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a b s t r a c t
The generalized energy budget for ﬁsh (i.e., Energy Consumed = Metabolism + Waste + Growth) is as relevant
today as when it was ﬁrst proposed decades ago and serves as a foundational concept in ﬁsh biology. Yet, generating accurate measurements of components of the bioenergetics equation in wild ﬁsh is a major challenge. How
often does a ﬁsh eat and what does it consume? How much energy is expended on locomotion? How do humaninduced stressors inﬂuence energy acquisition and expenditure? Generating answers to these questions is important to ﬁsheries management and to our understanding of adaptation and evolutionary processes. The advent
of electronic tags (transmitters and data loggers) has provided biologists with improved opportunities to understand bioenergetics in wild ﬁsh. Here, we review the growing diversity of electronic tags with a focus on sensorequipped devices that are commercially available (e.g., heart rate/electrocardiogram, electromyogram, acceleration, image capture). Next, we discuss each component of the bioenergetics model, recognizing that most research to date has focused on quantifying the activity component of metabolism, and identify ways in which
the other, less studied components (e.g., consumption, speciﬁc dynamic action component of metabolism, somatic growth, reproductive investment, waste) could be estimated remotely. We conclude with a critical but
forward-looking appraisal of the opportunities and challenges in using existing and emerging electronic
sensor-tags for the study of ﬁsh energetics in the wild. Electronic tagging has become a central and widespread
tool in ﬁsh ecology and ﬁsheries management; the growing and increasingly affordable toolbox of sensor tags
will ensure this trend continues, which will lead to major advances in our understanding of ﬁsh biology over
the coming decades.
© 2016 Elsevier Inc. All rights reserved.

1. Introduction
Marine and freshwater ﬁsh provide critical ecosystem services and
play important roles in culture, society, the economy and spirituality
(Holmlund and Hammer, 1999; Lynch et al. in press). As a consequence,
ﬁsh are some of the most intensively managed and studied wild organisms. At the level of the individual ﬁsh, food consumption provides the
fuel for cellular processes (Hochachka and Somero, 1980) and basic
organism functions, including respiration, digestion, locomotion,
growth, and reproduction (Tytler and Calow, 1985). Indeed, energy
is the currency of life (Kleiber, 1975). The energetic status of an individual ﬁsh determines its reproductive output, which in turn,
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impacts population-level processes (Tytler and Calow, 1985). Further, energy transfer via foraging (e.g., predation, scavenging) and
excretion inﬂuence community and whole-ecosystem level processes. Not surprisingly, ﬁsh biologists and managers devote signiﬁcant
effort to reﬁning our understanding of ﬁsh bioenergetics (Hansen
et al., 1993) and apply related principles (e.g., energy transfer and
productivity; Kitchell et al., 1974; Lapointe et al., 2013) to ﬁsheries
management.
The fundamental principles of ﬁsh bioenergetics are based on
simple and ubiquitous mass-balance equations and thermodynamics, given that processes in ﬁsh are governed by water temperature
(Brett and Groves, 1979; Tytler and Calow, 1985; Adams and Breck,
1990; Jobling, 1995). The generalized bioenergetics equation for
ﬁsh (i.e., Energy Consumed = Metabolism + Waste + Growth) is as
relevant today as when ﬁrst reviewed by Brett and Groves in 1979.
After early derivation of bioenergetics models for ﬁsh (e.g., Kitchell
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et al., 1977; Rice and Cochran, 1984), a team at the University of Wisconsin developed computer software (i.e., the Wisconsin Bioenergetics
Model [Hewett and Johnson, 1987]) with which users could easily manipulate model parameters to solve for growth or consumption and
adapt existing models to other species (Ney, 1993). The Wisconsin
Bioenergetics Model remains a popular tool in ﬁsheries science and
management (Hansen et al., 1993) although in recent years dynamic
energy budgets have grown in popularity and represent the frontier in
bioenergetics modeling, enabling testable estimates of the inﬂuence of
environmental and ecological factors on aspects of ﬁsh bioenergetics
such as growth and reproduction (Nisbet et al., 2000; Kooijman, 2010).
Bioenergetics modeling requires the input of reliable measurements
of the components of the energy budget. Obtaining such measurements
in wild ﬁsh is inherently challenging (Sooﬁani and Hawkins, 1985). For
example, how does one determine how much a ﬁsh consumes on a daily
basis? Or how much energy is expended on locomotion? Or the costs of
digestion? Traditional approaches to estimating bioenergetics were
based on data from ﬁsh in the laboratory (see Braﬁeld, 1985), which
were used to make extrapolations or inferences about ﬁsh in the ﬁeld
(see Ney, 1993). However, this is an obvious oversimpliﬁcation of
energy dynamics given the major effects that captivity can have on
the behaviour and physiology of wild animals (Hansen et al., 1993). Parameterizing models for wild ﬁsh using ecologically relevant data that
combine natural elements of behaviour, physiology, and ecology is
changing the way we view ﬁsh energetics and providing managers
and conservation practitioners with better tools for addressing realworld problems. This is accomplished mainly using electronic tagging
technology—such as biologging and biotelemetry techniques that incorporate various types of sensors (Lucas et al., 1993; Cooke et al., 2004a;
Wilmers et al., 2015). For decades, researchers have been using electronic tags to estimate components of the bioenergetics model
(reviewed in Lucas et al., 1993; Cooke et al., 2004b); predominantly
the activity component of metabolism. These tools have undergone continuous reﬁnement, resulting in a number of commercially-available
tags that have the potential to be used to estimate several components
of the bioenergetics equation.
Quantifying animal bioenergetics in the wild has extensive potential
for application in movement and behavioural ecology. For example,
movement paths can be explained by the variable energetic costs of
moving through different terrain or water currents (Wall et al., 2006;
McElroy et al., 2012). Energy use can also explain modes of locomotion
(Wilson et al., 1991), including gait transitions in ﬁsh (Peake and Farrell,
2004). Ecological energetics provide important mechanistic insight into
how and why animals behave in the wild (Shepard et al., 2013;
Tomlinson et al., 2014), yet this framework is rarely applied to ﬁsh
due to constraints in simultaneously measuring ﬁsh position and quantifying energetics. However, recent advancements in biotelemetry and
laboratory techniques provide methods that can be used to obtain
such measurements (e.g., Burnett et al., 2014; Brownscombe, 2016).
With these insights, we can make more informed predictions about
the underlying mechanisms that create spatial and temporal patterns
in ﬁsh distributions.
The objective of this paper is to review the state of electronic tagging
tools as they relate to the study of bioenergetics of wild ﬁsh in the ﬁeld.
We acknowledge existing ﬁsh-centric syntheses that have focused on a
speciﬁc technology (e.g., heart rate and opercular telemetry; Lucas et al.,
1991; EMG telemetry, Cooke et al., 2004b; accelerometry, Metcalfe et al.,
2015) which have largely focused on the activity component of the energetics model. There have also been several broad cross-taxa syntheses
that reviewed the use of electronic tagging as a tool in ecology (Cooke
et al., 2004a; Payne et al., 2014; Wilson et al., 2015). Here, we brieﬂy review the suite of electronic tagging tools available (biotelemetry and
biologging) that can be used in the study of bioenergetics. Next, we consider the generalized ﬁsh bioenergetics model and the ways in which
the existing toolbox could be used to address each of its components.
We conclude by identifying technical developments that need to occur

to properly address outstanding research gaps that impede our ability
to comprehensively apply bioenergetics models to the study and management of wild ﬁsh.
2. A primer on the tools
Biotelemetry and biologging technologies can both be used to remotely collect behavioural and physiological information on wild ﬁsh
and their surrounding environment. For biotelemetry, a signal emanating from a device carried by the animal (transmitter) sends data to a receiver. The power for transmission can be derived from an external
energy source (e.g., as is used by Passive Integrated Transponders—or
PIT tags) or internal energy source (i.e., battery). In biologging, data
are recorded and stored in an animal-borne device (archival logger)
and can be downloaded when and if the logger is retrieved. Additionally, there are an increasing number of techniques that couple the two
technologies, ﬁrst logging information onboard and then transmitting
the information (often to a satellite) when possible. We acknowledge
that other remote sensing techniques such as hydroacoustics (reviewed
by Misund, 1997) and underwater videography (reviewed by Struthers
et al., 2015) can also generate data that are relevant to ﬁsh energetics,
yet these techniques are beyond the scope of this paper. We do cover
image capture in the context of animal-borne devices.
Some of the earliest attempts to measure the energetics of ﬁsh in the
ﬁeld using electronic tagging tools extend back to the 1950s. However,
it was only in the 1990s that “off-the-shelf” commercial tags became
available. Early versions of devices were often a result of collaboration
between ecologists and engineers, involving substantial research and
development; this often remains the case today. Although we attempt
to cover all relevant technologies in this paper, we focus on those that
are currently commercially available and can therefore be readily
adopted by researchers and managers. We note that the landscape of
available electronic tags (especially sensors) is always changing and
that papers (such as this) based on technology can rapidly become (at
least partially) outdated so readers are encouraged to continue to consult the emerging literature and the websites of biotelemetry and
biologger manufacturers.
2.1. Calibrating sensor tags to measure energy expenditure in ﬁsh
Heat output (calorimetry) is the most direct way to measure energy
expenditure (Levine, 2005; Regan et al., 2013). However, this method is
difﬁcult to use with ﬁsh due to the high speciﬁc heat capacity of water
(relative to that of air) combined with the often low mass-speciﬁc metabolic rates of ﬁsh (Walsberg and Hoffman, 2005). The most common
method to quantify energy expenditure in ﬁsh is indirectly, using oxygen consumption (Metcalfe et al., 2015), which is also a common approach in other taxa (Halsey et al., 2009; Gleiss et al., 2011). This
method involves measuring changes in oxygen concentrations in the
water surrounding the ﬁsh, and is therefore restricted to fully- or
partially-enclosed systems (i.e., intermittently-sealed or ﬂow-through
respirometers), and cannot be measured in situ with free ranging ﬁsh
(Steffensen, 1989; Clark et al., 2013b). In the case of animal-borne
sensor-tags (e.g., electromyogram [EMG], acceleration, or heart rate),
most studies calibrate tag output with oxygen consumption rate and
swimming speed using a swim tunnel respirometer (e.g., Booth et al.,
1997; Clark et al., 2010; Gleiss et al., 2010; Wilson et al., 2013). Estimates of oxygen consumption rate can then be converted into units of
energy (e.g., Joules or calories) using standard conversion coefﬁcients
speciﬁc to taxa and trophic position (Elliott and Davison, 1975), which
enables integration into bioenergetics models. Nearly all ﬁsh are fully
ectothermic, which results in their metabolic rate being highly dependent on water temperature (Fry and Hart, 1948; Brett, 1964; Clarke
and Johnston, 1999). Temperature also plays an inﬂuential role in regulating the metabolism of endothermic/heterothermic ﬁshes (Blank
et al., 2007; Clark et al., 2013a). Therefore, to estimate energy
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expenditure in the wild, it is important to calibrate the relationships
between electronic tag output and energy expenditure across the
ecologically-relevant range of temperatures for the study species
(e.g., Wilson et al., 2013; Brownscombe et al., 2016).
While calibration of sensor tag output with energy expenditure
using a swim-tunnel respirometer is currently the best approach for understanding activity-related metabolism, it has its limitations. Swim
tunnels are constricted environments that may cause artiﬁcial increases
in oxygen consumption and restrict the swimming capacities of ﬁsh, especially during gait transitions (Metcalfe et al., 2015) and in the vertical
axis. Swim tunnels also generate laminar ﬂow, which may not reﬂect actual conditions, including water turbulence, in the wild (Roche et al.,
2014). Further, this approach only examines linear swimming, even
though the energetic costs of turning can be signiﬁcant. Using freeswimming, small-bodied brook trout (Salvelinus fontinalis), Tang and
Boisclair (1995) showed that turning had a signiﬁcant effect on energy
expenditure in a respirometer. We are unaware of any research papers
that have integrated behaviours more complex than steady-swimming
into estimates of energy expenditure using electronic sensor tags. If
the goal is to quantify the metabolic costs of digestion, then calibration
of heart rate tags in static respirometers is most appropriate.
2.2. Acceleration sensors
Acceleration sensors measure acceleration (g-force, 1 g = 9.81 m s−2)
at extremely high rates, up to thousands of samples per second in one to
three axes. These sensors initially became available in the form of acceleration biologgers, which store the information in on-board memory
(reviewed by Brown et al., 2014). For decades, this technology has been
used to examine bioenergetics and diverse aspects of ecology, physics, animal behaviour, and physiology (Nathan et al., 2012; Payne et al., 2014).
When attached to an animal, acceleration biologgers record and store
raw acceleration in up to three axes, which includes dynamic (animal
movement) and static (gravity) acceleration. In the analysis phase, these
two components can be distinguished to provide ﬁne-scale information
on locomotion and body posture (see Shepard et al., 2008). These data
are useful for remotely quantifying animal behaviour and activityrelated energy expenditure (Brown et al., 2014). While acceleration
biologgers provide very detailed information, a limitation in the study of
wild ﬁsh is the need to recapture the loggers so that data can be retrieved
(Metcalfe et al., 2015). More recently (since 2008), acceleration sensors
have been integrated into acoustic transmitters, which do not transmit
raw acceleration data, but a summarized acceleration value that provides
an index of activity. This approach cannot be used to quantify behaviour
in the detail that is possible using raw acceleration data and instead, provides a coarse measure of ‘animal activity’ or an estimate of the number of
times a pre-deﬁned behavioural event occurred (see details below). The
advantages of acceleration transmitters are that a) they can be used to
provide data for weeks or months, whereas acceleration loggers are
often restricted to b 10 days of data, and b) tag recapture is not required
for data acquisition (e.g., Stehfest et al., 2015; Gannon et al., 2014;
Murchie et al., 2011). Use of algorithms to classify behaviours onboard devices and thus reduce the need for large storage quantities will presumably enable longer-term ﬁeld deployments of acceleration loggers
(e.g., see Naito et al., 2013).
2.2.1. Acceleration biologgers
Acceleration biologgers have been used to make empirical measurements of behaviour and energy expenditure but primarily in terrestrial
and semi-aquatic animals (Brown et al., 2014). More recently, researchers have begun applying this technology to ﬁsh (e.g. Whitney
et al., 2007; Clark et al., 2010; Gleiss et al., 2010; Watanabe et al.,
2012; Broell et al., 2013; Brownscombe et al., 2014; Wright et al.,
2014). Some of the earliest studies used two-axis acceleration-sensor
data loggers to assess activity levels in Japanese ﬂounder (Paralichthys
olivaceus; Kawabe et al., 2004) and chum salmon (Oncorhynchus keta;
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Tanaka et al., 2001) although three-axis sensors are now more common.
To date, most studies on ﬁsh have focused on general patterns in behaviour and activity, with few estimating energy expenditure (but see
Gleiss et al., 2010; Wright et al., 2014). To our knowledge, acceleration
biologgers have yet to be used to estimate energy expenditure in ﬁsh
in the wild.
Calibration of acceleration biologger output with energy expenditure is typically accomplished using the swim tunnel method (see
Section 2.1 above). Most applications use tri-axial accelerometers,
which measure acceleration in surge (forward, y), heave (vertical, x),
and sway (horizontal, z) axes. The absolute sum of dynamic acceleration
in each axis (i.e., when acceleration due to gravity is removed) is commonly referred to as overall dynamic body acceleration (ODBA), which
is termed partial dynamic body acceleration (PDBA) when based on
one or two acceleration axes (Gleiss et al., 2011; Metcalfe et al., 2015).
Experimental calibrations have found relationships between these metrics (particularly ODBA) and metabolic rate in a range of taxa, with
marked differences among species (Halsey et al., 2009; Gleiss et al.,
2010, 2011; Wright et al., 2014). More recently, Qasem et al. (2012)
and Wright et al. (2014) suggest vectorial dynamic body acceleration
(VeDBA) may be a better correlate with oxygen consumption rate in animals, including ﬁsh, especially when logger orientation is inconsistent.
Interestingly, a recent study on ﬂatﬁsh found better relationships between tailbeats (measured from acceleration) and metabolic rate than
when ODBA or VeDBA were calculated and regressed against metabolic
rate (see Mori et al., 2015)
Battery life is limiting to deployment duration and sampling frequency when using acceleration biologgers, which typically last days
or weeks in wildlife applications. The minimum necessary recording
frequency is related to the stroke frequency of the animal (Shepard
et al., 2008). In general, greater frequencies increase the accuracy of energy expenditure estimates and increase the likelihood of identifying
ﬁne-scale behaviours (Gleiss et al., 2011; Broell et al., 2013), but also decrease battery life and therefore deployment duration. Despite the fact
that many acceleration biologgers can measure at high sampling frequencies (e.g., hundreds of samples per second; 300 Hz), studies have
shown that relatively low sampling frequencies (e.g., 10 Hz) can be
used to make reasonably precise estimates of the energy expenditure
required for locomotion (Wilson et al., 2008). Loggers can also be set
to record in duty cycles (e.g., 1 h per day, or only once a critical acceleration threshold is reached) to increase deployment duration. Some vendors offer delayed starts so that animals can recover from tagging stress
before the device begins to log data.
The fact that acceleration biologgers must be recaptured is the
main logistical challenge in their use, a problem that is particularly pronounced in ﬁshes. However, some ﬁshes have high site ﬁdelity
(e.g., boneﬁsh, Albula spp.), or make predictable movements or migrations (e.g., salmonids), traits that make ﬁeld experiments with acceleration biologging more feasible. Recent advancements have enabled
tightly-secured attachment of tags (which is required for acceleration
biologging) paired with timed releases (Watanabe et al., 2008;
Whitmore et al., 2016). However, electronic tags that combine multiple
sensors, transmitters, and release mechanisms (i.e., to facilitate recapture or transmission of information to receivers) are currently limited
to large-bodied animals; animals for which laboratory-based calibration
experiments (e.g., involving swim-tunnel conﬁnement) are sometimes
impossible (although see Payne et al. (2015) for an approach to swimming large species).
2.2.2. Acceleration transmitters
There are two types of accelerometer transmitters reported in the
literature. The most common is a tag manufactured by VEMCO (Bedford,
NS, Canada; hereafter referred to as activity tags). Activity tags measure
acceleration at a rate of either 5 or 10 Hz (depending on programming
and tag type) in two (lateral (z) and vertical (x)) or three (forward
(y), lateral (z) and vertical (x)) axes at a set sampling interval
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(e.g., 30 s of measurements every 90 s). Static acceleration (that due to
gravity) is ﬁltered out of the data using pass ﬁlter that passes data above
4 s or 25 Hz, resulting in the acceleration from the motion of the tagged
animal (dynamic acceleration). The root mean square (RMS) or resultant vector of the x, z or x, z, y dynamic acceleration is calculated
(e.g., √(x2 + z2) or √(x2 + z2 + y2)), averaged over the sampling period and then stored in memory. This RMS value is then transmitted
during the next transmission cycle. Although coarser because the data
are averaged and binned, the RMS values from activity tags are analogous to PDBA and VeDBA, which can be calculated at a ﬁne temporal
scale from accelerometer logger data, as described above. The second
type of accelerometer transmitter represents a new development that
attempts to overcome limitations on the behavioural insights typically
provided by transmitters via on-board identiﬁcation of behavioural
classes (e.g., as suggested in Broell et al., 2013). This method has been
recently implemented using ‘AccelTag’ (de Almeida et al., 2013) (See
Quantifying foraging in the wild below).
The RMS values from activity tags have been calibrated with oxygen consumption rates using the swim tunnel approach (see
Section 2.1 above), and the resultant relationships used to estimate
ﬁeld metabolic rates associated with locomotion in cuttleﬁsh Sepia
ofﬁcinalis (Payne et al., 2011) and boneﬁsh Albula vulpes (Murchie
et al., 2011; Brownscombe et al., 2016). In sockeye salmon, activity
tag output was calibrated with swimming speed and oxygen consumption rate across a range of temperatures (Wilson et al., 2013);
the swimming speed calibrations were then used to estimate swimming speeds in ﬁsh migrating through areas with high tidal currents
in the marine environment (Wilson et al., 2014) and in salmon
attempting to ascend a vertical slot ﬁshway in freshwater (Burnett
et al., 2014). Some studies have used activity tags to investigate the fundamental relationship between temperature and bioenergetics in ectotherms. Neuheimer et al. (2011) calibrated activity tag output with
swimming speeds in the reef ﬁsh Cheilodactylus spectabilis across a
range of temperatures, subsequently deployed the tags in the ﬁeld to estimate swimming speeds during spawning, and assessed how increases
in water temperatures, observed in their geographic range, may impact
their ability to reach the required swimming speeds for spawning.
Gannon et al. (2014) used activity tags to demonstrate that seasonal
accelerometer values from a wild predatory ﬁsh Platycephalus fuscus
approximated a typically-shaped temperature performance curve,
with values peaking at an apparent optimal temperature (Topt) and
then declining with increasing temperatures. The performance curve
for tag activity output appeared to match with catch-per-unit effort
data for the same species (Gannon et al., 2014). In the related
P. bassensis, there was an ~ 8% increase in activity tag values for each
1 °C increase in temperature, although this relationship continued
throughout the range of temperatures at which measurements were
made, preventing prescription of a Topt (Stehfest et al., 2015). We caution that higher activity levels are not necessarily advantageous from
a bioenergetics perspective, and thus should not (on their own) be
used to identify ecologically optimal temperatures. Indeed, higher activity levels can result in signiﬁcantly reduced growth and ﬁtness
(Boisclair and Leggett, 1989; Rennie et al., 2005).
Activity tags have also been used to examine foraging behaviour in
predatory ﬁsh, including in Sphyraena barracuda (O'Toole et al., 2010)
and Acanthopagrus australis (Taylor et al., 2013), with time spent foraging a key component of bioenergetics models. Payne et al. (2013) used
activity tags to show that the estuarine-associated A. australis switched
from a diurnal to a nocturnal activity pattern following rain and then
back to predominantly diurnal activity once environmental conditions
had stabilised. Similarly, Wilson et al. (2014) used activity tag data
calibrated with swim speed to show that O. nerka migrating to
spawning grounds swam at metabolically optimal speeds in the marine
environment, but at supra-optimal speeds once migrating upstream
through a river. There was also a diel difference in the activity tag
data, with ﬁsh apparently swimming at higher speeds during the

