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Simple Summary: In recent years, the interest in virtual fencing systems for flexible animal enclosure
management has increased. However, implementing such systems requires significant investment
due to the need for individual collars, hindering large-scale adoption. This study examines the
spatial distribution of a cow herd using GPS locations from the Nofence© system, aiming to minimize
the number of collars required by identifying patterns in positions and ranks to derive a hierarchy.
Contrary to expectations, no distinct pattern emerged, suggesting future studies should focus on
individual interactions rather than viewing the herd as a single unit.

Abstract: Interest in virtual fencing has increased due to its flexibility for agriculture and rewilding.
However, systems like Nofence© require large financial investments, and the need for individual col-
lars complicates large-scale use. If cattle herds maintain cohesive groups around leading individuals,
fewer collars could be used, thereby enhancing cost efficiency. This study investigates the pattern
in spatial distribution in a herd of 17 Angus cows on Faneg in Denmark with GPS locations, using a
Nofence®© system. The aim of this paper is to determine how individuals position themselves in a
herd, spatially, and identify a pattern in ranks. The method used in this study examines the distances
between an individual to the rest of the herdmates using nearest neighbour and descriptive statistics.
Contrary to expectations, this study did not reveal a distinct pattern in herd distribution. While some
tendencies in spatial distribution patterns were observed, only a low concordance could be found
(W = 0.15, p < 0.001), indicating great variability in the cattle’s ranks. A cumulative curve of the
ranks estimated over the entire periods, however, allowed a rough estimation of the hierarchy and
allowed identification of the highest-ranked cows, making the use of a cumulative curve a possible
solution to finding the high-ranked cows. This research underscores the complexity of cattle social
structures and highlights the need for extended observation periods and alternative methodologies to
enhance the cost-effectiveness and scalability of virtual fencing in agricultural and rewilding contexts.
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1. Introduction

Within the last century, humans have drastically accelerated the loss and alteration of
biodiversity across the globe due to overexploitation of biological resources and the destruction
of natural habitats [1,2]. Rewilding projects have been initiated throughout Europe, which is
in line with the EU Biodiversity Strategy for 2030, aiming to protect and restore nature [2,3].
The aim of rewilding is to manage ecological succession with the objective of restoring
ecosystems and ecological dynamics, thus enhancing biodiversity [1,4]. This can be achieved
by reintroducing key grazers, such as cattle, sheep, or horses, to areas with high habitat
homogeneity [1,4]. In areas of rewilding, barriers are needed to keep the large grazers in an
enclosure to prevent conflicts between humans and animals [5,6]. These barriers are often
physical, such as electric fences or sisal ropes, which can be obstacles for the local wildlife
as they restrict their migration and are not fit for quick alterations [5,7-9]. As an alternative,
virtual fences provide a solution that does not affect wildlife. By establishing borders that can
be easily moved, virtual fences also reduce the risk of an area being overgrazed [10,11]. There
are several types of virtual fence [8,10]. One of them is Nofence®. The Nofence© system works
by equipping each animal with a collar. The collar is connected to a GPS-based system, and
can issue auditory warning cues or electric impulses to keep the animals within a designated
area. The system is primarily used on cattle and sheep, which have shown the ability to
respond to the audio warnings issued by the collars, and the system has thereby proven
to be successful at keeping the animals enclosed [12-17]. Therefore, Nofence®© can also be
beneficial for agricultural use, as it allows farmers to contain and move animals within
certain areas more easily [10,13]. However, implementing the Nofence© system, might be
considered costly and requires large financial investments from farmers to enclose their
livestock [17]. The initial investment could have the potential of keeping buyers away,
even though it could be cheaper in the long run, as most farmers already have their cattle
enclosed within traditional physical fencing [10]. Also, a collar for every cow could make
it financially difficult for farmers to use the Nofence© technology on a large scale [10,18].
To lower costs, it may be possible to reduce the number of collars by only placing them
on leading herd members, assuming the herd maintains a cohesive social group around
these individuals.

Previous studies show how cattle exhibit a tendency to form and maintain cohesive
social groups as part of their normal behavior [19-21]. All cows within the herd may
not require collars if they are organized in social groups around one or several leading
individuals [19,22]. During grazing, cattle tend to fall into different movement styles:
leading, following, and independent. More dominant cows have been found to have a
higher tendency to lead the herd, while medium- and lower-ranking cows show more
following and independence behavior, respectively [23]. It could then be sufficient to place
a collar on the dominant individuals as the rest of the herd might follow these individuals,
while also collaring individuals showing high independence. According to Arave and
Albright [19], the dominant individuals occupy the middle during free movement, whereas
Sarova et al. [22] conclude that the dominant individuals occupy the front during movement.
The results from Sarova et al. [22] furthermore show that an increase in dominance leads
to a greater influence on herd movement. Despite their different conclusions, all three
studies suggest a pattern in the spatial distribution in relation to leadership and dominance.
Studies such as those by Kondo et al. [24,25] and Sarova et al. [22] investigate behavior to
describe such hierarchies and individual positional preferences based on the location of the
herd and observation of individuals. However, this method is time-consuming and difficult
to implement on a large scale [18]. Therefore, another method is needed to determine how
the herd positions itself, and whether the herd follows one or more individuals. Current
research has predominantly focused on the technical aspects and immediate behavioral
responses of livestock to virtual fences [14-16,26-28]. However, there is a notable gap in
understanding the long-term spatial dynamics and social interactions within cattle herds
under such systems. While dominance and leadership are more complex than can be
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analyzed simply with distances, this paper aims to gauge an individual’s influence on the
herd’s spatial behavior as a means of estimating leadership.

The aim of this paper is to determine how individuals within a herd position them-
selves in relation to each other, solely by looking at distances between individuals within a
Nofence®© system. This may allow farmers to reduce costs by only collaring leaders and
independent cows. It is hypothesized to find an established pattern within the herd, with
individuals maintaining a consistent position in relation to herd mates over the course
of a given time period. The pattern is expected to show a few individuals with high or
low ranks while the remaining cattle vary within the middle rank values [19,22]. The
ranks are based on the distances between individuals. Identifying such patterns could
provide a deeper understanding of spatial distribution, and thereby herd behavior, when
using a Nofence© system. To investigate if any pattern appears, this paper examines the
distances between an individual to the rest of the herdmates using nearest neighbour and
descriptive statistics.

2. Materials and Methods
2.1. Location and Animals

The study was conducted on a herd of domestic cattle in an area called Gasehullerne
on the island of Fang in Denmark (Figure 1). The cattle were located on the western part
of the island in an area of coastal moorland and dune landscapes with grass and heath
vegetation. The cattle had access to both lakes and dry areas covering a total of 160 hectares.

A

DENMARK

0 250 500 m

Figure 1. Map illustrating the study area Gasehullerne on Fane where the cattle were located
during the period of observation. The orange lines mark the virtual fence borders and enclose an
area of 160 ha [29]. Contains data from The Danish Agency for Data Supply and Infrastructure,
https://dataforsyningen.dk/map /2683 (accessed on 5 December 2023). In the map, coastal moorland
is marked with brown and dune landscapes with yellow.

The herd was introduced to the area in May 2023. Data collection for this study
took place between 15 August and 15 October 2023, during which the borders remained
unchanged, and the cattle were well habituated to the area and the borders prior to data
collection. The herd was kept for animal husbandry use and was not selected specifically
for this study. This herd was additionally a part of a bigger study of testing virtual fencing
in Denmark, which was approved by the Animal Experiments Inspectorate of Denmark.
No changes were made to the herd or their situation to fit our study. The herd consisted of
17 Angus cattle (Bos taurus) (16 heifers aged 10-17 months and a single cow aged 11 years
and 3 months). Throughout this paper, these animals will be referred to as cows.
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2.2. The Nofence© System

All animals wore a Nofence®© collar (Appendix A), each with a unique serial number,
used to identify each individual (Appendix B). Of 17 animals, 16 wore the same collars
throughout the entire experiment. One collar lost connection and was replaced after three
days, and therefore, one animal had two serial numbers (Appendix B). The Nofence© collars
were equipped with a battery, two solar panels, and an integrated GPS receiver. The GPS
receiver utilizes the GNSS positioning system (GPS and GLONASS) meaning the signals have
an accuracy of 3.5-10 m (GPS accuracy = 3.5-7.8 m, GLONASS accuracy = 5-10 m).

