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Farmed aquatic animals represent an increasingly important source of food for
a growing human population. However, the aquaculture industry faces several
challenges with regard to producing a profitable, ethical and environmentally
sustainable product, which are exacerbated by the ongoing intensification of
operations and increasingly extreme and unpredictable climate conditions.
Fortunately, bio-sensors capable ofmeasuring a range of environmental, behav-
ioural and physiological variables (e.g. temperature, dissolved gases, depth,
acceleration, ventilation, heart rate, blood flow, glucose and L-lactic acid) rep-
resent exciting and innovative tools for assessing the health and welfare of
farmed animals in aquaculture. Here, we illustrate how these state-of-the-art
technologies can provide unique insights into variables pertaining to the
inner workings of the animal to elucidate animal–environment interactions
throughout the production cycle, as well as to provide insights on how
farmed animals perceive and respond to environmental and anthropogenic
perturbations. Using examples based on current challenges (i.e. sub-optimal
feeding strategies, sub-optimal animal welfare and environmental changes),
we discuss how bio-sensors can contribute towards optimizing the growth,
health and welfare of farmed animals under dynamically changing on-farm
conditions. While bio-sensors currently represent tools that are primarily
used for research, the continuing development and refinement of these technol-
ogies may eventually allow farmers to use real-time environmental and
physiological data from their stock as ‘early warning systems’ and/or for
refiningday-to-dayoperations to ethically and sustainablyoptimize production.

This article is part of the theme issue ‘Measuring physiology in free-
living animals (Part I)’.
1. Background
Fish, crustaceans and molluscs have become increasingly important sources of
food for humans, which is reflected by the global increase in the annual per
capita consumption from 9 kg in 1961 to over 20 kg today [1]. Although capture
fisheries remain an important source of food, farming aquatic animals in natu-
ral or controlled environments (i.e. aquaculture) was estimated to have
contributed approximately 82 million tonnes (valued at approx. US$250
billion) or approximately 52% of the aquatic animals used globally for
human consumption in 2018 [1]. Moreover, due to ongoing expansion and
intensification, aquaculture production is expected to surpass the contribution
of capture fisheries in the near future, and has been identified as one of the
main candidates for meeting the growing global demand for protein and
high nutritional diets in the face of human population growth [1,2].
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Aquaculture is a relatively diverse industry as operations
can vary substantially with regard to the specific animal
farmed (e.g. over 600 species worldwide, each of which pos-
sesses unique ecological adaptations and evolutionary
histories), type of production system (e.g. cages, ponds,
open-sea racks, flow-through or recirculating) and scale of
operation (e.g. from subsistence farming to industrial-scale
production) [1]. Furthermore, substantial differences also
exist between and/or within different operations with regard
to the environmental (e.g. temperature, pH, dissolved gases,
dissolved nutrients, light, salinity, parasites and diseases) and
anthropogenic conditions (e.g. stocking densities, husbandry
practices and feeding regimes) towhich farmed animals are sub-
jected during captivity [3,4]. Despite such substantial differences,
all aquaculture operations require an in-depth understanding of
animal–environment interactions at a species-specific level to
optimize production in a sustainable and ethical manner [3,4].
This can be achieved by simultaneously monitoring the physio-
logical state of farmed animals and the environmental/
anthropogenic conditions they are subjected to in real-time
[3–7]. Although the practicality of real-timemonitoring is challen-
ging, it is critical for understanding the ability or capacity of
farmed animals to cope with environmental perturbations and
various potentially stressful farming practices, as well as for
optimizing their growth, health and welfare [3–7].

