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Abstract

While the international zoological community is committed to enhancing the welfare of individual animals, researchers have yet to
take full advantage of the tools available for non-invasively tracking behavioural and physiological indicators of welfare. We review
technology currently being applied in studies of zoo, farm and laboratory animals to regularly monitor welfare status, as well as to
evaluate responses to particular stimuli and situations. In terms of behavioural measures, we focus on automated assessments that
offer insight into how animals — even those that are nocturnal or elusive — behave when humans are not present. Specifically, we
provide an overview of how animal-attached technology (accelerometers, global positioning systems, radio frequency identification
systems) can be implemented to generate activity budgets, examine use of space, conduct gait assessments, determine rates of
movement and study social dynamics. We also emphasise the value of bioacoustics, as the rate and acoustic structure of certain vocal-
isations may vary across contexts and reflect an animal’s internal state. While it can be challenging to identify non-invasive methods
for investigating physiological welfare indicators, we discuss approaches (thermography, tracking measures of heart rate) that may be
especially useful for monitoring affective states and psychophysiological functioning. Finally, we make a concerted effort to highlight
tools that allow welfare scientists to consider measures of positive welfare. Ultimately, zoos can ensure that each animal has the
opportunity to thrive by employing technology to create baseline behavioural and physiological profiles, conduct ongoing monitoring
schemes and assess responses to specific conditions, events and stimuli.
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Introduction
Recently, zoos and aquaria (hereafter zoos) have dramati-
cally increased efforts to monitor and improve animal
welfare (Walker et al 2014). Zoo associations across the
globe, including the World Association of Zoos and
Aquariums (WAZA), have expressed a commitment to
proactively identifying and resolving welfare issues faced
by populations and individual animals (Hosey et al 2009).
Indeed, WAZA’s World Zoo and Aquarium Animal Welfare
Strategy offers guidance on attaining high welfare
standards, outlines best practices, promotes research and
encourages its members to serve as animal welfare leaders
(Mellor et al 2015). Among organisations accredited by the
Association of Zoos and Aquariums (AZA), a handful of
centres have been established to examine welfare policy
and/or implement welfare research (eg Chicago Zoological
Society’s Center for the Science of Animal Care and
Welfare). Within the zoo community, there is a consensus
that future research efforts must focus on identifying tools
for systematically tracking and assessing animal welfare
(Barber 2009; Hosey et al 2009; Butterworth et al 2011).
Indeed, the mission of AZA’s Animal Welfare Committee
(AWC) includes, “encouraging the development of research

projects and assessment tools to advance and monitor
animal welfare” (AZA 2015). This mission reflects a more
widespread movement that urges the zoo industry to move
beyond a resource-based approach to welfare assessment.
While zoos traditionally have focused on outlining partic-
ular environmental requirements and management practices
for accreditation purposes, welfare researchers emphasise
the importance of incorporating animal-based measures (eg
hormones, behaviour) that reflect an individual’s physical
and psychological states (Barber 2009; Butterworth et al
2011; Siegford 2013; Whitham & Wielebnowski 2013). 
Over the past several decades, zoo welfare scientists have
adopted a variety of valuable methods for assessing indi-
vidual animal welfare. Most commonly, researchers have
relied upon tracking hypothalamic-pituitary-adrenal axis
(HPA) activity via non-invasive hormone monitoring,
conducting behavioural observations (eg recording self-
injurious behaviours), or documenting health indicators
(Wielebnowski & Watters 2007; Hill & Broom 2009; Melfi
2009). While zoos have gained extensive knowledge by
employing these approaches, there are certain limitations for
those hoping to regularly monitor the welfare status of indi-
vidual animals. For instance, it can be challenging to distin-
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guish between an adaptive ‘stress response’ and chronic
stress when using hormone monitoring, as adrenal responses
are sometimes associated with events that do not negatively
impact welfare over the long-term (eg breeding introduc-
tions). Moreover, an exposure to a stressor does not always
result in increased adrenal activity (Wielebnowski 2003).
Similarly, behavioural observations — often considered a
vital component of welfare monitoring — may not provide a
comprehensive view of welfare status when used independ-
ently. Often, exotic species do not overtly display indicators
of poor welfare (Broom 2007). Even if signs of positive or
negative welfare are expressed, researchers typically are
limited to collecting data during zoo hours (unless cameras
are employed) and observing only a few individuals at a
given time. Furthermore, even trained personnel encounter
visual obstructions, experience observer fatigue and have
difficulty estimating variables, such as inter-individual
distances (Hacker et al 2015). There clearly is a need for
effective, reliable tools that allow zoos to monitor elusive,
cryptic and nocturnal animals — especially when staff and
visitors are not present. Moreover, measures and methods
should be combined whenever possible to gain better insight
into individual animal welfare. In a recent review, Whitham
and Wielebnowski (2013) promote the integration of behav-
ioural, physiological and biological indicators of good
welfare (eg exploratory behaviours, certain vocalisations)
and even touch on new technological breakthroughs for
monitoring individual animals.
The current article reviews technology now being applied in
zoos, farms and laboratories that can be combined with tradi-
tional measures to assess and enhance the welfare of indi-
vidual animals. Specifically, we discuss technology that
allows for the automatic recording of behaviour and the
tracking of physiological indicators of welfare. While some
of the tools described here can be employed in veterinary
contexts (eg using accelerometers to detect lameness or
infra-red thermography to identify inflammation), the goal is
to highlight how technology can offer insight into an
animal’s behaviour and/or affective states — either via
continuous welfare monitoring or repeated assessments.
Whenever possible, an attempt was made to present
examples of tools that provide measures of positive welfare.
Furthermore, because zoos care for exotic, endangered
animals, we consider approaches that involve minimal
restraint and handling rather than those that require surgical
procedures or other invasive treatments (eg implantable
loggers). This review also focuses primarily on tools that can
be applied in naturalistic settings. In some cases, we describe
measures for which inconspicuous, non-invasive technology
is not yet available, with hopes that existing methods and
materials can be modified for zoo animals. Even if
equipment is available, technology evolves rapidly.
Therefore, instead of recommending specific models for
devices, we discuss some of the factors that must be consid-
ered when selecting equipment. Finally, while some tools
can only be applied to terrestrial species, we include
examples of how technology can be used to examine activity
patterns, acute responses to the environment, chronic stress
and overall welfare status for a wide range of taxa. 

