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Simple Summary: Virtual fencing (VF) technology offers a modern approach to cattle management
by using GPS-enabled collars to create invisible boundaries instead of physical fences. Studies
indicate that cattle quickly learn to associate auditory cues with mild electrical pulses, achieving high
containment rates (290%) within days. While welfare impacts are generally minimal, with cortisol
levels comparable to traditional fencing, some short-term behavioral disruptions and occasional
collar-related abrasions have been reported. The technology enhances pasture management
flexibility but faces challenges such as cost, connectivity issues, and individual animal variability.
Further research is needed to optimize training protocols, assess long-term welfare effects, and
improve scalability for diverse farming systems.

Abstract: Virtual fencing (VF) technology represents an innovative approach to livestock
management, utilizing GPS-enabled collars to establish invisible boundaries through auditory and
mild electrical stimuli. This review examines the efficacy, welfare implications, and practical
applications of VF in cattle production systems. Studies demonstrate that cattle rapidly learn to
associate auditory cues with electrical pulses, achieving high containment rates (290%) within days,
with minimal long-term welfare impacts as indicated by stable cortisol levels. However, short-term
behavioral disruptions and occasional collar-related abrasions have been reported, particularly in
dairy cattle. While VF enhances pasture management flexibility and reduces labor costs, challenges
such as connectivity issues, individual animal variability, and high initial investment costs limit
widespread adoption. The findings suggest that VF is a promising tool for precision livestock
farming, though further research is needed to optimize training protocols, assess long-term welfare
effects, and improve scalability across diverse farming systems.
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1. Introduction

Grazing livestock has been a fundamental agricultural practice for centuries, shaping landscapes
and providing essential food resources [1]. Historically, controlling the movement of grazing animals
relied primarily on herding and physical barriers such as stone walls, hedges, and wire fences [2].
While these traditional methods were effective, they required significant labor and infrastructure
investment. The past century has seen substantial changes in temperate grazing dairy systems,
particularly due to the increasing demand for animal-derived protein, which is projected to nearly
double by 2050 [3]. This growing demand has intensified pressure on grazing lands, necessitating
more efficient and flexible management strategies [4].

In response, technological advancements have led to the development of Precision Livestock
Farming (PLF), which aims to enhance animal management through automated monitoring [5,6]. PLF
technologies, including electronic identification systems, on-animal sensors (e.g., accelerometers and
GPS), and stationary management systems, are increasingly being adopted in both intensive and
extensive farming operations [7,8]. Within this technological progression, virtual fencing (VF) has
emerged as an innovative solution to manage animal movement without physical barriers [2,6]. VF
systems typically involve wearable collars that deliver sensory cues, such as audio warnings followed
by mild electrical pulses, to contain animals within predefined virtual boundaries [9]. This technology
represents a significant advancement in flexible, data-driven grazing management, offering potential
benefits for pasture utilization and environmental conservation [10].

Virtual fencing is defined as an enclosure or boundary system without physical structures,
relying instead on wearable devices such as collars [2,4,6]. When an animal approaches a virtual
boundary, it first receives an audio cue, followed by a low-intensity electrical pulse if it continues
moving forward [9]. This operant conditioning approach trains animals to retreat upon hearing the
initial warning, minimizing the need for electrical corrections over time [7]. Research has
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demonstrated that cattle can successfully adapt to these systems, with prior exposure to physical
electric fences accelerating learning [11,12]. Companies such as Halter, Vence, Nofence,
eShepherd/Gallaghers, and Boviguard have commercialized VF technology, leveraging GPS tracking
and wireless communication to dynamically adjust grazing areas [13].

A key advantage of VF is its ability to facilitate rotational and strip-grazing systems, which
traditionally require labor-intensive fence adjustments [10]. By enabling farmers to modify grazing
zones remotely via smartphones or computers, VF enhances pasture utilization efficiency while
reducing labor costs [14]. Furthermore, VF can protect environmentally sensitive areas, such as
riparian zones, by temporarily excluding livestock to prevent soil erosion and water contamination
[9,15]. Studies have shown that VF can effectively restrict cattle from vulnerable ecosystems while
maintaining pasture productivity [16].

A critical aspect of VF is the animal’s ability to learn and adapt to virtual boundaries through
associative learning [7]. Research on beef heifers in rotational grazing systems has shown a decline
in electric-to-acoustic signal ratios over time, indicating successful behavioral adaptation [12].
Similarly, nursing cows undergoing VF training exhibited reduced electrical stimuli as they learned
to respond to audio cues alone [14]. However, concerns remain regarding animal welfare, particularly
the potential stress induced by electrical pulses [17]. Studies assessing fecal cortisol metabolites
(FCM), a stress indicator, have yielded mixed results. Some research found lower FCM levels in
virtually fenced cattle compared to those in physical fences, suggesting reduced stress [17], while
others reported no significant differences in welfare indicators such as lying time and weight gain
[13]. These findings highlight the need for further investigation into the long-term welfare
implications of VF across different livestock species.

This paper examines the potential of VF as an innovative tool for modern grazing management.
It explores the technological foundations of VF systems, including their reliance on wearable collars
with GPS and auditory-electrical stimuli to control livestock movement without physical barriers.
The paper reviews studies on animal learning and behavioral adaptation, assessing how cattle
respond to virtual boundaries over time. Additionally, it evaluates animal welfare implications,
particularly the stress responses associated with electrical stimuli, by analyzing physiological
indicators such as fecal cortisol metabolites (FCM) and behavioral metrics.

Beyond animal behavior, the paper discusses the practical applications of VF in grazing systems,
including its role in rotational grazing, pasture optimization, and environmental protection (e.g.,
preventing overgrazing near riparian zones; [9,15]). It also situates VF within the broader framework
of PLF, highlighting how sensor-based monitoring enhances livestock management efficiency.
Finally, the paper considers barriers to adoption, such as cost and farmer acceptance, while
emphasizing the technology’s potential to support sustainable livestock production in the face of
growing global food demand and environmental challenges.

2. Materials and Methods

2.1. Literature Search

To comprehensively assess the potential of virtual fencing (VF) for cattle management, a
systematic literature search was conducted across multiple academic databases, including Google
Scholar, ScienceDirect, Scopus, PubMed, and Web of Science. The goal was to gather peer-reviewed
studies evaluating the efficacy, animal welfare implications, and practical applications of VF in
grazing systems. Both controlled experiments and field trials were included to ensure a balanced
understanding of real-world applicability. While peer-reviewed journal articles formed the core of
the review, relevant conference papers and technical reports were also considered to capture
emerging trends in the field.
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2.2. Searching Criteria

The search strategy employed targeted keywords such as "virtual fencing cattle behavior,"

"o

"precision livestock farming grazing," "animal welfare virtual fencing," and "GPS collars grazing
management." Boolean operators (AND/OR) were used to refine results, focusing primarily on
studies involving cattle. Additional filters were applied to prioritize studies examining animal
learning, stress responses (e.g., cortisol levels), and pasture utilization efficiency. No restrictions were
placed on publication years to ensure the inclusion of both foundational and recent research. To
maintain scientific rigor, non-peer-reviewed sources, commercial advertisements, and non-English
publications without verified translations were excluded. Reference lists of key articles were

manually screened to identify further relevant studies.

3. The Concept and Mechanism of Virtual Fencing for Cattle

Virtual fencing represents an innovative advancement in precision livestock farming, offering a
boundary control system that eliminates the need for physical barriers [18]. This technology has
gained attention for its potential to revolutionize grazing management through targeted grazing
approaches, labor reduction, and application in environmentally sensitive areas where traditional
fencing proves impractical [19]. Unlike conventional fencing methods, VF systems utilize wearable
technology, typically GPS-enabled collars, to establish and maintain virtual boundaries (Figure 1).