Direct visual observations have historically been used to
assess the health and welfare of farmed animals. Yet this is
challenging in aquaculture, as the farmed animals live
under water (often with high levels of turbidity). This chal-
lenge is further exacerbated by the ongoing intensification
of the aquaculture industry, as many twenty-first-century
farming operations contain populations of up to millions of
individuals [1]. This problem has, to an extent, been over-
come in aquaculture through the use of optical (e.g.
underwater cameras) and/or acoustic technologies (e.g.
sonars and echo sounders), which allow farmers to observe
the behavioural responses of groups of farmed animals to
environmental and/or anthropogenic perturbations within
their enclosures [3,4]. However, such methods cannot track
individuals over extended periods of time or provide
additional insights into variables pertaining to the inner
workings of the animal. These factors are not only crucial
for assessing the health and welfare of farmed animals, but
also for evaluating the potential trade-offs that they face in
captivity [6–8]. Variables pertaining to the physiology of an
individual have traditionally been measured by physically
capturing the individual and assessing them for parameters
of interest (e.g. growth rate, body condition, disease status,
stress hormone levels, haematology, metabolites, plasma ion
concentrations, immune function, swimming ability and
cardiovascular performance) [5–7]. However, this approach
also has its pitfalls, as (i) even a few minutes of handling and
confinement stress can confound subsequent measurements,
(ii) physiological responses are generally examined in a foreign
environment, (iii) most traditional physiological measure-
ments require that the animal be restrained and (iv) only
‘snapshots’ of the responses can be documented due to the
intermittent nature of the sampling events [5–8]. Thus, there
is clearly a need for tools that allow high-frequencymonitoring
of the physiology of individual farmed animals living within
their enclosures over extended periods of time.

The rapid development and miniaturization of bio-
sensing systems present innovative and exciting tools for
scientists seeking to address pertinent issues in aquaculture.
Bio-sensing in the aquatic environment is based on equipping
animals with electronic devices containing sensors capable of
measuring environmental, behavioural and physiological
variables such as temperature, dissolved gases, depth, accel-
eration, ventilation, heart rate and blood flow, as well as
levels of glucose and L-lactic acid (see [9–12] for detailed
descriptions of the different types of bio-sensors that are
available and the physiological information that these tech-
nologies can obtain). The recorded data are subsequently
stored for future retrieval (i.e. bio-logging devices) or trans-
mitted to a receiver, enabling real-time monitoring of the
animals (i.e. bio-telemetric devices) [9]. The use of these
bio-sensors can provide comprehensive evaluations of the
physiological responses of farmed animals in the often dyna-
mically changing on-farm conditions over long uninterrupted
periods without the need for added sampling and handling
stress [3,4,8,9]. Importantly, the recorded data can also be
used to predict variables that are difficult or even impossible
to measure ‘on-site’, such as energetic expenditure or level of
stress experienced by the animal [8,9]. Consequently, this
information can vastly improve our understanding of how
farmed animals respond to environmental or anthropogenic
changes throughout the production cycle [3,4,8,9]. However,
it must be noted that prior to use in culture settings, scientists
must validate the use of these technologies on their model
animals across known and predicted ranges of relevant on-
site environmental and/or anthropogenic conditions [8,9].
This process is crucial as it ensures the collection of reliable
data and effectively calibrates the recorded data from
instrumented animals with on-site environmental and/or
anthropogenic disturbances. Key elements such as (i) the
importance of validating the function, accuracy and reliability
of bio-sensors, (ii) the potential impacts of the devices on
instrumented animals and (iii) factors that need to be con-
sidered in order to acquire representative data (e.g. sample
sizes, costs and animal welfare implications) are comprehen-
sively discussed elsewhere (see [13–16]).
2. Aims
Ouroverarching aim is to illustrate howbio-sensors can provide
unique insights into the physiological responses of farmed
animals in aquaculture to elucidate animal–environment inter-
actions throughout the production cycle, as well as to provide
insights on how farmed animals perceive and respond to
environmental and anthropogenic perturbations. Specifically,
by using examples of key challenges that currently face the
aquaculture industry (i.e. issues related to sub-optimal feeding,
sub-optimal animal welfare and environmental change), we
discuss how these state-of-the-art technologies are presently
being applied to address pressing questions regarding the phys-
iological performance, energetics, health and welfare of farmed
aquatic animals in response to common husbandry practices
and environmental/anthropogenic perturbations. Finally, we
discuss how the physiological information obtained using
bio-sensors can contribute towards improving current practices
in aquaculture, as well as how the continuing development and
refinement of bio-sensors may eventually allow farmers to use
real-time data as early warning systems for refining day-
to-day operations to optimize the growth, performance and
health of their stock. To present this information in a concise
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manner, a literature search was performed using electronic
databases (e.g. Google Scholar, Web of Science) for publications
that used bio-sensors in an aquaculture setting or addressed
an issue specific to aquaculture. The resulting publications
were subsequently grouped under the various aquaculture
issues that they aimed to address, from which publications
investigating the abovementioned issues were selected, as
these were the most investigated and used the widest range
of bio-sensors.
/journal/rstb
Phil.Trans.R.Soc.B