Technology for monitoring behaviour
In recent years, welfare researchers have relied upon
automated assessments to track animals that cannot be
easily monitored by employing traditional methods. It is
possible to use animal-attached technology to investigate
postural behaviour, locomotor activity, movement patterns
and even behaviours indicative of positive welfare. With
this information, welfare scientists have the ability to
generate activity budgets, calculate walking distances,
analyse gait, track use of space and understand how an
animal views its social and physical environments. These
tools allow zoos to monitor animals that are elusive,
nocturnal or live in large social groups. Indeed, many
automated assessments can be performed regardless of visi-
bility, terrain or time of day — making it possible to track
animals even when staff and visitors are not present.
Furthermore, researchers can collect data on behaviours that
occur infrequently (eg vocalisations) and would otherwise
be very time-consuming to investigate. 
This article discusses only some of the technology now
available for welfare monitoring. Many of the tools described
below can be employed to create ‘baseline profiles’ for indi-
vidual animals and then to evaluate responses to specific
conditions or events. We do not review the technology
available for conducting behavioural observations, though
software and applications have been developed for recording
behavioural states and events (eg Lincoln Park Zoo’s
ZooMonitor, Tracks Software, Chicago, IL, USA; EthoTrak
Observation System, Chicago Zoological Society,
Brookfield, IL, USA; Animal Behaviour Pro, Nicholas
Newton-Fisher, University of Kent, Canterbury, UK).

Accelerometers
Accelerometers are sensors that estimate body acceleration,
either in intervals or continuously, along one to three axes
(Wilson et al 2008; Brown et al 2013). Total acceleration
represents the combination of both static (gravity-based)
and dynamic (movement-based) components, allowing for
the measurement of the animal’s orientation/posture and
movement, respectively (Wilson et al 2014). The most
precise information can be gained by using tri-axial
accelerometers, which involves aligning three sensors
orthogonally to measure sway (lateral acceleration), surge
(front-back acceleration) and heave (up-down acceleration).
While the sensors generate raw voltage data, patterns of
waveforms can be used to develop ‘acceleration ethograms’
for particular behaviours and, ultimately, to create activity
budgets (Brown et al 2013). Accelerometers are particularly
useful for species that are difficult to observe due to
nocturnal or crepuscular behaviour, visibility issues and/or
inaccessible habitats, including species living in aerial and
aquatic environments. According to a review conducted by
Brown et al (2013), accelerometers have been used on over
120 species. Since the late 1990s, researchers have
employed portable accelerometers to investigate energy
expenditure, activity patterns and the postural behaviour of
livestock, companion animals, free-ranging species, labora-
tory animals and zoo-housed species (eg Wilson et al 2008;
Rushen et al 2012; Brown et al 2013).
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One of the most common applications of accelerometers
involves examining aspects of postural or locomotor
behaviour to identify signs of lameness and discomfort. For
example, by attaching two tri-axial accelerometers (one on
the back, one on the hind leg) to gestating sows (Sus domes-
ticus), Ringgenberg and colleagues (2010) were able to
differentiate between standing, lying ventrally and lying
laterally. The authors note that while observations of
postural behaviour can be highly subjective, the ‘postural
time budgets’ created by accelerometers not only provide
insight into how much time an animal spends resting but
also whether it is having difficulty shifting positions (eg
lying down). Step counting, conducted via accelerometers
and other sensors (eg pedometers), is frequently studied in
the livestock industry to track locomotor activity, detect
lameness and assess the adequacy of particular features of
the environment, such as flooring (eg Platz et al 2008;
Chapinal et al 2010; Ringgenberg et al 2010; Ouweltjes
et al 2011; reviewed by Rushen et al 2012). Finally,
accelerometers allow researchers to conduct gait analyses
by measuring variables, such as stride length, stride
frequency and speed (eg domestic dogs: Barthélémy et al
2009), as well as by attaching multiple devices to detect
asymmetric stepping (eg dairy cows [Bos taurus]: Pastell
et al 2009). Accelerometers can even be employed to differ-

entiate various forms of locomotion or gait types (eg dairy
cows: de Passillé et al 2010; Figure 1). There is great
potential for using accelerometers to regularly monitor
baseline patterns of movement and to detect signs of pain,
disease or discomfort in zoo animals.
In addition, there is evidence that accelerometers can differ-
entiate between a wide range of behaviours and be used to
create daily activity budgets. Researchers have employed
lightweight accelerometers to identify the activities of hens
(Gallus gallus domesticus) (Banerjee et al 2012), track the
behaviour of goats (Capra aegagrus hircus) at pasture
(Moreau et al 2009), estimate the activity of wild red deer
(Cervus elaphus) (Löttker et al 2009), distinguish some
common behaviours (eg eating, trotting, galloping)
performed by free-ranging domestic cats (Felis catus)
(Watanabe et al 2005), detect various sea turtle
(Chelonia mydas) nesting behaviours (Nishizawa et al 2013)
and monitor the behaviour of Adélie penguins
(Pygoscelis adeliae) on land and at sea (Yoda et al 2001). In
zoos, scientists have implemented accelerometers to study
the behaviour of various mammalian species.
Accelerometers proved to be especially useful for Sellers
and colleagues (1998), who were able to distinguish between
resting, leaping, walking and climbing for a mongoose lemur
(Eulemur mongoz) fitted with a harness. The authors argue
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Figure 1