The operational mechanism of virtual fencing relies on a sophisticated integration of positioning
technology and behavioral conditioning [20]. As [21] explain, these systems continuously monitor an
animal's position through GPS tracking, comparing it against predefined virtual boundaries
established by farmers using digital mapping tools. When cattle approach these boundaries, the
system initiates a two-stage deterrent process: first emitting an audible warning signal, followed by
a mild electrical stimulus if the animal continues moving toward the boundary [22]. This design is
rooted in operant conditioning principles, where animals learn to associate the initial auditory cue
with the subsequent aversive stimulus [7].

Research demonstrates that cattle can effectively learn this association, with studies showing a
significant reduction in electrical stimuli required over time as animals learn to respond to audio cues
alone [9]. [23] reported that experienced cattle showed containment rates comparable to physical
fencing, with electrical stimuli decreasing by up to 80% after the initial learning period. This learning
capacity is crucial for both the effectiveness and ethical justification of virtual fencing systems [24].
Current commercial systems like eShepherd and NoFence have demonstrated impressive
containment capabilities, with some studies reporting >99% effectiveness in keeping cattle within
designated areas [25]. However, as [4] note, these systems may not completely eliminate boundary
breaches to the same degree as physical barriers. Despite this limitation, the technology offers unique
advantages, including the ability to create exclusion zones within pastures and precisely track animal
movements [10]. These features enable more dynamic grazing management strategies, such as
rotational grazing systems that can be adjusted remotely in response to pasture conditions [16].
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Figure 1. The concept of virtual fencing.

Several virtual fencing systems and manufacturers have been evaluated in research (Table 1).
For instance, the Halter® system, developed for intensive pastoral dairy farming, utilizes sound and
vibration as primary cues and a low-energy electrical pulse as a secondary aversive cue [26]. Research
has shown that cows can learn to respond to sound cues within a day and can be remotely herded to
the milking parlor [27]. Another widely studied system, Nofence®, has demonstrated success in
keeping cattle within virtual enclosures, with animals learning to respond to auditory warnings over
time [28,29]. Similarly, eShepherd® by Gallagher has been tested on pasture-raised Angus and Jersey
cows, showing effective boundary compliance through proximity-based beep and pulse responses
[30]. Early research by [31] and [32] laid the groundwork by defining virtual fencing and reviewing
its evolution, highlighting its potential in rangeland settings.

A wide range of parameters have been measured to assess the efficacy, animal welfare, and
behavioral responses to virtual fencing (Table 1). Technology efficacy, often measured by the
percentage of time animals remain within virtual boundaries, has generally shown high containment
rates (299%) for various cattle types, including heifers, steers, dry cows, and lactating dairy cows [33].
[34] studied lactating dairy cows in intensive grazing systems and found that while virtual front-
fences did not entirely eliminate entry into exclusion zones, containment within inclusion zones was
high. These findings align with earlier studies on beef and dry dairy cattle [35]. However, [36]
reported occasional containment failures, suggesting that effectiveness may vary depending on
environmental conditions and herd dynamics. The number and type of cues delivered (audio vs.
electrical pulses) are frequently recorded to assess animal learning. A common finding is that
electrical pulses decrease over time as cattle learn to associate auditory warnings with boundary
limits [37].
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Animal welfare is a critical aspect investigated in virtual fencing studies. Researchers have
measured physiological stress indicators such as cortisol levels in milk, hair, and feces [29,38]. While
[34] noted transient increases in milk cortisol concentrations during the initial week of virtual fencing,
[39] found no significant changes in manure cortisol levels. A systematic review by [40] concluded
that most welfare indicators, including fecal cortisol metabolites (FCMs), showed no significant
differences between virtually and physically fenced cattle, with some studies even reporting lower
stress levels in VF-managed herds. Behavioral responses, such as time spent near virtual fences, lying
duration, and activity levels, have also been analyzed. Studies indicate that cattle may initially avoid
fence boundaries but adapt over time [41]. Individual differences in behavior suggest that
temperament influences adaptation, with more exploratory animals requiring more corrective
stimuli [42].

3.1. Learning Behavior and Social Adaptation

Learning behavior is a key focus, with studies examining how quickly cattle respond to audio
cues and avoid electrical pulses. Naive heifers have been shown to comply with virtual fence
boundaries within 3-7 days, with learning retention observed over extended periods [43]. The
decreasing ratio of electrical to acoustic signals over time indicates successful associative learning
[44]. Social learning also plays a role, as cattle react to herd mates receiving stimuli, suggesting that
group training may enhance compliance [45]. Training protocols, whether individual or group-based,
have been explored to optimize learning efficiency, with some studies recommending phased
training to minimize stress [46].

3.2. Impact on Livestock Performance and Pasture Management

The impact of virtual fencing on livestock performance, including weight gain and milk
production, has been evaluated. [38] found no negative effects on beef heifer weight gain compared
to traditional electric fencing. Similarly, [36] reported no adverse effects on dairy cow milk yield or
live weight. Pasture utilization studies present mixed findings: some suggest lower grazing efficiency
with VF, while others highlight its potential to prevent overgrazing and protect sensitive ecosystems
[44]. Virtual fencing is applied in rotational grazing, strip-grazing, and conservation grazing, offering
labor and cost savings over physical fences [28]. It also enables dynamic pasture management, such
as creating firebreaks or protecting riparian zones [47]. However, limitations remain, including the
need for further research on large-scale deployments, suckler cows with calves, and long-term
welfare impacts [48]. Future studies should explore individual animal variability, optimal training
methods, and integration with precision livestock farming technologies [44]. While challenges
remain, virtual fencing represents a significant advancement in precision livestock farming,
providing a flexible, welfare-compatible tool for pasture-based management. Ongoing innovations
and research will continue to enhance its applicability, making it a promising solution for sustainable
cattle production.
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Table 1. Overview of virtual fencing studies in cattle: devices, manufacturers, and measured parameters (2001-2025).
. . . . . . Location on .
Year Animal Species/Breed Virtual Fencing Device Device Manufacturer Animal Behavior/Parameters Measured Reference
Electrical pulses (EPs) and audio cues (ACs) received
. . Neck collar EP-to-AC ratio (E:A)
Kinsell te (K
insella Composite (KC) Nofence AS, Batnfjordsera with Inclusion zone frequency (IZF, % time within boundaries)
2025 crossbred beef cattle Nofence® . . [49]
. (Norway) adjustable Escape frequency/duration
(heifers & cows) .
strap Step counts (via leg sensor)
Lying/standing time
Kinsella Composite (KC) .. . . ..
2025 crossbred beef cattle IceQuslj::s z:hmty Peacock Techr{}olic))gles (Stirling, Lowerlgeft rear Act£V11tZ pj:te;r;i ési’:ptcizlents) [49]
(heifers & cows) & ying ve. &
2025 Fleckvieh heifers Nofence® Nofence AS, Batnfjordsera Neck Success ratio (audltor.y:electrlcal), e'scape ?lerts, GNSS, [50]
(Norway) faecal cortisol, body weight gain
fi AS, Batnfj Behavi ics, h i indi faecal
2004 Fleckvieh heifers Nofence® Nofence AS, Batnfjordsera Neck collar ehavior metrics, herbage m.take, stress indicators (faeca [51]
(Norway) cortisol)
. Percentage of cow locations in different management
Vence (vence.io; Merck & Co., GPS-enabled Lo . . . .
2024 Angus cows Vence® VF system zones (riparian exclusion, ridge exclusion, grazing area, [52]
Inc., Rahway, NJ) VF collar . .
large-area exclusions), noncompliance
L ing Holstein- fi AS, Batnfj A i i lectrical pul il
2004 actatm.g . olstein Nofence® Nofence AS, Batnfjordsera Neck collar coustic warmngs,. e ectrlFa pu.ses, step count, milk [29]
Friesian (Norway) yield, hair cortisol
Pasture-raised Angus Gallagher, Hamilton (New .
2024 heph 11 P 1
0 beef, Jersey dry cows eShepherd®) Zealand) Collar roximity to boundary (beep/pulse response) [30]
2023 Dairy cows Nofence® Nofence AS, Batnfjordsera Neck collar Cow positions, audio tones (AT), electric pulses (EP), (53]
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2023

