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Advances in technology have led to precision livestock management, a
developing research field. Precision livestock management has potential to
improve sustainable meat production through continuous, real-time tracking
which can help livestock managers remotely monitor and enhance animal
welfare in extensive rangeland systems. The combination of global positioning
systems (GPS) and accessible data transmission gives livestock managers the
ability to locate animals in arduous weather, track animal patterns throughout
the grazing season, and improve handling practices. Accelerometers fitted to
ear tags or collars have the potential to identify behavioral changes through
variation in the intensity of movement that can occur during grazing, the onset
of disease, parturition or responses to other environmental and management
stressors. The ability to remotely detect disease, parturition, or effects of stress,
combined with appropriate algorithms and data analysis, can be used to notify
livestock managers and expedite response times to bolster animal welfare and
productivity. The “Five Freedoms” were developed to help guide the evaluation
and impact of management practices on animal welfare. These freedoms and
welfare concerns differ between intensive (i.e., feed lot) and extensive (i.e.,
rangeland) systems. The provisions of the Five Freedoms can be used as a
conceptual framework to demonstrate how precision livestock management
can be used to improve the welfare of livestock grazing on extensive
rangeland systems.
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Introduction

Projections have shown that the world population will increase
2.9% annually to 9 billion people by the year 2050 (FAO, 2007;
FAO, 2009). The increase in population will require an increase in
food and fiber production of nearly 50%, with a need to increase
meat production by 70%, roughly 200 million tonnes (OECD -
FAO, 2018). Increasing animal production while maintaining and
improving animal welfare will be necessary to fulfill consumer
demand and expectations. However, there is resistance toward
increasing the intensity of agricultural production to meet this
growing demand for food because of concerns about animal welfare
and environmental limitations.

Global grazing ruminant livestock populations, approximately
3.5 billion animals (FAOSTAT, 2020), are produced on 77% (40
million km?) of the total agricultural lands (51 million km?)
(Ritchie and Roser, 2013) which includes both rangelands and
croplands. Rangelands provide biological diversity, ecological
function, carbon storage, and habitat for wild flora and fauna
above livestock production (Lund, 2007). Extensive livestock
operations, especially ruminant livestock such as cattle, sheep,
and goats, throughout the world rely on pasturelands, rangelands,
and forested lands, which are not suited for farming due to limited
precipitation and/or poor tillage feasibility (Lund, 2007; Reeves
and Mitchell, 2011; Bailey et al., 2021). The symbiotic relationship
of micro-organisms and ruminants and non-ruminant herbivores
(e.g., horses, camels and rabbits) allow these livestock species to
utilize vegetation that contains significant levels of cellulose (Van
Soest, 1994). Grasses, forbs and shrubs that are adapted to non-
tillable semi-arid, arid, rocky and steep lands can be eaten by
livestock and help feed the increasing human population.
Livestock managed under extensive systems often forage on
lands which are expansive, rugged, and/or mountainous (Bailey,
2016) and the ability for managers to evaluate the well-being and
health of these grazing livestock is often limited. On such
extensive landscapes, frequent observations are typically not
practical because of large travel distances and rough terrain.
Sensor technology, including real-time global positioning
systems (GPS), can be used to improve a livestock managers’
ability to locate livestock and determine their well-being (Bailey
et al., 2021).

Development and improvement of technologies has been
key to increasing farm productivity (Balaine et al., 2020).
Cameras, real-time GPS tracking, and sensors have been
successfully used by livestock managers to remotely monitor
livestock and detect animal well-being concerns (Herlin et al.,
2021). Many sensors, such as accelerometers, are difficult for
livestock managers to use in their management systems because
they produce large and complex data sets that are difficult to
process, analyze, interpret, which limits their ability to provide
effective decision support tools (Werkheiser, 2018). Technology
that remotely monitors livestock and implements that data into
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precision livestock management (PLM) schemes are quickly
being developed at commercial levels for large- and small-scale
livestock managers (Bailey et al., 2021).

Precision livestock management (PLM) has the potential to
benefit both the livestock manager and the animal. Research
focusing on PLM can improve our understanding of animal
behavior changes facilitating management action before
performance and well-being of the animal are compromised
(Ikurior et al., 2020). The objective of PLM is to create “a
management system based on continuous automatic real-time
monitoring and control of production/reproduction, animal
health and welfare, and the environmental impact of livestock
production” (Berckmans, 2014). Termed “precision”, PLM
provides livestock managers opportunities to improve data
driven and proactive decisions, compared to traditional
management where monitoring data are limited and
management actions on extensive rangelands are typically
reactionary. The motivation behind PLM is to observe the
individual animal (fine-grained) rather than pens, buildings, or
herds because the individual has needs (e.g., nutrition, health
and physiological needs, etc.) that are different from the herd
average (Werkheiser, 2018).

