closer
interactions analyzed) somewhat aligned with predictions where
the bold animals showed greater distances from each other than
from the fearful and bold/fearful sheep.

The lack of consistent personality trait effects on social
distances in the current study may have been a result of the
animals with different personality traits being grazed together
in the same cohort during the three-day test period. While
Doyle et al. (2016) did show that animals within a flock were
more likely to associate with each other if they had similar
reactions during a behavioral test, other studies comparing
behaviors between bold and shy sheep have compared group
activity in groups of exclusively bold or exclusively shy sheep
(not grazed together during testing i.e., Michelena et al., 2009,
2010; Sibbald et al., 2009). Other research with sheep of different

personality types within the same group did not find effects
of personality traits on individuals’ relative positions within
a flock during group movements (Ramseyer et al., 2009).
While bold animals may have been less motivated to remain
close to each other relative to fearful sheep, the fearful sheep
could have been attracted to all other sheep due to a higher
degree of gregariousness, thus minimizing the detection of
specific personality trait-based differences. Further analyses of
interactions when individuals were close to each other to identify
both attraction and repulsion behaviors (Xu et al., 2020) may
give further insight into whether fearful animals sought out
contact and if, conversely, bold animals avoided it. Additionally,
sheep breeds differ in sociability (Hinch, 2017) and the animals
in this study predominantly moved cohesively around the
paddock (Supplementary Figure 1) which may have minimized

personality trait effects on dyadic associations. It is also possible

that the experimental testing situation did not sufficiently trigger
differences in social interactions. For example, if there was
minimal difference in available quality or quantity of the sward
across the paddock, this could have reduced the chances of
bold animals moving away from other individuals. The test
paddock was observed to have a relatively even distribution of
pasture. However, no formal measures were taken, and available
pasture may have been different between the first and last
cohorts taking both grazing and pasture growth across time
into account. Different experimental testing conditions such as
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predator threats may have also resulted in greater differentiation
in the comparative inter-individual distances between personality
trait groups.

The personality traits identified by cluster analysis of the
four behavioral tests did not have consistent significant effects
on social distances, but regardless of these different traits,
individuals were observed to be closer to each other on the last
day of the trial compared to the first day. This suggests that
as animals became more familiar with each other their inter-
individual distances decreased. This is consistent with previous
studies that have shown sheep will recognize each other and
form social bonds with specific individuals (Kendrick et al.,
2001; Ozella et al., 2020) and that familiar individuals are
more likely to be in close proximity to each other (Boissy and
Dumont, 2002; Ozella et al., 2020). This increased familiarity
across time may have also negated any effects of personality
type where individuals were all viewed as companions within
the group. The movement pattern of animals in each cohort
(Supplementary Figure 1) across all 3 study days confirms that
regardless of their personality, individuals preferred to stay close
to each other. Further testing with larger group sizes over longer
periods of time may determine whether sheep with specific
personality types are more likely to form subgroups together.
However, it is also proposed that as a flock, the presence of
both personality types is advantageous for collective grazing
behavior (Michelena et al., 2010), where bold sheep disperse to
new patches, and shy sheep may crowd to exploit a specific patch
(Michelena et al., 2010); thus, subgroup formation may only be
transient in time.

While the social distance between individuals did not show
consistent effects of personality traits of boldness and fearfulness,
additional measures on social interactions in future work may
provide insight. Bold individuals may be more likely to initiate
group movements, although Ramseyer et al. (2009) did not find
evidence to support this. Effects of personality type may become
more apparent in different testing situations such as moving
to new areas or behavioral transitions (e.g., from resting to
grazing). Other behavioral tests that measure additional aspects
of personality such as sociability may better explain any variation
in preferential social associations. Furthermore, while the arena
test has previously been used to characterize behavioral responses
to a conflicting situation between social attraction and fear of
humans (Beausoleil et al., 2005), it does not differentiate between
bold and fearful animals. Adapting well-established tests from
other species to sheep is occurring, for example, the startle test
(Doyle et al., 2015; Salvin et al., 2020), however further research
is still needed. In addition, adaptation of tests from dairy calves
to sheep, such as the human approach test (MacKay et al.,
2014) may more clearly distinguish bold and fearful animals to
provide greater insights into sheep personality. Studying social
interactions between individuals with different personality traits
could help us to understand the impacts of social groups and
whether housing sheep with similar or contrasting personality
traits would be more likely to result in beneficial or detrimental

consequences for the individuals’ welfare. This type of research
may also assist with understanding how groups of individuals
interact and adapt to specific types of housing systems (Bøe and

Færevik, 2003; Schneider et al., 2020), which can have production
as well as welfare benefits.

Overall, the personality traits of boldness and fearfulness
identified in this study did not substantially affect inter-individual
distances in small groups of sheep in experimental paddocks.
The high geospatial precision of the RTK devices presents
opportunities to explore further factors that can affect sheep
social interactions, including detecting potentially more subtle
effects. Understanding factors that influence social behavior can
improve the management of livestock animals housed in groups.
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