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Precision livestock management has become a new field of study as the result of recent

advancements in real-time global positioning system (GPS) tracking, accelerometer and

other sensor technologies. Real-time tracking and accelerometer monitoring has the

potential to remotely detect livestock disease, animal well-being and grazing distribution

issues and notify ranchers and graziers so that they can respond as soon as possible.

On-going research has shown that accelerometers can remotely monitor livestock

behavior and detect activity changes that are associated with disease and parturition.

GPS tracking can also detect parturition by monitoring the distance between a ewe

and the remainder of the flock. Tracking also has the potential to detect water system

failures. Combinations of GPS tracking and accelerometer monitoring may be more

accurate than either device used by itself. Real-time GPS tracking can identify when

livestock congregate in environmental sensitive areas which may allow managers the

chance to respond before resource degradation occurs. Identification of genetic markers

associated with terrain use, decreased cost of GPS tracking and novel tracking data

processing should facilitate development of tools needed for genetic selection for cattle

grazing distribution. Precision livestock management has potential to improve welfare

of livestock grazing rangelands and forested lands, reduce labor costs and improve

ranch profitability and improve the condition and sustainability of riparian areas and other

environmental sensitive areas on grazing lands around the world.

Keywords: GPS tracking, well- being, grazing distribution, disease, accelerometer

INTRODUCTION

Livestock operations that rely on rangelands and forested lands differ from intensive operations.
Rangelands are typically dominated by grasses and shrubs and occur in non-forested areas that
are not suited for farming because limited precipitation and/or tillage is not feasible because of
soils or rugged terrain (Lund, 2007; Reeves and Mitchell, 2011). Pastures are often expansive
because forage of semi-arid and arid rangelands and forested lands is limited and animals require
extensive areas so that they can harvest sufficient forage to be productive. In contrast to intensive
operations that house their livestock in barns, pens and small pastures, managers of rangeland
livestock operations have difficulty regularly observing their animals (Bailey, 2016). Rangeland
livestock operations often use rugged and mountainous terrain with extensive pastures, which
limits their ability find and visually observe their animals. Checking the health and well-being
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of livestock grazing rangelands and forested lands is time
consuming, and frequent observation of all the livestock is often
not practical and sometime not feasible (Bailey, 2016). The goal
of precision livestock management is to provide a real-time
monitoring and management system that can improve livestock
productivity and welfare. Achieving these goals sustains the
operation and allows the farmer or rancher to respond as soon
as possible (Berckmans, 2014). For rangeland and forest land
livestock operations, precision livestock management may be
more beneficial than on intensive operations.

Livestock distribution is one of the four principles of grazing
management (Vallentine, 2000), and manipulation of livestock
movement patterns is a critical factor for sustainable use of
grazing lands by livestock (Bailey, 2004). Managers must monitor
the spatial use of rangelands and forested lands by livestock
to ensure that areas that are preferred by livestock are not
overgrazed (Anderson and Currier, 1973). For example, cattle
typically spend a disproportionate time in riparian areas, and this
concentrated use can lead to damage to stream banks, fishery
habitat degradation and lower water quality (Kauffman and
Krueger, 1984; Swanson et al., 2015). Managers have numerous
tools to manipulate livestock distribution and resolve concerns
of concentrated grazing in riparian areas and other sensitive sites
including water developments, fencing, strategic supplement
placement, herding, timing of grazing, and use of adapted
animals (Williams, 1954; Leonard et al., 1997; Bailey, 2005).
Riparian areas often make up a small percentage of semi-arid and
mountainous rangelands and forested lands, and excessive forage
utilization levels and trampling can occur quickly if managers
do not intervene and promptly address undesirable distribution
patterns (Wyman et al., 2006). However, the extensive nature
of rangeland pastures, woody vegetation, and rugged terrain
makes it difficult, time consuming and expensive to visually
observe and monitor cattle grazing patterns, especially on a
regular basis (Bailey, 2016; Bailey et al., 2018). With the promise
of real time or near real time tracking (Bailey et al., 2018),
ranchers and graziers can apply precision livestock management
to mitigate undesirable grazing distribution and concentrated
grazing in riparian areas as well as increase uniformity of
grazing in extensive pastures and mountainous topography to
improve the efficiency of forage harvest (Bailey et al., 2017).
Global positioning systems (GPS) tracking can remotely monitor
livestock grazing patterns (Turner et al., 2000), and opposed to
store on board (SOB) technology real time tracking can inform
managers of grazing distribution concerns as they occur so that
they can address the issue as it occurs (Trotter et al., 2010).

The goal of this paper is to describe the potential of precision
livestock management to improve livestock welfare and help
maintain and enhance rangeland health and sustainability. More
specifically, our objectives: are (1) to show how GPS tracking,
accelerometers and other sensors to remotely detect livestock
disease and other animal wellbeing concerns; (2) discuss the value
of monitoring livestock grazing patterns in real time or near
real time with GPS tracking and accelerometers to help prevent
degradation of riparian areas and other habitats, and (3) describe
how data collected from GPS tracking and other sensors must be
condensed, transmitted, processed, evaluated and transferred to

ranchers and graziers so that they can use these technologies in
their day-to-day decision making and management.

