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Abstract

The automated collection of phenotypic measurements in livestock is becoming increasingly important to both
researchers and farmers. The capacity to non-invasively collect real-time data, provides the opportunity to better
understand livestock behaviour and physiology and improve animal management decisions. Current climate models
project that temperatures will increase across the world, influencing both local and global agriculture. Sheep that are
exposed to high ambient temperatures experience heat stress and their physiology, reproductive function and perfor-
mance are compromised. Body temperature is a reliable measure of heat stress and hence a good indicator of an
animals’health and well-being. Non-invasive temperature-sensing technologies have made substantial progress over
the past decade. Here, we review the different technologies available and assess their suitability for inferring ovine
heat stress. Specifically, the use of indwelling probes, intra-ruminal bolus insertion, thermal imaging and implantable
devices are investigated. We further evaluate the capacity of behavioural tracking technology, such as global position-
ing systems, to identify heat stressed individuals based on the exhibition of specific behaviours. Although there are
challenges associated with using real-time thermosensing data to make informed management decisions, these tech-
nologies provide new opportunities to manage heat stress in sheep. In order to obtain accurate real-time information
of individual animals and facilitate prompt intervention, data collection should be entirely automated. Additionally,

for accurate interpretation on-farm, the development of software which can effectively collect, manage and integrate
data for sheep producer’s needs to be prioritised. Lastly, understanding known physiological thresholds will allow
farmers to determine individual heat stress risk and facilitate early intervention to reduce the effects in both current
and subsequent generations.

Keywords: Telemetry, Remote temperature, Heat stress, Livestock monitoring, Thermoregulation, Temperature data
logger, Ovine, Animal attached sensors

Background coming decade and, depending on the level of green-

High ambient temperature is a major constraint to live-
stock productivity, such as sheep maintained in arid
and semi-arid environments [1], making future farming
decisions complex [2]. Annual average warming is pre-
dicted to be approximately 1.0 °C across Australia in the
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house gas emissions, between 0.8 to 2.8 °C by 2050,
and up to 5 °C by 2070 [3]. The negative effect of rising
temperature is aggravated when it is accompanied by
high ambient humidity [4]. Further, global warming will
result in an increase in the frequency and duration of
extreme heat events, one of the major problems affect-
ing the sustainability of livestock production worldwide
[5]. Climate change influences animal agriculture in
four main ways: (1) feed-grain availability and price; (2)
pasture/forage production and quality; (3) direct effects
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of weather and extreme conditions on animal health,
growth and reproduction; and (4) distribution of live-
stock diseases and pests [6]. In some scenarios and geo-
climatic zones, water availability can also be influenced
by temperature [7, 8]. These impacts are especially con-
sequential for free-ranging animals living in hot and
dry areas all over the world. Although climate change
presents a variety of challenges for global agriculture,
the direct effects of hot conditions on animal produc-
tion and wellbeing is one of the most difficult to man-
age and hence, is the primary focus of this review.
Production animals, such as sheep, which are exposed
to high ambient temperatures (>30 °C) experience heat
stress which consequently affects their overall productiv-
ity and reproductive performance [9]. Heat stress arises
when the effective temperature of the environment
exceeds the animals’ upper critical temperature, which in
sheep ranges from 25 to 31 °C, depending on breed, age
and physiological state [10]. The implementation of effec-
tive amelioration strategies requires greater understand-
ing of the physiological and behavioural impacts of heat
stress on extensively grazed sheep. Core temperature is
one of the most reliable indicators of heat stress in live-
stock [11]. Furthermore, it is an economically significant
measure due to the close association with health [12],
reproductive success [9] and overall productivity [13].
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To circumvent the stress associated with handling and
restraint, a number of remote sensing methods have been
developed for the continuous and longitudinal measure-
ment of body temperature. These technologies aim to
closely monitor body temperature in real-time, allowing
for early detection of heat stress, illness or disease [14].
The advantage of this technology is that it reduces the
level of human interference, improves animal welfare and
provides an accurate representation of thermal status. It
also allows a greater temporal and diurnal resolution of
data, which is practically and physically not possible with
manual measurements [15]. The main methods used to
measure body temperature via remote sensing technol-
ogy include vaginal and rectal probes [16, 17], rumen
boluses [18], ear canal sensors [19] and wearable and
implantable devices such as microchips [20] (Tables 1,
2). These methods are constantly improved and tested
for efficacy in various parts of the body [20, 21]. Further-
more, thermal imaging or infrared thermography (IRT)
has also been used in livestock as a tool for investigating
thermal status by measuring the surface temperature of
an animal’s infrared radiation [22-25].