During the last 20 years, livestock grazing behavior research
has been enhanced due to the development of GPS tracking
(Bailey et al., 2018). Commercially available GPS tracking collars
are often cost prohibitive to use within a commercial livestock
operation with some costing up to $2,000 USD or more per unit
(Anderson et al., 2013). However, relatively inexpensive GPS
models are being developed with readily available GPS
components that can be purchased off the shelf and retrofitted
with larger batteries and homemade collars (McGranahan et al,
2018; Knight et al., 2018a; Karl and Sprinkle, 2019). Karl and
Sprinkle (2019) built their collars for less than $60 USD per unit,
but indicated that their design had some problems with
reliability, battery life, and GPS fix frequency. The cost of
tracking is not only the purchase price of the GPS unit, but
the time and skill required to process data which can be time
consuming and require unique expertise (Knight et al., 2018b).
With improved technologies, increased availability, and reduced
cost, cost-effective units can be used and more animals in a herd
can be tracked, which increases the ability of livestock managers
to monitor more individuals within commercial scale livestock
herds. Until recently, GPS location data were usually only used
in research settings with data stored on the device. Data storage
on the device prevented access to information unit the GPS unit
was removed from the animal, which may be only once or twice
per year (Bailey et al, 2018). Greater access to data with
LoRaWan technology and satellite transmission will improve
the real-time nature and applicability of PLM technology (Casas
et al., 2021). Livestock managers need frequent and accurate
tracking data to utilize the information in their decision-
making process.
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In contrast to GPS that tracks movement, accelerometers
have helped researchers monitor activity and behavior of sheep
(Alvarenga et al., 2016; Guo et al., 2018; Barwick et al., 2018b;
Fogarty et al., 2020a), beef cattle (Poulopoulou et al., 2019;
Sprinkle et al., 2021; Chang et al., 2022), and dairy cattle (Thorup
etal, 2015; Bar et al,, 2019; O’Leary et al., 2020). Accelerometers
typically record animal movement in three axes (triaxial),
measuring both gravitational and inertial acceleration
(Watanabe et al., 2008; Brown et al., 2013; Alvarenga et al,
2016; Barwick et al., 2018b; Fogarty et al., 2020b). For example,
accelerometers mounted to ear tags and halters can detect side to
side (x axis), forward —aft (y axis) and up and down movements
(z axis). Currently available accelerometers monitor these
movements at 12 to 25 hertz (12 to 25 data points per
second). Algorithms can integrate measurements of these three
axes to create metrics such as intensity of movement, energy,
pitch, and roll (Campbell et al, 2013; Alvarenga et al., 2016).
These metrics may be more useful for predicting livestock
behavior with machine learning, or other types of artificial
intelligence, than the separate analysis of each axis (Fogarty
et al., 2020c). While potential for using accelerometers is high in
practice, researchers must continue to develop and refine
accelerometer based algorithms used on extensive rangelands
to identify and predict specific behaviors (e.g., grazing vs resting)
and inform managers of animal concerns (e.g., parturition
or sickness).

The use of real-time GPS and accelerometer devices could
improve livestock managers’ ability to identify livestock welfare
issues on extensive rangeland pastures which require large tracts
of land to provide sufficient forage for their herds. Precision
livestock management is also being implemented in many
intensive operations such as dairies and feedlots (Hartung
et al, 2017; Abeni et al, 2019; Rosa, 2021). As opposed to
extensive operations, intensive livestock operations usually have
access to electrical power and internet availability (wifi), which
facilitates transfer of data from the sensors to internet or
computers for processing and analyses. Recent developments
in Long Range Wide Array Networks (LoRaWAN), Internet of
Things (I0T), and satellite technologies is making transmission
of data from sensors to the internet for processing and delivery
to livestock managers more feasible and cost effective (Tzounis
et al,, 2017; Sanchez-Iborra et al., 2018; Suji Prasad et al., 2021).
Although these technologies are evolving there are many
challenges. Mountainous and rugged topography limits line of
site transmission and can decrease the range and viability of
LoRaWAN gateway and cellular reception of tracking and
sensor data. LoORaWAN gateways can be strategically placed to
help overcome the impact of rough terrain on line of site
transmissions, but this increases initial costs and maintenance.
Satellite based transmission may work well in mountainous and
remote locations with limited or no cellular reception, but the
initial cost and data transfer fees (often a subscription) are more
expensive that other solutions. The continued development of
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asset tracking will facilitate development of technologies to
transmit sensor data from livestock grazing extensive pastures
to the location for data processing (e.g., internet) and
subsequently to the manager (Elijah et al., 2018).

With new advances in technology allowing for PLM,
livestock producers and researchers now can further our
understanding of best management practices and enhance
animal welfare. The “Five Freedoms” were developed to guide
the standards and management practices within intensive
livestock production systems (Farm Animal Welfare Council,
2009). These five freedoms for animal welfare include 1)
freedom from thirst, hunger, and malnutrition, 2) freedom
from discomfort, 3) freedom from pain, injury and disease, 4)
freedom to express normal behavior, and 5) freedom from fear
and distress. The use of the five freedoms and concerns for
animal welfare differ between extensive systems and intensive
systems (Petherick, 2005) because of the effort and cost to
observe animals on the rugged topography and large paddocks
that are typical for rangeland livestock production. Rutter (2014)
introduced the concept of using smart technologies to monitor
and manage livestock on rangeland systems, but little research
was available at that time to explore how livestock well-being
could be monitored remotely. A systematic review by Fogarty
et al. (2019) evaluated the use of on-animal sensors to monitor
sheep welfare using the five domains model. From this review,
authors identified that the number of studies specifically which
used on-animal sensors to detect welfare concerns of sheep are
limited. Manning et al. (2021) uses the five domains to evaluate
the potential of on-animal sensors to remotely assess animal
behavior and well-being and to help monitor compliance with
legislation directed at livestock welfare. The objectives of this
paper are to discuss the potential of specific applications of PLM
within extensive livestock production systems to remotely
monitor animal wellbeing using the concepts first described by
the “five freedoms of animal welfare” so that managers can
prevent issues and promptly resolve concerns (Table 1).