Detection of Livestock Welfare Concerns
When livestock become ill, injured, or stressed their day-to-
day behavior changes. Animals have predictable diurnal behavior
patterns that can be monitored and quantified (Gregorini, 2012).
Studies evaluating cattle activity patterns typically show relatively
consistent time allocations to given behaviors, but the time spent
grazing and in other behaviors can vary from site to site and
across seasons. In yearlong studies, Herbel and Nelson (1966)
reported that cattle spent 39 to 46% of their time grazing on
Chihuahaun Desert rangelands, and Schlecht et al. (2004) found
that cows in Germany spent 54–67% of their time grazing. In
an Australian study, Kilgour et al. (2012) found that grazing
patterns of beef steers varied among five properties within a
140 km diameter area of New South Wales. Behavior patterns
can also vary among animals. Gary et al. (1970) observed that
cows in the same pasture could have different grazing patterns.
To detect changes in behavior patterns associated with disease
and other welfare concerns, evaluations of normal vs. abnormal
should ideally be conducted on the same animal or at least
among contemporaries of animals managed together in the same
pasture. For example, current behavior could be compared to
diurnal behavior patterns that occurred in the recent past (e.g.,
the last 7 days).

Remotely Monitoring for Livestock Disease
On rangelands and forest lands, managers must spend a large
amount of time and effort to observe the health of their livestock
(Bailey, 2016). Pastures are often large and extensive, especially in
arid and semi-arid rangelands. Livestock can be difficult to find
because of shrubs, trees and rugged topography. Rough terrain
and woody vegetation also limit the use of vehicles to travel
through the pastures to find livestock. Often there are few roads
and paths through rangeland and forest land pastures. Even all-
terrain vehicles may not be able to access many areas of wooded
and mountainous pastures. Ranchers often use horses to travel
through rangeland pastures to find and observe their livestock.
Correspondingly, observing livestock in extensive and/or rugged
grazing lands is both time consuming and costly.

Accelerometers and other technologies can be used to
remotely monitor livestock behavior and have the potential to
detect animal welfare concerns including diseases (Bailey et al.,
2018). Use of radio frequency identification (RFID) tags and
a GrowSafe feeding system was used to successfully monitor
cattle feeding in feedlots (Mendes et al., 2011). Hanson and Mo
(2014) describe how accelerometers can be used to monitor cow
motion and use these data to evaluate the health andwell-being of
dairy cattle. Accelerometers may be an effective tool to remotely
identify fever, lameness and symptoms associated with feeding
diseases such as ketosis and displaced abomasums (Helwatkar
et al., 2014). Livestock behavior can also be monitored through
GPS tracking with or without accelerometers (Augustine and
Derner, 2013). Velocity thresholds based on Augustine and
Derner (2013) have been used to classify behavior into resting,
grazing and traveling by cattle (Nyamuryekung’e et al., 2020).
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As livestock become ill, diurnal behavior patterns typically
change. For example, calves that have been challenged with
Mannheimia haemolytica spent less time at the grain bunk and
less time at the hay feeder than healthy control calves (Theurer
et al., 2013). In the same study, accelerometers successfully
identified that bacterially challenged calves spent more time
lying than control calves. Hutcheson and Cole (1986) found
that healthy calves spent more time feeding than morbid calves
during their first week in feedlots in a review of 18 studies. The
number feeding bouts of healthy steers was greater than morbid
steers during the first month of feeding in a feedlot (Sowell
et al., 1999). In addition to changes in activity, livestock may
show atypical behaviors and other clinical signs associated with
some diseases. Cattle and sheep with experimentally induced
rabies had the distinct behavioral signs of infection with increased
excitability, aggression, head tremors, and vocalizations (Hudson
et al., 1996). Tobin et al. (2020) conducted a proof-of-concept
study that showed that accelerometers had the potential to detect
diseases such as bovine ephemeral fever in a small pasture
setting. Heifer activity dropped during the 24-h period prior
to diagnosis of bovine ephemeral fever. The change in activity
prior to diagnosis was different from healthy “control” heifers
and different from the ill heifer’s previous activity. More research
is needed to determine robust algorithms for detecting disease,
perhaps specific diseases (García et al., 2020). Also, GPS tracking
and other sensors may be useful for detecting disease.

Parturition Detection
Calving and lambing are critical times on rangeland livestock
operations. Dystocia, predation, illness and other factors result
in early mortality of young livestock (Berger et al., 1992; Bunter
et al., 2014; Hinch and Brien, 2014). Advances in development
of real-time sensors and GPS tracking provide the potential to
remotely monitor for parturition and dystocia which would allow
managers to more quickly respond to associated animal welfare
concerns (Bailey et al., 2018). During lambing, ewes travel less
and separate themselves from the flock, and GPS tracking can
identify these behavioral changes and be useful for detecting
parturition (Dobos et al., 2014; Fogarty et al., 2020b). In addition,
ewes increase the time spent walking, change postures frequently
and are generally more restless prior to lambing, which can be
identified using accelerometers and used to detect parturition
(Fogarty et al., 2020a).

Accelerometers can also be useful for detecting the time of
calving (Saint-Dizier and Chastant-Maillard, 2015; Krieger et al.,
2019). Miller et al. (2020) reported that accelerometers placed
on the tail heads of cows successfully predicted parturition time
of beef and dairy cows. Ongoing research in a New Mexico pen
study found that, variability of head movements was more useful
for detecting lambing than changes in predicted behavior form
machine learning. Preliminary results suggested that monitoring
changes in an individual’s patterns of movements (accelerometer
data) may be more useful than using machine learning to predict
behavior and monitoring changes in predictions. Typically,
behavioral observations and associated accelerometer data are
pooled across multiple animals for machine-learning based
predictions. In contrast, monitoring deviations in an individual’s

movement patterns could be more useful for detecting well-being
concerns, such as parturition. Variability among individuals may
reduce the accuracy of machine learning predictions (Figure 1),
which then limits the value of predicted behaviors for detecting
parturition and other important well-being issues. However,
much more research is needed to confirm these initial findings.