In addition to temperature-sensing technology, behav-
ioural and activity monitoring technologies are used to
measure body movement and spatial behaviours. Ani-
mal attached Global Positioning Systems (GPS) or Global

Table 1 Features of cost, accuracy and data storage of different technologies used to infer ovine heat stress

Technology Model/type

Temperature loggers Thermochron iButton

(thermistors/thermo-
couples)

Automated tympanic
probes

Reticulorumen boluses

Infrared Thermography

Implantable devices

GPS collars

Accelerometers

(OnSolution, Maxim
International)

DST Micro loggers
(StarOddi)

FeverTags® Cow
Manager, DoggTag,
SenseTag, TekVet

Smartstock, USA

IRT Thermometer; VTTS-

1000 Tympanic Scanner

Exergen Corporation®
IRT Camera

LifeChip® microchips
with BIO-THERM®
sensor

UNETracker, WildTrax,
EarTrax-AG

HOBO Pendant G data
loggers

ActiGraphs

Cost per unit (AUD) Sensor accuracy Data collection Ovine studies
98 + software and +05°°C Data storage, up to [15,51,53,85, 124]
deployment strategy 6 months of data in
memory, 1-2 year bat-
475+ communication  £0.06°C tery life
box (545), Mercury soft-
ware (370) 4+ deploy-
ment strategy
25-40 +01°C Data storage, > 2 year [124]
battery life
704 station (960) and +02°C Wireless data transmis- (66, 69-71, 125, 126]
receiver (1790) sion up to 200 m
100 2Cor0.5% Manual thermometry [96, 127]
1000-4300 <0.1 C+2% Contactless,>3000 m [25,85-87,128-130]
range
20-50 +05°C Data storage activated [15, 66, 86]
through handheld
receiver
2000 5-10m Data storage [26,115-118]
195 Up to 99% Data storage & wireless [108,112,117,131]
transmission
290 [109]
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Navigation Satellite Systems (GNSS) are being adopted
for the ongoing assessment of the activity levels, shelter
utilisation and behavioural responses of livestock species
during heat exposure [26]. For instance, tri-axial acceler-
ometers record animal body movements and can be used
to deduce different behaviours. These behaviours include,
ruminating and grazing [27] and walking/running behav-
iours [28], as well as increased respiration rates (RR) or
occurrence of ‘heavy breathing’ [29], a physiological
response to heat stress [11]. In livestock, the majority of
research relating to the use of temperature sensing tech-
nology has been conducted in cattle (see review; [30]).
In contrast, the information available regarding its effec-
tiveness in extensive sheep production systems is limited
(Table 1). Continuous measurement of body tempera-
ture may be an essential factor in the effective control
and management of sheep herds by not only monitoring
health status of individuals, but also minimising the out-
comes of heat stress. The technologies currently available
for the remote identification of heat stress fall into two
discrete categories; (1) monitoring body temperature to
identify heat stress based on known physiological thresh-
olds and, (2) monitoring animal behaviour to determine
individual heat stress based on specific behaviours. The
aim of this manuscript is to review the temperature sens-
ing and behavioural tracking technologies available and,
investigate their suitability for inferring ovine heat stress.

Bioclimatic indices

It is important to recognise that thermal stress is not ini-
tiated by ambient temperature alone, and that there are
a variety of cardinal weather variables that can assist
in the assessment or prediction of high heat load [31].
The Temperature-Humidity Index (THI) is the simplest
approach, combining ambient temperature and relative
humidity to estimate livestock productivity responses
as a function of climate [32]. Using calculated THI, live-
stock specific safety indices are then commonly used to
categorise heat stress severity; no stress (THI <67), mild
(THI 68-74), moderate (THI 75-78), severe (THI 79-83)
and extreme (THI > 84) [33]. As temperature and humid-
ity are often readily collected, the minimal inputs make
THI, and its variants [34—36], an easy tool for retrospec-
tive studies in most regions. However, air temperature
has found to be just as effective as THI for predicting
core temperature [36]. Additionally, the THI excludes
direct and indirect solar radiation as well as wind speed,
both important weather variables that can have conse-
quences with regard to thermoregulatory stress [37]. In
turn, subsequent methods have since been developed to
address these limitations by including these parameters.
The Black Globe Humidity Index (BGHI) was developed
to incorporate the impact of solar radiation and was
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found to have a stronger correlation to rectal tempera-
ture and respiration rates in dairy cows when compared
to THI [38]. More recently, the Heat Load Index (HLI)
was developed and is currently applied by the Australian
feedlot industry as a predictive model, incorporating the
contribution of black globe temperature, relative humid-
ity and wind speed [39]. In this scenario, heat stress lev-
els were assessed by the use of panting scores and core
temperature measured by tympanic thermistors. As with
THI, there is then thresholds which have been nominated
as a guide for assessing heat load in cattle, ranging from
thermoneutral (HLI<70) to extreme (HLI>96), with the
ability to adjust the model around specific animal param-
eters such as age and health status [39]. Newer indices
include the Comprehensive Climate Index (CCI) which
uses air temperature, relative humidity, wind speed and
solar radiation [40], the Equivalent Temperature Index
for (dairy) Cattle (ETIC) [41] and Accumulated Heat
Load (AHL) [39].