376:20200218
3. The use of bio-sensors to address pressing
issues in aquaculture

(a) Issue 1: using bio-sensors to optimize
feeding strategies

The mismatch between the amount of feed delivered and the
amount required for optimal growth can have substantial
ecological, economic and animal welfare implications
[17,18]. Overfeeding results in the release of excess feed into
the environment, which not only represents a source of pol-
lution and a waste of precious resources [17,18], but is also
detrimental for the feed conversion ratio (FCR, feed used
divided by biomass gained) and undermines the economic
viability of operations (e.g. costs of feed often comprise
40–50% of the accumulated expenses in Norwegian salmon
production [19]). Similarly, underfeeding is detrimental to
the FCR, as it reduces growth rates while increasing compe-
tition for food and the prevalence of aggressive/territorial
behaviours, which may ultimately create welfare issues and
an overall loss of productivity for the farmer [18–20]. Since
the potential magnitude of these issues will increase along-
side further aquaculture intensification, it is essential that
efficient feeding management strategies are developed and
implemented. Feeding management is a complex decision-
making process that requires regular assessment of the size
and number of animals in the production unit to ensure an
adequate feed size and ration for optimal growth. Further-
more, feeding efficiency could potentially be optimized by
fine-tuning the temporal and spatial delivery of feed in
accordance with factors such as species-specific physiological
responses that occur before and after a meal (i.e. pre- and
post-prandial responses, respectively) in relation to the pre-
vailing environmental conditions [21]. Bio-sensors capable
of identifying and quantifying these physiological responses
could, therefore, provide useful information for optimizing
feeding efficiency, as feeding is a process occurring on the
individual level.

The ingestion and digestion of a meal typically induce
major, relatively long-lasting physiological disturbances (e.g.
the ‘alkaline tide’ and ‘specific dynamic action’ (SDA)),
which animals must compensate for to maintain homeostasis
(i.e. an internal state of equilibrium necessary for survival)
[22–27]. Consequently, the physiological capacity of animals
to cope with environmental and/or anthropogenic stressors
can be constrained during digestion [23,24], which may
require either a modification of feeding strategies when ani-
mals are subjected to unavoidable stressors or an avoidance
of stressful husbandry practices while the peak of the post-
prandial response is taking place. An improved understand-
ing of the magnitude and duration of post-prandial
responses at a species-specific level in realistic aquaculture
settings would prove useful when developing or improving
husbandry practices, especially for species where these
responses have not yet been documented. The temporal
dynamics of the post-prandial response can be evaluated
using bio-sensors capable of measuring blood flow (via
flow probes implanted on blood vessels) and/or heart rate
(via ECG recordings, pulsatile blood flow traces or physical
heart movements), as these physiological variables are typi-
cally elevated during digestion to provide oxygen to
metabolically active tissues and for transporting absorbed
nutrients around the body [23]. While bio-sensors that
measure blood flow (e.g. devices commercially available
from Transonic) are more expensive and require a higher
level of surgical expertize than those that measure heart
rate (e.g. devices commercially available from Star-Oddi),
the advantage of these bio-sensors is that they provide
measures of overall blood flow (i.e. cardiac output) and can
be used to quantify the amount of blood allocated to specific
organs (i.e. gastrointestinal blood flow) [23]. Interestingly,
heterothermic fishes (e.g. tunas) display an elevated visceral
temperature following the ingestion of a meal (due to the con-
servation of heat via discrete visceral heat exchangers) [25].
Thus, bio-sensors capable of measuring visceral temperature
can also be used to evaluate post-prandial responses in these
species. For example, data obtained from bio-sensors revealed
that post-prandial heart rate and visceral temperature of blue-
fin tuna (Thunnus maccoyii) were elevated (i.e. peak responses
were approx. 88% and 17% higher than pre-prandial levels,
respectively) for 10–24 h depending on meal size [25], whereas
post-prandial cardiac output and gastrointestinal blood flow of
white sturgeon (Acipenser transmontanus) were elevated (i.e.
peak responses were approx. 25% and 42% higher than pre-
feeding levels, respectively) for more than 10 h [26]. In
addition, SDA (i.e. the energy expended on all activities of
the body incidental to the ingestion, digestion, absorption
and assimilation of a meal) [27] can be estimated using
measures of cardiac output (considered to be more reliable as
this variable incorporates both heart rate and stroke volume)
and heart rate, as these measures are often correlated with
metabolic rate and energetic expenditure [28–30]. Thus, from
an aquaculture perspective, the abovementioned bio-sensors
represent useful tools for identifying factors that can be altered
(e.g. meal composition) to minimize the SDA response of
voluntarily feeding farmed animals in order to increase the
amount of absorbed energy allocated to growth, as well as to
assess the physiological capacity of farmed animals to cope
with environmental/anthropogenic stressors following feed-
ing [27].