The collars issued three kinds of messages: a poll message, a client warning, and
a client zap. All the messages consisted of a timestamp, a serial number, and longitude
and latitude. The poll messages were issued every 15 min. In contrast to other messages,
such as warnings, poll messages rely on mobile coverage, meaning these messages will
be lost in situations with poor connectivity. The client warnings were issued with an
auditory warning whenever an individual drew near the virtual border. The warning was
a rising tone at 82 decibels lasting between 5 and 20 s, depending on whether the animal
turned around or continued being at risk of crossing the virtual border. The client zap
messages were issued if an individual continued its course toward the border despite the
audio warning. The signal was paired with an electric shock of 0.2 J for one second. If
the individual still did not change its direction another auditory warning would be issued
followed by a shock warning. An individual can be given up to three electric shocks, thus
sending three client zap signals before the warning system is disabled. The warnings are
disabled until the animal reenters the enclosure where it reactivates.

Analysis of GPS Accuracy

To make sure the accuracy of the GPS locations was suitable for an analysis of herd
behavior, a preliminary analysis was undertaken. This involved randomization of the dis-
tances to simulate situations where the data were biased by inaccuracy, and to test to what
extent the accuracy affected the results. A total of 10 simulations of the randomized data
were made. For each simulation, cumulative curves of the randomized data were made
for comparison with cumulative curves of the non-randomized data. Additionally, pair-
wise comparisons were made of all the randomized medians of the hierarchical positions
between all the cows with the Mann—-Whitney U test. This was also performed between
the randomized data and the non-randomized data to examine if significant differences
occurred between the data sets. Furthermore, an analysis was performed to evaluate how
significantly different the ranking of each cow was from others in both the original data and
the randomized data set. This analysis also utilized the Mann-Whitney U test to identify
any significant differences.

2.3. Data Collection

The timing of the poll messages was not aligned, meaning the poll signals came at a
different time point for each individual in the herd. Prior to the data collection, alignment
of the messages was pursued; however, the efforts had no effect. Therefore, it was necessary
to arrange the data in 15 min intervals. Each day started with the interval at 00:00-00:15
UTC. The GPS signals from the client warnings and the client zaps were included in the
data set. If several signals were issued from one cow within the 15 min interval, medians of
longitude and latitude were taken. Some days were excluded from the data collection. A
total of 16 days (22 August to 29 August, 1 September to 3 September, and 24 September to
28 September) were removed from the data set since less than 17 cows were registered.
This could be due to the collars losing power or connection. In total 72,769 observations
were collected across all 17 individuals (Appendix C).

2.4. Statistical Analysis

All data were sorted, and the statistical analysis was performed in R version 4.3.2 [30].
The following packages were used for data sorting and statistical purposes: Tidyverse
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version 2.0.0, Lubridate version 1.9.3, Raster version 3.6-26, Moments version 0.14.1, and
DescTools version 0.99.54 [31-35]. For visualization, the package ggplot2 version 3.4.4 was
applied [36]. Non-parametric methods were used for the statistical analyses, as the data did
not follow a normal distribution. Furthermore, parametric methods require an assumption
of the data being independent, which is rarely the case when analyzing spatial data.

The distance between the cattle was investigated by running a nearest neighbour
analysis. For each 15 min interval, a distance between each individual was calculated,
resulting in 16 distances per cow. This was performed using GPS positions derived from
the different messages. Based on the 16 distances, a median was derived and used to
determine the cow’s median distance to the rest of the herd. Each median value was ranked
from the shortest (Rank 1) to the longest distance (Rank 17). For each day in the study
period, a median was again calculated by grouping all ranks for every 15 min interval.
This resulted in one single value representing how a cow ranked each day, where the
lowest value indicates a high rank, and the highest value indicates a low rank. The use of a
median-based method was chosen based on the amount of data being inconsistent between
each cow throughout the study period, as the collars regularly lost signal for short periods
of time.

To see how ranks were distributed between the cattle during the time period, a boxplot
and a density plot were constructed. Both plots contain the rank for each individual each
day. To analyse the density plot, descriptive statistics were used. Skewness and kurtosis
were used to describe the shape of the curves. Skewness indicates if the data are symmetric.
The thresholds used in this study were +0.5 for skewed data and +1 for extreme skewed.
In this study, a positive skewness is referred to as right-skewed and a negative skewness as
left-skewed. Kurtosis indicated how peaked the distribution is. A normal distribution has
a kurtosis of 3, above 3 the distribution is peaked, and below 3 the distribution is flat. The
peaks of the distribution were found to measure the most occurring rank for each cow. Peak
x-values show the most occurring rank, while peak y-values indicate the density of the data
that corresponds to each rank. The Spearman rank correlation was used to examine if there
was a pattern in the skewness and peak x-values. In addition, a time series graph was used
to visualize if any pattern in ranks occurred during the period, thus determining whether
the cows maintained the same rank on a daily basis. A cumulative graph of ranks for each
cow was also created and assessed as another way to visualize a possible pattern. Kendall’s
coefficient of concordance (W) was calculated to test if such a pattern was significant [37].

3. Results
3.1. Analysis of GPS Locations

The cumulative curves of the randomized data showed that the cumulative ranks had
a total range of 393.38-416.50 (Appendix D).

Pairwise tests of all the randomized medians of the hierarchical positions between all
the cows with a pairwise Mann-Whitney U test were performed. None of these proved
significant (Appendix E). The Mann-Whitney U tests between the original data set and the
randomized data sets all proved significant (Appendix F).

Examining how significantly different the ranking of each cow was compared to other
individuals for the original data and the randomized data resulted in mainly significant
differences for the original data. The randomized data resulted in mainly insignificant
p-values (Appendix G).

3.2. Analysis of Spatial Distribution

The ranking distribution for each cow throughout the entire period lies within a
minimum 3 and maximum 16 (Figure 2). The medians range between 7 and 10 (Figure 2).
As none of the cows maintained the same rank during the study period, the time
series shows crossings and overlaps of the ranks between different individuals (Figure 3,
Appendix H). Kendall’s coefficient of concordance shows a concordance in rank between
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the days (p < 0.001). However, the concordance shows only a weak agreement (W = 0.15),
meaning that the ranks varied between days.
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Figure 2. Boxplot of individual ranks based on median values for each of the 17 cows during the
48-day study period. Each data point represents the calculated rank a cow was found to have on

Rank

a specific day, in relation to distances between the individual and the herd. The different boxplots
represent a cow. The plot shows min, Q1, median, Q3, and max. Outliers are shown for Cow01,
Cow06, Cow08, Cow12, Cow15, and Cow17.
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Figure 3. Times series of ranks for the 17 cows based on medians within the herd throughout the
45-day study period. Each color represents an individual cow in the herd. The period of study started
on 15 August and ended on the 15 October. The grey marked areas show the excluded dates, resulting
from signal issues.

When assessing the cumulative rank of each cow, it shows an almost parallel course
where the lines cross and overlap (Figure 4). A separation begins around day number 20,
which increases slightly throughout the rest of the study period. At the conclusion of the
study, the individual with the highest cumulative daily median rank attained a score of
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449, indicating the least influence on herd cohesion. Conversely, the individual with the
lowest cumulative daily median rank achieved a score of 334.