daytime. Documenting changes in activity is important for developing
energy budgets that are tailored to location, environmental conditions,
or temporal variables (e.g., seasonality or diel patterns).
2.3. Electromyogram sensors
Electromyograms (EMGs) are bioelectrical voltage changes that are
roughly proportional to the degree and duration of muscle tension
(Sullivan et al., 1963). In the laboratory, EMGs can be measured using
hard-wired systems where paired electrodes are placed in muscle tissue
(often axial swimming muscle but can also be placed in mandibular or
opercular tissues) and connected to monitoring systems that amplify
and record the signal.
The ﬁrst study to adopt EMG technology for remote measures detected EMGs from the adductor mandibulae (muscle responsible for
closing the mouth) of brown trout and transmitted the output using
acoustic telemetry (Oswald, 1978). By analysing the transmitted EMG
signals, feeding was distinguished from other types of activities, such
as coughing. Tagged ﬁsh were released in a lake, and feeding activity
and ventilatory rhythms were monitored in free-living ﬁsh for extended
periods (Oswald, 1978). A similar acoustic transmitter was implanted in
the lateral musculature and used for continuous monitoring of tail-beat
frequency in free-swimming trout (Ross et al., 1981) with other efforts
focused on developing similar technology in radio transmitters (Sayre,
1978; Luke et al., 1979; Weatherley et al., 1980; Patch et al., 1981;
Rogers et al., 1981). These studies represented some of the ﬁrst in
which researchers were able to calibrate electronic tags in the laboratory and then remotely measure EMGs from ﬁsh to estimate energetic parameters (Weatherley et al., 1982). The same radio device was used to
relate EMG signals recorded from levator arcus palatini, a small muscle
involved in the opening of the gill operculum, to oxygen consumption in
rainbow trout (Rogers and Weatherley, 1983).
Researchers involved with some of the early work on EMG radio telemetry collaborated closely with electronic engineers from Lotek Engineering Inc. (now Lotek Wireless Inc.) and developed the only remote
EMG device that has become commercially available (see Kaseloo
et al., 1992; Hinch et al., 1996). The device that was commercialized
consisted of an epoxy coated transmitter package, two paired, Teﬂoncoated stainless steel electrode wires, and a whip antenna. The two electrodes of the surgically implanted EMG transmitter were implanted in
musculature which was somewhat limiting. The EMGs were transmitted as radio pulses, with the intensity of muscular activity determining
the intervals between pulses which was recorded by the radio receiver
(Kaseloo et al., 1992). This design of EMG transmitter does generate
some problems as the values derived represent a “black box” (see discussion in Cooke et al., 2004b). More recently, the commercial manufacturer has produced a coded EMG transmitter (Lotek Engineering Inc.,
CEMG-R11-25). The voltage corresponding with muscle activity is rectiﬁed and then sampled over a 3-second time period. These individual
samples are summed and stored until the end of the 3-second period
when the average value is determined and assigned an activity level
that ranges from 0 to 50. These activity levels are transmitted to the telemetry receiver. In addition to the different methods in signal transmission, the coded nature of the transmitters now permits multiple
transmitters to be monitored simultaneously on the same frequency.
A common problem with both tag types is that they are sensitive to
the positioning of the electrodes as well as signiﬁcant inter-tag variation
in performance (Beddow and McKinley, 1999; Brown et al., 2007). As a
consequence, to achieve rigorous calibrations between EMG output,
swimming speed, and energy expenditure, calibration experiments
must be done on the same individuals to be released into the ﬁeld for remote measurements (Miyoshi et al., 2014).
EMG radio tags were widely used during the mid-1990s through
mid-2000s with studies of ﬁsh in freshwater. The use of EMG tags has
become less common in recent years (but see Makiguchi et al., 2011;
Miyoshi et al., 2014; Taylor et al., 2014) given that the coded tags no
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longer provide the ability to document burst swimming activity reliably.
Moreover, relative to say accelerometer devices, surgical implantation
and detailed placement of electrodes is required. Beyond the radio tag
platform, the output module has been modiﬁed to transmit acoustic
waveforms (Dewar et al., 1999; Lembo et al., 2008) although we are
unaware of any studies that have applied that technology in the ﬁeld.
Similarly, we are unaware of any researchers that have developed
biologgers that measure EMGs for use in wild ﬁsh.
2.4. Heart rate sensors
Heart rate (fH) is modulated in most animals to adjust blood ﬂow
and oxygen transport, and therefore it can act as a proxy for metabolism
and energy expenditure (Butler et al., 2004; Green, 2011). While some
studies suggested that ﬁshes differed from most other vertebrates by
modulating cardiac output more so via changes to stroke volume rather
than via fH (Thorarensen et al., 1996), insufﬁcient recovery periods following anaesthesia and instrumentation may have masked the true
prevalence of fH modulation in ﬁshes (Clark et al., 2005). Notably, because fH is a ‘central’ measurement in the circulatory system, it is typically implicated in all aspects of bioenergetics relating to tissue
oxygen demand rather than just reﬂecting the energetic cost of locomotion (cf. Green et al., 2009; Gleiss et al., 2010, 2011; Green, 2011), and
thus can provide information on parameters such as meal size and speciﬁc dynamic action in addition to activity-related metabolism (Priede,
1983; Lucas and Armstrong, 1991).
Heart rate sensors usually detect electrocardiograms (ECG) but can
also be based on other measurements such as electrical impedance or
the physical movement of the heart (Clark et al., 2008). Techniques
often involve placement of electrodes (attached by wire to the device)
near the pericardial cavity within the coelom (Clark et al., 2008) or in
muscles ventral to the heart (e.g., Claireaux et al., 1995; Cooke et al.,
2001). Some devices have the electrodes on the surface of the tag,
which can then be placed in the stomach (i.e., gastric implant; Lucas,
1992; Armstrong et al., 1989) or adjacent to the pericardial cavity (e.g.
Star Oddi heart rate loggers). A common problem with ECG devices is
proper placement of electrodes and maintaining electrode position
throughout long deployments (Cooke et al., 2004b).
ECG sampling frequencies of around 100 Hz are typically satisfactory
for assessments of fH in ﬁshes, but higher sampling frequencies may enhance the signal-to-noise ratio by capturing the absolute peak of the Rspike in the ECG waveform. Some devices detect and record the entire
ECG waveform, while others detect and process the waveform but
only provide a mean fH over deﬁned durations (e.g., mean fH in 10 s).
The latter approach dramatically saves on-board data storage space
and/or reduces the amount of data to be transmitted. On-board processing however, precludes an investigation of other aspects of the ECG
waveform that may be useful for understanding attributes such as ﬁsh
health (e.g., via fH variability; Altimiras et al., 1995, 1996), and assumes
that the fH values being generated are robust to changes in tag position
or electrical noise. In any event, few studies have calibrated fH against
energy expenditure (~oxygen consumption rate) using electronic tags
in order to estimate the latter from the former. In this context, the scientiﬁc question and study species/system will dictate the decision on how
fH sensors are conﬁgured and whether logging or transmitting devices
are used. The general pros and cons for fH loggers versus transmitters
are similar to those outlined above for acceleration and EMG devices,
and thus will not be repeated here.
Heart rate has been measured remotely in ﬁsh for over 5 decades
(e.g., Lonsdale, 1969; Wardle and Kanwisher, 1973; Priede and Tytler,
1977) but there are still relatively few devices that have been produced
commercially (e.g., heart rate loggers by Star Oddi and those in Clark
et al. (2005, 2010); fH acoustic telemetry devices by Thelma BioTel
and Vemco). There has been infrequent but steady use of such devices
since their inception but they have never become commonplace within
the research community which is attributable to a combination of the
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perceived lack of market (for commercialization) and the technical
challenges with the use of such devices. Researchers that have worked
with such technology often describe it as being fraught with technical
challenges.
2.4.1. Heart rate biologgers
The majority of fH measurements made in free-swimming,
untethered ﬁshes have been recorded using animal-borne data loggers. Still, papers reporting on the use of f H loggers in ﬁsh have
only been published sporadically, owing to the lack of inexpensive
and commercially-available fH loggers designed for use in ﬁsh. Moreover, the technology that has been used has often been fraught with
technical difﬁculties that likely discouraged wide-scale use. Among
the few studies that have been published, most have used customdesigned devices. Custom-built electronic tags are almost necessarily more expensive to produce and can, in some cases, be less reliable,
often requiring multiple iterations of ﬁeld validation and tag reﬁnement. The ﬁrst publications arising from fH loggers simply reported
that such an approach was possible based on 3–4 ﬁsh implanted
and held for short periods in aquaria (Kojima et al., 2003; Campbell
et al., 2005). More importantly, cost-limitations and other logistical
constraints have precluded large-scale release of ﬁsh equipped
with fH loggers—all of the papers published to date report on ﬁsh
conﬁned in artiﬁcial enclosures (e.g., blueﬁn tuna in large net pens;
Clark et al., 2008). In other taxa, fH loggers have been used more commonly in animals at liberty in the wild (e.g., seabirds—Bevan et al.,
1997; Green et al., 2001; Weimerskirch et al., 2002; marine
mammals—Andrews et al., 1997; Hindell and Lea, 1998; marine
iguanas—Butler et al., 2002). The few examples that do exist in ﬁsh
show the promise of this technology. Clark et al. (2010) were able
to use a swim-tunnel respirometer to calibrate fH output from a
custom-built data logger with oxygen consumption in sockeye salmon. The same tags were also used to compare patterns in fH between
male and female sockeye salmon undergoing spawning activity
(Clark et al., 2009) and to understand physiological recovery after
simulated ﬁsheries-capture in coho salmon (O. kisutch; Donaldson
et al., 2010) and how f H recovery is modulated by temperature
(Raby et al., 2015). Makiguchi et al. (2009) used fH loggers to show
that chum salmon experience a temporary (~ 5–7 s) cardiac arrest
during spawning, at the moment of gamete release.
2.4.2. Heart rate transmitters
Heart rate (ECG) transmitters were among the ﬁrst physiological telemetry devices to be developed and used on ﬁsh in the ﬁeld (Lucas
et al., 1993). The earliest devices were based on radio telemetry platforms (Lonsdale, 1969) with acoustic ECG transmitters available several
years later (Wardle and Kanwisher, 1973; Young, 1977). Early work focused on proof of concept and technical developments but by the late
1970s fH telemetry was being used to address energetics questions in
the ﬁeld. For example, Priede (1978) used acoustic ECG transmitters
to characterize diel patterns in fH in an effort to understand biological
rhythms in wild ﬁsh. Several years later, Lucas et al. (1991) used acoustic transmitters to quantify ﬁeld metabolic rate and feeding in northern
pike. A radio platform was then used to measure ECG in free swimming
Atlantic salmon during spawning to examine sex-speciﬁc energy expenditure and fH variability (Altimiras et al., 1996). Application of
heart rate telemetry to more applied problems occurred later with a
focus on quantifying the effects of recreational catch-and-release ﬁshing
on wild ﬁsh (Anderson et al., 1998).
2.5. Fine-scale ﬁsh positioning
Conventional telemetry tracking methods (i.e., positioning
transmitter-equipped ﬁsh successively through time via manual
tracking with a receiving unit) are useful for characterizing general
movement patterns on time scales ranging from diel to seasonal,
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but fail to provide adequate spatio-temporal resolution (e.g., variation
in horizontal swimming path curvatures and velocity changes over
time) for reliable use in estimating energy use. Moreover, estimates of
distances traveled over time when conducting manual tracking will
always be minimum estimates, and so estimates of swimming speed
and associated metabolic costs of activity will also be conservative
(e.g., McCleave and Horrall, 1970; Young et al., 1972, Løkkeborg et al.,
2002; Cooke et al., 2001).
The precision and frequency of position estimates (or ﬁxes) strongly
inﬂuences the accuracy of swimming speed estimates (Hanson et al.,
2007) so decreased ﬁx intervals may be desirable. This can be accomplished by using passive telemetry systems (typically acoustic telemetry) that monitor ﬁsh position over ﬁner spatio-temporal scales. These
systems use overlapping acoustic detection ranges of three or more receivers to calculate positions in two or three dimensions via hyperbolic
positioning (See Niezgoda et al., 2002 for details). Successive relocations
provide high-precision tracks, increasingly near the sub-meter accuracy
required to resolve localized activity (e.g., Niezgoda et al., 2002; Cooke
et al., 2005; Espinoza et al., 2011; Huveneers et al., 2013). Theoretically
these data can generate meaningful estimates of energy use, although to
our knowledge there are no examples of papers in which positional data
from a ﬁne-scale ﬁxed acoustic telemetry array have been used to generate information that was directly used as an estimate of some aspect
of ﬁsh energetics, as opposed to simply making comparisons of relative
activity levels (but see Semmens et al., 2013 for some preliminary attempts with great white sharks). For ﬁsh, neither radio telemetry nor
satellite tags (including Fast Lock GPS) afford the same opportunities
for ﬁne-scale two-dimensional positioning as is possible with acoustic
telemetry (Cooke et al., 2012a). There is however, potential to combine
techniques (e.g., ﬁne-scale acoustic telemetry array with use of acoustic
accelerometer transmitters) to generate spatially explicit estimates of
energy expenditure (e.g., Burnett et al., 2014), but examples of such
work remain rare.
2.6. Other electronic tagging options
There are a number of additional electronic tagging tools that can be
used to study the energetics of free-swimming ﬁsh although none have
(yet) become as popular as the methods discussed above. The ﬁrst attempt to correlate tail-beat frequency to ultrasonic telemetry signals
was based on variations in continuous wave signals resulting from the
undulations of the body and tail (Doppler effect) (Stasko and Horrall,
1976). This approach has not been widely adopted. Early attempts to
measure tail-beat frequency directly using radio telemetry (Ross et al.,
1981; Johnstone et al., 1992) were apparently successful, but they
have not become commercially available. Similar developments with
acoustic telemetry where a transmitter emits a signal with every lateral
tail-beat have also failed to be widely adopted (Lowe et al., 1998). More
recently, researchers have explored pressure-differential sensors capable of estimating energy output through the frequency and amplitude
of tail-beats (Webber et al., 2001). Such sensors need to be mounted externally with the sensor placed near the caudal peduncle (to record
maximum amplitude), which makes long-term deployments difﬁcult.
Differential pressure sensors have also been used to quantify ventilation
rate by measuring opercular differential pressures (Dalla Valle et al.,
2003).
Some researchers have attached speed-sensing transmitters to ﬁsh
that use either a propeller or some form of a paddle-wheel style speed
sensor often equipped with a magnet to quantify revolution speed
(Block et al., 1992; Sundström and Gruber, 1998; Tanaka et al., 2001;
Kawabe et al., 2004; Nakamura et al., 2011). Such devices can be attached to ﬁsh externally but paddle wheels and propellers can become
stuck. Because of the velocity at which these tags initiate wheel movement is relatively high, they tend to be used on large, fast-swimming
species (but see Watanabe et al., 2015 for example spanning taxa with
diverse swimming abilities). Yet, a consistent problem with all speed-