Application of PLM to the
five freedoms

The Five Freedoms have been criticized and alternative
systems such as the Five Provisions, Five Domains and a Life
Worth Living have been developed (Mellor, 2016a; Mellor,
2016b; Mellor, 2017). One of the criticisms of the Five
Freedoms is that they concentrate on negative effects
(McCulloch, 2013). Originally developed as an animal welfare
assessment process (Mellor and Reid, 1994), the Five Domains
now includes positive effects (Mellor and Beausoleil, 2015). To
ensure livestock have “Lives Worth Living”, Mellor (2016b)
suggests that negative experiences should be minimized and
positive experiences should be emphasized. Mellor (2016a;
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TABLE 1 Non-exhaustive listing of precision livestock management technologies, derivable metrics from each device, and examples of metrics

which could identify issues related to each of the five freedoms.

Freedom from
discomfort

Freedoms from
thirst, hunger,
and malnutrition

Sensor Available
technology  metrics

Accelerometer  Movement Increasing movement  Detection of panting from
intensity intensity during water  heat stress
Energy deprivation
Entropy

GPS Tracking  Distance Increasing distance Increased time spent near
traveled from peers throughout or within riparian areas,

Distance from grazing season from water sources or shade

water forage defoliation during heat stress

Distance from

peers
Location
UAV NDVI Limited forage Increased concentration
Forage availability and of animals near water or
quantity potential decrease in shade because of heat
Forage quality animal intake stress
Real-time
location
Stationary Consumption Decreased water Increased water intake
Sensors quantity consumption during and frequency of visits
Consumption  water system failure during heat stress
frequency Reduced frequency of
Obstruction water visits from water

contamination

Examples of potential welfare issues are also included.

2016b, and 2017) also contends that the advancements in the
understanding of biological process are not included in the Five
Freedoms concepts. Webster (2016) argues that the Five
Freedoms continue to have value, because they are simple and
clearly outline appropriate management actions. For this paper,
we do not attempt to access mental state or directly measure
welfare status. Instead, we describe how tracking, accelerometers
and other sensors may be able to help managers identify
situations when rangeland livestock may need attention and
allow them to respond more quickly. The Five Freedoms
facilitates that discussion and allows to organize the paper in a
concept that readers are familiar with.

Freedom from thirst, hunger,
and malnutrition

The most important nutrient for livestock is water and the
most critical livestock well-being concern is water availability on
extensive rangelands (Bailey, 2016). Typically, water
requirements range from 3-6 liters per day for sheep and goats
(Sykes, 2017), 20 liters per day for horses (Swinker, 2014) to
more than 100 liters per day for lactating cattle (Rasby and Walz,
2011). Water in many rangeland livestock operations is provided

Frontiers in Animal Science

04

Freedom Freedom to express Freedom from fear
from pain, normal behavior and distress
injury, and

disease

Change in gait Detection of rumination which Increased nighttime

from lameness can be used to monitor normal
Reduced

movement

movement intensity
feeding and digestion patterns associated with predator
presence

intensity from

illness

Reduced velocity Concentration of

from lameness or

Changes in diurnal movement
patterns or reduced travel could
indicate inability to inability to
express normal behavior

livestock or changes in
diurnal pattern associated
with predator presence

illness

Limited daily
travel range from
lameness, illness
or parturition

Increased time Typical forage defoliation rates, Limited gazing sites,

standing in/near  consumption of palatable forages  overutilization could

water because of ~ would suggest normal behavior result from predator

illness or injury presence

Reduced/no water ~ Typical water intake Reduced intake of water

intake from injury from distanced tanks

or disease

to livestock from remote wells powered by electricity, windmill,
or solar power. Failure of these water systems can lead to
devastating consequences and must be addressed immediately
to maintain animal welfare. The ability of livestock managers to
visually monitor water availability is time consuming and, at
times, labor intensive. Water tanks are often located in areas that
require travel on unimproved and primitive roads or on
horseback. Use of PLM technologies to monitoring livestock
water systems remotely could improve managers’ ability to
identify issues sooner and minimize the chance the livestock
not having access to adequate water.

Desert adapted cattle can turn over roughly one-third of
their body water per day during the summer months (Siebert
and Macfarlane, 1969). Water deprivation within the first
24 h is rarely fatal but there is a loss of appetite and
mobilization of body fat reserves (Marques et al, 2012).
Effects of water deprivation on cattle become more critical
after 24 h. Cows can lose 20% body weight within 3 d and die
within 5 d of water deprivation (Siebert and Macfarlane,
1975). During periods of dehydration and heat stress,
animals will increase sweating and panting. Panting allows
the blood passing through the nasal area to cool, keeping the
brain temperature lower than the body (Robertshaw and
Damiel, 1983; Baker, 1989).
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Panting and other observations such as decreased
movement, heavy breathing, and lack of coordinated
movement are signs of heat stress. These behaviors could
potentially be identified by accelerometers and GPS-tracking
and used to remotely monitor livestock for heat stress. Williams
etal. (2019) used an accelerometer placed within neck collars on
12 tropical beef heifers to determine if drinking behavior of cattle
could be identified remotely. The accelerometer was able to
identify drinking, walking, standing (head up) and standing
(head down) behaviors. Accelerometers proved to be a viable
tool to record cattle drinking behavior.

Tobin et al. (2021b) provides the background and proof of
concept for the use of real-time GPS to detect water
infrastructure failure. To our knowledge, this is the first
research that uses on-animal sensors to identify water system
failures. The research was conducted near Prescott, AZ in a
pasture with one water source. Store-on-board GPS tracking
data detected differences in minimum animal distances from
water, where animals remained near water during a simulated
drinker failure. After cattle initially approached the water
location, GPS tracking verified that distance to water was less
during simulated water failure compared to normal watering
events when cattle traveled out of the watering area after
drinking and rested several hundred meters away. Movement
intensity (MI) calculated from accelerometer data showed an
increase in activity during the simulated water failure trials
compared to the previous normal watering events.