Fogarty et al. (2021) found that distance that a ewe was
from other sheep in the flock was the best metric for remotely
detecting lambing. Mean distance from peers (MDP) and this
distance relative to the flock’s MDP and distance to the closest
peers were all important. These metrics require knowledge of the
position of all animals in the herd (Figure 2). Surprisingly, the
only accelerometer-based metric in the four best indicators of
lambing was posture change. The combination of four metrics
and machine learning was able to detect up to 91% of lambing
events (Fogarty et al., 2021). Detecting the time of calving and
lambing would be beneficial for record keeping and providing
performance and genetic selection data. However, the largest
benefit would be potential to remotely detect dystocia and early
calf and lamb mortality.

When dystocia occurs on rangelands and forested lands, both
the mother and offspring often die because managers cannot
regularly observe all the livestock. Use of real time GPS tracking,
accelerometers and other sensors have the potential to reduce the
time required to find and assist livestock if dystocia occurs. With
real-time GPS tracking and sensors, data can be up-loaded with
internet-based tool into a decision-support software system. If
the algorithms detect parturition is imminent the manager would
be notified with the animal identification, time and location. If
the parturition signal from tracking does not change from calving
or lambing to post-natal activity patterns in a few hours, there
is a good probability there is a problem, and the manager could
be sent another message so that someone could be dispatched to
check for dystocia.

Water System Failure
Water is most critical nutrient and welfare issue for livestock
grazing arid and semi-arid rangelands (Bailey, 2016). Cattle can
lose about 7% of their body weight per day if they are deprived
of water during the summer and die with 5 days of water
deprivation and high temperatures (Siebert and Macfarlane,
1975). Consequently, ranchers usually check livestock water
frequently (once every 1–3 days) depending on weather
conditions and water storage. Real-time GPS tracking and other
sensors have the potential to remotely monitor the availability of
water on rangelands. Sensors can be used to monitor water levels
in drinkers and storage tanks (e.g., SCADALInk SAT110 livestock
monitoring system, Calgary, AB, Canada, https://www.scadalink.
com/products/satscada/livestock-water-supply-monitoring/)
and the data can be transmitted to ranch headquarters directly
or via the internet using mobile phone or satellite technologies
(Bailey, 2016; Bailey et al., 2018). Ongoing research in our lab,
indicates that on-animal sensors and GPS tracking have the
potential to detect water systems failures. Normally cattle do not
remain near the water tank after watering and typically move
over 100m from the water tank and rest. During a simulated
water failure cattle remained within 100m of the tank and were
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FIGURE 1 | Variability among ewes for an accelerometer-based metric, standard deviation of the x-axis (side to side head movements), during the 12 h before and

after lambing. Different line types and colors represent the six ewes in the study. Note: the variation in the x-axis were relatively low 3–4 h prior to lambing (hour 0), and

the variation rises for the period 2 h preceding and 2 h following lambing. However the magnitude of variation differs among ewes.

more active than during normal watering events (Figure 3).
Normally, cows moved at least 250m from water after drinking.

Social Interactions and Livestock
Well-Being
Cattle, sheep and most other livestock are gregarious animals
and social interactions may affect their well-being. Spatial
relationships among livestock monitored using GPS tracking
and proximity sensors can provide insight into their social
relationships (Handcock et al., 2009). Many livestock husbandry
practices such as animal purchases and regrouping individuals
into different paddocks results in the introduction of unfamiliar
animals into a herd. Patison et al. (2010) found that the distance
between unfamiliar animals was greater than between familiar
animals for several days as the familiarization process progressed.
Spatial relationships among cattle is not only an indicator
of social interactions but it may be useful for monitoring
animal well-being (Patison et al., 2017). Ongoing research in
our lab suggests that associations among cattle in rangeland
pastures change as forage utilization levels increase. Initially,
no differences in association among cows were detected among
cows when cattle first started grazing pastures with different
stocking densities. Near the end of the grazing (6 weeks) in

a smaller pasture (312 ha) with a higher stocking density
(0.416 cows/ha), cows were further apart and less associated
than in an adjacent but larger pasture (1,096 ha) with a lower
stocking density (0.123 cows/ha). Cows in the pasture with a
higher stocking density may have spread apart in search of
forage as the utilization of palatable grasses increased. Social
interactions among livestock may be a tool for monitoring
animal well-being.