Although bioclimatic indices can act as a guide for
estimating heat stress severity on livestock wellbeing,
they carry a set of limitations. One of the main limita-
tions of bioclimatic indices is the lack of relationship to
the core temperature and respiratory dynamics of ani-
mals experiencing excessive heat load. Additionally, the
aforementioned indices are based on measurements at
a single time point and fail to incorporate the duration
and intensity of heat exposure [42]. Further, the most
important aspect of using bioclimatic indices as predic-
tive models for heat stress, is the collection of accurate
and representative meteorological data. Although the
placement of weather stations can be in relatively close
proximity to the animals at risk, some may fail to accu-
rately represent the conditions of the pen or paddock
in question [43]. Differences between weather variables
are specifically evident when comparing paddock con-
ditions with those measured by the closest government
weather station, demonstrating an effect of habitat [44].
It is also possible to use incorrect threshold settings, for
example, thresholds can be set as if all pens are unshaded
[43]. With regard to the measurement of heat stress in
sheep, research on heat load indices used in extensive
sheep grazing systems is limited when compared to the
research conducted on feedlot and dairy cattle. Irrespec-
tive of the available information, measuring and remotely
monitoring the physiological responses, such as core
temperature, is going to provide a much more informa-
tive and accurate reflection of animal wellbeing.

Rectal and vaginal probes

It is assumed that an animal’s core temperature reflects
the temperature of the main internal organs such as the
heart, brain and viscera [30]. Rectal temperature (RT)
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has long been used to evaluate core temperature and
to quantify the heat stress response in livestock [11].
Although accurate and repeatable, manual measurement
of core temperature using a digital rectal thermometer
only provides a cross-sectional sample due to the need to
handle and restrain the animal. Another limitation is that
restraint during manual temperature assessment leads
to stress-induced hyperthermia and increased meta-
bolic heat production associated with the flight response
[45]. Therefore, manual thermometry is not appropriate
for the assessment of continuous, longitudinal patterns
of body temperature in free-range animals or those in
extensive grazing systems [46]. Indwelling thermal sen-
sors such as rectal probes have the advantage over tradi-
tional thermometry as they enable producers to remotely
measure temperature changes without removing ani-
mals from production [20]. Despite a relative degree of
invasiveness, indwelling rectal probes record core tem-
perature most consistently, particularly in male animals
[14]. However, external physical attachment or support is
necessary to maximise stability and resist expulsion dur-
ing defecation. Although this has been achieved in cattle
using a tail harness [47], the concept would prove more
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difficult in sheep, typically lacking a comparable tail.
Therefore, it is likely that the stability of rectal probes and
ability to keep them stationary, as well as expulsion and
faecal temperature during defecation, will limit the col-
lection of accurate temperature data in sheep [14, 46].
Another common location for measuring core tem-
perature is the vagina, which is well insulated and char-
acterised by thermal gradients [48]. Indwelling vaginal
temperature (VT) sensors demonstrate a high correlation
with RT measurements [49], with differences between
the two found to be negligible when using identical tem-
perature measuring devices [50]. An extremely high cor-
relation, as well as a clear response of both devices to
lipopolysaccharide (LPS) administration, which is used
to stimulate an immune response, was found when com-
paring the use of rectal and vaginal probes in beef heif-
ers [16]. More recently in ewe-lambs, VT sensors were
effective in measuring body temperature under graz-
ing conditions, as well as determining shade use and the
effects of various tree species on animal physiology [51]
(Fig. 1). Although a small number of devices became
loose or fell out, this is likely to be a sensor specific prob-
lem which could be mitigated through appropriate design

B)
DST micro-T
U12737 Ce€ 8.3mm
STAR : ODDI
) 25.4mm i’
D)