sensing devices is that they tend to overestimate swimming speed
and energy expenditure due to ﬁsh gliding and may also be inﬂuenced
by water-current speed and direction (Brill et al., 1993). Despite the
“simplicity” of these devices, their inherent challenges have delayed
their broad adoption. Propellor-style sensors are incorporated into
commercially-produced loggers from Little Leonardo from Japan (see
Kawabe et al., 2004; Nakamura et al., 2011).
One of the more recent innovations is the development of a fully implantable blood ﬂow radio telemetry system which allows simultaneous
measurements of blood ﬂow and temperature (Axelsson et al., 2007).
Gräns et al. (2009, 2010) implanted the devices in adult green sturgeon
Acipenser medirostris and obtained the ﬁrst recordings of blood ﬂow
from free-swimming, untethered ﬁsh. The researchers measured
blood ﬂow in the ventral aorta (enabling them to calculate cardiac output) as well as the celiacomesenteric artery (as a measure of gastrointestinal blood ﬂow). However, the application of such devices requires
specialized surgical training and extensive knowledge of the anatomy
and cardiovascular physiology of ﬁsh so it is unlikely that these devices
will be widely embraced by ﬁsh ecologists, even though they will likely
ﬁnd application in the study of fundamental animal biology.
Other types of electronic tagging tools with potential relevance to
ﬁsh energetics are those devices that incorporate image capture (either
video or stills). The advent of tools such as the Critter-Cam (Marshall,
1998), the Little Leonardo camera logger (Kudo et al., 2007; ) and waterproof action cameras (Struthers et al., 2015) provide opportunities for
recoding and logging images that can be used to quantify tailbeats or
feeding events (see Moll et al., 2007 for a review). There have been
some attempts to relay images via remote means in aquatic systems
but transmission distances are severely limited (Moll et al., 2007).
Image capture devices are still relatively large and therefore limited to
larger ﬁshes (Struthers et al., 2015). One of the best examples of using
cameras on ﬁsh involved deployments on ocean sunﬁsh (Mola mola;
see Nakamura et al., 2015).
Sensors that measure the internal milieu of ﬁsh (e.g., pH, metabolites; reviewed in Cooke et al., 2004a) are becoming more widely used
in larger animals owing to biomedical advances although there are
still relatively few examples using wild ﬁsh.
3. Assembling bioenergetics models from remotely-collected data
Obtaining ﬁeld-based estimates of the metabolic costs of maintenance (SMR), activity (i.e., locomotion), and postprandial processes
(speciﬁc dynamic action; SDA) as well as energy intake (feeding),
excretion and conversion to somatic growth or reproductive investment
each present their own challenges. The life histories of ﬁshes are incredibly diverse and encompass all ecotypes from grazing herbivores to
ambush piscivores to pelagic carnivores. This diversity necessitates customized approaches to quantifying ﬁeld energetics through the use of
electronic tagging, not least because of the vast differences in activity
levels required by ﬁshes in order to obtain food. For example, the energy
budgets of ambush predators may only be transiently inﬂuenced by activity, whereas activity may have a signiﬁcant contribution to the energy budgets of pelagic predators. Below, we discuss some primary
energetic states and modulators of metabolism, along with other aspects of a generalized bioenergetics model (see Fig. 1) with a goal to
highlight how tagging technologies can be utilised to estimate energy
usage patterns of ﬁsh at liberty in the wild. Where possible, we attempt
to identify exemplary studies in which electronic tagging techniques
have been used successfully. In other cases, the examples we provide
are conceptual suggestions and require further technological development and user creativity along with appropriate validation.
3.1. Standard/resting metabolism
Considering that the within-species variation in SMR is largely controlled by temperature and body size (Clarke and Johnston, 1999), it is
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Fig 1. The generalized ﬁsh bioenergetics model with proposed biotelemetry and biologging tools that can (or could) be used to resolve each component of the model (indicated by different
symbols, see legend). Acronyms include standard metabolic rate (SMR), active metabolic rate (AMR), and speciﬁc dynamic action (SDA).

possible that a tag-borne temperature sensor could be used to assign
time-speciﬁc SMR to an animal based on laboratory-derived relationships (e.g., Briggs and Post, 1997; Halsey and White, 2010; Hasler
et al., 2012). Best practices for quantifying SMR in ﬁsh in the laboratory
(i.e., using respirometry) have most recently been described by Clark
et al. (2013b) and by Chabot et al. (2016). To obtain ﬁeld-based measurements of temperature, there are several commercially-available
products that can be attached externally or implanted within the body
cavity, including transmitters (e.g., Carey et al., 1982) and thermal loggers that in some cases can be relatively inexpensive (e.g., Donaldson
et al., 2009). Although it may be argued that it is possible to estimate
SMR based on temperature and body size alone, inter-individual differences in SMR can be signiﬁcant (see Burton et al., 2011; Norin et al.,
2015) and it is important to verify activity levels and digestive status
to ensure the assumptions of SMR are met. Using tagging technologies
to further explore whether inter-individual differences in ﬁeld-based
SMR can predict differences in activity, behaviour, or habitat use could
provide fundamental insights into niche partitioning, life history theory,
and evolutionary processes.
There have been few successes in estimating the metabolic rate of
free-swimming ﬁshes using heart rate tags (e.g., Lucas et al., 1991;
Clark et al., 2010), but true values of SMR require the animal to be in a
resting and post-absorptive state, conditions that can be difﬁcult to
verify using heart rate measurements from free-living animals. Simultaneous and non-interrupted records of temperature, trial-axial acceleration, and heart rate could be used to assess whether a ﬁsh is in a resting
state (e.g., Clark et al., 2010). An additional consideration is that there
could be among-individual differences in the calibration between tag
output (e.g., heart rate) and energy expenditure, even in a resting
state, because of inter-individual differences in how heart rate interacts
with cardiac stroke volume and tissue oxygen extraction to inﬂuence
SMR. Tags that measure blood ﬂow (e.g., cardiac output) could circumvent this issue, but such tags are not yet routinely available (Gräns et al.,
2009).
3.2. Locomotory activity
Activity-related metabolism has frequently been assessed using
biologging and biotelemetry (e.g., Cooke et al., 2004b; Semmens et al.,
2013; Wilson et al., 2014), and this is partly due to the relative ease

