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Simple Summary: A virtual fence (VF) system is being evaluated for commercial implementation in
the Australian livestock industries. For this to work in dairy systems, cows will require training to
learn the association between paired stimuli for livestock containment. We aimed to understand if
cow learning and response to VF stimuli would differ when trained as individuals or in groups in a
controlled experimental environment. Twenty-three dairy cows were trained to a VF as individuals or
in groups of 5–6, and then moved to the alternate context to test the retention of learning. Cows trained
in groups were more likely to interact with the VF when tested as individuals, indicating they might
rely on the response of their conspecifics rather than directly receiving stimuli themselves. It is
important that all individuals learn the association between stimuli to ensure they remain within a
boundary, and to minimise potential welfare implications on animals that do not learn. However,
training individual cattle is impractical, therefore, further work should evaluate effective group
training protocols that provide the time and space for all individuals to learn the VF.

Abstract: Pre-commercial virtual fence (VF) neckbands (eShepherd®, Agersens, Melbourne, Vic,
Australia) can contain cows within a designated area without the need for physical fencing, through
associative learning of a paired audio tone and electrical pulse. Cattle are gregarious, so there may
be an impact of herd mates on the learning process. To evaluate this, a VF was set 30 m down one
of three test paddocks with a feed attractant 70 m past the VF. Twenty-three Holstein-Friesian cows
were all fitted with VF neckbands and trained as individuals or in groups (5–6) for four 10 min tests;
then, cows were crossed over to the alternate context for two more 10 min tests. The number of cows
breaking through the VF and the number of paired stimuli reduced across time (from 82% to 26%
and 45% to 14%, respectively, p < 0.01). Cows trained in a group (88%) were more likely to interact
with the VF in the crossover compared to those trained as individuals (36%) (p < 0.01), indicating an
influence of group members on individual cow response. Individual training is impractical, therefore,
future research should evaluate group training protocols ensuring all cows learn the VF to avoid any
adverse impacts on animal welfare.

Keywords: virtual fence (VF); audio tone (AT); electrical pulse (EP); VF stimuli; treatment; individual;
group; training phase; crossover phase; positive-punishment associative learning

1. Introduction

In Australia and New Zealand, pasture-based dairy systems rely on the accurate allocation of
pasture for profitability [1], enabled by a mix of permanent and manually shifted temporary fencing.
A potential alternative to manually shifting fencing is the use of virtual fence (VF) technology, which
could provide a greater level of flexibility and real-time, remote control over livestock and pasture
allocations [2–4].
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Virtual fencing systems rely on operant conditioning, positive punishment associative learning
between a conditioned stimulus (an audio tone, AT) and unconditioned stimulus (an electrical pulse,
EP) [5] administered to an animal via neck-mounted devices [6,7]. Positive punishment associative
learning training method utilises a negative/aversive stimulus to alter an animals behaviour to avoid
receiving the stimuli [8]. The VF neckbands use GPS positioning to dictate the VF boundary. The area
within the VF boundary is referred to as the inclusion zone, in which the animals are free to move
around without receiving stimuli. The area outside of the VF boundary is referred to as the exclusion
zone, which is the area in which the animals are being excluded from and where stimuli will be
delivered. Stimuli delivery is based on both locomotion and direction an animal is facing, regarding
the inclusion zone. The AT is delivered to an animal when it approaches a VF boundary; if the
animals continue forward and breaks through the VF, an EP is administered. If the animal stops
movement and/or turns back towards the inclusion zone, all stimuli will cease. Once the association
has been established, the animal should respond to the AT to avoid the EP and remain within the VF
boundary. Positive punishment training methods can have welfare implications, particularly if delivery
is inconsistent, which affects an animal’s ability to learn [8,9]. Previous studies have demonstrated
that the stress response to handling was greater than the response to VF stimuli in sheep [10], and the
response of cattle to electrical stimuli was comparable to an electric fence [11]. The consistent delivery
of stimuli (AT before EP) based on the animal’s behaviour, location and direction ensure predictability
and controllability [12–14]. However, individual variation in learning rate and the response has been
identified in the VF literature [13], which may impact on welfare and the effectiveness of this technology
in animal containment, which requires further study.

Multiple studies in cattle using different versions of a pre-commercial prototype (eShepherd®,
Agersens, Melbourne, Vic, Australia) VF device have reported on the impact of age and breed [15],
moving VF fences [16], containment from riparian areas [17], spatial utilisation [7], and animal
behaviour and welfare [5,11,13,15,18]. Findings suggest that cattle can learn a VF with greater than six
interactions [13], as individuals [5,6,15,18] and in groups of up to 12 animals [7,16,17]. The studies
have all identified variation between animals in the learning of and response to a VF, however, there is
a paucity of data on the impact of VF training or training context.

Cattle can be trained using classical and operant conditioning techniques, but as a gregarious
species, they also learn through social facilitation [19,20]. The herd setting provides individual animals
in differing ways in which they can learn from their conspecifics. Observational learning is common,
which involves animals visually observing conspecifics and responding, rather than through direct
experience [21]. Across species, individuals have been shown to imitate the behaviour of conspecifics,
regarding movement patterns [22], foraging methods [23] and even social interactions [19,23,24].
In nature, social facilitation has benefits for survival (such as learning) to avoid danger (such as from
predation or, consuming toxic flora [24]), and for cattle, this can be learning how to graze [25] and
locating resources [26,27]. Social facilitation is beneficial for cattle learning, however, associative
learning requires individuals to have direct exposure to paired stimuli. Therefore, the presence of herd
mates during the learning process may impact on an individual’s ability or time required to directly
interact with the VF stimuli and associatively learn.