Accelerometers can be used to differentiate gait types in dairy calves. Graphs represent acceleration of calves’ legs in the vertical
dimension. Individual steps can be identified for calves when walking (upper) and galloping (lower). Figure redrawn by Rushen et al
(2012) from data presented in de Passillé et al (2010) with permission granted for re-use here by both.
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that while behavioural observations are not always practical
for nocturnal prosimians that spend large amounts of time
out of view, researchers can develop ‘locomotor budgets’
based on the patterns of data generated by accelerometers.
By using a harness fitted with a matchbook-sized accelerom-
eter, Takahashi and colleagues (2009) determined that a
koala’s (Phascolarctos cinereus) activity levels were posi-
tively correlated with the occurrence of one oestrus
behaviour (bellowing) and negatively associated with
weekly weights. In a study of African elephants
(Loxodonta africana), Soltis and colleagues (2012) found
that tri-axial accelerometers, attached via collars, effectively
distinguished between walking, feeding and even swaying, a
repetitive behaviour. The researchers validated this method
by comparing accelerometer data to videotaped behavioural
observations and suggested that by doing so for various
age/sex classes, accelerometers can be used to generate
behavioural profiles for individual animals. These studies
provide evidence that accelerometers can be a valuable tool
for animal care staff looking to monitor baseline patterns of
behaviour and movement regardless of the time of day, visi-
bility of the animal or obstructions in the environment. 
While compiling activity budget data is clearly worthwhile,
we argue that accelerometers  should be specifically used to
highlight positive indicators of welfare. Wilson and
colleagues (2014) demonstrated that different features of
accelerometer data can provide information about how
micro-movements are linked to internal states in humans,
cockroaches (Blaberus craniifer) and African elephants.
Specifically, these authors reported significant differences
in the posture of African elephants experiencing positive
versus negative affective states (ie walking between desired
resources versus walking away from the dominant animal
after being displaced). As discussed by Whitham and
Wielebnowski (2013), it may also be possible to determine
if an animal is experiencing positive affective states by
monitoring sleep patterns (see also Langford & Cockram
2010). Studies on humans have shown that self-reported
positive affect is associated with fewer sleep problems (eg
number of occurrences of waking). By attaching a single
accelerometer to the necks of calves, Hokkanen and
colleagues (2011) successfully identified 90% of total
sleeping time, including the occurrences and durations of
sleeping bouts. Similarly, Holdgate and colleagues
(Holdgate 2016a) attached anklets to Asian
(Elephas maximus) and African elephants from 40 zoos and
found that recumbence was associated with substrate type
(for both species), the amount of space experienced by
animals at night (for African elephants) and the amount of
time spent alone at night (for Asian elephants). The authors
note that recumbence is a proxy for sleep in elephants, and
argue that understanding patterns of recumbence can inform
management decisions. It may even be possible to use
accelerometers to detect locomotor play, an indicator of
good welfare for young individuals of many species
(reviewed by Boissy et al 2007; Held & Špinka 2011).
Rushen and de Passillé (2012) discovered that measures of
acceleration could be used to estimate the duration of play

running in dairy calves. Indeed, it may be far more practical
to rely upon accelerometers than behavioural observations
when examining locomotor play, as play behaviours tend to
occur relatively infrequently, particularly in adults (Held &
Špinka 2011). By using accelerometers to track specific
behaviours, especially those that may be difficult or time-
consuming to observe, researchers can gain insight into how
comfortable an animal is in its environment.
While accelerometers appeal to the zoo community due to the
fact that they are affordable and lightweight, welfare scien-
tists must consider several factors and potential limitations
before implementing these devices (Brown et al 2013).
Perhaps most importantly, the researcher must determine
whether accelerometers have been validated for the species in
question and, preferably, for particular age/sex classes. In
fact, it may be necessary to collect behavioural data to
validate the units for particular individuals, as Soltis and
colleagues (2012) noted that behaviours such as swaying may
vary across individuals (eg front-to-back vs side-to-side).
Furthermore, accelerometers can be tested by hand-counting
steps, as well as by attaching two devices to one animal to
evaluate inter-unit agreement (eg Rothwell et al 2011). The
researcher must also decide how to sample the data (continu-
ously vs repeated bursts) and analyse the acceleration
waveforms generated by the device (Brown et al 2013). 
Before initiating a study, one must also ensure that the
devices do not negatively impact the animals and, hence,
skew the data. The researcher should work with animal care
staff to determine how and where to attach the device.
Common attachment methods include collars, anklets,
harnesses and clamps, and the placement of the device will
dictate the types of behaviours that can be monitored
(Brown et al 2013). Furthermore, it is important to consider
whether the subject or conspecifics can remove the device
(Rothwell et al 2011) and whether factors such as colour,
mass or shape affect the animal (Wilson et al 2008). In fact,
researchers should train the animal to participate with
attachment/removal procedures, allow time for habituation
and collect behavioural data prior to and after attachment to
rule out behavioural effects (Rushen et al 2012; Brown et al
2013). With careful planning, accelerometers can provide
great insight into an animal’s welfare by tracking postures,
activity patterns and even specific behaviours over time.

Global positioning systems 
Global positioning systems (GPS) technology is a satellite-
based system that can pinpoint a subject’s location by using
receivers to triangulate signal information. Satellite
telemetry gives researchers the ability to accurately track an
animal’s movement over a 24-h period by providing rapid
position updates (Tomkiewicz et al 2010). By monitoring a
subject’s location over time, GPS units can provide infor-
mation about habitat use, activity levels, rates of movement
and distance travelled. Not surprisingly, these devices are
being integrated into studies designed to track the distribu-
tion, grazing preferences and activities of free-ranging
livestock (eg Ungar et al 2005; Tomkins & O’Reagain
2007; reviewed by Handcock et al 2009). In ecological
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studies of wild populations, researchers apply GPS tech-
nology to examine questions about home range, dispersal
and patterns of movement (Cagnacci et al 2010). Cagnacci
and colleagues (2010) argue that because “movement is the
glue that ties ecological processes together”, GPS data offer
insight into how and why individuals use particular
resources, interact with conspecifics and prefer certain
habitats (p 2159). GPS technology has even been applied to
animals in marine environments (eg king penguins
[Aptenodytes patagonicus], green sea turtles), small
mammals and birds (reviewed by Tomkiewicz et al 2010).
While this method can be very useful for large groups of
animals, cryptic species, or those that are difficult to
observe, most zoo research has focused on large mammals. 
Several zoo studies have investigated how GPS devices can
be used to assess rates of movement, distance travelled and
use of space in elephants (Leighty et al 2009, 2010;
Horback et al 2012; Miller et al 2012; Hacker et al 2015).
In a study of African elephants, Miller and colleagues
(2012) found that GPS units — whether fitted to collars or
anklets — accurately assessed walking rates and daily
distance travelled (Figure 2). Similarly, Leighty and
colleagues (2009) designed custom-made collars that
included GPS devices to examine rates of movement in
female African elephants. In addition to finding a positive
correlation between rate of movement and mean tempera-
ture, their results suggest that elephants move at higher rates
when living in complex social groups in relatively large
enclosures. The same authors found that dominant females