with which activity costs can be assessed in the ﬁeld using the tools currently available (Halsey et al., 2011). However, there is also empirical
justiﬁcation for a focus on generating estimates of activity costs in the
wild. Whereas much of the variation in SMR and SDA arises from
variables that can be controlled in the laboratory (e.g., meal size, temperature, body size), activity is presumably controlled primarily by
cognitive-behavioural processes (at least in a proximate sense) that
are likely signiﬁcantly different in ﬁsh conﬁned in aquaria compared
to animals in the wild. Furthermore, there is evidence that activity
costs can vary widely among locales (e.g., 0–40% of energy budget),
and that this variation can have large effects on resultant growth rates
and ﬁtness (Boisclair and Leggett, 1989; Rennie et al., 2005).
In cases where the output of an activity-related tag has been calibrated with oxygen consumption rates (and/or swimming speeds)
using laboratory experiments (Wilson et al., 2013), ﬁeld-based measurements could be used to improve the accuracy of bioenergetics
models. Without a lab-based calibration of energy expenditure, ﬁeldbased tag outputs can still be used to make within-individual comparisons across times, places, or temperatures, but cannot be directly used
to provide estimates of energy budgets. Regardless, comparative work
can have ecological or applied value. For example, EMG telemetry has
been used to assess the effects of different hydropower management regimes on swimming activity of salmonids (e.g., Hasler et al., 2012;
Taylor et al., 2014) and to estimate the energetic costs of migration
(Hinch et al., 1996). Field-based estimates of activity costs can be easier
obtained using accelerometry (e.g., Burnett et al., 2014) than with EMGtelemetry because small between-ﬁsh differences in electrode placement during EMG surgery can create major differences in tag outputs.
This means it is especially important that individuals surgicallyimplanted with EMG transmitters are tested in a swim tunnel respirometer before release to ensure robust ﬁeld-based estimates of energy expenditure (Miyoshi et al., 2014).
An underlying issue with all of the remote options for studying locomotory activity is the inability to directly quantify the anaerobic costs of
swimming. Anaerobiosis and the associated exhaustive post-exercise
oxygen consumption, represents a signiﬁcant energetic cost so failure
to quantify it brings uncertainty to bioenergetics modeling. Some authors have simply applied an anaerobic tax (e.g., Hinch and Rand,
1998). Combining direct measures of locomotor activity with direct
measures of metabolism (e.g., through fH) could address this issue.
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3.3. Feeding and postprandial processes
While much focus has been placed on the development and application of methods for estimating energy expenditure in ﬁsh, energy acquisition is another important aspect of behavioural and energetic ecology
and has important implications for bioenergetics models (Boisclair and
Leggett, 1989). In partially-endothermic ﬁshes (i.e., Scombroidei teleosts and Lamnidae sharks), thermal loggers can be used to measure
the heat increment of feeding, which is highly correlated to the energetic value of the meal (Bestley et al., 2008; Clark et al., 2008; Whitlock
et al., 2013). However, most ﬁsh are fully-ectothermic, precluding the
use of this method. Foraging behaviours can also be identiﬁed using acceleration biologgers. For example, Broell et al. (2013) identiﬁed feeding strikes in an ambush predator (great sculpin, Myoxocephalus
polyacanthoceaphalus) using algorithms based on characteristics of the
acceleration signals from tri-axial ABs and veriﬁed video observations.
Brownscombe et al. (2014) also used tri-axial acceleration biologgers
to quantify foraging behaviour in boneﬁsh (A. vulpes) in a wetland
mesocosm using classiﬁcation tree algorithms, which enabled identiﬁcation of characteristic changes in body movement and pitch associated
with benthic foraging. Integrating gyroscope sensors along with accelerometers, Kawabata et al. (2014) were able to identify foraging behaviour
in white-streaked grouper (Epinephelus ongus), as well as which type of
prey item (crabs or ﬁsh) was being preyed upon. Importantly, Kawabata
et al. (2014) and Broell et al. (2013) emphasize the similarity between
burst swimming related to foraging and that of predator evasion. Indeed,
this makes identifying foraging behaviour challenging (O'Toole et al.,
2010). Combining a gyroscope sensor with an accelerometer can offer
greater behavioural detail but signiﬁcantly reduces battery life and deployment duration, as well as adding mass to the tag. Due to limitations
with obtaining data from ABs, no studies of which we are aware have
quantiﬁed foraging behaviour in the wild using these tags.
Recent advances in accelerometer transmitters are making them a
more functional tool with which to remotely quantify behaviour in
ﬁsh. de Almeida et al. (2013) examined predatory feeding behaviour
in the wild using accelerometer transmitters (‘AccelTag’, Thelma Biotel,
Norway). AccelTag summarises acceleration data based on user input
about the acceleration properties of behavioural events, (e.g., feeding,
mating) based on tests using an accelerometer logger, with the data validated using direct observations of the behaviours. The AccelTag is then
programmed with algorithms, which categorise the acceleration data
(measured on the x, z and y axes at 20 Hz) into different behavioural
events. The AccelTag then reports only the number of times the particular behaviour was recorded per pre-deﬁned period (e.g., 1 h). Although this technology is still in its infancy, it was able to be used to
deﬁne predatory (and other) behaviours in the Lusitanian toadﬁsh
Halobatrachus didactylus. These tags combine the advantages of ABs
and activity tags because they are capable of recording ﬁne-scale behaviours (i.e., beyond a generic assessment of activity levels) but only store
and transmit the number of these events and provide no raw data. At
~ 30 days, the AccelTag life span is between that of a data logger and
standard accelerometer transmitters.
Even though acceleration tags can be used to identify foraging
events or searching (e.g., yo-yo dives of sharks; Iosilevskii et al., 2012),
it is difﬁcult to distinguish between successful and unsuccessful foraging events (Brownscombe et al., 2014). Therefore, while data on foraging behaviour are relevant to behavioural ecology, it is still challenging
to use acceleration data to estimate energy gain for the purpose of parameterizing bioenergetics models. Future research could attempt to
distinguish between successful and unsuccessful events analytically, or
by separately generating estimates of foraging efﬁciency. It may also
be possible to incorporate imaging devices (in transmitters or loggers)
to obtain visual conﬁrmation of prey type when water clarity or light
levels are sufﬁcient for image capture. Heithaus et al. (2002) deployed
Critter-Cams on adult tiger sharks to record foraging activity on video.
More recently, Nakamura et al. (2015) used small cameras equipped

with lights on ocean sunﬁsh to document feeding on siphonophores in
50 to 200 m of depth including at night. The same animals also had accelerometer loggers with provided opportunities to identify feedingspeciﬁc acceleration signatures. In marine mammals, researchers have
extended the concept to estimating prey proﬁtability and energy intake
via image capture (e.g., Bowen et al., 2002), something that may be possible in ﬁsh when image capture tools are further reduced in size.
Postprandial processes (i.e., SDA) following a moderate-sized meal
typically result in a several-fold increase in metabolic rate above SMR
(at the peak of SDA; Secor, 2009), which can last for 1–390 h (Secor,
2009)—a function primarily of meal mass, meal energy content, and
body temperature. Yet, similar to SMR, SDA is very difﬁcult to quantify
remotely and thus few studies have attempted to do so, with a notable
exception being blueﬁn tunas due to their clear postprandial thermal increment in the viscera that mirrors metabolic rate (Bestley et al., 2008;
Clark et al., 2010; Whitlock et al., 2013). Remote assessments of SDA
have the potential to be tremendously valuable to ecology because
SDA is closely tied to the energy content of food intake (Secor, 2009).
Thus, quantifying SDA is one possible avenue to remotely estimate
food consumption rates in free-roaming ﬁsh (Lucas and Armstrong,
1991). Because any rise in metabolic rate usually creates the need for increased cardiac output, electronic tags that record cardiac output or
heart rate can potentially be used to quantify SDA. The problem one encounters is that it can be difﬁcult to assign a rise in heart rate to SDA
with conﬁdence, without other accompanying information, because
heart rate elevations can be caused by several factors such as activity
and metabolic recovery (Clark et al., 2010; Donaldson et al., 2010;
Raby et al., 2015). SDA has been monitored using heart rate loggers in
free-swimming blueﬁn tuna in sea pens such that feeding events
could be visually observed (Clark et al., 2008). The situation becomes
more complicated in wild, freely-foraging tunas, but techniques have
been devised to utilise the visceral thermal increment for estimates of
SDA (Whitlock et al., 2013).
Perhaps the strongest available approach is to use a multi-sensor tag
that combines temperature, trial-axial acceleration, and heart rate, and
to make the assumption that any rise in heart rate above baseline not attributable to activity can be attributed to SDA. Lucas et al. (1991) used a
similar approach in a study of three northern pike (Esox lucius) that
were equipped with an ECG radio transmitter, assigning elevations in
heart rate to SDA if the animal did not appear to be moving based on positional data. This approach could be subject to large error because metabolic rate can be elevated above SMR in the apparent absence of
locomotion or digestion (e.g., during excess post-exercise oxygen
consumption [EPOC] after brief anaerobic swimming, during
wound healing, if the animal is in a diseased or reproductively mature state, or because of elevations in stress hormones). Moreover,
heart rate appears only weakly related to metabolic rate in some
cases (e.g., Scharold and Gruber, 1991; Thorarensen et al., 1996),
presumably because those species modulate cardiac output primarily using changes in stroke volume rather than heart rate (few tagging
technologies exist that quantify both; Gräns et al., 2009). For these
reasons, species-speciﬁc laboratory evaluations of relationships between heart rate, oxygen consumption rate, and food intake should be
developed prior to ﬁeld applications (Lucas and Armstrong, 1991).
While tags do exist that monitor heart rate, temperature, and
locomotory activity, battery or memory limitations generally require
periodic rather than continuous sampling (e.g., 10 s of data sampled
at 5–10 min intervals; Clark et al., 2008, 2010; Donaldson et al.,
2010). A limitation with this approach is that most instances of
brief, anaerobic swimming activity will be missed, yet may still be
detected at some level due to delayed effects on metabolic rate via
EPOC. In studies of ﬁeld energetics where SDA is not being quantiﬁed, an approach that has been used to “solve” the SDA part of the
bioenergetics equation is to assume some level of SDA-related expenditure at all times (i.e., adding an SDA value to SMR; Halsey and
White, 2010), based on assumptions about minimum food intake
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and laboratory-based relationships between temperature, meal size,
and SDA. An alternate physiological proxy for energy expenditure
during SDA is intestinal blood ﬂow, but some evidence suggests
this metric can be affected by environmental disturbances (Eliason
et al., 2008), meaning that like heart rate, it may not be perfectly related to SDA. More importantly, intestinal blood ﬂow has typically
only been measured in animals tethered to recording equipment in
the laboratory (e.g., Thorarensen and Farrell, 2006), although some
telemetered data do exist (Gräns et al., 2010). A ﬁnal approach
would be to record feeding events via some other mechanism
(e.g., Critter-Cams, tri-axial accelerometry, see above) and then to
estimate meal size and the resultant SDA based on laboratoryderived relationships between meal size and temperature. In the absence of visual veriﬁcation of the food (e.g., with Critter-Cams or the
Little Leonardo camera), this approach would rely on guessing the
size and type of food consumed, both of which can have signiﬁcant
impacts on the magnitude of the SDA response. Another avenue for
investigating food consumption via gastically-implanted pH tags
(e.g., Papastamatiou et al., 2008; Meyer and Holland, 2012), although
this technology has not yet been widely adopted.
3.4. Waste
Faecal and urine losses give an indication of how much of the nutritional content of the food has been absorbed by the ﬁsh. If it is possible
to measure faecal loss, the time between ingestion to faecal loss could
provide valuable information on transit time. Obtaining information
on waste in ﬁsh remotely is challenging, has not been achieved in
free-swimming ﬁsh in the wild (to our knowledge), and will likely require a new suite of sensors (e.g., pH).
Sensors that measure the internal milieu such as changes in pH or
ammonia could provide information on urine excretion. Anal muscular
activity could also be measured with EMG sensors – however, this
would prove highly complicated in the ﬁeld given size constraints and
the need for attachment accuracy. Accelerometer sensors are unlikely
to be of use, since even if they are correctly placed and sufﬁciently sensitive to measure changes in anal activity, it will be difﬁcult to distinguish such movements from irritation, reproduction, or movement
due to loose attachment.
Evidently, the current technological challenges make it difﬁcult to
obtain direct measurement of faecal and urine losses. However, accelerometers and gyroscopes could provide an indirect method for estimating discharge: the time at prey ingestion (e.g., Broell et al., 2013,
Brownscombe et al., 2014) and prey type (Kawabata et al., 2014, see
above) combined with a species-, prey-, and temperature-speciﬁc evacuation term could deliver indirect estimates of faecal loss and offer a feasible solution to estimating the waste term in the bioenergetics
equation. Conceivably one could use measures of ammonia in vasculature near the gills to quantify gill excretion of waste.
3.5. Growth
Growth variation in ﬁshes is typically inferred from size-at-time
(age) which, in many cases, requires lethal (e.g., to obtain otoliths or
other calciﬁed structures) or repeated sampling of marked individuals
(see Quist et al., 2012). This method cannot resolve individual growth
that is a function of temperature as the ﬁsh moves through its
temperature-varying environment (Neuheimer and Taggart, 2007).
The idea of measuring ﬁsh growth remotely is an interesting one that
is not intuitive but has a fascinating theoretical foundation. Onboard
micro-scale accelerometry can provide an in situ estimate of length-attime, if ﬁsh acceleration, within species, is primarily a function of size.
The theoretical relationship between size and acceleration in ﬁsh has
long been considered (Bainbridge, 1958; Wardle, 1975; Daniel and
Webb, 1987) and acceleration during steady and unsteady swimming
has now been linked to increases in body size.
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In a recent paper, Broell and Taggart (2015) suggest that size can
be estimated based on lateral acceleration records using tail beat frequency as a predictor. Given that swimming speed and size are independent, tail beat frequency (estimated from acceleration values)
during steady swimming inversely relates to size-at-time. In cases
where maximum swimming speed is proportional to length, maximum sustained tail beat frequency could be used as an alternate
predictor, since it relates to size independently of swimming speed.
This method has realistic potential for ﬁeld applications to measure
size-at-time and over time, growth rate, given its high accuracy (as
low as 4% uncertainty) and technological feasibility. It requires low
(~ 15 Hz) sampling frequency, and a small number of periodic
samples over time (to conserve battery power), which is essential
for long-term growth studies.
Maximum acceleration (Amax) (Webb, 1978; Domenici and Blake,
1997) and other parameters measured during burst acceleration
(e.g., standard deviation of acceleration; Broell et al., 2013, unpublished
data) also relate to size and could therefore be used as estimates of size.
However, since these movements begin and end within an extremely
short period of time (b1 s) they require high sampling frequency
(N50 Hz, Broell et al., 2013) and continuous sampling, which (currently)
limits battery life to an extent that deployment durations would be insufﬁcient for studies of growth in most cases. It may also be possible
to assess growth based on changes in heart rate or cardiac output associated with allometric scaling (e.g., Clark and Farrell, 2011).
3.6. Reproductive investment
Remote identiﬁcation of the behaviours associated with actual
spawning events (e.g., quivering, circling, rolling) is quite feasible
(Healey et al., 2003; Whitney et al., 2010), and discussed above (see
Section 3.2), but estimating the energetic cost of reproductive investment presents major challenges. Given that somatic growth decreases
at maturity when most energy is invested into reproductive growth
(Roff, 1983), estimates of size (and growth rate; as outlined above)
could be used to remotely determine the size- and age-at-maturity.
For example, when age-at-maturity is reached, dominant tail beat frequency (e.g., measured with accelerometers as outlined in Broell and
Taggart, 2015) will remain nearly constant over time, indicating constant length and that maturity is reached. Age-at-maturity could then
be used to measure the start of somatic growth of the gonads.
For species in which reproductive growth (e.g., gonad development)
results in increase in weight, it may be possible to differentiate pre- (increase in length and weight) and post-maturity growth (increase in
weight, not length) using accelerometers. Experimental data on the differences in acceleration and/or locomotory parameters associated with
changes in weight from mature ﬁsh of the same length would allow the
calibration between acceleration and reproductive growth. Such differences are expected since swimming efﬁciency decreases in ﬁsh with an
increase in the mass:length ratio (Broell and Taggart, 2015). These parameters could then be used to estimate how much energy is allocated
to reproductive growth post-maturity although that may not be feasible
for capital breeders that transfer somatic energy to gonad development.
For species in which signiﬁcant weight gain does not occur in the leadup to reproduction, measuring reproductive growth using acceleration
tags would be challenging.
A multi-parameter model combining acceleration records during
steady-swimming (e.g., maximum or steady tail beat frequency) and
unsteady swimming (e.g., Amax) in conjunction with the thermal integral (Neuheimer and Taggart, 2007) and pre- and post-maturity changes in weight could likely provide an estimate of somatic growth and
reproductive growth. Combining the knowledge of the initial ﬁsh size
at release with the estimates of growth potential and age-at-maturity
could further improve the potential to remotely estimate changes in
size over time by using a multi-parameter scaling model in a statespace framework. Notably, reproductive investment is an energetic
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cost that is independent of body movement, and so devices that measure heart rate and/or cardiac output should provide insight into the energy expended on reproductive maturation. It may also be possible to
place pressure sensors (e.g., near the gonads (especially in female
ﬁsh) that register how full the abdominal cavity is getting (internal
walls being pushed on by a growing gonads) to reﬂect gonad size.
Such an approach would require extensive laboratory experiments to
conﬁrm the relationship between pressure measures and gonad mass.
If it were possible to relate acceleration proﬁles associated with gamete
deposition to actual quantities of sperm or eggs, it may be possible to
infer investment (forthcoming paper on the topic; Trevor Pitcher, Univ
of Windsor, Personal Communication).
3.7. Environmental inﬂuences
Environmental temperature has fundamental effects on each component of the bioenergetics equation for all ectotherms because of its direct effect on body temperature and the rate of biochemical reactions
(Fry, 1971; Brett and Groves, 1979). Therefore, any robust effort to obtain remote measurements of energetics in ﬁsh should include simultaneous measurements of temperature, ideally measured using an
animal-borne sensor. Alternatively, where high-resolution environmental temperature data are available and the thermal environment is
relatively homogeneous, temperature may be estimated based on
known animal positions without a requirement for a sensor in the
body cavity of the ﬁsh. Temperature has more fundamental control
over some aspects of energetics than others. For example, while food intake and resultant growth both may be affected by temperature, food
intake can be dependent on food availability and foraging success,
while growth can be affected by the amount of energy spent on locomotion. On the other hand, components like SMR are primarily under the
control of temperature, and it can be defensible to use temperature
alone (in combination with factors like body size and sex) to generate
a ﬁeld-based estimate, even though this approach does not constitute
a remote measurement. Temperature could also be used to directly predict/estimate growth, if other components of the bioenergetics model
are known based on remote measurement (e.g., SDA, SMR, activity).
Perhaps one of the promising aspects of obtaining remote measurements for bioenergetics variables is that they could provide important
insight into how temperature affects foraging success, activity, growth,
and reproductive output—data that would be useful for predicting the
effects of climatic change.
Water parameters other than temperature (e.g., levels of dissolved
oxygen [see Coffey and Holland, 2015], carbon dioxide, or concentrations of contaminants) can modify the metabolism of ﬁshes without
necessarily affecting other variables like activity, thus leading to inconsistencies in tag-derived estimates of energetics variables. Given that a
change in metabolism is often associated with a change in blood ﬂow,
heart rate and cardiac output sensors should help to decipher any impacts of water parameters on energy expenditure. Measurements of
body movement (e.g., acceleration, EMG) may not provide an indication
of environment-related changes in metabolism, although the inclusion
of environmental sensing tags (e.g., to detect hypoxia) could help to circumvent this issue and allow a lab-derived calibration to be used dynamically as environmental conditions change.
4. Integration and bioenergetics—more than a sum of parts
With the advent of diverse biologging and biotelemetry tools, estimating the locomotory activity component of the bioenergetics budget
has become relatively simple. Although an important component of the
bioenergetics budget (Boisclair and Leggett, 1989), it is only one component. Researchers have tried for decades to measure other components
(e.g., SDA, feeding, SMR) but with inconsistent results. Indeed, some aspects of bioenergetics are immensely challenging to study in freeswimming wild ﬁsh. For example, how much urine does a ﬁsh pass in