Animals trained using associative learning can link sensory cues (visual, olfactory and
auditory) [28–31]. If these cues are altered, the ability of an animal to learn the desired response to a
stimulus may be impacted [29,31]. This is important to address as cattle in both intensive and extensive
systems experience constant changes in spatial and social settings as a component of management.
Typically, dairy cattle are managed separately within age groups and milking cycles [32] and can be at
differing locations as cows move in and out of herds as they dry off. The frequent changes in herd
compositions and location of dairy cattle is an important factor to consider when training them for
containment with a virtual fence. Identifying learning requirements and appropriate training methods
for cattle will not only be necessary for the successful application of this technology into industry,
but will also be vital for acceptable animal welfare.
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There has been no published work evaluating the impact of training contexts or the effect of
conspecifics on individual cow learning of and response to VF stimuli which is required to better
understand and facilitate optimal cattle learning across herd contexts. Therefore, this experiment
aimed to compare how individual dairy cows learn a VF when trained on their own or in a group,
and to determine how this learning was retained across social contexts.

2. Materials and Methods

This experiment was conducted at The University of Sydney’s research farm “Mayfarm” near
Camden, NSW, Australia, between June and July 2018. All experimental protocols were approved by
the University of Sydney’s Animal Ethics Committee (Project 2018/1306).

2.1. Experimental Design

Twenty-three Holstein-Friesian dry cows (Mean age of 6 years old, min: 4 years and max: 9 years;
mean weight of 641 kg liveweight, min: 506 kg and max: 777 kg liveweight) were used in the
experiment. Cows were allocated a DR (as described below) and ordered from high to low ranked
cows into an Excel® file (version 1908, 2016). The cows were then randomly assigned a number using
the RAND function in Excel® (Microsoft Corporation, Redmond, WA, USA) and sorted by descending
numerals before being split in half to form two groups (n = 1–12). This ensured an equal allocation of
dominant and submissive individuals within the treatment groups. A crossover latin square design
was used to evaluate learning and response within and across treatments. Two treatments were
implemented: (1) Individual exposure to a VF; and (2) Group (n = 5–6 cows per group) exposure
to a VF. The experiment was conducted across two phases: (1) An initial training phase in which
the animals were trained to VF stimuli within their allocated treatment; and (2) a crossover phase to
evaluate how they retained the learning when moved to the alternate treatment. For example, the
cows that were trained as individuals in the training phase were then tested in groups in the crossover
phase and vice versa. The cows in the group treatment were continually randomised (RAND function
in Excel®) into subgroups before testing. This was done to ensure the group formations provided an
accurate representation of differing herd dynamics in traditional herds. There were a total of twelve
group combinations across all six tests.

The VF pre-commercial prototypes (eShepherd™, Agersens Pty Ltd., Melbourne, VIC, Australia)
have been previously described [7,17]. Briefly, the VF experimental prototype neckbands consisted of
a strap with a counterweight (total weight approximately 1.4 kg) and an electronic unit (approximately
725 g and 17 cm L × 12 cm W × 13 cm H) positioned on the top of each animal’s neck, with two
electrodes that contact the skin on the right side of the neck. Using GPS technology, the unit monitored
cow movement and provided real-time data on cow location, heading and speed. A VF boundary
separating the inclusion from the exclusion zones, specified using GPS coordinates, was transmitted to
the unit using a radio frequency link. As the animal approached the VF boundary, the unit emitted a
distinctive AT within the cow’s hearing range. If the cow remained at that location or turned away,
no EP was applied. If the animal continued to move through the VF boundary into the exclusion zone,
the unit delivered a short, sharp pulse in the kilovolt range (values are commercial in confidence).
This sequence of an AT followed by the EP was repeated if the animal continued through the VF and
into the “exclusion zone”. The date, time, GPS location and “event” which included where the cow was
located, concerning the inclusion zone and details of stimuli delivery, were logged for later download
from the unit.

All cattle were naïve to the VF neckbands before the experiment. Every cow was habituated to
inactive neckbands for one week before the experimental period. Cows were monitored daily, with no
adverse responses observed. On day one, the cows were weighed (Gallagher G02601 TWI weigh
scale, Gallagher Group Ltd., Hamilton, New Zealand), identified with numbers on each flank for ease
of identification (Tell tail, GEA Fil Ltd., Mount Maunganui, New Zealand) and a VF neckband was
assigned and fitted in a cattle crush. Neckbands required attachment in a cattle crush as per commercial
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recommendations and for both cow and human safety. Once the neckbands were fitted, the cattle were
released into the home pen for two days to habituate (Figure 1). In the home pen, cows were offered a
ration of Lucerne hay (dry matter 89%, crude protein 16.4%, metabolisable energy 8.5 MJ ME/kg DM),
which was offered at a maintenance level determined as [33]:

MJ ME = 0.67 × BW0.75 (1)

Figure 1. Diagrammatic representation of the experimental site. Figure not to scale. The experimental
site consisted of a home pen to house animals outside of testing. Each day of testing a virtual fence
(VF)was activated (shaded area) and cows were moved from the home pen into the holding yards which
were contained within the VF inclusion zone. For each test, cows were moved either as individuals or
in groups along a laneway and through the access gate into the test paddock. Testing was randomly
alternated between three test paddocks across tests. Test paddocks 100 × 20 m contained a feed
attractant of Lucerne cubes at the end (70 m from VF) and were mowed so that cows could not graze
pasture during the test. The VF was positioned 30 m from the start of each paddock.

Three test paddocks (100 m × 20 m) (Figure 1) were used to evaluate cattle training methods in a
controlled environment for all six tests. A feed attractant of 2 kg of lucerne cubes per cow (Multicube;
dry matter 88%, crude protein 18%, metabolisable energy 9.1 MJ/kg DM, Yarrawonga, Vic, Australia)
was placed at the end of each test paddock outside the VF as depicted in Figure 1. The paddock design
was to emulate a strip grazing scenario in an artificial controllable context. The feed attractant was
used as a representation of the next day’s pasture allocation; thus, animal containment from a feed
source could be evaluated.