Cow ID:

Sorted from lowest cumulative
rank to highest

4001 Cow01

Cow06
Cow05
Cow03
Cow04
Cow07
Cowl0
Cowl4
Cowl7
Cowl2
Cow09
Cowll
Cowl3
Cowl5
Cow08
—— Cow02

300

bttt bttt

2004

t

Cumulative rank

bt

bt

1004

bt

—— Cowl6

0 10 20 30 40

Number of days
Figure 4. Cumulative rank for each cow in the 45-day study period. Each color represents an
individual in the herd. The Cow ID is sorted in ascending order from lowest to highest cumulative
rank. A low cumulative rank indicates an overall high rank. Cow01, Cow05, and Cow06 showed the
lowest cumulative ranks and could, therefore, be considered the best candidates.

The distribution of ranks for each cow is compared to visualize how frequently the
cows have a certain rank (Figure 5, Appendix I). All cows exhibit a broad span of ranks
lying between 3 and 16, with peaks between 6 and 11 on all graphs (Table 1).

Cow ID:

== Cow01
== Cow02
== Cow03
== Cow04
== Cow05
== Cow06
== Cow07
== Cow08
== Cow09
== Cowl0

25% A

20% A

15% 4

Density

10% A
== Cowll
== Cowl2
== Cowl3
== Cowl4
== Cowl5
== Cowl6
== Cowl7

5% 4

0% 4

Figure 5. Density plot of ranks based on median values for each of the 17 cows during the 45-day
study period. Density is represented with percentages illustrating the amount of times an individual
is observed in a specific rank. Each color represents a single individual in the herd.
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The graphs have peaks between rank 6 and 11, the skewness values range between
—0.33 and 1.33, and the kurtosis values range between 1.91 and 5.09 (Table 1). Four cows
exhibit a kurtosis value above 3, while 13 cows exhibit a kurtosis value below 3. The
Spearman rank correlation shows a moderate negative correlation (p = —0.53) between the
peak x-value and the skewness (Table 1).

Table 1. Skewness, kurtosis, and peak values, calculated and extracted from Figure 5.

Skewness Kurtosis Peak x-Value Peak y-Value

(Rank) (%)
Cow01 1.33 5.09 6.12 24.22
Cow02 0.31 2.22 8.73 19.67
Cow03 0.25 2.97 7.55 23.33
Cow04 —0.29 2.44 8.23 17.25
Cow05 0.09 2.07 6.50 16.07
Cow06 1.07 5.09 6.86 24.81
Cow07 0.67 2.56 6.84 20.35
Cow08 0.57 2.77 8.88 21.86
Cow09 —0.33 2.33 10.30 17.86
Cow10 0.27 2.46 8.44 19.50
Cowll —0.21 2.16 10.30 19.50
Cowl2 0.68 3.92 8.66 23.13
Cow13 —0.05 2.95 8.51 18.35
Cowl4 0.58 2.60 7.55 17.33
Cowlb 0.99 4.53 8.13 18.78
Cow16 —0.12 191 10.71 16.34
Cowl?7 0.30 2.92 8.55 19.18

4. Discussion
4.1. Accuracy of GPS Locations

To determine if the collected GPS locations were suitable for analysing the spatial
distribution, the accuracy was analyzed by comparing the randomized data with the
original data. The cumulative curves of the randomized data showed that the cumulative
ranks had a range of 393.38-416.50, which is considerably shorter compared to the range
found for the cumulative curves of the original data set (range of 334.00-449.25). The
considerably lower range found for the randomized data compared to the range found for
the original data set confirms that the cumulative curves plotted in Figure 4 cannot be due
to random data. Examining the result of the different Mann—-Whitney U tests, it is clear
that the original data are not strongly influenced by inaccuracy. All the p-values between
the randomized data and the original data were significant, which indicates a difference
between the original data and the simulated situation of high inaccuracy. The matrices of
the Mann-Whitney U tests between the individual cows for each data set further support
that the data are not strongly influenced by inaccuracy. In all the data sets, p-values above
and below 0.05 are found. However, a clear difference is seen, where the original data
show many significant differences, while most of the random samples were non-significant.
Comparing all of these results of the original data and the simulations of inaccuracy proves
a clear difference, which indicates that the collected data used for the analysis of spatial
distribution are not due to chance. The accuracy of the GPS positions can, therefore, be
considered high enough to allow us to consider the distance between the GPS positions to
be reliable.

4.2. Pattern in Spatial Distribution

To determine whether any pattern was evident in the spatial distribution, correlations
of ranks throughout the study period were calculated. The ranks in this study were based on
distances derived from a nearest neighbour analysis. The expectation was to see a pattern
that shows few individuals with high or low rank, with the remaining cattle varying within



Animals 2024, 14,2121

9 of 28

the middle rank values during the period. The expectation was based on the placement of
the leading individuals as a herd moves freely [19,22]. However, this study does not show
a pattern in the spatial distribution and, therefore, no obvious leader was found within
the herd using this method. The time series shows great variation in the computed ranks
throughout the study period. This means none of the cows remained in the same rank
through the time period, which is contrary to expectation. The great variation is supported
by Kendall’s coefficient of concordance (W = 0.15), which shows a low concordance and
thereby indicates a considerable variation in ranking across the days. In addition, the
p-value from the Kendall’s coefficient of concordance (p < 0.001) indicates that the low
concordance is significant. Because the rank varies so widely, no pattern can be derived
that allows us to deduce anything about the possible leader of the herd.

The expected pattern of distribution of rank in this study is supported by Kondo et al. [25],
who investigated the spatial and social behavior in a herd of beef cattle on grazing pasture and in
a dry-lot. This study showed that changes in the surroundings had no influence on individuals
who were assigned overall low or high rank. This may indicate that the roles of leaders and
followers are quite stable, which is supported by the results in Arave and Albright [19],
suggesting social status can be stable over a period of several years in an established
herd. Additionally, Tibbetts et al. [38] state that hierarchies are commonly maintained
over long periods of time. This is due to individuals saving time and energy, while also
minimizing the risk of injuries by respecting an established hierarchy [38]. Unfortunately,
no information about the distances between the different individuals and their leadership
could be found in the international scientific literature. Greater contextualizing of the
results is, therefore, not possible in this study.

The density plots indicate that the cattle generally have more ranks centered around
the middle values and rarely have high and low ranks. This can be seen in the rank values
ranging from 3 to 16, and with the graph peak values lying between 6 and 11. This is
also supported by the boxplots, where the medians for each individual are relatively close
to each other, with values between 7 and 10. Despite the low concordance shown in the
Kendall’s coefficient of concordance, few of the density plots indicate skewness and thereby
a tendency to either higher or lower ranks. Calculating the skewness confirms that some
cows are right-skewed, while no clear left-skewness is shown for any of the cattle. The
kurtosis of the density plots shows several values close to 3, which indicates that a lot of the
values are centered around the mean. Therefore, the cattle fall between the middle ranks.
There are also a few individuals who show a kurtosis value above 3, which indicates that
their distribution is peaked. This suggests more variation in the reported ranks. Individuals
showing a high kurtosis also show an extreme right-skewness, indicating a tendency of
having higher ranks. This is supported by the moderate correlation between the peak
x-values and the skewness (p = —0.53). The cumulative graph shows some clustering
around the end. This might indicate an underlying pattern in the computed rank that
could indicate leadership and follower roles. The cluster with the lowest cumulative rank,
indicating the highest rank throughout the days, consists of Cow01, Cow05, and Cow06.
When comparing results of the cumulative graph to the other analyses conducted in this
study, it is still unclear if this pattern is conclusive. A possible improvement would be
to extend the study period as the clustering might become more visible and clear in the
other analyses.

Interestingly, age did not seem to have an impact on the results. Age is a factor known
to potentially affect the hierarchy within a herd of cattle [19]. It would be plausible to
assume that the sole cow (Cow08) in a herd of heifers would have a higher rank. However,
this assumption is not supported by the findings of this study. Cow08 generally varied
in observed ranks with a peak x-value of 8.88 in the density plot, indicating a tendency
to rank around the middle. Furthermore, in the cumulative rank analysis, Cow08 was
found to have the third highest cumulative rank. These observations suggest that the
age of the individual did not have an impact on the findings of this study. Additionally,
the relatively young age of the rest of the herd is noteworthy. Younger cattle tend to
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challenge each other and the established social composition, which may result in instability
in hierarchical positions [19,39]. This might explain some of the great variation seen in this
study. The older cow’s presence might have introduced unique social dynamics, but the
younger heifers’ tendencies to frequently challenge social positions likely overshadowed
any potential age-based influence. Future research should consider the potential influence
of such outliers in the herd composition, as older cows may have different social influences
compared to younger heifers.