Stationary sensors, such as radio frequency identification
(RFID) readers and cameras, provide valuable animal behavior
data in intensive systems including drinker and feeder visit
duration, intake rates, and drinking rates (Chapinal et al,
2007; Allwardt et al, 2017). In an extensive system, these
stationary sensors can identify time of day, frequency, water
intake, and associated differences due to weather variability and
water availability (Williams et al., 2020). A potential issue with
utilizing stationary sensors includes animals’ refusal to drink due
to contaminated water caused by stagnation or death of other
animals. The combinations of on-animal and stationary sensors
can bolster livestock managers’ ability to monitor water intake of
their herds

In addition to water, livestock require adequate supplies of
forage. Livestock on extensive rangelands can roam freely in
search of forage to satisfy their nutritional requirements. Unlike
intensive systems, where feed is typically provided to livestock
(e.g., feed bunk), ranchers must determine if there is sufficient
forage and if the grazing use has reached a desired level. Failure
to observe grazing levels can lead to overgrazing and associated
adverse impacts to vegetation. Monitoring forage availability and
vegetative utilization is time consuming. Sampling methods such
clipping small plots to determine biomass availability and
measurement of stubble heights to determine forage utilization
provide quantitative data, but they are time consuming and
estimates often lack precision because grazing use within
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extensive rangeland systems is often highly heterogenous
based on topography, distance from water, and other variables
(Raynor et al, 2021). Qualitative visual estimates for forage
availability and utilization require skill and experience to provide
accurate information, and these techniques still require time to
travel and observe pasture conditions. Remote sensing can be
used to determine available forage and potentially estimates of
nutrient content (Jansen et al., 2021b). Currently, the cost of
acquiring aerial or satellite imagery and cost and expertise
required for processing and interpreting remote sensing data
limits its application to commercial livestock operations that rely
on extensive rangeland, forest lands and pastures (Knox et al.,
2012; Pringle et al., 2021). However, programs like the rangeland
analysis platform are getting closer to providing frequent
updates on biomass availability across wide regions of the
United States based on remote sensing (Jones et al., 2021;
Jansen et al., 2021a).

Determining when to move livestock out of a pasture is a
balance between using available forage throughout the pasture
and preventing overuse of preferred forage and grazing areas.
The use of PLM could help managers determine if forage
availability was reaching a level that may limit animal intake
and result in resource damage (Bailey et al., 2021). Determining
when to move livestock to a new pasture is a critical issue for
rangeland livestock operations. Cheleuitte-Nieves et al. (2020)
used GPS tracking to determine environmental and landscape
influences on cattle distribution in South Texas. They GPS
tracked 31 free ranging Angus x Bonsmara cows (Bos taurus)
on 457-ha and detected seasonal differences in animal
dispersion. During the growing season, when forage is more
abundant animals disperse more than during the dormant
season (Sato, 1982; Owens et al., 1991; Cheleuitte-Nieves et al.,
2018). Findings from other regions, particularly northern,
mountainous and arid locations, indicate that cattle tend to
congregate more during the growing season and disperse during
the winter, dormant season (Dudzinski et al., 1982; Lazo, 1994;
Howery et al., 1996; Harris et al., 2002; Harris et al., 2007).
Uneven grazing distribution limits the effective carrying capacity
of a pasture (Holechek, 1988; Bailey, 2004). In addition to
resource damage, livestock performance typically declines
when forage availability becomes limited in preferred areas
and animals are forced to travel farther from water and use
steeper terrain to find forage (Hart et al, 1993; Bailey and
Brown, 2011). Remote real-time tracking systems could inform
managers if livestock are concentrating in preferred locations,
and managers could then implement management strategies to
manipulate grazing distribution to help prevent resource
degradation and to ensure animals have sufficient forage
(Bailey et al., 2021).

Livestock social interactions can also be monitored using
GPS tracking (Stephenson and Bailey, 2017; Xu et al,, 2020) and
may provide insight into foraging conditions (Cheleuitte-Nieves
et al., 2020). Tobin et al. (2021a) studied how the time cattle
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spent in close proximity to each other in the pastures was affect
by stocking density in central Arizona to determine if social
associations were affected by forage availability and utilization.
The two cattle herds of similar size (132 to 135 animals) were
tracked simultaneously across two adjacent pastures, high stock
density pasture (312 ha pasture at 0.417 animal units (AU) ha™)
and a low stock density pasture (1096 ha pasture at 0.123 AU ha
1), over a six week period. As utilization of the forages increased,
association levels for both herds decreased and distance traveled
from water increased (Figure 1). These metrics for greater herd
dispersion could potentially be used as indicators to inform the
timing of pasture rotations with real time GPS tracking in
conjunction with visual and quantitative estimates of
vegetation utilization.

Livestock managers largely rely on visual estimations of
biomass quantities and utilization levels. In-field estimation
methods are subjective, can have high observer variability and
bias (Smith et al., 2007), and costly to collect (Caughlan and
Oakley, 2001). Linking tracking and in-field forage monitoring
systems can help inform ranchers where livestock are
congregating and higher levels of defoliation are occurring
compared to other areas. Jansen et al. (2021a) utilized in-field
forage utilization measurements, livestock GPS tracking data,
and pre- and post-grazing Landsat satellite images in
northeastern Oregon to identify appropriate sampling areas
for repeatable and objective monitoring of targeted monitoring
locations. The use of all three methods identified similar broad
patterns of livestock utilization within the pasture including
increased congregation near stock ponds and other key areas

* Beginning of pasture use
« Defoliation levels minimal

FIGURE 1

10.3389/fanim.2022.928514

(Laurence-Traynor, 2020). The incorporation of these systems
will not only improve short-term livestock management but also
help livestock managers make long-term herd-based decisions
regarding changing the breed/species of grazing animal,
improving watering/supplement locations, and pasture
rotations to provide adequate nutrition for their herd.