On days three to seven, the cattle were allowed to access the feed attractant at the end of each of the
three test paddocks (Figure 1). Cows were provided access to each test paddock with the feed attractant
in their treatment groups between 0800–1100 h and again between 1300–1600 h each day for two days,
alternating between test paddocks each time. This continued until all cows walked unassisted to the
feed. Following this, cows were then provided access to the test paddocks individually for two more
days following the same method above.

2.2. Determining Social Order

Agonistic behaviours that occurred between pairs of cows were recorded via video
(Sony HDR-AS300 action cam, Tokyo, Japan) and live observations were used to determine dominance
rank (DR). Live observations were opportunistic recordings of interactions. This was initially completed
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in the habituation period to balance the division of cows into the two treatment groups. After which,
live observations were continually recorded between and during tests. Cows were held in the cattle
yards (21 m × 17 m) without feed for two hours, and two video cameras were set up in the yards to
capture the agonistic behaviours without a human observer. This was completed three times during
the habituation period. Only agonistic behaviours that had a clear winner (dominant individual) and
loser (subordinate individual) were used to assign a “win” or “loss” score for each cow. The main
agonistic behaviours included were approaches that involved one cow approaching another to move
them, head bunts or pushes [34]. These agonistic behaviours were only recorded if it resulted in the
receiving cow avoiding and/or retreating from the aggressor [35]. All recordings from the video footage
and live observations were collated into an Excel® file (version 1908, 2016) and a DR was calculated for
each cow using the following formula [36]:

DR = (Ai − Bi)/N (2)

A = number of wins
B = number of losses
N = total number of interactions (Ai + Bi)
Each cow was allocated a DR of between −1 to +1 with the greater values relating to dominance

and lower values to subordinance [36]. A total of 200 agonistic observations were recorded throughout
the experiment.

2.3. Virtual Fence Testing

Four tests were conducted in the training phase, and a further two tests were conducted in the
crossover phase, with one test being conducted per day. Testing continued until cows no longer walked
toward the feed attractant voluntarily, which occurred after two tests in the crossover phase, resulting
in the conclusion of the experiment.

On each day of VF testing, the cows were moved from the home pen to the cattle yards and
divided into their treatment groups based on their number identifiers. A test paddock was then
randomly selected each morning by selecting a number out of a bag (1–3) to ensure all paddocks were
used and to reduce the impact of spatial memory and/or avoidance associated with the EP, and to allow
for the transfer of learning between locations [16,37,38].

The VF neckbands were activated between 1000 h–1400 h up to 30 min before testing. During this
time, cows were held in the yard, which was enclosed within the inclusion zone (Figure 1). The online
user interface was used to create the VF boundary and inclusion zone. The exclusion zone represented
everything outside the inclusion zone, where VF stimuli would be delivered. The VF was set 30 m from
the entry to the paddock (70 m from feed attractant) (Figure 1) to provide adequate space between the
VF line and the feed attractant, and to allow sufficient time for the animals to receive and respond to
VF stimuli. Before a test was conducted the cow(s) were moved from the yards, along the laneway and
into the test paddock. Once the cow(s) entered the test paddock, it was closed off, and the test began.
The cows were left in the test paddock for a total of 10 min to interact with the VF and or attempt to
approach the feed attractant (Figure 1). No external pushing or mustering were applied to the cow(s)
during this time. After 10 min, the test ended, and an observer would enter the test paddock and walk
the cow(s) back to the neutral holding zone (yards). Once testing was concluded for the day, the VF
was deactivated, and the cows were returned to the home pen.

Between 0700 h–0900 h each day all cows were allowed to access the feed attractant in the
selected laneway, within their groups, without receiving stimuli, to increase the likelihood that they
would continue to participate in subsequent tests [18]. This positive reinforcement was also used to
prevent spatial associations with the paddocks to evaluate the cow’s learning to VF stimuli rather than
spatial locations.
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2.4. Data Collation and Processing

The VF neckbands logged a GPS location and stimuli details (delivery of stimuli or not) at an
alternating frequency (between seconds and minutes), dependent on the animal’s movement and/or
location relevant to the VF. Date and time-stamped GPS location, and stimuli details (AT and EP) were
downloaded from the neckbands. The neckbands were removed from the cows in the cattle crush to
retrieve the SD card and download data after the fourth test and again at the conclusion of the study.
The logged txt files were downloaded from neckbands to produce an Excel® file (version 1908, 2016).
Stimuli data was filtered from the Excel® file and stacked for each cow by training and crossover
phase. The stacked data was categorised by stimuli and collated into a total count of AT and EP for
each animal per phase. The proportion of paired stimuli was determined by dividing the EP by the
AT count for each animal. There were a total of 238 AT and 88 EP across all six tests not included
in the stimuli analysis. This stimulus was delivered when the cows had reached the feed and were
eating. As the stimuli were delivered during eating, it was not used in the analysis of VF learning
and response. One audio tone was incorrectly delivered outside the test period in the cattle yard and
was removed from the analysis. It was calculated that for 23 animals over six tests, there should have
been 138 VF complete data records (VF data log containing GPS and stimuli data per cow). However,
neckband technical issues resulted in only 51 complete data records being retrieved. There was a
total of 34 complete data points for groups and 31 for individuals in phase 1, and 9 for groups and
11 for individuals in phase 2. The missing and incomplete recordings resulted in uneven VF stimuli
data between phases and treatments, limiting detailed stimuli analysis. Visual observations of cows
receiving stimuli, reaching the feed attractant, and returning to the inclusion zone were recorded as
binomial data (yes = 1, no = 0). Receiving VF stimuli were determined if an animal interacted with the
VF, based on the known location of the VF (mapped out prior to every test with a non-test neckband).
If an animal continued to break through the VF and reach within 10 m of the feed attractant and/or
reached the feed and began eating, it was recorded as the animal reaching the feed. An animal could
return to the inclusion zone after they received stimuli and/or reached the feed. Therefore, an animal
that reached the feed and/or returned to the inclusion zone had to have first interacted with the VF and
received stimuli.