a day? Or how much energy does it excrete as faecal material? Future
innovations in sensor development related to changes in chemistry or
ﬂow measurement may be needed. In large animals, an image capture
device could be placed near the anus. Determining how a ﬁsh allocates
surplus energy to somatic growth and reproduction is something that is
not intuitively practical to measure remotely. Nevertheless, a better understanding of biomechanics and scaling rules is opening doors for
using accelerometry to remotely measure growth and reproductive investment. Although it may not be necessary (or possible) to make remote estimates for every part of the bioenergetics model in a given
species, remote ﬁeld-based measurements of a given component can facilitate a) accurate values for use in modeling exercises, and b) ‘solving’
for other parts of the equation.
Today the electronic tagging toolbox is bigger than ever (see Fig. 2)
and unlike in decades past, there is an increasingly large assortment of
devices that are available from commercial manufacturers (e.g., Cefas,
Biologging Solutions, Maritime bioLoggers, Gulf Coast Data Concepts,
Lotek Wireless, Vemco-Amarix, Thelma BioTel, Advanced Telemetry
Systems, Little Leonardo, Wildlife Computers). Early developers and
adopters of tagging technology for the study of ﬁsh energetics were
(and still are to some extent) as much electronics technicians as they
were biologists which led (and continues to lead) to a number of failures or “one-offs”. Those working at that frontier were nevertheless
doing an important service to the scientiﬁc community even if the
tags they developed did not provide a technically-reliable or
commercially-viable tool at the time. Some devices, such as tags for
measuring cardiac blood ﬂow or electromyograms, require specialized training to attach to ﬁsh and therefore are less likely to be
commercially-produced. And for nearly all electronic tag types,
there is need for technically-challenging and labour-intensive calibration and validation in the laboratory, steps that must be taken seriously if one is to use the technology to remotely measure energy
intake, use or waste.
Because electronic tagging studies can generate enormous datasets,
it has become increasingly important to develop capacity for data management and analysis. Data interpretation must be performed with caution and with a strong understanding of organismal physiology and
environmental relations. This is all to say that to study the energetics
of ﬁsh in the wild is a multi-disciplinary enterprise that requires a research team with expertise in areas such as ﬁsh surgery, tracking, physiology, ecology, behaviour, and data analysis.
Future technological advancements in biotelemetry and biologging
will surely involve novel sensors, smaller devices, longer battery life
and higher capacity for data storage and transmission. There is also a
need to address key issues such as how to quantify EPOC arising from
anaerobiosis. Moreover, there are inherent challenges that exist with
rapid transmission of data such that many of the current transmitting
platforms average sensor data over relatively long (e.g., 3 to 20 s) time
frames which reduces ability to detect biologically-meaningful activities
and likely leads to underestimates of true energetic costs. The trade-off
between having high-resolution logging data with the need to recover
the tag versus having lower-resolution data but that is transmitted remotely is a reality for every biologging and biotelemetry study in ﬁsh.
Moving forward we expect that the future will more likely involve a
focus on integrating different existing sensor-types and methods to
provide a more complete picture of ﬁsh bioenergetics. For example,
Watanabe and Takahashi (2013) combined animal-borne video loggers
with accelerometer loggers to assess variability in prey capture for
Adélie penguins. One of the few ﬁsh example we are aware of is Clark
et al. (2010) where the authors used simultaneous biologging of heart
rate and acceleration to assess energy expenditure in sockeye salmon
on spawning grounds. It is also possible to combine different sensors
and approaches in different studies within a broader research program
as has been done for Paciﬁc salmon in the Fraser River of British Columbia (See Fig. 3). To date, most combined sensor packages/devices in ﬁsh
have focused on environmental sensors (e.g., temperature and depth)
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Fig. 2. Perceived relative popularity (based on literature, expertise of author team, and commercial availability) of different electronic device and/or sensor types used to assess the
bioenergetics of wild ﬁsh. The blank (white) indicates little to no availability or use in a given technology where the darkest ﬁll (black) indicates that a device is commercially
available and has been broadly embraced by the research community. Shades in between indicate relative popularity.

coupled with a single energy-related sensor (e.g., acceleration; the Cefas
loggers incorporate all three of these sensors) as opposed to multiple
energy-related sensors.
Borrowing, extrapolating, or simply guessing the value of parameters is a reality in contemporary bioenergetics modeling (Ney, 1993).
The techniques we outline here will allow the generation of real

measurements of many aspects of bioenergetics – from intake to use
to allocation to waste. Given that energy is the fundamental currency
of biology, reﬁned techniques for making remote bioenergetics measurements will hopefully enable bioenergetics to become central to
how we understand human impacts on wild ﬁsh in a drastically changing environment.

Fig. 3. Some of the biotelemetry and biologging techniques that have been used as part of a long-term integrated research program on the Paciﬁc salmon of British Columbia (see Cooke
et al., 2008 for summary). The research program spans fundamental understanding of animal–environment relationships and biological correlates of ﬁtness to more applied aspects such
as ﬁsheries interactions, hydropower impacts and climate change (Cooke et al., 2012b). A) EMG telemetry has been used to track migratory adult salmon during their upriver migration
and spawning to quantify energy use for inter-, sex-, and location-speciﬁc comparisons (e.g., Hinch et al., 1996; Hinch and Rand, 1998; Healey et al., 2003). B) Loggers with ECG and accelerations sensors have been used to quantify the energetic costs of spawning (Clark et al., 2010), ﬁsheries interactions (Raby et al., 2015), and predator interactions (Donaldson et al.,
2010). C) Most of the devices used for the study of the energetics of free-swimming ﬁsh require careful calibrations often involving swimming ﬁsh in respirometers (e.g., Wilson et al.,
2013). D) Fish are tracked in the wild using manual tracking or ﬁxed receiver stations. Photo Credits: A, B, D (Steven Cooke), C (Samantha Wilson).

Please cite this article as: Cooke, S.J., et al., Remote bioenergetics measurements in wild ﬁsh: Opportunities and challenges, Comp. Biochem. Physiol., A (2016), http://dx.doi.org/10.1016/j.cbpa.2016.03.022

12

S.J. Cooke et al. / Comparative Biochemistry and Physiology, Part A xxx (2016) xxx–xxx

Acknowledgements
This is a synthesis activity of IDEAS (Integrate, Describe, Expand And
Synthesize) OTN—part of Dalhousie's Ocean Tracking Network
(OTN) Canada. Cooke and Hinch are supported by the Natural Sciences and Engineering Research Council of Canada (NSERC) via the
Discovery Grant program, an NSERC Strategic Grant and NSERC
OTN Canada. Cooke is further supported by the Canada Research
Chairs Program. Brownscombe is supported by an NSERC fellowship.
Raby is supported by the Great Lakes Acoustic Telemetry Observation System, the Great Lakes Fishery Commission, the University of
Windsor, and the Ontario Ministry of Natural Resources and Forestry.
Broell is supported by NSERC OTN Canada and Dalhousie University.
Clark and Semmens are supported by the University of Tasmania.
Kathryn Dufour assisted with preparing the manuscript for submission.

References
Adams, M.S., Breck, J.E., 1990. Bioenergetics. In: Schreck, C.B., Moyle, P.B. (Eds.), Methods
of Fish Biology. American Fisheries Society, Bethesda, Maryland, pp. 389–415.
Altimiras, J., Aissaoui, A., Tort, L., 1995. Is the short-term modulation of heart rate in teleost ﬁsh physiologically signiﬁcant—assessment by spectral analysis techniques. Braz.
J. Med. Biol. Res. 28, 1197–1206.
Altimiras, J., Johnstone, A.D.F., Lucas, M.C., Priede, I.G., 1996. Sex differences in the heart
rate variability spectrum of free-swimming Atlantic salmon (Salmo salar L.) during
the spawning season. Physiol. Zool. 69, 770–784.
Anderson, W.G., Booth, R., Beddow, T.A., McKinley, R.S., Finstad, B., Økland, F., Scruton, D.,
1998. Remote monitoring of heart rate as a measure of recovery in angled Atlantic
salmon, Salmo salar (L.). In: Lagardere, J.P., Begout Anras, M., Claireaux, G. (Eds.), Advances in Invertebrates and Fish Telemetry vol. 130. Springer, Netherlands,
pp. 233–240.
Andrews, R.D., Jones, D.R., Williams, J.D., Thorson, P.H., Oliver, G.W., Costa, D.P., Le Boeuf,
B.J., 1997. Heart rates of northern elephant seals diving at sea and resting on the
beach. J. Exp. Biol. 200 (15), 2083–2095.
Armstrong, J.D., Lucas, M.C., Priede, I.G., De Vera, L., 1989. An acoustic telemetry system for
monitoring the heart rate of pike, Esox lucius L., and other ﬁsh in their natural environment. J. Exp. Biol. 143, 549–552.
Axelsson, M., Dang, Q., Pitsillides, K., Munns, S., Hicks, J., Kassab, G.S., 2007. A novel, fully
implantable, multichannel biotelemetry system for measurement of blood ﬂow, pressure, ECG, and temperature. J. Appl. Physiol. 102 (3), 1220–1228.
Bainbridge, R., 1958. The speed of swimming of ﬁsh as related to size and to the frequency
and amplitude of the tail beat. J. Exp. Biol. 35 (1), 109–133.
Beddow, T.A., McKinley, R.S., 1999. Importance of electrode positioning in biotelemetry
studies estimating muscle activity in ﬁsh. J. Fish Biol. 54 (4), 819–831.
Bestley, S., Patterson, T.A., Hindell, M.A., Gunn, J.S., 2008. Feeding ecology of wild migratory tunas revealed by archival tag records of visceral warming. J. Anim. Ecol. 77,
1223–1233.
Bevan, R.M., Boyd, I.L., Butler, P.J., Reid, K., Woakes, A.J., Croxall, J.P., 1997. Heart rates and
abdominal temperatures of free-ranging South Georgian shags, Phalacrocorax
georgianus. J. Exp. Biol. 200, 661–675.
Blank, J.M., Morrissette, J.M., Farwell, C.J., Price, M., Schallert, R.J., Block, B.A., 2007. Temperature effects on metabolic rate of juvenile Paciﬁc blueﬁn tuna Thunnus orientalis.
J. Exp. Biol. 210, 4254–4261.
Block, B.A., Booth, D., Carey, F.G., 1992. Direct measurement of swimming speeds and
depth of blue marlin. J. Exp. Biol. 166 (1), 267–284.
Boisclair, D., Leggett, W.C., 1989. The importance of activity in bioenergetics models applied to actively foraging ﬁshes. Can. J. Fish. Aquat. Sci. 46, 1859–1867.
Booth, R.K., Scott McKinley, R., Økland, F., Sisak, M.M., 1997. In situ measurement of
swimming performance of wild Atlantic salmon (Salmo salar) using radio transmitted
electromyogram signals. Aquat. Living Resour. 10 (04), 213–219.
Bowen, W.D., Tully, D., Boness, D.J., Bulheier, B.M., Marshall, G.J., 2002. Prey-dependent
foraging tactics and prey proﬁtability in a marine mammal. Mar. Ecol. Prog. Ser.
244, 235–245.
Braﬁeld, A.E., 1985. Laboratory studies of energy budgets. In: Tytler, P., Calow, P. (Eds.),
Fish Energetics: New Perspectives. Springer, Netherlands, pp. 257–281.
Brett, J., 1964. The respiratory metabolism and swimming performance of young sockeye
salmon. J. Fish. Res. Board Can. 21, 1183–1226.
Brett, J.R., Groves, T.D.D., 1979. Physiological energetics. In: Hoar, W.S., Randall, D.J., Brett,
J.R. (Eds.), Fish PhysiologyBioenergetics and Growth 8. Academic Press, New York,
pp. 279–352.
Briggs, C.T., Post, J.R., 1997. Field metabolic rates of rainbow trout estimated using electromyogram telemetry. J. Fish Biol. 51, 807–823.
Brill, R.W., Holts, D.B., Chang, R.K.C., Sullivan, S., Dewar, H., Carey, F.G., 1993. Vertical and
horizontal movements of striped marlin (Tetrapturus audax) near the Hawaiian
Islands, determined by ultrasonic telemetry, with simultaneous measurement of oceanic currents. Mar. Biol. 117 (4), 567–574.
Broell, F., Taggart, C.T., 2015. Scaling in free-swimming ﬁsh and implications for measuring size-at-time in the wild. PLoS ONE 10 (12), e0144875.