used significantly more space, spent more time in particular
parts of the enclosure (eg narrow, peripheral areas) and were
more likely to use the watering hole than lower-ranking
females (Leighty et al 2010). In a multi-institutional study
of both African and Asian elephants, Holdgate and
colleagues (2016b) used anklet-attached devices to
determine that daily walking distances were impacted
primarily by social and feeding-related variables. The
authors reported that unpredictable feeding schedules and
diverse methods of food presentation were associated with
greater walking distances and suggested that dynamic
feeding programmes may promote exploratory behaviour,
an indicator of positive welfare (reviewed by Boissy et al
2007). GPS devices can help researchers explore associa-
tions between patterns/rates of movement and husbandry
practices, health issues (eg obesity), physiological
measures, environmental conditions and habitat complexity.
GPS technology can even serve as a tool for examining
social relationships, as the co-ordinates provide a measure
of inter-individual distances. Hacker and colleagues (2015)
conducted behavioural observations on African elephants
while deploying GPS-fitted collars and discovered that indi-
viduals that spent more time in proximity to one another
were more likely to exchange affiliative behaviours than
dyads that spent less time in proximity. This relationship
was specifically found when considering data collected
during the evening hours, highlighting the value of this
method for gaining insight into ‘true relationships’ that are
not influenced by interactions with staff. This study also
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Figure 2

Examining daily distance travelled by implementing GPS technology. GPS technology can be employed to examine average daily distance
travelled in a zoological environment. Data were collected on eight African elephants at the San Diego Zoo Safari Park. GPS locations
were collected every 5 s to accurately calculate distance travelled over a 24-h period. Figure reprinted from data presented in Miller et al
(2012). 
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revealed an association between GPS data and keeper input
regarding social relationships. Overall, GPS technology
offers a window into how animals interact with conspecifics
and the environment when humans are not present.
As with accelerometers, researchers must consider several
factors and limitations before initiating a GPS study. If this is
the first time that GPS devices are being applied to the species
of interest, one should review the specifications for available
receiver modules. Units vary in multiple ways, such as size,
operational life, number of available channels, power effi-
ciency, voltage requirements and options for data storage and
retrieval (Tomkiewicz et al 2010). It may be helpful to contact
the manufacturer to discuss the mass of the animal, unit size
and possible attachment methods (Tomkiewicz et al 2010).
The general rule of thumb is that the device should not exceed
5% of the animal’s body mass (Zekavat & Buehrer 2011).
Also, it is important to note that the method and site of attach-
ment can greatly influence system functionality and even the
validity of the data, due to animal movement and interference.
For instance, while there is evidence that both collars and
anklets can be used to calculate the walking rates of African
elephants, anklets may not be as accurate in determining
exhibit use (due to the animal’s body blocking location
attempts), and collars may overestimate distance travelled for
individuals that engage in repetitive swaying (Miller et al
2012). This highlights the importance of collecting behavioural
data to validate the use of GPS technology for particular
species and individuals. The accuracy of each wearable device
can be evaluated in numerous ways, such as comparing
position fixes to those produced by a hand-held GPS unit (eg
Leighty et al 2009) and placing the device at pre-measured
distances (eg Miller et al 2012). In addition, it is important to
note that failed or delayed location attempts may occur due to
environmental conditions (eg excessive cloud cover), physical
obstructions (eg buildings) or atmospheric interference (Frair
et al 2010; Tomkiewicz et al 2010). While it is not possible to
obtain accurate readings when indoors, GPS systems can be
combined with dead-reckoning to continuously track fine-scale
movements in extreme conditions, underground or underwater
(Wilson et al 2007, 2008). As technology evolves and new
devices emerge, many of the limitations described in this paper
will very likely be addressed.
Most of the same guidelines for minimising the impact of
accelerometers on behaviour are applicable to GPS devices.
Researchers should set time aside for training
attachment/removal procedures, habituation and conducting
behavioural observations to ensure that the devices are not
influencing behaviour. While Horback and colleagues’ (2012)
study of African elephants found that GPS collars did not
significantly affect the rates of behavioural events or percent
of time spent in particular behavioural states, there are cases in
which GPS devices have impacted behaviour and overall
welfare status (discussed by Tomkiewicz et al 2010 and
Horback et al 2012). However, by choosing the appropriate
device, site and attachment methods, we can better compre-
hend how each individual views its social and physical envi-
ronments. Fortunately, GPS devices are becoming
increasingly affordable, as commercial applications (eg navi-
gation, social media ‘tagging’) are now quite common. 