Though this study shows tendencies suggesting a leadership pattern, no clear pattern
can be extracted when looking at the data collectively. A pattern in the hierarchy and spatial
distribution was also absent in Gabrieli and Malkinson [40]. They examined a herd of
130 cows by monitoring agonistic behavior, measuring distances between the cows during
rest and grazing, and calculating their fitness, to find a correlation between dominance
and fitness. They did not find a pattern in dominant behavior, and concluded that no
cow consistently ranked first, middle, or last. Furthermore, no pattern could be found
in individual positioning [40]. This is consistent with the results of this study. The lack
of consistency in the spatial distribution of the cattle in this study may be due to the
median-based method, which may not be optimal to examine spatial distribution.

4.3. Method Considerations

The method in this study uses median values, meaning a cow is less likely to have an
overall low or high rank. The expected patterns of few individuals with high ranks and few
individuals with low ranks were, therefore, not seen. Another way to process the data could
be by using the sum, mean, or geometric mean instead of medians. However, this requires
no loss of signal in the data collection. Since this system has several periods without data,
it was not possible to use these methods in this study. Another way to improve the method
could be by increasing the message frequency. In this study, a message was given for every
15 min. However, the messages were not aligned between individuals, so we used the
median. While the improvement of signals might enhance the method in this study, other
methods might also be important to take into consideration. Noteworthily, the cumulative
ranks curves show a clearer pattern with three distinct groups in calculated ranks: low
rank, middle rank and high rank (Figure 4). This suggests that in order to discover the
leading cows (which could bear the collars alone), it is necessary to estimate the hierarchical
position over multiple days in order to reduce the effect of the inter-day fluctuations in
hierarchical positions. Technological advancements could possibly enhance the accuracy
and applicability of the method used in this study. Improvements in GPS accuracy and
signal reliability would reduce data loss and enable more precise tracking of individual
positions. Furthermore, advancements in the collar designs, like enhanced battery life
and connectivity, could further support continuous data collection, making virtual fencing
systems more robust.

4.4. Alternative Methods

According to Tzanidakis et al. [18], the first step in making a model to study the
behavior of livestock, is to make observations. It might be possible to prevent the signal
failure issues in this study, or similar GPS technology studies, through physical observation.
Multiple studies use physical observation to calculate a win:loss ratio and use this as a
dominance value instead of only basing it on distances [19,25,40]. The win:loss ratio is
based on observed agonistic encounters, where the number of interactions (such as threats
and pushing) won is compared to the number of interactions lost. The cattle are then
ranked by dominance based on these values [25,40]. Physical observations also have some
disadvantages, as they are time-consuming, thus demanding additional labor and financial
resources [41]. Additionally, physical observations may be more inaccurate due to the
risk of missing important cues [42]. Instead of using physical observations to investigate
behavior in cattle, Tzanidakis et al. [18] suggest that GPS-GIS technology could be used
in future studies. In order to conduct a comprehensive analysis of cattle social dynamics
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within a virtual fence system, it may be necessary to combine several of these methods
so the system can be implemented for agricultural use as well as in rewilding projects. In
this study, only the physical positions of individuals in relation to the herd were taken
into account. Including the use of the distribution of the individuals in relation to each
other might have been able to reveal patterns between individuals, thereby finding a
pattern within the herd. By including the distribution, it might be plausible to include
the complexity of social roles and leadership. Understanding these spatial and social
dynamics has practical applications for both farmers and conservationists. This can help
farmers reduce the number of collars needed, lowering costs, and aiding conservationists
in managing large-scale rewilding projects.

The limitations of this study are mainly due to the complexity of herd behavior and
leadership. While this study aimed to simplify this with the use of distances in a virtual
fences system, it proved to be a challenging task. The uncertainty of the data collected and
the use of a median-based method limits this study. However, this way of interpreting herd
behavior still has potential, as seen in the cumulative curves.

5. Conclusions

In conclusion, this study shows no clear pattern of leadership in a virtual fence
system, when only investigating distances between individual herd members. While some
tendencies could be discerned, only a low concordance between the days could be found.
The method used in this study may have been affected by timing differences between collar
messages, requiring us to use median values, which might be inadequate to describe herd
positioning. Future studies could consider the distribution of the herd in relation to each
other, thereby incorporating individual relationships and not just analyzing the herd as
one unit. Another possibility is to extend the study period as clearer indication of a pattern
might arise. As a result of this study, it has not been possible to identify a pattern that
would allow only a limited number of collars to be applied to a specific number of cows.
More studies are necessary to investigate whether it is possible to reduce the expenses
of a virtual fence system and make it more applicable for farming on a large-scale and
in rewilding projects. With continued research and development, virtual fencing could
become a cost-effective and widely applicable tool in modern agricultural practice.

Author Contributions: Conceptualization, SM.L., J H.J.,, M.G.N.,, M.R.F, NH.N.,, NO.M.,, RC.S,
MFA,SKS,D.B,CS., AKO.A, JE and C.P; methodology, SM.L., ] H.J.,, M.G.N.,, M.R.E, N.HN,,
N.@OM. and R.C.S,; formal analysis, SM.L., ] H]J., M.G.N.,, M.RE, NNH.N,, NO.M. and RCS,;
investigation, SM.L., ] HJ.,, M.G.N., M.R.E, N.H.N.,, NJ.M. and R.C.S,; data curation, SM.L.,
JHJ., M.GN.,, M.RF, NHN.,, NJ.M. and R.C.S,; writing—original draft preparation, SM.L., J. H].,
M.G.N.,, MRE, NHN,, NO.M. and R.C.S,; writing—review and editing, SM.L., ] H.J., M.G.N,,
M.RE,N.HN,, NdM., RC.S, MEA,SKS, D.B., CS., AKO.A, J.FE and C.P; visualization, SM.L.,
JHJ., M.G.N.,, M.RE, N.-HN,, N.O.M. and R.C.S,; supervision, M.FA,, SKS., D.B.,, AKO.A, CS.
and C.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by 15. Juni Fonden, Hedeselskabet and Markus Jebsens Natur-
pulje. We are grateful for the support, which made it possible to conduct this study.

Institutional Review Board Statement: The study was conducted according to the institutional
guidelines for animal research (directive 2010/63/EU), and approved by the Danish Experimentation
Animal Inspectorate of Denmark (2020-15-0201-00588, approval date: 8 July 2020) prior to the start of
the study.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We would like to thank Dan Pode Poulsen and Michael Baun for their invaluable
contribution in providing data, offering consultation, sharing information, and granting us the
opportunity to conduct the experiment within the ongoing project aimed at testing Nofence®© virtual



Animals 2024, 14,2121

12 of 28

fencing. The data used in this research have been made available by 'Projekt Virtuelt Hegn, Fane’
https:/ /www.virtuelthegn.dk (accessed on 9 November 2023).

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A

Figure A1. Nofence collar (Photo: J. Frikke).

Appendix B

Table Al. The serial number from the Nofence© collars, and their reference name in this study.
One collar lost connection and was replaced after three days, which resulted in Cow01 having two
serial numbers.

Reference Collar Serial Number
Cow01 ggggi
Cow02 73882
Cow03 73957
Cow04 73985
Cow05 74042
Cow06 82461
Cow07 82463
Cow08 82513
Cow09 82573
Cow10 82587
Cowll 84878
Cow12 89446
Cowl3 89481
Cowl4 89495
Cowl5 90747
Cowl6 90754

Cowl7 90876
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Appendix C

Table A2. An overview of the number of observations of each cow used to find distances. Contains

poll messages, client warning, and client zap.