Broell, F., Noda, T., Wright, S., Domenici, P., Steffensen, J.F., Auclair, J.P., Taggart, C.T., 2013.
Accelerometer tags: detecting and identifying activities in ﬁsh and the effect of sampling frequency. J. Exp. Biol. 216, 1255–1264.
Brown, R.S., Tatara, C.P., Stephenson, J.R., Berejikian, B.A., 2007. Evaluation of a new coded
electromyogram transmitter for studying swimming behavior and energetics in ﬁsh.
N. Am. J. Fish Manag. 27 (3), 765–772.
Brown, D.D., Kays, R., Wikelski, M., Wilson, R.P., Klimley, A.P., 2014. Observing the unwatchable through acceleration logging of animal behavior. Anim. Biotelem. 1 (1),
20–35.
Brownscombe, J.W., Gutowsky, L.F.G., Danylchuk, A.J., Cooke, S.J., 2014. Foraging behaviour and activity of a marine benthivorous ﬁsh estimated using tri-axial accelerometer biologgers. Mar. Ecol. Prog. Ser. 505, 241–251.
Brownscombe, J.W., 2016. Behavioural and physiological ecology of coastal marine ﬁsh:
basic and applied perspectives PhD Thesis, Carleton University, Ottawa, Canada.
Burnett, N.J., Hinch, S.G., Braun, D.C., Casselman, M.T., Middleton, C.T., Wilson, S.M., Cooke,
S.J., 2014. Burst swimming in areas of high ﬂow: delayed consequences of anaerobiosis in wild adult sockeye salmon. Physiol. Biochem. Zool. 87 (5), 587–598.
Burton, T., Killen, S.S., Armstrong, J.D., Metcalfe, N.B., 2011. What causes intraspeciﬁc variation in resting metabolic rate and what are its ecological consequences? Proc. R.
Soc. B Biol. Sci. 278, 3465–3473.
Butler, P.J., Frappell, P.B., Wang, T., Wikelski, M., 2002. The relationship between heart rate
and oxygen consumption in Galapagos marine iguanas (Amblyrhynchus cristatus) at
two different temperatures. J. Exp. Biol. 205, 1917–1924.
Butler, P.J., Green, J.A., Boyd, I.L., Speakman, J.R., 2004. Measuring metabolic rate in the
ﬁeld: the pros and cons of the doubly labelled water and heart rate methods. Funct.
Ecol. 18, 168–183.
Campbell, H.A., Bishop, C.M., Davies, D.A., Egginton, S., 2005. Recording long-term heart rate
in Paranothenia augustata using an electronic datalogger. J. Fish Biol. 67, 1150–1156.
Carey, F.G., Kanwisher, J.W., Brazier, O., Gabrielson, G., Casey, J.G., Pratt Jr., H.L., 1982. Temperature and activities of a white shark, Carcharodon carcharias. Copeia 1982,
254–260.
Chabot, D., Steffensen, J.D., Farrell, A.P., 2016. The determination of standard metabolic
rate in ﬁshes. J. Fish Biol. 88 (1), 81–121.
Clark, T.D., Farrell, A.P., 2011. Effects of body mass on physiological and anatomical parameters of mature salmon: evidence against a universal heart rate scaling exponent.
J. Exp. Biol. 214, 887–893.
Clark, T.D., Ryan, T., Ingram, B.A., Woakes, A.J., Butler, P.J., Frappell, P.B., 2005. Factorial aerobic scope is independent of temperature and primarily modulated by heart rate in
exercising Murray cod (Maccullochella peelii peelii). Physiol. Biochem. Zool. 78,
347–355.
Clark, T.D., Taylor, B.D., Seymour, R.S., Ellis, D., Buchanan, J., Fitzgibbon, Q.P., Frappell, P.B.,
2008. Moving with the beat: heart rate and visceral temperature of free-swimming
and feeding blueﬁn tuna. Proc. R. Soc. B Biol. Sci. 275, 2841–2850.
Clark, T.D., Hinch, S.G., Taylor, B.D., Frappell, P.B., Farrell, A.P., 2009. Sex differences in circulatory oxygen transport parameters of sockeye salmon (Oncorhynchus nerka) on
the spawning ground. J. Comp. Biochem. B 179, 663–671.
Clark, T.D., Sandblom, E., Hinch, S.G., Patterson, D.A., Frappell, P.B., Farrell, A.P., 2010. Simultaneous biologging of heart rate and acceleration, and their relationships with energy expenditure in free-swimming sockeye salmon (Oncorhynchus nerka). J. Comp.
Physiol. B. 180, 673–684.
Clark, T.D., Farwell, C.J., Rodriguez, L.E., Brandt, W.T., Block, B.A., 2013a. Heart rate responses to temperature in free-swimming Paciﬁc blueﬁn tuna (Thunnus orientalis).
J. Exp. Biol. 216, 3208–3214.
Clark, T.D., Sandblom, E., Jutfelt, F., 2013b. Aerobic scope measurements of ﬁshes in an era
of climate change: respirometry, relevance and recommendations. J. Exp. Biol. 216,
2771–2782.
Clarke, A., Johnston, N.M., 1999. Scaling of metabolic rate with body mass and temperature in teleost ﬁsh. J. Anim. Ecol. 68, 893–905.
Claireaux, G., Webber, D., Kerr, S., Boutilier, R., 1995. Physiology and behaviour of freeswimming Atlantic cod (Gadus morhua) facing ﬂuctuating temperature conditions.
J. Exp. Biol. 198 (1), 49–60.
Coffey, D.M., Holland, K.N., 2015. First autonomous recording of in situ dissolved oxygen
from free-ranging ﬁsh. Anim. Biotelem. 3, 47.
Cooke, S.J., et al., 2008. Developing a mechanistic understanding of ﬁsh migrations by
linking telemetry with physiology, behaviour, genomics and experimental biology:
an interdisciplinary case study on adult Fraser River sockeye salmon. Fisheries 33,
321–338.
Cooke, S.J., Bunt, C.M., Schreer, J.F., Wahl, D.H., 2001. Comparison of several techniques for
mobility and activity estimates of smallmouth bass in lentic environment. J. Fish Biol.
58, 573–587.
Cooke, S.J., Hinch, S.G., Wikelski, M., Andrews, R.D., Wolcott, T.G., Butler, P.J., 2004a. Biotelemetry: a mechanistic approach to ecology. Trends Ecol. Evol. 19, 334–343.
Cooke, S.J., Thorstad, E.B., Hinch, S.G., 2004b. Activity and energetics of free-swimming
ﬁsh: Insights from electromyogram telemetry. Fish Fish. 5, 21–52.
Cooke, S.J., Niezgoda, G., Hanson, K., Suski, C.D., Tinline, R., Philipp, D.P., 2005. Use of
CDMA acoustic telemetry to document 3-D positions of ﬁsh: relevance to the design
and monitoring of aquatic protected areas. Mar. Technol. Soc. J. 39, 17–27.
Cooke, S.J., Hinch, S.G., Lucas, M.C., Lutcavage, M., 2012a. Biotelemetry and biologging. In:
Zale, A.V., Parrish, D.L., Sutton, T.M. (Eds.), Fisheries Techniques, third ed. American
Fisheries Society, Bethesda, Md, pp. 819–860.
Cooke, S.J., Hinch, S.G., Donaldson, M.R., Clark, T.D., Eliason, E.J., Crossin, G.T., Raby, G.D.,
Jeffries, K.M., Lapointe, M., Miller, K., Patterson, D.A., Farrell, A.P., 2012b. Conservation
physiology in practice: how physiological knowledge has improved our ability to sustainably manage Paciﬁc salmon during up-river migration. Philos. Trans. R. Soc. B 367,
1757–1769.

Please cite this article as: Cooke, S.J., et al., Remote bioenergetics measurements in wild ﬁsh: Opportunities and challenges, Comp. Biochem. Physiol., A (2016), http://dx.doi.org/10.1016/j.cbpa.2016.03.022

S.J. Cooke et al. / Comparative Biochemistry and Physiology, Part A xxx (2016) xxx–xxx
Dalla Valle, A.Z., Rivas-Diaz, R., Claireaux, G., 2003. Opercular differential pressure as a
predictor of metabolic oxygen demand in the starry ﬂounder. J. Fish Biol. 63 (6),
1578–1588.
Daniel, T.L., Webb, P.W., 1987. Physical determinants of locomotion. In: DeJours, P., Bolis,
L., Taylor, C.R., Weibel, E.R. (Eds.), Comparative Physiology: Life in water and on land.
Liviana Press, New York, pp. 343–369.
de Almeida, P.R., Pereira, T.J., Quintella, B.R., Gronningsaeter, A., Costa, M.J., Costa, J.L.,
2013. Testing a 3-axis accelerometer acoustic transmitter (AccelTag) on the Lusitanian toadﬁsh. J. Exp. Mar. Biol. Ecol. 449, 230–238.
Dewar, H., Deffenbaugh, M., Thurmond, G., Lashkari, K., Block, B.A., 1999. Development of
an acoustic telemetry tag for monitoring electromyograms in free-swimming ﬁsh.
J. Exp. Biol. 202 (19), 2693–2699.
Domenici, P., Blake, R., 1997. The kinematics and performance of ﬁsh fast-start swimming.
J. Exp. Biol. 200 (8), 1165–1178.
Donaldson, M.R., Cooke, S.J., Patterson, D.A., Hinch, S.G., Robichaud, D., Hanson, K.C.,
Olsson, I., Crossin, G.T., English, K.K., Farrell, A.P., 2009. Limited behavioural thermoregulation by adult upriver-migrating sockeye salmon (Oncorhynchus nerka) in the
Lower Fraser River, British Columbia. Can. J. Zool. 87, 480–490.
Donaldson, M.R., Clark, T.D., Hinch, S.G., Cooke, S.J., Patterson, D.A., Gale, M.K., Frappell,
P.B., Farrell, A.P., 2010. Physiological responses of free-swimming adult coho salmon
to simulated predator and ﬁsheries encounters. Physiol. Biochem. Zool. 83, 973–983.
Eliason, E.J., Higgs, D.A., Farrell, A.P., 2008. Postprandial gastrointestinal blood ﬂow, oxygen consumption and heart rate in rainbow trout (Oncorhynchus mykiss). Comp.
Biochem. Physiol. A 149, 380–388.
Elliott, J., Davison, W., 1975. Energy equivalents of oxygen consumption in animal energetics. Oecologia 19, 195–201.
Espinoza, M., Farrugia, T.J., Webber, D.M., Smith, F., Lowe, C.G., 2011. Testing a new acoustic telemetry technique to quantify long-term, ﬁne-scale movements of aquatic animals. Fish. Res. 108 (2), 364–371.
Fry, F.E.J., 1971. The effect of environmental factors on the physiology of ﬁsh. Fish Physiol.
6, 1–98.
Fry, F.E.J., Hart, J.S., 1948. The relation of temperature to oxygen consumption in the goldﬁsh. Biol. Bull. 94, 66–77.
Gannon, R., Taylor, M.D., Suthers, I.M., Gray, C.A., van der Meulen, D.E., Smith, J.A., Payne,
N.L., 2014. Thermal limitation of performance and biogeography in a free-ranging ectotherm: insights from accelerometry. J. Exp. Biol. 217 (17), 3033–3037.
Gleiss, A.C., Dale, J.J., Holland, K.N., Wilson, R.P., 2010. Accelerating estimates of activityspeciﬁc metabolic rate in ﬁshes: testing the applicability of acceleration dataloggers. J. Exp. Mar. Biol. Ecol. 385, 85–91.
Gleiss, A.C., Wilson, R.P., Shepard, E.L.C., 2011. Making overall dynamic body acceleration
work: on the theory of acceleration as a proxy for energy expenditure. Methods Ecol.
Evol. 2, 23–33.
Gräns, A., Axelsson, M., Pitsillides, K., Olsson, C., Höjesjö, J., Kaufman, R.C., Cech Jr., J.J.,
2009. A fully implantable multi-channel biotelemetry system for measurement of
blood ﬂow and temperature: a ﬁrst evaluation in the green sturgeon. Hydrobiologia
619 (1), 11–25.
Gräns, A., Olsson, C., Pitsillides, K., Nelson, H.E., Cech Jr., J.J., Axelsson, M., 2010. Effects of
feeding on thermoregulatory behaviours and gut blood ﬂow in white sturgeon
(Acipenser transmontanus) using biotelemetry in combination with standard techniques. J. Exp. Biol. 213, 3198–3206.
Green, J.A., 2011. The heart rate method for estimating metabolic rate: review and recommendations. Comp. Biochem. Physiol. A 158, 287–304.
Green, J.A., Butler, P.J., Woakes, A.J., Boyd, I.L., Holder, R.L., 2001. Heart rate and rate of oxygen consumption of exercising macaroni penguins. J. Exp. Biol. 204, 673–684.
Green, J.A., Halsey, L.G., Wilson, R.P., Frappell, P.B., 2009. Estimating energy expenditure of
animals using the accelerometry technique: activity, inactivity and comparison with
the heart-rate technique. J. Exp. Biol. 212, 471–482.
Halsey, L.G., White, C.R., 2010. Measuring energetics and behaviour using accelerometry
in cane toads Bufo marinus. PLoS ONE 5 (4), e10170.
Halsey, L.G., Shepard, E., Quintana, F., Laich, A.G., Green, J., Wilson, R., 2009. The relationship between oxygen consumption and body acceleration in a range of species.
Comp. Biochem. Physiol. A 152, 197–202.
Halsey, L.G., Shepard, E.L.C., Wilson, R.P., 2011. Assessing the development and application of the accelerometry technique for estimating energy expenditure. Comp.
Biochem. Physiol. A 158, 305–314.
Hansen, M.J., Boisclair, D., Brandt, S.B., Hewett, S.W., Kitchell, J.F., Lucas, M.C., Ney, J.J.,
1993. Applications of bioenergetics models to ﬁsh ecology and management:
where do we go from here? Trans. Am. Fish. Soc. 122, 1019–1030.
Hanson, K.C., Cooke, S.J., Suski, C.D., Niezgoda, G., Phelan, F.J.S., Tinline, R., Philipp, D.P.,
2007. Assessment of largemouth bass (Micropterus salmoides) behavior and activity
at multiple spatial and temporal scales utilizing a 3-D whole-lake ecological telemetry observatory. Hydrobiologia 582, 243–256.
Hasler, C.T., Cooke, S.J., Hinch, S.G., Guimond, E., Donaldson, M.R., Mossop, B., Patterson,
D.A., 2012. Thermal biology and bioenergetics of different upriver migration strategies in a stock of summer-run Chinook salmon. J. Therm. Biol. 37, 265–272.
Healey, M.C., Lake, R., Hinch, S.G., 2003. Energy expenditures during reproduction by
sockeye salmon (Oncorhynchus nerka). Behaviour 140 (2), 161–182.
Heithaus, M., Dill, L., Marshall, G., Buhleier, B., 2002. Habitat use and foraging behavior of tiger sharks (Galeocerdo cuvier) in a seagrass ecosystem. Mar. Biol. 140 (2),
237–248.
Hewett, S.W., Johnson, B.L., 1987. A generalized bioenergetics model of ﬁsh growth for
microcomputers. Technical Report No. WIS-SG-87-245. University of Wisconsin Sea
Grant Institute, Madison, WI, p. 47.
Hinch, S.G., Rand, P.S., 1998. Swim speeds and energy use of upriver-migrating sockeye
salmon (Oncorhynchus nerka): role of local environment and ﬁsh characteristics.
Can. J. Fish. Aquat. Sci. 55 (8), 1821–1831.