Bio-sensors capable of measuring variables pertaining to
the physiology of the animal or its position within the
environment can also provide information on the feeding
behaviour of farmed animals in aquaculture. For example, it
is possible to predict the feeding status of rainbow trout
(Oncorhynchus mykiss) by continuously monitoring swim-
ming activity with devices that record electromyograms (i.e.
the bio-electrical voltage generated by skeletal muscle cells
when activated) from axial swimming muscles (e.g. devices
commercially available from Lotek), as hungry individuals
display significantly different activity levels from satiated
individuals [31]. Studies on Atlantic salmon (Salmo salar)
have similarly distinguished between feeding and non-
feeding behaviours by monitoring the acceleration via
tri-axial MEMS-accelerometers (e.g. devices commercially
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available from Little Leonardo, Star-Oddi, Technosmart,
Cefas, Lotek and Thelma Biotel), position via acoustic teleme-
try (e.g. devices commercially available from Innovasea) or
depth via pressure sensors (e.g. devices commercially available
from Thelma Biotel, Star-Oddi and Innovasea) of individual
animals [32,33]. These studies clearly showed that increased
activity levels or strong horizontal/vertical swimming move-
ments were observed during feeding events, and as time
progressed and individuals were presumably satiated, these
activity levels, spatial positions and depth profiles returned
to those observed prior to feeding [32,33].

Collectively, it is evident that bio-sensors can be used in
freely swimming farmed fish to identify (i) when fish are
hungry, (ii) when and for how long a fish participates in a
feeding event, (iii) the magnitude and duration of post-
prandial responses and (iv) factors that minimize the SDA
of farmed animals to optimize growth [25,26,31–33]. Ulti-
mately, real-time collection and analysis of such data could
potentially improve feeding efficiency, as feed delivery to
the production unit could be fine-tuned in accordance with
species-specific pre- and post-prandial responses in relation
to the prevailing environmental conditions.

(b) Issue 2: using bio-sensors to monitor and improve
animal welfare

The welfare of farmed animals is an important issue for the
aquaculture industry in terms of animal ethics, public percep-
tion, social license, marketing and product acceptance, as well
as for improving production efficiency, quality and quantity
[6]. Scientific approaches to assess animal welfare in aquacul-
ture are continually developing but largely depend on
monitoring stress levels, defined as any condition or state
that affects an animal’s homeostasis [6,7]. The primary stress
response involves the release of catecholamines (e.g. adrena-
line) and activation of the hypothalamic–pituitary–interrenal
axis, which results in the release of corticosteroids (e.g. cortisol)
[34]. This induces a raft of secondary stress responses including
heightened cardiorespiratory activity, redistribution of blood
flow to oxygen-demanding tissues, the splenic release of red
blood cells and mobilization of energy stores that serve adap-
tive functions to promote the best chance of survival for an
individual facing a threatening situation [34]. Prolonged
and/or repeated stress typically result in detrimental tertiary
stress responses, including impaired appetite, growth, swim-
ming performance, immune responses and reproductive
ability [6,7,34]. Thus, from both an animal welfare and econ-
omic perspective, it is essential to identify and minimize or
eliminate the cause of stress before physiological mechanisms
are compromised and become detrimental to the individual
animal’s health and well-being [6,7,34].