Fig. 1 The modification of a controlled internal drug release (CIDR) device and temperature logger for sheep. Device developed to monitor vaginal
temperature automatically in sheep where, (a) a blank CIDR is modified to house the temperature logger, (b) dimensions of the temperature logger,
(c) an opening is made and the temperature logger is inserted just before the junction of the two arms, and (d) the temperature logger and whole

A)
: 90mm R
( cmr } 20mm
)
« 90mm R
(= [ 20mm
device is sealed with Super 33 + vinyl electrical tape. As described by Pent et al. [51]
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alterations. An important consideration with VT devices
is the changes in uterine and vaginal blood flows which
occur at different stages of reproduction [52]. In sheep,
changes in vaginal blood flow have shown to alter VT
during gestation [53], and are likely to influence VT dur-
ing other stages of the oestrous cycle. Lastly, the main
limitation of this technology as it currently stands, is that
the data is stored on the device, preventing access to the
data in real-time [14]. Therefore, technological advance-
ments that can allow this technology to be truly auto-
mated would increase its practicality.

Rumen/reticular boluses

Over the past decade, intra-ruminal insertion of tem-
perature sensors has emerged as a non-invasive alter-
native to the surgical implantation of devices [54].
Temperature loggers consisting of a chip, antenna, bat-
tery and temperature sensor are built into a bolus which
is orally administered and naturally transported into the
rumen [55]. This technology enables real-time data col-
lection through instant wireless transmission [56] or
stores the information until the animal is in close prox-
imity of a receiving antenna [14]. Given their weight for
use in cattle (~ 120 g), ingested devices are located in the
reticulum or near the junction between the rumen and
reticulum [14]; however, variations in exact positioning
cannot be ruled out [56]. One study investigated strate-
gies to anchor the bolus to the rumen to ensure consist-
ency in temperature data amongst individual animals
[57]. Mostly used in cattle, rumen or reticular tempera-
ture (RuT) has been investigated as a tool for the remote
measurement of core temperature (CT) [58, 59]. RuT
correlated with RT and RR in beef cattle [60] and has
been investigated as an indicator of heat stress in dairy
cattle [61]. Although an increase in RuT in response to
increasing THI was observed (Fig. 2) [61], it was reported
that both water intake and milk yield had a significant
influence on median RuT. This finding is supported by
another study which observed the influence of water
intake on RuT [60], where the effects were mitigated
by excluding all RuT readings associated with drinking
events (2 x SD of the mean/cow). As RuT is affected by
water intake, reticulorumen boluses have the potential
to remotely monitor drinking events and investigate fac-
tors which may affect drinking behaviour in free ranging
animals. A recent study assessed drinking events through
ruminal temperature drops and found cow threshold
characteristics and ambient temperature to have signifi-
cant effects on drinking events [62]. Further, feed intake
and milking increases the frequency of drinking events
in dairy cattle [63]. More research in this area has been
conducted in dairy cattle than sheep, as a reduction in
water intake can decrease milk yield by up to 26% [64].

Page 6 of 15

3051

e

1 c

g 3944

o]

g

= b

g 393

g

=

~

=] a a

£ 302

3

=

30.1
<60 >60-65 >65-70 <70
Temperature Humidity Index

Fig. 2 Average daily median rumen temperature of cattle in relation
to daily mean temperature humidity index. Daily median rumen
temperature was calculated using least square means (RuT; n=28
cows, different letters indicate significance at P<0.05). Adapted from
Ammer et al. [61]

However, the detectability of drinking events could also
be utilised to monitor and predict the health and physio-
logical status of free ranging sheep under hot conditions.
Another study used RuT to assess the effects of heat
stress in cattle [18], concluding that RuT was influenced
by breed and ambient temperature and that shade was
able to reduce the magnitude of increases in RuT. The
effective measurement of real-time body temperature
was demonstrated; however, despite reductions in rumen
temperature [58], water intake was not investigated, and
was likely to have impacted data validity.