13

Hinch, S.G., Diewert, R.E., Lissimore, T.J., Prince, A.M., Healey, M.C., Henderson, M.A., 1996.
Use of electromyogram telemetry to assess difﬁcult passage areas for river-migrating
adult sockeye salmon. Trans. Am. Fish. Soc. 125 (2), 253–260.
Hindell, H.A., Lea, M., 1998. Heart rate, swimming speed, and estimated oxygen consumption of a free-ranging southern elephant seal. Physiol. Biochem. Zool. 71,
74–84.
Hochachka, P.W., Somero, G.N., 1980. Biochemical Adaptation. Princeton University Press.
Holmlund, C.M., Hammer, M., 1999. Ecosystem services generated by ﬁsh populations.
Ecol. Econ. 29 (2), 253–268.
Huveneers, C., Rogers, P.J., Beckmann, C., Semmens, J.M., Bruce, B.D., Seuront, L., 2013. The
effects of cage diving activities on the ﬁne-scale swimming behaviour and space use
of white sharks. Mar. Biol. 160 (11), 2863–2875.
Iosilevskii, G., Papastamatiou, Y.P., Meyer, C.G., Holland, K.N., 2012. Energetics of the yo-yo
dives of predatory sharks. J. Theor. Biol. 294, 172–181.
Jobling, M., 1995. Fish Bioenergetics. Chapman and Hall, London, UK.
Johnstone, A.D., Lucas, M.C., Boylan, P., Carter, T.J., 1992. Telemetry of tail-beat frequency
of Atlantic salmon (Salmo salar L.) during spawning. In: Priede, I.M., Swift, S.W. (Eds.),
Wildlife Telemetry: Remote Monitoring and Tracking of Animals. Ellis Hordwood,
New York, pp. 456–465.
Kaseloo, P.A., Weatherley, A.H., Lotimer, J., Farina, M.D., 1992. A biotelemetry system recording ﬁsh activity. J. Fish Biol. 40 (2), 165–179.
Kawabata, Y., Noda, T., Nakashima, Y., Nanami, A., Sato, T., Takebe, T., Mitamura, H., Arai,
N., Yamaguchi, T., Soyano, K., 2014. Use of a gyroscope/accelerometer data logger to
identify alternative feeding behaviours in ﬁsh. J. Exp. Biol. 217, 3204–3208.
Kawabe, R., Naito, Y., Sato, K., Miyashita, K., Yamashita, N., 2004. Direct measurement of
the swimming speed, tailbeat, and body angle of Japanese ﬂounder (Paralichthys
olivaceus). ICES J. Mar. Sci. 61 (7), 1080–1087.
Kitchell, J.F., Koonce, J.F., O'Neill, R.V., Shugart, H.H., Magnuson Jr., J.J., Booth, R.S., 1974.
Model of ﬁsh biomass dynamics. Trans. Am. Fish. Soc. 103, 786–798.
Kitchell, J.F., Stewart, D.J., Weininger, D., 1977. Applications of a bioenergetics model to
perch (Perca ﬂavescens) and walleye (Stizostedion vitreum). J. Fish. Res. Board Can.
34, 1922–1935.
Kleiber, M., 1975. The Fire of Life: An Introduction to Animal Energetics. second ed R.E.
Krieger Pub. Co., Huntington, NY.
Kojima, T., Kawabe, R., Shirasu, K., Naito, Y., 2003. Preliminary study on heartbeats and
swimming behavior of free-ranging ﬁsh, red sea bream Pagrus major, measured
with newly developed micro data-logger. Polar Biosci. 16, 104–111.
Kooijman, S.A.L.M., 2010. Dynamic Energy Budget Theory for Metabolic Organisation.
third ed Cambridge University Press, New York, NY.
Kudo, T., Tanaka, H., Watanabe, Y., Naito, Y., Otomo, T., Miyazaki, N., 2007. Use of ﬁshborne camera to study chum salmon homing behavior in response to coastal features.
Aquat. Biol. 1, 85–90.
Lapointe, N.W.R., Thiem, J.D., Doka, S.E., Cooke, S.J., 2013. Opportunities for improving
aquatic restoration science and monitoring through the use of animal electronic tagging technology. Bioscience 63, 390–396.
Lembo, G., Carbonara, P., Scolamacchia, M., Spedicato, M.T., Bjørnsen, J.E., Holand, B.,
McKinley, R.S., 2008. Introduction of a new physiological acoustic electromyogram
transmitter. Fish. Manag. Ecol. 15 (5-6), 333–338.
Levine, J.A., 2005. Measurement of energy expenditure. Public Health Nutr. 8, 1123–1132.
Løkkeborg, S., Fernö, A., Jørgensen, T., 2002. Effect of position-ﬁxing interval on estimated
swimming speed and movement pattern of ﬁsh tracked with a stationary positioning
system. Hydrobiologia 483 (1-3), 259–264.
Lonsdale, E.M., 1969. Radio-tracking and ECG of free-swimming ﬁsh. Jackson Hole Research Station Annual Report vol. 1969 (article 14. Retrieved from http://repository.
uwyo.edu/jhrs_reports/vol1969/iss1/14).
Lowe, C.G., Holland, K.N., Wolcott, T.G., 1998. A new acoustic tailbeat transmitter for ﬁshes. Fish. Res. 36 (2), 275–283.
Lucas, M.C., 1992. An electrode design for use with intragastric heart rate transmitters in
Atlantic salmon (Salmo salar L.) and other ﬁsh. In: Priede, I.G., Swift, S.M. (Eds.), Wildlife Telemetry—Remote Monitoring and Tracking of Animals. Ellis Horwood, New
York.
Lucas, M.C., Armstrong, J.D., 1991. Estimation of meal energy intake from heart rate records of pike, Esox lucius L. J. Fish Biol. 38, 317–319.
Lucas, M.C., Priede, I.G., De-Vera, L., 1991. Direct measurements of metabolism, activity
and feeding behaviour of pike, Esox lucius L., in the wild, by the use of heart telemetry.
J. Fish Biol. 39, 325–345.
Lucas, M.C., Johnstone, A.D.F., Priede, I.G., 1993. Use of physiological telemetry as a method of estimating metabolism of ﬁsh in the natural environment. Trans. Am. Fish. Soc.
122, 822–833.
Luke, D.M., Pincock, D.G., Sayre, P.D., Weatherley, A.H., 1979. A system for the telemetry of activity related information from free swimming ﬁsh. In: Long, F.M. (Ed.),
Proceedings of the Second International Conference on Wildlife Biotelemetry,
July 30, 31, August 1, 1979. University of Wyoming, Laramie, Wyoming, USA,
pp. 77–85.
Lynch, A.J., Cooke, S.J., Deines, A., Bower, S., Bunnell, D.B., Cowx, I.G., Nguyen, V.M.,
Nonher, J., Phouthavong, K., Riley, B., Rogers, M.W., Taylor, W.W., Woelmer, W.M.,
Youn, S., Beard Jr., T.D., 2016. The social, economic, and ecological importance of inland ﬁshes and ﬁsheries. Environ. Rev. (in press).
Makiguchi, Y., Nagata, S., Kojima, T., Ichimura, M., Konno, Y., Murata, H., Ueda, H., 2009.
Cardiac arrest during gamete release in chum salmon regulated by the parasympathetic nerve system. PLoS ONE 4 (6), e5993.
Makiguchi, Y., Konno, Y., Konishi, K., Miyoshi, K., Sakashita, T., Nii, H., Ueda, H., 2011. EMG
telemetry studies on upstream migration of chum salmon in the Toyohira River,
Hokkaido, Japan. Fish Physiol. Biochem. 37, 273–284.
Marshall, G.J., 1998. Crittercam: an animal-borne imaging and data logging system. Mar.
Technol. Soc. J. 32, 11–17.

Please cite this article as: Cooke, S.J., et al., Remote bioenergetics measurements in wild ﬁsh: Opportunities and challenges, Comp. Biochem. Physiol., A (2016), http://dx.doi.org/10.1016/j.cbpa.2016.03.022

14

S.J. Cooke et al. / Comparative Biochemistry and Physiology, Part A xxx (2016) xxx–xxx

McCleave, J.D., Horrall, R.M., 1970. Ultrasonic tracking of homing cutthroat trout (Salmo
clarki) in Yellowstone Lake. J. Fish. Res. Board Can. 27 (4), 715–730.
McElroy, B., DeLonay, A., Jacobson, R., 2012. Optimum swimming pathways of ﬁsh
spawning migrations in rivers. Ecology 93, 29–34.
Metcalfe, J., Wright, S., Tudorache, C., Wilson, R., 2015. Recent advances in telemetry for
estimating the energy metabolism of wild ﬁshes. J. Fish Biol. 88 (1), 284–297.
Meyer, C.G., Holland, K.N., 2012. Autonomous measurement of ingestion and digestion
processes in free-swimming sharks. J. Exp. Biol. 215 (21), 3681–3684.
Misund, O.A., 1997. Underwater acoustics in marine ﬁsheries and ﬁsheries research. Rev.
Fish Biol. Fish. 7, 1–34.
Miyoshi, K., Hayashida, K., Sakashita, T., Fujii, M., Nii, H., Nakao, K., Ueda, H., Tierney, K.,
2014. Comparison of the swimming ability and upstream-migration behavior between chum salmon and masu salmon. Can. J. Fish. Aquat. Sci. 71, 217–225.
Moll, R.J., Millspaugh, J.J., Beringer, J., Sartwell, J., He, Z., 2007. A new ‘view’of ecology and
conservation through animal-borne video systems. Trends Ecol. Evol. 22 (12),
660–668.
Mori, T., Miyata, N., Aoyama, J., Niizuma, Y., Sato, K., 2015. Estimation of metabolic rate
from activity measured by recorders deployed on Japanese sea bass Lateolabrax
japonicus. Fish. Sci. 81, 871–882.
Murchie, K.J., Cooke, S.J., Danylchuk, A.J., Suski, C.D., 2011. Estimates of ﬁeld activity and
metabolic rates of boneﬁsh (Albula vulpes) in coastal marine habitats using acoustic
tri-axial accelerometer transmitters and intermittent-ﬂow respirometry. J. Exp. Mar.
Biol. Ecol. 396, 147–155.
Naito, Y., Costa, D.P., Adachi, T., Robinson, P.W., Fowler, M., Takahashi, A., 2013.
Unravelling the mysteries of a mesopelagic diet: a large apex predator specializes
on small prey. Funct. Ecol. 27, 710–717.
Nakamura, I., Watanabe, Y.Y., Papastamatiou, Y.P., Sato, K., Meyer, C.G., 2011. Yo-yo vertical movements suggest a foraging strategy for Tiger sharks Galeocerdo cuvier. Mar.
Ecol. Prog. Ser. 424, 237–246.
Nakamura, I., Goto, Y., Sato, K., 2015. Ocean sunﬁsh rewarm at the surface after deep excursions to forage for siphonophores. J. Anim. Ecol. 84, 590–603.
Nathan, R., Spiegel, O., Fortmann-Roe, S., Harle, R., Wikelski, M., Getz, W.M., 2012. Using
tri-axial acceleration data to identify behavioural modes of free-ranging animals:
general concepts and tools illustrated for griffon vultures. J. Exp. Biol. 215, 986–996.
Neuheimer, A.B., Taggart, C.T., 2007. The growing degree-day and ﬁsh size-at-age: the
overlooked metric. Can. J. Fish. Aquat. Sci. 64 (2), 375–385.
Neuheimer, A.B., Thresher, R.E., Lyle, J.M., Semmens, J.M., 2011. Tolerance limit for ﬁsh
growth exceeded by warming waters. Nat. Clim. Chang. 1 (2), 110–113.
Ney, J.J., 1993. Bioenergetics modeling today: growing pains on the cutting edge. Trans.
Am. Fish. Soc. 122 (5), 736–748.
Niezgoda, G., Benﬁeld, M., Sisak, M., Anson, P., 2002. Tracking acoustic transmitters by
code division multiple access (CDMA)-based telemetry. In: Thorstad, E.B., Fleming,
I.A., Næsje, T.F. (Eds.), Aquatic Telemetry: Proceedings of the Fourth Conference on
Fish Telemetry in Europe vol. 165. Springer, Netherlands, pp. 275–286.
Nisbet, R.M., Muller, E.B., Lika, K., Kooijman, S.A.L.M., 2000. From molecules to ecosystems
through dynamic energy budget models. J. Anim. Ecol. 69 (6), 913–926.
Norin, T., Malte, H., Clark, T.D., 2015. Differential plasticity of metabolic rate phenotypes in
a tropical ﬁsh facing environmental change. Funct. Ecol. http://dx.doi.org/10.1111/
1365-2435.12503.
Oswald, R.L., 1978. The use of telemetry to study light synchronization with feeding and
gill ventilation rates in Salmo trutta. J. Fish Biol. 13 (6), 729–739.
O'Toole, A.C., Murchie, K.J., Pullen, C., Hanson, K.C., Suski, C.D., Danylchuk, A.J., Cooke, S.J.,
2010. Locomotory activity and depth distribution of adult great barracuda (Sphyraena
barracuda) in Bahamian coastal habitats determined using acceleration and pressure
biotelemetry transmitters. Mar. Freshw. Res. 61 (12), 1446–1456.
Papastamatiou, Y.P., Meyer, C.G., Holland, K.N., 2008. A new acoustic pH transmitter for
studying the feeding habits of free-ranging sharks. Aquat. Living Resour. 20, 287–290.
Patch, J.R., Pincock, D.G., Weatherley, A.H., Rogers, S.C., 1981. A ﬁeld system for telemetry
of ﬁsh energetics. In: Long, F.M. (Ed.), Proceedings: Third International Conference on
Wildlife Biotelemetry, July 27, 28, 1981. University of Wyoming, Laramie, Wyoming,
USA, pp. 129–140.
Payne, N.L., Gillanders, B.M., Seymour, R.S., Webber, D.M., Snelling, E.P., Semmens, J.M.,
2011. Accelerometry estimates ﬁeld metabolic rate in giant Australian cuttleﬁsh
Sepia apama during breeding. J. Anim. Ecol. 80, 422–430.
Payne, N.L., van der Meulen, D.E., Gannon, R., Semmens, J.M., Suthers, I.M., Gray, C.A.,
Taylor, M.D., 2013. Rain reverses diel activity rhythms in an estuarine teleost. Proc.
R. Soc. B Biol. Sci. 280, 20122363.
Payne, N.L., Taylor, M.D., Watanabe, Y.Y., Semmens, J.M., 2014. From physiology to physics: are we recognizing the ﬂexibility of biologging tools? J. Exp. Biol. 217, 317–322.
Payne, N.L., Snelling, E.P., Fitzpatrick, R., Seymour, J., Courtney, R., Barnett, A., Watanabe,
Y.Y., Sims, D.W., Squire Jr., L., Semmens, J.M., 2015. A new method for resolving uncertainty of energy requirements in large water-breathers: the ‘mega-ﬂume’ seagoing swim-tunnel respirometer. Methods Ecol. Evol. 6, 668–677.
Peake, S.J., Farrell, A.P., 2004. Locomotory behaviour and post-exercise physiology in relation to swimming speed, gait transition and metabolism in free-swimming
smallmouth bass (Micropterus dolomieu). J. Exp. Biol. 207, 1563–1575.
Priede, I.G., 1978. Behavioral and physiological rhythms of ﬁsh in their natural
envoronment, as indicated by ultrasonic telemetry of heart rate. In: Thorpe, J.E.
(Ed.), Rhythmic Activity of Fishes. Academic Press, New York, pp. 153–168.
Priede, I.G., 1983. Heart rate telemetry from ﬁsh in the natural environment. Comp.
Biochem. Physiol. A 76 (3), 515–524.
Priede, I.G., Tytler, P., 1977. Heart rate as a measure of metabolic rate in teleost ﬁshes;
Salmo gairdneri, Salmo trutta and Gadus morhua. J. Fish Biol. 10 (3), 231–242.
Priede, I.G., Young, A.H., 1977. The ultrasonic telemetry of cardiac rhythms of wild brown
trout (Salmo trutta L.) as an indicator of bio-energetics and behaviour. J. Fish Biol. 10
(4), 299–318.