2023

2023

2022

2022

2022

2021

2021

2020

2019

2018

Free-ranging cattle

Fleckvieh heifers

Cattle

Cattle

Pregnant Limousin cows

12 pregnant Angus cows

Dairy cattle (Holstein-
Friesian)

Lactating Dairy Cows
(Friesian/Jersey)

Non-lactating Holstein
Friesian

Holstein-Friesian dairy
cows

Cattle

Nofence®

Nofence®
(Model: C2.1)

Nofence®

Vence®

Nofence®

Nofence®

Pre-commercial
prototype
(eShepherd®)

eShepherd pre-

commercial prototype

GPS/DGPS collar with

stimuli unit

eShepherd™ collar
(automated prototype)

Halter®

Nofence AS, Batnfjordsera
(Norway)

Nofence, AS, Batnfjordsera
(Norway)

Nofence AS, Batnfjordsera
(Norway)

Vence Corporation, San Diego
(USA)

Nofence AS, Batnfjordsera
(Norway)

Nofence AS, Batnfjordsera
(Norway)

Agersens, Melbourne
(Australia)

Agersens, Melbourne
(Australia)

MediaTek (Hsinchu, Taiwan),
Trimble (Sunnyvale, USA)

Agersens, Melbourne
(Australia)

Halter (New Zealand)

Below the neck

Attached to the
neck

Neck collar

GPS collar

Neck collar

Neck collar

Neckband

Neckband

Neck collar

Top of the
neck

Neck-collar +
head-halter

Accelerometry-inferred behaviors (feeding, resting,
scratching)

GPS data (walking distance, lying time, spatial pattern of
movement), lying time (validated with observational
data), active time, spatial distribution (Camargo’s Index of
Evenness)

Distance to boundary, acoustic warnings, aversive stimuli

Location, welfare, animal distribution

Hair cortisol, signal responses

Activity levels

Location, stimuli count, time per zone, speed

Time in exclusion zone, stimuli ratio

Boundary challenges, behavior
(grazing/walking/drinking)

Grazing time, GPS position, audio/electric pulses

Health (body temperature), response to
audio/tactile/visual/electrical stimuli
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Cambridge Industrial Design
(Cambridge, UK), Teagasc
(Ireland)

Cowbell collar (audible
alarm + shock)

Around the

201 Dai 1
015 airy cattle neck

Grazing, socializing, lying, milk yields [35]

Directional Virtual
2001 Cattle EZE:C;OE;IVF?J; Anderson & Hale (Patent) GPS collar Location relative to boundary [31]

VF = Virtual Fencing; EP = Electrical Pulse; AC = Audio Cue; E:A = Electrical-to-Audio ratio; IZF = Inclusion Zone Frequency (% time within boundaries); GNSS = Global Navigation Satellite
System; GPS = Global Positioning System; DGPS = Differential GPS; AT = Audio Tone; FCM = Fecal Cortisol Metabolites; HCC = Hair Cortisol Concentration; GWD = Grazing/Walking/Drinking;
KC =Kinsella Composite; N/A = Not Applicable.
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4. Commercial Cattle Monitoring Systems in Pasture-Based Systems

Diverse commercial Precision Livestock Farming (PLF) technologies are designed for pasture-
based livestock systems (Table 2). These systems vary in sensor types (e.g., accelerometers, GPS,
thermometers), target species, and geographic origins, reflecting the adaptability of PLF solutions to
different agricultural contexts [58]. Devices such as smaXtec (Austria/Germany) and Allflex
SenseHub (Israel) utilize accelerometers and thermometers to monitor rumination, body
temperature, and calving events, aligning with research indicating that accelerometers effectively
detect behavioral changes linked to health and reproduction, while thermometers enable early
disease detection [58]. In contrast, Ceres Tag (Australia) and digitanimal (Spain) integrate GPS with
accelerometers to track activity and geofencing, addressing challenges like theft prevention and
pasture utilization, particularly valuable in large-scale grazing systems where manual monitoring is
impractical [58].

Virtual fencing technologies like eShepherd (Australia), Halter (New Zealand), and Vence (USA)
rely on GPS and accelerometers to guide livestock via auditory cues and electric stimuli, reducing
labor costs and enabling dynamic pasture allocation, though their success depends on consistent
animal training and ethical welfare considerations [58]. Reproductive efficiency is a key focus for
devices like Datamuster (Australia) and Moocall (Ireland), which use walk-over-weigh systems and
accelerometers to predict calving and maternal parentage, supporting automated weight monitoring
for genetic selection and reduced postpartum losses [58]. Similarly, IceTag (UK) and Moomonitor+
(Ireland) prioritize lameness and heat detection (Table 2), addressing welfare concerns in pasture-
based systems.

Despite these advancements, challenges such as cost, data transmission reliability, and farmer
adoption persist. GPS collars and multi-sensor systems face limitations in battery life, connectivity,
and affordability for small-scale farmers [58]. This highlights the need for user-friendly, energy-
efficient designs to enhance scalability. Emphasizing multi-sensor integration while acknowledging
economic and operational barriers is crucial for broader implementation.

Table 2. Commercial cattle monitoring systems.

Device Sensors Outputs / Functionalities Country

) Maternal parentage, reproductive
Walk-over-weigh

Datamuster . efficiency, growth rates, calving, Australia
(weighing crate) ]
property mapping
smaXtec Accelerometer, pH, body temperature, calving, heat ~ Austria,
(GmbH) thermometer detection, health, rumination Germany

Activity, geofencing, health

Ceres Tag GPS, Accelerometer o Australia
monitoring
Health, rumination, feed intake,

Allflex ) i .

Accelerometer heat detection, calving, activity, heat  Israel

SenseHub

stress
. Activity, resting, feeding,
Moomonitor+ Accelerometer Ireland

rumination, heat detection


https://doi.org/10.20944/preprints202505.0361.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 May 2025 d0i:10.20944/preprints202505.0361.v1

11 of 34

IceTag / Lameness, activity, resting, heat

Accelerometer ) UK
IceQube detection
Moocall Accelerometer Calving, heat detection Ireland
CalveSense Accelerometer Calving monitoring Israel

Virtual fencing, activity monitoring, )
eShepherd® GPS, Accelerometer Australia
pasture management

Virtual fencing, activity monitoring, = New
Halter® GPS, Accelerometer
pasture management Zealand

Virtual fencing, activity monitoring,
Vence® GPS, Accelerometer USA
pasture management

Nofence® GPS, Accelerometer Virtual fencing, activity monitoring Norway

o GPS, Accelerometer, Activity, geofencing, body )
digitanimal Spain
thermometer temperature

Abbreviations and Symbols: GPS = Global Positioning System; GmbH = Gesellschaft mit beschrankter Haftung
(German for "company with limited liability"); pH = potential of Hydrogen (measure of acidity/alkalinity); UK =
United Kingdom; USA = United States of America. Adapted from Aquilani [58].