Radio frequency identification systems
Like GPS technology, radio frequency identification
(RFID) systems provide detailed location information, yet
can be applied to a wider range of taxa (eg insects) in a
variety of settings (eg indoors, burrows, nests). RFID is an
automatic identification and data transmission system that
relies on unique animal-borne tags and a reader (ie receiver)
that detects and stores the data (Roberts et al 2006; Krause
et al 2013). As opposed to active tags, passive tags do not
have an internal power source and must be energised by the
reader’s electromagnetic field to transmit signals (Bonter &
Bridge 2011). While passive tags have a more limited read
range, they theoretically have an unlimited operational life
and are generally cheaper, smaller, and more lightweight
(Roberts et al 2006). In fact, some are small enough to be
referred to as ‘powder’ and ‘dust’ tags and can be deployed
for years without disrupting the subjects (Ruhil et al 2013).
RFID technology allows for multiple tags to be read simul-
taneously, functions in extreme conditions (eg snow, fog)
and does not require a line-of-sight between the tag and
reader (Roberts et al 2006; Ruhil et al 2013). The livestock
industry has used RFID systems (mainly active, re-writable
tags with storage capability) for numerous purposes,
including tracking animals throughout the lifecycle and
tracing individuals following a disease outbreak
(Voulodimos et al 2010; Ruiz-Garcia & Lunadei 2011;
Ruhil et al 2013). However, this technology has also been
used to investigate use of space, resource selection,
daily/seasonal variation in feeding rates, mate choice, provi-
sioning behaviour (in birds) and social dynamics (Dyo et al
2010; Bonter & Bridge 2011; Krause et al 2013).
Most commonly, RFID technology has been used to
monitor the movements and activities of individual animals.
Catarinucci and colleagues (2014) recently designed an
RFID tracking system — with an antenna matrix placed
underneath animal cages — to record the location and
movements of small laboratory animals. By gluing passive
tags to bumblebees (Bombus terrestris) and placing a reader
at the nest entrance, Streit and colleagues (2003) could track
exactly how much time each bee spent out of the nest (ie
foraging) and the total number of trips. RFID also serves as
a valuable tool for those conducting preference testing. For
instance, Ringgenberg and colleagues (2015) investigated
the factors influencing nest choice in hens by attaching
passive tags to the birds’ legs and designing antennae-lined
nests. In a study of laboratory mice, RFID data were used
not only to track the amount of time individuals spent
within particular areas of a testing apparatus, but also to
monitor general activity (Howerton et al 2012). In fact, the
authors found that RFID readings for individual mice were
correlated with the number of minutes spent ‘active’ and
could serve as a proxy for activity. They proposed using
RFID to examine environmental preferences and to detect
‘depression-like phenotypes’ when activity levels deviate
from baseline patterns. Finally, Dallas Zoo monitors its
African elephants via active tags (attached to anklets) and a
network of receivers placed around the perimeter of the
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enclosure (N Scott, personal communication 2015). By
calculating positions using trilateration, zoo staff can track
individual differences in distance travelled, use of space and
locomotory patterns, as well as how these measures are
influenced by social and seasonal variables. This approach
could be extended to a variety of zoo species. 
RFID technology can also be used to extract information
about social relationships. Similar to GPS, RFID systems
allow for ‘indirect encounter mapping’, as co-occurrence
records from particular readers reflect potential associa-
tions (Krause et al 2013). By using passive microtranspon-
ders weighing less than 9 µg, Robinson and colleagues
(2009) recorded ants’ (Temnothorax albipennis) exits and
entrances to the nest and discovered that returning ants
stimulate others to leave. In a study of free-ranging
European badgers (Meles meles), researchers analysed
pairwise co-locations from receiver records to determine
where and when dyads interacted, and ultimately to
identify communities (Dyo et al 2010). It is even possible
to conduct social network analyses to investigate topics
such as pair formation, the exchange of social information
(eg how social connectedness influences the likelihood of
discovering novel food patches) and inter-specific
dynamics (reviewed by Krause et al 2013). 
While relatively little effort is required during data collec-
tion once tags (especially passive tags) have been deployed,
a considerable amount of time must be devoted to research
design. The researcher must decide whether to use passive
or active tags and then explore non-invasive attachment
methods (eg collars, anklets, ear-tags, glue). Clearly, careful
consideration must be given to the placement of the readers,
as data can only be collected from these locations and some
passive tags must pass within centimeters of the reader for
a fix to occur (Roberts et al 2006). One should also collect
behavioural data to ensure that the RFID readings are
accurate and reliable (eg Ringgenberg et al 2015).
Unfortunately, missed detections do occur, especially with
passive tags, due to multiple individuals arriving at the
reader simultaneously, interference from adjacent readers
and electromagnetic noise caused by certain features of the
environment (Roberts et al 2006; Howerton et al 2012).
Furthermore, a tag may not be detected due to its orientation
or may be detected multiple times if the animal is moving
slowly (Robinson et al 2009). Before analysis, researchers
should review the raw data to remove erroneous readings
and create ‘rules’ for generating a meaningful dataset (eg
consecutive readings less than 5 s apart should be consid-
ered a single fix) (eg Robinson et al 2009). Data analysis
may be laborious, especially if trying to extract social infor-
mation from co-occurrence records (see Krause et al 2013).
Still, RFID technology can be an extremely useful tool
when researching species that are difficult or even impos-
sible to observe using traditional methods. 