Bio-sensors have proven to be very useful in this regard, as
many of the abovementioned secondary stress responses can
be measured using these devices. Moreover, stress-induced
elevations in heart rate and activity have been demonstrated
to be consistent with increases in primary stress indicators
such as plasma cortisol (figure 1a) [15,36–38]. Thus far, the
severity and duration of stress responses induced by a range
of common husbandry practices have been evaluated using
measures of heart rate, blood flow, acceleration, depth or elec-
tromyograms in freely swimming farmed fish such as rainbow
trout [35,37,39], Atlantic salmon [38,40,41], Atlantic cod (Gadus
morhua) [14] and European whitefish (Coregonus lavaretus) [36].
These evaluations revealed that intensive crowding induced a
state of hyperactivity [40], increased mean heart rate by up to
100% [35–37,41] and reduced gut blood flow by up to 73%
[35]. Intensive crowding is often followed by the brailing/
netting/pumping of fish (e.g. for transportation, delousing/
health treatments, or transfer to the slaughterhouse), which
also induced an increase in mean heart rate (i.e. up to 58%)
[35–37,41]. Similarly, transportation of live fish by boat or
truck induced periodic bouts of vigorous swimming activity
[39], increased mean heart rate by up to 50% [35–37] and sup-
pressed gut blood flow by up to 80% when compared to pre-
stress levels [35]. The use of bio-sensors also revealed that the
severity of stressors can depend on factors such as the time of
day, differences in personnel/execution of operations, weather
conditions and sea state, which inevitably provides avenues to
actively minimize stress [40]. Furthermore, the frequency of
stress exposure can also be critical as fish can recover relatively
rapidly from isolated acute stress events (i.e. between 1 and
48 h), whereas exposure to multiple consecutive farming prac-
tices may cause cumulative stress, substantially increased
recovery times and compromised physiological responses
(figure 1b,c) [35–37]. These findings are crucial for farmers, as
the cumulative stress load induced bymultiple ill-spaced farm-
ing practices can compromise fish welfare and health, which
may lead to increased mortality [6,7]. Thus, if farmed fish are
to be subjected to multiple consecutive stressors, it is rec-
ommended that sufficient time for recovery be provided
between stressors [15,35,37].

Bio-sensors can also be used to identify intra- and inter-
species sources of stress within the production environment.
For example, grouping rainbow trout into a new social context
elicited a substantial and long-lasting physiological stress
response in all individuals (i.e. mean heart rate was elevated
by approx. 36%) [15], likely due to territorial rainbow trout
re-establishing their social hierarchy [42]. Similarly, European
whitefish displayed a chronic stress response of similar magni-
tude when housed in sea cages in close proximity to rainbow
trout (i.e. mean heart rate was elevated by approx. 34%) [36],
likely representing an innate physiological response of white-
fish to the threat of predation [43]. Both stressors likely
increase the allostatic load (i.e. ‘the wear and tear on the
body’) and energetic expenditure of these species [7]. This find-
ing highlights the importance of taking intra- and inter-species
stress responses into account, especially considering that many
farms routinely grade and sort their stock throughout the pro-
duction cycle, as well as house multiple species to maintain
productivity and revenue year-round.

Another particularly exciting avenue for investigating
animal welfare in aquaculture concerns the relatively recent
development and validation of needle-type bio-sensors that
can determine the concentration of commonly used stress
indicators such as glucose and L-lactic acid in freely swim-
ming fish [12,44]. These bio-sensors are implanted in the
interstitial sclera fluid found behind the eyeball of the fish
because the concentration of stress indicators in this fluid
strongly correlates with the concentrations found in the
blood while not containing coagulation factors, which detri-
mentally impact the performance of the sensor [12,44].
These bio-sensors have been used to demonstrate the stress
levels of Nile tilapia (Oreochromis niloticus) when subjected
to high ammonia conditions and territorial confrontations
with conspecifics [12,44]. Another innovative approach uses
a novel enzyme-functionalized label-free immunosensor
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system to simplify and speed up the process of determining
cortisol levels in fish [12]. Due to the electrochemical basis
of this bio-sensor, this method can possibly be incorporated
into a portable device for use on freely swimming fish,
which would undoubtedly represent a powerful tool for
investigating fish welfare in the future [12].