Managing Predator—Livestock Conflict
Predation can be a critical issue for producers grazing livestock
on rangelands and forested lands (Macon, 2020). Predators
such as wolves, grizzly bears, mountain lions, wild dogs, and
other predators can adversely impact livestock performance as
well as injure or kill animals. For examples, cows whose calves
have been preyed upon by wolves are more vigilant than cows
whose calves were not injured or killed (Kluever et al., 2008).
Numerous methods have been used to mitigate the impact of
large carnivore predators on livestock including lethal control of
predators, herding, fencing, and livestock guardian dogs (Macon
et al., 2018; Van Eeden et al., 2018). Livestock guardian dogs
(LGD) can be an cost-effective approach to minimize livestock
losses to predators if they are effective in reducing losses (Saitone
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FIGURE 2 | Example of the informative value of considering both the mean distance to peers for the focal ewe (MDP, dashed line) and the average distance from

peers of the entire flock. Distance to the closest peer (CP) is one of the important factors for detecting parturition (Fogarty et al., 2021). When the ewe separates from

the herd both CP and MDP increase, which is often associated with lambing. However, the signal from MDP and CP is more meaningful in Scenario 1 when the

average distance to peers of the entire flock) is relatively low. In contrast, the average distance to peers of the entire flock is larger in Scenario 2 which makes the

larger MDP and CP less useful for detecting if the focal ewe is lambing.

and Bruno, 2020). The risk of predation and the nature of
livestock and predator spatial interactions can be evaluated using
GPS tracking (Clark et al., 2020). Tracking has been used to
study spatial interactions of LGD and sheep (Webber et al.,
2015; Mosley et al., 2020). As an example, Allen et al. (2017)
found that wild dogs entered LGD territory, which suggested
that LGD directly protected sheep rather than excluding wild
dogs from their territory in Australia. Young et al. (2019)
argues that spatial movements of LGD can be used to monitor
their effectiveness. The LGD must remain near the sheep to
protect them.

Ongoing developments in real time tracking and sensor
monitoring have the potential to detect the presence of predators
and efficacy of LGD. Changes in spatial movements (tracking)
and movement patterns (accelerometers) could be used to alert
managers to the presence of predators and allow them to quickly
respond. In addition, real-time tracking would allow herders and
managers to make sure LGD remain with their herd so that they
can protect the sheep. One of the concerns with LGD is to ensure
the bonding process is strong enough for the dogs to remain with
the sheep. Additional research is needed to develop algorithms
and software to use real time on-animal sensors and tracking to
detect predator presence and evaluate the efficacy of LGD and
other predator mitigation tools.

REAL-TIME MONITORING AND
MANAGEMENT OF GRAZING
DISTRIBUTION

Many of the sustainability issues associated with livestock grazing
are the result of uneven grazing distribution (Bailey, 2004).
Livestock tend to congregate in areas with greater forage quantity
and quality (Senft et al., 1985; Pinchak et al., 1991), areas that
are near water (Valentine, 1947) and areas that take less effort
to reach, gentle vs. steep slopes (Mueggler, 1965). Cattle use of
riparian areas can impact water quality (Agouridis et al., 2005),
and cattle grazing on riparian areas can be a critical issue on
public lands (Wyman et al., 2006; Roche et al., 2015). Managers
have developed a wide range of management practices that can be
used to resolve undesirable grazing distribution patterns (Bailey,
2004) and minimize adverse impacts of livestock on riparian
areas (George et al., 2011).

Real-Time Riparian Grazing Management
Livestock grazing management of riparian areas is time sensitive,
especially in semi-arid and arid rangelands. Riparian areas
typically make up only a small percentage of arid and semi-
arid rangelands. For example, riparian areas make up 1–2 %
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FIGURE 3 | Tracking data of a cow traveling to a water tank, drinking and leaving compared the movement pattern when access to water was denied (simulated

water failure). The left map is an example of a normal watering event. White dots on the left graph show a cow walking to water and the blue dots show the cow

leaving water. On the right map, the green dots show the cow coming to water and remaining at water during the water system failure simulation. Both maps include

tracking that started 30min. before the cow arrived at the water tank and then an additional hour of tracking.

of rangeland pastures in the Pacific Northwest of the USA
(Kauffman and Krueger, 1984). Although they comprise a
small areas, riparian areas are essential for maintaining water
quality and providing fishery and wildlife habitat (Kauffman and
Krueger, 1984) and can potentially produce over 20% of the
forage and over 80% of the vegetation intake of cattle during the
summer (Roath and Krueger, 1982b). On public lands, managers
may ask ranchers to end grazing once stubble heights drop
to 10–13 cm (Clary and Leininger, 2000; Tanaka et al., 2007).
Cattle are then either moved to a new pasture or moved off the
grazing allotment. Low-stress herding and strategic supplement
placement can be used to reduce grazing use of riparian areas
during the grazing season. Bailey et al. (2008) found that low-
stress herding reduced cattle use of riparian areas by 35–50%
compared to controls. If GPS tracking could be transmitted
in real time, ranchers could monitor cattle grazing patterns
and determine if animals concentrate grazing in riparian areas
during the grazing season. Such remotely detected information
may allow ranchers to implement low- stress herding and other
practices to minimize cattle use of riparian areas before the
stubble heights drop below the 10–13 cm goal and riparian
degradation may begin.

Real-Time Upland Grazing Management
Livestock grazing distribution is a concern for uplands as
well as riparian areas. Concentrated grazing can reduce plant
vigor and species replacement (Daubenmire, 1940). Eventually,
consistent heavy grazing can lead to increased levels of bare

ground and active erosion (Blackburn, 1983). Grazing can
be heavy in some areas, while other potentially grazeable
locations receive little or no use (Norton et al., 2013; Hunt
et al., 2014). Grazing distribution practices, such as strategic
supplement placement, can improve uniformity of grazing
and potentially increase sustainable stocking rates and ranch
profitability (Tanaka et al., 2007).