Freedom from discomfort

During times of extreme heat and cold, grazing livestock
must find shelter in extensive systems to prevent hyperthermia
or hypothermia (Bailey, 2016). Knowing an animal is in
discomfort and then providing supplemental feed, water, and
shelter could be vital to many animals’ survival and well-being.
Known movements of livestock and their use of landscape
resources can be monitored with GPS tracking.

Body temperature is the most important factor for assessing
heat stress in domestic livestock and is closely associated with
health, well-being, and reproductive success (Lewis Baida et al.,
2021). Livestock may not travel as far during hot temperatures
(Herbel and Nelson, 1966) or spend as much time grazing
(Findlay, 1958). Bar et al. (2019) utilized accelerometer-based
tags affixed to collars, which were previously used to classify
ruminating, resting, and grazing behaviors, to successfully detect
heavy breathing/panting in dairy cattle when subjected to heat
stress. Rumen boli can be useful for monitoring body core
temperature of livestock and would be useful for detecting
heat stress (Lewis Baida et al., 2021). Livestock responses to

*  After significant defoliation of the pasture
« Indicator that cattle should be moved to a new pasture

Example of the informative value of associations among animals within the herd. Tobin et al. (2021a) found that as utilization level of forages
increased, the assocation between animals decreased for both high and low stocking density managed herds. Tracking data and precsion
livestock management (PLM) techniques could potentially inform the timing of pasture rotations through changes in behavior of individuals

within the herd
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heat stress could potentially be determined by real-time GPS
because animals may move to areas with water (e.g., riparian
areas) and shade in response to high temperatures (DelCurto
et al,, 2005; Cheleuitte-Nieves et al., 2020). Providing shade can
improve production in high temperatures and humidity
(McIlvain and Shoop, 1971) and reduce radiant heat load
(Bear et al., 2012). However, Davison and Neufeld (2005)
found that the construction of shade structures did not reduce
cattle use of riparian areas. Real-time accelerometers, GPS, and
remote sensing have the potential to identify symptoms
associated with heat stress and inform livestock managers so
management decisions can be made instantaneously.

Cold stress is also a concern for animal discomfort. During
periods of extreme cold, wind, and rain, cattle will gather
together near shelter and stand with their hind quarters facing
the wind (Vandenheede et al., 1992; Gregory, 1995). In extensive
rangeland systems, livestock typically seek sheltered or protected
terrain during cold and windy weather (Black Rubio et al., 2008).
Livestock tend to also decrease feed consumption during cold
stress (Gregory, 1995). Real-time GPS and accelerometers could
potentially be able to detect when livestock are not responding
well to cold stress during periods of low temperatures and high
wind speeds. If livestock do not travel and graze in preferred
areas based off historic information and congregate with limited
movement it might be a sign of cold stress and indicate a need
for additional management to provide supplemental feeding or
shelter. Taylor et al. (2011) found that recently shorn sheep
utilized shelter significantly more than the remainder of the
paddock. Beaver and Olson (1997) found that older, more
experienced cows used protected areas during cold and windy
weather more than younger, less experienced cows. If identified,
cattle could be moved to pastures with more natural protection
with rough topography (Olson and Wallander, 2002) or areas
with evergreen tree cover (Black Rubio et al., 2008). They could
also be moved to areas with constructed shelters.

The potential for real-time GPS tracking and accelerometer
monitoring to detect cold and heat stress needs to be studied in
more detail, and there is a great opportunity for improving our
understanding. Tracking and physiologic status of livestock
should be examined in a variety of weather conditions and in
landscapes with variable topographic features and availabilities
of natural and man-make shelter and shade. Sensor data could
provide another managerial tool to improve livestock’s freedom
from discomfort on rangelands.

Freedom from pain, injury and disease

Application of PLM has the potential to significantly benefit
livestock and livestock managers. Prey animals, including
livestock, will hide signs of stress and pain, and fail to show
symptoms to livestock managers (Underwood, 2002). The use of
sensors, such as accelerometers and GPS, could detect
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subclinical issues related to disease and parasitism before
production is affected (Ikurior et al., 2020; Tobin et al., 2020).
The effects of disease cause a wide range of behavior changes
in livestock.

One of the leading livestock welfare concerns is lameness
(O’Callaghan et al., 2003; Rushen et al., 2007; Adams et al,
2017). The use of tri-axial accelerometers could be beneficial in
the detection of abnormal gait patterns due to lameness. Barwick
et al. (2018a) used an accelerometer attached to an ear tag to
detect lameness in sheep. Quadratic discriminant analysis of the
accelerometer data predicted selected behaviors including
lameness with accuracies > 95%. Lameness could be
categorized as a change in behavioral state and with the
addition of real-time systems could alert livestock managers
within hours rather than the historical timeline of days needed
by visual observation. Williams et al. (2016) used GPS tracking
and machine learning to detect lameness in dairy cows grazing
pastures. Discriminant analyses were able to detect lameness in
pasture-based dairy cows using the combination of GPS tracking
and accelerometers (Riaboff et al., 2021).