Three video cameras (Sony HDR-AS300 action cam) were used to record individual cow’s
behavioural responses to VF stimuli. One observer reviewed the timestamped footage (HH:MM:SS) for
each animal and matched available VF neckband data to the corresponding behavioural response as
per the ethogram shown in Table 1 [18]. The behaviours presented include only behavioural changes
in response to VF stimuli. For example, if an animal’s behaviour remained the same before and
after stimuli were delivered, it was not included. The behaviours in response to stimuli were then
divided into two categories as correct or incorrect based on the directional change of the cow’s spatial
position relative to the inclusion zone. A correct behavioural response referred to any behaviour
that kept the animal within the inclusion zone (e.g., turn around), whereas an incorrect behavioural
response referred to behaviours that kept the animal moving forward towards the exclusion zone (e.g.,
walk forward). A reactive response was included to represent behavioural changes that were neither
correct nor incorrect (did not change the spatial position or direction of the animal), but merely a
non-directional reaction to the VF stimuli (Table 1). All behaviours across both phases were combined,
and the responsive behaviours at the start of the AT and EP were collated into a percentage of total
behaviour (out of 100%) and frequency per cow (Tables A2 and A3). Furthermore, the mean frequency
of each behaviour was tabulated, including the standard deviation and range. Similar behaviours were
combined, for example—the head position of the animal (head down and head up), and the type of
forward locomotion (walk and trot forward).
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Table 1. Ethogram used to describe behavioural responses to the audio tone (AT) start and electrical
pulse (EP) start. The type of behaviour can be either a correct and or incorrect response to the VF
stimuli. A correct response refers to behaviour changes that keep the animal within or returning to
the inclusion zone. An incorrect response refers to behavioural changes that keep the animal moving
forward towards the exclusion zone. Furthermore, a reactive response has been included to present
behavioural changes that a neither correct nor incorrect, but a behavioural reaction to the VF stimuli.

Behaviour Description Correct/Incorrect
/Reactive Response

Reflex Immediate pause in locomotion followed by a whole-body tense/startle
(Flinch). Reactive

Head down Head lowered towards the ground (can include animal with head
touching the ground). Reactive

Head up Head raised above normal holding position, can include animal
throwing their head up. Reactive

Head turn Head turned to the left or right (can include lowered and raised head
positions). Reactive

Head shake Head shake quickly from left to right (can include lowered and raised
head positions). Reactive

Turn away left
Animal turned away from the stimuli towards the left (can include 90
and 180 degree turns, dependent on animal position, as it refers to the

animal turning away from the stimuli).
Correct

Turn away right
Animal turned away from the stimuli towards the right (can include 90
and 180 degree turns, dependent on animal position, as it refers to the

animal turning away from the stimuli).
Correct

Turn back left

Animal turning to left, back toward the inclusion zone away from the
stimuli (can include 90,180 and 360 degree turns, dependent on animal
position, as it refers to the animal turning away from the stimuli and

facing the inclusion zone).

Correct

Turn back right

Animal turning to the right, back toward the inclusion zone away from
the stimuli (can include 90, 180 and 360 degree turns, dependent on

animal position, as it refers to the animal turning away from the stimuli
and facing the inclusion zone).

Correct

Stop Animal stopping all locomotive movement (can include animals that
have paused and or standing still). Correct

Walk
backwards

Animal is taking backwards steps (refers to animals that have stopped
forward locomotion and started to back up still facing the previous

direction (generally the exclusion zone)).
Correct

Walk back Animal is walking back to the inclusion zone (refers to animals that
have responded, facing the inclusion zone to return). Correct

Trot back Animal is trotting back to the inclusion zone (refers to animals that have
responded, facing the inclusion zone to return). Correct

Walk forward Animal continued to walk forward through the stimuli towards the feed
attractant into the exclusion zone. Incorrect

Trot forward Animal trotting forward through the stimuli towards the feed attractant
into the exclusion zone. Incorrect

Run forward
Animal running forward through the stimuli towards the feed

attractant and into the exclusion zone (can include animals that have
jumped forward 2–4 legs off the ground).

Incorrect

2.5. Statistical Analyses

Statistical analyses were conducted in Rstudio© (v1.2.5019) [39], an integrated development
environment for R (v 4.0.2) [40]. Live observational data were analysed using a series of Generalised
Linear Mixed Models (GLMM) (family = binomial, link = logit) with lme4 package [41]. For the
binomial data, the response variables used were ‘Receive VF stimuli’, ‘Reach feed’ and ‘Return to
inclusion zone’ with Phase (training and crossover) and Treatment as the fixed effect, with Cow ID as a
random effect. Within the training phase, two GLMMs were used for the response variables ‘Reach
feed’ and ‘Return to inclusion zone’ with Test as the fixed effect and Cow ID as a random effect.

Stimuli data were analysed using a third GLMM (family = negative binomial, link = log) with
MASS package [42] for AT count and EP count analysing the fixed effects of Phase and Treatment,
with Cow ID as a random effect.
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All GLMM model residuals were graphically inspected using the DHARMa package [43], and
overdispersion was checked using the dispersion function in lme4 [41].

The proportion of paired stimuli (EP:AT) data were log-transformed (e/0.125) for normal
distribution. The residuals were graphically inspected for normality and heteroscedasticity using
DHARMa package [43] and dispersion function in lme4 [41]. One linear mixed model (LMM) was
used to analyse the proportion of paired stimuli, with the fixed effects of Phase and Treatment, and
Cow ID as the random effect.