Bioacoustics
Another way to gain an impression of an animal’s inner
state is to investigate vocal behaviour, which can reflect
both physiological and psychological aspects of welfare
(Weary & Fraser 1995; Watts & Stookey 2000; Manteuffel
et al 2004; Boissy et al 2007). There is evidence that vocal
behaviour is associated with activation of the HPA axis
(Rushen et al 1999) and measures of autonomic nervous
system (ANS) activity (Marchant-Forde et al 2001). Indeed,
studies of human infant vocalisations have shown that
because certain acoustic features are associated with
measures of respiration and heart rate, vocal prosody (ie
variations in rhythm and pitch) can serve as a ‘sensitive
index of autonomic activity’ (Stewart et al 2013). Calls can
be recorded by placing microphones or hydrophones in
enclosures or via animal-attached recording devices (eg
collars), and recent advances in software allow for real-time
sound analyses. This means that health and/or welfare status
can be monitored continuously and particular sounds, such
as coughs (Ferrari et al 2008) and stress-related calls (Schön
et al 2001), can be detected automatically. 
Most studies have examined the types, rates and acoustic
structures of vocalisations produced in negative contexts,
such as experiencing pain, stress or social isolation (eg Weary
et al 1997). Typically, calls generated in these contexts are
emitted at high rates and characterised by high frequencies,
durations and amplitudes (Manteuffel et al 2004). Siebert and
colleagues (2011) found that the vocalisations of dwarf goats
(Capra hircus) are influenced by degree of social isolation,
with animals exhibiting fewer high bleats but greater low
bleats when completely isolated, as compared to partially
isolated. The authors suggest that when completely isolated,
the low bleats may represent a form of auto-communication
and serve a self-calming mechanism. In a study of beluga
whales (Delphinapterus leucas), a hydrophone was used to
examine the acoustic activity of animals in response to envi-
ronmental stressors (Castellote & Fossa 2006). Specifically,
vocalisation rates decreased after transportation to a new
facility, as well as following the introduction of harbour seals
(Phoca vitulina), and remained low for weeks (four and two
weeks, respectively). It is important to note that food intake
was not impacted by these stressors, and that acoustic activity
remained low even after behavioural indicators of negative
welfare (as reported by trainers) disappeared. Acoustic
activity can be a reliable indicator of an individual’s comfort
level and be used to evaluate the effects of animal transfers,
introductions and changes to the environment.
While it is less common to study vocalisations produced in
positive contexts, several welfare scientists highlight the
value of investigating calls that may reflect good or great
welfare (Boissy et al 2007; Fraser 2008). Indeed, Fraser
(2008) suggests that researchers should consider the sounds
emitted when ‘all’s well’, such as when pigs generate
‘snuffly’ sounds and hens sing. The vocal repertoires of
animals may include calls that reflect positive arousal, such
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as the ultrasonic chirps produced by rats in some social
contexts (eg playing) and the ‘laughter’ of great apes (rats:
Panksepp & Burgdorf 2003; great apes: Davila Ross et al
2009). With the use of directional microphones and spectro-
graphic analysis, Briefer and colleagues (2015) discovered
vocal indicators of valance when comparing the calls
emitted by goats in positive, negative and neutral situations.
Specifically, the calls produced during positive situations
had less variable fundamental frequencies than those
emitted in negative situations. Similarly, by using collars
fitted with microphones, Soltis and colleagues (2009) found
that the ‘rumbles’ produced by low-ranking African
elephants in calm social contexts had lower and less
variable fundamental frequencies, as well as lower ampli-
tudes and durations, than rumbles generated when inter-
acting with dominant individuals. While a follow-up study
determined that rumbles primarily express the intensity of
affect (regardless of the valence of the situation), the
authors argue that “…the unique combination of acoustic
features observed in the positive social context may consti-
tute a ‘vocal signature’ of positive affect that is distinguish-
able from neutral and negative affective states” (Soltis et al
2011; p 1064). Studies such as this highlight the importance
of adopting a ‘dimensional approach’ which considers both
affect quality or valance (positive versus negative) and
affect intensity (the degree of arousal: from low to high)
(Soltis et al 2011). Essentially, researchers should identify
acoustic features that occur in positive contexts, so that
these valance indicators can later be used to distinguish
between positive and negative affective states.
While bioacoustics is clearly a valuable tool for gaining
insight into an animal’s welfare status, researchers must
invest a considerable amount of effort into exploring
options for recording and analysing vocalisations. First, the
researcher should conduct preliminary observations and
review the available natural history literature to identify the
most appropriate calls for assessing welfare (Weary &
Fraser 1995). Next, these calls should be validated by
collecting behavioural and/or physiological data
(Manteuffel et al 2004; Soltis et al 2011). If possible, it is
best to design experiments to elicit and then analyse calls
spectrographically to highlight associations between partic-
ular acoustic features and affective states. However, it is
critical to note that certain states (eg excessive lethargy)
may not evoke any vocalisations and that even individual
animals are not always consistent in their vocal responses
(Manteuffel et al 2004). Furthermore, while vocalisations
may accurately reflect an animal’s ‘immediate experiences’
(Boissy et al 2007), it may be more challenging to integrate
bioacoustics into studies of long-term, persistent states (eg
chronic stress), once again highlighting the need to combine
measures when monitoring welfare. 
Finally, there are obvious technological considerations and
limitations. The recording equipment that one chooses will
depend primarily upon the species of interest, as some
animals produce infrasonic or ultrasonic calls and devices
are sensitive to particular frequencies (Blumstein et al
2011). The researcher must also decide whether to employ

directional or omnidirectional microphones, choose a
sampling rate (determines spectral range) and consider bit
depth requirements (determines dynamic range and size of
acoustic files) (Blumstein et al 2011). While animal-
attached technology may be preferred for monitoring indi-
viduals, this may not be feasible for all species. It may not
even be possible to distinguish the calls of individual
animals when using hydrophones on group-living animals
in a marine environment. Finally, while discussions of spec-
trographic analyses and the physiological mechanisms
impacting vocal output are beyond the scope of this paper,
these topics should be reviewed before initiating a study
(Manteuffel et al 2004; Taylor & Reby 2010). Once calls of
interest (positive and/or negative) have been identified, they
can be monitored on a regular basis to determine baseline
rates for individuals. It is also possible to compare rates and
call features across various contexts or following changes to
the environment or routine. 

Technology for monitoring physiological
states
To supplement behavioural measures, non-invasive
assessments of ANS activity can provide insight into an
individual’s physiological functioning and even affective
states. This can be accomplished by examining measures
of heart rate, body surface humidity, respiration and
peripheral body temperature. This section focuses
primarily on approaches that are best for monitoring
psychophysiological aspects of welfare. For instance,
while core body temperature can be monitored using
ingestible ‘pills’ (eg iButtons: Kinahan et al 2007; Harlow
et al 2010), body surface temperature is a more sensitive
measure of changes that result from stress (Church et al
2009). Also, while researchers have monitored respiratory
activity using microwave Doppler radar (eg Suzuki et al
2009), laser distance sensors (eg Pastell et al 2006) and
extendable belts (Reefmann et al 2009), there is some
evidence that, as compared to other measures of ANS
activity, this may be a less-promising approach for distin-
guishing between negative and positive states (Reefmann
et al 2009). Still, there is great potential for integrating all
of the measures listed above into welfare-related research.
Furthermore, an attempt should be made to combine
measures whenever possible to create the most compre-
hensive view of welfare status, as some reflect the activity
of the parasympathetic nervous system (eg heart rate vari-
ability) while others (eg body surface humidity and
temperature) reflect the activity of the sympathetic
nervous system (Reefmann et al 2009).