5. Impact of Virtual Fencing Devices on Animal Behaviour and Welfare

Virtual fencing systems have been increasingly studied for their effectiveness in livestock
containment and their implications for animal behaviour and welfare [59]. The findings from
multiple studies suggest that while these devices generally achieve successful containment, their
impact on animal welfare varies depending on factors such as device design, electric pulse intensity,
acoustic signals, and individual animal responses. Most collars used in VF systems weigh between
1.4-1.45 kg, with Nofence® and eShepherd® being the most commonly tested [60-62]. The
lightweight design appears to have minimal physical impact, though some studies reported
occasional jaw abrasions, particularly with prolonged use [34,36]. This suggests that while collar
weight itself may not be a major welfare concern, improper fit or extended wear could lead to minor
physical discomfort in some animals. The electric pulses delivered by these devices typically range
from 0.2-3 kV, often preceded by an 82 dB acoustic warning lasting 5-20 seconds [39,60,63]. The use
of an auditory cue before the electric pulse is critical in promoting associative learning, allowing
animals to avoid the stimulus over time. Studies found that cattle generally adapt within 5-7 days,
with a decreasing ratio of electric to acoustic stimuli [9,64]. However, individual variability exists,
with some animals requiring more stimuli than others [46,57].

5.1. Impact of Device Weight and Electric Pulses on Animal Welfare

The design and weight of virtual fencing (VF) collars play a significant role in animal welfare,
with variations in materials and construction influencing comfort and long-term usability. [65]
reported that device weight and materials directly affect animal welfare, noting that the eShepherd
collar (2.1 kg; Figure 2) incorporates a nylon strap and counterweight, while lighter alternatives such
as the Halter system (1.420 kg) and Nofence cattle collar (1.446 kg) use materials like polyester, foam,
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and rubber to reduce strain. In contrast, the Vence collar (1.13 kg) employs stainless steel and plastic
chain links, which may require careful fitting to avoid pressure sores [65]. While cattle generally
tolerate heavier collars well, smaller livestock like sheep may experience fatigue, highlighting the
need for species-specific designs [65]. These findings align with studies on cattle, where collars
weighing 1.4-1.45 kg (e.g., Nofence® and eShepherd®) showed minimal adverse behavioural effects
[60-62]. However, [36] and [34] reported jaw abrasions in dairy cows, suggesting that even within
cattle, prolonged wear or improper fit can lead to physical discomfort. This contrasts with [65]'s
observation that cattle adapt well to heavier collars, indicating that while weight alone may not be a
major issue, material choice and ergonomic design remain critical to prevent localized injuries.

Electric pulses, typically ranging from 0.2 J at 3 kV to low-voltage 800 V stimuli, are often
preceded by acoustic warnings to facilitate associative learning. [64] found that cattle progressively
reduced their reliance on electrical stimuli, with heifers decreasing their electrical-to-audio (E:A)
response ratio from 17.9% during training to 5.2% during grazing. Similarly, [63] reported that
Limousin cows learned to avoid restricted zones with minimal stress, as indicated by stable cortisol
levels. However, [57] observed that some individuals received repeated pulses, raising concerns
about potential aversion and welfare costs in less responsive animals. This variability suggests that
while most cattle adapt well, individual differences in temperament and learning speed must be
considered to minimize unnecessary stress. The implications of these findings highlight a balance
between effective containment and animal welfare. While current VF systems are generally well-
tolerated by cattle, improvements in collar materials, such as softer straps or adjustable fits, could
mitigate abrasion risks [36,65]. Additionally, optimizing pulse intensity and ensuring consistent
acoustic warnings may further reduce reliance on electrical stimuli, particularly for slower-learning
individuals [57,64].

2.1k

1.13 kg

Weight (kg)

0.75 -

0.50 4

0.25 -

0.00 -

L]
eShepherd Nofence Halter Vence Boviguard

Virtual Fencing Device

Figure 2. Weight of virtual fencing devices. Adapted from Fisher & Cornish [65].

5.2. Role of Acoustic Signals in Animal Training

Acoustic cues play a crucial role in conditioning cattle to virtual boundaries. Most studies
reported using tones between 82 dB and 2700 Hz, with rising pitch signals proving effective in
eliciting avoidance behaviour [39,60,66]. [67] noted that dairy cows achieved 90% containment within
four days, with decreasing reliance on pulses as they learned to respond to auditory warnings.
However, individual variability exists, as [64] found that some heifers required more time to adapt,
while [63] observed that shorter audio tones improved responsiveness. These findings suggest that
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while acoustic signals are generally effective, their duration and frequency should be optimized to
minimize stress and enhance learning efficiency.

5.3. Cortisol Data and Stress Implications

Cortisol measurements across studies indicate that VF systems do not generally induce
significant stress compared to traditional electric fencing (EF). [60] and [62] found no significant
differences in faecal cortisol metabolites (FCM) between VF and EF groups, while [39] reported stable
manure cortisol levels throughout their study. [63] further supported this, showing no significant
changes in hair cortisol concentrations (HCC) before and after VF exposure. However, [36] recorded
elevated milk cortisol levels in dairy cows during early VF exposure, though these stabilized over
time. These discrepancies may reflect differences in study duration, animal type (beef vs. dairy), or
individual stress susceptibility. Overall, the cortisol data suggest that once animals adapt, VF does
not impose chronic stress, but initial exposure may require careful management to mitigate short-
term welfare impacts.

5.4. Behavioural Adaptations and Welfare Outcomes

Behavioural observations indicate that cattle generally adapt well to VF, with most studies
reporting high containment rates (>90%) and reduced escape attempts over time (Table 3; [9,46]). [61]
found that cattle learned to avoid virtual boundaries with minimal welfare concerns, even in winter
conditions, while [68] reported successful herd conditioning in dairy cows, albeit with slightly more
vocalizations and displacements compared to EF groups. However, some studies highlight potential
welfare trade-offs, such as reduced lying time [9] and altered grazing distribution [52]. Additionally,
[34] noted that pasture depletion reduced VF efficacy, requiring more auditory cues, which could
increase stress if not managed properly.

Beef cattle appear to adapt more readily to VF than dairy cattle, possibly due to differences in
temperament and prior handling [60 vs. 36]. Additionally, younger animals and previously trained
individuals (e.g., first-calf cows in [64]) show faster learning, suggesting that prior experience
enhances VF efficacy. The presence of uncollared companions (e.g., calves) did not significantly
disrupt containment [64], supporting VF use in mixed groups (Table 3). However, device-related
injuries [36] and individual variability in stimulus response [57] highlight the need for ergonomic
collar designs and tailored training protocols.

Table 3. Comparative analysis of virtual fencing systems: behavioral responses, welfare impacts, and technical

specifications across cattle studies.

Stud
Y Animal Device Electric Acoustic Key Behavioral & Welfare
Referenc Cortisol Data
Type (n) (Weight) Pulse Signal Findings
e
Beef 82 dB No significant Comparable to EF,
Nofence® 0.2Jat3kV
[43] heifers (increasing FCM adaptation over time,
(1.45 kg) (max 3)
(n=32) pitch) differences initial slower transitions
Cattle learned to avoid
Yearling Mild Audio cues
virtual boundaries with
beef Nofence® electrical (frequency
[49] Not measured minimal welfare concerns.
heifers, (1.45 kg) pulse not
The system provided
bulls, (1.5-3 kv) specified)

effective containment,
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COws + despite some collar losses,
calves without major welfare

issues. Animals adapted
well, showing no
significant behavioral
stress. It was also effective
in winter conditions, with

no adverse welfare effects.