Accelerometer applications could help determine the onset
of diseases by monitoring changes in livestock behavioral
patterns. Tobin et al. (2020) identified reduction in daily
movement intensity (MI) during the day of observation and
diagnosis of bovine ephemeral fever (BEF) in two tropical beef
heifers compared to their behavior two days prior to diagnosis.
Results from this study suggest that detection should be based on
changes from an individual’s normal behavior rather than
comparison to other animals. Tkurior et al. (2020) assessed
sheep movement intensity and performance when inhabited
by gastrointestinal nematode infection using accelerometers.
Ram lambs, aged 9-10 months, were fitted with a mating
harness with attached accelerometers recording at 30hz.
Analyzing MI, they found a reduction in activity in untreated
lambs compared to lambs treated with anthelmintic. Heavier
lambs at the beginning of the study were affected more by
nematodes and displayed less activity (lower MI) than
lighter lambs.

Parturition requires increased observation and livestock
management to reduce offspring susceptibility to disease,
decrease offspring mortality, and improve animal well-being
(Meijering, 1984; Mee, 2008; Cornou and Kristensen, 2014;
Chang et al,, 2020). The most common complication during
parturition is dystocia. Dystocia births refers to the an abnormal,
prolonged, and/or difficult labor (Meijering, 1984; Mee, 2008)
which can decrease offspring vigor and increase the likelihood of
stillborn offspring (Riley et al., 2004; Barrier et al, 2012).
Monitoring of the animal during all stages of parturition may
allow for identification and earlier intervention by the producer
(Dobos et al.,, 2014). Holmoy et al. (2012) found that odds of
neonatal loss were 30% greater in flocks where farm staff were
not regularly present compared to flock which were
continuously monitored. Using accelerometer sensors and GPS
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tracking have the potential to identify common unobservable
behaviors associated with parturition including reduction in
drinking and feeding, seeking sheltered areas, increasing
standing, and reduction in rumination (Chang et al., 2020).

As parturition begins in livestock, the dam undergoes several
behavioral and physiological changes. The beginning of
parturition can be observed by an increase in time standing
compared to levels pre and post-parturition (Huzzey et al,
2005), an increase in standing compared to lying (Chang et al.,
20205 Gurule et al., 2021b), and isolation from the group (Dobos
etal., 2014). The application of accelerometers and GPS tracking
can improve livestock managers’ ability to identify parturition
behaviors and provide assistance to both dam and offspring
(Fogarty et al, 2021). Dobos et al. (2014) utilized Global
navigation satellite system technology to track 20 pregnant
ewes grazing a 1.6 ha paddock. Results from that study suggest
that location tracking can help identify individual isolation from
the flock during the day of parturition, decrease daily speed
during the day of and up to three days after parturition. Gurule
et al. (2021b) attached accelerometers to ear tags which were
affixed to 13 pregnant ewes, observed behaviors including
feeding, laying, licking lamb, licking salt, contractions,
standing, and walking, and then applied machine learning to
predict parturition and behavior. Results from this study suggest
that some behaviors may be difficult to predict but changes in MI
and individual accelerometer axis data can be used to help
detect parturition.

Rumination is a key behavior for several grazing livestock
species. The process of chewing and ruminating assists in
reducing feed particle sizes, lubricating the feed bolus, and
providing saliva as a rumen buffer and is vital to maintain
efficient digestive function (Beauchemin, 2018). Rumination
time can be reduced by disease (Soriani et al, 2012; Soriani
et al, 2013; Calamari et al,, 2014; Stangaferro et al., 2016a;
Stangaferro et al., 2016b; Stangaferro et al., 2016¢c), heat stress
(Soriani et al., 2013) or calving (Calamari et al., 2014; Chang et al.,
2020). Traditional methods of observing rumination are time
consuming, require dedicated personnel, and are nearly
impossible at the large scale of most pastures throughout the
central and western US and Australia. Chang et al. (2022)
conducted a study utilizing accelerometers affixed to 8 beef cows
to compare different machine learning techniques and epoch
lengths to detect rumination. The results show that individual
rumination can be detected with high accuracy (98.4%) using an
ear tag placed accelerometer. Future research should evaluate if
deviations in an individual’s’ normal rumination to improve real-
time identification of disease, pain, and injury detection.

Freedom to express normal behavior

In extensive rangeland systems, livestock have ample
opportunities to express normal behaviors (Bailey, 2016).

Frontiers in Animal Science

08

10.3389/fanim.2022.928514

Cattle are social animals and associate with other individuals
on rangelands, often creating a synchronization of behaviors.
The expression of normal behavior is unhindered unless
management practices, such as herding and supplementation
(Stephenson et al., 2017; Sprinkle et al., 2021), affect the social
interactions among individual animals. The use of PLM could
improve our ability to identify, and categorize, normal behaviors
in diverse situations and determine if the environment or
management is adversely impacting this behavior.

Many behaviors can be predicted from traveling velocities
calculated from GPS tracking (Augustine and Derner, 2013;
Nyamuryekung’e et al, 2020). Daily activity budgets can be
calculated from predicted behaviors based from GPS tracking or
accelerometers. Daily activity patterns can be affected by season
(Cheleuitte-Nieves et al., 2018; Cheleuitte-Nieves et al., 2020),
forage quality and quantity (Tobin et al, 2021a), and
physiological states of the animals (Werkheiser, 2018).
Distance traveled per day, distance from water, and changes in
grazing locations can be used to determine normal behavior and
also changes in behavior resulting from environmental factors
and management actions. Fogarty et al. (2020b) was able to
classify behavior, determine activity, and detect posture from ear
tag accelerometer data derived from extensively grazing sheep.
Deviations from normal diurnal activity patterns would suggest
an inability to express normal behavior.