All models were refined to contain only significant fixed effects; however, treatment remained
in the final models as a controlling factor, as well as for reporting (Table A1). This process involved
comparing the multiple model variations (using the Akaike information criterion (AIC, [44]), chi square
and p-values) [45] and selecting the best-fitted models before applying a likelihood ratio test (full models
containing the fixed and random effects, compared to the null model containing only the random
effect) [46]. Post-hoc analyses were conducted using the emmeans package [47] for significant full
models, with results presented on the back-transformed scale (estimated marginal means ± standard
error). Behavioural responses to stimuli were tabulated and presented as a percentage of overall
behaviour (out of 100%) and frequency for each cow across both phases, and further summarised by
mean percentage of each behaviour, including the standard deviation (SD) and range (minimum and
maximum).

An alpha of p < 0.05 was set to determine the level of significance and a statistical tendency at
0.05 < p < 0.1.

3. Results

There was an interaction between phase (Training and crossover phase) and treatment for cows
receiving VF stimuli (Table 2). Cows had an increased probability (88%) of receiving VF stimuli as
individuals, regardless of phase (Table 2). Cows trained as individuals had a lower probability (36%)
of receiving VF stimuli tested as a group in the crossover phase. The cows trained in groups were
more likely (88%) to receive VF stimuli when tested as individuals in the crossover phase (88%).

Table 2. The model interaction between Phase and Treatment predicted probability ± standard error of
mean (SE), upper and lower confidence intervals (CI) and p-value of cows receiving VF stimuli. Cows
were tested as individuals or groups in the training phase; then treatments were crossed over for the
crossover phase, so that individuals were tested as groups and groups as individuals.

Training
Context

Probability of Cows Receiving VF Stimuli (±SE) p-Value

Training Phase Crossover Phase

Predicted
Probability ± SE

Upper
CI

Lower
CI

Predicted
Probability ± SE

Upper
CI

Lower
CI

Individual 0.88 ± 0.056 0.96 0.69 0.36 ± 0.112 0.97 0.64 <0.01
Group 0.82 ± 0.067 0.92 0.64 0.88 ± 0.061 0.62 0.16 0.91
p-value 0.52 <0.01

Cows were more likely to cross the VF and reach the feed attractant during the training phase
(82%), as compared to the crossover phase (26%) (Table 3). Within the training phase, there was a
statistical tendency in the reduction of cows reaching the feed by test 4 (21%) as compared to test 1
(98%, Table 4).
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Table 3. The model predicted probability ± standard error of mean (SE), upper and lower confidence
intervals (CI) and p-value of cows reaching the feed after receiving stimuli between Phase and Treatment.
Cows were trained in the training phase; then treatments crossed over for the crossover phase.

Reach the Feed Predicted
Probability ± SE Upper CI Lower CI p-Value

Training phase 0.82 ± 0.063 0.92 0.64
<0.01Crossover phase 0.26 ± 0.114 0.57 0.08

Individual 0.60 ± 0.097 0.78 0.37
0.57Group 0.51 ± 0.133 0.77 0.24

Table 4. The model predicted probability ± standard error of mean (SE), upper and lower confidence
intervals (CI) and p-value of cows reaching feed and returning to the inclusion zone during the training
phase (Test 1–4) after receiving stimuli. Probability with different superscripts are different, a,b indicates
statistical tendency between tests (0.05), for reaching the feed, A–D indicates a significant difference
between tests (<0.04), for returning to the inclusion zone.

Virtual Fence
Test during

Training Phase

Predicted
Probability ±
SE Reach the

Feed

Upper CI
Reach the

Feed

Lower CI
Reach the

Feed

Predicted
Probability ± SE

Return to Inclusion
Zone

Upper CI
Return to
Inclusion

Zone

Lower C
Return to
Inclusion

Zone

1 0.98 a
± 0.031 1.0 0.58 0.00 A

± 1.70 × 10−11 0.00 0.00
2 0.81 a,b

± 0.133 0.97 0.33 0.00 B
± 3.03 × 10−5 0.04 0.00

3 0.80 a,b
± 0.139 0.97 0.32 1.00 C

± 3.06 × 10−5 1.00 0.97
4 0.21 b

± 0.193 0.83 0.02 1.00 D
± 2.70 × 10−11 1.00 1.00

Cows were more likely to return to the inclusion zone after receiving VF stimuli in the crossover
phase as compared to the training phase (Table 5). Within the training phase, there was an increase in
cows returning to the inclusion zone, with 100% of cows returning by Test 3 and 4 (Table 4).

Table 5. The model predicted probability ± standard error of mean (SE), upper and lower confidence
intervals (CI) and p-value of cows returning to the inclusion zone after receiving stimuli between
Phase and Treatment. Cows were trained in the training phase; then treatments crossed over for the
crossover phase.

Return to
Inclusion Zone

Predicted
Probability ± SE Upper CI Lower CI p-Value

Training phase 0.48 ± 0.071 0.64 0.33
<0.01Crossover phase 0.84 ± 0.078 0.95 0.59

Individual 0.66 ± 0.082 0.82 0.47
0.67Group 0.71 ± 0.093 0.87 0.47

There was a reduction in the number of VF stimuli delivered between phases, with cows receiving
more stimuli during the training phase as compared to the crossover phase (Table 6). The proportion of
paired stimuli (EP:AT) reduced between phases, with 45% of VF stimuli being paired during training
compared with only 14% during the crossover phase (Table 6).
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Table 6. The model mean count of the audio tone (AT) and electrical pulse (EP) ± standard error of
mean (SE), upper and lower confidence intervals (CI) and p-value of cows between Phase and Treatment.
The proportion of electrical pulse (EP) to audio tone (AT) ± standard error (SE) is presented as the
proportion of paired stimuli (AT + EP) the cows received between Phase and Treatment.