Thermography
Measuring changes in skin temperature can serve as an
objective, reliable method for assessing the physical and
emotional well-being of animals (Stewart et al 2005;
McCafferty 2007). Infra-red thermography (IRT) devices
measure radiated heat from particular body parts, without the
need for restraint or handling, from distances less than 1 m to
greater than 1,000 m (Church et al 2009). IRT images, which
can be viewed as single frames or in video format, provide a
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map of the variation in temperature across a particular surface
(McCafferty 2007; Church et al 2009). Devices range from
small, hand-held units to scanning stations (integrated into
feeders/troughs) that can regularly capture infra-red images of
the eye for multiple individuals (Stewart et al 2005; Figure 3).
IRT technology has been applied to a wide range of mammals,
birds, reptiles and insects in a variety of settings (McCafferty
2007). Common applications include using IRT to detect signs
of inflammation, oestrus, disease and infection but researchers
have also employed devices to conduct population surveys,
assess fertility, diagnose pregnancy and to examine how
temperature change is associated with particular affective states
(Stewart et al 2005; McCafferty 2007, 2011; Church et al 2009). 
IRT has numerous veterinary applications, as a change in
temperature may reflect circulatory problems, an inflamma-
tory response or an infection. In fact, IRT can detect inflam-
mation of the tendons and joints two weeks before the
presentation of clinical signs (Church et al 2009), making it a
valuable tool for identifying lameness and injuries (eg Eddy
et al 2001; Nikkhah et al 2005). Similarly, by employing IRT
to measure eye temperature, bovine viral diarrhoea can be
diagnosed as early as day one of infection and before the
appearance of clinical signs (Schaefer et al 2007). A decade
ago, Kouba and Willard (2005) recommended using IRT on
zoo animals for a variety of purposes, such as collecting
baseline ‘heat signatures’ of feet to detect lameness, gauging
thermal comfort and monitoring for signs of disease. 

There is also potential for using IRT to gain insight into an
individual’s emotional state, though most studies have
examined how temperature change is associated with negative
arousal. For instance, when an animal experiences fear, the
sympathetic nervous system is activated which results in
vasoconstriction and subsequent cooling of the extremities
(Stewart et al 2008). By using IRT, Nakayama and colleagues
(2005) discovered that the nasal skin temperature of rhesus
macaques (Macaca mulatta) decreased when approached by a
potentially threatening person. Similarly, fear-conditioned rats
placed (but not shocked) in a foot-shock chamber experienced
a significant decrease in paw and tail temperature, but an
increase in other regions such as the eyes (Vianna & Carrive
2005). Eye temperature also increased significantly for horses
participating in a novel object test, with larger increases
recorded for those which did not re-approach the object (Dai
et al 2015). IRT has even been used to detect stress in horses
participating in sports competitions, as Valera and colleagues
(2012) found that eye temperature increased following
showjumping events. However, it should be noted that a rapid
decrease in eye temperature was reported for cattle exposed to
unpredictable, aversive stimuli (Stewart et al 2008) and
temporary social isolation (Stewart et al 2007). Stewart and
colleagues (2008) argue that a very frequent sampling interval
may be necessary to capture this sudden decrease in eye
temperature that occurs before any subsequent increases.
Furthermore, methodological differences — as well as

Animal Welfare 2016, 25: 395-409
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Figure 3

Detecting disease using infra-red thermography and an electronic identification system. Infra-red thermography (IRT) can be utilised to
detect disease non-invasively in livestock, such as cattle. This photograph was captured using an infra-red camera aimed at a water trough.
By coupling this infra-red scanning station with an electronic ID detection plate, farm managers can automatically identify individuals while
collecting infra-red images of the eye region. Measuring eye temperature allows for the early detection of certain diseases, such as bovine
viral diarrhoea. Figure reprinted with permission from Stewart et al (2005).
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confounding factors (eg handling, invasive sampling) — may
explain why studies offer conflicting results regarding the
relationship between eye temperature and particular affective
states, as well as whether an association exists between eye
temperature and HPA activity (Cook et al 2001; Stewart et al
2007). Nonetheless, there is strong evidence that IRT is a
useful tool for highlighting negative arousal. Moreover, as
Stewart and colleagues (2008) argue, “its use may be
extended to other situations where activity of the autonomic
nervous system is changed, such as during pleasure or positive
responses…” (p 392). 
Before initiating a study that involves IRT, researchers must
consider several animal-related and environmental factors.
While the research question and species of interest will
determine which part of the body to measure, common sites
include the eye, muzzle and dorsal surface (Stewart et al
2005). As discussed above, the fact that some body parts
increase in temperature in response to particular stimuli
while others decrease highlights the importance of valida-
tion. Next, the researcher must evaluate the effects of
exercise and consider the circadian rhythms of the selected
region (Berry et al 2003). If measuring areas covered with
fur, measurements should be collected when coats are rela-
tively clean and dry (Stewart et al 2005). Moreover, the
researcher should control for seasonal differences due to
molting, as temperature readings are affected by the
thickness and quality of the coat (McCafferty 2007). It is
also necessary to consider how weather conditions (eg
sunlight, wind draughts) influence coat temperature
(Stewart et al 2005). For instance, a zebra’s
(Equus burchelli) black stripes are at least 10°C warmer
than its white stripes when in direct sunlight (McCafferty
2007). Finally, McCafferty (2007) suggests reducing the
amount of thermal radiation generated by the environment
by avoiding small spaces with features that emanate heat.
Fortunately, zoo researchers often have the ability to control
the setting and husbandry practices (eg brushing coats) to
ensure that IRT data are as accurate as possible.