Another opportunity to remotely assess livestock’s ability to
express normal behavior may be to monitor rumination.
Rumination is part of a ruminant’s normal behavior. Changes
in rumination patterns can be used to monitor the physiologic
state of livestock and identify metabolic disorders (Stangaferro
et al., 2016a). Abnormal rumination patterns may be a result of
several factors such disease, but abnormal patterns may also
suggest that livestock are consuming diets with excessive or
insufficient levels of fiber (White et al., 2017). Accelerometers
can remotely monitor rumination patterns (Chang et al., 2022)
and potentially grazing livestock can be monitored. Unusual
rumination patterns may be useful for determining conditions
when the diet does not allow livestock to express normal
behavior. On pastures and rangeland this might occur when
forages are very low quality, and managers could potentially
resolve this concern by providing protein supplements (Huston
et al., 2002).

The well-being of adapted cattle is likely better than for
unadapted cattle (Bailey, 2016). Adapted animals may be able to
use rangelands more efficiently and with less stress than unadapted
animals. Adaptation is the result of nature and nurture. Learning,
experiences, and genotype and environmental interactions allow
animals to adapt to local conditions (Provenza, 2008). For example,
Hereford cattle did not travel as far Santa Gertrudis cows during the
summer in the Chihuahuan Desert (Herbel and Nelson, 1966).
Santa Gertrudis cattle are 3/8 Brahman and likely to be more heat
tolerant than Hereford cows. Some cows use steeper and higher
terrain than others (Bailey et al,, 2004) and are likely more adapted
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to mountainous terrain. Real-time tracking has the potential to
provide managers data to identify cows that readily use
steep terrain.

Freedom from fear and distress

Extensive systems allow animals to roam free and generally
livestock are free from fear or stress. However, during certain
periods, mangers must interact with livestock. Pregnancy
detection, calving, branding, and weaning require livestock
managers to interact with their animals (Bailey, 2016). Due to
varying management styles and skills, these interactions could
cause distress and fear during handling and processing for the
livestock (Grandin, 1997). Interactions between livestock and
livestock managers that increase stress and discomfort are
detrimental to an animal’s wellbeing and livestock managers’
attitudes toward their animals. Real-time accelerometers could
indicate higher activity levels resulting from increased anxiety
and stress upon the animal, similar to what is addressed in Tobin
et al. (2021b) when cattle did not have access to water. Hibbard
(2012) describes a method developed by Bud Williams and
termed low stress stockmanship that can reduce stress
livestock incur during handling. Changing handlers or
improving handler skills (e.g., from traditional to low stress
stockmanship) would likely change livestock anxiety and stress
levels. Such changes potentially could be monitored with GPS
tracking and accelerometers similar to Tobin et al. (2021b).

Identification of fearful and distressed animals on rangelands
is vital to evaluate welfare and performance. Monitoring changes
in heart rate can help livestock managers determine the causes of
fearful and distressful situations. Piette et al. (2016) utilized

10.3389/fanim.2022.928514

wearable technology to evaluate mental state of horses using the
actual versus predicted heart rates. The researchers monitored
heart rates during basic metabolism (resting), exercise, and
mental state or stress and found that heart rate peaks could be
matched to stress and behavior with sensitivity and precision of
77% and 78, respectively. Though this method to identify stress
may be difficult for grazing animals, it could provide additional
opportunities to expedite intervention.

Another form of stress livestock experience is predation,
which almost certainly impacts animal welfare and increases fear
and distress of livestock. When experiencing predation,
ungulates may aggregate into larger groups which reduces the
probability of being preyed upon (Hebblewhite and Pletscher,
2002; Figure 2). Clark et al. (2017) found livestock that grazed
mountainous areas and were exposed to wolf presence traveled
less each day than cattle that were not exposed to wolves.
Livestock fidelity to safe habitats could restrict daily
movements and impact livestock diets (Lima and Dill, 1990;
Clark et al, 2017). Cows whose calves were preyed upon by
wolves were more vigilant and spent less time grazing than cows
whose calves were not harmed (Kluever et al., 2008). Evans et al.
(2022) found that ewes traveled further each day during periods
when exposed to predation by wild dogs compared to periods
when the dogs were absent. The application of sensors such as
real-time GPS tracking and accelerometers could be used to
identify when predators may be present. Clark et al. (2020)
found that 84% of cattle —wolf encounters occurred in areas
identified as “high risk areas” from resource selection models of
cattle and wolf tracking data. Congregation of livestock and
reduction in daily distances traveled could be used to alert
managers to implement strategies to minimize the impacts of
predation (e.g., Breck et al., 2011; Breck et al., 2012).

Low predator threat
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Example of the aggregation of ungulates into larger groups (Hebblewhite and Pletscher, 2002) and reduction in grazing sites (Lima and Dill,
1990; Clark et al., 2017) which could be identified by livestock managers via real-time global positioning system (GPS) dashboards. The
identification of predator presence could prompt livestock managers to change grazing location or increase anti-predator management to

improve the welfare of livestock.
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Use of multiple sensors to improve
behavior detection

Grazing livestock on rangelands presents challenges when
collecting data for PLM. Rangelands are large, heterogeneous,
and highly dynamic (Wishart et al., 2015; Morgan-Davies et al.,
2018). Livestock in extensive pastures can damage and lose
tracking equipment which is affixed to their ears and neck (e.g.
Tobin et al, 2021a; Tobin et al., 2021b). Normal grooming,
scratching, and fighting can impact structural integrity while
environmental factors, such as ultraviolet radiation,
temperature, and precipitation can deteriorate cases and
internal electronic connections.