Heifers adapted to VF
boundaries in 5-7 days;
Yearling
Nofence® 82 dB (5-20 E:A ratio decreased from
[37] heifers 1.5-3kV Not measured
(1.45 kg) s) 17.9% (training) to 5.2%
(n=49)
(grazing). High individual
variability in response.
Cows retained prior
First-calf
learning (E:A ratio: 1.6%
cows
during re-training, 2.2%
(n=39,
Nofence® 82 dB (520 during grazing). Presence
[37] same 1.5-3kV Not measured
(1.45 kg) s) of uncollared calves did
animals
not significantly reduce
as heifers
containment (>99%
in Year 1)
compliance).
Bulls
(n=21in
Nofence® 82 dB (520 Excluded from analysis
[37] Year 1; 1.5-3kV Not measured
(1.45 kg) s) due to small sample size.
n=3in
Year 2)
No effect on
82dBat1 Minor and inconsistent
Fleckvieh faecal cortisol
[51] 1.45kg 0.2Jat3kV m (rising differences in activity
heifers compared to a
pitch) budget
physical fence
90% containment (<1.7 min
Dairy beyond fence),
Halter® Upto0.18] 2700 Hz
[67] cows Not reported autonomous herding by
(1.4 kg) (20 ps) crescendo
(n=80) day 4, decreasing pulse

ratio
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[66]

[52]

[33]

[14]

[17]

Angus
cattle

(n=17)

Angus
cows

(n=12)

Dairy
cows

(n=20)

Nursing
Brangus

cows (n=

28)

Angus

COws

(n=5)

Nofence®

Vence®

Nofence®

Nofence®
(1.45 kg)

Nofence®

027 (1s)

800V (0.5s)

25x weaker
than EF; 0.1
+0.7/day

Mild
electric

pulse

0.2Jat3kV
for one

second

82 dB

rising tone Not measured

(5-20s)
0.5-s
auditory Not reported
cue
Audio tone Milk cortisol:
19+ no difference
3.3/day) vs. EF
- Not reported
Manure
cortisol
82 dB tones concentrations
increasing ranged from
in pitch for 12 to 42 ng/g
5-20's w/w, with a

mean of 20.6 +

5.23 ng/g w/w.

15 of 34

The cattle effectively
responded to audio alerts
and remained securely
contained within the
enclosure. No spatial
issues or welfare concerns

were observed.

Reduced exclusion use,
grazing distribution
changes, some

noncompliance

Successful herd
conditioning
No welfare differences vs.
EF
More
vocalizations/displacement

s (VF)

Cows learned to avoid
restricted zones and spent
more time in containment
areas. They needed fewer
audio-electric cues, relied
more on auditory signals,

traveled less daily,
explored smaller areas,
and showed reduced
overall activity. Training
minimized negative
impacts on their comfort,

well-being, and welfare.

No negative effects on
cattle behavior and welfare
VF was comparable to
traditional electric fencing.
There was no evidence of
stress from VF, as
indicated by manure

cortisol levels. The study
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Limousin
[55] COwWs
(n=20)

Lactating
dairy
cows

[12]
(mixed

breed)
(n=30)

Non-
lactating
dry cows

(6]
(Holstein

-Friesian)

(n=34)

Nofence®

eShepherd
®

prototype
(~1.4 kg)

eShepherd
®
prototype
~l.4 kg
(~725¢g

unit)

Low electric

pulse

Short, sharp
(kV range;
confidential

)
Short, sharp

Short, sharp
(kV range;
confidential

)
Short

Rise tone
scale of
sounds
lasting

from 5 s to

20s

Non-
aversive

audio tone

Distinctive

audio tone

No significant
differences
among
individuals.
Levels
remained
stable
throughout
the study

Hair cortisol
concentration
(HCQ) in
pg/mg. Mean
Ti
(beginning):
1.14 pg/mg;
Mean Tf
(end): 0.82
pg/mg. No
significant
differences
were observed
in HCC before
and after the

VF treatment

Increased milk
cortisol levels:
higher at d5
(VF) vs. d8
(EF)

Not measured

16 of 34

suggests using manure
cortisol analysis as a
noninvasive stress
measure for large grazers

during VF.

Cows learned with fewer
stimuli over time and a
lower ratio of sounds to
pulses. They stayed in
designated zones more
consistently, with minimal
escapes. Stress levels
remained stable, and
shorter audio tones
showed better

responsiveness.

Lower activity/grazing
(d4-6)

No aversion behaviors
Jaw abrasions, influenced
grazing behavior (study
halted)

Cows were successfully
contained behind the

virtual fence for 10 days.

Cows learned to remain

within the VF over time,

even with restricted feed.

Restricted cows received
more stimuli

Learned retention (<17%
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[10]

%]

Dairy

cattle

Beef
steers

(n=64)

Short, sharp
electrical
eShepherd
pulse
®
sequence in
(0.73 kg)
the kilovolt
range
Low
eShepherd
voltage
® (~1.4 kg)
800V (<1 s)

Distinctive
but
nonaversiv
e audio cue
within the
animal’s
hearing

range

785 Hz

Not reported

Fecal cortisol
metabolite
(FCM)
concentrations
(ng/g of dry
feces). No
differences
between fence
types overall.
Concentration
s decreased
across time for
all cattle.
Cohort 1 had
significantly
higher overall
concentrations

than cohort 2

17 of 34

AT—EP)
Feed motivation

influenced behavior

Cows learned to respond
to audio cues to avoid
electrical stimuli, with a
daily ratio of 0.18 + 0.27.
Stayed within the inclusion
zone 299% of the time.
Pasture depletion slightly
reduced efficacy, and more
audio cues were needed
when entering new
paddocks. VF effectively
contained the herd without
affecting production
metrics, but did not fully
prevent entry into the
exclusion zone. Some cows
developed jaw abrasions
from the neckband, and
social learning may have

occurred.

VF successfully contained
animals over 4 weeks with
minimal welfare impacts.
Animals spent slightly less
time lying (<20 min/day).
They all learned to
respond to audio cues,
showing no avoidance
behaviors or significant
stress differences
(measured via FCM).
Individual learning rates
varied. Further research is
needed for pastured dairy

and beef cattle.
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Cows were successfully
contained 99% of the time,
but there was significant

variation in stimuli

Distinctive received and paddock
Short, sharp audio tone usage among individuals.
Dairy eShepherd
pulse in the (within the Some cows experienced
[57] COws ® Not measured
kilovolt animal’s potential welfare costs due
(n=12) (~1.4 kg)
range hearing to repeated electrical
range) pulses and possible

aversion to the fence line.
Further research is needed
on the long-term welfare

impacts.

Abbreviations and Symbols: VF = Virtual Fencing; EF = Electric Fencing; EP = Electrical Pulse; AC = Audio Cue;
E:A = Electrical-to-Audio ratio; FCM = Fecal Cortisol Metabolites; HCC = Hair Cortisol Concentration; dB =
Decibel; J =Joule; kV = Kilovolt; pus = Microsecond; Hz = Hertz; s = Second; min = Minute; ng/g = Nanogram per
Gram; pg/mg = Picogram per Milligram; w/w = Wet Weight; n = Sample Size; d = Day; vs. = Versus; ~ =

Approximately; + = Standard Deviation.

Virtual fencing technology has demonstrated significant potential in livestock management,
with studies reporting high containment rates and rapid animal learning (Table 4). Grinnell et al.
(2025) found that VF achieved a success ratio of 94.6% to 97.9%, comparable to electric fencing, with
no adverse effects on welfare or weight gain. Similarly, Harland et al. [49] observed that cattle learned
to associate audio cues with electrical pulses within 5-7 days, reducing the EP-to-AC ratio from 17.9%
during training to just 5.2% during grazing. These findings suggest that VF is an effective
containment method, though individual variability in learning rates was noted [49,57].

Despite these successes, several limitations were identified across studies (Table 4). Short trial
durations (e.g., 8 weeks in Grinnell et al. [43]; 28 days in Verdon et al. [67] and small sample sizes
(e.g., n=20 in Confessore et al. [29]; n=13 studies in Wilms et al. [13] restrict the generalizability of
findings. Additionally, reliance on controlled environments, such as double-fence setups [43] or
artificial paddocks [69], may not reflect real-world conditions. Technical challenges, including GPS
inaccuracies [66] and collar connectivity issues [37], further complicate implementation. Ethical
concerns regarding EPs were also raised, though no direct welfare harms were reported [49,70].