Number of Observations

Cow01 4212
Cow02 4272
Cow03 4187
Cow04 4276
Cow05 4238
Cow(06 4291
Cow07 4340
Cow08 4382
Cow(09 4297
Cowl0 4706
Cowll 4219
Cowl2 4308
Cow13 4314
Cowl4 4193
Cowlb 4057
Cowl6 4180
Cowl?7 4297
Total 72,769
Appendix D
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Random 10 Cow 1D
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Figure A2. Cumulative ranks for each cow derived from the randomized data. Each color represents
an individual in the herd. The Cow ID is sorted in ascending order from lowest to highest cumulative
rank. A low cumulative rank indicates an overall high rank.

Appendix E

Table A3. p-values of all the randomized medians of the hierarchical positions between all the cows
with Mann-Whitney U test.

Pair p-Value
Sample 1-Sample 2 0.628
Sample 1-Sample 3 0.468
Sample 1-Sample 4 0.814
Sample 1-Sample 5 0.533
Sample 1-Sample 6 0.978
Sample 1-Sample 7 0.440
Sample 1-Sample 8 0.570
Sample 1-Sample 9 0.436
Sample 1-Sample 10 0.690
Sample 2-Sample 3 0.813
Sample 2-Sample 4 0.800
Sample 2-Sample 5 0.900
Sample 2-Sample 6 0.656
Sample 2-Sample 7 0.783
Sample 2-Sample 8 0.942
Sample 2-Sample 9 0.785
Sample 2-Sample 10 0.929
Sample 3-Sample 4 0.606
Sample 3-Sample 5 0.886
Sample 3-Sample 6 0.478
Sample 3-Sample 7 0.958
Sample 3-Sample 8 0.849
Sample 3-Sample 9 0.997

Sample 3-Sample 10 0.722
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Table A3. Cont.

Pair p-Value
Sample 4-Sample 5 0.715
Sample 4-Sample 6 0.812
Sample 4-Sample 7 0.591
Sample 4-Sample 8 0.749
Sample 4-Sample 9 0.599
Sample 4-Sample 10 0.878
Sample 5-Sample 6 0.543
Sample 5-Sample 7 0.864
Sample 5-Sample 8 0.964
Sample 5-Sample 9 0.857
Sample 5-Sample 10 0.834
Sample 6-Sample 7 0.475
Sample 6-Sample 8 0.579
Sample 6-Sample 9 0.436
Sample 6-Sample 10 0.690
Sample 7-Sample 8 0.819
Sample 7-Sample 9 0.975
Sample 7-Sample 10 0.715
Sample 8-Sample 9 0.827
Sample 8-Sample 10 0.869
Sample 9-Sample 10 0.704

Appendix F

Table A4. p-values of the original data set compared to all the randomized medians of the hierarchical
positions between all the cows with Mann—-Whitney U test.

Pair

p-Value

Original-Sample 1
Original-Sample 2
Original-Sample 3
Original-Sample 4
Original-Sample 5
Original-Sample 6
Original-Sample 7
Original-Sample 8
Original-Sample 9
Original-Sample 10

4763 x 107°
5.070 x 1078
5.793 x 1078
7.327 x 10~
2.726 x 1078
1.197 x 108
1.177 x 10~7
2.031 x 1078
2.530 x 1078
1.769 x 108

Appendix G

Table A5. Matrices of Man-Whitney U test between the individual cows before and after ran-

domization of distances. Green indicates significant differences (p-values below 0.05), while red

is insignificant.

Original data (non-randomised)

Cow01
Cow02
Cow03
Cow04
Cow05
Cow06
Cow07
Cow08
Cow09
Cow10
Cowl1
Cow12
Cow13
Cow14
Cow15
Cow16
Cow17

Cow01
NA

430 % 10~
5.50 x 1072
510 x 107!
4.50 x 1071
2.10 x 10~}

Cow02

6.30 x 10~
3.80 x 101

110 x 10~
3.40 x 107!

Cow03

430 x 1072 5.50 x 102

3.00 x 10~

Cow04

NA
290 x 107!

110 x 107! 150 x 10!
440x10°1 570 x 10!

3.00 x 10~

4.90 x 10~

4.80 x 10~

4.00 x 10~

6.70 x 10~

8.20 x 10~

3.00 % 10~
290 %1071

Cow07 Cow08 Cow09
450 x 1071 2.10 x 10~!

Cow10 Cowll

630 x 107" 3.80 x 10~

110 x 101 440 x 10~
150 x 107! | 570 x 10°"

NA 5.50 x 10~!
NA 570 x 1071

550 x10°1 570 x 10! NA

4.40 x 10~

1.10 x 107" 1250 x 10=  1.80 x 10~

240 x 107" 210x 107" 530 x 10~

1.30 x 10~

1.80 x 10~

320x 107!
3.60 x 1072
490 x 107!
3.80 x 1072
5.00 % 107!
5.80 x 1072
7.10 x 102

3.00 x 10~
400 %1071
4.40 x 102

320x10"1  1.00 x 10~
3.50 x 10!

Cow12

490 % 10~
6701071
1.10 x 10!
2,50 x 1072
1.80 x 10!

150 x 10!

Cowl13

470 x 10~
4.90 x 101

1.70 x 10~
2.50 x 10~}

Cowl5

Cowl16

110 x 101 3.40 x 10~

4.80 x 1072
8.20 x 1072
240 x 10~
210 x 107!

3.80 x 102

6.10 x 10~
5.80 x 102

3.50 x 101

250 x 101

450 x 10~

630 %1071
1.30 x 10!
4,60 x 1072
2.40 x 101

7.10 x 102
7.70 x 101

620 % 10~
2.40 x 107!
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Table A5. Cont.

Randomized data 1

Cow01 Cow02 Cow03 Cow04 Cow05 Cow07 Cow08 Cow10 Cowl1 Cow12 Cow13 Cowl4 Cow15 Cow16
Cow01 NA 459x107% | 545x 1071 432x 1072 118 x 107! | 472 %1071 1.19 x 1071 358 %1071 5291071
Cow02 515x 1072 447 x 10! 439%10°1 142x10°" 3.09 x 101 8.04 x 102 825x 1072  4.86x 10~
Cow03  4.59 x 10 NA 1.62 x 1071 3.16 x 107! 593 x 1071 227x10°! 2.32 x 1071

515 x 102 170x 101 9.10x1072 297 x 101 427x10°% 354x10°' 354 x 102 128 x 107! 7.75x 102
447 x 107" E -1 NA 381x1071 584x10°1 493 %1071 243 %10~

Cow04 | 545 x 10!
Cow05  4.32 x 102

Cow06 NA 273 x 107! 44431071 132 x 107! 2.05x 1071
Cow07 1.18x 101  439x 10" 594 %1071 469x1071 397 %10~ 329x1071 442x107' 278 x 10~ 352 %1071
Cow08 472x10~! 142x10°" 381x10~1 273x10°! 469x107" NA 164 x107!1  568x10°1 128 x 10" 1.02x 10" 2.51x 10!

Cow09 397 x1071  1.64x1071 NA 6.60 x 10~ 112 x 10~
568x1071 295x107' NA 269x1071 476 x1071 196 x 10"  442x 10! 468x10"

542x 1071 381 x 10~
128 x 107! 2691071 NA 625 x 1072 7.95x 1072 | 533 %1071 —
476x107" 625x1072 NA 330x 1072 1.10x 10~ 179 x 1071 1.15 x 10~

330x10°2 NA 517x10°1 658x1072 473x 10!
110 x 10" | 517x1071  NA 2,02 x 1071
658 %1072 2.02x10°" NA 259 %1071 1.36 x 10~
A

179 x10°1 473 x 107! 2.59 %1071
1.15x 10!