(c) Issue 3: using bio-sensors to assess animal–
environment interactions

Most aquaculture operations are directly affected by the ambi-
ent environment and are to a varying extent reliant
on ecosystem services (e.g. feed and adequate living conditions
for farmed animals) [45]. The aquaculture industry is, there-
fore, vulnerable or susceptible to a wide range of
environmental changes such as acute and chronic shifts in
temperature, oxygen availability, salinity, eutrophication and
pH [45,46]. Controlled laboratory experiments have demon-
strated the fundamental influences of these environmental
factors on the physiology of a wide range of aquatic animals,
as well as the detrimental consequences for growth, health
and welfare [45,46]. However, single stressor studies generally
cannot be extrapolated to the real world, as animals exposed to
ambient environments can experience substantial spatial and/
or temporal variations in multiple environmental factors sim-
ultaneously [45,46]. Thus, there is an urgent need to broaden
these investigations from single stressor laboratory settings to
the field, especially since it has been suggested that the greatest
threat for sustainable aquaculture development is the cooccur-
rence and interaction of multiple environmental stressors [46].
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Using bio-sensors tomonitor the physiology of farmed animals
while simultaneouslyobtaining high-resolutionmeasurements
of the surrounding environment will substantially increase our
understanding of the effects of environmental changes on
farmed animals under realistic conditions [4]. These insights
can then be used to inform management decisions and prac-
tices to optimize production and animal welfare under
environmentally dynamic on-farm conditions.

Previous research efforts that have adopted this approach
have tagged Atlantic salmon with devices measuring body
temperature, depth and/or environmental levels of dissolved
oxygen [47,48]. These devices revealed that vertical habitat
use of salmon in aquaculture is the result of multiple trade-
offs between environmental factors (e.g. low dissolved
oxygen levels, water temperatures outside the optimal range
and high light intensities), prandial state (e.g. hungry or
satiated) and social factors (e.g. increased competition for
preferred vertical habitat space during unfavourable con-
ditions) [47,48]. In addition, accelerometers have been used to
demonstrate that hypoxia (i.e. 50% oxygen saturation) or high
ammonia (i.e. 2.91 mM ammonia) conditions induce elevated
levels of swimming activity in rainbow trout in an attempt to
seek more favourable conditions [49]. These findings provide
key insights on the potential consequences of environmental
change, as unfavourable conditions can reduce the available
habitat within the production environment, which inevitably
increases competition between conspecifics and stress levels
of farmed animals (figure 2a–d) [47–49].

A major concern of many aquaculture operations is the
energy budget of farmed animals in relation to feed conversion
rates and dynamic on-farm variability. Bio-sensors that
measure heart rate, ventilation rate and/or acceleration are
well suited for providing estimates of energetic expenditure,
as heart rate and ventilation rate have been demonstrated to
be correlated with metabolic rate in a number of species
[29,30,50], while activity proxies or tail beat data provided by
accelerometery can provide insight into swimming activity
andmetabolic rate [51–54]. However, as previouslymentioned,
the output of these devices needs to be calibrated across known
and predicted ranges of relevant on-site environmental and/or
anthropogenic conditions in order to provide reliable estimates
of energetic expenditure [7,8]. Estimating energetic expendi-
ture throughout the production cycle and in response to
environmental perturbations represents a powerful tool, as it
provides estimates on the metabolic costs required for sustain-
ing life and the scope remaining for important processes such
as growth, locomotion, feeding and reproduction [7,8], while
helping to determine the optimum conditions for production.
As far as we are aware, only a few studies have provided
field estimates of the energetic costs of farmed animals, prob-
ably due to the relatively recent arrival of commercially
available sensors. To date, this has allowed an estimation of
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does the need to develop methods that allow farmers to remotely monitor and care for their stock. This can be achieved by (a) instrumenting animals with bio-
sensors to collect real-time physiological responses to common husbandry practices and/or prevailing environmental conditions, which are obtained from (b) sensors
attached to the farmed animal or (c) sensors attached to the enclosure. Recorded data are continuously transmitted to (d) receivers fixed to the enclosure and/or (e)
satellites to provide farmers or intelligent farming systems with the necessary data for making decisions regarding ( f ) early remedial responses to environmental
and/or anthropogenic pertubations or (g) to adjust and modify day-to-day operations to optimize the growth, health and welfare of farmed animals.

royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

376:20200218

7

the proportion of energy spent on basal metabolism and daily
activity (i.e. 15–19%) by red sea bream (Pagrus major) [52], as
well as the effects of anthropogenic disturbances
and temperature on the daily costs of movement for king scal-
lops (Pecten maximus) [53,54]. As these systems become
increasingly user-friendly, less power-demanding and have a
greater storage capacity, they represent promising and much-
needed tools for future applications in aquaculture. Gaining
a better understanding of how energy expenditure of farmed
animals changes with respect to management actions (e.g.
site selection, husbandry practices and breeding programmes)
and environmental changes will undoubtedly promote the
development of strategies or practices to improve production
efficiency [7].