Future research should prioritize longer-term studies to assess habituation and welfare impacts,
as suggested by multiple authors [9,67]. Improved collar designs, better GPS accuracy, and
alternative stimuli (e.g., vibration or bidirectional sound) could enhance reliability [4,67]. Testing in
diverse environments, such as arid or tropical systems [49], and integrating visual cues [27] may
further optimize VF efficacy. Economic feasibility remains a barrier, with high costs limiting small-
scale adoption [71]. The implications of these findings are twofold: VF offers a promising tool for
precision grazing and ecological management [48,72], but scalability depends on addressing
technical, ethical, and economic challenges. Future studies should adopt standardized protocols,
larger sample sizes, and multi-breed comparisons to ensure broader applicability [13,54]. Refining
technology and validating long-term impacts could revolutionize sustainable livestock management
through virtual fencing.
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Table 4. Summary of key findings, limitations, and future directions in virtual fencing studies.

Limitations of the

Future

Reference  Summary of Main Findings o .
Study Directions/Recommendations
o Short duration (8
VF success ratio improved .
weeks); double-fence Longer-term studies; open-
(94.6% to 97.9%); no . ,
. . setup; infrequent range testing; frequent stress
[43] welfare/weight gain ] ) ) )
i cortisol sampling; sampling; varied forage
differences vs EF; proposed ] o .
high forage conditions; minimal human
90% success threshold
availability; human intervention.
benchmark. ] )
intervention.
Naive cattle learned to
associate audio cues (ACs)
with electrical pulses (EPs) ~ No non-VF control
within 5-7 days, reducing group for direct
EP-to-AC ratio from 17.9% comparisons.
(training) to 5.2% (grazing). Confounding factors
Heifers retained learning (uncollared calves,
over a 300-day hiatus; first-  prior VF experience)
] . . Further research on long-
calf cows with prior VF complicated
. ] term welfare effects.
experience had even lower behavioral ) .
o . . Investigate scalability for
EP rates (1.6% re-training, interpretations.
] ] commercial herds.
2.2% grazing). Small sample sizes o o )
o ] L Optimize training durations.
[49] Cattle stayed within VF for high-stimuli -
] Explore alternatives to EPs
boundaries >99% of the cohorts (n=5-7). o
) ) o for welfare-sensitive
time, though cows with Limited to temperate L
applications.
uncollared calves had grasslands; may not o .
) ) Test VF in diverse climates
slightly more escapes. generalize to .
L o . ) and production systems.
Individual variability arid/tropical
observed (high-, moderate-, systems.
low-stimuli cohorts), but all Ethical concerns
achieved similar about EPs, though
containment rates. no adverse welfare
Stocking density influenced impacts noted.
cow behavior (higher
density = more ACs/EPs).
Network connectivity was Limited Longer-term studies to assess
generally good, with mean  generalizability due collar durability and
connection intervals within to study being performance over multiple
the optimal 15-minute conducted in only years.
[37] window. Poor connections two Alberta Research in areas with poorer

occurred <1% of the time.
Collars primarily used 4G-
LTE, but rural areas in

Canada may have limited

locations; broader
rural Canada has
poor cellular access.

Study duration may

network coverage to evaluate
VF feasibility.
Further investigation into

environmental and
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network availability. have been behavioral factors affecting
Most collar failures were insufficient to assess solar charging.
due to connectivity issues, long-term collar Studies on animal welfare,
with older (v2.1) collars performance. behavior, and grazing
showing increased failures ~ Unmeasured factors  efficiency under VF systems.
in the second year. Physical (cloud cover, Improved collar design (e.g.,
collar loss occurred, precipitation, animal better fit, reduced loss risk,
especially with bulls. behavior, wildfires) enhanced connectivity in
Battery charge remained could affect solar remote areas).
high (>96%) in all trials, charging.

including winter, though
solar charging was lower in
winter. Habitat and animal
behavior influenced
charging.
Collar battery capacity was

Focused on technical

performance;
impacts on animal
behavior, welfare,

and grazing

management need

sufficient for cattle in both further study.
summer and winter.
Cellular
Solar-powered eShepherd . .
. dependency, small Off-grid collar solutions,
collars reduced fencing ) ] .
[30] . sample (n=60), and larger trials, and diversified
costs and enabled dynamic ) )
) no cost-benefit trade strategies.
grazing. )
comparisons.
No age-related differences i
) ] Short (31-day) trial;
in VF learning; younger
. small sample (n=20); . .
cows received more ATs . Longer studies; multi-breed
only Holstein- . o
[29] later, older cows responded . trials; forage availability
Friesians; heat waves
faster. No long-term stress effects.
o . ) may have
(milk yield, hair cortisol
confounded results.
stable).
Dairy cows using the Halter
VF system showed rapid
learning, with electrical
pulse (EP) rates dropping  Short 28-day period;
from 60% (Day 1) to 2.6%  no long-term welfare .
o ] Longer-term studies; welfare
post-training. 90% of cows metrics; sample )
i o ) assessments (e.g., cortisol);
spent <1.7 min/day beyond limited to mid- ) o )
[67] _ ) economic feasibility analysis;
lactation cows in one

boundaries, and 50%
received no paddock pulses
by the final week. Superior
to earlier VF systems due to
bidirectional sound,
vibration, and machine

learning.

testing in diverse

region; operational .
environments.

mismanagement

caused pulse spikes.

d0i:10.20944/preprints202505.0361.v1
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No welfare differences
between VF and PF in Small sample (n=13 ) )
] o ) ) Long-term dairy cow studies;
weight gain/lying behavior;  studies); beef cattle
[13] lower FCM in VF cattle focus; short trial

(P=0.0165). Learning durations; variable

standardized protocols;
assess individual learning
. differences; multimodal
evidenced by reduced protocols; FCM may e
. oo . . stress indicators.
electric:acoustic signal ratio miss acute stress.
(P=0.0014).

No consistent leadership

GPS inaccuracies

hierarchy found in Angus
(3.5-10 m); short

cows using Nofence© . . Longer observation periods;
. observation period _ . _
[66] (W=0.15, p<0.001). Daily integrate direct interaction
o (45 days); focused on i o
rank variability suggests data; improve GPS precision;

) 7 ) spatial metrics ]
dynamic social interactions assess age/experience effects.

rather than direct

rather than stable o )
) social interactions.
leadership.
Only 37% of collar
cues were observed
(group dynamics
Heifers successfully hindered tracking).
learned virtual fencing Bias risk: Observers

(VF) over 12 days, showing:  focused on the first
Refine observation

Fewer strong reactions reacting heifer. .
. L methods for group settings.
(scores 2 & 3) & more mild Technical issues: ]
] . . Improve collar algorithms for
reactions (score 1). Inconsistent acoustic

o . consistency.

Increased acoustic signals &  signals before mode .
Study longer training

periods & PF-VF distance

effects.

decreased electric activation across
pulses (higher success collars.
ratio). Collar data showed a  Training variables:

[50] Test VF reliability in PF-free
91.3% success ratio by trial ~ Unclear if 12 days is

environments.
end. optimal; physical Lo
. Explore individual vs. herd
Improved confidence fence (PF) ] ) )
. o learning differences.Single
ratio (phases 2 — 3). proximity may L
. . escape incident suggests
Faster mode influence learning. ]
o ] further research is needed on
switching (teach — operate) Single escape )
) o fence distance effects.
in Round 2 vs. Round 1. incident after PF i ) )
i Confidence ratio requires
Cattle learn to associate removal. Small )
refinement.
audio cues with shocks, pasture size (3000
adjusting behavior to avoid m?) and visual
pulses. support from

physical fences may
limit real-world

applicability
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Tri-axial accelerometer data
from collars effectively
classified cattle behaviors
(accuracy: 0.998).