442 %1071
278 %1071 1.02x 107! 1.96 x 107!
534x1071 251 x10~" 442 x107"
8.25x 102 352 %1071 468x10°1 7.95x 10"

486 x 107" 3.22 x 10~ 542x107" 533 x 107"

473x10°1 200x10°! 381x10°! [864x10°T
Randomized data 2

Cow01 Cow02 Cow03 Cow04 Cow05 Cow06 Cow07 Cow08 Cow09 Cow10 Cowl1

1.36 x 10! NA

Cow12 Cow13 Cowl4 Cow15 Cow16 Cow17

Cow01 NA 494x107" 131x107' 1.82x 107! 569x10°1 368x107' 273x107! 270x107! 120x107! 351 x 10" 290%x107% 947 x1072 3,67 x 107!
Cow02 | 494x10°1 NA 383x107! 513x10"! 398x10°! 574 x 10~ 1.07x10"! 932x10°2 340x10~" 151 %107}

Cow03 1.31x1071 383x1071 NA 9.01x107%  2.62x10~" 356 x 10~ 298 %1072

Cow04 1.82x10~! 513x10°" NA 302x1071 453 x 107! 370 x 102

Cow05 398x10°1 9.01x102 130x 10 430101 278x10°1 406x10°1 422x10°! 761x102 262x 10 166x 101 3.15x 10~
Cow06 574x10~1 262x1071 3.02x107" 495x1071 293x10°! 394x107' 338x107' 451x10°" 113x 1071 1.66x107! 414 x 10"

Cow07 356x1071  453x10°1 131x1071 1.39x107! 326x 107" 151x107! 358 x 102

Cow08 3. 5.36 x 10! 4,95 x 10~ NA 7.06 x 1072 8.09 x 1072 473 x10~" . 2.76 x 10~

Cow09 2.73x1071 107 x 10~ 285x1072 406x107" 293x10°! 131x107! 7.06x1072 NA 290 x 1072 334x10°1 1.
Cow10 270x1071 932x1072 298x102 370x 102 4. 394x1071 139x10~' 8.09 x 102 NA 412x107% 717x107% 374x10°' 217x 107!
Cowll 120x10°! 340x10°" . 338x10°1 326x10°' 473x 107! 290 x 1 412x 1 NA 548x10°1 226x107' 3.08x10°!

Cowl2 351 %101 5.89 x 10~ 262x1071 451 x 101 7.04x1072 717 x107% | 5481071 NA 478x1071 572x107' 3.11x 10~

Cow13 2,05 %1071 479x10°1 334x1071 374x107! 226x10°! 478x10°1 NA 1.00x10°!1  1.88x 10~

Cowl4 2.87 x 107! 590x 1071 176 x10~! 217 x10"' 3.08x10"! 572x10~1 NA 118 x 1071 7.52x 1072 | 6.05x10~"
Cow15  290x10°% 1. 6.01 x 10! 113x10°0 151x10°1 276 x 107" 311x10°1 1.00x10°' 118x107! NA 153 x 10!
Cowl16 9.47 x 102 1.66 x 1071 1.66 x 10~ 358 x 102 5.77 x 10~ 1.88x 10! 752 x 1072
Cowl7 367 x10°1 . 315x10°1 414x10°1 6.67 x 1072 4.96 x 102 521x10! 6.05x10°!

153 x10~

Randomized data 3
Cow02 Cow07 Cow08 Cow09 Cow10 Cow13 Cowl4 Cowl15 Cowlé
Cow01 191 x 107! 804 x 102
Cow02 1. NA ! 113 x 10~! 141x 107" 289 x 10~
Cow03 5.50 x 102 148 x 10~ 490x1071 4. 9.95 x 10~ 3.61 %1071
Cow04 4/ NA 6.62x 102 249 x 107! 454x107% 301x107! 201x10°!
Cow05 3.88x10°1 . 6.62x1072 NA i 3.57 x 1071 3.70 x 107!
Cow06 2.96 x 107! 134x1071 149x10' 483 x 1072
Cow07 K 1.81 x 10~ 2.00 x 10~ 228x 1071 223 x 10~
Cow08  1.91 x 107! . 214 x 107! 203x1071 362x107" 211x107' 229x 107!
Cow09  8.04 x 102 409x1071 4. = NA 6.09 x 1072 657 x1072 178x107! 876 x1072 929 x 102
Cow10 ¥ 3.57 x 107! § X 6.09x1072 NA
Cowll 196 x 10~ 411 %1072 135x 107! 1.28 x 10~ 1.79 x 10~
Cowl2 307 x 101 9.95 x 10~2 491 %1071 265x 10" NA 2,67 x 107! 312x10°1
Cow13 141 x 10~ 301x10°1 3! 200x1071 203x10°! 657 x 1072 267x10°1 NA
Cowl4 289x 1071 361x107" 201x10°" 344x1071 362x107" 178x 107! 3.54 x 1071
Cowl5 177 x 107! 372x107 3. 228x10°1 211x10°! 876 x10°2 1791071 3.
Cow16 1.66 x 107! 336x1071 3. 2231071 229x107' 929 x 102 192 x 107!

Cow17 515x 102 g 741x102 628x10°2 474x10°1 514x10°2 1.06x10°1
Randomized data 4
Cow01 Cow02 Cow03 Cow04 Cow05 Cow06 Cow07 Cow08 Cow09 Cow10 Cowl1 Cow12 Cow13 Cowl4 Cowl5 Cowlé
Cow01 NA 3.01x107! 572x1071 3.87 x107! 498 x1071 468 x 107! 3.69 x 107! 158 x 10!
Cow02 301x10~! NA 107x1071 206x10°" 110x 10! 434x10% 188x10°! 696x1072 564x1072 1.09x10"' 492x10°! 364x10% 2.02x10"! 216 x 10!
Cow03 107 x 1071 NA 5711071 593 %1071 — 296 %1071 504 x1071 2.79 x 10~
Cow04 206x10"! | 571x10"1 NA 488x1071 327 x10°! 294x1071 594x10~1 599x10°" 228x10"" 7.12x 102

Cow05  572x10°1 110x107! 488x1071 NA 236 x 107! 553x 107!  5.64 x 10~
Cow06 3.87x10~! 434x1072 327 x 10~} NA 5.08 x 10~ 154 x 107" 2 534x1071 470 x 107!
Cow07 _ 188 x 107! 508x101 NA 434x 1070 4 3.33 x 10~ 243 x 107!

Cow08 498 %10~ 696 x 1072 4.09 x 10~ 1.96 x 107! 573x10~1 581 x 107! 512x 107! 537 x 10~
Cow09 468x10°1 564x1072 593x10°1 294x10°! 586x10°1 136x107! 4.85x 1071

586x10°1 NA 3.09x1071 514 %10~

1.09 x 107" — 594 % 107"
492x1071 296x10°1 599 %1071

Cowll 136 x 101 309x10°1 NA 1.02x 107! 472x10°
Cow12 9x10~1  364x1072 504x10°! 228x10°! 514x1071 1.02x107" NA 3.87 x 107!
Cow13 573 %107  4.85x 10~ 4721071 387x10°! NA
Cowl4 2. 333 x10"1 581 x 1071 . 471 x 1072 247 x 107! X
Cowl5 5.44 x 10~ i b 1.95x 10~
Cow16 553x1071 534x107! 243x 10" 512x 10~ 2 195x107"  NA
Cow17 216 x 107" 5641071 470 x10~! [885X 10" 537 x 107! 445x10~ X ¥ ! 194 x10°! NA
Randomized data 5
Cow01 Cow02 Cow03 Cow04 Cow05 Cow06 Cow07 Cow08 Cow09 Cow10 Cow13 Cowl5 Cowlé Cow17
Cow0l NA 441x107" 572x 107" 341x107! 474x107! 534x10°" 334x1071 409x10°1 266 x 107" 594%x1071 267 x 107" 443 x107"
Cow02 441x10°1 NA 228 x 1071 2.03x 10! 1.16 x 10! 8.15 x 102 9.74x 1072 256x 10"} 155x10°! 338x10!