Monitoring livestock grazing distribution on extensive or
mountainous rangelands and forested lands is time consuming
and expensive with the potential for inaccuracies associated
with subjective estimates. Use pattern mapping was designed to
measure livestock grazing distribution in an efficient manner
(Anderson and Currier, 1973), but this technique relies
on subjective observations. Tate et al. (2000) developed a
quantitative method of measuring fecal loading on rangelands.
Fecal loading can be used to identify areas that cattle use, but it is
time consuming to conduct intensive enough measures to assess
grazing distribution patterns. In our research, we have measured
forage utilization using the height-weight technique at a large
number of locations in a pasture to assess grazing distribution
(Bailey et al., 2006, 2008). The precision of our lab’s approach
was dependent on the number of transects measured and the
size of the pasture. We used one forage utilization transect for
every 3 to 25 ha to assess changes in grazing distribution. Such
approaches require time and labor to precisely monitor grazing
distribution patterns, and they are not practical for rangeland
livestock operations. In addition, vegetation and fecal abundance
approaches are typically used at the end of grazing in a pasture
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to measure grazing patterns, because of the time and effort
required for data collection. Use pattern mapping (Anderson and
Currier, 1973) can be applied periodically during the grazing
period, but the precision and accuracy is dependent on the time
spent traversing the pasture and observing vegetation conditions.
Ranchers, graziers and land managers typically do not measure
use patterns of livestock in a pasture during the grazing period
because of the required time and labor.

Remote sensing is another tool to monitor forage conditions
on rangelands. Numerous studies have shown the satellite
and unmanned aerial vehicles (UAV) can provide imagery to
estimate spatial and temporal changes in forage production
(Reinermann et al., 2020). Indices such as the normalized
difference vegetation index (NDVI) can identify spatial variation
in vegetation availability associated with different grazing systems
(Blanco et al., 2009) and spatial changes in forage abundance that
occur at varying distances to water and with uneven livestock
grazing distribution (Blanco et al., 2008). Spatial maps of forage
productivity derived from satellite and UAV imagers could help
managers determine pastures with greater forage abundance
throughout the year (Reinermann et al., 2020). Although forage
quantity is clearly an important determinant of livestock grazing
patterns, forage quality is often more important (Senft et al.,
1985; Pinchak et al., 1991). Livestock are attracted to areas of
with higher levels of crude protein and digestibility (Bailey,
2005). Satellite and UAV imagery can remotely monitor spatial
and temporal changes in forage quality (Thoma et al., 2002;
Lugassi et al., 2019; Wijesingha et al., 2020). Mapping spatial and
temporal changes in forage quality could be used to determine
pastures where there has been recent precipitation and livestock
performance should be higher (Trotter, 2010). Such maps would
also allow managers to identify areas that have higher forage
quality and would be preferred by livestock (e.g., riparian
areas) and allow them to focus monitoring efforts to ensure
preferred sites are not overgrazed. In addition, remote sensing
can be helpful in monitoring the long term benefits for grazing
management practices such as water developments and fencing
(Rigge et al., 2014).

Global positioning system tracking provides an accurate
and quantitative method to assess livestock movement patterns
in pastures (Bailey et al., 2018). Recently, the cost of GPS
tracking collars have decreased (Knight et al., 2018; Karl and
Sprinkle, 2019) so that ranchers may be able to afford to use
them to remotely monitor cattle movements. Millward et al.
(2020) describe how GPS tracking data could be used to adjust
stocking rates based on grazing distribution patterns similar
to the approach developed by Holechek (1988) to account for
areas that cattle may avoid due to long distances from water
and steep slopes. Although GPS tracking clearly shows livestock
movements, GPS tracking data does not necessarily reflect
patterns in forage utilization (Millward et al., 2020). In Montana
studies, GPS tracking data showed similar grazing distribution
patterns as height-weight forage utilization transects measured at
multiple locations across the study pastures (Bailey et al., 2006,
2008; Bailey and Jensen, 2008). More research is needed to verify
that GPS tracking accurately reflects the spatial variation in forage
use across pastures.

Genetic Selection for Distribution Using
GPS Tracking
Individual beef cows and likely other livestock express different
grazing patterns especially in expansive pastures and rugged
terrain. For example, Bailey et al. (2004) reported that cows that
used steeper slopes the previous year (hill climbers) spent twice
as much time on steep slopes (44–57% slope) as cows that used
gentler terrain the previous year. Hill climber cows were also
46m higher in average elevation use than the bottom dweller
cows. Several researchers have suggested that selection could be
used to take advantage of the variation in spatial grazing patterns
of cattle and that ranchers could cull cows that prefer gentler
terrain near water and retain cows that use steep terrain and
areas far from water (Roath and Krueger, 1982a; Howery et al.,
1996; Bailey et al., 1998). Selecting cows that use more rugged
terrain (hill climbers) and culling cows that prefer gentle terrain
near water (bottom dwellers) has the potential to increase the
uniformity of grazing (Bailey et al., 2006). In this Montana study,
pastures grazed by hill climbers had more grazing on steep slopes
and less use of gentle terrain near water than pastures grazed
by bottom dwellers. Stubble heights in riparian areas averaged
in pastures grazed by hill climber cows was 13 cm, which is
above the recommend riparian stubble height of 10 cm (Clary and
Leininger, 2000), and 8 cm in pastures grazed by bottom dwellers.