Adding additional sensors to animals will ensure continuous
monitoring and improve accurate readings. The combination of
remote sensing imagery and GPS tracking could help livestock
managers determine management of herds (Jansen et al., 2021a).
The combination of GPS tracking and accelerometer data appear
to be more useful for detecting changes of normal animal
behavior than one type of sensor data. Issues such as water
infrastructure failures could likely be identified sooner using
real-time GPS and accelerometer systems (Tobin et al., 2021b).
Fogarty et al. (2021) incorporated GNSS tracking collars,
accelerometer ear tags, and local weather data into a machine
learning algorithm to detect parturition events in sheep flock
over two consecutive years. The combination of metrics was able
to detect up to 55% of lambing events within 3 hours of
parturition with no false positive prediction alerts. If one or
two false positive predictions were permitted, detection rates of
lambing events were up to 91%.

With additional equipment development, researchers and
livestock managers must scrutinize the size and weight of on-
animal sensors. The acceptable standard for maximum tracking
collar weight has been suggested as less than 5% bodyweight
(Macdonald, 1978). Fit and weight of tracking devices can have
an effect on natural behaviors. Brooks et al. (2008) found that
heavier, ill-fitting tracking collars slowed zebra traveling speeds
during grazing bouts. Ill-fitting collars and additional head mass
may increase foraging costs and reduce bite rates by resting the
tracking device on the lower jaw (Brooks et al., 2008). The use of
tracking devices on the animal body may result in hair loss and
skin abrasions, and must be adjusted if necessary to reduce
strangulation. The weight of ear tags used for tracking and
monitoring with accelerometers must not be excessive or the tag
will damage the ear and fall off. Observations by the authors
suggest that heavy tags can work down the ear causing the ear to
split and resulting in tissue damages. Ongoing studies by the
authors and other researchers are being conducted to determine
the maximum weight for ear tag sensors.

Current use of these devices is often limited due to costs.
With advancements in battery capabilities, connectivity to
cellular and satellite networks, and product competition, the
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cost of these devices will become more affordable to users. An
alternative to monitoring the entire herd would be to track
sentinel animals (Neo and Tan, 2017). Utilizing sentinel animals
would be helpful to track and monitor herd health issues, such as
water infrastructure failure (Tobin et al., 2021b) or exposure to
moldy feed (Gurule et al., 2021a) at a cost of losing the majority
of the individual animal behaviors (Bailey et al., 2021).

Enabling intervention

Precision livestock management has the potential to detect
numerous issues with livestock by tracking deviations from
normal behavior. A goal of PLM on extensive rangelands is to
improve animal welfare by expediting treatment of affected
animals. The application of sensors and their associated
notification systems need to work efficiently to notify livestock
managers of location and potential issues to supply preparation.

One added benefit of utilizing PLM and real-time sensors
would be identifying locations of comprised animals. On
extensive rangelands, there is no possible way in which
animals can be consistently and promptly located to evaluate
and treat without GPS tracking. Although not as accurate and
useful, placement of RFID readers near water or supplement
locations could help identify the time and general area of the
animal by recording the time it approaches the device.

Along with locating compromised animals, the devices could
potentially give managers detected symptoms, such as lameness
or heat stress, to help them prepare supplies for treatment.
Intervention and correction of the wide range of diseases and
welfare concerns that can affect livestock on extensive rangeland
is much more efficient if managers can be prepared. For example,
livestock managers need to take immediate action when dystocia
occurs and intervention is needed. Schuenemann et al. (2011)
found that livestock manager intervention should take place
approximately 65 minutes after feet appearance or immediately
if malposition is evident. Identifying the onset and length of
parturition could improve detection of dystocia to improve
health and welfare for both dam and offspring. Also, treatment
of disease often requires antibiotics which herdsman must have
available to facilitate intervention in extensive pastures.

During the breeding season, male livestock can be affected by
disease (e.g. hoof and foot rot), weather, and other males from
within the pasture and adjacent pastures. These stressors can
limit movement and agility, which can compromise their ability
to mate and lead to poor reproductive performance of the entire
herd (Drake et al., 2011) if the remaining herd sires cannot
compensate. The application of PLM potential could identify
sire injuries during the breeding season for expedited treatment
and replacement.

In some cases, livestock illness and/or injury cannot be
successfully treated and euthanasia is the only practical option,
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and is required for welfare of the animal when quality of life has
diminished (Woods et al, 2010). The ability to locate such
animals on extensive and mountainous rangeland with real-
time tracking prevents excessive suffering because euthanasia
can be provided promptly.

Conclusion

It is difficult, time consuming, and sometimes impractical
for ranchers to visually observe individual livestock on a daily
basis. Correspondingly, many animals grazing extensive
rangelands may become ill and are not treated for several
days to weeks. Real and near-real time sensors could
potentially assess diseases and other well-being concerns
remotely and reduce the time required to find and treat
animals. Technology innovations are facilitating the transition
from store-on-board to real-time sensors, which has facilitated
the development of precision livestock management. Improved
systems will decrease location errors, data transmission, and the
data transfer interval between recording animal locations.
Development of algorithms using current and historic data
has potential to detect changes in animal behavior and
welfare concerns in real-time. The use of these sensors will
provide valuable information to help improve productivity
through improved disease response, infrastructure repairs,
and grazing management. Though PLM systems will vary
among operations, the integration of technologies should
improve animal well-being while grazing rangelands. The use
of on-animal sensors could promptly send alerts of altered
behavior of individual animals rather than relying only on
visual observations to monitor livestock wellbeing.
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