Cow03  572x1071 228 x10°" 568 x 107" 544 x 1071
Cow04 3.41x10°! 9.00 x 107> 577 x 10! 119 107!
Cow05 474 x 1071 159 x 107! 459 x 10~ 4991072 1.97 x 101
Cow06 534x10~! 2.03x10°! NA 2.89 x 107! 132x 10! 476 x 107! 802x1072 323x10°! 464x10°"

Cow07 j 289x1071 NA 151 x 10~ 111x 10! 5. 458 x 101 1.10 x 107! 3.50 x 10 2.22 x 10
51 % 10

3.36 %10~

599 x 1072 3.01 x 10~!
1.05x 107! 415x 107!

Cow08 151101 NA 7.06 x 10~

Cow09  4.09 x 1071 7.06 x 1072 NA 3.74x 107!
Cow10 2.66x 10~ 8.15x 10~ X 459 x 1072 476 x10~' 111 x 10~ 472 x 1072 329 x 107! 1.04 x 10~
Cowl11 424x10°" . 382x10°! 576 x 1071 374 %101 NA 202x10°1  466x10°"

Cowl2 249 x 10~ 1.03 x 10~ 802x107% 458 x10°! 2,02 x 107! 536 x 107" 942x107% 482x1072 212x 10~

Cow13 | 594x10°1 322x10°1 323x10°1 466 %1071 NA 327x1071 212x107'  485x 107!
Cowl4 2.67x1071 974x107% 544 x 10! 4991072 464 x10~" 1.10x 10~ 5.63 x 10~ 3.54 x 107! 1.07 x 107" 527 x 1071

Cow15 _ 256 x 107! 197 x 107! 350 x 107" 180 x 107" 327 x107! NA

Cowl6 443x10~1 155x10°" 1.05 x 107! 222 x 107! 1.02 x 107! 482x107% 212x107"

301x10°1 415x10°! 576 x 101 335x10°1 212x10°1  485x10°!

Cow17 [ 8211071 338x10°"
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Table A5. Cont.

Randomized data 6

Cow01 Cow02 Cow04 Cow05 Cow07 Cow08 Cow10 Cowl1 Cow12 Cow13 Cow14 Cow15 Cow16 Cow17

Cow01 NA 112 x 107! 298 %1071 2.35x 107! 509 x10°1 1.94x 107! 3.69 x 107! 119x 107! 277 x 107!
Cow02 263x10°! 418 x 107! 173x10°1 422 x 107! 431x 107! 250 x 107! 260x 10! 540 x10°1
Cow03 NA 1511071 | 596 x 1071 2.00x 10" 2,54 x 107! 220x1071  498x10°' 236x 107" 143 x 107! 423 x 107!
Cow04 112x10°' 263x10°! 151x10°! NA 6.02x1072 240x10°! 1.04x10°1  316x10°" 459 x 102 119 x 10! 237 x10°! 527 x 1071
Cow05 418x107" 596 %107 6.02x1072 NA 497x1071 484x10°" 118 x 10~ 2.85x 101 9.30 x 10~ 591 %10~ 417x1071 472x1072 1.69 x 107!

497 %1071 NA 178 x 1071 401 x 10! 385x107! 415x10~' 235x 107!
NA 331x 1071 1.01x 10~

274x10"! 518 x 107!
5.65x 101 373x10°1 154x10- 439 x 1072
920x 1072  423x107> 215x10! 409 x10~"

402 %1071 114x 1071 2.88x 10
129 x10~! 518 x 10~ 3.75x 107!

354x1072 212x10°! 399 x 10~

Cow06 2.40 x 10!
Cow07 298x1071 173x1071 2.00 x 10~ 484x107" 178 x 107!
Cow08 235x107! 422x1071 254x10°" 118 x 10" 401 x 10! NA 1.85x 107! | 557 x 107!
1.04 x 10~ 331x1071 185x107' NA 501x1071 178 x 10~
316x1071  2.85x 10~ 101 x 10! | 557 x10°1 501 %1071 NA 5.67 x 1071
431x1071 220 x 10~ 9.30 x 1072 3.85x 10~ 178 x 10! | 567x10°1 NA

5.09 %10~
1.94x 107!

230 10~
722 %1072

Cow12 363x1071 498x1071 459 x 10~ 415x10~"  565x10~" 920 x 10~ 230x 1071 7.22x107% NA 349x1071 363x1072 128 x 10~
Cowl3 3.69x10°1 250x1071 236x10°" 591x10°1 235x10°! 423x1072 402x10°1 129x107! | 354 %1072 NA 467x10°1 210x10°! 5.39E-02
Cowl4 1.19 x 10~ 373x10°1  215x 107! 518x10~1 212x 10" 467x1071 NA 153 x 10" 2.88x 10~!
Cow15 237x10°1 417 %10 154x10°1  409x10°! 399x10°! 349x10°' 210x 107" NA 248x10°1  530x10°1
Cowls 1.19x10° 1 260x10 1 143x 10~ 472x 1072 274 x 10— 114x 1071 3.75x 10~ 3.63 %1072 153x 101 248 x 107!
Cowl7 277x10°! 540x10°' 423x10°' 527x10°! 1.69x10°! 518x10°! 439x 10" 2.88x10°1 128 x 10! 539E-02 2.88x 10! 530x10°! NA
Randomized data 7

Cow01 Cow02 Cow03 Cow04 Cow05 Cow06 Cow07 Cow09 Cow10 Cowl1 Cow12 Cow13 Cow14 Cowl5 Cowlé Cow17
Cow01l NA 517 %1071 7.63 x 1072 471x107% 334x1071 234x1071  420x1071 215x107' 228x 107!
Cow02 NA 422x1071 1.42x107} 297 x 101 189 x 107! 315x 10! 1.83x107! 191x10°!
Cow03 517 %1071 422x107! NA 400x 1072 517x1071 322x10"! 1.89x 10~

400x1072 NA 139101 349x10°' 328x 101 133x 10! 470x1072 2.32x 10!
517 %1071 139 x 107! 497 x 1071 412x 10~ 336x 1071 444x101 313x10°1 291x101 115x 10
322x1071  349x10°1 234x1071 554x10°" 476x107! 602x10°1 170x107! 255x10~' 1.80x 10" 179x10"! 578x107%

Cow04 7.63x10°2 1.42x10°!
Cow05

Cow06

Cow07 1.89 x 107! 1.08x 1071 382x1071 269x107! 477x10°' 7.06x1072 130x107! 618x1072 676 x 1072

Cow08 398 x 10! NA 2,69 x 1071 — 543 x 107! 196 x 107! 319x 107! 1.77x107! 180x10~' 6.83 x 10
Cow09 3. X g 234x10°1 1 269x1071 NA 6031071 565x10"1 454 %1071
Cow10 554 %1071 3. — 603x1071 NA 4.85x 10~ 504x10~1 481x10°" 215x107!
Cowl11 4761071 269x1071 543 x 10 5.65x 101 493x10°! 494x10°1 426x10°! 1.87x 107!
Cow12 602x1071 477 x107! NA 488x107" 606x107" 511x10"! 562x1071 274 x 107"
Cow13 336x10°1 170x10°1  7.06 x 1072 488x10°1 NA 500 %1071
Cowl4 420 %101 444x107" 255x1071 1.30x 107! 6.06 %1071 378 x 101

Cowl5 215x10°1 183x10°" 313x10°1 180x10°! 618x1072 177x10°" 511x10° 1 520 %1071
Cowl6 228x1071 191x107" 291x1071 1.79x107! 676 x 102 1.80 x 107" 481x1071 426x107" 562x107!
Cow17 9.11x10°% 7.39x 102 403 x 10~ 115x 107" 578 x10-2 74RO 683 x 102 454x 1070 215x10°! 187x10! 274x 107! 500x10°! 378x10°! 520x 10~
Randomized data 8

Cow01 Cow02 Cow03 Cow04 Cow06 Cow07 Cow08 Cow09 Cow10 Cowl1 Cow12 Cow13 Cowl4 Cowl5 Cowlé Cow17
Cow01l NA 444x107" 585x107" 289 x 107! 196 x 107! 432x10°! 411x107' 1.69 x 10~" 541x1071 1.02x107' 407x107' 1.03x 107!
Cow02 444x10°! NA . 539 x 107! 524 %1071 3.99 x 10~ 379x10°1 175x 107} 435 % 107! 326 x107!
Cow03 | 5.85x 101 410 x 101 384x1071 563x107" 511x10°" 898 x 1072 3.02x 1071 2.39x 107!
Cow04 289 x 10~} NA 376 x 107! 574 %107" 246 %1071 159 x 107! 485 % 107! 373x 107!