Despite the potential impact of hyperthermia on rumen
function in sheep [65], literature surrounding the use
of RuT to investigate heat stress in sheep is scarce. One
study found RuT to consistently exceed CT by between
0.45 and 0.75 °C in shorn and fleeced sheep under varying
environmental conditions [66]. However, as the method
for measuring CT was invasive in nature, the sample size
was low (n=8/treatment). The same authors compared
RuT and CT in cattle housed in climate controlled rooms
and found RuT to be consistently 1 °C higher than CT,
which was sustained throughout elevated ambient tem-
peratures [67]. One of the impacts which heat stress
has on rumen function, is unfavourable changes in the
microbiota profile which is heavily influenced by feed
intake and diet composition [65]. Although it has previ-
ously been shown that RuT exceeds CT by approximately
2 °C, this difference can be reduced to 0.7 °C during fast-
ing [68]. The microbial activity associated with these
factors is the likely cause of discrepancies in measured
differences between RuT and CT [56]. Although the abil-
ity of rumen boluses to accurately reflect CT remains
dubious, this technology may be an extremely valuable
tool for monitoring the rumen ecosystem by measuring
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other factors associated with hyperthermia and rumen
function. For example, changes in diet composition has
the potential to reduce the amount of heat released dur-
ing feed fermentation and improve heat tolerance [69]. It
has also been demonstrated that different breeds regulate
RuT differently [18] and that thermoregulatory capac-
ity varies among individuals of the same breed, effected
by age and physiological state [70]. Lastly, despite some
variations in retention rate depending on the bolus
size in sheep [71], the devices can be safely retrieved at
slaughter ensuring the animal remains safe for human
consumption.

Thermal imaging/infrared thermography

Thermal imaging, also known as IRT, is a non-invasive,
contactless technique which measures real-time surface
temperature distribution [72]. Since its introduction to
human medicine in 1956 [73], this technology has revo-
lutionised the field of temperature measurement in the
livestock industry, and has potential to be a useful tool
for monitoring animal body temperature [24]. Thermo-
graphic images can be used to demonstrate an increase
in body temperature and changes in blood flow related
to stressful environmental conditions such as high heat
load (Fig. 3) [74]. Due to the non-obstructive nature, this
technology is well-suited for the assessment of stress
and welfare [75] and has been used as a diagnostic tool
to predict heat stress [23]. With regard to well insulated
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animals such as sheep, it is known that environmen-
tal heat exchange is heavily impacted by fleece length
[66]. One effect of shearing is that it causes the skin to
thicken which then influences heat transfer at the sur-
face of the skin [15]. Despite fleeced sheep having insu-
lation against environmental heat gain [76], shorn sheep
tolerate hot-humid conditions better than fleeced sheep,
whilst fleeced sheep have improved tolerance to hot-dry
conditions [66]. Consequently, peripheral temperature
measured through IRT would vary depending on the
presence or absence of wool when considering skin as the
thermoregulatory organ. IRT is commonly used in the
veterinary sciences to identify infection [77, 78] lameness
in horses [79], mastitis in both sheep [80] and cattle [81]
as well as assess scrotal temperature in buffalo [82]. Addi-
tionally, studies have assessed the use of IRT in livestock
to determine heat tolerance [24, 25], thermal thresholds
[83] and to predict the effects of heat stress on reproduc-
tive output [84].

With regard to using IRT to accurately measure body
temperature, different regions of the body have vary-
ing degrees of correlation to RT as well as association
with ambient temperature [22, 85]. For example, in cat-
tle, forehead IRT had the highest association with RT
(r=0.90) and also showed the highest association with
THI (r=0.81), followed by the right and left flank regions
(r=0.85 and 0.81, respectively) [22]. Eye temperature of
hair sheep was strongly correlated to VT (r=0.77) and
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Fig. 3 Temperature gradients of specific regions of a sheep using infrared thermography. Sourced with permission from McManus et al. [74]
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RT (r=0.76) [85]. While skin locations, such as eye base,
eye region and udder, may be the best thermal window,
the reliability of these locations may be affected by age
and stressors, as well as gender and reproductive state.
This notion is supported by an earlier study, which found
that ocular IRT images were correlated with RT in rams
but not ewes [86]. A limitation of ocular IRT was that
ocular temperature was significantly lower than core
temperature and not able to detect short-term changes of
temperature. In contrast, IRT was effective in detecting
small temperature variations during different phases of
the oestrous cycle in ewes using vulva and muzzle tem-
perature [87].

Heat dissipation through respiration is an important
thermoregulatory mechanism for sheep [1]. To circum-
vent the difficulties associated with evaluating RR under
field conditions, panting score indices have been devel-
oped [88]. While trying to predict heat stress events in
feedlot cattle, both mean body surface temperature and
panting score increased with THI [23], confirming a close
relationship between body surface temperature and pant-
ing. Although panting score can be used to assess the
heat load status of sheep, it still requires labour inten-
sive visual appraisal. Additionally, the main limitation of
quantifying respiration based on panting scores is that
they are subjective and thus, it is advantageous to include
measurements of core temperature as a comparative,
objective measure of thermal status. Surface tempera-
tures measured by IRT in lambs showed a high, positive
correlation to RR when measured at the flank (r=0.72),
rump (r=0.75) or nose (r=0.68), as well as RT tempera-
tures correlated with IRT images of the rump (0.62) and
nose (r=0.72) [25]. Due to the medium-high correla-
tions with traditional heat tolerance measures (RT and
RR), these findings demonstrate that IRT may be efficient
in inferring heat stress in lambs. Lastly, IRT has also been
used for the remote measurement of RR in dairy cows
with little difference observed between RR collected by
IRT and measures collected through direct observation
or video recording methods [89].