Orientation correction

Short-duration
behaviors excluded;
individual

variability not

Include short-duration

behaviors; account for

[45] individual differences;
didn't improve assessed; smoothing L .
. optimize smoothing
performar.lce. 29—second may o]f)s.cure rapid parameters; collect more rare
smoothing window transitions; rare ]
behavior data.
optimized results. Rare behaviors
behaviors were classified underrepresented.
but with lower accuracy.
Cows adapted to VF within
3 days; EP/AT ratio Small sample (n=20);
declined. No lasting welfare short duration; Individual training protocols;
[52] impacts (milk yield, cortisol group-based on-farm trials; larger/longer
stable). More training; controlled welfare assessments.
vocalizations/displacements condjitions.
initially.
Virtual fencing (eShepherd, = High costs; variable
Nofence, etc.) reduces efficacy in Cost reduction; improve GPS
(4] labor/costs and benefits large/diverse herds; reliability; welfare
ecologically sensitive areas. GPS reliability optimization; stakeholder
Auditory cues minimize issues; engagement for regulatory
welfare concerns, but underdeveloped frameworks.
individual learning varies. regulations.
VF collars showed 92%
precision for lying time
detection
Strong correlation between Small-scale case Larger-scale trials needed for
UAV RGBVI and herbage study: Only 2 validation
changes pastures/treatment Incorporate NIR/NDVI
Behavior changes: | lying for 15 days sensors for better pasture
time, 1 walking distance Limited imagery: assessment
(53] over days RGB-only (no Study forage
Improved spatial NIR/NDVI data) scarcity scenarios
distribution (Camargo's Environmental Develop decision support

Index)

Random forest model
showed moderate
correlation
(R?=0.43) between UAV data
and animal activity

Demonstrated potential

variables not fully
controlled
Potential animal

acclimatization bias

systems for practical farming
use
Explore long-term effects of

grid grazing
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for "grid grazing" precision

management

Individual

variability; artificial

98% containment; 76%

Pasture testing; include
[14] fewer electric cues; rapid pen setting; no calf ~ calves; longer trials; optimize
learning; reduced data; short duration  auditory signals; assess social
movement/exploration. (12 days); audio learning.
design questions.
Pasture systems provide
ecosystem services (carbon Focused on
sequestration, biodiversity) temperate regions;
and nutritionally enhanced limited long-term .
) ] ) ) Context-specific research;
milk (higher CLA/omega-3). data on innovations; . )
; ) ) o long-term studies of grazing
[72] Rotational grazing and economic feasibility i . ]
) o ] innovations; cost-benefit
virtual fencing improve of technologies . )
o ) analyses; tropical/arid system
sustainability, but understudied; .
. i . . adaptations.
continuous grazing risks climate change
degradation. Multi- impacts not
species/silvopastoral addressed.
systems enhance resilience.
Wearables less
accurate in grazing
Wearables (e.g., SCR vs. confinement.
Heatime Pro+) showed Satellite limitations: » ]
i Pasture-specific algorithm
moderate-high accuracy for weather i )
o ] ] ] refinements, cost reduction,
rumination/eating. Satellite ~ dependency, multi- o )
[71] ) ) and longitudinal studies on
NDVI correlated well with species pastures. -
. ] ) scalability. Autonomous tools
forage biomass (r=0.74— Virtual fencing
) ] (e.g., CowBot) need further
0.94). Virtual fencing (e.g., lacked long-term L
. . validation.
Nofence) contained cattle welfare/economic
without welfare harm. data. High costs
hinder small-scale
adoption.
Personality matters:
) o Controlled
Consistent activity .
) . environment: May
differences (walking . )
) not reflect all farm Expand to production traits
distance) between calves o ]
) conditions Develop personality-based
Active calves grow faster: o )
[73] . ) Limited behaviors: management
Positive correlation between

) ) Focused mainly on
movement and weight gain

) o locomotion
Predictable plasticity:

Personality type influences

environmental adaptation

Small sample: 64

calves total

Include more behavior

metrics
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42% reduction in fine fuel
biomass within VF
boundaries
50% forage
utilization inside vs 5%
outside fuel breaks
High containment: Dry
cows (100%) vs cow/calf
pairs (75%)
Low shock rates: 2.3/day
(dry cows), 10.1/day

[48]

(cow/calf pairs)
Effective learning: Cattle
associated audio cues (0.5s
tone) with boundaries
Water access improved

containment

Case study
design limits
generalizability
Mixed groups may
have influenced
behavior
No cortisol
measurements for
welfare assessment
Short 30-day
trial may not show
long-term effects
No visual cues with

virtual boundaries

Longer-term studies on
habituation
Welfare assessments (e.g.,
cortisol levels)
Separate trials for dry cows
vs cow/calf pairs
Visual cue integration to aid
learning

Testing in diverse landscapes

No welfare difference:
Similar stress (faecal
cortisol) and behavior
between VF and EF
Equal growth rates: No
difference in daily weight
[74] gain
Learning curve: Shock
frequency decreased after
initial period
Individual variation:
Different learning speeds

among calves

Short duration: 21-
day grazing period
Limited population:
Dairy-origin calves
only
Missing specs: No
VF pulse details
provided
Single stress
measure: Only
cortisol metabolites

analyzed

Longer-term studies
Breed/age comparisons
Standardized VF parameters
Multi-measure welfare

assessment

No cortisol changes
(20.6+5.23ng/g) over 18

[17] o
days; stable individual

levels (12-42ng/g); supports

noninvasive monitoring.

Small sample (n=5);
short duration; no
control group;
methodological

cortisol variability;

pregnant cows only.

Larger samples; longer
studies; include controls;
standardize cortisol methods;

diverse physiological states.

Electric shocks in farm
management (fencing,
trainers, prods) inherently

[70] cause pain, raising ethical

concerns unless justified by

welfare benefits. Virtual
fencing allows controlled

shocks but may

Reliance on
manufacturer data
may underreport

risks. Long-term

behavioral impacts
(especially in sheep)

were insufficiently

explored. Gaps in

Longitudinal welfare studies,
interdisciplinary research
(ethics/tech/economics), and
development of non-aversive

alternatives.
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disproportionately affect
slow learners. Technologies
like prods/poultry wires
were deemed ethically

indefensible due to stress.

validated non-

aversive alternatives

(e.g., tactile collars).

Societal
desensitization to
animal pain was

theorized but not

tested.
PLF tools (RFID, GPS,
accelerometers) enable
o Battery
monitoring of health, ] o
life/transmission

behavior, and pasture use.
Virtual fencing reduces

infrastructure but has

Improve battery/connectivity
solutions; cost reduction;

standardize virtual fencing

range constraints,

high costs, variable

[57] .
o animal responses to
welfare/response variability. . . )
i virtual fencing, protocols; integrate
Remote sensing ) i
. . remote sensing sensor/remote sensing data.
(UAVs/satellites) aids
) accuracy affected by
biomass assessment, though ;
. . i ) vegetation/weather.
integration with sensors is
limited.
Rapid learning: 89% L
o ) Limited to adult
reduction in electric pulses . ) )
i Limousins Long-term welfare studies (6+
over 4 trials ]
) ] Short duration (21 months)
Effective containment: 92% ) .
o ) days) Multi-breed trials (Angus,
success rate in final trial )
) Single-breed study; Hereford)
No chronic stress: HCC o o o
. group training Individual training
[61] levels remained stable .
. effects; Calf-specific protocols
(A=0.07ug/g). No hair . . .
) No pasture Grazing efficiency metrics
cortisol changes; breed- o . ] )
. ) utilization data Standardize virtual fencing
specific learning. ] ]
. ) . Small cortisol protocols; integrate
Behavior adaptation: Audio .
L sample (n=16); 2G sensor/remote sensing data.
response time improved by
dependency.
65%
Small sample (n=12); .
o . Larger, diverse samples;
Significant learning; herd no control; short-
o controls; long-term welfare;
[41] behavior influenced term focus; sheep- -
o ) cattle-specific sensors;
responses; no activity calibrated _
. multiple
changes post-stimulus. accelerometers; )
) breeds/demographics.
single breed.
eShepherd VF contained Short duration (10 ) )
o ) Longer studies with herd
cows 299% in inclusion days/treatment); no T ) )
) o replication; device design
[10] zones but not fully in herd replication; . o
improvements; testing in

exclusion zones. EP/audio
tone (AT) ratio dropped to

neckband abrasions ) )
varied terrains.

in dairy cows;

d0i:10.20944/preprints202505.0361.v1
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0.18 £ 0.27. Pasture
depletion had minimal
impact (<28 sec/hr in
exclusion zones). Uniform
grazing near VF, unlike dry
cows (Lomax et al., 2019).
Comparable welfare/energy

intake to electric fencing.

excluded grazing-

function audio cues.