Stimuli Phase and
Treatment

Mean Stimuli
Count ± SE Upper CI Lower CI p-Value

Audio tone
count

Training phase 5 ± 0.5 6.10 4.03
<0.01Crossover phase 3 ± 0.5 4.18 1.79

Individual 4 ± 0.5 5.35 3.05
0.2Group 3 ± 0.5 4.65 2.41

Electrical pulse
count

Training phase 3 ± 0.3 3.60 2.01
<0.01Crossover phase 1 ± 0.3 1.71 0.46

Individual 2 ± 0.3 2.59 1.13
0.3Group 1 ± 0.3 2.28 0.84

Proportion of
EP:AT

Training phase 0.45 ± 0.058 0.61 0.33
<0.01Crossover phase 0.14 ± 0.046 0.27 0.05

Individual 0.26 ± 0.045 0.38 0.16
0.8Group 0.27 ± 0.060 0.44 0.15

The behavioural response to the AT and EP varied between individual cows (Tables A2 and A3),
and within behaviours, as seen by the range in frequency displayed (minimum and maximum, Table 7).

Table 7. Summary statistics of the frequency of behaviour of all animals in response to the delivery
of audio tone (AT) and electrical pulse (EP) stimuli from the virtual fence (VF) neckbands. Presented
are the mean frequency per behaviour to the AT and EP ± standard deviation (SD), the minimum and
maximum from the mean. * indicates data not captured for that behaviour.

Behaviour
AT

Frequency
Mean

AT Min AT Max Total
Frequency

EP
Frequency

Mean
EP Min EP Max Total

Frequency

Stop 2 ± 0.9 1 4 25 1 1 1 7
Turn away left/right 2 ± 1.6 1 6 19 1 ± 0.7 1 3 17
Turn back left/right 1 ± 0.7 1 3 12 1 ± 0.5 1 2 9

Walk/trot back 2 ± 0.9 1 3 13 1 ± 0.6 1 2 4
Walk backwards 1 ± 0.5 1 2 5 1 ± 0.6 1 2 4

Walk forward 2 ± 1.8 1 7 32 1 ± 0.4 1 2 13
Trot/Run forward 1 ± 0.5 1 2 16 1 ± 0.9 1 4 16

Head down/up 2 ± 2.4 1 8 28 1 ± 0.7 1 3 11
Head turn/head shake 2 ± 1.3 1 5 20 1 ± 0.5 1 2 5

Reflex * * * * 3 ± 2.4 1 10 38

Commonly observed behaviours were also identified (Tables A2 and A3) and explored further
in Table 7. The most frequently displayed behaviour at the start of the AT with 32 observations was
walking forward, followed by 28 observations of head down/up, 25 observations of stopped locomotion
and 19 observations of turning away (Table 7). The most frequent behaviour at the start of the EP
was reflex with 38 observations, 17 observations of turning away and 16 observations of trot/running
forward (Table 7).

4. Discussion

This experiment reveals the response of twenty-three dairy cattle to VF stimuli within different
grouping contexts across time. It is the first work to compare dairy cow learning and response to VF
stimuli when tested as an individual or within a group and evaluation of how learning is transferred
between these contexts. Most cattle responded correctly to VF stimuli by test 4. This is evident by
the reduction in cows breaking through the VF to reach the feed, with all the cows returning to the
inclusion zone by the end of the training period, indicating learning of the VF cues. Previous studies
have reported similar results, with cows increasingly returning to an inclusion zone after interacting
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with a VF within three and four test sessions [5,15]. In the current experiment, cow learning was
evident by the reduction in paired stimuli over time, which demonstrates the cattle’s ability to associate
the AT with the EP, and thus, alter their behaviour to avoid the EP. By test 5, the cows were responding
in majority to the AT alone. Similarly, cows have been reported to respond to the AT alone after more
than six interactions with the VF [18], between three [15] and four test sessions [18] as individuals,
and within two [16] and four days [7] as groups on pasture. Due to the consistent delivery of an AT
before an EP, the cows could predict, and thus, control their response to avoid the EP and remain within
the inclusion zone [13]. The constraints of missing data have limited further analyses, regardless in
combination with the live observations, we highlight the ability of the dairy cows to learn and respond
to VF stimuli.

Training cows as a group may affect their ability to associate paired stimuli, and thus, may increase
the time it takes for an individual cow to learn a VF. The cows trained in a group were 88% more likely
to receive stimuli when tested as individuals, as compared to only 36% of cows trained as individuals.
When trained on their own, cows had a greater opportunity to directly interact with the VF and
receive paired stimuli. Anecdotally, the AT was loud enough to be heard by the human observers
within 10 m and may have influenced cows responding to conspecific stimuli and/or the behaviour
of their conspecifics in response to stimuli. For example, a cow at the front of the group received
an AT and responded correctly by turning around, which triggered the surrounding cows to imitate
her response without having directly experienced the stimuli. However, these indirect responses
were not empirically measured. As a gregarious species, social facilitation plays a major role in cattle
learning [22]. Individuals within a herd can learn through observations of conspecifics and adjust their
own behaviour [23]. Social facilitation and herd response have been observed in cattle when learning
or coming into contact with electrical stimuli [48,49]. A study focusing on training cattle to electric
fences observed that one animal’s response to receiving an electrical shock resulted in the whole herd
retreating from the electric fence location [49]. Similarly, social avoidance has been reported in beef
cattle being excluded from a riparian zone by a VF, where one individual’s aversive response to the EP
resulted in the whole herd turning away [17]. Further research is required to assess the role of social
facilitation on cattle learning of a VF, as well as the perception of VF stimuli by neighbouring animals.