Measures of heart rate
Another method for gaining insight into an animal’s welfare
status and even its emotional state, is to consider measures of
heart rate (Boissy et al 2007). Most studies have examined
how negative emotional states (eg stress) influence heart rate.
In fact, there is evidence that a wide range of taxa, including
reptiles, exhibit an increase in heart rate when experiencing
negative events (Cabanac & Cabanac 2000). Research has
also shown that positive states and pleasurable events are
associated with reduced heart rates. For example, decreases
in heart rate were reported for horses (Equus caballus) being
groomed (by humans) on particular areas of the body (Feh &
de Mazières 1993) and for rhesus macaques receiving
grooming from conspecifics (Aureli et al 1999). It is
important to note that most studies have measured mean heart
rate, which reflects the combined activity of both the sympa-
thetic and parasympathetic nervous systems.

In recent years, many researchers have promoted the use of
heart-rate variability (HRV), which measures the balance
between sympathetic and parasympathetic tone, as a reliable
indicator of emotion regulation (Mohr et al 2002; Marchant-
Forde et al 2004; Boissy et al 2007; von Borell et al 2007).
For instance, welfare scientists have measured HRV to
explore how vagal activity and changes in sympathovagal
balance are associated with housing conditions, exposure to
novel objects, environmental stressors, husbandry practices
and cognitive challenges (eg Mohr et al 2002; Désiré et al
2004; Langbein et al 2004; reviewed by von Borell et al
2007). There is also evidence that HRV may be influenced by
positive affective states (reviewed by Boissy et al 2007;
Kreibig 2010). For example, McCraty and colleagues (1995)
discovered that self-induced positive emotional states in
humans resulted in an increase in HRV. Similarly, in an
eloquent study designed to assess the emotional states of
sheep, Reefmann and colleagues (2009) found that HRV
(measured with a Holter recorder) was higher when sheep
were subjected to a positive situation (being groomed by
humans) than a negative situation (separation from
conspecifics). When experiencing positive situations, the
sheep also exhibited lower variability in body surface
humidity and a decrease in heart rate. The authors recommend
combining physiological measures whenever possible to
distinguish between positive and negative emotional states. 
Most commercially available ambulatory cardiac monitors
are only applicable to a narrow range of zoo-housed species.
Von Borell and colleagues (2007) describe available tech-
nology for monitoring cardiac activity in laboratory, farm
and companion animals. Most studies rely on either Holter
systems, which record electrocardiogram (ECG) signals and
are commonly used on humans, or monitors that detect
inter-beat intervals (IBI) specifically (eg Polar recorders).
While the latter are more affordable, they are less reliable
because without the complete record of ECG signals, errors
in IBI measurements cannot be identified (eg Marchant-
Forde et al 2004; reviewed by von Borell et al 2007). It may
also be possible to use an ingestible ‘pill’ fitted with a
submersible microphone to capture measures of heart rate
(Martinez et al 2006). After choosing a device, the
researcher should evaluate how changes are influenced by
the subject’s diurnal rhythms, current level of fitness and
recent physical activity and then attempt to standardise
conditions for data collection. In addition, it is important to
note that changes in cardiac activity may occur before a
particular behaviour is displayed and that the cardiac
response may continue after its expression (von Borell et al
2007). It is clearly necessary to habituate the animal to the
device before assessing how cardiac activity is associated
with other welfare indicators (eg HPA activity, behaviour)
and influenced by environmental conditions, the husbandry
routine or particular events. See von Borrell and colleagues
(2007) for a more thorough discussion about available
equipment, data editing and data analysis.
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Animal welfare implications
The goal of this review is to highlight the most promising
tools currently available for monitoring the welfare of zoo
animals. Technologies that allow for automated assessments
of postural behaviour, movement, activity patterns and even
vocalisations may be especially useful when caring for
species that are challenging to monitor with traditional
methods. Moreover, many of these tools can provide insight
into how animals behave when visitors, caretakers and
observers are not present. By creating baseline movement or
behaviour profiles for individual animals, it is possible to
evaluate the effects of environmental conditions (eg
ambient temperature), social variables (eg group composi-
tion) and changes to the routine or enclosure (eg new
enrichment devices). The non-invasive sampling of physio-
logical measures is less common than behavioural
research — and is typically more challenging to apply in
zoo settings (as demonstrated by the relative lengths of
these two sections of the paper) — but can help evaluate the
impact of specific events or conditions. Indeed, welfare
scientists may be able to examine measures of ANS activity
to determine whether animals are expressing positive or
negative affect in particular contexts. Whether hoping to
continuously monitor the welfare status of individual
animals, or determine responses to particular stimuli, the
technology described above can supplement the approaches
currently being applied in zoos.

Conclusion 
While the zoo community is committed to enhancing animal
welfare, researchers have yet to take full advantage of the
tools available for monitoring and assessing the welfare of
individual animals. To gain the most comprehensive view of
an animal’s welfare status, researchers should combine
methods for tracking behavioural and physiological indica-
tors. For instance, collars can be affixed with GPS units,
accelerometers and audio-recording devices (Soltis et al
2012), as well as sensors for measuring environmental
variables (eg temperature) (reviewed by Brown et al 2013).
Depending on the species, it may be possible to simultane-
ously measure body temperature, respiration and heart rate
(Reefmann et al 2009). Marine mammals can be fitted with
tags that include sensors for depth, temperature, orientation
and audio recordings (Johnson & Tyack 2003). By combining
these measures whenever possible, and continuing to employ
traditional methods (eg behavioural data collection, non-
invasive hormone monitoring), researchers will be able to
take a holistic approach to welfare assessment. 
Of course, technology evolves rapidly, with companies
constantly designing new devices and models that show
improved reliability, efficiency and functionality. As you
read this, technologies are surfacing that still require further
validation, especially in zoo settings, including: loggers for
wirelessly monitoring EEG activity, sensors for measuring
body surface humidity, force plates for detecting signs of
discomfort, systems for continuously monitoring mobility
and Bluetooth technology for tracking small-bodied
species. As technological advancements continue to occur

in the field of human and animal welfare science, it will
become feasible for zoos to monitor entire collections in a
time-efficient manner. Since technology is continually
transforming our approach to welfare monitoring, it is
impossible to predict exactly what the future holds in terms
of monitoring particular species. However, if the previous
ten years are any indication of the potential impact of tech-
nology on the field of animal welfare science, zoos will be
able to ensure that each animal has the opportunity to thrive.
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