Qasem, L., Cardew, A., Wilson, A., Grifﬁths, I., Halsey, L.G., Shepard, E.L., Gleiss, A.C., Wilson,
R., 2012. Tri-axial dynamic acceleration as a proxy for animal energy expenditure;
should we be summing values or calculating the vector? PLoS ONE 7 (2), e31187.
Quist, M.C., Pegg, M.A., DeVries, D.R., 2012. Age and growth. In: Alexander, A.V., Parrish,
D.L., Sutton, T.M. (Eds.), Fisheries Techniques, third ed. American Fisheries Society,
Bethesda, pp. 677–731.
Raby, G.D., Clark, T.D., Farrell, A.P., Patterson, D.A., Bett, N.N., Wilson, S.M., Willmore, W.G.,
Suski, C.D., Hinch, S.G., Cooke, S.J., 2015. Facing the river gauntlet: understanding the
effects of ﬁsheries capture and water temperature on the physiology of coho salmon.
PLoS ONE 10 (4), e0124023.
Regan, M.D., Gosline, J.M., Richards, J.G., 2013. A simple and affordable calorespirometer
for assessing the metabolic rates of ﬁshes. J. Exp. Biol. 216 (24), 4507–4513.
Rennie, M.D., Collins, N.C., Shuter, B.J., Rajotte, J.W., Couture, P., 2005. A comparison of
methods for estimating activity costs of wild ﬁsh populations: more active ﬁsh observed to grow slower. Can. J. Fish. Aquat. Sci. 62, 767–780.
Rice, J.A., Cochran, P.A., 1984. Independent evaluation of a bioenergetics model for
largemouth bass. Ecology 63, 732–739.
Roche, D.G., Taylor, M.K., Binning, S.A., Johansen, J.L., Domenici, P., Steffensen, J.F., 2014.
Unsteady ﬂow affects swimming energetics in a labriform ﬁsh (Cymatogaster
aggregata). J. Exp. Biol. 217, 414–422.
Roff, D.A., 1983. An allocation model of growth and reproduction in ﬁsh. Can. J. Fish.
Aquat. Sci. 40 (9), 1395–1404.
Rogers, S.C., Weatherley, A.H., 1983. The use of opercular muscle electromyograms as an
indicator of the metabolic costs of ﬁsh activity in rainbow trout, Salmo gairdneri Richardson, as determined by radiotelemetry. J. Fish Biol. 23 (5), 535–547.
Rogers, S.C., Weatherley, A.H., Pincock, D.G., Patch, J.R., 1981. Telemetry, electromyograms
and oxygen demands on ﬁsh activity. In: Long, F.M. (Ed.), Proceedings: Third International Conference on Wildlife Biotelemetry, July 27, 28, 1981. University of Wyoming,
Laramie, Wyoming, USA, pp. 141–150.
Ross, L.G., Watts, W., Young, A.H., 1981. An ultrasonic biotelemetry system for the continuous monitoring of tail-beat rate from free-swimming ﬁsh. J. Fish Biol. 18 (4),
479–490.
Sayre, P.D., 1978. A radiotelemetry system for monitoring the activity levels of free swimming ﬁsh. University of New Brunswick, Canada (Msc Thesis).
Scharold, J., Gruber, S.H., 1991. Telemetered heart rate as a measure of metabolic rate in
the lemon shark, Negaprion brevirostris. Copeia 1991, 942–953.
Secor, S.M., 2009. Speciﬁc dynamic action: a review of the postprandial metabolic response. J. Comp. Physiol. B. 179, 1–56.
Semmens, J.M., Payne, N.L., Huveneers, C., Sims, D.W., Bruce, B.D., 2013. Feeding requirements of white sharks may be higher than originally thought. Sci. Rep. 3.
Shepard, E.L.C., Wilson, R.P., Halsey, L.G., Quintana, F., Gómez Laich, A., Gleiss, A.C., Liebsch,
N., Myers, A.E., Norman, B., 2008. Derivation of body motion via appropriate smoothing of acceleration data. Aquat. Biol. 4, 235–241.
Shepard, E.L., Wilson, R.P., Rees, W.G., Grundy, E., Lambertucci, S.A., Vosper, S.B., 2013. Energy landscapes shape animal movement ecology. Am. Nat. 182, 298–312.
Sooﬁani, N.M., Hawkins, A.D., 1985. Field studies of energy budgets. In: Tytler, P., Calow, P.
(Eds.), Fish Energetics: New Perspectives. Springer, Netherlands, pp. 283–307.
Stasko, A.B., Horrall, R.M., 1976. Method of counting tailbeats of free-swimming ﬁsh by ultrasonic telemetry techniques. J. Fish. Res. Board Can. 33 (11), 2596–2598.
Steffensen, J., 1989. Some errors in respirometry of aquatic breathers: how to avoid and
correct for them. Fish Physiol. Biochem. 6, 49–59.
Stehfest, K.M., Patterson, T.A., Barnett, A., Semmens, J.M., 2015. Markov models and network analysis reveal sex-speciﬁc differences in the space-use of a coastal apex predator. Oikos 124, 307–318.
Struthers, D.P., Danylchuk, A.J., Wilson, A.D.M., Cooke, S.J., 2015. Action cameras: bringing
aquatic and ﬁsheries research into view. Fisheries 40 (10), 502–512.
Sullivan, G.H., Hoefener, C., Bolie, V.W., 1963. Electronic systems for biological telemetry. In: Slater, L.E. (Ed.), Bio-Telemetry: the Use of Telemetry in Animal Behaviour and Physiology in Relation to Ecological Problems. Pergamon Press, Oxford,
pp. 83–106.
Sundström, L.F., Gruber, S.H., 1998. Using speed-sensing transmitters to construct a bioenergetics model for subadult lemon sharks, Negaprion brevirostris (Poey), in the
ﬁeld. In: Lagardere, J.P., Begout Anras, M., Claireaux, G. (Eds.), Advances in Invertebrates and Fish Telemetry vol. 130. Springer, Netherlands, pp. 241–247.
Tanaka, H., Takagi, Y., Naito, Y., 2001. Swimming speeds and buoyancy compensation of
migrating adult chum salmon Oncorhynchus keta revealed by speed/depth/acceleration data logger. J. Exp. Biol. 204 (22), 3895–3904.
Tang, M., Boisclair, D., 1995. Relationship between respiration rate of juvenile brook trout
(Salvelinus fontinalis), water temperature, and swimming characteristics. Can. J. Fish.
Aquat. Sci. 52, 2138–2145.
Taylor, M.D., McPhan, L., van der Meulen, D.E., Gray, C.A., Payne, N.L., 2013. Interactive drivers of activity in a free-ranging estuarine predator. PLoS ONE 8 (11),
e80962.
Taylor, M.K., Hasler, C.T., Findlay, C.S., Lewis, B., Schmidt, D.C., Hinch, S.G., Cooke, S.J., 2014.
Hydrologic correlates of bull trout (Salvelinus conﬂuentus) swimming activity in a
hydropeaking river. River Res. Appl. 30, 756–765.
Thorarensen, H., Farrell, A.P., 2006. Postprandial intestinal blood ﬂow, metabolic rates,
and exercise in Chinook salmon (Oncorhynchus tshawytscha). Physiol. Biochem.
Zool. 79, 688–694.
Thorarensen, H., Gallaugher, P.E., Farrell, A.P., 1996. The limitations of heart rate as a predictor of metabolic rate in ﬁsh. J. Fish Biol. 49, 226–236.
Tomlinson, S., Arnall, S.G., Munn, A., Bradshaw, S.D., Maloney, S.K., Dixon, K.W., Didham,
R.K., 2014. Applications and implications of ecological energetics. Trends Ecol. Evol.
29, 280–290.
Tytler, P., Calow, P. (Eds.), 1985. Fish Energetics: New Perspectives. Croom Helm Ltd,
London, UK.

Please cite this article as: Cooke, S.J., et al., Remote bioenergetics measurements in wild ﬁsh: Opportunities and challenges, Comp. Biochem. Physiol., A (2016), http://dx.doi.org/10.1016/j.cbpa.2016.03.022

S.J. Cooke et al. / Comparative Biochemistry and Physiology, Part A xxx (2016) xxx–xxx
Wall, J., Douglas-Hamilton, I., Vollrath, F., 2006. Elephants avoid costly mountaineering.
Curr. Biol. 16 (14), R527–R529.
Walsberg, G.E., Hoffman, T.C., 2005. Direct calorimetry reveals large errors in respirometric estimates of energy expenditure. J. Exp. Biol. 208, 1035–1043.
Wardle, C.S., 1975. Limit of ﬁsh swimming speed. Nature 255, 725–727.
Wardle, C.S., Kanwisher, J.W., 1973. The signiﬁcance of heart rate in free swimming cod,
Gadus morhua: some observations with ultra-sonic tags. Mar. Freshw. Behav. Physiol.
2 (1-4), 311–324.
Watanabe, Y.Y., Takahashi, A., 2013. Linking animal-borne video to accelerometers reveals
prey capture variability. Proc. Natl. Acad. Sci. U. S. A. 110 (6), 2199–2204.
Watanabe, Y.Y., Wei, Q., Yang, D., Chen, X., Du, H., Yang, J., Sato, K., Naito, Y., Miyazaki, N.,
2008. Swimming behaviour in relation to buoyancy in an open swim bladder ﬁsh, the
Chinese sturgeon. J. Zool. 275 (4), 381–390.
Watanabe, Y.Y., Lydersen, C., Fisk, A.T., Kovacs, K.M., 2012. The slowest ﬁsh: swim speed
and tail-beat frequency of Greenland sharks. J. Exp. Mar. Biol. Ecol. 426-427, 5–11.
Watanabe, Y.Y., Goldman, K.J., Caselle, J.E., Chapman, D.D., Papastamatiou, Y.P., 2015.
Comparative analyses of animal-tracking data reveal ecological signiﬁcance of endothermy in ﬁshes. PNAS 112, 6104–6109.
Weatherley, A.H., Pincock, D.G., Rogers, S.C., 1980. Use of telemetry in monitoring intensity and energetics of activity in free-swimming ﬁsh with reference to zinc pollution.
Can. Tech. Rep. Fish. Aquat. Sci. 975, 162–170.
Weatherley, A.H., Rogers, S.C., Pincock, D.G., Patch, J.R., 1982. Oxygen consumption of active rainbow trout, Salmo gairdneri Richardson, derived from electromyograms obtained by radiotelemetry. J. Fish Biol. 20 (4), 479–489.
Webb, P.W., 1978. Temperature effects on acceleration of rainbow trout, Salmo gairdneri.
J. Fish. Board Canada 35, 1417–1422.
Webber, D.M., Boutilier, R.G., Kerr, S.R., Smale, M.J., 2001. Caudal differential pressure as a
predictor of swimming speed of cod (Gadus morhua). J. Exp. Biol. 204 (20),
3561–3570.
Weimerskirch, H., Shaffer, S.A., Mabille, G., Martin, J., Boutard, O., Rouanet, J.L., 2002. Heart
rate and energy expenditures of incubating wandering albatrosses: basal levels, natural variation, and the effects of human disturbance. J. Exp. Biol. 205, 475–483.

15

Whitlock, R.E., Walli, A., Cermeño, P., Rodriguez, L.E., Farwell, C., Block, B.A., 2013. Quantifying energy intake in Paciﬁc blueﬁn tuna (Thunnus orientalis) using the heat increment of feeding. J. Exp. Biol. 216, 4109–4123.
Whitmore, B.M., White, C.F., Gleiss, A.C., Whitney, N.M., 2016. A ﬂoat-release package for
recovering data-loggers from wild sharks. J. Exp. Mar. Biol. Ecol. 475, 49–53.
Whitney, N.M., Papastamatiou, Y.P., Holland, K.N., Lowe, C.G., 2007. Use of an acceleration
data logger to measure diel activity patterns in captive whitetip reef sharks,
Triaenodon obesus. Aquat. Living Resour. 20, 299–305.
Whitney, N.M., Pratt, H.L., Pratt, T.C., Carrier, J.C., 2010. Identifying shark mating behaviour
using three-dimensional acceleration loggers. Endanger. Species Res. 10, 71–82.
Wilmers, C.C., Nickel, B., Bryce, C.M., Smith, J.A., Wheat, R.E., Yovovich, V., 2015. The golden age of bio-logging: how animal-borne sensors are advancing the frontiers of ecology. Ecology 96 (7), 1741–1753.
Wilson, R.P., Culik, B., Adelung, D., Coria, N.R., Spairani, H.J., 1991. To slide or stride: when
should Adélie penguins (Pygoscelis adeliae) toboggan? Can. J. Zool. 69, 221–225.
Wilson, R.P., Shepard, E.L.C., Liebsch, N., 2008. Prying into the intimate details of animal
lives: use of a daily diary on animals. Endanger. Species Res. 4, 123–137.
Wilson, S.M., Hinch, S.G., Eliason, E.J., Farrell, A.P., Cooke, S.J., 2013. Calibrating acoustic acceleration transmitters for estimating energy use by wild adult Paciﬁc salmon. Comp.
Biochem. Physiol. A 164, 491–498.
Wilson, S.M., Hinch, S.G., Drenner, S.M., Martins, E.G., Furey, N.B., Patterson, D.A., Welch,
D.W., Cooke, S.J., 2014. Coastal marine and in-river migration behaviour of adult
sockeye salmon en route to spawning grounds. Mar. Ecol. Prog. Ser. 496, 71–84.
Wilson, A.D.M., Wikelski, M., Wilson, R.P., Cooke, S.J., 2015. Utility of biological sensor tags
in animal conservation. Conserv. Biol. 29, 1065–1075.
Wright, S., Metcalfe, J.D., Hetherington, S., Wilson, R., 2014. Estimating activity-speciﬁc
energy expenditure in a teleost ﬁsh, using accelerometer loggers. Mar. Ecol. Prog.
Ser. 496, 19–32.
Young, A.H., Tytler, P., Holliday, F.G.T., MacFarlane, A., 1972. A small sonic tag for measurement of locomotor behaviour in ﬁsh. J. Fish Biol. 4 (1), 57–65.

Please cite this article as: Cooke, S.J., et al., Remote bioenergetics measurements in wild ﬁsh: Opportunities and challenges, Comp. Biochem. PhysAll in-text
references
underlined in blue are linked to publications on ResearchGate, letting you access and read them immediately.
iol.,
A (2016),
http://dx.doi.org/10.1016/j.cbpa.2016.03.022