Cow05 5.31 x 10~ 376 1071 NA 2.06 x 101 412 %1072 140 x 101 441x10°1 125x 107"
Cow06 1.96x10~! 539x10~! 410x10~! 2.25x 107! 147 x 1071 423x1071 439 x 10!
Cow07  432x10°1 472x 107" 5.68 x 10~ 348x1071 171x10°! 4.00 x 10~

Cow08 411 x 107! 5.20 x 107! NA 590 %1071 4.01x 107! 382x1071 201x107" 3.79 x 107!
Cow09 1.69x10°! 524x10°" 384x10°! 5! 2.06 x 107! 568x1071 590x107! NA 1.32x 107! 127 x 107! 447 %1071 451 x 10~

Cow10 399x 107! 563x10°' 2. . 363x10°1 401x107! 132x10"! NA 521 %1071

Cowl1l 582x10°1 251 x 107!

Cow12 379x 1071 511x10°1 246 x 10~ 348x 1071 382x10°1 127x 10~ | 736 x 1072 3.33x 10

Cow13 175% 107" 898x1072 1.59x 10! 171x10°1  2.01x10°! 447 x 10" 131x 107! | 515x10°1 258x 10"

Cowld 541 x 10~ i 451 x1071 521 %10~ 488x107" 131x107" NA 323 %1071

Cowls 1.02x10°1 4! I 813 x 1072 736 x1072 [515x 1071 323x10°! NA

Cow16  4.07 x 101 3.32x 107! 333x1071 258x10°" NA

Cowl7 1.03x 101 1.25x 10! . 379 x 10~ 7.14 x 102 7.12x 102 2.75x 10~ 531x10°! NA

Randomized data 9
Cow01 Cow02 Cow03 Cow04 Cow05 Cow08 Cow10 Cowl1 Cow12 Cow13 Cowl4 Cow16
Cow01l NA 550x 1071 428x107! 112x 107! | 505x 107" 548 x 107! 412x1071  488x 107" 298 x 107!

338 x 101 1.80 x 10!
578 x 1071

357 x 102

Cow02 | 550x10°1  NA 1.00x 101 245x10°' 134x 10!
Cow03 4281071 1.00x 107"
Cow04 1.12x1071 245x10°"

Cow05  505x10°1 134x10°"

3.86 % 10~
569 x 1071
4.38 x 102

596 x 10~
3.22x 107!
9.93 x 102

491 %10~
354x 1071 7.34x102 677 x 10~
6.56 x 1072 | 555x10°1 273 x 107!
476 %1071 9.61x1072 839 x 1072

435x 10~

518 x 1071
5.07 x 102
584 x 1071

9.10 x 10~
1.02x 107!
1.09 x 107!

472107
4.03x1072

Cow06 3.86 x 107! 4381072 2561071 3.08x 10" 1.64 x 107!
Cow07 5.96x 1071 993 x 1072 423x 1071 504x107! 299x 1071 521 x10~
Cow08 3.38 x 10! 357 %1072 NA 219x1071 281 x10~! 138 x 107!
Cow09 1.02 x 107! 3.75x 107! 1.82x 1071 543x10°1 521 x10°! 425x107" 133 x 10~

Cow10 5 1.80 x 10~ 182x 1071 NA 535x1071 1.02x107" 131x10- 5.35 x 1072

Cowl11 491x1071 3. 6.56 x 102 4. 543x10°1 535x10°! NA 329%10°1 398x10°" 229x10°1  590x 10"
Cow12 555x10~1 9.61x 1072 g 219x1071 521x10' 1.02x107' 329x10°! NA 2.71 x 10~ 2.15x 107!
Cowl13 488x10°! ¥ 273x1071 839x1072 3.08x10°! 504x10°! 281x10°" 131x 107! 398 x 10! NA 391x10°1 1.69x10°! 117 x 107!

391x1071 NA 1.95 x 10~
1.69 x 10! 9.00 x 102
195x 1071 9.00x 102 NA 8.67 % 10~

Cowl4 435x107" 518x107" 507 x1072 584 x 107" 5.32 %10~
Cow15 2231071 517 x 10~ 219 %101
2.99 x 10~! 425 %1071

271x 10
1.67 x 107!

Cow17 2.08x 101 521x10°1 133 x 107! 590x10°1 215x10°! 117x10°! 8.67 x 102
Randomized data 10

Cow01 Cow02 Cow03 Cow04 Cow05 Cow06 Cow07 Cow08 Cow09 Cow12 Cow13 Cowl4 Cowl5 Cowlé
Cow0l NA 438x107" 361x107"  6.01x107! 4811071 455x107" 343x 107! 3.14x 102 601 x 1071 572x1071 244x107' | 535x 107"

Cow02 438x10°1 NA 833x1072 200x10°! 417x10°! 1.35x 107" 9.63 x 102 1.99 x 10! 598x1072  1.09x 10!

Cow03  3.61x1071 833x1072 . 1.88x 101 2.18 x 10~ 499x10~" 125 10~
Cow04 | 6.01x10~ 2.00x10°" 214 x 107! 1.09x 107! 442x10°1 517 x 10~ 286 %1071 549 x 10~
Cow05 417 x 107" 386x1071 516x1071 4.03x107! 3.67x 102 2.55x 107! 552x1071 2.87x107! 526 x 10~

Cow06  4.81 x 10~ 386x10°1 NA 130 x 107! 858 x 102 2.15 x 10~} 6.16 x 1072 1.23x 107!
Cow07  455x 1071 1.35x 10~ 516x1071 130x10"! NA 145x 101 317 x 10~ 1.92 x 10~ 1.89 x 10~
Cow08 343 x107! 9.63x10°2 403 x 10! 858 %1072 211x1071 222x107! 139 x 10~ 544x1071 137 x 10" ! -

Cow09 ~ 3.14 x 102 d 1.09x 10! 367 x 102 145 x 10~ 3.71x 1072 347 x10°1 9. 427 x1071
Cow10 218 %1071 4421071 3.17 x 10! NA 4.95x107" 1.60 x 101
Cowll 249 x 10~ 517 %1071 255x 10 Y ) 125 x 107" 631x1072 347x1071 592x 10"

631x1072 NA 3.35x 107! 8.59 x 10~
544x10°1 3! K 335x10°1 NA 316x10°1 341x10°!
137 x 10! 5.92 x 1072 316 x 1071 NA 8.84 x 1072
41x10°! 884x1072 NA

1x 10! | 575 x 10

Cowl12 | 601 %101 124x10-1 273x107! 522x10°" g 139 x 10~
Cow13 499 %1071
Cowld  572x 10 2861071 552x 10~
Cowl5 244x10° 1 5. 549x10°1 287x10°"
Cowl16  535x1071 1.09x 10" 5.26 x 101
Cowl7 115x10°1 9.64 x 102

427x10°1 433x102
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Figure A3. Times series of ranks based on medians within the herd throughout the 45-day study
period. Each color represents each individual cow in the herd. The period of study started on 15
August and was concluded on the 15 October. The grey marked areas show the excluded dates,
resulting from signal issues.
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Cowll Cowl?2
25% 1 25% 1
20% 1 20% 1
15% 15% A
10% 10% A
5% 1 5% 1
- - - -
12345678 91011121314151617 12345678 91011121314151617
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25% 1 25% A
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Figure A4. Density plot of ranks based on median values for each cow during the 45-day study
period. Density is represented with percentages illustrating the amount of times an individual is
observed in a specific rank. Each color represents an individual in the herd.
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