VF initially matched electric
fencing in welfare metrics,
but days 4-6 showed

Small sample (n=30);

early termination;

Improved collar design; long-

[12] reduced activity/grazing ; o term welfare studies; visual
) . cortisol variability; ] )
and higher cortisol. Early . . cue integration.
o no visual cue testing.
termination due to
neckband abrasions.
Dairy cattle contained Non-lactating cows
successfully (89% time in used; short )
) ) o . Include lactating cows;
inclusion zone). No restriction period; o )
. o . . . longer restriction periods;
[55] difference in stimuli GPS inaccuracies )
. improve GPS accuracy; larger
between fresh/residual (8.4m buffer); small )
. ) samples; assess social
pasture days. Diurnal sample (n=10); social i ]
. . Interactions.
activity patterns observed dynamics not
near boundaries. measured.
Sensor accuracy
o lacked
Digital tools (GPS collars, o
) standardization.
drones, virtual fences) .
. i GPS errors in dense
improved health/behavior ) ) o
o . vegetation. Standardized validation
monitoring. Virtual fences )
[75] _ Small/long-term protocols, ethical frameworks
had mixed welfare . . . .
L virtual fencing trials. ~ for shock use, and adaptive
outcomes due to individual
. L Drone stress data tech for remote pastures.
learning variability. Drones o
) . was limited.
risked stress if flown too .
Connectivity/battery
close. ) )
issues in remote
areas.
Cows learned VF
] ) Small sample (n=9);
boundaries but relied on o _
) . short training; Larger/longer studies;
visual cues (e.g., white o ) ]
i directional improved audio cue
tape). Removal of visual o ) S o ]
[27] ambiguity of audio  directionality; integration of

cues increased boundary
challenges. Reduced
grazing/rumination during

training suggested stress.

cues; no social
learning analysis;

unquantified stress.

social learning; physiological

stress measures.
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[76]

Group-trained cows relied
more on social cues;
reduced paired stimuli
(45%—14%).

Technical failures;

short tests (10min);

artificial setting; feed

motivation declined.

Improve collar reliability;
longer tests; pasture
applications; sustained

motivation methods.

[56]

Virtual fencing (VF) collars
effectively contained dairy
cows (99% success rate),
with reduced stimuli over
time (EP:AT ratio dropped
from 20% to 12%),
indicating learning.
However, individual
variability was high, and
some cows avoided fence
zones, suggesting welfare

concerns.

Short duration (6
days), no
physiological stress
measures (e.g.,
cortisol), non-
lactating cows,
pasture quality not
measured, and
proprietary collar
algorithms limited

transparency.

Longer trials with larger
herds, physiological welfare
assessments with lactating
cows, quantify pasture, and
transparent collar specs for

reproducibility.

Virtual fencing contained
cattle as effectively as
electric tape over 4 weeks,
with 71.51% of interactions
using only audio cues. No
difference in fecal cortisol
metabolites (stress
indicator) between groups.
Slightly reduced lying time
(<20 min/day) in virtual
fence groups (P=0.02) but
within normal range.
Weight gain differences
between cohorts suggest
environmental factors

influence results.

Short duration (4
weeks); technical
malfunctions in
neckbands; pasture
quality not
quantified; small
sample size
(n=8/group);
individual
temperament not

assessed.

Longer-term studies;
improved device reliability;
quantify pasture quality;
larger sample sizes; assess
individual temperament

effects.

[77]

Fog-enabled WSN with
edge mining (IEM) achieved
83-95% activity
classification accuracy,
reducing cloud
dependency. Energy-
efficient but performance
depended on parameter
tuning (y, €). Jerky motions

reduced accuracy.

Used human (not
cattle) acceleration
data. Parameter
sensitivity required
cloud optimization.
Limited to binary
activity states (e.g.,
standing/walking).
Scalability in large

herds untested.

Species-specific algorithm
training, on-farm parameter
optimization, and broader
behavioral classification (e.g.,

grazing/lameness).

[78]

Precision tools (e.g.,

Grasshopper rising plate

Limited validation in

commercial

Wider validation in diverse

climates, improved GPS
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meter, PastureBase Ireland) pastures, GPS robustness, and cost-effective
improved pasture dependency, and scaling for small farms.
management accuracy (12 = lack of long-term
0.99). Virtual fencing welfare data.
enabled dynamic grazing
but required GPS reliability.
CID’s cowbell-shaped Larger-scale trials, peer-
. . Small trial (n=50), ) . .
tracking collar provided - . reviewed durability testing,
durability claims
[35] real-time grazing and milk and alternative data

) ] ] unverified, reliance o
yield data, integrating GPS . transmission (e.g.,
on mobile networks.

and virtual fencing. LoRaWAN).

Stationary speakers

Broadcast audio cues (8kHz caused variable
tones, dog barks) reduced exposure. Small
cattle presence near sample (n=24), Mobile sound systems, field
[69] speakers but habituation artificial paddock testing in diverse terrains,
risks and inconsistent sound  setup. Uncontrolled and integration with
levels limited efficacy. variables: age, breed, wearable devices.

Mobile sound delivery may  hearing sensitivity.
improve consistency. No long-term

habituation data.

Abbreviations and Symbols: VF = Virtual Fencing; EF = Electric Fencing; ACs = Audio Cues; EPs = Electrical
Pulses; AT = Audio Tone; PF = Physical Fencing; UAV = Unmanned Aerial Vehicle; NDVI = Normalized
Difference Vegetation Index; RGBVI=Red-Green-Blue Vegetation Index; FCM = Fecal Cortisol Metabolites; HCC
= Hair Cortisol Concentration; W = Kendall’s W (coefficient of concordance); A = Change; 1 = Increase; | =

Decrease; n = Sample size; r = Correlation coefficient.

6. Conclusions

Virtual fencing technology has emerged as a transformative tool in precision livestock farming,
offering a flexible and labor-efficient alternative to traditional fencing. Studies demonstrate that cattle
rapidly learn to associate auditory cues with mild electrical stimuli, achieving high containment rates
(290%) with minimal long-term welfare impacts, as evidenced by stable cortisol levels and normal
behavioral patterns. However, short-term behavioral disruptions and occasional collar-related
abrasions highlight the need for optimized device design and training protocols. The integrated
findings suggest that VF can significantly enhance pasture management by enabling dynamic
rotational grazing, protecting sensitive ecosystems, and reducing labor costs. However, challenges
such as high initial costs, connectivity limitations, and individual animal variability must be
addressed for broader adoption. Regulatory standards should ensure welfare-compliant designs,
while farmer education programs can facilitate smoother transitions to VF systems. The novelty of
VF lies in its integration of GPS tracking and behavioral conditioning, providing a scalable solution
for sustainable livestock production. Future research should focus on long-term welfare assessments,
cost-effective scalability, and the development of non-aversive stimuli. As the technology evolves,
VF has the potential to redefine cattle management, aligning productivity with environmental and
animal welfare goals.
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