Selection can potentially modify livestock behavioral patterns
through both nature and nature (Bailey and Provenza, 2008;
Provenza, 2008). Heifers tend to graze the same areas as their
mothers graze (Howery et al., 1996). In a cross-fostering study,
Howery et al. (1998) demonstrated that the mother’s impact
on their heifer’s grazing patterns could be at least partially
attributed learning rather than inheritance alone. Two studies
identified that cattle grazing patterns (terrain use traits) were
associated with single nucleotide polymorphism (SNP) genetic
markers (Bailey et al., 2015; Pierce et al., 2020). The associations
between terrain use traits (e.g., slope use and distance traveled
from water) and multiple SNP shows that spatial movement
patterns are heritable and that these traits are affected by multiple
genes; therefore, are polygenic (Pierce et al., 2020). The candidate
genes for grazing traits were also associated with other cattle
traits such as heat stress, oxygen homeostasis, feed efficiency
and growth. Two Montana studies showed that there were no
adverse phenotypic correlations between terrain use traits and
cow performance traits (Bailey et al., 2001; VanWagoner et al.,
2006). Correlations between terrain use traits (slope use and
vertical and horizontal distance traveled from water) and cow
body condition score, calf weaning weight, calving date and
hip height were generally low (between −0.2 and 0.2) and
inconsistent among years.

More research is needed to develop genetic selection tools
for grazing distribution. The biggest limitation has been the cost
of measuring grazing distribution. Initially, we used horseback
observers to record cattle locations during their morning grazing
bouts (Bailey et al., 2006). Several observers were needed to locate
up to 180 cows in 100–350 ha pastures during 1.5–2.5 hour
period. The labor cost with this approach would be prohibitive
for most ranches. The cost for GPS tracking collars was over
$4,000 when cattle were first being tracked in the late 1990’s
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(Anderson et al., 2013). Today, GPS collars can be built and
purchased for less than $250 (Knight et al., 2018; Karl and
Sprinkle, 2019). Even lower cost GPS units are being designed
and tested. If real-time GPS tracking tags are used to monitor
livestock health and well-being, another benefit would be the
ability to document terrain use preferences of individual cows.

Another potential approach to monitor livestock terrain use
traits and distribution patterns is through aerial photography
using drones or small aircraft (Thomas et al., 2020). A bar code
or similar visual identification could be glued or attached to the
cattle’s backs. High definition cameras could read the animal
identification and geoposition cattle location using a GPS on the
drone or plane. One limitation of this proposed methodology is
that the pastures must relatively open with only a few areas of
woody vegetation so that the cattle would readily visible from
above. This approach has not been fully developed and tested,
but it may be a relatively low cost method for monitoring spatial
patterns of grazing cattle in rangelands dominated by grasses
and forbs.

The identification of genetic markers for grazing distribution
traits reduces the need to track cows for quantifying the terrain
use phenotype. To make progress using genetic selection, it
is most critical to select sires that have superior genotypes
for the desired trait. The most progress can be made through
bull selection, as opposed to culling inferior cows or selecting
superior replacement females (Bourdon, 2000). The selection
differential for bulls is much greater than for replacement heifers
or culling inferior cows. Unfortunately, it is difficult to accurately
assess the terrain use phenotype of bulls. During the breeding
season, bull libido likely affects their spatial movements more
than tendencies to travel for forage. Outside of the breeding
season, bulls are typically kept together in the same pasture.
The number of bulls is often <40 in all but large operations.
Stephenson et al. (2016) reported that groups of 40 or less
cattle tended to stay together, which limits animal’s willingness
to express differences in individual movement patterns. With
the identification of genetic markers and candidate genes for
terrain use, genomic breeding values can be developed. Genomic
breeding values are a useful selection approach for hard to
measure traits such as terrain use (Eggen, 2012). Genomic
breeding values use single nucleotide polymorphisms or other
genetic markers to estimate an individual’s breeding value
for the trait. Deoxyribonucleic acid (DNA) samples could be
obtained from bulls and replacement females and processed
for the appropriate genetic markers (i.e., genotypes). Bulls and
replacement heifers could then be ranked for their potential
to improve terrain use using their genomic breeding values.
However, it must be acknowledged that genetic evaluation, with
or without assistance of genomics, to estimate breeding values
and their accuracies requires large scale data collection with
ample number of contemporary group comparisons of familially-
related animals; therefore, improvement in data acquisition
technologies for tracking large numbers of cows is needed to help
develop strong genetic improvement programs.

Another factor that is hindering development of breeding
values for terrain use of beef cattle is that topography, water
locations, vegetation types and forage quantity and quality vary