Finally, bio-sensors can also be used to provide early warn-
ing of sub-optimal environmental conditions that may impact
an individual’s or a population’s growth, welfare and survival.
For example, many bivalve species can detect and rapidly
respond to unfavourable environmental conditions for which
reliable bio-sensors have yet to be developed (e.g. pollution,
effluent and harmful algal blooms) by closing their shells
[55–57]. Thus, by monitoring the degree of opening and/or
closure of the shells of bivalves (via Hall effect sensors or a
high-frequency electromagnetic induction system), farmers
can use these animals as sentinels within the production
environment [55–57]. Monitoring ventilation, heart rate and
activity levels of fish has traditionally been incorporated into
numerous commercially available biological early warning
systems [57]. Thus, bio-sensing devices capable of measuring
these parameters in freely swimming fish within the pro-
duction environment would permit remedial responses to
environmental issues much earlier than is currently possible,
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which would consequently improve the sustainability and
profitability of the industry.
oyalsocietypublishing.org/journal/rstb
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4. Conclusion and the future of aquaculture
Bio-sensors represent exciting and innovative research tools
that allow us to measure the physiology of farmed animals to
address pressing questions regarding the performance, health
and welfare of farmed aquatic animals in response to
common husbandry practices and environmental/anthropo-
genic perturbations. Here, we have illustrated how the
physiological information obtained with state-of-the-art bio-
sensing technologies can contribute towards addressing chal-
lenges such as sub-optimal feeding strategies (e.g. by
identifying when animals are hungry, when and for how
long they participate in feeding events, themagnitude anddur-
ation of post-prandial responses, and factors that minimize
their SDA), sub-optimal animal welfare (e.g. by identifying
and quantifying the severity of known and unknown stressors)
and environmental changes (e.g. by evaluating the physiologi-
cal responses of, and energetic consequences to, farmed
animals during unfavourable environmental conditions).
These examples clearly highlight the value of bio-sensors, as
they can provide a unique ‘animal-eye’ view of the conditions
that farmed animals experience in captivity on a day-to-day
basis, which enables a better understanding of how to address
the challenges faced by the aquaculture industry today.

In the light of the ongoing intensification and expansion
(often to more environmentally exposed and less accessible
sites) of modern aquaculture operations, there is a growing
need for the industry to transform from the experience-based
regimes of today to the knowledge-based regimes of the
future [3]. This can be achieved by adopting concepts such as
‘smart-farming’ [8] or ‘precision fish farming’ [3]. These con-
cepts revolve around the use of technology to remotely
monitor large populations to obtain data that can be used to
adjust day-to-day operations to optimize the growth, health
andwelfare of farmed animals, as well as to permit early reme-
dial responses to environmental and/or anthropogenic
disturbances (figure 3). Although there are some challenges
that need to be overcome before bio-sensors can be widely
applied as an industrial tool in commercial aquaculture (see
[16]), we believe that solutions based on this technology will
have a role in realizing the intelligent farming methods of the
future (see [3]). This is mainly because the high-resolution
physiological data that can be collected with bio-sensing tech-
nologies will complement the group data or individual
‘snapshots’ that are collected using optical (e.g. underwater
cameras) or acoustic technologies (e.g. sonars). Combining
the use of these technologies can thus provide amore complete
picture of how farmed animals perceive and respond to the
conditions to which they are subjected on a daily basis [3].
Moreover, bio-sensors are able to (i) provide real-time and
high-resolution measurements of the physiological state of
farmed animals in relation to the conditions within the pro-
duction environment, (ii) provide data that improve our
understanding of animal–environment interactions, which
will enable the development of predictive models parameter-
ized with real-time data collected from farmed animals [3,8]
and (iii) provide real-time measurements that alongside sub-
sequent predictions from reliable models can be integrated
into algorithms for automatic monitoring of farmed animals
and/or control of management practices [3]. As we enter a
new age in the study of the physiology of animals living in
complex real-life environments, there is an exciting prospect
for technologically oriented aquaculture approaches that
ensure the ethical and sustainable growth in the production
of aquatic food resources.
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