To summarise, the areas for IRT images to best resem-
ble CT vary within and between species. Computation of
software-based assignment of body temperature is nec-
essary for IRT to be used on a large-scale commercial
setting [30]. It is also important to consider appropri-
ate camera positioning, how IRT is affected by ambient
temperature and UV light, as well as the high costs and
labour associated with use of this technology [14, 75]. In
addition to its use for measuring body temperature, auto-
mating the extraction of RR from IRT images could also
make it a valuable on-farm tool for the management of
heat stress; however, further research is required to test
its efficacy in sheep.
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Subcutaneous temperature sensors/implantable devices

A range of subcutaneous microchips and other
implantable devices are also being developed for the
continuous measurement of body temperature in live-
stock [20, 90, 91]. Typically, microchip transpond-
ers are injected under the skin and activated through
a handheld receiver where the temperature reading is
then relayed instantaneously [92]. Temperature sensing
microchips have been used as a measure of CT in sheep
to determine the relationship with RuT over a range of
environmental temperatures [66]. In this instance, the
temperature loggers were surgically implanted into the
peritoneum region and changes were evident when
sheep were exposed to hot conditions and when shorn
and unshorn sheep were compared. The peritoneum
region, also referred to as intra-peritoneal or intra-
abdominal, is the most common site for implants when
long-term body temperature profiles are desirable [46].
Some manufacturers recommend adding 2 °C to micro-
chip temperatures to obtain a better estimate of CT
[20]; however, the temperature difference depends on
the site of the body [20].

Microchip devices have been used to measure tem-
perature at different body sites in goats that were kept
at different ambient temperatures [20]. Temperatures
measured by the microchip implanted into the retrop-
eritoneal region showed the highest association (mean
0.2 °C lower) with both RT and CT (measured in the
abdominal cavity), when compared to the groin, semi-
membranosus muscle, flank and shoulder [20]. Another
study found that subcutaneous microchips inserted
under the tail of ewes (Fig. 4) showed a significant
correlation with RT; however, they were found to be
approximately 1.5 °C lower on average [86]. The afore-
mentioned studies suggest a relationship between CT
and the subcutaneous temperature measures. Hence,
the measures of temperature sensitive microchips may
be used to estimate core temperature, if implanted in
the appropriate anatomical locations [20]. Other simi-
lar types of implantable devices are being investigated;
however, all require surgical procedures for implanta-
tion. In addition to their invasive nature, subcutaneous
temperature is influenced by environmental conditions
and physiological state as this directly effects the flow
of blood to the skin [93]. Ways to measure body sur-
face temperature through wearable devices may be an
appropriate alternative to subcutaneous implants. One
study attached a wearable thermometer to the leg of
cattle and reported a high correlation between the tem-
perature measured at close contact to the muscle and
RT [94].
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Fig. 4 Subcutaneous temperature sensing transponder inserted
underneath the tail of a sheep to measure body temperature.
Sourced with permission from Abecia et al. [86]

Tympanic temperature

Despite being considered as a reliable indicator of CT
in humans at the level of the hypothalamus [95], the
use of tympanic temperature (TT) as a measure of
body temperature in domesticated livestock has not
been thoroughly investigated. TT is taken by inserting
a thermometer into the external ear canal and direct-
ing the device towards the tympanic membrane [96].
More research using ear temperature monitoring sys-
tems has been conducted in cattle than sheep, with the
primary purpose to detect fever due to illness [19, 97].
Temperature sensing ear tags (Fever Tag®) were used
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to detect illness in calves; however, tag placement and
probe dislodgment limited the detection of sick calves
[19]. Additionally, the tags were not tested under dif-
ferent environmental conditions such as high ambient
temperature and/or direct sunlight which may be mis-
interpreted as fever. The same technology (Fig. 5) has
been used to detect bovine respiratory disease (BRD) in
feedlot cattle, concluding that treating animals on the
basis of high TT through Fever Tag® alert was just as
effective as the traditional pull and treat method based
on RT and signs of BRD as monitored by experienced
personnel [97]. In order for tympanic temperature
tags to be useful to detect elevated body temperature
and hence the onset of heat stress, more research is
required, particularly on the influence of ambient con-
ditions, as well as the durability of these tags.