tremendously among pastures, both spatially (terrain and water
location) and temporally (forage quantity and quality). The
impact of slope and horizontal and vertical distance to water on
cattle grazing patterns is complex and nonlinear (Bailey, 2005).
For example, steep slopes have less impact if they are located
close to water compared to the effect of steep slopes at locations
far from water (Mueggler, 1965). The variation in terrain among
pastures and locations makes it difficult to quantify the effort
cattle incur climbing steep slopes, traveling long distance to
water and reaching high elevations. Pierce et al. (2020) concluded
that this variability associated with topographic complexity
contributed to the low proportion of genetic variation in grazing
distribution explained by quantitative trait loci (SNP genetic
markers). Tools such as resource selection functions (Nielson
and Sawyer, 2013) and topographic indices (Gersie et al., 2019)
may be useful for comparing grazing patterns across pastures
and adjusting to the variability associated with terrain and water
locations. Bailey et al. (2015) developed indices using ratios
in an attempt to integrate the impacts of slope, elevation and
horizontal distance to water. These indices normalized the values
of topographic metrics (slope, distance to water and elevation)
by dividing by the mean and multiplying by 100 and then
averaged the metrics which weighted them equally. However,
ongoing research shows that the impacts of slope and vertical
and horizontal distance from water varies on cattle distribution
is different for each pasture. The coefficients of resource selection
functions may be a good tool for weighting the impact of
topographic variables on cattle distribution if the topographic
metrics are scaled (e.g., feature scaling). Rather than using equal
weight for slope, elevation and distance to water the coefficients
could be applied to scaled terrain metrics to produce an index
that should be more comparable from one pasture to another.
Gersie et al. (2019) found that topographic position classes (TPC)
could be used to predict cattle distribution on multiple short
grass prairie pastures. Use of TPC or similar terrain classifications
may be another alternative to quantify the effort to use rugged
and extensive rangeland pastures by individual cows across
multiple locations.

Virtual Fencing
Virtual fencing is a tool to enclose and control livestock without
ground-based traditional fencing (Anderson, 2007). Recent
systems use GPS receivers to track the animal, GIS algorithms
to establish boundaries, radio frequencies to communicated
with managers, sound cues to alert animals of approaching
boundaries and mild electric shock to discourage animals from
crossing boundaries (Campbell et al., 2017). Virtual boundaries
can be placed in any location and easily moved to exclude
animals from environmentally sensitive areas, modify stocking
density, implement rotational grazing systems and modify
grazing distribution patterns (Anderson et al., 2014). Campbell
et al. (2019a) demonstrated that virtually fencing could be
used to exclude cattle from riparian areas. Cattle quickly learn
to avoid excluded areas and this learning can be facilitated
through social interactions (Keshavarzi et al., 2020). However,
Markus (2002) found that cattle with inactive devices readily
crossed virtual boundaries and cattle while active devices did
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not enter excluded areas during simulated equipment failures.
Virtual fencing systems have promise to control livestock
movements, but the cost of the devices compared to traditional
fencing may limit adoption by rangeland livestock producers
(Banhazi et al., 2012; Umstatter et al., 2015). In addition,
the public may have concerns with virtual fencing (Stampa
et al., 2020). For example, Markus et al. (2014) found that
cattle avoided an excluded area days after the virtual fencing
system was discontinued, while cattle readily entered the
excluded area when electric fencing was dismantled. In contrast,
Campbell et al. (2019b) found that fecal cortisone levels were
similar for cattle constrained virtual fencing and traditional
electric fencing. Virtual fencing may become a prominent tool
in precision livestock management if educational programs
are developed to address public concerns with the welfare
of livestock constrained by virtual fencing (Stampa et al.,
2020), and the cost of virtual fencing equipment drops to a
level comparable to labor, material and maintenance costs of
traditional fencing.

DATA PROCESSING AND TRANSFER

Currently, most low-cost GPS collars store the tracking data
on the collar (store on board, SOB), and the cattle must
be gathered and placed in corrals so that the collars can be
retrieved. The SOB tracking equipment does not allow managers
to remotely monitor livestock distribution or animal behavior in
real-time or near real time. This is a major limitation because
managers can use GPS tracking to remotely monitor livestock
health and well-being or spatial distribution pasterns when
grazing is occurring in a pasture and respond when concerns or
opportunities arise. Precision livestock management monitoring
with SOB technology is only useful for proof of concept,
algorithm development and simulated well-being issues. Real-
time tracking is critical to assess changes in animal movements,
spatial distribution and behavior that could detect animal health
and welfare concerns. In addition, development of real time or
near real time GPS tracking may allow managers to identify
issues with livestock spatial distribution, implementmanagement
practices while the pasture is grazed and monitor the success of
the management interventions (Bailey et al., 2018). Smartbow
(Zoetis, Weibern, Austria) has a real-time tracking system for
dairy cows (Wolfger et al., 2017). Moovement (Brisbane, QLD,
Australia, https://www.moovement.com.au) have developed a
commercially available GPS ear tag that records animal position
every hour and transmits this data to a LoRa (Long Range)
antenna (Sanchez-Iborra et al., 2018) and then it is forwarded
to the internet using cellular phone technology. The ear tags are
designed to transmit data from the ear tag 8 km (line of sight)
to the LoRa antenna. The Moovement system also contains an
iPhone application (app) that allows ranchers and graziers the
opportunity to see the most recent location of tracked cattle.
This Moovement app uses Google Earth imagery for visualizing
cattle locations. Other companies are developing real-time
and near real-time GPS tracking systems for livestock grazing

rangeland, but their products are not currently commercially
available (Table 1).