Animal behaviour is a tool for understanding how animals are coping with their external
environment and potential stressors [50]. Although missing data limited comparison of response to
stimuli between individuals and across time, we identified a wide range of behavioural responses in
the cows analysed, which aligns with previous studies [5,18]. A correct behavioural response should
keep a cow within an inclusion zone, including turning away from or stopping in response to stimuli.
We identified a high frequency of cows turning away from the AT and EP. Additionally, at the AT,
cows would also stop movement, and turn back towards the inclusion zone at the EP. This aligns
with the reduction in cows reaching the feed across time, from 82% in the training phase to 26% in
the crossover phase, and the subsequent increase in animals returning to the inclusion zone from 48%
to 84% in crossover phase. However, there was a high frequency of incorrect behaviours observed,
where cows would continue walking forward, or trot or run into the exclusion zone following stimuli
delivery. Similar incorrect responses have been identified in previous VF experiments as part of the
learning process, in which these responses reduce over time as animals learn the stimuli association [5].
We observed avoidance type behaviours, including raising, lowering, shaking and/or turning of the
head in response to the AT, and full body reflex in response to the EP’s. These behaviours may be
an attempt to alleviate or avoid the stimuli [6,31], which were delivered via electrodes positioned on
the right side of the animal’s neck. Variation in individual sensitivity to electrical stimuli and the
accompanying behavioural responses [18,51], may comprise part of a stress response [50], though
physiological measures of stress were not evaluated in the current study. There are also potential
welfare implications if animals are unable to learn to associate VF stimuli. In this study, we did not
observe any adverse behavioural responses; however, due to missing stimuli data, further evaluation of
stimuli delivery was limited. This warrants further study. Previous research has reported no significant
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behaviour or welfare impacts in beef cattle [11] or in sheep [10]. However, long term behaviour and
welfare monitoring should be conducted to identify any animals that are unable to learn, and would,
therefore, not be suited to the VF system [13].

In this study, we have identified the importance of individual cows directly receiving stimuli to
ensure associative learning; however, it is impractical to train cows as individuals in a commercial
setting. The cows were trained in 10min test sessions which may have been insufficient duration
for all individuals within the group to experience, and therefore, establish the associative learning
of stimuli. Previous VF studies have demonstrated that cattle learn in groups within 48–96 h on
pasture [7,16]; however, these studies did not directly evaluate methods for training cattle to a VF,
but identified a longer duration for cattle response in a herd setting. Therefore, future work is needed
to evaluate training protocols with an emphasis on maximising learning and minimising the impact on
cow welfare. The test paddocks with a feed attractant were used to evaluate the learning of a VF. While
this enabled consistency between tests and greater control over experimental conditions, cows learned
the spatial location of the VF in each test paddock, and therefore, no longer walked toward the feed
attractant after six tests resulting in unbalanced test sessions, due to early conclusion of the experiment.
Therefore, future work should evaluate learning in a pasture-based setting to ensure the translation of
results to industry.

5. Conclusions

In this article, we demonstrated the ability of dairy cows to learn and respond to a VF when
trained as individuals or in groups. However, when training groups of animals, a longer training
period over days is required to ensure all individuals have enough time to experience and associatively
learn stimuli, and to enable the transfer of learning across differing herd contexts and environments.
Further research is needed to assess the role of hunger, feed and social motivations on dairy cow
learning and response to a VF. Additionally, the role of social facilitation on individual cow learning
and how to utilise this for effective animal training should be identified. These future research areas
will be critical for ensuring acceptable animal welfare within VF systems through the identification
of limitations, appropriate management practices and optimisation of this technology for intensive
grazing systems.
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Appendix A

Table A1. Final model fixed effects confidence interval (CI) and p-values.—represents the reference category.

Outcome Fixed Effects Category CI Lower CI Upper p-Value

Receive VF stimuli Phase:Treatment
Intercept - -

0.039Crossover phase:Individual 0.13 4.31

Reach the feed
Phase

Training phase (reference category) - -
<0.001Crossover phase −4.27 −1.28

Treatment
Group (reference category) - -

0.558Individual −0.76 1.73

Return to inclusion zone
Phase

Training phase (reference category) - -
0.001Crossover phase 0.61 3.01

Treatment
Group (reference category) - -

0.670Individual −1.22 0.72

Reach the feed in the
Training phase

Test

Test 1 (reference category) - -

0.004
Test 2 −5.17 −0.29
Test 3 −5.24 −0.34
Test 4 −11.23 −1.89

Treatment
Group (reference category) - -

0.476Individual −4.08 1.62

Return to inclusion zone
in the Training phase

Test

Test 1 (reference category) - -

<0.001
Test 2 6.70 23.16
Test 3 23.68 52.60
Test 4 32.53 73.09

Treatment
Group (reference category) - -

0.737Individual −10.91 8.22

Audio tone count (AT)
Phase

Training phase (reference category) - -
0.003Crossover phase −1.00 −0.20

Treatment
Group (reference category) - -

0.252Individual −0.14 0.50

Electrical pulse count (EP)
Phase

Training phase (reference category) - -
<0.001Crossover phase −1.73 −0.56

Treatment
Group (reference category) - -

0.348Individual −0.24 0.65

Proportion of paired
stimuli (EP:AT)

Phase
Training phase (reference category) - -

<0.001Crossover phase −1.15 −0.42

Treatment
Group (reference category) - -

0.778Individual −0.36 0.28
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Table A2. The responsive behaviour of cows to the audio tone (AT) over the experimental period (Training and crossover phase). The percentage number represents
the percentage of each cows’ behaviour displayed in each behaviour category (of its 100% behavioural repertoire), with the frequency of the behaviour displayed in
parentheses. The grand total of all behaviours listed at the bottom represents the overall percentage that behaviour was displayed by all cows. Behaviours similar in
nature were combined.