With regard to heat stress, collection of hourly TT
under thermoneutral and heat stress conditions has ena-
bled the efficacy of restricted feeding regimes and sprin-
kler use to be tested as strategies to reduce the effects
of heat stress in feedlot cattle [98]. Changes in TT were
recorded in response to both sprinkler use and alteration
in feeding regime, suggesting that it may be an effective
tool to monitor physiological responses. Although care is
taken to ensure secure and consistent placement of the
data logger within the ear canal, inconsistencies and dis-
placement are to be expected. For this reason, smaller,
self-contained temperature loggers have been designed
to record TT in cattle [99]. However, as a result of the
poor recovery rate and large variability in temperature
profiles both within and between animals, more research
is required to characterise TT profiles. Lastly, although
most of these technologies transmit data wirelessly for
remote use, current designs make it difficult to meas-
ure TT continuously for more than several days due to

A)
90mm
< >
*  Ear canal temperature probe
| , *  Medical grade PVC material
30mm *  Waterproof
~13g * Lightweight

Richeson et al. [97]

B)

Fig. 5 Tympanic temperature probe for the automated measurement of body temperature in sheep. Schematic of (a) FeverTag before application,
and (b) after application. Probes are inserted into the ear canal and the attached external tag is secured using an ear tag applicator. Adapted from
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displacement of the temperature sensor and potential
risk of infection [100].

Accelerometers

The use of automated systems for behavioural monitor-
ing is of increasing importance to both researchers and
farmers, due to its many advantages over visual appraisal.
Monitoring the behaviour of an animal has the potential
to increase the efficiency of animal production through
improved management and early detection of illness,
disease or stress [101]. Accelerometer tags are small
and lightweight which ensures minimal obstruction or
interference with an animal’s natural behaviour. These
tags measure linear acceleration along one or more axes
and can accurately depict animal body movement [102].
Additionally, the sampling frequency can influence the
accuracy of identifying a certain behaviour, for instance
grazing, and should be carefully selected [103]. Accel-
erometers consist of integrated data loggers and can be
attached to various parts of the body, depending on the
behaviours which are being observed [104, 112] (Fig. 6).
For example, an accelerometer sensor positioned under
the lower jaw measured grazing behaviour accurately in
sheep [105]. Further, sensors attached to the ear, were
used to correctly identify grazing, standing and walking
in sheep with an accuracy of 94%, 96% and 99%, respec-
tively [106].

More studies have been conducted to classify cat-
tle behaviour compared to sheep behaviour [103]. Sim-
ple behavioural classification used in conjunction with
GPS tracking in sheep has led to the distinguishability
between “active” and “inactive” behaviour which mainly
represents grazing and recumbency [107]. More com-
plex behaviours such as rumination [27], kicking and foot
movements [89], grazing, standing and walking [106]
as well as laying down and running [28] have been suc-
cessfully classified using accelerometers. More recently,
accelerometers have been used to identify behavioural
changes in ewes during parturition [108]. Furthermore,
the development of commercially available activity moni-
tors known as ActiGraphs are being adopted for research
in both human and animal health. Unlike standard accel-
erometers, ActiGraphs include a Bluetooth function for
measuring proximity and have been used to on ewes and
rams during joining to indicate the birth date of lambs
[109]. In addition, this Bluetooth technology has been
used to determine maternal pedigree and ewe-lamb
spatial relationships in extensive farming systems [110].
These flagship activity monitors are a discrete way of
measuring mating behaviour and could be used to moni-
tor the effects of hot conditions on ewe-ram interactions
throughout the joining period.
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The use of accelerometer and Bluetooth technology
to identify behaviours directly indicative of heat stress
has not been thoroughly investigated. RR is one of the
primary physiological responses to heat stress and can
be responsible for up to 60% of total body heat loss [1].
Measurements of RR are widely used to evaluate and
quantify heat stress through direct or remote observation
of animals through counting the number of flank move-
ments in a 60 s period (breaths/min) [11]. Although it has
proven an effective measure of heat stress in livestock, it
can become difficult to accurately assess at higher tem-
peratures as RR can increase by around 3 breaths/min
for every 1 °C increase in ambient temperature [111].
Additionally, manual collection of RR data is labour
intensive and on-farm application is relatively impracti-
cal. One study reported an approximate 10% increase in
RR for every 0.5 °C rise in VT when accelerometer-based
tags were used to quantify heavy breathing in dairy cows
[29]. The use of accelerometers to quantify RR in sheep
has not yet been validated. Nevertheless, accelerometers
could be a promising technology to identify heat stress in
extensive sheep production systems.