Currently, most commercially accelerometers produce
massive amounts of data, because they record movement
(acceleration) of three axes at 12–25Hz. Transferring such large
amounts of data in real time or near real time is prohibitive
for livestock grazing rangeland because of the battery demand
for transmission. To reduce the size of the transmission from
the sensor (e.g., accelerometer), data must be processed and
summarized. The process of analyzing and processing sensor
data on the device is termed “edge computing” or “front end
processing” (Habib ur Rehman et al., 2016, 2017). Cheng et al.
(2014) used a locally sensitive Bloom filter to reduce the size of
sensor data. Edge computing can use historic data and machine
learning processes (García et al., 2020) such as random forests
and signal vector machine to detect important states or events
from data streams obtained from sensors (Park et al., 2018). Hu
et al. (2016) demonstrated that edge computing reduced response
time and energy use of mobile devices. For livestock, sensors
must be small and large batteries are not practical, especially
for ear tag sensors. Ear tag sensors are preferred by ranchers
and graziers and are a reliable location for monitoring activity
using accelerometers (Barwick et al., 2018). Herddogg (https://
www.herddogg.com/) is developing a commercially available
ear tag with an accelerometer to monitor livestock health and
well-being. Data from the ear tag are transferred from the tag to a
reader using blue tooth technology when the animal approaches
the reader which is placed in a frequently visited location (e.g.,
water). Herddogg tri-axial accelerometer readings recorded at
24Hz are compressed to a single value every 6min. This reduces
the size of transferred data and minimizes battery consumption.

Algorithms that are used to detect illness, well-being issues,
spatial distribution concerns and other problems from real-
time streams of location, accelerometer and other sensors must
be developed and evaluated using experimental and on-ranch
studies. Scientists addressing precision livestock management
will be critical part of this research. We advocate for increased
levels of research in this area of study and encourage
interdisciplinary approaches with animal and range scientists
working with computer scientists and electrical engineers.

Ideally, precision livestock management systems will include
all the mature livestock on a ranch and perhaps even offspring.
Monitoring and tracking all livestock maximizes opportunities to
identify issues and concerns with individual animals and those
for the herd. However, this may not be economically feasible
because of equipment cost and subscriptions for transmitting
data to the internet. For example, some systems rely on
subscriptions for satellite data transfer. A less costly alternative
(sentinel animals) relies on a limited number of remotely
monitored livestock (Neo and Tan, 2017). Sentinel animals and
sentinel herds are commonly used to monitor the occurrence
of diseases such as blue tongue virus (Giovannini et al., 2004).
For precision livestock management, tracking and monitoring
sentinel animals would be helpful for monitoring the overall
health of the herd, but not individual animals. Correspondingly,
it would not be useful for detecting parturition or to identify
animals that require treatment for an illness. However, sentinel
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TABLE 1 | Non-exhaustive listing of companies that have developed or are developing on-animal, real-time or near-real time tracking and sensors for livestock

grazing rangelands.

Company Country Device Type Real or near

time

Data

transmission

Status Website

Moovement Australia GPS tracking Tag Real LoRa and cell

phone

Available https://www.moovement.

com.au/

Moonitor Israel GPS tracking/accelerometer Collar Real Satellite Available https://www.moonitorcows.

com/

Smart

Paddock

Australia GPS tracking Collar or tag Real LoRa Available http://smartpaddock.com/

Digital Matters

Oyster 2

USA GPS tracking Attach device

to collar

Real Cell phone Available https://www.digitalmatter.

com/devices/oyster2/

Smarter

Technologies

UK GPS tracking Collar Real Orion Network Available https://smartertechnologies.

com/smarter-products/gps-

cattle-collar/

Cattle Watch South Africa GPS tracking/ccelerometer Collar and tag Real Satellite or cell

phone

Available http://www.cattlewatch.co.

za/

CeresTag Australia GPS tracking Tag Real Satellite Development https://www.cerestag.com/

AeXonis USA GPS tracking Tag Development

Herddogg USA Accelerometer/thermometer Tag Near real Blue tooth Development https://www.herddogg.

com/

Alflex/SCR Israel Accelerometer Collar and ear

tag

Real Proprietary Available https://www.allflex.global/

au/product/sensehub-for-

beef/

Quantified AG USA Accelerometer/thermometer Tag LoRa Development https://quantifiedag.com/

animal tracking could potentially be used to help detect water
system failure and spatial distribution issues. If sentinel animals
spent more time at a water tank, it would be likely that there is
a problem with the water system. Similarly, if sentinel animals
concentrate in an environmentally sensitive area of a pasture,
this would be an indication of potential over grazing and
resource degradation.

CONCLUSIONS

Development of real-time and near-time tracking has facilitated
the development of precision livestock management, which can
allow managers to remotely monitor livestock health and well-
being. Real-time tracking could also monitor spatial movement
patterns of livestock and potentially identify areas where animals
are concentrated and may be overgrazing and causing resource
degradation. Algorithms in precision livestock management
system would detect animal well-being issues and resource
concerns, and the manager would be notified and could respond
as soon as possible. Ongoing research is providing proof of
concepts of the value of real-time tracking and monitoring.
Accelerometers can remotely monitor the decrease in activity
associated with the onset of illness. Real-time GPS tracking
is an on-animal sensor method for detecting water system
failures. The combination of GPS tracking of all ewes and
accelerometer monitoring provides an accurate method for
detecting the onset of lambing. The identification of genetic
markers that are associated with terrain use demonstrate

that grazing distribution traits are inherited. New uses for
GPS tracking and evaluations of novel processing approaches
using geographical information systems and resource selection
functionsmay facilitate development of genetic selection tools for
terrain use of beef cattle. To develop these genetic tools, collection
of data from large numbers of cattle is also needed. Precision
livestock management is an exciting new field of study that
has potential to reduce labor costs, enhance livestock well-being
and improve the economic and environmental sustainability of
rangeland livestock operations.
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