Cow ID Total AT Head
Turn/Shake

Head
Up/Down Stop Trot/Run

Forward
Turn Away
Left/Right

Turn Back
Left/Right

Walk
Backwards

Walk
Forward

Walk/Trot
Back Total

1 12 8.33%(1) 25.00%(3) 16.67%(2) 25.00%(3) 16.67%(2) 8.33%(1) 100.00%
5 8 12.50%(1) 25.00%(2) 25.00%(2) 12.50%(1) 12.50%(1) 12.50%(1) 100.00%
6 5 20.00%(1) 40.00%(2) 20.00%(1) 20.00%(1) 100.00%
7 6 16.67%(1) 16.67%(1) 33.33%(2) 16.67%(1) 16.67%(1) 100.00%
8 16 18.75%(3) 18.75%(3) 12.50%(2) 6.25%(1) 43.75%(7) 100.00%
9 9 22.22%(2) 11.11%(1) 22.22%(2) 11.11%(1) 22.22%(2) 11.11%(1) 100.00%

10 25 8.00%(2) 32.00%(8) 8.00%(2) 24.00%(6) 4.00%(1) 4.00%(1) 16.00%(4) 4.00%(1) 100.00%
11 4 25.00%(1) 25.00%(1) 50.00%(2) 100.00%
12 2 50.00%(1) 50.00%(1) 100.00%
13 12 8.33%(1) 50.00%(6) 8.33%(1) 8.33%(1) 8.33%(1) 16.67%(2) 100.00%
14 1 100.00%(1) 100.00%
15 6 16.67%(1) 16.67%(1) 16.67%(1) 16.67%(1) 33.33%(2) 100.00%
16 2 50.00%(1) 50.00%(1) 100.00%
17 4 25.00%(1) 25.00%(1) 25.00%(1) 25.00%(1) 100.00%
18 8 12.50%(1) 25.00%(2) 12.50%(1) 25.00%(2) 12.50%(1) 12.50%(1) 100.00%
19 10 10.00%(1) 10.00%(1) 10.00%(1) 30.00%(3) 10.00%(1) 30.00%(3) 100.00%
20 1 100%(1) 100.00%
21 11 18.18%(2) 36.36%(4) 45.45%(5) 100.00%
22 14 35.71%(5) 21.43%(3) 14.29%(2) 7.14%(1) 21.43%(3) 100.00%
23 7 14.29%(1) 28.57%(2) 14.29%(1) 14.29%(1) 14.29%(1) 14.29%(1) 100.00%
24 7 14.29%(1) 28.57%(2) 14.29%(1) 14.29%(1) 28.57%(2) 100.00%

Grand
Total 170 11.76%(20) 16.47%(28) 14.71%(25) 9.41%(16) 11.18% (19) 7.06%(12) 2.94% (5) 18.82%(32) 7.65%(13) 100.00%
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Table A3. The responsive behaviour of cows to the electrical pulse (EP) over the experimental period (Training and crossover phase). The percentage number
represents the percentage of each cows’ behaviour displayed in each behaviour category (of its 100% behavioural repertoire), with the frequency of the behaviour
displayed in parentheses. The grand total of all behaviours listed at the bottom represents the overall percentage that behaviour was displayed by all cows. Behaviours
similar in nature were combined.

Cow ID Total EP Flinch Head
Turn/Shake

Head
Up/Down Stop Trot/Run

Forward
Turn Away
Left/Right

Turn Back
Left/Right

Walk
Back

Walk
Backwards

Walk
Forward Total

1 5 20.00%(1) 20.00%(1) 40.00%(2) 20.00%(1) 100.00%
5 5 60.00%(3) 20.00%(1) 20.00%(1) 100.00%
6 4 50.00%(2) 25.00%(1) 25.00%(1) 100.00%
7 11 9.09%(1) 9.09%(1) 9.09%(1) 36.36%(4) 9.09%(1) 18.18%(2) 9.09%(1) 100.00%
8 16 62.50%(10) 12.50%(2) 6.25%(1) 6.25%(1) 12.50%(2) 100.00%
9 6 16.67%(1) 33.33%(2) 16.67%(1) 16.67%(1) 16.67%(1) 100.00%

10 11 18.18%(2) 9.09%(1) 9.09%(1) 9.09%(1) 9.09%(1) 18.18%(2) 18.18%(1) 9.09%(1) 100.00%
11 4 25.00%(1) 25.00%(1) 25.00%(1) 25.00%(1) 100.00%
12 3 66.67%(2) 33.33%(1) 100.00%
13 11 45.45%(5) 9.09%(1) 9.09%(1) 9.09%(1) 18.18%(2) 9.09%(1) 100.00%
14 3 66.67%(2) 33.33%(1) 100.00%
15 11 27.27%(3) 18.18%(2) 9.09%(1) 27.27%(3) 9.09%(1) 9.09%(1) 100.00%
16 1 100%(1) 100.00%
17 3 33.33%(1) 33.33%(1) 33.33%(1) 100.00%
18 4 25.00%(1) 50.00%(2) 25.00%(1) 100.00%
19 2 50.00%(1) 50.00%(1) 100.00%
21 8 37.50%(3) 12.50%(1) 25.00%(2) 25.00%(2) 100.00%
22 9 11.11%(1) 33.33%(3) 11.11%(1) 22.22%(2) 11.11%(1) 11.11%(1) 100.00%
23 2 50.00%(1) 50.00%(1) 100.00%
24 5 20.00%(1) 20.00%(1) 20.00%(1) 20.00%(1) 20.00%(1) 100.00%

Grand
Total 124 30.65%(38) 4.03%(5) 8.87%(11) 5.65%(7) 12.90%(16) 13.71%(17) 7.26%(9) 3.23%(4) 3.23%(4) 10.48%(13) 100.00%
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