GPS tracking

GPS technology allows for the remote monitoring of ani-
mal movement, thus providing researchers and farmers
with an insight into the spatial behaviour patterns of free-
ranging livestock. Monitoring the behaviour of livestock
in extensive grazing systems can assist in managing both
the animal and its interactions with the environment
[113]. The popularity of GPS for tracking animal move-
ment has increased since the mid-1990s with a total of 20
experiments published between 2011 and 2015 on sheep
alone (see review; [114]). Its use for behavioural monitor-
ing is more effective than direct flock observation [115],
and there are no significant long-term effects on the nat-
ural behaviour of paddocked ewes [116]. In livestock pro-
duction research, GPS tracking collars are mostly used
for the assessment of grazing behaviours and distribution
patterns [117], as well as identifying the presence of graz-
ing or recumbent behaviour [107]. GPS collars have also
been used to track shelter utilisation in Merino ewes [26],
where sheep used sheltered areas significantly more often
than the remainder of the paddock. Additionally, GNSS
technology has been used to identify the onset of oestrus,
through a period of increased movement speed followed
by a return to ‘normal’ activity [118].

With reference to environmental conditions, sheep will
seek shelter during periods of both heat [119] and cold
stress [26], suggesting that the wellbeing of sheep may be
compromised if inadequate shade or shelter is provided.
The availability of shade to reduce radiation load is rec-
ognised as a necessary management tool to reduce the
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Uy

Fig. 6 Use of triaxial accelerometers to identify sheep behaviour. Schematic of (a) sensor axis orientations and, photographs of (b) standing
(left) and lying (right) postures and the corresponding X axis orientation of a leg deployed accelerometer, (c) orientation of a collar mounted
accelerometer during grazing activity (note the forward tilt of the sensor) and (d) changes in the X axis orientation of an ear deployed
accelerometer during walking behaviour. Sourced with permission from Barwick [112]

effects of heat stress among livestock [120]. Through the
assessment of GPS data, shade usage and preference can
be mapped within a grazing herd to better manage them
under heat load. Another environmental modification to
reduce the effects of heat stress in extensive grazing sys-
tems is the strategic positioning of water points through
assessment of GPS data. One study using GPS collars
found that Merino sheep travelled quicker and further
from water on cool days compared to warm and hot days
[121]. This is consistent with literature surrounding the
behaviour of livestock under heat load, suggesting they
adjust their behaviour during hot weather to facilitate
improved thermoregulation and energy conservation
[122, 123]. Although one study compared the effects of
behaviour and thermal status in free-ranging Merinos
[119], environmental monitoring was carried out through
manual observation rather than the use of remote track-
ing technology. Thus, pairing the use of GPS tracking
with longitudinal, remote measures of body temperature
may provide valuable insight into how different behav-
iours such as shade seeking or grazing modulate indi-
vidual body temperatures and maintain homeothermy in
pasture-based sheep production systems.

Summary and conclusions

Methods to circumvent problems associated with
human presence during data collection is of increasing
importance to animal researchers and farmers. Body

temperature is the most important parameter for assess-
ing heat stress among domestic livestock species and is
associated with health, well-being and reproductive suc-
cess. Automated temperature-sensing technology has the
potential to provide continuous, real-time measurements
of body temperature in livestock for a longitudinal rep-
resentation of herd thermal status. This would allow for
the detection of heat stress thereby facilitating prompt
management intervention which could prevent associ-
ated animal losses and improve farm productivity. Before
we can bridge the gap between research and industry,
there are a number of important considerations. First
and foremost, true automation of data collection should
be a priority. Wireless transmission of real-time data is
essential in providing producers with the relevant infor-
mation which facilitates informed management decisions
in relation to reducing the effects of heat stress as the
event is occurring. Additionally, sensitivity, accuracy and
variability of temperature measurements must be well-
understood. To evade the effects of individual variation,
measurements at the animal level would be the most use-
ful in managing heat stress. Considering that individual
animal variation is likely to exist at stable body tem-
peratures, collecting longitudinal temperature data will
enable specific body temperature thresholds to be estab-
lished. The development of predictive model software
which facilitates ease of data collection, management
and integration would be a key milestone in adopting
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this technology at an industry level. The associated costs
of these technologies and their comparable relationship
to core temperature is likely to be a key determinant in
which technologies provide the most helpful information
in preventing and managing heat stress.
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